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Abstract

Repetitive DNA sequences constitute 30% of the human genome, and are often sites of genomic
rearrangement. Recently, it has been found that several constitutional translocations, especially
those that involve chromosome 22, take place utilizing palindromic sequences on 22g11 and on
the partner chromosome. Analysis of translocation junction fragments shows that the breakpoints
of such palindrome-mediated translocations are localized at the center of palindromic AT-rich
repeats (PATRRS). The presence of PATRRSs at the breakpoints, indicates a palindrome-mediated
mechanism involved in the generation of these constitutional translocations. Identification of these
PATRR-mediated translocations suggests a universal pathway for gross chromosomal
rearrangement in the human genome. De novo occurrences of PATRR-mediated translocations
can be detected by PCR in normal sperm samples but not somatic cells. Polymorphisms of various
PATRRs influence their propensity for adopting a secondary structure, which in turn affects de
novotranslocation frequency. We propose that the PATRRs form an unstable secondary structure,
which leads to double-strand breaks at the center of the PATRR. The double-strand breaks appear
to be followed by a non-homologous end-joining repair pathway, ultimately leading to the
translocations. This review considers recent findings concerning the mechanism of meiosis-
specific, PATRR-mediated translocations.

The genomic structure of 22q11 mediates rearrangements

It was previously thought that most genomic rearrangements were formed randomly, but
more recent data indicates that is not the case. The 22q11 region is a hotspot for nonrandom
chromosomal rearrangements. Deletions, duplications and translocations at 22q11 occur in
greater than 1/3000-4000 livebirths [1]. Rearrangements of 22g11 include deletions or
duplications associated with congenital developmental defects. The 22g11 deletion
syndrome includes DiGeorge, velocardiofacial and conotruncal anomaly face syndromes
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while the duplications include Cat Eye syndrome [2]. Most interstitial deletions and
duplications within 22911 are attributed to the presence of a specific genomic structure,
chromosome-specific low copy repeats (LCRs). The 22g11 region harbors eight large
paralogous LCRs [3-5] (LCR-A through LCR-H, Figure 1). Unequal crossovers between
DNA segments of similar sequence contained within the LCRs, or non-allelic homologous
recombination (NAHR), can produce such chromosomal duplications and deletions [6].

Balanced translocations with 22q11 breakpoints also represent non-random genomic
rearrangements in this region. A number of constitutional translocations involving 22q11
have been reported, including the recurrent t(11;22)(g23;911.2), t(17;22)(g11.2;q11.2), and
1(8;22)(24.1;911.2), as well as several non-recurrent rearrangements such as a t(4;22)
(935.1;0911.2), and a t(1;22)(p21.1;q11.2) (Figure 2A). Balanced t(11;22) carriers have no
clinical symptoms, but 3:1 meiotic malsegregation of the small der(22) chromosome results
in progeny with the supernumerary-der(22)t(11;22) syndrome or Emanuel syndrome
(MIM#609029) [7,8*,9-12]. Similar to the t(11;22), phenotypically normal t(8;22) carriers
segregate their rearranged chromosomes 3:1 to produce offspring with unbalanced
karyotypes [13,14*]. The birth of such chromosomally unbalanced offspring usually results
in the testing and detection of their phenotypically normal translocation carrier parent. In
contrast, the two reported balanced t(17;22)s are associated with neurofibromatosis type 1 in
which disruption of the AV/FI gene is thought to be the primary cause of the phenotype
(MIM#162200) [15,16].

The molecular etiology of these translocations has been revealed by studies of the genomic
structure of breakpoint junction fragments [17**,18,19]. Most constitutional translocations
involving 22q11 share the same 22g11.2 LCR breakpoint located within LCR-B (Figure 1).
These chromosome 22 translocation breakpoints are localized at the center of an AT-rich
palindromic sequence. The breakpoints of the partner chromosomes (11923, 8g24.1,
17911.2, 1p21.1, and 4g35.1) also lie at the center of a palindrome sequence, whose length
spans several hundred base pairs. Thus, a palindrome-mediated mechanism has been
invoked for the generation of these constitutional translocations [8*,9,13,14*,16,17**,18].
Therefore, we suggest palindrome-mediated translocation as one of the universal pathways
for human chromosomal rearrangements. The AT-rich palindromic sequences located at
these translocation breakpoints have been designated as palindromic AT-rich repeats
(PATRRS).

Identification of PATRR sequences at the breakpoints of palindrome-
mediated translocations

Detailed analysis of the genomic configuration of the chromosome 11 and 22 breakpoint
regions was initially quite difficult because the palindromic sequence is highly unstable,
representing a hotspot for deletion and recombination in bacteria, yeast, and mammals [20-
22,23**]. To overcome these difficulties, we established a permissive PCR strategy,
sequencing by RNA polymerase and cloning in recombination-deficient E. co/i cells to
accomplish PATRR genotyping [24]. Using these methods, we were able to elucidate three
translocation-associated breakpoint regions where we identified highly AT-rich sequence
and palindromic structures among the PATRR11, 17, and 22 (Figure 2A). For the other
translocations, we could not analyze the entire PATRR directly. Therefore, we designed
primer pairs for the breakpoint region on each of the relevant chromosomes and amplified
each of the derivative chromosomes using translocation breakpoint-specific PCR. Thus, the
breakpoint regions at 8q24.1, 1p21.1, and 4g35.1 were inferred based on reconstructed
junction fragments derived from both derivative chromosomes. Inferred sequence of the
normal homologous demonstrated palindromic sequence at both 22911 and at each partner
breakpoint region. All partner breakpoints were AT-rich, except 4935.1 (Figure 2A).
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Palindromic sequence, which contains two head-to-head consensus motifs adjacent to one
another, is theoretically capable of forming a single-stranded hairpin structure or a double-
stranded cruciform structure (Figure 3A, B). It is said that palindrome instability is primarily
mediated by its propensity for secondary structure formation [23**,25,26]. A sequence
analysis package was used to investigate the potential for secondary structure to form. M-
fold (http://mfold.rna.albany.edu/?g=mfold/DNA-Folding-Form) was used to examine
1200nt of sequence at the site of each translocation breakpoint including the PATRR region
[17**27] (Figure 2B). All are capable of forming a symmetrical single-stranded secondary
structure with the exception of the palindrome on chromosome 4. Furthermore, we have
directly observed cruciform extrusions from the PATRR-plasmid using atomic force
microscopy (AFM) [28]. It is likely that formation of such unusual secondary structures
would induce genomic instability leading to translocations. Although there are numerous
palindromic sequences in the human genome [29], only a few translocation-mediating
palindrome sequences have been identified to date. Generally, translocations are considered
largely random events. However specific sequence or secondary structure features are
probably responsible for the existence of breakage prone sites with translocation
susceptibility [30,31] and we speculate that PATRRs possess specific features that make
them susceptible as translocation targets.

Detection of de novo t(11;22)s in the sperm of normal males by
translocation-specific PCR

Because t(11;22) translocations have a tightly confined recurrent breakpoint region, we
hypothesized that de novo translocations might be detectable in sperm from normal males by
PCR [8%*,10]. Utilizing the information derived from translocation carriers, we established
t(11;22) translocation-specific PCR methodology to assess translocation prevalence in sperm
from normal individuals [32**] (Figure 4A). When we amplified multiple aliquots of sperm
DNA, translocation-specific PCR products were detected in a substantial number of
reactions. On the other hand, PCR products were never found in DNA derived from a
variety of somatic tissues. The frequency of de novo translocation events was calculated
based on the presence of positive PCR reactions. In our initial analysis, we examined four
randomly selected healthy male volunteers, and the estimated frequency of the translocation
was approximately 1 x 1072 in all subjects. The presence of translocation product in sperm
from all subjects was surprising and higher than expected [32**]. Subsequently, other de
novo PATRR-mediated translocations were successfully detected in sperm [14*].

PATRR polymorphisms affect the de novo translocation propensity of
several PATRRs

Previously, we demonstrated that PATRR11 manifests size polymorphisms as a result of
deletions within the PATRR, and that this polymorphism influences the frequency of de
novot(11;22)s in sperm [33**]. Long symmetrical PATRR11s (L-PATRR11, 442-450bp)
produce de novo translocations in approximately 10~ gametes. The translocation
frequencies of symmetrical short alleles (SS-PATRR11, 292-386bp) are approximately 10-
fold lower than L-PATRR11s, while asymmetrical short alleles (AS-PATRR11, 212-434bp)
seldom produce de novo translocation products (Figure 4B). The size and symmetry of the
PATRRs also reflect their propensity for secondary structure formation, which seems a
feature likely to affect translocation frequency, as observed by mobility shift assays and
direct visualization by atomic force microscopy [34,35]. However, in contrast to PATRR11
variation, PATRR22 structure has slight difference among alleles. Variation of PATRR22
does not appear to have as great an effect on the frequency of de novot(11;22)s (Figure 4B).

Curr Opin Genet Dev. Author manuscript; available in PMC 2013 June 01.
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Nonetheless, comparison of the allelic origin of the translocations has demonstrated some
allelic bias [36].

De novo(8;22) translocations are also detected in sperm samples (Figure 4B). The
translocation frequency is similar to the t(11;22) frequency derived from a SS-PATRR11
[14*]. Even though there have been no constitutional t(8;11)s reported in the literature, de
novot(8;11)s are detected in sperm. The identification of a palindrome-mediated
translocation that does not involve 22g11 provides evidence that palindrome-mediated
translocation represents a general rearrangement mechanism. There were two previous
reports of a familial constitutional t(3;8) segregating in association with renal cell carcinoma
[37,38]. The breakpoints of these rearrangements have now been identified in the same
PATRRS and a PATRR-like sequence on chromosome 3 (B.S.E unpublished data). This
recent finding adds further support to the hypothesis that PATRR-mediated translocations
represent a universal pathway for gross chromosomal rearrangement.

Although there have been two unrelated t(17;22) carriers reported [15,16,24] (Figure 4B), de
novot(17;22)s have never been observed in sperm samples. Thus, it appears that PATRR17
is less susceptible to double-strand breaks than are PATRRS, 11 or 22. The number of
reported cases of recurrent rearrangements involving these sites appears to correlate with
translocation frequency observed in sperm samples. Thus, it is possible that additional
t(17;22)s might be detected in sperm if a far greater number of genome equivalents were
studied.

Chromosomal instability mediated by unusual DNA structures-several

scenarios

As mentioned previously, de novot(11;22)s can only be detected in sperm and not in other
somatic tissues [32**]. Further, all de novot(11;22)s examined have been determined to be
paternal in origin [39]. From these results, we hypothesize that PATRRs form secondary
structures, which in turn induce translocations during gametogenesis, especially
spermatogenesis. The timing and mechanisms of secondary structure and translocation
formation in male germ cells are potentially threefold 1) prior to meiosis, 2) during meiosis,
and 3) after meiosis. We will discuss these scenarios in turn. In general, such genomic
instability prior to meiosis has been explained invoking a replication-dependent mechanism.
PATRRs should be capable of forming hairpin structures within long single-stranded regions
of DNA on the lagging—strand during DNA replication [23**,40-43>] (Figure 3A). If the
translocation takes place during meiosis, the four-way junction of the cruciform structure is
analogous to the Holliday junction in homologous genetic recombination [23**]. If the
translocation takes place after meiosis during the spermatid stage, chromatin remodeling
leads to the accumulation of negatively supercoiled DNA, from which cruciform structures
are likely to extrude [44-46] (Figure 3B). These unusual DNA conformations could
potentially act as targets for a structure-specific nuclease and contribute to palindrome-
mediated translocations. To explore these possibilities, several experimental approaches
have been undertaken.

Chromosomal abnormalities in humans often demonstrate a gender bias with respect to
parental origin [47]. Structural abnormalities predominantly occur in the paternal germline
[48]. This is due to a greater number of cell divisions occurring during spermatogenesis. If
translocations take place by a replication error, one would expect a positive relationship
between paternal age and de novo translocations [49*]. However the de novot(11;22)
frequency does not appear to increase with increasing paternal age [50]. This data suggests
that translocations do not occur via a pre-meiotic replication-dependent mechanism. Further,
despite the obvious AT richness at the breakpoint, no significant homology is apparent
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between PATRR11 and PATRR22, suggesting that t(11;22) events result from double-strand
break repair occurring by a non-homologous end joining mechanism [8*,51]. In contrast to
translocation formation, deletions within the PATRRS appear to utilize much more extensive
microhomology [5,51]. Furthermore, inhibition of DNA replication induces deletions but not
translocations [52]. These results imply that the mechanism for the generation of a
palindrome-mediated rearrangement differs between deletions and translocations.

Some recurrent constitutional translocations take place via NAHR, during genetic
recombination [53*,54-56]. For PATRRS, the potential cruciform conformation is
analogous to a Holliday junction and potentially could act as a substrate for the Holliday
junction resolvase [23**]. However such an enzyme has not been identified in mammals
[57*]. Further, t(11;22) translocation breakpoints do not coincide with recombination
hotspots [58] and the t(11;22) translocation frequency is neither facilitated nor altered by
PRDMQ [59]. Thus, it appears that meiotic recombination pathways may not be involved in
the mechanism of the translocation.

Regarding a post-meiotic hypothesis, it has previously been shown that triplet-repeat
expansion is limited to the post-meiotic, haploid cell and therefore does not involve mitotic
replication or recombination [60]. However for these translocations, some unusual de novo
der(22)t(11;22)s have been reported. A patient with supernumerary der(22) syndrome, was
born to normal parents as the result of a de novo translocation followed by aberrant
adjacent-1 segregation in meiosis [61]. This contradicts a post meiotic origin. Also, we
previously studied another unusual carrier, whose karyotype is mosaic 46,XX/46,XX,
t(11;22) suggesting that the translocation might have taken place early in embryogenesis as a
mitotic event [62]. Thus, each of these potential scenarios has some contradictions.

Other factors may influence PATRR-mediated translocations. It has been shown that the
spatial organization of chromosomes is non-random, and is a contributing factor in the
formation of specific somatic translocations [63-65]. Perhaps the spatial proximity of
chromosome 11 and 22 in meiosis play a role in generating the translocation. To test this
hypothesis, the position of the 11923 and 22g11 breakpoint regions were examined by FISH
analysis during male and female meiosis. The proximity between 11923 and 22qg11 is closer
than that of a control region and 2211, suggesting that spatial proximity during meiosis
might play a role in the generation of recurrent translocations [58*]. Thus, using various
methodologies and approaches, attempts have been made to clarify the mechanism behind
PATRR-mediated translocations. Nonetheless, despite numerous speculations and
experiments, the mechanism of PATRR-mediated translocations remains elusive. Thus
additional studies will be required to determine the enzymatic pathway(s) and the timing
involved in formation of these translocations in gametogenesis.
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Figure 1. Theregion of 22q11 containing L CR-A-L CR-H is shown

A schematic diagram of proximal chromosome 22 indicating the position of the low copy
repeats (LCRs) in 22q11.2. Boxes indicate the position of the LCRs. The bracket is indicates
the recurrent 3Mb deletion of chromosome 22g11.2. The translocation breakpoint region on
chromosome 22 is located within one of the remaining unclonable gap region from human
genome project.
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PATRR Location Size AT content Acc Nb. Karyotype Case no. Reference
PATRR22 22ql1.2 595bp 74.1% AB538236
PATRRI11 11923 445bp 93.0% AF391129 t(11;22)(q23;q11) 58 [7,8% 11]
PATRR17 17q11 197bp 80.2% AB195812 1(17;22)(q11:q11) 2 [15, 16]
PATRRS 8q24.13 297bp 97.3% ND 1(8:22)(q24:q11) 12 [13, 14%]
554bp o, . : 1 18
PATRR4 4¢35.1 (547om mcer) 61.6% ND 1(4:22)(q35:q11) [18]
PATRR1 1p21.1 281bp 84.3% ND t(1;22)(p21;q11) 1 [17%%]
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Figure 2. Characterization of PATRR sequences and their secondary structure

(A) PATRRs and their mediated translocations are listed. Deduced palindromic sequences of
PATRRS, 4 and 1 are formed from translocation junction fragments. (B) Reconstructed
translocation breakpoint regions for each translocation analyzed by M-fold to determine
potential secondary structures [27]
(http://mfold.rna.albany.edu/?g=mfold/DNA-Folding-Form). Breakpoint regions of all
PATRRs are located around 600nt.
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Figure 3. Possible involvement of DNA secondary structure

Palindromic sequence possesses the potential for forming an unusual secondary structure by
intrastrand base pairing in single stranded DNA. (A) Palindromic DNA may form a hairpin
structure during DNA replication. (B) Palindromic DNA can form a double-stranded
cruciform structure. Palindromic regions are depicted blue arrows. The red arrows represent
the complement of the sequence indicated by blue arrows.
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Figure 4. Detection of de novo translocations by PCR of sperm DNA

(A) Diagram of the strategy used for estimation of translocation frequency by PCR. The
green and orange arrowheads indicate the location of each individual PCR primer. White
chromosomal regions indicate PATRR at the breakpoint; red chromosomal regions indicate
the presence of a translocation. Combining the forward and reverse primers from different
chromosomes allows the detection of the translocated product. Genomic DNA was isolated
from sperm samples. Translocation-specific PCR was performed using multiple aliquots of
template DNA. The translocation frequency was calculated using the equation,q=1- (1 -
p)1/n; with n = number of haploid genomes per aliquot, p = the probability that an aliquot
sustained a translocation [32]. The gel images show representative PCR results derived from
sperm and lymphoblast DNA samples. The positive control is translocation carrier DNA.
(B) PATRR polymorphisms affect the de novot(11;22) translocation frequencies. In the
histogram the vertical axis indicates the de novo translocation frequency for different alleles
of PATRR11 (allele type L, SS, AS) and for different genotypes of PATRR22 (allele type
A, B, C) in sperm. Also shown is frequency of the t(8;22), t(8;11) and t(17;22). Nucleotide
size and accession number of PATRR11 and PATRR22 allele types are listed. Arrows
indicate each arm of the palindromic sequences. Red and Blue arrows indicate
complementary strands.
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