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Genetic instability can be induced by unusual DNA structures and
sequence repeats. We have previously demonstrated that a large
palindrome in the mouse germ line derived from transgene inte-
gration is extremely unstable and undergoes stabilizing rearrange-
ments at high frequency, often through deletions that produce
asymmetry. We have now characterized other palindrome rear-
rangements that arise from complex homologous recombination
events. The structure of the recombinants is consistent with ho-
mologous recombination occurring by a noncrossover gene con-
version mechanism in which a break induced in the palindrome
promotes homologous strand invasion and repair synthesis, similar
to mitotic break repair events reported in mammalian cells. Some
of the homologous recombination events led to expansion in the
size of the palindromic locus, which in the extreme case more than
doubled the number of repeats. These results may have implica-
tions for instability observed at naturally occurring palindromic or
quasipalindromic sequences.
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erfect palindromes and inverted repeats separated by spacers,

both of which have the potential to form secondary structures,
manifest genetic instability in Escherichia coli (1), yeast (2), and in
the mouse (3, 4). As a result, palindromes and inverted repeats are
considered “at-risk motifs” for the genome (2). The degree of
instability associated with palindromes and inverted repeats de-
pends on several factors, such as the repeat length, the distance
between repeats, and the homology shared by the repeats (1, 5). A
history of inverted repeat instability has been suggested during the
evolution of the human genome by the analysis of the distribution
of Alu elements. The superabundance and dense clustering of
Alu repeats predicts that nearby inverted Alu elements would be
frequent in the genome. However, closely spaced highly homolo-
gous inverted Alu repeats are substantially underrepresented rela-
tive to direct repeats in regions able to be sequenced, as if they may
have been removed from the genome (5, 6).

In E. coli, long palindromes confer inviability to replicons,
presumably because of the induction of strand breaks that lead
to degradation of the replicon (1). In eukaryotes, long palin-
dromes can be propagated, but they nevertheless manifest
instability. For example, in yeast, a 2-kb palindrome stimulates
intra- and interchromosomal homologous recombination three
and four orders of magnitude, respectively, and is also deleted at
high frequency (7). A much smaller palindrome of 140 bp has
been shown to create meiotic recombination hotspots by gen-
erating sites for double-strand breaks (DSBs) (8).

In an earlier report, we demonstrated that a long palindrome
in the mouse germ line manifests a high degree of instability. The
previously characterized events were primarily nonhomologous
deletions at the center of symmetry, although we had also
observed frequent gene conversion events within direct repeats
contained in the palindrome by using a B-galactosidase sperm
assay (4, 9). We now show that other outcomes of homologous
recombination occur at high frequency at repeat sequences
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within or adjacent to the palindrome, approaching 50% in some
mice. In particular, recombination events can result in repeat
expansion, substantially increasing the size of the palindromic
locus. The expansion events are most easily explained by a gene
conversion mechanism that does not involve reciprocal
exchange.

Materials and Methods

Transgenic Mice and Sperm Analysis. The derivations of mouse lines
78 and 2275 have been previously described (4). Mouse lines
were maintained by breeding with (C57BL/6 X CBA/Ca)F1
mice, and transgenic mice were identified by Southern blot
analysis of tail-tip DNA by using the entire lacZ gene as probe.
Sperm preparations were similar to those previously described
(4). Sperm were squeezed from the caudal epididymis of adult
males into a PBS solution (PBS with 10 mM Hepes and 1%
BSA). Sperm (2 X 10°) were placed in 0.5 ml of PBS solution,
washed twice, and then resuspended in 0.2 ml of PBS solution.
For staining, 20 ul (2 X 10°) of sperm was added to 30 ul of the
PBS solution, and then 50 ul of 1 mM 5-chloromethylfluorescein
di-B-D-galactopyranoside (CM-FDG; Molecular Probes) was
added. After 60 sec, 1 ml of PBS solution was added. Sperm were
analyzed on a FACScan (Becton Dickinson) after 30 min.

Results

Gene Conversion Within the Line 78 Palindromic Transgene. We have
previously introduced a gene conversion reporter substrate into
the mouse germ line that, on integration, formed a large
palindrome (4). The palindrome, designated 78 for the number
of the founder mouse, consists of two complete copies of the
reporter substrate (78 parent; Fig. 14). Each copy is 7.65 kb and
is comprised of two defective lacZ genes, lacZ4A, which contains
a 4-bp deletion within an otherwise intact lacZ gene and inlacZ,
which is a 1.8-kb internal lacZ fragment. In addition to creating
a frameshift, the 4-bp deletion in lacZ4A disrupts a Sacl site. A
simple gene conversion (SGC) involving the lacZ4A and inlacZ
genes can restore the sequence at the Sacl site to create a lacZ™
gene (78 lacZ*; Fig. 1A4). Because the promoter for the lacZ4A
gene is derived from the spermatid-specific protamine 1 (Prm-1)
gene, lacZ* expression is detected postmeiotically by assaying
B-galactosidase activity in spermatids or sperm.

The parental line 78 transgene locus was transmitted in a
Mendelian fashion but rearranged at high frequency (4). Ap-
proximately 15-30% of progeny from mice with the palindrome
had variant arrangements that frequently involved deletions at
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Fig. 1. (A) Structure of the transgene palindrome in mouse line 78 and derivative transgene structures. The line 78 palindrome consists of two copies of a lacZ
gene conversion substrate that was injected into fertilized mouse eggs as a Pstl (P) fragment. Each copy of the substrate consists of two defective /acZ genes,
lacZ4A and inlacZ. The shaded regions denote the 1.8-kb homologous sequences. A SGCin which one of the lacZ4A genes is converted by one of the inlacZ repeats
resultsin alacZ™ gene. Acommon rearrangement in the line 78 palindrome is a central deletion designated 78A, which produces central asymmetry. Frequently,
the central deletion encompasses the central Pstl site but does not extend into the /acZ repeats, which are 270 bp away. One unique rearrangement, found in
mouse 2275, is an inversion arising from recombination of one inlacZ repeat with an oppositely oriented /acZ4A gene. This rearrangement results in a smaller
palindrome and a conversion of the (2 + 2) arrangement of repeats to a (3 + 1) arrangement. The promoter upstream of the outer /acZ genes is the mouse
protamine 1 (Prm1) promoter, which is active postmeiotically in the male germ line (37). lacZ4A , lacZ gene with a 4-bp deletion (A) at a Sacl site (S); inlacZ, internal
lacZ fragment; lacZ3', 3’ portion of lacZ; lacZ5', 5' portion of lacZ; B, BamHI. (B) Southern blot analysis of tail-tip DNA from mice with 78A and 78 lacZ* transgene
structures. The probe in this and subsequent blots is a lacZ gene fragment. (C) Flow cytometric analysis to detect B-galactosidase activity in sperm from mice with
lacZ transgene structures 78 and 78 lacZ*. The assay is based on the expression of a recombined /acZ* gene in spermatids, with retention of the expressed
B-galactosidase in mature sperm (38). Caudal epididymal sperm were incubated with the fluorogenic B-galactoside, CM-FDG. For the line 78 mouse, a small
number of sperm (~0.5%) are detected to have fluorescence in the interval above the background sperm fluorescence. For the 78 lacZ* mouse, ~50% of the
sperm are B-galactosidase positive. Although sharing of -galactosidase occurs in the spermatid syncitia, a portion of the mature sperm in the caudal epididymus

do not completely retain g-galactosidase activity (38).

the center of symmetry at or adjacent to the central Ps¢I site
(78A; Fig. 14). The central deletions in the 78A mice created an
imperfect palindromic structure, i.e., an inverted repeat with a
unique spacer sequence. Progeny from mice with the 78A
structures stably transmitted the deletions, such that new trans-
gene deletions or other rearrangements were found in <1% of
progeny.

In addition to central deletions, parental line 78 mice were also
found to undergo SGC within the transgene to create a lacZ*
gene (4). When sperm isolated from line 78 transgenic mice were
incubated with a fluorogenic p-galactoside, ~0.5% were p-
galactosidase positive, as assayed by flow cytometry. The SGC
events were substantially reduced in 78A mice relative to paren-
tal 78 mice (<0.02% of sperm), even when the lacZ repeats were
intact (4). Thus, an imperfect palindrome is stabilized from
further rearrangement, such that both SGC and nonhomologous
deletions are significantly less frequent than with a perfect
palindrome.

Previously, we had not reported obtaining progeny mice with
arecombined transgene. However, more recently we obtained 78
lacZ* recombinant mice in which one copy of the lacZ4A gene
was converted to alacZ* gene to contain a SacI site at the former
position of the 4-bp deletion (Fig. 1B). These SGC events could
have presumably occurred between lacZ4A and inlacZ genes
present on the same chromatids or sister chromatids, on either
the same side or opposite sides of the center of symmetry. Flow
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cytometric analysis confirmed that recombinants identified by
Southern blot analysis had pB-galactosidase-positive sperm
(Fig. 10).

Other Homologous Recombination Events Stimulated by the Palin-
drome: Complex Gene Conversion (CGC) Events. In addition to the
SGC events, homologous recombination events were detected
that did not restore lacZ function. These events were detected at
less than single copy level within tail-tip DNA from most mice
with otherwise parental 78 transgene structures (Fig. 2). Re-
striction analysis of DNA from line 78 mice by using BamHI
digestion is expected to give two fragments of 4.8 and 3.5 kb. In
addition to these two fragments, a weak 2.7-kb fragment was also
consistently present at varying intensity (Fig. 2). A fragment of
this size is expected to arise from recombination between lacZ4A
and inlacZ genes, which would produce a lacZ3' gene (see
below). This 2.7-kb recombinant fragment was not detected in
mice containing even a small deletion at the center of symmetry
(78A; Fig. 2).

To determine whether this recombinant fragment would be
transmitted, tail-tip DNA from line 78 progeny was analyzed by
Southern analysis. As reported previously, one mouse containing
this fragment (number 2275) had an inversion within the trans-
gene locus (4). The inversion maintained a palindromic struc-
ture, but the size of the palindrome was 4.2 kb, reduced from the
parental line 78 palindrome of 15.3 kb (2275 parent; Fig. 14).
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Fig.2. Southern blot analysis of tail-tip DNA from mice with /acZ transgene
structures 78A and 78. DNA from two different mice for each genotype was
cleaved with BamHI. The 2.7-kb recombinant /acZ3’ fragment is visible in mice
with the parental line 78 structure at varying subsingle copy intensities but not
in mice with a central deletion because the transgene locus is stabilized.

This inversion was apparently the result of crossing-over between
lacZ4A and inlacZ genes located on opposite sides of the center
of symmetry. The inversion created truncated lacZ genes, i.e.,
lacZ3' which was on a 2.7 kb BamHI fragment and lacZ5’, and
was accompanied by conversion of the 4-bp deletion in the
recombining lacZ4A gene, such that both lacZ3" and lacZ5’ were
Sacl+. As a result of the inversion, the four lacZ repeats in
mouse line 2275 were arranged in a 3 + 1 configuration around
the palindrome’s center of symmetry, rather than the original
2 + 2 structure present in line 78 mice.

In addition to the inversion, more complex recombinant
transgene structures were also obtained (Fig. 3). For example,
mouse 1148 contained the 2.7-kb recombinant BamHI fragment,
as well as the parental 3.5-kb fragment, but lost the 4.8-kb
fragment that contained the inlacZ repeat and instead had a
novel 2.8-kb fragment (Fig. 34). EcoRI digestion gave a result
similar to BamHI digestion. The EcoRI fragments containing
the two outer lacZ4A were intact, but instead of the central

inlacZ fragment, there was the recombinant 2.7-kb fragment and
a novel fragment of 3.7 kb (Fig. 3B). Whereas mouse 2275
maintained the central PstI site in the palindrome, mouse 1148
did not, implying a disruption to the perfect symmetry of the
palindrome.

Although mouse 1148 was the only mouse recovered with this
exact transgene pattern, it was one of several mice obtained from
different parents with related patterns. For example, mouse 2364
contained the 2.7-kb EcoRI fragment with the lacZ3'gene but
had a different additional lacZ-hybridizing fragment of 2.9 kb
(Fig. 3B). Mice 2548 and 2688 were similar in having the lacZ3’
fragment and a new lacZ fragment. They appeared, however, to
be mosaics in which the rearranged structure was found in
combination with the line 78 structure.

Deduced structures of these transgene loci are shown in Fig.
3C. In common with each mouse is a lacZ3' gene (complete or
partial, as for 2364) and an additional fragment containing
deleted inlacZ genes. The 2.7-kb lacZ3' fragment could be part
of an expansion product derived from a sister chromatid ex-
change (SCE) between lacZ4A and inlacZ genes (Fig. 3C).
However, the deleted inlacZ genes, present at the disrupted
center of symmetry, as well as the lack of a reciprocal product
(see below), imply that these structures arose from a more
complex event than a SCE. We have, therefore, classified these
recombination events as CGC events (see below). The CGC
event often led to an overall increase in the size of the transgene
locus, with mouse 3134 having expanded the locus by 1.3 kb.

As the complex restriction pattern in CGC mice 2548 and 2688
suggested that they were mosaic for two transgene structures,
these mice were mated to determine whether the transgene
patterns would segregate. Mouse 2548 did not give rise to
progeny. However, mouse 2688 gave rise to progeny with either
of two transgene structures (Fig. 4), confirming that it was
mosaic. Progeny mouse 3518, for example, had a CGC structure
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Fig.3. CGCtransgene structures derived from the 78 line. (A) Southern blot analysis of tail-tip DNA from a mouse with the 1148 transgene structure. The 2.7-kb

recombinant /acZ3’ fragment is visible as a single copy band in both BamHI (B) and EcoRI digestion because of the repeat structure of the locus. S, Sacl; P, Pstl.
(B) Southern blot analysis of tail-tip DNA from mice with CGC transgene structures. Lanes are labeled with the number of the mouse from which the DNA was
derived. Tail-tip DNA was cleaved with EcoRI (note: lanes for mice 2548 and 2364 were overloaded). (C) CGC transgene structures. Parental 78 and the SCE
structures are shown with their EcoRlI restriction maps. Although SCE expansion and contraction products have not been observed, the expansion product
provides a framework with which to compare the CGC structures. To the right of the CGC transgene structures is the length each locus has expanded relative
to the parental 78 locus. A, 4-bp deletion; +, Sacl site.
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containing the 2.7-kb recombinant fragment, whereas mouse
3160 had fragments consistent with the line 78 structure. Further
analysis with PstI indicated that the line 78 structure in mouse
3160 (and other progeny from 2688) was not intact but rather
contained a deletion at the center of symmetry of ~0.4 kb (data
not shown). For mouse 2548, PstI analysis of its genomic DNA
demonstrated that the center of symmetry was intact in the
non-CGC transgene structure, indicating that it was parental 78.
The similar intensity of the CGC and 78 transgene structures in
mice 2688 and 2548 indicated that the CGC event giving rise to
the 2.7-kb recombinant fragment occurred soon after fertiliza-
tion, perhaps during the first cleavage divisions.

Stabilization of the Transgene Locus in Mice Containing CGC Struc-
tures. The CGC transgene structures contained central asym-
metry, suggesting that they were stabilized from further rear-
rangement, as found for the 78A transgenes. To test this, mice
1148 and 2364 structures were bred (Table 1). Only two mice
derived from line 1148 contained new rearrangements, and none
of the mice from line 2364 were further rearranged. Combining
the transgenic progeny from the two lines, therefore, 2% of the
mice contained rearrangements, significantly less than the 15—
30% of progeny in line 78.

We also tested whether recombination leading to a lacZ* gene
was decreased in the CGC lines. Gene conversion in these lines
involving lacZ4A, and a Sacl + lacZ gene fragment would result
in a lacZ* gene, as with line 78, similar to the SGC described
above for the parental transgene. In addition to SGC, the CGC
structure in some cases permits alternative recombination
events. For example, in line 1148, alacZ™ gene could result from
a crossover between the adjacent lacZ4A and lacZ3' genes.
Sperm from a number of line 1148 males were stained with a
fluorescent B-galactoside and assayed by flow cytometry. Un-
like with the line 78 mice, no positive sperm were detected
above background levels (=0.02%; data not shown), suggesting
that the transgene in these mice was stabilized against further
recombination.

Frequent Recombination Stimulated by a 4.2-kb Palindrome. Unlike
the transgenes in the CGC mice, the inversion in mouse 2275
maintained a perfect palindrome (Fig. 14). Although smaller
than the line 78 palindrome, retention of a palindromic structure
suggested that it might still be unstable. To determine the
frequency of homologous recombination within the inversion,
mouse 2275 was bred, and sperm from progeny were incubated
with a fluorogenic B-galactoside and assayed by flow cytometry.

BamHI
[ ? |
kb & #° 2@

4.4~
35— - - -

3.0- ==
2.7 = —
v
3518 L1 > | » —h - I I
A + +* A >
P~ <]~ 2688
3160 1 B [ |T1 ] <l 1
A . + A
Fig.4. Segregation of the CGCtransgene structure from mosaic mouse 2688.

Progeny contain either the CGC or the 78A structure (mice 3518 and 3160,
respectively). Positions of the BamHlI sites are shown in Fig. 1A.
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Results from one line 2275 male are shown in Fig. 5. A clear
fluorescent population is seen, with ~7% of sperm being
B-galactosidase positive. In general, the number of positive
sperm from line 2275 males was found to be between 2-3% but
was found to be as high as 15% in one mouse (data not shown).
Therefore, homologous recombination within the line 2275
transgene is roughly 5-fold higher than in the line 78 transgene.

Repeat Expansion by Homologous Recombination Within the Palin-
drome. In addition to SGC events, the structure of the line 2275
transgene permits alternative recombination events that would
give rise to a lacZ* gene, which could account for the higher
frequency of B-galactosidase positive sperm than seen with the
line 78 transgene. To determine the structure of the recombinant
transgenes as well as other rearrangements, line 2275 males were
mated. Although frequently rearranged, the transgene was trans-
mitted at a Mendelian ratio (Table 2). Several different trans-
gene structures were observed in progeny, including both cen-
tral deletions, as previously reported (9), and homologous
recombinants.

Of the homologous recombinants, a number of different
structures, including those with a functional lacZ gene, were
obtained. Strikingly, the majority of recombinants had under-
gone an expansion of the number of lacZ repeats, as determined
by Southern blot analysis of tail-tip DNA (Table 2; Fig. 6). This
expansion was evident from Southern analysis by both the
increased size of the transgene locus and the increased lacZ
hybridization signal. The increased size of the transgene locus
was determined by using Ncol restriction digestion, as this
enzyme cleaves only at the outermost lacZ repeats (Fig. 7). The
transgene loci from lines 78 and 2275 gave Ncol fragments of
11.8 kb (Fig. 6A4). In contrast, several of the recombinant mice
exhibited significantly larger Ncol fragments (=20 kb).

Further restriction analysis was performed to determine the
expansion structure. With BamHI digestion, the intensity of the
2.7-kb fragment was clearly increased in the expansion mice
relative to the 2275 parent (Fig. 6B). The intensity of the 3.5-kb
BamHI fragment was also increased in three of the mice, and this
increased intensity appeared to be associated with restoration of
the 4.8-kb BamHI fragment that was found in line 78 mice. The
remaining two expansion mice showed no increased intensity of
the 3.5-kb BamHI fragment and maintained the 5.6-kb fragment
found in the parental 2275 mice. With Sacl digestion, the lacZ
sequences in line 78 mice gave outer repeat fragments of ~14.7
and 7.5 kb, as well as a central 2.4-kb band that hybridized poorly
to the lacZ probe because of snapback of the palindromic
sequence (Fig. 6C). In line 2275, the 14.7-kb fragment was
cleaved into 12- and 2.7-kb fragments as a result of the inversion
event, but the 7.5- and 2.4-kb bands remained intact. Progeny
derived from line 2275 mice that expanded transgene locus gave
the outer Sacl fragments, either 14.7 or 12 kb and 7.5 kb, as well
as the 2.7-kb band. In these mice, the 2.7-kb band was signifi-
cantly more intense than that found with the 2275 transgene, as
was also found in the BamHI digestion, indicating that the
expansion occurred in the more centrally located portion of the
locus rather than at the outer sequence. Sacl/BamHI digestion

Table 1. Breeding analysis of mice containing CGC events

Number of mice

Parental Rearranged
Line Progeny Transgenic transgene transgene
1148 109 68 66 2
2364 41 19 19 0

Progeny from line 1148 are derived from 9 different parents, whereas those
from line 2364 are derived from 3 different parents.
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Fig. 5. Flow cytometric analysis of sperm from a mouse with a 2275 trans-
gene structure or a mouse without a transgene (NEG) incubated with the
fluorogenic B-galactoside.

confirmed that the 2.7-kb fragment was of the same origin in
each of the mice, because it was always cleaved to fragments of
1.5 and 1.2 kb (Fig. 6D).

In most of the expansion mice, the central 2.4-kb Sacl
fragment was largely intact, although weakly hybridizing to the
lacZ probe, as in 2275 mice. Nevertheless, for mice 3645 and 3692
the central PstI site was disrupted, indicating a small deletion at
this central site (Fig. 7). Mice 3688 and 3691 were exceptions, in
that the 2.4-kb Sacl fragment was replaced with a 2.6-kb
fragment (arrow, Fig. 6C). This fragment hybridized more
strongly to the lacZ probe than did the 2.4-kb band found in the
other mice, indicating that snapback of this fragment was less
frequent. This lack of snapback was likely the result of significant
asymmetry in the fragment. The PstI site was nevertheless
retained in these mice.

Restriction mapping and quantitation of hybridization signals
were used to infer the transgene structures in these mice (Fig. 7).
The expansions ranged from the addition of two lacZ repeats to
the addition of five repeats, the latter more than doubling the
number present in the parental 2275 mouse. The amount of
sequence added ranged from 5.4 to 13.7 kb. In mice 3645 and
3692, which had the addition of two repeats, it is ambiguous
whether the repeat arrangement is (3 + 3), as shown, or (4 + 2),
because the central Pst] site was lost. The outer lacZ5' gene
fragment in both mice was transformed to a full-length lacZ
gene, either a lacZ™ gene in mouse 3645 or a lacZ4A gene in
mouse 3692. Mouse 3679 had three additional lacZ repeats (8.1
kb), to form either a (3 + 4) arrangement, as shown, or a (4 +
3) repeat arrangement. Like mouse 3645, the outer lacZ gene
fragment was transformed to a full-length lacZ* gene.

Especially striking were mice 3688 and 3691, in which there
was an expansion to a total of nine repeats, with the additional

Table 2. Breeding analysis of mice containing the 2275 inversion

Number of mice

Homologous

Parental Transgene recombinants
Parent Progeny Transgenic transgene deletion (expansion mice)
2275 36 16 7 6 3*
2949 40 21 14 6 1%
3308 16 9 1 3 5 (mice 3645,
3679, 3692)
3368 25 8 2 3 3 (mice 3688,
3691)
Total: 117 54 (46%) 24 18 12

Data for mice 2275 and 2949 have been previously reported (9).
*The transgene structures in these mice were not examined in as much detail
as in subsequent mice, but more limited analysis suggested that each had
undergone a transgene expansion.
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Fig. 6. Expansion CGC structures derived from the 2275 line. Southern blot
analysis of tail-tip DNA is shown with the indicated restriction enzyme. Rela-
tive intensities of bands were determined by Phosphorimager (Molecular
Dynamics) analysis. The arrow indicates the apparently identical 2.6-kb Sacl
fragment at the center of symmetry for the mouse pair 3688,/3691. The 2.4-kb
Sacl fragment from the center of symmetry of the other mice is faint because
of snapback of the inverted sequences before hybridization of the probe.

five repeats located on one side of the palindrome, creating an
(8 + 1) repeat arrangement. These mice, both of whom were
derived from the same parent, appeared to have the same
transgene structure.

A limited amount of breeding was undertaken with mice 3679
and 3692, such that 10 transgenic progeny were characterized for
each. Rearranged transgenes were obtained from both mice,
including a deletion, a possible further expansion (mouse 3679),
and a gene conversion of a lacZ4A gene (mouse 3692) (data not
shown). Although mouse 3679 may have maintained a perfect
palindrome, mouse 3692 contained a slight disruption of the
center of symmetry because the central PstI site was lost. Mice
3688 and 3691 also contained an imperfect palindrome. Al-
though these mice were not mated, the transgene locus in mouse
3691 appeared unstable, because tail-tip DNA gave a faint novel
fragment (Fig. 6C). Therefore, although asymmetry can stabilize
a locus, a small amount of asymmetry as in mouse 3692 or large
numbers of repeats may overcome the stabilization.

Discussion

We have demonstrated that a palindrome in the mouse germ line
is extremely unstable and undergoes both homologous recom-
bination and nonhomologous deletion at high frequency. Ho-
mologous recombination was previously reported to result in
~0.5% lacZ+ sperm through a simple gene conversion mech-
anism involving repeats within the palindrome (4), and the
predicted product was verified in this report by the recovery of
mice containing the SGC transgene structure. More frequent
complex homologous recombination products were also recov-
ered in which the repeat configuration of the palindrome was
altered. Some of these CGC events expanded the size of the
palindromic locus. In the most extreme case, the expansion more
than doubled the number of repeats, increasing the size of the
locus by almost 14 kb.

CGC events were found to occur nearly as frequently as non-
homologous deletions in the 2275 inversion line. Of 54 transgenic
progeny, 18 (33%) contained deletions, whereas 12 (22%) had
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Fig. 7. Expansion CGC transgene structures derived from the 2275 line. The vertical bar indicates the center of symmetry. An unequivocal assignment of the

arrangement of repeats cannot be made for all expansions. For mice 3645 and 3692, a (3 + 3) arrangement, as shown, or (4 + 2) arrangement, i.e., with both
lacZ3' genes on the same side, cannot be distinguished because the central Pstl site is deleted. The (3 + 3) arrangement is diagrammed, because this structure
can be obtained in one recombination event (see Fig. 8). Similarly for mouse 3679, it cannot be determined whether the lacZ*™ gene is located on the left or right
side of the center of symmetry. The latter arrangement is shown because recombination appears to have been initiated on the right side of the center of

symmetry. S, Sacl; N, Ncol; B, BamHI.

CGC events, which included the expansions. In parental line 78,
CGC events were also detected, although at a lower frequency than
deletions (=10% versus ~30% deletions). The lower observed
frequency for line 78 may be attributable to the symmetric arrange-
ment of repeats, as some CGC events would be indistinguishable
from the parental transgene or even from deletions.

Although studies have yet to be performed in tissues in mice,
in cultured mammalian cells both homologous and nonhomolo-
gous mechanisms are used to repair DSBs (10). The homologous
and nonhomologous rearrangements that occur at palindromes,
therefore, may be frequent because strand breaks are frequently
induced at these structures as a result of hairpin formation or
cruciform extrusion. In the mouse, breaks are predicted to occur
at the center of symmetry of a palindrome because of nicking at
the hairpin tip (4, 9, 11, 12). A role for hairpin nicking is also
suggested in E. coli, as the product of the SbcCD gene, which
regulates palindrome stability, encodes a hairpin endonuclease
(13). Breaks could also be introduced during replication as a
result of the inability of DNA polymerase to proceed through a
hairpin structure, as has been inferred from studies in yeast and
E. coli (1, 2, 14). In this case, breaks would be offset from the
center of symmetry, rather than involve sequences at the tip of
the hairpin structure.

Unlike breaks at a hairpin base, breaks located at the tip of a
hairpin have the potential to give rise to rearrangement products
in which one-half of the palindrome remains intact. These
products have previously been observed in the formation of
nonhomologous deletions within the line 78 palindrome (4, 9).
In the current study, one complete half of the palindrome was
also retained in some CGC mice, as evidenced by the retention
of sequences up to and including the central PstI site (e.g., mouse
2364, Fig. 3C; mouse pair 3688/3691), implying that strand
breaks at the center of symmetry stimulates CGC events as well
as deletions. The CGC events like deletions resulted in imperfect
palindromes (i.e., inverted repeats with a central asymmetry) in
most cases, which would have a decreased probability of forming
secondary structure to promote further strand breakage. Con-
sistent with this, we found that nonexpansion CGC products
were significantly less likely than a perfect palindrome to un-
dergo subsequent rearrangements (Table 1), as was also seen
with imperfect palindromes formed by a deletion (4). We have
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recently noted, however, that an expanded transgene locus with
a small central asymmetry is nevertheless prone to frequent
rearrangements, suggesting that a large number of repeats may
overcome the stabilization introduced by asymmetry.

Homologous recombination within the palindrome was not
restricted to one developmental stage. CGC events giving rise to
the products in mice 2688 and 2548 apparently occurred soon
after fertilization, because the CGC product was present at a
level similar to the nonrecombinant locus in tail tip DNA (Fig.
3C). The CGC event detected in mice 3688 and 3691 may have
occurred somewhat later, because, although this event was
transmitted twice, it was one of at least four transgene structures
transmitted by the parent mouse (Table 2). Other CGC events
occurred much later, possibly as late as meiosis, because they
were found only once. An example is the unique rearrangement
found in mouse 1148. This mouse was one of 51 transgenic
progeny from a line 78 male (mouse 919), which transmitted a
number of rearranged transgenes in addition to the one found in
mouse 1148 (4). Previously, nonhomologous deletions within the
palindrome were also found to have a broad timing during devel-
opment (4), which again suggests that CGC events and deletions
may be two alternative outcomes of break repair processes.

A number of homologous recombination mechanisms have
been proposed in meiotic and mitotic cells, some of which involve
reciprocal exchange (15). Palindrome recombination that occurs
during early development (at least those recoverable events that
occur between repeats on the same side of the center of
symmetry) allows a determination of whether these events
involved reciprocal exchange, because the reciprocal recombi-
nation product would be “captured” within the mouse. For an
early SCE, therefore, an expansion product containing five lacZ
repeats would be paired with a contraction containing three lacZ
repeats. In the CGC mice in which the events occurred early in
development (i.e., 2688 and 2548), reciprocal products were not
observed. In mouse 2548, the CGC product was present with the
parental 78 transgene, which has four lacZ repeats, and in mouse
2688, it was present with a 78A transgene, which also has four
lacZ repeats. Also difficult to explain by a simple exchange
mechanism is that CGC products often had complex structures.
None of the CGC products derived from line 78 had the five
complete lacZ repeats expected from an unequal SCE (Fig. 3C).
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Fig. 8. Proposed mechanism of repeat expansion at a palindrome in the

mammalian germ line. As a consequence of secondary structure at the palin-
drome’s center of symmetry, a strand break occurs. The broken strand invades
a homologous /acZ repeat on the sister chromatid and primes DNA synthesis.
The extended strand then rejoins the original chromatid, by nonhomologous
mechanisms in some instances. The invading strand can be from either the
lacZ5' side of the palindrome (as shown) or the inlacZ side (not shown) and
can invade the same (not shown) or opposite (as shown) side of the sister
chromatid.

Rather the two lacZ repeats located at the center of symmetry
frequently contained deletions. The structure of the expansion
in mouse 3679 would appear to be more consistent with an
exchange mechanism, because each of the repeats is apparently
intact (Fig. 7). However, to derive the 3679 structure by one
event, repeats on opposite sides of the center of symmetry (i.e.,
the lacZ5' and inlacZ repeats) on sister chromatids would have
to undergo the exchange, an event that would have led to a
nonrecoverable acentric/dicentric chromatid pair.

We infer, therefore, that CGC events generally involve a
nonexchange gene conversion mechanism, similar to mecha-
nisms proposed for homologous DSB repair in cultured mam-
malian cells (16-18) and in other organisms (19-21). As dis-
cussed above, these events would be initiated by strand breaks at
or near the center of symmetry of the palindrome when a hairpin
or cruciform is extruded. A broken end would invade a homol-
ogous repeat on the sister chromatid (or same chromatid) to
initiate repair synthesis, and then the newly synthesized strand
would rejoin the other end of the original broken chromatid.

Application of this model to the repeat expansions in mice
3645 and 3692 is shown in Fig. 8. The broken end at the lacZ5’
gene invades the lacZ4A gene on the opposite side of the
symmetry center on the sister chromatid. For mouse 3645, the
invasion would occur after the Sacl site of the invading lacZ5’
strand, whereas for mouse 3692, it would occur before the Sacl
site, creating lacZ* and lacZ4A genes, respectively. Strand
invasion would prime DNA synthesis that would extend through
thelacZ3" andinlacZ genes, possibly being impeded from further
extension by a hairpin on the invaded strand. The new strand
would then rejoin the original broken chromatid. Rejoining
events at nonhomologous sequences could have occurred by
end-joining, giving rise to a coupled homologous/nonhomolo-
gous break repair event, similar to those recently reported during
interchromosomal recombination between nonpalindromic se-
quences (22).

This replication-based recombination mechanism could ex-
plain the derivation of each of the CGC events, with variations
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in terms of which strand invades and what sequences are copied.
For large repeat expansions (i.e., for mice 3688,/3691), multiple
rounds of strand invasion and extension from the sister chro-
matid could occur. Alternatively, a single invasion of a lacZ
repeat on the same chromatid could occur, followed by extension
that would continue into the newly synthesized DNA, as in
rolling circle replication. For mice that contain truncated lacZ
genes in the central repeats (e.g., 2688), synthesis may have
stopped before reaching the center of symmetry, and/or the
noninvading end may have been degraded before rejoining.
During any of these repair events, however, the sequence being
copied would be expected to remain unchanged.

Because we detected events during early divisions in the
mouse, at least a fraction of the events we recovered were
mitotic. The infrequent association with crossing-over, as well as
the immutability of the sequence being copied, is a frequent
outcome of mitotic homologous recombination in cultured
mammalian cells (23). This lack of crossing-over contrasts with
recombination during meiosis, in which events are frequently
resolved as crossovers and in which sister chromatid events are
disfavored relative to homologue recombination events, at least
as described for yeast (24). Because the mice that we have bred
are hemizygous for the palindrome, none of our recombination
events involve the homologue. It would be interesting, however,
to determine whether recombination leading to exchange events
between homologues could be stimulated at meiosis by DSBs
arising at palindromic sequences, and whether the DSBs would
be Spoll-dependent (25, 26), as found in yeast for DSBs at a
small palindrome (27).

The palindromic structure we have studied was fortuitously
formed during the integration of a transgene and is therefore not
a naturally occurring sequence in the mouse genome. Neverthe-
less, the instability observed here may shed light on genetic
instability observed at natural repeats that have the potential to
form hairpin structures. For example, hairpin structures have
been predicted to form at the quasipalindromic triplet repeats
associated with several genetic diseases (28-30). These repeats
manifest a high degree of instability with dramatic expansions in
the number of repeats, which has often been attributed to
replication slippage (31). Because homologous recombination by
gene conversion can lead to repeat expansion at a harpin-
forming transgene, it is possible that gene conversion could
contribute to triplet repeat expansion when hairpin structures
are formed. Recent experiments with triplet repeats in plasmid
substrates in E. coli have demonstrated expansions consistent
with the gene conversion mechanism observed here (32, 33). As
well, repeat expansion has been observed in yeast during DSB-
induced gene conversion (34) [see Darlow and Leach (29) for a
discussion of the potential roles of secondary structures and
DNA replication and recombination in models of repeat tract
expansion]. Palindrome-generated instability has also been im-
plicated in the etiology of constitutional t(11;22) translocations,
in which breakpoints occur at the center of symmetry of AT-rich
palindromes (35, 36). In this case, however, end-joining events at
the palindrome breaks, rather than gene conversion events, have
been postulated to be involved.
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