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Abstract

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)(g23;q11) is the most frequent recurrent non-Robertsonian
translocation in humans (Fig. 1a). Similar to Robertsonian translocations or many other
nonrecurrent constitutional translocations, balanced carriers of the t(11;22) usually manifest
no clinical symptoms, because the rearrangement does not disrupt functional genes.
However, translocation carriers 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 retardation, preauricular tag or sinus, ear
anomalies, cleft or high-arched palate, micrognathia, microcephaly, kidney abnormalities,
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heart defects, and genital abnormalities in males (2—4). Most of the t(11;22) carrier
individuals are identified subsequent 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 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 oncogenic 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 drugs, and also from endogenously
generated reactive oxygen species and mechanical stresses on the chromosomes (6, 7).
DSBs can impair cellular function and eventually cause cell death by triggering apoptosis.
To counteract such deleterious effects, DSBs are usually repaired through the activity of
error-free repair systems, such as homologous recombination (8). However, translocations
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
translocations (12, 13).

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

Another example of recurrent translocation is t(4;8)(p16;p23). Both translocation
breakpoints have been mapped within the olfactory receptor gene clusters at 4p16 and 8p23,
suggesting that NAHR between olfactory receptor genes on different chromosomes is also
responsible for the translocation (19). Interestingly, both de novo Robertsonian
translocations and de novot(4;8) arise preferentially during maternal gametogenesis (20,
21). Although rare, t(4;11)(p16.2;p15.4) is also an example of recurrent translocation
characterized 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 /n situ hybridization (FISH) studies using multiple probes on chromosomes
11923 and 22g11 have shown that in individuals with t(11;22), including de novo cases, the
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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 11g23, which was
approximately 450 bp in length with a high AT content (93%). The breakpoint on 11g23
constitutes a nearly perfect palindromic structure, with 98% identity between its proximal
and distal arms (Fig. 1c). We designated this configuration as a PATRR on 11923
(PATRR11) (25, 26). The cloning of the 22911 breakpoint was also an extraordinarily
challenging. 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 22g11
(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
balanced t(11;22) carriers to localize the breakpoints precisely (28). The breakpoints on both
chromosomes 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 mechanism 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 breakpoints (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 22q11 has been designated as a hotspot for translocation breakpoints,
because cytogenetic studies have shown that a large number of translocation breakpoints
cluster at 22g11. FISH mapping has indicated that the breakpoints of numerous
translocations involving 22g11 cluster within the same interval that includes the PATRR22
(31-35). These data suggest the involvement of PATRR22 in the etiology of all 22q11-
related translocations.

We analyzed two unrelated individuals with constitutional t(17;22)(q11;g11) that presented
with neurofibromatosis type 1 (NF1) (32, 36). Each translocation disrupted the A/FZ gene on
17911, resulting in patients displaying the NF1 phenotype. As was expected, FISH analysis
localized the 22q11 breakpoints within the same interval where the breakpoint of t(11;22)
resides. Further analyses of the 17q11 breakpoints within the A/FZ gene revealed the
presence of an approximately 200 bp PATRR sequence within intron 31 of the AVFZ gene
(PATRR17) (36, 37). Subsequent molecular cloning of other translocation breakpoints has
shown similar palindromic, and often AT-rich, sequences on partner chromosomes, such as
4035.1, 1p21.2 and 8g24.1 (38-40). Hence, palindrome-mediated chromosomal
translocation appears to be one of the possible universal pathways 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.
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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. 1c). We analyzed the tertiary structure of the cloned PATRR11 /n vitro (41). A plasmid
containing the PATRR11 adopts a non-B DNA conformation under negative superhelicity.
Using atomic force microscopy (AFM), we were able to visualize the cruciform extrusion
from the PATRR11 plasmid directly (Fig. 1d). Thus, we propose that the secondary
structure of the PATRRs induces genomic instability leading to both recurrent and
nonrecurrent 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 utilizing sequence data from the junction
fragments. PATRR-flanking primers were designed both on 11923 and 2211 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 sample (Fig. 2b). When 100 ng aliquots of sperm DNA, each containing
33,000 haploids as templates, were amplified, translocation-specific PCR products were
detected in a substantial number 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 1 x 1072, which is unexpectedly
high. The frequencies for der(11) and der(22) were approximately equal, suggesting that de
novotranslocation occurs as a reciprocal rearrangement. This observation 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 identified 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
modifications often resulted in asymmetric palindromic structures (Fig. 2c). This
observation prompted us to test the hypothesis that PATRR polymorphism might affect the
frequency of de novot(11;22)s.
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We examined sperm samples from normal healthy males with various PATRR11 genotypes
(43). Homozygotes for the long symmetric PATRR11 (L-PATRR11), the most frequent
allele, produced de novo translocations at a frequency ranging between 1.52 x 107 and 1.57
x 1074, Heterozygotes for the L-PATRR11 and symmetric short PATRR11 alleles (S1, S2)
produced de novo translocations at an overall frequency similar to that detected for L-
PATRR11 homozygotes. However, the translocation products derived from the symmetric
short PATRR were observed less frequently (~1075) suggesting that the frequency 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 similar overall frequency, the asymmetric short PATRR did not produce
any de novo translocations. These observations clearly show that PATRR polymorphisms
affect the frequency of translocations. Collectively, these data, including the data for rare
genotypes, indicate that the size and symmetry of the center of the PATRR11 determines the
frequency of de novot(11;22)s (Fig. 2d). Indeed, the translocation frequency reflects the
propensity of 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 structure 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 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, HeLa, 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 novot(11;22)s
supports the idea that PATRR-mediated translocations 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 replication 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 endonuclease cleavage of such a secondary structure during replication.
The PATRR11 was found to be deleted from the BAC encompassing the breakpoint 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,
translocations 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 number of cell divisions and DNA replications during spermatogenesis. Paradoxically,
we analyzed sperm samples from 10 male donors and found no age-dependent increase in
the frequency of de novot(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

Clin Genet. Author manuscript; available in PMC 2012 April 25.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kurahashi et al.

Page 6

include greater number of translocations. Thus, these findings may invoke a novel paradigm
regarding palindrome instability that is independent of DNA replication.

The consequence of replication-related palindromic instability is often a deletion. Indeed,
PATRRs often manifest themselves as size polymorphisms among individuals due to
deletions, insertions and duplications, as mentioned in the previous section (43). However,
our recent breakpoint analyses clearly distinguished the mechanisms of deletion from those
of translocation (55). Microhomology identified at the deletion endpoints is significantly
longer than that at translocation breakpoints, suggesting that PATRR-mediated deletions
develop in a homology-directed manner. Another interesting finding is that all of the
insertions that were identified within the deletion junctions 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 different mechanism. Indeed,
inhibition of DNA replication in cultured human cells induces deletions within the
PATRR11, but not translocations between different PATRRSs (45). Thus, these findings 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 mechanisms of PATRR-mediated gross
chromosomal rearrangements.

We have recently developed a plasmid-based model system of PATRR-mediated
translocation (56). This system utilizes two plasmids harboring 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 PATRR11,
whereas the second plasmid contains 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 junction sequences were found to be analogous to
the human t(11;22) junction sequences, suggesting that this model system recapitulates the
PATRR-mediated t(11;22) translocations, which occur in humans.

To examine the contribution of DNA secondary structure to this translocation-like
rearrangement, we prepared plasmid samples that contained differing proportions of
cruciform-extruding plasmids (Fig. 3b). The plasmids were then transfected into human cell
lines and the rearrangement frequency 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 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 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
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to the translocation. In this model system, no translocation was detected between
endogenous PATRRSs or between PATRR 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
substantial 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 process’ 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
determine whether female germ cells can also produce de novot(11;22) translocations.
Toward this end, it might be reasonable to survey female germ cells for the presence of de
novot(11;22)s using similar translocation-specific single molecule detection 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 translocations
in sperm, female germ cells cannot be analyzed using a similar strategy.

As an alternative, we obtained samples from eight individuals with a de novot(11;22)
translocation together with samples from their parents to determine the parental origin of the
translocation. Because the PATRR shows sequence variation among individuals, we
theorized that determination of a parental origin for an individual translocation was possible
through comparison of the sequence of translocation junction fragments on the der(11) and
the der(22) with the PATRR11 and PATRR22 sequences on normal chromosomes 11 and 22
in the parental samples. Indeed, segregation 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 finding 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 spermatogenesis 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 negative 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 proposed 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
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joining between two PATRRs are still an enigma that remains to be elucidated. The role of
spatial proximity between the two PATRRs in meiotic and postmeiotic cells deserves further
investigation (65). Thus, there are still numerous factors surrounding the mechanism of
translocation formation that remain to be elucidated.

What the t(11;22) research tells us

Chromosomal abnormalities in humans often manifest a gender bias with respect to parental
origin. Aneuploidy, or a numerical abnormality, is more probably to arise in maternal
gametogenesis (66). In contrast, 80% of known structural chromosomal abnormalities are of
paternal origin (67). This is not surprising because late spermatids and sperm, which are
non-dividing haploid cells, cannot 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. However, our current
hypothesis points to the importance of postmeiotic physiological events during
spermatogenesis for the generation of the translocation. 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
necessary 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 opportunity 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 translocations observed in cancers or
leukemias has been long thought to be random events resulting from a selective growth
advantage. However, some translocation breakpoints have the potential for non-B DNA
conformation (69). For example, the breakpoint regions of translocation partners in
immunoglobulin gene-related translocation 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
underlying 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, deletions
and duplications. This proposed mechanism explaining nonrecurrent gross chromosomal
rearrangements is not based on the occurrence of DSBs, but is associated with DNA
replication (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
replication (MMBIR), might be involved in some nonrecurrent chromosomal translocations.
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A recent report confirmed the preferential paternal origin of de novo nonrecurrent
translocations 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 gametogenesis
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 accumulated breakpoint information
for nonrecurrent translocations are needed to elucidate the molecular mechanisms leading to
gross chromosomal rearrangements.
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Fig. 1.

Palindrome-mediated translocation in humans. (a) Schematic representation of the t(11;22)
(923;q11). The PATRR11 and PATRR22 are located at the breakpoints on 11g23 and
220911, 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). (c) 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 /n7 situ hybridization; PATRR, palindromic AT-rich repeat.
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Polymorphisms of the palindrome affect the de novotranslocation frequency. (a) Location
of PCR primers. Arrows indicate each arm of the PATRR11 (solid arrows) and PATRR22
(hatched arrows). Size polymorphisms of the PATRR11 were examined by PCR using
primers indicated by red and pink triangles. Translocations were detected using one of the
primers flanking the PATRR11 (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, q = 1 - (1 - p)¥/m;
with 7= 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. (c)
Characterization of the PATRR11 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.
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The allele types are abbreviated. PCR, polymerase chain reaction; PATRR, palindromic AT-
rich repeat.
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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 coliis 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 | prior to cruciform extrusion, a relaxed
plasmid without the extruded cruciform can be obtained (right). (c) 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 | 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; r=0.992, p =
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0.0008). AFM, atomic force microscopy; GFP, green fluorescence protein; PATRR,
palindromic AT-rich repeat; SDS, sodium dodecyl sulfate.
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