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Summary

Cells from persons with Bloom syndrome feature an
elevated rate of sister-chromatid exchange (SCE). How-
ever, in some affected persons a minority of blood lym-
phocytes have a normal SCE rate. Persons who inherit
the Bloom syndrome gene BLM identical by descent
from a common ancestor very rarely exhibit this high-
SCE/low-SCE mosaicism; conversely, mosaicism arises
predominantly in persons who do not share a common
ancestor. These population data suggested that most
persons with Bloom syndrome in whom the exceptional
low-SCE cells arise are not homozygous for a mutation
at BLM but instead are compound heterozygotes. Fol-
lowing this clue, we carried out a genotype analysis of
loci syntenic with BLM in 11 persons who exhibited
mosaicism. In five of them, polymorphic loci distal to
BLM that were heterozygous in their high-SCE cells had
become homozygous in their low-SCE cells, whereas het-
erozygous loci proximal to BLM remained heterozy-
gous. These observations are interpreted to mean that
intragenic, recombination between paternally derived
and maternally derived mutated sites within BLM can
generate a functionally wild-type gene and that low-SCE
lymphocytes are progeny of a somatic cell in which such
intragenic recombination had occurred.

Introduction

Bloom syndrome (BS) is a rare recessively transmitted
monogenic trait, the predominant clinical features of
which are small body size, immunodeficiency, and a sun-
sensitive facial skin lesion (German 1993). Cells from
persons with BS exhibit striking genomic instability: (i)
Excessive numbers of microscopically visible gaps,
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breaks, and structurally abnormal chromosomes are vis-
ible at mitosis in cells proliferating in vitro (Ray and
German 1983; Kuhn et al. 1985). That the chromosome
instability also occurs in vivo is indicated by the in-
creased number of micronuclei observed in interphase
cells from urine and buccal mucosa (Rosin and German
1985). (ii) Included among the lesions observable in
abundance in cultured BS cells are exchanges both be-
tween and within chromosomes, notably homologous
chromatid interchanges and sister-chromatid exchanges
(SCEs). The interpretation of the homologous chromatid
interchanges as cytological evidence that somatic cross-
ing-over can occur in mammalian cells (German 1964)
has been supported by virological and immunological
studies of BS cells (Young and Fisher 1980; Bubley and
Schnipper 1987; Langlois et al. 1989; Kusunoki et al.
1994) and confirmed by molecular evidence (Groden et
al. 1990; Kusunoki et al. 1994). (iii) Increased numbers
of mutations accumulate at both coding and noncoding
loci in BS somatic cells (Gupta and Goldstein 1980;
Warren et al. 1981; Vijayalaxmi et al. 1983; Langlois
et al. 1989). Because BS cells are hypermutable, persons
with the syndrome are enormously predisposed to de-
velop various types of neoplasia at a wide variety of
sites (German 1993).
The strikingly elevated SCE rate mentioned above

(means of >50 SCEs/metaphase) is uniquely characteris-
tic of BS and is present in all affected individuals. It is
elevated in all types of BS cells that have been examined:
mitogen-stimulated T and B lymphocytes from the blood
in short-term culture; Epstein-Barr virus (EBV)-trans-
formed lymphoblastoid cell lines (LCLs) in long-term
culture; cells from the bone marrow in short-term cul-
ture; and fibroblasts and SV40-transformed fibroblasts
in long-term culture. Nevertheless, in approximately one
in five affected individuals, a minor population of circu-
lating blood lymphocytes has been detected that features
a low (i.e., a normal) SCE rate (means of <10 SCEs/
metaphase) (German et al. 1977; German and Schon-
berg 1980). These-low-SCE T and B lymphocytes are
demonstrable in mitogen-stimulated cells drawn from
the blood; in addition, many of the LCLs that have been
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established from blood lymphocytes taken from persons
with BS exhibit a low-SCE phenotype, even in some
cases when low-SCE cells were not detected in short-
term blood lymphocyte cultures (Henderson and Ger-
man 1978; Shiraishi et al. 1983). A cell from such a
low-SCE LCL can complement one from a high-SCE
LCL when the two are fused in vitro (Weksberg et al.
1988), just as can a cell from a low-SCE LCL derived
from a normal person (Bryant et al. 1979). Low-SCE
cells in nonlymphoid cultures have never been observed,
but very possibly the reason for that is that few cells
have been appropriately examined in material other than
short-term blood cultures and LCLs.
How can the low-SCE cells in some persons with BS

be explained? Because hypermutability is such a striking
feature of BS cells, it has seemed reasonable to assume
that low-SCE cell populations arise via some somatic
mutational event. We report here evidence that a mecha-
nism capable of generating high-SCE/low-SCE mosa-
icism is somatic intragenic recombination: crossing-over
between the different mutated sites in the paternally de-
rived and the maternally derived genes in a somatic stem
cell can generate a functionally wild-type BLM that cor-
rects the high-SCE phenotype of BS cells.

Subjects, Material, and Methods

Subjects and Cells Examined
The Bloom's Syndrome Registry (German and Pas-

sarge 1989), the source of the population and cytoge-
netic data and of the specimens analyzed here, contains
information from 179 persons with BS, thought to be
most of the persons diagnosed since 1954, when the
syndrome first was recognized. Only persons with bona
fide clinical BS have been accessioned to the Registry,
and in almost all of the registered persons the diagnosis
has been confirmed cytogenetically. The Registry has
obtained and preserved various biological samples as
they have become available from affected families. High-
SCE fibroblast cell lines derived from skin biopsies or
surgical specimens and both high-SCE and low-SCE
LCLs established from blood lymphocytes have been
developed and cryopreserved from many of the regis-
tered persons and their close relatives. The LCLs have
been established using either conventional techniques in
which many cells are exposed to EBV, whereby the cul-
ture is presumably polyclonal, or a limiting dilution
technique (Henderson et al. 1977; Henderson and Ger-
man 1978), whereby an LCL statistically is derived from
a single blood lymphocyte.
We analyzed DNA from one low-SCE cell line derived

from each of the 10 persons in the Registry from whom
it was possible to obtain for comparison DNA from
tissues or cultures in which most cells would have exhib-
ited the characteristic high-SCE phenotype. In addition,

from an 11th person low-SCE LCLs were examined,
even though a high-SCE source was unavailable; she is
identified 12(DeTh) in the Registry and was the sister
of 11(IaTh) who was 1 of the 10 just mentioned. Also,
10 additional low-SCE LCLs from 11(IaTh) were exam-
ined and 1 additional low-SCE LCL from 12(DeTh),
making in all an analysis of DNAs from a total of 22
low-SCE LCLs derived from 11 different affected per-
sons (table 1). The DNAs from eight of the fathers and
nine of the mothers in the families also were genotyped.
The sources of the DNAs from high-SCE cells were one
of the following (table 1): cultured fibroblast cell lines
derived from skin biopsies (four samples); uncultured
blood leukocytes isolated after density gradient centrifu-
gation through Histopaque-1077 or after centrifugation
in LeukoPREP tubes (six samples); or uncultured leuko-
cytes from whole blood (two samples).

Cytogenetics
The technique for estimating the SCE rate has been

described (German and Alhadeff 1994). In brief, cells
were exposed to BrdU-containing culture medium for
two cell-division cycles, and metaphase preparations
were made. They were stained with the dye 33258
Hoechst, exposed overnight to an incandescent light
bulb, incubated 2 h in 60°C water, stained with Giemsa,
and examined by light microscopy. The number of ex-
changes was scored in metaphases in which the staining
of the sister chromatids was well differentiated (light in
the bifilarly substituted sister chromatid, dark in the
unifilarly).

In order to determine whether two microscopically
normal-appearing chromosome 15s were present in se-
lected low-SCE LCLs, 20 or more G-banded metaphases
were examined, including at least 2-5 so-called pro-
metaphases.

DNA Isolation and Genotype Analysis
For the present investigation, cryopreserved cells from

the Registry supplemented in a few families by fresh
blood samples constituted the material from which
DNAs were prepared (table 1). Preparation of DNA
samples, oligonucleotide primers employed, and condi-
tions for PCR amplification of microsatellite polymor-
phisms on chromosome 15 have been described else-
where (German et al. 1994b; Ellis et al. 1994).

Results

Population Evidence for Heterogeneity of Mutant Alleles
at BLM

Analysis of the population of individuals with BS fol-
lowed in the Bloom's Syndrome Registry provided an
important clue to the understanding of the molecular
mechanism underlying the high-SCE/low-SCE mosa-
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Table I

Sources of the Low-SCE and the High-SCE DNAs
That Were Genotyped

Individual Cells with Cells with
Genotypeda Low-SCE Ratesb High-SCE Ratesb

11(IaTh) ........... LCLs* (11 lines) CBL
PF ........... LCL
PM ........... LCL

12(DeTh) ........... LCL* (2 lines)
26(SaTi) ........... LCL FBL
PF ........... LCL
PM ........... LCL

40(DoRoe) ........... LCL FBL
PM ........... LCL

54(AlTu) ........... LCL FCL, FBL
PF ........... WB

59(FrFit) ........... LCL* FCL, FBL
PF ........... LCL
PM ........... FCL

65(AnPa) ........... LCL WB
PF ........... WB
PM ........... WB

86(NoKi) ........... LCL FCL
PF ........... LCL
PM ........... LCL

87(AlFra) ........... LCL FCL
PF ........... LCL
PM ........... WB

111(JaKir) ........... LCL CWB
PM ........... LCL

NR8(KeSol) ......... LCL FBL
PF ........... WB
PM ........... LCL

a The persons with BS are identified as in the Bloom's Syndrome
Registry. PF = father of the person with BS; and PM = mother of
that person.

b CBL = mononuclear cells purified by Ficoll density gradient or
LeukoPREP-tube centrifugation and cryopreserved with DMSO; CWB
= whole blood cryopreserved with DMSO; FBL = blood leukocytes
taken from the layer lying on the packed erythrocytes after Histopaque
density gradient centrifugation or LeukoPREP-tube centrifugation,
then frozen; FCL = fibroblast cell line; LCL = EBV-transformed
lymphoblastoid cell line; and WB = fresh whole blood. Those LCLs
marked with asterisks (*) were established by a limiting dilution tech-
nique and are presumed to be clones. The other LCLs were begun by
exposing many lymphocytes to virus and are not presumed to be
clones. The LCL from 86(NoKi) was provided to us by K. Tatsumi,
the FCL by H. Takebe, both from Kyoto University. The LCL and
FCL from 87(AlFra) were obtained from the NIGMS Human Genetic
Mutant Cell Repository at the Coriell Institute of Medical Research,
their designations there being GM04408A and GM03498D. All other
cell lines were established at the New York Blood Center.

icism (German et al., in press). Table 2 classifies the
known mosaic and nonmosaic individuals in the Regis-
try with respect to whether the mutant BLM was inher-
ited from a common ancestor. The analysis shows that
mosaicism very rarely arises in individuals with BS
whose parents have inherited their mutant BLM genes

identical by descent from a common ancestor (3 of 68),
i.e., in the subpopulation autozygous at BLM. Con-
versely, mosaicism has been detected in a third of the
individuals with BS for whose parents no evidence of
common ancestry exists (28 of 83), i.e., in the subpopu-
lation allozygous at BLM.
The skewed associations of nonmosaicism with the

autozygous subpopulation on the one hand and of mosa-
icism with the allozygous subpopulation on the other
are evidence that individuals with BS in whom a popula-
tion of low-SCE cells can arise-i.e., some of the persons
allozygous at BLM-probably carry two different mu-
tations at BLM. These data suggested that intragenic
recombination between the different mutated sites in the
paternally derived and in the maternally derived BLM
genes in a somatic stem cell could generate a functionally
normal gene that would correct the high-SCE pheno-
type.

Molecular Evidence for Intragenic Recombination
To test this hypothesis we analyzed 12 highly poly-

morphic markers on chromosome 15 (fig. 1) in DNA
derived from high-SCE cells and from low-SCE cells of
11 persons with BS who exhibited mosaicism and in
DNA from their parents when available (table 3). The
12 markers consisted of 4 loci, including FES (to which
BLM is tightly linked [German et al. 1994b; Ellis et al.
1994]), that cosegregate in CEPH families (referred to
here as the FES cluster), 2 loci distal to the FES cluster,
and 6 loci proximal to it. In 5 of these 11 persons, all
loci examined distal to and including the FES cluster that
were heterozygous in their high-SCE cells had become
homozygous in their low-SCE cells (the boxed genotypes
in table 3; fig. 2), whereas loci proximal to FES that
were heterozygous in their high-SCE cells remained so
in their low-SCE cells. In the remaining six mosaic per-
sons, all the loci examined that were heterozygous in
their high-SCE cells remained heterozygous in their low-
SCE cells.

In most of the 11 mosaic individuals studied, the geno-
typing was carried out on a single low-SCE LCL (table
1). However, in one person identified 11 (IaTh), 11 low-
SCE LCLs were genotyped, each of which had been de-
rived from a different blood lymphocyte. In three of
11 (IaTh)'s low-SCE cell lines, constitutionally heterozy-
gous loci at the FES cluster and at the one heterozygous
locus examined distal to it had become homozygous,
whereas constitutionally heterozygous loci proximal to
the FES cluster remained heterozygous (e.g., the left of
his two P' columns in table 3). In the other eight of
11(IaTh)'s low-SCE cell lines, all heterozygous loci ex-
amined remained heterozygous (e.g., the right of his two
Pl columns in table 3). These findings indicate that a
minimum of two circulating low-SCE populations had
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Table 2

Persons with BS Categorized with Respect to their Inheritance of BLM from a Common Ancestor and to SCE Rate

SCE RATE

SUBPOPULATION No. OF PERSONS" High Only High and Lowb

Autozygous at BLMC:
Parents are cousins; non-Ashkenazi Jewish ............... 35 33 2d
Parents are not cousins; Ashkenazi Jewish ................. 29 28 le

Parents are cousins; Ashkenazi Jewish ....................... 4 4 0
Subtotals .......... ............................ 68 65 (96%) 3 (4%)

Allozygous at BLMf:
Parents are not cousins; non-Ashkenazi Jewish ........ 83 55 (66%) 28 (34%)

Totals .......... ............................ 151 120 (79%) 31 (21%)

a A total of 179 persons were known to the Bloom's Syndrome Registry at the time of this survey in early 1995. SCE studies had been carried
out in the 151 of the 179 tabulated here.

b Persons with not only high-SCE cells (>50 SCEs/metaphase), thereby confirming the diagnosis BS, but also some lymphoid cells with a
low (normal) number of SCEs (s10 SCEs/metaphase). Although the number of informatively stained metaphases examined varied both in our
laboratory and elsewhere, usually being from a few up to 200, the numbers studied in the two subpopulations were similar, so no bias is
apparent.

c The autozygous subpopulation is composed of persons with BS for whom evidence exists that they inherited their mutant BLM alleles
identical by descent. Parental consanguinity was one indicator of autozygosity. The persons with BS referred to here as Ashkenazi Jewish have
two Ashkenazi Jewish parents, which is the case in 45 (25%) of the 179 individuals known to the Bloom's Syndrome Registry; they are included
in the autozygous subpopulation because a linkage disequilibrium has been demonstrated between BLM, FES, and DlSS127 in Ashkenazi
Jews with BS (Ellis et al. 1994), which indicates that most of them inherited their two mutant BLM alleles from a distant common ancestor.
The parents are cousins in two Ashkenazi Jewish families, cytogenetic data being available from only one of them (see pedigree of 79(MeDer)
in German et al. [1994b]).

d These two are Japanese individuals identified in the Bloom's Syndrome Registry 129(MaWat) and 132(HiOka); see text for comments on
these exceptional individuals. Low-SCE cell lines derived from them were not available, nor blood for confirmatory cytogenetics here.

' Identified in the Registry as 56(JoGr); see text for comments on this exceptional individual. Low-SCE cell lines derived from him were not
available.
'The allozygous subpopulation is composed of persons with BS from whom no evidence of common ancestry existed, that is, their parents

were neither cousins nor both Ashkenazi Jews. Nevertheless, because geographic clustering is known to occur for some cases of BS, the
allozygous subpopulation may contain some persons who have inherited BLM identical by descent from a common ancestor because of
population inbreeding (e.g., see German et al., in press).

been generated independently during development of the
lymphoid cell lineages in 11 (IaTh).

Exceptions to the Intragenic Recombination Model
We presume that most of the persons allozygous at

BLM who exhibit high-SCE/low-SCE mosaicism (table
BEL

26.5 1 47.8 1 2.7 1.3 1 11.7 19.7

Figure I Genetic map of chromosome 15. The array (map dis-
tances in cM) shows the 12 polymorphic microsatellites used to geno-
type DNA samples from high-SCE and low-SCE cells of mosaic indi-
viduals with BS and from their parents when available. Loci that so
far have failed to segregate by recombinational analysis of selected
CEPH families (curly braces) are localized to single points on the
genetic map (Beckmann et al. 1993). The map position indicated for
BLM is that deduced from the data obtained in the present study. The
FES cluster, composed of FES, D15S127, D15S158, and IP1SM9, is
contained within a 800-kb YAC and P1 contig; FES and D15S127
themselves are -30 kb apart (unpublished data obtained jointly with
J. Groden and J. Straughen).

2) probably are compound heterozygotes and arrived at
their mosaicism by somatic intragenic recombination.
However, three mosaic individuals were observed in the
autozygous rather than the allozygous subpopulation
(table 2). If these persons are identical by descent at
BLM, then a mechanism other than intragenic recombi-
nation within BLM must exist that can generate low-
SCE cells in persons with BS.
To determine whether BLM was identical by descent

in these exceptional persons, genotype analysis at the
polymorphic loci FES, DlSS127, DlSS1S8, and
IP1SM9 was carried out on DNA from high-SCE cells
from 129(MaWat), whose parents are cousins and Japa-
nese, and on 56(JoGr) and his parents, both of whom
are Ashkenazi Jewish. (DNA from 132(HiOka) was not
available.) 129(MaWat) was homozygous at all these
loci; we interpret this to mean that he indeed is identical
by descent for his mutated BLM. Analyses of the
DNAs of 56(JoGr) and his parents show the haplo-
types of his BLM-bearing chromosomes to be
FES*155 DlSS127*145 DlSS1S8*95 IP1SM9*69 and
FES*1SS D15S127*138 D1SS158*87 IPlSM9*79.
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Figure 2 Molecular evidence of allele losses at loci distal but
not proximal to BLM in 5 of 11 persons examined who exhibit high-
SCE/low-SCE mosaicism. Autoradiographic patterns are shown for
three polymorphic loci proximal to BLM-LIPC, DiSS 11, and
DiSS116-and three polymorphic loci distal to BLM-FES,
D15S130, and D15S87 (see fig. 1). PCRs were carried out using DNAs
prepared from both low-SCE cells (P') and high-SCE cells (ph) of the
mosaic persons with BS, and using DNAs prepared from their fathers
(PF) and mothers (PM) when available. The persons with BS are identi-
fied as in the Bloom's Syndrome Registry. Loci and allele names are

indicated. For 1 1(IaTh), patterns are shown employing DNAs from 2
of his 11 cell lines tested that feature a low-SCE rate-one representa-
tive cell line in which allele losses were detected and another cell line
in which they were not. Each of these 11 low-SCE cell lines had been
established from a single blood lymphocyte. In 1 1(IaTh)'s "high-SCE"
DNA, the paternal allele consistently appears weaker in the autoradio-
graphic patterns employing loci distal to BLM; because the "high-
SCE" DNA was prepared from blood lymphocytes in which 48% of
the metaphases exhibited a low-SCE rate after mitogen stimulation
(see German et al. 1977), the allele losses are apparent in this DNA
sample prepared from lymphocytes taken directly from blood. Finally,
the C3 allele consistently amplified weakly in 59(FrFit) in the geno-

types determined at FES using DNA from PM and ph cells, for un-

known reasons.

The upper of these two is a haplotype at FES and
DlSS127 that is commonly found in Ashkenazi Jews
with BS and that is thought to have descended from
the postulated founder (Ellis et al. 1994; German et al.

167 1994a); the lower has not been detected before in any
1651

other Ashkenazi Jew with BS (N. A. Ellis and J. German,
unpublished observations). Although analysis of these
polymorphic loci failed to reveal evidence for identity

15.s by descent from a common ancestor, haplotype analysis
145 at loci immediately proximal to BLM suggests that
143 56(JoGr) in fact is homozygous at BLM (N. A. Ellis and

J. German, unpublished observations).

Cytogenetic Evidence against Chromosomal Loss or Deletion
The observed allele losses in certain of the low-SCE

LCLs examined is not explained by chromosome loss,
because heterozygosity proximal to FES had been main-
tained in them. Segmental deletion of one chromosome
15 also would account for the molecular results if it
included the entire span of loci from FES in 15q26.1 to
D15S87, the latter a locus near 15qter (Beckmann et
al. 1993). Because loss of chromosomal material from
15q26.1 to 15qter would be visible cytogenetically, a

microscopic examination was made of the distal seg-

ments of 15q in high-resolution G-banded chromo-
somes: two chromosome 15s with identical and normal-
appearing distal segments were present in each of the
low-SCE cell lines in which allele losses had been de-
tected in the molecular analysis.

Discussion

Somatic intergenic crossing-over was first shown to
occur in Drosophila melanogaster (Stern 1936) and later
in Aspergillus (Pontecorvo and Kafer 1958). Evidence
that crossing-over occurs in diploid, non-neoplastic hu-
man somatic cells consists of (i) the cytological, flow
cytometric, and molecular evidence from BS, already
cited and (ii) cytogenetic and molecular evidence for
crossing-over in various human neoplasms, the first ob-
servations having been made in retinoblastoma (Ca-
vanee et al. 1985). Intragenic crossing-over first was

detected and interpreted as such in diploid yeast cells
(Roman 1956). In principle, somatic intragenic recombi-
nation could and would occur in mammalian cells, but
the frequency of such events presumably is so small that
it has not been documented until now.

The Intragenic Recombination Model
Mosaicism rarely arises in the subpopulation autozy-

gous at BLM; instead, it arises predominantly in the
subpopulation allozygous at BLM, indicating that com-
pound heterozygosity is a requisite. This population cor-

relation suggested a model for the origin of the mosa-

icism: A compound heterozygote for noncomplementing
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Figure 3 Model to generate a wild-type BLM locus via somatic intragenic recombination: I, The two pairs of sister chromatids of the
homologous chromosome 15s in a G2 somatic cell of a BS compound heterozygote (blm'/blm2) are numbered 1-1 to 4-4. Each of the two
mutations in BLM (hatched rectangle), represented by blackened dots, one inherited from each parent, is at a different site in the gene. Flanking
markers proximal to and distal to the mutated loci are heterozygous Ala and B/b. I, After homologous interchange between chromatids 2-2
and 3-3 at a point between the sites of mutation within BLM (the x in I), a wild-type gene is reconstituted on chromatid 2-3 that corrects to
normal the high-SCE phenotype of BS cells. Simultaneously, the distal marker b becomes associated with the wild-type gene on chromatid 2-
3. m and IV, By segregational events at mitosis, two pairs of daughter cells are possible. If chromatids 2-3 and 4-4 cosegregate to the same

daughter cell, the distal marker becomes homozygous b/b (the diagram on the right side of E). On the other hand, if chromatids 2-3 and 3-
2 cosegregate, the distal marker remains heterozygous b/B (the diagram on the right side of IV). The proximal marker remains heterozygous
Ala in both cases. In the sister cells, segregation of chromatids 1-1 and 4-4 (the diagram on the left side of IV) or of chromatids 1-1 and 3-2
(the diagram on the left side of III) do not give rise to a low-SCE phenotype. (Note that cells of heterozygous carriers of a mutation at BLM,
namely, blml+ parents of persons with BS, display a low-SCE rate.)

mutations at BLM has clinical BS (fig. 3, I)-the same

phenotype exhibited by homozygotes for any one of the
postulated mutations. Homologous recombination in
somatic cells can and occasionally will occur between
the sites of the blm1 and blm2 mutations themselves (the
X in fig. 3, I), and it generates a wild-type gene at BLM
(fig. 3, II, sister chromatid 2-3). One of such a recombi-
nant cell's two daughters then will inherit the newly
generated, functionally normal gene, and the frequency
of SCEs in that daughter cell and its progeny will be
low (fig. 3, diagrams on the right sides of III and IV).
The chromatid that contains the functionally normal
copy of BLM that was generated by recombination can

segregate with either the recombinant or the nonrecom-

binant chromatid of the homologous chromosome (cf.
the diagrams on the right sides of IV and III, respectively,
in fig. 3). Consequently, in half of the cases of high-
SCE/low-SCE mosaicism, polymorphic loci distal to
BLM that are heterozygous in high-SCE cells will be
homozygous in low-SCE cells, whereas heterozygous
loci proximal to BLM will remain heterozygous. In the
other half of the cases, polymorphic loci both distal and
proximal to BLM that are heterozygous in high-SCE
cells will remain heterozygous in low-SCE cells.

Evidence for the Intragenic Recombination Model
The molecular genetic analysis presented here pro-

vides powerful support for the somatic intragenic re-

combination model (presented in fig. 3). In nearly half
of the individuals examined-the proportion pre-

dicted by the model-reduction to homozygosity had
taken place at the FES cluster and at informative loci
distal to it but not at loci proximal to it (table 3; fig.
2). Because heterozygous loci proximal to the FES
cluster remained heterozygous in the low-SCE cells,
diparental diploidy of chromosome 15 was retained,
and cytogenetic observation confirmed the presence
of two normal-appearing chromosome 15s. Conse-
quently, neither deletion nor monosomy of chromo-
some 15 explains the reduction to homozygosity that
was observed in low-SCE cell lines from the 5 of 11
mosaic persons studied. These cytogenetic, popula-
tion, and molecular observations indicate that somatic
intragenic recombination is the explanation for most
cases of high-SCE/low-SCE mosaicism in BS.

Because loci distal to and including the FES cluster
had become homozygous, whereas loci proximal to it
had not, the putative points of intragenic exchange
are situated in a 1.3-cM interval bounded by the FES
cluster and Dl 5S116 (see fig. 1). In a meiotic analysis
of consanguineous families genotyped at polymorphic
loci in the FES region (N. A. Ellis and J. German,
unpublished data), we identified six recombinational
events between BLM and D155116 and one between
BLM and IP1 5M9, a member of the FES cluster.
Therefore, the study of mosaic persons here has as-
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signed BLM to the same 1.3-cM interval defined by
the molecular genetic analysis of BS families.

Pinpointing BLM to a genetic interval of 1.3 cM is a
major step forward in the positional cloning of BLM.
More important, the cloning effort now is facilitated
greatly by the availability of low-SCE cell lines in which,
with the appropriate set of closely spaced polymorphic
loci, a shift from heterozygosity to homozygosity that
occurs within BLM itself will signal that gene's position
exactly.

Evidence for an Alternative Mechanism
That Generates Mosaicism
The persons with BS in the autozygous subpopulation

are presumed to be homozygous at BLM; thus, intra-
genic recombination at BLM in these persons' somatic
stem cells should not generate high-SCE/low-SCE mosa-
icism. However, three exceptional persons autozygous
at BLM were detected in whom high-SCE/low-SCE mo-
saicism had arisen (table 2). Genotyping in one of those
whose parents are cousins, 129(MaWat), disclosed that
he is homozygous at loci tightly linked to BLM, indicat-
ing that he also must be homozygous for a mutation at
BLM. Haplotype analysis in the one whose parents are
Ashkenazi Jewish, 56(JoGr), initially failed to uncover
evidence for his having inherited this region of his ge-
nome identical by descent; however, haplotype analysis
employing polymorphic loci immediately proximal to
the FES cluster indicates that he is identical by descent
at BLM. These observations of high-SCE/low-SCE mo-
saicism in persons judged to be homozygous at BLM
suggests that occasionally a mechanism other than intra-
genic recombination operates to generate mosaicism.

Conclusion
Cytogenetic, population, and molecular analyses of

the high-SCE/low-SCE mosaicism that arises in some
persons with BS has revealed the existence of a pre-
viously unrecognized genetic phenomenon in mamma-
lian somatic cells, namely, somatic intragenic recombi-
nation. Crossing-over between different mutated sites
within BLM is the most plausible explanation for the
reduction to homozygosity observed at loci distal to
BLM in LCLs that exhibit a normal SCE rate. Thus,
intragenic recombination becomes the most recently rec-
ognized mechanism for the generation of genetic diver-
sity among mammalian somatic cells.
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