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Figure 2. Screening and genotyping of rare short PATRR22 variants. (A) Genomic structure of the PATRR22 region. LCR-specific primers are designed to
amplify the PATRR22 (arrows). Proximal region represents the ‘AT-rich region-HSAT1-4/ cassette repeated three or four times (6,29). Sites for the
forward primer (F) carry sequence variations among the AT-rich region polymorphic alleles. In the B and C alleles, the PCR product originates from the

closest F site, whereas it can anneal with the second closest site in the A allele.

(B) LCR-specific PCR for amplifying the PATRR22. Upper panel represents

the LCR-specific PCR for the PATRR22, whereas the lower panel indicates the genotyping of the AT-rich region flanking the PATRR22. Genotypes of the

AT-rich region are given at the bottom. The PATRR22-specific PCR product

from the A allele is much longer than the others for the reason described

above. M, size markers. (C) Rare variants. Lane 1, standard B/C heterozygote; lane 2, compound heterozygote for B/C rare variants; lane 3, C/C homozygote;

lane 4, compound heterozygote for C rare variants.

B allele (Case 5). Although the substitution slightly reduces
the symmetry of the B allele, the difference did not appear
to alter the allelic preference for the C allele.

To investigate the potential role of secondary structure on
translocation frequency, we calculated AG and the AG value
normalized with size. It is assumed that PATRRs with a
lower AG value would show a greater propensity for second-
ary structure leading to a higher translocation frequency.
However, these values did not appear to correlate with the
translocation frequency (Table 3).

Identification of rare variants that produced t(11;22)
less frequently

To elucidate the effect of size and symmetry more completely,
we attempted to identify individuals carrying shorter or more
asymmetric PATRR22 variants, which are rare. The LCR22s
share 97—-98% sequence homology with each other. Therefore,
polymorphisms of the PATRR22 are difficult to analyze
because PCR amplification is always accompanied by multiple
PCR products emanating from other LCR22s (6). PCR primers
located at sites with subtle nucleotide difference among the
LCR22s allowed us to reduce the background amplification
(Fig. 2A and B). Occasionally, the PCR amplified non-specific
products from other LCR22s, such that we could not use this
system to accurately determine the PATRR22 genotype.
However, we could utilize this PCR for the identification of
rare size variants of the PATRR22 by screening individuals
who did not carry the standard ~597 bp PATRR22 on either
allele. Over 200 male volunteers were screened and we even-
tually identified two individuals (Fig. 2C).

One B/C heterozygote (Case 15) was found to carry two short
PATRR22s. Sequence analysis revealed that both the B and C
alleles manifest a symmetric structure and the sizes were 553
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and 509 bp, respectively (Table 4). The total translocation fre-
quency for this male was similar to that of others, but the
shorter 509 bp variant produced fewer translocations than the
553 bp variant (18 versus 82%). This result clearly indicates
that the size of the PATRR22 affects the translocation fre-
quency. Another case, a C/C homozygote (Case 16), was also
found to carry two short PATRR22s, the sizes of which are
539 and 457 bp (Table 4). The 539 bp allele was found to be
symmetric, whereas the 457 bp allele manifests an asymmetric
structure. The total translocation frequency for this male was
also similar to that of others, but the translocations were exclu-
sively derived from symmetric 539 bp PATRR22. Predicted sec-
ondary structures for these alleles are shown in Figure 3. The
457bp PATRR22 manifests an asymmetric structure with a
large single-stranded loop at the center. However, we did not
determine whether size or symmetry affected the allelic bias.

The AT-rich region flanking the PATRR22 also
produces translocations

During the course of analysis of the de novo t(11;22)s derived
from A/C heterozygotes, we unexpectedly identified a variant
der(22) product, which originated from the A allele (Fig. 4).
The breakpoint on chromosome 11 was located at the center
of the PATRRI11, which is consistent with the standard
t(11;22) breakpoints. However, the breakpoint on chromosome
22 was located at the center of the 355 bp flanking AT-rich
region of the A allele (AB538239). The 355bp AT-rich
region forms a quasi-palindromic structure similar to the
PATRR. When the entire 355 bp was analyzed, the homology
between the arms was 89.3% (Table 3). However, when the
central 229 bp region was analyzed separately, the homology
was 93% forming an almost perfect palindrome (Fig. 3).
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Table 4. De novo translocation frequency in sperm from two individuals with rare short PATRR22 on both alleles

Case Genotype of PATRRI1I Genotype of PATRR22 De novo translocation
AT-rich region genotype Template DNA (ng/pl) Positive PCR Allelic origin Frequency
15 B/IC L B1 (553 bp, symmetry) 5 28/96 23 (82%) 1.66 x 1074
C1 (509 bp, symmetry) 5 (18%) 324 x 1073
16 C/IC L/L C2 (539 bp, symmetry) 10 14/58 14 (100%) 2.62 % 1073
C3 (457 bp, asymmetry) 0 (0%) 0
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Figure 3. M-fold analysis of the secondary structure of rare short variants of the PATRR22 and proximal AT-rich region flanking the PATRR22 (A allele). For
the AT-rich region flanking the PATRR22, only the central 229 bp region is shown.

We increased the number of PCRs to estimate the frequency  hand, we did not identify any translocations from the 457 bp

of this rare translocation. This rare translocation was observed

asymmetric PATRR22 in 400 PCRs (<7.59 x 107%; data not
twice in a total of 400 PCRs (1.52 x 1077). On the other

shown). The fact that the 355 bp symmetric AT-rich region
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Figure 4. Rare der(22) junction derived from an A allele. (A) Schematic representation of the organization of Jjunction from the der(22) from an A/C hetero-

zygote. The A/C heterozygote produces three types of der(22); a standard der(22
der(22) with the breakpoint at the center of the AT-rich region of the A allele (b),

) with the breakpoint at the center of the PATRR22 of the A allele (a), a rare
and a standard der(22) with the breakpoint at the center of PATRR22 of the C

allele (c). (B) The der(22)-specific PCR. The allelic origin of the der(22) can be determined by its size. Lanes 1 and 5, a der(22) derived from a C allele; lanes 9
and 13, a der(22) derived from an A allele; lane 2, a rare der(22) with the breakpoint at the center of AT-rich region of the A allele. M, size markers; P, DNA

from a t(11;22) translocation carrier served as a positive control.

produced translocations, but the 457 bp asymmetric PATRR22
did not indicates that not only size but also symmetry is an
important factor in determining the translocation frequency.

DISCUSSION

The data obtained in this study demonstrate that variation of
the PATRR22 does not affect the total frequency of de novo
t(11;22) generation in sperm. This was clearly demonstrated
by the observation of a similar total translocation frequency
even in compound heterozygotes of short variants. This is in
contrast to the finding obtained for the PATRR11 (11). Trans-
location frequency appears to be stable in sperm samples from
the same individual obtained at different times, suggesting that
the frequency is not influenced by environmental factors (15).
In the present study, when the translocation frequency was
compared among individuals with the same PATRR11 geno-
type, which would be likely to affect the frequency, the
overall frequency was similar among the group with different
PATRR22 genotypes. One likely reason is that PATRR22
variation is less pronounced relative to the insertion/deletion
polymorphisms of the PATRRI1 resulting in less change in
the translocation frequency.

Another reason might be that variation of the translocation
frequency based on the genotype of the PATRR22 was so
subtle that the effects of variation in other genetic factors
obscured any association. Such factors might include inter-
individual differences in genetic predisposition of fidelity in
DNA repair (16). For example, although the A allele produced
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a significantly smaller number of translocations than C alleles,
one rare A/A homozygote, which was predicted to produce
translocations less frequently, was actually found to manifest
a frequency comparable to others such as the C/C homozy-
gotes (Table 1). In this subject, a certain genetic factor that
promotes generation of translocations possibly raised his
translocation frequency in spite of the adverse effect of the
AJA genotype.

In contrast, comparison of the allelic origin of translocations
within an individual allowed us to compare the translocation
frequency within a similar genetic background, which
clearly demonstrated allelic preference. (i) The A allele
(583 bp) produced less translocations than either the B or
the C allele (595 and 597 bp, respectively). (ii) A short rare
variant (509 bp) produced less translocations than the oppos-
ing allele (553bp). (iii) An asymmetric short variant
(457 bp) did not produce any translocations. (iv) An AT-rich
flanking region (A allele) that manifested a symmetric palin-
drome produced translocations despite its short length
(355 bp). Taken together, our data indicate that size and sym-
metry of the PATRR22 affect the translocation frequency,
which is consistent with the findings obtained for the
PATRRI11.

The mechanism of PATRR-mediated chromosomal translo-
cation in humans is still unknown. Analyses of several other
recurrent and non-recurrent translocations demonstrated the
presence of PATRR-like genomic structures at the breakpoint
region, suggesting that at least a certain subset of transloca-
tions are mediated by the PATRRs (17,18). Palindromic
DNA can generate intra-strand base pairing, which produces
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a single-stranded hairpin structure or a double-stranded cruci-
form structure (19,20). Such secondary structures are likely to
be generated during the DNA replication and likely form
hotspot for genomic rearrangement (21-23). It is possible
that the PATRRs also adopt a cruciform structure that
induces genomic instability leading to the recurrent transloca-
tions (24). In vitro analysis has demonstrated that longer and
more symmetric PATRR variants show a greater potential to
adopt a cruciform conformation (25). The data that the size
and symmetry of the PATRR11 and PATRR22 affect the
translocation frequency indirectly provide a strong suggestion
that the PATRRs form cruciforms in living cells and that the
cruciform secondary structure mediates the recurrent chromo-
somal translocations. We recently established a plasmid-based
model system for PATRR-mediated translocations in human
cell lines and demonstrated that the DNA secondary structure
was necessary for initiation of rearrangement between the
PATRRs (26). A more thorough analysis of PATRR-mediated
translocations would reinforce the hypothesis that DNA sec-
ondary structure governs the gross chromosomal rearrange-
ments.

MATERIALS AND METHODS
Genotyping of the PATRR22

All human samples were provided from individual volunteers in
a Japanese population after obtaining the appropriate informed
consent. The study was approved by the Ethical Review Board
for Human Genome Studies at Fujita Health University. For
the analysis of polymorphisms of the PATRR, genomic DNA
was extracted from blood samples or cheek swabs using Pure-
Gene (Gentra). The PATRR11 was genotyped by PCR using
primers described previously (11). For the PATRR22, the size
polymorphisms of the AT-rich region flanking the PATRR22
(A allele, 355 bp; B allele, 179 bp; C allele, 121 bp) were first
determined. This polymorphism is known to link to polymorph-
isms of the PATRR22 (6).

Next, the PATRR22s were amplified using LCR-specific
primers designed for this study. Primer —469F: 5'-CCATA
TGCAGTTATAAATATGTTTCATGGTTAG-3', +440R: 5'-
ACAAGTAAACAGGTTTTCAAAGCT-3'. The purified PCR
products were cloned into pT7Blue vector (Novagen). We
used the SURE strain (Stratagene) to maintain the unstable
PATRR insert. The plasmid inserts were sequenced as
described previously (27). Sequences were determined from
at least three plasmid clones to avoid misinterpretation as a
result of PCR artifacts.

Assessment of de novo translocation frequency

Sperm samples were provided from individual volunteers with
various genotypes of the PATRR22. DNA was extracted using
PureGene according to the manufacturer’s protocol.
Translocation-specific PCR was performed with the appropri-
ate primers as described previously (4). PCR was performed
using a protocol of 40 cycles of 10s at 98°C and 5 min at
60°C. The frequency of de novo translocation events was cal-
culated based on the presence of positive PCRs (10). Briefly,
we amplified multiple batches of 100 ng sperm DNA each

containing 33 000 haploids (n). We counted the number of
positive PCRs per total reactions (p). The translocation fre-
quency (g) was calculated on the basis that the probability
of a positive PCR corresponds to a total sum of a binomial
series of the translocation frequency calculated using the
equation p =1 — (1 — ¢)" as described previously.

The frequency of de novo t(11;22) was determined using the
der(22)-specific PCR so that the allelic origin of the transloca-
tion could be easily assessed (Fig. 1). The PCR was performed
using one primer located flanking the PATRRI11 (11 + 290R2:
5-CTTTCTTAACATAGCTTCTAC-AC-3") and the other
flanking the PATRR22 (22 — 394F: 5'-TCAGTTTATT
CCCAAACTCCCAAAT-3). In the case of an A/C heterozy-
gote, the allelic origin of the translocation is easily identified
by the size of the PCR products (Fig. 1B). In the case of a
B/C heterozygote, a second PCR was performed using
primer pair, 22 — 394F and 22b (5'-CTGCATCCTTCAAC
GTTCCATC-3'; Fig. 1B).

In silico cruciform extrusion assay

The potential secondary structure of the PATRR22 as well as
of the rare variants identified in the current study (Table 3)
was analyzed using the m-fold server (http://www.bioinfo.rpi.
edu/applications/mfold). A free energy value (Gerucirorm)
was obtained (28). Similarly, a free energy value for the same
sequence annealed to its complementary strand (Gpg) was
obtained and then halved. Free energy for the formation of
secondary structure (AG) is the Gpg — Gerucirorm difference,
and this value was normalized by the nucleotide number
(AG/nucleotide). The most negative free energy value was
used for subsequent analyses when numerous values were
obtained.

Statistical analysis

Statistical comparisons between groups were performed using
the Student’s #-test and one-way analysis of variance
(ANOVA). Differences were considered to be significant at
P < 0.05.
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The constitutional t(11;22)(q23;q11) is the most common recurrent
non-Robertsonian translocation in humans. The breakpoint sequences of
both chromosomes are characterized by several hundred base pairs of
palindromic AT-rich repeats (PATRRs). Similar PATRRs have also been
identified at the breakpoints of other nonrecurrent translocations,
suggesting that PATRR-mediated chromosomal translocation represents
one of the universal pathways for gross chromosomal rearrangement in the
human genome. We propose that PATRRs have the potential to form
cruciform structures through intrastrand-base pairing in single-stranded
DNA, creating a source of genomic instability and leading to
translocations. Indeed, de novo examples of the t(11;22) are detected at a
high frequency in sperm from normal healthy males. This review
synthesizes recent data illustrating a novel paradigm for an apparent
spermatogenesis-specific translocation mechanism. This observation has
important implications pertaining to the predominantly paternal origin of
de novo gross chromosomal rearrangements in humans.
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The constitutional t(11;22)(q23;q11) is the most
frequent recurrent non-Robertsonian translocation
in humans (Fig. la). Similar to Robertsonian
translocations or many other nonrecurrent con-
stitutional translocations, balanced carriers of
the t(11;22) usually manifest no clinical symp-
toms, because the rearrangement does not disrupt
functional genes. However, translocation carri-
ers often have reproductive problems, such as
male infertility, recurrent spontaneous abortions,
and the birth of offspring with a chromosomal
imbalance. Severely affected offspring often have
supernumerary-der(22)t(11;22) syndrome (Emanuel

syndrome, MIM# 609029), as a result of 3:1
meiotic malsegregation of the der(22) (1). The
syndrome is characterized by severe mental retar-
dation, preauricular tag or sinus, ear anomalies,
cleft or high-arched palate, micrognathia, micro-
cephaly, kidney abnormalities, heart defects, and
genital abnormalities in males (2—4). Most of the
t(11;22) carrier individuals are identified subse-
quent to the birth of an individual with Emanuel
syndrome.

Translocation is one of the most frequently
occurring gross chromosomal rearrangements
in humans. Translocation can potentially cause
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Fig. 1. Palindrome-mediated translocation in humans. (a) Schematic representation of the t(11;22)(q23;q11). The PATRRI11 and
PATRR22 are located at the breakpoints on 1123 and 22q11, respectively. (b) FISH analysis of metaphase chromosomes derived
from a balanced t(11;22) carrier using a BAC spanning the breakpoint on chromosome 11. The signal from the chromosome 11
BAC is split by the translocation and appears on both the der(11) and the der(22) (left). The same FISH image was inverted to
greyscale to show the location of the relevant chromosomes in the metaphase spreads (right). (¢) Predicted secondary structure
for the palindromic sequence. Short palindromic sequences have the potential to form double-stranded cruciform structures by
intrastrand-base pairing in single-stranded DNA. DNA sequences indicated by blue arrows are complementary to those indicated
by red arrows. (d) Cruciform extrusion of the plasmid harboring the PATRR11. A plasmid bearing the PATRR11 insert was fixed
with psoralen treatment followed by ultraviolet exposure. The PATRR11 fragments were released with restriction enzyme digestion
and were visualized using AFM. AFM, atomic force microscopy; BAC, bacterial artifical chromosome; FISH, fluorescent in situ

hybridization; PATRR, palindromic AT-rich repeat.

devastating disorders when it disrupts an important
genomic element. The somatic translocations that
are commonly identified in cancers or leukemias
result in the disruption of proto-oncogenes, leading
to the production of chimeric transcripts with onco-
genic potential. Likewise, although constitutional
translocations occasionally cause specific genetic
diseases, most of them are harmless and do not
disrupt essential genes. However, the offspring
of individuals harboring a balanced translocation
have a potential risk of unbalanced translocation,
resulting in pregnancy loss or birth of a child with
a congenital anomaly syndrome.

The formation of translocation is essentially
dependent on two distinct processes; double-
strand-breaks (DSBs) and an error in DSB
repair (5). DSBs can result from exogenous agents
such as ionizing radiation and chemotherapeutic
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drugs, and also from endogenously generated reac-
tive oxygen species and mechanical stresses on
the chromosomes (6, 7). DSBs can impair cellu-
lar function and eventually cause cell death by
triggering apoptosis. To counteract such delete-
rious effects, DSBs are usually repaired through
the activity of error-free repair systems, such as
homologous recombination (8). However, translo-
cations occasionally result from the activity
of an error-prone repair system, such as non-
homologous end joining (NHEJ), with or without
microhomology (9, 10). Experimental induction of
two DSBs is sufficient to produce translocations in
mammalian cells (11). Indeed, NHEJ is suggested
to be involved in translocation junction formation
both in this system and in translocations identified
in human disease patients as nonrecurrent translo-
cations (12, 13).



Chromosomal translocations can be random
events with nonrecurrent breakpoints, indicat-
ing the occurrence of random DSBs followed
by an error in the DSB repair pathway. How-
ever, a subset of translocations shows recurrent
manifestation, suggesting increased susceptibility
of one of these two elements at specific loci.
Regarding constitutional translocation, the recur-
rent translocation observed most frequently is
the Robertsonian translocation. Breakpoint analy-
ses indicated homologous recombination between
pericentromeric repeats that commonly occur on
the short arm of acrocentric chromosomes (14).
This mechanism is known as non-allelic homol-
ogous recombination (NAHR) and is indicative of
not only translocations, but also other recurrent
gross chromosomal rearrangements, such as dele-
tions and inversions (15-18).

Another example of recurrent translocation is
t(4;8)(p16;p23). Both translocation breakpoints
have been mapped within the olfactory recep-
tor gene clusters at 4pl6 and 8p23, suggest-
ing that NAHR between olfactory receptor genes
on different chromosomes is also responsible for
the translocation (19). Interestingly, both de novo
Robertsonian translocations and de novo t(4;8)
arise preferentially during maternal gametogene-
sis (20, 21). Although rare, t(4;11)(p16.2;p15.4) is
also an example of recurrent translocation char-
acterized by breakpoint homology (22). In sharp
contrast is t(11;22)(q23;q11), which is an example
of recurrent constitutional translocation that may
be caused by susceptibility to DSBs at specific loci.

Identification of the PATRR sequences
at the breakpoints of constitutional t(11;22)

Flurorescent in situ hybridization (FISH) studies
using multiple probes on chromosomes 11¢23
and 22qll have shown that in individuals with
t(11;22), including de novo cases, the t(11;22)
breakpoints are confined to same narrow intervals
on both chromosomes (1, 23, 24) (Fig. 1b). The
recurrent nature of the t(11;22) prompted us to
examine the translocation breakpoints in detail to
identify the specific genomic structure associated
with the chromosome 11 and 22 breakpoints.

A conventional positional cloning strategy
allowed us to identify both constitutional t(11;22)
breakpoints, although the work was challenging
due to the inherent genomic instability in the
breakpoint regions. We first identified a breakpoint
cluster region on 11923, which was approximately
450 bp in length with a high AT content (93%).
The breakpoint on 11923 constitutes a nearly
perfect palindromic structure, with 98% identity

Constitutional t(11;22)

between its proximal and distal arms (Fig. 1c). We
designated this configuration as a PATRR on 11¢23
(PATRR11) (25, 26). The cloning of the 22ql1
breakpoint was also an extraordinarily challeng-
ing. Eventually, a similar PATRR was identified
within one of the unclonable gaps unresolved by
the human genome project (27). The size of the
PATRR on 22ql1 (PATRR22) was approximately
590 bp, which was slightly larger than PATRR11.
In spite of their similarity with regard to AT-
richness, no substantial homology was observed
between PATRR11 and PATRR22 (58% identity).

In addition, we examined junction fragments
originating from more than 50 independent bal-
anced t(11;22) carriers to localize the breakpoints
precisely (28). The breakpoints on both chromo-
somes were located at the center of the PATRRs.
Only a small number of identical nucleotides
were found at the point where the original two
sequences were joined, and there were always
small deletions (no greater than 50 nucleotides) at
the breakpoint regions of both PATRRs (26, 27).
Collectively, these data suggested that the mecha-
nism for this recurrent chromosomal translocation
involved the occurrence of DSBs at the center of
the two PATRRs, followed by repair via the NHEJ
pathway.

These findings were confirmed by two other
research groups who tested different subsets of
translocation carriers and showed similar break-
points (29, 30).

PATRR-mediated chromosomal translocation
as one of the universal pathways for gross
chromosomal rearrangements in humans

In the human genome, the PATRR22 site appears
to be extremely susceptible to breakage. The
chromosome 22qll has been designated as a
hotspot for translocation breakpoints, because
cytogenetic studies have shown that a large
number of translocation breakpoints cluster at
22q1l. FISH mapping has indicated that the
breakpoints of numerous translocations involving
22q11 cluster within the same interval that includes
the PATRR22 (31-35). These data suggest the
involvement of PATRR22 in the etiology of all
22ql1-related translocations.

We analyzed two unrelated individuals with con-
stitutional t(17;22)(q11;q11) that presented with
neurofibromatosis type 1 (NF1) (32, 36). Each
translocation disrupted the NF/ gene on 17qll,
resulting in patients displaying the NF1 pheno-
type. As was expected, FISH analysis localized
the 22qll breakpoints within the same interval
where the breakpoint of t(11;22) resides. Further
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analyses of the 17q11 breakpoints within the NF]
gene revealed the presence of an approximately
200 bp PATRR sequence within intron 31 of
the NFI gene (PATRR17) (36, 37). Subsequent
molecular cloning of other translocation break-
points has shown similar palindromic, and often
AT-rich, sequences on partner chromosomes, such
as 4q35.1, 1p21.2 and 8q24.1 (38—-40). Hence,
palindrome-mediated chromosomal translocation
appears to be one of the possible universal path-
ways for creating human genomic rearrangements.
This subset of translocations appears to occur in
a nonrandom fashion and to be possibly mediated
by the genomic instability of palindromic DNA.

Small palindromic DNAs like the PATRRs
have the potential to form stem-loop structures
through intrastrand-base pairing within single-
stranded DNA. As a consequence, they form a
specific structure consisting of a single-stranded
hairpin or a double-stranded cruciform (Fig. lc).
We analyzed the tertiary structure of the cloned
PATRRI11 in vitro (41). A plasmid containing the
PATRRI11 adopts a non-B DNA conformation
under negative superhelicity. Using atomic force
microscopy (AFM), we were able to visualize the
cruciform extrusion from the PATRRI11 plasmid
directly (Fig. 1d). Thus, we propose that the sec-
ondary structure of the PATRRs induces genomic
instability leading to both recurrent and nonrecur-
rent chromosomal translocations in humans.

Translocation-specific polymerase chain
reaction (PCR) detects de novo t(11;22)s
in sperm from normal healthy males

We established a t(11;22)-specific PCR system uti-
lizing sequence data from the junction fragments.
PATRR-flanking primers were designed both on
11923 and 22ql1 to amplify the der(11) and the
der(22) junction fragments (Fig. 2a). This PCR
approach successfully amplified the der(11) and
der(22) junction fragments from balanced t(11;22)
carriers as well as the der(22) junction fragments
of patients with Emanuel syndrome (28).

To determine the prevalence of t(11;22), we
examined the frequency of de novo translocations
in DNA derived from sperm samples obtained
from normal, healthy male volunteers (42).
Translocation-specific PCR was performed using
conditions that would allow for the detection
of a single molecule of target DNA. Multiple
aliquots were amplified from each sperm sam-
ple (Fig. 2b). When 100 ng aliquots of sperm
DNA, each containing 33,000 haploids as tem-
plates, were amplified, translocation-specific PCR
products were detected in a substantial number
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of reactions (42). The presence of both positive
and negative PCRs clearly indicates the de novo
origin of the translocation (Fig. 2b). Translocation-
specific PCR products were never detected in DNA
from blood or cheek swab DNA from the same
donors, essentially excluding the possibility that
the positive PCR results seen in sperm were the
result of contamination or PCR artifacts.

The frequency of sperm de novo translocation
events was calculated based on the presence of
positive PCRs. Using the number of positive PCRs
expressed relative to the total number of PCRs
performed, the frequency was calculated on the
basis that the probability of observing a positive
PCR corresponded to the total sum of a binomial
series of the translocation frequency calculated as
described previously (42). For an initial analysis,
we examined sperm samples from four randomly
selected healthy male volunteers, and the estimated
frequency of the translocation was approximately
I x 1077, which is unexpectedly high. The fre-
quencies for der(11) and der(22) were approxi-
mately equal, suggesting that de novo translocation
occurs as a reciprocal rearrangement. This obser-
vation is in agreement with the observation that
the majority of patients with the supernumerary-
der(22) syndrome are the offspring of a balanced
translocation carrier, rather than representing a
de novo event (2-4).

PATRR polymorphisms affect the de novo
translocation frequency

In the course of our PATRR analyses, we iden-
tified that the PATRRs on several chromosome
22 partner chromosomes are hypervariable among
individuals (37, 43). Size polymorphisms due to
deletion, insertion and duplication, including the
center region, are common, supporting the idea that
the center of a PATRR is fragile. The central modi-
fications often resulted in asymmetric palindromic
structures (Fig. 2¢). This observation prompted us
to test the hypothesis that PATRR polymorphism
might affect the frequency of de novo t(11;22)s.
We examined sperm samples from normal
healthy males with various PATRRI1 geno-
types (43). Homozygotes for the long symmetric
PATRR11 (L-PATRR11), the most frequent allele,
produced de novo translocations at a frequenc
ranging between 1.52 x 107 and 1.57 x 1074,
Heterozygotes for the L-PATRRI11 and symmet-
ric short PATRR11 alleles (S1, S2) produced de
novo translocations at an overall frequency simi-
lar to that detected for L-PATRR11 homozygotes.
However, the translocation products derived from
the symmetric short PATRR were observed less
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Fig. 2. Polymorphisms of the palindrome affect the de novo translocation frequency. (a) Location of PCR primers. Arrows
indicate each arm of the PATRR11 (solid arrows) and PATRR22 (hatched arrows). Size polymorphisms of the PATRRI1
were examined by PCR using primers indicated by red and pink triangles. Translocations were detected using one of the
primers flanking the PATRRI11 (red or pink triangles) and with one of the primers flanking the PATRR22 (blue or green
triangles). Centromeres are represented by circles. (b) Strategy for estimation of translocation frequency by PCR. Genomic
DNA was extracted from sperm samples. Translocation-specific PCR was performed using multiple batches of template DNA.
The translocation frequency was calculated using the equation, ¢ = 1 — (1 — p)!/"; with n number of haploid genomes per
aliquot, p = the probability that an aliquot contains a translocation, product and q = the probability that one randomly selected
haploid genome in a given aliquot sustained a translocation. The gel images show representative PCR results. The upper
panel shows results derived from sperm DNA, whereas the lower panel presents results from lymphoblast DNA. Lane M,
size marker; lane N, negative control; lane P, genomic DNA from a t(11;22) balanced carrier serving as a positive control.
(¢) Characterization of the PATRRI1 variants. Arrows indicate each unit of inverted repeats. Vertical arrowheads indicate
the center of the palindromic sequence. Dotted blue lines show the deleted region, while red lines indicate the insertion
of sequences of unknown origin. Other characteristics and the frequency in the general population are shown on the right.
(d) A histogram showing the probability of de novo translocation by allele types. Each bar represents the mean value and the
vertical bar indicates standard deviation on a log scale. The allele types are abbreviated. PCR, polymerase chain reaction; PATRR,
palindromic AT-rich repeat.

frequently (~107°) suggesting that the frequency translocation frequency reflects the propensity of

is dependent on the size of the PATRR (Fig. 2d).
However, although individuals heterozygous for an
L-PATRR11 and an asymmetric short PATRR11
(S3) produced de novo translocations at a simi-
lar overall frequency, the asymmetric short PATRR
did not produce any de novo translocations. These
observations clearly show that PATRR polymor-
phisms affect the frequency of translocations. Col-
lectively, these data, including the data for rare
genotypes, indicate that the size and symmetry of
the center of the PATRRI1 determines the fre-
quency of de novo t(11;22)s (Fig. 2d). Indeed, the

each polymorphic allele for secondary structure
formation (44). PATRR22 is slightly longer than
other PATRRs, which might explain why all of
the known PATRR-mediated translocations involve
PATRR22 (27). Thus, it is reasonable to propose
that the potential for adopting a secondary struc-
ture is probably to contribute to the susceptibility
to translocation development.

The t(11;22) is independent of DNA replication

Curiously, translocation-specific PCR has never
detected a de novo translocation event in any
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tissues other than sperm. Diverse human tissues
such as peripheral leukocytes, lymphoblasts, and
skin fibroblasts were consistently negative for
de novo translocation by PCR analysis (42). We
also tested various cultured somatic cell lines
derived from human cells (HEK293, HeL a, HepG2
and THP-1), but all were negative (0 positive PCR
in 40 reactions, <7.67 x 1077) (45). The fact that
only sperm samples produce de novo t(11;22)s
supports the idea that PATRR-mediated transloca-
tions occur primarily during gametogenesis. These
findings are unusual and appear to be inconsistent
with the established mechanisms pertaining to the
instability of palindromic DNA sequences.

The instability of palindromic DNA has been
extensively investigated over the last 20 years.
Susceptibility to deletion within palindromic
regions has been consistently shown in many
experimental organisms, including Escherichia
coli (46-48), Saccharomyces cerevisiae (49, 50),
and mice (51, 52). Such deletions appear to be
primarily mediated by the stalling of DNA repli-
cation at a region that has formed a secondary
structure. This blockade appears to be resolved by
‘slippage’ or ‘strand switch’. Another important
pathway for palindromic DNA deletions is endonu-
clease cleavage of such a secondary structure dur-
ing replication. The PATRR11 was found to be
deleted from the BAC encompassing the break-
point region (25, 26). Furthermore, the fact that
PATRR22 is underrepresented in BAC/PAC/YAC
libraries also suggests that PATRRs are highly
unstable in bacteria and yeast. Indeed, translo-
cations have been induced in regions containing
palindromic or inverted repeats in vegetative yeast
when DNA replication is compromised (53).

Combined with data supporting the sperm-
specific occurrence of de novo translocations,
PATRR-mediated translocations may result from
palindrome instability facilitated by the high num-
ber of cell divisions and DNA replications dur-
ing spermatogenesis. Paradoxically, we analyzed
sperm samples from 10 male donors and found no
age-dependent increase in the frequency of de novo
t(11;22)s (54). We also obtained samples from the
same donors after a 6-year interval, and no age-
dependent increase in translocation frequency was
observed (54). If the translocation occurs during
DNA replication, the samples from older donors
that have undergone greater number of germline
divisions should theoretically include greater num-
ber of translocations. Thus, these findings may
invoke a novel paradigm regarding palindrome
instability that is independent of DNA replication.

The consequence of replication-related palin-
dromic instability is often a deletion. Indeed,
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PATRRs often manifest themselves as size poly-
morphisms among individuals due to deletions,
insertions and duplications, as mentioned in the
previous section (43). However, our recent break-
point analyses clearly distinguished the mecha-
nisms of deletion from those of translocation (55).
Microhomology identified at the deletion end-
points is significantly longer than that at transloca-
tion breakpoints, suggesting that PATRR-mediated
deletions develop in a homology-directed manner.
Another interesting finding is that all of the inser-
tions that were identified within the deletion junc-

tions were AT-rich sequences, whereas insertions

found at translocation junctions were non-AT-rich
DNA sequences. Thus, it could be hypothesized
that rearrangements within the PATRR, such as
deletions, insertions and duplications, are induced
by secondary structure formation during DNA
replication followed by repair through a homology-
dependent pathway. In contrast, PATRR-mediated
translocation may be driven by a completely dif-
ferent mechanism. Indeed, inhibition of DNA
replication in cultured human cells induces dele-
tions within the PATRR11, but not translocations
between different PATRRs (45). Thus, these find-
ings lend support to the possibility of replication-
independent translocations.

Establishment of a model system

To gain a better understanding of how DNA
secondary structure contributes to palindrome-
mediated genomic instability, there have been
ongoing attempts to establish a model system
that recapitulates PATRR-mediated translocation.
Establishment of such a model system would
also provide information on the underlying mech-
anisms of PATRR-mediated gross chromosomal
rearrangements.

We have recently developed a plasmid-based
model system of PATRR-mediated transloca-
tion (56). This system utilizes two plasmids har-
boring either PATRR11 or PATRR22 sequences,
which act as substrates for rearrangement within
mammalian nuclei. The first plasmid includes a
promoter and a splice donor sequence upstream
of PATRRI11, whereas the second plasmid con-
tains the PATRR22 sequence followed by a splice
acceptor sequence and then the green fluorescence
protein (GFP) gene coding sequence (Fig. 3a).
Translocation-like rearrangements between the
plasmids were detected by PCR 24 h after
co-transfection into human cell lines. The junc-
tion sequences were found to be analogous to
the human t(11;22) junction sequences, suggest-
ing that this model system recapitulates the
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Fig. 3. Plasmid-based model system of palindrome-mediated translocation. (a) Schematic representation of the detection system.
When the two plasmids harboring PATRR11 and PATRR22 are rearranged within each PATRR region, the transcript from the fusion
product splices out the intervening junction sequence and expresses the downstream GFP gene product. (b) Strategy for preparing
PATRR plasmids with or without cruciform extrusion. Plasmid purified from Escherichia coli is negatively supercoiled (upper). The
PATRR plasmid with negative superhelicity energetically favors cruciform extrusion forming intrastrand-base pairing. The positive
free energy of cruciform formation is offset by relaxation of the negative superhelical density (left). If the negative superhelicity is
abrogated by incubation with topoisomerase I prior to cruciform extrusion, a relaxed plasmid without the extruded cruciform can
be obtained (right). (¢) The incidence of translocation-like rearrangements following the use of different preparative techniques for
PATRR plasmids. GFP-positive cells were counted after co-transfection with various levels of cruciform-extruding PATRR plasmids.
The plasmids were prepared by the alkaline-SDS method (1) and by the Triton method followed by either incubation in various
NaCl concentrations (2, 10 mM; 3, 50 mM; 4, 200 mM) or topoisomerase I treatment (5). Representative AFM images of the
PATRR plasmid are indicated as follows: arrow indicates cruciform extrusion of the PATRR plasmids. (d) The degree of cruciform
in the transfected plasmids affects the levels of rearrangement. The degrees of cruciform extrusion observed by AFM correlate with
the ratio of GFP-positive cells (right; » = 0.992, p = 0.0008). AFM, atomic force microscopy; GFP, green fluorescence protein;
PATRR, palindromic AT-rich repeat; SDS, sodium dodecyl sulfate.
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PATRR-mediated t(11;22) translocations,
occur in humans.

To examine the contribution of DNA secondary
structure to this translocation-like rearrangement,
we prepared plasmid samples that contained dif-

which cruciform-extruding plasmids, resulted in smaller
numbers of GFP-positive cells. The proportion of
cruciform-extruding plasmids monitored by AFM
was correlated with the number of GFP-positive

cells (Fig. 3c,d). These data show that cruciform

fering proportions of cruciform-extruding plasmids
(Fig. 3b). The plasmids were then transfected
into human cell lines and the rearrangement fre-
quency was quantified by GFP reporter gene
expression as detected using flow cytometry. The
plasmids isolated using the alkali-method, which
contained an abundance of cruciform-extruding
plasmid DNA, showed the greatest number of
GFP-positive cells (Fig. 3c). In contrast, plasmids
treated with topoisomerase I, which had fewer

conformation of the PATRR contributes to this
translocation-like event.

Furthermore, our data provide indirect evidence
for the presence of DNA secondary structures in
living cells, and also indirectly but strongly support
the hypothesis that the PATRR sequences adopt
a cruciform conformation that induces genomic
instability, leading to the translocation. In this
model system, no translocation was detected
between endogenous PATRRs or between PATRR
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plasmids and endogenous PATRRs. These results
indicate that all the enzymatic activity that is
required for translocation to occur is present in
human somatic cell lines with the exception of the
capacity for cruciform extrusion of the PATRR.
These results also support the hypothesis described
in the next section.

Hypothesis: underlying mechanism dictating
spermatogenesis-specific translocation

As mentioned previously, PATRR-mediated
translocation appears to be specific to meiotic
cells. During mammalian meiosis, there are two
types of physiological DNA breakage. A substan-
tial number of DSBs occur as an initiating step for
meiotic recombination. SPO11, a meiosis-specific
endonuclease, mainly functions in this step (57).
Subsequently, repair of the DSBs by homologous
recombination progresses by a RAD52-mediated
homology detection and RAD51/DMC1-mediated
strand invasion. Holliday junctions (HJs), which
form as intermediates during this process, are
finally resolved by endonuclease activity. The
four-way junction of a cruciform DNA structure is
analogous to this HJ structure and could represent
a substrate for the HJ resolvase, although such an
enzyme has not been definitely identified in higher
organisms such as yeast or mammals (58). Either
of these steps might provide a good ‘candidate pro-
cess’ for the generation of the DSBs leading to
translocation events (59, 60).

To prove the presence of such meiosis-specific
cruciform resolution, it is necessary to deter-
mine whether female germ cells can also produce
de novo t(11;22) translocations. Toward this end,
it might be reasonable to survey female germ cells
for the presence of de novo t(11;22)s using sim-
ilar translocation-specific single molecule detec-
tion PCR. However, performing this experiment
is limited by the finite number of human oocytes
available for examination. Even with the existing
evidence of a high frequency of de novo translo-
cations in sperm, female germ cells cannot be
analyzed using a similar strategy.

As an alternative, we obtained samples from
eight individuals with a de novo t(11;22) translo-
cation together with samples from their parents
to determine the parental origin of the transloca-
tion. Because the PATRR shows sequence variation
among individuals, we theorized that determina-
tion of a parental origin for an individual translo-
cation was possible through comparison of the
sequence of translocation junction fragments on
the der(11) and the der(22) with the PATRRI11
and PATRR22 sequences on normal chromosomes
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I1 and 22 in the parental samples. Indeed, segre-
gation analysis has shown that the de novo events
are exclusively of paternal origin in our patient
population, although to date only a finite number
of samples have been examined (61). This find-
ing implies that it is not necessarily a meiotic
mechanism, but rather a spermatogenesis-specific
mechanism that permits the development of the
t(11;22) translocation.

DNA breakage might occur during late sper-
matogenesis when DNA is packaged into dense
chromatin. The successive transition of chromatin
components from histones to protamines causes
dynamic changes in chromatin structure (62, 63).
During this process, release from nucleosomes
may contribute to the release of free nega-
tive supercoiling. With nucleosome withdrawal,
temporary and local accumulation of an excess
of negative superhelicity is possible, potentially
exacerbating secondary structure formation within
PATRR sequences with subsequent formation of
strand breaks. A similar mechanism has been pro-
posed for triplet-repeat expansion, which has been
shown to be of postmeiotic origin (64).

All of the hypotheses described above relate
to the causes of frequent DSBs at the PATRR
sequences. However, the factors that facilitate such
high efficiency DSB repair and aberrant join-
ing between two PATRRs are still an enigma
that remains to be elucidated. The role of spa-
tial proximity between the two PATRRs in meiotic
and postmeiotic cells deserves further investiga-
tion (65). Thus, there are still numerous factors
surrounding the mechanism of translocation for-
mation that remain to be elucidated.

What the t(11;22) research tells us

Chromosomal abnormalities in humans often man-
ifest a gender bias with respect to parental ori-
gin. Aneuploidy, or a numerical abnormality, is
more probably to arise in maternal gametogene-
sis (66). In contrast, 80% of known structural chro-
mosomal abnormalities are of paternal origin (67).
This is not surprising because late spermatids and
sperm, which are non-dividing haploid cells, can-
not undergo homologous recombination. However,
components of NHEJ repair are expressed at low
levels in these cells (68). It is formally possible
that such structural abnormalities arise when DSBs
induced by endogeneous or exogeneous mutagens
are repaired by error-prone NHEJ system. How-
ever, our current hypothesis points to the impor-
tance of postmeiotic physiological events during
spermatogenesis for the generation of the translo-
cation. This hypothesis has important implications



of the predominantly paternal origin of de novo
gross chromosomal rearrangements in humans.

To elucidate the precise mechanism of
palindrome-mediated translocation, it will be nec-
essary to establish a mouse model system for
t(11;22) research. Because the mouse genome
does not possess PATRR-like sequences, one could
postulate that the introduction of two copies of
PATRRs will be sufficient for the creation of
palindrome-mediated translocations in a mouse.
Further characterization of the PATRR dynamics
in a mammalian germline should aid the future
elucidation of the complex biology of non-B DNA-
mediated translocations.

Future prospects

PATRR-mediated translocation provides the oppor-
tunity for novel insight into mechanisms of
chromosomal translocations. This concept could
also be applied to translocations that develop in
somatic cells. The recurrent nature of translo-
cations observed in cancers or leukemias has
been long thought to be random events result-
ing from a selective growth advantage. How-
ever, some translocation breakpoints have the
potential for non-B DNA conformation (69). For
example, the breakpoint regions of translocation
partners in immunoglobulin gene-related translo-
cation are reported to form Z-DNA or triplex
DNA (70-72). Increasing research efforts are
being applied toward elucidation of the molecular
components leading to the DSB formation at these
non-B DNAs, such as structure-directed nucleases.

Considerable progress has been made toward
understanding the molecular mechanisms under-
lying the generation of recurrent translocations.
However, questions still remain pertaining to the
mechanisms of nonrecurrent translocations, which
have also been long thought to be random events.
A novel molecular mechanism has also been
proposed to explain the occurrence of another
subset of gross chromosomal rearrangements, dele-
tions and duplications. This proposed mecha-
nism explaining nonrecurrent gross chromosomal
rearrangements is not based on the occurrence
of DSBs, but is associated with DNA replica-
tion (73, 74). In brief, a free DNA end is generated
by a stall during DNA synthesis, which restarts
after switching to the template DNA on a different
chromosomal site, resulting in gross chromosomal
rearrangement. This mechanism, called replication
Fork Stalling and Template Switching (FoSTeS)
and microhomology-mediated break-induced repli-
cation (MMBIR), might be involved in some non-
recurrent chromosomal translocations.

Constitutional t(11;22)

A recent report confirmed the preferential pater-
nal origin of de novo nonrecurrent transloca-
tions using flow-sorted derivative translocation
chromosomes followed by segregation analysis.
Interestingly, development of the translocation
appeared to be associated with increased paternal
age (75). Based on the fact that male gametoge-
nesis undergoes much higher number of mitotic
divisions than that in female, this observation is
in agreement with a replication-based mechanism
of the translocation formation. This result is in
clear contrast with the existing data on t(11;22)
translocations and the possible PATRR-mediated
mechanism (54). Further detailed studies and accu-
mulated breakpoint information for nonrecurrent
translocations are needed to elucidate the molec-
ular mechanisms leading to gross chromosomal
rearrangements.
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Background: Cumulative evidence suggests that DNA secondary structures impact DNA replication, transcription
and genomic rearrangements. One of the best studied examples is the recurrent constitutional t(11;22) in humans
that is mediated by potentially cruciform-forming sequences at the breakpoints, palindromic AT-rich repeats
(PATRRs). We previously demonstrated that polymorphisms of PATRR sequences affect the frequency of de novo t
(11;22)s in sperm samples from normal healthy males. These studies were designed to determine whether PATRR
polymorphisms affect DNA secondary structure, thus leading to variation in translocation frequency.

Methods: We studied the potential for DNA cruciform formation for several PATRR11 polymorphic alleles using
mobility shift analysis in gel electrophoresis as well as by direct visualization of the DNA by atomic force
microscopy. The structural data for various alleles were compared with the frequency of de novo t(11;22)s the allele

Results: The data indicate that the propensity for DNA cruciform structure of each polymorphic allele correlates
with the frequency of de novo t(11;22)s produced (r = 0.77, P = 0.01).

Conclusions: Although indirect, our results strongly suggest that the PATRR adopts unstable cruciform structures
during spermatogenesis that act as translocation hotspots in humans.

Keywords: Polymorphism, Palindrome, Secondary structure, Hairpin structure, Cruciform structure, Breakpoint,

Background

Accumulating evidence indicates that alternative DNA
structures (non-B DNA) cause a diversity of genomic
rearrangements [1,2]. It is well known that a subset of
repeat sequences such as trinucleotide repeats sustain
dynamic mutations via DNA secondary structure inter-
mediates leading to their expansion or contraction [3].
The finding that the t(14;18) translocation observed in
follicular lymphoma might result from instability of tri-
plex DNA at the breakpoint implies that gross chromo-
somal rearrangements can also be mediated by non-
canonical DNA structures [4,5]. A large-scale survey
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'Division of Molecular Genetics, Institute for Comprehensive Medical Science,
Fujita Health University, Toyoake, Aichi 470-1192, Japan

Full list of author information is available at the end of the article

( ) BiolVled Central

demonstrates that translocation breakpoints or deletion
endpoints in human genetic diseases are consistently
found in proximity to predicted non-B DNA structures
[6].

Chromosomal translocations have long been thought
to be random events. However, recent findings have
highlighted two distinct mechanisms that lead to recur-
rent translocations in humans [7]. A subset of recurrent
translocations arises between two homologous regions
located on different chromosomes. Robertsonian trans-
locations are mediated by highly repetitive regions on
the short arms of the five acrocentric chromosomes,
while t(4;8)(p16;p23) translocations result from exchange
between two clusters of olfactory-receptor genes on 4p
and 8p presumably via homologous recombination [8,9].
Another mechanism is the so-called palindrome-

© 2011 Kato 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/2.0), which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.
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mediated chromosomal translocation [10]. Palindromic
AT-rich repeats (PATRRs) were first identified at the
breakpoints of the recurrent constitutional t(11;22)(q23;
ql1) [11-13]. All of the translocation breakpoints are
located within the 450 bp PATRR on 11¢23 (PATRR11)
and the 590 bp PATRR on 22q11 (PATRR22), which do
not share sequence homology with one another [14].
The majority of the breakpoints are located at the center
of the PATRRs, suggesting that genomic instability of
the palindrome center is the etiology of the recurrent
translocation [15]. PATRRs also contribute to other
recurrent and non-recurrent translocations such as the t
(17;22)(q11;q11) [16,17], t(4;22)(q35;q11) [18], t(1;22)
(p21.2;q11) [19], and t(8;22)(q24.13;q11.21) [20,21].
Translocation-specific PCR can frequently detect de
novo £(11;22)s in sperm from normal healthy males [22].

Recently, we also identified de novo PATRR-mediated
t(8;22)s as well as t(8;11)s by a similar PCR method,
suggesting that a considerable proportion of the translo-
cations result from a palindrome-mediated mechanism
[21].

Palindromic DNA has the potential to form a second-
ary structure, an extruded DNA cruciform, through the
intra-strand base pairing of adjacent inverted repeat
units. A number of palindromic sequences have been
identified in the human genome [23], but not all of the
palindromes behave as sites for translocation break-
points. The translocation-associated PATRRs reported
so far, share a common structure, 1) a nearly perfect
palindrome of several hundred base pairs in length, 2)
an AT-rich center and a non-AT-rich region at both
ends, 3) another nearby AT-rich region on one side of
the PATRR, all of which invoke cruciform structure
forming propensity [24]. Indeed, the cloned PATRRs
identified at the translocation breakpoints assume a cru-
ciform conformation in vitro [25,26]. We propose that
the PATRR also adopts a cruciform conformation in liv-
ing cells, which induces genomic instability leading to
translocation formation in humans. In fact, the propen-
sity for secondary structure of the PATRRs on chromo-
somes 11, 17 and 22 reflects the relative incidence of
the relevant chromosomal translocations [27].

In our previous study, we demonstrated that the
PATRRI11 at the translocation breakpoint often mani-
fests size polymorphisms due to central deletions within
the PATRR1I, and that this polymorphism affects the
frequency of de novo t(11;22)s in sperm samples from
normal healthy males [28]. Subsequently, we demon-
strated that PATRR22 polymorphisms also impact de
novo translocation frequency [29]. To determine
whether PATRR polymorphisms influence secondary
structure leading to variation in their translocation fre-
quency, we investigated the secondary structure forming
potential of each polymorphic PATRR11 and compared

Page 2 of 8

it with its relevant translocation frequency. The results
suggest that propensity for secondary structure forma-
tion is reflected in the rate of translocations formed.

Results

Size and symmetry of the palindromes affect de novo
translocation frequency

To better understand how polymorphic variants of the
palindromic sequence affects de novo translocation fre-
quency in sperm, we classified the polymorphic
PATRRI11s into three categories based on the size and
symmetry of the palindromic sequences (Figure 1A).
The most frequent allele is characterized by a nearly
perfect palindromic sequence of 442-450 bps (L-
PATRR11). We further grouped minor short variants
into symmetric short and asymmetric short PATRR11s
(SS-PATRRI11 and AS-PATRR11). The size of the SS-
PATRR11s and AS-PATRR11s were 212-434 bp.

We attempted to estimate the frequency of de novo
translocations originating from each PATRR allele. To
distinguish the allelic origin of translocation products,
we selected individuals heterozygous for PATRR11 poly-
morphisms for analysis. L-PATRR11 produces de novo
translocations in approximately 10~ gametes (1.30-2.11
x 107°). On the other hand, variant PATRR11s generally
produce translocations at a lower frequency. For SS-
PATRRI1I, the translocation frequency is about 10-fold
lower than that of L-PATRR11 (1.71-1.82 x 10°%), while
AS-PATRR11s rarely produce de novo translocation pro-
ducts (<6.81 x 10-7) (Table 1, Figure 1B). The differ-
ences in translocation frequency were statistically
significant between the three groups (P = 0.01).

Thus, having determined that the size and symmetry
of the PATRR11 appear to determine the frequency of
de novo t(11;22)s, it seemed reasonable to hypothesize
that polymorphisms of the PATRR11 might dictate
translocation frequency through their secondary struc-
ture-forming propensity.

Therefore, we analyzed the secondary structure-form-
ing propensity of the PATRR by calculating the free
energy required for a transition from standard linear
double-stranded DNA to intrastrand annealing, or a so-
called hairpin structure [19] (Table 1). We then ana-
lyzed the correlation between the calculated secondary
structure-forming propensity of a given PATRR11 and
its de novo translocation frequency. The translocation
frequency did not correlate with the free energy for
hairpin/cruciform formation (r = 0.37, P = 0.32) (Figure
1C).

In vitro analysis of cruciform extrusion of PATRR plasmids
We then analyzed the in vitro cruciform-forming pro-
pensity of the PATRRs using plasmids having various
PATRR11s as inserts [25,27]. First we cloned each
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Allele type Size (bp) Structure
Long (L) 445, 450 5 3
3 5
Symmetrical short 5 3
Asymmetrical short 212, 277, 283, 5 3
variant (AS) 434 3 5
B 104 r P<0.05 c
104t
. &
e 10 F 5 4500 O L-PATRR11
g 2 o]
s 9_09_10'5 ! 445 X SS-PATRR11
e | 5 0 AS-PATRR11
§ 100 Spsl 29 380~ 38
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© -
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Figure 1 Polymorphism of the PATRR11 affects de novo translocation frequency. (A) Classification of PATRR11s. Arrows indicate each arm
of the palindromic sequences. Grey and black arrows indicate complementary strands. (B) Size and symmetry of the palindrome affects the de
novo translocation frequency. Vertical axis indicates de novo translocation frequency in sperm. (C) Correlation between the translocation
frequency and secondary structure-forming propensity of the PATRR analyzed in silico. Horizontal axis indicates the free energy necessary for
transition from standard double strand DNA to a hairpin structure, while the vertical axis indicates the de novo translocation frequency in sperm.
No statistically significant correlation between AG and translocation frequency was observed (r = 0372, P = 0.323).

AG (kcal/mol)

polymorphic PATRR11 into a plasmid vector and ana-
lyzed its propensity for cruciform formation by an elec-
trophoresis mobility shift assay (EMSA). This assay is
based on the fact that mobility is retarded when nega-
tive superhelical density is relieved by cruciform extru-
sion (Figure 2A). We extracted plasmid DNA using the

triton-lysis method such that cruciform formation dur-
ing DNA extraction was minimal. To induce cruciform
formation, plasmids were incubated for 30 min at 37°C
in 100 mM NaCl. The conformation of plasmid DNA
was analyzed by band shift on agarose gel
electrophoresis.

Table 1 Potential secondary structure of individual PATRR11 variants by free energy calculation

Type of PATRR11 Nucleotide bp (Accession No.)

Ggys Kcal/mole

Ggyry Keal/mole AG Kcal/mole Translocation frequency

L-PATRR11 445(AF391129) 3925 -1784 179 132 % 107
450(AB235178) 3975 -187.9 109 211 x 10°%®

SS-PATRR11 292(AB235183) -259.8 -1218 8.1 173 x 10°°
350(AB235180) -314 1447 123 182 % 10
386(AB235182) 3352 -147.3 203 171 x 10°®

AS-PATRR11 212(AF391128) 1956 -83.1 147 <405 x 10°%
277(AB235187) 2479 -104.2 198 <167 x 107
483(AB235186) -252.9 -99.95 265 <762 x 10°®
434(AB235190) -380.1 -1573 328 6.81 x 107

? These values are the mean of 4 (450 bp L-PATRR11 allele), 2 (350 bp SS-PATRR11 allele), and 3 (212 bp AS-PATRR11 allele)samples.
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Figure 2 In vitro assay for secondary structure formation induced by negative supercoiling. (A) The palindromic region can form
cruciform structures in the presence of negative torsion of the double-stranded DNA, which is relieved upon cruciform extrusion. (B) EMSA for

plasmids during agarose gel electrophoresis. The arrow indicates the position for plasmids with a negative supercoil, while the bracket indicates
that for a relaxed plasmid that corresponds to the fraction with cruciform extrusion. In general, relaxed plasmids show up as a ladder consisting
of various topoisomers with different linking numbers, which appears as a smear due to the low resolution of gel electropharesis. (C) Correlation
between translocation frequency and secondary structure-forming propensity of the PATRR estimated by EMSA. The horizontal axis indicates the
percentage of plasmid extruding a cruciform, while the vertical axis indicates the de novo translocation frequency in sperm. A linear correlation

was observed and was statistically significant (r = 0.71, P = 0.03).

For L-PATRR11, one distinct band with retarded
migration was observed accompanied by a ladder of
multiple bands (Figure 2B). We confirmed that the plas-
mids in the retarded band extruded a cruciform by
showing that the band disappeared if the plasmid was
digested with T7 endonuclease prior to electrophoresis.
This enzyme can cut the four-way junction of cruciform
DNA (data not shown). Similar results were obtained in
the analysis of SS-PATRR11, whereas AS-PATRR11 did
not show such retarded bands. To estimate the percen-
tage of cruciform forming plasmids, we summed the
intensity of the retarded bands and calculated their ratio
to the sum of all of the bands including the band at the
standard negative supercoiled position. The ratio corre-
lated to the frequency of de novo translocations for each
allele (r = 0.73, P = 0.03) (Figure 2C). However, inter-
assay variability was significant due to difficulty in the
quantification of multiple bands.

To estimate the prevalence of cruciform extrusion more
accurately, EMSA was performed for the plasmid insert
only. Since the PATRR cannot maintain a cruciform confor-
mation as short linear DNA, PATRR plasmids were treated
with psoralen and ultraviolet light to form covalent cross-
links prior to excision of the plasmid insert by restriction
enzyme digestion. We detected a clear retarded band
derived from the plasmid insert on standard agarose gel
electrophoresis (Figure 3A). We confirmed that the DNAs
located in the retarded bands originate from the cruciform
by cleavage with T7 endonuclease or by direct observation
using atomic force microscopy (AFM) (Figure 3B). The
intensity of the retarded band on EMSA correlated well with
the translocation frequency (r = 0.77, P = 0.01) (Figure 3C).

Discussion
Our previous study demonstrated that the size and sym-
metry of polymorphic PATRRs appears to affect the
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