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Segmental duplications (SDs) are operationally defined as >1 kb stretches of duplicated DNA with high sequence
identity. They arise from copy number variants (CNVs) fixed in the population. To investigate the formation of SDs
and CNVs, we examine their large-scale patterns of co-occurrence with different repeats. Alu elements, a major class
of genomic repeats, had previously been identified as prime drivers of SD formation. We also observe this
association; however, we find that it sharply decreases for younger SDs. Continuing this trend, we find only weak
associations of CNVs with Alus. Similarly, we find an association of SDs with processed pseudogenes, which is
decreasing for younger SDs and absent entirely for CNVs. Next, we find that SDs are significantly co-localized with
each other, resulting in a highly skewed “power-law” distribution and chromosomal hotspots. We also observe a
significant association of CNVs with SDs, but find that an SD-mediated mechanism only accounts for some CNVs
(<28%). Overall, our results imply that a shift in predominant formation mechanism occurred in recent history: ~40
million years ago, during the “Alu burst” in retrotransposition activity, non-allelic homologous recombination, first
mediated by Alus and then the by newly formed CNVs themselves, was the main driver of genome rearrangements;
however, its relative importance has decreased markedly since then, with proportionally more events now stemming
from other repeats and from non-homologous end-joining. In addition to a coarse-grained analysis, we performed
targeted sequencing of 67 CNVs and then analyzed a combined set of 270 CNVs (540 breakpoints) to verify our

conclusions.

[Supplemental material is available online at www.genome.org.]

With the rapid advances in high-throughput technology, the
study of human genome variation is emerging as a major re-
search area. A large fraction of variation in terms of single nucleo-
tide polymorphisms (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 differ-
ent phenomenon known as “copy number variation.” In contrast
to SNPs, these variations correspond to relatively large (>1 kb
according to a widely accepted operational definition) regions in
the genome that are either deleted or amplified on certain chro-
mosomes (“block variation”) (Iafrate et al. 2004; Sebat et al. 2004;
Tuzun et al. 2005; Freeman et al. 2006; Redon et al. 2006; Korbel
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et al. 2007). They are known as “copy number variants” (CNVs)
and are estimated to cover ~12% of the human genome, thereby
accounting for a major portion of human genetic variation (Re-
don et al. 2006; Levy et al. 2007). Some CNVs reach fixation in
the population and (if they correspond to duplications) are then
visible in the genome as Segmental Duplications (SDs) (Bailey
and Eichler 2006). A sizeable fraction (estimated to be 5.2%) of
the human genome is covered in these SDs (Bailey et al. 2002;
Bailey and Eichler 2006). These are defined as duplicated geno-
mic regions of >1 kb with 90% or greater sequence identity
among the duplicates. They are especially widespread in the pri-
mate lineage (Cheng et al. 2005). SDs enclosing entire genes con-
tribute to the expansion of protein families (Korbel et al. 2008).
Some of these duplicated genes may fall out of use, thereby giv-
ing 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 indi-
vidual human genomes, such as the 1000 Genomes Project
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(1000genomes.org), will bring greater certainty about which SDs
are fixed and which are polymorphic, and hence are more cor-
rectly 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 the 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 (Freeman et al. 2006; Sharp et al. 2006; Cooper
et al. 2007). However, not all duplications are thought to arise
because of NAHR-based mechanisms: In subtelomeres, a separate
mechanism, non-homologous end-joining (NHE]), has been
suggested for SD formation (Linardopoulou et al. 2005; Conrad
and Hurles 2007). Furthermore, recent studies have uncovered a
mechanism that combines both homologous and non-
homologous recombination (Richardson et al. 1998; Bauters et al.
2008). Finally, a novel mechanism that involves fork stalling and
template switching during replication has been proposed (Lee et
al. 2007).

In this study, 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 survey are SD and CNV boundaries as well as
common repeat elements, such as Alu and LINE retrotransposons
and microsatellites. To assess colocalization of the different fea-
tures, we follow a two-pronged approach: First, we bin all the
features into small sequence bins of 100 kb and examine the
associations by computing Spearman (rank) correlation coeffi-
cients between two features (e.g., Alu elements and CNV break-
points) as sketched out in Figure 1. This coarse-grained approach
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Figure 1. Schematic representation of the overall analysis methodol-
ogy. 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
Wilcoxon rank-sum tests).

is necessary to avoid problems with the comparatively low reso-
lution of current large-scale CNV data (at best 50 kb) (Coe et al.
2007). We use the Spearman correlation as a more robust mea-
sure to detect nonlinear relationships. A high (statistically signif-
icant) correlation implies strong colocalization. We interpret sta-
tistical enrichment of colocalized 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
colocalization trends found above are due to actual differences in
formation mechanisms, we examined actual breakpoints. Thus
far, not many sequences of CNV breakpoints are available.
Hence, we performed targeted sequencing of breakpoints, and we
analyzed them in combination with a large number of previously
sequenced ones. 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 (especially older ones), we find a striking
enrichment of Alu elements and other repeats in the breakpoint
regions, suggesting Alu-mediated formation, we find little evi-
dence for such a mechanism in CNVs. Here, we present evidence
for several alternative features that may contribute to the forma-
tion 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. 2005, 2006). Taken to-
gether, 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 leads to
a power-law distribution in terms of the regions (Albert and
Barabasi 2002). Note, however, that while a preferential attach-
ment 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,
that is, 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 resulting in a highly
skewed distribution. Hence, if SD-mediated NAHR is a major fac-
tor contributing to new SDs, we would expect the density of SDs
to be distributed according to a power law throughout the hu-
man genome. Indeed, when analyzing different regions in the
human genome for ends of SDs 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 hypothesis that SD formation is mediated
by pre-existing SDs. The power-law distribution is independent
of SD size, age, or the binning procedure (see Methods).

1866 Genome Research
www.genome.org


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

Downloaded from genome.cshlp.org on August 23, 2022 - Published by Cold Spring Harbor Laboratory Press

Analysis of CNVs and SDs in the human genome

colocalization with Alu elements (see

' Fig. 4B and Supplemental Table S1), con-
sistent with earlier reports (Zhou and
Mishra 2005; Bailey and Eichler 2006).
This trend is decreasing rapidly for
younger SDs (see Fig. 4B), while the oldest
(most divergent) SDs associate most
strongly with Alus. In line with this result,
we find that most SDs have a sequence
identity similar to Alu elements (90%) (see
Fig. 5). The abundance of both retrotrans-
posed elements and SDs then decreases
E with rising sequence identity, in sync. SDs
also appear to colocalize with LINE/L1 re-
peats, but this association is much weaker
and might be reflective of colocalization
of Alus and L1 repeats (Kazazian Jr. 2004).
We also find evidence that Alu-mediated
mechanisms and preferential attachment
mechanisms may be complementary.
That is, SDs that colocalize strongly with
Alus show weaker correlation with pre-
existing SDs (see Fig. 4A) than those that
appear in Alu-poor regions. This result
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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, that is, while most regions in
the genome are relatively poor in SDs, there are a small number of regions with much higher SD
occurrence [p(x) ~ x~%3']. This is indicative of a preferential attachment (“rich get richer”) mechanism.

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 duplica-
tions. Hence, if we bin SDs according to sequence similarity be-
tween the duplicates (viewing sequence similarity between the
duplicates as approximate age since they diverge after duplica-
tion), we should see a significant co-occurrence between different
bins. Indeed, we observe a significant correlation between SDs in
different age groups (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 Figure 2.
Finally, we observe that this correlation is best for old SDs and
gets successively worse as we move toward more and more recent
SDs. This may be indicative of a trend of changing SD formation
behavior, as we 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 ex-
amine this mechanism and find that SDs show highly significant

holds true for SDs of any sequence identity
bin. It 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.

4

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 retro
transposons, that is, they parasitize the same LINE retrotrans-
position machinery and are also thought to have been mostly
formed during the Alu burst ~40 million years ago (Mya) (Zhang
et al. 2002). The obvious difference is that there are 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 re-
gions of duplicated regions. In an additional 78 cases, we find pro-
cessed pseudogenes at both SD junctions that have different
parent genes, but are highly similar (>95% sequence identity) over
stretches of at least 200 bp. 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 rela-
tively small compared to the total number of processed pseudo-
genes in the human genome (9747; www.pseudogene.org).
One reason 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, this may
have led to the formation of much fewer SDs.
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SD/SD association with SDs by age
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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 to be stronger for older SDs. Associations are
given as Spearman rank correlations of the number of occurrences in genomic bins. All correlations are

highly significant (P-value < 0.00001).

These results suggest that pseudogenes did contribute to SD for-
mation, albeit only in a small number of cases.

Copy number variants co-occur with segmental duplications

It has been noted previously that CNVs co-occur with SDs, 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; A

Sharp et al. 2006). In line with this,
CNVs have been viewed as the drifting,
polymorphic form of SDs, that is, SDs
correspond to CNVs that have been
fixed. This view implies that CNVs
should follow a similar pattern of distri- 0.68
bution 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

99-100

SD (»99%) association with older SDs

to the similarity between the distribu-
tions of SDs of >99% sequence identity
and SDs of 98%-99% identity. How-
ever, we find that the correlation for
CNVs and young SDs (rank correla-
tion of 0.14) is lower than the one for
“very old” (90%-92% sequence identity)
and “very young” (>99% sequence iden-

. °° tity) SDs (rank correlation of 0.24). In
other words, ~60% of “very young” SDs
could be the result of NAHR mediated

F 4045

by older SDs. Conversely, the same can
be said of only 28% of CNVs. 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
0.25 processes, one might assume that CNVs
would also show association with Alu
elements. However, we find that CNVs
show no 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 se-
quence identity bracket). Indeed, when controlling for SD con-
tent, the association becomes even weaker (see Supplemental
material).
This result implies that an Alu-mediated mechanism is an
unlikely candidate for CNV formation. It is consistent with re-

B

Alu association with SDs by age

012 013

>09% 98-99% 96-98% 94-96% 92-94% 90-92%

0.3

CNV distributions in the genome, we in-
deed find that there is a significant over-
lap (see Fig. 7A). However, the correla-
tion between SD and CNV occurrence is

smaller than may be expected. We find
that maximally 28% of CNVs were
formed by an SD-mediated mechanism,
that is, 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 (per-
haps naively) expect that the similarity
in distribution of CNVs and SDs of >99%
sequence identity should be comparable

Alu poor
regions

(P-value < 0.00001).

Alu rich

SD association with subtelomeres
0.092 ¢ 082
0.054 0.04 6081 oizn
regions >99% 98-99% 96-98% 94-96% m ,90-—92"/.!

Figure 4. (A) Alu-mediated NAHR and preferential attachment are two complementary mechanisms
for SD formation. In Alu-rich regions (>10 Alu elements per 10 kb), the association of SDs and pre-
existing SDs is much lower than in Alu-poor regions (no Alu elements per 100 kb). Associations are
given as Spearman rank correlations of the number of occurrences in genomic bins. All correlations
are highly significant (P-value < 0.00001). (B) Association of Alu elements and SDs is highest for the
oldest (~40 Mya) SDs and drops significantly for recent SDs. At the same time, preference for sub-
telomeric regions and a presumed NHE] mechanism rises. Associations are given as Spearman rank
correlations of the number of occurrences in genomic bins. All correlations are highly significant
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Figure 5 Sequence divergence of repeat elements in the human ge-
nome. As approximate age, the sequence divergence shows a burst of Alu
activity ~40 Mya and a marked decrease afterward. The distribution of
(active) LINE elements is somewhat more even. The relative number of
SDs decreases in a fashion similar to the Alu elements.

ports that Alu-mediated NAHR was most common during or
shortly after the burst of Alu activity ~40 Mya 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 methodolo-
gies, including different kinds of microarrays and paired-end se-
quencing (see Supplemental Table S1). Therefore, we conclude
that Alu elements, while active in ge-
nome rearrangements in the past, do not
currently play a major role in the forma-
tion of CNVs. It should be pointed out

A

points are known exactly, whereas for CNVs only their approxi-
mate locations are known (based on CGH experiments). As men-
tioned above, most of the current data has a resolution of at best
50 kb (Coe et al. 2007). To make authoritative statements about
formation signatures, one has to analyze the exact sequences
surrounding the breakpoints. Therefore, we performed targeted
sequencing of a number of representative CNV breakpoints and
identified a total of 134 breakpoints (see Table 2). We combined
this with previously sequenced breakpoints (Korbel et al. 2007) to
analyze a total set of 540 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 con-
trol for local sequence biases, we calculated the enrichment both
with respect to the entire genome (global enrichment) and a
50-kb region around the breakpoint (local enrichment) (see Table
1). We find only an extremely weak association with Alu ele-
ments, 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. Nine percent were flanked by other repeat
elements (e.g., LTR and others). The remainder (60%) of break-
points did not show any homology signature. We should note
here that the paired-end matching (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 (~2%). However, many exhibit signa-
tures that may be indicative of non-homologous end-joining
(NHE]J). Specifically, 40% of the breakpoints show the so-called

Processed pseudogene association with SDs by age

that this result does not contradict the 032 ;.8
notion of CNVs as drifting SDs—it sim- 021 o
ply suggests that the mechanism of 0.1 0.1
CNV/SD formation may have under- ’—‘ ‘—‘
gone significant change in the past 40

90-92%  92-94% 94-96% 96-98% 98-99%  >99%

million years.

The absence of association with Alu
elements and the weakness of colocaliza-
tion with SDs leads to the question of

B

Processed pseudogenes at SD junctions

which genomic features are relevant for 144 Duplicated Segments
CNV formation. It has been suggested 4#7
that microsatellite repeats have a role in
mediation of chromosome rearrange- 40
ments (Ugarkovic and Plohl 2002). An 520,001 _
association of SD junctions with micro- No. of Number of 4‘:#*
satellites has previously been pointed SDsusith maiching .

. matching pseudogenes Matching pseudogenes
out (Bailey et al. 2003). Hence, we exam- pseudogenes  expected
ined whether they would associate with a?u";giz':"gg at random

j

known CNVs. We indeed find that micro-
satellite repeats show a highly signifi-
cant colocalization with CNVs (see Fig.
7B,C and Table 1), even after correcting
for SD abundance.

Figure 6.

(A) Pseudogene association with SDs. Just like Alu elements, pseudogenes colocalize
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, that is, both pseudogenes 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 a randomized offset of

Analysis of sequenced breakpoints

+5 kb to account for potential sequence biases, an average of 40 matching pseudogenes were found,

but in 1000 trials, never more than 43. (C) Schematic of matching processed pseudogenes at SD

A difference between SDs and most of
the current CNV data is that SD break-

junctions. The processed pseudogenes overlap matching SD junctions at both duplicated segments,
making them likely candidates for having mediated NAHR.
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B Discussion

CNV association with repeats and
processed pseudogenes We have presented results that suggest
A changes in the formation of large ge-
Association of CNVs 0.027 205 nome rearrangements over the past 40
with SDs 0.003 ] Mya. Our results suggest that shortly af-
ter the burst in Alu activity, Alu- or pseu-
dogene-mediated mechanisms were pre-
0.30 Al Miomsstellite:  Feeusogenss dominant in the formation of SDs. The

0.14 C

0.026

>99% SDs* CNVs -0.032

CNV association with repeats
after correcting for SD content

| —

a»

formed SDs then presented highly ho-
mologous regions themselves and were
active shortly after formation in gener-
ating 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 simi-
larity between the duplicates) (Fig. 4B).

0.012

L]

Alu Microsatellite

Figure 7.

genomic bins. P-values of the correlations are given in the bubbles.

microhomologies that can be a sign of NHE] (Lieber et al.
2003). Another 14% exhibit microinsertions, which have also
been implicated in NHEJ. We hence estimate that the latter
CNVs may have been formed by double-strand breakage and
NHE]J. Aside from these sequence signatures, there is also bio-
physical evidence: Breakpoints are enriched in regions that are
known to be genomically unstable. We find that breakpoint re-
gions tend to lie in GC-poor regions (see Table 1), which are
known to be thermodynamically less stable. Moreover, NHE]
breakpoints tend to lie in significantly less stable regions than
NAHR breakpoints (P-value < 0.01). Also, we find that a few NHE]
breakpoints lie in the unstable subtelomeric regions, while no
NAHR breakpoints do. We hence hypothesize that random
breakage followed by NHE] is one major mechanism for CNV
formation.

(A) Association of SDs and CNVs. Shown is the association of SDs (90%-99% sequence
identity) with (left bar) “young” SDs (>99% sequence identity) and (right bar) CNVs. CNVs colocalize
with SDs, but much more weakly than with very young SDs. Associations are given as Spearman rank
correlations of the number of occurrences 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 subtelo-
meric regions. Associations are given as Spearman rank correlations of the number of occurrences in

Likewise, the colocalization 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 sub-
telomeric regions in the genome is in-
creasing (Fig. 4B). Genesis of SDs in sub-
telomeric regions is largely due to a
mechanism based on NHEJ mediated by
microhomologies (<25 bp homology),
rather than a NAHR mechanism medi-
ated by larger matching repeats (Linar-
dopoulou et al. 2005). Note that an al-
ternative 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 re-
ported in the literature (Nystrom-Lahti et al. 1995; Deininger and
Batzer 1999). However, our results indicate that while Alu-Alu
recombination used to be a major force in shaping genome rear-
rangements, in the very recent genome evolution it did not leave
a significant signature. Furthermore, our sequenced breakpoints
confirm that there is no significant enrichment of Alu elements
near the breakpoints. Note, however, that there may be some bias
of the sequencing method against Alu repeats. 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, dimin-

Pseudogenes

Table 1. Association of SV breakpoints with several classes of repetitive elements
Repeat type Frequency Global enrichment P-value Local 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 3.1 2.99E-07
LTR 0.09 1.14 1.71E-01 0.89 1.97E-01
Processed pseudogene 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

The relative enrichment (global) gives the enrichment relative to the global genomic background. The local relative enrichment gives the enrichment

relative to a 50-kb window around the breakpoint.
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Table 2. Newly sequenced CNV breakpoints

Chromosome Start End Repeat
1 147600602 147986401 sD
1 154793347 154795560 None
1 157227979 157232826 None
1 208144678 208152601 None
1 246118115 246124262 None
2 126159721 126168302 None
2 146579091 146593333 None
2 54418997 54420978 None
2 90959251 90972058 Satellite
3 10201175 10203945 None
3 121644332 121647642 None
3 188063727 188068042 None
3 47465673 47468445 None
3 62639438 62670706 None
4 106926782 106936575 LINE/L1
4 108347263 108351179 None
4 142450233 142452513 None
4 165024355 165039560 None
4 42457435 42464300 LINE/LT
4 58180961 58185488 LINE/L1
4 79488158 79494220 None
5 10579961 10585291 SINE/Alu
5 177754281 177756656 None
5 49471345 49476325 Satellite/centr
5 57715747 57721855 None
5 71386 76029 sD
6 165644659 165652123 None
6 34045807 34050676 None
7 113203412 113209444 None
8 2116965 2122377 None
8 25122602 25126570 None
8 584397 589415 None
8 73950329 73956378 None
9 112516996 112519927 None
9 70927942 70933175 None
9 73446481 73449953 None
9 84854269 84860328 None
10 114102173 114106649 None
10 128578838 128582206 None
10 4427701 4431391 None
10 5627110 5677111 None
10 84117799 84120345 None
12 11075858 11142017 sD
12 128624266 128628228 None
12 15909933 15912931 None
12 38587965 38602082 None
12 55618220 55663208 sD
12 94757723 94760459 None
13 33033730 33042822 None
13 56650541 56686865 None
13 71705623 71710360 None
14 105282154 105397044 None
14 34184839 34192011 None
14 73076457 73108631 LINE/L1
14 81568863 81573084 None
15 22009161 22111478 LTR/ERVL
15 68808907 68814563 LINE/L1
16 29167046 86811700 sD
16 76929139 76942400 None
18 14542177 14558726 sD
18 45948971 45952385 None
20 28122727 28149711 sD
20 42760727 42762938 None
20 7044793 7050847 None
21 19758801 19765198 None
22 27963089 27965391 None
X 92682955 92688161 None

Most sequenced breakpoints show small homologies indicative of NHEJ.
Furthermore, some breakpoints have microinsertions, which also indicate
a NHE] mechanism. Finally, some breakpoints show larger homologies,
which suggest NAHR.

ishing probability of Alu-mediated NAHR. This finding is further
bolstered by the fact that most SDs have a similar sequence di-
vergence (age) as most Alus, that is, 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 colocaliza-
tion. 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 SDs, and we find this trend persisting. How-
ever, SDs-mediated CNV formation can only account for a mi-
nority of the CNVs found (<10% based on our sequenced break-
points). Therefore, other mechanisms have to be at work as well.
We suggest the following two possibilities for alternative mecha-
nisms: First, we find associations of CNVs with other repeats,
namely, microsatellites and LINE repeats. Large-scale associations
only give 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. 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 asso-
ciated with any known repeat. Indeed, we find an association of
CNVs toward subtelomeric regions (P-value < 0.001), where
double-strand breakage and NHEJ are known to be prevalent.
Moreover, in the sequenced breakpoint data, we find some indi-
cation that NHE] is an alternative mechanism for CNV forma-
tion, 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 colocalization of SDs
with Alus and with each other. This leads to a coherent picture:
~40 Mya, there was a peak in Alu activity, known as the Alu burst
(see Fig. 8). The burst created a high number of repeat elements
that served as templates for NAHR. Hence, ectopic recombina-
tion took place at a high rate and set off extensive genome rear-
rangement, thereby creating many SDs. The SDs themselves then
could also serve as NAHR templates, “feeding the fire” of recom-
bination. This also nicely explains the existence of the rearrange-
ment hot spots in the current human genome. Therefore, the
majority of SDs that we find have low sequence identity (~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 Fig. 5).
This is consistent with our hypothesis that the decline in retro-
transposition activity then led to an overall decline in genome
rearrangements. Moreover, the relative importance of other re-
peat elements, such as LINE elements or microsatellites, in terms
of mediating NAHR increased; while they were created in the
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 play a much bigger role in
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Figure 8. A schematic of the change of formation mechanism over the
last 40 million years in the mammalian lineage.

reshaping the genome today, again consistent with the fact that
a majority of current CNV breakpoints exhibit signatures suggest-
ing a formation through NHE].

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. In 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; Korbel et al. 2007;
Hurles et al. 2008). As a result, one may assume that the differ-
ences 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 neigh-
borhood 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 sug-
gests that currently occurring copy number variants appear to
follow a pattern somewhat similar to young segmental duplica-
tions and decidedly different from older segmental duplications.
We show a shift from a prevalence of Alu-mediated generation of
old SDs toward 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 cor-
respond to amplifications) are “very young” SDs. This trend is
consistent with the current models that propose a decrease of Alu
activity after the “Alu burst” ~40 Mya. Finally, we present results
suggesting that while some CNVs are formed through NAHR, a
large fraction of them are formed through NHE]. These trends are
present in the large amounts of low-resolution data as well as
found confirmed in the substantial number of sequenced break-
points.

Methods

Sequence data preparation

We used the segmental duplications database from the Univer-
sity of Washington (http://eichlerlab.gs.washington.edu/
database.html) based on the build 36 genome (Bailey et al. 2002).
We binned all existing SDs into sequence identity categories and
different size categories (see Supplemental material). To enable
comparison with low-resolution copy number variation data, we
finally binned all segmental duplications according to genomic
coordinate. We varied the bin size from 10 kb to 1 Mb. Because
the copy number variant mapping resolution is at most 50 kb for
the techniques employed in the used data sets (Coe et al. 2007),
we report the results for calculations with a bin size of 100 kb.
Calculations using other bin sizes are reported in Supplemental
Table S1. For copy number variants, we used three separate data
sets, 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 as-
semblies has revealed putative copy number variations (Khaja
et al. 2006). The results from the latter two CNV data sets are
reported in Supplemental Table S1.

Breakpoint sequencing

A total of 67 CNVs 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.)
or by bead purification from the reaction mixture with Agen-
court AMPure (Agencourt Biocience Corporation). 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 manu-
facturer’s protocols (454 Life Sciences; Roche Diagnostics). The
resulting single-stranded DNA shotgun libraries were then se-
quenced with 454 Sequencing. Both the resulting reads (median
length = 250 bp) and contigs generated by 454’s de novo assem-
bler Newbler (see software user manual; 454 Life Sciences and
Roche Diagnostics) were scanned for the respective SV break-
points with BLAST alignment against the human reference ge-
nome; 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 an-
notation 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 ge-
nomic coordinates. Recombination hot spot data were taken
from the HapMap recombination data (The International Hap-
Map Consortium 2005). Data for the processed pseudogenes were
obtained from Pseudogene.org (Karro et al. 2007).

Computation of associations

Coarse-grained colocalization was assessed by computing the
Spearman rank correlations between the binned distributions of
each feature (SD occurrence, CNV occurrence or repeat occur-
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rence) per bin. This measure is an accurate and robust measure of
association and is independent of any assumptions of the distri-
bution of the respective features. We used a bin size of 100 kb for
the analysis, but changes in the binning procedure did not have
an effect on our results (see Supplemental material). This coarse-
grained approach can identify larger-scale trends. It is especially
suitable for the analysis of CNV associations because of the cur-
rent 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 a local context. In a global context, we compared
the average number of a random nucleotide in the genome in-
tersecting with a given genomic element to that of a breakpoint.
Since this may be biased by local genomic context, we also cal-
culated the average number of a random nucleotide intersecting
with a given genomic element in a 50-kb 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 bp around the anno-
tated breakpoint. We then looked for SDs where pseudogenes
overlapped the SD start and end junctions in both duplicated
segments. For each of these, we then compared the parent genes
of the two pseudogenes that overlapped the SD junctions. For pseu-
dogenes with different parent genes, we compared their sequence
similarity using FASTA.

To assess the significance of the overlap between the pro-
cessed pseudogenes and SD junctions, we first picked genomic
regions of the same size and number as SDs at random and com-
pared the overlap with processed pseudogenes. No matching junc-
tions that had matching pseudogenes were found. As a second pro-
cedure that captures potential sequence biases, we randomized the
SD junctions in a 50-kb window around the actual junctions and
calculated their overlap with matching pseudogenes.

CNV breakpoint analysis

To complement the coarse-grained approach, we analyzed a set
of 540 sequenced breakpoints, a combination of the breakpoints
from Korbel et al. (2007) and the newly sequenced breakpoints
above. We analyzed the occurrence of breakpoints in known re-
peat sequences from RepeatMasker. Furthermore, we analyzed
each breakpoint for the occurrence of microhomologies and mi-
croinsertions. All calculations were carried out using custom code
in Matlab, R, and Perl.

All data and supplemental material are available on our web-
site: http://www.gersteinlab.org/proj/sdcnvcorr.
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