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RESEARCH 

Long-range Map of a 3.5-Mb Region in 
Xp11.23-22 with a Sequence-ready Map from 

a 1.1-Mb Gene-rich Interval 
Dirk Schindelhauer, 1'4's Heide Hellebrand, 1'4 Lena Grimm, 1 

Ingrid Bader, ~ Thomas Meitinger, ~ Manfred Wehnert,  2 Mark Ross, 3's 
and Alfons Meindl ~'6 

1Abteilung ffir P~diatrische Genetik, Kinderpoliklinik der Universit~t M0nchen, 80336 M0nchen, 
Germany; 21nstitut for Humangenetik, Frnst Moritz-Arndt Universit~t, Greifswald, Germany; 3Genome 

Analysis Laboratory, Imperial Cancer Research Fund, London, UK 

Most of the yeast artificial chromosomes (YACs} isolated from the Xp11.23-22 region have shown instability 
and chimerism and are not a reliable resource for determining physical distances. We therefore constructed a 
long-range pulsed-field gel electrophoresis map that encompasses -3.5 Mb of genomic DNA between the loci 
TIMP and DXSI46 including a CpG-rich region around the WASP and TFE-3 gene loci. A combined 
YAC-cosmid contig was constructed along the genomic map and was used for fine-mapping of 15 
polymorphic microsatellites and 30 expressed sequence tags (ESTs} or sequence transcribed sites {STSs}, 
revealing the following order: teI~SYN-TIMPHDXS426-ELKI~ZNF(CAJn-LI-DXSI367-ZNFSI-ZNF21-DXS6616- 
(HB3-OATL~pseud~genes-DXS6?5~}-DXS6?4?-DXS6?4~-DXS7464F.~MG6~}-GW~EBP}-DXS7?27E{MG8~}-RBM- 
DXS722-DXS7467~G2~J-DXS~E-WASP-DXS6?4~-DXS7466~MG44J-GF~-DXS226-DXS~26-DXS~24~-HB~- 
DXS7469E-(DXS6665-DXSI470J-TFE3-DXS7468E-SYP-DXSI208-H B2E-DXSS-73-DXS1331-DXS6666-DXSlO3?-DXS 
1426-DXSI416-DXS7647-DXS8222-DXS6850-DXS255-CIC-5-DXSI46-cen. A sequence-ready map was constructed 
for an llO0-kb gene-rich interval flanked by the markers HB3 and DXSI03?, from which six novel ESTs/STSs were 
isolated, thus increasing the number of markers used in this interval to thirty. This precise ordering is a 
prerequisite for the construction of a transcription map of this region that contains numerous disease loci, 
including those for several forms of retinal degeneration and mental retardation, in addition, the map provides 
the base to delineate the corresponding syntenic region in the mouse, where the mutants scurfy and tattered are 
localized. 

[The sequence data described in this paper have been submitted to GenBank under accession no. U66357.] 

Mult iple  genes and disease loci have been 
mapped to the Xp11.23-22 region. A gene mu- 
tated in Wiskott-Aldrich syndrome (WAS) pa- 
tients has been identified recently by positional 
cloning (Derry et al. 1994), whereas the genes for 
a number of disease loci including a type of X- 
linked congenital  s tat ionary night  blindness 
(CSNB) (Bech-Hansen and Pearce 1993), retinitis 
pigmentosa (xlRP) (Meitinger et al. 1989; Ott et 
al. 1990) and Aland Island eye disease (Glass et al. 
1993) remain to be isolated. In addition, at least 
four X-linked mental  retardation loci (MRX1, 

4These authors contributed equally to this work. 
Spresent addresses: D.$.: MRC Human Genetics Unit, Western 
General Hospital, Edinburgh, UK; M.R.: Sanger Centre, Hinx- 
ton Hall, Cambridge, UK. 
6Corresponding author. 
E-MAIL alfons@pedgen.med.uni-muenchen.de; FAX 0049-89- 
5160-4780. 

MRX8, MRX12, MRX26; Lubs et al. 1996) and 
X-linked infantile spinal muscular atrophy (Ko- 
bayashi et al. 1995) have been linked to this re- 
gion. 

Several yeast artificial chromosome (YAC) 
contigs from the Xp11.23-22 region have been 
reported; however, none of these maps provides a 
full coverage. A YAC contig encompassing the 
distal part of the Xp11.23 region between the loci 
TIMP and OATL1 has been published (Coleman 
et al. 1994; Knight et al. 1994). A zinc-finger gene 
cluster has been detected on the distal OATL1 
YAC (ICRFy900C0874; Knight et al. 1994), which 
also contains breakpoints for synovial sarcomas 
(De Leeuw et al. 1993; Chand et al. 1995) and the 
re t ina l -expressed  sequences  MG61, MG81, 
MG21, and MG44 on the proximal OATL1 YAC 
(ICRFy900F0501; Geraghty et al. 1993). Other 
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YAC contigs encompassing the region between 
TIMP and the WASP gene locus also have been 
reported (Derry et al. 1994; Fisher et al. 1995; 
Kwan et al. 1995a). However, deleted or chimeric 
YACs have been used in these cases to connect 
the OATL1 pseudogene cluster with the GF-1 lo- 
cus (Zone t  al. 1990), which led to an incorrect 
positioning of the WASP locus (Derry et al. 1994; 
Meindl et al. 1995). Gaps also remained for the 
region between GF-1 and TFE-3 as well as be- 
tween the TFE-3 and synaptophysin (SYP) loci 
(Derry et al. 1994). One YAC that has been re- 
ported to contain TFE-3 (Beckmann et al. 1990) 
and SYP (0zcelik et al. 1990) is chimeric and un- 
stable (Hagemann et al. 1994; Fisher et al. 1995). 
A more proximally situated YAC contig for the 
region around DXS255 has been published, but 
could not be connected with the SYP locus (Fisher 
et al. 1995). Thus, the physical distances between 
the OATL1 pseudogene cluster and the GF-1 lo- 
cus as well as the distances between the SYP locus 
and the VNTR locus DXS255 remained uncertain. 

As most of the YACs characterized for this 
project also proved to be chimeric, deleted, un- 
stable, or small, an integrative mapping approach 
was p e r f o r m e d .  A l o n g - r a n g e  m a p  of the  
Xp11.23-22 region was established concomi- 
tantly with a YAC-cosmid contig for the entire 
region flanked by the loci TIMP and DXS146. The 
pulsed-field gel electrophoresis (PFGE) map re- 
vealed a CpG cluster in a 1100-kb region from 
which a sequence-ready map with a high density 
of expressed sequence tags (ESTs) and polymor- 
phic markers was constructed. 

RESULTS 

Long-range Map of the Xp11.23-22 Region 

Most of the probes obtained from YACs and 
other sources were first tested against the hu- 
man/hamster  radiation hybrid cell lines A19C5 
and A10F7. X-chromosomal sequences retained 
in the first hybrid include DXS7 at one end and 
the DXS226 locus at the other, making it a useful 
mapping tool for Xp11.23 probes (Berger et al. 
1992), whereas the second hybr id  conta ins  
DXS255 and DXS146, making it a useful tool for 
Xp11.22 probes. Hybridization of genomic DNA 
with selected probes mapping between the loci 
TIMP and DXS146 (Table 1) revealed three MluI 
fragments. End-to-end localization of these frag- 
ments was shown by the restriction analysis of 
genomic DNA digested with other rare cutters as 
well as cosmids spanning the MluI restriction 

LONG.RANGE MAP OF A 3.5.MB REGION IN XP11.23.22 

sites. The PFGE map encompasses a region of-3.5  
Mb. Long-range mapping results are summarized 
in Table 1 and depicted in Figure 1. 

The distal MluI-fragment with a length of 
-1450 kb starts at the TIMP locus and extends 
proximally to the DXS226 locus. The gene loci 
ZNF81, OATL1, and  MG61 (DXS746) were 
mapped to the identical MIuI fragment and NotI 
fragments, but to three different NruI fragments. 
The most distal NruI fragment contains the loci 
ZNF81 and TIMP, the intermediate (450 kb) con- 
tains the OATL1 pseudogene cluster including 
HB3 (Table 2), and the most proximal contains 
MG61. The loci DXS226, WASP, and HB-1 (Table 
2) were localized to a single, partially digested 
NotI fragment (630 kb). After complete digestion, 
DXS226 and the WASP gene were mapped to- 
gether with MG44 to the distal 280-kb NotI frag- 
ment  (Fig. 2), whereas HB1 was mapped to a 
proximal 350-kb NotI fragment, which also con- 
tains the expressed sequences Xp664 (DXS7469E; 
Lee et al. 1995), TFE-3, and T54 (Fig. 2). The HB1 
locus was placed distally to Xp664E and TFE-3, 
because it remains on the 1500-kb MluI fragment, 
whereas T54 maps together with TFE-3 and SYP 
to the second 380-kb MluI fragment (Fig. 2). The 
third and most proximal MluI fragment (-1500 
kb) was identified by the novel single-copy probe 
HB2 (Table 2) that maps proximal to the MluI 
restriction site localized adjacent to the SYP gene. 
The identical MluI fragment also contains the loci 
DXS255 and DXS146 (Fig. 3a). The genomic 
clones HB2 and HB4 identify the same NruI frag- 
ment  (800 kb) as SYP but different and partially 
digested BssHII fragments as well as a different 
Nru/MluI fragment (Fig. 3b; Table 1). An NruI frag- 
ment  of -900 kb is shared by DXS255, C1C-5 
(Fisher et al. 1995), and DXS146 (Fig. 3a). Al- 
though  DXS255 like C1C-5 maps to a 350-kb 
BssHII fragment, DXS146 hybridizes with a 400- 
kb BssHII fragment (Table 1; Fig. 1). 

Further Characterization of a YAC Contig 
Around a Zinc Finger Gene Cluster 

YACs encompassing the region between the loci 
TIMP and OATL1 containing a zinc finger gene 
cluster were isolated from the Imperial Cancer 
Research Fund (ICRF) YAC library (Lehrach et al. 
1990) and colinearity with the genomic map was 
tested. In contrast to two previous reports (Cole- 
man  et al. 1994; Hagemann et al. 1994), we 
found the YAC ICRFy900A1220 to be chimeric 
and the YAC ICRFy900A0120 to be deleted at its 
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Table 1. Fragment Sizes and Probes 

Designation Notl BssHII Nrul Mlul Marker type 

TIMP 360 120 540 1450 Genomic probe 
ELK1 360 420 540 1450 PCR product 
L1 360 420 540 1450 cDNA probe 
ZNF 81 720 420 540 1450 PCR product 
OATL-1 720 450 450 1450 cDNA probe 
HB3 720 450 450 1450 Genomic probe 
MG61 720 <50 210 1450 PCR product 
MG21 280* <50 210 1450 Genomic clone 
DXS1011 280* <50 210 1450 PCR product 
WASP 280* <50 210 1450 cDNA fragment 
MG44 280* <50 95 1450 DNA fragment 
GF-1 280* 110 95 1450 PCR product 
DXS226 280* 110 80 1450 DNA fragment 
HB1 350* <50 80 1450 Alu-PCR product 
Xp664 350* <50 110 380 cDNA fragment 
TFE-3 350* 100 110 380 cDNA fragment 
T54 350* <50 800 380 cDNA fragment 
SYP >3000 <50 800 380 cDNA fragment 
HB2 >3000 600* 800 1500 Genomic fragment 
HB4 >3000 600* 800 1500 Genomic fragment 
DXS255 >3000 350 900 1500 Genomic fragment 
CIC-5 >3000 350 900 1500 cDNA fragment 
DXS146 >3000 400 900 1500 Genomic fragment 

*Partially digested fragments. Double digests were performed with Notl/BssHII, Not/Nrul, Notl/Mlul, 
Nru/Mlul. 

BssHII/Nrul, BssHI/Mlul, 

proximal end (see Methods). Two novel genes 
were isolated from this region. First, a clone des- 
ignated L1 was isolated from a T-cell cDNA li- 
brary by YAC hybridization (16H12) and posi- 
tioned between the loci ELK1 (Rao et al. 1989) 
and DXS1367 (Schindelhauer et al. 1995). Se- 
quence analysis revealed partial sequence iden- 
tity with EST04093, which has been isolated from 
a brain cDNA library (Adams et al. 1993). Hybrid- 
ization results indicate an additional autosomal 
gene related to L1 (data not  shown). Second, a 
novel zinc finger gene [ZNF(CA)n] was isolated 
from a cosmid (ICRFc104A0330) identified with 
YAC 16H12 (see Methods). The truncated zinc 
finger gene was shown to contain a polymorphic 
(CA)n repeat (Table 2, DXS9820). Fine mapping 
of the YACs and further cosmids isolated from 
that  region localized ZNF(CA)n proximally and 
adjacent to the L1 locus (Fig. 1). 

A Sequence-ready Map of a Gene-rich Interval 
in Xp11.23 

The genomic region of -1100 kb between the 

OATL1 pseudogene cluster (Chand et al. 1995) 
and the polymorphic repeat DXS1039 shows a 
high density of CpG islands on genomic DNA 
(Fig. 1). We concentrated our efforts on the con- 
struction of a cosmid contig for this region. Cos- 
mids from the Lawrence Livermore (LL) X cosmid 
library distributed under the Reference Library 
System (Zehetner and Lehrach 1994) and from 
the ICRF cosmid library (Nizetic et al. 1991) were 
isolated with probes given in Table 1. Their order 
and map positions were determined by restric- 
tion mapping and hybridization. Gaps between 
individual cosmids were bridged using cosmid 
end sequences to isolate overlapping clones (Fig. 
4). Only a single YAC located to this region was 
used for the hybridization of X chromosome- 
specific cosmid libraries. This small YAC (5H12, 
Lee et al. 1992) with a size of 120 kb was identi- 
fied with the probe TFE-3. In all other cases, YACs 
were unsuited for this purpose owing to their chi- 
merism or instability. 

Nearly 20 ESTs or short tandem repeat (STR) 
markers have been located to this gene-rich in- 
terval (Nelson et al. 1995), and during this study, 
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Figure 1 Long-range map of the Xp11.23-22 region. STSs or ESTs that were mapped by hybridization on 
genomic DNA and to YACs are shown above (probes with * only against YACs), markers mapped by a PCR-based 
approach on YACs or cosmids below. (R) Nrul; (B) BssHII; (M) Mlul; (N) Notl. YACs shown in the center line were 
obtained from either the ICRF library (Lehrach et al. 1990) or from an X chromosome-specific library (Lee et al. 
1992). YACs yWXDF14D4/A39E7 were isolated from the St. Louis library (Nagaraja et al. 1994). Additional 
restriction sites on YACs not seen in genomic DNA are given. The 1100-kb sequence-ready cosmid/PAC contig 
is shown in detail in Fig. 4. YACs ICRFy900A0120/A1220 are chimeric (ch); YAC ICRFy900F051 is chimeric and 
unstable (u). 

three additional ESTs, one polymorphic repeat 
(DXS6941), and two STSs were isolated (Table 2). 
A lO00-kb EcoRI map of cloned DNA was gener- 
ated and this allowed the resolution and map- 
ping of biologically relevant Xp11.23/22 mark- 
ers, including 14 expressed genes and nine poly- 
morphic markers (the former are marked by an 
asterisk, the latter are underlined): (HB3-OATL1- 
pseudogenes)-50 kb-DXS6949-15 kb-DXS6941- 
25 kb-MG61*(DXS7465E)-10 kb-GWIE*(EBP)- 
30 kb-MG81*(DXS7927E)-35 kb-RBM*-20 kb- 
DXS722-10  k b - M G 2 1 * ( D X S 7 4 6 7 E ) - 3 5  k b -  
D X S l O 1 1 E * - 3 5  k b - W A S P * - 2 5  k b -  
MG44*(DXS7466E)-5 kb-DXS6940-70 kb-GFl*- 
20 k b - D X S 2 2 6 - 4 5  k b - D X S 1 1 2 6 - 2 5  k b -  
D X S 1 2 4 0 - 1 5  k b - H B l ( D X S 9 8 2 1 ) - 5 5  k b -  
X p 6 6 4 * ( D X S 7 4 6 9 E ) - 3 0  k b - ( D X S 6 6 6 5 -  
DXS1470)-90 kb-TFE3*-75 kb-T54*(DXS7468E)- 
80 k b - S Y P * - 3 5  k b - D X S 1 2 0 8 - 4 5  k b -  
H B 2 E * ( D X S 9 8 2 3 ) - 1 5  k b - D X S 5 7 3 - 3 0  k b -  
DXS 1331-30 kb-DXS6666-40 kb-DXS 1039. 

A clone named GW1E was isolated from a 
p l a c e n t a l  cDNA l ib ra ry  w i t h  the  c o s m i d  
LLNLc110A0842 (Fig. 1) by reciprocal probing. 

Sequence analysis revealed complete identi ty 
with the EBP gene (GenBank accession no. 
Z37986), which was found by functional cloning 
as a receptor for the ligand emopamil (Hanner et 
al. 1995). 

A novel expressed gene was cloned from the 
region by isolating transcripts from a T-cell cDNA 
library with the YAC 5H12. A complete cDNA 
sequence was obtained for the corresponding 
gene and named T54 (GenBank accession no. 
U66359; Fig. 5). This gene is expressed ubiqui- 
tously and shows no significant homology to 
other genes, al though data-base searches revealed 
an identical EST (GenBank accession no. R37743) 
isolated from infant brain (Hillier et al. 1995). 

Two published ESTs were mapped  to the 
gene-rich interval. RBM has been isolated from a 
chimeric YAC that  contains sequences of the 
Xp11.23 region (Derry et al. 1995a) and here was 
finely mapped between the loci GWIE (EBP) and 
MG81. The placental cDNA clone Xp664 (Lee et 
al. 1995) was finely mapped between the loci 
HB1 and DXS1470. 

The cosmid contig was extended beyond the 
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Table 2. Novel ESTs and STSs from the Xp11.23 Region 

(CA)n repeat inside an truncated zinc finger gene (DXS9820) 
ZNF-CA 
7NF-GT 

Primer sequences for DXS6941 
WADL-1 
WADL-2 

Primer sequences for HB3 (DXS9821) 
HB3-F 
HB3-R 

Primer sequences for GWl E-EBP (DXS9824E) 
PAA3-F 
PAA3-R 

Primer sequences for HB1 (DXS9822) 
AM3-F1 
AM3-R1 

Primer sequences for T54 (DXS7468E) 
54-F6 
54-R6 

Primer sequences for HB2E (DXS9823E) 
HB2-F 
HB2-R 

5'-GTCCTGAGTGTGAGAAG G CCTTCA- 3' 
5 '-GT1XAGCTGGAGAAAGAGTAATCTGG- 3' 

5'-GGTGTCTGTGTACAGGTACCTCAG-3' 
5'-GCCCAGACCCAGGTCCTTGG-3' 

5' -TATGAAG GTTAG-I-I-FG G CTG G- 3' 
5'-AGGAAGCI-I-GAACTGGGTGG-3' 

5'-AGCACGCTGGATGCCAAGG-3' 
5'-TCGTCACCATCATAGACCTCC-3' 

5'-GGGTTGGAG1TFGTGTTAGG-3' 
5'-GCGTGGCATCAGCAGGCT-3' 

5'-GI-ITCTAGCTTCCCTACTGGT- 3' 
5'-CGGACAGATGAAGGCCGAGT-3' 

5'-CGTGGTGCGCTATGAGACCC-3' 
5'-CATGGCAAAGGTGI-IATCATCC- 3' 

genomic MluI site (Fig. 1). One isolated genomic 
clone termed HB2 maps adjacent to a CpG island 
and was shown to be conserved evolutionarily 
(data not shown). HB2 was sequenced and GRAIL 
analysis led to the prediction of the expressed 
sequence HB2E (DXS9823E, Table 2) that is iden- 
tical with an EST from the data base (GenBank 
accession no. H21088) .  One of the HB2- 
conta in ing cosmids (LLOXNC01-U86F9) in- 
cludes the polymorphic repeat DXS573 (Thisel- 
ton et al. 1995) and the STS marker DXS1331 
(Kere et al. 1992). Extension of the cosmid contig 
was done to the polymorphic marker DXS1039 
(Dib et al. 1996) that could be placed proximal to 
the STS marker DXS666. In addition, three P1 
artificial chromosomes (PAC) clones were iso- 
lated encompassing the region between HB2E 
and DXS1039 (see Figs. 1 and 4). 

Toward a Cosmid Contig Connecting the Loci 
DXSI03? and DXS255 

A YAC contig around the DXS255 locus and 
flanked by the markers DXS6666 and DXS146 
was also characterized in this study. Colinearity 

with the genomic map was demonstrated for 
all but one YAC. The distal part of the YAC 
ICRFy900E0250 was shown to be chimeric after 
subcloning into cosmids (data not shown) and 
could therefore not connect DXS6666 with the 
SYP locus, which are only -160 kb apart. 

The constructed cosmid contig was over- 
lapped proximally with two YACs. The YAC 
ICRFy900B0617 (400 kb) contains the markers 
DXS6666, DXS1426, DXS1416, DXS7647, 
DXS6850, as well as the probe HB4, but is deleted 
for the marker DXS1039. However, this YAC 
identifies the cosmid (LLNLc110C1459) that con- 
tains DXS1039, indicating only a small deletion 
within it. Another YAC that overlaps with the 
cosmid contig (yWXDF14D4, Boycott et al. 1996) 
conta ins  the markers DXS6666, DXS1039, 
DXS1426, and DXS1416. In addition, compara- 
tive hybridization of the LL cosmid library with 
the YACs ICRFy900B0617 and yWXDF14D4 re- 
vealed >10 overlapping clones. The genomic 
clone HB4 (see above) was isolated from a cosmid 
identified only by B0617 and was shown to con- 
tain the marker DXS7647. 

Overlap of the YAC ICRFy900B0617 with the 
YAC yWXDA39E7 (Boycott et al. 1996) was first 
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Figure 2 PFGE analysis connecting MG44 with 
T54. Both probes identify an identical partially di- 
gested Notl fragment, but different Notl end frag- 
ments and Mlul fragments. Hybridization was per- 
formed under stringent conditions. Sizes are indi- 
cated on the left. 

demonstrated by PCR reactions with the markers 
DXS8222 (Boycott et al. 1996) and DXS6850 
(Fisher et al. 1995) and second by hybridization 
of the LL cosmid library revealing six overlapping 
clones. In addition, three of the cosmid clones 
found by the YAC yWXDA39E7 are identical 
with the cosmid clones identified by hybridiza- 
tion with the probe M27[3 (data not  shown). 

DISCUSSION 

YAC Instability in a Gene-rich Region 

A genomic map is an important  tool especially 
for the cloning of gene-rich regions. Colinearity 
between the constructed YAC contigs and the ge- 
nomic restriction map has not been attained in 
previously published reports, resulting in mislo- 
calization of some ESTs like WASP or EST04093 
(Derry et al. 1994). In addition, most YACs iso- 
lated from various libraries subsequently have 
proven to be either chimeric, unstable, or very 

LONG-RANGE MAP OF A 3.5-MB REGION IN XP! 1.23-22 

small (Fisher et al. 1995; Kwan et al. 1995a,b; 
Boycott et al. 1996), making it difficult to con- 
struct an accurate physical map. The YACs previ- 
ously used to connect OATL1 with GF-1 were not 
reliable as the YAC ICRFy900F0501 (Coleman et 
al. 1994; Fisher et al. 1995) and YAC ICI-27GF2 
(Derry et al. 1994, 1995a; Fisher et al. 1995), both 
unstable and chimeric. Instability has also been 
shown for the YAC ICRFy900E021, which has 
been used previously to connect TFE-3 and SYP 
(Hagemann 1994). The central and distal parts of 
the region between ZNF21 and DXS2SS have 
been especially difficult to clone in YACs in one 
study, with overall rates of 30% chimerism and 
40-80% internal deletions (Boycott et al. 1996). 
The only stable and reliable YACs for this region 
thus far are quite small (<200 kb) and were iso- 
lated either from an X chromosome-specific YAC 
library (Lee et al. 1992) or from the St. Louis YAC 
library (Boycott et al. 1996). In all, >100 different 
YACs were isolated from various YAC libraries 
without achieving overlapping clones across the 
entire region (Fisher et al. 199S; Nelson et al. 
1995; Boycott et al. 1996; this report). The im- 
portance of an integrated mapping approach us- 
ing a long-range restriction map and a combined 
YAC-cosmid contig, especially in gene-rich re- 
gions, has been emphasized by other groups 
(Fisher et al. 199S; Boycott et al. 1996). 

Of note is the finding that suitable YACs for 
Xq28, an X region with an even higher gene den- 
sity than Xp11.23, was similarly difficult because 
of a plethora of highly chimeric and unstable 
YACs (Palmieri et al. 1994). Likewise, small un- 
stable clones were found in the region of highest 
GC content, that is, the area of highest gene den- 
sity, and it was speculated that this might  be at- 
tributed to the following mechanisms: (1) some 
unknown factor intrinsic to the Xq28 region it- 
self; (2) frequent tandem repeats (not actually 
shown in Xq28 or Xp11.23), which tend to self- 
delete from YACs; or (3) the high GC content  not  
being as compatible with YACs, which tend to 
have a high AT content. 

To circumvent these problems, we developed 
a restr ict ion site-based frame for the entire 
Xp11.23-22 region encompassing -3.S Mb. The 
existing gap between the OATL1 pseudogene 
cluster and the locus DXS746SE (MG61), which 
are separated by -70 kb, could be bridged by 
three cosmids of which two overlap with the YAC 
ICRFyg00c0874 (Figs. 1 and 4). In addition to 
HB3 (DXS9821), the marker DXS6950 (Kwan et 
al. 199Sa) that also had been derived from this 
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Figure 3 PFGE analysis in Xp11.22. (a) High-resolution PFGE connecting HB-2 with DXS255. The probe HB2 
and the VNTR DXS255 hybridize with identical Mlul and Notl fragments (>3 Mb), but with two different Nrul 
fragments. (b) Identification of two putative CpG islands by hybridization with HB2. Partially digested BssHII 
fragments were not observed with other probes except for HB4. 

YAC was mapped into the cosmid contig (e.g., 
I,LNLc 110P02S2/K0616). 

Another  remaining gap in the contig be- 
tween the loci DXSS73 and DXSDXS666/1039 
could be closed by four overlapping cosmids. Ex- 
tension of the cosmid contig revealed the local- 
ization of DXS1039 proximal to DXS6666. Sur- 
prisingly, YAC ICRFy900B0617, which contains 
DXS6666 at its distal end, is not positive for 
DXS1039. In contrast, both the DXS6666 con- 
t a i n i n g  c o s m i d  L I , N L c l 1 0 A 0 6 3 1  and  the  
DXS1039 conta in ing cosmid [,LNLcl10C1S49 
were found by hybridization of the i,l, cosmid 
library with this YA(]. In addition, the St. Louis 
YAC yWXDF14D4 as well as the PAC 8N8 (Fig. 4) 

are positive for both markers, confirming tight 
physical linkage between them (Figs. 1 and 4) 
and mak ing  likely a mic rode le t ion  in YAC 
ICRFy900B0617. 

A Sequence-ready Map Constructed Around 
Multiple CpG Islands 

A sequence-ready map was constructed from a 
1100-kb gene-rich region, and further markers to 
be identified can be mapped easily back to this 
cosmid contig, in addition, mapping of the cos- 
mids using rare-cutter enzymes revealed more 
CpG islands not seen in genomic DNA with the 
rare cutters used. if every CpG island is associated 

Figure 4 A cosmid/PAC contig between the loci HB3 and DXS1039 with six novel ESTs/STSs and complete 
resolution of all polymorphic or EST markers. The cosmids given were obtained either from the ICRF cosmid 
library, which are indicated by an asterisk (Nizetic et al. 1991; provided by RLDB, Berlin, ICRFc104), or from the 
LL X-cosmid library (provided by either RLDB, Berlin, LLNLc110; or from Baylor College, Houston, LLOXNC01, 
starting with U). The cosmid-PAC contig covers a region of -1100 kb; the established EcoRI map encompasses 
-1000 kb. 
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cluster OATL1 as well as be- 
tween the loci DXS1039 and 
DXS255, for two reasons. 
First, s i gn i f i can t ly  fewer 
CpG islands were detected 
in genomic DNA compared 
with the above gene-rich in- 
terval. Second, both regions 
were subcloned in colinear 
and longer (>300 kb) YACs 
(Coleman et al. 1994; Boy- 
cott et al. 1996), which cor- 
respond typically to regions 
of normal gene density. In 
contrast, preliminary analy- 
sis of cosmids  and small  
YACs located between the 
genes ELK1 (Rao et al. 1989) 
and ZNF81 (Knight et al. 
1994) as well as be tween  
DXS1039 and DXS255 indi- 
cate a relatively gene-rich re- 
gion with an average dis- 
t ance  of 50 kb, approxi-  
mately twice as dense as the 
mean for the entire X chro- 
mosome. 

Figure 5 Entire cDNA sequence of T54 (GenBank accession no. U66359) 
encoding for a predicted novel protein of 378 amino acids. (a) The initiation 
codon is underlined and the stop codon is indicated by an asterisk. The poly(A) 
site is in bold letters, a putative nuclear location signal is doubly underlined. (b) 
Hydrophilicity profile of T54 using a window of 19 residues (Kyte and Doolittle 
1982). 

with a gene, then 20-30 additional genes can be 
expected to map in this region, making a total of 
at least 40 genes in 1000 kb at an average distance 
of at most  25 kb. Sequencing of a 75-kb region 
around HB2E showed two additional Gene Rec- 
ogni t ion and Analysis Internet  Link (GRAIL)- 
predicted exon clusters. 

A similar gene density is unlikely for the ad- 
jacent regions between TIMP and the pseudogene 

ESTs Associated with 
Polymorphic Repeats 

All of the ESTs localized in 
the Xpl l .23  region are asso- 
c ia ted wi th  one  or more  
polymorphic (CA)n-repeats. 
Refined mapping of these re- 
peats provides markers for 
l inkage analysis  in WAS, 
w h i c h  may  n o w  be per- 
formed using DXS6941 (this 
report), DXS722 (Thiselton 
et al. 1995), DXS6940 (Kwan 
et al. 1995a), and DXSl126 
( D o n e l l y  et  al .  1 9 9 4 ) .  
DXS722 was m a p p e d  be- 

tween MG81 and MG21. The gene Xp664 is as- 
sociated with the polymorphic marker DXS1470 
and the adjacent gene TFE-3 with the novel 
marker DXS8221 (Boycott et al. 1996). DXS573 
(Roustan et al. 1992) lies adjacent to HB2E, along 
with DXS1208 and DXS1039 forming a second 
group of linked markers proximal to the WAS 
group. Distally, the ubiquitously expressed gene 
L1 (EST04093; data not  shown) could be mapped 
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b e t w e e n  the  p o l y m o r p h i c  repea t  DXS1367 
(Schindelhauer et al. 1994) and the novel ZNF- 
(CA)n-repeat (DXS9820), thereby constituting a 
fourth linkage cluster. The precise ordering and 
grouping of these markers will allow linkage 
analyses for a variety of diseases localized to this 
region. 

A linkage map for the human  genome pub- 
lished recently (Dib et al. 1996) contains a few 
large voids, one of which corresponds to the re- 
gion discussed in this report. Thus, the novel and 
known microsatellites mapped in this study fill 
in one of the few remaining relatively marker- 
poor (>3 cM) regions of Xp. 

Candidate Genes in the Gene-rich Interval 

The characterized ESTs located in the region are 
either sequences encoding for proteins with un- 
known funct ions  or t ranscr ipt ion factors in- 
volved in hematopoesis like WASP (Derry et al. 
1994), GF-1 (Zon et al. 1990), or TFE-3 (Beck- 
mann  and Kadesch. 1990). A further gene poten- 
tially involved in hematopoesis and located in 
that  region will be the human  b omolog of the 
mouse scurfy gene (see below). 

Four of the genes with unknown function 
(MG61, MG81, MG21, MG44) recently have been 
isolated from retinal tissues, but eye-restricted ex- 
p r e s s i o n  has  n o t  ye t  b e e n  d e m o n s t r a t e d  
(Geraghty et al. 1993). All these cDNAs were ex- 
cluded as candidate genes for RP2 in a single fam- 
ily (Hardcastle et al. 1995) but remain candidate 
genes for CSNB1 (Bech-Hansen and Pearce 1993) 
and the Aland Island eye disease (Glass et al. 
1993). The EPB gene (Harmer et al. 1995) lies ad- 
jacent to MG61, and the RBM gene (Derry et al. 
1995a) next to MG81, and both are, because of 
their functional role, not  expected to be associ- 
ated with eye diseases. 

A complete cDNA sequence was established 
for the novel gene we named T54. It is expressed 
ubiquitously, but no homologies to known pro- 
teins emerged after a FASTA screen. A Kyte- 
Doolittle plot and screening for known protein 
motifs point  to a hydrophi l ic  protein with a 
nuclear location signal (Dingwall and Laskey 
1991; Fig. 5). 

HB2E is a novel gene that  is part of an evo- 
lutionarily conserved sequence (data not  shown). 
This sequence starts at a CpG island that  contains 
a genomic MluI site and a NotI site identified on 
the cosmid level. Searches in the data base re- 

LONG-RANGE MAP OF A 3.5-MB REGION IN XP11.23-22 

vealed an identical cDNA clone (GenBank acces- 
sion no. H21088; Hillier et al. 1995) that  shows 
distant homologies to a protein phosphatase 1. A 
search with exon prediction programs GRAIL2 
and XPOUND revealed two further clusters of 
predicted exons that  are located to either side of 
HB2E in the cosmid. Further characterization of 
these separate sequences is in progress. 

Syntenic Regions in the Mouse 

Comparative mapping of the mouse and human 
X chromosomes previously reported in this re- 
gion demonstrated a partial inversion between 
these species with breakpoints distally near the 
human  XK locus and proximally between PFC 
and OATL1 (Blair et al. 1994b). Thus, the loci 
TIMP or PFC and GF-1 or TFE-3 are still separated 
in the mouse genome but are adjacent to one 
another in the human  genome (Blair et al. 1995). 
In mouse, the scurfy locus cosegregates with Gf-1 
and Tfe-3, and scurfy was proposed as a mouse 
model for the human  disease WAS (Blair et al. 
1994a). This did not  prove to be the case, how- 
ever, as the mouse WASP gene was not mutated 
in the scurfy mouse (Derry et al. 1995b). Other 
candidate genes mutated in scurfy or tattered mice 
(Merrell et al. 1995) will become evident as this 
interval is sequenced. 

In conclusion, we have constructed a ge- 
nomic  map of Xp11.23 using restriction-site 
based techniques instead of the unstable and chi- 
meric YACs used previously. This was crucial to 
provide a more reliable genomic map in this dif- 
ficult-to-clone region. This map can be used as a 
base for sequencing this region and characteriz- 
ing precisely the disease loci in this region. 

METHODS 

PFGE Analysis 

Agarose plugs of high molecular weight DNA were pre- 
pared either from blood lymphocytes or from yeast cells, 
digested with rare cutters acccording to the manufacturer's 
instructions (Boehringer, Stratagene), and fractionated in 
1.5% agarose gels using a "Waltzer" apparatus (Anand et 
al. 1989). Genomic DNA was separated within a range of 
50 to 950 kb (see Figs. 2 and 3b) or alternatively in the 
range of 300 to 2500 kb (Fig. 3a), whereas digested YAC 
DNA was separated within a range of 50 to 750 kb. Sepa- 
rated fragments were blotted onto nylon membranes 
(PALL) and hybridized according to standard protocols. 
Partially digested fragments are indicated by an asterisk in 
Figure 1. 
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Screening of YAC Libraries 

YACs were obtained by probe screening from the ICRF 
reference library (Lehrach et al. 1990), the CEPH-A-YAC 
library (Albertson et al. 1990), or an X chromosome- 
specific library (Lee et al. 1992). Positive clones were con- 
firmed by hybridization with the corresponding probes. 
Most of the YACs isolated with probes from the gene-rich 
interval were positive in a PCR-based approach but not 
after hybridization and therefore were not further charac- 
terized. Some of the YACs published by other groups were 
f o u n d  to be c h i m e r i c  af ter  f ine  ana lys i s :  YAC 
ICRFy900A1220 was isolated with the probe TIMP but 
contains the polymorphic repeat DXS1368, which could 
be mapped distally to NDP in Xpl 1.4 (Schindelhauer et al. 
1994); YAC ICRF y900A0120 demonstrated a nearly com- 
plete colinearity with the genomic map but the proximal 
end could be excluded from the region as the YAC is nega- 
tive for the L1 gene; YAC ICRFy900F0501, which was used 
to connect OATL1 with GF-1 (Hagemann et al. 1994; Kwan 
et al. 1995b), contains a chimeric part between MG81 and 
MG21 and is unstable; and YAC ICRFy900E0250 has been 
subcloned in cosmids revealing colinearity with the region 
only with a short proximal part but not the large distal 
one. PAC clones were isolated from a PAC library (Pieter de 
Jong, unpubl., distributed by Sanger Centre, Hinxton) 
with the probe HB2 (134A17) and DXS1039 (60B16, 8N8). 
The YACs yWXDF14D4 and yWXDA39E7 isolated from 
the St. Louis YAC library (Nagajara et al. 1994) were kindly 
provided by Kym Boycott (University of Calgary, Canada). 

YAC-DNA and YAC-plugs were prepared according to 
standard methods (Anand et al. 1989). The plugs were di- 
gested for 120 min using 10-20 units of rare cutter en- 
zymes per plug. Partially and fully digested products were 
separated on agarose gels, blotted onto nylon membranes, 
and hybridized with YAC left- and right-arm probes as well 
as internal probes where available. 

Identification and Characterization of Cosmids 

The ICRF cosmid library (Nizetic et al. 1991), distributed 
by RLDB, Max Planck Institute, Berlin (ICRFcl04), and the 
LL X chromosome-specific library (LLOXNC01, Biomedical 
Sciences Division, Lawrence Livermore National Library, 
Livermore, CA), distributed by either Baylor College, 
Houston (LLOXNC01-U) or by RLDB, Max Planck Institute, 
Berlin; Zehetner and Lehrach 1994, LLNLc110), were used. 
Cosmids were isolated with the probes 16H12 (eluted YAC 
fragment, ICRF A0330), MG61, WASP, DXS226, HB1, SYP, 
Xp664, TFE-3, 5H12 (eluted YAC fragment), SYP, HB2E, 
DXS6666, B0617 and A39E7 (both eluted YAC fragments), 
and DXS255, as well as by hybridization-based cosmid end 
clones. All cosmid clones were kindly provided by Nadja 
Pohl (RLDB, Max Planck Institute, Berlin, Group Hans 
Lehrach). 

Isolation of Novel and Published Markers 

Polymorphic Repeats 

The corresponding cosmids were hybridized with a (CA)18 
oligonucleotide. Hybridizing fragments were eluted and 
sequenced. Polymorphisms were determined by the analy- 

1066 J GENOME RESEARCH 

sis of 100 unrelated females from Southern Germany. 
DXS6941: GDB-ID:435208; DXS9820 [ZNF(CA)n]: GDB-ID: 
1316857. 

SrSs 

HB1 (DXS9822) was generated by inter-Alu-PCR (Ledbetter 
et al. 1990). Template for HB1 was the radiation hybrid 
A19C5 (Berger et al. 1992). STS HB3 (DXS9821) was de- 
rived from a 2.4-kb EcoRI fragment from the distal site of 
the cosmid LLNLc110K0616. The EcoRI fragment was sub- 
cloned and sequenced subsequently on an ABI sequencer. 
STS HB4 was derived from cosmid LLNLc110D0919 from 
which a 3.3-kb EcoRI fragment was isolated. 

cDNA clones or ESTs 

HB2E (DXS9823E): A 8.5-kb EcoRI/MluI fragment was iso- 
lated from LLOXNC01-U213F10 (Fig. 4) and sequenced at 
IMB, Jena (G. Nyakatura and A. Rosenthal). GRAIL analysis 
revealed two excellent exons that show identity to the EST 
HS088173 (GenBank accession no. H21088). Both pre- 
dicted that exons, which are separated by 10 kb in ge- 
nomic DNA, could be connected using lymphocyte cDNA; 
YAC 16H12 was used to hybridize a T-cell cDNA library 
(Clontech). One of the clones (L1) isolated is partially 
identical to EST 04093 (Adams et al. 1993); YAC 5H12 was 
used to hybridize the same T-cell library. One clone was 
shown to be identical with TFE-3; cDNA clone T54 was 
used to genenerate a complete cDNA sequence (see Fig. 5); 
GWIE = (EBP): Cosmid LLNLc110A0842 (Fig. 4) was used 
to screen a placental cDNA library (Lee et al. 1995). Se- 
quence analysis of the picked clone GWIE revealed iden- 
tity to the EBP cDNA (Hanner et al. 1995, GenBank acces- 
sion no. Z37986). 
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