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Summary

We report on the physical ordering of genes in a relatively small area of chromosome 19, segment q13,
containing the locus for myotonic dystrophy (DM), the most frequent heritable muscular dystrophy of
adulthood in man. DNAs from somatic cell hybrids with der 19q products that carry a breakpoint across

the muscle-specific creatine kinase (CKMM) gene were analyzed by Southern blotting using probes for
CKMM, APOC2, and the repair genes ERCC1 and ERCC2. Results were combined with data from CHEF
and field inversion-gel-electrophoresis separation of large-sized DNA restriction fragments to establish a

map localizing both DNA-repair genes and the CKMM gene within the same 250 kb of DNA, the order
being cen-CKMM-ERCC2-ERCC1-ter, with APOC2 being at more than 260 kb proximal to CKMM.
Transcriptional start sites of the CKMM and DNA-repair genes are all on the telomeric side of the genes.

Our results provide a framework for the construction of a larger physical map of the area, which will
facilitate the search for the DM gene.

Introduction

Presumably, more than 95% of the genome is now cov-
ered in the various genetic linkage maps available for
every human chromosome. Adequate genetic maps with
polymorphic markers located every 5-10 million bases
can be used for localization and indirect diagnosis of
a number of human disorders and will assist the con-
struction of a complete physical map of the human ge-
nome. The latter goal has come into reach since the
development of (1) novel cloning techniques to bridge
large-sized DNA fragments (Collins and Weissman
1984; Poustka and Lehrach 1986; Burke et al. 1987),
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(2) methods for separation of large DNA fragments
(Schwartz and Cantor 1984), and (3) new in situ hy-
bridization techniques applicable to cytogenetic and so-
matic cell genetic studies (Lawrence et al. 1988; Pinkel
et al. 1988). Once physical chromosome maps consist-
ing of overlapping collections of cloned DNAs become
available for every chromosome, they will greatly facili-
tate attempts to identify chromosomal regions involved
in disease and development. Moreover, they are abso-
lute prerequisites for obtaining a better understanding
of the relationship between gene expression and sub-
chromosomal location and for study of the evolution-
ary relationships between chromosome segments in
mammals.
We-in collaboration with several other groups-

have been involved in projects aiming at the complete
physical and genetic characterization ofthe human chro-
mosome 19q region around the locus involved in myo-
tonic dystrophy (DM). DM is an autosomal dominant
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multisystemic disorder (Harper 1979) and is the most
frequent muscular dystrophy in adults, occurring at a
frequency of 1/7,500 individuals. As yet, no chro-
mosomal aberrations in this region have been reported
to be associated with DM, and no clues to the biochem-
ical defect of the disease exist. We therefore decided
to approach the defect by applying reversed genetics
strategies. Our studies started with the cloning of sev-
eral 19q-specific anonymous unique DNAs, dispersed
and clustered repeat elements (Hulsebos et al. 1988;
Smeets et al. 1989), CpG islands, and expressed genes
(H. J. M. Smeets and E. C. M. Mariman, unpublished
data). These DNAs were assigned to various intervals
across 19q by use of somatic cell hybrids (Stallings et
al. 1988; Schonk et al. 1989). Detailed genetic linkage
analysis inDM families (Brunner et al. 1989b) showed
that the markers most closely linked to DM reside in
a chromosomal interval estimated to be, at most, 5,000
kb. This spans the area at 19q13.2-q13.3 just distal to
the APOE-C1-C2 gene cluster and the muscle-specific
creatine kinase (CKMM) gene, which is at the moment
the nearest proximal polymorphic marker for DM di-
agnosis (Brunner et al. 1989a; Le Beau et al. 1989).
Moreover, it has become evident that the DM gene is
situated on a chromosome segment spanning one of
the largest evolutionarily conserved mammalian link-
age groups known (Lyon 1987; Thompson et al., in
press).
As a first attempt to identify theDM gene, we decided

to physically characterize the chromosomal area at
19q13.2-q13.3 by using theCKMM gene as a proximal
demarcation point. Recent data from somatic cell studies
(Stallings et al. 1988) indicated that APOC2, CKMM,
and ERCC1 were in close proximity. We therefore con-
centrated on these genes and on the ERCC2 gene, which
has recently also been mapped to this region of chro-
mosome 19q (Mohrenweiser et al., in press; Thomp-
son et al., in press).
Here we present evidence that the CKMM gene and

both DNA-repair genes are physically linked within a
segment of approximately 250 kb that does not include
the APOC2 gene. Evidence for both the relative gene
order and the chromosomal orientation of these genes
are provided, and implications for further research into
DM are discussed.

Material and Methods

DNA Clones

Preliminary data on the cloning of overlapping hu-
man CKMM-specific DNAs from a lambda EMBL3

phage library have been published (Mariman et al. 1987)
or will be published elsewhere (E. C. M. Mariman,
personal communication). Subclones pCKMM-BS2a
(insert size 1.5 kb) and pCKMM 3' (insert size 3 kb
[Coerwinkel-Driessen et al. 1988]) contain, respectively,
the 5'- and 3'-outermost gene regions and flanking
genomic DNA elements. The cloning of the ERCC1-
specific cosmid 43-34 and the generation of subclones
pT56-4.2 (1.7-kb TaqI insert from the 5' end of the gene)
and pBal.0 (1.0-kb BamHI insert from the 3' end) have
been described in detail elsewhere (van Duin 1988).
ERCC1 cDNA probes pE12-12 (900 bp) and pcd4a4,
a 3' end-specific probe of 640 bp, have been described
by van Duin (1988; also see refs. therein). Clone pKER2
containing a 2.4-kb KpnI insert from the 3' end of
ERCC2 in vector pKSV10 was derived from the pST4-
1-7 cosmid clone of the ERCC2 gene (Weber et al. 1988).
All other DNAs used have been described elsewhere
(Wieringa et al. 1988; Schonk et al. 1989).

Cell Lines and Somatic Cell Hybrids
The 908K1 hybrid containing the cen-q13.2 (i.e.,

proximal) portion of the long arm ofchromosome 19q,
as well as the GM89A99C-7 hybrid containing the dis-
tal q13.2-ter portion of the long arm, have been de-
scribed elsewhere (Hellkuhl and Grzeschik 1978; Mo-
handas et al. 1980; Hulsebos et al. 1986). These
reciprocal human/hamster and human/mouse hybrids
were derived from a patient with a 46,X t(X;19)
(q22::ql3) karyotype (NIGMS Human Genetic Mutant
Cell Repository GM0089). The hybrid 20XP3542-1-
4, containing a small segment of 19q, has been described
by Stallings et al. (1988). All other hybrids used are
described in detail elsewhere (Schonk et al. 1989).

Pulsed-Field Gel Electrophoresis

Field-inversion-gel-electrophoresis (FIGE) separation
of large DNA fragments was carried out as described
elsewhere (Cremers et al. 1989). CHEF electrophore-
sis was carried out at 14°C in 50 mM Tris-Borate, 1
mM EDTA in a homemade device using a hexagonal
array of electrodes and constructed according to
specifications given by Chu et al. (1986). Electric fields
were alternated between orientations 1200 apart; switch
times were 120 s at 150 V and 170 mA. For detailed
mapping around the ERCC1 gene, either conventional
electrophoresis on 0.5% agarose gels or tranverse
alternating-field electrophoresis (TAFE) (Gardiner et al.
1986) was used. DNA from lymphoblastoid cells and
somatic cell hybrids was immobilized in agarose blocks
(LGT-agarose; Biorad), and restriction-enzyme diges-
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tions of agarose-immobilized DNAs were performed
overnight with 10-20 U enzyme/agarose block, con-
taining DNA from approximately 0.4 x 106 cells, at
conditions given by the manufacturer.

Southern Blot Analysis
Southern blot analysis of DNA fragments resolved

either on regular agarose gels or on CHEF or FIGE
gels was carried out as described elsewhere (Hulsebos
et al. 1986, 1988; Cremers et al. 1989). DNAs were
immobilized on Gene Screen Plus or BioTrace nylon
membranes. Probe insert DNAs were excised from plas-
mids by appropriate restriction enzymes, separated from
vector DNA on 1% (w/v) low-gel-temperature agarose
gels, and 32P-labeled by random-primer synthesis (Fein-
berg and Vogelstein 1983). Prehybridization and hy-
bridization were in 0.5 M NaH2PO4/Na2HPO4 buffer,
7% (w/v) SDS, and 0.5 mg sonicated herring sperm
carrier DNA/ml at 65C as described elsewhere (Schonk
et al. 1989). Washing was at conditions equivalent to
a stringency of 0.1 x SSC at a 650C final temperature.
All other procedures were according to standard pro-
tocols as given by Maniatis et al. (1982).

Results

Somatic Cell Hybrid Analysis
Hybridization analyses with single-copy probes for

CKMM, ERCC1, and ERCC2 genes, both in somatic
cell hybrids 908K1, 908K1B18, and GM89A99C-7,
containing the reciprocal translocation products of the
t(X;19) cell line GM0089, and in various other 19q-
specific hybrids (Schonk et al. 1989) are shown in figure
1. With probe pCKMM 3', originating from the 3' end
of the CKMM gene, a genomic EcoRI fragment with
a rather unusual size of approximately 40 kb was ob-
served in blood DNAs and in most of the somatic cell
hybrids (fig. 1A). In the 908K1 and 908K1B18 hybrids
(fig. 1A, lanes 6 and 10) we identified only a 9.4-kb
EcoRI fragment. No signal was observed in hybrid
GM89A99C-7 containing the distal segment of 19q (fig.
1A, lane 12). As shown in figure 1B, the reverse situa-
tion was seen with probe pCKMM-BS2a, derived from
the 5' end of the gene. With this probe we observed
the same large-sized 40-kb EcoRI fragment as in figure
1A in blood DNA and in those cell lines that displayed
the 40-kb fragment with the 3' probe. A signal of al-
most similar size was seen in hybrid GM89A99C-7 (fig.
1B, lane 12). From hybrids 908K1 and 908K1B18 (fig.
1B, lanes 6 and 10) no signal was obtained.

These results indicate that both the chromosome 19
breakpoint in GM0089 and derived hybrids must be
situated between the loci recognized by the twoCKMM
probes. The 5' probe pCKMM-BS2a apparently detects
the larger part ofthe broken EcoRI fragment. This trans-
location fragment in hybrid GM89A99C-7 cannot be
differentiated from the normal 40-kb fragment in con-
trol DNAs, owing to the limited resolution of conven-
tional agarose-gel electrophoresis. In addition to these
findings, our results establish a 5'-to-3' orientation of
the CKMM transcription unit in the telomere-to-cen-
tromere direction on chromosome 19.

Further support for this arrangement was obtained
from more detailed restriction-enzyme mapping of cos-
mids and phages containing CKMM gene inserts. We
have determined that the only EcoRI site in theCKMM
gene area is at approximately 3 kb 3' downstream of
the polyadenylation site. The entire humanCKMM gene
spans approximately 16 kb. Because hybridization with
the pCKMM 3' probe resulted in an altered signal of
only 9.4 kb in all cellular DNAs with the translocation
breakpoint, we can conclude that the breakpoint is
within 9.4 kb upstream of the unique EcoRI site and
that it therefore indeed must be situated within the
CKMM-transcribed segment. Subsequent experiments
(data not shown) involving Southern analyses of vari-
ous restriction fragments from 908K1 and GM89A99C-
7 DNAs by means of individual exon-specific probes
allowed us to determine that sequences within CKMM
intron 4, just upstream of exon 5, must have been in-
volved in the original reciprocal X;19 translocation
event. Probes for exons 2-8 of the CKMM gene were
generated by PCR amplification (Saiki et al. 1988) using
pairs of oligonucleotide primers which flank the intron-
exon junctions. A schematic drawing summarizing our
results and indicating the positions of the most impor-
tant restriction sites in the CKMM gene relative to the
X;19 translocation breakpoint is given at the bottom
of figure 2.
As shown in figures 1C and 1D, analysis of our set

of cell hybrids with probes specific for the ERCC2 and
ERCC1 gene regions yielded a picture similar to that
obtained with the 5' CKMM probe, indicating that both
genes are located distal to the translocation breakpoint
on 19q. With all enzymes tested, including EcoRI, the
ERCC1-specific pT56-4.2 probe (fig. 1D) and pBal.0
probes (not shown) gave signals which were clearly
different from the signals obtained with the 5' CKMM
probe. The size of the EcoRI fragment detected with
the ERCC2 pKER2 probe (fig. 1C) was similar to the
unusually large 40-kb fragment seen with bothCKMM
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Figure I Regional assignment ofCKMM, ERCC1, and ERCC2 on 19q by using a panel of somatic cell hybrids. Southern blot hybrid-
ization patterns obtained from (A) CKMM 3' (probe pCKMM 3'), (B) CKMM 5' (probe pBS2a), (C) ERCC2 (probe pKER2), and (D)
ERCC1 (probe T56-4.2) DNA probes. Genomic DNAs from blood (lanes 1 and 2), cell line 1023 (hamster only; lanes 3) and hybrids 578
(X, hamster; lanes 4), 1040A6 (19q; lanes 5), 908K1 (rearranged l9p + l9cen-q13.2; lanes 6), ORIM 7.1 (19ql3.1-qter; lanes 7), 1219G2
(19ql.1-qter; lanes 8), 908K1A1 (rearranged 19p; lanes 9), 908K1B18 (19cen-q13.2; lanes 10), 20XP3542-1-4 (19q13.2-q13.3; lanes 11), and
GM89A99C-7 (19ql3.2-qter; lanes 12) were digested with EcoRI, resolved on 0.8% agarose gels, blotted, and hybridized. Cell lines not
further specified in Material and Methods are as described by Schonk et al. (1989).

B

probes, suggesting thatCKMM and ERCC2 are on the
same fragment.

Previously we had found that the APOC2 gene re-

gion, which is genetically closely linked to theDM and
CKMM loci (Brunner et al. 1989b), is physically lo-
cated just proximal to the breakpoint in cell hybrid
908K1 (Stallings et al. 1988; Schonk et al. 1989). From
conventional Southern analyses of the various somatic
cell hybrids no further proof for possible overlap be-
tween restriction fragments specific for APOC2 and
CKMM or ERCC1 /2 was obtained (data not shown).

We therefore decided to test this issue further by em-
ploying long-range restriction-site mapping.

FIGE and CHEF Analysis

Inspection of the restriction-enzyme maps and of
the partial nucleotide sequences generated from the
ERCC1, ERCC2, and CKMM gene areas published
earlier (Mariman et al. 1987, and unpublished data;
van Duin 1988 [and refs. therein]; Weber et al. 1988)
revealed that cleavage sites for restriction enzymes Sail,
XhoI, and Clal were rarely present. The presence of
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Figure 2 CHEF and FIGE map of the CKMM, ERCC2, and ERCC1 gene area. The genes are represented by filled boxes, and the
chromosomal orientation of the cluster is indicated. The location of the probes used is shown by arrows. A detailed map of the CKMM
region showing both the restriction sites relevant for Southern analysis and the location of the GM0089 breakpoint in the CKMM gene
is given at the bottom. Exons are indicated by Roman numerals. C = ClaI; N = NotI; M = MluI; S = Sfil (ERCC1 contains three Sfil
sites; see detailed map in fig. Sb); E = EcoRI (not all sites shown); B = BamHI.

sites for rare-cutting enzymes Sfi1, NotI, and MluI was
tested directly by appropriate digestions of cosmid
(ERCC1 clone 43-34 [Westerveld et al. 1984]; ERCC1
cosmid dones F8697 and F15123 [deJong et al. 1989]),
phage (CKMM phage lambda 3-1 and overlapping
phages; ERCC1 and -2 phages [H. J. M. Smeets, un-
published data]), or plasmid (pKER2; ERCC2 [Weber
et al. 1988]) clones. Digestion with NotI revealed that
this enzyme does not cleave any of the DNAs. Two Sf1l
sites were detected near and within the first exon of
the ERCC1 gene, and another site was detected within
the third exon. An MluI site was found in the region
immediately flanking the 3' end of this gene.

Figure 3 shows the results from resolving, on CHEF
and FIGE gels, NotI digests of genomic DNAs isolated
from Epstein-Barr virus-immortalized lymphoblastoid
cells of three unrelated individuals. On a CHEF blot,
the ERCC1-specific probe pT56-4.2 (fig. 3b), as well
as the ERCC2 (fig. 3c) probe and pCKMM 3' probe
(fig. 3a) identify an identical 250-kb band. Though,
on FIGE gels, the NotI fragment had migrated to a po-
sition corresponding to a somewhat different molecu-
lar weight of300 kb, again complete identity was found
with all three probes (only two are shown [figs. 3d and

3e]). We consider this to be strong evidence that all three
genes are physically closely linked.
As shown in the upper half of figure 4, with MluI

on both total genomic DNAs as well as on DNA from
the 20XP3542-1-4 cell hybrid containing the pertinent
19q area, an identical 400-kb fragment was identified
with the 5' and 3' CKMM probes and with ERCC2
probe pKER2. The fragment identified with ERCC1
probe pT56-4.2 clearly had a much smaller size of ap-
proximately 30-40 kb. With Sfi1 (fig. 4, lower half) no
similarity was observed between CKMM-, ERCC1-,
or ERCC2-specific fragments with sizes ranging between
60 and 200 kb. Partial ClaI digestion generated identi-
cal fragments of 200 kb and 260 kb at rather different
intensity, for both ERCC probe pT56-4.2 and ERCC2
probe pKER2. When the same blot was hybridized with
the pCKMM 3' probe, only a band of 260 kb was ob-
served (fig. 4, lower half). With the 5' CKMM probe
pBS2a the same 200-kb and 260-kb fragments were
detected as with the ERCC probes, confirming that all
genes are closely adjacent. The results seen for the par-
tial digest can be explained by incomplete cleavage at
the ClaI site, which separates the 5' and 3' ends of the
CKMM gene and is positioned in exon V (see fig. 2).
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Figure 3 CHEF and FIGE analysis of NotI digestions of
genomic DNAs. The probes CKMM 3' (panels a and d), ERCC1
pT56-4.2 (panels b and e), and ERCC2 pKER2 (panel c) were hy-
bridized to blots of genomic DNAs digested with NotI and resolved
by CHEF electrophoresis (panels a-c) or FIGE (panels d-e). Lanes
1 and 2 contain DNA of the same individual, but at different concen-
trations corresponding to the use of 0.4 x 106 and 0.2 x 106 EBV-
immortalized lymphoblastoid cells, respectively. Lanes 3 and 4 con-

tain DNA from 0.4 x 106 cells of two other unrelated individuals.

An additional -presumably polymorphic- Clal site is
present at 1,800 bp downstream of exon V (E. P. M.
van Kerkhoff, personal communication). Whether this
latter ClaI site is present in the DNAs tested is not known
at the moment. Furthermore, our results are compati-
ble with the fact that no other ClaI sites were identified
either in any of the CKMM-specific phages with in-
serts extending 5' and 3' of the transcribed region or

in the regions cloned from the ERCC1 and -2 loci.
The different findings for the 5' and 3'CKMM probes

corroborate the results obtained from the t(X;19) hy-
brid analysis in that the 5' end of the CKMM gene is
oriented toward the DNA-repair genes. The similari-
ties between fragments detected with the 5' probe
of CKMM and fragments detected with the ERCC2
probe pKER2 are in agreement with the gene order

Figure 4 CHEF and FIGE analysis of MMuI (M), ClaI (C) and
Sfil (S) digestions of cell hybrid and genomic DNAs. Hybridization
patterns ofCKMM 3' (panel a), pKER2 (ERRC2; panel b), and T56-
4.2 (ERCC1; panel c), on a CHEF blot of MluI(M)-digested DNAs
(upper half of fig.), derived from the somatic cell hybrid 20XP3542-
1-4 (lane 1) and from lymphoblastoid cell lines oftwo unrelated indi-
viduals (lanes 2 and 3), and on a FIGE blot of ClaI(C)- and SfiI (S)-
digested DNA (lower half of fig.) from the two individuals.

CKMM-ERCC2-ERCC1. A map summarizing the
results for the entire area is shown in figure 2. It should,
however, be noted that sizes of various restriction frag-
ments could not be determined very precisely because
ofthe conspicuous difference in mobility between frag-
ments resolved on the CHEF system versus the FIGE
system. The overall arrangement, however, is clearly
correct, as also with enzymes such as Sall, XhoI, and
PvuI (data not shown), evidence for (partial) identity
of fragments bearingCKMM or ERCC sequences was
obtained. For most enzymes the fragments migrated at
the lower zone of the resolution range, indicating the
presence, across this area ofproximal 19q13.3, of mul-
tiple cleavage sites for rare-cutting enzymes.

In order to determine more precisely both the posi-
tion ofthese sites around the ERCC1 gene and the orien-
tation of the transcribed region with respect to the
ERCC2 and CKMM genes, we performed double diges-
tions with either NotI or MluI and several restriction
enzymes (i.e., KpnI, Sall, Sfil, and XhoI [van Duin
1988]) that cleave only rarely within the ERCC1 gene
and analyzed the digests on conventional agarose gels.
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In this way we could position the NotI site flanking
the common 250-kb fragment close to an MluI site at
17 kb upstream of the transcriptional start site, estab-
lishing a ter-5' 3'-cen orientation for ERCC1. Another
MluI site was mapped just downstream of ERCC1.
To further investigate the possibility of a CpG island

in the 5' region ofERCC1, we took advantage of a large,
approximately 20-kbp HindIII fragment that overlaps
the upstream area and almost the entire gene (van Duin
1988).
Double digests were done with HindIII and a battery

of rare-cutting enzymes such as Sf1i, SacIl, MluI, NruI,
and NotI. The band shifts seen when these digests were
compared with the HindIII digest revealed presence of
SaclI and Sf1l sites (fig. 5a). From sequencing data and
cosmid mapping (M. van Duin, unpublished data) we
know that, for SaclI, two sites closely adjacent to each

other and to the transcriptional start site are present.
The resultant map for the region around ERCC1, show-
ing a clustering of rare sites at the 5' region, is shown
in figure Sb.
With none of the enzymes tested was any overlap seen

between the APOC2-hybridizing and CKMM-, ERCC1,
or ERCC2-hybridizing fragments. These results dem-
onstrate that the APOC2 gene region is at least 260
kb (i.e., the size of the CKMM 3' ClaI fragment) prox-
imal to the 3' end of the CKMM gene. Since probes
specific for the APOC2 gene recognize a 1,000-kb NotI
fragment (not shown), we estimate that a substantially
larger chromosome segment may separate these loci.

Discussion

By Southern analysis ofDNAs from somatic cell hy-
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Figure 5 Localization of a CpG island in the vicinity of the ERCG gene. a, Southern blot probed with the cDNA probe pEl2-12.
Odd-numbered lanes contain DNA from the somatic cell hybrid 20XP3542-1-4. Even-numbered lanes contain Hela DNA. All lanes were
digested with HindIII. Lanes 3-13 were redigested with Sf1i (lanes 3 and 4), SacIl (lanes S and 6), MluI (lanes 7 and 8), NruI (lanes 9
and 10), or Nod (lanes 11 and 12). b, Restriction map in the region of the ERCC1 gene. Exons are represented by filled boxes (Roman
numerals), and the chromosomal orientation is indicated. N = NotI; M = MluI; H = HindIII; Sa = SacII; X = XhoI; K = KpnI; S
= Sfi1; So = two Sf1 sites only 32 nucleotides apart.
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brids as well as by FIGE and CHEF analysis ofgenomic
human DNAs, we have shown that the CKMM gene
and the ERCC1 and ERCC2 repair genes are all lo-
cated within a relatively small (250-300 kb) segment
of 19q13. Thus far-perhaps because of the low muta-
tion frequency and the high evolutionary conservation
of the repair-gene region (van Duin 1988; Thompson
et al., in press)- RFLPs have not been found for either
ERCC gene or in the immediate vicinity of the gene
loci (R. Hermens, personal communication). This pre-
cluded a reliable estimation of the genetic distance be-
tween these loci and CKMM or DM. It was both (a)
the serendipitous finding of similarity between unusually
large 40-kb EcoRI fragments recognized by CKMM-
and ERCC2-specific probes and (b) the assignment of
the CKMM, ERCC1, and APOC2 genes to a relatively
small area of 19q in somatic cell hybrid 20XP3542-1-4
(Stallings et al. 1988) that initiated the studies presented
here.
By identification of a translocation breakpoint across

the fourth intron of the CKMM gene, we have estab-
lished a fixed demarcation point that may serve to
position all other loci in the DM-relevant area. Com-
bining all our results yields the following absolute gene
order: cen-APOC2-CKMM-ERCC2-ERCC1-ter.
The APOC2 gene maps proximal to the t(X;19) break-
point across the CKMM gene, and both repair genes
map distal to that breakpoint. Similarities between frag-
ments determined by the CKMM and ERCC2 probes
(i.e., EcoRI-, MluI-, and SalT-generated fragments),
which were not detected by ERCC1, establishes the lo-
cation of ERCC2 between CKMM and ERCC1. The
cen-3' 5'-ter orientation of the CKMM gene was de-
termined from analysis of derivatives of the GM0089
cell line. The orientation of the ERCC2 gene was in-
ferred from the positions of EcoRI restriction sites in
the CKMM and ERCC2 genes, as indicated in figure
2. Restriction-site mapping of theCKMM gene has re-
vealed the presence of an EcoRI cleavage site at about
1.5 kb downstream from the CKMM polyadenylation
site. In the ERCC2 gene no less than three EcoRI sites,
all 5' upstream of the region recognized by probe
pKER2, have been demonstrated (see Weber et al. 1988,
fig. 2). This determines a tandem arrangement of cen-
3' CKMM 5'-ERCC2 5'-ter.
The physical distance between the EcoRI sites in the

CKMM and ERCC2 genes-i.e., the length of the com-
mon hybridizing fragment-was roughly estimated to
be 40 kb. This means that the cap site of the CKMM
gene and the polyadenylation site of the ERCC2 gene
are no more than 25 kb apart. Attempts to confirm this

result by isolation of cosmid clones that overlap both
genes are in progress.
The orientation of the ERCC1 gene can be inferred

from the location of the NotI site in its 5' region, which
flanks the 250-kb fragment. This means that the ERCC2
and CKMM genes are in the 3' region of ERCC1, es-
tablishing a ter-5' ERCC1 3'-cen orientation. The dis-
tance separating the ERCC1 and CKMM genes can be
calculated from the fragment sizes given in figure 2 and
is currently estimated to be a maximum of 250 kb (i.e.,
the size of the common NotI fragments) and a mini-
mum of about 200 kb (i.e., the size of the Sf1 fragment
specific for ERCC2 plus the Sf1i fragment detected by
the ERCC1 3' probe Bal.0).

It appears likely that there is a CpG island at the 5'
end of ERCC1. The presence of recognition sites for
enzymes such as NotI, MluI, SacII, and Sfi1 in such
close proximity are consistent with the definition of such
islands. In addition, doing the same analysis with cDNA
from ERCC2 and CKMM, which also reveal large
HindIII fragments, shows no deviation from the nor-
mal HindIII pattern, suggesting the absence of such an
island for these two genes (data not shown). Whether
(a) the presence ofCpG islands 5' of these closely spaced
genes and (b) their common head-to-tail arrangement
are relevant for their regulation is an interesting ques-
tion that remains to be resolved. Transcription interfer-
ence phenomena have been observed for gene pairs with
opposite transcription directions (Adhya and Gottes-
man 1982; Cullen et al. 1984; Kadesch and Berg 1986)
and may have played a role in the selection of the most
appropriate orientation during evolution of this gene
cluster.
The physical distance between CKMM and APOC2

could not be determined but is at least 260 kb. On the
basis of genetic studies, these genes are considered to
be extremely tightly linked at a recombination fraction
of .01-.02 and a lod score (Z) of more than 140 (Le
Beau et al. 1989). This indicates either that any straight-
forward comparison between genetic and physical dis-
tances in the q13 area is impossible or, a more trivial
possibility, that the distance separating both genes sim-
ply cannot be bridged because too many nonoverlap-
ping small-sized restriction fragments are generated from
this area. A map of the entire CKMM-ERCC2-ERCC1
region, summarizing our results, is depicted in figure 2.
From linkage studies in DM families it has become

evident that the mutation(s) underlyingDM are located
distal to APOC2 and CKMM and proximal to the loci
recognized by probe pEFD4.2 (D19S22; Nakamura et
al. 1988; Brunner et al. 1989b) and probe pEWRB1
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(MacKenzie et al. 1989). These loci are at 13 cM (Zmax
> 10) and at 9 cM (Zmax = 15.45) from DM, respec-
tively. Between CKMM and DM, as yet only three
confirmed crossovers have been found in affected fam-
ily members, in about 300 meioses tested (Brunner et
al. 1989a; Le Beau et al. 1989). We consider this strong
evidence for any DM candidate gene to be situated
within a relatively small segment of 19q13, telomeric
from CKMM. Candidate genes from this area -such
as the antisense transcribed sequence, which overlaps
the ERCC1 3' region and is located between ERCC1
and ERCC2 (van Duin 1988), or various DNA elements
associated with CpG-islands- have to be tested by per-
forming detailed comparisons between DNAs fromDM
patients and normal individuals.

Somatic cell hybrids-including hybrid 20XP3542-1-4
(Stallings et al. 1988), which contains the greater part
of the segment of interest, and hybrids GM8A89A99C-7
(Mohandas et al. 1980) and 908K1 (Hulsebos et al.
1986), which contain in the reciprocal 19;X transloca-
tion products with the breakpoint in theCKMM gene-
will prove particularly valuable as starting points or
reference material for attempts to approach the DM
gene by molecular cloning. The CKMM-ERCC area
characterized here should serve not only as an ideal start-
ing point to further complete the physical map of 19q13
but also as an easily distinguishable landmark in genetic
studies inDM families once new markers are indentified.
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