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Abstract. The D4Z4 locus is a polymorphic tandem re- Introduction
peat sequence on human chromosome 4g35. This locus
is implicated in the neuromuscular disorder facioscapuFacioscapulohumeral muscular dystrophy (FSHD) is an
lohumeral muscular dystrophy (FSHD). The majority ofautosomal dominant, progressive neuromuscular disor-
sporadic cases of FSHD are associated wi#hnovo der with an estimated prevalence of 1-5 per 100000
DNA deletions within D4Z4. However, it is still not (Lunt and Harper 1991). Genetic and physical mapping
known how this rearrangement causes FSHD. Althougistrategies have identified a polymorphic 3.3 kb tandem
the repeat contains homeobox sequences, despite eepeat (D4Z4) on human chromosome 4q35 that is tight-
haustive searching, no transcript from this locus has$y linked to FSHD (Wijmenga et al. 1992; Passos-Bueno
been identified. Therefore, it has been proposed that thet al. 1993; Upadhyaya et al. 1993; Weiffenbach et al.
deletion may invoke a position effect on a nearby genel993; Wright et al. 1993; Wijmenga et al. 1994). In un-
In order to try to understand the role of the D4Z4 repeaaffected individuals theEcoRl fragment containing
in this disease, we decided to investigate its conservatidn4Z4 varies in size between approximately 50 and 320
in other species. In this study, the long-range organiséb, while in familial cases of FSHD linked to chromo-
tion and localisation of loci homologous to D4Z4 weresome 4 the disease co-segregates with a fragment below
investigated in primates using Southern blot analysisthis range in size. The probe pl3E-11 (D4F104S1),
pulsed field gel electrophoresis and fluorescencsitu ~ which maps just proximal to D4Z4 on the saBeoRI
hybridisation. In humans, probes to D474 identify, infragment, detectsle novoDNA rearrangements in the
addition to the 4935 locus, a closely related tandem remajority of sporadic FSHD cases (Wijmenga et al. 1992;
peat at 10qgter and many related repeat loci mapping t8assos-Bueno et al. 1993; Upadhyaya et al. 1993; Wei-
the acrocentric chromosomes; a similar pattern was sedanbach et al. 1993; Wijmenga et al. 1994). It has been
in all the great apes. In Old World monkeys, howeverdemonstrated that the DNA rearrangement involves dele-
only one locus was detected in addition to that on théion of an integral number of 3.3 kb repeat units (van
homologue of human chromosome 4, suggesting that theeutekom et al. 1993).
D474 locus may have originated directly from the pro- D4Z4 was originally isolated as part of a cosmid
genitor locus. The finding that tandem arrays closely re¢13E) identified by an oligonucleotide probe to helix 3
lated to D4Z4 have been maintained at loci homologousf the homeodomain (Wijmenga et al. 1992). Each copy
to human chromosome 4q35-qter in apes and Old Worldf the 3.3 kb repeat contains two homeobox sequences
monkeys suggests a functionally important role for thesand, in addition, two different classes of GC-rich repeti-
sequences. tive DNA (Hewitt etal. 1994; Winokur etal. 1994).
hhspm3, a member of a low copy human repeat family
previously identified by Zhang et al. (1987), and LSau, a
middle repetitive DNA family (Agresti et al. 1989; Me-
neveri et al. 1993). In humans LSau is closely associated
- with (3 satellite DNA and is found in heterochromatic re-
* Present addresdepartment of Neurology, School of Medicine, gions; in particular, the short arms of the acrocentric
San Francisco General Hospital, San Francisco, USA chromosomes, the pericentromeric region of chromo-
*x Pres_ent addresdPDepartment of Pathology, Tennis Court Road, somes 1, 3 and 9, and the proximal euchromatic region
Cambridge, UK (q11.21-pter) of the Y chromosome. This repeat has re-
Edited by:H.F. Willard cently been demonstrated to be conserved in great apes
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Southern blot hybridisation and fluorescengesitu equilibrated for 1 h at 37° C with 0.5 ml of the appropriate restric-
hybridisation (FISH) data suggested that there are repe#@n enzyme buffer before digestion with 200 UEafoRI, Hindll
sequences similar to D4Z4 at predominantly heterochro2” Kpnl for 16 h at 37° C. For separation of fragments <25 kb,

: : : ndard horizontal gel electrophoresis was used. To resolve DNA
matic regions in the human genome, such as the Shoﬁ: gments >25 kb, electrophoresis was performed at 14° C in

arms of the acrocentric chromosomes (Hewitt etalg sxTBE using a BioRad Chef DRI apparatus. Switch times are
1994; Winokur et al. 1994). Recently we described sevgiven in figure legends. Lambda DNA concatamers (NEB), lamb-
eral yeast artificial chromosome (YAC) and cDNA da DNA digested wittHindlll (Gibco BRL) and DNA of yeast
clones that contain D4Z4-like sequences and map to thrain YPH80 (BioRad) were run as markers. DNA was trans-
acrocentric chromosomes, showing that this CrOSS_|,“;_erred to PALL B (PALL Biodyne) by alkaline Southern blotting

bridisation detected by FISH is due to similar homeo-°" 16748 h-

box-containing repeats (Hewitt etal. 1994; Lyle etal. - ; - -

! DNA probesThe isolation of cosmid 13E has been described pre-
1995). We have proposed the name 3.3 kb repeat for thigyysiy (wiimenga et al. 1992). The probe 9B6A, which contains
family, after the suggestion made by Tyler-Smith andhe double-homeobox sequence from D4z4, has been described
Willard (1993) to simplify the naming of repetitive DNA previously (Wright et al. 1993). The probe K3.3 encompasses the

and after the length of the first member to be describegomplete D4Z4 repeat unit and was isolated by gel purification at
(D4Z4) 3.3 kb fragment from &pnl digest of cosmid 13E. Probes con-
) taining other sequence motifs from D4Z4 were produced by sub-

D4z4 is strongly implicated as having a C"jms"jltlvecloning appropriate fragments from cosmid 13E (Fig. 1) into

role in the aetiology of FSHD: deletions within this lo- yg|yescript Sk (Stratagene). B6P1 is a 320 BamHI/Pst sub-

cus are associated with the disease. However, the preciggne that contains the LSau sequence. Probe BS1 is a 460 bp
disease mechanism has yet to be elucidated. Although @anHl|/Sadl subclone containing the hhspm3 sequence. Probes
open reading frame has been identified within D4Z4 thawege,cljabet!led with ¢32Ff’]dCTg’ .byctne r?]n80#1 pzig;qer tﬁChnjqugi
could encode a homeodomain-containing protein, ther é’rt”ls'féi'ogt ‘(’SVSOS S?L?r{?;eth e;jég tfgreé51 vl\J/LCichavr\]/as r|1
Is, to _dat.e’ no evidence the}t itis transcribed (Hewitt et albri_dised a% 75° C. Unless stated otherwliose, filters were washed ;_/t a
1994; Winokur et al. 1994; Lyle etal. 1995). The StrUC-gtringency of 2xSSC, 0.1% SDS at 65° C; followed by autoradi-
ture of D4Z4 and the distribution of related loci in the ography for 2-5 days at70° C using medical X-ray film (Fuji)
human genome suggest that these repeats are associatét intensifying screens.

with heterochromatin. It has been postulated that dele-

tion of D4Z4 sequences could produce a position effedtluorescent in situ hybridisatioiThe D4Z4-containing probes
that alters the activity of the FSHD gene (Hewitt et al.used were cosmid 13E (Wijmenga et al. 1992), YAC clone 25C2E
1994; Winokur et al. 1994; Lyle et al. 1995). Recently, at(erght etal. 1993), and cosmid C13, which was isolated from

. o . he YAC 25C2E and spans the D4Z4 repeat (T. Wright, unpub-
gene has been identified that maps 100 kb proximal Bshed data). For each species, all clones gave a similar distribu-

the D4Z4 repeat (van Deutekom et al. 1996). No changion pattern of signals when used for FISH. Genomic synteny at
es in FRG1 expression levels could be detected in FSHIBe DNA level has been demonstrated between human chromo-
patients versus controls. To date, no other genes haseme 4 and chromosome 3 of pigmy chimpanzee, gorilla and

been identified in this region of chromosome 4q35_orang-utan by chromosomin sjtu suppres.sion.hybridisation
Therefore, a more detailed analysis of the D4Z4 repe#aUCh etal. 1992). Therefore, in order to |d_ent|fy the great ape
! omologues of human chromosome 4, a paint produced from a

may be f.ru'thI' . . . . _human chromosome 4-specific phage library (ATCC number
The aim of this work was to investigate the evolution| A04NS0O2) was used in combination with the D4Z4 probes. Two
of this repeat family in order to gain insights into its rolemicrograms of YAC, cosmid or plasmid DNA was labelled by
in FSHD. We have investigated the conservation andick-translation as described previously (Ried etal. 1993). Cos-
|0ng-range organisation of the individual sequence elemid and plasmid biotin-labelling reactions were incubated for 2—3

i i t 15° C and those of YACs for 4—6 h at 15° C. Two micrograms
ments that comprise D474 in the great apes and rhesg the human chromosome 4-specific DNA library was labelled

macaque, an Old. World monkey. _In ad_ditior_1, the 3.3 .kQNith digoxigenin. Hybridisation and image analysis were per-
repeat family loci has been localised in primates uUSiNgormed as described previously (Ried et al. 1993).

FISH.

' Results
Materials and methods

All the sequence elements within D4Z4 are conserved

Genomic DNA samplesHuman and macaque genomic DNAs gnd closely associated in the great apes
used in this study were isolated from peripheral blood or tissue

samples. Great ape genomic DNA was prepared from lymphobla : : : :
cell lines or purchased from BIOS Laboratories (New Haven).sf-he D4Z4 probes used in this study are shown in Fig. 1.

Chimpanzee peripheral lymphoblast (EB 176), gorilla peripherall N€ restriction enzymekpnl cuts once within every
lymphoblast (EB JC) and orang-utan peripheral lymphoblascOpy of the D4Z4 repeat, reducing the D4Z4 locus to
(EB185 JC) cell lines were obtained from the European Collectiormultiple copies of a 3.3 kb fragment (Wright et al.
of Animal Cell Cultures. Genomic DNA was isolated according t01993). Therefore, we initially usegpnl-digested DNA
Miller et al. (1988). to analyse the evolutionary conservation of D4Z4 in the

Southern blot analysisApproximately 8ug of genomic DNA was grﬁit fapes.hThe proaeSL(S.Shv_vas hybrldlsg_?é[o gen.(l)lmlc
digested with the appropriate restriction enzyme according to th rom human ( ), chimpanzee ( ), gorilla

manufacturer’s instructions (Boehringer-Mannheim). Agarose(GGO), orang-utan (PPY) and an Old World monkey,
blocks containing high molecular weight genomic DNA were baboon (PHA). A strongly hybridising 3.3 kpnl frag-



182

cosmid 13E

<
I
D4z4 o
T R S M Kb
RN 2kb 23
/ ~
/ N
Y N
K p s “k
= T — | 9.4——
Key B B B B
= LSau B6P1 BST —
m hhspm3 9B6A 6.6—
= double-homeobox K3.3
1kb
44—

Fig. 1. A schematic of the D4Z4 region showing an expanded map

of one complete D4Z4 repeat unit. The location of cosmid 13E is
indicated.Filled boxesindicate the positions of the double-ho- )
meobox sequences within D4Z4. The positions of sequence motifs

in D4Z4 are shown; refer to key for identityorizontal barsindi-

cate the positions of probes used in this study. Restriction enzyme
sites:B BanHI, E EcRlI, K Kpnl, P Pst, S Sad. For clarity, not

all Sadl and Pst restriction sites are indicat=d

ment, the same size as in human DNA was detected 0~
all the great apes but not in baboon, which had a cross- *
hybridising fragment of >23 kb (Fig. 2). In all the great
apes additional hybridising bands were seen. The interi-6 —
sity of the 3.3 kb fragments in human, chimpanzee and
orang-utan suggests that multiple copies of this fragment
are present.

The conservation of the homeobox, hhspm3 and LSau
sequence elements of the D4Z4 repeat in the great apeig. 2. A Southern blot containing fig Kpnl-digested genomic
was investigated further using Southern blot analysis oPNA from human KSA, chimpanzee TR, gorilla (GGO),
EccRl- and Pst-digested genomic DNA (Figs. 3, 4). {onoutar REY) e Laooon 1) e, W Redei an ox
The homeobox probe_9|_36A deteCte.d mﬁ‘{yRI frag- posedpfor 2 days. Tharrowheadindicates the 3.3 kb fragment
ments (some at the limit of resolution) in chimpanzee . esponding to D4z 4
gorilla and orang-utan. The LSau probe, B6P1, gave a
similar pattern of hybridisation to the probe 9B6A, sug-
gesting these two sequence motifs are closely associated.
The result in orang-utan was particularly striking: ashhspm3 sequence maps to the same 1Bskldragment
with 9B6A two strongly hybridising fragments of 6 and within D4Z4 as the homeobox motif. Again, a band of
7.5 kb were detected. The hhspm3 probe, BS1, also gateis size was seen only in human DNA with a strongly
many cross-hybridising fragments. Again, there werehybridising fragment of approximately 2 kb present in
fragments in common with the homeobox probe, in parall the great apes. Within D4Z4, LSau maps to 634 bp
ticular the 6 kbEcoRI fragment in orang-utan. Thus the Pst fragment; the probe B6P1 detected in a band of this
homeobox, hhspm3 and LSau elements from D4Z4 arsize in all species, in addition to other fragments.
conserved in the genomes of the great apes. From these results, it appears that chimpanzee, orang-

To investigate further the association of these D4Z4itan and gorilla all contain a locus or loci that is/are very
sequence motifs the enzyrRst, which custs within the similar to D4Z4: probes to the repeat identify a 3.3 kb
human D4Z4 repeat unit, was then used (Fig. 4). ManKpnl fragment in all species studied in the sequence ele-
positive fragments were detected using 9B6A. Withinments that comprise D4Z4 are conserved and found in
D4z4, the homeobox motif maps to a 1.4R&ll frag-  close association. More than one hybridising fragment
ment; although a band of this size was detected by theas detected by each probe, suggesting that the great
9B6A probe in human DNA, it was not seen in any othelapes (in common with man) also contain additional
species. However, a strongly cross hybridising fragmentnembers of the 3.3 kb repeat family.
of approximately 2 kb is conserved in all the great apes. The human D4Z4 locus is contained within a poly-
The hhspm3 probe produced a pattern of hybridisatiomorphicEcdRl| fragment that varies in size from approx-
that was almost identical to that seen with 9B6A. Thamately 50 to greater than 300 kb and pulsed field gel
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Fig. 3. Southern blots contain-

. ing 8 ug EcoRI-digested ge-
nomic DNA from human
(HSA), chimpanzeeRTR), go-
i rilla (GGO) and orang-utan

(PPY) were hybridised with
probes to the D474 repeat

20— DNA motifs as indicated: ho-
meobox, 9B6A; LSau, B6P1;
hhspm3, BS1. The filters were
washed in 2xSSC, 0.1% SDS
at 65° C and exposed for

LSau hhspm3 1-3 day
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Fig. 4. Southern blots containing 8
o pg Pst-digested genomic DNA
fo— from human KISA), chimpanzee

homeobox

hhspm3

LSau

(PTR), gorilla (GGO) and orang-
utan PPY) were hybridised with
probes to the D4Z4 repeat DNA
motifs as indicated: homeobox,
9B6A; hhspm3, BS1; LSau, B6P1.
The filters were washed in 2xSSC,
0.1% SDS at 65° C and exposed
for 3-4 day~

electrophoresis (PFGE) is required to visualise all the alin more detail. Probes to the homeobox, LSau and
leles (Wijmenga et al. 1994). As the D4Z4 probes hy-hhspm3 motifs all identified the sankeoR| fragments
bridised toEcdRl fragments larger than 23 kb in the of 50-450 kb in human, chimpanzee and gorilla (Fig. 5).
great apes we used PFGEEmoRI-digested high molec- Taken together with th&pnl data, this suggests the
ular weight genomic DNA to investigate these fragmentgpresence of similar tandem repeats in all these species.
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Fig. 5. Pulsed-field gel electrophoresis (PFGE) of genomic DNA 18 h. Following transfer of the DNA to nylon membranes, the fil-
from great apes. High molecular weight DNA embedded in agaroters were hybridised with probes to the D4Z4 repeat DNA motifs
se blocks was digested witcoRI. The DNA fragments were as indicated: homeobox, 9B6A; hhspm3, BS1; LSau, B6P1. The
separated by PFGE using a switch time of 3-30 s at 6 V/cm fofilters were washed in 1xSSC at 65° C and exposed for 2—- days

In orang-utan, only onEcoRlI fragment greater than 50 conserved and map to fragments of similar sizes, sug-
kb was present with many strongly hybridising bands irgesting the presence of D4Z4-like loci in Old World
the 6-20 kb size range, consistent with the previousnonkeys.
Southern blot data. Therefore, although orang-utan ap- Again, we used PFGE to resolve accurately the sizes
parently has a 3.3-kKpnl repeat unit (Fig. 2), the long- of the EcdoRl fragments in two unrelated rhesus ma-
range organisation may be different. caque individuals (Fig. 7). An identical hybridisation
pattern was produced with each of the D4Z4 probes,
again consistent with the presence of a similar repeat to
Evidence for a D4Z4 homologue in rhesus macaque  D4Z4 in rhesus. Unlike the great apes, whi¢pal cuts
within the repeat unit (Fig. 2), in rhesicdRl and
We have shown previously that the homeobox prob&pnl gave a identical hybridisation pattern with 9B6A
9B6A produces a much simpler hybridisation pattern or(Fig. 7). In humarHindlll cuts outside D4Z4, produc-
Southern blots of DNA from Old and New World mon- ing a similar hybridisation pattern coRI (Wijmenga
keys than in the great apes or man (Hewitt et al. 1994kt al. 1994). We found th&tindlll digestion produced a
Therefore, the conservation of the D4Z4 repeat in rhesimilar hybridisation pattern td&coRl in gorilla and
sus macaque, an Old World monkey, was investigated iarang-utan (Fig. 7). However, in rhesus macaque no
more detail by Southern blotting and PFGE (Figs. 6, 7)large fragments were seen, but a strongly hybridising
The homeobox probe detectEdoRI fragments >23 kb, band of 6.5 kb. This is consistent with a tandem repeat
andPst, Hindlll and BanHI fragments of 6—6.5 kb. A locus in rhesus with a repeat unit size of approximately
similar hybridisation pattern was seen with this probe in6—7 kb, rather than the 3.3 kb repeat seen in man and
another species of Old World monkey, crab-eating magreat apes.
caque (Fig. 6), witfEcaRl andKpnl fragments of >23 Two unrelated macaque individuals were studied to
kb. In rhesus macaque, the LSau probe gave a similaxamine whether these lardgecoRrl fragments were
hybridisation pattern to 9B6A, suggesting that thesgolymorphic. In both animals the D4Z4 probes identi-
two sequences are also closely associated in this spied up to three fragments of different sizes, indicating
cies. The hhspm3 probe also gave a similar hybridisathat rhesus macaque contains more than one polymor-
tion pattern, although several additional bands werehic locus. It is noteworthy that it is often possible to re-
seen. Thus, all the sequence elements within D4Z4 alve only three out of the possible four polymorphic
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Fig. 6A, B. Southern blots containing 10y genomic DNA from

rhesus macaqueAj or crab-eating macaque); digested with  tains human genomic DNA digested wilsdRI as a positive con-

EcoRl, Pst, BarrHI, Kpnl or Hindlll, were hybridised with  trol. The filters were washed in 2xSSC, 0.1% SDS at 65° C and
probes to the D4Z4 repeat DNA motifs as indicated: homeoboxgxposed for 3 da'is

9B6A; hhspm3, BS1; LSau, B6P1. The lane labelsiA con-

fragments on human PFGE blots using probes to thef D4Z4 probes with a probe to the rDNA genes was
D4z4 locus (Wijmenga etal. 1994; Lyle etal. 1995).used to confirm the presence of signals on the acrocen-
TheHindlll data in Fig. 7 are from two unrelated gorilla tric chromosomes (data not shown). The large block of
individuals and again, the results show the D4Z4 homoheterochromatin present at human chromosome 1q is not
logue to be polymorphic. conserved in the great apes, which probably accounts for
the lack of FISH signals on chromosome 1 in these spe-
cies. Together with the Southern blot and PFGE data,
Localisation of D4Z4-related loci in the great apes these results suggest that there are 3.3 kb repeats at the
and Old World monkeys homologous region to human chromosome 435 and on

at least some of the acrocentric chromosomes in each of
Human cosmid and YAC clones containing the D4Z4 rethe great apes studied. FISH signals were also occasion-

peat were hybridised to metaphase spreads from humaally seen at telomeric locations on a non-acrocentric
chimpanzee, gorilla, orang-utan and an Old World monehromosome, possibly corresponding to the homologue
key, the crab-eating macaque (Fig. 8). In all the greadf the repeat locus of human chromosome 10.

apes, D4Z4 probes hybridized to the telomeric region of In the Old World monkey, signals were seen at the te-
the long arm of chromosome 3, the homologue of humatomere of the long arm of the homologue of human
chromosome 4, as identified either by chromosome&hromosome 4, and at the telomere of a second chromo-
painting or 4,6-diamidino-2-phenylindole banding (Fig. somal pair (Fig. 8E). No other signals were detected, in
8A, C, D). These loci most likely represent the homo-contrast to the dispersed hybridisation pattern seen in the
logues of D4Z4. great apes. This data is consistent with the much simpler

In all these species additional signals were also dehybridisation pattern seen on Southern blots and with the
tected, many of which localised to the short arms of th&FGE data.

acrocentric chromosomes, a similar distribution pattern
to that observed in human (cf. Fig. 8A). Co-localisation
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Fig. 7. PFGE of genomic DNA of rhesus macaque. High molecu-at 6 V/cm for 18 h. FoHindIll a switch time of 10-40 s at 5

lar weight DNA embedded in agarose blocks from two unrelatedv/cm for 24 h was used. Following transfer of the DNA to nylon
rhesus macaque individualMiUl and MMU2) was digested membranes, the filters were hybridised with probes to the D4Z4
with EcoRl, Kpnl or Hindlll. For the Hindlll filters DNA from repeat DNA motifs as indicated: homeobox, 9B6A; hhspm3, BS1;
orang-utan PPY) and two unrelated gorilla individual$sGO1 LSau, B6P1. The filters were washed in 2xSSC at 65° C and ex-
andGGO2 was also used. FacoRl andKpnl digests the DNA  posed for 2-3 da';s

fragments were separated by PFGE using a switch time of 3-30_s

Discussion quences in gorilla and orang-utan using Southern blot
analysis.
We provide evidence that the D4Z4 repeat is conserved The data from Old World monkeys are consistent
in great apes and Old World monkeys. Chimpanzee andith the presence of only two loci related to D4Z4, in
man, in particular, gave an extremely similar pattern otontrast to the large number in great apes. Using FISH,
hybridisation with all the probes, suggesting that thewe showed one of these to map to a region homologous
copy number and organisation of D4Z4 and other memto human chromosome 4q35 in crab-eating macaque. We
bers of the 3.3 kb repeat family are similar in these spespeculate that the other FISH signal could represent the
cies. This is consistent with data from many studies thahtomologue of the locus on human chromosome 10926
support the chimpanzee-human clade (Caccone an@akker et al. 1995; Deidda et al. 1995). Again, there ap-
Powell 1989; Sibley et al. 1990). It is also in agreemenpears to be a tandem array, although the repeat unit size
with Meneveri etal. (1995), who suggested that themay be different.
LSau sequence organisation in similar in man and chim- Thus, great apes and Old World monkeys contain
panzee. However, some differences were seen with tHe4Z4-like loci at regions syntenic with human chromo-
other great apes. In orang-utan, two strongly hybridisingome 4q35. In all great apes there are 3.3 kb repeat se-
EcoRI fragments of approximately 6.0 and 7.5 kb werequences on at least a subset of the acrocentric chromo-
consistently identified by D4Z4 probes, suggesting thasomes, similar to the distribution of this family in the
this species contains a locus closely related to D4Z4, biituman genome (Hewitt et al. 1994; Winokur et al. 1994;
with internal EcoRlI sites. In gorilla fewer, fainter, hy- Lyle etal. 1995). Therefore, we propose that there has
bridising bands were consistently seen using both starbeen an increase in copy number of D4Z4-related se-
dard Southern and PFGE analysis and using two sourcegsiences from a presumptive ancestral sequence through
of DNA. This may be due to the presence of fewer lociwo pathways: (i) production of a tandem array and du-
or to a greater level of sequence divergence. Again, owlication of this locus onto another chromosome; (ii)
findings are consistent with those of Meneveri et al.dispersion of 3.3 kb repeat sequences into regions of het-
(1995), who demonstrated differences in copy numbeerochromatin, such as the short arms of the acrocentric
and organisation of 68-bp satellite DNA and LSau sechromosomes.



Fig. 8A—E. Localisation of D4Z4 homologues in great apes and
an Old World monkey. D4Z4 probes were hybridised to meta-
phase spreads from humak){ chimpanzeeR), gorilla (C),
orang-utanD), and crab-eating macaque)( Chromosomes were
counterstained with'&-diamidino-2-phenylindole (DAPI). A
digoxigenin-labelled human chromosome 4 paietl fluores-

cenceg was used to detect the homologous chromosomes in chim-
panzee and gorilla. D4Z4 sequences were biotin-labedieg
fluorescence A The D4Z4 probe, 13E, hybridises to 4935,

10926, 1912 and the short arms of the acrocentric chromosomes.
B, C The D4Z4-containing probe, 25C2E, hybridises strongly to
the telomeres of chromosome 3q, the homologue of human chro-
mosome 4 in chimpanzee and gorilla, as identified by the chromo-
some 4 paint. Additional signals are seen on the short arms of ac-
rocentric chromosomes. A signal was not detected at Iy The
probe 13E hybridises to the telomere of chromosome 3q, identi-
fied by the DAPI banding patterarfow). Additional signals are
present at telomeric locations on other chromosof&d$e cos-

mid C13 hybridises to the telomeric regions of the homologues of
human chromosome 4q as identified by DAPI bandiaqé

arrow) and a chromosome 4 paint (data not shown). A second
chromosomal pair is also labelled at the telomsnea{l arrow)
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Generation of tandem arrays ily (Kurnit etal. 1986) and the multisequence family
. . , chAB4 (Assum etal. 1994). Both these families have

A possible mechanism for the generation of a tandem agyso undergone rapid expansion recently during primate
ray involves duplication from a progenitor sequence Witheygjytion and it has been suggested that sequence ex-
subsequent recombination processes, such as unedéflanges between heterochromatic regions are relatively
crossover and sister chromatid exchange, leading to th%quent and play an important role in the dispersion of
formation of tandem arrays of repeats. Similar mechaygpetitive DNA (Assum et al. 1994). There is good evi-
nisms may be involved in producing the polymorphismsjence that sequence exchanges between heterochromatic
and the FSHD-associated deletions seen within D4Z?fegions of the genome occur. Several repetitive DNA
(van Deutekom et al. 1993). This tandem array was thefymijlies are shared by the acrocentric chromosomes, such
duplicated onto another chromosome, perhaps via gs the subfamilies of alphoid DNA (Choo etal. 1988).
translocation event. The data presented here are consi§imijlar mechanisms have probably resulted in distribu-
tent with either of the loci on chromosome 4 or chromo+ign of the 3.3 kb repeat family as we have shown previ-
some 10 representing the progenitor locus. The homogeyysly that subfamilies of the 3.3 kb repeat are shared by
neity of the D4Z4 tandem array does not in itself argugngre than one chromosome (Lyle etal. 1995). A more
against this repeat containing coding sequence; tandemftajled molecular analysis of D4Z4 and its homologues
repeated gene families are characteristically homogengy gther primate species, including cloning of DNA “se-
ous and intergenic regions are no less homogeneous thgflences flanking the tandem array, should give insights
coding regions (Pavelitz et al. 1995). _ _into the molecular evolution of this locus. In addition

Our data suggest that all the primate species studieghalysis of more divergent primate species will be impor-
here contain tandem arrays of D4Z4-related sequencegnt Given the large sizes of these repeat regions, the
Rhesus macaque has an apparent repeat unit that is mughjjapility of resources (such as YACs and bacterial arti-
larger than that found in the apes; cloning and sequenggial chromosomes) for cloning of large pieces of DNA

of these loci will be necessary to determine the molecufom primate species would be extremely advantageous.
lar basis of this difference. The apparent homogeneity of

the repeat units within a species presumably arose
through concerted evolution, including such processes dmplications for identification of the FSHD gene

gene conversion and unequal crossover. o
The finding that tandem arrays closely related to D4z4

_ _ _ have been maintained at loci homologous to human
Dispersion of the 3.3 kb repeat family chromosome 4q35—-qter in apes and Old World monkeys
gests a functionally important role for these sequenc-
The D4Z4 locus maps within 50 kb of the telomere
human chromosome 4q (Bengtsson et al. 1994; He-
itt et al. unpublished data). Whether the telomeric lo-

The results presented here suggest that the dispersionz);fg
3.3 kb repeat loci onto the acrocentric chromosomes o SF
curred after the split of the great ape and Old Worl

gal%e%gnrﬁagf‘?gmﬁltzogggc?g'ss O'fS 8%533033 rgztr‘;"k;béalisation of the repeat has played a significant role in its
: inly WO Specl Y evolution is unknown. To date, the mechanism whereby

gg?i:]zl rg?sc?r?légb‘ggﬂ ggzbéeﬁgcvgwn;ﬁga%%%)keSorl:qtgﬁrr rrangements within the D4Z4 repeat sequence cause
y y( FSHD is still unresolved. The presence of many copes of

moset) is consistent with dispersion occurring after the, ' 3 31 p repeat in man has complicated the study of the
‘(jt'r\]’gggngf acgdtueevgi;tegi ;piggir)'d Old World monkeyg,tion of this locus (Lyle etal. 1995). The data pre-
pap riewit et al. ' .. sented here suggest that Old World monkeys, in which

H n(iglrfr;;?je Orlés;;'gulon eorfc;[r?]eess.:nléb'trsegizgéaar?gﬁ 'n.me tandem array has been maintained but that lack the

u 9 b€ 9 ! lation wi any copies of similar sequences, may provide a good

heterochromatic regions, it seems likely that sequencg,, e tor functional analysis of the repeat. In addition,
exchanges between heterochromatic regions of the acrf man chromosome 4q35—qter contains many mildly re-

g?rtlgi'g fggg;ntoé%?ﬁs Irr?é}r/er;%\r/]zI;acxgaaea?/éhﬁ)jxghtﬂgt etitive sequences and pseudogenes that have proved
ol . y . - .problematic in gene-searching strategies (Altherr et al.
the heterochromatin-associated (68 bp satellite, which i 995: van Deutekom etal. 1995: Hewitt etal. manu-

associated with the D4Z4 repeat (van Deutekom etal~ >~ . ; ; .
- . cript in preparation). Cloning of the homologous region
1993; Hewitt et al. 1994) and other members of the 3.3 thesus macague may provide a less complex resource

Kb repeat family (Lyle etal. 1995) hybridised only to in which to identify bona fide genes that can then be

DNA from man or the great apes and not to rhesus M3asted as candidate genes for FSHD
caque (data not shown). An expansion of this satellite '

DNA has. pccurre_d in man; this is thoth_t to be I'e|?‘teqb\cknowledgementsThe authors wish to thank Robert Lyle for
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