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Signature of backward replication slippage
at the copy number variation junction

Tamae Ohye!, Hidehito Inagaki!, Mamoru Ozaki?, Toshiro Ikeda® and Hiroki Kurahashi!

Copy number abnormalities such as deletions and duplications give rise to a variety of medical problems and also manifest
innocuous genomic variations. Aberrant DNA replication is suggested as the mechanism underlying de novo copy number
abnormalities, but the precise details have remained unknown. In our present study, we analyzed the del(2)(q13q14.2)
chromosomal junction site observed in a woman with a recurrent pregnancy loss. Microarray analyses allowed us to precisely
demarcate a 2.8 Mb deletion in this case, which does not appear in the database of human genomic variations. This deletion
includes only one brain-specific gene that could not be related to the reproduction failure of the patient. At the junction of the
deletion, we found that 11-13-nucleotide sequence, originally located at the proximal breakpoint region, was repeated four
times with a single-nucleotide microhomology at the joint between each repeat. The proximal region and the distal region was
finally joined with six-nucleotide microhomology. The structure of the junction is consistent with backward replication slippage

proposed previously. Our data lend support to the notion that a common DNA replication-mediated pathway generates copy

number variation in the human genome.
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INTRODUCTION

The mechanisms underlying gross chromosomal rearrangements
(GCRs) including deletion/duplication, translocation and inversion
are still largely unknown. Among the known GCRs, deletions and
duplications give rise to a number of medical issues, such as
congenital anomalies and intellectual disability that arise via copy
number abnormalities of indispensable genes, and also manifest as
innocuous polymorphic genomic variations.! GCR development is
dependent on two intrinsic factors: double-strand breakage (DSB)
and its illegitimate repair.? In general, DSBs will be correctly repaired
by error-free pathways via homologous recombination. However,
when DSBs arise within low-copy-repeat regions or segmental
duplications, template anomalies may occur during DSB repair
leading to chromosomal deletions or duplications. A subset of non-
random deletions/duplications is caused by such non-allelic
homologous recombination events between two homologous
sequences, referred to as low-copy-repeat regions or segmental
duplication.>* Programmed DSBs by Spoll endonuclease will cause
meiotic recombination in meiosis I. These non-random deletions/
duplications are mainly attributed to non-allelic homologous
recombination in meiosis I.> On the other hand, most deletions or
duplications take place in a random fashion. Deletions have been

believed to arise from random DSBs followed by error-prone repair,
such as non-homologous end joining, throughout the cell cycle
particularly in G1 phase.®

Error-free homologous recombination has been believed to be a
major pathway for DSB repair during S/G2 phase because sister
chromatids are available.® In contrast, recent advances in genomic
analyses using microarray or next generation sequencing technology
have accumulated sequence information on breakpoints and junctions
in random GCRs. The discovery of microhomology accompanied by
complex structures at the junctions of copy number abnormalities
raised the hypothesis for the involvement of aberrant DNA
replication. Such a replication-based mechanism is referred to as
fork stalling and template switching or as microhomology-mediated
break-induced replication.”® These mechanisms are on the basis of
the collapse of the replication fork followed by a restart of DNA
synthesis through the invasion by a free DNA end into another
replication fork within close proximity.® In fact, nearly half of all
deletions/duplications have been consistently revealed to carry
microhomology at the junction.9’10 However, the details of the
underlying molecular pathway remain unknown in mammals.

In our present study, we characterized the genomic structure of the
del(2)(q13q14.2) junction site, which was identified in a woman with
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a recurrent pregnancy loss. We provide supportive evidence for the
involvement of aberrant DNA replication in the development of the
underlying deletion.

MATERIALS AND METHODS

Subjects

A Japanese couple underwent cytogenetic examination due to two consecutive
pregnancy losses. The karyotype of the male was 46,XY and that of the female
was 46,XX,del(2)(q13q14.2). After informed consent was obtained, peripheral
blood samples were obtained again from the woman for genomic analysis. No
parental sample was obtained. This study was approved by the Ethical Review
Board for Human Genome Studies at Fujita Health University (Accession
number 86, approved on 12 March 2010).

Cytogenetic microarray

Cytogenetic microarray analysis was performed using Agilent 244K in
accordance with the manufacturer’s protocol (Agilent Technologies, Santa
Clara, CA, USA). The data were analyzed with the aid of Genomic Workbench
6.5 software (Agilent) and UCSC Human Genome Browser (http://
genome.ucsc.edu).

Fluorescence in situ hybridization

Fluorescence in situ hybridization was performed using standard methods.
phytohaemagglutinin-stimulated lymphocytes or Epstein-Barr virus-trans-
formed lymphoblastoid cell lines were arrested by exposure to colcemid.
Metaphase preparations were then obtained by hypotonic treatment with
0.075M KCl followed by methanol/acetate fixation. Bacterial artificial clones
on 2ql4.3, RPI11-11G20 (chr2:126,018,973-126,184,807) and 140B20
(chr2:128,035,141-128,559,312), were used as test probes with a chromosome
2 centromere probe (CEP2 SpectrumOrange Probe; Abbott Laboratories,
Abbott Park, IL, USA) used as a reference. The probe was labeled by nick
translation with digoxigenin-11-dUTP. After hybridization, the probe was
detected with DyLight 488 Anti-Digoxigenin/Digoxin. Chromosomes were
visualized by counterstaining with 4,6-diamino-2-phenylindole.

Analysis of junction fragments

To isolate a junction fragment, standard or long-range PCR was performed
using LA Taq (TaKaRa, Shiga, Japan). The PCR conditions were 35 cycles of
10s at 98 °C and 15min at 60 °C. PCR primers were designed using sequence
data from the human genome database. The primers used for amplification
were as follows: del2-3F, 5'-GCTTGCTTTGTTCAACACCCTGAG-3' and del2-
5R, 5'-TACTTGTTGTCACTTCGTTGGTATTC-3'. PCR products were directly
sequenced with the PCR primers using the Sanger method. Breakpoint
sequences were characterized using the RepeatMasker (http://www.repeatmas-
ker.org/) and the non-B DB (http://nonb.abcc.ncifcrf.gov/apps/site/default).

RESULTS

Standard cytogenetic evaluations of the study couple revealed a
del(2)(q13q14.2) deletion in the women (Figure la). As we did not
obtain a parental sample, we could not determine whether this was a
de novo deletion. To demarcate this deletion and attempt to identify
the genes responsible for the recurrent pregnancy loss in this female
subject, we performed cytogenetic microarray analyses. We, thereby,
identified a 2.8-Mb deletion, arr[hg19] 2q14.3(124,622,589-127,367,
440)x1 (Figure 1c), which was not found in the public databases such
as Human Genome Variation Database (https://gwas.bioscien-
cedbc.jp) and Database of Genomic Variants (http://dgv.tcag.ca/dgv/
app/home). It was confirmed by standard fluorescence in situ
hybridization with a BAC probe to be located at 2ql4.3
(Figure 1b). CNTNAP5 was found to be the only gene in this deleted
region. CNTNAP5 is a brain-specific gene that encodes a protein
belonging to the neurexin superfamily of unknown function. The
entire  CNTNAP5 gene was lost via the 2.8-Mb deletion. We
reevaluated the phenotype of the case and confirmed that the case
was a normal healthy female except for the recurrent pregnancy loss.
Although some overlapping deletions were identified in the disease-
associated structural variant databases such as ISCA (https://www.
iscaconsortium.org) and DECIPHER (http://decipher.sanger.ac.uk),
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Figure 1 Cytogenetic analyses of the female patient examined in this study. (a) Partial karyotype showing a normal chromosome 2 and that with an
interstitial deletion. The initial analysis showed the karyotype 46,XX,del(2)(q13ql4.2), but the re-evaluation after microarray confirmed
46,XX,del(2)(q14.3q14.3). (b) Fluorescence in situ hybridization analysis of metaphase chromosomes. The yellow arrows indicate signals corresponding to
RP11-11G20 (left, green) or 140B20 (right, green) located at 2q14.3. Red signals indicate the centromere of chromosome 2 (white arrows). RP11-11G20
shows a heterozygous deletion while RP11-140B20 is not deleted. (c) Cytogenetic array data. The left panel shows the whole chromosome 2 and the right
panel shows the detail. The location of the probes are indicated at the right.
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5 GAGCACTGAAATTCATAAAACAAACACATCTAACAAACACATAAACAAACACATaAAACAAACACATCATTTTTCATTGCTTTCTCCAAA 3’

v
5 GAGCACTGAAATTCATAAAACAAACACATCTA

(K) ACAAACACATa

v

(A) AAACAAACACATC
(CACATC)ATTTTTCATTGCTTTCTCCAAAY

Proximal region

A

TTT
TATACACACCCAACATTGGA
gacctgagaaaagacttagaaaaccacacaacaat
cactccactgaacgcactaaacagatcactggggcagaaaact tacaaag
aaattctggacttaaacacaacacatgaaaaattggagctaatagatatc
cacagaatatttcactcatcatccagagattatacattctttttetette
acacagagcatactccaagacccaccacatgetcagcaataaaacaagtt 3 500

Distal region

50 5'tcacccaaggcccccacctggeccagetecagtaacaacattegtetect 50

gtcccttaagacctaagggtggtgcttgtgctgggatgagaggeecttaa
cccageecacagetetgaaatgagtteccctcaaaatactetgtgecteg
ttaacctctttgagtgtgeccatcatetttgteacttcaggatgctgetyg
actcacctcgcatacgaaggatggcagttcaacactttgacatcactcte
CACATCATTTTTCATTGCTTTCTCCAAATACTGGACACTTTTATAATTAC
ATTTGGTTCTCCCCTGAGTTGATTTTCTCTG( CTTTAAACAATATGGT
ARAGCACGTGTTCCTCTGTGATCCAATGTCATCTGCCTCTCAACCTCCCT
GTGCAAAGTAGACCGTCAGCATCCTCTCCCTTCCCTCCACTTCTCACCTC
CTCCTCCTACTTGCCACTGATAGGCCTGGACTTGCACAATTTCAATCTCA 3' 500

Figure 2 Analyses of the breakpoints and junction of the 2.8-Mb deletion. (a) Deletion junction. Nucleotides in blue indicate the sequence of the proximal
region, while those in black indicate the distal sequence. The sequences of 11-13-nucleotides repeated four times are underlined. Nucleotides in red or
green are those participating in microhomology. Nucleotide positions depicted by arrowheads are occasionally mutated. Those in lowercase are the
mutations. (b) Sequences of the proximal and distal breakpoint regions. Nucleotides depicted in lowercase are deleted. The six nucleotides in green are
those commonly appearing in both proximal and distal regions, and used junction formation as microhomology.

we found no case with a recurrent pregnancy loss. Taken together,
these observations led us to the supposition that the deletion might be
benign.

To analyze the breakpoint of this deletion at a nucleotide
resolution, multiple PCR primers were designed upstream and
downstream of the putative breakpoint and long-range PCR was
performed using one upstream primer and one downstream primer.
One of the PCR primer pairs successfully yielded a PCR product that
incorporated the deletion junction. At this junction, we found that a
11-13-nucleotide sequence, originally located at the proximal break-
point region, was repeated four times with a one-nucleotide micro-
homology at the junction between each repeat (Figure 2a). Finally, the
proximal and distal region was joined with a six-nucleotide micro-
homology. We found no repeat number variation manifesting as a
polymorphism in the general population in the 1000 Genome
database (http://www.1000genomes.org). Hence, the four copies of
the 11-13-nucleotide repeat were a concurrent by-product of the de
novo emergence of the 2.8-Mb deletion.

We further analyzed the sequence around the proximal and distal
breakpoint regions (Figure 2b). The proximal breakpoint region was
located within the LINEI element, while no characteristic sequence
was found around the distal breakpoint. We did not identify any non-
B DNA motif that could have potentially induced replication fork
stalling at either the proximal or distal breakpoint regions.'!

DISCUSSION

The female patient suffering from a recurrent pregnancy loss
examined in this study was found to carry a 2.8-Mb deletion that
included only one gene, CNTNAP5. CNTNAPS5 is a brain-specific
gene encoding a member of the neurexin superfamily of unknown
function. Although the deletion of CNTNAP5 has been reported
in some patients with intellectual disability or autism, the
association between this deletion and these disorders is unclear.!>!3
It might be unlikely, however, that the deletion of CNTNAP5
would affect female reproductive functions and the genetic basis

for the recurrent pregnancy loss of our study patient thus remained
uncertain. Such a large deletion as seen in our patient can exist
without any phenotypic abnormalities if the genes that are
contained in the region in question is dispensable. A similar large
deletion, del(2)(ql3ql4.1), has been reported previously in
a woman with no phenotypic abnormalities,'* although this deleted
region does not overlap with the one identified in our current
study.

Nearly 50% of reported deletions/duplications carry microhomol-
ogy at the junctions, suggesting that these GCRs are generated via the
replication-related pathways fork stalling and template switching or
microhomology-mediated break-induced replication.” However, these
terms are mostly defined on the basis of phenomenological findings
of junction sequence. Single-strand nicks that arise before S-phase
entry might trigger microhomology-mediated break-induced
replication, but the biological evidence for this is still lacking.®!>
Arlt et al'® designed an elegant experiment to demonstrate the
involvement of replication stress in the generation of GCRs with
microhomology. They cultured cells with aphidicolin and successfully
induced de novo copy number abnormalities including both deletions
and duplications. They also analyzed the junctions of these
rearrangements and consistently found microhomology, which is
analogous to human copy number abnormalities. Further, these
rearrangements with microhomology have been observed even in
non-homologous end joining-deficient cell lines.!” These data may
represent direct evidence that replication stress can induce
microhomology-mediated GCRs.

Strikingly, we found in our current experiments that 11-13-
nucleotide stretches were repeated four times at the junction of the
deletion in our female subject. This observation is consistent with
serial or backward replication slippage that has been proposed
previously.!®1° In addition, the presence of a base substitution at
the same nucleotide in the repeats suggests that some modification of
the nucleotides that could impede the progression of a replication
fork may be a mechanism underlying the onset of the deletion. It has
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been reported that several rounds of invasion, extension and
dissociation are repeated in the template switching in break-
induced replication?® In our current case, microhomology
was observed not only between each repeat unit but also between
the proximal and distal breakpoints, suggesting that a similar
mechanism, that is, a microhomology-mediated restart of
replication, finally bypassed the replication impediment leading to
the deletion. It is possible that the proximal DNA end could
invade a distal breakpoint region as far as 2.8 Mb away, as both
regions might be in close proximity in the nucleus and be replicated
concurrently.

An unresolved question that remained from our current analyses
was the nature of the molecular pathway for DNA damage repair that
is utilized in the development of replication stress-induced GCR. The
presence of base substitutions within the nascent repeat sequence
commonly observed in serial replication slippage might provide clues
toward identifying this pathway.!®!® When the replication fork
encounters a damaged base or nucleotide in a leading-strand
template, the damaged lesion would generally be bypassed in a
homology-dependent manner using a nascent sister chromatid
originating from the lagging-strand. However, in case rad51 is
unavailable or in short supply, error-prone translesion synthesis or
error-free pathways based on replication fork regression and template
switching by forming a chicken-foot structure would be activated.
These pathways are mediated by monoubiquitination or poly-
ubiquitination of proliferating cell nuclear antigen, respectively and
are referred to as post-replication repair.?*> The error-prone
translesion synthesis pathway is usually suppressed but another
possible mechanism is the error-prone restart of DNA replication
proposed recently.”> When the replication fork stalls at sites of DNA
damage, the microhomology-primed restart would be error prone
possibly mediated by a DNA polymerase with low-processivity.
Increased mutation rates during the replication of repeat regions
might result from a similar mechanism.?*?>

In conclusion, our current analysis of a female patient with
recurrent pregnancy loss implicates the post-replication repair path-
way as a mechanism underlying copy number variation in mammals.
A full elucidation of the molecular pathway leading to serial/backward
replication slippage deserves further investigation.
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