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Letter

Mobile elements create structural variation: Analysis
of a complete human genome

Jinchuan Xing,' Yuhua Zhang,' Kyudong Han,? Abdel Halim Salem,?>
Shurjo K. Sen,?® Chad D. Huff," Qiong Zhou,' Ewen F. Kirkness,* Samuel Levy,*

Mark A. Batzer,? and Lynn B. Jorde'’

7Department of Human Genetics, Eccles Institute of Human Genetics, University of Utah, Salt Lake City, Utah 84109, USA;
2Department of Biological Sciences, Louisiana State University, Baton Rouge, Louisiana 70803, USA; *Department of Anatomy,
Faculty of Medicine, Suez Canal University, Ismailia 41111, Egypt; *|. Craig Venter Institute, Rockville, Maryland 20850, USA

Structural variants (SVs) are common in the human genome. Because approximately half of the human genome consists of
repetitive, transposable DNA sequences, it is plausible that these elements play an important role in generating SVs in
humans. Sequencing of the diploid genome of one individual human (HuRef) affords us the opportunity to assess, for the
first time, the impact of mobile elements on SVs in an individual in a thorough and unbiased fashion. In this study, we
systematically evaluated more than 8000 SVs to identify mobile element-associated SVs as small as 100 bp and specific to
the HuRef genome. Combining computational and experimental analyses, we identified and validated 706 mobile element
insertion events (including Alu, L1, SVA elements, and nonclassical insertions), which added more than 305 kb of new
DNA sequence to the HuRef genome compared with the Human Genome Project (HGP) reference sequence (hgl8). We
also identified 140 mobile element-associated deletions, which removed ~126 kb of sequence from the HuRef genome.
Overall, ~10% of the HuRef-specific indels larger than 100 bp are caused by mobile element-associated events. More than
one-third of the insertion/deletion events occurred in genic regions, and new Alu insertions occurred in exons of three
human genes. Based on the number of insertions and the estimated time to the most recent common ancestor of HuRef
and the HGP reference genome, we estimated the Alu, L1, and SV A retrotransposition rates to be one in 21 births, 212
births, and 916 births, respectively. This study presents the first comprehensive analysis of mobile element-related
structural variants in the complete DNA sequence of an individual and demonstrates that mobile elements play an
important role in generating inter-individual structural variation.

[Supplemental material is available online at http:/www.genome.org. The sequence data from this study have been

submitted to GenBank (http:/ www.ncbi.nlm.nih.gov/Genbank/) under accession nos. FI569689-FI569698.]

Structural variants (SVs) in the human genome have been the
subject of much recent research because of their ubiquity, their
evolutionary significance, and their roles in diseases (Redon et al.
2006; Eichler et al. 2007; Lee et al. 2007b; McCarroll and Altshuler
2007). It is now recognized that SVs are common in human
genomes, and most of them are, like single nucleotide poly-
morphisms (SNPs), selectively neutral residents of the genome
(Jakobsson et al. 2008; McCarroll et al. 2008). Insertion/deletion
polymorphisms, or indels, are the most common types of SVs, and
the vast majority of them are relatively small in size (e.g., <10 kb)
(Levy et al. 2007; Wheeler et al. 2008). Although indels have been
characterized at the whole-genome level in multiple individual
human genomes, most studies of indels to date have focused on
relatively large events (usually >5 kb in size) using fosmid paired-
end sequencing (FPES) (Tuzun et al. 2005; Kidd et al. 2008), paired-
end mapping (PEM) (Korbel et al. 2007), array comparative
genomic hybridization, or other microarray-based approaches
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(Sharp et al. 2005; Redon et al. 2006; Wong et al. 2007; Perry et al.
2008).

Mobile elements comprise approximately half of the human
and primate genomes and have been a major factor in creating SVs
and shaping the genome (for reviews, see Xing et al. 2007;
Belancio et al. 2008; Goodier and Kazazian 2008). For example,
mobile element insertions have contributed to a 15%-20% ex-
pansion of the human genome compared with strepsirrhine
genomes (Liu et al. 2003). Several studies also suggest a correlation
between mobile elements and the breakpoints of segmental
duplications and SVs in the human genome (Bailey et al. 2003;
Zhou and Mishra 20035; Kim et al. 2008; Lee et al. 2008). Although
most mobile element-associated structural variants (MASVs) are
thought to be selectively neutral, occasionally MASVs can cause
human diseases. Since the first report of a Hemophilia A case
caused by a de novo L1 insertion (Kazazian et al. 1988), more than
100 cases of documented MASVs have led to human diseases, in-
cluding cases of Pelizaeus-Merzbacher disease, Lesch-Nyhan syn-
drome, Tay-Sachs disease, familial hypercholesterolemia, and
Hunter syndrome (for reviews, see Deininger and Batzer 1999;
Callinan and Batzer 2006; Chen et al. 2006).

Among all mobile element families, only retrotransposons,
such as long interspersed element-1 (LINE-1, or L1), Alu element,
SVA element (named after its main components, SINE-R, VNTR,
and Alu), and endogenous retrovirus (ERV) are actively mobiliz-
ing in the human and primate genomes (Lander et al. 2001;
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Macfarlane and Simmonds 2004; Chimpanzee Sequencing and
Analysis Consortium 2005; Wang et al. 2005; Mills et al. 2006; Han
et al. 2007a). Non-LTR retrotransposons, including L1s, Alus, and
SVAs, mobilize via RNA intermediates using a mechanism called
target site-primed reverse transcription (TPRT) (Luan et al. 1993;
Feng et al. 1996; Cost et al. 2002). In the TPRT process, an RNA
copy is first generated from the original retrotransposon and
subsequently reverse-transcribed back into the genome by a re-
verse transcriptase (for reviews, see Ostertag and Kazazian 2001a;
Batzer and Deininger 2002; Wang et al. 2005). During the process,
two short stretches of identical sequence, termed target site
duplications (TSDs), are created on both ends of the new insertion.
In some cases, genomic deletions are associated with the insertion
events (Gilbert et al. 2002, 2005; Symer et al. 2002; Callinan et al.
2005; Han et al. 2005). In addition to canonical insertion events,
retrotransposons can create genomic instability by several addi-
tional mechanisms, including nonallelic homologous recombi-
nation (NAHR) (Stankiewicz and Lupski 2002) mediated insertion/
deletion between two retrotransposons from the same family,
nonhomologous end-joining (NHE]) mediated deletion, and non-
classical endonuclease-independent insertions of the retrotrans-
posons (Deininger and Batzer 1999; Gilbert et al. 2002, 2005;
Morrish et al. 2002; Symer et al. 2002; Kazazian 2004; Sen et al.
2006, 2007; Han et al. 2007b, 2008; Goodier and Kazazian 2008;
Srikanta et al. 2008).

To date, a systematic evaluation of the impact of MASVs on
the human genome has not yet been attempted at the individual
level. With the sequence of the diploid genome of one individual
human (HuRef; Levy et al. 2007), we are able to assess the impact
of mobile element-associated structural variation in a thorough
and unbiased fashion for the first time. In this study, we evaluated
more than 8000 SVs that differ between the HuRef assembly and
the haploid human genome reference sequence from the Human
Genome Project (HGP). We demonstrate that an appreciable pro-
portion of these SVs were mediated by mobile elements.

Results

Computational data mining and experimental validation

A total of 643,992 indels was initially identified by comparing the
HuRef assembly and the HGP reference genome, including
559,473 homozygous indels, 6246 heterozygous indels, and
78,273 previously identified as “putative” indels (Levy et al. 2007).
For homozygous and heterozygous loci, indels >100 bp were se-
lected. Putative loci larger than 50 bp that contained complete
sequence (i.e., no “N”s in the sequence) were also selected. These
selection criteria resulted in a total of 8451 candidate indel loci.
Then, we selected indels that contained mobile elements and
manually inspected these loci along with their flanking sequence
to determine the nature of these SVs.

The initial screening yielded more than 1000 “HuRef-
specific” MASV candidates. These candidates represent mobile
element insertions or mobile element-associated deletions in the
HuRef genome that are not present in the HGP assembly. Similarly,
a set of more than 1000 “HGP-specific” MASV candidates have
also been identified in the HGP assembly that are not present in
the HuRef genome. In this study, we focused on the “HuRef-
specific” MASV candidates to assess the impact of mobile elements
in an individual human.

Because many of the MASVs reside in the repeat-rich regions
and because sequencing assembly errors can generate sequence

artifacts similar to MASVs, we used two approaches to validate the
candidate loci. First, we designed primers to amplify the candidate
loci using PCR on a confirmation panel composed of the DNA
samples from one common chimpanzee, one rhesus macaque, and
five unrelated human individuals, including the HuRef donor, one
African, one Asian, and two Europeans (Fig. 1). For the loci that
were not amenable to primer design or that failed PCR amplifi-
cation, we used several criteria to select loci that are most likely to
be authentic MASV events based on their sequence and the
orthologous loci in non-human primates (see Methods for details).
In both validation approaches, we used the orthologous region in

— - ——

1104685335585

1104685664564

1104685512583

1104685523196

Figure 1. PCR confirmation of the candidate MASVs. Four agarose gel
chromatographs of the PCR products from a confirmation panel are shown.
The DNA sample in each lane is labeled above the panel. (Arrows)
Expected sizes (in bp) of the PCR amplicons. Diagrams representing the
structure of each MASV allele are shown on the right of the panel. (Black
line) Flanking DNA sequence, (filled arrows) mobile elements. (A) Locus
1104685335585, an Alu insertion that is heterozygous in the HuRef donor
and absent in all other samples. The PCR products in the chimpanzee
and the rhesus monkey are slightly smaller because of the smaller size of a
(CA)n dinucleotide repeat in these genomes. (B) Locus 1104685664564,
an Alu insertion that is present in all human samples tested but absent in
the chimpanzee and rhesus macaque. (C) Locus 1104685512583, an L1
recombination-mediated indel. Because the HuRef sample is homozy-
gous for the small size allele, as is the chimpanzee and rhesus macaque,
this indel is likely to be caused by an insertion in the reference assembly.
(Black box) The tandem duplication section inside the L1. (D) Locus
1104685523196, a false-positive Alu recombination-mediated deletion
(ARMD) event where HuRef and all other samples are homozygous for the
no-deletion allele.
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the chimpanzee genome, the orangutan genome (when available),
and the rhesus macaque genome (when available) to determine
the ancestral state of the candidate loci (i.e., no MASV present).
Only MASVs that are present in the HuRef assembly but not
present in either the HGP reference genome (hg18) or the chim-
panzee genome are considered to be authentic “HuRef-specific”
MASVs. It should be noted that although we use “HuRef-specific
MASVs” in the following text for brevity, these MASVs are unlikely
to be specific to the HuRef sequence (i.e., HuRef private SVs), but
are simply absent from the HGP reference genome.

For classical retrotransposon insertion candidates, we de-
signed primers for all the L1 and SVA insertion loci that were
amenable to PCR amplification and for 70 Alu insertions that are
novel and not included in the database of human retrotransposon
insertion polymorphisms (dbRIP) (Wang et al. 2006; http://dbrip.
brocku.ca/). The PCR results show a 100% confirmation rate of all
124 loci that were successfully amplified (Supplemental Table 1).
Two examples of the confirmation panel results are shown in
Figure 1A,B. The high confirmation rate demonstrates both the
validity of our computational approach for identifying classical
mobile element insertion events and the high quality of the HuRef
assembly.

For other types of MASVs, we designed primers for all loci that
were amenable to PCR amplification. The PCR confirmation rates
of other types of MASVs were lower than that of the canonical
insertion events and varied from 100% to 44% for different types
of MASVs (Supplemental Table 1). Some of the events were ex-
cluded because equal-sized fragments were amplified from the
HuRef and the chimpanzee genome, suggesting that the insertion/
deletion events occurred in the reference genome (Fig. 1C). Others
failed to show the expected insertion/deletion in the HuRef ge-
nome (Fig. 1D). These events may have been caused by errors
generated during the genome assembly process of either the HuRef
or the HGP reference assembly. A total of 146 insertions and 100
deletion events were validated by PCR confirmation. Detailed in-
formation for each locus, including panel amplification results,
primer sequences, annealing temperature, and PCR product sizes,
are shown in Supplemental Table 2. An additional 560 insertion

Table 1. MASVs in the HuRef genome
Based on Total Total
Confirmed sequence confirmed sequence
by PCR structure loci (bp)
Insertion
Alu 70 514 584 178,100
L1 43 9 52 89,725
SVA 11 3 14 23,642
NCAI? 20 20 40 8980
NCLIP 2 14 4246
Total 146 560 706 305,341
Deletion
ARMD-NAHR® 73 25 98 78,510
ARMD-NHEJ® 4 3 7 4170
LTRMD-NAHR® 6 3 9 20,023
L1RMD-NHEJf 17 9 26 23,174
Total 100 40 140 125,877

®Nonclassical Alu insertion.

PNonclassical LINE insertion.

“Alu nonallelic homologous recombination-mediated deletion.
9Alu nonhomologous end-joining-mediated deletion.

L1 nonallelic homologous recombination-mediated deletion.
L1 nonhomologous end-joining-mediated deletion.

Table 2. HuRef heterozygosity and human diversity of MASVs

Insertion Deletion

HuRef

Heterozygote 59 40.4% 32 32.0%

Homozygote 82 56.2% 68 68.0%

Unknown 5 3.4% — —
Panel

Only in HuRef (Het) 17 11.6% 5 5.0%

Only in HuRef (Homo) 11 7.5% 1 1.0%

Polymorphic 104 71.2% 75 75.0%

All five human 14 9.6% 19 19.0%

loci and 40 deletion loci passed our sequence structure analysis,
yielding a total of 706 insertion events and 140 deletion events
associated with mobile elements in the HuRef assembly (Table 1).
A complete list of all MASVs can be found in the Supplemental
Table 3.

Human genetic diversity associated with MASVs

For loci that were successfully amplified on the five-person con-
firmation panel, we were able to assess heterozygosity in the panel
and in the HuRef genome. Among the 146 validated insertion
events for which we could assess HuRef genotypes, 59 (40%) are
heterozygous and 82 (56%) are homozygous. Among the 100
validated deletion events, 32 (32%) are heterozygous in the HuRef
genome and 68 (68%) are homozygous.

Next, we examined the diversity of these loci in the confir-
mation panel (Table 2). The majority of loci are polymorphic
among the five human individuals for both insertions (71%) and
deletions (75%), with a small proportion of events present only in
the HuRef genome (Fig. 1A) or in all five human samples (Fig. 1B).
Because only five human samples were tested, the events present
only in the HuRef genome or present in all five human samples
may still be polymorphic among human populations. To further
assess the human genomic diversity associated with polymorphic
insertions, we tested 50 confirmed Alu insertions on a population
panel composed of 15 European individuals. Forty-three of the 50
loci had clear amplification in at least nine individuals. All 43 loci
are polymorphic in our population panel. Among them, three
insertions that are homozygous in the confirmation panel (five
individuals) are polymorphic on the population panel (15 indi-
viduals). In addition, one L1 insertion (Locus ID 1104685647419)
that is homozygous in all five individuals in our confirmation
panel has been shown to be polymorphic on a larger human panel
(Konkel et al. 2007). This result suggests that the majority of
MASVs we identified are polymorphic among humans. The allele-
frequency distribution of the 43 Alu insertion polymorphisms is
skewed toward low insertion frequencies, in agreement with their
absence in the HGP reference genome (Fig. 2).

Mobile element-mediated insertions

Among the 706 insertion events, 650 are HuRef-specific retro-
transposon insertions, including 584 Alu, 52 L1, and 14 SVA
insertions (Table 1). We did not identify any new insertions of
endogenous retroviruses or DNA transposons. Insertions are found
in all chromosomes except the Y chromosome (Fig. 3A), and the
number of insertions is highly correlated with the size of the
chromosome (r = 0.85, P < 107¢, Spearman’s rank correlation).
Most insertions bear hallmarks of canonical retrotransposition:
They end in a poly(A) tail and are flanked by TSDs, and some have
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Figure 2. Allele frequency distribution of 43 novel Alu insertions in 15
European individuals.

5" truncations that are presumably created during the retro-
transposition process. Six insertions (four Alu elements and two
L1s) are associated with small deletions (13-117 bp) at the in-
sertion sites. These insertions may represent the Alu/L1 insertion-
mediated deletion (AIMD/L1IMD) events previously observed in
the human and chimpanzee genomes (Gilbert et al. 2002, 2005;
Symer et al. 2002; Callinan et al. 2005; Han et al. 2005).

From our analysis of HuRef-specific insertions, we can esti-
mate retrotransposition rates for these three mobile element
families that are active in humans. Of the 70 Alu insertions vali-
dated through PCR confirmation, 35 were heterozygotes and 35
were homozygotes. Using this as an estimate for the proportion
of homozygotes and heterozygotes among all 584 Alu insertions,
we estimate that there are 438 Alu insertions in each haploid ge-
nome of HuRef with respect to the HGP reference sequence. Using
the observed SNP diversity, we estimated the average time to the
most recent common ancestor (TMRCA) between a haploid HuRef
genomic locus and the HGP reference sequence to be 18,483
generations (see Methods for details). With 438 Alu insertions per
haploid genome in 18,483 generations, we estimate the Alu retro-
transposition rate at one in 21 births (95%
confidence interval [CI] = 19.1-23.1). For
the 52 L1 insertions, we validated 14 as 1 2
heterozygotes and 29 as homozygotes,
corresponding to an expected 43.5 L1
insertions per haploid genome in 18,483 .
generations, or one L1 insertion per 212
births (95% CI = 156-289). Due to the
small number of SVA insertions that are ~
successfully genotyped, we were unable
to accurately estimate the proportion
of homozygotes and heterozygotes for
SVA insertions. Therefore, we opted for
an indirect estimate by combining our
Alu and L1 data, in which the heterozy-
gosity estimate is 56%. Assuming the
same level of heterozygosity in the 14
SVA loci we identified, we estimate that
each haploid genome contains 10.1 SVA
insertions, corresponding to a retrotrans-
position rate of one in 916 births (95%
CI = 503-1927).

) i
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Next, we examined the subfamily composition and sequence
structure of these insertions. All of the 584 HuRef-specific Alu
insertions belong to the AluY subfamilies (Table 3), with the ma-
jority (~70%) belonging to the AluYa subfamilies (AluYaS and
AluYa8) and AluYb subfamilies (AluYb8 and AluYb9). The AluYaS
subfamily is the most dominant subfamily, comprising >40% of
all new insertions, while the AluYb8 subfamily comprises another
25% of the insertions. Other smaller AluY subfamilies, including
AluY, AluYcl/2, AluYd3/8, AluYeS, AluYg6, AluYh9, and AluYi6,
comprise the remaining 30% of the new insertions (Table 3). The
dominance of the AluYa$5 and AluYb8 subfamilies in HuRef-specific
insertions is consistent with their high activity level in humans
after the human-chimpanzee divergence (Hedges et al. 2004).

For the 52 L1 insertions, in addition to the signatures of ca-
nonical retrotransposition, other typical structures associated with
L1 insertions were identified: 11 insertions are inverted in the
middle, presumably via the “twin-priming” mechanism (Ostertag
and Kazazian 2001b); one element possesses an additional partial
BC200 gene sequence at the 5’ end, possibly through 5’ trans-
duction during retrotransposition or RNA-RNA hybridization (for
review, see Kazazian 2004); and one insertion appears to be a 3’
transduction event, containing ~70 bp of extra unique sequence
at the 3’ end. The size distribution of new L1 insertions follow the
typical “U”-shaped pattern observed in previous studies (Grimaldi
et al. 1984; Pavlicek et al. 2002): Most insertions (77%) are heavily
truncated and <2 kb in length, seven insertions (13%) are full-
length or close to full-length, and only three insertions are 2-5 kb
in length (Fig. 4A). Three full-length insertions contain intact
ORF1 and ORF2 coding regions and could be autonomous ele-
ments that are capable of retrotransposition.

Forty-nine out of 52 HuRef-specific L1 insertions belong to
the L1HS (HS, human specific) lineage, and the other three ele-
ments belong to the older L1PA2 lineage. The L1HS lineage con-
tains several subfamilies (e.g., L1 pre-Ta, Ta0, and Tal subfamilies)
that have been active during different periods of human evolution
(Boissinot and Furano 2005). To further explore the subfamily
composition of the L1HS insertions, we aligned the 49 L1HS ele-
ments along with the consensus of the L1HS subfamilies. For the
33 elements that have enough sequence (>500 bp) for subfam-
ily designation, we determined that six, seven, and 20 elements
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Figure 3. Genomic distribution of MASVs. Positions of MASVs are shown on a human ideogram. (Red
dots, left side of each chromosome) Positions of insertions, (blue dots, right side of each chromosome)
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Table 3. Subfamily composition of HuRef-specific retrotransposon
insertions

Transposon No. of Percent of

family Subfamily elements the family

Alu AluY 54 9.2%
AluYa5 236 40.4%
AluYa8 5 0.9%
AluYc1/2 49 8.4%
AluYb8 147 25.2%
AluYb9 20 3.4%
AluYd3/8 9 1.5%
AluYe5 28 4.8%
AluYg6é 19 3.3%
AluYh9 5 0.9%
AluYi6 12 2.1%
Total 584

L1 L1PA2 3 5.8%
L1HS-preTa 6 11.5%
LTHS-Ta0 7 13.5%
LT1HS-Tal 20 38.5%
LTHS-Unknown 16 30.8%
Total 52

SVA SVA_D 1 7.1%
SVA_E 4 28.6%
SVA_F 7 50.0%
SVA_F1 2 14.3%
Total 14

are derived from the L1HS preTa, TaO, and Tal subfamilies, re-
spectively (Table 3).

Fourteen polymorphic SVA insertions were identified, of
which seven are full-length (i.e., contain all components of an SVA
element) and average 1890 bp in length. The other seven inser-
tions are truncated to various degrees, averaging 1487 bp in
length. The 14 new SVA insertions belong to four SVA subfamilies,
including one from SVA_D, four from SVA_E, seven from SVA_F,
and two from the newly identified SVA_F1 subfamily (Table 3).
Overall, more than 291 kb sequence was added to the HuRef as-
sembly because of canonical retrotransposon insertions.

In addition to these canonical insertions, 56 events contain
only internal fragments of Alu or LINE elements (i.e., missing both
the 5’ and 3’ ends of the element). These insertions do not contain
the hallmarks of TPRT: They have no poly(A) tails and are not
flanked by identifiable TSDs. In addition, these events are some-
times associated with small deletions at the site of insertion. We
collectively called these insertions nonclassical insertions (NCI),
including 40 nonclassical Alu insertions (NCAIs) and 16 non-
classical LINE insertions (NCLIs). Based on their sequence struc-
ture, three types of events can be identified.

The most common type of NCI is located within a single Alu
or LINE element, and the insertions represent a tandem duplica-
tion of a section of the element (see the diagram in Fig. 1C for an
example). This type of event comprises 71% of all observed NCIs
(24 of the NCAIs and all 16 NCLIs), with an average size of 217 bp.
Several mechanisms, including strand-mispairing mediated repli-
cation slippage (Chen et al. 2005), fork stalling template switching
(FoSTeS) (Lee et al. 2007a), or double-strand break (DSB)-induced
homologous recombination (Liang et al. 1998) can all create this
type of tandem duplication. In contrast, eight loci contain partial
Alu insertions in the non-Alu regions. These events may have been
created by the capture of retrotransposon RNAs at the DSB sites
and the subsequent reverse transcription of the retrotransposon
RNAs as a mechanism for DSB repairs (Morrish et al. 2002; Sen

et al. 2007; Srikanta et al. 2008). The remaining seven loci appear
to be the duplication products of the nonallelic homologous re-
combination process. Collectively, all NCI events added another
13,226 bp sequence to the HuRef genome.

Mobile element-mediated deletions

We identified 140 HuRef-specific mobile element-mediated dele-
tions. These events were distributed across the whole genome with
the exception of chromosomes 21 and Y. The correlation between
the number of deletions and chromosome size is significant (r =
0.44, P<0.05, Spearman’s rank correlation) but much weaker than
that of the insertion events. Further examination revealed that
chromosomes 2 and 19 are the major outliers (two and 13 dele-
tions on chromosomes 2 and 19, respectively). More than three-
fourths of the deletion events are <1 kb in size, with an average
of 787 bp and 1234 bp for Alu- and L1-mediated deletions, re-
spectively (Fig. 4B). For the 100 loci that are confirmed on the
confirmation panel, 75 loci (75%) are polymorphic among the five
human samples and 19 loci are present as homozygous deletion in
all five individuals. The deletion allele is present only in the HuRef
sample for the remaining six loci (Table 2).

NAHRs between two Alu elements or two L1s produce the
most common deletions associated with mobile elements. We
identified and confirmed 98 Alu recombination-mediated dele-
tions (ARMD) and nine L1 recombination-mediated deletions
(LIRMD). The majority (82%) of NAHR-mediated deletions are <1
kb in size, with the largest two being one ARMD and one L1IRMD
event that deleted 7852 and 7953 bp from the HuRef genome,
respectively. Among them, 16 ARMD events have each occurred
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Figure 4. (A) Size distribution of L1 insertions. The number of insertions
in 500-bp bins is shown. (B) Size distribution of Alu- and L1-mediated
deletions. The percentage of total events in 500-bp bins (except the last
one) is shown.
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within a single Alu element and appear to be a recombination
between the left and right monomer of the same Alu element. We
have confirmed these 16 events in the five-human confirmation
panel, in which 14 out of the 16 events (88%) are polymorphic.
For the other two events, one ARMD is present in all five indi-
viduals as homozygous deletions and one ARMD is only present in
the HuRef genome as a heterozygous deletion. Overall, 98,533 bp
have been removed from the HuRef genome due to the NAHR-
mediated deletions (Table 1).

In addition to NAHR-mediated deletions, NHE] accounted for
a small number of deletions. The NHE]J-mediated deletions are
characterized by “microhomology” between the breakpoints and are
thought to be a product of the DSB repair mechanism (Moore and
Haber 1996; Bentley et al. 2004; Yan et al. 2007). We identified 33
NHEJ-mediated deletion events that removed 27,344 bp of
sequence. Twenty-two of the 26 Ll-associated NHE] events oc-
curred within the L1 elements, suggesting that L1 elements may
be subjected to a high frequency of DSBs.

Functional impact of MASVs

To determine if the MASVs have influenced gene structure or ex-
pression in the HuRef genome, we compared the locations of
MASVs with the positions of all known genes in the RefSeq Gene
database (http://www.ncbi.nlm.nih.gov/RefSeq/). Of the 706 in-
sertion events, 238 (33.7%) are within genic regions. Of the 140
deletions, 60 (42.9%) are present in genic regions. By examining
the genes containing SVs, we found that two Alu elements on
chromosome 5 (Locus IDs 1104685725664 and 1104685203669)
and one Alu element on chromosome 6 (Locus ID 1104685374124)
have inserted into the exonic regions of the SPATA9 (spermato-
genesis associated 9, HGNC ID 22988),
C7 (complement component 7, HGNC
ID 1346), and HCG26 (HLA complex
group 26, HGNC ID 29671) genes, re-
spectively.

We validated all three insertions on

A) Retrotransposon Insertion

Discussion

Our results demonstrate that mobile elements play an important
role in creating new SVs in the human genome. These results
were enhanced significantly by several unique attributes of the
HuRef genome assembly. First, the HuRef genome was sequenced
by the traditional Sanger sequencing method, while other cur-
rently available individual genomes are sequenced using second-
generation sequencing techniques (Bentley et al. 2008; Wang et al.
2008; Wheeler et al. 2008). The Sanger method generates longer
read lengths than the second-generation sequencing methods and
is thus more suitable for studying SVs. Second, the HuRef assembly
is a high-quality assembly that contains 68% fewer gaps as com-
pared with the HGP assembly. In addition, we used sequence
scaffolds instead of assembled chromosomes for the indel identi-
fication. The 188,394 HuRef scaffolds used in the comparison
contain >3.03 billion bp of genomic sequence and cover >98% of
the HGP autosomes on average (Levy et al. 2007). By using these
high-quality sequence scaffolds, we decrease the possibility of
missing indels, especially insertion events, in the HuRef assembly.
Third, because the HuRef assembly provides diploid genotypes, we
can easily assess homozygosity and heterozygosity of the HuRef
variants. Furthermore, the availability of DNA from the HuRef
donor permitted direct validation of the candidate MASV events.

To assess the MASVs in the HuRef assembly, we examined all
indels that are >100 bp and are associated with mobile elements at
their breakpoints. Several types of events were identified, in-
cluding canonical retrotransposon insertions, NAHR-mediated
insertions/deletions, NHEJ-mediated deletions, and nonclassical
insertions (Fig. 5). These same types of MASVs have been observed
when comparing human and chimpanzee genomes (Table 4). As

B) Non-classical insertion

TTAAAA 1
—

our confirmation panel using PCR and
found that insertions in the SPATA9 and
the HCG26 genes are polymorphic
among the five human individuals, while
the insertion in the C7 gene is present
only as a heterozygote in the HuRef ge-
nome. Further examination revealed that
the Alu insertions in the SPATA9 and C7
genes occurred in the 3’ untranslated re-
gion (3’ UTR) of each gene. The AluYa5
insertion in SPATA9 is located 117 bp
downstream from the stop codon, and the
partial AluYb8 insertion in the C7 gene is
located 750 bp downstream from the stop
codon. The positions of these insertions
suggest that they do not change the
coding sequence of these genes. The third
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insertion, an AluY element, inserted at
the beginning of the noncoding HCG26
gene, and the TSD (AGTATTTTCCCTTTT)
overlaps the transcription start site
(TTTTCCCTTTT) of the gene. By search-
ing the dbEST database, we found that at
least one transcript (AW836456) from
HCG26 contains the new AluY insertion.
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Figure 5. Four types of common MASVs in the HuRef genome. (A) Classical retrotransposon in-
sertion; (B) nonclassical insertions; (C) nonallelic homologous recombination-mediated insertion/
deletion; (D) nonhomologous end-joining-mediated deletion. (TTAAAA) Standard L1 cleavage site for
classical retrotransposition; (black lines) flanking regions, (gray lines) intervening regions, (dotted cir-
cles) homologous recombining regions, (red boxes) microhomology regions, (red arrow boxes) TSDs of
each element.
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Table 4. HuRef-specific and human-specific MASVs

2000). In addition, our estimates could be

HuRef vs. human
reference (~460 kyr)

biased due to insertions we were unable to
observe, such as those in genomic regions
of HuRef that could not be assembled. Fi-

Human vs.
chimp (~6 Myr)

No. of Total seq No. of Total seq nally, although we were able to determine
loci gain/loss (kb) loci gain/loss (kb) Reference the exact proportion of heterozygous and
homozygous L1 insertions in HuRef by di-
Insertion . .
rect genotyping, we directly genotyped onl
Alu 584 178.1 5530 1529.0 Mills et al. 2006 B i i YPee o
L1 52 89.7 1174 2838.9 Mills et al. 2006 a proportion ol the Afu Insertions, and the
SVA 14 23.6 864 1411.5 Mills et al. 2006 heterozygosity of SVA insertions was in-
NCAI® 40 9.0 4 (1.8)‘; Srikanta et al. 2008  directly estimated. These heterozygosity
C
NCLI 16 4.2 21 (17.6) Sen et al. 2007 estimates could bias the estimated retro-
Deletiond transposition rates.
ﬁFQAMDDf 122 gi%ge 4% 83‘;8 IS-Ien ettalf 22(())%78 Nevertheless, our estimate for the Alu
. . an et al. o .
AIMD? 4 ©0.2) 19 (6.0) Callinan et al. 2005 retrotransposnpn rate is remarkably close to
L1ImMD" 2 0.1) 24 (18.0) Han et al. 2005 two recent estimates from Cordaux et al.

#Nonclassical Alu insertion.

PThese are net sequence losses in human-specific nonclassical insertion events because many of

these events are associated with deletions at the pre-insertion locus.
“Nonclassical LINE insertion.

dAlu recombination-mediated deletion.

°Net sequence loss (deletion) is shown in parentheses.

fL1 recombination-mediated deletion.

9Alu insertion-mediated deletion.

N1 insertion-mediated deletion.

expected, they account for a much larger number of events and
sequence gain/loss in the human/chimpanzee comparison. Most
of the HuRef-specific MASVs (91.5%) are <1 kb in size, and only
12 events are >5 kb. It is useful to compare results in the current
study with those of previous studies of human SVs using the
paired-end mapping (PEM) method (Korbel et al. 2007) or FPES
methods (Kidd et al. 2008). Because of methodological differences
in these studies, they have, to some extent, identified different
groups of SV elements. For example, Alu insertions, which are ~300
bp in length, were not identified by Korbel et al. (2007) or Kidd
et al. (2008) because of the size of the libraries and fosmids used
for PEM and FPES, respectively. On the other hand, our SV se-
lection relied on a comparison of the two assemblies, and as
a result it would miss complex SVs that have prevented an align-
ment of the two assemblies. Therefore, the size distribution of these
events is complementary in these studies, and the combined
results would provide a more complete picture of SVs in the human
genome.

Among all MASVs, retrotransposon insertions are the most
abundant events. This is expected because retrotransposons have
been actively transposed throughout primate evolution, and more
than 7000 retrotransposons have inserted into the human ge-
nome since the divergence of human and chimpanzee (Chim-
panzee Sequencing and Analysis Consortium 2005; Mills et al.
2006). As demonstrated here, retrotransposons are still actively
transposing in individual human genomes, with estimated retro-
transposition rates of one per 21 births (95% CI = 19.1-23.1) for
Alu elements, one per 212 births for L1s (95% CI = 156-289), and
one per 916 births for SVA elements (95% CI = 503-1927) over the
last 450,000 yr. Our confidence intervals account for the sto-
chasticity inherent in the process of retrotransposition, but could
be subject to systematic bias from errors in the underlying pa-
rameter estimates. For example, the largest potential source of
error is in our estimate of the average TMRCA between HuRef and
the reference sequence, which is based on a single nucleotide
mutation rate of 2.2 X 108 per generation (Nachman and Crowell

(2006). In that study, the first estimated Alu
retrotransposition rate was one per 22 births
(95% CI = 17-27), based on the number of
Alu elements specific to the human lineage
since the human-chimpanzee divergence
~6 million yr ago. The second estimate was
one per 15 births (95% CI = 10-24), based on
the number of disease-causing Alu insertions
in the Human Gene Mutation Database
(HGMD) (http://www.hgmd.cf.ac.uk/). Along
with our estimate, these estimates provide three snapshots of the
Alu retrotransposition rate during human evolution (in the last 6
million yr, 450,000 yr, and recent/de novo events). The conver-
gence of these estimates from different time periods suggests
that the Alu retrotransposition rate has been relatively constant
throughout recent human evolution. If so, this enhances the utility
of these markers in studies of human population genetics.

By amplifying 146 retrotransposon insertions on a confirma-
tion panel, we found that most of the new insertions we identified
have occurred sometime during human evolution and are poly-
morphic among human populations. These insertions are in-
formative for human population history and can be used in future
population genetic studies. We also identified a small number of
insertions that are present only in the HuRef genome among the
five tested individuals. Most of these insertions should represent
recent events that have low allele frequencies in human pop-
ulations. Although a small number of these insertions may po-
tentially be private events in the HuRef genome, a much larger
number of human samples must be tested to accurately assess the
prevalence and distribution of these low-frequency events.

In addition to classical insertion events, we identified 56
nonclassical insertion events and 140 deletion events. Based on
their sequence structure, multiple mechanisms may have con-
tributed to these structural rearrangements. For NCIs, the majority
(71%) of insertions are tandem duplications of a section of an Alu/
L1 element. Several mechanisms, including strand-mispairing
mediated replication slippage (Chen et al. 2005), Fork Stalling
Template Switching (Lee et al. 2007a), or DSB-induced homologous
recombination (Liang et al. 1998), could have accounted for this
type of NClIs. The remaining events appear to be generated either
by NAHR-mediated insertions (14%) or endonuclease-independent
reverse transcription during DSB repair (14%), as observed in pre-
vious studies (Sen et al. 2007; Srikanta et al. 2008). For mobile ele-
ment-associated deletions, NAHR between similar elements is the
major mechanism, due to the large number of mobile elements in
the human genome (e.g., more than 1.1 million Alu elements and
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more than 500,000 L1s) (Sen et al. 2006; Han et al. 2008). We
found that these deletions are usually small in size and sometimes
even occur within the same element. NHEJ-mediated deletion
represents yet another mechanism for MASVs. These events
are thought to be the product of DSB repair and are initiated by 1-
7 bp of homologous sequences at both ends of the DSB (termed
“microhomology”) (Bentley et al. 2004; Guirouilh-Barbat et al.
2004; Yan et al. 2007). The presence of MASVs generated by a DSB
repair process highlights the role of mobile elements in main-
taining the integrity of the human genome. It should be noted
that, although we invoke NAHR and NHEJ as the possible mech-
anisms responsible for these events, alternative mechanisms, in-
cluding FoSTeS (Lee et al. 2007a) or replication slippage (Chen
et al. 2005), could have generated some of the events. Further
studies are needed to resolve the mechanisms underlying these
MASVs.

Despite the small sizes of MASVs, the high frequency of these
events makes them good candidates for altering gene content and
expression. To date, at least 54 disease-causing mobile element
insertions and 53 disease-causing mobile-element recombination
events have been reported (for reviews, see Chen et al. 2006;
Babushok and Kazazian 2007). If we divide this number by a total
of 76,011 mutations in the HGMD (as of Dec. 2007; Stenson et al.
2008), we obtain an estimate that 0.14% of disease-causing
mutations are associated with mobile elements. This estimate is
remarkably similar to an earlier estimate of one in 670 (Kazazian
and Moran 1998). In the HuRef genome, we found that more than
one-third of the MASVs are within genic regions. Two Alu in-
sertion events occurred in the 3’ UTR regions of the SPATA9 and
C7 genes, and such insertions can in some cases suppress tran-
scription. For example, an SVA insertion in the 3’ UTR region of
the FKTN (formerly known as FCMD) gene has been shown to
cause Fukuyama-type congenital muscular dystrophy (Kobayashi
et al. 1998). In addition, mobile elements can alter the level of
gene expression via other mechanisms. L1 and Alu elements can
provide alternative splicing and polyadenylation sites if inserted
inside a gene (for reviews, see Han et al. 2004; Wheelan et al. 2005;
Belancio et al. 2008; Goodier and Kazazian 2008). If, as our data
demonstrate, the average human genome contains nearly 1000
MASVs, mobile elements could represent a major factor in SV-re-
lated human diseases.

Overall, of the 8451 total HuRef SVs that are larger than 100
bp, 846 are HuRef-specific MASVs (706 insertions and 140 dele-
tions). Similar numbers of “HuRef-specific” and “HGP-specific”
MASYV candidates were identified during our computational data-
mining process. With a comparable validation rate of the candi-
date events, we infer that mobile elements are responsible for
roughly 1700 (20%) of the indels >100 bp between HuRef and the
HGP reference genome. It is noteworthy that although the HGP
reference genome is a composite haploid sequence assembled
from multiple individuals, the majority (~75%) of the reference
genome was based on one BAC library derived from a single in-
dividual (Lander et al. 2001). Therefore, our inferred number of
MASVs may represent an estimate between two individual humans.

With recent advances in DNA sequencing, complete geno-
mic sequences will be available for many more individuals in
the near future (e.g., the ongoing 1000 Genomes Project, www.
1000genomes.org). Genome-wide analysis of MASVs in multiple
individuals will not only shed light on the impact of MASVs in
human evolution but will also provide a large number of recent
retrotransposon insertions that will be informative for fine-scale
analysis of human population history.

Methods

Computational data mining and genomic distribution analysis

From the 643,992 indels that were initially identified by com-
paring the HuRef scaffolds and the HGP reference genome,
indels were categorized into “homozygous indel,” “heterozygous
indel,” and “putative indel.” We first selected homozygous and
heterozygous indels that are >100 bp in size. Putative indels are
often associated with gaps (i.e., stretches of “N”s) or mismatch
sequence between the two assemblies. Therefore, we only selected
putative indels with complete sequence (i.e., no “N”s in the
sequence) and >50 bp difference between the two assemblies.
These selection criteria resulted in a total of 8451 candidate loci.
The repetitive element content of these loci along with their
flanking regions was determined using RepeatMasker (http://
www.repeatmasker.org/cgi-bin/WEBRepeatMasker). Loci contain-
ing mobile elements were then subjected to manual inspection.

For loci that were not amenable to PCR confirmation, we first
used BLAT (http://genome.ucsc.edu/cgi-bin/hgBlat) to determine
their orthologous regions in the chimpanzee genome (panTro2),
the orangutan genome (ponAbe2, when available), and the rhesus
monkey genome (rheMac2, when available). Only loci that
showed identical structure in the chimpanzee genome and the
HGP reference genome were considered “HuRef-specific” loci.
Next, we examined the sequence structure of these loci to de-
termine the nature of the variants. For retrotransposon insertion
events, we required the presence of a poly(A) tail and TSDs on both
ends of the insertion. For recombination-mediated MASVs, we
required the presence of homologous sequence (microhomology
in the case of NHEJ-mediated deletions) at the breakpoints.

To determine the genomic distribution of MASVs and their
positions relative to genic regions, sequence from human genome
assembly 18 (hgl8) was obtained from the UCSC Genome Bio-
informatics Site (http://genome.ucsc.edu/). For the gene analysis,
the gene definition from the Reference Sequence (RefSeq, http://
www.ncbi.nlm.nih.gov/RetSeq/) is used. The ideogram plotting and
statistical analyses were performed using MATLAB (ver. R2008a).

PCR validation

Flanking oligonucleotide primers for PCR amplification of each
locus were designed using Primer3 (Rozen and Skaletsky 2000;
http://frodo.wi.mit.edu). The primers were subsequently screened
using UCSC In-Silico PCR (http://genome.ucsc.edu/cgi-bin/hgPcr?
commands=start) to select primer pairs that produce a unique PCR
product in the human genome. Oligonucleotide primer pairs were
initially tested using HuRef DNA templates with temperatures of
55°C and 60°C to determine the appropriate annealing tempera-
ture for further analysis. All loci were screened on a confirmation
panel that was composed of DNA samples from five human
individuals (one African, one Asian, one Northern European, one
Southern European, and the HuRef DNA sample), one common
chimpanzee, one rhesus macaque, and one negative control. Be-
cause the quantity of genomic DNA sample for HuRef is limited, it
was subjected to whole genome amplification using the REPLI-g
whole genome amplification kit (Qiagen) following the manu-
facturer’s instruction. The amplified samples were then purified
and aliquoted for locus-specific PCR analysis. Fifty Alu insertion
loci were genotyped on a population panel composed of 15 Eu-
ropean individuals to assess the allele frequency of the insertions.

PCR amplification of each locus was performed as described
previously (Xing et al. 2003). The resulting PCR products were run
on 2% agarose gels with 0.25 ug of ethidium bromide and visu-
alized using UV fluorescence. In cases where the expected size of
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the PCR product was >1.5 kb, iTag (Bio-Rad), Ex Taq polymerase
(TaKaRa), or KOD Hifi DNA polymerase (Novagen) were used,
following the manufacturer’s suggested protocols. Also, two sep-
arate PCRs were performed for some loci with large indels in an
assay designed for L1 genotyping (Sheen et al. 2000) to determine
their genotypes (Supplemental Table 2).

For the loci that were confirmed by sequencing, individual
PCR products were directly sequenced on an ABI 3100 Genetic
Analyzer as described previously (Xing et al. 2003). Sequences for
each locus were aligned with the reference sequence and HuRef
assembly using BioEdit (Hall 1999). Sequence alignments of these
loci are available from our website (http://jorde-lab.genetics.utah.
edu/) as Supplemental Alignments located under Published Data.

Retrotransposition rate estimates

Our retrotransposition rate estimates are derived by comparing the
HuRef sequence with the HGP reference assembly. Because HuRef
is a diploid sequence and the reference assembly is haploid, the
most accurate measure would consider both haploid genomes in
HuRef while accounting for shared genealogy in HuRef with re-
spect to the reference sequence. However, this procedure is con-
siderably more complicated than a pairwise haploid comparison
and requires information about the HuRef genome that is cur-
rently unavailable, including the identification of maternal and
paternal genomes and known phase for all markers across the
genome. To simplify this problem, we instead compare the hap-
loid reference sequence to the mean haploid genome in HuRef,
represented by the average number of differences between each
haploid HuRef genome and the reference sequence. Since we are
averaging across both haploid genomes, the point estimates from
this procedure are unbiased, but the size of the confidence regions
may be underestimated if there are systematic differences in the
relationships between the paternal and maternal HuRef genomes
and the reference sequence.

The mean haploid genome contains all differences between
HuRef and the reference sequence that are homozygous in HuRef,
and half of the differences between HuRef and the reference se-
quence that are heterozygous in HuRef. Levy et al. (2007) identi-
fied 1,623,826 heterozygous SNPs and 1,450,860 homozygous
SNPs between HuRef and the reference sequence out of a total of
2,782,357,138 nucleotides, for an average of 2,262,733 SNPs and
nucleotide diversity of 8.13 X 10~* per haploid genome compari-
son. Based on a single nucleotide mutation rate of 2.2 X 10~® per
generation (Nachman and Crowell 2000), the average TMRCA of
the mean haploid HuRef genome and the reference sequence is
18,483 generations.

Confidence intervals for the retrotransposition rate estimates
were derived from the relationship between the Poisson and x>
distributions. For a Poisson process with n observed events, the
(1 — a)% exact lower and upper bound confidence intervals (L and
U, respectively) for the mean of the Poisson random variable is:

2
X 2na2

L
2

_ X22n+2,1—a/2

==

where x?,, is the x* deviate with x degrees of freedom and lower
tail area y (Johnson and Kotz 1969). These intervals account for the
randomness inherent in the process of retrotransposition but do
not incorporate the variation in TMRCA across the genome or

uncertainty in parameter estimates. While the original retro-
transposition rate estimates from Cordaux et al. (2006) included

U

interval ranges reflecting the uncertainty around their parameter
estimates, no confidence intervals were included.

To allow a direct comparison with our data, we calculated
confidence intervals around their original estimates. To ensure our
confidence intervals accounted for the uncertainty in their origi-
nal parameter estimates, we calculated the lower and upper con-
fidence limits using the parameters from the respective lower and
upper bounds of their retrotransposition rate estimates, resulting
in a conservative 95% confidence interval.
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