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Summary

To identify CA repeats in genomic sequences which had been previously subcloned into plasmids, we per-

formed PCR using a (CA). primer and a flanking vector primer on the genomic inserts. By incorporation
of a restriction enzyme site into the (CA). primer, we have been able to subclone the genomic DNA so that
the sequence flanking the CA repeat is readily determined. Primers can then be designed to amplify across
the CA repeat in patient DNA samples. Application of this technique to genomic DNAs surrounding the
upstream "brain" promoter of the dystrophin gene has led to the discovery of four new CA repeats. Three
of these repeats are highly polymorphic, with PICs ranging from .586 to .768. The location of these markers
at the extreme 5' terminus of the dystrophin gene, together with their high degree of polymorphism and
ease of assay, makes them ideal for linkage analysis in families with Duchenne muscular dystrophy.

Introduction

Duchenne and Becker muscular dystrophies (DMD
and BMD) are allelic, X-linked disorders resulting in
progressive muscle wasting. DMD occurs with an inci-
dence of one in 3,500 male births, making it the most
common lethal X-linked disorder in man. A collabora-
tive effort involving many laboratories has led to the
identification and cloning of the DMD/BMD gene
(Monaco et al. 1986; Burghes et al. 1987). This gene
contains approximately 65 exons spanning a distance
of 2.4 million bp on the human X chromosome (Koe-
nig et al. 1987; Den Dunnen et al. 1989) and encodes
a 427-kD protein named dystrophin (Hoffman et al.
1987). Isolation of the complete cDNA for dystrophin
(Koenig et al. 1987) has led to the ability to detect
about 60% ofDMD mutations by Southern blot anal-
ysis (Forrest et al. 1988; Koenig et al. 1989) or, more
recently, by PCR methods (Chamberlain et al. 1988;
Beggs et al. 1990). The remaining 40% ofDMD muta-
tions do not have gross deletions and must be traced
indirectly through linkage analysis. Linkage analysis
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in Duchenne families without detectable deletions has
been conventionally performed by Southern blot anal-
ysis using probes flanking and within the DMD gene
(Bakker et al. 1985; Darras and Francke 1988).

Simple dinucleotide sequence repeats, such as CA
repeats, have been shown to be highly polymorphic
and useful in genetic linkage analysis, since they are
readily assayed by PCR (Litt and Luty 1989; Smeets
et al. 1989; Tautz 1989; Weber and May 1989). These
repeats may occur adjacent to the coding regions of
genes, in introns within genes, or within untranslated
regions (Hamada et al. 1984; Weber and May 1989).
CA repeats occur in 6-30 units, sometimes containing
minor interruptions, with longer repeats tending to
be more polymorphic (Weber 1990). Tandem repeat
polymorphisms have been detected in the 3' untrans-
lated region of the dystrophin gene and found to be
highly polymorphic (Roberts et al. 1989; Beggs and
Kunkel 1990; Oudet et al. 1990).
We have developed a simple PCR method for de-

tecting CA repeats within genomic sequences which
are subcloned into plasmids. We have used this tech-
nique to screen genomic clones from the most 5' region
of the dystrophin gene. This region encodes the pro-
moter of the dystrophin gene utilized in the brain, and
is located far upstream of the "muscle" promoter
(Boyce et al., in press). Application ofthePCR strategy
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to this region has revealed three new polymorphic CA
repeats. These CA repeats will be useful in linkage analy-
sis of Duchenne families because of their high degree
of polymorphism, ease of assay by PCR, and location
at the extreme 5' terminus of the dystrophin gene.

Material and Methods

Identification and Cloning of CA Repeats

Subclones of the dystrophin upstream promoter
region (Boyce et al., in press) in the plasmid vector
Bluescript SKII + (Stratagene) were analyzed by PCR
using the primers BAM-CA (5'-CCCGGATCC(AC)9-3'),
BAM-TG (5'-CCCGGATCC(TG)9-3'), T3 (5'-CACGC-
TCGAGATTAACCCTCACTAAAG-3'), and T7 (5'-
ACCGCGGATCCAATACGACTCACTATAG-3') in
various combinations (BAM-CA/T3, BAM-CA/T7,
BAM-TG/T3, and BAM-TG/T7). Amplification con-
ditions were as follows: denaturation at 940C for
1 min, annealing at 550C for 1 min, and extension at
720C for 3 min, for 20 cycles. Products of the PCR
reactions were analyzed by agarose gel electrophoresis
and stained with ethidium bromide. Reactions con-
taining visible products were extracted with phenol
and chloroform, digested with BamHI, extracted with
phenol and chloroform, and the products subcloned
into Bluescript SKII + (Stratagene). Cesium chloride-
purified plasmids were sequenced using the Sequenase
version 2.0 kit (U.S. Biochemical) in conjunction with
T3 or T7 primers (Stratagene), depending upon the
orientation of the subclone. Copies of the sequence
flanking each repeat are available upon request. Prim-
ers were then designed from the sequence flanking the
CA repeat. Phage DNA from this region was screened
by hybridization of Southern blots using a (CA)12
primer labeled with gamma 32P-ATP (New England
Nuclear) and T4 polynucleotide kinase (U.S. Bio-
chemical). Prehybridization was at 450C in 6 x SSC,
5 x Denhardt's solution, 0.05% sodium pyrophos-
phate, 0.025 mg salmon sperm DNA/ml, 0.5% SDS,
with hybridization at 420C in 6 x SSC, 1 x Den-
hardt's solution, 0.05% sodium pyrophosphate, 0.1
mg tRNA/ml, and 0.025 mg salmon sperm DNA/ml,
and with washing at 370C in 6 x SSC, 0.05% sodium
pyrophosphate.

PCR of Genomic DNA Samples
Each PCR reaction contained 400 ng of genomic

DNA, 200 ng of each unlabeled primer ofthe set (table
1), 8 jl of 1.25 mM dNTP, 5 jl of 10 x reaction
buffer (Cetus), 0.5 gl of native Taq polymerase

(Cetus) in a volume of 50 pl and overlaid with 50 gl
of mineral oil. In addition, each reaction contained
2,000-20,000 cpm of one of the primers labeled with
gamma 32P-ATP (New England Nuclear) and T4 poly-
nucleotide kinase (U.S. Biochemical). The thermocy-
cle programs consisted of a single denaturation at
94°C for 7 min, 24 cycles of amplification, and a final
cycle with an extension time of 10 min. Two different
amplification conditions were used: for the primer sets
I and IV denaturation was carried out at 940C for 30
seconds; and annealing and extension at 650C for 4
min (conditions described by Beggs et al. [1990]). Am-
plification conditions for primer sets II and III were
denaturation at 940C for 30 s, annealing at 550C for
30 s, and extension at 630C for 4 min (conditions
described by Chamberlain et al. 1988). The reaction
products were diluted with 3 vol sequence loading
buffer, boiled for 2 min, and quenched on ice, and 4
il/lane were loaded onto an 8% sequencing gel (gel
mix 8; BRL). Electrophoresis was at 35 mA constant
current on a model S2 sequencing apparatus (0.4 x
31.0 x 38.5 cm; BRL). When the xylene cyanol dye
in the loading buffer left the gel, electrophoresis was
stopped. The gels were dried and then autoradio-
graphed at - 80°C using an intensifying screen. Typi-
cal exposure times were 1-3 d.

Results

We have previously isolated the genomic sequences
surrounding the dystrophin promoter used in the brain
(Boyce et al., in press). Since this region maps upstream
of the dystrophin muscle promoter, it represents the
extreme 5' terminus of the gene, and we reasoned that
it might be valuable to obtain polymorphisms of this
region for use in linkage analysis. Rather than exten-
sive restriction mapping, subcloning, and sequencing,
we designed a PCR method to rapidly identify the loca-
tions of CA repeats and to determine the genomic se-
quence immediately surrounding them (fig. 1). The
method involves using a (CA), or (TG)" oligonucleo-
tide, together with an oligonucleotide primer from the
flanking vector sequence, to amplify a portion of the
genomic region. The length of this PCR product cor-
responds to the distance of the CA repeat from the
flanking vector primer. Furthermore, thePCR product
divides the genomic region at the CA repeat so that
subcloning of this PCR product allows one to directly
sequence across the CA repeat from the flanking vector
sequences (fig. 2A). By performing PCR using (TG)n
as well as (CA)n primers the sequence on either side
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C T A G CT AG

RB91

RB92

PCR using TG primer
and flanking vector primer

B B
I CACA1

1 1. Cut with Bam Hi
2. Subclone for sequencing

B B

Sequence across CACA repeat using vector T7 primer.

Figure I PCR technique used to identify and map CA repeats
in cloned genomic samples. A portion of genomic DNA (thick line)
cloned into a plasmid vector (thin line) is subjected to PCR using
a (TG)9 primer containing a BamHI site (B) and a primer in the
flanking vector sequence. This allows determination of the location
and orientation of the (CA), repeat. For simplicity, the (CA), repeat
is illustrated as a (CA)2 repeat. Samples which contain CA repeats
are visualized by gel electrophoresis of the PCR products. The PCR
products are then digested with BamHI and subcloned into a plas-
mid vector. This allows the genomic sequence flanking the CA re-
peat to be determined using a primer (T7) which binds to the poly-
linker adjacent to the CA repeat. The entire process may also be
performed with a (CA)9 primer instead of a (TG)g primer to deter-
mine the genomic sequence on the other side of the CA repeat. From
these flanking sequences, primers which specifically amplify the CA
repeat are obtained.

of the CA repeat is obtained. Alternatively, once the
sequence on one side of the CA repeat is obtained, a
primer can be designed to sequence back across the
other side of the CA repeat (fig. 2B). Primers are then
designed from the sequences flanking the repeat and
used to amplify the repeat from genomicDNA samples
by PCR, with polymorphisms of the repeat apparent
in the sizes of the products obtained.

A B
Figure 2 Example of DNA sequence used for design of
flanking primers A (TG)9-BamHI primer and used in conjunction
with a vector primer to amplify portion of genomic sequence sur-
rounding 5'DYS-II. The resulting product was then subcloned into
a plasmid vector. A, DNA sequence of this subclone, using primer
in vector, allowing determination of sequence flanking dinucleotide
repeat. B, DNA sequence in opposite direction, using primer RB91
(designed from sequence in A) with original genomic clone as tem-
plate. This allows determination of the opposite flanking sequence,
and design ofprimer RB92 for amplification of the entire CA repeat.
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U ¢ Figure 3 Examples of dinucleotide repeat length polymor-
E-¢ phisms in normal females. PCR amplification was performed on

<~U

Oc genomic DNA from normal human females using primers flanking

U UU

¢ (a each new repeat (see table 1), and the products were resolved on a

denaturing polyacrylamide gel. The dinucleotide repeat is as indi-
f- f- phisatedabove each panel; each sample is number edat the bottom.
f-f 0 U

We detected four CA repeats (5'DYS-1, 5'DYS-tw,
¢ ~~~~~5'DYS-III, and 5'DYS-IV) in approximately 19 kb of

dthe subcloned dystrophin 5' terminus using our PCR
analysis. We determined the sequence of each repeat,

m e.; ¢ ¢ as well as the sequence of the flanking region, in our
M_ genomic subclones. The smallest of these repeats

i U¢ ¢ O (5'DYS-IV) contained only five CA dinucleotides (ta-
ble 1), indicating that the PCR technique is very sensi-
tive, since only 10 bp of CA sequence are apparently
required for primer annealing. The remaining repeats

U detected by PCR analysis include examples of com-
f- pound repeats (5'DYS-I, 5'DYS-III) as well as a very
f- UEU long perfect repeat (5'DYS-II). To determine whether

U < U this region contained other CA repeats not detectable
U <f- ¢¢by PCR, we probed the subcloned plasmids by using

0 O F O= conventional hybridization with a CA repeat oligonu-
f-- U cleotide and failed to detect additional CA repeats (data
U Q not shown).

U <;FE-¢¢ ePrimers were then designed from the flanking se-
. 'I v ¢ F v <quences (table 1) and used to amplify the segment

f- 0< f from unrelated females by PCR to determine if these
¢:R ¢V F E¢~ segments were polymorphic in length. Examples of
0< f < this analysis for three ofthe repeats are shown in figure

X ¢ ¢-4 v 4 v3. These three new markers were found to be polymor-
phic with PIC values ranging from .586 to .768 (table

Of-f-U F ¢ 2). 5'DYS-IV, which contained the shortest repeat,
f-f-f- EH Ev Fwas not found to be polymorphic in the 54 chromo-

<<f-F F somes assayed. 5'DYS-II, which contained a very long
perfect repeat, was the most polymorphic in our popu-
lation with eight alleles observed in the 78 chromo-. somes assayed. When taken together, these three new

_4 OT 0-_ 1-, _4 > markers are informative for linkage in over 90% of
0 < Id n >the females studied (table 2).

1 a < Z Z6 The two most polymorphic markers, 5'DYS-I and
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Table 2

Informativeness of New 5' Dystrophin Markers

Length Allele
Marker and Allele (bp) Frequencya % Heterozygousb PICC

5'DYS-I:
Al........................ 185.048
A2........................ 183.071
A3........................ 181 .310 78.6 .608
A4........................ 179.536
AS........................ 177.036J

5'DYS-II:
Al........................ 228.090
A2........................ 226.077
A3........................ 224.103
A4........................ 222 .026 82.0 .768
AS........................ 220.103
A6........................ 218.192
A7........................ 216.013
A8........................ 214.397

5'DYS-111:
Al........................ 225.057
A2........................ 223 .529 51.0 .586
A3........................ 221.057
A4........................ 219.357

a Population assayed consisted predominantly of white females.
bThirty-eight of 42 females were informative for at least one marker.
c PIC for these X-linked markers was calculated by the formula PIC =

frequency of allele i.

n

1 - L Pa, where Pi is the
i=l

5'DYS-II, are located just upstream of the transcrip-
tional start site for the brain promoter, making them
true 5' flanking markers. 5'DYS-I is located approxi-
mately 3.5 kb 5' to the transcriptional start site, while
5'DYS-II is located approximately 1.2 kb 5' to the
transcriptional start site (data not shown). 5'DYS-III
and 5'DYS-IV map within the first intron, located 3.5
and 4.2 kb 3' to the transcriptional start site, respec-
tively.

Analysis of these three new simple sequence poly-
morphisms in Duchenne families reveals that in each
case the polymorphisms as detected by PCR are inher-
ited in a Mendelian manner. An example of this analy-
sis for repeat 5'DYS-I is shown in figure 4. In this
family, the 185-bp allele is linked to DMD, as evi-
denced by its presence in the affected male (lane 7).
Three of his sisters are carriers of this allele (lanes 3,
4, 6), and were previously known to be carriers of
DMD by prior linkage testing and by their increased
serum creatine kinase levels. Thus, these polymor-
phisms are linked to DMD in the families studied and
therefore should prove useful in linkage analysis of
Duchenne families.

Discussion

We have demonstrated a new PCR-based technique
for mapping of simple sequence repeats in subcloned

OTO~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~..

15 bp

179 bp
177 bp

1 2 3 4 5 6 7
Figure 4 Linkage analysis ofCA repeat in family with DMD.
Genomic DNA from a family with DMD was used in PCR reactions
using primers for CA repeat 5'DYS-I. The 185-bp allele segregates
with DMD in the affected male (lane 7). Three of the female siblings
(lanes 3,4,6) are carriers of the 185-bp allele which segregates with
DMD in this family.
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DNAs and rapid determination of the sequences
flanking these repeats. This allows design of flanking
primers to amplify the repeat from genomic DNA sam-
ples in linkage analysis, a technique which is much
easier than Southern blot-based RFLP analysis. Using
this technique, we have found three new polymorphic
markers for the newly described 5' terminus of the
DMD gene.
There are several limitations to our method. We

have used genomic sequences which are already sub-
cloned into plasmids, thus allowing the CA repeats to
be within the length limit which is easily obtainable by
PCR. In our study, we were able to successfully detect
repeats as far as 4 kb away from the flanking vector
sequence (not shown). It might be possible to use a
similar technique in genomic lambda phages, but only
a portion of the phage insert would be within range of
PCR from the flanking vector primer. Alternatively,
primers for Alu repeats could be used in conjunction
with CA repeats to obtain amplification of internal
sequences. However, for instances in which large ge-
nomic pieces are not yet subcloned from cosmid or
yeast artificial chromosome vectors, it is probably eas-
ier to use the method of shearing the DNA into small
fragments, shotgun subcloning of these fragments,
and hybridization screening of these subclones with a
(CA)12 oligonucleotide probe (Weber 1990). Thus,
our technique is best suited to cases where genomic
DNAs for a particular locus are already subcloned into
pieces. One application of this technique would be to
find CA polymorphisms in probes previously used to
detect RFLPs. Since such probes are already well de-
fined on linkage maps, detection ofCA repeats in these
probes would allow PCR techniques to replace the
more laborious and less informative RFLP technique.
Although we have chosen to subclone our PCR prod-
ucts for sequencing, it is also possible to sequence PCR
products directly (see, e.g., Casanova et al. 1990).

Application of our PCR technique to the 5' region
of the Duchenne muscular dystrophy gene resulted in
the identification of three new polymorphic markers
for linkage analysis. We feel it is unlikely that our
technique did not detect additional CA repeats present
in this region, since the PCR screening gave an identi-
cal map as did conventional hybridization screening.
Furthermore, we were able to detect CA repeats as
short as 10 bp (repeat IV). However, hybridization
screening did suggest the presence of at least one addi-
tional CA repeat outside the area analyzed by PCR.
Since CA repeats are believed to occur on average ev-
ery 25-100 kb in the genome, this region appears un-

usually heavily represented with these simple sequence
repeats. The reason for this is not clear, although these
repeats have the potential for forming Z-DNA, which
could affect regulation ofthis promoter region (Naylor
and Clark 1990).
The three new polymorphic markers which we de-

scribe should prove very useful in linkage studies of
DMD. Linkage analysis is still required in the 40% of
families that do not have deletions of the dystrophin
gene detectable by Southern blotting or PCR. The lo-
cation of these markers is unique, since they are in the
newly described brain promoter of dystrophin, which
is at the extreme 5' terminus of the gene and far up-
stream of the dystrophin muscle promoter (Boyce et
al., in press). Thus, these markers are ideal 5' flanking
markers and are the first polymorphic markers de-
scribed for this region of the dystrophin gene. It is
important to note that additional linkage markers
within the gene and at the 3' terminus are also neces-
sary for linkage analysis of DMD, since there is sig-
nificant recombination across the dystrophin gene
(Abbs et al. 1990). Toward this goal, PCR-based link-
age markers for the dystrophin 3' terminus have been
described elsewhere (Roberts et al. 1989; Beggs and
Kunkel 1990; Oudet et al. 1990).

Ideally, methods for the direct detection of Du-
chenne mutations will obviate the need for linkage
analysis. The large size oftheDMD gene and itscDNA
currently make this an exceedingly difficult task, par-
ticularly for point mutations. Nevertheless, the use of
PCR and other new technologies may one day achieve
this goal.
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