
lysed in an extraction b&er (TEB) (120 mM piper- 
azino-N,Nf-bis[2-ethanesulfonic acid], 40 mM N-2- 
hydroxyethylpiperazine-N'-2-ethanesulfonic acid, 20 
mM EGTA, 4 mM MgCI,, 0.25% deoxycholic acid, 
1% Triton X-100) plus protease inhibitors (1 mM 
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gel and transferred to Immobilon-P (Millipore, Bed- 
ford, MA) by the method of H.  Towbin, T. Staehelin, 
and J. Gordon [Proc. Natl. Acad. Sci. U . S . A .  76, 
4350 (1979)l. The membrane was incubated at room 
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antibody (2 kglml) to hunlan gelsolin [D. J. Kwiat- 
kowski, J. Biol. Chem. 263,13857 (1988)] or with a 
1: 500 dilution of rabbit antiserum to rat gelsolin (17), 
and then with 0.5 pClml of the appropriate '''I- 
labeled secondary goat immunoglobulin G (IgG) 
(New England Nuclear, Boston, MA), with washes of 
0.2% Tween PBS in between. After further washes, 
the membrane was exposed to autoradiograph film for 
up to 12 hours and the film developed. The autorad- 
iograph bands were scanned with a laser densitometer 
(LKB Pharmacia, Piscataway, NJ) for quantitation of 
intensity. We used known amounts of mouse gelsoh 
or human gelsolin to compare band intensity and 
estimate the amount of native mouse gelsolin and 
transfected hunlan gelsolin. Expression of native NIH 
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well. 
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Isolation of Sequences That Span the Fragile X and 
Identification of a Fragile X-Related CpG Island 

Yeast artificial chromosomes (YACs) were obtained from a 550-kilobase region that 
contains three probes previously mapped as very close to the locus of the fragile X 
syndrome. These YACs spanned the fragile site in Xq27.3 as shown by fluorescent in 
situ hybridization. An internal 200-kilobase segment contained four chromosomal 
breakpoints generated by induction of fragile X expression. A single CpG island was 
identified in the cloned region between markers DXS463 and DXS465 that appears 
methylated in mentally retarded fragile X males, but not in nonexpressing male carriers 
of the mutation nor in normal males. This CpG island may indicate the presence of a 
gene involved in the clinical phenotype of the syndrome. 

T HE FRAGILE X MENTAL RETARDA- 

tion syndrome is the most frequent 
cause of inherited mental retardation 

(with an incidence of one in 1500 newborn 
males) (1). The diagnosis is based on the 
presence of a fragile site on the X chromo- 
some, at Xq27.3, induced in vitro by culture 
conditions affecting deoxynucleotide syn- 
thesis (2). Partial penetrance is observed in 
males and females and varies in different 
sibships, even within the same family (3). 
Many hypotheses have been proposed to 
account for the unique characteristics of the 
inheritance of this syndrome. In particular, 
Laird (4) suggested that the fragile site is a 
region of late replication, resulting from a 
local inability to reactivate a previously in- 
active X chromosome, during oogenesis. 
Using pulsed-field gel electrophoresis 
(PFGE), we have recently obtained data that 
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support an imprinting mechanism, and 
found restriction sites that appear methylat- 
ed in males who express the mutation, but 
not in normal males whether or not they 
carry the mutation (5). We report here the 
isolation of a DNA region that spans the 
fragile site and the identification of a CpG 
island which appears critically involved in 
the expression of the syndrome. 

We have recently cloned two probes, 
St677 (DXS463) and Do33 (DXS465), that 
map within a 3-Mb Not I fragment and that 
flank breakpoints on the X chromosome 
purported to be at or very near the fragile X 
site (5, 6).  The distal probe Do33 detects 
abnormal PFGE patterns in mentally retard- 
ed fragile X patients and lies within 120 kb 
of a region important for the expression of 
the syndrome (5). We have now isolated 
four yeast artificial chromosomes (YACs) 
containing St677, Do33, or both probes by 
direct colony screening (7) or by polymerase 
chain reaction (PCR) screening of YAC 
pools (8). The two larger clones (141H5 
and 209G4) were obtained from the total 
human library of the Centre d'Etude du 
Polymorphisme Humain (CEPH), and had 
been derived from a normal male (9), and 
mapped by PFGE after digestion with rare 
cutting restriction enzymes. We also ana- 
lyzed the two smaller clones (XY120 and 
XY530), which were obtained from a 
Xq24-q28 library that had been derived 
from the X chromosome of a fragile X 
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patient (10) (Fig. 1). 
Two YAC clones (209G4 and XY530) 

were initially isolated by screening with 
St677, and both contained also probe 2-34 
(DXS477) (6). The smaller size of XY530 
allowed mapping of the two probes, which 
were separated by 25 to 45 kb. To further 
study the 425-kb YAC 209G4, we generat- 
ed end probes by inverse PCR (1 1). These 
probes were hybridized to a physical local- 
ization panel (6 ) ,  and both mapped to the 
fragile X region, eliminating the possibility 
of an artifactual ligation of unrelated se- 
quences during cloning. Moreover, they ap- 
peared separated by several chromosomal 
breakpoints (Fig. 1). Four of these corre- 
spond to the cell lines generated by Warren 
et al. (12) who selected for breakage of a 
fragile X chromosome after induction of the 
fragile X site. These breakpoints are in fact 
located between 2-34 and the right arm of 
20964, and their clustering within 200 kb 
indicates that they are indeed specific for the 
fragile site region. 

To verify that 209G4 spans the fragile 
site, fluorescent in situ hybridization was 
performed on metaphases obtained from 
five fragile X patients after induction with 
fluorodeoxyuridine (Fig. 2). Of the fluores- 
cent signals scored in 120 metaphases, 49% 
were on the fragile X region, evenly distrib- 
uted on the fragile site gap itself, on the 
proximal or on the distal side of the gap 
(Table 1). The same distribution was ob- 
served in all patients. The finding on the 

Fig. 1. Map of a 550-kb 
region spanning the 
fragile X site cloned in 
four YACs. The interval 
containing the break- 
point of cell lines 
Micro21D, QlQ,  QlV, 
and Q1X (12) is shown. 
Restriction fragments de- 
tected in PFGE of ge- 
nomic DNA are repre- 
sented for Sac I1 and Eag 
I digests (fragment pre- 
sent (-) or specifi- 
cdy methylated (- - - -) 
in fragile X patients). 
The location of probes 
used for mapping is indi- 
cated under the scale. 
Probes specific for the 
right or left arm were 
also used for mapping 
with partial digests. G53 
and D53 are end probes 
of 209G4. Two YACs 
(141H5 and 209G4) 

same chromosome of well-separated hybrid- 
ization signals flanking the fragile site was 
especially striking given the size of the probe 
(Fig. 2, d and f). A control YAC clone 
containing the proximal probe 2-71 
(DXS476) which maps within the same 3- 
Mb Not I fragment as 2-34, St677, and 
Do33 (13) showed in most cases hybridiza- 
tion proximal to the fragile site, although a 
signal was sometimes found over the gap 
(Fig. 2j). 

A larger 520-kb YAC (141H5), isolated 
later by PCR screening for Do33 (14), was 
also shown to contain St677 and 2-34 and 
to extend further than 20964 by 25 kb in 
the telomeric direction. In fact Do33 is 
within 10 kb from the right end probe of 
209G4 (15). The maps of the two YACs are 
in very good agreement in the overlapping 
region. The tight clustering of rare restric- 
tion sites reveals the presence of a CpG 
island about midway between probes 2-34 
and Do33. Another region with many rare 
sites is found closer to Do33, but it appears 
spread over about 20 kb (Eag I and Bss HI1 
sites) and may thus not be a true CpG island 
(1 6). Preliminary mapping of the two small- 
er YACs derived from the genome of a 
fragile X patient showed good correspon- 
dence with the map established from the 
CEPH YACs, given the relative lack of 
precision in PFGE (Fig. 1). 

We have recently reported that Do33 
detects, in normal males, 620-kb Bss HI1 
and Sac I1 fragments and a 120-kb Eag I 

Table 1. Distribution of the hybridization 
signals of 209G4 and XY300 DNAs on the 
Xq27.3 fragile site region. Metaphase spreads 
from four fragile X males and a female were 
used. Only metaphases expressing the fragile X 
chromosome and showing hybridization signals 
on the fragile site region were scored. These 
signals correspond to 94% of those found on X 
chromosome and to 52% of the total 
fluorescent spots detected in the analyzed 
metaphases. Signals were recorded as proximal, 
central, or distal, depending on their location on 
the centric chromatids, over the gap, or on the 
acentric fragment, respectively. All patients are 
mentally retarded and their fragile X expression 
was 20, 5, 7, 14, and 6% for subjects 1, 2, 3, 4, 
and 5, respectively. 

Prox- Cen- Dis- Meta- 
phases ject S u b  probe imal tral tal allalyzed 

1 YAC 209G4 32 29 37 69 
2 YAC 209G4 11 12 12 15 
3 YAC 20964 9 6 7 16 
4* YAC 209G4 16 10 20 20 
5 XY 300 16 5 0 15 

*Mother of case 3 

fragment which all appear missing or 
present in much lower amounts in mentally 
retarded fragile X males (5 ) .  The most likely 
explanation is that at least one site for each 
of these enzymes is specifically methylated in 
patients and thus resistant to digestion. 
Double digestion of normal genomic DNA 
indicated that the Bss HI1 and Sac I1 sites 
should be very close. The proximal CpG 
island between 2-34 and Do33 is thus a 

Chromosomal PeCH Micro 21 D,QlQ,QlV,QlX 
breakpoints 

Centromere 
I - 

Restriction fragments 
in genomic DNA 

Scale (kb) 

Telomere 

500 400 300 200 100 0 
, 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ,  

Bfll ' 1 Probe 

209G4 

0 Sfi I 
YAC left arm 

Eag l 
YAC right arm 

1 Sac ll Sna Bl 4 spl I 
A Nae I 0 Cia I n Nr" I 

contain DNA from a 
normal male. The two smaller YACs (XY120 and XY530) are derived from site in 141H5 was difficult to digest. Some minor differences were observed 
a fragile X chromosome. The broken line in 141H5 indicates that this between YACs isolated from the normal male and the fragile X patient. For 
left-end part of the YAC has not been checked to be derived from the fragile instance, a Sal I site (position 40 kb) was cut in 141H5 and in 209G4 but 
X region. Sites with filled symbols are those most specific for CpG islands. was not detected in XY120. Fine ordering of rare cutting sites in the most 
"CpG" indicates the cluster methylated in fragile X patients. We did not map telomeric CpG cluster appear somewhat different in 141H5 and XY120 but 
all the restriction sites for each tested enzyme. The most telomeric Bss HI1 we do not know yet if these differences are real. 
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good candidate for being the site of abnor- 
mal methylation since it is the only place in 
the cloned region where sites for all three 
enzymes are c l d  Further support was 
obtained by means of probe F33, w h i i  had 
bccn isolated by PCR jumping (17) from 
the right ann of 141H5. This probe is 
adjacent and distal to the most telomeric 
Eag I site (see Fig. 1). Southern blot analysis 
ShoWedthatthisEagIsiteisunmethylated 
inleubcyteDNA~normalorfragileX 
males and is about 50% methylated in k- 
male DNA (15). This is the pattern found in 
CpGislandsthatareunmethylatedonthe 
active X and methylated on the inactive X 
chromosome (18). F33 detects in gcnomic 
DNA a 480-kb Eag I hgmnt present in 
bothnormalandMmaksbuthybrid- 
iztstothesamedi&rentiaUymethyhted 
620-kb Sac I1 hgmnt as Do33 (Fig. 3). 
We deduce the position ofthc 120-kb Eag I 
fragmtnt detecmi by Do33 and condude 
that it is the Eag I site within the proximal 
CpG island that is M by di&rential 
methylation (Fig. 1). 

We have isolated two YAC clones that 

hybridization pat&ems obsemd in d h t  
fragileXduomosomessuggcstthattheaf- 
fbctad region is always the same and kss 
than 200 kb long. The folding of the chro- 
matin in maaphasc duomosomes docs not 
resolve hybridization signals for probes doe 
athankmegabases (19).Thehthatin 
somc chomosomes, well-separated signals 
wereseen with =on bothsidesofthe 
fragile site (Fig 2, d and f ) ,  indicates that the 
corresponding DNA is highly unfolded. 
The gap observed at the fragile site is usually 
from 0.2 to 1 pM in length. Given the size 
of the probe (425 kb), our data could 
account for an unfolding to thc 30-nm 
chrcunatin fiber, as previously suggested 
(20). The gap may thus be occupied by 10 to 
100 kb of DNA. 
The highly speci6c localization of the 

Xq27.3 w e  site is mirrored by the highly 
specific abmmdities in methylation at 
probably a single CpG island. Three other 
Fiag I sites present in 141H5 do not show 
abnormal methylation in fragile X patients. 
The Eag I sites Iodized in Fig. 1 at position 
230 kb (adjacent to 2-34) and 40 kb amear 

hybridize to sequences f h k q  the w e  mahyla~(5,21)  where& the site at ik kb 
site, and that atso flank four chromosomal is unmethylated, in genomic DNA h m  
breakpoints generated by induction offrag- both normal and fragile X males. The cen- 
ileXexprcssion (12). The clusteringofthese tromeric CpG island, between 2-34 and 
breakpoints and the similarity in in situ Do33, appears to have a critical role in 

m. 2. Representative partial 
m e t a w  showing the location of 
YAC209G4 and XY300 on w e  
X chromosomes. In situ hybridiza- 
tion with 209G4 showing sqp& 
located a, proximal; b, ccnaal, C, 
dist?l; d and f, p m d  and w; 
h, central and distal to the fix@ 
site. Panels e, g, and i are the same 
partial metaphases shown, respec- 
tively in d, f, and h photographed 
with Lcitz N2.1 filter bloc, in order 
to better visualize the gap. Panel 1, 
in situ hybridization wlth XY300 
showing the most distal signal ob- 
saved with this probe. XY300 
(400 kb) was isolatui from the 
x92.eq28 libary ( 10) by scrrening 
with probe 2-71 (DXS476). Meta- 
phase chromosome spreads were 
obtained, by st;mdard cymgmetic 
-, from p h y r 0 ~ ~ -  
nin-stimulated lymphocyte cultures 
of patients with fix@ X syndrome. 
Fragile X was induced by treatment 
with 5-fluom-2' deoxywidk. 
YAC DNA, isolated by PFGE, or 
total yeast DNA were nick-anslu- 
ed with biotin-16-dUTP and hy- 
bridized in the prcscnce of 1000- 
fokl excess sonicated human DNA. 
Plasmid pBX5 (24), containing 
pericentrwric X seqenccs, was 
added to the hybridization and de- 
tection with fluorescein isothiocya- 
nat-njugated avidin was as de- 
scribed (25). Chroniosomcs were a 

expression of the w e  X syndrome and it 
will be of utmost importance to iind if this 
island signals the presence of an adjacent 
gem. Four polymorphic probes (St677, 
2-34, Do33, and F33) lie within 120 kb of 
this CpG island and may be used for highly 
reliable carrier or prenatal diagnosis (6, 
22). 
The fragile site expression, the tedenq 

to site-specific chumsod breakage in hy- 
b r i d s , a s w e l l a s t h e o b s e r v e d ~  
methylation, must be secondary effects of a 
primaty mutation. The search fix the muta- 
t ionsisst i l lopen.Thedetai ledco~ 
of the YAC clones originating h m  a nor- 
m a l a n d a f r a g i l e X d u o ~ a s w e l l a s  
the use of probes daived from those YACs 
to analyze with kquent cutting enzymes 
large series of patimts, should allow the 
detection of such mutations. It appears un- 
likely that point mutations could account fix 
the predicted very high mutation h p m c y  
(3, 23) aad fbr the magnitude of the chro- 
mosomal t&ct. 

Note added in proof: Finer mapping has 

mtemained with propidiurn iodide in antifade medium. 

Flg. 3. Hybridizrtiw of probe Do33 and F33 to 
gcnomicDNAfrannormalrmksandfngikX 
mak paticnts. DNA fran w d  cdl 
lincs(SrIIdigcsts)orfrankulrocytcs(EagI 
d i g c s t s ) - p r r p P r c d i n ~ ~ l g v w c  
MocLs.TbesacIIdigcstswacsepaadby 

o n a C H E F l p p ~ n t u s m O . 2 5 ~  
=TA (rsq a l3ov  br 39 bmn 
withapulsetimcof60s.~EagIdlgcstswac 
scpvladmaW-lpp~ntus(26)m0.25 X 
TBEallOVfbrl5hourswithapulsetimcof 
3 O ~ . L u n b d a l d d a ( E a g I ~ ) a s w d l a s  
y c v a c h v  (EagIdigcstsandsIotaM"in 
S r I I d l g e s t s ) w a c u s c d a s ~ ~ . D N A  
~mmulrmks(0pcnboot)andfiommenally 
rmrdcdfngikX~(dosedb0x)bclongingm 
i adcpcnacmfvni lkswac~wi thwtoso-  
md pnks 26P (D9S5) and M m l l 2  (D9S15) 
(27) in contlol hybdhtion. l'he slmc man- 
braneswachybridizedtoprobeDo33(DXS465) 
and F33. l'he sizc ofthe restriction fi;lgmcnts arc 
iadiclted as w d  as the limit of d u t i o n  (LR) 
h d g c l .  
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shown that Bss HII, Eag I, Nae I and, Sac I1 
sites are clustered in less than 2 kb in the 
proximal CpG-rich region, which is thus a 
true CpG island. 
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Subtle Cerebellar Phenotype in Mice Homozygous for 
a Targeted Deletion of the En-2 Homeobox 

The two mouse genes, En-1 and En-2, that are homologs of the Drosophila segrnen- 
tation gene engrailed, show overlapping spatially restricted patterns of expression in 
the neural tube during embryogenesis, suggestive of a role in regional specification. 
Mice homozygous for a targeted mutation that deletes the homeobox were viable and 
showed no obvious defects in embryonic development. This may be due to functional 
redundancy of En-2 and the related En-1 gene product during embryogenesis. 
Consistent with this hypothesis, the mutant mice showed abnormal foliation in the 
adult cerebellum, where En-2, and not En-1, is normally expressed. 

T WO HIGHLY CONSERVED HOMEO- 

box-containing genes, En-I and En- 
2, have been identified in mouse (1) 

and other vertebrates (2-S), based on their 
sequence similarity to the Drosophiln genes, 
ergrailed (en) and invected (inv) (6, 7). All 
err-like genes contain four conserved protein 
domains including the homeobox (Fig. lA), 
suggesting that they have similar biochemi- 
cal functions. The Drosc~phila err gene has 
been shown by mutational and mosaic anal- 
ysis to be required for embryonic segmenta- 
tion (8) and later development of the ner- 
vous system (9). The En and inv genes are 
coexpressed in a pattern consistent with 
these roles (7, 10). 

Comparative expression studies have 
shown that in vertebrates, from zebrafish to 
mice, the En genes are expressed in a highly 

A. L, Joyner, C. A. Davis, J. Rossant, D~vision of 
Molecular a id  Developmental Biology, Samuel Lunen- 
feld Research Institute, Mount Sinai Hospital, 600 Unl- 
verslty Avenue, Toronto, Ontario, Canada M5G 1x5, 
a id  Deoartnlent of Molecular and Medical Genetics. 

specific pattern in the developing embryo 
(3-5, 11-14), indicating conservation of 
function. During and after neural tube clo- 
sure, En-I and Err-2 are expressed in a band 
of cells spanning the junction between mid- 
and hindbrain, apparently defining a specific 
spatial domain in the developing nervous 
system. En- 1, unlike En-2, is also expressed 
in specific domains within the spinal cord, 
somites, and limbs, beginning at 9.5 days of 
development. In the mouse, expression of 
both En genes in the brain later becomes 
progressively limited to different specific 
groups of neurons (1 1, 12). In the adult, 
Err-1 and 81-2 continue to be coordinately 
expressed in a number of motor nuclei in the 
pons region and in cells within the substan- 
tia nigra. However, En-2 alone is expressed 
in the granule cell layer of the cerebellum. 

The two phases of en expression in neural 
development have been suggested to reflect 
roles in both compartmentalization of the 
developing neural tube and later specifica- 

~niversjty of Toronto, Canada. tion of particular neuronal populations (1 1). 
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200 Trapelo Road, Waltham, MA 02254. Proof of such roles requires mutational anal- 
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Ontario, Canada M5G 1x5. mouse embryonic stem (ES) cells has 
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