We also examined the relative SMC3, RAD21 and SMCIA
levels in human oocytes (Figs. 1 and 3A-C). In contrast to the
meiosis-specific cohesins, the signal intensities of these proteins did
not significantly change with age, although a slight decrease in the
SMCI1A level was evident in oocytes of older women (Fig. 3D-F).

Cohesins in the dictyate oocytes of the mouse

To evaluate whether our above findings are unique to humans
in which a long life span leads to years of dictyate arrest, we
performed similar immunofluorescence experiments in the mouse.
Two-month-old and 10-month-old wild-type B6 mice, which have
just become sexually matured and have reached the late
reproductive age, respectively, were examined (Fig. 4). In each
age group, samples were derived from 3 mice. The signal intensity
of RECS in the older mice was significantly lower than that of
younger mice (Fig. 5A, G, D) as demonstrated in our human
analyses (Fig. 2). Likewise, the signal intensity of SMC1B in older
mice was also low relative to that of younger mice (Fig. 5B, C, D).
Thus, meiosis-specific cohesins in mouse oocytes decrease in an
age-related manner as with humans.

We found from our immunofluorescence analyses that the signal
intensity of SMC3 in older mice was not significantly different
from that of younger mice. This result is similar to that found in
humans, although the signal intensities of oocytes to somatic cells
in mice were found to be slightly lower than those in humans
(Fig. 6A, D, E). In contrast, the signal intensity of RAD21 in older
mice showed a slight increase compared with younger mice
(Fig. 6B, D, E). Interestingly, and in contrast to humans, the
immunofluorescent signal intensity of SMCIA in the nuclei of
mouse oocytes was barely detectable relative to that in somatic
cells (Figs. 1D and 4C). Although the mean signal intensity of
SMCI1A in each older mouse was almost similar to that in each
younger mouse (Fig. 6C, D), the mean signal intensity in each
oocyte was increased slightly in older mice, as was observed for

RAD21 (Fig. 6E)

Discussion

Age-related decrease in meiosis-specific cohesin subunits

In our present study, we demonstrate an age-related decrease of
meiosis- specific cohesin subunits, REC8 and SMCIB, in dictyate
oocytes both in humans and mice. In contrast, the signal levels of
the cohesin subunits common to mitotic cells, SMC3, RAD21 and
SMCI1A, did not change. To our knowledge, this is the first report
to demonstrate an age-related decrease in the cohesin concentra-
tions in human oocytes at the protein level. Although it has been
reported that cohesin staining in MI and MII oocytes from women
of different ages (age range: 18-34) indicated no decrease in the
older women [18], this may be possibly attributed to the samples
derived from relatively young women compared to our present
study.

It has been long accepted that age-related increases in oocyte
aneuploidy do not occur in mice. Long dictyate arrest in humans
due to a long life span is likely to underlie this difference. However,
age-related aneuploidy has been detected in certain mouse strains
such as G57BL/6 [19,20]. Indeed, age-related decreases in REC8
have been reported previously in the C57BL-related strains
[11,12]. It is therefore currently believed that this phenomenon
1s strain-dependent. These findings are consistent with the linkage
between the age-related increase of aneuploidy and decrease in
cohesin levels seen also in humans.

The mechanism of reduction in cohesin levels on the chromatin
in dictyate oocytes remains to be clarified. Oxidative damage or
spontaneous hydrolysis of peptide bonds that are generally
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Figure 4. Immunofluorescent staining of mouse oocytes in
ovarian sections from 2- and 10-month-old female mice. (A)
Slides were co-immunostained with REC8 (green) and SMC3 (red). (B)
Slides were co-immunostained with SMC1B (green) and RAD21 (red). (C)
SMCTA (green) signals with DAPI nuclear counterstaining. Asterisks
indicate autofluorescence. Bar, 10 um.

doi:10.1371/journal.pone.0096710.g004

involved in protein aging are one possible cause of this degradation
[13]. It has also been suggested that leaky separase activity may
cause a loss of cohesins [13,21]. Although separase intrinsically
cleaves the cohesin ring at anaphase onset [22]. the expression
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level of this enzyme was previously found to be up-regulated in
metaphase II oocytes in older women compared with younger

[23].

The expression patterns of cohesin mRNAs in human oocytes

determined by microarray analyses were reported previously
[23,24]. Whilst SMC3, RAD21 and SMCIA mRNAs are
substantially expressed in oocytes, REC8 and SMCI1B transcripts
were only weakly detectable in these experiments. Thus, once
meiosis-specific cohesin subunits undergo degradation, they would
not undergo turnover in human or mouse, which facilitates the
age-related decrease in the meiotic cohesin levels [9,10].

Coordination of meiotic and mitotic cohesins

Whilst the meiotic cohesins in mouse oocytes of a certain strain
decrease within a few months, the cohesins are retained for
decades in humans. It is tempting to imagine that special
safeguarding mechanism had to be evolved in the long-living
humans, and those mechanisms are absent in mice. We speculate
that mitotic and meiotic cohesins may coordinately contribute
maintaining the cohesion levels for long periods in humans. In our
current study, we show that the SMCI1A level was comparable
between oocytes and somatic cells in humans, but only marginally
detectable in mice. Based on the amino acid sequence of its
epitope, the anti-SMCIA antibody used for detection of human
SMC1A will not cross react with human SMC 1B which is present
in oocytes. It is suggested that both SMC1A-RAD21 and SMC1B-

PLOS ONE | www.plosone.org

RECS cohesins are present in human oocytes, and that SMC1A-
RAD21 undergoes turnover even during dictyate arrest. This
might partly contribute to maintaining the cohesin levels for a
prolonged period in humans. In addition, the signal intensities of
RAD21 and SMCI1A were found to be slightly increased in aged
mice in our present experiments. We suggest that this is supportive
evidence for the upregulation of the mitotic cohesins in mouse
oocytes to compensate for the loss of meiosis-specific cohesins.
However, it has been shown that the SMC1A level is too marginal
to compensate for the reduction in SMCI1B in the mouse [25].
Nonetheless, no increase in SMC1A or RAD21 has been observed
in human in accordance with the decrease in their meiotic
counterparts, SMC1B and RECS. Even the baseline levels of
SMCIA and RAD2] in human are still not sufficient to
completely compensate for the loss of meiosis-specific cohesins.
It is possible in this regard that the newly synthesized cohesins may
be less able to hold sister chromatids together during meiosis since
the cohesion establishment factors are not recruited without the
DNA replication machinery [26,27].

Age-related decrease in cohesin and increase in
aneuploidy

The frequency of trisomy in conceptuses is 2-3% in women
aged in their twenties, but it rises exponentially in women in their
mid-thirties to reach 35% in women aged over 40 [1]. However,
the meiosis-specific cohesin levels in our current experiments
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showed a linear negative correlation with the age of the sample
donors. As a cause of this disparity, one possibility is a threshold
effect of the cohesin level with regard to segregation error
susceptibility i.e. there may be a threshold level of cohesins that
can hold sister chromatids together against physical force. We thus
speculate that the meiotic chromosomes may undergo malsegrega-
tion until these levels reach this threshold.

An alternative possibility is that the cohesins, in regulating gene
expression, are involved in the exponential increase in aneuploidy.
Cohesin depletion may cause a substantial effect on gene
expression through defects in transcriptional regulatory functions
[8,28,29]. Indeed, the expression of various genes in mature
oocytes has been shown to change with age [23,30,31]. Thus, the
chromosomes with impaired cohesions would be more susceptible
to segregation error possibly because of spindle checkpoint defects
caused by altered gene expression [23,32].

In accordance with the results of our present study, the age-
related increase of interkinetochore distance between sister
chromatids has been observed in the metaphase II oocytes of
humans, suggesting a deterioration of chromosome cohesion with
advancing age [33]. Without replenishment of meiosis-specific
cohesins, cohesion between sister chromatids gradually deterio-
rates over time. This causes premature resolution of the chiasma
between homologs or the premature separation of sister chroma-
tids during the dictyate stage. Since these pre-separated chromo-
somes are distributed into daughter cells randomly, they are prone
to malsegregation leading to gametes with aneuploidy. In our
present study, besides the age-effect, we observed a variation
among individuals in the rate of cohesin decrease. This might be
due to the differences in genetic background and/or lifestyle. In
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future studies, a determination of the genetic variation affecting
cohesin robustness will help to predict the susceptibility of
individuals. A further elucidation of the mechanism underlying
the decrease or maintenance of meiotic cohesins will contribute to
the development of novel strategies to prevent age-related
ancuploidy.

Supporting Information

Figure S1 Specificity of the antibodies. (A) Western blot
analysis using affinity-purified antibodies. Testes lysates from
human or mouse were loaded on the same gel. After electropho-
resis and blotting, blots were stained with Ponceau S, and the each
lane was cut into strips. SMC1B and REC8 were detected as 145-
kDa and 75- to 82-kDa bands, respectively. Asterisks and dots
indicate nonspecific bands reacted with the secondary antibodies.
(B) Negative control of cohesin-immunostaining using IgGs and
the secondary antibodies. (C) Negative control of cohesin-
immunostaining using preimmune sera. (D) Negative control of
cohesin-immunostaining using antibodies absorbed by preincuba-
tion with the peptide immunogens.

(PDF)

Figure S2 Representative immunofluorescent staining
pattern of human oocytes. Green and blue signal intensities
within the circled areas, indicating the oocyte nucleus, were
respectively determined, as well as 5 randomly chosen somatic
nuclei in the vicinity of the oocyte. The signal intensity of RECS8
(ereen) was defined as: (area density of green signal in oocyte
nucleus - mean area density of green signal in 5 somatic nuclei)/
mean area density of blue staining in 5 somatic nuclei. Because the
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green signals detected in somatic nuclei are background, these
were subtracted from the signals in the oocytes. The signals in the
oocytes were adjusted using the blue signal corresponding to the
RAD21 cohesin subunit that is constitutively expressed in somatic
cells. The signal intensity for RAD21 was defined as: area density
of blue signal in the oocyte nucleus/mean area density of blue
signal in 5 somatic nuclei.

(PDI)

Figure 83 OQnuantitative results for RECS in human
oocytes adjusted for the histone signals of somatic
nuclei. (A) Immunofluorescent staining of human oocytes in
ovarian sections from 19- and 49- year-old women. RECS (green)
proteins co-immunostained with histone (red) using anti-histone
antibody (1:400; H11-4; Millipore). C-KIT (bluc) was used as a
marker of oocytes. Asterisks indicate autofluorescence in the
cytoplasmic region of the oocytes. Bar, 10 pm. (B) Relative signal
intensity of RECS. Intensities were determined as described in
Figure S2, more specifically, histone signal in somatic nuclei was
used to adjust the RECS signal intensity. Specimens were obtained
from 4 women (age range: 19-49 years). () Regression analysis of
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Signature of backward replication slippage
at the copy number variation junction

Tamae Ohye!, Hidehito Inagaki', Mamoru Ozaki?, Toshiro Tkeda® 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 undetlying 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 1> 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®!® 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 [ymphocytes 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, RP1I-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.

a

del(2) 2 del(2) 2

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
105 at 98 °C and 15 min 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.abee.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[hgl9] 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-
cedbe.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://fwww.
iscaconsortium.org) and DECIPHER (http://decipher.sanger.ac.uk),

e

RP11-140B20 RP11-11G20

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)(ql3ql4.2), but the re-evaluation after microarray confirmed
46,XX,del(2)(q14.3g14.3). (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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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 LINE1 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. CNTNAP5 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,!>!?
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)(q13ql4.1), 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.®1
Atlt 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.!'®° 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

w
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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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Abstract

independent events on the basis of a classical model.

Backgrounds: The t(8,22)(q24.13,911.2) has been identified as one of several recurrent constitutional translocations
mediated by palindromic AT-rich repeats (PATRRs). Although the breakage on 22q11 utilizes the same PATRR as that
of the more prevalent constitutional t(11;220(g23;q11.2), the breakpoint region on 8924 has not been elucidated in
detail since the analysis of palindromic sequence is technically challenging.

Results: In this study, the entire 8g24 breakpoint region has been resolved by next generation sequencing. Eight
polymorphic alleles were identified and compared with the junction sequences of previous and two recently
identified t(8;22) cases . All of the breakpoints were found to be within the PATRRs on chromosomes 8 and 22
(PATRR8 and PATRR22), but the locations were different among cases at the level of nucleotide resolution. The
translocations were always found to arise on symmetric PATRR8 alleles with breakpoints at the center of symmetry.
The translocation junction is often accompanied by symmetric deletions at the center of both PATRRs. Rejoining
occurs with minimal homology between the translocation partners. Remarkably, comparison of der (8) to der(22)
sequences shows identical breakpoint junctions between them, which likely represent products of two

Conclusions: Our data suggest the hypothesis that interactions between the two PATRRs prior to the translocation
event might trigger illegitimate recombination resulting in the recurrent palindrome-mediated translocation.

Keywords: PATRR, 1(8,22), Palindrome-mediated translocation, Supernumerary der(8)t(8;22)

Background

The constitutional t(8;22)(q24.13;q11.2) is recognized as
a one of several recurrent translocations in humans [1].
The most prevalent recurrent constitutional translocation
is the t(11;22)(q23;q11) [2]. Although t(11;22) balanced-
translocation carriers are phenotypically normal, they
often manifest problems with reproduction such as infer-
tility, recurrent pregnancy loss, or the birth of unbalanced
offspring with the supernumerary der(22)t(11;22) syn-
drome (Emanuel syndrome [MIM 609029]) [3]. Among
the small supernumerary marker chromosomes seen clin-
ically, +der(22)t(11;22) is the most frequent, while + der
(22)t(8;22) is the second most prevalent [4]. Similar to the
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t(11;22), balanced carriers of the t(8;22) are often identi-
fied after the birth of an unbalanced offspring with the
supernumerary der(22) t(8;22), the phenotype of which
includes extremity anomalies, mild dysmorphism and in-
tellectual disability.

The mechanism that leads to the constitutional t(11;22)
(g23;q11) has been extensively studied. The breakpoints of
both chromosomes are consistently located within pal-
indromic AT-rich repeats (PATRRs) [5-9]. Palindromic
regions, i.e. inverted repeats, have a potential for the for-
mation of hairpin/cruciform structures by intrastrand
annealing and palindrome induced genomic instability
has been demonstrated in many experimental model or-
ganisms [10-12]. In humans, a considerable number of de
novo t(11;22)s arise during spermatogenesis, but de novo
occurrences have not been detected in tissues other than
sperm [13]. It has been proposed that the secondary

© 2014 Mishra et al, licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http//creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly credited. The Creative Commons Public Domain

Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article,

unless otherwise stated.



Mishra et al. Molecular Cytogenetics 2014, 7:55
http://www.molecularcytogenetics.org/content/7/1/55

structure of the palindromic DNA during spermatogenesis
induces genomic instability leading to the recurrent
chromosomal translocation [14,15]. Taking advantage of
breakpoint co-localization on 22qll, the translocation
junction fragments of the t(8;22) have been isolated, the
breakpoints on 8q24 were assessed, and a similar mech-
anism of translocation was suggested [1,16]. Although
PATRR-like sequence (PATRR8) was compiled from the
junction sequences, detailed analysis of the breakpoint
region have not been performed since the analysis of the
palindromic region is technically challenging [17]. Further,
since the database of human reference sequence does not
include the complete sequence of PATRRS, details of
the t(8;22) translocation mechanism are incomplete.

In this study, we first obtained the complete sequence
of several polymorphic PATRRS alleles from normal
individuals using next generation sequencing. Using
translocation-specific PCR, we also determined the trans-
location junctions in two unrelated Japanese families with
the t(8;22)(q24.13;q11.2). We performed an investigation
to examine the breakpoint within PATRR8 and PATRR22
by comparing the junction sequences with the normal
PATRR8 and PATRR22. These data further confirm that
the t(8;22) translocation is a recurrent rearrangement with
a mechanism consistent with that proposed for the t(11;22)
and the t(8;22) in previous studies. These findings provide
additional support for the role of palindromic sequences
in genomic instability. Further, our new finding, the simi-
larity of the der(8) and the der(22) sequences, might elicit
a new feature of palindrome-mediated translocations.

Results

Genomic structure of the PATRRS

Based on the putative PATRR8 sequences compiled by
analysis of translocation junctions, the majority of PATRR8
is deleted and only a portion of the proximal arm appears
in the human genome database [1}. To determine the
complete sequence of PATRRS, we first attempted con-
ventional PCR followed by standard Sanger sequencing.
The sizes of the PCR products that include PATRRS vary
among individuals. We previously classified them into four
categories: long (L), medium (M), short (S) and super-
short (SS) [1]. The M and S alleles were the major alleles,
while L and SS alleles were less frequent. Despite the fact
that we could generate the complete sequence of the SS
allele, their AT-rich and palindromic nature prevented us
from sequencing the central region of the PATRR in other
allele types [17].

Next, we attempted to sequence the PCR product by
massively parallel sequencing using a next generation
sequencer. Although the central region was under-
represented (~50 reads out of ~30,000 reads per PCR
product), we finally obtained the sequence of the entire
PATRRS in 11 out of 24 PCR products. Indeed, the
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sequence data obtained by next generation sequencing
demonstrated that size polymorphisms of the PCR
products result from size polymorphisms of PATRRS itself
as well as size varjation in the flanking AT-rich repeat
region (Figure 1A, Additional file 1: Figure S1).

The M allele (~350 bp), one of the most frequent vari-
ants, manifests a nearly perfect palindrome (Table 1).
AT-richness is as high as 98%. Identity between the
proximal and distal arms is >98%, showing a nearly per-
fect palindromic structure. Subtle nucleotide alterations
produce three subtypes, M1, M2 and M3 (Figure 1B).
The S allele (~310 bp), the other most frequent variant,
also manifests a high AT-content (97%) and a perfect
palindrome (identity 100%). The L allele (423 bp) and
the SS allele (98 bp) are less frequent. The SS allele ap-
pears to be an asymmetrically deleted version of the S
allele, whereas the L allele appears to have an asymmet-
ric insertion of AT-rich sequence of unknown origin.
The PATRRS sequence appearing in the human genome
database was not found to be a subtype of PATRRS poly-
morphism. The deletion in the database carries a 16 bp
homology at the junction (Additional file 1: Figure S1),
suggesting that the sequence is an artifact generated dur-
ing bacterial culture for clone preparation for sequencing.

Unlike other translocation-related PATRRs, PATRRS8
has another AT-rich flanking region both at its proximal
and distal side. Both of these AT-rich regions manifest
size polymorphisms. The proximal flanking region carries
a 35 bp direct repeat, whose copy number is increased in
M alleles (Additional file 1: Figure S1). The distal region
also carries a similar 28 bp direct repeat, copy number
variation of which produces size polymorphism. Since we
could not distinguish between M and S alleles simply by
gel electrophoresis due to these size polymorphisms in the
flanking regions, we could not determine the exact fre-
quency of polymorphic PATRRS alleles in the general
population.

Analysis of the breakpoints of the der(8) and der(22)

Using primers flanking PATRR8 and PATRR22 (Figure 2A),
genomic DNAs from all of the t(8;22) cases yielded trans-
location specific PCR products (Figure 2B). Approximately
850 bp of the der(8) and 650 bp of the der(22) harboring
the translocation junction were amplified by PCR from bal-
anced translocation carriers in family 1 (FHU13-033) and
family 2 (FHU13-027) as well as from the unrelated bal-
anced translocation carriers published previously [1]. Only
the der(22) PCR product was amplified from the proband
in family 1 (FHU13-031) with the typical supernumerary
der(22)t(8;22). Now that we have the complete sequence of
PATRRS, we can compare the junction sequences with
the putative original sequences. Based on sequence
polymorphisms at the center and on the arm regions
of PATRRS, we can deduce the original allele types.
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Figure 1 Complete sequence of the polymorphic PATRRS alleles. A. Structure of PATRR8 with its flanking regions. Arrows indicate proximal
and distal arms of the PATRR8. Arrowheads indicate PCR primers for amplification of PATRR8. B. Alignment of the sequences of PATRRS
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TATATATATATTIA~~
APATTTTTAATATATATATTTTPAAATATATATATATTITA ~~
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We suggest that FHU13-033 (family 1) as well as case
13 originated from PATRR8M, while FHU13-027 (family 2)
as well as cases 8, 9, 12 and 16 originated from PATRR8S1
(Table 2). Regarding the PATRR22, FHU13-033 (family 1)
and FHU13-027 (family 2) originated from PATRR22C,
while cases 12 and 13 originated from PATRR22A.

Table 1 Characterization of the polymorphic PATRRS alleles

PATRR22 sequence in case 16 was so diverged from
known PATRR22 variants that we could not determine
the origin. Virtually all of the translocations occurred on
symmetrical alleles of PATRR8 and PATRR22.

‘When the chromosome 8 portions of the der(8) and
der(22) were aligned with PATRRS, the central region

Allele Size (bp) AT content (%) %ldentity* AG (kcal/mol) Accession no
PATRR8L 423 99% 92.7% -142.71 AB968359
PATRR8M1 349 98% 99.4% -139.20 AB968360
PATRR8M2 349 98% 98.3% -13212 AB968361
PATRR8M3 347 98% 98.3% -131.36 AB968362
PATRR8S1 310 97% 100% -125.90 AB968363
PATRR8S2 300 97% 100% -122.22 AB968364
PATRR8SS 98 98% 96.0% -33.22 AB969308

*%identity (similarity) between proximal and distal arms.
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Figure 2 The der(8) and the der(22) junction fragments of the t(8;22). A. Diagram for the translocation-specific PCR system. Chromosome 8
is indicated in white, while chromosome 22 is depicted in grey. Hatched boxes indicate PATRR arms. Translocation-specific PCR was performed
with one primer designed at the flanking region of PATRR8 (grey primers) and with the other primer at the flanking region of PATRR22 (black
primers). B. Results of family 1. Upper panel indicates results for the der(8), while lower panel indicates those of the der(22). Lane M, size markers;
lane 1, FHU13-031 (proband); lane 2, FHU13-032 (father); lane 3, FHU13-033 (mother); lanes 4 and 5, normal healthy controls; lane 6, water control;
lanes 7 and 8, balanced t(8;22) translocation carriers unrelated to the family. C. Results of family 2. Lane M, size markers; lane 1, FHU13-027 (proband);
lanes 2 and 3, normal healthy controls; lane 4, water control; lanes 5 and 6, balanced 1(8;22) translocation carriers unrelated to the family.

often appeared to be deleted (Figure 3A). Although the
extent of deletion differs amongst cases, the sequence
derived from the proximal and the distal arms shows
loss of the same number of nucleotides from PATRRS.
Likewise, the deletion is symmetrically located at the
center of PATRR22 (Figure 3B). This suggests that the
breakage always occurred at the center of the palindrome
followed by a progression of bidirectional deletion.

Analyses of the junctions of the der(8) and der(22)

We analyzed the junctions of PATRR8 and PATRR22
both for the der(8) and der(22). No substantial hom-
ology could be observed between PATRRS and PATRR22
(35-50% similarity). We only observed a few identical
nucleotides at the point where the original PATRR8 and
PATRR22 sequences were joined (2-11 bp) (Figure 3A, B).
Both PATRRS8 and PATRR22 are so highly AT-rich that
even homology-independent rejoining could manifest
some microhomology at the junction by chance [9].
Therefore, the molecular pathways that are assumed to

Table 2 Origin of the PATRR subtypes

drive generation of this translocation might include
microhomology-mediated end joining, classical non-hom-
ologous end joining, or alternative non-homologous end
joining.

Comparison between the der(8) and der(22) sequences
We further compared the junction sequences of the der
(8) and the der(22). Strikingly, the der(8) and the der(22)
sequences were identical at the junctions in all cases
(Figure 4), although subtle nucleotide differences were
identified in the arm region that reflected nucleotide dif-
ferences between the proximal and distal arms. On the
basis of a standard mechanism of translocation forma-
tion based on double-strand DNA repair, formation of
the der(8) and the der(22) occur independently [18]. If
there were a long stretch of homologous sequence at the
junction, there would be a chance to produce the same
junction fragments independently. However, even at the
junction with microhomology of only a few nucleotides,
the der(8) and the der(22) sequences were identical.

Sample name PATRR8 PATRR22 Reference

Family 1(FHU13-033) PATRR8M PATRR22C This study

Family 2 (FHU13-027) PATRR8S1 PATRR22C This study

Case 8* PATRR8S1 ND#* Sheridan et al. 2010 [1]

Case 9* PATRR8S1 ND** Sheridan et al. 2010 [1]

Case 12 (CH00-180) PATRR8S1 PATRR22A This study (Sheridan et al. 2010) [1]
Case 13 (CHO07-194) PATRR8M PATRR22A This study (Sheridan et al. 2010) [1]
Case 16 PATRR8S1 NA### Sheridan et al. 2010 [1]

*Only the der(22) was analyzed.
**Not determined, ***Not applicable.
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Figure 3 Sequence comparison between the der(8) and the der(22) junction fragments with the putative original PATRRs. A. Compilation of

the chromosome 8 side of the der(8) and der(22) with the PATRR8. B. Compilation of the chromosome 22 side of the der(8) and der(22) with the
PATRR22. Triangles indicate the center of the PATRRs. Nucleotides patticipating in microhomology are underfined.

Discussion

Characterization of the PATRR8

In this study, we determined the entire PATRR8 sequence
in humans for the first time. All of the translocation-
related PATRRs identified to date have three common
features. 1) They comprise nearly perfect palindromes,
whose lengths are several hundred base pairs. 2) An
AT-rich region is located at the center, while there
are relatively non-AT-rich regions at both ends. 3)
Another AT-rich region exists flanking the PATRR
[9]. Although non-AT-rich regions were absent within
PATRRS, it possesses all three common features of
translocation related PATRRs. It is proposed that all

of these features foster the propensity for forming second-
ary structure at palindromic regions. Indeed, PATRR8
contributes to generation of not only the t(8;22), but also
the constitutional t(3;8) that is associated with hereditary
renal cell carcinoma predisposition, suggesting that the
PATRRS is a hotspot for palindrome-mediated translo-
cations [19]. It is likely that for the t(8;22), as for other
PATRR-related recurrent translocations such as the t
(11;22) and t(17;22), DNA secondary structure might
contribute to the generation of the translocation.
Similar to other translocation-related PATRRs, PATRR8
manifests size polymorphisms due to those within the
PATRR itself as well as those in the flanking AT-rich

FHU13-027 .
Proximal Distal
{. 20 E.D 40 SF 5'6 7‘0 A‘ﬂ 9'0 l?ﬂ 130 )V
der(8) TS T T A T TA TS c1s '
der(22) ATATATCTTTANATATATALTS DTARTATETARTATE ; TG
Distal PATRRS PATRR22 Proximal
FHU13-033 Distal
l??
der(8)
der(22 S
@2 PATRR22 Proximal
. Casel2 .
Pfoxlmal 10 20 40 50 60 70 80 90 DlStg?l
der(8) '
der(22) Distal N A'I:RRS PATRR22 Proximai
A Casel3
JProximal
der(8)
TP
der?2)  “hicea PATRRS PATRR22 Proximal
Figure 4 Sequence comparison between der(8) and the der(22) junction fragments in each case. Sequences are shown from PATRRS side
(blue) to the PATRR22 side (pink). Nucleotides participating in microhomology are shown in purple.
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region. Although minor variations are present at the nu-
cleotide level, size variations of PATRRS were found to be
of only four types; two symmetric types and two asym-
metric types. This might imply that PATRRS is generally
transmitted stably and is not predisposed to insertion or
deletion. Alternatively, it is possible that PATRR8 might
have emerged recently during evolution. Similar to other
recurrent PATRR-mediated translocations, the t(8;22) was
found to arise from symmetric variants [20,21]. This indir-
ectly but strongly suggests that PATRRS adopts secondary
structures ixn vivo.

Clinical significance for translocation-specific PCR

In all cases, both translocation breakpoints are located
within several hundred base pair intervals on each
chromosome, which could be identified with primers
flanking PATRR8 and PATRR22. Similar to the t(11;22),
this translocation-specific PCR is diagnostic since it can
detect all of the t(8;22) translocations [22]. For example,
in examination of a case like FHU13-027 with a balanced
t(8;22) with intellectual disability and mild dysmorphic
features, it might be difficult to know if the t(8;22) trans-
location is responsible for the phenotype as a result of
breakpoint variation. On the basis of positive t(8;22)-spe-
cific PCR for both derivatives, we could conclude that the
case is a standard t(8;22) balanced carrier and the t(8;22)
translocation itself was unlikely to be the cause of the
phenotype. Such translocation-specific PCR can also be
useful in determining the origin of a small supernu-
merary marker chromosome of unknown origin. Since
the t(8;22) is the second most frequent amongst small
supernumerary marker chromosomes [4], t(8;22)-specific
PCR is a simple and cost-effective method for marker
identification as compared to multicolor spectral karyo-
typing for example.

Among the conceptions with unbalanced transloca-
tion products from a balanced t(8;22) translocation
carrier that might result in early pregnancy loss, only
a fetus with + der(22) karyotype through meiotic 3:1
segregation might be viable. Prenatal diagnosis for
supernumerary der(22)t(8;22) syndrome could be per-
formed via chorionic villus biopsy or amniocentesis.
Non-invasive prenatal testing might also be possible,
particularly if the male partner is a balanced trans-
location carrier. Further, translocation-specific PCR can
also be applied for pre-implantation diagnosis using
DNA amplified by whole genome amplification methods
using the genomic DNA from a blastomere or blastocyst
biopsy.

Possible mechanism for palindrome-mediated
translocation

PATRR-mediated genomic instability is likely to occur
via two distinct mechanisms; replication-dependent and
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replication-independent [23,24]. The replication-dependent
route is induced by replication fork stalling as a result of a
hairpin structure within the lagging-strand template
during DNA replication [25]. This is followed by template
switching via microhomology leading to gross chromo-
somal rearrangements like translocations [26] Indeed, this
kind of somatic rearrangement is often identified in cancer
cells [27]. However, translocation-specific PCR only
detects the t(8;22) as well as the t(11;22) in sperm,
suggesting that PATRR-mediated translocations arise
in gametogenesis, most notably spermatogenesis [13,28].
One of the explanations for spermatogenesis-specific pal-
indrome-mediated genomic instability is that during sperm-
atogenesis a significant number of DNA replications take
place. This would be a pre-meiosis hypothesis [2,29].
Indeed, PATRR17 located within an intron of the NF1
gene contributes to some germ-line gross chromosomal
rearrangements such as deletions and translocations re-
sulting in neurofibromatosis type 1 [30]. The breakpoint
features of these rearrangements are distinct from PATRR-
mediated translocations [31,32].

An alternative hypothesis is a post-meiosis hypothesis,
which is based on replication-independent cruciform
structure formation at the PATRRs by free negative
supercoiling induced by extensive histone removal during
late spermatogenesis. Symmetrical deletions on both the
proximal and distal arms might imply that the deletions
do not occur after DNA breakage at the central region of
the PATRR followed by dissociation of the proximal and
distal arms. Perhaps they occur after the central breakage
with the PATRR maintaining its secondary structure, upon
annealing of the proximal and distal arms. The symmet-
rical deletions are reflected in the identical nature of the
der(8) and the der(22) sequences, which must be gener-
ated as independent events based on a classical DSB
repair model for translocation formation [18]. The iden-
tical sequence of the der(8) and the der(22) might imply
that rejoining occurs between the PATRRs while still
keeping their secondary structure. Finally, the partner
chromosome of a PATRR-mediated translocation is
always another PATRR [2]. Thus, the hairpin-hairpin
model proposed by Inagaki et al. might represent a
plausible model for PATRR-mediated translocations in
humans [33].

Conclusions

In our current study, comparison of der(8) to der(22)
sequences shows identical breakpoint junctions between
them, which likely represent products of two independ-
ent events on the basis of a classical model. Our data
suggest the hypothesis that interactions between the two
PATRRs prior to the translocation event might trigger
illegitimate recombination resulting in the recurrent palin-
drome-mediated translocation.
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Methods

Human samples

In this study, we used genomic DNA samples from cases
12 (CHO00-180) and 13 (CHO07-194) from the previous
study [1]. In addition, we identified two new families of
Japanese origin with the (8;22)(q24;q11) translocation
(Figure 5). One family (family 1) was identified through
a female proband (FHU13-031) with typical features of
the supernumerary der(22)t(8;22) syndrome characterized
by clinodactyly, mild dysmorphia with preauricular pit,
and intellectual disability. Her normal healthy mother was
a balanced t(8;22) translocation carrier (FHU13-033). The
other family (family 2) was identified by a female proband
who was a balanced t(8;22) translocation carrier (FHU13-
027) revealed by screening based upon intellectual disabil-
ity and mild dysmorphia. The normal healthy mother also
carried the same translocation. After informed consent
was obtained, peripheral blood samples were obtained.
This study was approved by the Ethical Review Board for
Human Genome Studies at Fujita Health University
(Accession number 145, approved on 16 April 2013).

Next generation sequencing

Genomic DNA was purified by QuickGene-610 L (Fuji
Film). PATRR8 was amplified with primers flanking
PATRR. PATRRS8-512 F (5'-GATTACATATGGCATCT
GGTAGGCTG-3") was used as the forward primer and
PATRRS + 227R (5'-GTGCCAAAATGTCAAGTCATCT
GTG-3") was used as the reverse primer. PCR was per-
formed with the KAPA Extra (IKAPA Biosystems). The
PCR products were separated by 2% agarose gel electro-
phoresis and the genotypes for size polymorphism were
determined.

To obtain the entire PATRR8 sequence, we used five t
(8;22) balanced translocation carriers, who carry only one
copy of the intact PATRRS. In addition, we selected 19 nor-
mal healthy donors who were heterozygous for size poly-
morphisms of PATRR8. The PCR products were separated
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by 2% agarose gel electrophoresis and each PCR product
derived from a different allele was purified separately.

For next generation sequencing, tagmentation were
performed using a Nextera XT DNA sample prep kit
(Illumina) according to the manufacturer’s specifications.
The libraries were amplified using the KAPA Library
Amplification Kit (KAPA Biosystems) with the Nextera
Index Kit to add indices and common adapters for
subsequent cluster generation and sequencing. Prior
to cluster generation, normalized libraries were further
quantified by Qubit (Invitrogen Q32866) using the Qubit
dsDNA HS Assay Kit (Invitrogen Q32851) and the 2100
Bioanalyzer (Agilent Technologies) using the High Sensi-
tivity DNA Kit (Agilent Technologies, 5067-4626). PhiX
control was added to the reaction to increase sequence
diversity. Finally, the prepared library was loaded on an
Mlumina MiSeq clamshell style cartridge for paired end
sequencing (llumina). The data were analyzed using CLC
Genomics Workbench. After trimming, reads were assem-
bled as de novo assemblies or they were mapped to puta-
tive references prepared from junction fragments derived
from t(8:22) translocation carriers to produce consensus
sequences. Identity was calculated by Emboss Needle soft-
ware, while AG was calculated by mfold.

PCR ampilification of the junction fragments

To amplify an ~850 bp product containing the der(8)
breakpoint junction fragment and to amplify the ~650 bp
product containing the der(22) breakpoint junction frag-
ment, a two-step PCR system was used [17]. The der
(8) products were amplified with PATRR8-512 F and
PATRR22 + 178R (5'-CATGATTCTGGATAACTTCCA
AA-3") or JF22 (5'-CCTCCAACGGATCCATACT-3")
primers, while the der(22) products were amplified
with PATRRS + 227R and PATRR22-394 F (5'-TCAGTT
TATTCCCAAACTCCCAAAT-3") or JF22 primers. PCRs
were performed using LA Tag DNA Polymerase (Takara)
and the PCR conditions were as follows: 94°C for 2 min,

FHU13-033
46,XX,t(8;22)(q24;q11)

FHU13-031
47,XX +der(22)t(8;22)(q24:q11)

Family 1

Figure 5 Family pedigrees for two newly identified t(8;22) families.
\-

46,XX,t(8;22)(q24;q11)

FHU13-027
46,XX,1(8;22)(q24:q11)

Family 2
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followed by 35 cycles of 98°C for 30 s, 60°C for 5 min. The
resulting PCR products were checked on 2% agarose
gels, subjected to ExoSAP-IT digestion (Affymetrix),
and then sequenced bidirectionally by capillary electro-
phoresis (ABI3730 Genetic Analyzer, Applied Biosytems).
Sequences were analyzed with Clustalw2, which was used
to align the resulting sequences.

Additional file

Additional file 1: Figure S1. Complete sequence of the polymorphic
PATRR8 with flanking regions. Large arrows indicate the proximal and
distal PATRR arms. Direct repeats at the flanking regions proximal and
distal to the PATRRS are underlined (blue solid or dotted lines). The black
lines indicate homology between the proximal and distal region to the
PATRR8 deletion that appears in the human genome database.
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Approximately 1 percent of healthy individuals carry human herpesvirus-6 within a host chromosome. This
is referred to as chromosomally integrated herpesvirus-6 (CIHHV-6). In this study, we investigated the
chromosomal integration site in six individuals harboring CIHHV-6B. Using FISH, we found that HHV-6B
signals are consistently located at the telomeric region. The proximal endpoints of the integrated virus were
mapped at one of two telomere-repeat-like sequences (TRSs) within the DR-R in all cases. In two cases, we
isolated junction fragments between the viral TRS and human telomere repeats. The distal endpoints were
mapped at the distal TRS in all cases. The size of the distal TRS was found to be ~5 kb which is sufficient to
fulfill cellular telomeric functions. We conclude that the viral TRS in the DR regions fulfill dual functions for
CIHHV-6: homology-mediated integration into the telomeric region of the chromosome and neo-telomere
formation that is then stably transmitted.

uman herpesvirus 6 (HHV-6) is one of the best characterized family members of the nine human
herpesviruses. HHV-6 is classified as two distinct species, designated HHV-6A and HHV-6B, with an
overall nucleotide sequence identity of 90%"->. It has been demonstrated that primary HHV-6B infection
occurs in infancy and causes a common febrile exanthematous illness, exanthem subitum*®. However, neither the
clinical features of primary HHV-6A infection nor the diseases directly associated with it have been identified to
date. Following primary infection, HHV-6 remains latent in monocytes/macrophages and persists in the salivary
glands®”. In transplant recipients, HHV-6B reactivation can cause several clinical conditions such as encephalitis,
bone marrow suppression, and pneumonitis®®.

Accumulating evidence now indicates that a subset of normal healthy individuals carry the HHV-6 genome
within their chromosomes, which is known as chromosomally integrated herpesvirus-6 (CIHHV-6)". The virus
genome in these cases is transmitted by Mendelian inheritance. The integrated virus itself does not appear to be
pathogenic, but CIHHV-6 carriers are often identified as high-titer virus carriers during screenings for HHV-6
reactivation in immunocompromised hosts. The presence of CIHHV-6 is not a rare condition with a reported
incidence in healthy individuals of 1% in Caucasians and 0.21% in Japanese populations''~*,

Based on consistently detectable FISH signals at chromosome ends in all previously analyzed independent
CIHHV-6 cases, it had been speculated that the HHV-6 viral genome is integrated into human telomeres through
an unknown mechanism that is specific to HHV-6". The HHV-6 genome comprises a linear double stranded
DNA of 159 kb flanked by identical 8 kb direct repeats at the left and right ends (DR-L and DR-R). Each DR
contains two human telomere repeat (TTAGGG)-like sequences (TRS) proximal to both ends of the DRs'>*®. The
function of these motifs is uncertain, but it is not unreasonable to hypothesize that they plays a role in protection
of viral genome ends from host defense systems such as nucleases in a similar manner to the telomere protection
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from DNA end repair systems in eukaryotes'”. Recently, sequence
analysis of the junction fragments of three individuals with CIHHV-
6A revealed that the HHV-6 genome was directly joined with the
human telomeric region via TTAGGG repeats in each case'®. A
homology-directed mechanism operated by host DNA damage
repair response pathways such as homologous recombination is
likely to mediate these rearrangements®.

To further elucidate the mechanism of the viral integration into
the human telomeres, we investigated the integration sites in six
Japanese individuals harboring CIHHV-6B.

Results

Six cases that were suspected to CIHHV-6B by having genome-equi-
valent copy number of viral DNA in peripheral blood samples esti-
mated by qPCR were analyzed®. Standard cytogenetic evaluations
revealed no abnormalities in any of these subjects. FISH analysis with
a HHV-6 genomic DNA probe detected virus-specific signals on the
long arm of chromosome 22 in two cases (cases 18 and 19), on the
long arm of chromosome 6 in one case (case 31), and on the short
arm of chromosome X in the two cases (cases 28 and 63) (Fig. 1b-d).
The mother of case 19 (case 20) was also analyzed and showed HHV-
6 signals on the long arm of chromosome 22. Thus, a CIHHV-6B
diagnosis was confirmed in all six study subjects. CTHHV-6B FISH
signals were detectable on only one of the homologues in each case,
suggesting that all six individuals were heterozygotes in terms of viral
integration. HHV-6 signals were consistently detected at the end of
the chromosomes, presumably at the telomeric regions, in all six
cases.

To next determine the structure of the integrated viral genome in
our subjects, we performed MLPA experiments which allowed us to
determine copy number of the target sites of the viral genome relative
to the chromosomal DNA in each case. The copy numbers for the UL
regions were constant and similar to the chromosomal regions used

as references (Fig. 2), suggesting that a single copy of the viral gen-
ome was integrated within the chromosomal DNA in our CIHHV-6
cases. Copy numbers for the DRs varied among the subjects; two-fold
higher than those for the UL regions in cases 18, 19, and 20, three-
fold higher in case 28, and at a similar level in case 31.

To map the breakpoints of the HHV-6 integration in more detail
in our subjects, Southern analyses using several HHV-6 probes were
performed. Since the two TRS regions in the DR-R are good candi-
dates for viral integration breakpoints, DR probes located near to the
TRS-2 site were used (Supplementary Fig. S1). These DR probes
yielded two distinct bands of a similar intensity (Fig. 3a). One of
the bands was detected at a similar position in all cases with a size
that was expected for the DR-L, suggesting that the DR-L was intact.
The sizes of second band were different in each case, although two
cases that were found to carry the HHV-6B at the long arm of chro-
mosome 22 showed a second band of similar size. This suggests that
these fragments included the junction between the viral and human
genome. According to the restriction map, the breakpoints were
predicted to be located within the TRS-2. A similar band pattern in
two cases with a 22q integration indicated a common founder for this
integration event. The fact that two bands were detectable in these
analyses suggests that the entire viral genome was inserted together
with both the DR-L and DR-R. The fact that the intensities of the two
detected bands were similar further supports the idea that only a
single copy of entire HHV-6B genome had been inserted in each
individual.

We next attempted to isolate the junction fragments and could
fortunately rely on sequence information for the subtelomere-telo-
mere junction in the Xp region. First, we performed PCR using a
primer designed to amplify the subtelomeric region flanking the
telomere repeats and a primer that recognized the UL region just
outside of the DR-R. The amplification reactions appeared to yield
no product, but subsequent Southern hybridization analysis detected
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Figure 1 | Characterization of CIHHV-6B by FISH. (a) Schematic representation of the HHV-6 genomic structure. The 10 kb Pst I fragment used as s
FISH probe is indicated. Gray boxes indicate DR sites and hatched boxes indicate TRS regions. (b) FISH analyses of metaphase chromosomes

derived from the CIHHV-6B study subjects. A signal from the HHV-6B probe is detectable at the end of chromosome 22q (case 18), chromosome 6q (case
31) or chromosome Xp (case 28) (yellow arrowheads). The reference signals for chromosome 22q11.21, 6p and Xq are indicated by white arrowheads.
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a fragment exceeding 10 kb in length in case 28 with a HHV-6
integration at chromosome Xp (Fig. 3b). This indicated that the
breakpoints of the virus were located within the DR-R.
Unfortunately, less sequence information was available for the sub-
telomeric regions of chromosomes 6q and 22q. We attempted to
perform junction PCR using a primer that bound to the most distal
end of the reported subtelomeric sequence and a primer that recog-
nized a region just outside of the DR-R, but no amplicon was
obtained. We also tried inverse PCR but failed, because a short
PCR product derived from short TTAGGG repeat present in the
DR-L inhibited the amplification of real junction.

To further narrow down the positions of the HHV-6 breakpoints,
multiple PCR primers were designed within the DR. Combined with
a subtelomeric primer designed on the basis of sequence information
for the Xp subtelomere-telomere junction (hgl9, chrX: 60,427-
60,445), all of the primers that recognized sites within the DR yielded
PCR products of the expected size, which confirmed that the viral
breakpoint is located within the TRS-2 (Fig. 3c). Sequencing of these
amplicons revealed that the subtelomeric and viral DR-R regions
were connected via 166 copies of the TTAGGG repeat, which is much
shorter than the typical telomere repeat region in humans (9-15 kb;
Fig. 3d) (GenBank accession number AB822541). These PCR experi-
ments also yielded junction products in case 63 who had a HHV-6
integration at chromosome Xp. The sequence of this amplified frag-
ment indicated that the integration sites are identical and the differ-
ences in the PCR product sizes was due to varying numbers of
telomere repeats.

In one of our study subjects (case 31), the results of MLPA revealed
only one copy of the DR, which was a similar level to the UL.
Southern hybridization results for case 31 also produced a distinct
pattern. A DR probe detected no bands corresponding to the DR-R,
but constant bands only corresponding to the DR-L, suggesting that
the TRS-2 had been deleted and that the HHV-6 breakpoint is
located at a more distal region in this subject (Fig. 3a). Since TRS-1

is another candidate for the viral breakpoint, PCR for this region was
performed using a DR primer flanking the TRS-1 site and a primer
that was located just outside of the DR-R. No PCR product was
obtained for case 31 although a TRS-1 amplicon was obtained in
all other subjects, suggesting that the breakpoint in this one subject
was located within the TRS-1 site in the DR-R (Supplementary Fig.
S2a). Unexpectedly, the sizes of the TRS-1 PCR products from other
cases were much larger (~5 kb) than that reported in the database
(~300 bp), and also than TRS-2 (~500 bp). Although TRS-1 is
referred to as heterogeneous (TTAGGG),, due to the reported pres-
ence of imperfect repeats, sequence analyses of our study subjects
revealed a much longer stretch of perfect TTAGGG repeats than has
been previously reported for the TRS-1 site, and greater also than
those of TRS-2.

In case 28, MLPA results revealed a three-fold higher copy number
for the DR compared with the UL region. Southern analyses further
demonstrated the presence of additional DR copies in this subject,
evidenced by three distinct bands (Fig. 3a). Sizes of the restriction
fragments detected by DR probes suggested a proximal-DR-DR-UL-
DR-distal structure within the genome of this individual
(Supplementary Fig. S1, S3, and S4). To reveal the junction of the
two distal DRs in this case, we performed PCR encompassing the
TRS-2 - pac2 - pacl - TRS-1 region. Only case 28 yielded a junction-
specific PCR product that was also yielded from the subject including
the replicating HHV-6B obtained from patients with exanthema
subitum (Supplementary Fig. S5a). However, sequence analyses
revealed that the junction between the two DRs in case 28 did not
include pacl or pac2, although the junction from the replicating
HHV-6B carried the pacl and pac2 regions.

To determine the structure of the other end of the HHV-6B gen-
ome, we mapped the endpoint of the viral genome within the DR-L.
PCR amplification of the TRS-2 site in the DR-L was performed, and
amplicons were obtained for all of our CIHHV-6B subjects. This
suggested that the TRS-2 region in the DR-L had remained intact
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