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Abstract
Two known recurrent constitutional translocations, t(11;22) and t(17;22), as well as a non-recurrent
t(4;22), display derivative chromosomes that have joined to a common site within the low copy repeat
B (LCR-B) region of 22q11.2. This breakpoint is located between two AT-rich inverted repeats that
form a nearly perfect palindrome. Breakpoints within the 11q23, 17q11 and 4q35 partner
chromosomes also fall near the center of palindromic sequences. In the present work the breakpoints
of a fourth translocation involving LCR-B, a balanced ependymoma-associated t(1;22), were
characterized not only to localize this junction relative to known genes, but also to further understand
the mechanism underlying these rearrangements. FISH mapping was used to localize the 22q11.2
breakpoint to LCR-B and the 1p21 breakpoint to single BAC clones. STS mapping narrowed the
1p21.2 breakpoint to a 1990 bp AT-rich region, and junction fragments were amplified by nested
PCR. Junction fragment-derived sequence indicates that the 1p21.2 breakpoint splits a 278 nt
palindrome capable of forming stem–loop secondary structure. In contrast, the 1p21.2 reference
genomic sequence from clones in the database does not exhibit this configuration, suggesting a
predisposition for regional genomic instability perhaps etiologic for this rearrangement. Given its
similarity to known chromosomal fragile site (FRA) sequences, this polymorphic 1p21.2 sequence
may represent one of the FRA1 loci. Comparative analysis of the secondary structure of sequences
surrounding translocation breakpoints that involve LCR-B with those not involving this region
indicate a unique ability of the former to form stem–loop structures. The relative likelihood of forming
these configurations appears to be related to the rate of translocation occurrence. Further analysis
suggests that constitutional translocations in general occur between sequences of similar melting
temperature and propensity for secondary structure.

INTRODUCTION
The 22q11.2 region is a hotspot for chromosomal rearrangements where deletions, duplications
and translocations occur at least once in every 3000–4000 live births (1). Deletions within this
region are associated with congenital disorders in development including DiGeorge (DGS),
velocardiofacial (VCFS) and conotruncal anomaly face syndromes (2). An inverted interstitial
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duplication results in the creation of a bisatellited supernumerary chromosome giving rise to
cat-eye syndrome (2,3). Additionally, a number of constitutional and neoplastic translocations
involving 22q11.2 have been described, including the recurrent constitutional t(11;22) (4–8),
and t(17;22) (9,10). Balanced t(11;22) carriers have no phenotype, but 3:1 meiotic
malsegregation of the der(22) chromosome can result in progeny with supernumerary-der(22)
t(11;22) syndrome (11). The balanced t(17;22) is associated with neurofibromatosis type 1 in
which disruption of the NF1 gene on 17q11.2 is thought to be the primary cause of the
phenotype (9,10).

The molecular etiology of these rearrangements is related to the genomic structure of the
22q11.2 region. Long stretches of repeated sequence having greater than 95% identity are
clustered together into at least eight regions termed low copy repeats (LCRs). Most interstitial
deletions and inverted duplications occurring within 22q11 take place between homologous
sequences contained within six of these LCRs (LCR-A to -F; Fig. 1) (12,13). Because these
rearrangements appear to occur between sequences having greater than 95% identity, current
models for their formation have invoked a homologous recombination mechanism involving
unequal inter- and intrachromosomal crossover (2,13). Constitutional translocations, including
the recurrent t(11;22) (4–8,11,14), t(17;22) (9,10), and a recently described non-recurrent t
(4;22) (15) share the same 22q11.2 breakpoint within LCR-B. Among the repeated sequence
modules contained in LCR-B are at least three copies of an NF1-like (NF1L) repeat module
(Fig. 1, open gray arrows). The common breakpoint of these three translocations occurs at the
center of an AT-rich palindrome located near the center of one of these NF1L repeats. Because
the 11q23, 17q11.2 and 4q35.1 breakpoints also fall at the center of inverted repeated
sequences, a palindrome-mediated mechanism has been invoked for the formation of these
rearrangements (6,10,15).

The specific sequences required for the mechanisms of translocations in general are poorly
understood. Somatic translocations observed in rapidly dividing neoplastic cells occur during
mitosis while constitutional rearrangements are meiotic in origin (16). The non-random
clustering of somatic translocation breakpoints is probably due to the selection of cells
harboring activated oncogenes that provide a growth advantage. However, spatial proximity
of breakpoint loci due to higher-order genome organization, also appears to contribute to
breakpoint clustering (17). Recurrent constitutional translocations may employ a different
mechanism. Breakpoints of these rearrangements tend to localize to specific, potentially
unstable, sequences as evidenced by the characterization of t(11;22), t(17;22) and t(4;22)
breakpoints. A recent cytogenetic survey by Spiteri et al. (18), suggested that constitutional
breakpoints localize to dynamic or potentially unstable regions of the genome such as 22q11.2.
Owing to the low resolution of these studies, however, they provide little insight into the
specific sequences contributing to the molecular mechanism of constitutional translocations in
general or those involving the common LCR-B breakpoint on 22q11.2.

The present work provides definitive information concerning the sequence motifs and DNA
secondary structures that predispose chromosomal sequences to translocations with LCR-B of
22q11.2. For this work, we analyze the breakpoint sequences of several constitutional
translocations including a previously uncharacterized ependymoma-associated t(1;22)
involving the common LCR-B junction (19,20). Characterization of the t(1;22) breakpoint
junctions not only provides some information related to the molecular etiology of this patient’s
phenotype, but also contributes to our understanding of the mechanisms responsible for the
generation of translocations involving the common LCR-B breakpoint. By comparing the
breakpoints from these translocations with those that do not involve LCR-B, we are able to
demonstrate the unique ability of sequences involved in translocations with the common
breakpoint of LCR-B to form secondary structure. Our findings also provide an explanation
for the relative frequency of translocations occurring between specific partner chromosome
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sequences and the common LCR-B breakpoint. The current work also suggests that
constitutional translocations in general occur between chromosomal regions having similar
sequence characteristics.

RESULTS
Localization of t(1;22) breakpoints to LCR-B of 22q11 and 1p21.2

The t(1;22) was initially identified in the prenatal karyotype of a patient who subsequently
developed an ependymoma at five years of age (19). Previous STS mapping of somatic cell
hybrid DNA identified the t(1;22) breakpoint in a 22q11 region containing LCR-B (19). To
further narrow the t(1;22) breakpoint within 22q11.2, fluorescence in situ hybridization (FISH)
experiments were done with cosmid probes for N41 and ZNF74 sequences immediately
flanking LCR-B (Fig 1 and Fig 2). Metaphase chromosomes derived from t(1;22) patient
lymphoblasts exhibit N41 signal on both the normal 22 and der(22) chromosomes (Fig. 2, red),
whereas ZNF74 sequence is found on the normal 22 and der(1) (Fig. 2, green). These results
indicate that the t(1;22) breakpoint falls between N41 and ZNF74, confining it to LCR-B of
22q11.21. The precise location of the breakpoint within the ~135 kb LCR-B was predicted to
lie at the center of the palindromic AT-rich region—the common breakpoint found in recurrent
t(11;22)s (4–8,14) and t(17;22)s (9,10), as well as a recently characterized t(4;22) (15) (Fig.
1).

The chromosome 1 breakpoint was initially localized to a region between STS markers
D1S2896 and D1S3395 by PCR mapping of the derivative chromosomes isolated in human :
hamster somatic hybrid cells (20). Further BAC probe FISH mapping led to the identification
of a clone (336L20) that displayed signal on the normal chromosome 1, der(1) and der(22)
(Supplementary Fig. S1). This result indicates that the sequence contained within this 179 kb
BAC spans the t(1;22) breakpoint at what is currently designated 1p21.2 (November 2002
freeze; www.genome.ucsc.edu/). To fine-map the t(1;22) breakpoint by PCR, primers
corresponding to sequences contained in 336L20 were used to amplify STS markers. Using
somatic cell hybrid DNA containing either der(1) or der(22) chromosome template (20), this
approach successfully localized the t(1;22) breakpoint to a 5.73 kb region flanked by STS-A
and STS-B (Fig. 3, data not shown). Southern blots of DNA isolated from t(1;22) patient and
somatic hybrid cells probed with sequence immediately distal to STS-B substantiated this
localization (Supplementary Fig. S1). Further PCR mapping using the hybrid cell DNA
narrowed the breakpoint to a 1990 bp sequence containing several AT-rich simple repeats (Fig.
3, data not shown).

Amplification of der(1) and der(22) junction fragments
Junction fragments spanning the t(1;22) breakpoint on both the der(1) and der(22)
chromosomes were amplified by nested primer PCR. Nested primers were designed against
sequences flanking the narrowed breakpoint regions in both 1p21.2 and LCR-B of 22q11.2. In
LCR-B, primer sequences were located just outside the palindromic AT-rich region
surrounding the recurrent 22q11.2 breakpoint. On 1p21.2, specific primers were designed
against sequences flanking the 1990 bp AT-rich region containing the breakpoint as delineated
by PCR mapping experiments above (Fig. 3). Junction fragments were then amplified from t
(1;22) patient-derived lymphoblast DNA in two successive rounds of PCR with oppositely
directed primers from each chromosome. The der(22) fragment, amplified first with 1.9FA and
22.B1 primers and subsequently with nested 1.9FB and 22.B3 primers, contained 982 bp of
AT-rich 1p21.2 sequence joined to 300 bp of 22q11.2 sequence (Fig. 4A). The der(1) junction,
amplified with oppositely directed primers, begins with 337 bp of 22q11.2 sequence distal to
the breakpoint and gives way to 1148 bp of 1p21.2 sequence. Strikingly, the breakpoints within
LCR-B of 22q11.2 fall within 15 bp of those found previously for the t(4;22) (15), two different
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t(17;22)s (9,10) and most of the recurrent t(11;22)s (6,7,14). The 1p21.2 breakpoint, on the
other hand, falls near the center of the 1990 bp AT-rich repeat region.

Examination of the AT-rich 1p21.2 breakpoint sequence compiled from PCR-amplified der
(22) and der(1) junction fragments reveals the presence of at least two different variable number
tandem repeats (VNTRs). One of these is a 34 bp repeat that is duplicated 15 times in a region
proximal to the breakpoint (Fig. 4B, red bases). Immediately adjacent to the t(1;22) breakpoint
on each junction fragment are three copies of a another VNTR that is 33 bp long (Fig. 4A and
B, green bases). When the experimentally determined der(1) and der(22) junction fragments
are compiled to construct the 1p21.2 breakpoint sequence, these six 33 bp VNTRs are situated
symmetrically around the breakpoint site. The sequence of each of these AT-rich 33 bp VNTRs
is almost completely palindromic in that the forward sequence nearly matches its reverse
compliment with the exception of two bases. Together with adjacent sequence, six copies of
this 33 bp VNTR make up a 278 bp palindrome with the t(1;22) breakpoint falling near the
center of these inverted repeats (Fig. 4A and B, underlined bases).

The polymorphic nature of this AT-rich repeat region is illustrated by comparing the
experimentally determined breakpoint sequence compiled from der(1) and der(22) junction
fragments with that of control sequences. Although the size of the AT-rich region surrounding
the 1p21.2 breakpoint prohibited PCR amplification of sequences from control DNA templates,
normal 1p21.2 sequence was obtainable from two different genomic sequence databases
(GenBank and Celera). Junction fragment sequence is identical to that of controls at the distal
and proximal ends of the 1990 bp AT-rich region (compare junction fragment sequences in
Fig. 4A and B to control sequences in Fig. 4C and Supplementary Fig. S2). Within this region,
however, small blocks of divergence are observed that appear to be the result of differential
VNTR duplication. Control sequence from the genomic assembly clone, RP4-600m23
(accession no. AC114483.2), contains only eight copies of the 34 bp VNTR (Fig 4C, red bases),
and one of these is interrupted by 11 copies of a different, 36 bp VNTR (Fig. 4C, blue bases).
The control sequence from a second source, the Celera database, does include 15 copies of the
34 bp VNTR, but diverges from junction fragment sequence at other locations due to the
presumed expansion and contraction of other repeat sequences (Supplementary Fig. S2),
further demonstrating the apparent polymorphic nature of this AT-rich region.

Interestingly, the 33 bp VNTRs identified near the t(1;22) breakpoint are repeated only twice
in the control sequence of RP4-600m23 relative to the six copies seen in the experimental
sequence derived from t(1;22) junction fragments. The control sequence from the Celera
database exhibits only one copy of this 33 bp VNTR with a sequence gap replacing the
remaining 33 bp VNTRs observed in the experimentally-determined 1p21.2 breakpoint
sequence (Supplementary Fig. S2). Because palindromic sequences are inefficiently cloned
into yeast and bacterial vectors used in the determination of human genomic sequence (21,
22), the gap in this control sequence suggests that the source of DNA used to generate the
Celera sequence also contained similar palindromic sequence. These palindromic 33 bp
VNTRs have the potential to influence secondary structure at the 1p21.2 breakpoint.

The 1p21.2 breakpoint from the t(1;22) patient is predisposed to forming stem–loop
structures

Palindromic and inverted repeat sequences in genomic DNA are predicted to form stem–loop
structures. To examine the potential secondary structures formed at the 1p21.2 breakpoint,
1200 nucleotides of sequence surrounding the experimentally determined 1p21.2 breakpoint
(600 nucleotides on either side) were analyzed using the M-Fold sequence analysis package
(http://bioweb.pasteur.fr/seqanal/interfaces/mfold-simple.html). As shown in Figure 5 (top),
the AT-rich region surrounding the experimentally determined sequence surrounding the
1p21.2 breakpoint is capable of forming numerous stem–loops, the most prominent of which
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is a 141 nucleotide (nt) stem having only 12 mismatches (including four asymmetrical bases).
The stem-like structure is predicted to form from the 278 nt palindrome described above and
is capped by a small three-nucleotide loop (Supplementary Fig. S3). Interestingly, the t(1;22)
breakpoint occurs at tip of the predicted stem-loop (Fig. 5, Supplementary Fig. S3).

The importance of the six 33 bp VNTRs in the formation of potential secondary structure at
the t(1;22) breakpoint is evident in comparisons between experimentally derived 1p21.2
sequence from the t(1;22) patient and that contained in the genomic assembly clone,
RP4-600m23. When analyzed by M-Fold, this sequence gives rise to numerous stem-loop
structures, owing to the AT-rich nature of this sequence, but a prominent stem–loop structure
formed from a single long palindrome is not seen (Fig. 5, bottom). These results indicate that
the presence of six 33 bp VNTRs contribute to the potential secondary structure at the t(1;22)
breakpoint, and raise the possibility that this sequence could have conferred a predisposition
to the formation of the of the t(1;22).

Translocation breakpoints involving LCR-B of 22q11.2 occur at potential stem–loop
structures

The t(1;22) is formed by a junction between the AT-rich region of 1p21.2 and a common
breakpoint localized to LCR-B of 22q11.2. This site, which is also involved in the recurrent t
(11;22), the recurrent t(17;22) and the recently described t(4;22), occurs at the center of a
palindromic sequence containing an AT-rich repeat. Likewise, palindromic sequences have
now been described at the breakpoints of all four partner chromosomes involved in
translocations with LCR-B, suggesting that stem–loop structures form at each of these
junctions. Indeed, when single-strand sequence surrounding each of these breakpoints is
analyzed by M-Fold, stem–loops greater than 95 nt are seen, and in every case, the location of
the breakpoint is near the terminal end of these structures (Fig. 6, Supplementary Fig. S4). In
the known sequence surrounding the common 22q11.2 breakpoint, a 589 nt palindrome can
form a 294 bp stem with only four mismatched bases (one asymmetrical base). In the formation
of any particular translocation with LCR-B, a symmetrical number of 22q11.2 bases are usually
lost such that the ‘stem’ is truncated equally on both strands (6) (Fig. 6, Supplementary Fig.
S4). The potential structures formed around the breakpoints of the three other partner
chromosomes (11q23, 17q11, 4q35.1) are just as striking. The 11q23 breakpoint contains a
441 nt palindrome capable of forming a 219 bp stem with five mismatches (three asymmetrical
bases), and the junction at 17q11 lies in the center of a 202 nt palindrome capable of forming
a 97 bp stem with nine mismatches (eight asymmetrical bases; Fig. 6, Supplementary Fig. S4).
Of particular interest is the sequence surrounding the 4q35.1 breakpoint. In this case, a 277 bp
stem is capped by an unusually long 547 nt loop, wherein the breakpoint lies (Fig. 6,
Supplementary Fig. S4). Together, these results suggest that chromosomal sequences capable
of forming stem–loop structures are predisposed to forming translocations with LCR-B of
22q11.2.

For these secondary structures to form, double-stranded chromosomal DNA must first
denature, and complimentary sequence contained in a single strand must then re-anneal into
stem–loops. The stability of a particular strand of DNA in its double-stranded configuration
or in secondary structure formed within a single strand can be described by separate Gibbs free
energy (G) values. Because a maximum amount of base pairing occurs in double-stranded
DNA, it is inherently more stable and always has a free energy value (GDS) that is more negative
than that of a single strand folding within itself (GSTRUC). The free energy of a single strand
of sequence forming stem–loops depends on the position and number of complementary base
pairs as well as the GC content of these nucleotides. A nearly perfect palindrome, similar to
that seen in LCR-B of 22q11.2, will be attributed a more negative GSTRUC that approaches
that of the same sequence annealed to its complimentary strand (GDS). The propensity for a
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given strand of DNA sequence to form a stem–loop structure, therefore, is inversely related to
the difference between these free energies such that a given strand of DNA sequence exhibiting
a small difference between GDS and GSTRUC (ΔG) would be more likely to form a stem–loop
than those sequences having a greater ΔG.

As shown in Table 1, breakpoint sequences involved in translocations with LCR-B of 22q11.2
show a propensity for secondary structure formation that is related to the observed recurrence
of these rearrangements. The common LCR-B breakpoint exhibits the smallest ΔG values, as
expected given the prolific tendency of this site to be involved in translocations. Sequences
surrounding the 11q23 and 17q11 breakpoints have slightly higher free energy differences
when analyzing only the stem–loop region or 1200 nt of sequence surrounding these junctions.
When these ΔG values are normalized for the number of nucleotides contained in the analyzed
sequence (ΔG/nt), free energy differences of 0.025, 0.034 and 0.075 kcal/mol are found for
sequences surrounding the 22q, 11q and 17q breakpoints, respectively. These values are
substantially lower than those found for breakpoints involved in the non-recurrent t(4;22) and
t(1;22) rearrangements (Table 1). Although the inverted repeat sequence surrounding the
4q35.1 breakpoint is larger than that found at either of the 11q and 17q breakpoints, a higher
ΔG/nt value of 0.400 is seen, due to the large intervening loop region that gives rise to a
GSTRUC that is less negative relative to the GDS for this sequence (Fig. 6, Supplementary Fig.
S4). This indicates that inverted repeats contained within a single strand must be near one
another for secondary structure to occur and for a particular chromosomal sequence to be a
good substrate for translocations with LCR-B.

Sequence surrounding the 1p21.2 breakpoint obtained from junction fragments of the t(1;22)
patient display ΔG values lower than that of normal sequence, indicating that the affected
chromosome is more likely to form single-strand secondary structures. 1200 nt of sequence
surrounding the breakpoint on the derivative chromosomes has a ΔG of 292.1 kcal/mol (0.243
kcal/mol per nucleotide), while the control sequence has a value of 328.0 kcal/mol (0.274 kcal/
mol per nucleotide), thus providing a relative quantitative assessment of the predisposition of
the progenitor chromosomes of the t(1;22) to form this translocation. Owing to its AT-rich
repeat nature, the normal 1p21.2 sequence is capable of forming a multitude of small stem–
loops that contribute to a stable structure having a ΔG value that is actually quite low relative
to free energy differences of translocation breakpoints not involving LCR-B of 22q11.2.

Stem–loop structures are not typical of constitutional translocations
To investigate the potential for single-strand secondary structure to form at breakpoints of
translocations not involving the 22q11.2 LCR-B, M-Fold was used to analyze 1200 nt of
sequence surrounding translocation sites from rearrangements involving other regions of
chromosome 22 [t(2;22) (23); t(10;22) (24); t(15;22) (18); t(21;22) (25), see Fig. 1] as well as
two different translocations involving the × chromosome [t(X;2), t(X;4) (26)]. In no case was
a palindrome greater than 40 nucleotides observed, and breakpoints were never found to reside
at the end of a prominent stem–loop structure (Fig. 7). In two cases, individual breakpoints
were found on small stem–loops. These were the breakpoints within 22q11.2 of the t(2;22) and
15q26 of the t(15;22). These breakpoints, however, were not found at the center of inverted
repeat sequences like those seen in translocations involving the common LCR-B breakpoint.
Free energy analysis supports these findings, since the average ΔG and ΔG/nt values for the
non-LCR-B translocation breakpoints were 627.2 and 0.523 kcal/mol, respectively (Table 2).
These free energy values are significantly higher than those for breakpoints that do involve
LCR-B (P < 0.01; compare the results in Table 2 with those of the 1200 bp values found in
Table 1). This analysis indicates that sequences participating in translocations with the common
LCR-B breakpoint are unique in their propensity to form stem–loops and are statistically more
likely to form secondary structure than sequences surrounding other constitutional breakpoints.
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Although non-LCR-B translocation breakpoints do not form large stem–loops, partner
chromosome junction sequences do appear to share similar melting temperatures and ΔG
values for the formation of secondary structure. As Table 2 shows, the 1200 nt of sequence
surrounding breakpoints of a particular translocation have Tms that are similar to one another,
but not necessarily to that of the breakpoints involved in other translocations. For example, the
2q14 and 22q11.2 breakpoint sequences involved in the t(2;22) are 86.8 and 86.0°C,
respectively—only a 0.8°C difference (Table 2). On the other hand, breakpoint sequences
involved in the t(X;4) have Tms that are over 10°C lower than those involved in the t(2;22),
while the Xq21.1 and 4q35.2 partner breakpoints are only 0.7°C different from one another.
The greatest difference between Tms of partner chromosomes is just 4°C [breakpoints involved
in the t(21;22)], whereas Tms of these translocation breakpoints in general range from 88.3 to
74.5°C—almost 14°C. The same trend is also observed in the free energies for the formation
of single-strand secondary structure in that ΔG and ΔG/nt values for breakpoints of a particular
translocation appear more similar to one another than they are to breakpoint sequences taking
part in other translocations (Table 2). These analyses suggest that constitutional translocations,
in general, occur between chromosomal regions having similar sequence characteristics.

DISCUSSION
In addition to providing valuable insight into sequence characteristics underlying the
mechanism of constitutional translocations, the present work localizes the breakpoint of an
ependymoma-associated t(1;22) and offers a starting point from which the molecular etiology
of this patient’s disorder might be better understood. BLAT algorithm searches of the UCSC
database, however, suggest that this rearrangement does not exert its effect by disrupting the
intron–exon structure of any known gene or EST. The two nearest genes are located 250.4 kb
proximal and 311.6 kb distal to the 1p21.2 breakpoint, and encode Optimedin (OLFM3,
accession no. AF397397) (27,28) and endothelial differentiation protein 1 (EDG-1, accession
no. NM_001400) (29), respectively. Future work may shed more light on the effect of this
translocation on the expression of these and other 1p21.2 genes.

The present work contributes substantially to our understanding of the sequence motifs
underlying the formation of constitutional translocations, particularly those involving the
common 22q11.2 LCR-B breakpoint. These analyses found the most recurrent rearrangements
involving LCR-B to occur at breakpoint sequences having a greater relative propensity to form
secondary structure. This was determined by comparing the free energy of these sequences in
the double-stranded configuration with that of the same sequence folded into secondary
structure. Stable secondary structures, such as those arising from palindromic sequences, have
free energy values approaching that of double-stranded DNA, and are therefore more likely to
occur. In theory, a perfect inverted repeat sequence should be sufficient to predispose a
chromosomal site to forming a translocation with the common LCR-B breakpoint regardless
of the A/T content. The 4q35.1 breakpoint involved in the t(4;22) approaches this condition
with 554 nt of inverted repeat sequence that is relatively G/C-rich (15). However, the A/T
content of a breakpoint sequence is also likely to be a contributing factor; low melting
temperatures would be expected to allow double-stranded DNA to denature more readily,
allowing the subsequent formation of stem–loop structures. A combination of low melting
temperature and palindromic sequences are found at the t(17;22) and t(11;22) breakpoints, and
these two factors presumably underlie the more recurrent nature of these rearrangements. In
this regard, the 22q11.2 LCR-B breakpoint, with its ~72°C Tm and 590 nt palindrome, satisfies
both of these criteria. The 1p21.2 breakpoint is also extremely AT-rich, and, at least in the t
(1;22) patient’s breakpoint sequence, contains a palindrome capable of forming a prominent
stem–loop structure. If palindromic sequences at this polymorphic region of 1p21.2 persist in
the population, the t(1;22) may actually be expected to recur. Although analysis of other
ependymoma cases may uncover additional similar rearrangements, abnormalities of
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chromosome 1p are rarely reported in these tumors based on data available by searching the
Cancer Genome Anatomy Project (CGAP) web site (http://cgap.nci.nih.gov).

These analyses predict that palindromic sequences are susceptible to forming translocations
with the common 22q11.2 LCR-B breakpoint. It does appear that the progenitor of the t(1;22)
contained a palindrome that could have predisposed this individual to this rearrangement.
Unfortunately, the presence of this sequence configuration in control DNA samples could not
be successfully amplified by PCR. Nevertheless, control sequences present in both the NCBI
and Celera databases demonstrate the apparent polymorphic nature of this AT-rich 1p21.2
breakpoint region. Furthermore, the presence of a gap at the 1p21.2 breakpoint in the control
Celera sequence suggests the presence of a palindromic sequence, since inverted repeat
sequences are not stably cloned into bacterial and yeast vectors (21,22). In this regard, other
gaps in the current human genome assembly may represent sites with which the common LCR-
B breakpoint is predisposed to forming translocations.

The 33 to 36 bp VNTRs in the region surrounding the 1p21.2 breakpoint closely resemble the
AT-rich minisatellite repeats (VNTRs) found at chromosomal fragile sites FRA10B and
FRA16B at 10q25.2 and 16q22.1, respectively (30,31). The repeated sequences of both
FRA10B and FRA16B have partial palindromic character and have been hypothesized to form
hairpin structures (31), much like the AT-rich region of 1p21.2. Fragile sites are induced in
cultured cells grown under particular conditions and/or in the presence of mutagenic agents.
They are thought to represent unstable chromosomal regions involved in the rearrangements
that lead to genetic disorders and cancer. In the case of FRA10B and FRA16B, induction by
bromodeoxyuridine and distamycin A, respectively, is associated with the expansion of VNTRs
contained at these sites (30,31). Several fragile sites have been identified cytogenetically on
1p21–22, including FRA1D, FRA1E, FRA1F and FRA1M (32,33), but none of these has been
characterized at the sequence level. Given its similarity to the VNTRs of known fragile site
sequence, the t(1;22) breakpoint on 1p21.2 may actually represent one of these FRA1 sites.
Further, it has been shown that inverted repeat sequences introduced transgenically in mice
confer genomic instability (34–36). Perhaps the sequences present at the AT-rich palindromes
of the 1p21.2 breakpoint, FRA10B and FRA16B, underlie the apparent genomic instability at
these loci.

The insertion of mobile repetitive elements, such as Alus, may also create palindromic sites
susceptible to translocations with the common LCR-B breakpoint. For such a site to be
generated, however, an element would need to insert itself sufficiently close to an identical
sequence oriented in the opposite direction. This appears to be the case for the recently
described t(4;22) translocation in which a 554 nt inverted repeat sequence, partially comprised
of oppositely oriented Alu elements, are separated by 547 nt of sequence (15). This prompts
the question of what defines repetitive elements that are sufficiently close? The existing dataset
of characterized 22q11.2 LCR-B translocations is not yet sufficient to place an upper limit on
the distance between mobile repeat elements permissive to the formation of stem–loop
structures. It is also worth emphasizing that this secondary structure motif only holds for LCR-
B translocations, since constitutional translocations in general do not appear to involve
palindromic sequences capable of forming stem–loop structures.

One translocation, the t(X;22), has been suggested to occur at the common LCR-B breakpoint,
a reasonable conclusion based on FISH results localizing the breakpoint to this region of
22q11.2 and sequence data from a single junction fragment derived from the der(X)
chromosome (37). Examination of the chromosome 22 sequence contained in this junction
fragment, however, indicates that this breakpoint is likely to reside within an NF1L repeat
module that is distinct from the one containing the common LCR-B breakpoint (see Fig. 1 for
putative breakpoint location). The fact that repeated attempts to amplify the der(22) sequence
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by PCR had failed (37) supports this conclusion, since the alternative NF1L sequence does not
contain primer annealing sequences needed for these amplifications. M-Fold analysis shows
that neither of the sequences surrounding the Xq27 or 22q11.2 breakpoints is capable of
forming a stem–loop structure (Fig. 8). Furthermore, the free energy differences for these
junctions [647.2 kcal/mol (0.539 kcal/mol per nucleotide) and 611.3 kcal/mol (0.509 kcal/mol
per nucleotide), respectively; Table 2], lie outside that typically seen for LCR-B translocations
[369.6 ± 83.9 kcal/mol (0.360±0.052 kcal/mol per nucleotide), Table 1]. These results suggest
that the 22q11.2 breakpoint involved in the t(X;22) is located at a different site within the LCR-
B distinct from the common breakpoint. Amplification of the der(22) junction fragment with
primers designed against the alternative NF1L sequence would confirm this hypothesis.

The present work provides important findings regarding the sequences required for the
formation of constitutional translocations. In general, these rearrangements appear to take place
between chromosomal regions having similar characteristics, but not necessarily sequence
homology. For example, translocations involving LCR-B occur between sequences containing
palindromes capable of forming stem–loop structures that do not share extensive sequence
homology. Other translocations appear to form between partner chromosome sequences of
both similar G/C content and propensity to form secondary structure. However, sequences
surrounding translocation breakpoints, in general, do not appear to share common sequence
characteristics. This suggests that the mechanism responsible for constitutional translocations
does not require a specific sequence motif, but only that breakpoint sequences somehow
interact such that double-strand break and repair processes join two juxtaposed chromosomes.
Because partner chromosomes seem to share the same propensity to form secondary structure,
chromosomal sequences may interact with one another through some higher-order structure
that is not detectable in the simple analysis performed here. Single-strand structures in vivo are
undoubtedly quite complex with DNA binding proteins stabilizing the formation of single-
strand structures interspersed with regions annealed to the complimentary strand. M-Fold
cannot predict such structures, nor can it predict the conditions required for these structures to
form in vivo. Nevertheless these analyses do provide a meaningful measure of the relative
likelihood of a given strand of DNA to adopt a secondary structure.

To fully understand the genesis of constitutional translocations, the biochemical mechanisms
that require these sequence motifs must be better understood. Proteins involved in the
translocation mechanism must recognize and bring these DNA secondary structures together,
nick both strands of DNA and ligate the partner chromosomes together. Although the
breakpoints of partner chromosomes do not appear to share extensive sequence identity, the
present results suggest that genomic regions of similar melting temperature and propensity to
form secondary structure interact to form these rearrangements. In the case of translocations
involving the LCR-B, these structures take the form of stem-loops or cruciforms. Constitutional
translocations appear to occur during meiosis (16), and potentially concurrent with homologous
recombination. Given a lack of sequence identity between breakpoint sequences, constitutional
translocations are not likely to involve a simple homologous recombination mechanism, but
may employ similar protein factors. A further understanding of these mechanisms as well as
those involved in DNA repair, chromosome cohesion and segregation may ultimately lend
insight into constitutional translocation processes.

MATERIALS AND METHODS
Fluorescence in situ hybridization

The de novo t(1;22) patient was originally identified by prenatal diagnosis. A lymphoblastoid
cell line was established subsequently and used for cytogenetic and molecular analysis (19,
20). Metaphase FISH to localize the 22q11.2 breakpoint to LCR-B was performed using
standard methodology (25). Probes were labeled by nick translation (38) and included cosmid
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clones c68a1 (N41) and c87f9 (ZNF74) which flank LCR-B and a cosmid containing D22S39
to mark the distal region of 22q. Using similar methods, BAC 336L20 (see below) was verified
by FISH as the 1p21.2 breakpoint-spanning BAC.

Narrowing the 1p21.2 breakpoint and STS mapping using somatic hybrid cell DNA
A human genomic pBeloBAC library (Research Genetics) was screened by PCR using several
STS markers adjacent to the 1p21.2 breakpoint to identify relevant clones (20). One of these
clones, BAC 336L20, was found to span the 1p21.2 breakpoint by STS analysis and FISH (see
above). Fragments of 336L20 were subcloned, sequenced and STS markers were generated
from subclone end sequences. PCR mapping of somatic cell hybrid DNA (19) identified two
sequence tagged sites, ‘STS-A’ and ‘STS-B’, contained separately in the der(1) and der(22)
hybrids, respectively. Primers to amplify these markers were the following: STS-A.u,
TGAGGTTAAGGTTGAAAGC; STS-A.l, GGGAAGAGTCCAGAATGTAT; STS-B.u,
AAGTAGTTTGTTCTGTGGCT; STS-B.l, GTTTGATTTTGATGATAGCA. Southern blots
of SpeI and BstXI/SpeI-digested DNA from the t(1;22) patient and somatic cell hybrid DNA
probed with a 1.8 kb probe immediately telomeric to STS-B confirmed the breakpoint
localization. Together these results placed the t(1;22) breakpoint within a 5.73 kb region on
1p21.2 found within genomic assembly clone, RP4-600m23 (accession no. AC114483.2). To
further position the breakpoint within this 5.73 kb sequence, it was analyzed by RepeatMasker
(http://ftp.genome.washington.edu/cgi-bin/RepeatMasker) to identify repetitive sequence, and
several unique primer pairs were used in PCR mapping experiments to narrow the breakpoint
to the 1990 bp AT-rich region depicted in Figure 3 and Figure 4C.

Nested PCR amplification of der(1) and der(22) junction fragments
der(1) and der(22) junction fragments were amplified by sequential nested primer PCR using
the GeneAmp XL PCR kit (Applied Biosystems) with modifications to the manufacturer’s
instructions as previously described (15). ‘Hot-start’ protocols were run with the following
parameters: 1 min at 85°C, after which 1 µl of rTth polymerase was added to the reaction, 94°
C for 1 min; 12 cycles of 94°C for 30 s (denaturation), 72–61°C (~1°C/cycle) for 45 s
(annealing), 74°C for 3 min (extension); followed by 30 cycles of 94°C for 30 s (denaturation),
60°C for 45 s (annealing), 74°C for 3 min (extension). For all primary junction fragment
amplifications, template was DNA purified from t(1;22) patient-derived lymphoblasts.
Subsequent amplifications with nested primers included 1 µl of product from the primary
reaction as template in 50 µl reactions. Sequence-specific primers corresponding to 1p21.2 and
22q11.2 LCR-B sequences were oriented as depicted in Figure 3 and were designed with the
following sequences: 1.9FA, GGTACAAATCACCTTTATACTGGCATACCT;1.9FB,
CGTTCTGCACATTCTGCACCTGTATCT; 1.6RD,
GCCTGTGCTCTACAAATGGATCATTGAAGT; 1.6RE,
GAGTGTTGACAATCTCATGATGAAACTTCAATGA; NF1d,
AGTGACTTACTACAAATATATTAA; 22.B2R,
GGAAGGGAAAAACATGTTAAAAACAAAGAGAGGTAC; 22.B1,
CAAAATTGTGTGAAAAGCCTCCAACGG; 22.B3,
GGGGGTGGGGGATGGAACGTTGAAGGATC (in some cases, sequence-specific primers
were designed against non-conserved base pairs existing within repeat element sequences). der
(1) junction fragments were amplified with NF1d and 1.6RD primers followed by nested PCR
with 22.B2R and 1.6RE primers. der(22) junction fragments were amplified with 1.9FA and
22.B1 primers, and 1.9FB and 22.B3 subsequently. Products from these reactions were cloned
into the pCRII-TopoTA vector (Invitrogen) and sequenced using vector-specific primers
(Children’s Hospital of Philadelphia Nucleic Acids Core Facility). der(1) and der(22) junction
fragment sequences were compiled from complete sequencing of three and two clones,
respectively. The 1p21.2 breakpoint sequence in the t(1;22) patient was constructed from
chromosome 1 sequence contained in junction fragments and compared to normal sequence
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from the genome assembly clone, RP4-600m23, as well as that contained in the Celera database
(www.celeradiscoverysystem.com/index.cfm). Variable number tandem repeats were
determined by visual inspection of sequences plotted at a period length equal to the length of
the particular VNTR.

Sequence and single-strand secondary structure analysis
The location of all gene loci, BAC clones, polymorphic markers and breakpoint sequences
relative to G-banding patterns were determined according to the UCSC Genome
Bioinformatics website (November 2002 freeze; www.genome.ucsc.edu/). Differences
between this current database and older ones have prompted us to update the t(1;22) breakpoint
from the original 1p22 designation (19,20) to 1p21.2 in the current paper.

Breakpoint sequences from constitutional translocations in which both derivative chromosome
junctions had been sequenced were obtained from published reports [t(11;22) (q23;q11.2)
(4–7), t(17;22)(q11.2;q11.2) (9,10), t(4;22)(q35.1; q11.2) (15), t(2;22)(q14;q11.2) (23); t
(15;22)(q26;q11.2) (18); t(21;22)(p12;q11.2) (25); t(X;2)(p21.2;q37.2) and t(X;4)
(p21.1;q35.1) (26)], a doctoral thesis, [t(10;22)(q26;q11.2) (24)] or junction fragment
amplification [t(1;22) (determined in present work)]. These translocations were chosen on the
basis of their full characterization at the sequence level. For the (X;22)(q27;q11.2)
translocation, only the der(X) junction fragment sequence has been reported (37). Sequence
surrounding the putative X and 22 breakpoints was identified under the assumption that no
sequence was lost during the translocation. For this reason, these data were not included in
further statistical analyses. For each translocation, 2500 bp of sequence surrounding each
breakpoint was obtained through BLASTN searches of genomic sequence (htgs) within the
National Center for Biotechnology’s web site (www.ncbi.nlm.nih.gov/BLAST/), or BLAT
searches of genome assembly within the UCSC Genome Bioinformatics web site. With the
exception of the common LCR-B breakpoint for which normal genomic sequence is not
available across the breakpoint, published breakpoint sequences were used only if less than 20
bp were lost due to the translocation as compared to genomic control sequence contained in
the NCBI database.

Potential secondary structure formed within a single strand of DNA sequence was determined
by entering 2500 (not shown) and 1200 bp of sequence surrounding indicated breakpoints
(1250 and 600 bp, respectively, on either side) into the European M-Fold server
(http://BiBiServ.TechFak.Uni-Bielefeld.DE/mfold/). Default parameters were used except for
the ‘DNA’ setting. Plots of nucleotide sequence folding (Supplementary Material) and two-
dimensional figures were obtained as output and free energy values were recorded (GSTRUC).
To remain consistent in determining free energy values for the same sequence annealed to its
complimentary strand (GDS), the 1200 nt sequence along with its reverse compliment was
analyzed and the resulting output halved. Free energy for the formation of secondary structure
(ΔG) is the GDS − GSTRUC difference, and ΔG/nt is this value normalized to the amount of
sequence analyzed. Because numerous structures (>50) are typically obtained for any particular
sequence entry, the most stable structure, or that with the most negative free energy value, was
used in subsequent analyses. To evaluate only the stem–loop region of translocation
breakpoints involving LCR-B (Table 1, first eight columns), sequences from the first to last
nucleotide of palindromes identified in larger 2500 and 1200 nt structures were reanalyzed by
M-Fold.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic diagram illustrating the location of constitutional translocation breakpoints on
chromosome 22 relative to chromosomal bands and LCRs. The relative position of six of eight
known LCRs (13) are shown below their respective banding locations (LCRs A–F are shown).
The repeated sequence modules comprising LCR-B are shown as large filled arrows in the
expanded view. The locations of cosmid clones (c68a1 and ZNF74) used as probes in FISH
studies to localize breakpoints to LCR-B of 22q11.2 are shown. The common LCR-B
breakpoint is present within an ~90 kb gap in the known 22q11.21 sequence. This breakpoint
is flanked by palindromic AT-rich repeats (gray hatched regions) found within one of three
NF1L modules (gray filled arrows) present within LCR-B.
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Figure 2.
The t(1;22) breakpoint is located within LCR-B of 22q11.21. FISH analysis was done on
metaphase chromosomes of peripheral lymphoblasts derived from the t(1;22) patient. Cosmid
clone probes specific for N41 (c68a1) and ZNF74 (c87f9) were labeled with rhodamine (red)
and fluorescein (green), respectively. An additional rhodamine-labeled marker probe for
D22S39 (22q13.3) used to mark the distal arm of chromosome 22 can be seen near the telomere
on both normal and der(1) chromosomes.
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Figure 3.
Strategy for amplification of t(1;22) junction fragments. The 1p22 breakpoint was localized
between STS-A and STS-B markers by PCR mapping of somatic cell hybrid DNA. Repetitive
elements present in this 6.7 kb breakpoint region of 1p22 are depicted. Chromosomes 1 and
22 are shown as white and shaded bars, respectively. AT-rich repeats are shown as hatched
bars on both 1p22 and at the common breakpoint region of the 22q11.21 LCR-B. Sequence-
specific nested primers used for junction fragment amplification are shown as arrows.
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Figure 4.
Junction fragment sequences amplified from t(1;22) patient DNA by nested primer PCR
contain distinct numbers of repeated elements relative to control sequence found in genomic
assembly clone RP4-600m23. (A) Sequence of the der(22) junction fragment shown in the
telomere to centromere orientation. Three copies of a 33 bp VNTR element immediately distal
to the breakpoint (two dashes) within the chromosome 1 sequence are shown in green.
Chromosome 22 sequence is in italics. (B) The der(1) junction fragment sequence shown
telomere to centromere. VNTRs 33 and 34 bp long within 1p21 sequence are green and red,
respectively. Chromosome 22 sequence is in italics. (C) Normal genomic sequence
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surrounding the 1p22 breakpoint from BAC clone RP4-600m23. VNTRs 33, 34 and 36 bp long
are green, red and blue, respectively.
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Figure 5.
Junction fragment sequence surrounding the 1p21.2 breakpoint is capable of forming a
prominent stem–loop structure, while control 1p21.2 AT-rich sequence does not. 1200 nt of
single-strand sequence surrounding the 1p21.2 breakpoint compiled from junction fragments
amplified from the t(1;22) patient (top) or normal sequence from the genomic assembly clone
RP4-600m23 (bottom) were analyzed by M-Fold to determine potential secondary structures.
Graphic outputs depicting the two-dimensional stem–loop base pairings are shown. See
Supplementary Figure S3 for the sequence alignment of the 281 bp stem–loop at the
experimentally determined 1p21.2 breakpoint.
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Figure 6.
Sequences surrounding translocation breakpoints involving the LCR-B of 22q11.2 contain
palindromic sequences capable of forming prominent stem-loop structures. 1200 nt of single-
strand sequence surrounding each breakpoint are shown. Breakpoint regions on 22q11.2 and
11q23 refer to sites at which numerous symmetrical breakpoints have been documented in t
(11;22) recurrent translocations (6). Red and green arrows, t(17;22) breakpoints (9, 10,
respectively); blue arrows, t(4;22) breakpoint (15); black arrow, t(1;22) breakpoint described
herein.
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Figure 7.
Breakpoints of constitutional translocations not involving LCR-B of 22q11.2 do not contain
palindromic sequences larger than 30 bp capable of forming prominent stem–loop structures.
1200 bp of single-strand sequence surrounding each of the indicated breakpoints were analyzed
by M-Fold and are illustrated in two-dimensional graphical form. Breakpoint bases are marked
by arrows.
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Figure 8.
Single-strand sequences surrounding t(X;22) breakpoints do not give rise to prominent stem–
loop secondary structures. Sequences on both sides of the t(X;22) breakpoints were inferred
from the single der(X) junction fragment sequence (34), and were assumed to have no loss of
sequence during the formation of this rearrangement. The 22q11.2 sequence found in the
chromosome 22 portion of the der(X) junction fragment directly matched that contained in a
second NF1L sequence found in genomic cosmid clone HK89 (accession no. AC024070) [see
Fig. 1 for t(X;22) breakpoint location within the LCR-B]. 1200 nt of each breakpoint sequence
were analyzed by M-Fold and the two-dimensional graphical output presented. Arrows indicate
breakpoint location.
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