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Repetitive DNA elements frequently are precursors to chromosomal deletions in prokaryotes and lower
eukaryotes. However, little is known about the relationship between repeated sequences and deletion formation
in mammalian cells. We have created a novel integrated plasmid-based recombination assay to investigate
repeated sequence instability in human cells. In a control cell line, the presence of direct or inverted repeats
did not appreciably influence the very low deletion frequencies (2 X 10~7 to 9 X 10~7) in the region containing
the repeat. Similar to what has been observed in lower eukaryotes, the majority of deletions resulted from the
loss of the largest direct repeat present in the system along with the intervening sequence. Interestingly, in
closely related cell lines that possess a mutant p53 gene, deletion frequencies in the control and direct-repeat
plasmids were 40 to 300 times higher than in their wild-type counterparts. However, mutant p53 cells did not
preferentially utilize the largest available homology in the formation of the deletion. Surprisingly, inverted
repeats were approximately 10,000 times more unstable in all mutant p53 cells than in wild-type cells. Finally,
several deletion junctions were marked by the addition of novel bases that were homologous to one of the
preexisting DNA ends. Contrary to our expectations, only 6% of deletions in all cell lines could be classified as

arising from nonhomologous recombination.

Genomic instability is a hallmark of cancer. A situation
where a cell promiscuously rearranges its DNA is likely to lead
to further oncogenic progression. With the human genome
containing large amounts of repetitive DNA, a deregulation of
stability between repeats could facilitate unchecked large-scale
rearrangements. Despite the recent cloning of several putative
recombination enzymes, such as Rad 51 (36) and Rad52 (28),
there is no definitive evidence indicating whether homologous
or nonhomologous recombination (HR or NHR) is the pre-
dominant pathway for the formation of DNA deletions. Sev-
eral reports of human germ line mutations suggest that when
highly homologous sequences are present, such as Alu repeats
in the LDLR or CII gene, the majority of deletions tend to
occur via a mechanism in which one repeat and the entire
intervening sequence is deleted (8). Since there is a selection
bias toward analyzing DNA from patients who present with
mutations in the LDLR or CII gene, it is difficult to know
whether this frequency of HR is typical of somatic cells.

In the absence of systematic studies to examine the effect of
the orientation of repetitive DNA on deletions, only anecdotal
reports exist to suggest that inverted repeats are exceptionally
unstable DNA elements. Large DNA inverted repeats (>150
bp) lead to a unique genomic instability in prokaryotes and
lower eukaryotes (12). In Escherichia coli, inverted repeats are
rapidly deleted and may lead to death (39). Similarly, artifi-
cially created inverted repeats in Saccharomyces cerevisiae are
approximately 3 orders of magnitude more unstable than di-
rect repeats (20). It has been demonstrated that large inverted
repeats fold back upon themselves to form a hairpin or cruci-
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form structure in vitro and in vivo (17, 44). The formation of a
cruciform structure is believed to stall DNA polymerases, and
the structure may be a prime substrate for recombinases (20).
When an inverted repeat is resolved in E. coli or S. cerevisiae,
it is common to find part or all of one arm of the hairpin to be
missing (5, 11). In both organisms, these deletions usually
occur at short direct repeats, one lying within the putative
hairpin and one lying outside, flanking its base. Several recom-
bination and excision repair proteins are known to play a role
in excision of the cruciform structure in S. cerevisiae (10, 13),
and patients who lack the human homologues of these genes
(XP-F, XP-G) are at increased risk for cancer (30, 37). On the
other hand, numerous reports exist that detail the seemingly
random rejoining of DNA. Unfortunately, searching a large
number of endogenously mutated genes, such as hypoxanthine
phosphoribosyltransferase (hprt) and aprt, to find a few se-
quencable breakpoints is costly and time-consuming and often
results in one junction being derived from an unsequenced
region of the genome. Furthermore, it is extremely difficult to
engineer various repeats into the endogenous gene of interest
in order to create a controlled system similar to those that have
been successfully used in bacteria and lower eukaryotes.

In the absence of a system to assess deletion formation in a
controlled setting, little information is available about the role
that the genetic background might play in the frequency and
nature of large (kilobase-sized) deletions in human cells. The
p53 protein has several purported characteristics that implicate
it in the maintenance of large-scale genomic instability. The
pS3 tumor suppressor gene is the most commonly mutated
gene in human tumors (15). This protein plays a role in regu-
lating G, arrest (18) and apoptosis following DNA damage
(21). It has been hypothesized that the loss of functional p53
may influence genomic instability through direct or indirect
roles in DNA repair. Cells with mutated p53 have been ob-
served to undergo increased gene amplification (19) and ho-
mologous recombination (3, 24) and to have an elevated fre-
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quency of chromosome abnormalities (4). However, it is not
clear whether this observed genomic instability is due to the
failure of heavily damaged cells to undergo programmed cell
death, to the lack of functional G, arrest, or to the fact that p53
plays a direct role in repairing (or regulating the repair of)
lesions that may lead to large-scale mutations. The p53 protein
possesses an exonucleolytic function (27) and can bind short
DNA free ends and stimulate their renaturation (2). p53 also
interacts with several proteins that are believed to play a role
in recombination: replication protein A (RPA) (9), Rad51 (6,
38), and Rad52 (35).

A minigene deletion reporter gene was constructed to ex-
amine the genetic and physical factors that influence deletions
in human cells. Several deletion characteristics were found that
were similar to those of lower eukaryotes in a control cell line.
In comparison to controls, cells possessing a mutant p53 gene
exhibited a hyperdeletion phenotype and an altered involve-
ment of homology in the deletion formation.

MATERIALS AND METHODS

Plasmid construction. pBASE was constructed by cloning the PCR fragment
(generated from primers ACACGTGTGAACCAACCCGC and GGAAAATT
TGGCAATACCAA) that included exon 2 of Aprt into the Xbal site of PNI2 (a
kind gift from L. Reid). This PCR fragment splits the preexisting iprt intron 2
with a second Zprt exon 2 (120 bp of homology to the first exon 2). This
duplicated exon 2 is now flanked by intron A (1,088 bp) and intron B (1,174 bp),
which do not possess any significant homology greater than 20 bp. pDIR and
pINV were constructed by cloning the Alu sequence found in intron B into the
Xbal site of intron A. The Alu sequence was cloned in both the direct-repeat
orientation (pDIR) and inverted-repeat orientation (pINV), creating 369 bp of
perfect homology between introns A and B. pINV-HYG was made by cloning a
hygromycin cassette into the Asel site on pINV.

Cell lines. TK6 is a human lymphoblastoid cell line derived from WIL-2
culture. It possesses a wild-type p53 gene (41). WTK-1 is a human lymphoblast
cell line that is derived from the same donor as TK6 but has a mutant p53 gene
(containing a mutation at 11e237) (41-43). AHH-1 is derived from a different
donor from TK6 and WTK-1 and has a p53 mutation at codon 283 (26). TK6-E6
is TK6 transfected with a retroviral vector expressing the E6 gene (42). All cells
were grown in RPMI 1640 supplemented with 10% horse serum (Sigma).

Transfection and characterization. pBASE, pINV, and pDIR were transfected
into hprt total-deletion lymphoblasts by electroporation and selected for integra-
tion with G418. Individual transfectants were screened for comparable expres-
sion levels by Northern blot analysis, and reverse transcription-PCR was per-
formed to ensure that the duplicated exon was included in the mRNA and that
no exon skipping was evident (data not shown). Mostly single-copy integrants (as
determined by Southern blot analysis) were used for this study; however, there
was no significant increase in the deletion frequency when multiple-copy inte-
grants (all tandem arrays) were used. All candidate transfectants were initially
hypoxanthine-aminopterin-thymidine (HAT) sensitive and 6-thioguanine (6-TG)
resistant.

Deletion frequency. All candidate transfectants were pretreated with 6-TG to
reduce the background of cells that had rearranged the Aprt minigene during
transfection or passaging. The cells were simultaneously pretreated with G418 to
ensure that plasmid was present. As a control of plasmid loss, cells were plated
in the presence and absence of G418. No plasmid loss was detectable during 5
days of nonselective growth. After pretreatment, transfectants were allowed 5
days of growth for expression time (time for the cell to express the functional
HPRT protein and turn over any dysfunctional protein). The expression time was
determined empirically by treating the transfectants with UV light at 20 J/m? and
plating every day in the selective agent HAT. Day 5 was chosen because it was
1 day past the point where the deletion frequency had plateaued. For all mea-
sured deletion frequencies, cells were plated at appropriate densities in the
selective agent HAT (2 X 10~* M hypoxanthine, 10~ M aminopterin, 8 X 107>
M thymidine, 107> M deoxycytidine). The majority of transfectants used in this
study were single-copy integrants as determined by Southern blot analysis (num-
bers of single and multiple copies were 23 and 6, respectively). There was no
significant difference in the deletion frequency between single- and multiple-copy
integrants. The deletion frequency for all experiments was determined by count-
ing the number of colonies that were plated either in normal medium or in the
selective agent HAT in 96-well microtiter dishes at appropriate densities such
that both positive and negative wells were observed. Deletion frequencies (DF)
were calculated from the Poisson distribution, using the formula DF = —In
(fraction of negative wells in HAT)/(number of cells plated per well X plating
efficiency in normal medium). For all deletion frequencies, a minimum of three
distinct transfectants were used to control for genomic position effect. For each
transfectant, deletion frequencies were determined in triplicate and averaged.
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Deletion Spectra. Each mutant was isolated from an independent culture that
had been pretreated with HAT to eliminate any previously rearranged plasmids.
Genomic DNA extracted from one mutant from each experiment was amplified
by PCR with primers 5'-CCCTGGCGTCGTGATTAGTG-3" and 5'-GCCTGA
CCAAGGAAAGCAAA-3'. Digestion of the PCR product with restriction en-
zymes unique to the fragment narrowed the search for the deletion rejoining site.
Sequencing was performed by cycle sequencing with appropriate primers at a
contracted laboratory. Rejoining points and the ends of the deleted segments
were examined for the presence of homology by visual inspection and computer
analysis using Vector NTI 4.0 (Informax). Although it was hypothesized that a
point mutation in the exon 2 splice acceptor site could result in exon skipping and
hence in a functional HPRT protein, no representatives of this class of mutations
were found.

Western blot analysis. Western blot analyses were done as described by Xia
et al. (41).

RESULTS

Development of a minigene system to detect and character-
ize DNA deletions. To determine the role that p53 plays in
large-scale genomic instability, a plasmid-based system was
designed that can quantitatively and qualitatively assess dele-
tion formation in any human cell line. The system consists of
an hprt minigene that must delete a duplicated exon 2 in order
to code for a functional HPRT protein and hence confer re-
sistance to the selective agent HAT (Fig. 1A and B). Three
variants of the plasmid were created (Fig. 1C). pBASE has no
significant homology (>19 bp) between intron A and B. The
pDIR plasmid has two Alu repeats of 369 bases in direct-
repeat orientation, while pINV has the same Alu fragment in
inverted-repeat orientation. The plasmids were individually
transfected into recipient Aprt~ (total deletion) human lym-
phoblast lines and selected with G418 for integration. At least
three independent transfectants from each cell line were used
to measure deletion frequencies and generate individual mu-
tants for sequence analysis.

Quantitative study of deletions in a wild-type cell line. The
human lymphoblast cell line TK6 contains a wild-type p53 gene
(19, 30, 31). Frequencies of spontaneous deletion in the base-
line plasmid averaged 4 X 10~7 (range, 2 X 1077 t0 9 X 1077).
This deletion frequency is of the same order as has been
observed in endogenous genes (31). Interestingly, the addition
of 369 bp of flanking homology (Alu) did not alter the ob-
served deletion frequencies (Fig. 2). pDir and pINV exhibited
average deletion frequencies of 2.1 X 1077 and 1.8 X 1077
(ranges, 2.0 X 1077 to 2.1 X 1077 and 1.1 X 1077 to 2.5 X
10~7), respectively.

Quantitative study of deletions in mutant p53 cell lines. In
contrast to the observed stability of repeats in p53 wild-type
cells, when the plasmid variants were integrated into two
independent p53 mutant lymphoblasts, striking differences
emerged (Fig. 2A). First, the mutant p53 status markedly in-
creased the deletion frequency for all plasmid vectors. The
deletion frequency for the baseline plasmid was 42 and 155
times higher in WTK-1 and AHH-1, respectively, than in TK6;
the deletion frequencies were 166 X 1077 and 400 X 107,
respectively (Fig. 2A). In WTK-1 and AHH-1, pDIR was also
about 200 to 300 times more unstable than in the control cell
line, with deletion frequencies of 432 X 10~7 to 620 X 10",
This elevated instability is in agreement with other reports of
increased instability in p53 mutants with homologous recom-
bination substrates. Surprisingly, the inverted repeat was
~10,000 times more unstable in both mutant p53 cell lines.
The deletion frequency averaged 19,200 X 10~7 in WTK-1
cells and 20,000 X 107 in AHH-1 cells. To confirm that p53
was responsible for the elevated deletion frequencies seen in
WTK-1 cells, further studies were conducted with TK6-E6,
which possesses E6 gene and thus is a functional p53-null cell
line (42); in these cells, the pINV plasmid deletion frequency
averaged 17,000 X 1077
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FIG. 1. Deletion system and plasmid substrates. (A) Functional schematic of the deletion system. The Aprt minigene consists of fused /iprt exons 1 and 2, intron A,
duplicated exon 2, intron B, and fused exons 3 to 9. When incorporated into a Aprt mutant cell line, the 4prt minigene incorporates the duplicated exon 2 into its mRNA.
This creates a 105-bp insertion and therefore codes for a dysfunctional protein. (B) A deletion that eliminates the duplicated exon 2 restores Aprt function and thus
confers HAT resistance (HATR). (C) Plasmid variants. pDIR and pINV were created by cloning the 369-bp Alu sequence from intron B in an Xbal site in intron A
in both orientations. All plasmids were sequenced to ensure proper sequence identity.

Deletion spectra in wild-type cells. Sequence analysis of
the TK6 deletion mutants revealed several interesting trends.
First, 9 of 11 (82%) pBASE deletion mutants had a precise
deletion of one copy of the repeated exon 2 and the interven-
ing sequence (this class of deletion is termed Ex2-Ex2 [Fig. 3]).
The remaining two deletions were termed “random” and are
shown in Fig. 4A as BASEL and BASE2. Sequencing of the
rejoining sites of both of these deletion mutants revealed that
both deletions occurred at repeated AT locations but that no
other significant homology was present at the breakpoint (Fig.
4D).

In contrast to the pBASE mutants, all TK6 pDIR deletion
mutants (n = 8) had a precise deletion of one of the directly
repeated Alu motifs and the entire intervening sequence (Fig.
3). By sequencing the ends of the remaining Alu motif, it was
determined that in all cases the 5" end of the Alu motif was
derived from the Alu originally found in intron A (data not
shown). Similarly, the 3’ end of the remaining Alu motif was
derived from the Alu originally in intron B. Further resolution
of the “hybrid” Alu motif is impossible due to the 100% ho-
mology of the internal Alu sequence.

The deletion spectrum of TK6 pINV (Fig. 3) was composed
of a mixture of 75% Ex2-Ex2 and 25% random mutants. Figure
4C shows the location of the random mutants. Their size
ranged from 868 to 1,506 bp and averaged 1,171 bp. The
sequence at the breakpoints revealed that mutants INVI,
INV2, and INV4 had no significant homology (<2 bp) at the
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FIG. 2. Spontaneous deletion frequencies (DF) in different p53 back-
grounds. (A) Deletion frequencies. For each determination of deletion fre-
quency, at least three individual transfectants of each of the three plasmid
variants were pretreated with 6-TG for 2 days to reduce the background. Dele-
tion frequencies were determined from the formula described in Materials and
Methods. (B) p53 status of human lymphoblasts. Western blot analyses of p21
and p53 protein levels were performed as described previously (41).
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FIG. 3. Deletion spectrum. The pie charts show the three different classes of
deletions. The Ex2-Ex2 class represents a precise deletion of one copy of exon 2
and the intervening sequence. The Alu-Alu class represents a precise deletion of
one copy of the Alu sequence and the intervening sequence. All deletions that
could not be classified are termed “random.”

rejoining site (Fig. 4D). As shown in Fig. 4D, while the 5’
retained end of INV3 did not have any significant homology to
the 3’ retained end, it had 27 of 28 bp of homology to the 3’
end of the deleted segment. Mutant INVS represents a trans-
location. Sequencing the deletion uncovered a 1,327-bp dele-
tion coupled with a 186-bp insertion. The sequence of the
186-bp insertion was 100% identical to a segment of the neo
gene (found 5310 bp downstream). As shown in Fig. 4D, the
donor and acceptor had 4 bp of homology at the 5" end and 2
bp at the 3’ end. It is not known if this is a reciprocal translo-
cation.

Deletion spectra in mutant p53 cells. A total of 27 pBASE
mutants from WTK-1 and 4 from AHH-1 were analyzed. Sim-
ilar to what was seen in TK6, 82% (22 of 27) of the WTK-1
pBASE mutants fell into the Ex2-Ex2 category, as did 75% (3
of 4) of the AHH-1 pBASE mutants (Fig. 3). The remaining
deletions were classified as random and are shown graphically
in Fig. 4A. BASE3 had a deletion of 1,651 bp, but had an
additional 7 bp (Fig. 4D). Interestingly, 4 of the 7 bp have
homology to sequences that flank the 5" end of the deletion
junction site. Similarly, BASE4 added 18 bp, the last 10 of
which are perfectly homologous to sequences that flank the 3’
end of the deletion junction site. Whereas BASE7 had no
significant homology between the retained and deleted seg-
ments, both retained ends of BASE6 had 4 bp of homology to
the opposite ends to the deleted segment. In a similar fashion,
the 5’ retained end of BASES had 22 of 24 bp of homology to
the 3’ end of the deleted segment. In total, four of five WTK-1
pBASE mutants had microhomology present, or originally
present, at their rejoining sites.

In contrast to the deletion spectrum of TK6 pDIR (100%
Alu-Alu class), the mutant p53 pDIR spectrum showed greater
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heterogeneity. Only 62.5% of AHH-1 and 65% of WTK-1
pDIR mutants had precise deletions of one of the Alu motifs
and the intervening sequence (Fig. 3). The Ex2-Ex2 class com-
prised 25% of AHH-1 and 35% of WTK-1 mutants. There
were 2 of 16 random mutants in the AHH-1 spectrum (Fig.
4B). Both of these random deletion mutants had novel base
pairs added to the ends. DIR2 added 5 bp, 4 of which were
homologous to the 3’ retained end (Fig. 4D).

The WTK-1 and AHH-1 pINV deletion spectra were similar
to that of TK6 and were largely composed of deletions that fell
into the Ex2-Ex2 class (Fig. 3). Only 3 of 54 WTK-1, and 2 of
8 AHH1 pINV mutants could be classified as random. The
sizes of these random deletions are shown in Fig. 4C. Inter-
estingly, none of these mutants had any significant homology at
their rejoining sites. One mutant, INV9 had a complex deletion
in which 1,203 bp were deleted (Fig. 4C), followed by 60 bp of
a retained sequence and another deletion (of 49 bp). None of
the ends of this double deletion show any significant homology
(INV9).

DISCUSSION

On the basis of examinations of the mutation frequencies
and spectra of endogenous mutated genes, it originally was
postulated that the deletion frequency of the minigene in hu-
man cells would be around 5 X 10~7. The actual frequency of
~2 X 1077 closely matched this estimate. It was noted that
there was no difference in the deletion frequency between
pBASE and pDIR transfectants, despite the addition of 369 bp
of homology of the repeated Alu in wild-type cells. This would
be logical if the deletions arose during repair of spontaneous
double-strand breaks in the region; in that case, one would
expect the addition of the longer tract of homology to shift the
spectrum of events without affecting the frequency, since the
level of damage would probably be similar. It was previously
reported that approximately 250 bp of perfect homology was
required to catalyze efficient recombination (34). Our results
suggest that 120 bp of homology is sufficient to facilitate effi-
cient recombination. The increase in the deletion frequency in
the p53 mutants is in agreement with previous findings by
Mekeel et al. (24) and Bertrand et al. (3). Both groups have
reported that HR is elevated approximately to the same extent
as what we observed in our cells (40- to 100-fold). The labo-
ratory of S. Meyn reported that HR was elevated to a similar
extent in ataxia-telangiectasia (AT)-mutant cells (25). Since
AT is upstream of p53 and AT cells share some characteristics
of large-scale genomic instability with p53 mutant cells, it is
interesting to speculate that this pathway is involved in main-
taining the integrity of the genome even under nonstressed
conditions. It is possible that both genes play a role in sensing
DNA damage as well as propagating the signal for repair.
Several potential mechanisms for the potential role of p53 in
DNA damage sensing and/or repair are discussed below.

Plasmid pINV was ~10,000-fold more unstable in mutant
p53 cells than in wild-type cells. This profound difference could
be due to several factors. First, p5S3 plays a direct role in
sensing abnormal secondary structure and signaling for its re-
pair. It has been reported that inverted repeats may form
hairpins that induce double-strand breaks in E. coli and yeast
(reviewed in reference 12). The p53 protein is readily activated
by double-strand break-inducing agents (such as X rays) (22).
Hence, an inverted repeat may be a hot spot for p53 action. In
humans, hairpin cleavage may occur via the human RAD 1/10
homologues (XP-F and ERCC1) or the Mrel1-Rad50 com-
plex, creating a double-strand break (7, 16). p53 has been
shown to bind DNA free ends and reanneal short stretches of
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FIG. 4. (A to C) Schematic diagrams of the DNA deletions investigated in this study. Horizontal lines represent the retained DNA. (D) Sequence and
microhomology present at deletion rejoining sites. The 5’ end of the region flanking the deletion is shown in normal-sized type, while the 3’ end is shown in smaller
type. Capital letters denote the retained DNA. Lowercase letters denote the sequence deleted from the wild-type intron. Underlined bases represent areas of homology

between either the wild-type sequences or novel bases (shown in bold italics).

unpaired strands (2). In this model, mutant p53 may leave the
breaks unrepaired, which may serve as a potent signal for
recombination. In an alternative model, proteins that interact
with p53 may not be properly regulated in response to this
abnormal secondary structure. As discussed above, the p53
protein directly interacts with several proteins, such as RPA,
Rad51, and Rad52, that are involved in recombination in lower
eukaryotes. In support of this theory, p53 has been reported to
preferentially bind to Holliday junctions and facilitate their
cleavage (14). Its presence at the center of the four-strand
junction would position it in a prime location to either coor-
dinate the resolution of the abnormal secondary structure back
to a wild-type conformation or signal for its repair. Hence, a
cell with mutant p53 could suffer from unregulated recombi-
nation, which could predominantly result in a deletion.

The deletion spectra of the pBASE mutants were similar for

p53 mutant and wild-type cells. There were no obvious differ-
ences in the sizes of the deletions. It is interesting that with
only 120 bp of homology between the duplicated exon 2’s, a
deletion that resembled HR was found to occur 75 to 82% of
the time in all cell lines. Both the exon 2-exon 2 and Alu-Alu
deletion mutants are similar to products of a single-strand
annealing model (10, 23, 29), in which one direct repeat is
retained while the other repeat is lost along with the interven-
ing sequence. The minority of “random” mutants observed
suggests that when a cell is given the option of a deletion
occurring almost anywhere in >2,000 bp of nonhomologous
DNA (the introns), it preferentially utilizes the 120 bp of
homology of the duplicated exons. This result indicates that
intrachromosomal HR may be a common event but has been
observed in only a few instances in human cells due to the
small sample size of sequenced deletions. Additionally, the
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D
Code 5 WT Sequence Resulting Rejoining Site 3’ WT Sequence
BASE1+ GATTAGTGATGATgacc GATGATATTGC tcactatATTGCCCA
BASE2+ TTACACCTAAAT tctctga CCTAAATATTCT agaaacATTCTTTTACA
BASE3- TTATAATATCAaaatatt ATATCATAATGAACATT aatgCATTTTTTTGAGACAA
BASE4- GTATAgtgg ...GTATAATGACAACIGCACTAAAGTGCACTAAAGT atccTGCACTAAAGT
BASES- CTCCCAAGTAGCTGGGACTACAGGceat TACAGGTACATG cicaagtagetppgactacagg TACATGCT
BASE6- TCTTACATAAT Tcattatca ACATAATTCATTIT tittaatgCATTTTTTTGA
BASE7- AGTCCTAAACAgggtaa CCTAAACAATTGAA gttATTGAATAT
DIRI1- AGTCCCGTgctcagee CCCGTTCAGGCCAAA tggtattGCCAAATT
DIR2- CTCTAGagttcaagt CTCTAGICCCGCTGTTTC gtcataGCTGTTTCCTG
INVI+ TTAAGTCAATITacagtga GTCAATTGAATC aagaagITGAATCATTTTA
INV2+ ATATTAGTGtgtctagtcee ATATTAGTGTTTACTITITC £aggtTTTACTTTTTC
INV3+ GCCTCAGCCTCCCAAAGTGCTGGGATTACAcgtgtga cecagecteccaaagtgetgggattacaGGCAT
GCCTCAGCCTCCCAAAGTGCTGGGATTACAGGCAT
INV4+ TAGTGATGATgaacca TAGTGATGATATTGCCCAG gtetcactat ATTGCCCAG
INV5+ ACACTTT ACACTTTAAATATH174bp+CGGGAGGITGCCC ctctGTTGCCC
(donor) AGAGCTTTAAATAT+174bp+CGGGAGGTCGTCG
INV6- AGTGATGATGAacca AGTGATGATGAGAAGGTATC tttGAAGGTATC
INV7- TTTCCACagtac TTTCCACGGGACTAGA gttcaaGGGACTAGA
INVS8- TTTAGTAgagac TTTAGTAACCTGCC aatcagaACCTGCC
INVY- GACTGggget GACTGGGTAAGT tg2acaGGTAAGT
& CATGCAAgettg CATGCAAAGGGACT sttcaAGGGACT
INV10- TATGGACAGgtaag TATGGACAGGCTGGGAT teccaaagt GCTGGGAT

FIG. 4—Continued.

degeneracy of repetitive sequences may prove to be a barrier to
recombination (32). For example, although Alu sequences are
involved in several deletions in genes with highly homologous
Alu sequences (e.g., LDLR and CII (8), the majority of Alu
homology in the genome ranges from 72 to 99% (8). Alu
homologies are particularly degenerate in the Aprt gene, where
Alu-Alu recombination is rare (8).

The loss of a gene that regulates the threshold for recombi-
nation between different lengths of homology may lead to
promiscuous rearrangements and hence may result in a muta-
tor phenotype. The pDIR deletion mutants showed a striking
difference in their deletion spectrum. Whereas all TK6 dele-
tions occurred as a precise Alu-Alu recombination, the p53
mutants frequently used the shorter homology of the dupli-
cated exon 2’s and only occasionally generated random dele-
tions. The direct and indirect DNA repair functions ascribed to
p53 (as described above) could lead to a model where p53 is
responsible for the identification and alignment of homologous

sequences to facilitate the repair. Alternatively, when this al-
tered deletion spectrum is coupled to the elevated deletion
frequency, it is possible that the formation of an abnormal
secondary structure as a result of slippage during replication is
regulated by p53. In fact, p53 is believed to interact with pro-
teins that are involved in both replication and repair, such as
RPA, proliferating-cell nuclear antigen (which, in turn, inter-
acts with Flap endonuclease 1 [40]). Mutant p53 cells, in an
attempt to resolve the impediment to replication, may signal
for recombinational repair to remove the abnormal secondary
structure at the cost of illegitimate recombination. We cannot
yet distinguish between misreplication and DNA repair. Fu-
ture experiments are planned that increase the intrarepeat
distance (Alu or exon 2), which may address this question. The
addition of novel bases was unique to mutant p53 cells. Of the
four deletions that added bases, three created sequence ho-
mology to one of the retained ends. One instance of this
phenomenon was reported by Morris and Thacker (26), but no
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mention of the p53 status of the cells used in the study was
made in that report. Roth and Wilson observed this phenom-
enon in 4 of 17 sequenced junctions when examining rejoining
sites of a linearized simian virus 40 genome that was trans-
fected into simian cells (33). The p53 status of the simian cell
line used in that study is not clear. It is possible that to rejoin
nonhomologous DNA ends, bases may be added in a tem-
plated fashion in an attempt to make a patch of homology that
would act as an adhesive for subsequent rejoining. Although
p53 is believed to bind and remove up to 30 nucleotides from
free DNA ends (1), it is unclear how this ability would result in
the addition of novel bases.

The deletion spectrum of cells containing the pINV plasmid
was almost identical to that of the pBASE mutants. Inverted
repeats in bacteria and lower eukaryotes are generally resolved
by deleting part or all of the arm of the putative hairpin.
Generally, the resulting deletion occurs between two small
direct repeats, one within the hairpin and one directly outside.
Although there is no evidence that our inverted repeats form a
hairpin in vivo, the deletion spectrum is identical to what has
been observed in bacteria and lower eukaryotes. The majority
of pINV deletions in all cell lines fell into the Ex2-Ex2 class.
This class involves a deletion of the 5’ arm of the putative
hairpin, using the exon 2 homology as the internal and external
direct repeats. Similarly, deletion mutant INV3 used an inter-
nal and external 26-bp direct repeat to excise the 3’ arm of the
hairpin. Interestingly, although there is a large quantitative
difference between the pINV deletion frequencies of p53 wild-
type and mutant cells, there is no difference in the spectrum.
This would suggest that some aspect of the function of p53 is
regulatory, possibly in ironing out abnormal secondary struc-
ture before additional recombination enzymes are called upon
to irreversibly act on the DNA. An alternative model would
place p53 as a governor of the enzymes responsible for clipping
off the arm of the hairpin. In this model, the loss of p53 would
allow repair enzymes to resolve secondary structures by recom-
bination. It is of note that this is the situation observed in lower
eukaryotes, where large inverted repeats are rapidly excised to
minimize abnormal secondary structures that may interfere
with replication and transcription.

Unlike lower eukaryotes, the human genome contains many
repetitive sequences that are prime candidates to generate
abnormal secondary structures, yet it is relatively stable. The
data reported here suggest that not only are there conserved
mechanisms to resolve this secondary structure but also these
putative hairpins are well tolerated in p53 wild-type cells. It can
be speculated that the loss of p53 function may result in a
profound mutator phenotype due to the lack of tolerance to
the misalignment of repetitive DNA, which results in resolu-
tion via deleterious repair. Hence, the preponderance of mu-
tated p53 in cancer cells not only may be a result of the inability
of the cells to arrest after DNA damage, or apoptose, but also
may be a consequence of uncontrolled, evolutionarily con-
served mechanisms to handle problematic repetitive DNA in
the genome.
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