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Summary

Bloom sy (BS) is an I recessive disord
characterized by increases in the frequency of sister-chro-
matid exchange and in the incidence of malignancy.
Chromosome-transfer studies have shown the BS locus to
map to chromosome 15q. This report describes a subject
with features of both BS and Prader-Willi syndrome
(PWS5), Molecular analysis showed marernal uniparental
disomy for cl 15 Meiotic bi be-
tween the two di 15 has lted in
heterodisomy for proximal 15q and isodisomy for distal
15q. In this individual BS is probably due to homozygosity
for a gene that is telomeric to D15595 (15q23), rather than
to genetic imprinting, the mechanism responsible for the
development of PWS. This repore represents the first ap-
plication of disomy analysis to the regional localization of
a disease gene. This strategy promises to be useful in the
genetic g of other unc 1 recessive
conditions.

Intreduction

Bloom syndrome (BS; McKusick 210900} is a rare autoso-
mal recessive disorder characterized by proportional
- dwarfism, skin rash, and a dysmorphic facies. Patients have
an immune deficiency, a tendency to develop non-insulin-
dependent diabetes mellitus, and a markedly increased in-
cidence of a range of malignancies (German and Passarge
1989). BS has been described in several racial groups but is
most common in Ashkenazi Jews. Only one complemen-
tation group has been identified, suggesting thar a single
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locus is responsible for the disorder (Weksberg et al.
1988). '

A varery of chromosomal abnormalities have been de-
scribed in subjects with BS, including multiple nonspecific
chromosomal breaks and a markedly elevated frequency
of sister-chromatid exchange (SCE} (Kuhn and Therman
1986). The mechanisms responsible for these abnormali-
ties are not known. An increased rate of somatic recombi-
nation and mutation at tandem repeat loci has been re-
ported (Groden and German 1992) and may be associated
with the high incidence of malignancy that occurs in these
patients, Several abnormalities of enzymes involved in
DNA repair and synthesis have been described (German
and Passarge 1989); however, none of rthese are pathogno-
monic for the condition.

Fusions berween cell lines derived from subjects with BS
and from normal individuals have d d correc-
tion of elevated SCE (Weksberg et al. 1988). This comple-
mentation was reproduced by the introduction of chro-
mosome 13 (but not other chrombsomes) into a BS cell
line, by microcell-mediated chr transfer (Mec-
Daniel and Schulez 1992). Complementation was not ob-
served on the introduction of a chromosome derivative
that retained only the proximal part of the long arm of
chromosome 15, These observations suggest that the ab-
normal gene product associated with BS is coded on distal
chromosome 15q.

The association of Prader-Willi syndrome (PW$) with
maternal uniparental disomy (UPD) for chromosome 15 is
well documented (Nicholls et al. 1989; Mascari et al.
1992). PWS may be due to either a deletion of the paternal
copy of 15q11-q13 or maternal UPD for the entice chro-
mosome. [t is believed that PWS occurs in the absence of
an imprinted gene (or genes) expressed from the paternally
inherited chromosome 15 homologue. This reporr de-
scribes a subject with features of both BS and PWS and

1 UPD for ch ome 15. Analysis of the diso-
mic chromosomes in this individual has allowed the posi-
tion of the BS locus to be assigned to 15q25—+qrer.
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Subject, Material, and Methods where (Trent etal. 1991). Autoradiography was pecformed
at =70°C with two i ifying screens, typically for

Case Report 4-7d.
The case described here was the first child of a SSR were d by one of two meth-

sanguineous union between a 38-year-old woman with
Ashkenazi Jewish ancestry and a 35-year-old Caucasian
male. His mother had previously given birth to a healthy
female infant by a different father. The subject was deliv-
ered ar 38 wk gestation following 2 pregnancy that was
complicated by a failed amni is forad d mater-

ods. Loci at D155113, GABRB3, GABRAS, ACTC, and

THBES! involved PCR amplification of 25 ng of DNA, ac-

cording to published conditions. Eight-microliter aliquors

of the PCR products were electrophoresed on nondena-

runng polyacrylamide gels. Alleles were detected by silver
g (B

nal age. Poor fetal growth was nored at 6 mo gestation. A
birth weight of 1.9 kg, length of 44 cm, and head circum-
ference of 32 cm were consistent with symmetrical intra-
urerine g,row‘lh :etard.at:on His postnaral course featured
q for feeding by naso-
gastnc tube, fmlul‘: lo lhnve,and developmental delay. He
remained small, and at 22 mo of age all growth parameters
were below the 3d percentile. Abnormal clinical features
m:tud:d a "pmched" beaklike nose, hlgh-puched voice,
hyp , mild de | delay, and bilazeral unde-
scendled testicles. He had a5 erythematous rash in a but-
terfly distribution over his cheeks and nose, which was ex-
acerbated by exposure to sunlight. When most recently
examined ac 33 mo of age, his height and head circumfer-
ence ined below the 3d p le but his weight was
on the 10th percentile. There was no hyperphagia. He had
achieved some developmental milestones bur had not yer
acquired distinct speech. He was susceptible to upper-re-
spiratary-tract infections and had had one episode of
pheumonia.

dowle et al. 1991). Loci at D155122, CYP19,
DlssilB D155108, D155110, D15595, D155111, FES,
D155100, D155107, and D15587 were amplified by PCR
and PAGE of **P end-labeled products, by modifications
to the methods of Weber and May (1989). A single oligo-
nucleotide primer ar each locus was radiolabeled ar the
S-terminas with [y-"PJATP by using T4 polynucleotide
kinase, Reactions contained 30 ng of genomic DNA and
250 nM of each oligonucleotide primer in 200 uM each of
dATP, dCTP, dGTP, and dTTP; 50 mM KCI; 10 mM Tris
HCl{pH 5.0); 1.5 mM MgCly; and 0.1% Triton X-100. All
reaction components were premixed in a 13-l volume in
microtiter plates and were overlaid with 50 pl of heavy
mineral oil. Samples were heated to 94°C for 5 min prior to
the addition of 0.17 units of Tag DNA polymcr:se PCR
amplification dirions were as foll; at
94°C for 1 min, annealing at the calculated primer-melting
temperature for 30 5, and extension ar 72°C for 45 5, re-
peated 27 times and followed by a final extension step for
10 min. The addition of 0.15 units of Perfect Match en-
hancer (Stratagene) was found to eliminate arvifacrual
bands that were sometimes present in the amplification of

Cytogenetic ‘M"\"‘" the SSR ar D15587. After amplification, an equal volume
High luri G-banding was per-  of formamide containing xylene cyanol and bromophenol
formed on peripheral blood lymph ingrothe  blue (0.01%) was added to the reaction, and the samples
method of Yunis (1976). SCEs were damansmted, as de-  were denarured (95°C for 5 min) and chilled. T'hree-mi:m—
scnbcd by P:ﬂ'_v and Wolff (1974), on 72-h phytohemag-  liter alig were el h d on d g poly-
gl ph culrures. ac ryi:nmu:lc g:ls ES“G—B%J. which were pmcmd and auro-
g to p d (Sam-

DNA Palymnrphism Swd.l'es brook et al. 1989). -
igh-molecul: ight DNA was extracted SSR alleles were arhitrarily assigned values wichin the

froni'g peripheral white . blood cells from the proband and
his parents, by standard methods. Family studies were per-
formed using a variety of RFLP, VNTR, and simple se-
quence repear {SSR) polymorphisms mapping to chromo-
some 15. The polymorphic markers used in this study are
described in the Genome Data Base.

RFLP (D1559 [ML34/Seal], D15S11 (IR4-3R/Seyl],
and D15510 [TD3-21/Tagl)) and VNTR markers (D15524
[CMW-1/Tagl] and D15586 [MS620,/Tagl]) were exam-
ined by the digestion of 10 j.lg of DNA with the stated
restriction end lease Mannheim) and by
electrophoresis through agarose gc!s before Southern
transfer onto Hybond-N membranes (Amersham). DNA
probes were labeled with [0-*PJdCTP by nick translarion.
Membranes were hybridized and washed as described else-

family. RFLP and VNTR alleles were named according to
standard nomenclarure.

Physical Localization of Polymerphic Loci

Microsarellite DNA polymorphisms were localized on
chromosome 15 with somaric cell hybrds from the
NIGMS murant cell repositary and by analysis of patients
carrying previously characterized chromosomal rearrange-
menes (Rogan et al., submiwed). The following cell
lines and parient marerial were used: GM10659, t(15;
17)(q22.3;q22); GM10664, {X;15)(q25;q25); GM11418,
+15; GM10500, t{15;17)(g22;q11.2); a spontancous
abortus with an unbalanced chromosome 15 rransloca-
tion, 46,XY,15,+der{150{4;15)p15.2;q26); and cell lines
derived from PWS parients, with interstitial delerions
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Flgurn 4, Metaphase spread showing increased SCE in the in-
dex case. b Partial karyorype with extra anidentificd m:ﬂc fragment
head). ¢, Partial k with triradial form

del(135q)(q11-q13). A hybnd cell line lacking chromosome
15, bur reraining human chromosomes 3 and X
(NAQ7297), was used as a negative control for these ex-
periments.

Results

Cytogenetic Analysis

In view of the patient’s small stature and characteristic
facial rash, high-resolution chromosome analysis and SCE
studies were performed (fig. 1a). Analysis of 100 cells dem-
onstrated an average of 65 SCEs/cell (compared with 6-
8 SCEs per normal cell). Twenty percent of solid-stained
metaphases in nonsynchronized 72-h cultures showed the
presence of an extra unidentified centric fragment (fig. 18).
In one cell a triradial figure was present (fig. 1c). These
changes, in particular the elevated SCE, were consistent
with a diagnosis of BS.

High-resolution che G-banding (>800-band
level) did not reveal the presence of a microscopic deletion
involving 15q11-q13. There was no evidence of an unbal-
anced translocation resulting in the loss of the rerminal
portion of chromosome 15q.

DNA Polymoarphism Analysis

The presence of neonatal hypotonia and feeding diff-
culties, hypogonadism manifested by cryptorchidism, and
global developmental delay led to a clinical suspicion thar
the subjecr might have PWS, DINA tests were initiated in
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an attempt to identify a molecular abnormality involving
chromosome 15. The results of these studies are presented
in table 1. The subject was heterozygous at multiple loci
within 15q11-q13, excluding the presence of a large inter-
stitial deletion in this region.

At several loci (D155113, D155122, ACTC, CYP19,
D155103, D1355108, D1559S, D15S111, D155107, and
DlSSS&j. the proband had inhented only maternal alleles,

rating the of | UPD for ch
some 15. He had i d both lalleles ( I
uniparental helerndisomy] at D155113, D155122, ACTC,
CYP19, D155103, D155108, and D15595 but only one
maternal allele ar D155111, D135107, and D15586 (mater-
nal uniparental isodi ). E of these p are
shown in figure 2. Several loci displayed polymorphisms
that were not, by themselves, informative for the parental
origin of the chromosomes 15 bur were used to infer the
presence of unip I h disomy or isodisomy by
comparing the alleles seen in the proband with those
found in the mother. For example, ar GABRB3 the pro-
band was heterozygous for the same alleles as his mother,

Table |
DMA Polymarphism Studies

Locus Proband* Father Maother
15gqll-gl3:
D1559 .. AlA2 AlAZ AlA2
D151 B1B4 BiB4 BIB4
D155113 3 14 3
AlAZ AlAL AlA2
23 13 3
12 12 1,2
D155122 1,2 34 12
15q13:
D15S24 ... = AJA3 AlA3 AJA
15g14:
24 13 24
2 1.2 12
1,1 3 L1
1.2 34 1.2
12 33 12
12 12 12
1.2 34 12
1 3 1,2
11 12 1.1
Ll 2 11
L1 23 13
Lt 1,2 13
ASAS ALAZ ALAS

* Boldface indicares marker informative for the presence of marernal
UPD. Underling indicates reduetion to homozygasity.
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Figure 2  Examples of family polymorphism patterns. Upper
panel, Maternal uniparental hetesodisomy at ACTC. Lower panel, Ma.
ternal uniparental isodisomy at D15585.

suggesting heterodisomy, while ac D15587 the proband
had inherited only one of the two maternal alleles, imply-
ing isodisomy at this locus.

Chromosomal Localization of Polymarphic Markers
Studies of DNA Erom somatic cell hybrids and patients
with tel of 15 were used to
establish the regional localizacion of a number of the poly-
morphic markers examined in this report (table 2),
D155108 and D155110 amplified DNA from hybrids con-
taining 15pter—q22 and 15prer—q25 but not 15g22.3—~
gter. These markers detected two alleles in PWS subjects
with interstitial deletions involving 15g11-q13. D155108
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and D155110 are distal to CYP19 and D155103 (Mational
Institutes of Health/Centre d'Etude du Polymarphisme
Humain Collaborative Mapping Group 1992), suggesting
that these two loci are located within the interval 15q21.1-
q22.

D15595 and D155111 are present in a hybrid containing
15q22.3—qrer bur absent in a cell line carrying the
15pter—=q235 interval. In addition, both markers exhibited
heterozygous inheritance in two unrelated individuals
known to carry hemizygous 15q26.1—-qrer deletions.
These resules place D15595 and D155111 within 15g25.

A single allele was inherited at D155100, D155107, and
D15587 in several patients hemizygous for 15q26.1—+qter
(Rogan et al., submitted), placing these markers distal 1o
D15595 and D155111. This corresponds with the locus
order of the chromosome 135 genetic map (Barnes et al.
1992; Rogan et al., submitted). Since D13586 is closely
linked to D15587 and is distal to this marker, it is also
likely to reside within 15q26~=qrer. The chromosamal lo-
cations of the polymorphic markers ined in this study
and the region of homozygosity are indicated in figure 3.

Discussion

The subject described in this study had the clinical and
cytogenetic features of BS and maternal UPD for chromo-
some 15. While definitive clinical diagnosis of PWS can be
difficult in young children, this subject met the consensus
criteria proposed for patients <3 years of age, with four
points for clinical features (neonatal hyporonia, feeding
difficulties in infancy, hypog and develog 1
delay) and ane point for the presence of maternal UPD for
chromosome 15 (Holm ecal. 1993). Several of the pheno-
typic features often seen in PWS may have been modified
by the coexistence of BS (e.g., dysmorphic facial fearures),
making the diagnosis of PWS less clear-cuc than might oth-
erwise have been the case.

C | genetic app to identifying the lo-
cation of the BS gene by standard linkage analysis have

Table 2
Regional L of Ch 15 Markers
PaTienTs*
Hyario CELL Linest
Unbal d PWS deletion
GM11413, GM10859, GM10500, GM10864, NADT2S7, translocation, tients, REGIONAL
Locus +15 15q22 3—=qrer  15prer—=qll  15prer—gqlf +3,+X o4, 150p15.2:q26)  15qli-ql3  ASSIGNMENT

D1s5108 + - + + - ++ +4 15q13-q22
D1sst10 + - + + - ++ ++ 15q13-g22
D15595 .. + + - - = o e 15q25
Disstn + + = = - ++ 4 15q25

* 4 = Amplification product detected; and — = na amplification product dereered.

*,+ = Heterozygous.



73

n

12 =
D15s9
na D351
g DI3S113
i DI3S10
i 1 GABRE3
GABRAS
1 b
i s
i —ACTC
i
1 ——— THBSL
iy 1 CYPID
; D15S103
2
na
. D155 108

Di155122

Dissi0

23

D15565
. Di3siiL

FES
s \t DISS100

DISS107
83

DI5587
i Dl3sss

Figure 3 Ideogram of chromosome 15, indicaring regional local-
ization of the polymarphic markers used in rhis study, The refarive posi-
tion, with respect to the other loci, of 0155122 wichin 15gi1-gi3 has
not yet been determined,

Region showing
reduction to
homozygosity

been hindered by the rarity of the condition and the ab-
sence of large kindreds with multiple affected subjects.
The expression of rare disorders with a recessive mode of
inheritance is expected to occur more often than predicted
from the population allele frequencies, when both alleles
show identity by descent (Lander and Botstein 1987), Al-
though the concept of homozygosity through identity by
descem was dtv:lupc& from a consideration of consan-
3 alleles are in face
marc likely ro oceur by umpar:nral isodisomy than by any
consanguineous relationship. lsodisomy is most I:kely 1]
occur in metosis 11 nondisjunction, in which the constitu-

tional | genotype is homozygous in the absence of crossing

over. | inch thar have expe-
rienced meiosis | dis 1 can only develop as a
« q of bination berween the two mar:mai
chromosomes.

Homozygosity for aurosomal recessive alleles in the
presence of UPD was predicted on theoretical grounds, in
general teems, by Engel (1980) and more specifically, in
PWS, by Micholls (1991). It has been reported in humans
for several genes or conditions thar had been mapped to a
variety of chromosomes, including cystic fibrosis (Spence

Am, |, Hum. Genet. §5:74-80, 1994

eval. 1988; Voss et al. 1989), deficiency of the fourth com-
ponent of the complement pathway (Welch et al. 1990), a
muration in the gene for type | procollagen (Sporila er al,
1992), and a-thalassemia (Beldjord et al. 1992),

The subject described in this study is heterozygous for
markers spanning most of c 15 and exhibi
|sadusomy only I'ur telomeric Ioc: This pattern ts most
consistent with meiosis [ i ion, with o
to homozygosity for markers on ‘the telomeric portion of
the chromosome following meiotic recombination (Rogan
eral. 1992; Robinson ecal. 1993).

The density of the informative markers surveyed is likely
to detect most or all double recombinant intervals on the
maternally disomic chromosomes in the BS-PWS individ-
ual presented here. Additional isodisomic regions are un-
likely to be found in this patient, since they would have
to originate from otherwise undetected double-exchange
events. Ina study g meiotic bi events
in 56 patients with UPD (Rogan et al. 1992), none exhib-
ited more than one exchange between any of the informa-
tive intervals observed in the BS-PWS patient. The longest
genetic interval (7.7 cM) between two heterozygous mark-
ers within the domain bounded by D1559 and D15595 was
berween D1355108 and D155110. It is unlikely thatan isod-
isomic interval is present between these two loci
(P=.0099) (Chakravarti and Slaugenhaupt 1987). The re-
sults presented here suggest that a single crossover oc-
curred on this chromosome within the 6-cM interval sep-
arating D15595 and D155111. Both of these markers have
been mapped to 15q25. In the patient, homozygous se-
quences distal to and including 1525 are thus likely to
contain the gene responsible for BS.

Using a strategy similar to that described by Lander and
Borstein (1987), linkage analysis was recently performed
in a number of non-Ashkenazi BS families in which the
offspring were the result of consanguineous marriages.
Linkage was established the locus ible for
BS and FES and was excluded for intervals proximal to
D15526 and distal to D15587 (Ellis et al. 1992). Compari-
son of the results obtained in the analysis of the individual
described in this report and the results obrained by Ellis e
al. may be combined ro indicate that the gene responsible
for BS is likely to be located berween D15595 and D15587.
This genetic interval is ~6 cM shorter than thar arrived at
by either study considered in isolation.

In contrast to the gene(s) responsible for PWS, there is
no evidence that the BS locus is imprinted. Although not
reported specifically in patients with maternal UPD, SCE
occurred ar normal levels in PWS subjects lacking chro-
mosomal abnormalities (Butlerand Jenkins 1987). The ma-
jority of nondeleted PWS subjects have maternal UPD for
chromosome 15 (Mascari et al. 1992), The level of SCE has
not been reported in subjects with Angelman syndrome
(AS) and paternal UPD for chromosome 15, but it is nor-
mal in hydatidiform moles, which receive their chromo-
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somal complement exclusively from the patcma]lr derived
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Beldjord C, Henry |, Bennani C, Vanhacke D, Labie D (1992)
Unip | disomy: a novel mechanism for thalassemia major.

haploid genome (Becker ex al. 1992). Fi ¢, apart
from the occurrence of hypopigmentation in subjects with
deletions involving 15q11-q13 (Rinchik et al. 1993), both
PWS and AS are phenorypically indistinguishable, whether
they have been caused by deletions of 15q11-q13 or by
UFD for chromosome 15. These observations imply that
inted loci on ch 15 thar are associared with
easlty ﬂ:cogm:ed phenmypes map ro 15qll-ql3.
The BS and the o«

Blood §0:287-289

Budowle B, Chakraborty R, Giusti AM, Eisenberg A, Allen RC
(1991) Analysis of the VINTR locus D1580 by the PCR fol-
lowed by high-resolution PAGE. Am ] Hum Gener 48:137-
144

Butler MG, Jenkins BB (1987) Sister chromartid exchange analysis
in the Prader-Labhare-Willi syndrome. Am ] Hum Gener 28:
821-827

of |r|sub|||r_r of DNA scqueru:cs at microsatellite repeats
in some instances of heredirary nonpolyposis cancer of the
colon has been noted (Aaltonen er al. 1993). Genetic loci
associated with microsatellite instability in familial colo-
rectal cancer have been mapped to chromosomes 2 (Pelto-
maki et al. 1993) and 3 (Lindblom et al. 1993). T'h: g:nc

Chal i A, Sl thaupt SA (1987) Methods for studying re-
combination on chromosomes that undergo nondisjunction.
Genomics 1:35-42

Ellis NA, Roe AM, Otterud B, Leppert M, German ] (1992) Ho-
mozygosity mapping of the Bloom’s syndrome locus. Am ]
Hum Gener Suppl 51:A187

Engel E (1980) A new genetic concept: uniparental disomy and
its p ial effect, isodi Am | Med Genet 6:137-143

ible for the ch 2 form of this d
has very recently been shown to be the DNA mismarch
repair enzyme hMSH2 (Fishel et al. 1993; Leach er al.
1993). Whether related gene products might be associated
with the path is of other malig ditions or BS
remains to be seen.

UPD has now been reported for several human chromo-
somes, and it almost certainly occurs more frequently than
has been recognized in the past. This case represents the
first report of the use of disomy analysis in the regional
localization of a disease gene. The search for individuals
with uncommon autosomal recessive disorders due to uni-
parental isodisomy will assist the chromosomal mapping
of these conditions.
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