
though small rises in renin secretion rate 
were noted in the periods after perfusate 
change in two of the six preparations, these 
changes did not achieve significance and 
were only transient. Previous studies with 
isolated superfused glomeruli have shown 
that iso-osmotic replacement of NaCl with 
sucrose will suppress renin secretion (23). 
The stimulation of renin secretion that we 
observe when the macula densa was per- 
fused with the iso-osmotic low-NaC1 solu- 
tion is therefore the opposite of that predict- 
ed if this solution were presented as the 
superfusion fluid. It indicates that the re- 
sponse is specific to exposure in the com- 
partment containing the macula densa. 

Our experiments show that renin secre- 
tion is affected by the composition of the 
tubular fluid at the macula densa. Changes 
in the NaCl concentration of the tubular 
fluid elicited an immediate change in the 
rate of renin release. This effect was demon- 
strable in an in vitro preparation where 
influences from renal nerves and local hemo- 
dynamic effects can be excluded. These re- 
sults directly demonstrate that tubular fluid 
composition at the macula densa influences 
renin release and that a fall, rather than a 
rise, in NaCl concentration is the local tubu- 
lar signal for stimulation of renin secretion. 

REFERENCES AND NOTES 

1. T. Inagami, in Renal Hormones, J. W. Fisher, Ed. 
(Academic Press, London, 1986), vol. 3, pp. 217- 
245. 

2. T. K. Keeton and W. B. Campbell, Phannacol. Rm. 
31. 81 (1980). 

3. F. 5. w;ight A d  J. Schnermann, J. Clin. Invest. 53, 
1695 (1974). 

4. P. C. Churchill, M. C. Churchill, F. D. MacDonald, 
Am. J. Physwl. 235, F611 (1978). 

5. J. Schnermann, J. Briggs, G. Schubert, ;bid. 243, 
F160 (1982). 

6. N. Goormaghtigh, La F o h n  Endmine aks Aner- 
wles Renales (Librairie R. Fonteyn, Louvain, France, 
1944). 

7. E. Hackentha1,Ann. Endom'ml. 47,145 (1986); G. 
H. Gibbons, V. J. Dzau, E. R. Farhi, A. C. Barger, 
Annu. Rnr. Phyhl. 46, 291 (1984). 

8. K. Thurau. Am. I. Med. 36. 698 (1964). . , , > ,  

9. A .  Gmener, J. Mason, H. Dahlheim, Kidnry 
Int. 22 (suppl. 12), S55 (1982). 

10. A. Gillies and T. Morgan, PJucgm Arch. 375, 105 
(1978). 

11. T. Morgan and A. Gillies, ibid. 368, 13 (1977). 
12. P. P. Leyssac, Acta Phyhl. Scand. 62, 436 (1964). 
13. A. J. Vander and R. Miller,Am. J. Phyhl. 207,537 

(1964). 
14. A. J. Vander, Physwl. Rnl. 47, 359 (1967). 
15. P. P. Leyssac, Kidney Int. 30, 332 (1986). 
16. R. E. Shade, J. 0 .  Davis, J. A. Johnson, R. T. Witty, 

<:in. Res. 31, 719 (1972). 
17. J. P. Briggs and J. Schnermann, Annu. Rnp. Phyhl. 

49, 251 (1987). 
18. M. B. Burg and M. A. Knepper, Kidney Int. 30,166 

(1986). 
19. J. P. Briggs, J. P. Kokko, H. R. Jacobson, Proc. 

Ninth Int. Congr. Nephml. 406A (1984); K. L. Kirk, 
P. D. Bell, D. W. Barfuss, M. Ribadeneira, Am. J. 
Phvd.  248. F890 (1985). 

20. S. .~~kke~aa;d and k. Pdulsen, A d .  Biochem. 75, 
250 (1976). 

21. 0 .  Skatt, PJuegers Arch. 407, 41 (1986). 
22. S. Itoh. 0 .  A. Carretero. R. D. Murrav. Kidnm Int. 

23. 0. Frederiksen, P. P. Leyssac, S. L. Skinner, J. 
Pkwl.  (London) 252, 669 (1975). 

24. R. Greger and W. Hampel, PJuegersArch. 389, 175 
(1981). 

25. All experiments were performed with a Krebs-Ring- 
er bicarbonate buffer of the following composition: 
115 mM NaCI, 25 mM NaHC03, 10 mM sodium 
acetate, 0.96 mM NaH2P04, 0.24 rnM Na2HP04, 5 
mM KC], 1.2 mM MgSO,, 1 mM CaCI?, and 5.5 
mM glucose, for a total measured osmolality of 300 
mOsm/kg. The solution was bubbled with 5% COz 
plus 95% Oz to a pH of 7.4. When used as 
dissection medium 2% fetal calf serum was added. 
Human albumin (0.3%) was present in the bath 
solution used for superfusion. This solution was 
used without albumin as the tubular perfusate in 
control periods. In the hypo-osmolar, low-NaC1 
perfusate the NaCl concentration was reduced by 95 
mM. The resultant osmolality was 122 mOsmkg. 
The iso-osmolar, low-NaCI solution was identical to 
the hypo-osmolar, low-NaCI perfusate, except that 

the osmolality was corrected to 300 mOsm/kg by 
addition of mannitol. 

26. G. W. Snedecor and W. G. Cochran, Statistid 
Mcthodr (Iowa State Univ. Press, Ames, I& 1967). 

27. Supported by funds from the American Heart Asso- 
ciation and NIH grant DK37448. O.S. is on leave 
from Institute for Experimental Medicine, Universi- 
ty of Copenhagen, Denmark, is supported by a grant 
from the Danish Medical Research Council, and is 
the recipient of a fellowship from the National 
Kidney Foundation of Michigan. J.P.B. is an Estab- 
lished Investigator of the American Heart Associa- 
tion. We thank P. Christensen, K. Poulsen, A. 
Smart, and C. Temdrup for help with the renin 
assay, R. G. Cornell for help with the statistical 
analysis, H. R. Jacobson for assistance in dweloping 
the perfusion technique, and J. Schnermann for 
valuable discussions. 

16 April 1987; accepted 26 June 1987 

Molecular Analysis of a Constitutional X-Autosome 
Translocation in a Female with Muscular Dystrophy 

The gene responsible for Ducheme muscular dystrophy (DMD) and Becker muscular 
dystrophy (BMD) maps to the X chromosome short arm, band Xp21. In a few females 
with DMD or BMD, the Xp21 region is disrupted by an X-autosome translocation. 
Accumulating evidence suggests that the exchange has physically disrupted the 
DMDBMD locus to cause the disease. One affected female with a t(X721)(p21;p12) 
translocation was studied in detail. The exchange points from both translocation 
chromosomes were cloned, restriction-mapped, and sequenced. The translocation is 
reciprocal, but not conservative. A small amount of DNA is missing from the 
translocated chromosomes; 71 to 72 base pairs from the X chromosome and 16 to 23 
base pairs from the 28s ribosomal gene on chromosome 21. 

D UCHENNE MUSCULAR DYSTROPHY 
(DMD) and the less severe Becker 
muscular dystrophy (BMD) ( I )  are 

X-linked neuromuscular diseases that are 
allelic (2). The biochemical defect is un- 
known, but the gene has been localized to 
band p21 on the short arm of the X chromo- 
some. The localization was established by 
linkage analysis (3), by the finding of cyto- 
logically detectable deletions of the Xp21 
region in males with DMD and other phe- 
notypes (4), and by the finding of X-auto- 
some translocations involving band Xp21 in 
a group of 20 females with DMD or BMD 
(5). In these females, the position of the 
autosomal exchange point is variable, 
whereas the position of the X chromosome 
exchange point is consistently in band Xp21, 
which suggested that the translocations may 
disrupt the DMDlBMD locus. The disease 

S. E. Bodrug, P. N. Rav, R. G. Worton, Department of 
Medical Genetics, ~nivkrsity of Toronto, Toronto, ON, 
Canada M5S 1A8, and Genetics Department and Re- 
search Institute, Hos ital for Sick Children, Toronto, 
ON, Canada M5G 1f8. 
I. L. Gonzala, R. D. Schmickel, J. E. Svlvester, Depart- 
ment of Human Genetics, University of Pennsylvania, 
Philadelphia, PA 19104. 

is expressed in these translocation carrier 
females because of the preferential inactiva- 
tion of the normal X chromosome (5). In 
one of the females (6), the autosomal break- 
point of the translocation occurred in a 
block of tandemly repeated ribosomal RNA 
genes (rDNA) on the short arm of chromo- 
some 21 (7). The isolation of a human- 
specific rDNA probe located near the trans- 
location breakpoint allowed the identifica- 
tion and cloning of a novel restriction frag- 
ment, XJ1, from the translocation junction 

Chromo- Hvbrid 
some 
21 

I X 

Fig. 1. Schematic diagram of the short arms of the 
chromosomes involved in the reciprocal transloca- 
tion. The translocation-derived chromosomes 
have been segregated in somatic cell hybrids (7,8) 
as the only human chromosomes on a mouse A9 
background. Hybrid A2 has been fblly described 
(7) and hybrid B2 is a subclone of the hybrid line 
C2-T10 reported earlier to contain the der(21) 
chromosome (7). 
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Flg. 2. (a) Restriction maps of the translocation- 
derived chromosomes and the corresponding re- 
gions of the X chromosome and chromosome 21. 
The solid region represents DNA from chromo- 
some 21, with the thicker portion representing 
the 18s and 28s rRNA genes, whereas the open 
region represents DNA from the X chromosome. 
The restriction map of the X chromosome was 
obtained by restriction enzyme digests of phage 
clones XJ1 and XJ2, the latter derived from a 
human 4X library that had been screened with 
XJ1.l (9). The restriction map of the der(21) 
chromosome was obtained in part from digests of 
the Eco RI-junction fragment clone E2.9 and in 
part from restriction enzyme digests of the hybrid 

of the X-derived chromosome [der(X), Fig. 
11 (8). Chromosome walking from XJ1 has 
extended the cloned  ort ti on of the X chro- 
mosome in both dirhctions from the site of 
the translocation (9, 10). 

The primary rationale for cloning the 
der(X) translocation iunction was based on 
the 'piesumption that the X-derived portion 
of the junction clone might contain se- 
quences from within the DMDIBMD gene. 
This would be true only if the translocation 
had physically disrupted the DMDIBMD 
locus by splitting the gene or by separating 
it from a nearby regulatory locus. An alter- 
native possibility was that during the forma- 
tion of the translocation there was a substan- 
tial but cytologically undetectable deletion 
(of up to a few million base pairs) that might 
have deleted a DMDIBMD gene located at a 
considerable distance from the XJ1 cloned 
region. To determine the extent of any 
deletion at the translocation breakpoint, we 
cloned the translocation junction from the 
21-derived chromosome [der(21), Fig. 11. 
A comparison of restriction maps and nucle- 
otide sequence of this clone and of the 
previously cloned junction from the der(X) 
chromosome (Fig. 1) with the normal X and 
21 has revealed no major deletion at the site 
of the translocation. 

Cloning of the junction fragment from 
the der(21) chromosome contained in a 
somatic cell hybrid, B2 (Fig. l) ,  was first 

B2 followed by Southern blot analysis. The re- 
striction maps of regions of the der(X) chromo- 
some (8) and chromosome 21 (31) have been 
published. In each restriction map a resmction 
site without parentheses represents data obtained 
from digests of cloned regions, whereas a restric- 
tion site with parentheses represents data ob- 
tained by sizing bands on Southern blots. Some 
restriction sites that have not been confirmed on 
the der(X) and der(21) chromosomes are not 
indicated on the restriction map. Abbreviations: 
B, Bam HI; E, Eco RI; H, Hind 111; H2, Hind 
11; X, Xba I. (b) Detailed restriction maps of the 
translocation junction fragments E2.9 cloned 
from the hybrid B2 and BE1.4 subcloned from 

Fig. 3. Visualization of the der(21) and der(X) 
translocation junctions by means of an X-derived 
probe from the region of the X chromosome 
spanning the translocation breakpoint. DNA was 
isolated from lymphoblaa cultures of the patient 
carrying the translocation (A), the patient's father 
(F) with an unrearranged X chromosome, and the 
hybrids A2 and B2. DNA was digested with Eco 
RI or Hind 111, separated by electrophoresis on 
an 0.8% agarose gel and transferred to nitrocellu- 
lose. The fragment BN2.1 derived from the junc- 
tion region of the X chromosome contained some 
intermidiate repeat sequences. For use as a probe 
the fraement was labeled bv nick-translation then 
preann:aled with 1 mg bf sheared (500 bp) 
human placental DNA to a Cot of 65 (33). 
Prehybridization of the nitrocellulose filter was at 
42°C in 50% formamide, 3 x  standard saline 
citrate (SSC), 0.05M N a m ,  l o x  Denhardt's 
solution, 0.15 mg ml-' of sheared herring sperm 
DNA, and 1% (wlv) glycine. Samples were hy- 
bridized for 15 hours in the same solution 111s ! 10% dextran sulfate and 4.8 x 10' cpm ml- of 
32P-labeled DNA. The filter was washed two 
times for 30 minutes each in 0.1% SDS and 0.1 x 
SSC at 65°C. Autoradiography was at -70°C 
with an intensifying screen for 10 days. 

B S S  S S  H3 H3 Ss Al E 

"IIII---UC_l BE1.4 
H H I  
H H  - - 

C-----l 
I I 

XJ1 and derived from the hybrid 42. The corre- 
sponding map of the X chromosome is from clone 
E2.7 isolated from DNA of the father of the 
translocation patient. Below each map are the 
fragments of DNA that have been subcloned into 
one or more of pSP65, pGEM3, pBSM13, 
M13mp18, or M13mp19. Sequencing of sub- 
clones from BE1.4 was performed on single- 
strand phage DNA by Sanger dideoxy chain 
termination sequencing. Sequencing of subclones 
from E2.7 and E2.9 was done by Sanger dideoxy 
sequencing of NaOH denatured double-stranded 
plasmid DNA (32). Abbreviations as in (a) plus 
AI, Alu I; A, Ava I; D, Dra I; H3, Hae 111; R, 
Rsa I; S, Sma I; Ss, Sst I. 

Em RI '"nd Ill 

y y y ;  7 +: 

attempted with rDNA probes. This proved 
impractical as the 40 to 60 copies of ribo- 
somal genes on this chromosome (7) gave a 
hybridization signal that obscured the detec- 
tion of any novel junction fragment. The 
alternative strategy was to walk from XJ1 on 

the centromeric side of the der(X) junction 
along the normal X chromosome in a telo- 
meric direction until probes were obtained 
that recognized sequences on the der(21) 
chromosome. The first walk clone in the 
telomeric direction (XJ2) yielded the clone 

25 SEPTEMBER 1987 REPORTS 1621 



BN2.1 (top panel, Fig. 2a) that spanned the 
translocation junction. When used as a 
probe on a Southern blot containing the 
patient's DNA (Fig. 3), fragments from 
both translocation chromosomes, as well as 
the normal X, were \lisualized. This indicat- 
ed immediatelv that no maior deletion had 
occurred at the site of the tra~lslocation. AS 
seen in Fig. 3, the Eco 1U and Hind I11 
bands from the natient's normal X chromo- 
some are identical to the bands from her 
father's normal X chromosome. The other 
tsvo bands are derived from the der(X) and 
der(21) tratlslocation chromosomes. This 

\ ,  

was confirmed by the presence of the sane 
size bands in DNA of two somatic cell 
hybrids, A2 and B2, containing the der(X) 
and der(21) chromosomes (Fig. 3). From 
these data and similar data with other re- 
striction enzymes, a restriction map of the 
der(21) translocation chromosome was con- 
structed (Fig. 2a). Comparison of the re- 
striction maps of the der(X) and der(21) 
translocation chromosomes with the restric- 
tion maps of the unrearranged X chromo- 
some and chromosome 21 shouls colinear- 
ity, indicating little or no deletion of materi- 
al at the site b f  the translocation (Fig. 2a). 

T o  examine the junction region in more 
detail, we cloned the 2.9-kb Eco RI-junc- 
tion fragment E2.9 (Fig. 2a). DNA from 
the hybrid B2 was digested with Eco lU and 
fragments of 2.6 to 3.2 kb were purified by 
g e l  electrophoresis. The size-fractionated 
DNA was eluted from the gel block and .. 
used to prepare a library in the phage vector 

AgtlO (1 1) .  Approximately 1 Oh recombinant 
phage were plated on Eschevichia coli 
D B l l 6 l  (12) and screened with the X- 
derived unique sequence probe XJ2.2 (Fig. 
2a), a process that yielded seven positive 
clones. Each of the clones also hybridized 
with the rDNA fragment ABE (Fig. 2a), 
which confirmed that the clones contained 
ribosomal gene sequences from chromo- 
some 2 1. Restriction mapping of a plasmid 
subclone that contained the insert from one 
of these phage confirmed the presence of 
Bam HI, Hind 11, and Hind I11 sites as 
predicted by the map obtained by Southern 
blotting (Fig. 2, a and b). 

To examine the translocation breakpoint 
at the nucleotide level, we had to sequence a 
normal X chromosome for comparison. The 
most appropriate X chromosome for this 
analysis was that from the patient's father, 
since it had been shown by restriction frag- 

ment length polynlorphism (RFLP) map- 
ping that the patient's translocation origi- 
nated in her father's X chromosome (13). 
This ulould eliminate any ambiguities due to 
individual heterogeneity of X-chromosome 
sequences. The 2.7-kb Eco RI fragment 
E2.7 (Fig. 2a) from the region of the junc- 
tion was selected for cloning and sequenc- 
ing. DNA from the father was digested with 
Eco RI and fragments of 2.6 to 3.0 kb were 
cloned into AgtlO, which yielded a library of 
approximately lO%ecombinants. The li- 
brary was screened with two X-derived 
unique sequence probes, XJ2.2 and XJ1.l 
(Fig. 2a), one from each side of the translo- 
cation on the X chromosome. Two phage 
clones positive for both probes were puri- 
fied and the inserts were subcloned into 
plasmids and mapped with restriction endo- 
nucleases. 

The analysis of the der(X) tra~lslocatio~l 

a 
1 GTCGACCACA TGGTTGGTGT TACATAACAA GCCATTGAAA ATAAAGCAAG CAAGCAATTA 

61 AGAAGGTACC AAACCCTGCT CAATTCTATT TTGTGGGTTT TGACCCCGTG ATTTAGCCTA 

121 TCATGAAAAA TTCTCATCTT CATTTTGACC CCCCACCCAG ATTTGTGCCA TCTGCAAAAT 

181 TGAAAATTAC CCCTTTGCTG ATGTTATGTA AGGTATTGAT CAATTATTCA GCAGCACAGA 

241 ACCTGTGGTA GCTTACTAAT TATAATAAAA CAATATTTAG AGTTGCTGGT CACTTAATAT 

301 CTACCAAGCA CCTTTTTAAA TACTTTTACA TGTATGTAAC TACATACATA CATGTTAAAC 

361 TTAAATATTT TCAAAACAAT CTTATCAGAT GGATACAATT ATCGCCATTT TACAGATGAG 

421 GAAACTGAAA CACAGTATGA CTAACTTTCT GAGGGCCACA CAGCTTTTAA GTAATACAGC 

481 TAGGATTCAA ACCCAAGCAG TGCATCTCAA GATCTCAGAC TTTTACCACT CTGCCCTCCT 

541 GACTAAAATG TGTATTCTAT ATACAGAGCT CACTCTCCCA AGTCAATATG GTTATTAATT 

601 CCTCTGCCAA CTCTGTCATA TAGATCACTT ATCACCATCT TATCCCGATA CCATAGAACC 

Fig. 4. (a) Sequence from the X chromosome surrou~lding the 
translocation breakpoint. The actual breakpoints occurred after 
~lucleotides 790 or  791 on  the der(21) chromosome and nucleotide 
862 on  the der(X) chromosome. (b) Diagram of the origin of the 
nucleotides on  the translocated chromosomes. O n  the transloca- 
tion-derived chromosomes there are 71 to  72 nucleotides not 
accounted for from the X chromosome and 1 6  to 2 3  nuclcotides not 
accounted for from chromosome 21. There are also an additional 
three residues (CTC) on  the der(X) chromosome not found on  the 
X chromosome or chromosome 21. The G residue on  the der(21) 
chromosome at the breakpoint, which could have originated from 
either the X chromosome or chromosome 21, is boxed. The 
sequence of the rDNA region presented here is from ~mAeotide 
3443 to  3541 from the published 2 8 s  sequence containing five 
GGC repeats near the tra~lslocation breakpoint (14). The CGGC 
tetranucleotides are underlined or o\?erlined. 

661 TTAGCCACTG TTTTACTCAA ATAGAAATAA ACCATTAAAA AAAAAAMTA GGTGCCACAG 

721 TAAAAGTATG ATCTCTTCAA CCTGATGAGA CCATCACAAC CAGTCTCAAA ACTTCTTTTC 

781 TGAAGAACAP, GCTATTAATT TAGATGAATG AGTCAATAAC AAACTTATCG CAGATTTIiAA 
A A 

841 C A T A C A G M  TTTTCACGGC AAATCTGTAA AATATGAGGT CAATAAATAT CTAATTTATA 

901 CTCAATAGCA TTTATACTGT TATAGAAATG ATGCAATATA CAAGACACAT AACTGTACAT 

961 AACACCCTAG CCATTAAATC ATTGTGCAGA TGGCTCCCAC TATCATTGTG ACTTCTGTGC 

1021 CTCTTTCCCC ATAGTGTTTG CCAAGCCATA AGCTGATATT TTATTTTACC TTCAGTTCTC 

1081 TGTACATTAC AGCTTCTCTG CCTGCAACAT CCTTTTCATC TGGCTCCTTT ACATGTCAGG 

1141 TAAGTTACCA CTGCCCCTTC AAAGCCTTTC CTTACGGCCT GAGTTTTGGT TCAATGCATG 

1201 ACCTGACTGT AAAACACTAT TTCCCACATC ATGTATGTCT TTCCCTACTC ATCACATTGC 

1261 TGAAGAATTG CCCATGTATC TGCTTGTCTC CCATGATAAG GACAATGTCT TTTTCCTTTA 

1321 TAACATAATG AGGAGAGCTC 

TTTCTGAAGAACAA A T C T G T ~ T A T G  der(X) 

C T C  

- - 
CCCTCCTCCTCGGCGCGCGGC ~ A G G G G C C G C G G G C C G G T C C C C C C C G C C G G G T C C G C C ~ ~ ~ G G G G ~ ~ ~ G ~ G G T T ~ ~ G ~ G ~  der(21) 

-- 
CCCTCCTCCTCGGCGCGCGGCGGCGGCGGCGGCGGCAGGCGGCGGAGGGGCCGCGGGCCGGTCCCCCCCGCCGGGTCCGCCCCCGGGGCCCGCGGTTCCGCGC - -- 21 
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breakpoint was continued by subcloning the 
1.4-kb Bam HI-Eco RI fragment BE1.4 
(Fig. 2a) from XJ1 into the plasmid vector 
pSP65 (Fig. 2a). Detailed restriction maps 
of the cloned regions of the der(X) and 
der(2l) chromosomes and of the X chromo- 
some are shown in Fig. 2b, and the frag- 
ments indicated were subcloned into ulas- 
mid vectors for sequencing as described in 
the figure legend. 

The sequence of 1340 base pairs from the 
X chromosome of the uatient's father is 
presented in Fig. 4a. Comparison of this 
sequence with the published 28s rDNA 
sequence (14) showed no homologous re- 
gions, consistent with the fact that the 
rDNA genes are extremely GC-rich, where- 
as the sequence surrounding the transloca- 
tion is very AT-rich. A comparison of this 
sequence with those in GenBank did not 
show any notable homology. Analysis of 
this sequence for homology to numerous 
subsequences including the imrnunoglob- 
ulin switch recombination signals (15), the 
chi sequence (16), the HOIMAT locus re- 
combinase (13 ,  an Alu sequence (18), and 
Line sequences (19) showed no significant 
homologies. 

The sequences spanning the breakpoints 
of the two translocation-derived chromo- 
somes and the corresponding sequence of 
the unrearranged X chromosome are pre- 
sented in Fig. 4b. For comparison, the 
sequence of a 28s rDNA gene that repre- 
sented the breakpoint region on chromo- 
some 21 is included (14). The translocated 
chromosomes have lost 71 to 72 nucleotides 
from the X chromosome and 16 to 23 
nucleotides from chromosome 21. A single 
base uncertainty is generated by the G resi- 
due [seen at the breakpoint on the der(2l) 
chromosome], which could have originated 
from either the X chromosome or chromo- 
some 21. A second uncertainty arises be- 
cause the trinucleotide GGC, found at the 
site of the translocation on chromosome 21, 
is repeated in different rDNA genes from 
four to six times (Fig. 4b shows five GGC 
repeats) (20). The der(X) sequence has one 
GGC present at the breakpoint, meaning 
that three to five GGC trinucleotides are 
missing in the der(X) chromosome, depend- 
ing on the number present in the repeat unit 
actually involved in the translocation. There 
are three nucleotides (CTC) at the break- 
point of the der(X) chromosome whose 
origin is uncertain. 

The presence of the CGGC tetranucleo- 
tide was noted in the immediate vicinity of 
the breakpoint on the der(X) chromosome, 
repeated six times on chromosome 21 and 
o i e  time on the X chromosome (Fig. 4b). 
Although it is uncertain whether this limited 
homology could be used as an explanation 

for the translocation, it may be a recognition 
site for an enzyme involved in the transloca- 
tion process. It has been suggested that the 
tetranucleotide GAGG, which occurs within 
11 to 12 nucleotides of a c-myc-immuno- 
globulin (Ig) heavy chain translocation 
breakpoint in five out of six translocations in 
murine plasmacytoma lines, may have been 
recognized by an enzyme with a DNA- 
cleaving ability (21 ). As such, the tetranu- 
cleotide sequence obsewed here could be 
involved in the origin of the translocation. 
This CGGC tetranucleotide is also implicat- 
ed because the region of the rDNA gene 
that joins the X chromosome is a region that 
shows marked variability in length between 
individuals (22). The region is composed of 
GGC repeats that can generate variable 
lengths by unequal homologous sister chro- 
matid exchange. It is possible that a similar 
recombination event involving this region 
and the CGGC tetranucleotide on the X 
chromosome led to the translocation. Since 
an association of the sex vesicle with the 
nucleolus in human sperm has been de- 
scribed (23), it is possible that a normal 
ribosomal meiotic recombination event 
went awry. For example, a break in the 
ribosomal gene distal to a ribosomal CGGC 
might allow a single strand of rDNA to 
displace one X strand at the CGGC tetranu- 
cleotide, possibly mediated by a recA type of 
mechanism (24). 

Although numerous tumor-associated 
translocations have been studied in molecu- 
lar detail (25), we know of no other mam- 
malian constitutional translocation that has 
been studied at the nucleotide level. The Ig 
heavy and light chain genes and the T cell 
receptor (TCR) gene are frequently in- 
volved in translocations associated with ma- 
lignancies, and it has been suggested that the 
inherent recombinatorial activity of the Ig 
and TCR loci may occasionally promote 
intermolecular recombination rather than 
intramolecular recombination (26). The re- 
gions involved in the translocation described 
here are not tumor-associated nor do they 
have any relation to known Ig genes or TCR 
genes. Thus, the causative mechanism of 
constitutional translocation may not be the 
same as the mechanism of somatic rear- 
rangement that is involved with Ig or TCR 
genes. As other constitutional translocations 
are studied it will be of interest to determine 
if these occur primarily between regions 
containing repeat units as seen in a number 
of Philadelphia chromosome translocations 
(27). It will also be important to determine 
if long or short regions of homology exist at 
the site of exchange, and it will be interest- 
ing to see if translocations occur preferen- 
tially between transcriptionally active re- 
gions as seen in our patient. 

There are 20 known cases of DMDIBMD 
females who carry X-autosome transloca- 
tions with breakpoints at Xp21 (5). The 
t(X;21) translocation is the first one to be 
studied at the molecular level, and our analy- 
sis has demonstrated that there is no major 
secondary rearrangement at the site of the 
translocation. Other studies from our labo- 
ratory (28) have demonstrated that the dys- 
trophic phenotype in the t(X;21) transloca- 
tion-carrying female can be accounted for 
because the translocation breaks through an 
intron of the gene, separating a few exons at 
the 5' end on the der(X) chromosome from 
the remainder of the gene on the der(21) 
chromosome. Translocation exchange 
points in other female DMDIBMD patients 
map both distal and proximal to the t(X;21) 
translocation studied here (29). It is not yet 
clear whether these translocations also act by 
disrupting the coding region of the gene, or 
whether they act by some other mechanism. 
For example, some of these translocations 
might act by separating the gene from a cis- 
acting regulatory element. With the rapid 
generation of pulsed-field gel electrophore- 
sis maps and more detailed restriction maps 
of the DMDIBMD locus, combined with 
the availability of numerous probes span- 
ning this locus (30), it is only a matter of 
time before other translocation breakpoints 
are cloned and sequenced. This will provide 
comparative data to help elucidate the mech- 
anism by which these translocations arose, 
and the mechanism by which they cause the 
disease. 
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