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Summary

A gene for Holt-Oram syndrome (HOS) has been pre-
viously mapped to chromosome 12q2 and designated
HOSi. We have identified a HOS patient with a de novo
chromosomal rearrangement involving 12q. Detailed cy-
togenetic analysis of this case reveals three breaks on
12q, and two of these are within the HOS1 interval. By
using a combination of chromosome painting and FISH
with YACs and cosmids, it has beet possible to map
these breakpoints within the critical HOS1 interval and
thus provide a focus for HOS gene-identification ef-
forts.

Introduction

Holt-Oram syndrome (HOS) is a developmental disor-
der characterized by bilateral radial ray defects and a
range of cardiac abnormalities including atrial septal
defects (ASDs) and conduction defects (Holt and Oram
1960; Hurst et al. 1991; Newbury-Ecob et al. 1996).
The gene causing HOS maps to chromosome 12q24 in
a region of -6 cM between sequence-tagged-site (STS)
markers D12S84 and D12S79 (Bonnet et al. 1994). This
interval is roughly equivalent to 6 Mb, and, in the ab-
sence of further recombination events in families, gene
identification across such a large region is a major under-
taking. Chromosomal rearrangements have proved vital
to other positional cloning projects, including the dis-
covery of the genes for Duchenne muscular dystrophy
(Ray et al. 1985), neurofibromatosis type 1 (NF1;
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Viskochil et al. 1990), and campomelic dysplasia (Foster
et al. 1994). Such rearrangements, associated with par-
ticular inherited disorders, provide a focus for gene-
identification efforts. The cell line established from the
HOS patient described here, (patient A) with a translo-
cation on 12q, is thus a useful resource that will facilitate
the identification of the HOS1 gene and more generally
assist the ordering of markers in the region.
We have characterized the 12q translocation

breakpoints in relation to the HOS1 interval, using cos-
mid and YAC clones in FISH experiments. During the
course of this work, some of the YACs that are positive
for STSs from the HOS interval have been found to
contain material derived predominantly from chromo-
somes other than 12. The data from the cosmids and
the YACs that contain mostly (or only) chromosome 12
material show that there are two breaks within the
HOS1 interval. The location of the HOS gene can be
refined to one of two intervals, either between CEPH
mega-YACs 815f2 and 919a2 or within CEPH mega-
YAC 887b9, distal to marker bO23ydS.

Material and Methods
Ethical approval for this study was obtained from the

Review Board, City Hospital NHS Trust, Nottingham,
and consent for this study was given by the parents of
patient A.
STSs

All PCR amplifications were carried out in 25-,ul reac-
tion volumes by using 50 ng of YAC DNA or 10 ng of
cosmid DNA, 15 pmol of each primer, 0.25 mM of each
dNTP, 50 mM KCl, 10 mM Tris.Cl pH 8.4, 1.5 mM
MgCl2, 0.01% gelatin, and 1 U Taq polymerase (Boeh-
ringer Mannheim). Reactions were overlayed with min-
eral oil and subjected to 30 cycles of 94°C for 40 s
and 50°C for 30 s. PCR products were checked on 2%
agarose gels containing 0.5 jig/ml-1 ethidium bromide.
DNA Preparation and Labeling
Cosmid DNA was isolated by standard alkaline lysis

(Birnboim and Doly 1979). YAC DNA was isolated
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from 5 ml Synthetic complete (Sherman 1991) overnight
(30'C) cultures by using the glassbead miniprep method
(Hoffman and Winston 1987). Inter-Alu PCR was per-
formed on 50 ng YAC DNA as described by Nelson et
al. (1989) by using primers Alu 1 5'ggattacagg c/t a/g
tgagcca 3' and Alu 2 5'a/g cc a c/t tgcactccagcctg 3'.
Combined Alu 1, Alu 2, and Alu 1+2 PCR products (2
jig) or cosmid DNA (3 jg) were purified using Geneclean
II (BIO 101). One to two micrograms of each DNA were
labeled using the BioNick kit (Gibco-BRL), and labeled
DNAs were purified with Geneclean II.
FISH
Metaphase spreads were made as by Verma and Babu

(1989). Labeled probes were hybridized to metaphase
chromosomes and detected by Avidin-FITC with one
round of amplification as in Driesen et al. (1991). Visu-
alization of chromosomes and detection of positive sig-
nals was performed on a Olympus BX50 camera and
images "captured" using the Optivision Sirius VI sys-
tem. Chromosome 12 material was "painted" with a
commercially available kit (Cambio) according to the
manufacturer's instructions.

Results
Clinical Evaluation

Patient A was the first pregnancy of healthy unrelated
parents. The pregnancy was uneventful until a scan at
21 wk detected bilateral upper-limb abnormality. Ter-
mination of pregnancy was induced by cervagem follow-
ing counseling at 21 wk, and a female fetus was delivered
of size in keeping with the gestation. Postmortem exami-
nation showed shortening of both forearms, with the
left more reduced than the right. The right hand showed
acute radial deviation and syndactyly of the first and
second digits. The left hand showed acute radial angula-
tion and absence of the thumb. The shoulders were nar-
row. The lower limbs were normal, apart from minimal
nonfixed talipes equinovarus deformity of the left foot.
The heart showed the presence of a secundum ASD. X-
rays confirmed clinical findings, showing a hypoplastic
right radius and curved ulna, absent first metacarpal
and phalanges. The left radius was absent, and the ulna
hypoplastic. The shoulders were narrow with clavicular
angulation. These findings are typical of HOS, in partic-
ular the asymmetry with greater severity of the left side,
involvement of the shoulder girdle, and associated ASD
(Newbury-Ecob et al. 1996). No other abnormalities
were observed in the fetus. Neither parent shows any
cytogenetic abnormality nor any HOS features. Radio-
graphs of their hands and arms were examined, and
electrocardiograms were performed.
FISH Analysis 1: Normal Chromosomes
YACs were identified from the Genethon database or

from Krautner et al. (1995) and subsequently tested for

STS content before being used for FISH studies. YACs
were labeled with biotin, hybridized to metaphase
spreads from lymphocyte cultures of an unaffected indi-
vidual, and detected fluorescently. Several of the YACs
contain material derived predominantly from chromo-
somes other than 12q. These are YACs 910gl (chromo-
some 3), 920g2 (chromosome 13), 955d8 (chromosome
1), 819f2 (chromosome 19), 722h7 (chromosome 12p),
and 734h1 (chromosome 11). The YACs that gave good
FISH signals on 12q-804b7, 887b9, 919a2, 815f2,
and 747e2-were used to locate the translocation
breakpoints. In addition, cosmid 747-A5 and cosmid 14
were mapped using FISH on both normal and transloca-
tion chromosomes.
The STS content of the YACs and cosmids is as

follows: cosmid 747-A5 is positive for D12S84; YAC
747e2 is positive for D12S84 and D12S105; YAC
815f2 is positive for D12S105, D12S234, and 240wel;
YAC 919a2 is positive for 291xe9, WI-8957, and
WI-494 (D12S861); cosmid 14 is positive for bO23ydS;
YAC887b9 is positive for bO23ydS, D12S129, WI-
5732, D12S136, WI-9794, 312ybl, and D12S354; and
YAC 804b7 is positive for 312ybl, D12S354, and
D12S79.

FISH Analysis I1: Translocation Chromosomes
A fibroblast cell line was established from a skin sam-

ple of patient A. The karyotype was determined by G-
banding and refined using FISH analysis. FISH studies
on metaphase chromosomes from this cell line produced
fluorescing signals on four different chromosomes (see
fig. 1A). This includes the normal chromsome 12, which
is fully labeled, the der (12) chromosome containing
material from 10q, the der (8) chromosome containing
interstitial 12q material, and the der (2) chromosome,
which appears metacentric with material from 12q on
each arm (this der (2) chromosome is only slightly larger
than the normal chromosome 12). On the basis of the
G-band analysis and the painting data, the karyotype of
patient A is defined as 46,XX, t (2;8;12) (2qter2q2-
2.2::8p23.1-8pll1.1::12ql5-12q23::8pll1.1-8qter;
8pter-+8p23.1::12q23-12q24.31::2plS2q22.2::12q2-
4.31-12qte r), t (2; 10) (2pter-2plS::l0ql 1.2-10pter),
t (10; 12) (l0qter-0ql1.2::12ql5--12pter).
The translocation products are represented diagra-

matically in figure 2. This indicates that three breaks (x,
y, and z) are present on the q arm of one of the chromo-
some 12 homologues, producing three disjoined frag-
ments (I, II, and III ). Fine mapping of the translocation
breakpoints has been achieved by using cosmid and
YAC clones, which, from FISH studies on normal chro-
mosomes, have been shown to map to 12q and which
are positive for STS markers mapping to the HOS1 re-
gion. Figure 1B shows that the most proximal region
of 12q (fragment I), which forms part of the der (8)
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Figure 1 FISH studies on metaphase chromosomes from patient A. A, Chromosome 12 paint, which produces five labeled elements. This
includes the normal chromosome 12, which is fully labeled, the der (12) chromosome, which shows labeling from l2pter to 12q1S with 10q
material translocated distal to this, the der (8) chromosome, which shows interstitial chromosome 12 material at 8pcen (fragment I in fig. 3),
and the metacentric der (2) chromosome, which shows 12q material on each arm (telomeric on one arm (fragment III), interstitial on the other
arm (fragment II)). B, Cosmid 747-AS, which produces positive signals on the normal chromosome 12q and on an interstitial portion of the
der (8) chromosome (fragment I). The chromosome 2 material that has been translocated onto the der (8) chromosome makes the der (8p)
appear longer than the der (8q). C, Simultaneous hybridization with 747-AS and YAC 804b7, which produces positive signals as in figure lB.
In addition the signal from 804b7 is seen on one end of the der (2) chromosome in a telomeric position (fragment III). D, Hybridization with
YAC 919a2, which produces positive signals on the normal chromosome 12q and on one arm of the der (2) chromosome in an interstitial
position (fragmentiI).

chromosome, is positively labeled by cosmid 747-A5.
This cosmid contains STS D12S84, the proximal flank-
ing marker which defines the critical HOS1 region (Bon-
net et al. 1994). Thus, breakpoint x is proximal to
D12S84 and can therefore be excluded from involve-
ment in HOS. Breakpoints y and z, however, fall within
the HOS1 interval. The distal marker flanking HOS1,
D12S79 (Bonnet et al. 1994), is present in YAC 804b7.
FISH studies demonstrate that 804b7 maps to fragment
III on the telomeric end of one of the arms of the der
(2) chromosome (fig. 1C). This indicates that breakpoint
z lies proximal to this YAC and therefore also proximal
to D12S79. Chromosomal fragment II, which is circum-
scribed by breaks y and z, is located on the der (2)
chromosome also, but on the opposite arm to fragment
III. Figure iD shows that fragment II is labeled positive
by YAC 919a2. This YAC contains marker 291xe9,
which maps between D12S84 and D12S79. Further
YACs, 815f2, and 887b9 and cosmid 14, which maps

to the proximal end of YAC 887b9, have been used in
FISH studies to determine the limits of fragments I, II,
and III. YAC 815f2 maps to fragment I, and 887b9
maps to fragment III. Cosmid 14, however, which is
positive for marker 023yd5, a marker present on YAC
887b9, maps to fragment II (data not shown), indicating
that breakpoint z actually maps within YAC 887b9.
These data are summarized in figure 3 and are consistent
with the interpretation that chromosome breaks y and
z map between markers D12S84 and D12S79, which
flank HOS. Thus, either of these breaks could be respon-
sible for disrupting the HOS gene in patient A.

Discussion

The HOS phenotype is determined early in embryonic
development, probably around wk 5 and 6. Cloning and
characterization of the HOS1 gene and identification of
the mutations underlying this very variable condition
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by Krautner et al. (1995) and Hudson et al. (1995), and
this may point to some intrinsic instability in this region.
From the FISH data YAC 887b9 appears to map entirely
to region III at the telomeric end of the der (2) chromo-
some, whereas cosmid 14 maps to region II, above
breakpoint z. Both cosmid 14 and YAC 887b9, how-
ever, are positive for marker bO23yd5. These data are
not necessarily contradictary, since it is likely that YAC
887b9 does not appear to span translocation breakpoint
z in our experiments because of the representation of
the inter-alu PCR product in the hybridization probe or
because of the relatively low sensitivity of the FISH. This
might indicate that cosmid 14 is close to breakpoint z,
and as such it may provide a starting point to clone this
breakpoint. However, preliminary analysis of genomic
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Figure 2 Ideogram, representing the rearranged chromosomes
in patient A. The vertical lines on the right of the chromosomes indi-
cate the translocated portions of chromosome 12.
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will greatly increase our understanding of heart and limb
morphogenesis. It may also point to other genes involved
in different heart-hand syndromes if, for example, the
HOS1 gene turned out to be a member of a gene family
as has been discovered recently for fibroblast growth-
factor receptors and craniofacial syndromes (reviewed in
Mulvihill 1995). Two other syndromes, ulnar mammary

syndrome (Bamshad et al. 1995) and Noonan syndrome
(Jamieson et al. 1994) with phenotypes determined early
in development map to the same chromosomal region
as HOS1. The intervals described for these two syn-

dromes are larger than that for HOS1; nevertheless, the
possibility of a developmental gene cluster cannot be
excluded.

Translocation breakpoints have proved useful to
other positional cloning projects (Ray et al. 1985; Foster
et al. 1994; Viskochil et al. 1990), and the lack of further
recombination events in our families means that the
breaks seen in patient A will greatly speed up the identi-
fication of the HOS1 gene. The chromosome 12 painting
results have resolved a complex translocation in patient
A, indicating that the HOS region at 12q24.1 is re-

arranged and that two of the breaks fall within the criti-
cal HOSt interval. The locations of these breaks (y and
z in fig. 3) have been determined using FISH with YACs
and cosmids from the interval. YAC 919a2 is flanked
by breaks y and z. The position of break y is coincidental
with a gap in the YAC contig of this region described
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Figure 3 Abridged map of human chromosome 12 (not to scale),
highlighting the breakpoints in patient A that are implicated in HOS.
The positions of STSs are given on the left of the YACs and cosmids
containing them in the enlarged part of the figure. The translocated
positions of the cosmids and YACs define the breaks: cosmid 747-A5
and YAC 815f2 map to region I, YAC 919a2 maps to region II, and
YACs 887b9 and 804b7 map to region III. Thus, the gaps in the
contig between 815f2 and 919a2 and the interval distal to bO23yd5
on 887b9 correspond to the translocation breakpoints.
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DNA from patient A digested with rare cutter enzymes
and probed with clones derived from cosmid 14 has, as
yet, failed to detect altered restriction fragments (Q. Y.
Li, unpublished data).

It is clearly also possible that YACs 815f2 or 919a2
might cross translocation breakpoint y and not be de-
tected as spanning clones, because of reasons similar to
those outlined above for YAC 887b9. Cosmids derived
from the ends of these YACs are currently being charac-
terized to resolve this. In addition, the possibility that
the deletion of small amounts of material during the
translocation process has caused the HOS phenotype
cannot be excluded until the breakpoints are cloned and
fully characterized. Thus far, however, no deletions have
been identified either by FISH or by testing for loss of
microsatellite alleles in patient A.
The chromosomal rearrangement in patient A is com-

plex, and the possibility of genes being disrupted at the
other (non-12q) translocation breakpoints cannot be ex-
cluded. In such a situation, patient A would represent a
HOS phenocopy arising either from the disruption of a
single gene at one of the other translocation sites or as
a compound phenotype in which components of HOS
result from the disruption of more than one gene. We
consider each of these two scenarios to be unlikely. Of
23 HOS families reported (Bonnet et al. 1994; Terrett
et al. 1994; Basson et al. 1995), 2 are clearly not linked
to markers on 12q (Terrett et al. 1994). However, analy-
sis of these two families with markers on chromosomes
2, 8, and 10 (the other chromosomes disrupted in patient
A ) failed to provide evidence of linkage (J. A. Terrett,
unpublished observation). Thus, the likelihood that in
patient A the second unmapped HOS gene has been
disrupted, rather than the HOS gene on 12q, where two
breaks have occurred within the critical 6-cM interval,
seems remote. Furthermore, patient A has a classic HOS
phenotype (Newbury-Ecob et al. 1996), and it would
seem improbable that such a phenotype could be recre-
ated by the disruption of multiple developmentally ex-
pressed genes, without producing a range of additional
features.
The identification of a HOS patient with a chromo-

somal rearrangement provides a focus for the HOS gene
search. We are currently characterizing clones both adja-
cent to and spanning the translocation breakpoints on
12q and analyzing them for transcripts in order to iden-
tify HOS1 candidate genes. The recently published
Whitehead Institute map (Hudson et al. 1995) shows
that there are nine ESTs mapping between D12S84 and
D12S79. Each of these ESTs-NIB1630, WI-9038,
NIB1804, WI-12421, WI-11137, WI-8957, WI-12136,
WI-6962, and WI-9426-provides a HOS1 candidate
gene. Fine mapping of these cDNAs with respect to the
translocation breakpoints in patient A is an immediate
priority.
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