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NAHR-mediated copy-number variants in a clinical
population: Mechanistic insights into both genomic
disorders and Mendelizing traits
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We delineated and analyzed directly oriented paralogous low-copy repeats (DP-LCRs) in the most recent version of the
human haploid reference genome. The computationally defined DP-LCRs were cross-referenced with our chromosomal
microarray analysis (CMA) database of 25,144 patients subjected to genome-wide assays. This computationally guided
approach to the empirically derived large data set allowed us to investigate genomic rearrangement relative frequencies
and identify new loci for recurrent nonallelic homologous recombination (NAHR)-mediated copy-number variants
(CNVs). The most commonly observed recurrent CNVs were NPHPI duplications (233), CHRNA7 duplications (175), and
22ql1.21 deletions (DiGeorge/ velocardiofacial syndrome, 166). In the ~25% of CMA cases for which parental studies were
available, we identified 190 de novo recurrent CNVs. In this group, the most frequently observed events were deletions of
22q11.21 (48), 16pll.2 (autism, 34), and 7qll.23 (Williams-Beuren syndrome, 11). Several features of DP-LCRs, including
length, distance between NAHR substrate elements, DNA sequence identity (fraction matching), GC content, and con-
centration of the homologous recombination (HR) hot spot motif 5'-CCNCCNTNNCCNC-3’, correlate with the fre-
quencies of the recurrent CNVs events. Four novel adjacent DP-LCR-flanked and NAHR-prone regions, involving
2q12.2q13, were elucidated in association with novel genomic disorders. Our study quantitates genome architectural
features responsible for NAHR-mediated genomic instability and further elucidates the role of NAHR in human disease.

[Supplemental material is available for this article.]

Copy-number variants (CNVs) are an important cause of multiple
genomic disorders (Stankiewicz and Lupski 2010; Girirajan et al.
2011). One major mechanism responsible for CNV formation is
nonallelic homologous recombination (NAHR) (Stankiewicz and
Lupski 2002), which occurs between two paralogous low-copy re-
peats (LCRs) or segmental duplications (Bailey et al. 2002). Utiliz-

7These authors contributed equally to this work.

'8Corresponding author

E-mail pawels@bcm.tmc.edu

Article published online before print. Article, supplemental material, and publi-
cation date are at http://www.genome.org/cgi/doi/10.1101/gr.152454.112.

ing directly oriented paralogous LCR (DP-LCR) copies in cis as re-
combination substrates for ectopic crossovers, NAHR can lead to
recurrent genomic deletions and reciprocal duplications. Recent
evidence suggests a greater than twofold genome-wide enrichment
for CNVs between DP-LCRs (Li et al. 2012). NAHR events in trans
between LCRs on nonhomologous chromosomes can cause re-
current constitutional translocations (Giglio et al. 2002; Ou et al.
2011). For LCRs in inverted orientation, Dittwald et al. (2013)
showed that 12.0% of the human genome is potentially susceptible
to NAHR-mediated inversions between inverse paralogous LCRs,
with 942 genes (99 of which are on the X chromosome) predicted to
be disrupted secondary to such an inversion. Locus-specific studies
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have shown that LCR size is correlated with NAHR frequency,
suggesting that ectopic synapsis precedes ectopic crossing-over
(Liu et al. 2012).

To date, ~40 nonoverlapping genomic loci with deletion and/
or reciprocal duplication associated with known syndromes have
been identified as genomic disorders (Lupski 1998, 2009; Mefford
2009; Liu et al. 2012; Vissers and Stankiewicz 2012). Bioinformatic
analyses have revealed many more regions of genomic instability in
the human genome that are potentially prone to recurrent DNA
rearrangements via NAHR; some of them may be pathogenic, but
their phenotypic consequences remain to be elucidated.

Using genome-wide bioinformatic analyses in the human
genome build hg16 (July 2003), Sharp et al. (2005) predicted 130
genomic intervals flanked by DP-LCRs >10 kb in size, of >95% DNA
sequence identity, with the distance between the DP-LCRs ranging
from 0.05-10 Mb. Using the same parameters for bioinformatic
analyses of the genome build hg19 (February 2009), Liu et al. (2012)
identified 608 intervals that collapsed into 89 regions prone to
DP-LCR/NAHR. Most of the differences between these data sets re-
sult from the different DP-LCRs identified in these genome builds as
well as various methods for collapsing the overlapping regions.

Here, we constructed bioinformatically a new genome-wide
map of the DP-LCR-flanked regions in human genome build
hg19 using a concept of LCR clusters. We then queried and cross-
referenced our database of 25,144 high-resolution genomic anal-
yses performed on patients referred for chromosomal microarray
analysis (CMA) (Cheung et al. 2005). This approach enabled us
to determine the relative frequencies in this clinical population
of known recurrent genomic disorders and also to quantitate
genome-wide genomic architectural features that are associated
with individual locus events, to gain insights into the parameters
rendering genomic instability. The frequency for ascertaining these
genomic disorders varies dramatically and, as predicted previously,
may reflect genome architecture and mechanism. We report the
computationally determined genomic features that correlate with
the empirically observed frequency of de novo recurrent rear-
rangements and further test, on a genome-wide scale, the “ec-
topic synapsis precedes ectopic crossing-over” hypothesis.

Results

To investigate genomic regions prone to NAHR instability, we
used the following approaches. (1) We applied bioinformatic

- el

genome-wide analyses of genomic architecture for features/pa-
rameters derived from empirical locus-specific studies. (2) We
queried a clinical population manifesting phenotypes due to ge-
nomic rearrangements, the CMA database at the Medical Genetics
Laboratories (MGL) of Baylor College of Medicine (BCM), for ge-
nomic instability regions. Such intervals were indicated by genome-
wide analyses of architectural features lending susceptibility to
rearrangements and the quantitative characteristics of such struc-
tural features as well as the quantitative frequencies of rearrange-
ments at a given locus. (3) We performed statistical modeling of the
correlation between genomic architecture and clinical laboratory
data for the molecular bases of recurrent rearrangements (the term
“recurrent” in this manuscript refers to the common-sized rear-
rangements that arise de novo in the population two or more times
at the same locus). (4) We used “wet bench” region-specific mo-
lecular analysis for confirmation of predicted NAHR events. Such an
integrated interdisciplinary approach enabled us to glean crucial re-
lationships between the human genome structural features and ge-
nomic instability manifested in a clinical population to provide
mechanistic insights.

Bioinformatic genome-wide analyses

Genome—wide map of the DP-LCRs delineates LCR cluster—flanked/ NAHR-
prone regions

In the current genome build (hg19), we found 653 pairs of DP-
LCRs (parameters defined in Methods; DP-LCRs refer to this
computationally defined set). Using hierarchical LCR clustering,
we defined 198 potential NAHR-prone genomic regions (Fig. 1;
Supplemental Table S1; Supplemental Notes), 105 of which were
flanked by DP-LCRs or DP-LCR clusters with intervening unique se-
quence. The remaining 93 mapped within the LCR clusters them-
selves (e.g., the 12q14.2 region responsible for globozoospermia,
MIM# 613958) (Koscinski et al. 2011; Elinati et al. 2012).

The computationally identified regions, as expected, showed
sequence homology of the flanking regions, but rather than simple
direct repeats or segmental duplications, these flanking regions
were often represented by complex LCR clusters (Fig. 1; Supple-
mental Fig. S1). Fifty-three regions containing 193 pairs of DP-
LCRs were associated with the known NAHR-mediated deletions
and reciprocal duplications on autosomes and chromosome X
(Supplemental Table S2; Liu et al. 2012; Vissers and Stankiewicz

-

NAHR Region

Figure 1. Schematic representation of LCR clustering. Horizontal arrows indicate LCR elements and their orientation; the same color represents a pair of
paralogous LCRs. A hierarchical clustering tree is depicted above; the dashed horizontal line (violet) shows the height threshold for cutting this tree.
Directly oriented paralogous LCRs (DP-LCRs) can potentially mediate NAHR events. The structure of LCR clusters (subunit structure, orientation, etc.) as
well as the DNA sequence homology between LCR clusters flanking NAHR-prone regions often revealed extensive complexity, in contradistinction to the
concept of a “segmental duplication” and more consistent with “complex LCR clusters” and with current accepted models for generating duplications
and complex genomic rearrangements; e.g., FoSTeS (Lee et al. 2007) or MMBIR (Hastings et al. 2009) (Supplemental Fig. ST).
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2012). The genomic regions with high DP-LCRs pair density include
16p11.2p12.1 (22 pairs), 10q11.21q11.23 (18 pairs), 5q13.2 (spinal
muscular atrophy, 13 pairs), and 15q25.2 (deletion A-C) (12 pairs).

Comparison with the 130 DP-LCRs/NAHR regions reported
by Sharp et al. (2005, 2006) revealed a relatively poor overlap; only
92 regions (71%) were successfully lifted over by the UCSC
LiftOver tool to the current haploid human genome build hg19.
Conversely, we observed a high rate of overlap with the 89 regions
reported by Liu et al. (2012) (unpublished coordinates of these 89
regions, courtesy of Dr. Pengfei Liu) (Supplemental Notes; Sup-
plemental Figs. S2, S3). Our approach also allowed us to segregate
overlapping or adjacent DP-LCR-flanked fragments into distinct
regions. For example, the thrombocytopenia-absent radius syn-
drome (TAR, MIM# 274000) region on 1q21 (Klopocki et al. 2007;
Albers et al. 2012) and the 1g21.1 deletion/duplication syndrome
region (MIM# 612474, 6124735) (Brunetti-Pierri et al. 2008; Mefford
et al. 2008) found in neuropsychiatric traits such as schizophrenia
and autism (The International Schizophrenia Consortium 2008;
Stefansson et al. 2008), in addition to three adjacent regions on
chromosome 2q12.2q13 (Liu et al. 2012), were collapsed in pre-
vious reports but were separated by our analyses. Moreover, using
the less stringent criterion for the length of flanking DP-LCRs
copies, we have identified the STS deletions and duplications on
Xp22.31 (MIM# 308100) (Hernandez-Martin et al. 1999; Liu et al.
2011) that were not included in the analysis by Cooper et al. (2011)
and CNVs in Xq28 (El-Hattab et al. 2011) that were not detected
by the approach used by Liu et al. (2012).

As anticipated, due to the structural differences between the
specific inversion haplotypes and the reference haploid genome,
we did not detect DP-LCRs mediating two known recurrent CNVs:
small CHRNA?7 deletion/duplication in 15q13.3 (MIM# 612001)

(Sharp et al. 2006, 2008; Shinawi et al. 2009; Szafranski et al. 2010)
and 17q21.31 deletion/duplication (MIM# 610443/613533) (Koolen
et al. 2006; Sharp et al. 2006; Shaw-Smith et al. 2006; Grisart et al.
2009; Itsara et al. 2012). Moreover, some known pathology-
associated variants observed in patients with the 15q24 deletion
syndrome (MIM# 613406), 15924 A-D, 15924 B-D, 15924 B-E, and
15q24 D-E, were not detected since they are flanked by LCRs with
DNA fraction matching <95%.

Potential disease-causing genes

We identified 2145 RefSeq genes overlapping or between the DP-
LCRs (Supplemental Table S3). Among them, we found 39 known
dosage-sensitive genes that could potentially manifest haploin-
sufficiency phenotypes with heterozygous deletions (Huang et al.
2010), nine of them not associated with known pathogenic NAHR-
associated regions (see Discussion). In addition, we have identified
232 disease-causing (MIM, www.omim.org) genes with associated
phenotypes (Supplemental Table S3).

CMA database analyses

Prevalence of the known pathogenic recurrent regions

From genome analyses performed on 25,144 patients referred for
CMA in MGL at BCM, we identified 2129 known pathogenic re-
current NAHR-mediated CNVs (Fig. 2; Supplemental Table $4). In
total, 1053 deletions versus 1076 duplications were observed; no-
tably, in this clinical population we observed that deletions out-
numbered duplications at most (28 of 52; 55.5%) of the loci studied.

We identified and isolated the de novo (190 CNVs) from the
inherited events of known parental origin (355 CNVs; parental
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Figure 2. Site frequency spectrum of known pathogenic (de novo, inherited, or unknown origin) deletions and duplications in the MGL BCM CMA
database. The most commonly observed regions of genomic instability are NPHPT duplications (233), CHRNA7 duplications (175), and 22q11.21 de-

letions (DGS/VCEFS, 166).
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genomic assay studies were available) (Fig.3) and from the events
of unknown parental origin (1584, e.g., lack of available infor-
mation about the parental studies). For de novo events, deletions
outweigh duplications 159 to 31.

We also identified one homozygous deletion of CHRNA?7 in
15q13.3, one homozygous deletion of NPHP1 in 2q13, 24 hemi-
zygous deletions of STS in Xp22.31, four homozygous duplications
(or triplications) of NPHPI in 2q13, one homozygous duplication
(or triplication) of BP1/BP2 in 15q11.2, two homozygous duplica-
tions (or triplications) of CHRNA7 in 15q13.3, three homozygous
duplications of the DiGeorge/velocardiofacial syndrome (DGS/VCES)
region in 22q11.21 (Bi et al. 2012), and one Prader-Willi/Angelman
syndromes (PWS/AS) interstitial triplication in 15q11.2q13.

We have not found in our clinical cohort database any CNVs
in the very LCR-rich regions on chr12:63,923,419-64,218,133
(globozoospermia) (Koscinski et al. 2011; Elinati et al. 2012),
chr5:68,829,717-70,863,644 (spinal muscular atrophy; MIM#
253300) (Lefebvre et al. 1995), or chrX:153409725-153462352
(blue cone monochromacy, MIM# 303700; colorblindness, MIM#
303800). CNVs in these regions (not reported by Cooper et al.
2011) are likely underrepresented and underestimated due to both
ascertainment biases from our selected study population (e.g., no
males with infertility referred) and technical problems in detecting
CNVs in short unique sequences.

We also identified somatic mosaicism events (FISH-verified)
in three DP-LCR-flanked regions: one 8p23.1 deletion (60% mo-
saic), one 16p11.2 deletion (58%), and one 17q11.2 (NF1) deletion
in 37% of cells examined, suggesting mitotic NAHR events. In
addition, we found a mosaic deletion (58%) in the 16p11.2 autism
region in one patient’s mother; this event is distinct from a pre-
viously reported case (Shinawi et al. 2010).

Statistical modeling quantitates genome architectural features
rendering NAHR susceptibility

Genomic features related to the frequency of de novo recurrent
rearrangements

We performed genome-wide computational studies to delineate
and quantitate genome architectural features rendering genome
instability. We first determined the P-values from the Mann-
Whitney-Wilcoxon tests, in which we compared DP-LCRs flanking
the active NAHR hot spots, as determined by clinical population
locus-specific frequencies, and DP-LCRs flanking the inactive cold
spots (see Methods for details). We report herein the factors char-
acterizing DP-LCRs that show a statistically significant outcome
(Tables 1, 2, columns 2 and 3). For the same factors, we also com-
puted the Spearman rank correlation coefficients on the set of DP-
LCRs flanking the regions with at least three recurrent NAHR
events detected (Tables 1, 2, column 4), as well as the factors that
contribute significantly to the Poisson regression model (Tables 1,
2, column 5).

On a genome-wide scale, we found that the following prop-
erties of DP-LCRs correlate with NAHR frequency: (1) length of
homology (weak association, Spearman correlation, P = 1.68 X
107Y); (2) distance between homologous pair; inverse relation-
ship—the further the DP-LCRs are apart, the less frequent (Spear-
man correlation, P = 2.19 X 10~%); and (3) percent DNA sequence
identity (i.e., fraction matching of DP-LCRs, P = 8.18 X 107°).
Notably, all DP-LCRs that flank frequent recurrent de novo deletions
(i.e., for each we found at least four events in our CMA database)
show a very high (>98%) level of fraction matching. Moreover, we

found that a subset of DP-LCRs flanking active NAHR hot spots
is characterized by an increased GC content (Mann-Whitney-
Wilcoxon test, P = 7.53 X 107°) and a density of the recombina-
tion hot spot motif 5'-CCNCCNTNNCCNC-3’' (Mann-Whitney-
Wilcoxon test, P = 2.57 X 107°) (Myers et al. 2008).

We also found significant correlations between the frequen-
cies of NAHR events and the factors characterizing the LCR clus-
ters: (1) the maximum length of homology among LCRs within
a cluster (Spearman correlation, P = 4.62 X 1072); (2) GC content
within the cluster (Spearman correlation, P = 7.04 X 107%); and (3)
the maximum occurrences of the hot spot motif 5'-CCNCCNT
NNCCNC-3" among LCRs assigned to the cluster (Spearman corre-
lation, P = 6.79 X 107%). Finally, we observed that LCR clusters
flanking active NAHR hot spots have a significantly greater GC
content (Mann-Whitney-Wilcoxon test, P = 1.11 X 10™% and an
increased total density of the homologous recombination hot spot
motif 5'-CCNCCNTNNCCNC-3' (Mann-Whitney-Wilcoxon test,
P =1.96 X 10~*) when compared to other LCR clusters.

NAHR and crossover site predictions

Using the knowledge gained regarding NAHR sites or ectopic
crossovers (Supplemental Table S5), we analyzed the distribution
of the recombination hot spot motif 5'-CCNCCNTNNCCNC-3'
around the NAHR sites. As expected, we observed a significant
enrichment of this recombination hot spot motif in the nearest
vicinity of breakpoint locations, especially at the distance of up to
2 kb from breakpoints (Supplemental Fig. S4). The median distance
from the breakpoint to the closest recombination hot spot motif
was 2.1 kb (the mean was 5.8 kb, and the standard deviation was 6
kb). However, note that for 24 experimentally determined break-
points (over one-third of all cases), the closest recombination hot
spot motif was found <400 bp from the breakpoint location.
Analysis of the distribution of other motifs not related to re-
combination showed no evidence for enrichment in the proximity
to known NAHR sites.

Identification of novel genomic disorders in 2q12.2q13

We found three DP-LCR-flanked genomic regions on chromosome
2q12.2q13 mapping proximal and adjacent to NPHPI. Using CMA,
we identified four differently sized recurrent deletions involving
this region: an ~1.7-Mb deletion in 2q12.2q12.3 in patients 1-3,
an ~0.6-Mb deletion of 2q12.3 in patients 4 and 5, an ~1.2-Mb
deletion in 2q12.3q13 in patient 8, and an ~1.9-Mb deletion in
patients 6 and 7 (Supplemental Table S3; Fig. 4). We also identified
six individuals in the MGL BCM CMA database with the reciprocal
duplications involving 2q12.2q13.

Crossover mapping by long-range polymerase chain reaction and DNA
sequencing

Using long-range PCR primers specific for the proximal ~25-kb
and ~29-kb DP-LCR subunits and to their distal paralogous copies
within chromosome regions 2q12.2q12.3 and 2q12.3q13, respec-
tively, we have obtained the patient-specific junction fragments
anticipated from crossover that occurred within the predicted in-
terval (Supplemental Table S7). We then sequenced and mapped
the corresponding NAHR sites within: chr2:106,870,492-106,870,888
and chr2:108,538,023-108,538,419 (397 bp, 2q12.2q12.3) and
chr2:109,138,102-109,138,135 and chr2:110,627,445-110,627,478
(34bp, 2q12.3q13) (Supplemental Fig. S5). The crossovers occurred
within 2362 bp of the nearest recombination hot spot motif
5’-CCNCCNTNNCCNC-3'. This coincides with our previous
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LCR length: 18.4 kb; seq ident 98.98%

LCR length: 25.1 kb; seq ident 97.62%

LCR length: 29.2 kb; seq ident 97.53%
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LCR length: 72.1 kb; seq ident 98.33%
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Figure 4. Four novel NAHR-prone regions on chromosome 2q12.2q13. (Top) Schematic representation of paralogous DP-LCRs (colored arrows) with

their sequence homology and distance in between. UCSC display of LCR clusters and deletion CNVs found in patients 1-8 (middle) and deletion (red) and
duplication (blue) CNVs from the DECIPHER and ISCA databases (bottom). Green arrows indicate the ST6GAL2, SLC5A7, EDAR, and RANBP2 genes

proposed to contribute to the patients’ phenotypes.

observation of the enrichment of this motif in the vicinity of the
NAHR sites.
Other potential pathogenic syndromes

Our CMA database query revealed 13 additional DP-LCR-flanked
genomic regions (Supplemental Table S8) with 80 CNVs (48 losses

and 32 gains). Some of these CNVs represent atypical variants of
known pathogenic NAHR-prone regions, i.e., Smith-Magenis/
Potocki-Lupski syndromes (SMS/PTLS) or DGS/VCES.

A patient with an atypical 22q11.21 deletion (0.692 Mb)
distal to the TBX1 gene within the common DGS/VCES region
also had a NPHP1 duplication in 2q13, and a patient with
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epilepsy had an inherited deletion in chr7:55,731,114-56,507,219
(0.549-0.711 Mb).

Discussion

Bioinformatic analyses of the current (hg19) version of the human
genome grouped DP-LCRs into LCR clusters using a hierarchical
arranging of LCRs flanking the empirically defined NAHR-prone
regions. Moreover, we analyzed the overlapping DP-LCRs/NAHR-
prone regions independently (e.g., common and small DGS/VCFS
deletions in 22q11.2, or 16p11.2p12.1 and 16p12.1 regions) (Sup-
plemental Notes; Supplemental Figs. S6-S10), enabling a better
classification of the NAHR-prone regions and identification of ge-
nomic instability prone regions, potentially revealing regions that
could frequently undergo rearrangement in association with new
genomic disorders.

The major differences between the DP-LCR-flanked/NAHR-
prone genomic regions identified by Sharp et al. (2005, 2006) and
those we now report are due to variations in the LCR content of
different versions of the human genome as well as the parameters
used to define the LCR clusters (Supplemental Notes). Additionally,
in our analyses we intersected this new genome-wide map of the
DP-LCR-flanked regions in the human genome to empirically de-
rived mutational frequency data by query of the database with
high-resolution genome assays performed on 25,144 patients re-
ferred for CMA. Thus, our approach enables an assessment of the
relative frequencies of known recurrent genomic disorder rear-
rangements. This database was uniquely suited for this analysis
because the arrays used in this patient cohort were specifically
designed with genome-wide coverage of all the DP-LCR-flanked
regions (Stankiewicz and Lupski 2002).

Genomic architecture and features rendering genomic
instability

Frequencies of known NAHR-mediated deletion and duplication syndromes

Recently, Cooper et al. (2011) reported a whole-genome morbidity
map of developmental delay (DD) for both recurrent and non-
recurrent CNVs derived from studies including >15,000 genome
analyses of subjects. These samples were obtained from children
ascertained with DD/intellectual disability (ID), who were referred
for CMA at Signature Genomics Laboratories (SGL). The most preva-
lent identified recurrent genomic deletions were 22q11.21 (DGS/
VCEFS; common and small variants not distinguished), 15q11.2 (BP1/
BP2), 2q13 (NPHPI), 16p11.2 (autism), 7q11.23 (Williams-Beuren
syndrome [WBS]), and 15q13.3 (BP4-BPS). Of note, this order is
consistent with the six most common deletions in our data set that
included a more broadly ascertained clinical population.

To determine which DP-LCR-flanked recurrent CNVs arise
most frequently (i.e., potentially have a higher NAHR rate) and
thus provide insight into the mechanistic origin of the recurrent
rearrangements, we examined the CMA database for the de novo
CNVs. We then used these frequency data to identify the genomic
features that may facilitate the NAHR events. Recently, the distri-
bution of recurrent de novo CNVs was also presented by Girirajan
et al. (2012) in a study of 2312 children with ID and congenital
abnormalities and a known genomic disorder. Similar to our results
(Fig. 3), the DiGeorge syndrome-critical region in 22q11.21 and
the 16p11.2 autism region occur with relatively high frequency. In
contrast to Girirajan et al. (2012), who focused on phenotypic con-
sequences of the second large CNVs (the “second hit” hypothesis),

we investigated the mechanistic underpinnings of NAHR by applying
a bottom-up unbiased approach in bioinformatics analyses (from
single elements through hierarchically derived clusters) to identify
the structural genomic features of LCRs that correlate with the
frequency of NAHR events.

Distribution of NAHR-mediated events in the CMA databases
does not represent the prevalence of these events in the whole
population, e.g., benign CNVs are underrepresented (we also have
not considered in our analysis the NAHR-mediated 7q11.21 de-
letion that is considered as benign) (Rudd et al. 2009), and parental
tests are usually performed in families with more severe disorders,
thus influencing the calculations for de novo rates for genomic
disorders with milder phenotypes. To overcome this ascertainment
bias, Turner et al. (2008) calculated NAHR events for four genomic
disorders: Charcot-Marie-Tooth disease type 1A (CMT1A), azoo-
spermia factor a (AZFa, MIM# 415000), WBS, and SMS in sper-
matogenesis and determined that autosomal deletions occur ap-
proximately two times as often as their reciprocal duplications in
male gametes. Consistent with these results, we have observed
much fewer de novo duplications than deletions (31 vs. 159). In
the individual loci/regions with a greater or even number of du-
plications vs. deletions, there were too few events (maximum six
per region) to draw statistically significant conclusions.

Finally, a patient may have multiple recurrent rearrange-
ments, which can potentially be associated with the phenotypic
heterogeneity of the associated syndromes (Girirajan et al. 2012) or
perhaps represent two discreet pathogenic mutations and the
phenotypic consequences of a blending of phenotypes. In our
cohort, we identified 75 patients with two known recurrent NAHR
events (Supplemental Table S9): Among them, two patients have
both CNVs occurring de novo and seven patients were observed to
have one inherited CNV and one de novo CNV, a phenomenon
reported 14 yr ago (Potocki et al. 1999). Six patients have two
inherited CNVs; in one case, each CNV was inherited from a dif-
ferent parent. However, it is not clear whether this truly represents
a more severe phenotype due to “two hits,” or that the patient has
two rare phenotypes whose combined clinical features suggest
a distinctly different disease. Further studies may help to better
understand the phenotypic consequences of such combinations of
CNVs and whether epistasis, digenic inheritance, or mutational
load alone are responsible for the phenotype observed.

LCR features influencing NAHR rate

By assessing the recurrent deletions and duplications in patients
with SMS and PTLS syndromes, respectively, and specifically in-
vestigating three different pairs of DP-LCRs with nearly identical
fraction matching homologies of ~98.6%, Liu et al. (2011) found
that the natural logarithm (In) frequency of the crossover posi-
tively correlates with the flanking DP-LCRs’ length and is inversely
influenced by the inter-LCR distance. From these data, they hy-
pothesized that the probability of ectopic crossing-over increases
with increased LCR length and that ectopic synapsis is a necessary
precursor to ectopic crossing-over.

Our analyses using the Spearman rank correlation (explor-
atory phase) and the Poisson regression (appropriate and recom-
mended for count-type data), even when not controlling for frac-
tion matching of the flanking LCR, confirm this phenomenon on
a genome-wide scale. Although we detected only a weak associa-
tion between the de novo CNV frequency and length of homology
of DP-LCRs, we found a clearly significant correlation with the
length of homology of DP-LCRs divided by the distance between
them (Table 1). Cooper et al. (2011) have shown that the LCRs
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flanking active hot spots are larger and show higher sequence
identity compared to the inactive spots. However, our study is the
first statistically rigorous genome-wide analysis showing non-
trivial correlations between the recurrent rearrangement relative
frequencies, presumably reflecting mutational rates, and the vari-
ous LCR architectural features. In addition, we studied the largest
number of uniformly ascertained samples using a sensitive and
comprehensive (in terms of genes covered) genomic assay.

Importantly, we also found that DNA fraction matching of
the DP-LCRs flanking the NAHR hot spots strongly correlates with
the de novo deletion/duplication frequency (Table 1). Although
this phenomenon was previously suggested in the literature
(Redon et al. 2006; Cooper et al. 2011; Girirajan et al. 2011), it has
not been statistically confirmed until now.

Finally, we have shown that our definition of LCR clusters
may enable better elucidation of the structural characteristics of
the NAHR flanking regions. In particular, we have found that
NAHR hot spots are characterized by increased GC content and
increased saturation of the hot spot motif 5'-CCNCCNTNNC
CNC-3' (Table 2).

NAHR hot spots and crossover site predictions

Our data revealed that DP-LCRs mediating recurrent CNVs are
characterized by greater GC content and increased saturation of the
13-mer recombination hot spot motif 5'-CCNCCNTNNCCNC-3’
(Table 1) when compared to other DP-LCRs. In the “ectopic syn-
apsis precedes ectopic crossovers” model proposed by Liu et al.
(2012), whereas the length and fraction matching (i.e., % iden-
tity) between flanking DP-LCR may assist in ectopic synapsis
formation, perhaps the effective concentration of hot spot motifs
within the paired DP-LCR helps determine whether a crossover
occurs within the ectopic synapsis. The latter findings are con-
sistent with the experimental observations of the frequency of
NAHR-mediated recurrent triplications due to double crossover at
the STS locus, given that the HR hot spot motif is contained
within a minisatellite repeat at that locus (Liu et al. 2011); al-
though two independent crossovers could be identified, it is not
clear whether they occurred in one generation or in serial inter-
generational passages since the de novo event was not available
for study.

Interestingly, we also observed a significant enrichment of the
recombination hot spot motif 5'-CCNCCNTNNCCNC-3' in the
vicinity of the NAHR sites, consistent with both NAHR and allelic
homologous recombination (AHR) using the identical HR hot spot
motif (Lupski 2004; Lindsay et al. 2006; Myers and McCarroll
2006) and observable difference in saturation of the 13-mer re-
combination hot spot motif between the DP-LCRs flanking NAHR
sites and the DP-LCRs flanking inactive cold spots. These data
confirm the previous observations that NAHR and AHR hot spots
share common features (Lupski 2004) and can overlap at some loci
(Lindsay et al. 2006; Myers and McCarroll 2006) and confirm as-
sumptions that NAHR breakpoints may colocalize with some of
the homologous recombination hot spots (Myers et al. 2008).
These data also further support the “ectopic synapsis precedes ec-
topic crossing-over” model of Liu et al. (2011).

Haploinsufficient genes in NAHR-prone regions

Dang et al. (2008) suggested that haploinsufficient genes are less
likely than other genes to map within the regions flanked by LCRs.
We re-did this analysis for the regions flanked by DP-LCRs and
found the opposite relationship (Fisher exact test, P = 0.0486)

between the proportions of the haploinsufficient genes (13%)
(Huang et al. 2010) and RefSeq genes (9.2%) that are contained
within the DP-LCRs-flanked regions. Interestingly, this discrep-
ancy is even higher if we consider a subset of the genome associ-
ated with known pathogenic NAHR-prone regions (Supplemental
Table S2)—10% of haploinsufficient genes versus 6% RefSeq genes
(Fisher exact test, P = 0.012). This may be caused by the fact that
many dosage-sensitive genes outside the disease-associated regions
are not yet known, and vice versa, these regions are better explored
due to robust phenotypic consequences of deletion/duplication of
these genes. On the other hand, the overrepresentation of dosage-
sensitive genes in unstable regions may stimulate differentiation
between organisms.

Moreover, we found nine known dosage-sensitive genes not
previously associated with NAHR regions (BECN1, BRCA1, GRN,
KLHL10, PCGF2, SMARCBI1, STAT5A, STATSB, and TP53BP2) (Sup-
plemental Table S3); thus, DNA rearrangements can make a sig-
nificant contribution to genomic disorders potentially involving
these genes. However, some of the regions occupied by these genes
may never be disrupted by NAHR due to unknown mechanisms
that prevent recurrent rearrangements.

Gene conversions

Two paralogous genes that harbor NAHR sites may be also more
prone to gene conversion events. To date, a number of such gene
conversion events have been reported for genes mapping in
paralogous LCRs (Chuzhanova et al. 2009), e.g., SMN1 and its very
highly similar (99.99%) copy SMN2 (Lefebvre et al. 19935), re-
sponsible for autosomal recessive spinal muscular atrophy (SMA,
MIM# 253300), GYPE and GYPA genes in chromosome 4q31, as-
sociated with blood group MN (MIM# 111300) (Huang et al. 2000),
and NCF1B and NCF1, mutated in patients with chronic gran-
ulomatous disease (MIM# 233700) (Vazquez et al. 2001). For
pachyonychia congenita type 2 (MIM# 167210) (Hashiguchi et al.
2002), we found DP-LCRs with fraction matching 94.99%
(chr17:28,894,052-28,902,101 and chr17:39,776,063-39784174,
separated by 10.874 Mb) and harboring the KRT17P3 and KRT17
genes. Of note, a few other gene conversion events reported by
Chuzhanova et al. (2009) overlap DP-LCRs but with sequence
identity lower than 95% or separated by <50 kb, suggesting po-
tential different mechanism(s) mediating these gene conversions
(Chen et al. 2010).

Novel genomic disorders

Deletions in 2q12.2q13

The proximal chromosome 2q11.2q21.1 is very LCR-rich (Fig. 5).
Homozygous recurrent deletions involving NPHP1 in 2q13 result
in the kidney disorder nephronopthisis. An ~1.71-Mb recurrent
deletion in the more distal region on 2q13 has been associated with
ID and dysmorphism (Yu et al. 2012). Chromosome 2q13q14.1
encompasses the evolutionary breakpoint of the ancestral centric
fusion of two chromosomes in nonhuman primates (Fan et al. 2002).
Dharmadhikari et al. (2012) recently described small recurrent 2q21.1
deletions in patients with DD/ID, attention-deficit hyperactivity
disorder, epilepsy, and other neurobehavioral abnormalities.
Liu et al. (2012) and Sharp et al. (2005, 2006) (chr2:106475604-
113302597, hgl6; unsuccessful lift over to hgl9) considered
2q12.2q13 as a single region. Our unbiased bottom-up approach
enabled us to subdivide this genomic interval into four adjacent
and overlapping regions (see Supplemental Notes for clinical
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Figure 5. DNA sequence homology between four LCR clusters in the 2gq12.2q13 region (chr2:106,985,338-110,870,754) for paralogous subunits
larger than 1 kb in size (hg19). (Top and bottom) UCSC Segmental Duplications (segdup) track representing the 2q12.2q13 region. (Middle) Results of

Miropeats program analysis among all four clusters.

discussion). We sequenced the 2q12.2q13 deletion breakpoints
within the directly oriented paralogous subunits of the flanking
LCR clusters, demonstrating NAHR as a mechanism of formation.

Conclusions

In summary, we used empirically derived patient data and mech-
anistic-guided bioinformatic analyses of the human genome to
study the disease-associated genomic instability caused by DP-LCRs.

Systematic screening of a large clinical database allowed us not
only to detect and experimentally confirm novel NAHR regions
but also to statistically investigate genome architectural features
that correlate with genome instability and disease susceptibility.
Our data show that LCRs represent complex structure with sub-
units revealing differences in both orientations and percent se-
quence identity. Architectural features rendering susceptibility to
genomic rearrangements include: LCR length, percent fraction
matching of paralogous segments, and the density of the HR hot
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spot motif. The novelty of this study is the statistical investigation
and elucidation of genomic characteristics of the instability of NAHR
recombination hot spots and the integration with genomic analyses
done on a large patient cohort to yield mechanistic insights.

It should be noted that our research was based on a bottom-up
approach (from the LCR pairs through LCR clusters to NAHR-
prone regions) that is unbiased and uniform. We show that such
comprehensive analyses constitute an effective way of elucidating
human genome function and basic studies of genomic instability
and its consequences for human health.

Methods

Patient ascertainment

Individuals with 2q12.2q13 deletions and duplications reported
here were identified after referral for CMA to clinical laboratories,
including BCM (patients 1, 2, 4, 5, 7, and 8), SGL (patient 6), and
Murdoch Children’s Research Institute, Parkville VIC, Australia
(patient 3). Clinical information was obtained for patients 1, 4, and
5 following informed consent under a protocol approved by the
Institutional Review Board (IRB) for Human Subject Research at
BCM. The patients’ clinical descriptions are provided in the Sup-
plemental Notes.

Bioinformatic genome analyses

Definition and identification of DP-LCRs

The reference DNA sequences were downloaded from the UCSC
Genome Browser (NCBI build 37/hg19, www.genome.ucsc.edu).
From the Segmental Dups track (Bailey et al. 2002), a subset of DP-
LCRs longer than 8 kb were selected (see Supplemental Notes;
Supplemental Fig. S11), that map between 50 kb and 10 Mb from
each other (including length of the smaller copy), with fraction
matching >95%, not spanning centromeres (criteria from the lit-
erature, e.g., Sharp et al. 2005; Liu et al. 2012).

LCR clusters

After identifying DP-LCRs, we collapsed them into the LCR seeds
(regions with 100% LCRs/Gaps content). We subsequently orga-
nized these LCR seeds hierarchically into clusters. The distances
between the seeds were measured as the number of base pairs be-
tween the closest ends of the LCR seeds using a single linkage
method (Supplemental Notes; Fig. 1).

We elected to use one threshold for the maximal distance
between the LCR clusters with the same criteria (i.e., we have cut
the hierarchical cluster tree at the same height across its width);
however, certain genomic regions (e.g., 10q11.21q11.23) (Stankiewicz
et al. 2012) encompass much larger LCR blocks, suggesting the
hierarchical cluster tree should be trimmed at a higher level.

Other bioinformatic tools
DNA sequence similarities were analyzed using BLAT (http://
genome.ucsc.edu) and assembled using Sequencher v4.8 (GeneCodes,
Ann Arbor, MI, USA). Bioinformatic analyses used R software
(www.r-project.org). Approved gene symbols were used according
to HUGO Gene Nomenclature Committee resources (http://
www.genenames.org). Transferring coordinates between genome
builds was performed using UCSC LiftOver tool (http://genome.
ucsc.edu/cgi-bin/hgLiftOver). Automatic processing of OMIM was
performed using OMIM API (http://omim.org/help/api).

To better visualize the chromosome architecture in the DP-
LCR-flanked regions, we used the ICAass (v 2.5) algorithm. The
graphical display was performed using Miropeats (v 2.01) (The

Genome Institute at Washington University, St Louis, Missouri).
The program was run using two thresholds of 1000 bp (http://
www.genome.ou.edu/miropeats.html) (Parsons 1995).

CMA database analyses

Frequency of the known pathogenic syndromes

We calculated the frequencies of 52 known NAHR-mediated
pathogenic deletions and duplications (we excluded chromo-
some Y from our analyses and modeling) in the CMA database in
the MGL at BCM. Using oligonucleotide coordinates and data from
parental studies, we classified them in one of three groups: de novo
(dn), parental (par), and unknown, based on the reported in-
heritance. It should be noted that all but one (i.e., NPHP1 on 2q13)
of the known autosomal recurrent CNVs manifest as dominant
disorders.

Novel potentially pathogenic recurrent CNVs

We also analyzed 436 DP-LCR pairs that have not been associated
with known pathogenic NAHR-mediated genomic deletions and/
or duplications (excluding those on chromosome Y). We used ol-
igonucleotide coordinates and data from parental studies for pro-
cessing CMA rearrangements that were reported and interpreted.

Statistical modeling based on genome-wide analyses
and CMA data

Genomic features related to the frequency of de novo recurrent
rearrangements

For this aim, we selected from the CMA database the set of de-
letions that are most likely to be de novo events. This set was then
filtered for CNVs that are flanked by at least one pair of DP-LCRs
(i.e., left and right breakpoints are located within left and right
paralogous copies, respectively) overlapping with known patho-
genic NAHR-prone regions (Supplemental Table S2). Using this set,
for each DP-LCR we assign the number of de novo deletion events
that are flanked by this DP-LCR. In our study, we use this number
as an estimation of the frequency of recurrent de novo deletions in
the given region (frequencies of de novo deletions are plotted in
Fig.3).

Regions flanked by DP-LCRs, for which we found evidence for
at least one NAHR event, we denoted as “active NAHR hot spots.”
Remaining regions surrounded by DP-LCRs we marked as “inactive
NAHR cold spots.” To analyze the architectural differences be-
tween two groups of flanking DP-LCRs—active NAHR hot spots
and inactive cold spots—we performed a series of nonparametric
Mann-Whitney-Wilcoxon tests.

Subsequently, we focused on the genomic regions with at
least three recurrent NAHR events detected. Our analyses of the
correlations between the frequencies of the recurrent NAHR-me-
diated deletion and their specific genomic architectural features
were performed in two steps. First, we used exploratory analysis
with the Spearman rank correlation, in which we identified factors
that statistically significantly correlated with the NAHR frequency.
Second, we applied a Poisson regression, the most adequate method
for analysis of the count data. This kind of regression analysis builds
the model that explains the response variable assuming that it has
aPoisson distribution, i.e., the logarithm of its expected value can be
modeled by a linear combination of parameters. The advantage of
the regression approach over standard hypotheses testing was dis-
cussed by McElduff et al. (2010).

Utilizing the model parameters, we analyzed the genomic
features that characterize the regions prone to recurrent de novo
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CNVs. First, we focused on DP-LCRs by investigating their length
of homology, the distances, fraction matching scores between
paralogous copies, average GC content, and the presence of the 13-
mer recombination hot spot motif 5'-CCNCCNTNNCCNC-3' (the
histone methyltransferase PRDM9 binding site). Next, we ana-
lyzed different features of the LCR clusters (e.g., length of LCRs, GC
content within the cluster, or concentration of the recombination
hot spot motif) flanking the NAHR-prone regions. In particular, we
studied the distributions of three parameters (i.e., LCR lengths,
number of hot spot motifs in LCRs, and density of motifs in LCRs)
by means of their robust statistics (median, first, and third quartile,
minimum and maximum). We then calculated the above-men-
tioned statistics for all LCR clusters, taking into account all direct
and inverse paralogous LCR copies. Moreover, we determined the
total number of occurrences of the 13-mer recombination hot spot
motif 5'-CCNCCNTNNCCNC-3' and its saturation, as well as the
GC content inside the clusters.

NAHR junction prediction

We analyzed the reported NAHR junctions (Supplemental Table
S5) for evidence of enrichment of the 13-mer recombination
hot spot motif 5'-CCNCCNTNNCCNC-3’ by comparing the fre-
quency of this motif within 20 kb of the NAHR with the frequency
of other 13-mers.

2q12.2q13 region-specific molecular analyses

DNA isolation

Genomic DNA was extracted from peripheral blood using the
Puregene DNA isolation kit (Gentra System).

CMA

A total of 25,144 patients referred for CMA in MGL at BCM were
screened using custom-designed exon-targeted aCGH oligonucle-
otide microarrays V7 (105K, total 5950), V8 (180K, total 16,639)
(Boone et al. (2010), V8.3 (400K, total 2061), and V9 (400K, total 494)
OLIGO designed in MGL at BCM (http://www.bcm.edu/geneticlabs/
) and manufactured by Agilent Technology as previously described
(Szafranski et al. 2010). The most common reasons for testing in
these patients were: DD/ID (~26.7%), autism spectrum disorders
(ASDs; ~9.3%), seizures (~7.6%), dysmorphic features (6.3%), heart
defects (2.9%), speech delay (~2.1%), attention deficit hyperactivity
disorder (ADHD; ~1.9%), and others (~26.8%). In ~16.4% of cases,
no indication was provided. Additional subjects with deletions
within the 2q12.2q13 region were identified using bacterial arti-
ficial chromosome (BAC)-based (SignatureChip version 4) (Bejjani
et al. 2005) and oligonucleotide-based aCGH (SignatureChipOS,
custom-designed by Signature Genomics, version 3.1, 135K from
RocheNimbleGen) (Duker et al. 2010) (patient 6) and by Illumina
SNP array HumanCytoSNP-12 300K (patient 3 and the mother).

FISH analyses

Confirmatory and parental FISH analyses with the BAC clones
were performed using standard procedures.

Allele-specific long-range PCR and DNA sequencing

Deletion junctions were amplified using long-range PCR primers
designed to harbor at least three nucleotide mismatches (cis-
morphisms) based on the comparison of the paralogous LCR
sequence variants. Forward primers were specific to the directly
oriented LCR subunit in the proximal LCR cluster, and reverse
primers were located in the paralogous copy in the distal LCR
cluster. This strategy allowed preferential amplification of the

predicted junction fragment of the deletion generated by the re-
combination of LCRs. Primers (Supplemental Table S7) were
designed using the Primer 3 software (http://frodo.wi.mit.edu/
primer3/). Amplification of the breakpoint junction fragments,
marking the crossover, was performed using Takara LA Taq Poly-
merase (Takara Bio Inc.) according to the manufacturer’s protocol.
The following PCR conditions were used: 94°C for 1 min, followed
by 30 cycles of 94°C for 30 s, and 68°C for 12 min, and 72°C for
10 min. PCR products were treated with ExoSAP-IT (USB) to remove
unconsumed dNTPs and primers, and directly Sanger-sequenced
using BigDye Terminator Cycle Sequencing performed according to
the manufacturer’s protocol (Applied Biosystems).

Data access

The aCGH data sets from BCM CMA can be accessed through the
NCBI dbVar database (http://www.ncbi.nlm.nih.gov/dbvar/) un-
der accession number nstd79. The NAHR site sequences have been
deposited in the DNA Data Bank of Japan (DDBJ; http://www.
ddbj.nig.ac.jp/) under accession numbers AB817973 and AB817974.
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