Downloaded from genome.cshlp.org on October 15, 2008 - Published by Cold Spring Harbor Laboratory Press

ENOME
ESEARCH

Analysis of copy number variants and segmental duplications in
the human genome: Evidence for a change in the process of
formation in recent evolutionary history

Philip M. Kim, Hugo Y.K. Lam, Alexander E. Urban, et al.

Genome Res. published online Oct 8, 2008;
Access the most recent version at doi:10.1101/gr.081422.108

P<P

Accepted
Preprint

Open Access

Email alerting
service

Published online October 8, 2008 in advance of the print journal.

Peer-reviewed and accepted for publication but not copyedited or typeset; preprint is
likely to differ from the final, published version.

Freely available online through the Genome Research Open Access option.

Receive free email alerts when new articles cite this article - sign up in the box at the
top right corner of the article or click here

Cold Spring Harbor Laboratory

Press Connection
Our latest eNewsletter is now available.

Advance online articles have been peer reviewed and accepted for publication but have not yet
appeared in the paper journal (edited, typeset versions may be posted when available prior to final
publication). Advance online articles are citable and establish publication priority; they are indexed
by PubMed from initial publication. Citations to Advance online articles must include the digital
object identifier (DOIs) and date of initial publication.

To subscribe to Genome Research go to:
http://genome.cshlp.org/subscriptions/

© 2008 Cold Spring Harbor Laboratory Press



http://genome.cshlp.org/cgi/doi/10.1101/gr.081422.108
http://genome.cshlp.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=genome;gr.081422.108v1&return_type=article&return_url=http%3A%2F%2Fgenome.cshlp.org%2Fcgi%2Freprint%2Fgr.081422.108v1.pdf
http://genome.cshlp.org:80/cgi/adclick/?ad=18657&adclick=true&url=http%3A%2F%2Fwww.cshlpress.com%2Femail_news%2Fenews.html
http://genome.cshlp.org/subscriptions/
http://genome.cshlp.org
http://www.cshlpress.com

Downloaded from genome.cshlp.org on October 15, 2008 - Published by Cold Spring Harbor Laboratory Press

Analysis of Copy Number Variants and Segmental
Duplications in the Human Genome: Evidence for a
Change in the Process of Formation in Recent
Evolutionary History

Philip M. Kim"" Hugo Y. K. Lam*" Alexander E. Urban®, Jan Korbel*, Xueying Chen’,
Michael Snyder® and Mark B. Gerstein"**(

'Department of Molecular Biophysics and Biochemistry
*Program in Computational Biology and Bioinformatics
3Department of Molecular, Cellular and Developmental Biology
*Department of Computer Science
Yale University
New Haven, CT 06520

1 To whom correspondence should be addressed.
Tel: +1 203 432 6105; Fax: +1 360 838 7861;
Email: mark.gerstein@yale.edu

*These authors contributed equally to this work


http://genome.cshlp.org
http://www.cshlpress.com

Downloaded from genome.cshlp.org on October 15, 2008 - Published by Cold Spring Harbor Laboratory Press

Abstract:

In addition to variation in terms of single nucleotide polymorphisms, whole genomic
regions differ in copy number among individuals. These differences are referred to
as Copy Number Variants (CNVs) which recent mapping studies have shown to be
prevalent in mammalian genomes. CNVs that reach fixation in the population are
give rise to Segmental Duplications (SDs). SDs, in turn, are operationally defined as
long (>1kb) stretches of duplicated DNA with high sequence identity. Here, we
investigate formation signatures for both phenomena. NAHR employs existing
repeats to generate new duplications. Therefore, we examine in detail co-occurrence
patterns of different genomic repeat features with both CNVs and SDs. First, we
analyzed the localization of SDs with other SDs (i.e. their co-localization) and find
that SDs are significantly co-localized with each other, resulting in a highly skewed
“power-law” distribution. This observation suggests a preferential attachment
mechanism, i.e. existing SDs are likely to be involved in creating new ones nearby.
Furthermore, we observe a significant association of CNVs with SDs, but show that
a SD-mediated mechanism could only account for a fraction (maximally 28%) of
CNVs. As another major contributor to SD formation, Alu elements a type of repeat
had previously been identified by virtue of their strong association with SDs. While
we also observe this association, we find that it sharply decreases for younger SDs.
Continuing this trend, we find only weak associations of CNVs with Alu elements. In
the same vein, we report an association of SDs with processed pseudogenes, which is
decreasing for younger SDs and absent for CNVs. Finally, we find a number of
other repeat elements, namely LINEs and microsatellites, to be significantly more
associated with CNVs than SDs, which may explain their formation. Overall, we
find that a shift in predominant formation mechanism occurred in the recent
evolutionary history. About 40 Mya ago, during a burst in retrotransposition
activity (the “Alu burst), non-allelic homologous recombination (NAHR), mediated
by Alus, was the main driver of such genome rearrangement; however, its relative
importance has decreased markedly since then, with proportionally more events
now being associated with other repeats and with Non-homologous end-joining.

In contrast to the precisely known SD boundaries, most current data on CNVs is of
somewhat low resolution, which makes exact conclusions about their surrounding
sequences difficult. Therefore, in addition to the coarse-grained analysis above, we
performed targeted sequencing of 67 CNV breakpoints and complemented this with
previously sequenced ones. We then analyzed the sequence signatures of this
combined set of over 600 breakpoints to verify the conclusions that were drawn
from the coarse grained analysis. Our findings support the above findings; only few
breakpoints show associations with Alu elements, more show formation signatures
of NAHR mediated by SDs or LINES.

Keywords:
Segmental Duplication, Copy Number Variant, Non-allelic homologous recombination,
Alu element, microsatellite, preferential attachment
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Introduction

With the rapid advances in high-throughput technology, the study of human genome
variation is emerging as a major research area. A large fraction of variation in terms of
SNPs (“point variation”) has been mapped and genotyped (The International HapMap
Consortium 2005). However, it has recently been recognized that a major fraction of
mammalian genetic variation is manifested in an entirely different phenomenon known as
copy number variation. In contrast to SNPs, these variations correspond to relatively
large (over 1kb according to a widely accepted operational definition) regions in the
genome that are either deleted or amplified on certain chromosomes (“block variation™)
(Freeman et al. 2006; lafrate et al. 2004; Korbel et al. 2007; Redon et al. 2006; Sebat et al.
2004; Tuzun et al. 2005). They are known as Copy Number Variants (CNVs) and are
estimated to cover about 12% of the human genome, thereby accounting for a major
portion of human genetic variation (Levy et al. 2007; Redon et al. 2006). Some CNVs
reach fixation in the population and (if they correspond to duplications) are then visible in
the genome as Segmental Duplications (SD) (Bailey and Eichler 2006). A sizeable
fraction (estimated to be 5.2%) of the human genome is covered in these SDs (Bailey and
Eichler 2006; Bailey et al. 2002). These are defined as duplicated genomic regions of
>1kb with 90% or greater sequence identity among the duplicates. They are especially
widespread in the primate lineage (Cheng et al. 2005). SDs enclosing entire genes
contribute to the expansion of protein families(Korbel et al. 2008). Some of these
duplicated genes may fall out of use, thereby giving rise to pseudogenes. Some
duplications that are annotated as SDs may not be fixed in the population, but rather
correspond to common CNVs, in particular common ones that are present in the human
reference genome. Current efforts to sequence individual human genomes, such as the
1000 genomes project (1000genomes.org), will bring greater certainty about which SDs
are fixed and which are polymorphic, and hence are more correctly viewed as CNVs.

Hitherto, not much was known about mechanisms of CNV formation, but it has
been suggested that non-allelic homologous recombination (NAHR) during meiosis can
lead to the formation of larger deletions and duplications (or to structural variants such as
inversions). In general, recombination mechanisms such as NAHR are mediated by pre-
existing repeats. Alu elements have been previously implicated in formation of SDs
(Bailey et al. 2003; Zhou and Mishra 2005), which is consistent with NAHR-based
formation. Likewise, SDs have been suggested as mediating CNV formation (Cooper et
al. 2007; Freeman et al. 2006; Sharp et al. 2006). However, not all duplications are
thought to arise due to NAHR-based mechanisms: In subtelomeres, a separate mechanism,
non-homologous end joining (NHEJ), has been suggested for SD formation (Conrad and
Hurles 2007; Linardopoulou et al. 2005). Furthermore, recent studies have uncovered a
mechanism that combines both homologous and non-homologous recombination (Bauters
et al. 2008; Richardson et al. 1998). Finally, a novel mechanism that involves fork
stalling and template switching during replication has been proposed (Lee et al. 2007).

In this work, we examine formation signatures of both SDs and CNVs in an
integrated fashion. Specifically, we first survey genomic features in the human and their
occurrence. Among the features that we examined are SD and CNV boundaries as well as
common repeat elements, such as Alu and LINE retrotransposons and microsatellites. To
assess co-localization of the different features, we follow a two-pronged approach: First,
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we bin all the features in small sequence bins of 100kb and examine the associations by
computing Spearman (rank) correlation coefficients between two features (e.g., Alu
elements and CNV breakpoints) as sketched out in Figure 1. This coarse-grained
approach is necessary to avoid problems with the comparatively low resolution of current
large-scale CNV data (at best 50kb (Coe et al. 2007)). We use the Spearman correlation
as a more robust measure to detect non-linear relationships. A high (statistically
significant) correlation implies strong co-localization. We interpret statistical enrichment
of co-localized elements as an indicator that these elements might be involved in the
formation of SDs or CNVs, respectively. Second, to provide further evidence that the co-
localization trends found above are due to actual differences formation mechanism, we
examined actual breakpoints. Thus far, not many sequences of CNV breakpoints are
available. Hence, we performed targeted sequencing, and we analyzed them in
combination with a large number of previously sequenced breakpoints. To calculate
enrichment of specific features around the breakpoints we compare the number of
intersecting features to randomized global and local regions of the genome. Our results
show different signatures of formation for SDs and CNVs. While for SDs (and especially
older ones), we find a striking enrichment of (among other repeats) Alu elements in the
breakpoint regions, suggesting Alu mediated formation, we find little evidence for such a
mechanism in CNVs. We present evidence for several alternative features that may
contribute to the formation of both SDs and CNVs.

Results

Segmental Duplications follow a power law pattern in the human genome,
suggesting a preferential attachment mechanism

SDs are believed to be the result of CNVs reaching fixation. Also, it has been suggested
that CNV formation is partly mediated by SDs (Freeman et al. 2006; Sharp et al. 2006;
Sharp et al. 2005). Taken together, this would imply that SD formation would
preferentially occur in regions with many previously existing SDs. That is, an SD rich
region would generate more CNVs than other regions, some of which, in turn, become
fixed as SDs. This phenomenon represents one form of a preferential attachment
mechanism (“the rich get richer”). This mechanism has been well studied in the physics
literature and it is known that it generally lead to a power-law distribution in terms of the
regions (Albert and Barabasi 2002). Note, however, while a preferential attachment
mechanism does generally lead to a power-law distribution, the inverse is not necessarily
the case. A power-law or scale-free distribution corresponds to a distribution with a very
long tail (Barabasi and Albert 1999). For our case, this would mean that there should be
an extreme imbalance in the distribution of SDs, i.e. a few regions in the genome would
be very rich in SDs, while most would contain no or very few SDs. Intuitively, the
phenomenon of preferential attachment led to an enrichment of SDs in regions already
rich in SDs and hence a highly skewed distribution. Hence, if SD-mediated NAHR is a
major factor contributing to new SDs, we would expect the density of Segmental
Duplications to be distributed according to a power-law throughout the human genome.
Indeed, when analyzing different regions in the human genome for ends of Segmental
Duplications harbored, we observe a distinct power-law (See Fig. 2). This power-law
behavior is consistent with the existence of rearrangement “hot-spots”(Jiang et al. 2007).
This result, taken together with the aforementioned theoretical notions supports the
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hypothesis that SD formation is indeed mediated by pre-existing SDs. The power-law
distribution is independent of SD size, age, or the binning procedure (See Methods).

Segmental Duplications co-occur best with other Segmental Duplications of similar
age

Furthermore, an SD mediated NAHR mechanism would imply that recent SDs should co-
occur with older Segmental Duplications. If we bin SDs according to sequence similarity
between the duplicates (viewing sequence similarity between the duplicates as
approximate age since they diverge after duplication) we should see a significant co-
occurrence between SDs most similar in sequence identity. Indeed, we observe a
significant correlation between SDs in different age bins (sequence identity) (See Fig. 3).
Strikingly, we observe that the best co-occurrence for the SDs of any given age-bin is
with the SDs in the “neighboring” bin (i.e., the bin slightly older), consistent with a SD-
mediated NAHR. Note that this result would also be consistent with different regions
being susceptible to chromosomal rearrangements at different times. However, without a
preferential attachment mechanism, we are very unlikely to observe a power-law
distribution as in Fig 2. Finally, we observe that this correlation is best for old SDs and
gets successively worse as we move towards more and more recent SDs. This may be
indicative of a trend of changing SD formation behavior, as we will discuss below.

Alu mediated NAHR is an additional mechanism to preferential attachment

As another mechanism for SD formation, NAHR mediated by Alu retrotransposons has
been proposed (Bailey et al. 2003). Note that Alu repeats are the most common repeat
element in the human genome with about a million copies. We set out to examine this
mechanism and find that indeed, SDs show highly significant co-localization with Alu
elements (See Fig. 4B and Table S1), consistent with earlier reports (Bailey and Eichler
2006; Zhou and Mishra 2005). This trend is decreasing rapidly for younger SDs (See Fig
4B), the oldest (most divergent) SDs associate most strongly with Alus. In line with this
result, we find that most SDs have low (~90%) sequence identity, similar to Alu elements
(See Fig 5). The abundance of both retrotransposed elements and SDs then decreases
with rising sequence identity, in sync. SDs appear to co-localize with LINE/L1 repeats,
but this association is much weaker and might be reflective of co-localization of Alus and
L1 repeats (Kazazian 2004). LINE repeats are very prevalent as well with about 900,000
copies. Therefore, as previously pointed out, Alu elements appear to be mediating SD
formation. We also find evidence that Alu mediated mechanisms and preferential
attachment mechanisms may be complementary. That is, SDs that co-localize strongly
with Alus show weaker correlation with pre-existing SDs (See Fig 4A) than those that
appear in Alu-poor regions. This result holds true for SDs of any sequence identity bin.
This result suggests that a certain group of SDs is likely to have been formed by an Alu-
mediated mechanism and another disjoint group is a more likely candidate for a
mechanism involving pre-existing SDs.

Processed pseudogenes show significant association with SDs and a small, but
significant number of SDs are flanked by matching pseudogenes

Processed pseudogenes were formed in a way similar to Alu retrotransposons, i.e., they
parasitize the same LINE retrotransposition machinery and are also thought to have been
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mostly formed during the Alu burst ~40 Mya ago (Zhang et al. 2002). The obvious
difference is that there is a much greater variety of pseudogenes than Alu elements.
Therefore it is less likely for any given processed pseudogene to find a nearby matching
partner, to recombine with, which is a prerequisite for genome rearrangement via
homologous recombination. Despite this, we find a strong enrichment of processed
pseudogenes with SDs (See Fig 6). To evaluate whether these pseudogenes actually
contributed to the formation of SDs, we performed a detailed breakpoint analysis of SDs.
For a number of cases (144), we find matching processed pseudogenes at the matching
SD junction regions of duplicated regions. In additional 78 cases, we find processed
pseudogenes at both SD junctions that have different parent genes, but are highly similar
(>95% sequence identity) over stretches of at least 200bp. Note that many pseudogenes
have different parents but still show high sequence identity. While these numbers are
highly significant (p-values<<0.001), they are relatively small compared to the total
number of processed pseudogenes in the human genome (9747, www.pseudogene.org).
One reason for this may be that the recombination process requires the pairing of two
separate and matching pseudogenes. Since there are far fewer matching pseudogenes than
Alu elements, they led to the formation of much fewer SDs. These results suggest that
pseudogenes did contribute to SD formation, albeit only in a small number of cases.

Copy Number Variants co-occur with Segmental Duplications

It has been noted previously that Copy Number Variants co-occur with Segmental
Duplications and SD mediated NAHR has been suggested as a possible mechanism of
CNV formation (Freeman et al. 2006; Goidts et al. 2006; Perry et al. 2006; Sharp et al.
2006). In light with this, CNVs have been viewed as the drifting, polymorphic form of
SDs, i.e. SDs correspond to CNVs that have been fixed. This view implies that CNVs
should follow a similar pattern of distribution as very young SDs (i.e., SDs of very high
sequence similarity), since they would have been created by similar mechanisms. When
analyzing SD and CNV distributions in the genome, we indeed find that there is a
significant overlap (See Fig. 7A). However, the correlation between SD and CNV
occurrence may be smaller than expected. We find that maximally 28% of CNVs were
formed by an SD-mediated mechanism, i.e. lie in a region with a nearby SD. This is an
upper bound estimate, since proximity does not imply causality. From another
perspective, one may (perhaps naively) expect that the similarity in distribution of CNVs
and SDs of >99% sequence identity should be comparable to the similarity between the
distributions of SDs of >99% sequence identity and SDs of 98-99% identity. However,
we find that the correlation for CNVs and young SDs (rank correlation of 0.11) is lower
than the one for “very old” (90-92% sequence identity) and “very young” (>99%
sequence identity) SDs (rank correlation of 0.24). In other words, about 80% of “very
young” SDs could be the result of NAHR mediated by older SDs. Conversely, the same
can be said of only 28% of CNV. This may be consistent with the fact that CNVs are
polymorphic whereas SDs are fixed.

Copy Number Variants do not show any significant association with Alu elements,
but associate with other repeats

If CNVs and SDs are formed by similar processes, one might assume that CNVs would
also show association with Alu elements. However, we find that CNVs show no
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significant association with Alu elements (See Fig. 7B). Previous studies found weak
associations of CNVs with Alu elements(Cooper et al. 2007), but they are much weaker
than the ones found for SDs (of any sequence identity bracket). Indeed, when controlling
for SD content, the association becomes even weaker (See Supplement). These
associations may be due to the low resolution of the data that underlies most of these
studies (250K for data from competitive genome hybridization (CGH) on BAC
microarrays). Indeed, for all studies that used technology of higher resolution(Khaja et al.
2006; Korbel et al. 2007; Tuzun et al. 2005) no association with Alu elements was found
(See Table S1).

This result implies that an Alu mediated mechanism is an unlikely candidate for
CNV formation. It is consistent with reports that Alu mediated NAHR was most common
during or shortly after the burst of Alu activity ~40Mya ago and has since declined (Jurka
2004). Hence, the formation of CNVs and some SDs is probably mediated by different
phenomena. One might argue that some of this difference is due to the different methods
of experimental determination — SDs are read directly from the genome and CNVs used
in this study are determined using microarrays. Therefore, we computed associations
between Alus and CNVs that were determined using very different methodologies,
including different kinds of microarrays and paired-end sequencing (See Table S1).
Therefore, we conclude that Alu elements, while active in genome rearrangements in the
past, do not currently play a major role in the formation of CNVs. It should be pointed
out that this result does not contradict the notion of CNVs as drifting SDs — it simply
suggests that the mechanism of CNV/SD formation may have undergone significant
change in the past 40 million years.

The absence of association with Alu elements and the weakness of co-localization
with SDs leads to the question of which genomic features are relevant for CNV
formation. It has been suggested that microsatellite repeats have a role in mediation of
chromosome rearrangements (Ugarkovic and Plohl 2002). An association of SD junctions
with microsatellites has previously been pointed out (Bailey et al. 2003). Hence, we
examined whether they would associate with known CNVs. We indeed find that
microsatellite repeats show a highly significant co-localization with CNVs (See Fig 7B
and C and Table 1), even after correcting for SD abundance.

Analysis of sequenced breakpoints

A difference between SDs and most of the current CNV data is that SD breakpoints are
known exactly, whereas for CNVs only their approximate location is known (based on
CGH experiments). As mentioned above, most of the current data has a resolution of at
best 50kb (Coe et al. 2007). To make authoritative statements about formation signatures
one has to analyze the exact sequences surrounding the breakpoints. Hence, we
performed targeted sequencing of a number of representative CNV breakpoints, and
identified a total of 132 breakpoints (See Table 2). We combined this with previously
sequenced breakpoints (Korbel et al. 2007) to analyze a total set of 534 breakpoints,
representative of all CNV events. To verify the trends we identified using the large-scale
data, we analyzed the enrichment of different repeat elements in the immediate vicinity of
the breakpoints and the existence of matching repeats flanking both sides of the
breakpoints. To control for local sequence biases, we calculated the enrichment both with
respect to the entire genome (global enrichment) and a 5kb region around the breakpoint
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(local enrichment) (See Table 1). We find only an extremely weak association with Alu
elements, confirming the above trend. In total we find 29% of the breakpoints to be
associated with LINE repeats and another 2% to be associated with SDs. 9% were
flanked by other repeat elements (e.g., LTR and others). The remainder (60%) of
breakpoints did not show any homology signature. We should note here that the PEM
(using short sequence reads) approach is likely to bias somewhat against repeat-rich
regions, and hence the fraction of NAHR-mediated CNVs may be higher in reality. This
may also explain the discrepancy between the above found fraction of SD mediated
CNVs (maximally 28%) with the one found here (about 2%). However, many exhibit
signatures that may be indicative of non-homologous end-joining (NHEJ). Specifically,
40% of the breakpoints show the so-called microhomologies that can be a sign of
NHEJ(Lieber et al. 2003). Another 14% exhibit micro-insertions which have also been
implicated in NHEJ. We hence estimate that the latter CNVs may have been formed by
double strand breakage and NHEJ. Aside from these sequence signatures, there is also
biophysical evidence: breakpoints are enriched in regions that are known to be
genomically unstable: We find that breakpoint regions tend to lie in GC poor regions (See
Table 1), which are known to be thermodynamically less stable. Moreover, NHEJ
breakpoints tend to lie in significantly less stable regions than NAHR breakpoints (p-
value<0.01). Moreover, we find that a few NHEJ breakpoints lie in the unstable
subtelomeric regions, while no NAHR breakpoints do. We hence hypothesize that
random breakage followed by NHEJ is one major mechanism for CNV formation.

Discussion

We have presented results that suggest changes in the formation of large genome
rearrangements over the past 40 Mya. Our results suggest that shortly after the burst in
Alu activity, Alu- or pseudogene-mediated mechanisms were predominant in the
formation of SDs. The formed SDs then presented highly homologous regions themselves
and were active shortly after formation in generating new SDs. However, it is striking to
see that the association of SDs with Alu elements is decreasing with decreasing age of the
SD (increasing sequence similarity between the duplicates) (Fig 4B). Likewise, the co-
localization of SDs with their younger counterparts is decreasing. These trends are
indicative of a lesser contribution of homology mediated mechanisms for SD formation.
At almost the same rate, preference of SDs for subtelomeric regions in the genome is
increasing (Fig 4B). Genesis of SDs in subtelomeric regions is largely due to a
mechanism based on non-homologous end joining (NHEJ) mediated by micro-
homologies (<25bp homology), rather than a NAHR mechanisms mediated by larger
matching repeats (Linardopoulou et al. 2005). Note that an alternative hypothesis for the
enrichment of SD breakpoints in Alu rich regions is the clustering of Alu elements(Jurka
et al. 2004).

The lack of association of CNVs with Alu elements is quite surprising, as
concurrent Alu-Alu recombination has been reported in the literature (Deininger and
Batzer 1999; Nystrom-Lahti et al. 1995). However, our results indicate that while Alu-
Alu recombination used to be a major force in shaping genome rearrangements, in the
very recent genome evolution it did not leave a significant signature. Furthermore, our
sequenced breakpoints confirm the absence of Alu elements near the breakpoints. Do
note however, that there may be some bias of the sequencing method against Alu repeats.
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Moreover, it is in line with the emerging trend of decreasing Alu association of SDs. It is
likely the result of the decrease in Alu activity since the Alu burst, which led to
continuing Alu divergence and hence, diminishing probability of Alu mediated NAHR.
This finding is further bolstered by the fact that most SDs have a similar sequence
divergence (age) as most Alus, i.e. they were likely created around the Alu burst. While
association does not imply causality, the lack of association (such as here, with Alu
elements and CNVs) certainly implies lack of causality. In other words, it would be hard
to argue that Alu elements are the predominant mediator of CNV formation solely based
on the observation of co-localization. Thus, our observations provide strong evidence
against the involvement of Alu elements in CNV formation.

On the other hand it has previously been suggested that CNVs associate with SD
elements, and we find this trend persisting. However, SDs mediated CNV formation can
only account for a minority of the CNVs found (less than 10% based on our sequenced
breakpoints). Therefore, other mechanisms have to be at work as well. We suggest the
following two possibilities for alternative mechanisms: First, we find associations of
CNVs with other repeats, namely microsatellites and LINE repeats. Large-scale
associations only gives weak evidence for this connection, but the presence of matching
repeats in the immediate vicinity of the sequenced breakpoints makes a stronger case for
microsatellites and LINE involvement in CNV formation. Moreover, since microsatellites
have been implicated in genome rearrangements, an involvement in CNV formation
would certainly be sensible (Ugarkovic and Plohl 2002). Second, our findings are also
suggestive of an increased role of NHEJ based mechanisms for the generation of CNVs
which accounts for many of the breakpoints that were not associated with any known
repeat. Indeed, we find an association of CNVs towards subtelomeric regions (p-
value<0.001), where double strand breakage and NHEJ is known to be prevalent.
Moreover, in the sequenced breakpoint data we find some indication that NHEJ is an
alternative mechanism for CNV formation, such as the microhomologies present in many
breakpoint sequences.

In summary, we find evidence for formation of duplications via NAHR that was
mediated by repeat elements. While the co-localization does not imply causality, this
mechanism has been proposed before and is supported by several pieces of data for SDs.
It also explains nicely the decrease of co-localization of SDs with Alus and with each
other. This leads to a coherent picture: about 40 Mya ago, there was a peak in Alu
activity, known as the Alu burst (see Figure 8). The burst created a high number of
repeat elements that served as templates for NAHR. Hence, ectopic recombination took
place at a high rate and set off extensive genome rearrangement, thereby creating many
SDs. The SDs themselves then could also serve as NAHR templates, “feeding the fire” of
recombination. This also nicely explains the existence of the rearrangement hot-spots in
the current human genome. Therefore, the majority of SDs that we find have low
sequence identiy (~90%), similar to Alu elements stemming from the burst, suggesting
that they were formed during a similar time. Moreover, the number of SDs decreases with
rising sequence identity, in sync with the decrease of Alu repeats (correlation r=0.92,
p<0.001, see Figure 5). This is consistent with our hypothesis, that the decline in
retrotransposition activity then led to an overall decline in genome rearrangements.
Moreover, the relative importance of other repeat elements, such as LINE elements or
microsatellites in terms of mediating NAHR increased; while they were created in the
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genome at a basal level, the strong effect of the Alu burst had previously masked their
influence. This is why we find a stronger signature of enrichment of these elements with
CNV breakpoint regions. Finally, other mechanisms, namely NHEJ, play a much bigger
role in reshaping the genome today, again consistent with the fact, that a majority of
current CNV breakpoints exhibit signatures suggesting a formation through NHEJ.

Aside from the factors discussed above, selection could have influenced the
sequence signatures found around SDs or CNVs. Many SDs may have undergone some
kind of selection during their way to fixation. By contrast, most CNVs are likely to be
neutral, even though, analogous to SNPs, some may have been selected for or
against(Cooper et al. 2007; Hurles et al. 2008; Korbel et al. 2007). Hence, one may
assume that the differences between CNVs and SDs pointed out above could be due to
selection. The most striking difference is certainly the difference in association with Alu
elements; if selection were responsible for this difference, two scenarios are possible:
First, Alu elements in the vicinity of SDs could lead to preferential fixation of these SDs.
It is hard to imagine how Alu elements in the genomic neighborhood should influence the
fixation of SDs, therefore we deem this scenario very unlikely. Second, Alu elements in
the vicinity of CNV were removed by negative selection. This possibility is equally
unlikely, and we believe that the far more parsimonious explanation is that Alu elements
had a predominant role in past SD, but not in present CNV formation.

Conclusions

We present evidence for different formation mechanisms of structural variants in the
human genome. Our main result suggests that currently occurring Copy Number Variants
appear to follow a pattern somewhat similar to young Segmental Duplications and
decidedly different from older Segmental Duplications. We show a shift from a
prevalence of Alu-mediated generation of old SDs towards other mechanisms for more
recent SDs. The weakness of association of CNVs with Alu elements can be viewed as
the natural extension of this trend, as CNVs (that correspond to amplifications) are “very
young” SDs. This trend is consistent with current models that propose a decrease of Alu
activity after the “Alu-burst” about 40Mya ago. Finally, we present results suggesting
that while some CNVs are formed through NAHR, a large fraction of them are formed
through non-homologous end-joining. These trends are present in the large amounts of
low-resolution data as well as found confirmed in the substantial number of sequenced
breakpoints.

Methods

Sequence data preparation

We used the segmental duplications database from the University of Washington
(http://humaparalogy.gs.washington.edu/dups) based on the build 36 genome (Bailey et
al. 2002). We binned all existing SDs into sequence identity categories and different size
categories (See Supplement). To enable comparison with low-resolution copy number
variation data, we finally binned all segmental duplications according to genomic
coordinate. We varied the binsize from 10kb to 1Mb. Because the copy number variant
mapping resolution is at most 50kb for the techniques employed in the used datasets(Coe
et al. 2007), we report the results for calculations with a binsize of 100kb. Calculations
using other binsizes are reported in Table S1. For copy number variants we used three
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separate datasets, based on three different assay methodologies. The three-way
comparison should avoid biases that may have been introduced by a single method. First,
we used the recent set from the Human Copy Variation Consortium, which was based on
microarray methods(Redon et al. 2006). Secondly, the structural variation data based on
Fosmid-paired-end sequencing was used(Tuzun et al. 2005). Finally, a comparison of two
different genome assemblies has revealed putative copy number variations(Khaja et al.
2006). The results from the latter two CNV datasets are reported in Table S1.

Breakpoint sequencing

A total of 67 individual breakpoints identified by the Paired end matching (PEM) were
sequenced using the following approach. PCR fragments were extracted either by gel-
purification or gel-extraction with Millipore Ultrafree®-DA centrifugal filter devices
(Millipore Corp., Bedford, MA) or by bead-purification from the reaction mixture with
Agencourt® AMPure® (Agencourt Biocience Corporation, Beverly, MA). Amplified
fragment pools (50 — 150 fragments each) were randomly sheared by nebulization,
converted to blunt-ends, and adaptors ligated with the GS DNA Library Preparation kit
according to the manufacturer’s protocols (454 Life Sciences, Branford, CT; Roche
Diagnostics, Indianapolis, IN). The resulting single stranded DNA shotgun libraries were
then sequenced with 454 Sequencing. Both the resulting reads (median length=250bp)
and contigs generated by 454’s de novo assembler Newbler (see software user manual,
454 Life Sciences and Roche Diagnostics) were scanned for the respective SV-
breakpoints with BLAST (S4) alignment against the human reference genome; we
required best-hits to the genome for both portions of a read/contig matching on either side
of a candidate breakpoint junction.

Repeat Analysis

Different kinds of repeats were identified using the genome annotation on the UCSC
genome browser, based on the output of Repeatmasker. As above, distributions of Alu
elements, LINE elements, and microsatellites were binned according to their genomic
coordinates. Recombination hotspot data was taken from the HapMap recombination
data(The International HapMap Consortium 2005). Data for the processed pseudogenes
was obtained from Pseudogene.org(Karro et al. 2007).

Computation of associations

Coarse-grained co-localization was assessed by computing the spearman rank
correlations between the binned distributions of each feature (SD occurrence, CNV
occurrence or repeat occurrence) per bin. This measure is an accurate and robust measure
of association and is independent of any assumptions of the distribution of the respective
features. We used a binsize of 100kb for the analysis, but changes in the binning
procedure did not have an effect on our results (See Supplement). This coarse grained
approach can identify larger scale trends. It is especially suitable for the analysis of CNV
associations because of the current low resolution mapping of their breakpoints.
However, it may not be able to pinpoint exact breakpoint characteristics.

For sequenced breakpoints we calculated enrichments both in a global and local context.
In a global context, we compared the average number of a random nucleotide in the
genome intersecting with a given genomic element with the average number a breakpoint
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did. Since this may be biased by local genomic context, we also calculated the average
number a random nucleotide would intersect a given genomic element in a 50kb window
around the breakpoint.

Detailed SD breakpoint analysis for processed pseudogenes

For a detailed analysis of processed pseudogene enrichment at SD breakpoints we
analyzed all SD junctions for overlap with pseudogenes. Because of potential sequencing
and alignment errors, we defined the SD junction as +/- 5 basepairs around the annotated
breakpoint. We then looked for SDs where pseudogenes overlapped either the SD start or
end junction in both duplicated segments. For each of these, we then compared the parent
genes of the two pseudogenes that overlapped the SD junctions. For pseudogenes with
different parent genes, we compared their sequence similarity using FASTA.

To assess the significance of the overlap between the processed pseudogenes and SD
junctions, we first picked genomic regions of the same size and number as SDs at random
and compared the overlap with processed pseudogenes. No matching junctions that had
matching pseudogenes were found. As a second procedure that captures potential
sequence biases, we randomized the SD junctions in a 5kb window around the actually
junction and calculated the overlap with matching pseudogenes.

CNV breakpoint analysis

To complement the coarse-grained approach, we analyzed a set of 536 sequenced
breakpoints, a combination of the breakpoints from Korbel et al. and the newly
sequenced breakpoints above. We analyzed the occurrence of breakpoints in known
repeat sequences from Repeatmasker. Furthermore, we analyzed each breakpoint for the
occurrence of microhomologies and microinsertions. All calculations were carried out
using custom code in Matlab, R and Perl.

All data and supplementary material is available on our website:
http://www.gersteinlab.org/proj/sdcnvcorr
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Tables

Table 1: Association of SV breakpoints with several classes of repetitive elements. The
relative enrichment (global) gives the enrichment relative to the global genomic
background. The local relative enrichment gives the enrichment relative to a 50kb
window around the breakpoint.

Global Local

Repeat Type Frequency enrichment p-value enrichment p-value

Alu 0.09 0.94 3.24E-01 1.13 1.74E-01
SD 0.41 2.57 2.14E-07 1.17 2.64E-01
L1 0.24 1.48 1.03E-07 1.12 7.16E-02
L2 0.01 0.47 1.72E-02 0.52 2.31E-02
Microsatellite 0.03 3.91 6.74E-11 3.11 2.99E-07
LTR 0.09 1.14 1.71E-01 0.89 1.97E-01
PPgene 0.01 2.08 9.55E-02 1.66 1.98E-01
GC 0.39 0.96 7.24E-03 0.97 3.00E-02

Table 2: Newly sequenced CNV breakpoints. Most sequenced breakpoints show small
homologies indicative of NHEJ. Furthermore, some breakpoints have microinsertions,
which also indicate an NHEJ mechanism. Finally, some breakpoints show larger

homologies, which suggest NAHR.

Chromosome Start End Mechanism Repeat

1 147600602 147986401 NAHR 272bp SD
homology

1 154793347 154795560 NAHR 19bp None
homology

1 157227979 157232826 NHEJ 4bp None
microhomology

1 208144678 208152601 NHEJ 6bp None
microinsertion

1 246118115 246124262 NAHR 14bp None
homology

2 126159721 126168302 NHEJ 4bp None
microhomology

2 146579091 146593333 NHEJ 2bp None
microhomology

2 54418997 54420978 NHEJ 3bp None
microinsertion

2 90959251 90972058 NAHR 205bp Satellite
homology

3 10201175 10203945 NHEJ 4bp None
microhomology

3 121644332 121647642 NHEJ 10bp None
microinsertion

3 188063727 188068042 NHEJ 45bp None
microinsertion

3 47465673 47468445  NHEJ 2bp None

microhomology
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Figure Captions

Figure 1: Schematic representation of the overall analysis methodology. For the coarse
grained analysis, genomic features are surveyed. First, the number of features in each
genomic bin is counted. Then the overall pairwise correlation is measured (using
Spearman rank correlation or Wilcoxom ranksum tests).

Figure 2: Segmental duplications are distributed according to a power-law in the human
genome. As can be seen, segmental duplications follow a power-law distribution, i.e.,
while most regions in the genome are relatively poor in SDs, there is a small number of
regions with much higher SD occurrence (p(x)~x*"). This is indicative of a preferential
attachment (“rich get richer””) mechanism

Figure 3: Heatmap of associations of SDs in different sequence identity bins. SDs co-
occur best with pre-existing SDs of similar age and this trend appears be stronger for
older SDs. Associations are given as spearman rank correlations of number of occurrence
in genomic bins. All correlations are highly significant (p-value<<0.00001)

Figure 4:A) Alu mediated NAHR and preferential attachment are two complementary
mechanisms for SD formation. In Alu rich regions (>10 Alu elements per 10kb), the
association of SDs and pre-existing SDs is much lower than in Alu poor regions (No Alu
elements per 100kb). Associations are given as spearman rank correlations of number of
occurrence in genomic bins. All correlations are highly significant (p-value<<0.00001)
B) Association of Alu elements and SDs is highest for the oldest (~40Mya old) SDs and
drops significantly for recent SDs. At the same time, preference for subtelomeric regions
and a presumed NHEJ mechanism rises. Associations are given as spearman rank
correlations of number of occurrence in genomic bins. All correlations are highly
significant (p-value<<0.00001)

Figure 5: Sequence divergence of repeat elements in the human genome. As approximate
age, the sequence divergence shows a burst of Alu activity roughly 40 Mya ago, and a
marked decrease afterwards. The distribution of (active) LINE elements is somewhat
more even. The relative number of SDs decreases in a fashion similar to the Alu
elements.

Figure 6:A) Pseudogene association with SDs. Just like Alu elements, pseudogenes co-
localize very strongly with old SDs and less so with younger SDs. All correlations are
highly significant (p-value<<0.00001)

B) Detailed SD junction analysis. A total of 144 SDs showed matching processed
pseudogenes at both junctions, i.e. both peudogenes have the same parent gene and show
high homology. When picking random genomic regions of the same size and number as
SDs, no matching pseudogenes were ever found to overlap both SD junctions. When
using an randomized offset of +/- 5kb to account for potential sequence biases, an
average of 40 matching pseudogenes were found, but in 1000 trials, never more than 43.
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C) Schematic of matching processed pseudogenes at SD junctions. The processed
pseudogenes overlap matching SD junctions at both duplicated segments, making them
likely candidates for having mediated NAHR.

Figure 7: A) Association of SDs and CNVs. Shown is the association of SDs (90-99%
sequence identity) with “young” SDs (>99% sequence identity, left bar) and CNVs (right
bar).CNVs co-localize with SDs, but much weaker than very young SDs. Associations
are given as spearman rank correlations of number of occurrence in genomic bins. All
correlations are highly significant (p-value<<0.00001)

B) CNV association with different human repeat elements. CNVs associate weakly with
L1 elements and microsatellites, but show no association with Alu elements. C) CNV
association with human repeat elements after correcting for SD content. There is almost
no significant association, the observed depletion in Alu elements may be due to a
preference of CNVs for subtelomeric regions. Associations are given as spearman rank
correlations of number of occurrence in genomic bins. p-values of the correlations are
given in the bubbles.

Figure 8: A schematic of the change of formation mechanism over the last 40 million
years in the mammalian lineage.
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Figure 3
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Figure 6
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Figure 7
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