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Abstract
Genetic variation caused by active retrotransposons in the human genome

By E. Andrew Bennett

Nearly one third of our genome belongs to three families of active retrotransposons: L1,
Alu, and SVA, that continue to create genetic variation and cause disease in humans. We
developed several novel methods to detect the contribution transposable elements have
made to human genetic diversity, and identified 25-35% of transposon insertion
polymorphisms commonly found in human populations. Our method improved on
previous assays by identifying different families of recently mobile elements equally.
Using this same approach, we identified nearly 11,000 species-specific transposon
insertions that have mobilized in the past 6 million years in humans and chimps. We
found that humans possess a more diverse and active collection of retrotransposon
subfamilies, and have sustained almost twice as many new insertion events since our last
common ancestor. The majority of recent insertions in both humans and chimps were
caused by Alu elements. There are over 1 million Alus in humans and they collectively
occupy 10% of our genome. It was unclear however, how many of these remained active,
and what constituted an active Alu sequence. In order to define the requirements for Alu
activity, we performed a comprehensive analysis using conservation data and
retrotransposition assays. We show that active Alu elements display a high degree of
sequence variation, but must conserve nucleotides that enable them to bind to SRP9/14
proteins. Furthermore, we show the affinity for SRP9/14 binding has decreased since the
earliest Alus evolved from 7SL RNA. We estimate that at least 10,000 of the Alus in our

genome are capable of causing new genetic variation through future retrotransposition.



Genetic variation caused by active retrotransposons in the human genome

By

E. Andrew Bennett
M.S., University of Leeds, 2001
B.S., Georgia State University, 1998
B.A., Georgia State University, 1998

Advisor: Scott E. Devine, Ph.D.

A dissertation submitted to the Faculty of the Graduate School of Emory University
in partial fulfillment of the requirements for the degree of
Doctor of Philosophy

Graduate Division of Biological and Biomedical Sciences
Program of Genetics and Molecular Biology

December 2, 2008



Acknowledgements

My thanks to Scott Devine, Rebecca Iskow, Jackie Griffith, Chris Luttig, Laura Coleman,

Laura McLane, and my committee members.

Special thanks for the support of my family and Christin Gray.



Table of Contents

Chapter 1. Introduction
Introduction to retrotransposons
Impact of retrotransposons in humans
Scope of the dissertation

Chapter 2. Single nucleotide polymorphisms (SNPs) that map to gaps in the
human SNP map

Introduction
Materials and methods
Results
Discussion
Chapter 3. Natural genetic variation caused by transposable elements in humans
Introduction
Materials and methods
Results
Discussion

Chapter 4. Recently mobilized transposons in the human and chimpanzee
genomes

Introduction
Results
Materials and methods
Chapter 5. Active Alu retrotransposons in the human genome

Introduction

12

19

22

23

26

32

35

42

43

48

54

80

89

90

92

109

112

113



Results

Discussion

Materials and methods
Chapter 6. Discussion

Discussion

References

115

127

131

156

157

169



Table 1-1

Table 2-1

Table 2-2

Table 2-3

Table 3-1

Table 3-2

Table 3-3

Table 3-4

Table 3-5

Table 3-6

Table 3-7

Table 4-1

Table 4-2

Table 4-3

Table 5-1

Table 5-2

Table 6-1

Table 6-2

List of Tables
Summary of recently mobilized non-LTR retrotransposons
Distribution of SNP intervals
Distribution of 10-500 Kb SNP intervals by chromosome
SNP verification by PCR and sequencing
Transposon insertion polymorphisms identified in humans
Nonredundent transposon insertion polymorphisms
SVA insertion polymorphisms identified in trace experiments
Analysis of additional genomic SVA elements

Insertion polymorphisms generated by other forms of mobilized
DNA

Verification of TSC trace predictions by PCR

Average polymorphism frequencies in humans (diploid)
Summary of transposon insertions

Analysis of L1 ORFs

Transposon insertions within genes

SRP9/14 binding data

Human Alu elements that conserve 124 key sites listed by
family

Human-specific Alu insertions into coding regions of genes

Contribution of Alu S and Y elements to total predicted active
elements and total recent insertions in humans

16

29

31

39

58

59

70

72

72

76

79

96

99

108

140

141

163

167



Figure 1-1
Figure 1-2
Figure 1-3
Figure 2-1
Figure 2-2

Figure 3-1

Figure 3-2
Figure 3-3
Figure 4-1

Figure 4-2

Figure 4-3
Figure 5-1
Figure 5-2

Figure 5-3

Figure 5-4

Figure 5-5
Figure 5-6

Figure 5-7

Figure 6-1

List of Figures

Structures of retrotransposons

Target primed reverse transcription

Model for L1, Alu and SV A retrotransposition
Analysis of 140,696 new SNP candidates
Strategy for SNP validation

Computational pipeline for indel and transposon polymorphism
discovery

Proposed new evolutionary lineages of Alu
PCR validation studies
Overview of our transposon insertion-discovery pipeline

Classes of species-specific transposons in humans and
chimpanzees

Genomic distributions of transposons insertions
A genome-wide view of human Alu activity
Alu mobilization assays

How many potentially active Alu core elements in the human
genome?

SRP9/14 host proteins are necessary for efficient Alu
retrotransposition

Model for Alu retrotransposition
Relative SRP9/14 affinity of various Alu RNA constructs

Clustal alignment of 70 consensus and 45 active Alu element
sequences

Alu retrotransposition favors SRP9/14 binding to the left
monomer

10

37

38

56

65

73

93

98

107

117

118

120

122

128

139

141
-155

166



Chapter 1

Introduction



Introduction to retrotransposons

Both eukaryotes and prokaryotes contain discrete stretches of DNA capable of inserting
themselves into new locations in their host genome (Campbell, ef al. 1979). First
recognized as repeated sequences occurring throughout genomic sequence, these
‘transposons’ are represented by a broad array of elements that belong to some 848
families in humans (reviewed in Mills, et al. 2007). That nearly half of the human
genome can be attributed to transposon sequences is testament to the role these elements
have played shaping our species, and indeed that of many organisms. This role is both
historic and contemporary, as a fraction of these elements remain active and continue to
cause heritable changes in our genomes (reviewed in Prak and Kazazian 2001; Deininger,
et al. 2003).

Transposons were first identified as the causative agents of the mosaic coloration
in certain types of corn (McClintok, et al. 1950). Since then they have been characterized
in all kingdoms of life (reviewed in Hickey 1992; Zillig, et al. 1996; Kempken and Kiick
1998) . Transposons are divided into two major classes based on the basic mechanisms
by which they transpose or ‘jump’ into genomic DNA. DNA transposons encode an
enzyme, transposase, which is used to mobilize itself using a ‘cut and paste’ mechanism,
whereby the transposon is excised from its surrounding genomic sequence and reinserted
into a different genomic location. This mode of transposition does not increase the
absolute number of transposons in the genome. While the relics of past DNA transposon
copies are evident in our genome, the last DNA transposon jumped in our ancestors about
40 million years ago, and active copies of DNA transposons in modern primates and

rodents are unlikely (Pace and Feschotte 2007; Xing, et al. 2007).



Retrotransposons on the other hand are mobilized through a ‘copy and paste’
mechanism. They are transcribed by cellular RNA polymerase into an RNA intermediate,
which is then reverse transcribed into a cDNA copy elsewhere in the genome. This
method of transposition, or ‘retrotransposition’, allows for the amplification of the total
number of copies in the genome, and in humans this expansion has resulted in 88% of
total transposon sequence belonging to retrotransposons (reviewed in Goodier and
Kazazian 2008).

Retrotransposons are divided into two groups, the retrovirus-like LTR (Long
Terminal Repeat) elements (such as HERV-K, Figure 1-1), and non-LTR elements such
as the mammalian LINEs (Long Interspersed Nuclear Elements) and SINEs (Small
Interspersed Nuclear Elements) (Figure 1-1). The only retrotransposons with evidence of
substantial ongoing activity in humans belong to these last two groups of non-LTR

retrotransposons, and they are the concentration of this dissertation.

L1

The L1 (LINE-1) retroelement is the only active autonomous transposon in humans
(Dombroski et al. 1991). This ~6000 nucleotide element encodes for two proteins,
ORF1p and ORF2p, both of which are required for successful transposition (Moran, et
al., 1996). ORF2p has endonuclease and reverse transcriptase activities (Feng, et al.
1996; Alisch, et al. 2006). Less is known of the function of ORF1p, although it possesses

a RNA binding domain (Hohjoh and Singer 1997a; Martin, et al. 2005). At the 5’ end of
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Figure 1-1. Structures of retrotransposons. The structures of the three recently active human non-LTR

retrotransposons are depicted to scale. HERV-K, an LTR retrotransposon is also shown (not to scale).
Abbreviations: TSD, target site duplication; P, promoter; UTR, untranslated regions; ORF, open reading
frame; pA, poly(A); VNTR, variable number of tandem repeats; L, left Alu monomer; R, right Alu
monomer, (red bars denote adenosine-rich regions in Alu); LTR, long terminal repeats; HERV-K genes:
group-specific antigen (gag), protease (prt), polymerase (pol). The envelope gene (env) is inactive in all

HERV-K copies.

L1 is a untranslated region (UTR ) containing a polll promoter that directs transcription
beginning upstream of itself, allowing L1 to transcribe and mobilize its own promoter
(Minakami, et al. 1992). The 3’ UTR contains a polyadenylation signal followed by an
intact poly(A) tail. Of the 500,000 copies of L1 in the human genome, nearly all have

accumulated mutations over time that have disrupted the reading frames or promoter



regions so that an individual typically has only 100 L1s still capable of retrotransposition

(Brouha, et al. 2003).

Alu

Alu elements are SINEs derived from genomic 7SL RNA sequence (reviewed in Batzer
and Deininger 2002). Normally, 7SL is an RNA component that binds to the six proteins
of the signal recognition particle (SRP) (Gundelfinger, et al. 1983). The SRP complex
binds to the ribosome, interfacing with the two proteins SRP9/14 which are bound
together with the 7SL. Alu domain (Strub and Walter 1990; Halic, et al. 2004). Once at
the ribosome, the SRP complex arrests translation upon encounter of a specific peptide
signal from a nascent protein that needs to be translated in the cell membrane or the
endoplasmic reticulum (Sun et al., 2007; reviewed in Luirink and Sinning 2004; Halic
and Beckman 2005).

Both primates and rodents have SINEs derived from 7SL (Kriegs, ef al. 2007). In
fact many SINEs are derived from RNAs that play a role in translation (Oshima, et al.
1996, Kapitonov and Jurka, 2003). The ancestral sequence that would become the B1
SINE in mice dimerized early in the primate lineage to give rise to the Alu element
(reviewed in Kriegs, et al., 2007). Alu elements are 281 nucleotide sequences containing
a loosely conserved pollll transcription promoter (A-Box and B-Box) at the 5° end. An
adenosine-rich linker region separates the two dimers into a left and right side, and the 3’
end is marked by a poly(A) tail.

Alus are non-autonomous retrotransposons. They code for no protein and are

reliant on the L1 ORF2p protein for retrotransposition (Dewannieux, et al. 2003;



reviewed in Mills, ef al. 2007). Unlike L1, Alu does not require .1 ORFlp to transpose
(Dewannieux, et al. 2003). Nearly 900,000 full-length Alu sequences are present in the
human genome, and over 200,000 partial and truncated sequences. Given the current lack
in our knowledge of the specific details of the Alu retrotransposition mechanism, little is
known about the sequence requirements of these Alu elements to maintain
retrotransposition competence, and thus the subset of these Alus that have retained their

retrotransposition capabilities is largely unknown.

SVA

The youngest retrotransposon showing evidence of activity in humans is the SVA
element (Ostertag, et al. 2003; Bennett, et al. 2004; Mills, et al. 2006). SVA (SINE-R,
VNTR (Variable Number Tandem Repeat), Alu-like) is a composite retrotransposon
specific to the great apes, having arisen approximately 15-20 million years ago, and is
represented by ~2600 copies in humans (Wang et al., 2005). Originally derived from a
fragment of the endogenous retrovirus HERV-K10 and frequently 5’ truncated, the 3’
SINE-R region was first thought to be an independent retroelement (Zhu et al. 1994) until
a dimorphic insertion revealed the structure of SVA in its entirety (Shen et al. 1994). 5’
to 3’, SVA is comprised of a CCCTCT hexamer repeat of variable length, a partially
duplicated sequence derived from Alu, which is in reverse orientation and 379
nucleotides in length, a Variable Number Tandem Repeat (VNTR) of a 35-50 nucleotide
CpG rich sequence, the SINE-R sequence, and a polyadenylation signal followed by a
polyA tail (Figure 1-1). Due to the hexamer repeat and VNTR, the size of SVA is highly

variable, from ~1500-3000 nt. SVA is not known to code for any protein, and the



mechanisms of its transcription and retrotransposition are yet to be determined. However,
inserted copies share identical features with other L1-driven retrotransposition events
such as target site duplications and 5’ truncation (Shen, et al. 1994, Strichman-

Almashanu, et al. 2001, see below).

Retrotransposon subfamilies
Retrotransposon subfamilies are classified using unique sequence changes that serve as
markers to indicate a common phylogeny among subfamily members. These diagnostic
changes occur in a progenitor element and are inherited in all new retrotransposon
insertions that are transcribed from this founder or its progeny. For example, in the AluY
family, new subfamilies are named using the number of nucleotide changes relative to the
AluY consensus sequence. AluYa4 contains four specific changes from the Y consensus.
AluYa5 contains those same four changes plus one additional change. Letters following
Y specify a particular cluster of additive changes that track the evolution of the active
elements; both Ya4 and Yj4 contain four changes from the Y consensus sequence but
they occur at different positions.

Similar methods have been used to define L1, and SVA subfamilies. The
youngest L1 elements in humans are designated L.1-Ta (Transcribed subset A, Boissinot,
et al. 2000). This group is further divided into Ta-0, Ta-1nd and Ta-1d subfamilies on the

basis of additional diagnostic sequence changes in these elements. Six SVA subfamily
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Figure 1-2. Target Primed Reverse Transcription. (1.) First strand of target DNA is cleaved by L1

ORF2p endonuclease. (2.) L1 ORF2p reverse transcriptase begins first strand synthesis primed by exposed
3’ OH and using L1 RNA as a template. Cleavage of the second strand of DNA occurs several bases
downstream of target site. (3.) DNA is repaired by second strand synthesis. This step creates duplicate

copies of the target site. (4.) Newly inserted L1 copy.

consensus sequences, A-F, have been proposed (Wang, et al. 2005). SVA-A, -B, -C and -
D predate the divergence of humans, chimps and gorillas. SVA-E and -F elements are
only found in humans (these are the youngest SVA subfamilies). SVA-D is the largest

subfamily, representing nearly half of all human SV As.

Mechanisms of retrotransposition
L1 has been shown to transpose through a mechanism known as Target Primed Reverse

Transcription (TPRT) (Luan, et al. 1993; Cost et al. 2002). In this multi-step process, L1



ORF2p binds the polyA sequence of the RNA to be reverse transcribed, while the
endonuclease domain of the protein creates a nick in double stranded genomic DNA at a
loosely conserved target sequence approximating 5’TTTTT/AA 3’ (Repanas et al. 2007).
The exposed 3’ hydroxyl is then used to prime reverse transcription along the RNA
template by the reverse transcriptase domain (Figure 1-2). Details of the second strand
nick and resolution of the integrated retrotransposon are currently unknown, but
staggered nicks result in a duplication of the target site flanking the newly inserted
retrotransposon known as a Target Site Duplication (TSD) (Figure 1-2). TSDs are found
flanking insertions of L1, Alu and SVA and are thought to be a hallmark of TPRT
retrotransposition.

In cells, the L1 proteins are known to favor selection of their own RNA
transcripts for retrotransposition, known as a cis-preference (Wei et al. 2001; Kulpa et al.
2006). On occasion however, different RNA transcripts successfully compete with the L1
transcript for retrotransposition by L1 ORF2p, allowing trans retrotransposition to occur.
Rarely, processed cellular mRNA is used as a template by ORF2p, which generates
pseudogenes, but more often the L1 machinery is successfully hijacked by non-
autonomous SINEs, Alu and SVA.

The success of Alu in co-opting L1 proteins for its own retrotransposition may
depend upon its homology to 7SL RNA in the ribosome-associated complex SRP. In this
model, an Alu transcript displaces 7SL RNA to bind to SRP9/14 proteins. As these
proteins are known to dock at the ribosome (Terzi et al. 2004; Halic et al. 2004), Alu
RNA would be in close proximity in the event an L1 transcript is translated. In these

cases, the newly formed ORF2p may capture the Alu RNA in frans, rather than its own
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MRNA

L1 mRNA

Figure 1-3. Model for L1, Alu and SVA retrotransposition. The model depicts possible scenarios for

the cis and trans mechanisms of L1 retrotransposition. In the original model for cis preference, the L1 ORF
proteins normally bind to their coding L1 mRNA (green), as they are translated. In the trans mechanism,
docking of Alu (red) on ribosomes enables it to hijack ORF2p (black line) as it is translated. This docking
is proposed to be mediated by interactions with SRP9p and SRP14p in a manner that is analogous to
SRP9p/SRP14p binding on 7SL (these binding sites are similar because Alu was derived from 7SL. SVA
(orange) might use a similar mechanism, perhaps by first hybridizing to Alu RNA. The black mRNA
represents all other cellular mRNAs that in rare cases appear to be transposed by this mechanism, creating
pseudogenes. Due to the infrequency of these events, cellular mRNA is not thought to serve as a good
substrate for the L1 machinery. The gray arrows indicate possible fates of ORF2p. Figure adapted with

permission from Dewannieux, er al. 2003.
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transcript, and bring the Alu into the nucleus for retrotransposition into the chromosomal
DNA by the TPRT mechanism (Boeke 1997). The role of SRP 9/14 proteins in Alu
retrotransposition has not been formally demonstrated. Alu RNA does bind relatively
well to SRP 9/14 proteins, although with less affinity than 7SL RNA (Birse et al. 1997,
Sarrowa et al.1997), and sequences required for SRP binding are conserved across Alu
subfamilies.

Although the bulk of trans retrotransposition events involve Alu elements, SVA
insertions also share features concordant with L1-mediated retrotransposition, and SVA
is also thought to use L1 proteins to retrotranspose (Ostertag, et al. 2003; Bennett, et al.
2004; Wang, et al. 2005). How an SVA transcript competes successfully with L1 RNA
for ORF2p is currently unclear. One possibility is that the derived Alu component of
SVA sequence can interact with SRP 9/14 proteins in a similar way as Alu RNA, and
thus position itself near the newly formed ORF2p. As with Alu, this proximity may
enhance the chances of the SVA RNA being selected for retrotransposition. A problem
with this model is that the SVA-Alu sequence is the reverse complement of a standard
Alu element, and thus is unlikely to fold and interact with SRP proteins in a similar way.
One possible model for SVA retrotransposition that is consistent with the SRP-mediated
mechanism would be that these reverse-oriented SVA-Alu sequences may hybridize with
complementary sequences on active Alu transcripts (Mills, et al. 2007). This stably
hybridized Alu RNA then, in turn, would escort the SVA RNA to the ribosome where
SVA could efficiently participate in the trans mechanism of L1 retrotransposition (Figure

1-3). Supporting this model, the most conserved regions of the SVA-Alu correspond to
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the stem structures of the Alu element (Figure 1-3), which are not crucial for SRP binding

(Mills, et al. 2007).

Impact of retrotransposons in humans

Variation in genomic structure and gene expression

Active transposons behave as endogenous mutagens that can change the structure of
chromosomes and the expression and function of genes (reviewed in Kazazian and Moran
1998; Callinan and Batzer 2006, Mills et al., 2007). Retrotransposition events that occur
in germline cells, where much of retrotransposition is thought to take place (Brouha, et
al. 2002; Jurka, et al. 2002) can permanently alter the genetic landscape of the next
generation and act as a significant source of genetic variation among individuals. In time
this renewing source of active elements can change the genomes they inhabit. There are
several mechanisms by which retrotransposons can cause genetic or structural variation.
L1 contains an inefficient RNA cleavage and polyadenylation signal, and transcription
frequently continues into the 3’ flanking genomic sequence until an alternate
transcription terminator is encountered. The downstream flanking sequence then becomes
incorporated into the L1 transcript and is transposed (and thus duplicated) to a new
genomic location along with the L1, a mechanism termed 3’ transduction (Moran, et al.
1999). 23% of L1 insertions contain 3’ transduced sequence averaging 207 nucleotides in
length, and together constituting 0.6% of our genome (Goodier, et al. 2000). 3’
transduction is likewise common in Alu and SV A insertions. Low processivity of the

ORF2 reverse transcriptase of L1 often results in truncations at the 5’ ends of L1, Alu and
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SVA elements. This can also occur during reverse transcription of the 3’ transduction,
which results in a transposed fragment of genomic DNA flanked by two complete TSDs,
but without any retrotransposon sequence, effectively duplicating short fragments of
DNA to new locations. Although rarer, 5’ transductions that duplicate flanking sequence
upstream of the retrotransposon can also occur. In these instances it is presumed that
transcription of the retroelement was initiated upstream of the element’s endogenous
promoter and the upstream sequence became a part of the active transcript.

Genetic changes introduced by retrotransposition are not confined to duplications
and insertional mutations. Aberrant nicking of DNA by the L1 endonuclease during
reverse transcription has been described as a cause of large interstitional deletions (>3kb)
near the target site, sometimes removing entire genes (Gilbert, et al. 2002). The increase
of repetitive sequence that results from retrotransposition events continues to burden the
genome long after the initial DNA strand breaks are resolved. Genomic rearrangements,
inversions, duplications and deletions due to unequal crossover events between repeats
with high degrees of homology are routinely documented (reviewed in Kazazian and
Goodier 2002). In fact, an estimated 8.4 Mb of sequence has been removed from the
human genome due to these retrotransposon-mediated deletion events during the past 6
million years since speciation (Xing, et al. 2007).

Apart from causing structural variation that may delete or duplicate entire genes
or exons, other features of retrotransposons contribute to variable gene expression and
transcript integrity. The most drastic of these is a retrotransposon insertion directly into a
coding or regulatory region of a gene, reducing or eliminating its function (see McClintok

1950). However, several additional mechanisms exist beyond insertional mutagenesis for
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retroelements to disturb gene expression or function. The sequence of the sense strand of
the L1 itself is an inhibitor of transcriptional elongation, and can repress RNA production
of genes containing L1 insertions in non-coding regions (Han, et al. 2004; Ustyugova, et
al. 2006). Throughout the anti-sense strand are several cryptic polyadenylation signals
that can affect the quality of transcripts containing these elements (Perepelitsa-Belancio
and Deininger 2003). 80% of human genes contain L1 sequences in either orientation
(Han, et al. 2004). Together, the number, size, and orientation of L1 elements in genes
produce an added layer of regulation of transcript quantity and viability. In addition to its
native promoter, the antisense strand of L1 also contains a promoter found to generate
transcripts of the flanking upstream DNA (Mitlik, et al. 2006). Instances of Alu effecting
gene expression have also been documented (Rubin, ef al. 2002, reviewed in Schmid
1998). In its reverse orientation, the Alu sequence contains a splice acceptor site. When
inserted into an intron in the reverse orientation to the gene, splice variants incorporating
partial Alu sequence are generated, a process known as ‘Alu exonization’ (Sorek, ef al.
2002, Lev-Maor, et al. 2003, Lin, et al. 2008). Transcripts containing inverted Alus may
be subject to RNA editing by the adenosine deaminase ADAR, leading to nuclear
retention of the edited transcript ((Moller-Krull, et al. 2008). It has been proposed that
SV A may act on gene expression as a mobile CpG island (Bennett, et al. 2004; Wang et
al. 2005). The vast CpG-rich VNTR region of SVA has been shown to be methylated
(Strichman-Almashanu, et al. 2001), and the insertion of these elements near promoter or
regulatory regions may inhibit transcription.

It is logical to assume that some of the effects that retrotransposons have on their

host genomes have, over time, been exapted into host functions. The constant
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broadcasting of new splice sites, polyadenylation signals, promoters and gene fragments
into a functioning genome creates a rich environment for experimentation with novel
gene structures, expression patterns or transcripts. Several instances have been found of
biologically important genes and regulatory elements that are derived from
retrotransposons or retrotransposition events. BC200, a small neuronal regulatory RNA
found in primates, originated from Alu sequence (Volff and Brosius 2007). A fusion gene
conferring HIV-1 resistance in owl monkeys was created by the retrotransposition of one
gene into the intron of another (Sayah, ef al. 2004). L1s have been implicated in assisting
in X-inactivation in placental mammals and repairing double stranded breaks in DNA
(Morrish, et al. 2002; Bailey, et al. 2000). Many other retrotransposition events are likely
to be involved with cellular functions, perhaps some currently masked by redundancy.

Time and future opportunities for selection should bring more of these functions to light.

Retrotransposons and disease

Given the above mechanisms of altering genomic structure and expression, the
role retrotransposons play in human disease should not be surprising. The first de novo
retrotransposon insertion documented was an L1 into an exon of the factor VIII gene
causing hemophilia A (Kazazian, ef al. 1988). Since then several dozen disease-causing
retrotransposon insertions have been identified (Table 1-1), and retrotransposon-mediated
deletions or recombinations have been implicated in several cancers and other disorders

(reviewed in Callinan and Batzer 2006). As personal genome sequences become more



Differentially

present in Dimorphic Active in
Retrotransposon humans and among cell
Family Subfamily chimps humans Disease-causing  culture
Alu Sc 31 5 None Found NT
Sg 56 8 None Found NT
Sp 25 5 None Found NT
Sq 46 3 1 NT
Sx 46 7 None Found NT
Sz 58 1 1 NT
Y 475 66 None Found NT
Yal 67 12 1 NT
Ya4 170 54 None Found NT
Ya5 1676 587 11 Yes
Ya5a2 38 9 None Found NT
Ya8 36 9 None Found NT
Yb3al 17 10 1 NT
Yb3a2 87 8 None Found NT
Yb8 1290 409 4 NT
Yb9 137 24 4 NT
Ycl 356 113 4 NT
Yc2 68 13 None Found NT
Yd2 35 5 None Found NT
Yd3 40 3 None Found NT
YdS8 102 12 None Found NT
Ye2 31 2 None Found NT
Ye5 144 35 None Found NT
Yf1 19 4 None Found NT
Ygb6 261 42 None Found NT
Yh9 10 4 None Found NT
Yi6 116 17 None Found NT
Yj 10 6 None Found NT
LINE L1-PA2 490 21 1 No
Pre-Ta 252 4 1 Yes
Ta* 270 101 9 Yes
Ta-0 43 2 1 Yes
Ta-1d 91 7 3 Yes
Ta-1nd 20 2 None Found Yes
SVA A No No None Found NT
B 5 No None Found NT
C 15 No None Found NT
D 259 5 None Found NT
E 55 32 3 NT
F 23 26 1 NT

Table 1-1. Summary of recently mobilized non-LTR retrotransposons. Recently mobilized

retrotransposons, by subfamily, as determined by comparative genomic alignment between humans and
chimps (Differentially present in humans and chimps) and between individual humans (Dimorphic
among humans). Disease-causing insertions and subfamily activity verified by cell culture assays are
also shown. NT, not tested. *These L1 Ta elements are 5' truncated and lack the necessary 5' diagnostic

sequences to classify them further into Ta subfamilies.
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commonplace, the scope of retrotransposon-caused pathologies in humans is likely to
extend beyond these initial cases. Active human retrotransposons have been estimated to
generate about one new insertion per 10-100 live births (Cordaux, et al. 2006; Kazazian
1999; Li et al., 2001). These ‘Private’ de novo insertions occur only once in the human
population (in just a single individual) and are expected to represent a particularly
abundant class of insertions. Thus, in addition to the 1.6 million fixed copies, the human
genome collectively receives an average of one new insertion every 6-60 nucleotides.
This amounts to a huge human mutagenesis experiment generating a substantial degree of
genetic variation. The full impact of these private insertions on human diversity and
disease is only just beginning to be studied, and these insertions are likely to influence a
range of human phenotypes. Therefore, it is crucial to determine which endogenous

human retrotransposons remain active and continue to produce new insertions.

Strategies for identifying recently active retrotransposons

The moment a new retrotransposition event occurs both the source element and its copy
should be 100% identical in sequence (barring any errors that may be introduced during
retrotransposition due to the low fidelity of L1 ORF2p reverse transcriptase). Due to
mutation over time, both copies diverge independently of each other. This random and
equal divergence, given molecular context from the consensus sequence of the founding
element, allows a rough dating of the age of each retrotransposition event. The degree by
which various subfamilies of retrotransposons diverge from the consensus of that
subfamily is indicative of the time-frame in which that subfamily was active. Building the

consensus for a given subfamily helps determine the sequence of the active element that
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initially transposed. Therefore subfamilies whose members diverge little from their
consensus sequences are assumed to be younger and more recently active than
subfamilies whose members are more divergent from their subfamily consensus
sequence. Given that a consensus sequence has produced offspring elements, and thus has
proven activity, younger elements more similar or identical to their consensus sequences
are more likely to retain the sequence characteristics required for activity.

Another approach to identify recently active retrotransposon elements is to look
for actual incidents of recent insertions. Several de novo retrotranspositions that disrupt
functional integrity and cause pathologies have been documented (Table 1-1), but the
majority of new insertions appear to be neutral, without an obvious phenotype, and are
thus more difficult to detect. Comparative genomics, or pair-wise alignment studies
between individuals has proven to be a useful tool in discovering these events (Bennett,
et al. 2004; Wang, et al. 2006; Konkel, et al. 2007; Akagi, et al. 2008). In this analysis, a
newly inserted retrotransposon appears as a gap in the alignment when compared to
individuals without the insertion (care must be taken that the DNA sequence of these
gaps corresponds to de novo retrotransposition events, and not deletions or insertions of
genomic DNA by other mechanisms, by finding evidence of L1-driven TPRT
retrotransposition events such as the presence of a precise TSD). Likewise,
retrotransposition events that are fixed within a given population or species, can be
identified by genomic comparisons with closely related populations or species that
diverged prior to those retrotransposition events. These direct genomic comparisons
between individuals or species can also be performed by polymerase chain reaction

(PCR) assays. With PCR assays, differentially present retrotransposon insertions appear
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as different sized bands on a gel. As with pair-wise alignments, DNA size alone is not a
definitive indication of retrotransposon presence and sequence must be obtained and
analyzed to determine actual retrotransposition events.

The most conclusive evidence of an active retrotransposon is to test
retrotransposition in living cells. Moran et al. (1996) reported a cell culture assay to
demonstrate that L1 could actively transpose in human cells and required both L.1 ORF1p
and L1 ORF2p to do so. This study used two L1 sequences retrieved from disease-
causing insertions into the factor VIII and dystrophin genes. Later work by Brouha et al.
(2003) expanded this finding by assaying 82 L1s with intact open reading frames in cell
culture. They showed that, not only did very few of the human L1s retain activity, but
that each active element had varying sequence-related degrees of activity. In fact, only
six ‘hot’ L1s account for 84% of all L1 retrotransposition in humans, and all of these
elements belong to the younger pre-Ta or Ta L1 subfamilies. Dewannieaux e? al. (2003)
adapted this retrotransposition assay to demonstrate the retrotransposition activity of a
disease causing Alu insertion in cell culture, and determined the requirement of L1

ORF2p, but not L1 ORFIp for Alu activity.

Scope of the Dissertation

The goals of this dissertation were to identify which retrotransposon families are
currently active in humans and the extent of that activity. We also planned to identify
which retrotransposon families have been active in recent evolutionary history in humans
and in their nearest relatives, chimpanzees. Once these families were identified, our aim

was then to learn about the mechanisms of Alu retrotransposition and begin to predict
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which of the 900,000 full length Alu copies in the human genome are likely to be active.
Our approach was to define the specific sequence requirements of active Alu
retrotransposons through sequence conservation among mobile copies and direct
verification of activity in cell culture assays.

This study of active retrotransposons arose from a broader study of human
genetic variation. By mapping DNA traces to the human genome reference sequence
(Chapter 2), we searched for variation due to Single Nucleotide Polymorphisms (SNPs)
and insertions/deletions (indels), including dimorphic transposons. A bioinformatics
pipeline was developed to specifically recognize transposon insertions, and was applied
to the indels generated in the initial study. The resulting dimorphic transposon copies in
human populations were identified and validated (Chapter 3). To identify species-specific
transposon insertions during the last ~6 million years in humans and chimps, human and
chimp genomes were aligned and transposition events were identified from the resulting
insertions and deletions (Chapter 4). From our comparative genomic studies (Chapter 3
and 4, and summed up in Table 1-1) we found evidence of the ongoing retrotransposition
activity of a large number of Alu elements in the past 6 million years and continuing into
modern times. Since little was known about the activity of Alu elements, which make up
the greatest proportion of recently active elements in both humans and chimps, we used
conservation studies, retrotransposition assays of cloned and constructed elements and
biochemical binding assays to estimate how many Alus are still retrotranspositionally
competent in humans (Chapter 5). Several extinct Alu subfamilies were also
reconstructed, and their activity in human cells was compared with the evidence of their

ancestral behavior. In addition, specific sequence changes that effect retrotransposition
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activity were engineered in order to better understand the effects of selection on Alu
retrotransposition in humans. Together, this work contributes to our knowledge of the
evolutionary history, current status and future activity of the three active retrotransposons

in humans, L1, Alu and SVA.
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Introduction

An international effort is underway to generate a comprehensive haplotype map
(HapMap) of the human genome represented by an estimated 300,000 to 1 million “tag'
single nucleotide polymorphisms (SNPs). Our analysis indicates that the current human
SNP map is not sufficiently dense to support the HapMap project. For example, 24.6% of
the genome currently lacks SNPs at the minimal density and spacing that would be
required to construct even a conservative tag SNP map containing 300,000 SNPs. In an
effort to improve the human SNP map, we identified 140,696 additional SNP candidates
using a new bioinformatics pipeline. Over 51,000 of these SNPs mapped to the largest
gaps in the human SNP map, leading to significant improvements in these regions. Our
SNPs will be immediately useful for the HapMap project, and will allow for the inclusion
of many additional genomic intervals in the final HapMap. Nevertheless, our results also
indicate that additional SNP discovery projects will be required both to define the
haplotype architecture of the human genome and to construct comprehensive tag SNP

maps that will be useful for genetic linkage studies in humans.

With the nearing completion of the human genome sequence, a number of studies
have been initiated to identify natural genetic variation in human populations (Altshuler,
et al. 2000; The International SNP Map Working Group 2001). Several large scale
projects have been conducted to identify single nucleotide polymorphisms (SNPs),
including studies involving specific genes (Nickerson, et al. 1998; Rieder, et al. 1999;
Taillon-Miller, et al. 1999, Taillon-Miller, et al. 2000), chromosomes (Mullikin, ef al.

2000; Dawson, et al. 2001) and the whole genome (Altshuler, et al. 2000; The
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International SNP Map Working Group 2001). Two basic experimental strategies have
been used to identify SNPs on a genome-wide scale. In the first approach, DNA from 24
diverse humans was pooled together and shotgun sequenced. The traces generated were
compared with each other, or to finished genomic sequence, to identify SNPs. In the
second approach, base substitutions were identified within the overlap regions of adjacent
bacterial artificial chromosomes (BACs) that were used to sequence the human genome.
Using a combination of these two methods, The SNP Consortium (TSC) developed an
initial map of human genome variation containing 1.4 million SNPs (The International
SNP Map Working Group 2001). The human SNP map now has grown to ~2.2 million
nonredundant polymorphisms due to contributions from a number of laboratories

(www.ncbi.nlm.nih.gov/SNP).

In addition to serving as a repository for human genetic variation, this collection
of human SNPs will be useful for genetic linkage studies in humans. In fact, an
international effort currently is underway to develop a comprehensive haplotype map
(HapMap) of the human genome using these SNPs (Daly, et al. 2001; Reich, et al. 2001;
Gabriel, et al. 2002). The HapMap will greatly facilitate genetic linkage studies in
humans by providing a genome-wide map of SNPs that are commonly inherited together
as “haplotype blocks'. Tag SNPs representing these haplotype blocks then will be used to

map traits to specific genomic intervals.

Haplotype architecture varies greatly across the human genome, with haplotype

blocks ranging in size from <1 kb in length to >100 kb (9-14). Thus, it will be necessary
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to have very high SNP densities in some regions of the genome, but lower densities in
others, in order to identify all of the common haplotype blocks in humans. Since we
cannot determine in advance which regions of the genome will require high or low
densities, it will be necessary to have uniformly high distributions across the genome at
the onset of the project in order to identify all of the haplotype blocks. Conservative
estimates indicate that 300,000 tag SNPs will be necessary to represent all of the common
haplotype blocks in the human genome, corresponding to an average density of one tag
SNP per 10 kb. Higher estimates indicate that as many as 1 million tag SNPs (or one tag
SNP per 3 kb) may be required (Gabriel, et al. 2002; Patil, et al. 2001; Stephens, et al.
2001; Judson, et al. 2002). These tag SNPs will be selected from a larger set of SNPs that

define the haplotype architecture of the genome.

Although the current human SNP map (build 110) contains 2.2 million non-
redundant SNPs, it is presently unclear as to whether the density and spacing of these
SNPs across the human genome is sufficient to define the haplotype architecture of the
genome. It is also unclear whether a sufficient number of tag SNPs could be selected
from this collection to adequately represent all of the underlying haplotypes. We have
studied the distribution of SNPs in the human SNP map (build 110), and have determined
that there are 38,497 inter-SNP intervals that are >10 kb in length and 221,511 inter-SNP
intervals that are >3 kb in length. Since even the most minimal tag SNP map will require
an average spacing of one SNP per 10 kb, we conclude that the current SNP map is not
sufficiently dense to support the HapMap project. In an effort to generate higher SNP

densities in the largest gaps of the current SNP map, we conducted a new SNP discovery
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project, which has led to significant improvements in these regions. Nevertheless, our
results indicate that additional SNP discovery projects will be required both to define the
haplotype architecture of the human genome and to construct comprehensive tag SNP

maps that will be useful for genetic linkage studies in humans.

Materials and Methods

Computational pipeline for SNP identification

The 7.1 million trace files generated by TSC were obtained from Cold Spring Harbor
Laboratory (The International SNP Map Working Group 2001). The traces we retrimmed
using the VecScreen system developed by the National Center for Biotechnology
Information (NCBI) together with a custom Perl trimming program that used the Phred
quality scores (Ewing, et al. 1998) to trim traces upon encountering five bases in a row
with quality scores below 25. The single longest, high quality interval from each trace
then was selected for further analysis and all other data were set aside. We required that
the average Phred score for the trimmed trace exceed a minimum of 25. The minimum
trace length after trimming was 100 bases (due to our imposed limit), and the maximum
was 905 bases, with an average of 346 bases. After the trimming step, the number of

useful traces was reduced from 7,120,020 to 4,293,807 (60.3% of the original traces).

These trimmed traces were masked for known repeats using RepeatMasker and
MaskerAid (Bedell, ef al. 2000). The single longest unmasked interval within the trace
then was used to map the trace with Mega BLAST (NCBI) and the Golden Path (June

2002 release) (Kent, et al. 2002). We required a minimum of a 50 base match at 100%
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identity to a single location in the genome for a successful trace mapping. Traces that
matched to more than one location, or that lacked at least a 50 base match at
100%identity, were eliminated from the analysis due to potential segmental duplications
(Bailey, et al. 2002). Using this approach, 2,759,010traces were successfully mapped to
unique genomic locations (64.3% of the trimmed traces, equivalent to 980,655,789 bases,
or ~33% of the genome). The traces then were unmasked and aligned with their assigned
genomic locations by pair-wise alignment, allowing for insertions and deletions of up to
16 bases in length using the program BL2Seq (NCBI).Sixty-five percent of the traces
were completely identical to their assigned genomic locations within the Golden Path
after unmasking and alignment, whereas another 35% of the traces contained sequence
variations. Ninety-nine percent of these “variant' traces had <10% variation from their
assigned genomic locations. We have found that this collection of variant traces is an
excellent resource for identifying a variety of DNA sequence polymorphisms, including
SNPs, insertion/ deletion polymorphisms and transposon polymorphisms (Figure 2-2 and

unpublished data).

A total of 709,492 SNPs were identified from the 7.1 million traces analyzed with
this pipeline. We used a neighborhood quality assessment to call the final base
differences. The SNP itself was required to have a minimum Phred score of 25, and all
five bases on each side flanking the SNP were required to have minimum quality scores
of 20. Of the 709,492 SNPs identified in our analysis, 568,796 (80.2%) were present in
dbSNP (build 110) and, therefore, had been identified previously (The International SNP

Map Working Group 2001). An additional 140,696 SNPs were identified only by our
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analysis. These new SNPs were deposited into build 111 of dbSNP under accession
numbers ss7844264 through ss7984919. TSC identified ~1 million SNPs using the same
7.1 million traces (compared with 709,492 here). We did not expect to find all of the TSC
SNPs because we aggressively trimmed the traces and discarded over half of the

sequence information from those traces.

The distribution of our SNPs also was examined relative to genes in the human
genome using the classification system established by dbSNP
(www.ncbi.nlm.nih.gov/SNP). Build113 of dbSNP, which included our SNPs, was used
for this analysis. Overall, 70,046 of our 140,696 SNPs (49.7%) fell within “locus regions'
according to the dbSNP definition (i.e. fell within 3 kb of a gene or predicted gene in the
upstream direction, or within 500 bp of a gene or predicted gene in the downstream
direction). In comparison, 45.2% of all SNPs in the same build of dbSNP (113) fell
within such regions. Our 70,046 “locus SNPs' could be broken down further according to
the locations of these SNPs within the genes. A total of 29,316 of our SNPs (or 40.5% of
our locus SNPs) were located within 3 kb (upstream) or 500 bp (downstream) of a gene
but were not located within the transcribed portion of the gene. In comparison, 36.9% of
all locus SNPs in build 113 of dbSNP were found within this category. A total of 343 of
our locus SNPs (0.47%) were predicted to cause synonymous changes within coding
regions (compared with 1.0% of all locus SNPs in build 113 of dbSNP). A total of 513 of
our locus SNPs (0.71%) were predicted to cause non-synonymous changes in coding
regions (compared with 1.2% for all locus SNPs in build 113 of dbSNP). A total of 6676

(9.3%) of our locus SNPs were found within predicted untranslated regions (compared
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with 16.5% of all locus SNPs in build 113 of dbSNP). A total of 34,440 of our locus
SNPs (47.7%) were located within predicted introns (compared with 47.7% for all locus
SNPs in build 113 of dbSNP). Finally, a total of 13 of our locus SNPs (0.02%) fell within
splice sites (compared with 0.02% for all locus SNPs within build 113 of dbSNP). Thus,
the overall distribution of our SNPs relative to genes and other genomic features was

remarkably similar to the distribution of all SNPs in the same build of dbSNP.

Table 2-1. Distribution of SNP intervals (intervals between adjacent SNPs)
based on dbSNP (build 110)
No. of

intervals

Class Interval size (Kb) Total length (bp)  %Genome covered by this class

0 <0.1 540,376 22,982,827 0.76%
1 >0.1and<0.5 728,703 187,697,440  6.17%
2 >0.5and<1 330,788 237,817,929  7.82%
3 >1and <3 399,275 689,502,930  22.67%
4 >3and <5 105,666 405,154,007 13.32%
5 >5and <10 77,348 533,016,204 17.52%
6 > 10 and <50 37,046 618,629,083  20.34%
7 >50and <500 1,451 113,191,946  3.72%

Total 2,220,653  2,807,992,366 92.32%

Analysis of the SNP map

We examined the 2.2 million SNPs of dbSNP (build 110) that could be mapped to unique
locations within the Golden Path (June 2002 release) (Kent, et al. 2002). The SNP TSC
(random read) and SNP NIH (overlap) tables were downloaded from the UC Santa Cruz
website (www.genome.ucsc.edu) and combined into a single table. These tables then
were merged with a third table containing the locations of all gaps in the genome (also

obtained from the UC Santa Cruz website). A custom Perl program then was used to
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measure the intervals between all adjacent SNPs, excluding intervals caused by genomic
gaps. The results were deposited into an Oracle database to assign intervals to size classes
and then count each class (Table 2-1).Similar results were obtained using equivalent SNP
tables obtained from dbSNP (www.ncbi.nlm.nih.gov/SNP/). Finally, this process was
repeated after adding our new SNPs to assess the impact of our SNPs on the intervals

(Table 2-2).

Analysis of SNPs by PCR and DNA sequencing

Primer pairs were designed to amplify each SNP using the flanking DNA sequences. In
each case, primers were designed to have melting temperatures above 64°C. The M13
Reverse (M13R) primer sequence (5’-CAGGAAACAGCTATGACC-3’) was added to
the 5’-end of the downstream primer such that this sequence was incorporated into the
PCR product to generate a recombinant template for sequencing. PCR products were
amplified from the first 12 human DNAs from the Coriell diversity panel (Collins, et al.
1999), and these 12 PCR products were sequenced using M13R BigDye Primer kits from
Applied Biosystems (version 1.0 and version 3.0). The PCR products were diluted in
water 1:4 before sequencing, and 1.0 ml of DNA was used as a template. Upon
completion of the cycling protocol recommended by Applied Biosystems, the four dye
primer sequencing reactions were pooled together and precipitated with ethanol. The
dried precipitates were resuspended in formamide and run on an ABI 3100
GeneticAnalyzer. If the SNP was not verified in the first 12 samples, then the remaining

12 samples were sequenced.



Table 2-2. Distribution of 10-500 Kb SNP intervals (between adjacent SNPs) by chromosome

SNP Intervals of length > 50Kb and < 500Kb

Current distribution

With our newly discovered SNPs

Chr Number Total Length ( bp ) Number Total Length ( bp ) % Change
1 78 5,585,535 12 844,883 -84.87%
2 106 7,505,978 15 1,125,383 -85.01%
3 76 5,537,160 13 1,161,678 -79.02%
4 146 11,323,424 16 1,217,843 -89.24%
5 115 8,779,105 17 1,272,405 -85.51%
6 110 9,053,122 13 911,330 -89.93%
7 63 4,910,285 12 1,343,660 -72.64%
8 136 10,621,236 31 2,306,466 -78.28%
9 30 2,223,391 10 900,842 -59.48%
10 37 2,606,920 8 632,838 -75.72%
11 42 3,025,765 9 706,986 -76.63%
12 48 3,804,568 11 979,539 -74.25%
13 22 1,601,924 3 186,953 -88.33%
14 8 516,358 1 50,299 -90.26%
15 27 1,866,030 7 467,171 -74.96%
16 39 3,143,940 13 1,067,630 -66.04%
17 25 1,634,730 8 494,328 -69.76%
18 30 2,421,414 4 375,489 -84.49%
19 9 743,099 8 665,629 -10.43%
20 0 0 0 0 0
21 0 0 0 0 0
22 0 0 0 0 0
X 202 15,497,366 111 7,670,345 -50.51%
Y 102 10,790,596 100 10,457,071 -3.09%

Total 1451 113,191,946 422 34,838,768 -69.22%
SNP Intervals of length > 10Kb and < 50Kb
1 2,477 40,672,204 1,676 25,252,780 -37.91%
2 3,453 56,757,325 2,514 37,698,436 -33.58%
3 2,519 42,062,241 1,692 25,473,302 -39.44%
4 2,822 47,874,122 1,828 27,109,984 -43.37%
5 1,886 32,513,067 1,162 17,455,100 -46.31%
6 2,008 33,560,739 1,374 20,408,992 -39.19%
7 2,041 32,910,970 1,552 23,218,090 -29.45%
8 1,835 32,010,697 1,093 16,755,825 -47.66%
9 1,569 25,556,884 1,164 18,030,068 -29.45%

10 1,688 27,772,540 1,158 17,701,341 -36.26%
11 1,332 21,844,811 871 13,007,496 -40.45%
12 1,634 26,718,713 1,233 18,639,999 -30.24%
13 1,152 18,687,944 783 11,638,775 -37.72%
14 1,148 17,969,446 950 14,359,234 -20.09%
15 1,079 17,676,577 727 10,902,358 -38.32%
16 1,018 17,378,709 683 10,903,977 -37.26%
17 1,064 16,989,104 765 11,554,814 -31.99%
18 696 11,233,681 416 5,808,116 -48.30%
19 807 12,880,609 667 10,406,368 -19.21%
20 766 11,268,333 653 9,430,374 -16.31%
21 133 1,767,854 118 1,571,726 -11.09%
22 332 5,040,570 276 4,201,143 -16.65%
X 3,216 60,143,734 2,758 49,583,696 -17.56%
Y 371 7,338,209 367 7,196,772 -1.93%

Total 37,046 618,629,083 26,480 408,308,766 -34.00%

31
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Results

In order to examine the distribution and spacing of human SNPs across the genome, we
measured the distances between all adjacent SNPs in the human SNP map (build 110),
and then classified the observed intervals by size (Table 2-1). We found a wide degree of
variation in the distances between adjacent SNPs, ranging from 1 to 427,780 bases. A
large number of intervals were greater than the 10 kb average spacing that will be
necessary to construct even a minimal tag SNP map containing 300,000 SNPs (Table 2-
1). For example, 1451 SNP intervals were 50-500 kb in length, and 37,046 SNP intervals
were 10-50 kb in length (Table 2-1). In fact, we found a total of 38,497 intervals
(occupying 24.6% of the human genome) that currently lack SNPs at the minimal 10 kb
average spacing required for a tag SNP map of 300,000 SNPs. Moreover, 221,511
intervals (occupying 54.9% of the genome) currently fall below a density of one SNP per
3 kb (the density required for a tag SNP map of 1 million SNPs; Table 2-1). Therefore,
between 24.6 and 54.9% of the human genome currently lacks SNPs at the minimal
densities that are estimated to be required to construct tag SNP maps containing 300,000

and 1 million SNPs, respectively.

In an effort to generate higher SNP densities in the largest gaps of the current
SNP map, we re-mined the original 7million traces that were generated by The SNP
Consortium(TSC) using a new computational pipeline (see Materials and Methods), and
identified 140,696 additional SNP candidates that had not been identified previously.
These SNP candidates were distributed on all 24 chromosomes (Figure 1A), and also fell

within genes at a frequency that was very similar to the frequency that all SNPs in dbSNP
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fell within genes (Figure 1A and Materials and Methods). A significant fraction of these
SNPs were located within the largest SNP gaps of the genome (Figure 1B). For example,
14,253 of our SNP candidates mapped to the 1451 largest SNP “deserts' of the human
genome (ranging from 50 to 500 kb in length; Figure 1B, class 7). As a result of adding
our SNP candidates to the map, 1029 (69.2%)of these largest gaps were reduced to
intervals that were smaller than 50 kb in length, and this group now has an average size
that is <10 kb (Figure 1 and Table 2-2). In fact, 80-90% of the largest gaps were
eliminated on chromosomes 1, 2, 4, 5, 6, 13, 14 and 18 (Table 2-2). Another 37,517 of
our SNP candidates (20.3%) mapped to the second-largest class of intervals (10-50 kb in
length; Figure 1B, class 6). The addition of these SNPs to the map resulted in a ~48%
reduction of the 10-50 kb intervals on chromosomes 8 and 18, and led to a 34%genome-
wide reduction in 10-50 kb intervals overall (Table 2-2). Therefore, over 51,000 of our
SNPs mapped to the two largest interval groups (50-500 and 10-50 kb), and yielded

significant reductions in the amount of DNA contained within these groups.

It is noteworthy that chromosomes 20, 21 and 22 lacked 50-500 kb gaps
altogether, presumably due to SNP discovery projects that were focused on these
chromosomes (Mullikin, e al. 2000; Dawson, et al. 2001; Patil, et al. 2001). In contrast,
both the X and Y chromosomes had many more gaps than the average chromosome, and
also had a significant number of gaps that were refractory to closure by our SNPs (Table
2-2). This also was the trend with SNPs identified by TSC (The International SNP Map
Working Group 2001) and others (Gabriel, et al. 2002), presumably due to the smaller

effective population sizes and different mutation rates of these chromosomes. Natural
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selection (both positive and negative), and the lower recombination rates of these
chromosomes, also may have contributed to the creation of SNP deserts on these

chromosomes.

Although the two largest interval groups discussed above (50-500 and 10-50 kb)
are the most important with respect to closing gaps in the SNP map, we also identified
SNPs that will be useful for identifying smaller haplotype blocks in the genome (<10 kb).
Indeed, up to half of the haplotype blocks identified in previous studies were found to be
<3 kb in length, and a large number of blocks were in the 3-10 kb range as well (Patil, et
al. 2001). Many of our SNPs mapped to these smaller intervals. For example, 18,760 of
our SNPs mapped to 5-10 kb intervals (Figure 1B, class 5), and another 15,197 mapped
to 3-5 kb intervals (Figure 1B, class 4). A total of 85,757 (61.0%) of our 140,696 SNP
candidates mapped to intervals that were >3 kb in length and thus are likely to be
immediately useful for the construction of the HapMap. The remaining SNP candidates
(54,969 or 39.1%) mapped to genomic regions containing SNP densities more than one
SNP per 3 kb. Although these more densely populated regions already contain a large
number of SNPs, our SNPs may be useful in cases where other SNPs in the region have

low allelic frequencies.

In order to measure the accuracy of our SNP predictions, thirty SNP candidates
were chosen randomly from the collection of 140,696 and examined further. If our
predictions were accurate for a given SNP, then we expected to be able to identify that

SNP in at least one of the original 24 people that were used to generate the 7.1 million
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TSC traces (The International SNP Map Working Group 2001). If, on the other hand, the
SNP was not confirmed in at least one of the 24individuals, then we would know with
certainty that our bioinformatics prediction was incorrect. To perform these validation
studies, each SNP candidate was amplified by PCR in 12-24 of the original 24 humans
and individually sequenced. Twenty-nine of the thirty SNP candidates examined were
confirmed by this analysis for a confirmation rate of 96.7% (Figure 2-2 and Table 2-3).
This is comparable with the overall verification rate of 95% obtained by TSC (The
International SNP Map Working Group 2001), indicating that our pipeline is highly
accurate.

A range of allelic frequencies was observed among the SNPs sequenced in our
validation study (Table 2-3).Interestingly, four of the SNPs in the study were present in
all individuals examined except for the person(s) represented by the Golden Path
sequence (Table 2-3). The most likely explanation for these results is that the person(s)
represented by the Golden Path sequence had rare “private' alleles at those positions that
were absent from the majority of humans. Overall, 83% of the SNPs examined in our
validation study had minor allelic frequencies that were >5% (Table 2-3). This fraction is
similar to estimates obtained previously by TSC and others (The International SNP Map
Working Group 2001), indicating that our SNPs will be equally useful for mapping

studies.

Discussion

Since the HapMap project is rapidly ramping up to meet the goal of completion within 3

years, it is desirable at this stage to identify all of the SNPs that will be necessary to meet
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the demands of the project. Our SNP discovery pipeline, which has several notable
differences from previous pipelines (see below), has allowed us to discover a novel
collection of human SNPs that will be immediately useful for the HapMap project. The
addition of our SNP candidates to the current SNP map has improved the most
problematic areas of the map, and has been particularly useful in the 24% of the genome
that (prior to our study) contained SNP intervals of 10-500 kb in length. We have
contributed over 51,000 SNPs to these largest intervals and, as a consequence, have

reduced the amount of DNA contained in these gaps by 34 (10-50 kb gaps) to 69%

Figure 2-1. (following page) Analysis of 140,696 new SNP candidates. (A) The bar graph depicts

the genomic distribution of our 140,696 SNP candidates by chromosome. Note that the SNPs are
distributed on all 24 chromosomes proportional to the amount of DNA (indicated by a line above the bar
graph). The possible exceptions are the X and Y chromosomes, which have fewer SNPs than average per
kb of DNA. The distribution of our SNPs also was examined relative to genes (see Materials and Methods).
Overall, 49.7% of our 140 696 SNPs fell within or near genes (defined as being within 3 kb of a gene or
predicted gene in the upstream direction, or within 500 bp of agene or predicted gene in the downstream
direction). In comparison, 45.2%of all SNPs in the equivalent build of dbSNP (build 113) fell within such
regions using the same criteria. Thus, the overall distribution of our SNPs relative to genes was highly
similar to the overall distribution of all SNPs in the same build of dbSNP. (B) The row of white bars (front)
shows the number of SNPs from our collection in interval classes O through to 7 (defined in Table 2-1). The
row of black bars (back) depicts the amount of DNA (in Mb) contained within each class before adding our
SNPs to the map (listed in Table 2-1 under “Total length' column). Note that our SNPs occur in all classes,
and are generally proportional to the amount of DNA in each class. The 51,770 SNPs in classes 6 and 7
close many of the largest gaps in the SNP map, and the 85,757 SNPs in classes 4-7 are likely to be
immediately useful for construction of the HapMap. The SNPs in classes 0-3 may be useful in cases where

the allelic frequencies of existing SNPs are unfavorable.
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Figure 2-2. Strategy for SNP validation. (A) The diagram shows the strategy used to amplify each SNP

candidate by PCR. A recombinant PCR product is generated by introducing the M13R sequence into the
downstream primer.(B) A gel showing PCR products generated for a typical SNP (SNP 9 is shown,
generating a PCR product of 319 bp in length). Note the robust PCR products in lanes 1-12, and the
absence of a band in the negative control lane (C). A 1 kb ladder marker is shown on the left (M). (C-E)
Examples of chromatograms from SNP 9 (a “C' is present at position 67,671,151 of chromosome 8§
according to our predictions, whereas a “T" is present in the Golden Path. The sequences shown are of the
complementary strand. Arrows show the single nucleotide of interest. (C) Homozygous for our prediction
based on the TSC trace sequence (human sample 3). (D) Homozygous for the Golden Path (human sample

6). (E) Heterozygous for our prediction and the Golden Path sequence (human sample 5).
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Table 2-3. SNP verification by PCR and sequencing

%

SNP  Genomic location Trace Golden Path  Alleles % Trace  Golden
base base sequenced

Path
1 chr8: 138543564 t G 22 95.0 5.0
2 chrll: 2786593 g A 24 83.0 17.0
3 chr4: 173806221 c G 24 37.5 62.5
4 chrd: 140987424 a G 18 94.0 6.0
5 chr8: 117177669 t C 22 77.0 23.0
6 chr18: 39493166 g T 44 100.0 0.0
7 chr6: 85928202 a G 22 9.0 91.0
8 chr3: 51223303 t C 22 91.0 9.0
9 chr8: 67671151 c T 20 50.0 50.0
10 chr8: 27015545 t C 24 67.0 33.0
11 chr4: 52910312 a G 24 75.0 25.0
12 chrd: 44538473 c T 42 100.0 0.0
13 chr5: 177158144 a G 24 21.0 79.0
14 chrl5: 84691055 c T 22 23.0 77.0
15 chr3: 186142005 g A 22 59.0 41.0
16 chr3: 99873851 g A 22 32.0 68.0
17 chrd: 3649237 a G 24 54.0 46.0
18 chrl5: 55487474 t C 24 96.0 4.0
19 chrl: 178793436 g A 10 40.0 60.0
20 chrll: 124193407 t G 24 37.5 62.5
21 chrl6: 16356684 g A 22 0.0 100.0
22 chr20: 11220172 g T 22 27.0 73.0
23 chr2: 19825504 a T 18 28.0 72.0
24 chr18: 38060888 g A 18 83.0 17.0
25 chr19: 36651599 g A 22 32.0 68.0
26 chrl: 12919864 c T 14 21.0 79.0
27 chr5: 58480456 g A 24 17.0 83.0
28 chrl: 186077564 g A 22 100.0 0.0
29 chr2: 29123555 g A 22 100.0 0.0
30 chr10: 56311213 t C 24 58.0 42.0

(50-500 kb gaps) genome-wide. Therefore, these SNPs will allow for the inclusion of
many additional genomic intervals in the final HapMap. Nevertheless, our efforts did not
completely close all of the gaps in the SNP map, and our analysis indicates that additional
SNP discovery projects should be launched now to meet the demands of the HapMap
project (Table 2-2). Ideally, a uniformly dense SNP map would be generated now in

order to ensure an adequate supply of SNPs as each region of the HapMap is developed.
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For example, global SNP discovery methods such as shotgun re-sequencing could be
extended such that every region of the genome exceeds a minimum SNP density (one
SNP per 1-3 kb?). Such densities may not be required throughout the genome; however,
up to half of the haplotype blocks in the genome will be missed at lower SNP densities
(Patil, et al. 2001). Having more SNPs at the beginning of the project also will ensure
that the final HapMap contains SNPs that have more desirable allelic frequencies and are
technically easier to genotype. An alternative approach would be to construct an initial
draft of the HapMap using all currently available SNPs, followed by a gap closure phase
in which additional SNPs are identified as necessary. Irrespective of the specific strategy
that is chosen, however, additional SNPs will be required to complete the goals of the
project.

There are several key differences between our pipeline and previous pipelines that
allowed us to discover new SNPs in the TSC traces. First, 13 different methods were used
previously to identify SNPs in the TSC traces, and no single method was applied to all of
the traces uniformly (The International SNP Map Working Group 2001). In contrast, we
processed all 7.1 million traces using only a single pipeline (see Materials and Methods).
Since some of the 13 methods used previously compared only the traces to each other,
our analysis represents the first time that some of these traces were compared with the
draft sequence for the purpose of cataloging SNPs. Secondly, we used only the largest,
high quality segment from each trace, which allowed us to include insertions and
deletions (Indels) in our analysis. The inclusion of Indels facilitated SNP discovery in
traces that otherwise would have been set aside (TSC discarded traces with <99% match).

Thirdly, our procedure for mapping traces was different from methods employed
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previously and allowed accurate mapping while still retaining flexibility in the
subsequent pair-wise alignment step. We required a minimum of a 50 base match at
100% identity to a single location in the genome for a successful trace mapping. In
contrast, many of the previous methods used the entire trace for mapping and required a
match of >99%. Some of the methods also set aside traces that contained >50% repetitive
sequences; however, our mapping methods allowed us to utilize many of these traces
successfully. Fourthly, because a number of gaps in the human genome sequence have
been closed recently, we were able to map traces for the first time to these segments of
the genome. Since our collection of SNPs mapped to all SNP interval sizes, however,
only a fraction of the SNPs discovered in our study can be attributed to such gaps (Table
2-2). Therefore, the success of our pipeline is due to a combination of the factors listed
above.

In conclusion, the current human SNP map will serve as an excellent resource to
fuel the construction of an initial “draft' of the human HapMap. Although the addition of
our new SNPs to the human SNP map led to significant improvements in the largest gaps
of the map, additional SNP discovery projects will be required to fully support the
HapMap project. Higher SNP densities will be necessary to fully discover the haplotype
architecture of the genome and to construct comprehensive tag SNP maps that will be

useful for genetic linkage studies in humans.
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Introduction

Transposons and transposon-like repetitive elements collectively occupy 44% of the
human genome sequence. In an effort to measure the levels of genetic variation that are
caused by human transposons, we have developed a new method to broadly detect
transposon insertion polymorphisms of all kinds in humans. We began by identifying
606,093 insertion and deletion (indel) polymorphisms in the genomes of diverse humans.
We then screened these polymorphisms to detect indels that were caused by de novo
transposon insertions. Our method was highly efficient and led to the identification of
605 nonredundant transposon insertion polymorphisms in 36 diverse humans. We
estimate that this represents 25-35% of ~2075 common transposon polymorphisms in
human populations. Because we identified all transposon insertion polymorphisms with a
single method, we could evaluate the relative levels of variation that were caused by each
transposon class. The average human in our study was estimated to harbor 1283 Alu
insertion polymorphisms, 180 L1 polymorphisms, 56 SVA polymorphisms, and 17
polymorphisms related to other forms of mobilized DNA. Overall, our study provides
significant steps toward (i) measuring the genetic variation that is caused by transposon

insertions in humans and (ii) identifying the transposon copies that produce this variation.

Transposons and transposon-like repetitive elements collectively occupy an
impressive 44% of the human genome sequence (Lander, ef al. 2001). Alu and LINE
(L1) elements alone account for ~30% of the genome sequence and are the most

abundant transposable elements in humans (Lander, ef al. 2001). Both Alu and L1 also
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are actively mobile in the genome today and serve as ongoing sources of human genetic
variation (Moran, ef al. 1996; Ostertag and Kazazian 2001; Batzer and Deininger 2002;
Brouha et al. 2003; Dewannieux, et al. 2003). The remaining transposon-like elements in
the genome have some or all of the hallmark features of transposons, such as target site
duplications (TSDs), terminal repeats, and/or poly(A) tails, but are not known to remain

functional (Smit and Riggs 1996; Smit 1999; Lander, et al. 2001).

Alu elements have been actively mobile in primate genomes during the past 65
million years and consequently have expanded to ~1 million copies in the human genome
today (Batzer and Deininger 2002 and references therein). The earliest Alu elements
appear to have been monomeric derivatives of 7SL RNA, and these monomers later gave
rise to dimeric Alu elements (Ullu and Tschudi 1984; Slagel, et al. 1987; Britten, et al.
1988; Jurka and Zuckerkandl 1991). Alu J elements are the oldest dimeric elements in the
human genome (Jurka and Smith 1988; Batzer and Deininger 2002). Although these
elements were highly active ~55-65 million years ago, they are thought to have lost the
ability to transpose long ago (Jurka and Smith 1988; Batzer and Deininger 2002).
Likewise, Alu S elements, which are intermediate in age, are thought to have become
inactive at least 35 million years ago (Jurka and Smith 1988; Batzer and Deininger 2002;
Johanning, et al. 2003). Alu Y elements, in contrast, are the youngest Alu elements in the
genome and these elements remain actively mobile today (Batzer and Deininger 2002;
Dewannieux, et al. 2003). The Alu J, S, and Y families (and their subfamilies) contain a
series of hierarchical DNA sequence changes that arose during Alu evolution (Slagel, et

al. 1987; Jurka and Smith 1988; Batzer and Deininger 2002; Jurka, et al. 2002). Each Alu
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family contains a unique set of diagnostic base changes that can be used to identify

copies belonging to that family.

The second most abundant class of transposons in humans, the LINE (L1)
elements, are autonomous poly(A) retrotransposons (Ostertag and Kazazian 2001 and
references therein). These elements also have reached high copy numbers in the human
genome (~500,000) and collectively occupy ~17% of the genome sequence (Lander, et
al. 2001). Like Alu, L1 elements have been actively mobile over a long period of time
and have been classified according to their respective ages using specific base changes
(Boissinot, et al. 2000; Ovchinnikov, et al. 2002; Brouha, et al. 2003). The oldest L1
elements in the genome have accumulated deleterious mutations that render them
inactive. However, younger L1 elements have been identified that remain actively mobile
today (Moran, et al. 1996; Brouha, et al. 2003). These active copies contain two intact
open reading frames, ORF1 and ORF2, which encode proteins that are necessary for L1
retrotransposition (Feng, et al. 1996; Moran, et al. 1996). ORF1 encodes a 40-kD protein
with RNA-binding activity (Hohjoh and Singer 1996, 1997a, 1997b; Kolosha and Martin
1997; Martin, et al. 2000, 2003; Martin and Bushman 2001), whereas ORF2 encodes a
protein with both endonuclease (EN) and reverse transcriptase (RT) activities (Mathias, et
al. 1991; Feng, et al. 1996; Moran, et al. 1996; Cost, et al. 2002). EN and RT work
together in a process known as target-primed reverse transcription (TPRT; Luan, et al.
1993) that integrates a newly synthesized L1 cDNA into a DNA target site (Cost, ef al.
2002). Alu RNA (and other cellular RNAs) can compete for the L1 machinery during the

TPRT process, leading to the retrotransposition of these alternative RNAs instead of the
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normal L1 mRNA (Esnault, er al. 2000; Wei, et al. 2001; Dewannieux, et al. 2003). This
“trans” replication mechanism is thought to account for the massive expansion of Alu

elements in the human genome and for the existence of processed pseudogenes.

Because Alu and L1 remain actively mobile in the human genome today, they
serve as ongoing sources of genetic variation by generating new transposon insertions
(reviewed in Ostertag and Kazazian 2001 and Batzer and Deininger 2002). For example,
estimates suggest that a new Alu insertion occurs approximately once every 200 live
births (Deininger and Batzer 1999). As a consequence, a large number of polymorphic
Alu and L1 insertions have accumulated in human populations. Many of these insertions
are expected to be genetically neutral and, therefore, would have little or no impact on
human phenotypes. However, other insertions (primarily those within genes) have been
found to cause altered human phenotypes, including diseases. For example, disease-
causing Alu insertions have been observed in the BRCA2 gene (Miki, et al. 1996), the
glycerol kinase gene (Zhang, et al. 2000), and others (Deininger and Batzer 1999).
Disease-causing L1 insertions likewise have been observed in at least 14 different genes,
causing cancers (Morse, et al. 1988; Miki, et al. 1992; Liu, et al. 1997), hemophilia
(Kazazian, et al. 1988), muscular dystrophy (Narita, et al. 1993), and other diseases. It is
likely that additional transposon insertions will be found to affect human phenotypes as
well.

As an initial step toward studying the potential phenotypic variation that is caused
by Alu and L1 elements, it is necessary to identify all of the polymorphic insertions that

exist in human populations. Only a fraction of such insertions have been identified to
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date, largely because the methods for detecting transposon insertion polymorphisms are
labor intensive. Most of the known Alu and L1 insertion polymorphisms have been
identified by systematically screening individual element copies in human populations
using PCR assays (Carroll, ef al. 2001; Roy-Engel, et al. 2001; Myers, et al. 2002;
Abdel-Halim, et al. 2003; reviewed in Ostertag and Kazazian 2001 and Batzer and
Deininger 2002). Transposon display assays also have been used to identify transposon
insertion polymorphisms (Sheen, et al. 2000; Badge, et al. 2003). Although these
methods have been useful for identifying polymorphisms, they are not likely to be
sufficient on a genome-wide scale to identify all of the polymorphic Alu and L1 copies
that exist in human populations. Thus, new and more efficient methods are necessary to

identify transposon insertion polymorphisms.

In addition to Alu and L1 elements, some of the remaining transposons and
transposon-like elements in the genome also might be polymorphic and, therefore, would
contribute to human genetic diversity. Despite the fact that there are many families of
such elements in humans (Smit and Riggs 1996; Smit 1999; Lander, et al. 2001), no
comprehensive studies have been conducted to examine whether these elements are
polymorphic or remain actively mobile. As is the case for Alu and L1, such elements
would be of interest because they represent sources of human genetic variation and might

also cause mutations that lead to human diseases.

In an effort to measure the levels of genetic variation that are caused by human

transposons, we have developed an efficient method to broadly detect transposon
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insertion polymorphisms of all kinds in humans. The method exploits DNA sequencing
traces that originally were generated from diverse humans for single-nucleotide
polymorphism (SNP) discovery projects (Sachidanandam, et al. 2001; International
HapMap Consortium 2003). We have developed a computational pipeline that now
analyzes these traces to identify transposon insertion polymorphisms. Our study provides
significant steps toward (i) measuring the genetic variation that is caused by transposon

insertions in humans and (ii) identifying the transposon copies that produce this variation.

Materials and Methods

Identifying insertion and deletion candidates using DNA sequencing traces from diverse
humans: DNA sequencing traces and accompanying quality files were obtained from
Cold Spring Harbor Laboratory [traces generated by the SNP Consortium (TSC)] or from
the Trace DB archive at the National Center for Biotechnology Information (NCBI).
Insertion and deletion (indel) and transposon insertion polymorphisms were identified
from these traces using a sequential series of computer programs and databases as
outlined in Figure 3-1. Many of these programs were obtained from NCBI or from other
sources as indicated below. Other custom Perl programs were developed for indel and
transposon polymorphism discovery as necessary and are available upon request. Most of
these programs and databases were installed locally on Dell workstations running
Microsoft 2000, XP, or Red Hat Linux operating systems. A 12-CPU Linux cluster also
was constructed and utilized for the RepeatMasker and Mega-BLAST steps of the

pipeline (Figure 3-1).
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A total of 16.4 million DNA sequencing traces were processed using the pipeline
depicted in Figure 3-1. The traces first were screened for vector contamination using the
VecScreen system developed by NCBI and were trimmed as necessary. Low-quality
regions of the traces then were identified and trimmed with a custom Perl program that
uses the Phred quality scores in the accompanying quality files to identify such regions
(Ewing and Green 1998; Ewing, et al. 1998). Our method identified the longest high-
quality region of each trace and then trimmed the flanking data upon encountering 5
bases in a row with Phred scores ~25. The longest high-quality interval from each trace
was chosen for further analysis and the remaining data were set aside. Trimmed traces
also were required to have average Phred scores of at least 25 and minimum lengths of

100 bases.

After trimming, each trace then was mapped to a unique location in the human
genome sequence (build 33 for the TSC traces and build 34 for the remaining traces).
Builds 33 and 34 of the human genome sequence database were obtained from the
University of California (Santa Cruz) and installed locally to perform this step (Kent, et
al. 2002). All known repeats (including all transposons and transposon-like repetitive
elements defined in Repbase Volume 7, Issue7; Jurka 2000) first were temporarily
masked in the traces using RepeatMasker (version 2001/07/07; A. Smit, unpublished
data) and MaskerAid (Bedell, er al. 2000). The single longest unmasked “anchor
sequence” of the trace then was used to assign each trace to a unique genomic location
using Mega-BLAST (NCBI). The anchor sequence was required to have a minimum of a

50-base match at 100% identity for a trace to be mapped successfully. Traces with anchor
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sequences that matched to more than one genomic location with 100% identity, or that
did not have a minimum of a 50-base match at 100% identity, were set aside to avoid
traces that mapped to duplicated regions of the genome (Bailey, et al. 2002). After the
traces were successfully mapped to unique genomic locations, they were unmasked and
aligned to their assigned genomic locations using the B12Seq program (NCBI). The
BI12Seq program allowed for as much as a 16-base gap in the alignments and led to

identification of indels as large as 16 bases in length.

A new algorithm also was developed to identify indels that were >16 bp in length.
Our strategy was designed to split trace data into two blocks upon encountering a region
in the pairwise alignment that no longer matched the query. The first block of sequence
that matched was maintained in the correct position, and the nonmatching sequence was
moved over as a block, 1 base at a time, until a match was obtained. The Perl program
that was developed to accomplish this task moved the nonmatching block until it detected
either a perfect alignment or a distance of 10,000 bases (the maximum distance allowed
by the program). The 5 bases on each side of an indel candidate were required to have
Phred scores of >20 to ensure that high-quality bases were being used to locate the indel
junctions. Indel candidates were deposited into dbSNP under accession nos. ss8029278-
ss8176133, ss8475737- ss8484870, ss14926095-ss15354938, and ss15357378-

ss15378640.
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Identifying transposon insertion polymorphisms by screening human indels
Transposon insertion polymorphisms were identified among indels using a custom
computer algorithm. First, indels were identified for which at least 80% of the indel
sequence was occupied by a known transposon as defined by the definitions of all human
transposons and repeats in Rep-base (Vol. 7, Issue 7; Jurka 2000). This step was
accomplished by querying an Oracle database that stored RepeatMasker output data (and
other information) for each indel. Next, selected candidates were examined with a custom
Perl program to determine whether potential TSDs were present. Such duplications
generally flank transposon insertions and are hallmarks of most transposons (Berg and
Howe 1989). Therefore, if an indel was caused by a transposon insertion, it generally
would be expected to be flanked by a TSD (one copy of the duplicated sequence actually
is contained within the indel itself, since the duplication is created during the insertion of
the transposon). Candidate transposon insertions also were screened with a custom Perl
program to identify potential poly(A) tails, which are associated with certain
retrotransposons. Finally, the genomic contexts of all transposon indel candidates were
examined to identify true de novo insertions vs. indels that were caused by deletions or
duplications within existing transposon copies. All indels that met at least the first test
were inspected and curated manually (see supplemental Table 3-1 at
http://www.genetics.org/supplemental/ for the final curated set). Six hundred and five
nonredundant polymorphisms were identified that were caused by de novo transposon
insertions (these are listed in the “Alu,” “L1,” “SVA,” and “Other” sections of

supplemental Table 3-1). Another 50 nonredundant polymorphisms were caused by
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deletions or duplications within existing transposons (these are listed in the “Deletions

and duplications” section of supplemental Table 3-1).

Analysis of transposon subfamilies

Alu transposon insertions were classified initially using RepeatMasker (A. Smit,
unpublished data) and Repbase (Vol. 7, Issue 7; Jurka 2000). Each polymorphic copy
also was compared independently to the consensus sequences of all known Alu
subfamilies (Repbase Vol. 7, Issue 7; Jurka 2000). To accomplish this goal, all Alu
insertions identified were coaligned with the consensus sequences of all Alu subfamilies
using the ClustalW program. Key diagnostic bases then were analyzed to further assist
with the assignments of these elements to specific subfamilies. Each copy then was
compared to the assigned subfamily consensus using Bl2seq (NCBI). In some cases,
element copies also were compared to the consensus sequences of several neighboring
families. A final assignment was made on the basis of the best match obtained. L1-Hs
and L1-P elements were classified initially using RepeatMasker (A. Smit, unpublished
data). The L1-Hs elements then were assigned to a given subfamily using the
classification system described by Brouha, et al. (2003). All other transposons were
classified using the RepeatMasker system (A. Smit, unpublished data) and Repbase (Vol.

7, Issue 7; Jurka 2000).

Validation of the computational pipeline by PCR
Sixty-one transposon insertions were chosen arbitrarily from the TSC data set and

examined by PCR to evaluate the accuracy of our computational predictions (Table 3-6).
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PCR assays were designed for each of the 61 polymorphic transposon copies using
primers that either flanked (A and D primers) or were located within (B and C primers) a
given transposon as depicted in Figure 3-3. All primers used in these studies are listed in
supplemental Table 3-2 at http://www.genetics.org/supplemental/. A total of 68 PCR
assays were designed initially. Seven (10%) of these assays failed due to technical
reasons and these assays were abandoned. The remaining 61 assays (90%) yielded
band(s) of the expected size(s) and were used to assay 12-24 DNA samples from the
Coriell diversity panel (Figure 3-3 and Table 3-6). The Coriell diversity panel of 24 DNA
samples was obtained from the Coriell Repository, Camden, New Jersey (Collins, et al.
1999). Lymphocyte cultures of this panel also were obtained from Coriell and, in some
cases, DNA was prepared from these cells. PCR reactions were carried out in 50-ul
volumes as described previously (Kimmel, et al. 1997). PCR products were run on 1.5%

agarose gels and sized using a 1-kb ladder marker (Invitrogen, San Diego).

Analysis of additional genomic SVA elements

In addition to the SVA copies identified in the trace experiments, 28 other genomic SVA
copies were selected from the human genome sequence using SVA element query
sequences and the BLAT program (Kent 2002). These SVA copies were examined by
PCR to assess whether they were polymorphic in at least one individual of the Coriell
panel. PCR primers were developed to examine the status of each SVA copy as described
in Figure 3-3 and supplemental Table 3-2. PCR reactions were carried out as outlined
above and in Figure 3-3. An SVA copy was considered to be polymorphic if both alleles

(one with and one without the transposon insertion) could be identified at least once.
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Fifty-nine additional SVA element copies were identified by manual inspection of the
first 50 Mb of human chromosome 1 using the University of California, Santa Cruz
genome browser (Kent, et al. 2002). The genomic regions surrounding all of these SVA
copies were compared to the equivalent chimp genomic sequences to determine whether

the chimp contained an SVA element at the equivalent position (supplemental Table 3-1).

Results

A strategy for detecting genetic variation caused by transposon insertions in humans: Our
strategy for detecting transposon insertion polymorphisms in humans involved
identifying a large number of indel polymorphisms in human populations and then
screening these polymorphisms to identify de novo transposon insertions. We reasoned
that this strategy should be successful since transposon insertion polymorphisms are
equivalent to insertions and deletions in genomes. Relatively few indels had been
identified in human populations prior to our study, despite the fact that indels are
abundant in the genomes of model organisms such as Drosophila melanogaster (Berger,
et al. 2001) and Caenorhabditis elegans (Wicks, et al. 2001) and were likely to be
abundant in humans as well. Therefore, we began our study by developing new
computational methods to discover in-del polymorphisms in the genomes of diverse

humans (materials and methods).

Our strategy involved mining indels from DNA sequencing traces that previously
had been generated for SNP discovery projects. All of the traces used in our study

originally were generated at genome centers by resequencing pools of genomic DNA
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from diverse humans. For example, a set of 7.1 million traces, which originally had been
generated by shotgun sequencing the DNA of 24 diverse humans (Sachidanandam, et al.
2001), was obtained from TSC. A second set of 8.2 million whole-genome shotgun
(WGS) traces, which originally had been generated by shotgun sequencing the DNA of
eight unrelated African-American adults (four males and four females from the Baylor
Polymorphism Resource; International HapMap Consortium 2003), was obtained from
the Baylor and Whitehead Genome Centers. Finally, a much smaller set of 0.9 million
whole-chromosome shotgun (WCS) traces, which had been generated by shotgun
sequencing chromosome 20-specific libraries from four diverse humans (International
HapMap Consortium 2003), was obtained from the Sanger Center. Because these DNA
sequencing traces were derived from diverse humans, we expected them to harbor
various forms of genetic variation, including indels. We developed a computational
pipeline to identify indels within these traces by comparing them to the human genome
reference sequence (builds 33 and 34; Figure 3-1).

A total of 606,093 indel candidates were identified by analyzing 16.4 million
traces with our computational pipeline (Figure 3-1 and materials and methods). The
majority of these indels (428,838 or 70.8%) were identified from the WGS traces. An
additional 155,992 indels (25.7%) were identified from the TSC traces, and 21,263 indels
(3.5%) were identified from the WCS traces. Overall, these indel candidates were
distributed throughout the human genome and were found on all 24 chromosomes (data
not shown). They ranged in size from 1 to 9969 bp in length and contained a wide array
of different DNA sequences. All indel candidates were deposited into dbSNP under the

“Devine_lab” handle (http://www.nih.nlm.gov/SNP).
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No. of Traces:

Step 1 TSC: 7,210,020
. VGS: 225,995
Obtain DNA Sequencing Traces QES ) 8, 9?2%28
and Quality Files S o
Total: 16,378,975
¢ After Trimming:
Step 2 TSC: 4,293,801
Trim Vector and Low Quality };hg 6:; 61 é’ 09;_4
Sequences from the Traces VES: > >
Total: 11,675,820
¢ After Masking:
TSC: 4,293,694
Step 3. e 2 0%,
Mask Repeats with RepeatMasker }’:ET: ; 67616%%2
and Maskeraid Total: 11,675,713
¢ Mappable:
Step 4 TSC: 2,800,034
Map Each Trace to a Unique 352 4{;%{.62;%,2
Location in the Human Genome Total: 7,598,684
‘ Identical: Variant:
Step 5 TSC: 1,830,601 969,433
Align Each Trace to Assigned 352 262222?1 liﬁq(ﬁ
Location (Pairwise Alignment) o o 2
Total: 4,664,906 2,660,778
J INDELs: Transposons:
Step 6. TSC: 155,992 207
Identify INDEL Candidates WL’S 4;;8 '83§ : 8‘2
and Transposon Polymorphisms WCS: 21,263 12
Total: 606,093 802

Figure 3-1. Computational pipeline for indel and transposon polymorphism discovery. A flow chart

of the computational steps that were followed for the discovery of indel and transposon polymorphisms is
shown on the left (boxes). A breakdown of the number of traces present at the end of each step is shown on
the right. The number of indel and transposon polymorphisms identified is listed at the bottom. Note that
the numbers are broken down for each of the three populations examined. TSC, the SNP Consortium

traces; WGS, whole-genome shotgun traces; WCS, whole-chromosome shotgun traces.
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We next developed a computer algorithm to identify indels that were caused by de
novo transposon insertions. The method was designed to identify indels for which a
single transposon copy and its associated sequences (e.g., its target site duplication)
accounted for the indel (see materials and methods). Eight hundred and two transposon
insertion polymorphisms were detected with these methods in the three populations
examined (Table 3-1). Four major classes of transposon insertions were identified in
these experiments: (i) Alu insertions, (ii) L1 insertions, (iii) SVA insertions, and (iv)

insertions of “other’” elements.

Alu insertion polymorphisms were by far the most abundant polymorphisms
identified in the three experiments (Table 3-1). A total of 173 of 207 (83.6%) of the
polymorphisms in the TSC data set were Alu insertions. Likewise, 487 of 583 (83.5%) of
the polymorphisms in the WGS set were Alu insertions, and 10 of 12 (83.3%) of the
polymorphisms in the WCS set were Alu insertions. L1 insertions were the next most
abundant polymorphisms identified, representing 12.6 and 11.0% of the TSC and WGS
data sets, respectively (Table 3-1). Although the L1-Ta class was the most abundant
subfamily of L1, other non-Ta L1 elements were identified as well (see below). SVA
element insertions were the third most abundant class of transposon polymorphisms
identified, representing 2.9 and 4.3% of the TSC and WGS data sets, respectively.
Finally, the remaining transposon insertion polymorphisms were caused by a
miscellaneous collection of low-frequency insertions. These elements were pooled into a

single group of other polymorphisms (Table 3-1).
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ISC WGS WCS
Bases analyzed 989,283,997 2,271.983,242 110,411,692
Fraction of genome 0.30 0.69 0.033

No. polymorphisms observed/(% total):

Alu-total 173 (0.836) 487 (0.835) 10 (0.833)
AluYas 67 (0.324) 148 (0.254) 7 (0.583)
Alu Yb8 30 (0.145) 132 (0.226) 1 (0.083)
L1-total 26 (0.126) 64 (0.110) 2 (0.167)
L1-Ta 25 (0.121) 58 (0.099) 2 (0.167)
L1-other 1 (0.005) 6  (0.010) 0 (0)
SVA 6  (0.029) 25 (0.043) 0 (0)
Other 2 (0.010) 7 (0.012) 0 (0)
Total 207 583 12

Table 3-1. Transposon insertion polymorphisms identified in humans

It is important to note that our measurements were remarkably consistent between
the data sets. This was particularly true for the TSC and WGS data sets, which were
significantly larger than the remaining WCS set. For example, as noted above, Alu
polymorphisms represented ~83% of the transposon insertions in all three of the
populations examined. The percentages of L1 insertions likewise were very similar in
these experiments (Table 3-1). Overall, the TSC and WGS experiments were remarkably
similar given the differences in the populations that were used to generate these trace sets
(Table 3-1). Nevertheless, the results were not completely identical between the
populations. For example, Alu Ya5 polymorphisms represented 32.4% of the insertions in
the TSC population and 25.4% of the insertions in the WGS population (Table 3-1).
Therefore, at least some of these element families might have amplified at slightly

different rates in the populations examined.



Alu (505 total)

Alu S Alu Ye¢ Alu Yi
iiu gc—glleri.veg i Alu Yel 38 Alu Yi6-derived 8
u Sp-derive
Alu Sq-derived 1 Al ye 2 AluY
Alu Sx-derived 1 alux
Alu Yd AluyY 22
Alu Ya Alu Yd8 4 Alu Y-derived 10
Alu Yal 4
iﬂi %gi 217 Alu Ye Too short to classify
Alu Ya4-derived 3 AluYe2 1 Alu Yaf\!q 1
Alu Ya5 170 Alu Ye2-derived 1 Alu Y:a >/8 5
Alu Yaja2 11 Alu Yes 15 AluYe 1
Alu Va3 2 Alu Ye5-derived 3 Aluy 6
Alu 1
Alu Yb ,
Alu Yb3al 1 ﬁ 1 1
AluYb3al-derived 1 U
Alu Yb3a2 1 AluY
Alu Yb3a2-derived 5 ﬁg 5 12
Alu Yb8 125 ure
Alu Yb8-derived 4
Alu Yb9 15
L.1 (65 total)
L1 Hs L.1 Hs cont. L1-P
Ta-0 8 Hs (unclassifiable) 1 L1 PA2 5
Ta-1 12 Ta (unclassifiable) 7 L1 PA3 1
Ta-1nd 3 Ta-1d/Ta-0 3
Ta-1d 12
Pre-TA(acg/a 4
Pre-TA(acg/g 9
SVA (39 total)
From traces 28
Other genomic 11
Other (7 total)
DNA/Mariner 1
LTR/ERVK 2
U2 RNA 1
U5 RNA 1
5S rDNA 2

Table 3-2. Nonredundent transposon insertion polymorphisms.
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We next inspected all of the polymorphic transposon insertions from the three
populations to determine whether any of the copies were redundant in the three data sets.
In fact, 149 polymorphisms were identified in which the same transposon allele was
detected more than once in our trace experiments. In most of these cases (115 of 149 or
77.2%), the alleles were detected independently twice. Another 25 of 149 alleles (16.8%)
were detected three times and the remaining 9 of 149 alleles (6%) were detected four to
six times. These results provide confidence in our method and suggest that at least some
of our transposon insertion polymorphisms are present at high frequencies in human
populations. To perform additional analyses of these transposons, we developed a

nonredundant data set of 605 transposon insertions.

Alu Y insertion polymorphisms

A total of 505 nonredundant Alu insertion polymorphisms were identified in the three
populations of our study, including both full-length and partial Alu insertions (Table 3-2).
These elements were compared to all known Alu families and were classified to
determine which Alu elements were detected in our experiments (materials and methods).
The vast majority of our Alu insertions were Alu Y elements, with 500 of 505 (99%) of
the insertions falling in this category (Table 3-2). Alu Ya5 elements were the most
abundant subfamily in our study, representing 33.7% of the insertions (Table 3-2). Alu
Yb8 polymorphisms also were abundant, representing 25.5% of the insertions (Table 3-
2). AluY, Alu Ycl, and Alu Ya4 elements were present at intermediate levels (between
5.9 and 7.5%), and these three families together represented 19.7% of all nonredundant

Alu insertions in our study. Most of the remaining Alu Y-related insertions were present
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at relatively low levels and were distributed among 15 different Alu Y subfamilies (Table
3-2). Notably, Alu polymorphisms were detected from most of the known Alu Y
subfamilies, including Alu Ya, Yb, Yc, Yd, Ye, Yf, Yg, and Yi (Table 3-2). Moreover,
although we did detect several new small groups of Alu Y insertions that might be
considered novel subfamilies (see below and Figure 3-2), no new extended Alu Y

families of significant size were detected in our study.

As outlined above, Alu Ya5 and Alu YbS8 insertions were the most abundant Alu
elements in our data sets. Carroll, et al. (2001) previously demonstrated that these two
Alu subfamilies were highly polymorphic in human populations. In fact, they estimated
that 25% of Alu Ya5 elements and 20% of Alu Yb8 elements were polymorphic in at
least one individual of a panel of 80 diverse humans (Carroll, et al. 2001). On the basis of
their copy number estimates for these two elements, we can predict that at least 660 Alu
Ya5 insertion polymorphisms and 370 Alu Yb8 insertion polymorphisms should exist in
human populations. We found a total of 170 nonredundant Alu Ya5 insertions and 129
nonredundant Alu Yb8 insertions in our study (Table 3-2). Only 8 of these polymorphic
insertions (4 Alu Ya5 and 4 Alu Yb8) were identified by Carroll, et al. (2001). Therefore,
291 of 299 (98.6%) of our Alu Ya5 and Alu Yb8 polymorphisms had not been detected
previously. Similar results were obtained with the remaining Alu classes, indicating that
our method efficiently identified a large number of novel Alu insertion polymorphisms in

human populations.
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Polymorphic ancient Alu elements

In addition to Alu Y elements, we also identified four polymorphic copies of older Alu S
elements (Table 3-2). Two of these examples (Alu ss14941867 and Alu ss8480425) were
intact, full-length Alu S insertions with all of the expected features of Alu
retrotransposition events, including poly(A) tails and target site duplications. Two
additional examples of 5’-truncated or otherwise fragmented copies of Alu S also were
identified (Table 3-2). One of these insertions (ss14931773) was a 5’-truncated Alu Sc
element with a perfect target site duplication. The second insertion (ss15143442) was an
Alu Sq element that was truncated at both the 5’ and the 3’ ends and lacked a target site
duplication altogether. It is not clear how this second Alu polymorphism was formed.
One possibility is that it was caused by an endonuclease-independent mechanism of
retrotransposition involving partial Alu RNA templates. Both Alu and L1 elements are
known to use an endonuclease-independent mechanism that does not generate target site
duplications surrounding the newly transposed copy (Morrish, ef al. 2002; Abdel-Halim,
et al. 2003). Perhaps this older Alu Sq element was mobilized by the L1 machinery using

this alternative mechanism.

The fact that we identified four ancient Alu S insertion polymorphisms indicates
that at least some of the Alu S copies are likely to have retained the ability to transpose
long after the majority of Alu S elements became transpositionally inactive. This is most
probable for the intact Alu copies discussed above (Alu ss14941867 and Alu ss8480425).
These copies do not appear to have been caused by gene conversion events and have

estimated ages of 7-23 million years, suggesting that they are younger than most of the
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Alu S elements. Prior to our study, only the Alu Y elements were thought to be
polymorphic in humans, whereas the older Alu S, Alu J, and Alu monomers were thought
to have only fixed alleles in human populations. Recent evidence from Johanning, et al.
(2003) showed that at least some Alu Sx elements appear to have transposed later than
previously estimated (~35 million years ago); however, Alu S insertion polymorphisms

were not detected in humans prior to our study.

Sequence variation within polymorphic copies of Alu indicates patterns of Alu
evolution

Significant DNA sequence variation was noted within the polymorphic Alu insertions
identified in our study. In most cases, a given element copy could be placed
unambiguously within a known Alu subfamily using key diagnostic base changes
(materials and methods). Nevertheless, a large number of additional single-and multiple-
base changes were noted in these elements relative to their respective consensus
sequences. Of particular interest were small groups of Alu elements that clearly belonged
to a given element family, but differed from the consensus by one or more shared base
changes. Since CpG changes occur independently at a high frequency, it was possible
that some of these groups were caused by independent changes at CpG hotspots.
However, at least 10 of these groups possessed shared base changes at non-CpG sites (or
had unusually high frequencies of a given CpG change along with additional shared
changes). Most of these groups also showed evidence for the progressive accumulation of
shared mutations. In these cases, a single base change was shared by an initial subset of

the elements and additional shared changes appear to have been acquired later. We
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propose that these groups represent novel evolutionary lineages of Alu elements that are
defined by these new base changes (Figure 3-2). These data suggest that a significant
number of Alu insertions go on to serve as new source genes for small numbers of

additional retrotransposition events (Deininger, ef al. 1992).

L1 insertion polymorphisms

Although most of the ~500,000 L1 copies in the haploid human genome have
accumulated deleterious mutations that render them inactive, some of the younger L1
copies remain actively mobile today (Moran, et al. 1996; Brouha, et al. 2003). These
younger copies belong to the L.1-Hs (Human-specific) family of elements (Brouha, et al.
2003). The Hs family has been subdivided further into the Ta-0, Ta-1, Ta-nd, and Ta-d
subfamilies on the basis of the presence or absence of specific nucleotide changes within
the L1 sequence (Boissinot, et al. 2000; Ovchinnikov, et al. 2002; Brouha, et al. 2003).
Reflective of their younger ages, L1-Hs elements are highly polymorphic in human
populations (Sheen, et al. 2000; Ovchinnikov, et al. 2001; Myers, et al. 2002; Badge, et

al. 2003; Brouha, et al. 2003).

We identified 65 nonredundant L1 insertion polymorphisms in our study (Table
3-2). Each of these L1 elements ended in a poly(A) sequence and was flanked by a
typical L1 target site duplication. We classified these elements using the system
described by Brouha, et al. (2003) and found that most of the copies belonged to Ta

subfamilies of L1 elements. In fact, elements belonging to the L1 Ta-0, Ta-1, Ta-
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Figure 3-2. Proposed new evolutionary lineages of Alu. For each Alu subfamily, the number of

polymorphic copies retaining the subfamily consensus sequence is compared to groups sharing one or more
base pair changes (in parentheses). In several cases, the majority of polymorphic copies of a given
subfamily diverge from the subfamily consensus by a few shared changes. An evolutionary progression can
be inferred (from left to right) in which new shared base changes appear to have been acquired. The 10
(Figure 3-2 cont.) proposed novel evolutionary groups are indicated by braces to the right of the groups.
The total number of elements within the group is indicated in the parentheses. These data suggest that a
significant number of Alu insertions in the genome can serve as new source genes to produce offspring

elements. Only elements that are at least 80% full length are represented.

nd, and Ta-d subfamilies were identified along with some older pre-Ta elements (Table
3-2). These results are consistent with the observation that 13 of the 14 L1 insertions that
have been found to cause human diseases were LL1-Ta elements and the remaining
element was a pre-Ta element (reviewed in Moran 1999). Our results also are consistent
with previous studies demonstrating that L1-Ta elements are highly polymorphic (Sheen,
et al. 2000; Ovchinnikov, et al. 2001; Myers, et al. 2002; Brouha, et al. 2003). Although
some of our L1 insertion polymorphisms were identified previously, most were unique to
our study.

Interestingly, we also identified six polymorphic copies of older L1-P insertions,
including five polymorphic L1PA2 insertions and a single L1PA3 insertion (Table 3-2).
Therefore, in addition to L1-Hs elements, older L1-P elements also are polymorphic in
humans. In fact, these elements collectively accounted for 9.2% of the L1 insertion
polymorphisms in our study (Table 3-2). Thus, the spectrum of L1 elements that cause

human genetic variation, and perhaps human disease, is broader than previously
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established (Ovchinnikov, et al. 2002). Moreover, since a high level of polymorphism is
associated with active transposons, our results suggest that at least some of the L1-P

elements in humans and chimps might also remain actively mobile today.

SVA insertion polymorphisms are abundant in humans

The human SV A element is a transposon-like repetitive element that was first identified
within the RP gene on human chromosome 6 (Shen, et al. 1994). The authors of this
original report proposed that SVA represented a composite retrotransposon that contains
two previously identified elements (SINE-R and Alu) as well as a variable nucleotide
tandem repeat (VNTR) region. Although the authors of this study had no evidence that
their proposed element was actively mobile, they suggested that SVA is a retrotransposon
because it ended in a poly(A) tail and was flanked by an apparent target site duplication
(Shen, et al. 1994). Strichman-Almashanu, et al. (2001) later estimated that the haploid

human genome contains approximately ~5000 copies of the SVA element.

We identified 28 nonredundant SV A insertion polymorphisms in our trace
experiments (Tables 2 and 3). These insertion polymorphisms have all of the hallmark
features of retrotransposon insertions. In each case: (i) both empty and SV A-occupied
sites were identified in different humans, (ii) the newly inserted SVA copy ended in a
poly(A) tail, and (iii) each inserted copy was precisely flanked by a new target site
duplication (Table 3-3). These copies ranged in size from 396 to 2806 bp in length, with
the shorter elements lacking 5’ ends due to truncation, or lacking internal VNTR repeats

(Table 3-3). The target site duplications of all insertions closely resembled (in both length



68

and sequence) the target site duplications of Alu and L1 (Table 3-3). To further confirm
that SVA insertion polymorphisms were indeed abundant in human populations, we
developed PCR assays to individually examine 28 additional genomic copies of SVA
(materials and methods). These copies were identified arbitrarily from the ~5000 copies
in the human genome by searching the human genome database with SVA element query
sequences. A total of 11 of 28 (39%) of the copies tested were found to be polymorphic
for insertion in at least one individual of the Coriell panel (Collins, et al. 1999; Table 3-
4). Thus, together with the 28 SVA polymorphic copies identified in the trace
experiments (Table 3-3), we have identified a total of 39 independent SVA insertion
polymorphisms in human populations. These insertion polymorphisms have all of the
sequence features of bona fide SVA retrotransposition events (Tables 3 and 4). These
results indicate that not only Alu and L1, but also a third transposon, SVA, is highly
polymorphic in human populations (Tables 1-4). Collectively, our results indicate that
Alu, L1, and SVA provide the bulk of genetic variation that is caused by transposon

insertion polymorphisms in humans.

The recent completion of a draft sequence for the chimpanzee genome allowed us
to determine whether the SVA element also is present in the chimp genome. We
manually inspected the SVA copies listed in Table 3-3 and found that 27 of 28 (96.4%)
of these copies were absent from the equivalent positions of the chimp genome. The
remaining copy appeared to be present, but had only partial sequence coverage in the
chimp genome sequence. Therefore, most of these 28 polymorphic SVA copies appear to

have been generated relatively recently in humans, at a point in time following the
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divergence of chimps and humans. However, since these 28 copies were selected on the
basis of the fact that they were polymorphic in humans, it was possible that these copies
were not representative of all SVAs in the human genome. Therefore, we arbitrarily
selected 87 additional copies from the human genome to determine whether they were
present in the chimp genome. Twenty-eight of these copies are listed in Table 3-4, and 59
additional copies were identified in the first 50 Mb interval of human chromosome 1, for
a total of 87 copies. Our analysis revealed that only 11 of these 87 SVA copies (12.6%)
were precisely present at the equivalent positions of the chimp genome. Seven additional
copies had partial sequence coverage in the chimp genome and thus also appeared to be
present at equivalent positions. Therefore, the available evidence indicates that [118 of
the 87 SVA copies (20.7%) are likely to be present at equivalent positions of the human
and chimp genomes. The remaining 69 SV A copies (79.3%) were completely absent
from the chimp genome sequence. In a few cases, the chimp genome completely lacked
sequence coverage in the area of the element, so it is unclear whether the SVA is truly
absent in these cases. However, in most of these 69 cases, the SVA element and 1 of the
2 copies of the target site duplication were precisely absent from the chimp genome.
Taken together, these data indicate that ~20.7% of SV A insertions in the human genome
were generated prior to the evolutionary divergence of chimps and humans, and up to
~79.3% of the remaining SV A insertions were generated after the divergence of these
species. Thus, SVA is a relatively young transposon that has expanded in the human
during the past several million years. At least some of the SVA copies appear to have
been mobilized very recently, suggesting that SVA might also remain actively mobile in

humans and chimps today.
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SVA name INDEL Element Target site duplication
(Nearest gene) Chromosomal location™ dbSNP# size size sequence (5’ to 3°)
CLIC4-A chrl: 24.509.856- 24,512,677 5515143842 2,822 2.806 AAAAATAAAAAATCAA
LRIG2 chrl: 112.910.067-112,912,521 5515142943 2,455 2,438 AAAAACACATATTTGCG
PPPZRSA chrl: 209.527.634-209.529.114 5514942498 1.481 1.463 AACAATTCACTTCATCTT
SSB chr2:  170.844.052-170.846.495 ss15142807 2,444 2433 GAAAATAATGA

XRCCS chr2:  217,292.473-217,295.040 ss15143464 2,568 2,555 AAGAACACATGGC
AFURSI1 chr3:  195.440.681-195.441.437 ss8481522 757 749 AAGACTTC

KLHL3 chrs:  137.098.795-137.100.118 ss15143086 1.324 1,308 AAAATATTACCTCCCT
HLA-F chré:  29.793.437-29.796.056 558483556 2,620 2,601 AAAAGAAAGACCCAAGCCT
HLA-G chré:  30.005,583-30,007.340 ss15143277 1,758 1.744 AAGAATTGAGGAGC
SLC17AS chré:  74.365,117-74.367.305 $514142874 2,189 2,181 AAAAATGG

SERACI1 chr6:  158.457.569-158.458.368 558483321 800 784 GAAAAATGAACATATC
LOC90637 chr7:  929.403-931.992 5515143254 2,590 2,576 AAAACTTAAGAGTG
BC002644 chr7:  10.248,637-10.250.470 558483421 1,834 1,817 AAAGAAAAGAGGTTTAA
EGFR chr7:  55.028,493-55,030.810 558483579 2,318 2,303 TAAAAGCACATTGCA
AQP3 chr9:  33.413.362-33.414.654 ss15142745 1,293 1,055 AAGAATCTAGTTTIT
BC036431 chr9:  79.781.468-79.784.045 ss15143735 2,578 2.563 TAAAATGGCTCTAGC
RAD23B chr9: 105.413,293-105.415.295 ss15143222 2,003 1,990 AATTATTATTATT

PRMT3 chrll: 20.533.487-20.535.487 ss15143629 2,001 1,988 AATACAGAAATGT
CNOT2 chrl2: 68.881.132-68.883.862 5515143419 2,731 2,713 AMAAAAAGTATGACACTTC
EPSTII1 chrl3: 41.337.810-41.339.462 $s14938190 1,653 1,638 GAAAATCAGCTGGAG
FLJ12577 chrl3: 47.749.416-47.751.876 5515143296 2.461 2,325 AAACAAAAACAGT
Cl4orf24 chrl4: 33.497,755-33,499.561 558478175 1.807 1,792 AAGACTTACGAATAG
PRPSAP2 chrl7: 18.991,720-18.992.744 $s15143022 1,025 1.010 AAGAAAGAACAAGTT
PRKCA chrl7: 64.815,159-64.816.230 ss15143644 1,072 1,057 AAAAAATGTTTTAAG
ZNF137 chrl9: 57.787.819-57,789420 5515143783 1.602 1.586 AAAAATACAAAATTAG
AK09261 chrl9: 58.380,999-58.383.780 ss15143831 2,782 2,774 AAAMAAAA

C200rf100 chr20: 43.361.555-43.361.953 5514942665 399 396 TAA

AK026502 chr22: 25.492.631-25.494.356 ss15143832 1,726 1,716 AGAGGTTAAG

Table 3-3. SVA insertion polymorphisms identified in trace experiments. * Chromosomal coordinates

are given for the July 2003 build (build 34) of the human genome sequence (University of California, Santa
Cruz; Kent, et al. 2002). All of the elements shown have poly(A) tails at their 3’ ends. Additional data are

provided in supplemental Table 3-1 and dbSNP (http://www.ncbi.nlm.nih.gov/SNP/). Chr, chromosome.

HERYV-K and other examples of mobilized DNA

In addition to the three most abundant groups of insertion polymorphisms in this study
(Alu, L1, and SVA), we also identified several classes of less abundant insertion
polymorphisms that were caused by mobilized DNA. For example, two human
endogenous retrovirus K (HERV-K) insertion polymorphisms were identified in our trace

experiments (Tables 2 and 5). One of these HERV-K copies was a 969-bp solo LTR
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element that was flanked by a perfect 5-bp target site duplication (Table 3-5). The other
HERV-K element was a full-length 9462-bp copy that was flanked by a perfect 6-bp
target site (Table 3-5). This full-length copy had intact LTRs at its termini and four intact
open reading frames capable of encoding homologs of the retroviral Gag, protease, Pol,
and Env proteins (data not shown). We also identified four examples of mobilized
genome small cellular RNAs, including two polymorphic copies of 5S rDNA and single
examples of mobilized U2 and U5 RNA (Table 3-5). All four of these polymorphic
insertions were flanked by L1-like target site duplications, strongly suggesting that these
RNAs were mobilized by the L1 machinery. However, none of these mobilized elements
contained a poly(A) tail, perhaps suggesting that the poly(A) sequences on template
RNAs are not strictly required for the TPRT process (Boeke 1997; Roy-Engel, et al.
2003). Finally, we identified a single example of a Mariner dependent-1 (Madel)
insertion with an inverted repeat structure that was flanked by a perfect 5 bp target site

duplication (Table 3-5).

Validation studies

Several lines of evidence suggested that our computational methods were highly accurate.
For example, we detected 149 redundant transposon duplication polymorphisms in the
three data sets. Therefore, our methods independently detected identical transposon
insertion polymorphisms using totally different traces from different populations.
Moreover, we also detected a number of Alu and L1 insertion polymorphisms that had

been detected in previous studies with totally different methods. Nevertheless, as outlined



SVA name Element Target site duplication  Polymorphic in
(nearest gene) Chromosomal location* size sequence (5’ to 3°) Coriell panel?
EIF4G3-A chrl:  20,610.706- 20.613.260 2,544 TAAAAATTCAT No
SPATAG chrl: 48,217.230- 48,220,014 2,773 AAAAGAAAAACC No
CASPS clu2:  202,349,192-202,351,983 2,782 AAGAATTTGA Yes
PLOD2 clr3:  147,134,530-147,136,524 1,976 AAAGAAAATGTGGCATATA Yes
CD38 chrd:  15.542,595-15.544,984 2374 GAAAAGCAGCAAGCC No
RAPIB clo5:  75,550,653- 75,552,974 2,305 AAAAATTAAAAAAACT Yes
Neurestin chrs:  167,266,427-167,268,968 2,528 GAAAACAACGTCAA No
POLH clu6:  43,594.478-43,596,505 2,015 AAGATTCTTTCAC No
PCMT1 clr6:  150,137.472-150,139.466 1.930 GAAAACAGCCA No
LOC90693 clu?:  23.417.744- 23,420,774 2.865 AAGACTGTCCCCTGC No
FLI14117 clu7:  100,561,431-100,563.976 2,529 AAAAATACAAAAATTGG Yes
TNKS chr8:  9,551,502- 9,553,345 1.829 GAAAATTCTTTITCTT Yes
FLI10871 clu®: 28,759,637-28,761,987 2.260 AGAAAAATGTAGACATA No
MELK chr9:  36,604.406-36.606,089 1.669 CAAAAATAATTTTIT No
PBX3 chr9:  123.916.920- 123,919,948 2.361 GAAAAGATCA No
HHEX chrl0: 94,098,024- 94,100,358 2,320 GAGAGATGGGATGTG No
ITPR2 chrl2: 26,828.444-26.830,665 2,209 AAAAATGGAGAAT No
SNRPF chrl2: 94,736,050-94,738,795 2,735 AAAACTGTGGA No
BRMS1 chrl4: 34.435.361-34.437,930 2,553 TAAATACCTACGAGTAG No
SPTB chrld: 63,350.428-63.353,581 2.686 GAAAATTCTT Yes
PRPSAP2 chr17: 18,991,705-18,992,729 1,010 AAGAAAGAACAAGTT Yes
RNF135 chrl7: 29.451,155-29.453,977 2,808 GAAATAATTAAAAATC Yes
CPX-1 cl20: 2,798,148-2,801,409 3.247 AAAAGAACTTGATTT Yes
REM chr20: 30,802,228-30.805,279 3.036 AAGATTTGTTTICTTTT No
SLC2All cln22: 22,520.488-22,523,059 2,556 GAAAAAAAATTAACCT Yes
GPR24 chr22: 39,383.157-39,385,673 2,503 AAAACAAACAAACA Yes
UTx cluX: 43,944.720-43.947,538 2,808 TTATCAAATGA No
OPHNI1 cluX: 66,412.207-66,414,450 2,232 TTTTAAACTTTIT No

Table 3-4. Analysis of additional genomic SVA elements. * Chromosomal coordinates are given for the

July 2003 build (build 34) of the human genome sequence (University of California, Santa Cruz; Kent et al.

2002). All of the elements shown have poly(A) tails at their 3* ends. Additional data are provided in

supplemental Table 3-1.

Element INDEL Element Target site duplication
type Chromosomal location* dbSNP# size size sequence (5’ to 3”)

58 rDNA chr3:  12,171,534-12,171,588 ss14942367 55 40 GAAAGGTGAAAAGGA
HERV-K (LTR) chr8:  7,342.808-7,352,275 5515143090 9.468 9.463 AAAGGT

US RNA chr9:  195440,681-195.441437 5514936914 76 60 GAGAATCCTGGGTICT
55 rDNA chrl2: 13,090,355-13,090,458 558477420 104 90 GCAAGTGAACATTT
HERV-K (LTR) chrl2: 54,013,482-54,014,455 5514933585 974 969 GCTAT

UZRNA chrl3: 108,834,029-108.834,078 514938045 50 35 GAAACTGCGAATCCA
MADEI (Mariner)  clu20: 1,037.602- 1,037,680 5514935893 7 7 GCAAA

Table 3-5. Insertion polymorphisms generated by other forms of mobilized DNA. * Chromosomal

coordinates are given for the July 2003 build (build 34) of the human genome sequence (University of

California, Santa Cruz; Kent, et al. 2002). All of the above elements lack poly(A) tails. Additional data are

provided in supplemental Table 1 and dbSNP (http://www.ncbi.nlm.nih.gov/SNP/).
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A.

A Co
;. Transposon .v_
VB D

B. Alu-ss8478585 (A + D)
M-C123456789101112

C.

L1-ss8480972 (A + D) L1-ss8480972 (C + D)
M-C123456789101112 M-C123456789 101112

D.
SVA-ss8483421 (A + D) SVA-ss8483421 (C + D)
M-C123456789101112 M-C123456789 101112

Figure 3-3. PCR validation studies. The strategy for the PCR validation assays is shown along with

some examples of these assays. (A) The locations of the four primers (A, B, C, and D) that were used to
evaluate transposon polymorphisms by PCR are shown. (B) A typical Alu PCR assay is shown in which

primers flanking the transposon (A and D) are used to determine whether a given Alu copy is present in the
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(Figure 3-3 cont.) genome of an individual. The larger band is produced when the element is present,
whereas the smaller band is produced when the element is absent. Lane M, 1-kb marker; -C, negative
control lacking template DNA; lanes 1-12, 12 PCR reactions evaluating DNA samples from the Coriell
panel. (C) A typical L1 PCR assay is shown in which two PCRs are performed to identify all of the alleles
present in the Coriell panel. The assay on the left uses the A and D primers to identify alleles that lack an
L1 insertion, whereas the assay on the right uses primers C and D (or A and B) to identify alleles
containing the L1 insertion. These two assays are used together to evaluate whether a given allele is
homozygous or heterozygous in a given individual. The lanes are the same as for B. For cases in which the
L1 element is relatively short (<2 kb), the allele containing the L1 insertion often was detected in the A
plus D assay as well. (D) A typical SVA assay is depicted. These assays are performed the same way as the

L1 assays (in C above), using two assays to evaluate all SVA alleles present.

below, we also conducted a systematic validation study to further evaluate the accuracy
of our computational pipeline (Figure 3-3; Table 3-6; materials and methods).
Sixty-one transposon insertion polymorphisms were selected from the TSC data
set to conduct this validation study (Table 3-6). We focused on the TSC data set because
DNA was available for the entire panel of 24 diverse humans used in that study (Collins
et al. 1999). Since all DNA traces in that experiment were derived from only these 24
individuals (Sachidanandam, et al. 2001), any transposon polymorphism that was
predicted from the TSC data set also should be found by PCR 1in at least 1 of these 24
individuals. If the polymorphism was not found in any of the 24, then we would know
with certainty that our bioinformatics prediction was incorrect. PCR assays were
developed for all 61 of the selected transposon insertion polymorphisms and 12-24

members of the Coriell panel were evaluated to determine whether the polymorphism
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could be verified. In all 61 cases, the allele predicted by the trace was confirmed in at
least 1 of the 24 individuals of the panel (Figure 3-3 and Table 3-6). Therefore, our
methods produced a 100% success rate for this arbitrarily selected sample of 61 TSC
polymorphisms, indicating that our methods are highly accurate.

In five cases, we detected only the allele predicted by the trace in the panel of 24
individuals, and the allele predicted by the reference human genome sequence was not
detected by PCR (Table 3-6). The most likely explanation for these results is that the
person(s) represented by the reference human genome sequence had rare “private”
transposon insertions at these positions that were absent from the majority of humans. We
(and others) have observed similar results with SNPs identified from the TSC traces
(Sachidanandam, et al. 2001; Tsui, et al. 2003), and Myers, et al. (2002) have reported
similar results with private alleles of transposon insertions. In cases where they have been
examined, these private alleles have been verifiable in the DNA clones that were used to

sequence the human genome (Myers, et al. 2002).

Estimating the number of transposon insertion polymorphisms in humans
Our study provided a unique opportunity to measure the levels of variation that are
caused by transposon insertions in humans. Because our methods utilized DNA

sequencing traces, it was possible to determine exactly how many bases of the human

Table 3-6 (following page). Verification of TSC trace predictions by PCR. * Chromosomal
coordinates are given for the July 2003 build (build 34) of the human genome sequence (University of
California, Santa Cruz; Kent et al. 2002). ® In cases where both chromosomal coordinates are the same, the

insertion occurred in the trace. © Too short to classify.
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Type of Alleles % Golden %Trace
dbSNP# Chromosomal Location® Transposon Examined Path Allele Allele
558475858 chrl: 35._902.3:??—35.9(3!2.35?'b AluYas 43 4 96
558475874 chrl: 43.270.765-43.271,100 Alny 46 11 a9
558476214 chrl: 180,191.288-180,191,688 AluYgo 46 46 54
558480173 chr2: 184.452.525-184.452.867 AluYas 46 4 96
558481265 chr3d: 117,596,173-117,596,496 AluYe5 44 0 100
558481475 chr3: 182,282 816-182,283,143 Aluy 16 63 38
ss8481677 chr4: 36,367.085-36,367.417 AluYa4 20 30 70
558451874 chr4: 98,569.039-98.569,364 AluYas 44 43 57
558481886 chr4: 100,528.683-100,528,998 AluYas 43 0 100
558481943 chrd4: 127.436.,762-127.437,090 AluYa4 44 11 89
558482744 chrs:  174,741.730-174,742,046 Alny 14 2 79
558482858 chré: 20,873.358-20,873,677 AluYas 32 44 56
558482986 chré: 52,830,475-52,830,475 Alny 48 96 4
558483054 chr6: 74416861-74 417,166 AluYas 36 14 36
558483191 chré: 116,796.384-116,796,702 AluYi6 14 14 36
558483704 chr7: 94,998283-94998,613 AluYa4 32 22 78
558484157 chr8: 76,176,865-76,177,188 AluYas 43 40 60
558484397 chr8: 140,446.315-140,446.646 AlnYg6 48 4 96
558484534 chr9: 30,481,284-30,481,594 AluYas 44 20 a0
558484574 chr9:  41,460,809-41 461,130 AluYas 46 2 a8
558484611 chr9: 74,581,632-74 581,947 AluYh8 48 33 67
558476640 chrl0: 53,785.800-53,786,116 Aluy 10 50 50
558477096 chril: 42,428 408-42.428,718 AluYb9 2 5 95
558477278 chril: 102,948.539-102,948,851 AluYds 43 0 100
558477519 chrl2: 45361,618-45361,965 Alu Y11 48 0 100
558477629 chr12: 89,348 858-89.349.061 Alu Yad4/Ya5 48 4 96
558478585 chrl5: 79,108.405-79,108,719 AluYas 48 29 71
558478989 chrl7: 13,905,127-13,905.415 AluY 44 9 91
558480426 chr20: 11,512,266-11,512,588 Alu Sx 2 31 69
ss8480530 chr20: 53,978,074-53,978,387 AluYas 43 4 96
558480534 chr20: 55,148,643-55,148.959 Aluy 2 10 90
558480629 chr21: 29,522, 273-29.522 612 Alu YbS 46 17 a3
558484940 chr¥: 115,208.464-115,208,782 Alu* 2 60 40
558480093 chr2: 160,351.662-160,354,192 L1 Ta-0 2 10 90
558480896 chr3: 7,322.025-7,322.322 Llpre TA 2 40 60
558480972 chr3: 33,524976-33.525.861 L1 Ta-1nd 2 60 40
ss8481820 chrd4: 78,694,670-78,694,935 Llpre TA 12 33 67
558452149 chrd4: 182,572.693-182,574,194 L1 Ta-1 43 0 100
558482285 chrs: 24.416,029-24,418.937 L1 Ta-1 18 11 a9
558482213 chrs: 2,021,152-2,024,339 L1 Ta-1d 2 50 50
558483298 chré:  153,060,963-153,064,780 L1 Ta-1d 2 30 70
558483034 chr6:  66,255,638-66,257,631 L1 Ta-1 2 2 75
s58483013 chré:  57,469.905-57.475,956 L1PA3 43 0 100
558484339 chr8: 126,551.711-126,557,723 L1 Ta-1d/Ta-0 2 75 25
558484350 chr8: 129,421.743-129.427 855 L1 Ta-1d 16 [ 94
558484672 chr9: 96,187490-96,188,291 L1 pre TA 18 11 a9
558477608 chrl2: 82,346,513-82.347.076 L1Ta-1 16 12.5 875
558477500 chrl2: 40,524,321-40,525,144 L1 Ta-1 18 22 78
558475219 chrl4: 49,510,268-49.510,585 Llpre TA 2 90 10
558475193 chrl4: 38,088,431-38,090,252 Llpre TA 2 60 40
ss8478558 chrl5: 68,737.658-68,743,326 L1 Ta-1d/Ta-0 2 75 25
558479344 chr18: 50,014,733-50,014,733 L1Ta 18 39 6l
558479308 chrl8: 39,283,540-39,284 523 L1 Ta-1 2 2 a0
558480503 chr20: 42,710,042-42. 711,239 L1Ta-1 2 70 30
558481522 chr3: 195440.681-195441.437 SVA 48 46 54
558483321 chr6: 158 457.569-158,458 368 SVA 48 17 a3
558483556 chré: 29,793 437-29.796,056 SVA 43 4 96
558483421 chr7: 10,248.637-10,250,470 SVA 43 67 33
558483579 chr7: 55,028493-55,030,810 SVA 44 32 65
558478175 chrl4: 33,497 755-33.499 561 SVA 48 75 25
558477420 chr12: 13.090.355-13.090.458 58 48 67 33
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genome were sampled for a given trace experiment. In the case of the TSC experiment,
989,283,997 bp were sampled (equivalent to 30% of the haploid human genome).
Similarly, 2,271,983,242 bp were sampled in the WGS experiment, equivalent to ~69%
of the human genome. Therefore, it was possible to normalize the data from these
experiments to a genome size of 3.3 billion base pairs (100%) to estimate the total
number of transposon insertion polymorphisms that were present in the average haploid
genome in our study. By doubling these estimates, we determined that the average
(diploid) human in our study harbored ~1283 Alu insertion polymorphisms, 180 L1
polymorphisms, 56 SVA polymorphisms, and 17 other polymorphisms (Table 3-7). The
TSC and WGS populations gave estimates that generally differed by less than twofold
with the WGS giving a higher estimate. Given that the WGS data were generated from
eight African-Americans, these results are consistent with the observation of higher levels

of genetic diversity in African populations (International HapMap Consortium 2003).

We also used our data to estimate the total number of common transposon
insertion polymorphisms that are present in human populations. We detected 26% of the
660 polymorphic insertions of Alu Ya5 estimated to exist in human populations by
Carroll, et al. (2001). Similarly, we identified 35% of the 370 polymorphic insertions of
Alu Yb8 estimated to exist in humans by Carroll, ef al. (2001). We also identified 25% of
the 234 polymorphic L1-Ta insertions predicted by Myers, ef al. (2002). Thus, using the
Caroll, et al. and Myers, et al. studies to calibrate our study, we conclude that we are

detecting between 25 and 35% of a given class of transposon insertion polymorphisms.
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Therefore, given that we identified 605 nonredundant transposon polymorphisms, we
estimate that human populations harbor a total of 1730-2420 common transposon

insertion polymorphisms (for an average estimate of 2075).

Polymorphism frequencies for Alu, .1, and SVA

Since we recovered data on Alu, L1, and SVA insertion polymorphisms using a single
method, we could calculate the relative polymorphism frequencies for these elements
(Table 3-7). To perform these calculations, we compared the number of polymorphisms
that were identified for each transposon to the genomic copy numbers for each element
(Table 3-7). We found that the average polymorphism frequency for all copies of L1 was
the lowest, at 0.00018 (one polymorphic L1 insertion per 5556 copies in the genome;
Table 3-7). The average polymorphism frequency for all genomic Alu copies likewise
was relatively low at 0.00058 (one polymorphic insertion per 1724 copies in the
genome). The average polymorphism frequency for SVA, in contrast, was an order of
magnitude higher, at 0.0057 (one polymorphic insertion per 175 copies). Therefore, SVA
is the most polymorphic element in humans and is likely to be one of the youngest
elements to expand in the human genome. Nevertheless, when the L.1-Ta, Alu Ya5, and
Alu Yb8 subfamilies were examined separately from all L1 and Alu copies, these
younger L1 and Alu subfamilies had even higher levels of polymorphism frequencies
than SVA (Table 3-7). The L1-Ta subfamily, for example, with ~1040 copies in the
diploid genome, has the highest polymorphism frequency at 0.161 (one insertion per 6.2

copies; Table 3-7). The Alu Ya5 and Alu Yb8 subfamilies likewise have much higher
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No. polymorphisms per average diploid human in eroup (calculated from Table 1):

Element
Alu-total
AluYas
AluYb8
L1-total
L1-Ta
L1-other
SVA-total
Other

No. element copies in the human genome:

Element
Alu-total
AluYas
AluYbg
L1-total
L1 (Ta)
SVA-total

(\To polymorphisms listed above/ total copies in genome listed above)

Element
Alu-total

Alu Ya5 only
Alu Yb8 only

L1-total
L1-Ta only
SV A-total

Table 3-7. Average polymorphism frequencies in humans (diploid).

TSC
1.153.9
446.9
200.1
173.4
166.8
6.7
40.0
13.3

Haploid
1.100.000
2,640
1,852
500.000
520
5,000

TSC

0.00052 (1 per 1.923)
0.085 (1 per 11.8)
0.054 (1 per 18.5)
0.00017 (1 per 5.882)
0.160 (1 per 6.3)
0.0040 (1 per 250)

WGS
1.411.3
428.9
3825
185.5
168.1
17.4
72.5
20.3

Diploid
2,200,000
5.280
3.704
1,000,000
1,040
10.000

WGS
0.00064
0.081
0.103
0.00019
0.162
0.0073

(1 per 1.563)

(1 per 5263)

Average
1,282.6
437.9
2913
179.5
167.5
12.1

56.3

16.8

Reference
Lander et al. 2001
Caroll et al. 2001
Caroll et al. 2001
Lander et al. 2001
Myers et al. 2002
Strichman-
Almashanu et al.
2001

Average

0.00048 (1 per 1,724)
0.068 (1 per 12.0)
0.064 (1 per 12.7)
0.00015 (1 per 5.556)
0.136 (1 per 6.2)
0.0057 (1 per 175)

polymorphism frequencies than all genomic Alu elements (Table 3-7). Therefore, the

most active subfamilies of L1 and Alu have the highest polymorphism frequencies,

followed by SVA. Like these other elements, SVA might also harbor extremely

polymorphic subfamilies that remain to be discovered but are as polymorphic for

insertion as the L1-Ta, Alu Ya5, and Alu Yb8 subfamilies. Alternatively, SVA might

have a uniformly lower rate of polymorphism but collectively produces relatively high
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levels of genetic variation through its higher copy number (SVA has almost 10 times the
number of L1-Ta copies). Either of these models would account for the relatively high
levels of genetic variation that are caused by SVA insertion polymorphism (Tables 1 and

7).

Discussion

The spectrum of mobile DNA in humans: In an effort to measure the overall levels of
genetic variation that are caused by human transposons, we have developed a new
method to broadly detect transposon insertion polymorphisms of all kinds in humans. Our
strategy was highly efficient and led to the identification of 605 nonredundant transposon
insertion polymorphisms in 36 diverse humans. Since the majority of these insertion
polymorphisms had not been identified previously, our method was highly successful at
discovering novel transposon polymorphisms. In fact, we estimate that our collection of
605 polymorphisms represents ~25-35% of all common transposon insertion
polymorphisms in human populations (see below). Our strategy, in principle, now could
be used to identify all of the common transposon insertion polymorphisms that exist in
human populations. Together with all previously identified Alu and L1 insertion
polymorphisms, our 605 insertions provide significant progress toward this goal.
Approximately 20 million additional human traces (beyond the 16.4 million used here)
currently are available from SNP discovery projects, and more traces are being generated
by ongoing SNP discovery projects daily. Another ~17 million chimp traces are available

that could be used to identify transposon insertion polymorphisms in the chimp genome
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relative to the human genome. Thus, our method is likely to be useful in humans as well

as other organisms.

Unlike previous strategies, our polymorphism discovery strategy yielded data
regarding the relative levels of genetic variation from all classes of transposons. The three
most abundant classes of insertion polymorphisms in our study were Alu, L1, and SVA
insertions. Although Alu and L1 insertion polymorphisms were expected to occur at high
frequencies, no studies had been conducted previously to measure the polymorphism
frequency of the SVA element or the remaining elements in the human genome.
Therefore, our method has revealed that three transposons, Alu, L1, and SV A, are highly
polymorphic in humans, and that these three elements together provide the bulk of
genetic variation that is caused by transposon insertions in humans (Tables 1 and 7). Our
data also indicate that few, if any, insertion polymorphisms exist for the remaining

classes of elements in the human genome.

Most human transposon families are not highly polymorphic

As mentioned above, an interesting finding of our study is that many transposon families
in humans have not generated insertion polymorphisms to any great extent in recent
history. Although Alu, L1, and SVA account for a little more than 30% of the human
genome sequence, a total of 44% of the genome sequence is occupied by transposons and
transposon-like repetitive elements. Therefore, ~14% of the human genome is occupied
by essentially extinct transposon-like families that contain mostly (or totally) inactive,

fixed transposon alleles. Our study does not necessarily indicate that these elements are
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completely inactive, since we have sampled only 36 human genomes. Therefore, it is
likely that we have identified only the most polymorphic classes of elements in the
genome, and we may have missed polymorphic copies that occur at lower frequencies
within smaller families. Such elements would be of great interest, and we do not rule out
the existence of these elements, particularly since the heterochromatic regions of the
human genome remain unsequenced. For example, our data indicate that elements such as
HERV-K have been mobile recently enough to generate polymorphic insertions in human
populations (Table 3-5). Although such elements do not generate a great deal of genetic
variation, they would be of great interest if at least some of the polymorphic copies have
retained the ability to function as autonomous retrotransposons. Additional studies will be
required to determine whether the full-length HERV-K copy discovered in this study

(ss15143090, Table 3-5) remains actively mobile today.

Alu and L1 insertion polymorphisms

Our results regarding Alu element polymorphisms generally are in good agreement with a
large number of previous studies examining the young Alu Y subfamilies of the human
genome (reviewed in Batzer and Deininger 2002). Because we detected all Alu
subfamilies with a single method, we also were able to measure the relative levels of
variation that are caused by each subfamily (Tables 1, 2, and 7). Consistent with previous
studies, we found that Alu Ya5 and Alu Yb8 insertion polymorphisms are highly
abundant in humans. We also found that Alu Y, Alu Ycl, and Alu Ya4 insertion
polymorphisms are moderately abundant in human populations (Table 3-2). The

remaining Alu Y insertions were less abundant and were distributed among 15 different
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Alu Y subfamilies (Table 3-2). Our results further indicate that additional polymorphic
Alu Y families of any significant size are not likely to exist in humans. Finally, we
unexpectedly found a small number of ancient Alu S insertion polymorphisms in humans

(Table 3-2).

Our results regarding L1 element polymorphisms likewise are in good agreement
with previous studies examining L.1-Hs insertion polymorphisms in humans (Sheen et al.
2000; Ovchinnikov, et al. 2001; Myers, et al. 2002; Badge, et al. 2003; Brouha, et al.
2003). However, we also found that older L1-P (primate) insertions represent a
significant source of human genetic variation (Ovchinnikov, et al. 2002). In fact, L1-P
insertions represented close to 10% of all L1 insertion polymorphisms in our study (Table
3-2). Because we detected all L1 subfamilies with a single method, it was possible to
assess the relative levels of variation that were caused by each subfamily and integrate

these values with all other elements in the genome (Tables 1, 2, and 7).

SVA is highly polymorphic in humans

Since the initial discovery of the SVA element, a number of retrotransposon-like
insertions have been reported that might have been caused by SVA retrotransposition
events (Hassoun, et al. 1994; Kobayashi, et al. 1998; Rohrer, et al. 1999). One of the best
candidates in this regard is a 3-kb retrotransposon insertion in the Fukutin gene that was
reportedly responsible for 70% of the Fukuyama type muscular dystrophy in Japan
(Kobayashi, et al. 1998). The element described in that report has some of the features of

a de novo SVA insertion; however, it was not referred to as an SVA element in that
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article, and the sequence of the insertion was not provided (Kobayashi, ef al. 1998). Two
additional retrotransposon insertions also have been referred to as SVA elements by
Ostertag and Kazazian (2001) and Ostertag, et al. (2003). In one of these cases, the
element was reported in the original study to be a SINE-R element rather than an SVA
element (Rohrer, ef al. 1999). Since SINE-R is itself a retrotransposon and also a
component of the SVA element, the insertion could be a SINE-R element or a truncated
SVA. In the final case, no SVA sequences were actually present within the DNA
insertion that was identified (Hassoun, et al. 1994), and the inserted DNA segment was
proposed to have been mobilized by a 3’-transduction event sponsored by an adjacent

SVA element (Ostertag, et al. 2003).

We now provide clear evidence for the existence of at least 39 de novo SVA
element insertions in humans (Tables 3 and 4). For these 39 insertions: (i) both empty and
SV A-occupied sites were identified in the human genome in different individuals, (ii) the
SVA copies ended in poly(A) tails, and (ii1) the inserted copies were precisely flanked by
new target site duplications. Thus, our study indicates that SVA insertion polymorphisms
are highly abundant in humans. In fact, SVA insertion polymorphisms provide about one-
third the level of genetic variation that is caused by L1 insertions (Tables 1 and 7).
Finally, our data also indicate that SV A has amplified independently and perhaps at
different rates in the genomes of humans and chimps. Approximately 79% of the SVA
insertions in the human genome are absent from the equivalent positions of the chimp
genome, indicating that these insertions occurred relatively recently in human history

(within the past ~6 million years).
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Since a high rate of polymorphism is a hallmark feature of an active transposon,
our data suggest that SVA might be actively mobile in the human genome today. Because
SVA does not encode any obvious proteins of its own (it lacks substantial open reading
frames), it is likely to be a nonautonomous element that relies upon another transposon
for its own transposition. Several aspects of our SVA insertions suggest that they might
be mobilized by L1 elements in trans by the same mechanism that mobilizes Alu
elements (Dewannieux, et al. 2003). For example, the target site duplications of our SVA
insertions closely resemble those of Alu and L1 elements in length and sequence (Tables
3 and 4). Our SVA insertions also have poly(A) tails, indicating that they are poly(A)
retrotransposons. Finally, many of our polymorphic SVA insertions had 5’-truncations
that were similar to the 5’-truncations of L1 elements. Given these similarities to Alu and
L1 elements, SVA is likely to be mobilized in trans by L1encoded proteins (Esnault, et
al. 2000; Ostertag and Kazazian 2001; Wei, ef al. 2001; Dewannieux, et al. 2003;
Ostertag, et al. 2003). Therefore, it appears that all three classes of highly polymorphic
elements in our study (Alu, L1, and SVA) were generated by the L1 retrotransposition

machinery in cis or in trans.

Estimating the levels of variation caused by transposon insertions in human
populations

Our method provided a unique opportunity to measure the levels of genetic variation that
are caused by transposon polymorphisms in humans. The measure of variation that is

most commonly reported for transposons is the percentage of copies that are polymorphic
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in at least one individual of a population (Sheen, et al. 2000; Carroll, et al. 2001;
Ovchinnikov, et al. 2001, 2002; Roy-Engel, et al. 2001; Myers, et al. 2002; Abdel-Halim,
et al. 2003; reviewed in Ostertag and Kazazian 2001 and Batzer and Deininger 2002).
This approach is useful from the viewpoint of assessing whether a given transposon
family is polymorphic in populations; however, it tends to overestimate the levels of
genetic variation that are caused by transposons. This is because high-frequency and low-
frequency alleles are counted equally with this type of measurement. In contrast, we
measured the polymorphism rates in a manner that included the allelic frequencies of the
transposon alleles. High-frequency alleles are encountered more often than rare alleles in
our trace experiments, and therefore our method naturally takes into account the allelic
frequencies of the transposon insertions. Thus, with this approach, we have been able to
estimate the levels of genetic variation that are caused by transposon insertions in
populations. As a consequence of factoring in the allelic frequencies, our estimates for
polymorphism rates are four-to fivefold lower than those reported previously. For
example, 25% of the Alu Ya5 copies previously were reported to be polymorphic in at
least one individual of a population of 80 humans (Carroll, ef al. 2001). We now estimate
that ~6.8% of the Alu Ya5 copies are polymorphic in the average human of our study
(Table 3-7). Likewise, 45% of the L1-Ta element copies previously were reported to be
polymorphic in at least one member of a large population (Myers, et al. 2002), whereas
we now calculate that ~13.6% of the L1-Ta copies are polymorphic in the average human

of our study (Table 3-7).
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We also generated an estimate of the total number of common transposon
insertion polymorphisms that exist in human populations. We generated this estimate by
comparing the number of insertion polymorphisms discovered in our study for a given
element such as Alu Ya5 to the total number expected. For example, Carroll, et al.
previously had predicted that ~25% of the 2640 genomic Alu Ya5 copies were
polymorphic for insertion in at least one member of a population of 80 diverse humans
(Carroll, et al. 2001). Therefore, since we identified 170 Alu Ya5 insertion
polymorphisms, we determined that we had identified 26% of all expected Alu Ya5
insertion polymorphisms in humans. By calibrating our study with several of these
previous studies, we estimate that our 605 transposon insertions represent between 25 and
35% of all common transposon insertion polymorphisms in human populations.
Therefore, on the basis of these comparisons, human populations are estimated to harbor
between 1730 and 2420 common transposon insertion polymorphisms (for an average of
2075). Together with our 605 polymorphisms, less than half of these polymorphisms
have been identified to date, indicating that additional efforts will be required to identify
the full set of polymorphic transposon insertions (i.e., the “transposon insertion

polymorphome”) in humans.

Together with previous studies, our analysis indicates that SNPs, indels, and
transposon insertion polymorphisms represent significant sources of genetic variation in
humans. Human populations are estimated to harbor ~10 million common SNPs (Judson,
et al. 2002), ~2 million common indels (our unpublished data), and ~2000 common

transposon insertion polymorphisms (this study). Therefore, with 10 million bases of
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variation, SNPs account for the majority of common human genetic variation, followed
by indels and then transposon insertion polymorphisms. On the other hand, if we assume
that the average transposon polymorphism in humans is ~500-1000 bp in length, then the
total amount of variation caused by common transposon insertions is 1-2 million base
pairs (equivalent to 10-20% of the base pair variation caused by SNPs). Thus, in terms of
the number of base pairs, common transposon insertions cause significant levels of
human genetic variation. Moreover, humans also are likely to harbor >10 million rare
private transposon insertions (cases in which only one or a few individuals have the
insertion). Therefore, transposon insertion polymorphisms cause significant levels of
human variation. A number of studies now have shown that SNPs, indels, and transposon
insertions all may cause serious phenotypic changes when positioned at critical sites
within genes (Collins, ef al. 1987; Kazazian, et al. 1988; Sachidanandam, et al. 2001).
Nevertheless, a comprehensive map of genetic variation that integrates SNPs, indels, and
transposon insertions currently is lacking. A fully integrated map that includes all forms
of genetic variation will be necessary to efficiently identify genetic polymorphisms that

influence human phenotypes and diseases.
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Introduction

Transposable genetic elements are abundant in the genomes of most organisms, including
humans. These endogenous mutagens can alter genes, promote genomic rearrangements,
and may help to drive the speciation of organisms. In this study, we identified almost
11,000 transposon copies that are differentially present in the human and chimpanzee
genomes. Most of these transposon copies were mobilized after the existence of a
common ancestor of humans and chimpanzees, ~6 million years ago. Alu, L1, and SVA
insertions accounted for >95% of the insertions in both species. Our data indicate that
humans have supported higher levels of transposition than have chimpanzees during the
past several million years and have amplified different transposon subfamilies. In both
species, ~34% of the insertions were located within known genes. These insertions
represent a form of species-specific genetic variation that may have contributed to the
differential evolution of humans and chimpanzees. In addition to providing an initial
overview of recently mobilized elements, our collections will be useful for assessing the
impact of these insertions on their hosts and for studying the transposition mechanisms of

these elements.

Transposable genetic elements collectively occupy ~44%of the human genome
(International Human Genome Sequencing Consortium 2001). Although most of these
transposons lost the ability to transpose long ago, some copies have transposed in
relatively recent human history (Kazazian, et al. 1988; Wallace, et al. 1991; Moran, et
al.1996; reviewed by Ostertag and Kazazian 2001; reviewed by Batzer and Deininger

2002; Bennett, et al. 2004).These recently mobilized transposons are of great interest for
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a number of reasons. First, recent insertions within or near genes may cause phenotypic
changes in humans, including diseases (Kazazian, et al. 1988; Wallace, ef al. 1991,
reviewed by Ostertag and Kazazian 2001; reviewed by Batzer and Deininger 2002).
Several dozen transposon insertions have been identified to date that cause human
diseases, and human populations are likely to harbor additional transposon insertions that
influence phenotypes as well. Some of these recently mobilized transposons also remain
actively mobile today and continue to generate new transposition events elsewhere in the
genome (Moran, et al. 1996, reviewed by Ostertag and Kazazian 2001; Dewannieux, et
al. 2003). Active retrotransposons in particular have been observed to be the most potent
endogenous mutagens in humans, and these elements continue to generate mutations and
genetic variation in human populations (reviewed by Ostertag and Kazazian 2001). In
some cases, transposon insertions also may go on to create genomic rearrangements by
recombining with other transposon copies (reviewed by Ostertag and Kazazian 2001).
Thus, recently mobilized transposons continue to restructure the human genome through

a variety of mechanisms.

The completion of a draft chimpanzee genome sequence provided an opportunity
to identify these recently mobilized transposons in both humans and chimpanzees
(Chimpanzee Sequencing and Analysis Consortium2005). Transposons that inserted into
either of these genomes during the past ~6 million years (i.e., since the existence of the
most recent common ancestor of humans and chimpanzees) would be expected to be
present in only one of the two genomes. We used a comparative genomics approach to

identify these recently inserted transposon copies (Figure 4-1). We began by aligning the
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sequences of the human and chimpanzee genomes to identify all insertions and deletions

(indels).

Results

We screened indels for the presence of transposable elements by comparing each
indel to a library of known transposons (Repbase v.10.02) (Jurka 2000). Using this
approach, we initially identified a total of 14,783 transposon copies that were
differentially present in the two genomes. Many of these copies appeared to be recently
mobilized transposon insertions, whereas others were simply transposon copies that
happened to be located within larger genomic duplications or deletions in the two

genomes.

To identify all of the insertions that were caused by actual transposition events,
we next screened our collections for insertions that (1) were precisely flanked by target-
site duplications (TSDs) and (2) precisely accounted for a gap in one of the two genomes.
Using these criteria, we identified 10,719 insertions of single transposon copies that
appeared to have been caused by transposition events. The remaining 4,064 examples
lacked TSDs or, in general, did not precisely account for the indels, which suggests that
they were caused by alternative mechanisms. Of the 10,719 transposon insertions, 7,786
(72.6%) were found in humans and only 2,933 (27.4%) were found in chimpanzees.
Therefore, it appears that transposons have been significantly more active in the human

genome during the parallel evolution of these organisms. The different population



93

A. Species-Specific

Transitional Insertions
Common (Old)
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Human
Common Ancestor Chimp

(~6 MYA)

B. TSD |— Fir —|

—jsssmmml——— Human
4' Gap Ii Chimp

C. BLASTz to identify INDELSs (~500,000 in each)

Analyze “Fills” for the presence of transposons
using Repbase and Repeatmasker

|dentify flanking target site duplications (TSD’s)

Generate probability score
(does the insertion = a transposon?)

Refine Annotation

Figure 4-1. Overview of our transposon insertion-discovery pipeline. (A) The time line for speciation

of humans and chimpanzees is compared with the time line for the generation of transposon insertions.
Common insertions occurred a very long time ago and are fixed in both species. “Species-specific”
insertions are differentially present in the two species and occurred mostly during the past ~6 million years.
MYA = million years ago. (B) Our strategy for identifying new transposon insertions in humans and
chimpanzees. Recently mobilized transposons are flanked by TSDs and are precisely absent from one of

the two genomes. One of the two copies of the TSD is actually found within the indel. Thus, the transposon
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(Figure 4-1 cont.) plus one TSD copy equals the “fill.” (C) Our computational pipeline. The five sequential
steps of our computational pipeline for discovering species-specific transposon insertions in humans and

chimpanzees are depicted.

dynamics of these organisms during the past several million years also may have helped

to shape the final patterns of transposons observed.

The most abundant classes of new transposon insertions in both chimpanzees and humans
were Alu, L1, and SVA element insertions, and these three classes collectively accounted
for >95% of the recently mobilized transposons in both species (Table 4-1 and Figure 4-
2). However, the relative abundance of these elements and their subfamilies differed
between the two species (Figure 4-2). Other, less-abundant classes of transposon
insertions also were identified in our study. For example, long terminal repeat (LTR)
retroelement insertions were observed in both species, including insertions of human
endogenous retroviruses (HERVs) and solo LTRs of these elements. Solo LTR insertions
have been shown to influence the expression of nearby genes, which makes these
insertions of particular interest (Landry and Mager 2003). Also identified were five full-
length HERV-K insertions with relatively long ORFs (up to several thousand amino acids
in length) that could remain capable of retrotransposition. Insertions of chimpanzee
endogenous retroviruses (CERVs) also were identified (Yohn, e al. 2005). Finally,
mammalian interspersed repetitive elements, copies of satellite DNA flanked by unusual
TSDs, and small numbers of other interesting transposable elements were identified in

the two species.
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humans (5,530) was 3.4 fold higher than the number observed in chimpanzees (1,642).
The distributions of these elements among various Alu subfamilies also differed between
the two organisms (Table 4-1, Figure 4-2). For example, Alu Ya5, Alu Yb8, Alu Y, and
Alu Ycl were highly abundant in humans, whereas only Alu Ycl and Alu Y were highly
abundant in chimpanzees. Our data indicate that Alu S elements, which have been
presumed to have been inactive for the past 35 million years (Johanning, et al. 2003);
apparently have been active in humans and less active in chimpanzees during the past ~6
million years (Table 4-1). It is possible that some of these older Alu S “insertions” were
caused by the precise deletion of Alu S elements from one of the two genomes (van de
Lagemaat, et al. 2005) or by gene-conversion events (reviewed by Batzer and Deininger
2002). However, these results also are in agreement with recent data from our laboratory,
which indicates that a small number of younger Alu S elements are polymorphic in
humans and appear to have transposed more recently than the bulk of Alu S elements
(Bennett, et al. 2004). Overall, our results indicate that the human genome has supported
higher levels of Alu retrotransposition and has amplified a different set of Alu elements
than has the chimpanzee genome (Table 4-1 and Figure 4-2). These results confirm and
extend previous classifications of Alu elements of chimpanzee chromosome 22 (Hedges,

et al. 2004; Watanabe, et al. 2004).



Transposon Class

Alu (AlD)
Alu S
Alu Ya5
Alu Yb8
AluY
Alu Ycl
Alu Ygb6

L1 (AlD)

L1 Hs (Ta)
L1 Hs (Non Ta)
L1 PA2
SVA (All)

Other

Table 4-1. Summary of Transposon Insertions

L1 insertions also were abundant in both organisms. In humans, almost 1,200

Human (n = 7,786)

5,530 (71.0%)
263 ( 3.3%)
1,709 (21.9%)
1,290 (16.6%)
484 ( 6.2%)
356 ( 4.6%)
261 ( 3.4%)

1,174 (15.1%)
271 ( 3.5%)
252 ( 3.2%)
490 ( 6.3%)
864 (11.1%)

219 ( 2.8%)

Chimp (n = 2,933)

1,642 (56.1%)

50 ( 1.7%)
10 ( 0.3%)
9( 0.3%)
360 (12.3%)
979 (33.4%)
1(0.1%)

758 (25.9%)

0( 0.0%)
210 ( 7.2%)
476 (16.2%)
396 (13.6%)

127 ( 4.4%)
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recently mobilized L1 insertions with TSDs were identified that precisely accounted for

gaps in the chimpanzee genome (Table 4-1). These human L1 elements predominantly

included members of the L1-Hs and L1-PA2 families (Table 4-1, Figure 4-2) (Boissinot,

et al. 2000; Brouha, et al. 2003). The human L1-Hs elements included members of the
pre-Ta, Ta0, and Tal subfamilies (grouped together as “LL1Hs Ta” in Table 4-1 and

Figure 4-2), which are known to be highly active in humans (Brouha, et al. 2003). Also

identified in humans were additional L1-Hs and L.1-PA?2 subfamilies that had unique base

combinations at the nine key positions described elsewhere (grouped together as “L1-Hs

non-Ta” or “L1-PA2” in Table 4-1 and Figure 4-2) (Boissinot, ef al. 2000; Brouha, et al.
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2003). These novel subfamilies contained 3-65 copies (The remaining L1 insertions in
humans belonged to older L1-PA2, L1-PA3, and L1PA4 groups, Figure 4-2).

The L1 insertions identified in chimpanzees, in contrast, were notably different
from those outlined above for humans (Table 4-1, Figure 4-2). For example, fewer
recently mobilized L1 insertions were identified in chimpanzees than in humans (758 in
chimpanzees vs. 1,174 in humans). Only 4 of the chimpanzee L1 insertions were full-
length (compared with >200 new full-length insertions in humans), and none of the
chimpanzee L1 insertions had intact ORFs. The initial draft sequence of the chimpanzee
genome is likely to contain assembly errors that may account for at least some of these
observed differences. However, we also observed differences in the L1 subfamilies of
these organisms that are unrelated to genome assembly issues. For example,
proportionally more L1PA?2 insertions and fewer L1-Hs insertions were observed in
chimpanzees than in humans (Figure 4-2). Initially, we were surprised to find L1-Hs
elements in chimpanzees at all, since these elements were expected to be found only in
humans. However, further analysis revealed that most of the L.1-Hs elements in
chimpanzees actually were “intermediate” elements that matched L.1-Hs overall but had
ORFI1 sequences that were more similar to L1-PA?2 elements. Therefore, the L.1-Hs
family of elements includes subfamilies that are truly human specific as well as other LL1-
Hs-like elements that are not human specific. We also aligned and analyzed all of our
chimpanzee L1 insertions, using Clustal W and PAUP, to determine whether any new L1
subfamilies (equivalent to L1-Ta elements in humans) were present in chimpanzees. In
addition, we classified all of our chimpanzee L1 insertions, using the nine key positions

that have been used elsewhere to classify human L1 elements (Boissinot, et al. 2000;
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Figure 4-2. Classes of species-specific transposons in humans and chimpanzees. (A) The overall

composition of species-specific insertions in humans and chimpanzees. Note that 97.2% of all insertions in
humans and 95.6% of all insertions in chimpanzees are Alu, L1, and SVA insertions. (B) The distributions
of Alu and L1 subfamilies for humans. (C) The distributions of Alu and L1 subfamilies for chimpanzees.

Note that different Alu and L1 subfamilies were amplified in humans (B) and chimpanzees (C).

Brouha, et al. 2003). In both cases, we failed to identify any new extended subfamilies of
L1 elements within our collection of chimpanzee insertions. Therefore, a dominant class
of new offspring elements analogous to LL1-Ta elements in humans does not appear to
have been produced in recent chimpanzee history.

We next examined all of the existing L1 ORFs in the human and chimpanzee
genomes to further characterize possible differences between the L1 elements of these

species. We screened the human and chimpanzee genomes for ORFs in all nearly full-
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Human Chimp
Full Genome BACs Full Genome
(version hgl7) (260 Mb) (extrapolation)
L1 larger than 5,500 8,483 702 8,100
Intact ORF1 (1,017 bp) 633 20 230
Intact ORF2 (3,828 bp) 205 4 46
Intact ORF1land ORF2 126 2 23

Table 4-2. Analysis of L1 ORFs

length elements (>5,500 bp) and identified 633 L1 elements with intact ORF1
sequences in the human genome but only 39 elements with intact ORF1 sequences in the
draft chimpanzee sequence. Moreover, we identified 205 L1 elements with intact ORF2
sequences in the human genome (Table 4-2) but failed to detect intact ORF2 sequences in
the draft chimpanzee sequence. These results suggested that functional L1 elements were
likely to be rare in chimpanzees. As outlined above, however, it also was possible that the
quality of the chimpanzee draft sequence affected our ability to detect ORFs accurately.
We determined that the sequence quality of the >5,500 bp L1 elements in chimpanzees
had average scores that generally were high (>40 Phred scores) (Ewing, et al. 1998; Kent,
et al. 2002). However, single bases of low quality (<10 Phred scores) (Ewing, et al.
1998) also were distributed throughout the draft sequence at sporadic intervals (Kent, et
al. 2002). These single bases, although rare, often resulted in frame-shifts. Therefore, it
was possible that these sporadic low-quality bases were interfering with our ability to

detect ORFs accurately.
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To independently examine the frequency of intact L1 ORFs in chimpanzees, we
analyzed all L1 elements that were present in finished BAC sequences that had been
generated for the chimpanzee genome project. Approximately 260 Mb of finished
sequence was available in GenBank from chimpanzee BACs, and the quality of these
sequences was identical to that of the finished human genome sequence. We identified a
total of two L1 elements in these BACs that were >5,500 bp in length and also had intact
ORFs (Table 4-2). Neither of these two elements was present in the draft sequence, so it
is unclear whether the quality of the draft affected our ability to detect these ORFs.
Nevertheless, extrapolation of these results to the whole genome (3,000 Mb) predicts that
chimpanzees harbor ~23 full-length L1s with intact ORFs (compared with 126 in
humans, Table 4-2). Thus, the chimpanzee draft sequence indicates that L1 elements with
intact ORFs are up to 20-fold less abundant in chimpanzees than in humans, whereas the
BAC:s indicate that such elements are ~5.5 fold less abundant (Table 4-2). Since the draft
chimpanzee sequence contains some sporadic low-quality bases, the BAC estimate is
likely to be more accurate. Both of these estimates indicate that functional L1 elements

are less abundant in chimpanzees than in humans.

We next examined the .1 ORF1 and ORF2 coding regions from chimpanzees to
determine whether the encoded proteins are likely to remain active today. Brouha, et al.
(2003) showed elsewhere that human L1 elements that differ by an average of only 21

nucleotide changes from an active human L1 consensus were inactive. Thus, even
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elements that were >99% identical to this consensus could be inactive, and no human
elements that were <99% identical were found to be active. We determined that the
human genome contains at least 119 elements with >99% nucleotide identity to the active
human L1 consensus (Brouha, et al. 2003) within the regions encoding ORF1 and ORF2.
In contrast, no L1 ORFs in the chimpanzee genome or BACs had >99% identity to this
active human L1 consensus. We cannot rule out the possibility that some of the
chimpanzee L1 elements that are <99% identical to the human L1 consensus could
remain active. Other “hot L1 elements might have evolved separately in chimpanzees
that are >1% variant from the most-active human elements. However, since we failed to
detect extended subfamilies of L1-PA?2 or L1-Hs elements within our collection of
chimpanzee insertions (analogous to the L1-Ta subfamily in humans), such elements
generally would be present at low copy numbers in the chimpanzee genome. Thus, the
landscape of potentially functional L1 elements in chimpanzees appears to be quite

different from the landscape of active L1 elements in humans.

To verify these ORF results, we used an ORF1 trapping method to recover full-
length ORF1 sequences from L1 elements in humans and chimpanzees (Ivics and Izsvak
1997). We recovered and sequenced 41 intact ORF1 sequences from humans and 51
intact ORF1 sequences from chimpanzees and observed results that were very similar to
those obtained through the computational methods described above. None of the intact
chimpanzee ORF]1 sequences recovered through ORF1 trapping were >99% identical to
the active human L1 consensus, whereas 17 (41%) of the 41 intact human ORF1

sequences were >99% identical to the active human L1 consensus. Almost all of the
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intact ORF1 sequences trapped from chimpanzees (48/51, 94%) were L1-PA2 ORF1
sequences. In contrast, only 21 (51%) of the 41 intact ORF1 sequences recovered from
humans were L1-PA2 ORF1 sequences and 18 (44%) were LL1-Hs sequences. Thus, our
ORFI-trapping experiments confirmed that the most recently active elements in
chimpanzees (i.e., those with intact ORFs) contained ORF1 sequences that were

divergent from the active L1 consensus in humans (Brouha, et al. 2003).

Our method for trapping ORF1 in humans and chimpanzees employed the pBFUS
plasmid (Ivics and Izsvak 1997). Briefly, full-length ORF1 sequences were amplified
from human and chimpanzee genomic DNA (NAIMR91 and NA03448A, respectively
[Coriell Cell Repository]) using PCR. The PCR primers were identical for humans and
chimpanzees, and had the following sequences 5’-
CCTGATCTGCGGCCGCATGGGGAAAAAACAGAACAGAAAAACTGG-3’ and 5°-
CGTCCGAACGATATCCATTTTGGCATGATTTTGCAGCGGCTGG-3’.We used a
combination of human and chimpanzee ORF1 sequences to design these primers. The
ORF1 sequences identified in our chimpanzee BAC experiments were aligned to generate
a consensus sequence using ClustalW. This sequence was compared to the human L1
consensus, and we determined that the primers chosen were conserved in human L1
sequences. Finally, we compared the candidate primer regions with L1-PA2, L1-PA3,
and L1-PA4 elements and determined that the primer sequences also were completely
conserved in these elements. Thus, the primers chosen were capable of amplifying a wide
spectrum of ORF1 sequences in both humans and chimpanzees (including L1-Hs, L1-

PA2, L1PA3, and L1-PA4 elements). The Notl and EcoRYV restriction sites that were
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introduced for cloning purposes are underlined. PCR products were cut with these
enzymes and ligated to Norl/Smal-digested pBFUS, such that the complete ORF1
sequence would be in frame with the AUG-less lacZ in the plasmid. Recombinants were
identified on LB medium containing X-gal (recombinants with ORFs were blue, whereas
those without ORFs and the empty vector alone were white). DNA was prepared and
sequenced at Agencourt Biosciences using the primers 5’-
CCAGTCACGTTGTAAAACGAC3’ and 5’-CTAGGCCTGTACGGAAGTGTTAC-3".

High-quality sequences were analyzed and assembled using Sequencher version 4.1.2.

In addition to Alu and L1 insertions, we also found that SVA elements have been
highly active in humans and chimpanzees (Table 4-1). In fact, SVA insertions were
almost as abundant as L1 insertions in humans during the past ~6 million years (Table 4-
1). SVA is an unusual composite element that contains four components: (1) a tandem
repeat of TCTCCC(n), (2) an unusual Alu element in reverse orientation, (3) a central
variable-number-of tandem-repeat (VNTR) region that is rich in CpG sequences, and (4)
a SINE-R sequence that was derived from an LTR element (Shen, et al. 1994). SVA ends
with a poly (A) tail and is flanked by TSDs that closely resemble the TSDs of Alu and L1
elements (Ostertag, et al. 2003; Bennett, et al. 2004). SVA recently was found to be
highly polymorphic among humans (Bennett, et al. 2004), and a few instances have been
reported of SVA insertions causing diseases (Kobayashi, et al. 1998; Ostertag, et al.
2003). Our study now provides further evidence that SVA has been actively mobile in

relatively recent primate history and may remain active today.
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The ORF1 and ORF?2 proteins of L1 elements perform a specific
retrotransposition mechanism known as “target-primed reverse transcription” (TPRT)
(Luan ef al. 1993), in which L1 mRNAs are copied into cDNAs and integrated into the
genome (reviewed by Ostertag and Kazazian 2001). Alu RNAs (and other cellular RNAs)
can compete for the L1 machinery during the TPRT process, which leads to the
retrotransposition of these alternative RNAs instead of the normal L1 mRNAs (Esnault,
et al. 2000; Wei, et al. 2001; Dewannieux, et al. 2003). This “trans” mechanism of
retrotransposition is thought to have led to the massive expansion of Alu (Dewannieux, et
al. 2003) and SVA (Ostertag, et al. 2003; Bennett, et al. 2004) elements in the human
genome. Therefore, if L1 elements are indeed less functional in chimpanzees, as
predicted above (Table 4-2), we likewise might expect to see fewer Alu and SVA
insertions in the chimpanzee genome. Table 4-1 and Figure 4-3 show that this is, in fact,
the case. Since other factors also influence the amplification rates of Alu (and probably
SVA) elements, these differences may not be totally caused by lower levels of L1 activity
in chimpanzees. It is possible, for example, that humans had a larger number of
potentially active Alu and SVA source elements than did chimpanzees in recent history.
However, when combined with our other data demonstrating that chimpanzees (1) have
fewer full-length L1 insertions than humans, (2) have fewer L1 elements with intact
ORFs than humans, (3) have ORF sequences that are divergent from active human L1
elements, and (4) lack extended subfamilies of new insertions, these data collectively
indicate that chimpanzees are likely to have supported lower levels of L1 activity in

recent history compared with humans.
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We next examined the genomic distributions of our recently mobilized transposon
insertions. In both humans and chimpanzees, these insertions generally were distributed
according to the amount of DNA that was present on each chromosome (Figure 4-3). We
also examined the distributions of new insertions relative to genes (Table 4-3).
Approximately 34% of the new insertions in both genomes were located within known
genes (defined as 3 kb upstream to 0.5 kb downstream of a RefSeq gene) (Table 4-3).
Using the same criteria, we determined that genes occupy ~34% of the human and
chimpanzee genomes (33.5% and 34.8%, respectively). Therefore, the fraction of
insertions in genes was very close to that expected if integration (and mechanisms that
subsequently remove insertions) had occurred randomly during the past ~6 million years.

However, further analysis of these patterns revealed that they were not, in fact,
random. Although we identified insertions in only ~14% of all human genes, many of
these genes had more than one insertion (Table 4-3). Overall, about a third of the human
genes with insertions contained multiple insertions. Similar results were observed in the
chimpanzee genome (16.5% of the genes with insertions had multiple insertions). We
performed one-sample Z tests with our insertions and determined that the observed
patterns were not consistent with a random integration model. For example, we observed
16,901 human genes that lacked new transposon insertions from our collections (Table 4-
3). The chance of observing this many human genes without such insertions is zero (P
=0) with a random integration model. Similar results were observed with Z tests for the
remaining integration classes listed in Table 4-3 (data not shown). Therefore, our
statistical tests allowed us to reject the hypothesis of random integration with a very high

degree of confidence. On the basis of this analysis, it appears that a large fraction of the
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new transposon insertions in humans and chimpanzees (the majority of which were Alu,
L1, and SVA elements) were targeted preferentially to specific genes. It is also possible
that negative selection eliminated insertions from a larger initial collection over time, and
this led to the appearance of nonrandom integration. Although targeted integration of L1
has not been observed previously in biochemical or cell culture experiments, previous
studies indicate that transposons are eliminated through negative selection (Boissinot, et
al. 2001). Thus, negative selection is likely to have played a role in dictating the final
patterns of transposons observed. Our data also may reflect an integration targeting
mechanism that is not functional in cell-culture systems but is active in the germ line of
whole organisms, where all of our insertions occurred.

Our study indicates that a relatively large number of insertions occurred within
genes during the evolution of humans and chimpanzees (2,642 in humans and 990 in
chimpanzees) (Table 4-3). It is likely that at least some of these insertions altered the
expression of the target genes, perhaps to the extent that mutant phenotypes emerged.
Thus, at least some of the insertions might have had an impact on the differential
speciation of humans and chimpanzees by influencing the expression of nearby genes.

Since humans received at least 4,853 additional transposon insertions compared with

Figure 4-3 (following page). Genomic distributions of transposon insertions. (A) Genomic

distribution of Alu, L1, SVA, and other elements in the human genome. (B) Genomic distribution of Alu,
L1, SVA and other elements in the chimpanzee genome. For both genomes, the number of insertions in
each chromosome is generally proportional to the amount of DNA present. Note that the Y-axis is the same
for both charts. Thus, many more transposon insertions are present throughout the human genome than the

chimpanzee genome (compare the number of insertions depicted in panels A and B).
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Insertions in genes Human Chimp
Total Insertions in Genes 2,642 990

Number of Unique Genes Hit 1,891 828

Promoter 50 13

Exon 7 4

Intron 2,478 973

Terminator 17 4

Unclassified 90 0

Number of Insertions per Gene

0 16,901 19,328
1 1,457 704
2 265 97
3 99 22
4 37 3
5 13 1
6 9 0
7 4 0
8 1 0
9 5 1
10 1 0

Table 4-3. Transposon insertions within genes

chimpanzees, the impact of transposon mutagenesis was likely to be greatest in humans

during the past several million years.

In conclusion, we have determined that the original set of transposons in the
common ancestor of humans and chimpanzees behaved differently during the subsequent
evolution of these organisms. More than 95% of the new transposon insertions in both
organisms were Alu, L1, and SVA insertions. However, our data indicate that humans

and chimpanzees have amplified very different subfamilies of these elements. Our
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combined data also indicate that chimpanzees have supported lower levels of L1 activity
than have humans during the past several million years, and this has led to decreased
levels of Alu, L1, and SVA transposition in chimpanzees. Other factors, such as
differences in population sizes and differences in population bottlenecks, also are likely
to have influenced the final patterns of transposon insertions observed in these organisms.
In some cases, apparent “insertions” may have been caused by the precise deletion of
transposon copies through homologous recombination at the TSDs flanking these
elements (van de Lagemaat, ef al. 2005). A fraction of our insertions also may have been
older polymorphisms that were subject to lineage sorting. Thus, the final patterns of
transposons in these genomes are likely to have been shaped not only by integration and
excision mechanisms but also by the population dynamics of these organisms during the

past several million years.

Materials and Methods

The draft chimpanzee-genome (build panTrol) and human-genome (build hgl7)
sequences were obtained from the University of California Santa Cruz browser (Kent et
al. 2002). BAC clone sequences for the chimpanzee genome were obtained from
GenBank (National Center for Biotechnology Information [NCBI]). BLAST programs
also were obtained from NCBI. RepeatMasker was obtained from Arian Smit (Institute
for Systems Biology). Repbase version 10.02 and the consensus sequence for the L1-Hs
element were obtained from Jurzy Jurka (Jurka 2000). Full-length consensus sequences
for L1-PA2, L1-PA3, L1-PA4, and L1-PAS5 were obtained from GenBank (Boissinot, et

al. 2000). Custom MySQL databases and PERL scripts were generated as necessary. All
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analysis was performed locally on SUN SunFire v40z or Dell Power Edge 2500 servers
running Linux operating systems. Our computational pipeline began with identification
of all indels in humans versus chimpanzees using genomic alignments that were
generated with BLASTz. Next, indels containing transposons were identified using
RepeatMasker (A. Smit, unpublished material) and Repbase version 10.02 (Jurka 2000).
Repbase libraries for humans and chimpanzees were modified to include full-length L.1-
PA2, L1-PA3, L1-PA4, L1-PAS consensus sequences (Boissinot, ef al. 2000). TSDs were
identified using a Smith-Waterman local alignment algorithm on the regions flanking
each indel junction. The algorithm was restricted to require the optimum alignment to be
located within 5 bp of the indel junction. Aligned sequences smaller than 4 bp or having
an identity <90% were not scored as TSDs. A probability scoring system was developed
to determine the likelihood that a given indel was caused by a single transposon insertion
plus its TSD. This score was obtained by adding together the fraction of the indel that
was accounted for by the transposon, its TSD, and a poly (A) tail (if present). A score of
1.0 indicated that the gap was fully accounted for by the transposon and associated
sequences. We empirically determined that a lower cutoff of 0.85 provided accurate
results while eliminating few, if any, true positives. SVA elements initially were
annotated poorly by RepeatMasker. This program often split SVA elements into 2-3
segments (and thus counted most elements more than once). We developed a new method

to reassemble these segments into a single element, where appropriate.
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Introduction

Alu retrotransposons evolved from 7SL RNA ~65 million years ago and underwent
several rounds of massive expansion in primate genomes. Consequently, the human
genome currently harbors 1.1 million Alu copies. Some of these copies remain actively
mobile and continue to produce both genetic variation and diseases by “jumping” to new
genomic locations. However, it is unclear how many active Alu copies exist in the human
genome and which Alu subfamilies harbor such copies. Here, we present a
comprehensive functional analysis of Alu copies across the human genome. We cloned
Alu copies from a variety of genomic locations and tested these copies in a plasmid-based
mobilization assay. We show that functionally intact core Alu elements are highly
abundant and far outnumber all other active transposons in humans. A range of Alu
lineages were found to harbor such copies, including all modern AluY subfamilies and
most AluS subfamilies. We also identified two major determinants of Alu activity: (1)
The primary sequence of a given Alu copy, and (2) the ability of the encoded RNA to
interact with SRP9/14 to form RNA/protein (RNP) complexes. We conclude that Alu
elements pose the largest transposon-based mutagenic threat to the human genome. On
the basis of our data, we have begun to identify Alu copies that are likely to produce

genetic variation and diseases in humans.

Several lines of evidence indicate that the human genome harbors active Alu
retrotransposons (Mills, et al. 2007). In fact, one new Alu insertion is estimated to occur
for every 20 live human births (Cordaux, et al. 2006). An extrapolation of these data to a

global population of 6 billion people suggests a total of ~300 million recent Alu
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insertions in human populations. This is an impressive mutagenesis of the human genome
and is equivalent to an average density of one insertion per 10 bp of DNA. Therefore, Alu
retrotransposition events are expected to have a major impact on human biology and
diseases (Batzer and Deininger 2002; Mills, et al. 2007; Belancio, et al. 2008). Forty-
three disease-causing Alu insertions have been identified already (Belancio, ef al. 2008),
and such insertions are expected to be discovered routinely as we enter the age of
personalized genomics (Mills, et al. 2007). However, to understand which Alu elements
will continue to produce these new insertions, it is necessary to first define the active Alu
copies that reside in the human genome. Only two Alu copies have been tested for
mobilization in mammalian cells (Roy, ef al. 2000; Dewannieux, et al. 2003; Hagan, et
al. 2003) and the number of functional Alu copies in the human genome is unknown.

To fill this gap in our knowledge, we systematically examined the mobilization
capacity of Alu copies across the human genome. In particular, we examined the
retrotransposition capacity of the ~280-bp central “core” regions of Alu copies using a
plasmid-based mobilization assay (Dewannieux, et al. 2003). A plasmid-based system is
ideal for comparing the relative mobilization efficiencies of diverse core elements,
because it keeps all other factors constant and eliminates possible variation due to
flanking sequences. We first developed an annotated database of 850,044 full-length
human Alu copies that was based upon the reference genome sequence (Lander, ef al.
2001). We then strategically identified specific Alu copies from this database to test in
mobilization assays. We also tested several synthetic Alu elements, including some older
consensus elements that are no longer present in the modern human genome. By

systematically testing 89 representatives from many Alu families and subfamilies, we
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developed the first comprehensive view of functional Alu core elements in the human

genome.

Results

Functional analysis of the AluJ, S, and Y lineages

We began by examining the most ancient AluJ lineage for possible retrotransposition
activity. Given that this lineage is ~65 million years old and is thought to be functionally
extinct (Batzer and Deininger 2002; Mills, et al. 2007; Belancio, et al. 2008), we were
unlikely to find any functional AluJ copies in the genome. Accordingly, our database
contains 163,368 full-length AluJ elements but completely lacks intact AluJ copies with
consensus AlulJ sequences (Figure 5-1). In fact, the AluJ lineage has degraded to the point
where the average copy has ~52 changes relative to the 280-bp AluJo and AluJb
consensus sequences (equivalent to 18.6% sequence variation) (Figure 5-1). We cloned
and tested representatives of the most highly conserved AluJo and AluJb elements that
remain in the human genome; however, none of these elements was active in the
mobilization assay (Figures 5-1, 5-2E; data not shown). Thus, our combined data indicate
that the AluJ lineage is likely to be completely inactive in humans. In further support of
this conclusion, no species-specific AluJ copies have been observed in comparisons of
the human and chimpanzee genomes (Hedges, et al. 2004; The Chimpanzee Sequencing
and Analysis Consortium 2005; Mills et al. 2006), and no polymorphic or disease-
causing alleles of AluJ have been reported (Batzer and Deininger 2002; Bennett, et al.

2004; Chen, et al. 2005; Wang, et al. 2006; Mills, et al. 2007; Belancio, et al. 2008).
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In contrast, the second oldest Alu lineage, AluS, clearly contains functional Alu
core elements. This lineage is ~30 million years old and contains 551,383 full-length
copies (Figure 5-1). Overall, four of the 16 AluS elements that were selected from the
genome and tested in mobilization assays were active (Sg_h11.1, Sp_h12.1, Sc_hl1.1,
Sx_425) (Figure 5-2B, 5-2D). Functionally intact Alu core elements were identified from
four of the six AluS subfamilies. Moreover, some AluS elements were at least as active
as consensus AluSx and AluYa5 elements (Figure 5-2B, 5-2E; see below). Our results are
consistent with the fact that species-specific AluS copies have been identified in
comparisons of the human and chimpanzee genomes (Mills, et al. 2006), and that both
polymorphic and disease-causing AluS copies have been reported (Bennett, et al. 2004;
Wang, et al. 2006; Mills, et al. 2007). Finally, we found that the youngest Alu lineage,
AluY, harbors the largest number of functionally intact Alu core elements (Figure 5-1, 5-
2C, 5-2D). In fact, AluY and all of its major subfamilies were active in mobilization
assays (Figure 5-2C). Consensus AluYa$5, AluYb8, and AluYdS8 elements had the highest
levels of mobilization, followed by the remaining AluY subfamilies. The higher
mobilization efficiencies of AluYa5 and AluYb8 might account for the fact that 58.3% of
all polymorphic Alus in humans belong to these two subfamilies (Wang, et al. 2006).
Given the range of activity levels observed among AluY subfamilies, the diagnostic base
changes that define these subfamilies appear to have affected the mobilization
efficiencies of these elements. Overall, our data indicate that the subfamily status of a
given Alu copy largely dictates its mobilization capacity (Figures 5-1, 5-2), though other

factors influence mobilization as well (see below).
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Figure 5-1. A genome-wide view of human Alu activity. A total of 850,044 full-length (>268 bp)

genomic Alus were identified in hg18 of the reference human genome sequence and assigned to known Alu
subfamilies. Alu elements frequently have sequence changes relative to consensus sequences. The number
of changes for each full-length copy is indicated on the x-axis; the copy number for a given level of
sequence variation is indicated on the left y-axis. Pink data points mark the mobilization activities of the 89
Alu copies that were examined in this study (labeled on the right y-axis). In sum, 8 AluJ, 27 AluS, and 54
AluY copies were tested, spanning a range of subfamilies and variation levels. Note that elements with
fewer changes relative to consensus sequences (zero changes) generally had the highest levels of activity;

no elements below 10% variation (28 changes) were active.
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Figure 5-2. Alu mobilization assays. (A) Alu retrotransposition assay (Dewannieux, et al. 2003). (1)

Alus were cloned into a test plasmid containing the 7SL polIIl enhancer and a neo retrotransposition
selection cassette. The cassette contains a neo G418 resistance gene that is interrupted by the self-splicing
tetrahymena intron. (2) Upon pollll transcription, the tetrahymena intron is spliced out. (3) When
cotransfected with L1 ORF2p, Alu RNAs are reverse transcribed along with the neo gene, and (4)
integrated into the genome, conferring G418 resistance. (5) After a 2-wk treatment with G418, resistant
colonies are stained, photographed, and counted. (B) Assay results for a sample of genomic AluS elements.

Activities are given relative to AluYa$5 activity (100%) within each assay. Each horizontal bar indicates the
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(Figure 5-2 cont.) mean of multiple independent assays (dots). Each dot represents the average of a single
(triplicate) experiment. Gray vertical bars represent 95% confidence intervals. The percent consensus
identity is indicated below each element. (C) AluY subfamily results. (D) Mobilization activities of known
polymorphic AluY elements and a polymorphic AluSx. The dbSNP ss numbers are listed for each. (E)
Resurrected AluJo and Sx elements. The mobilization results for artificially constructed 100% consensus

AluSx and AluJo elements are compared with a highly conserved (but inactive) genomic AluJo (Jo_h10.1).

Resurrection of ancient AluJ and AluS elements

We next determined that sequence variation is ultimately responsible for the functional
extinction of older Alu elements. As outlined above, AluJ elements appear to have
accumulated deleterious sequence changes to the point where no intact, functional AluJ
copies exist in the modern human genome. To evaluate this hypothesis further, we
resurrected an ancient AluJ element carrying the consensus AluJo sequence and tested it
using modern L1 ORF?2 proteins to drive retrotransposition. Remarkably, this ancient
AluJo element was highly active in the mobilization assay (Figure 5-2E). We also
resurrected an old AluSx consensus element, which was highly active as well (Figure 5-
2E; see also Hagan, et al. 2003). These data support a model of sequence decay for the
extinction of older AluJ and AluS elements, in which deleterious sequence changes
accumulated more rapidly than the pool of active elements was replenished by

retrotransposition.
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Figure 5-3. How many potentially active Alu core elements in the human genome? A model was

developed for estimating the number of potentially active Alu core elements in the reference human
genome. A set of 33 unbiased Alu copies (see Methods) were placed into four bins according to their level
of sequence variation (96.8%—100%, 93.4%—-96.7%, 90%—-93.3%, and <89.9%). The percentage of “active
copies” was calculated for each bin, where “active” was defined as >5% of AluYa5 activity level in the
mobilization assay. The percentages of active copies within each bin were then used to estimate how many
genomic copies with the same levels of variation are present in the human genome (the results are depicted
as numbers). The levels of activity were broken down further into “hot” (red; 100%—66.6% of AluYa5
activity level), “moderate” (yellow; 66.5%—40% of AluYa5), and “cool” (blue; 39.9%—-5% of AluYa5). No
elements below 90% conservation were active in the mobilization assay. This method provides a liberal
estimate of the number of Alu core elements that would be active if cloned and tested in our mobilization
assay. The actual number of elements expressed and mobilized from their natural genomic locations is
likely to be lower than the numbers presented due to the impact of flanking genomic regions on Alu

expression (see Discussion).
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Sequence variation also affects AluY mobilization

Sequence variation also is very common among modern AluY elements, and
134,441/135,293 (99.4%) of the AluY copies in our database had sequence changes
compared with consensus sequences. To assess the potential impact of this sequence
variation on activity, we next examined the mobilization efficiencies of 22 polymorphic
and nine randomly chosen AluY copies that carried core sequence changes. Polymorphic
AluY copies (i.e., copies that were differentially present in humans and thus had moved
recently) (see Batzer and Deininger 2002) generally had robust levels of mobilization in
retrotransposition assays, indicating that sequence variation did not appreciably affect the
mobilization of these elements (Figure 5-2D). In contrast, randomly chosen AluY copies
that contained sequence variation often had low levels of activity or were completely
inactive, presumably because of the mutations in these elements (e.g., elements Y_h5.1,
Y_h13.1, and Y_h16.1). On the other hand, some AluY copies with up to 7.4% sequence
variation were active in mobilization assays, indicating that Alu can, in some cases, carry
a large burden of mutations while still retaining function (e.g., Y_h14.1). These results
indicate that there is a general relationship between the amount of sequence variation in a
given Alu copy and its level of activity. However, it also appears that some sequence

changes are more effective than others at altering activity.
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Figure 5-4. SRPY/14 host proteins are necessary for efficient Alu retrotransposition. (A)

Secondary structure representation of an AluYaS RNA. The 124 positions (Figure 5-7) that are conserved
among 70 consensus sequences and 45 experimentally tested, active Alu elements are highlighted in blue
(Alu 5’ domain) and cyan (Alu 3’ domain). Positions (G25 and G159) that were mutated to prevent
SRP9/14 binding are in magenta. Hash marks indicate major (magenta) and minor (gray) SRP9/14 contact
sites. The inset shows an alternative base-pairing that is possible since the emergence of the AluS family
and that may be responsible for the drop in SRP9/14 affinity at the transition from the AluJ to S families.
Thin curves indicate U-turns, the thick, curved bar indicates a stacking interaction, and the double arrow a
flexible linkage. Circles indicate tertiary base pairs between the loops. The dotted circles symbolize an
alternative base pair of the respective nucleotides with G14 (left monomer) and G148 (right monomer).
Additional symbols: ( | ) Watson-Crick base pairs; ( . ) wobble base pairs; ( x ) other (potential) base pairs.

(B) Three-dimensional representation of Alu RNA and SRP9/14 binding. Positions highlighted in A have
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(Figure 5-4 cont.) been mapped onto the crystal structure of the SRP Alu RNP (Weichenrieder, et al. 2000)
using the same colors. SRP9 is in red and SRP14 is in green. The 5’ and 3° RNA ends are indicated by a
large and small sphere, respectively. (C) Retrotransposition activity of consensus AluYa5 and SRP9/14
binding mutants. The mobilization activities relative to AluYa$5 are shown along with representative assay
plates below. (D) Relative affinities of Alu RNA mutants for SRP9/14. Left and right mutant Alu RNA
monomers competed against the wild-type AluYa5 left monomer RNA (Ya5 (L.), white bars) or AluYa5
right monomer RNA (Ya5 (R.), gray bars) as labeled references in an in vitro assay based on nitrocellulose
filter binding of SRP9/14. Positive values of AAG reflect loss of affinity with respect to wild-type RNA.
The full data set and a representative binding experiment are presented in Table 5-1. A representative
binding experiment is shown in Figure 5-6. (E) Relative affinities of Alu consensus sequences for SRP9/14.
In contrast to D, truncated SRP RNA (SRP(t.)) was used as reference. These binding results agree with

previous gel-shift assays examining SRP9/14 binding to AluS and Y monomers (Sarrowa, et al. 1997).

We next developed a model to examine the impact of core sequence variation on
Alu activity by plotting the level of sequence variation vs. the mobilization efficiencies
for a random selection of unbiased Alu copies in our study (Figure 5-3; Methods). Our
model predicts the following: All copies with intact consensus sequences are active in the
mobilization assay (852 copies in the genome). However, as changes are introduced, the
likelihood that critical sites are mutated increases to the point where all elements are
inactive below ~90% conservation. By applying this model to the human genome, we
estimate that there are up to 1836 “hot” Alu copies that would be highly active in
mobilization assays, 10,535 elements that would be moderately active, and 36,664 copies
that would have low levels of activity (Figure 5-3). It should be noted that this approach
provides a liberal estimate for the number of functional copies (see Discussion section

below). We conclude that the pool of potentially active Alu copies in the reference
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genome includes at least 852 consensus copies and is likely to include thousands of
copies. For comparison, ~80—100 copies of the human L1 retrotransposon are active in
similar assays (Brouha, et al. 2003). Thus, the number of potentially active Alu elements
in the reference human genome is unexpectedly large and exceeds that of all other human
transposons.

In a parallel approach, we compiled a list of 124 positions that are conserved in all
known active Alu elements. We first identified 190 sites that are conserved among 70
Alu subfamily consensus sequences (Figure 5-7). Since all consensus elements tested
thus far have been active in the mobilization assay, this alignment begins to identify
internal sites that must be conserved for function. The preservation of these sites might be
required for proper Alu RNA folding and/or to form interactions with essential host
factors (see below). We then added to this alignment the 45 elements that were found to
be active in this study. This led to the identification of 124 positions that are conserved in
all known active Alu elements (Figure 5-4A; Figure 5-7). Since our data set is not
exhaustive, it is likely that additional sites can sustain changes within these 124 positions.
We identified 3437 elements in our database that conserved all 124 of these positions,
and a total of 12,431 elements with up to two changes at these positions (Table 5-2).
Importantly, no AluJ elements in our database conserved these 124 positions (Table 5-2).
Thus, this independent (and more conservative) approach also predicts that there are

thousands of potentially active Alu elements in the human genome.
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Alu RNAs must interact productively with SRP9/14 host proteins for successful
mobilization
We also identified a second major determinant of Alu activity: SRP9/14 host proteins.
Alu RNA originally was derived from a region of 7SL RNA that includes SRP9/14
contact sites (Figure 5-4A, B; Weichenrieder, et al. 2000). The first 50 nucleotides of
7SL RNA (the Alu RNA 5’ domain) (Weichenrieder, et al. 2000) adopt a complicated
three-dimensional fold that is recognized by the SRP9/14 heterodimer and is clamped
against the helical Alu RNA 3* domain (Figure 5-4A,B). Alu retrotransposons encode
two 7SLderived domains in tandem (the Alu left and Alu right monomers) (Sinnett, et al.
1991). Surprisingly, each of these domains has conserved this three-dimensional fold, and
hence, the ability to bind SRP9/14 (Walter and Blobel 1983; Weichenrieder, et al. 2000).
But what impact, if any, does SRP9/14 protein binding have on Alu mobilization?
A popular model suggests that SRP9/14 binding facilitates the docking of Alu RNAs on
ribosomes, which in turn allows these RNAs to capture L1 ORF2 proteins as they are
translated from active L1 mRNAs (Fig 5) (Sinnett, et al. 1991; Boeke 1997; Dewannieux,
et al. 2003; Mills, et al. 2007). By hijacking the L1 reverse transcriptase, Alu ensures that
its own RNA is copied into the genome instead of L1’s mRNA. This model predicts that
SRP9/14 binding is necessary for efficient Alu mobilization. We tested this model by
constructing a G25C mutation within a predicted SRP9/14 binding site on AluYa5 RNA
(Figure 5-4A, B). In the closely related 7SL RNA, this mutation changes a key nucleotide
in the SRP binding site and lowers SRP9/14 binding affinity ~50-fold (Chang, et al.
1997). We confirmed that our AluYa5_G25C mutation had a similar effect on SRP9/14

binding (Figure 5-4D) and found that mobilization also was decreased to 12% of wild-
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type AluYa5 levels (Figure 5-4C). The corresponding mutation in the right monomer
(G159C) resulted in a similar decrease in SRP9/14 binding (Figure 5-4D), but led to only
a modest decrease in retrotransposition (Figure 5-4C). The combination of both mutations
led to severely diminished levels of retrotransposition, indicating that SRP9/14 binding is
essential for Alu retrotransposition (Figure 5-4C). These data provide strong
experimental support for the SRP9/14 docking model, and indicate that left Alu monomer
binding to SRP9/14 is more important for mobilization than the right Alu monomer
binding.

Finally, we found that primary sequence changes within Alu have led to
diminished SRP9/14 binding during the course of evolution (Figure 5-4E). Our binding
assays indicate that 7SL RNA and AluJo RNA have the strongest affinities for SRP9/14,
followed by AluSx and AluY RNAs (Figure 5-4E). Remarkably, a major drop in
SRP9/14 binding affinity appears to have occurred at the evolutionary transition between
AluJ and AluS (Figure 5-4E), and modern AluY elements have preserved this lower
affinity. However, our results with the AluYa5 G25C and G159C mutants clearly show
that some level of SRP9/14 binding must be maintained for efficient mobilization (Figure
5-4C). Therefore, AluS and Y elements appear to have evolved the lowest possible
affinities for SRP9/14 that are still compatible with efficient mobilization.

One possible explanation for these data is that modern Alu RNAs have evolved
the ability to disengage from SRP9/14 (Figure 5-5). The ability to disengage from
SRP9/14 would not necessarily be required by 7SL. RNA, because 7SL RNA serves as a
structural scaffold within the signal-recognition particle (Walter and Blobel 1983;

Weichenrieder, et al. 2000). However, efficient release from SRP9/14 could be
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envisioned to improve Alu retrotransposition. According to this model, SRP9/14 would
still facilitate the initial docking of Alu RNAs on ribosomes. But at some downstream
step of retrotransposition, such as reverse transcription, SRP9/14 would be more
efficiently displaced from modern Alu RNA templates. This could have improved the
efficiency of reverse transcription and could have led to a competitive advantage over the

older Alu RNA templates.

Discussion

In this study, we have identified two major determinants of Alu activity in humans: (1)
The primary sequence of the ~280-bp core region, and (2) the ability of the encoded RNA
to interact with SRP9/14 to form RNA/protein (RNP) complexes. The closer an element’s
core sequence is to an active consensus sequence, the more likely it is to remain
functional in mobilization assays (Figure 5-1). Likewise, SRP9/14 binding is essential for
Alu retrotransposition, and a given Alu RNA sequence must retain the ability to interact
productively with SRP9/14 (Figures 5-4, 5-5). Another finding of our study is that the
number of functionally intact core sequences in the reference human genome is
unexpectedly large. The pool of functionally intact cores includes at least 852 intact
consensus elements and is likely to include thousands of copies (Figures 5-3, 5-4A; Table
5-2). Thus, the number of potentially active Alu copies in the human genome greatly

exceeds that of all other active human transposons.
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Figure 5-5. Model for Alu retrotransposition. Alu RNA competes with 7SL RNA for SRP9/14

binding and RNP formation. It appears that at least one SRP9/14 heterdimer is necessary for Alu
mobilization, although the binding of two heterodimers provides more efficient mobilization. Alu RNPs,
once formed, can dock on ribosomes. As L1 mRNA is translated, the poly(A) tail of an SRP9/14-bound
Alu competes for nascent L1 ORF2 reverse transcriptase (Sinnett, ef al. 1991; Boeke, 1997; Dewannieux,
et al. 2003; Mills, et al. 2007). Finally, a new Alu sequence is inserted into the genome by target-primed
reverse transcription (Luan, ef al. 1993). Modern Alu RNAs have evolved weaker SRP9/14 binding

affinities, perhaps to disengage from SRP9/14 more readily during reverse transcription.

Additional factors that influence Alu mobilization

Although our mobilization assays measure the ability of Alu RNAs to fold, interact with
SRP9/14, and carry out downstream steps of retrotransposition, they do not evaluate all
parameters that are likely to be critical for Alu retrotransposition. For example, because
we launch Alu mobilization from plasmids, our assays do not take into account natural
differences in Alu expression that occur within the context of the genome. Both
methylation (Liu and Schmid 1993) and flanking genomic sequences (Ullu and Weiner
1985; Chu, et al. 1995; Goodier and Maraia 1998; Roy, et al. 2000; Li and Schmid 2001)
have been shown to affect Alu element transcription. Likewise, poly(A) tail length has
been shown to influence Alu retrotransposition efficiency (Roy-Engel, et al. 2002;

Dewannieux and Heidmann 2005), and our assay does not evaluate differences in
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poly(A) tail length (a constant poly(A) tail length was used). Our analysis was focused
solely on the contribution of the ~280-bp core sequence toward mobilization, and our
assay did not measure the impact of flanking genomic sequences. Therefore, we currently
do no know how many of our elements would be expressed and mobilized from their
normal chromosomal positions in biologically relevant cells. One way to estimate how
many genomic elements are actually expressed and mobilized would be to examine the
number of “source” genes that exist for a typical Alu subfamily. Source genes are
differentiated from other copies in that, once integrated, they remain functional and can
give rise to new offspring insertions elsewhere in the genome. Clearly, such copies must
be getting expressed and mobilized in biologically relevant cell types, and these data
allow us to estimate the fraction of Alu copies that are located at favorable (permissive)
genomic sites. Batzer and colleagues reported that between 6% and 20% of a given AluY
subfamily’s copies are capable of serving as source genes, and thus, of producing new
retrotransposition events (Cordaux, et al. 2004). On the basis of the Batzer study, we
expect that ~6%—20% of the functional Alu cores in our study (Figures 5-3, 5-4A)
likewise would be located within favorable genomic contexts, and thus, would be able to
produce new insertions in the human genome. Therefore, even when adjusted in this
manner, we still conclude that the number of active Alu copies in the human genome far
exceeds that of all other human transposons. Additional studies will be necessary to
identify the exact copies that are being expressed and mobilized within our collections.
One way to tackle this problem would be to examine the expression of our elements in a
variety of cell types, particularly in germ cells where Alu mobilization is likely to occur.

Li and Schmid (2001), for example, studied the expression of six Alu copies under
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baseline conditions in several cell lines and in response to stress induction. Their studies
revealed diverse expression profiles for each of the six Alus. This approach now could be
applied on a much larger scale to a range of embryonic (and possibly somatic) cell types
that are likely to derepress Alu expression. Up to several thousand Alu cDNAs could be
cloned and sequenced to gain an understanding of which elements are actually expressed
from their natural chromosomal sites. The expressed elements then could be compared
with those predicted to have active core sequences from our study, ultimately providing a
better picture of which elements are most likely to produce new offspring insertions in
humans. Finally, such data could be combined with parallel L1 studies to identify Alu
copies that would be coexpressed with L1 ORF2p (a condition that also is essential for
Alu mobilization). Collectively, these studies would allow us to make better predictions

of which Alu copies are likely to produce genetic variation and diseases in humans.

Why are there so many potentially active Alu copies in the genome?

There might be evolutionary advantages to maintaining large pools of potentially active
Alu copies in the genome. Given that some of the factors that inhibit Alu activity such as
methylation and poly(A) tail length can be reversed, these pools are likely to be dynamic.
Dormant Alu copies could be envisioned to become reactivated provided that they had
“active” core sequences that could support mobilization (Han, ef al. 2005). Large pools of
diverse Alu sequences could help Alu to modify its interactions with host factors such as
SRP9/14 and might be useful in overcoming host suppression. Indeed, our SRP9/14
binding data suggest that AluS evolved a competitive advantage over AluJ by changing

its interaction with SRP9/14. Moreover, this advantage could explain the extinction of
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AluJ and the subsequent expansion of AluS. Thus, the number of active Alu elements in
the genome might change during specific developmental stages or in the face of selective

pressure.

Materials and Methods

Database of full-length Alu elements

Alu locations were obtained from the RepeatMasker track on the UCSC genome browser
(Kent, et al. 2002). Alu elements with core sequences of >268 bp were considered to be
full length and were included in the database. Full-length Alus were reclassified using an
in-house Alu identification program entitled CAlu, (“call you”) which aligns an Alu
sequence to an alignment profile consisting of known Alu subfamilies (obtained from
RepBase version 21) (Jurka 2000) using ClustalW. Positional changes were identified
compared with an ancestral Alu sequence (AluY, AluSz, AluJo); these changes were then
compared with a library of positional changes and the Alu was classified accordingly.
The newly classified Alus were organized into a database using genomic coordinates,
nearest subfamily, and nucleotide changes beyond the diagnostic subfamily positions, if

present.

Plasmids

pCEP 5’UTR ORF2 No Neo, containing ORF2 of the L.1.3 retrotransposon was described
previously (Alisch, et al. 2006). Marked Alu plasmids were created using pAlu-eab2 (a
modified version of the pAluNF1-neolll plasmid) (Dewannieux, et al. 2003), which

contains the 7SL pollIl enhancer upstream of the NF1-Alul0, and a downstream neo
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retrotransposition selection cassette consisting of a neo G418 resistance gene interrupted
by the self-splicing tetrahymena intron (Esnault, ef al. 2002) cloned into pUC19. A Spel
restriction site was introduced immediately following the 3° end of the NF1-Alu, and an
AfIIII site was introduced into the NF1-Alu to facilitate clone selection. Alus were
amplified by PCR and cloned using sequence-specific primers to preserve the individual
5’ and 3’ sequences of the target Alu. Typical primer sequences included an upstream
primer containing a Pstl restriction site (underlined): 5°-
TGCCCTGCAGCTTCTAGTAGCTTTTCGCAGCGTCTCCGACCGGCCGGGCGCGG
TGGCT-" and a downstream primer containing a Spel restriction site (underlined): 5’-
TTCTGAACTAGTATTTGAGACGGAGTCTCGCT-3’. Alu consensus sequences were
either amplified and cloned from the genome by PCR or synthesized by annealing short,
overlapping oligos, ligating cohesive ends, and then performing PCR amplification.
Specific genomic copies were first PCR amplified using primers in flanking sequences,
followed by a second PCR amplification using the primers described above or similar
primers. Random genomic copies were PCR amplified directly from BAC DNA or
genomic DNA from the SNP Discovery Resource Panel of 24 diverse humans (Coriell)
(Collins, et al. 1999). Site-directed mutagenesis was performed on Alus by PCR using
primers containing the desired mutations, and amplified fragments were cloned into the
appropriate plasmid. For each genomic Alu, the genomic source is indicated in the
plasmid named using the convention: “(subfamily)h(chromosome).(ID number).” For
runoff in vitro transcription by T7 RNA polymerase, left and right Alu monomers were
amplified from the respective source plasmid using primers containing the T7 promotor.

Products were inserted into a derivative of plasmid pSP64 (Promega) that provided a 3’
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terminal HDV ribozyme to the transcript, allowing the generation of precise 3’ ends
(Walker, et al. 2003). Primer sequences are available upon request. All plasmids were
sequenced by QuickLane DNA sequencing (Agencourt Bioscience Corp.) using the M 13-

rev or SP6 primers.

DNA preparation
Plasmids were purified using midi- and maxiprep columns from QIAGEN according to
the manufacturers’ protocols. Plasmid DNA purity and concentrations were determined

by spectrophotometer.

Cell culture
Hela cells were grown in 100-mm plates at 37°C with 5% CO2 in Dulbecco’s modified
Eagle medium (DMEM) with 4.5 g/L glucose, L-glutamine, sodium pyruvate (Cellgro),

supplemented with 10% Fetal Calf Serum, and passaged using standard protocols.

Alu retrotransposition assay

Retrotransposition assays were carried out essentially as described (Dewannieux, et al.
2003) except that G418 was added directly to cells 72 h after transfection. Twenty-four
hours before transfection, cells were pooled in a 50-mL conical tube in 50 mL of DMEM,
and counted using a hemocytometer. Then, 6 x 10° cells were plated from an agitated 50-
mL conical tube onto 100-mm plates. Sample plates were trypsinized the next day and
counted to confirm uniformity of cell number across plates. DNA concentrations were

measured prior to each assay. Transfections were performed in triplicate using FuGene6
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transfection reagent (Roche). A total of 2 pg of pCEP 5°’UTR ORF2 No Neo was
cotransfected with 6 pg of pAlu-eab2 (varying Alu plasmid concentration +/- 25%
showed no difference in final colony count). For each triplicate, 2 pg of EGFP-N1
(Clontech) or a modified version with ampicillin resistance (EGFP-ampR) was
cotransfected on a fourth plate to measure transfection efficiencies. A total of 8 pg of
pYaS-neo without the L1 ORF2 driver was used as a negative control, and 6 pg of pYa5s-
neo with 2 ug of pCEP 5’UTR ORF2 No Neo was transfected as a positive control for all
assays. After 24 h, transfection efficiencies were determined. After 72 h, cells were given
DMEM containing 600 pg/mL G418 and 100 pug/mL Penicillin-Streptomycin (Cellgro).
Fourteen days later, plates were washed with methanol, Giemsa stained, and
photographed. Colonies were counted manually using ImageJ (W.S. Rasband, ImagelJ,
U.S. National Institutes of Health, Bethesda, Maryland, [1997-2007];
http://rsb.info.nih.gov/ij/) and normalized to the pYaS5-neo with pCEP 5’UTR ORF2 No
Neo result within each assay. Data for featured Alus combine results from two to seven
independent assays. All Alus were expressed using the 7SL promoter enhancer sequence
immediately upstream of the Alu. To examine the possible variation in construct
expression, RT-PCR was performed using primers for (1) sequences in the Alu, (2) a
non-expressed plasmid backbone sequence to control for DNA contamination, and (3) a
cotransfected expressed protein as a loading control. RT-PCR was performed from cells
transfected with AluYa5, and AluJo, having high and medium levels of activity,
respectively, and Sz_hX.1, being completely inactive and containing multiple disruptions

of its A-Box and B-Box sequences. PCR product was removed at cycles 23, 30, and 35
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and run on a 1% agarose gel. Equal levels of Alu RNA were detected across all Alus,

indicating that varying the Alu sequence had no effect on expression.

Models for estimating the number of potentially active Alu copies

We identified 33 unbiased Alu copies from our data set of 89 copies (Figure 5-3).
Elements that were known to be polymorphic in humans were excluded from the
analysis, and only naturally occurring elements were used. The following elements were
included: 1_Sc_h5.1,2_Y_h5.1,3_Sp_h18.1,9_Sx_h19.1, 11_Y_h10.1, 12_Y_h13.1,
21_Yb8,26_Ycl, 46_Yg6,47_Yi6,48_YdS8, 58_Sx_h14.1,59_Sc_h5.2,60_Y_h14 0.1,
65_Ya4_15, 66_Sgxz_20, 69_Yj4, 83_Yf2, 86_Yf2_38, 88_Jo_h10.1, 89 _Jo_hl1.1,
90_Jb_h8.1,93_Jb_h9.1,95_Sc_h15.1,96_S_5,97_Y_hl16.1, 100_Y_h6.1, 101_Y,
109_Sz_hX.1, 110_Sc_57, 111_Yc1_h20.1, 114_Ya5a2. These elements were placed in
bins as described in Figure 5-3, and the percentage of active copies was calculated
(“active” being defined as having >5% AluYa5 levels of activity). These percentages
then were used to count the number of Alu copies in the genome with the same
percentages of conservation. For the 124-position analysis, we developed the list of
critical positions using the alignment depicted in Figure 5-7, including 70 consensus
sequences and 45 active elements (elements with >5% AluYa5 levels of activity). We
then examined our database for full-length elements that conserved either all 124
positions or that had up to two changes in these positions. The data are presented in Table

5-2.
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SRP9/14 binding assays

Large-scale in vitro transcription from linearized plasmid templates and gel purification
of Alu RNA was done as described previously (Weichenrieder, et al. 1997, 2001). RNA
was quantified spectroscopically using a value of 40 mg/mL per ODy40. Reference RNA
was labeled cotranscriptionally in the presence of [o**PTUTP (20 puCi/20 pL reaction) and
was gel purified. The human SRP9/14AR protein heterodimer was expressed, purified,
and quantified as described previously (Weichenrieder, et al. 2000). Protein was prepared
in reaction buffer (20 mM Tris-HCl at pH 7.5, 10 mM MgCl,, 200 mM Na-acetate)
supplemented with 30 mM DTT and 0.3 mg/mL BSA. Unlabeled reference RNA,
together with traces of radioactive material, was annealed in reaction buffer separately
from unlabeled competitor RNA by incubating 10 min at 65°C and slow cooling to 37°C.
Finally, SRP9/14 (10 pL) was added to a mixture of reference RNA (5 pL) with different
concentrations of competitor RNA (15 pL). Final samples contained SRP9/14 (~90 nM),
reference RNA (100 nM), and competitor RNA (23-17,000 nM) in 20 mM Tris-HCI (pH
7.5), 10 mM MgCl,, 200 mM Na-acetate, 10 mM DTT, and 0.1 mg/mL BSA. After 15
min at room temperature, allowing for full equilibration, samples (25 pL) were filtered
through a nitrocellulose membrane (PROTRAN, Schleicher & Schuell) and washed with
100 pL of reaction buffer using an S&S Minifold Slot Blot System (Schleicher &
Schuell) according to the instructions of the manufacturer. Depending on the relative
affinities, competitor RNA replaces labeled reference RNA retained on the filter by
SRPI/14. Filters were exposed to Phosphorlmager screens (Molecular Dynamics),
scanned with a Storm 820 (GE Healthcare) and quantified with the associated software

(Image Quant TL).
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After appropriate pilot experiments and controls, we determined the fraction
saturation, v, of SRP9/14 as a function of the ratio, p, of competitor to reference RNA.
As a parameter for curve fitting we used ¥, the ratio of dissociation constants of reference
to competitor RNA. For convenience of calculation and graphical representation we
chose to replace x by (e*In(x)) in Equation 1 and fit In(x) directly. Finally, Equation 2
was used to calculate differences in binding energy (AAG). Three independent
measurements were done for each Alu RNA construct, using cold reference RNA for
normalization and as a positive control on each filter. An RNA aptamer for tetracycline

(Miiller, et al. 2006) served as a negative control for nonspecific competition.

ey

S =S, k(- p)—2+ (k1= p)—2)* + d(x—1)
Sy—S 2(k—1)

(=)

v=f(p)=

Equation 1 relates the fraction saturation, v, to the ratio, p, of competitor to reference
RNA. The fraction saturation is calculated as ((S-S)/(So-S«)), where S and S, correspond
to Phosphor-Imager counts in the presence and absence of competitor RNA and where S,
accounts for background counts.

2)

AAG = AGeomp - AGyer = - RTInK

Equation 2 relates K, the ratio of dissociation constants of reference to competitor RNA to

AAG, the difference in affinity, where R corresponds to the gas constant (1.986 cal * K *
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mol™) and T corresponds to the temperature (in Kelvin). A positive value of AAG

indicates that competitor RNA has less affinity for SRP9/14 than reference RNA.

Statistics

Activity fractions and their 95% confidence intervals were calculated with maximum
likelihood using SAS PROC MIXED (SAS Institute, Inc.). All active Alus were included
and were treated as fixed effects, while a random assay term accommodated the repetition
of each Alu within each replicate and across assays. The randomly selected Alus were
categorized by their average activity fraction into four groups: 0—<0.05 (inactive), 0.05—
<0.40 (low activity), 0.40—<0.66.6 (moderate activity), and 66.6%—100% (high activity).
These randomly selected Alus were further categorized by their consensus levels: <90%,
90%—-<93.3%, 93.3%—<96.6%, and >96.6%. Within each consensus group, the proportion
of Alus in each activity levels was calculated using Wilson’s method (Altman, et al.

2000).
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Figure 5-6. Relative SRPY/14 affinity of various Alu RNA constructs. Protein affinities were

compared in an RNA competition assay based on nitrocellulose filter binding of SRP9/14. We determined

the fraction saturation, v, of SRP9/14 as a function of the ratio, p, of competitor to reference RNA. As a

parameter for curve-fitting we used K, the ratio of dissociation constants of reference to competitor RNA.

(A) Representative phosphoimager scan of a nitrocellulose filter from a slot-blot device. Labeled reference

RNA (Ya5 (L), the left arm monomer of a Ya5 consensus sequence) was challenged with various unlabeled

competitor RNAs for binding to a limiting amount of SRP9/14. (B) Quantification of (a). The fraction

saturation, v, is plotted as a function of the ratio, p, of competitor to reference RNA. Theoretical curves are

drawn, corresponding to the indicated values of k, the ratio of dissociation constants of reference to

competitor RNA.
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Figures reference competitor RNA AAG error AAG p-value affinity loss affinity gain
RNA (keal/mol) (keal/mol) (fold) (fold)
Figde SRP (t.) Ja (L) 0.19 0.08 1.4E-01
Sx (L. 1.19 0.11 8.4E-03 7.5
Y(@L) 1.33 0.11 6.2E-03 9.5
Ya5 (L) 1.14 0.01 7.7E-05 6.9
Ja (R) -0.26 0.07 6.1E-02 1.6
Sx (R) 2.12 0.14 4.3E-03 36
Y (R) 2.10 0.03 2.3E-04 35
Yas (R) 2.23 0.06 6.6E-04 43
Figd d Ya5S(L.) SRP (t.) -1.61 0.12 5.7E-03 15
Yas (L.) G25C 243 0.14 3.4E-03 61
Yas (R) 0.67 0.03 2.4E-03 3
Yas (R.) SRP (t.) -2.44 0.24 9.3E-03 61
Ya5 (R.) G159C 3.30 0.14 1.9E-03 265
Yas (L) -0.85 0.06 4 4E-03 4.2
non-specific RNA 3.21 0.25 6.0E-03 226

Table 5-1. SRPY/14 binding data. Relative affinities of Alu RNA for SRP9/14. Left and right Alu RNA
monomers competed against the wild-type AluYa5 left or right monomer RNA as labeled references in an
in vitro assay based on nitrocellulose filter binding of SRP9/14. Positive values of AAG reflect loss of

affinity with respect to wild-type RNA.



Number of Alu elements with exactly n mutation

Number of mutations 0 1 2

All 3437 3818 5176
Alul 0 0 0
AluS 7 110 606
AluY 3430 3708 4570
Number of Alu Elements with up to n mutations
Number of mutations 0 1 2

All 3437 7255 12431
AluJ 0 0 0
AluS 7 117 723
AluY 3430 7138 11708
Proportion of each Alu family having up to n mutations (%)
Number of mutations 0 1 2

All 100 100 100
AluJ 0 0 0
AluS 0.2 1.6 5.8
AluY 99.8 98.4 94.2
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Table 5-2. Human Alu elements that conserve 124 key sites listed by family. Full length Alu elements

that preserve the 124 conserved positions were identified in the human genome. These elements are listed
by major family (AluJ, S, Y). Note that no Alu J elements, which are presumed to be extinct, preserve
these positions. Because our model of 124 positions was based upon limited data, it is likely that some of
the 124 positions do not need to be conserved. Thus, we also calculated the number of elements in the
genome that had one or two changes within the 124 positions. This approach is likely to provide a
conservative estimate of potentially active Alu copies. Additional refinements of this model should be
possible as more elements are tested. Alu elements with mutations in positions (n=124) that are 100%

conserved in active elements.

Figure 5-7 (following pages). Clustal alignment of 70 consensus and 45 active Alu element

sequences. The 70 consensus sequences and 45 active sequences were aligned and used to identify 124
positions that were conserved among these elements. CLUSTAL X (1.83) multiple sequence alignment,

manually curated.
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GECCEEECECEETEECT CACG-CCTGTAATCCCAGCACTTITGGEAGGCCG
GECCEEECECEETGECTCACG-COTGTAATCOCAGCACTTTEGERAGECCG
GECCEEECECEETEECT CATG-CCTGTAATCCCAGCACTTITGGEAGGCCG
GECCEEECECEETEECT CACG-CCTGTAATCCCAGCACTTITGGEAGGCCG
GECCEEECECEETGECTCACG-COTGTAATCOCAGCACTTTEGEAGECICG
GECCEEECECEETEECT CACG-CCTGTAATCCCAGCACTTITGGEAGGCCG
GECCEEECECEETEECT CACG-CCTGTAATCCCAGCACTTITGGEAGGCCG
GECCEEECECEETGECTCACG-COTGTAATCOCAGCACTTTEGERAGECCG
GECCEEECECEETEECT CACG-CCTGTAATCCCAGCACTTITGGEAGGCCG
GECCEEECECEETEECT CACG-CCTGTAATCCCAGCACTTITGGEAGGCCG
GECCEEECECEETGECTCACG-COTGTAATCOCAGCACTTTEGEAGECICG
GECCEEECECEETEECT CACG-CCTGTAATCCCAGCACTTITGGEAGGCCG
GECCEEECECEETEECT CACG-CCTGTAATCCCAGCACTTITGGEAGGCCG
GECCEEECECEETGECTCACG-COTGTAATCOCAGCACTTTEGEAGECICG
GECCEEECECEETEECT CACG-CCTGTAATCCCAGCACTTITGGEAGGCCG
GECCEEECECEETEECT CACG-CCTGTAATCCCAGCACTTITGGEAGGCCG
GECCEEECECEETGECTCACG-COTGTAATCOCAGCACTTTEGEAGECICG
GECCEEECECEETEECT CACG-CCTGTAATCCCAGCACTTITGGEAGGCCG
GECCEEECECEETEECT CACG-CCTGTAATCCCAGCACTTITGGEAGGCCG
GECCEEECECEETGECTCACG-COTGTAATCOCAGCACTTTEGEAGECICG
GECCEEECECEETEECT CACG-CTTGTAATCCCAGCACTTTGGEAGGCCG
GECCEEECECEETEECT CACG-CCTGTAATCCCAGCACTTITGGEAGGCCG
GECCEEECECEETGECTCACG-COTGTAATCOCAGCACTTTEGEAGECICG
GECCEEECECEETEECT CACG-CCTGTAATCCCAGCACTTITGGEAGGCCG
GECCEEECECEETEECT CACG-CCTGTAATCCCAGCACTTITGGEAGGCCG
GECCEEECECEETGECTCACG-COTGTAATCOCAGCACTTTEGEAGECICG
GECCEEECECEETEECT CACG-CCTGTAATCCCAGCACTTITGGEAGGCCG
GECCEEECECEETEECT CACG-CCTGTAATCCCAGCACTTITGGEAGGCTG
GECCEEEIECEETEECT OG- COTETAATCOCAGCACTTTEGEAGECICG
GECCEEECECEETEECT CECE-COCTGTAATCCCAGCACTTITGGEAGGCCG
GECCEEECECEETEECT CACG-CCTGTAATCCCAGCACTTITGGEAGGCCG
GECCGEECECEETEECTCACG-COTGTAATCCTAGCACTTTEGEAGGECICG
GECCEEECECEETEECT CACG-CCTGTAATCCCAGCACTTTGGEAGGCAG
GECCEEECECEETEECT CACG-CCTGTAATCCCAGCACTTTGGEAGGCAG
GECCEEEIECEETEECTCACG-COTETAATCOCAGCACTTTEGEAGECAG
GECCEEECECEETEECT CACG-CCTGTAATCCCAGCACTTTGGEAGGCAG
GECCEEECECEETEECT CACG-CCTGTAATCCCAGCACTTITGGEAGGCCG
GECCEEECECEETEECT CACG-CCTGTAATCCCAGCACTTITGGEAGGCCG
GECCEEECECEETEECT CACG-CCTGTAATCCCAGCACTTITGGEAGGCCG
GECCEEECECEETEECT CACG-CCTGTAATCCCAGCACTTITGGEAGGCCG
GECCEEEIECEETEECTCACG-COTETAATCOCAGCACTTTEGEAGECTCG
GECCEEECECEETEECT CACG-CCTGTAATCCCAGCACTTITGGEAGGCCG
GECCEEECECEETEECT CACG-CCTGTAATCCCAGCACTTITGGEAGGCCG
AGCCEEEEECEETEECT CACG-CCTGTAATCCCAGTATTTITGGEAGGCCG
GECCEEECECEETEECT CACG-CCTGTAATCCCAGCACTTITGGEAGGCCG
GECCEEECECEETEECT CACG-CCTGTAATCCCAGCACTTITGGEAGGCCG
GECCEEECECEETEECT CACG-CCTGTAATCCCAGCACTTITGGEAGGCCG
GECCEEECECEETEECT CACG-CCTGTAATCCCAGCACTTITGGEAGGCCG
GECCEEECECEETEECT CACG-CCTGTAATCCCAGCACTTITGGEAGGCCG
GECCEE-CECEETEECT CACG-CCTGTAATCCCAGCACTTTGGEAGGCCG
GECCEEECECEETEECT CACG-CCTGTAATCCCAGCACTTITGGEAGGCCG
GECCEEECECEETEECT CACG-CCTGTAATCCCAGCACTTITGGEAGGCCG
GECCEEECECEETEECT CACG-CTTGTAATCCCAGCACTTTGGEAGGCCG
GECCEEECECEETEECT CACG-CTTGTAATCCCAGCACTTTGGEAGGCCG
GECCEEECECEETEECT CACG-CCTGTAATCCCAGCACTTITGGEAGGCCG
GECCEEECECEETEECT CACG-CCTGTAATCCCAGCACTTITGGEAGGCCG
GECCEEECECEETEECT CACG-CCTGTAATCCCAGCACTTITGGEAGGCCG
GECCEEECECEETEECT CACG-CCTGTAATCCCAGCACTTITGGEAGGCCG
GECCEEECECEETEECT CACG-CCTCTAATCCCAGCACTTITGGEAGGCCG
GECCEEECECEETEECT CACG-CCTCTAATCCCAGCACTTITGGEAGGCCG
GECCEEECECEETEECT CACG-CCTGTAATCCCAGCACTTITGGEAGGCCG
GECCEEECECEETEECT CACG-CCTCTAATCCCAGCACTTITGGEAGGCCG
GECCEEECECEETEECT CACG-CCTCTAATCCCAGCACTTITGGEAGGCCG
GECCEEECECEETEECT CACG-CCTGTAATCCCAGCACTTITGGEAGGCCG
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GECCGEECECEETGECTCACG- CCTGTAATCCCAGCACTTT GEGAGGCCE
GECCGEECECEETGECTCACG-CCTGTRAAT CCCAGCACTTTGGGAGECCGE
GECCGEECECEETGECTCACG- CCTGTAATCCCAGCACTTT GEGAGGCCE
GECCGEECECEETGECTCACG-CCTGTRAAT CCCAGCACTTTGGGAGECCGE
GECCGEECECEETGECTCACG- CCTGTAATCCCAGCACTTT GEGAGGCCE
GECCGEECECEETGECTCACG-CCTGTRAAT CCCAGCACTTTGGGAGECCGE
GECCGEECGCGETGECTCACG-CCTGTAATCCCAGCACTTT GGGAGGCCG
GECCGEEECECEETGECTCACG-CCTGTAATCCCAGCACTTT GGGAGGCCE
GEOCGEEECECEETEECTCACG-CCTETRATCCCAGCACTTT GEGAGGECCG
GECCEEECECEETGECTCACA—CTTGTAATCCCAGCACTTT GGGAGGCCE
GEOCGEEECECEETEECTCACG-CCTETRATCCCAGCACTTT GEGAGGECCG
GECCGEEECECEETGECTCACG-CCTGTAATCCCAGCACTTT GGGAGGCCE
GEOCGEEECECEETEECTCACG-CCTETRATCCCAGCACTTT GEGAGGECCG
GECCGEEECECEETGECTCACG-CCTGTRATCCCAGCACTTT GGGAGGCCE
GEOCGEECECEETEECTCACG-CCTETRATCCCAGCACTTT GEGAGGCIG
GECCGEEECECEETGECTCACG-CCTGTRATCCCAGCACTTT GGGAGGCCE
GEOCGEECECEETEECTCACG-CCTETRATCCCAGCACTTT GEGAGGCIG
GECCGEECECEETEGECTCACG-CCTEGTAATCCCAGCACTTT GEGAGGCCG
GEOCGEECECEETEECTCACG-CCTETRATCCCAGCACTTT GEGAGGCIG
GECCGEECECEETEGECTCACG-CCTEGTAATCCCAGCACTTT GEGAGGCCG
GECCGEECECEETGECTCACG-CCTGTRAAT CCCAGCACTTTGGGAGECCGE
GECCGEECECEETGECTCACG- CCTGTAATCCCAGCACTTT GEGAGGCCE
GECCGEECECEETGECTCACG-CCTGTRAAT CCCAGCACTTTGGGAGECCGE
GECCGEECECEETGECTCACG- CCTGTAATCCCAGCACTTT GEGAGGCCE
GECCGEECECEETGECTCACG-CCTGTRAAT CCCAGCACTTTGGGAGECCGE
GECCGEECECEETGECTCACG- CCTGTAATCCCAGCACTTT GEGAGGCCE
GECCGEECECEETGECTCACG-CCTGTRAAT CCCAGCACTTTGGGAGECCGE
GECCGEECGCGETGECTCACG-CCTGTAATCCCAGCACTTT GGGAGGCCG
GECCGEEECECEETGECTCACG-CCTGTAATCCCAGCACTTT GGGAGGCCE
GEOCGEEECECEETEECTCACG-CCTETRATCCCAGCACTTT GEGAGGECCG
GECCGEEECECEETGECTCACG-CCTGTAATCCCAGCACTTT GGGAGGCCE
GEOCGEEECECEETEECTCACG-CCTETRATCCCAGCACTTT GEGAGGECCG
GECCGEEECECEETGECTCACG-CCTGTAATCCCAGCACTTT GGGAGGCCE
GEOCGEECECEETEECTCACG-CCTETRATCCCAGCACTTT GEGAGGCIG
GECCGEEECECEETGECTCACG-CCTGTRATCCCAGCACTTT GGGAGGCCE
GEOCGEECECE-TEECTCACG-CCTETRAATCCCAGCACTTT GEGAGGCIG
GECCGEEECECEETGECICACGTCCTGTRATCCCAGCACTTT GGGAGGCCE
GEOCGEECECEETEECTCACG-CCTETRATCCCAGCACTTT GEGAGGCIG
GECCGEECECEETEGECTCACG-CCTEGTAATCCCAGCACTTT GEGAGGCCG
GECCGEECECEETGECTCACG-CCTGTRAAT CCCAGCACTTTGGGAGECCGE
GECCGEECECEETGECTCACG- CCTGTAATCCCAGCACTTT GEGAGGCCE
GECCGEECECEETGECTCACG-CCTGTRAAT CCCAGCACTTTGGGAGECCGE
GECCGEECECEETGECTCACG- CCTGTAATCCCAGCACTTT GEGAGGCCE
GECCGEECECEETGECTCACG-CCTGTRAAT CTCAGCACTTTGGGAGECTS
GECCGEECECEETGECTCACG- CCTGTAATCCCAGCACTTT GEGAGGCCE
GECCGEECECEETGECTCACG-CCTGTRAAT CCCAGCACTTTGGGAGECCGE
GECCGEECGCGETGECTCACG-CCTGTAATCCCAGCACTTT GGGAGGCCG
GECCGEEECECEETGECTCACG-CCTGTAATCCCAGCACTTT GGGAGGCCE
GECCGEECGCGETGECTCACG-CCTGTAATCCCAGCACTTT GGGAGGCCG
GECCGEEECECEETGECTCACG-CCTGTAATCCCAGCACTTT GGGAGGCCE
GEOCGEEECECEETEECTCACG-CCTETRATCCCAGCACTTT GEGAGGECCG
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A GGG GAT CAC- - GAGETCAGGAGAT CCAGACCATCCTGGCTAACKR
ARG G AT CA - - GAGETCAGEAGATCCAGACCATCCTEECTARCR
AGETGEECEEATCAC——GEEETCAGEAGATCGAGACTATCCTGECTARCT
A GGG GAT CAC- - GAGETCAGGAGAT CGAGACCA——— ——— — == ———
A GG AT CA - - GAGETCAGERAGAT CCAGAC CA——— - - — = ———
AGECGEECEEATCAC--GAGETCAGEAGATCCAGACCA——- ——- ——————
ARG ET AT CAT- - GAGETCAGEAGATCCAGACCATCCTEECTARCR
AGECGEETEEATCAT- - GAGETCAGEAGATCCAGRACCATCCTEECTAACK
AGGCGEETGGATCAT— GAGGTCAGGAGATCGAGACCATCCTGECTARACA
A GGG TG AT CAT- - GAGETCAGGAGAT CCAGACCATCCTGGCTAACKR
ARG ECGEETEEAT CAT- - GAGETCAGEAGATCCAGACCATCCTEECTARCR
AGGCGEETGGATCAT— GAGGTCAGGAGATCGAGACCATCCTGECTARACA
A GGG TG AT CAC- - GAGCETCAGGAGAT CCAGACCATCCTGGCTAACKR
AGECGEETEEATCAT- - GAGETCAGEAGATCCAGRACCATCCTEECTAACK
A GGG TG AT CAT- - GAGETCAGGAGAT CCAGACCATCCTGGCTAACKR
ARG ET AT CAT- - GAGETCAGEAGATCCAGACCATCCTEECTARCR
AGECGEETEEATCAT- - GAGETCAGEAGATCCAGRACCATCCTEECTAACK
AL GEET AT CAC— - GAGETCAGGAGAT CCAGACCATCCTGECTAACKR
ARG G AT CA - - GAGETCAGEAGATCCAGACCATCCTEECTARCR
AGECGEECEEATCAC--GAGETCAGEAGATCCAGRACCATCCTEECTAACR
A GGG GAT CAC- - GAGETCAGGAGAT CCAGACCATCCTGGCTAACKR
ARG ECGE e AT CAC-- ARG TCAGEAGATCAAGACCATCCTEECTARCR
AGRCGEGCEEATCAC——GAGETCAGEAGATCGAGACCATCOTEECTAACR
ARG GAT CAC- - GAGETCAGGAGAT CCAGACCATCCTGGCTAACKR
ARG G AT CA - - GAGETCAGEAGATCCAGACCATCCTEECTARCR
AGECGEECEEATCAC--GAGETCAGEAGATCCAGRACCATCCTEECTAACR
ARG CAT CAC- - GAGETCAGGAGAT CCAGACCATCCTGECTGACA
AGECGEECEEATCAC--GAGETCAGEAGATCCAGRACCATGOTEECTAACR
AGGCGEECEGATCAC—— CAGGTCAGGAGATCGAGACCATCCTGECTARACA
A G e GG C G GAT CAC- - GAGCETCAGGAGATCGAGACCATCCTGGCTAACA
AGECGEECEEATCAC--GAGETCAGEAGATCCAGRACCATCCTEECTAACR
AGGCAGGTGGATCAC—— GAGGTCAGGAGATCGAGACCATCCTGECTARACA
A GGG AT CAT- - GAGETCAGGAGAT CGAGACCATCCTGECTAACT
AGECGEECEEATCAT - GAGETCAGGAGATCCAGACCATCOTEECTAACS
A GGG AT CAT- - GAGETCAGGAGAT CGAGACCATCCTGECTAACT
RGO AT CAT- - GAGETCAGGAGATCCAGACCATCCTEECTARCR
AGECGEECEEATCAC--GAGETCAGEAGATCCAGRACCATCCTEECTAACR
AL CGEEC G AT CAC—— GAGETCAGGAGAT CGAGACCAT CCTGECTAACKR
ARG G AT CA - - GAGETCAGEAGATCCAGACCATCCTEECTARCR
AGGCGEECEGATCAC—— CAGGTCAGGAGATCGAGACCATCCTGECTARACA
A GGG GAT CAC- - GAGETCAGGAGAT CCAGACCATCCTGGCTAACKR
ARG ECCE e AT CAC- - GAGETCAGEAGATCCAGACCATCCTEECTARCR
AGGCGEECEGATCAC—— CAGGTCAGGAGATCGAGACCATCCTGECTARACA
A GGG GAT CAC--GATCTCAAGAGAT CCAGACCATCCTGGCTAACKR
ARG G AT CA - - GAGETCAGEAGATCCAGACCATCCTEECTARCR
A GGG GAT CAC- - GAGETCAGGAGAT CCAGACCATCCTGGCTAACKR
ARG G AT CA - - GAGETCAGEAGATCCAGACCATCCTEECTARCR
AGECGEECEEATCAC--GAGETCAGEAGATCCAGRACCATCCTEECTAACR
AL CGEEC G AT CAC—— GAGETCAGGAGAT CGAGACCAT CCTGECTAACKR
ARG G AT CA - - GAGETCAGEAGATCCAGACCATCCTEECTARCR
AGECGEECEEATCAC--GAGETCAGEAGATCCAGRACCATCCTEECTAACR
AGGCGEECEGATCAC—— CAGGTCAGGAGATCGAGACCATCCTGECTARACA
A GG AT CA - - GAGETCAGERAGAT CCAGAC CA——— - - — = ———
AGECGEECEEATCAC—— GAGETCAGEAGATCGAGACCA——— —————————
A GGG GAT CAC- - GAGETCAGGAGAT CGAGACCA——— ——— — == ———
A GG AT CA - - GAGETCAGERAGAT CCAGAC CA——— - - — = ———
AGECGEECEEATCAC--GAGETCAGEAGATCCAGRACCATCCOCGECTARLE
A GGG CAT CAC- - GAGETCAGGAGAT CCAGACCATCCCGECTAALR
AGECGEECEEATCAC--GAGETCAGEAGATCCAGRACCATCCOCGECTARLE
AGGCGEECEGATCAC—— CAGGTCAGGAGATCGAGACCATCCCGECTARRR
AGECGEGC G GAT CAC- - GAGETCAGGAGATCGAGACCATCCCGGCTAALR
AGECGEECEEATCAC--GAGETCAGEAGATCCAGRACCATCCOCGECTARLE
AGGCGEECEGATCAC—— CAGGTCAGGAGATCGAGACCATCCCGECTARRR
A GGG CAT CAC- - GAGETCAGGAGAT CCAGACCATCCCGECTAALR
AGECGEECEEATCAC—— GAGETCAGEAGATCCAGACCATCOCGECTARLE
A GGG GAT CAC- - GAGETCAGGAGATCCAGGCCATCCCGECTAALR
ARG AT CAC- - GAGETCAGGAGATCCAGACCATCCCGECTARLE
AGECGEECEEATCAC--GAGETCAAGAGATCGAGRACCATCCOCGECTARLE
AGECGEEC G AT CAC— - GAGETCAAGAGAT CCAGACCAT COCGECTAARR
ARG AT CAC- - GAGETCAGGAGATCCAGACCATCCCGECTARLE
AGECGEECEEATCAC--GAGETCAGEAGATCCAGRACCATCCOCGECTARLE
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AGECGEEGCEEGATCAC—— GAGETCAGGAGATCGAGACCATCCCGECTARRA
A GEGCEGATCAC—— GAGGETCAGGAGATCGAGACCATCCCGECTARAR
AGECGEEGCEEGATCAC—— GAGETCAGGAGATCGAGACCATCCCGECTARRA
AGECGEEGCEEGATCAC—— GAGETCAGGAGATCGAGACCATCCCGECTARRA
A GEGCEGATCAT - GAGETCAGGAGATCGAGACCATCCCGECTARAR
AGECGEEECEGATCAC—— GAGETCAGGAGATCGAGACCARCCCCGCTARRA
AGECGEEGCEEGATCAC—— GAGETCAGGAGATCGAGACCATCCCGECTARRA
A GEGCEGATCAC—— GAGETCAGGAGATCGAGACCATCCCGECTARCE
AGECGEEGCEEATCAC—— GAGETCAGGAGATCGAGACCATCCCGECTARCA
AGECGEEGCEEGATCAC—— GAGETCAGGAGATCGAGACCATCCCGECTARRA
A GECGEGCEGATCAC—— GAGETCAGGAGATCGAGACCATCCCGECTARAR
AGECGEEGCEEGATCAC—— GAGETCAGGAGATCGAGACCATCCCGECTARRA
AGECGEEGCEEGATCAC—— GAGETCAGGAGATCGAGACCATCCCGECTARRA
A GEGCEGATCAC—— GAGGETCAGGAGATCGAGACCATCCCGECTARAR
AGECGEEGCEEGATCAC—— GAGETCAGGAGATCGAGACCATCCCGECTARRA
AGECGEEGCEEGATCAC—— GAGETCAGGAGATCGAGACCATCCCGECTARRA
A GECGEGCEGATCAC—— GAGETCAGGAGATCGAGACCATCCCGECTARAR
AGECGEEGCEEGATCAC—— GAGETCAGGAGATCGAGACCATCCCGECTARRA
AGECGEEGCEEATCAC—— GAGETCAGGAGATCGAGACCATCCTGECTARRA
A GECGEGCEGAT CAC—— GAGETCAGGAGATCGAGACCATCCTGGCTARAR
AGECGEEGCEEATCAC—— GAGETCAGGAGATCGAGACCATCCTGGCTARCA
AGECGEEGCEEATCAC—— GAGETCAGGAGATCGAGACCATCCTGGCTARCA
A GECGEGCEGAT CAC—— GAGETCAGGAGATCGAGACCATCCTGGCTARCE
AGECEEGECEGATCACCT GAGETCAGGAGT TCGAGACCAGCCTGECCARCA
AGECGEEGCEGATCAC—— GAGETCRAGAGATCGAGACCATCCTGGECCARCA
A GECGEGCEGATCAC—— GAGGETCARAAGATCCGAGACCATCCTAGCCARCE
AGECEEGECEGATCACCT GAGETCAGGAGT TCGAGACCAGCCTGECCARCA
AGECEEGECEGATCACCT GAGETCAGGAGT TCGAGACCAGCCTGECCARCA
AGEC-—-GoEGATCACCTGAGETCAGGAGTTCGAGACCAGCCTGECCARCE
AGECEEGECEGATCACCT GAGETCAGGAGT TCGAGACCAGCCTGECCARCA
AGECGEEGECE-ATCACCT GAGETCAGGAGT TCGAGACCAGCCTGECCARCA
A GG EG I EGAT CACTTGAGETCAGGAGTTCGAGACCAGCCTGECCARCE
AGECGEEGECEGATCAC—— GAGETCAGGAGT TCGAGACCAGCCTGECCARCA
AGECAGGCGGATCAC——GAGETCAGGAGT TCGAGACCAGCCTGECCARCA
A GECGEGCEGATCACCTGAGETC GEGAGTTCGAGACCAGCCTGRACCARCE
AGECEEECEEGATCACCT GAGETCEGEAGT TCAAGACCAGCCTGACCARCA
AGETGEEGCEEGATCACCT GAGETCAGGAGT TCGAGACCAGCCTGACCARCA
A EECGEETEGATCACCTCAGGETCAGGAGTTCGAGACCAGCCTGECCARCRE
AGECEEGECEGATCACCT GAGETCAGGAGT TCGAGACCAGCCTGECCARCA
AGECGEEGAGGATTGCTT GAGCCCAGGAGT TCGAGACCAGCCTGEECARCA
A GO GEGACGAT TGO TTGAGCCCAGGAGTTCGAGACCAGCCTGEECARCE
AGECGEEGAGGATTGCTT GAGCCCAGGAGT TCGAGACCAGCCTGEECARCA
AGECGEEGAGGATCACTT GAGCCCAGGAGT TCGAGACCAGCCTGEECARCA
A GG EGACGAT TGO TTGAGCCCAGGAGTTOGAGACCAGCCTGEECARCE
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aluyal 1/1-281
10_y 534/1-281
11_¥_hin.1/1-281
Aluvydé/1-269
Rluvyde/1-269
Alu¥c5/1-269
mluyblD/1-288
2luybl1/1-289
Aluyba/1-2848
aluvba/1-288
Aluyb7 2/1-288
Aluyb7 _1/1-288
Aluyb7 3/1-288
mluYbé_1/1-288
aluyb7 4/1-288
Rluyb5/1-281
aluybé_2/1-281
aluyb3als/1-281
Rluyb3az/1-281
Aluvybclasl-282
Aluvyig/fl1-282
111_wcl h20.1/1-281
aluygeaz/1-281
aluyga/1-281
ZE_¥ge_397/1-z80
& _¥cl_B5/1-28
Aluygsbi/1-281
100_¥ he.1/1-281
Aluyj4/1-28
S0_¥j4 11/1-28
aluy{3fi-2s&
&0_¥_hl4/1-282
Aluyh9/1-281
T1_¥h9_Z20/1-28
Aluyh7/1-281
Rluvyh3/1-281
AluYe5/1-28
128_vweS5_dl195/1-279
Aluvyed/1-280
aluyed/1-28
Aluye2/1-279
102 vy Tid4c/1-281
Aluvyfa/1-28
g6_wf2 38/1-28
Rluvfl/s1-281
aluy/1-281
Aluycl/1-281
25 _weol_73/1-274
aluycz2/1-281
27 _ycl_g&/l-28
13_palu_as1-28%
Aluvyal 2/1-281
Bluyd3al/1-270
Aluyd3/f1-269
Aluyd2/1-269
Rluvyd/1-269
19_¥a5 173/1-281
125 _wva% C138T/1-281
&4_¥a5 G25C/1-281
G2_WaS#-YaSé BE5/1-278
117 va% z159c/1-281
116_va5 =25c/1-28
119_vaS5 =25c/1-28
118 va% z159c/1-281
120_¥a5 AC2T5TGE/1-28
aluyafaly/sl-281
AluvasSkbl/1-281
AluvyaS5az/1-282
Z0_wab 054/1-285%
Aluya5/1-281
Aluvyas/1-28

——-CEETGAARCCCCCTCTCTACTARRAL ————— TACARAMRAR————TTA
——-CEETGRRACCCCGTCTCTACTARARA ————— TACARAAAR-—-——TTA
———-CEETGRAACCCCGTCTCTACTARARA ————— TACRRARAR————TTAR
——-CEETGAARCCCCCTCTCTACTARRAL ————— TACARAMRAR————TTA
== -CEETGRRACCCCGTCTCTACTARRRR
——-CEETGRAACCCCGTCTCTACTARARR
——-RGETGRAACCCCGTCTCTACTRARRAR
——-RGETGRAACCCCGTCTCTACTARARR
——-AGGTGAAACCCCGTCTCTACTARARA
—==-AGCTGAAARCCCCGTCTCTACTARARN
——-RGETGRRACCCCGTCTCTACTARRAR
——-AGGTGAAACCCCGTCTCTACTARARA
—==-AGCTGAAARCCCCGTCTCTACTARARN
——-RGETGRAACCCCGTCTCTACTARARR
—==-AGCTGAAARCCCCGTCTCTACTARARN
——-RGETGRAACCCCGTCTCTACTRARRAR
——-RGETGRAACCCCGTCTCTACTARARR
———CEGTGRAACCCCGTCTCTACTARARR
== -CEETGRRACCCCGTCTCTACTARRRR
——-CEETGRAACCCCGTCTCTACTARARR
== =-CGGTGAARCCCCGTCTCTACTARARN,
———-CAGTGRAACCCCATCTCTACTARRAR
———CEETGRAACCCCGTCTCTACTARARR
== =-CGGTGAARCCCCGTCTCTACTARARN,
== -CEETGRRACCCCGTCTCTACTARRRR
——-CEETGRAACCCCGTCTCTACTARARR
== =-CGGTGAARCCCCGTCTCTACTARARN,
——-CEETGRAACCCCATCTCTACTARARR
———-CGETGAAARCCCCGTCTCTACTARARR
== =-CGGTGRAACCCCGTCTCTACTARARN
——-CEETGRAACCCCGTCTCTACTARARR
——-AGGCGAAARCCCTGTCTCTACTARARR
—==-CGGTGRAAARCCCCGCCTCTACTARARN,
———CEETGRAACCCCGOCTCTACTARARR
—==-CGGTGRAAARCCCCGCCTCTACTARARN,
== -CEETGRAACCCCGCCTCTACTRARRRR
——-CEETGRAACCCCGTCTCTACTARARR
———CEGTGRAACCCCGTCTCTACTARARR
== -CEETGRRACCCCGTCTCTACTARRRR
———-CGETGAAARCCCCGTCTCTACTARARR
== =-CGGTGAARCCCCGTCTCTACTARARN,
——-CEETGRAACCCOGTCTCTACTARRAR
———-CAGTGAAACCCCGTCTCTACTAAARAL————CACAARAARR——TTA
—==-CAGTGRAARCCCCGTCTCTACTARAARA~———CACAAARAAN ———TTAH
== -CEETGRRACCCCGTCTCTACTARRRR
== =-CGGTGAARCCCCGTCTCTACTARARN,
== -CEETGRRACCCCGTCTCTACTARRRR
——-CEETGRAACCCCGTCTCTACTARARR
———RGGTGRAACCCCGTCTCTACTARARR
== -CEETGRRACCCCGTCTCTACTARRRR
——-CEETGRRACCCCGTCTCTACTARAARAR A AR TACARARADL————TTA
———-CGETGAAARCCCCGTCTCTACTARARR
== -CEETGRRACCCCGTCTCTACTARRRR
———CEETGRAACCCCGTCTCTACTARARR
== =-CGGTGAARCCCCGTCTCTACTARARN,
== -CEETGRRACCCCGTCTCTACTARRRR
——-CEETGRAACCCCGTCTCTACTARARR
== =-CGGTGAARCCCCGTCTCTACTARARN,
——-CEETGRAACCCCGTCTCTACTARARR
———-CGETGAAARCCCCGTCTCTACTARARR
== =-CGGTGRAACCCCGTCTCTACTARARN
——-CEETGRAACCCCGTCTCTACTARARR
———-CGETGAAARCCCCGTCTCTACTARARR
== =-CGGTGAARCCCCGTCTCTACTARARN,
———CEETGRAACCCCGTCTCTACTARARR
== =-CGGTGAARCCCCGTCTCTACTARARN,
== -CEETGRRACCCCGTCTCTACTARRRR
——-CEETGRAACCCCGTCTCTACTARARR
———CEGTGRAACCCCGTCTCTACTARARR
== -CEETGRRACCCCGTCTCTACTARRRR
——-CEETGRAACCCCGTCTCTACTARARS

————— TACARAAAR-—-——TTA
————— TACARRARAR--———TTA
————— TACARAAAR-—-——TTA
————— TACARRARAR--———TTA
————— TACAAARAAR-——TTA
————— TACARAMRAR————TTA
————— TACARRAARAR--———TTA
————— TACAAARAAR-——TTA
————— TACARAMRAR————TTA
————— TACARRARAR--———TTA
————— TACARAMRAR————TTA
————— TACARAAAR-—-——TTA
————— TACARRARAR--———TTA
————— TACRRARRR———TTAR
————— TACARAAAR-—-——TTA

————— TACARRARARR-——TTA
————— TACARAMRARANL-——TTA

————— TACARRAARAR--———TTA
————— TACRRARAR————TTAR
————— TACARAMRAR————TTA
————— TACARAAR-—-——TTA
————— TACARRARRA-——-———TTA
————— TACARAMRAR————TTA
————— TACARRARAR--———TTA
————— TGCAAARAMR-——TTA
————— TGCARAAAR————TTA
————— TGCARARAR-———TTA
————— TACAAARAARR——TTA
————— TACARAMRAR————TTA
————— TACRRARAR————TTAR
————— TACARAMRAR————TTA
————— TACARAAAR-—-——TTA
————— TACARRARAR--———TTA
————— TACRRARRR———TTAR
————— TACARAAAR-—-——TTA
————— TACAAARAAR-——TTA
————— TACARAMRAR————TTA
————— TACARRAARAR--———TTA

————— TACARAAAR-—-——TTA
————— TACARAMRAR————TTA
————— TACARAAAR-—-——TTA
————— TACARRARAR--———TTA
————— TACRRARRR———TTAR
————— TACARAAAR-—-——TTA

————— TACAAARAAR-——TTA
————— TACARAAAR-—-——TTA
————— TACRRARAR————TTAR
————— TACARAMRAR————TTA
————— TACARAAAR-—-——TTA
————— TACARRARAR--———TTA
————— TACARAMRAR————TTA
————— TACARRARAR--———TTA
————— TACAAARAAR-——TTA
————— TACARAMLAR————TTA
————— TACARRARAR--———TTA
————— TACAAARAAR-——TTA
————— TACARAMRAR————TTA
————— TACRRARAR————TTAR
————— TACARAMRAR————TTA
————— TACARAAAR-—-——TTA
————— TACARRARARR-——TTA
————— TACRRARRRRARATTR
————— TACARAAAR-—-——TTA
————— TACARRARAR————T-R
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21_¥a5 C150T/1-281 ——-CEETEARACCCCGTCTCTACTARARR ————— TACABRAAL-———TTA
Alu¥asScl/1-281 ——-CEETEARACCCCGTCTCTACTARARR ————— TACABRAAL-———TTA
124 ¥yab G21a C23T/1-281 ———CEETEARACCCCGTCTCTACTARARR ————— TACARARARL-———TTA
112_xya5_rtsSEPkos1-281 ———CGETEARACCCOGTCTCTACTARARR ————— TACRAAAAR————TTA
lg_v¥a5 874/1-281 ——-CEETEARACCCCGTCTCTACTARARR ————— TACABRAAL-———TTA
Alu¥asSbz/1-281 ——-CEETEARACCCCGTCTCTACTARARR ————— TACABRAAL-———TTA
99_va5 A131T C20ET/1-281 -——CGETGRAACCCCGICTCTACTARAARL————— TACRABATA-——-TTA
Rluvya3_2/1-28l ———CGETEARACCCCCTCTCTACTARARRL ————— TACARAARR-———TTA
aluyad 1/1-281 ——-CEETEARACCCCGTCTCTACTARARR ————— TACABRAAL-———TTA
aluya3_3/1-281 ——-CEETEARACCCCGTCTCTACTARARR ————— TACABRAAL-———TTA
aluvyad 3/1-281 ——-CEETEARACCCCGTCTCTACTARARR ————— TACABRAAL-———TTA
Rluvad 2/1-281 ——-CGEETEARACCCCGTCTCTACTARARR ————— TACABRAAR-—-——TTA
Rluvyadb/1-281 ———CEETEARACCCOCTCTCTACTARAR AL ————— TACARAAAR---——TTA
aluvya3_1/1-281 ——-CEETEARACCCCGTCTCTACTARARR ————— TACABRAAL-———TTA
15_v¥ad 677/1-281 ——-CEETEARACCCCGTCTCTACTARARR ————— TACABRAAL-———TTA
16_Yad 704/71-2483 ARACGETEARACCCCGTCTCTACTARARR ————— TACABRAR————— TTA
Rluvyad/l-Z&l ———CEETEARACCCCGTCTCTACTARARR ————— TACARARARL-———TTA
aluyad 5/1-281 ——-CEETEARACCCCGTCTCTACTARARR ————— TACABRAAL-———TTA
aluvyad 4/1-281 ——-CEETEARACCCCGTCTCTACTARARR ————— TACABRAAL-———TTA
aluya3_5/1-281 ——-CEETEARACCCCGTCTCTACTARARR ————— TACABRAAL-———TTA
Rluva3d_4/1-281 ——-CGEETEARACCCCGTCTCTACTARARR ————— TACABRAAR-—-——TTA
Rluvya3/l-Z&l ———CEETEARACCCOCTCTCTACTARAR AL ————— TACARAAAR---——TTA
Aluya2/1-2&1 ——-CEETEARACCCCGTCTCTACTARARR ————— TACABRAAL-———TTA
&2_8Sx-Ya5/1-2a2 ——-TEETEARARCCCCGTCTCTACTARARR ————— TACABRAR————— TTA
Alusc/1-27% ——-TEETEARARCCCCGTCTCTACTARARR ————— TACABRAR————— TTA
108_s5c hl.1/1-279 ——-TEATEARACCCCGTCTCTACTARARR ————— TACARBAR————— TTA
Alusx/1-282 ——-TEETEARACCCOCTCTCTACTARARAL ————— TACARRRA———— TTA
5_sSx_5/1-Z2&0 ——-TEETEARARCCCCGTCTCTACTARARR ————— TACABRAR————— TTA
42_sSx_10/1-279 ——-TEETEARARCCCCGTCTCTACTARARR ————— TACABRAR————— TTA
T3_sx_122T/1-283 -—-TGGETGARACCCCEICTCTACTARRAR ————— TACARRARR-———- TTA
4_s¥_13/1-280 ———TEETEARACCCOGTCTCTACTARARA ————— TACARBAR ———— TTA
Alusz/1-282 ———TGETGARRCCCOGTCTCTACTARAAL ————— TACRABRR————— TTA
Rlusg/1-280 ——-TEETEARARCCCCGTCTCTACTARARR ————— TACABRAR————— TTA
104_5g_h11.1/1-220 ——-TEECEARRCCCCGTCTCTACTARARR ————— TACABRAR————— TTA
Rlusp/1-283 ——-TGGEAGARACCCCGTCTCTACTARARR ————— TACARBAR————— TTA
105_sp h12.1/1-283 ———TGEAGARACCCCSTCTCTACTARRRL————— TACARRRA-———— TTA
_Sx_425/1-280 ——-TAGTEARACCCCGTCTCTACTARAR - ————— TACABRAR————— TTA
Rlusq/1-283 ——-TEETEARARCCCCGTCTCTACTARARR ————— TACABRAR————— TTA
79_sSx_11/1-282 ——-TEETEARARCCCCGTCTCTACTARARR ————— TACABRAR————— TTT
AluJo/1-282 ———TAGCEAGACCCCGTCTCTACARARARA ————— TACARBAR ———— TTA
32_Jo_18/1-280 ———TAGCGAGACCCOGT-TCTACARAARR ————— TACRARRA————— TTA
A0_Jo_5/1-282 ——-TAGCEAGACCCCGTCTCTACARRARR ————— TACABRAR————— TTA
AluJb/1-282 ——-TEETEARACCCCGTCTCTACARRARR ————— TACABRAR————— TTA
63_Jo-Ya5/l-Zg2 ——-TAGCEAGACCCCGTCTCTACARRARR ————— TACARBAR————— TTA

L dhkAEEE kEk ko L X *



Aluval 1/1-281
10y 534/1-281
11_¥ _hin.1/1-281
Aluyds/1-269
AluydB/1-269
Alu¥e5/1-269
Aluybl0/1-288
AluYbl1/1-289
Aluvb&/1-288
Aluyb9/1-2&8
Aluyb7 2/1-288
Aluyb7 1/1-288
Aluyb7_3/1-288
aluybé_1/1-288
Aluyb7_4/1-288
AluYybE/1-281
Aluybs_2Z/1-281
aluyb3al/1-281
Aluvyb3a2/1-281
aluybc3asl-282
AluYyig/f1-282
111_w¥ecl h20.1/1-281
aluyggaz/1l-281
Rluygesl-2el
2E_Yg4_397/1-280
28 _¥cl_R5S1-280
aluygshif1-281
100_Y he.1/1-281
aluyjd4/1-221
50_v44_11/1-281
mluyj3isfl-zzl

60_¥ hl4/1-282
AluYh?/1-281
71_¥Yh9_20/1-282
AluYh7/1-281
AluYh3/1-281
Aluye5/1-280

128 _weS dl9&/1-279
Aluvet/1-280
Aluved/1-282
Aluye2/1-2749

102 ¥ Tl44c/1-281
Aluvf2/1-283
Be_¥yf2 38/1-283
mluvyfls1-281
aluy/1-281
Aluvel/1-281
25_¥el_7371-279
Aluyc2/1-281

27 ¥ecl_@6/1-280
13_palu A/1-284%
Aluval 2/1-281
aluyd3al/1-270
Aluyd3f1-269
Aluyd2/1-269
Aluyd/1-269

1% wab 173/1-281
125 va% C138T/1-281
64_Yab G25C,/1-281
92 YaS#-vaS# 95/1-278
117_va5 =159c/1-281
116_waS G25c/1-281
119_wa5 z25c/1-281
118_¥a5 3159c/1-281
120_¥a5 AC2ZT75TG/1-281
alurafal/1-281
AluvaSbl/1-281
aluyaSaz/1-282
20_¥alb 054/1-285
Aluva5/1-281
aluyal/1-280

GCCEEECETAGTEECGEECECCTETAGTCCCAGCTACTCGE-GAGG-CTG
GGG EC G TAGT GGG CCTETAGTCCCAGCTACT CGE-GAGG-CTG
GCCGAGCETAGTGECAGETCCCTETAGTCCCAGCTACT CAG-GAGG-CTG
GCCGEEECECAGTGECGEECECCTETAGTCCCAGCTACTCGE-GAGE-CTG
GO EEC G CAGT e OGO TETAGTCCCACCTACT CGE-GAGG-CTG
GCCEEECECAGTEECGEECECCTETAGTCCCAGCTACTCGE-GAGE-CTG
GO EEC G T e e TETAGTCCCACCTACT EGGE—GAGG-CTG
GCCEEECECEETEECEEECECCTETAGTCCCAGCTACTGGE-GAGE-CTG
GGG e TEECGE G CCTETAGTCCCAGCTACTCGE-GAGG-CTG
GCCEEECECEETEECGEECECCTETAGTCCCACCTACTEGE-GAGE-CTG
GG EC e TG T CGE G CCTETAGTCCCAGCTACTCGE-GAGG-CTG
GO EECE T e OGO TETAGTCCCACCTACT CGE-GAGG-CTG
GCCGEEECECEETEECEEECECCTETAGTCCCAGCTACTCGE-GAGE-CTG
GCCEEECETEETEECGEECECCTETAGTCCCAGCTACTCGE-GAGG-CTG
GCCGEEECECEETEECEEECECCTETAGTCCCAGCTACTCGE-GAGE-CTG
GO EECE T e OGO TETAGTCCCACCTACT CGE-GAGG-CTG
GCCGEEECECEETEECEEECECCTETAGTCCCAGCTACTCGE-GAGE-CTG
GG EC e TG T CGE G CCTETAGTCCCAGCTACTCGE-GAGG-CTG
GCCEEECECEETEECGEECECCTETAGTCCCAGCTACTCGE-GAGG-CTG
GG EC e TG TAG GGG CCTETAGTCCCAGCTACT CGE-GAGG-CTG
GCCEEECETEATGECGEECECCTETAGTCCCAGCTACTCGE-GAGG-CTG
GUAGGECE TG TAG GGG CCTETAGTCCCAGCTACT CGE-GAGG-CTG
GO EECAT TGO TGO TETAGTCCCACCTACACAG-GAGG-CTG
GCCGEEECATGETGECECGCGCCTETAGTCCCAGCTACACGE-GAGE-CTG
GO EECAT TGO O TETAGTCCCACCTACACGE-GAGG-CTG
GCCEEECATGETEECGIGCECCTETAGTCCCAGCTACACGE-GAGG-CTG
GGG CAT GG TG CCTETAGTCCCAGCTACTCGE-GAGG-CTG
GCCEEECATGETGECEEECECCTETAGTGCCAGCTACTCOG-GAGE-CTG
GoCGEECETEETEECGE G CCTETAGTCCCAGCT GCTCGE-GAGG-CTG
GCCEEECETEETEECGEECECCTETAGTCCCAGCTGCOTCGE-GACG-CTG
GG EC e TG T CGE G CCTETAGTCCCAGCT GCTCGE-GAGG-CTG
GO GEEECAT T GE TG ECACCTECAGTCCGACCTACT CGE-GAGG-CTG
GLCEEECETEETGECEEECECCTETGETCCCEECTACTCGE-GAGE-CTG
GCCEEECETEETEECGEECECCTETGETCCOGECTACTCGE-GAGETCTS
GLCEEECETEETGECEEECECCTETGETCCCEECTACTCGE-GAGE-CTG
GO EECETEET OGO TETAGTCCCACCTACT CGE-GAGG-CTG
GUCGEEECEAGETGECEEECECCTETAGTCCCAGCTACTCGE-GAGE-CTG
GGG ECGAGE T GGG CCTETAGTCCCAGCTACT CGE-GAGG-CTG
GCCEEECERGETEECGEECECCTETAGTCCCAGCTACTCGE-GAGE-CTG
GO EECGRGET e OGO TETAGTCCCACCTACT CGE-GAGG-CTG
GCCEEECERGETEECGEECECCTETAGTCCCAGCTACTCGE-GAGE-CTG
GG EC GG T GGG CCTETAGTCCCAGCTACT CGE-GAGG-CTG
GOCEEECETEETEE 0 e O TETAGTCCCARCTACGOGE-GAGG-CTG
TCCEEECETEETEGECEEECECCTETARACCCAGCTACGCGE-GAGEG-CTG
GO EECETEETEE OGO TETAGTCCCARCTACGCGE-GAGG-CTG
GUCEEECETEETGECEEECECCTETAGTCCCAGCTACT CGE—GAGG-CT G
GO EECETEETAG OGO TETAGTCCCACCTACT CGE-GAGG-CTG
GUCEEECETEETAGCGEECGCCTGTAGTCCCAGCTACTCGE-GAGE-CTG
GG EC e TG TAG GGG CCTETAGTCCCAGCTACT CGE-GAGG-CTG
GCCEEECETEETAGCGEECECCTETAGTCCCAGCTACT GG~ CAGG-CTG
GG EC e TG TAG GGG CCTETAGTCCCAGCTACT CGE-GAGG-CTG
GO EECETEET OGO TETAGTCCCACCTACT CGE-GAGG-CTG
GG EC GGG T GGG CCTETAGTCCCAGCTACT CGGAGAGG-CTG
GCCEEECECEETEECGEECECCTETAGTCCCAGCTACTCGE-GAGG-CTG
GCCGEEECECEETEECEEECECCTETAGTCCCAGCTACTCGE-GAGE-CTG
GO EECE T e OGO TETAGTCCCACCTACT CGE-GAGG-CTG
GCTGEEECETAGTGECGEECECCTETAGTCCCAGCTACTTGE-GAGEG-CTG
GUTEEECETAGT GECGEECGCCTETAGTCCCAGCTACTTGE-GAGG-CTG
GCCEEECETAGTGECGEECECCTETAGTCCCAGCTACTTGE-GAGG-CTG
GO EECETAGTGE O CCACAT - CAG——- CCACCTACTTGE-GAGG-CTG
GCCEEECETAGTEECGEECECCTCTAGTCCCAGCTACTTGE-GAGG-CTG
GGG EC e TAGT GGG CCTETAGTCCCAGCTACTTGE-GAGG-CTG
GOCEEECETAGT OGO CTCTAGTCCCARCTACTTGE-GAGG-CTG
GLCGEEECETAGTGECGEECECCTCTAGTCCCAGCTACTTGE-GAGEG-CTG
GCCEEECETAGTEECGEECECCTETAGTCCCAGCTACTTGE-GAGG-CTG
GUCEEECETAGT GECGEECECCTETAGTCCCAGCTACTTGE—GAGG-CTG
GO EECETAGT GGG O TETGETCCCACCTACTTGE-GAGG-CTG
GCCEEECETAGTGECGEECECCTETAGTCCCAGCTACTTGE-GAGG-CTG
GGG EC e TAGT GGG CCTETAGTCCCAGCTACTTGE-GAGG-CTG
GCCEEECETAGTEECGEECECCTETAGTCCCAGCTACTTGE-GAGG-CTG
GGG EC G TAGT GGG CCTETAGTCCTAGCTACTTGE-GAGG-CTG
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g1 ¥a5 ClE0T/1-281
Alurabel/1-281

124_vaS_c2la _C23T/1-281
112_va%_rtsrPkeo/1-2&1

1&_¥a5 &74/1-281
Aluyasb2/1-281

8%_va5 al31T_c206T/1-281

aluya3d 2/1-281
Aluyad 1/1-281
aluyald 3/1-281
aAluyzd 3/1-281
aluyzd 2/1-281
aluvadb/1-281
Aluyz3_1/1-281
15_w=ad_677/1-281
16_¥ad_704/1-283
aluyadi/1-281
Aluyad 5/1-281
Aluvad 4/1-281
Aluya3 5/1-281
Aluya3d_ 4/1-281
aluya3/sl-Z&l
AluyaZ/1-281
62_Sx-¥a5/1-282
Alusc/1-27%
108_Sc hl.1/1-27%
alusx/1-282

5 sSx_5/1-280

42 _sx_10/1-27%
7i_sSx i22T/1-283
4_sw_13/1-280
Rlusz/1-282
alusg/1-2E0

104 59 _hl11l.1/71-280
Rlusp/1-283

105 sp_hlZ.171-283
B_S¥ 425/1-280
Alusg/1-283
79_sx_11/1-282
AluJosl-282
3z_Jo_18/1-280
A0_Jo_5/1-282
AluJb/1-282
63_Jo-¥a5/1-282

GUCGEECETAGTGETGEECGCCTCTAGTCCCAGCTACT TGE-GAGG-CTG
GCCEEECETAGTGECEEECGCCTCTAGTCCCAGCTACT TGE—GAGG-CTG
GCCEEECETAGTGECEEECGCCTCTAGTCCCAGCTACT TGE—GAGG-CTG
GUCEEECETAGTGECEEECGCCTCTAGTCCCAGCTACT TGE—GAGG-CTG
GUCEEECETAGTGECEEECGCCTCTAGTCCCAGCTACT TGE—GAGG-CTG
GUCEEECETAGTGECEEECGCCTCTAGTCCCAGCTACT TGE—GAGG-CTG
GUCEEECETAGTGECEEECGCCTCTAGTCCCAGCTACT TGE—GAGG-CTG
GCCEEECETEETGECEEECGCCTCTAGTCCCAGCTACT TGE—GAGG-CTG
GCCEEECETAGTGECEEECGCCTCTAGTCCCAGCTACT TGE—GAGG-CTG
GCCEEECETEETGECEEECEGCCTGTAGTCCCAGCTACT CGE—GAGG-CTG
GUCGEEECETEETGECEEECGCCTGTAGTCCCAGCTACT TGE—GAGG-CTG
GUCEEECETAGTGECEEECGCCTGTAGTCCCAGCTACT CGE—GAGG-CTG
GUCGEEECETASTGECEEECGCCTETAGTCCCAGCTACT CGE-GAGE-CTG
GUCEEECETAGTGECEEECGCCTGTAGTCCCAGCTACT CGE—GAGG-CTG
GUCGEEECETAGTGECEEECGCCTGTAGTCCCAGCTACT TGE—GAGG-CTG
GCCGEEECETASTGECEEECGCCTETAGTCCCAGCTACT TGE-GAGE-CTS
GCCGEEECETASTGECEEECGCCTETAGTCCCAGCTACT TGE-GAGE-CTS
GUCEEECETASTGECGEECGCCTETAGTCCCAGCTACTTGE-GAGE-CTG
GUCEEECETASTGECGEECGCCTETAGTCCCAGCTACTTGE-GAGE-CTG
GUCGEECETAGTGECEEECGCCTETAGTCCCAGCTACT TGE-GAGG-CTG
GUCEEECETASTGECGEECGCCTETAGTCCCAGCTACTTGE-GAGE-CTG
GUCEEECETASTGECGEECGCCTETAGTCCCAGCTACTTGE-GAGE-CTG
GUCGEECETAGTGECEEECGCCTETAGTCCCAGCTACT TGE-GAGG-CTG
GUCGEECETAGTGECEEECGCCTETAGTCCCAGCTACT TGE-GAGG-CTG
GUTEEECETEETEECECECGCCTCTAGTCCCAGCTACT CGE—GAGG-CTG
GUTAGECGTGETGECECGAGCCTGTAGTCCCAGCTACT CGE—GAGG-CTG
GCCEEECETEETGECECECGCCTCTAATCCCAGCTACT CGE—GAGG-CTG
GCCEEECETEETGECECECGCCTCTAATCCCAGCTACTCGE—AGG——-TG
GCCEEECETEETGECECECGCCTCTAATCCCAGCTACT CGE—GAGG-CTG
GCCEEECETEETGECECECGCCTCTAATCCCAGCTACT CGE—GAGG-CTG
GCCEEECETEETGECECECGCCT-TAATCCCAGCTACT CGE—GAGG-CTG
GCCEEECETEETGECECECGCCTGTAATCCCAGCTACT CGE—GAGG-CTG
GCCEEECETEETGECECECGCCTGTAATCCCAGCTACT CGE—GAGG-CTG
GUTEEECETEETGECACGCGCCTCTAACCCCAGCTACT CGE—GAGG-CTG
GCCEEECETEETGECECATGCCTGTAATCCCAGCTACT CGE—GAGG-CTG
GUTRAGETGTGETGECECGEECCTCTAATCCCAGCTACT CGE—GAGG-CTG
GUCGEEECECAGTGECEEECGCCTGTAATCTCAGCTACT TGE—GAGT-CTG
GUCEEECETEETGECEEECECCTCTAATCCCAGCTACT CGE—GAGG-CTG
GCCGEEECETASTGECEEECGCITETAATCCCAGCTACT CGE-GAGE-CTS
GUCEEECETEETGECECGCGCCTGTAGTCCCAGCTACT CGE—GAGG-CTG
GUCGEEECETEETEECECECGC-TETAGTCCCAGCTACT CGE-GAGE-CTG
GCCGEEECETEETEECEIECGCCTETAGTCCCAGCTACT CGE-GAGE-CTS
GCCGEEECETEETEECEIECGCCTETAGTCCCAGCTACT CGE-GAGE-CTS
GUCEEECETASTGECGEECGCCTETAGTCCCAGCTACTTGE-GAGE-CTG
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Aluyal 1/1-281
10_¥_534/1-281
11_¥ hilp.1/1-281
Aluyds/1-269
Aluyds/1-269
aAluyecs/1-269
Aluybl0O/1-288
Aluybl1/1-289
Aluyb&/1-288
Aluyb2/1-288
Aluyb7 2/1-288
2luyb7 1/1-288
aluyb7_3/1-288
Aluybé_1/1-288
Aluyb7_4/1-288
Aluyb5/1-281
Aluybé_2/1-281
aluyb3ials1-281
Aluyb3az/s1-281
AluYbecila/s1-282
Aluvyiasf1-282
111_¥ecl _h20.171-281
aluyg4az/s1-281
aluyg4s1-281
22_Yg4a_397/1-280
28_¥ecl B5/1-280
2luygsh3/1-281
100_Y he.1/1-281
aluyj4/1-281
50_Yj4_11/1-281
aluyjisfl-zel
G0_Y_hlds1-282
Aluyh?/1-281
71_vh9_20/1-282
Aluyh7/1-281
Aluvyh3i/f1-281
Aluye5/1-280

128 _vef5 di1%6/1-279
Aluvyes/1-280
Aluyed/1-282
Aluyel2/1-279

102 v _Tid4c/1-281
aluyf2/1-283
86_¥f2 38/1-283
aluyfl/1-281
Aluy/1-281
Aluvcl/1-281
25_yecl 73/1-274
Aluyec2/1-281
27_¥ecl_kae/1-280
13_palu AS1-284
Aluyal 2/1-281
Aluyd3als1-270
Aluvyd3if1-269
Aluyd2/1-2e9
Aluyd/1-265%

1%_vahk 173/1-281
125 YaS C138T/1-281
6d_¥alk 525c/1-281
9Z_Yab¥-rYaS# BE71-2748
117 va% =159c/1-281
1146_xa5_z25c/1-281
119_va5 G25C/1-2&1
118 _vaS =159c/1-Z281
120_¥Ya5_ ACZ75TG/1-281
AluyaSals1-281
2luyaSbls1-281
aluyafaz,/1-282
20_¥al% 054/1-285
Aluras5/1-281
aAluyad/1-280

A A GAGRAT GG T - GARCCC-GEGAGEC GEAGCTTGCAGT GRAGCOCGE
AGECAGGAGRATGECET - GAACCC-GEGAGECEEAGCTTGCAGT GAGCTCG
A G CACGAGRAT GGG -GAACCC-ACGAGGTGCAGCT TGCAGT GAGCCG
AGECAGGAGRAT GG T - GARCCO-GRRAGECGEACCTTGCACT GAGOGE
AGGCAGGAGAATGGCGT -GAACCC-GGAAGGCGGAGCT TGCAGT GAGCGE
A G CAGGAGRAT GGG -GAACCC-GRARGGCGEAGCT TGCAGT GAGCGE
AGGCAGGAGAATGGCGT -GAACCC-GEGAAGCEGAGCT TGCAGT GAGCCG
A G CACGAGRAT GGG T TGAACCC-GEGAAGCGCAGCTTGCAGT GAGCCE
AGECAGGAGRATGECET-GAACCC-GEGARAGCEEAGCTTGCAGT GASCTCG
AGGCAGGAGAATGGCGT -GAACCC-GEGAAGCEGAGCT TGCAGT GAGCCG
ARG ECAGGAGRAT GG T - GARCCC-GEGARGC GEAGCTTGCAGT GRAGCOCGE
AGECAGGAGRATGECET-GAACCC-GEGARAGCEEAGCTTGCAGT GASCTCG
AGGCAGGAGRAT GECET - GAACCC-GEGAAGCGGAGCT TGCAGT GAGCCE
AGECAGGAGRATGECET-GAACCC-GEGAGECEEAGCTTGCAGT GASCTCGE
AGGCAGGAGAATGGCGT -GAACCC-GEGAGGCEGAGCT TGCAGT GAGCCG
A A GAGRAT GG T - GARCCC-GEGAGEC GEAGCTTGCAGT GRAGCOCGE
AGECAGGAGRATGECET-GAACCC-GEGARAGCEEAGCTTGCAGT GASCTCG
A G CAGGAGRAT GGG -GAACCC-GEGAGGCGEAGCT TGCAGT GAGCCE
A A GAGRAT GG T - GARCCC-GEGAGEC GEAGCTTGCAGT GRAGCOCGE
AGECAGGAGRATGECET - GAACCC-GEGAGECEEAGCTTGCAGT GAGTCHE
A A GAGRAT GG T - GARCCC-GEGAGEC GEAGCTTGCAGT GRAGCOCGE
AGECAGGAGRATGECET-GAACCT-GEGAGECEEAGCTTGCAGT GASCTCG
A G CACGAGRAT GGG -GAACCC-GEGAGGCGAGCTTGCAGTGAGTCG
A A GAGRAT GG T - GARCCC-GEGAGEC GEAGCTTGCAGT GAGTCG
AGGCAGGAGAATGGCGT -ARACCC-GEGAGGCEGAGCT TGCAGTGAGTCG
A G CAGGAGRAT GGG -ARACCC-GEGAGGCGCAGCTTGCAGTGAGTCG
AGECAGGAGRAT GG T - GARCCO-GEGAGECGEAGCTTGCACTGAGTCG
A GO AGGAGRAT GGG -GAACCC-GEGAGGCGGAGCTITGCAGT GAGCTG
AGECAGGAGRAT GG T - GARCCO-GEGAGECGEAGCTTGCACT GAGTCG
AGGCAGGAGAATGGCGT -GAACCC-GEGAGGCEGAGCT TGCAGT GAGCCG
A G CAGGAGRAT GGG -GAACCC-GEGAGGCGEAGCT TGCAGT GAGCCE
AGECAGGAGRAT GG CAT-GAACCA-GTGAGECGEAGCTTGCAGT GASCTCGE
AGGCAGGAGAATGGCGT -GAACCC-GEGAGGCEGAGCT TGCAGTGAGCTG
AGECAGGAGRATGECET-GAACCC-GEGAGECEEAGCTTGCAGT GASCTCGE
AGGCAGGAGAATGGCGT -GAACCC-GEGAGGCEGAGCT TGCAGT GAGCCG
AGECAGGAGRAT GGG -GAACCC-GEGAGGCGEGAGCTTGCAGT GAGCCG
AGECAGGAGRATGECET-GAACCCCGEEEEECEEAGCCTECAGTGASTCE
AGGCAGGAGRAT G- CET - GAACCCCGEEEEECEEAGCCTGCAGT GAGCCE
A ECAGGAGRAT GG T - GARCCCCGEEE e GEAGCCTECAGT GRAGCOCG
AGGCAGGAGAATGGCGT -GAACCCCGEEEEEIEGAGCCTEGCAGT GAGCCG
A A GAGRAT GG T - GARCCC-GEGAGEC GEAGCTTGCAGT GRAGCOCGE
AGECAGGAGRATGECET-GAACCC-GEGAGECEEAGCTTGCAGT GASCTCGE
A G CAGGAGRAT GGG -GAACCC-GEGAGGCGEAGCT TGCAGT GAGCCE
A ECAGGALRAT GG AT - GARCCC-GEGAGEC GEAGCTTGCAGT GRAGCTCGE
AGECAGGAGRATGECET-GAACCC-GEGAGECEEAGCTTGCAGT GASCTCGE
A A GAGRAT GG T - GARCCC-GEGAGEC GEAGCTTGCAGT GRAGCOCGE
AGECAGGAGRATGECET-GAACCC-GEGAGECEEAGCTTGCAGT GASCTCGE
A GCCAGGAGRAT GGG T-GA-CCC-GEGAGGCGAGCT TGCAGT GAGCCE
A A GAGRAT GG T - GARCCC-GEGAGEC GEAGCTTGCAGT GRAGCOCGE
AGGCAGGAGAATGGCGT -GAACCC-GEGAGGCEGAGCT TGCAGT GAGCCG
A G CACGEEAAT GGG -GAACCC-GEGAGGCGGAGCT TGCAGT GAGCCE
AGECAGGAGRAT GG T - GARCCO-GEGAGECGEAGCTTGCACT GAGTCG
A G CAGGAGRAT GGG -GAACCC-GEGAGGCGEAGCT TGCAGT GAGCCE
A A GAGRAT GG T - GARCCC-GEGAGEC GEAGCTTGCAGT GRAGCOCGE
AGGCAGGAGAATGGCGT -GAACCC-GEGAGGCEGAGCT TGCAGT GAGCCG
A G CAGGAGRAT GGG -GAACCC-GEGAGGCGEAGCT TGCAGT GAGCCE
AGECAGGAGRATGECET-GAACCC-AGGAGECEEAGCTTGCAGT GASTCG
AGGCAGGAGAATGGCGT -GAACCC-GEGAGGCEGAGCT TGCAGT GAGCCG
AGECAGGAGRATGECET-GAACCC-GEGAGECEEAGCTTGCAGT GASCTCGE
AGGCAGGAGAATGGCGT -GAACCC-GEGAGGCEGAGCT TGCAGT GAGCCG
AGECAGGAGRAT GGG -GAACCC-GEGAGGCGEGAGCTTGCAGT GAGCCG
AGECAGGAGRATGECET-GAACCC-GEGAGECEEAGCTTGCAGT GASCTCGE
AGGCAGGAGAATGGCGT -GAACCC-GEGAGGCEGAGCT TGCAGT GAGCCG
A A GAGRAT GG T - GARCCC-GEGAGEC GEAGCTTGCAGT GRAGCOCGE
AGGCAGGAGAATGGCGT -GAACCC-GEGAGGCEGAGCT TGCAGT GAGCCG
A A GAGRAT GG T - GARCCC-GEGAGEC GEAGCTTGCAGT GRAGCOCGE
AGECAGGAGRATGECET-GAACCC-GEGAGECEEAGCTTGCAGT GASCTCGE
A G CAGGAGRAT GGG -GAACCC-GEGAGGCGEAGCT TGCAGT GAGCCE
A A GAGRAT GG T - GARCCC-GEGAGEC GEAGCTTGCAGT GRAGCOCGE
AGECAGGAGRATGECET-GAACCC-GEGAGECEEAGCTTGCAGT GASCTCGE
A G CAGGAGRAT GGG -GAACCC-GEGAGGCGEAGCT TGCAGT GAGCCE
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8l_¥a5 Cl50T/1-281

Aluvya5cl/1-281

124 va% G21a C23T/1-281
112 _¥a5 rtSrFPko/1-281
12_wa5 _874/1-281

AluyasSbi/1-281

9%_¥a5 Al31T_cC206T/1-281

Aluvyald 2/1-281
aluvad 1/1-281
Aluya3d 3/1-281
Aluvyad 3/1-2B81
Aluvyad 2/1-281
Aluyadb/1-281
Aluvya3d 1/1-281

15_vad 677/1-281
16_vad 704/1-283

alu¥yad/1-281
Aluyad 5/1-281
Aluvyad 4/1-281
aluvai 5/1-281
Aluvyai_4/1-281
Aluya3i/1l-2&1
aluyaz/1-281
&2 _sSx-Yas/l-282
Alusc/1-27%

108_sc hl.1/1-27%

Alusx/1-282
5 sx 5/1-280
47_sSx_10/1-279

Ti_sSx_122T/1-283

4 3w 13/1-280
alusz/1-282
alusg/1-280

104 _sg hll.1/1-280

alusp/1-283

105 sp hlz.1/1-283

& Sx 425/1-280
alusqg/l-283
79_sx_11/1-282
aAluJo/s1-282
32_Jo_18&/1-280
i0_Jo_5/1-282
AluJb/1-282
&3_Jo-Ya5/1-282

AGGECACGACAAT GG OGT - GAACCC-GEGAGGCCGACCTTGCAGT CGAGCCE
LG GECAGGRGAATEEOGT-GRAACCC-GEGAGSCGERAGCTTGCAGT CGAGCTCG
AGGECACGACAAT GG OGT - GAACCC-GEGAGGCCGACCTTGCAGT CGAGCCE
AGGECAGGRGTTACCOGT-GRAACCC-GEGAGSCGERAGCTTGCAGT GAGCCGE
AGGECACGACAAT GG OGT - GAACCC-GEGAGGCCGACCTTGCAGTCGAGCTG
A ECACGRAGRAT CEOCT-GARCCC-CEGAGEC CCRACCTTECAGT GAGCCE
AGGECACGACAAT G OGT - GAACCT-GEGAGGCCGACCTTGCAGT CGAGCCE
LG GECAGGRGAATEEOGT-GRAACCC-GEGAGSCGERAGCTTGCAGT CGAGCTCG
AGGECACGACAAT GG OGT - GAACCC-GEGAGGCCGACCTTGCAGT CGAGCCE
A CACGRAGRATEOET-GARCCC-CEGAGGC CCRARCTTECAGT CAGTCE
AGGCAGGAGAATGGCGT -GARCCC-GEEAGGCGGAGCTTGCAGT GAGCCG
A ECACGRAGRAT CEOCT-GARCCC-CEGAGEC CCRACCTTECAGT GAGCCE
AGGCAGGAGAATGGCGT -GARCCC-GEEAGGCGGAGCTTGCAGT GAGCCG
LG GECAGGRGAATEEOGT-GRAACCC-GEGAGSCGERAGCTTGCAGT CGAGCTCG
AGECAGGAGAATGEOGT - GRACCC-GEGAGGCGGRAGCT TECAGT GAGCCE
A ECACGRACRAT CEOCT-GARCCC-CEGAGGC CCRACCTTECART CAGCCE
AGGCAGGAGAATGGCGT -GARCCC-GEEAGGCGGAGCTTGCAGT GAGCCG
A ECACGRAGRAT CEOCT-GARCCC-CEGAGEC CCRACCTTECAGT GAGCCE
AGGCAGGAGAATGGCGT -GARCCC-GEEAGGCGGAGCTTGCAGT GAGCCG
AGGECACGACAAT GG OGT - GAACCC-GEGAGGCCGACCTTGCAGT CGAGCCE
AGGCAGGAGAATGGCGT -GARCCC-GEEAGGCGGAGCTTGCAGT GAGCCG
A ECACGRAGRAT CEOCT-GARCCC-CEGAGEC CCRACCTTECAGT GAGCCE
AGGCAGGAGAATGGCGT -GARCCC-GEEAGGCGGAGCTTGCAGT GAGCCG
A ECACGRAGRAT CEOCT-GARCCC-CEGAGEC CCRACCTTECAGT GAGCCE
LG GECAGGRGAATCGCTT-GRAACCC-GEGAGECGERAGETTECAGT GAGCCG
AN CACGACAATCGECTT-GAACCC-GEGAGGCAGRACGTTGCAGT CGAGCCE
LG GECAGGRGAATCGCTT-GRAACCC-GEGAGECGERAGETTECAGT GAGCCG
A CACGRACRATCECTT-GARCCC-CEGAGGC GCRACETTECAGT CGAGCTCE
LG GECAGGRGAATCGCTT-GRAACCC-GEGAGECGERAGETTECAGT GAGCCG
AGECACGACAATCGCTT-GAACCC-GEGAGGCCGACGTTGCAGT CGAGCCE
LG GECAGGRGAATCGCTT-GRAACCC-GEGAGECGERAGETTECAGT GAGCCG
AGECACGACAATCGCTT-GAACCC-GEGAGGCCGACGTTGCAGT CGAGCCE
LG GECAGGRGAATCGCTT-GRAACCC-GEGAGECGERAGETTECAGT GAGCCG
AGECACGACAATTGCTT-GAATCC-GEGAGGT CGACGTTGCAGTGAGCTG
LG GCAGGRGAATCGCTT-GRAACCC-GEGAGECGERAGETTECGETCAGCCG
AG G CACGACARTCTCTT-GAACCC-ACGAGGCCGACGTTGCAGT CGAGCCE
LG GECAGGRGAATCGCTT-GRAACCC-AGGAGSCGERAGETTGCAGT GACCCR
AGECACGACAATCGCTT-GAACCC-GEGAGGCCGACGTTGCAGT CGAGCCE
A CACGRACRATCECTT-GARCCC-CEGAGGC GCRACETTECAGT CGAGCTCE
A CACGACGATCGCTT-GAGCCC-AGGAGTT CGACGCTGCAGTGAGCTA
LG GCAGGRGGATCGCTT-GAGCCC-AGGAGTTCGRGGCTECAGT CGAGCTA
A CACGACGATCGCTT-GAGCCC-AGGAGTT CGEEGCTECAGT GAGCTA
A ECACGRGGATCECTT-GAGCCC-GEGAGET CCRAGGCTECAGT CGAGTCE
AGGCAGGAGAATGGCGT -GARCCC-GEEAGGCGGAGCTTGCAGT GAGCCG
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Aluvyal_ 1/1-2B81
10_¥ 534/1-281
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aluyc5/1-269
aluyblD/1-288
Aluybll/1-289
Aluvyb&/1-288
Aluyb9/1-288
Rluyb7 2/1-2a8
aluyb7 1/1-288
Aluyb7 3/1-288
Aluybe_1/1-288
Aluyb7 4/1-288
aluyb5/1-281
Aluybé_2/1-281
Aluyb3als1-281
aluyb3az/1-281
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aluvyie/1-282
111_¥cl h20.1/1-281
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aluyga/1-281
2E_Mge_397/1-Z80
28_¥cl_e5/1-280
aluygsbif1-281
100_¥ he.1/1-281
aluyjd4/1-281
50_¥j4_11/1-281
aluyj3i/fl-zs8l

&0_Y hl4/1-282
Aluyh9,/1-281
71_¥h9_20/1-282
Aluyh7/1-281
aluvyh3sf1-281
Aluye5/1-280

128 veS5_dl96/1-279
Alu¥es,/1-280
Aluvyed,/1-282
aluye2/1-279

102 ¥ Tl44c/1-281
aluvf2s1-283
g6_¥f2 38/1-283
aluvflsi1-281
Aluy/1-281
Aluycl/1-281

25 _yeol 73/1-279
Aluyc2/1-281
27_¥ecl_eei/l1-280
13_palu A/1-284
Aluvyal 2/1-281
Aluyd3als1-270
aluyd3isf1-269
Aluyd2/1-269
aluvd/S1-269

19 _¥a5 173/1-281
125 va5 rC1381/1-281
&4 _¥ah G25C,/1-281
92_YaS5#-vaS# %5/1-278
117_¥aS 3159c/1-281
116_vwaS5_z25c/1-281
119_vaS_z25c/1-281
118 va% 3159C/1-281
120_vaS_ARC275TG/1-281
Aluvya5als1-281
AluvyaSbl/1-281
aAluya5az/1-282
Z20_¥a5 D54/1-285
aluyas5/1-281
Aluvyad/1-280

AGATCGCGCCACTGCACTCC—————— AGCCTGGECGACA- GAGCGAGAC
AGATCGCECCACTGCACT O ——————— AGCCTEEZCGACA-CRGOGAGRC
AGATTGCGCCACTGCACTCC—————-— AGCCTGGECGACA- GAGCGAGAC
AGATCGCGCCACAGCACT O ——————— CECCTEGECCACA-CGARCGAGAC
AGATCGECGCCACAGCACTO——————— CECCTEEECGRACA-GRACGAGAC
AGATCGCGCCACAGCACT O ——————— CECCTEGECGACA- CAGCGAGAC

AGATTGCGCCACTGCAGTCCGCAGTCCAGCCTESGCGRAICA-GRGCGAGAC
AGATTGCGCCACTGCAGTCCCCAGTCCAGCCTRGECGACA- CGAGCGAGAC
AGATTGCGCCACTGCAGTCOGCAGTCCGEOCTEEECGACA- CRGOGAGAC
AGATTGCGCCACTGCAGTCCGCAGTCCGGCCT GGG CEACA- GAGCGAGAC
AGARTTGCZCCACTGCAGTCOGCAGTCCGECCTREECGACA- CRGOGAGRC
AGATCGECGCCACTGCAGTCOGCAGTCCGECCTEEGCGRACA-GRGCGAGAC
AGATTGCGCCACTGCAGT CCCCAGTCCGGCCTRGECGACA- CGAGCGAGAC
AGATTGCGCCACTGCAGTCCGCAGTCCGGCCT GGG CEACA- GAGCGAGAC
AGATTGCGCCACTGCAGT CCCCAGTCCGGCCTRGECGACA- CGAGCGAGAC

AGATTGCGCCACTGCACTO——————— AGCCTEEECGRACA-GRGCGAGAC
AGATTGCGCCACTGCACT O ——————— AGCCTEGECGACA-CAGCGAGAC
AGATTGCGZCCACTGCAGT O ——————— AGCCTEEZCGACA-CRGOGAGRC
AGATAGCGCCACTGCAGTCC—————-— GGECCTEGECGAAR- GAGCGAGAC
AGATAGCGZCCACTGCAGT O ——————— AGCCTEEZCGARA- CRGOGAGRC
AGATTGCGCCACTGCACTCC—————— CGCCTEGECCACA- GAGCGAGAC
AGATTGCGZCCACTGCACT O ——————— CACCTEEZCCACA-CRGOGAGRC
AGATCGECGCCACTGCACTO——————— AGCCTEEECGRACA-GRGCGARAC
AGATCGCGCCACTGCACT O ——————— AGCCTEGECGACA-CGAGCGAARC
AGATCGECGCCACTGCACTO——————— AGCCTEEECGRACA-GRGCGARLC
AGRATCGCGCCACTGCACT O ————— AGCCTEGEECGACA- GRAGCGARARC
AGATCGCGZCCACTGOGCT O ——————— AGCCTEEZCGACA-CRGOGARRC
ACATCGCACCACTGCACTCC——————— AGCCTEGT CGACA-CGAGCGAGAC
AGATCGETGZCCACTGCACT O ——————— AGCCTEEECGACA-CRGOGAGRC
AGATCGTGCCACTGCACTCC—————— AGCCTGGECGACA- GAGCGAGAC
AGATCGETZCCACTGCACT O ——————— AGCCTEEZCGACA-CRGOGAGRC
AGATCATGCCACTGCACTO——————— AACCTEGECGRACA-GRGCGAGAC
AGETCECGCCACTGCACCOD——————— AGCCTEGECGACA-CAGCGAGAC
AGGETCGCGCCACTGCACCCC—————— AGCCTGGECGACA- GAGCGAGAC
AGETCECGCCACTGCACT O ——————— AGCCTEGECGACA-CAGCGAGAC
AGATCGECGCCACTGCACTO——————— AGCCTEEECGRACA-GRGCGAGAC
AGATCGCGCCACTGCACT O ——————— AGCCTEGECGACA-G—— CGAGAC
AGATCGCECCACTGCACT O ——————— AGCCTEEZCGACA-G-— CGAGRC
AGATCGCGCCACTGCACTCC—————— AACCTGGECGACA- G—— CGAGAC
AGATCGECGCCACTGCACTO——————— AGCCTEEECGRACA-GRGCGAGAC
AGATCGCGCCACTGCACTCC—————— AGCCTGGECGACA- G—— CGAGAC
AGATCGCECCACTGCACT O ——————— AGCCTEEZCGACA-CRGOGAGRC
AGATCGECGCCACTGCACTO——————— AGCCTEGECGRACA-GRGCGAGAC
AGATCGCGCCACTGCACT O ——————— AGCCTEGECGACA-CAGCGAGAC
AGATCGECGCCACTGCACTO——————— AGCCTEEECGRACA-GRGCGAGAC
AGATCGCGCCACTGCACT O ——————— AGCCTEGECGACA-CRAGCGAGAC
AGATCGECGCCACTGCACTO——————— AGCCTEEECGRACA-GRGCGAGAC
AGATCGCGCCA-TGCACTCC——————= AGCCTEGECGACA-CAGCGAGAC
AGATCGCECCACTGCACT O ——————— AGCCTEEZCGACA-CRGOGAGRC
AGATCGCGCCACTGCACTCC—————— AGCCTGGECGACA- GAGCGAGAC
AGATCCCGZCCACTGCACT O ——————— AGCCTEEZCGACA-CRGOGAGRC
AGATCCCGCCACTGCACTO——————— AGCCTEEECGRACA-GRGCGAGAC
AGATCGCECCACTGCACT O ——————— AGCCTEEZCGACA-CRGOGAGRC
AGATCGCGCCACTGCACTCC—————— AGCCTGGECGACA- GAGCGAGAC
AGATCGCGCCACTGCACT O ——————— AGCCTEGECGACA-CAGCGAGAC
AGATCGECGCCACTGCACTO——————— AGCCTEEECGRACA-GRGCGAGAC
AGATCCCGCCACTGCACT O ——————— AGCCTEGECGACA-CAGCGAGAC
AGATCCCGZCCACTGCACT O ——————— AGCCTEEZCGACA-CRGOGAGRC
AGATCCCGCCACTGCACT O ——————— AGCCTEGECGACA-CAGCGAGAC
AGATCCCGCCACTGCACTO——————— AGCCTEEECGRACA-GRGCGAGAC
AGATCCCGCCACTGCACTCC—————— AGCCTGGECGACA- GAGCGAGAC
AGATCCCGZCCACTGCACT O ——————— AGCCTGEEECGACR-CGRAGOGACTC
AGATCCCGCCACTGCACTO——————— AGCCTEEECGACA- GAGCGAGTS
AGATCCCGCCACTGCACT O ——————— AGCCTGGECGACA-CAGCGAGTG
AGATCCCGCCACTGCACTCC—————— AGCCTGEGECGACA- GAGCGAGTG
AGATCCCGCCACTGCACT O ——————— AGCCTEGECGACA-CRAGCGAGAC
AGATCCCGCCACTGCACTO——————— AGCCTEEECGRACA-GRGCGAGAC
AGATCCCGCCACTGCACT O ——————— AGCCTEGECGACA-CAGCGAGAC
AGATCCCGZCCACTGCACT O ——————— AGCCTEEZCGACA-CRGOGAGRC
AGATCCCGCCACTGCACTCC—————— AGCCTGGECGACA- GAGCGAGAC
AGATCCCGZCCACTGCACT O ——————— AGCCTEEZCGACA-CRGOGAGRC
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AGCCTGGECGACA- GAGCGAGAT
AGCCTEGECGACA- GAGCGAGAT
AGCCTEGEOGACA- GAGCGAGRT
AGCCTGGEOGACA- GAGCGAGAD
AGCCTGGECGACA- GAGCGAGAT
AGCCTEGECGACA- GAGCGAGAT
AGCCTEGECGACA- GAGCGAGAT
AGCCTEGEOGACA- GAGCGAGRT
AGCCTGGEOGACA- GAGCGAGAD
AGCCTGGECGACA- GAGCGAGAT
AGCCTEGECGACA- GAGCGAGAT
AGCCTEGEOGACA- GAGCGAGRT
AGCCTGGEOGACA- GAGCGAGAD
AGCCTGGEOGACA- GAGCGAGAD
AGCCTGGECGACA- GAGCGAGAT
AGCCTGGECGACA- GAGCGAGAC
AGCCTEGECGACA- GAGCGAGAT
AGCCTCGEOGACA- GAGOGAGAT
AGCCTGGECGACA- GAGCGAGAT
AGCCTGGECGACA- GAGCGAGAC
AGCCTGGECGACA- GAGCGAGAC
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AGCCTCGEOGACA- GAGOGAGAT
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AGCCTGGECGACA- GAGCGAGAT
AGCCTGGECGACA- GAGCGAGAT
AGCCTEGECGACA- GAGCGAGAT
AGCCTEGEOGACA- GAGCGAGRT
AGCCTGGEOGACA- GAGCGAGAD
AGCCTGGECGACA- GAGCGAGAT

EE L L R

*

*

*
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Discussion

Seven years after the first publication of the human genome sequence (Lander, et al.,
2001), there is still much to be learned about the natural variation that distinguishes
individuals from each other. Human genetic variation underlies our differences and
commonalities, and defining it will help us learn how our genome came to be and what it
does. Genome sequences of several individuals have now been published (Venter, et al.
2007; Bentley, et al. 2008; Wang, et al., 2008; Wheeler, et al. 2008), but due to the
considerable resources these projects still require, large-scale comparative analysis
remains an efficient way to learn about human diversity. Only very recently were we
finally able to observe the burden of transposable elements that our genomes have always
maintained. In this short time we have made considerable progress, but we are far from
fully understanding the role these genetic parasites have played in our history and will

continue to play in our future.

While genetic variation can be discovered through automated comparative
genomics methods, understanding the underlying causes of that variation require insight
and experimentation. The work of this dissertation has both increased our knowledge of
genetic variation in humans, and our understanding of how retrotransposons contribute to
that variation. We have identified a substantial amount of new single nucleotide
polymorphisms (Chapter 2), and we also identified as many as a third of the common
transposon polymorphisms in human populations (Chapter 3). Many of these markers

have been incorporated into the HapMap and will continue to inform as markers in



158

genome-wide association studies, where they can be used to identify the genetic basis of
human disease and traits.

We have also learned which of the 848 transposon families found in our
genomes are currently active (Chapter 3), and which have transposed since we last shared
a common ancestor with our species’ closest living relative, the chimpanzee (Chapter 4).
Building on work done on human L1s (Brouha, et al., 2003), our analysis of the
requirements for Alu activity has confirmed aspects of previous models, such as the
requirement for binding to SRP9/14 (Boeke 1999; Dewannieux, ef al. 2003). Likewise,
our work has enhanced our understanding of this mechanism by demonstrating an
optimal SRP9/14 binding affinity for activity (Chapter 5). Experimental and conservation
studies of Alu were used to develop a model to predict the likelihood of a given Alu
transcript to retrotranspose. With this model, we estimated the total number of active Alu

sequences to be near 10,000, or 1% of all Alus in our genome (Chapter 5).

Human genetic variation

The findings of Chapter 2 demonstrated the power of uniform computational methods in
the detection of SNP analysis and genetic variation. In 2003 a collection of public and
private scientists and funding agencies announced the HapMap project (International
Human Genome Sequencing Consortium 2001). Their goal was to create a simplified
map of uniformly-spaced genetic markers that took advantage of existing human
haplotype architecture. The HapMap would standardize markers and jumpstart genome-
wide association studies in order to locate regions containing genetic factors relating to

disease, susceptibility to infection, and variation in drug and environmental responses.
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The human population was estimated to contain10 million common SNPs, which would
be represented in the HapMap by 600,000 tag SNPs (The International HapMap
Consortium 2003).

The 140, 696 SNPs discovered in Chapter 2 made up 6% of the 2.2 million
already uploaded into the public database dbSNP. When phase 1 of the project was
completed and the first Tag SNPs selected, the number had reached 2.8 million. By
completion of phase 2 of the project, the 3.1 million SNPs that were successfully
genotyped included approximately 40,000 of our SNPs. The HapMap continues to be an
important source for large-scale, genome wide association studies, and in addition to its
mandate, also contributes to studies of recombination, population stratification and

positive selection.

Recent transposon activity

As the large-scale genotyping required for the HapMap project progressed, the
commonality of genetic structural variants began to emerge. The high-quality trace
sequences (Phred scores >25) generated for the SNP analysis in Chapter 2, were used in
Chapter 3 to search for insertion/deletion polymorphisms. A new bioinformatics pipeline
was used to scan over 600,000 indel polymorphisms for recent transposon insertions.
This method involved aligning trimmed trace sequences to the reference genome through
a short anchor sequence, and provided an improvement over selectivity biases inherent in
PCR display assays (Sheen, et al. 2000), which allowed for relative comparisons of
recent transposition activities among the various families and subfamilies. It also could

identify recent L1-driven retrotransposition of pseudogenes and small cellular RNAs. The
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ability to identify polymorphic transposon insertions without the requirement of primer
design also allowed for the a priori discovery of recent transposition events from
transposons whose activity had not yet been reported. This advantage was responsible for
the discovery that SVA was the most polymorphic transposon family in humans (Chapter
3). Disease-causing insertions of SVA had been described (Hassoun, et al. 1994;
Kobayashi, ef al. 1998; Rohrer, et al. 1999; Wilund, et al. 2002), but the proportion of
active elements of this young transposon family had previously been unknown. The
status of SVA along with L1 and Alu as the only active transposons in humans is now
widely accepted (Mandal and Kazazian 2008), though the precise mechanism required for
the retrotransposition of this element has yet to be determined.

The unexpected finding of several polymorphic ‘ancient’ Alu S
subfamilies in Chapter 3 raised the prospect that older Alu elements might retain some
level of retrotransposition competence. The existence of active copies of Alu S, which
had previously been considered extinct, is particularly compelling as older Alu S and J
elements make up over 80% of the ~900,000 full length copies present in humans.
Assuming these are genuine recent insertions and not due to gene conversion events or
lineage sorting of ancient polymorphisms, a large number of these older elements may
continue to contribute to human genetic diversity and disease. In fact, two genuine
disease-causing Alu S insertions have been described since this study (Kloor, et al. 2004;
Teugels, et al. 2005), and current activity of the Alu S family has been established in
Chapter 5 of this dissertation.

The polymorphic transposons described in Chapter 3, and the 600,000

polymorphic insertion/deletions from which they were identified, along with the ongoing
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discovery of CNVs and intermediate sized structural variants (ISVs) represents a trend
beyond the cataloging of SNPs. There is increasing appreciation for the structural
variation component of human genetic diversity, and examining these forms of genetic
variation continues (Mills, et al. 2006; Newman, et al. 2006; Khaja, et al. 2006; Redon, et
al. 2006). The eventual integration of polymorphic transposon insertions, small indels,
and CNVs into the human HapMap will broaden our understanding of human genetic
diversity and genomic dynamics, and increase the current marker density of the genomic

landscape.

The power of active retrotransposons to create human genetic variation might
also, over time, help to shape human speciation. The comprehensive identification of
transposable elements that are specific to either the human or chimp allowed us to
observe how the founders of our own elements might behave, if granted six million years
in a slightly different organism. As in our own species, the same three retroelements, L1,
Alu, and SVA, were responsible for nearly all new transposon insertions in chimpanzees
since our last common ancestor. A large difference between the two datasets however,
was the total number of species-specific retrotransposition events. During the past 6
million years, Alu elements have inserted in humans at three times the rate that they have
in chimps, and 263 of these somewhat recent insertions belong to the ancient Alu S
family. One reason for this difference may have been the evolution of ‘hotter’ L1s in
humans, which, in turn, drove up Alu and SVA retrotransposition events. The chimp L1s
in contrast, were highly truncated and nearly all incapable of making functional L1

proteins. A later study by Lee, ef al (2007) identified two chimp-specific L1 lineages,
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only one of which had L1s with intact ORFs. This group addressed the prospect that
sequencing errors may have accounted for the poor representation of intact chimp L1
ORFs. By resequencing several more conserved chimp L1s they identified only 5
potentially competent elements driving retrotransposition in chimpanzees, whereas the
average human has 80-100 (Brouha, et al. 2003).

The many mechanisms by which retrotransposons manipulate the host genomes
they occupy (see Chapter 1), and the diversity they exhibit in populations, make them
good candidates for generating functional variation that contributed to our evolution
(reviewed in Bohne, et al. 2008). In certain environmental backgrounds, the slight
functional effects retrotransposon insertions may have on neighboring genes, or the
introduction of gene fragments, splice sites or regulatory regions via 5’ or 3’
transductions to new locations, could subject them to selection. An analysis of all human
SVA 3’ transduction events in humans by Xing, et al (2006) finds 143 events duplicating
53 kb of genomic sequence. An entire gene of undetermined function, AMAC, was
duplicated three times by such events, two of which exhibit differential expression
patterns. The human-specific Alu insertions that we identified in the coding regions of
genes (Chapter 4) may account for some of the phenotypic differences between humans

in chimps (Table 6-1).
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Gene Description Function
LEP leptin precursor (Obesity factor) This protein has several endocrine functions
RAB21 member RAS oncogene family Unknown function
ZNF543 | zinc finger protein 543 Unknown function
APOL1 apolipoprotein-L1 precursor May play a role in lipid exchange and transport
CP135 centrosomal protein of 135 kDa Unknown function
DNAJAS DNAJ homology subfamily A member Unknown function
5 isoform 2
AK1DI1 3-oxo0-5-beta-steroid 4-dehydrogenas Catalyzes the reduction of progesterone

Table 6-1. Human-specific Alu insertions into coding regions of genes.

The lack of any other species closely related to humans makes the 6 million year
window available to us through chimpanzee sequences the best resolution we have to study
recent retrotransposition activity. However, the announcement of nuclear sequences obtained
from Neanderthal bones and the initiation of the Neanderthal genome sequencing project
(Green, et al, 2006; Noonan, et al. 2006), raises the prospect of a closer look. The difficulty
in obtaining insertion sites and repetitive retrotransposon sequences from the short fragments
of ancient DNA, combined with issues relating to the reliable mapping of these elements to
the proper genomic loci is considerable. But if this can be overcome we may one day better
know the state of our genome not only 6 million, but also 500,000 years ago. A wealth of

genetic variation possibly causing slight phenotypic differences would then be available.

Exploring Alu activity
Several lines of evidence from Chapters 3 and 4 revealed limitations in our understanding

of Alu activity. The earlier concept of the serial evolution of a small number of ‘master’



164

or ‘source’ genes, which generate all new Alu insertions (Shen, ef al. 1991; Deininger, et
al. 1992; Shaikh, et al. 1996) contrasted with the radial evolution of many different active
Alus described in our polymorphic studies. The apparent activity of Alu S elements in
modern times also caused us to explore the sequence requirements for activity of Alu
elements. By concentrating only on the core sequence, holding expression constant
through a uniform 7SL enhancer element and identical flanking sequences, we separated
activity due to transcript quality from activity due to transcript quantity.

Previous studies noted the conservation of 7SL SRP9/14 binding sites in the Alu
retrotransposon (Hsu, et al. 1995; Sarrowa, et al. 1997). The ability of Alu RNA to bind
SRP9/14 has been demonstrated (Bovia, et al. 1997), and models of Alu
retrotransposition requiring binding to SRP9/14 proteins have been proposed (Sinnett, et
al. 1991; Boeke, et al. 1997; Dewannieux, et al. 2003; Mills, et al. 2007). Two SRP9/14
binding sites are present on the Alu element, one on each monomer (left and right).
However, the conservation at these two sites differs between left and right monomers
(Mills, et al. 2007). The SRP9/14 binding site on the left monomer of Alu is much more
conserved than that of the right monomer in all Alu lineages. Nevertheless, some
conservation is still evident in the right monomer SRP9/14 binding site, and all Alu
subfamilies show fewer mutations in both left and right SRP9/14 binding sequences than
non-SRP binding sequences. It is expected from this observation that SRP9/14 binding to
the left monomer is more integral for retrotransposition than right monomer binding.
Alternatively, Alu retrotransposition may have at one point lost the requirement for right
monomer binding and the right monomer SRP9/14 binding site has not yet lost signs of

conservation.



165

One goal of the Alu retrotransposition assays was to resolve the roles of left vs.
right monomer binding. This was approached using a previously characterized single
nucleotide mutation in 7SL. RNA shown to severely disrupt SRP9/14 binding (Chang, et
al. 1997). Disrupting left monomer SRP9/14 binding in Alu resulted in a severe decrease
in retrotransposition activity, whereas disruption to the corresponding right monomer
resulted in only a mild decrease in activity. These data do support the importance, but not
the requirement, of SRP9/14 binding to the left Alu monomer for retrotransposition. Alu
does appear to be able to retrotranspose with only a single SRP9/14 heteromer bound to
either monomer, but does so with less efficiency. This may be a result of the instability of
the ribonucleoprotein structure when bound to only a single SRP9/14 heteromer (Oliver
Weichenrieder, personal communication). The different reductions in activity levels
(88% and 25%) resulting from these experiments may be due to lower affinity binding of
the right monomer to SRP9/14 (Figure 5-4D and 5-4E), or may also be attributed to
physical differences in the ability of L1 ORF2 protein to access the Alu poly(A) due to
Alu orientation at the ribosome (Figure 6-1).

The identification of active elements beyond the expected younger subfamilies
suggests an evolutionary model of Alu source elements from both young and old
subfamilies. New insertions found from human-human (Chapter 3, Table 1-1) and
human-chimp (Chapter 4, Table 1-1) polymorphic studies, bare this out. Contrasting
Table 1-1 with Table 5-2 and data from Chapter 5 indicates that the degree to which a

given Alu subfamily contributes to new (polymorphic) insertions is a function
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Figure 6-1. Alu retrotransposition favors SRP9/14 binding at the left monomer. Alu dimer RNA
complexed with two SRP9/14 heteromers is a stable structure that can bind to the ribosome (gray) in two
orientations, left monomer facing (A) or right monomer facing (B). Disrupting left monomer binding

decreased activity 88%. Disrupting right monomer binding only decreased activity 25% (Chapter 5).

of the (1) activity level (as ascertained based on sequence conservation of key sites, Table
5-2) and (2) copy number of the element. This relationship is supported by conservation

analysis and polymorphic insertion data (Table 6-2).

Alu activity is a result of both sequence integrity of the Alu core, and
‘expressability’ due to surrounding sequence and genomic context. The findings in
Chapter 5 suggest that, possibly due in part to the absence of a coding region, core
sequence requirements for Alu activity are more plastic than those of L1. Indeed, Alu
elements are difficult to inactivate by small numbers of mutations. Given currently

accepted estimations of Alu mutation rates (Carrol, et al. 2001), the expectation is that a
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Total number | Total number conserving | Proportion | Total number of | Proportion|
present in 124 ‘key’ sites common in polymorphic
the genome active elements. insertions in
(allowing 1 mutation, humans, by family
from Table 5-2) (from Table 1-1)
Alu S 552,383 117 016 29 020
AluY 135,293 7,138 984 1,444 980

Table 6-2. Contribution of Alu S and Y elements to total predicted active elements and total recent

insertions in humans. The smaller proportion of recent insertions due to older Alu S elements corresponds
with the proportion not of total Alu S elements, but of Alu S elements with predicted activity based on

conservation of key sites (from Table 1-1 and Table 5-2).

highly active element may continue to produce active transcripts up to 17-27 million
years after integration.

Future models and experiments are needed to refine our current awareness of
‘key sites’ to a more sophisticated understanding of the base-specific interactions these
sites perform. A true predictive model should aim to recognize the ‘key structure’ of Alu
RNA that ultimately grants it the leverage necessary to compete with L1 mRNA for L1
protein. While examination of the Alu element core sequence can determine the
retrotransposition capability of a given Alu transcript, when it comes to predicting which
specific Alu elements in the genome might actually retrotranspose, core sequence is only
half the story. The other half awaits comprehensive analysis of the flanking sequences

and genomic and cellular context that allow Alu transcription.
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It is perhaps not surprising that the study of human variation and active
transposons should be intertwined. As recurrent sources of new genetic variation, active
retrotransposons take their place alongside more passive mechanisms of heritable genetic
change such as DNA damage, replication errors or aberrant recombination events. On the
surface, the potential threat of disruption to the function of our genomic architecture is
great. Accumulating cases of the pathological consequences of transposon activity bare
that out. Yet as a whole, our species, like nearly all other forms of life, have managed to

host these elements for hundreds of millions of years.
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