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Abstract

Studies from several laboratories worldwide have developed a large
database for in vivo hypoxanthine-guanine phosphoribosyltransferase
gene mutations in human Ã¯-lymphocytes. Sufficient differences have been

found thus far between the spectrum for spontaneous mutations in adults
and that observed in the fetus to suggest fundamental differences in in
vivo mutagenic mechanisms at these two life stages. In adults, only -15%
of hypoxanthine-guanine phosphoribosyltransferase mutations have

structural alterations on Southern blots, while in the fetus 75% of
mutations show alterations of which one-half are deletions of exons 2

and 3. We have now sequenced the breakpoint sites for these specific
deletions in 18 mutant lymphocyte clones isolated from 13 normal new-

borns. Three classes of deletions were found. Each class had the same
intron 1 breakpoint but a different intron 3 breakpoint. These mutations
have all the signatures of a V(D)J recombinase-mediated event (a 5'
consensus heptamer, 3' consensus heptamer and nonamer, nibbling, non-
germline-encoded nucleotides, P-nucleotides). At the 3' breakpoint of the

most common class (comprising 83% of the mutants) a perfect heptamer
can be created by postulating a hairpin loop which could attain a Z-DNA

configuration. This feature may indicate recombinase preference for
certain DNA structures. These results implicate the V( I)).! recombinase
in illegitimate events causing mutation in this housekeeping gene during
T-cell development. Inactivation of genes involved in the control of growth

and differentiation (e.g., tumor suppressor genes) by this mechanism may
have important implications for cancer development.

Introduction

Hprt3 is a constitutively expressed but nonessential gene

located at Xq26 in humans. It is widely used for both in vitro
and in vivo mutagenicity studies because of the ease of mutant
selection with purine analogues (1, 2). In humans, hprt is 43
kilobases in length and includes nine exons (1). The genomic
region including and surrounding hprt has been well character
ized by sequence analysis of 57 kilobases of DNA (3). Studies
from several laboratories worldwide have developed a large
database for in vivo hprt mutations in human T-lymphocytes
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(2). Mean mutant frequencies for normal adults are 5-10 x
10~6, with elevations up to 100-fold reported for individuals

exposed to mutagens. The studies are usually performed using
a cloning assay (2), which permits mutant lymphocyte clones
to be propagated in vitro for molecular characterization. South
ern blot analyses have shown that approximately 15% of the
spontaneous mutations in normal young adults are due to gross
structural alterations such as deletions or insertions (2). Among
these, breakpoint sites occur randomly within and beyond hprt.
The remaining 85% of spontaneous mutations show simple
base substitutions arising from transitions and transversions,
small deletions or insertions, frameshift, and splice-site muta
tions (2). The sites of "point mutations" also occur randomly,

as judged by their position in cDNA, and appear to arise in a
distribution similar to that seen for germinal Lesch-Nyhan hprt
mutations (2). Several laboratories have also reported studies
of in vivohprt mutations in the fetus, as determined from mutant
lymphocyte clones isolated from umbilical cord blood (2). Mean
mutant frequencies have been consistently lower than for adults,
usually 10~6 or less. Two studies from our laboratory have
found these to be 0.6 Â±0.4 x IO'6 (4) and 1.8 Â±2.0 x 10~6(5),

respectively. Southern blot analyses of mutants isolated in these
studies (5, 6) have shown that 75% contain visible structural
alterations of hprt, thus differing from findings in adults. Im
portantly, these deletions are predominantly intragenic, with
breakpoints clustered in introns 1 and 3, deleting exons 2 and
3. We now report further characterization of 18 exon 2-3
deletion mutant clones isolated from 13 normal newborns and
describe the mechanism by which these deletions arose.

Materials and Methods

Selection of Mutant Clones. All blood samples were obtained with
informed consent as approved by the University of Vermont Committee
on Human Research. Hprt mutants from umbilical cord blood were
isolated by use of a T-lymphocyte cloning assay using 6-thioguanine as
the mutant selection agent (4, 5). Hprt mutants were expanded in vitro,
and DNA was isolated for molecular analysis (5, 6). Southern blot
hybridization using a 5' Pstl-Xhol fragment of hprt cDNA probe

pHPT31 (1), which is specific for exons 1 and 2, was performed after
Pst\ and Hind\\l digestion.

Polymerase Chain Reaction. Multiplex hprt PCR was performed as
described (7). PCR (8) across the breakpoint sites was carried out using
the 5' oligodeoxynucleotide 5'-CAGTTTCCCGGGTTCGG-3', which

anneals at nucleotides 1835-1851 of the hprt gene (3) and the
3' oligodeoxynucleotide 5' -CTACTGCCCTCTTACATGAGACAC-3 '

which anneals at nucleotides 22718-22741. Automated thermal cycling
was for 33 cycles of 94Â°C,1 min; 60Â°C,I min; 68Â°C,2-4 min after an
initial denaturation of 94Â°Cfor 4 min. The 50-Â¿tlreaction mixture

consisted of 200-300 ng DNA, each primer (1.2-1.8 /Â¿M),and 5 units
Taq polymerase in buffer (described in Ref. 9) without bovine serum
albumin. This primer set was used to initially screen the 18 deletion
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mutants and yielded PCR fragments of 860 (class I), 3000 (class II), or
570 base pairs (class III).

DNA Sequencing. For the class I mutants, 10% of the double-
stranded PCR product was amplified using a single primer under the
conditions described above. The single-stranded, enriched DNA was
purified through Sephadex G-SO, precipitated, and dissolved in water
for sequencing. An appropriate internal primer was then S'-end-labeled
with 'â€¢'!'and annealed to the single-stranded DNA, and sequencing

reactions were carried out using a modification of the Sequenase version
2 method (U.S. Biochemicals). The sequence of at least 83 nucleotides
was determined from the ini ron 1 side of the breakpoint and of at least
24 nucleotides from the intron 3 side. The hprt DNA sequence in the
breakpoint regions of introns 1 and 3 was also determined in four wild-
type I cell clones and was found to be identical with the published
sequence (3) except for an extra T between nucleotides 22226 and
22229. (The existence of this extra T was confirmed by the authors of
Ref. 3.) For the class II mutants, PCR and DNA sequencing were as
above, except that in the initial PCR reaction the 3' oligonucleotide
was replaced by 5'-CATTGCTCTAAGATGCACATTCAC-3', which

anneals at nucleotides 20394-20417. The sequence of at least 75
nucleotides was determined from the intron 1 side of the breakpoint
and of at least 48 nucleotides from the intron 3 side. The hprt DNA
sequence near this intron 3 breakpoint in two wild-type T-cell clones
was identical with the published sequence (3). For the class III mutants,
PCR and DNA sequencing was as for class I mutants, except that
double-stranded DNA was sequenced. The sequence of 33 nucleotides
was determined from the intron 1 side of the breakpoint and 123
nucleotides from the intron 3 side. The hprt DNA sequence near this
intron 3 breakpoint in two wild-type clones was identical with the
published sequence (3).

Results and Discussion

Analysis of in vivo fetal hprt deletion mutants by Southern
blotting demonstrated that many of the mutants had hprt gene
deletions which appeared to have similar (or identical) losses
of exons 2 and 3. Blots of Pstl digests of DNA from most of
these mutants (class I) showed losses of the normal hprt exon
1,2, and 3 fragments with the gain of a novel exon 1-containing
fragment (2.3 kilobases) that was smaller than the normal exon
2-containing fragment (Fig. 1). When Hindlll digests of these
deletion mutants were analyzed, the normal exons 2 and 3-
containing fragment was lost, and a larger (7.4 kilobases) frag
ment was identified, which has been shown to contain exon 1
by using a 5' specific hprt probe (not shown). Study of the

remaining exons 2 and 3 deletion mutants suggested that these
mutants fell into two additional classes based on the sizes of
exon 1-containing restriction fragments (Table 1).

Analysis of individual exons in the 18 mutants described in
Table 1 using the multiplex polymerase chain reaction (7)
verified that exons 2 and 3 were indeed deleted and that the
remaining exons (including exon 1) were intact (data not
shown). This confirmed that the hprt genes had undergone
similar intragenic deletions in all mutants. Based on the South
ern blot sizes of the common new exon 1-containing fragments
in the 15 class I mutants and the position of the multiplex exon
1 primers, their intron 1 breakpoint was localized to a region
of approximately 378 base pairs immediately 3' of exon 1

(nucleotides 1851-2228, according to Ref. 3) and their intron
3 breakpoint to a 379-base pair region near the midpoint of
this intron (nucleotides 22099-22477).

A 5' flanking primer for the intron 1 breakpoint region and
a 3' flanking primer for the intron 3 breakpoint region were

then synthesized and used for PCR amplifications of genomic
DNA from the 18 fetal hprt deletion mutants. Each mutant
yielded a single amplified fragment. The 15 class I mutants

exon 4 â€¢¿�
exon 6 -

exons 7-9 -*

exon l -*

exon 2 -â€¢

exon 3 -â€¢

Â«w Â«â€¢-S
w â€¢¿�
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*~

Ml M3 M4 M5 M6 MIO

B
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exon 2
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w W

wt wt Ml M3 M4 M5 M6 MIO
Fig. 1. A, Southern blot of PstI-digested DNAs from two wild-type and six

hprt mutant clones from newborn BP66A probed with a full-length Hprt cDNA
probe. Mutants 1, 4, and 10 are missing the fragments corresponding to exons 1,
2, and 3 and have a new fragment slightly smaller than the exon 2 fragment (~2.3
kilobases). Assuming that these mutants are simple deletions, this new fragment
could be either exon 1 or exon 3 sequence or both. (Mutant 3 has a total deletion
of the hprt gene, and mutants 5 and 6 show no hprt gene alteration). B, same blot
as in A probed with the 5' Pstl-Xhol subfragment of the hprt cDNA probe. This

probe hybridizes only with exon 1 and exon 2 sequences. Notice that the new
fragment of mutants 1, 4, and 10 hybridizes with this probe, indicating that it
contains an exon 1 sequence.

produced a product of ~860 base pairs, while the two class II
mutants yielded a 3000-base pair fragment and the one class
III mutant gave a 570-base pair fragment. Similar treatment of
DNA from wild-type T-cell clones yielded no amplification
products, as would be expected since the primers are 20 kilo-
bases apart in wild-type DNA.

Restriction enzyme sites were mapped on PCR-amplified
DNA fragments from each class and compared to the wild-type
sequence to further localize the breakpoint junction. Primers
flanking these junctions were then used to sequence DNA
amplified from each of the 18 mutants. The results, which show
three breakpoint junctions corresponding to the three sizes of
PCR fragments, are summarized in Fig. 2 (A-C) along with the
wild-type sequences. It can be seen that each of the junctions is
unique, although the breakpoints in each class are tightly clus
tered and result in deletions of 20 (class I), 18 (class II) or 20.4
kilobases (class III).

Inspection of these sequences reveals striking similarities
with previously described DNA sequences cleaved and rejoined
by V(D)J recombinase. This enzyme system normally rear
ranges TCR genes in pre-T-cells and Ig genes in B cells and is
directed by a conserved heptamer [CAC(A/T)GTG] (10, 11).
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Table 1 Southern blot alterations in Â¡8newborn exon 2 and 3 deletion mutants

NewbornClass

IBP66ABP66BLS346LS406LS451MF40aMM30MM31MM32MM40MM41SS

108Class

IILS346LS406Class

IIIMM29MutantM4MSM6MSM2MlM9MlM18MIOM13M26M14A23B2A22G11M12M7M8Pstl

exon 1 fragment
size" (kilobases)2.32.32.32.32.3ND2.32.32.3ND2.32.3ND2.32.33.63.6ND///Hi/Ill

exon 1 fragment
size ' (kilobases)ND'ND7.4NDND7.4ND7.47.47.47.47.47.4NDND9.69.67.2

" Normal l'\t\ exon 1 fragment size is 3.1 kilobases.
* Normal HindlH exon 1 fragment size is 7.2 kilobases.
c ND, not determined.

For normal TCR and Ig rearrangements, this consensus hep-
tamer is separated by either 12 or 23 base pairs from a conserved
T-rich nonamer element [GGTTTTTGT] (11,12). Importantly,
V(D)J recombinase cleaves and rejoins the DNA by a multien-
zyme process which produces a distinct signature. An endonu-
clease activity cleaves the DNA 5' to the first C in the consensus

heptamer, and it is hypothesized that a 2-base pair addition (P-
nucleotides) is made that results in a four-base palindrome at

each end (13). In addition, the V(D)J recombinase has an
exonucleolytic activity which often removes a small number of
nucleotides at the initial cleavage site (nibbling) and a deoxy-

nucleotidyltransferase activity which adds nontemplated nu
cleotides (N-nucleotides) at the breakpoint junction (11). Nib
bling by the exonuclease removes /'-nucleotides; thus they are
only found on "unnibbled" junctions.

The DNA sequences at the deletion breakpoints in Fig. 2
show similarities to TCR and Ig gene rearrangements that
extend to the specifics noted above. In the predominant class
of mutants (class I; Fig. 2A), a heptamer located near the
breakpoint in intron 1 differs from the V(D)J recombinase
consensus heptamer by a single base (A versus G) in the position
farthest from the site of cleavage. Near the breakpoint in intron
3 is the sequence GTGTGTG, which matches four bases of the
consensus heptamer (underlined). The unmatched nucleotides
are farthest from the cut site, and these have been shown to be
the positions of least importance in mediating the directed
cleavage (12). There is no conserved nonamer apparent either
12 or 23 base pairs from the intron 1 heptamer, but the sequence
TGTATTTGT occurs 12 base pairs upstream of the intron 3
heptamer. Several recent studies have shown that the nonamer
sequence is not required for V(D)J-mediated cleavage and re
arrangement, especially if these events are illegitimate (14, 15).
A perfect heptamer at the intron 3 site is formed by the
postulated hairpin structure shown in Fig. 3. The alternating
purine-pyrimidine sequence may also form a Z-DNA configu

ration which is hypothesized to be favored by the V(D)J recom
binase (16). As shown in Fig. 2A, these 15 mutations also
display "nibbling" and non-germline-encoded nucleotides. In

addition, 6 of these 15 hprt mutants have P-nucleotide
insertions.

Two mutants, representing the second class of exons 2 and 3
deletion mutations, are shown in Fig. 2B. These mutants have
the same intron 1 breakpoint, but a different intron 3 breakpoint
located 2.4 kilobases upstream of the class I site is apparent.
Near this intron 3 breakpoint is the sequence CTCTGTG,
which matches six bases of the consensus heptamer (under
lined). Twenty-three bases upstream of this heptamer is the T-
rich nonamer sequence CTTTTTATT. Both mutations show
evidence of "nibbling" and non-germline-encoded nucleotides.

Finally, Fig. 2C shows the third class of deletions which is
represented by a single member. Again, the intron 1 breakpoint
is the same as in the class I and II mutations. A third intron 3
breakpoint is located 320 base pairs downstream of the class I
site. At the intron 3 breakpoint there is a 4/7 basepair match
with the consensus heptamer (TTTAGTG), separated 23 base
pairs from a nonamer, TGTTTTGGT. There is also "nibbling"

and the addition of nongermline nucleotides.
The DNA sequence analysis of each of these three classes of

breakpoint junctions reveals evidence of the heptamer-nonamer
signal sequence, as well as characteristic junction sequences
(i.e., "nibbling" jV-nucleotides, and .P-nucleotides) indicative of

the V(D)J recombinase system mediating these deletions. The
range of nibbled bases (0-15) and added bases (0-12) is similar
to that previously reported ( 17). Certain additional features of
these hprt mutants, and the conditions under which they arose
in vivo, also add support to our interpretation that they repre
sent illegitimate V(D)J recombinase-mediated events. First,
they arose in the fetus, where intrathymic differentiation of T-
lymphocytes, with attendant TCR gene arrangement, occurs.
Sixteen of the 18 hprt mutants showed rearranged TCR genes
on Southern blots (6),4 indicating that, in these cells at least, />'

and/or y gene rearrangements had occurred. Exon 2 and 3
deletion mutants are rarely found in adults (2) where ongoing
T-cell differentiation has ceased due to thymic involution. The
rare exon 2 and 3 mutants found are probably remaining from

4 M. J. Lippert and J. A. Nicklas, unpublished results.
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ADP66AM4BP66BM5US346M6LS406M8LS451M2MF40MIMM30M9MM3IMIMM32M18MM40M10MM40M13MM40M26MM4IMUSS1081NTRON1
21974

GCCTTTAGTnTGCACA CACTGTAOTTCATCnTATOCAGATGCTCATGGCCTCAITWGCCTTTAGTnTGCACAGCCTTrAGTTTTGCGCCnTAGTTTTGCACAGCCTrTAGTTTTGCGCCnTAGTTTTGCACAGCCnTAGTTTTGCACAGCcnTAGirrrccACAGCCnTAGITTTGCGCCTTTAGTnTGCACAGCCnTAGTTTTGCACAGCCTTTAGTTTTGCACGCCTTTAGTTTTGCGCCTTGCCnTACTTTTGCACAcccCGTTCTCCCCIACCGCGAAGGÂ£1lAGGGdrriTACCTMCCTGnTCaCCTfilGAGGTGGCCATTACGCAAAAGGTATCAGTCTCAAAAGGTATCATCTCAAAAGGTATCATGTCTCAAAAGGTATCACAAAAGGTATCAGGTATCATGTCTCAAAAGGTATCATGTCTCAAAAGGTATCATGTCTCAAAAGGTATCATGTCTCAAAAGGTATCATGTCTCAAAAGGTATCATGTCTCAAAAGGTATCACAGGTATCA

SS108
A22G11

GCCTTTAGTTTTGCAC GTCTCAAAAGGTATCA

TCTGTGTGTGTGTCTGTCTG TGTCTCAAAAGGTATCA
122250

INTRON3

GCCTTTAGTnTGCACA CACTUAGTTCATCTTTATGGAGATGCTCATGGCCTCAn U

LS346M12

LS406M7

GCCTTTAGTTTTGC

GCCTTTAGn

CCTAACCGAGCG

CCGATCCG

TACACACACACATATGC

ACATATGC

Â»CACnniAnTAGAATAnCTAAAGAATTCTCTCTCTCTG TACACACACACATATGC
120156

21971
GCCnTAGTTTTGCACA CACTGTAGTTCATCnTATGGACATGCTCATGOCCTCAn \\

GCCTTTAGnTTGCA CCAAATACAGC

//TnGTTTTGGTOGCAAGAGGAGCTTAAAATCTCATTTAGTC TGAATCCCAAATACAGC
122570

Fig. 2. DNA sequence of the breakpoint junctions of hprt deletion mutations
and the corresponding wild-type regions of introns 1 and 3. Wild-type sequences
of introns 1 and 3 are across the lop and bottom, respectively, and mutant
sequences are aligned with them. Nongermline sequences are indicated in the
center, underlined DNA sequences indicate the conserved heptamer and nonamer
(see text); arrows, putative cleavage sites. P-nucleotides are italicized and under
lined. A, Class I mutants; /*. Class II mutants; C, Class III mutants.

early childhood. Second, accessibility to V(D)J recombinase
apparently is favored by chromatin in an "open" configuration,

as is present in genes that are actively transcribing (18). Hprt is
constitutively active in lymphocytes, and the gene's expression

is greatest in proliferating cells (19), like those of the fetus.
We have described a major mechanism of mutation of the

hprt gene in fetal lymphocytes. The inappropriate activity of
V(D)J recombinase appears to be responsible for approximately
50% of the fetal mutations detectable by Southern blot hybrid
ization. Of 34 exon 2 and 3 deletion mutants detected in our
studies, 31 have been characterized for exon 1 restriction frag
ment size. Twenty-eight (90%) are class I mutants, 2 (6%) are
class II mutants, and I (3%) is a class III mutant. Additional
types of mutants with altered Southern blot patterns (e.g. exon
4-9 deletions) have not been examined at the DNA sequence
level, but it seems likely that some of these will have been
mediated by the recombinase as well. Future studies of addi

tional newborn and adult exons 2 and 3 and other deletion
mutants may uncover some of these sites. A survey of the
56,736 nucleotides of the human hprt gene for the consensus
recombinase heptamer CAC(A/T)GTG revealed 11 sites (at
bases 395, 4928, 17336, 19168, 26075, 27550, 33605, 42647,
44745, 54762, and 55457). There would, of course, be many
more if one considered nonexact matches. Thus, there are many
potential sites for recombinase to act. It is therefore of interest
that a clear preponderance of the mutations occur at particular
sites, i.e., bases 2197 and 22250. This suggests that these sites
must possess some unusual properties, perhaps some secondary
structure like the postulated hairpin loop or Z-DNA, which
directs the recombinase action.

The ability to select and expand A/wi-deficient T-lymphocytes
has enabled us to examine, at the molecular level, mutagenic
events occurring during early development. If the hprt gene is
representative of the genome as a whole, then our data suggest
that V(D)J recombinase-mediated deletions [or inversions, if
the orientation of the recognition sequences is inverted (17)]
may play an important role in B- and T-cell-derived cancers
and perhaps other disease. In fact, V(D)J recombinase-mediated
events have been implicated in several forms of leukemia,
including chronic lymphocytic leukemia (20), T-cell acute lym-
phoblastic leukemia (21,22), and chromosomal rearrangements
in other lymphoid malignancies (23). Most of these events
involve a normal substrate for V(D)J recombinase activity (an
Ig or TCR gene) and a presumed or known oncogene on a
different chromosome arm. However, two recent reports (21,
22) found a 90-kilobase V(D)J recombinase-mediated "intra-
genic" deletion in the tal-\ gene of T-cell acute lymphoblastic

leukemia in which a consensus heptamer, but no nonamer, was
found at the break sites. Our report is the first of V(D)J
recombinase-like activity resulting in intragenic deletion in a
housekeeping gene.

Genes involved in the control of growth and differentiation
which are active during fetal development would be potential
targets for V(D)J recombinase-mediated mutations. Mutations
in these genes and, in particular, tumor suppressor genes may
lead to alterations in growth control of the cell. Such early fetal
cell mutations have important implications for cancer devel-

CACCTGGCCAAAACGATAACTTAAAATACACA TG TGTCTCAAAAGGTATCA
CS 122250
AT
CO
AT
CG
AT
CG
AT
CG
AT
CG
AT
CO
AT
CG
AT
CG
AT

AT
CG
AT
CG
AT
TA

Fig. 3. Hypothesized secondary structure at the hprt intron 3 breakpoint site
described in Fig. 2A, with the consensus heptamer underlined.
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opment, since early mutations have the opportunity for expan
sion to large clones as development proceeds. This provides
more cells in which subsequent oncogenic mutation may occur
and more cell divisions during which replication errors can
occur and be fixed.
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