
RESEARCH 

A Comparative Transcription Map of the 
Murine Bare Patches (Bpa) and Striated (Str) 

Critical Regions and Human Xq28 

Michael L. Levin, Aurobindo Chatterjee, Antonella Pragliola, 

Kim C. Worley, Manfred Wehnert, 10lga Zhuchenko, 

Randall F. Smith, 2 Cheng Chi Lee, and Gail E. Herman 3'4 

Department of Molecular and Human Genetics, 2Department of Cell Biology, and 3Department of 
Pediatrics, Baylor College of Medicine, Houston, Texas 77030 

The X-linked developmental mouse mutations bare patches (Bpa) and striated {Str) may be homologous to 
human X-linked dominant chondrodysplasia punctata (CDPX2) and incontinentia pigmenti (IP2), respectively, 
based on their genetic mapping and clinical phenotypes. Bpa and Str have been localized to an overlapping 
critical region of 600 kb that demonstrates conserved gene order with loci in human Xq28 between DXSII04 
and DXS52. As part of efforts to isolate the genes involved in these disorders, we have begun to develop a 
comparative transcription map spanning this region in both species. Using techniques of cross-species 
conservation and hybridization, exon trapping, and cDNA selection we have identified four known genes or 
members of gene families--caltractin, a member of the ~/-aminobutyric acid (GABAA) receptor gene family, 
a member of the melanoma antigen gene (MAGE) family, and several members of the murine-specific, 
X-linked lymphocyte regulated gene (Xlr3) family. Trapped exons and, in some cases, longer cDNAs have 
been isolated for potentially 7-9 additional genes. One cDNA demonstrates highly significant homology with 
members of the Kriippel family of zinc finger transcription factors. A second novel cDNA demonstrates 
homology at the 3' end of the predicted amino acid sequence to a LIM domain consensus. Gene order 
appears conserved among those cDNAs determined to be present in both human and mouse. Three of the 
murine transcripts appear to be present in multiple copies within the Bpa/Str critical region and could be 
associated with a predisposition to genomic rearrangements. Reverse trancriptase PCR (RT-PCR) and 
Northern analyses demonstrate that several of the transcripts are expressed in mid-gestation murine embryos 
and neonatal skin, making them candidates for the Bpa and Str mutations and their respective homologous 
human disorders. 

An interesting group of disorders are those in- 
volving the X chromosome, which demonstrate 
prenatal lethality in affected hemizygous males 
(for review, see Wettke-Schaefer and Kantner 
1983; Davisson 1987). This lethality suggests that 
the involved genes have important roles in mam- 
malian embryonic and/or  fetal development.  
None of the genes involved in an X-linked domi- 
nant, male lethal disorder has been isolated, al- 
though at least four exclusively male lethal X- 
linked disorders have been described in human 
and mouse (Happle 1987; Herman et al. 1996; 
Nelson et al. 1996). Based on the similarity of the 
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clinical phenotypes and/or the mapping of the 
loci within conserved X chromosomal segments, 
it has been proposed by us (Angel et al. 1993) and 
others (Happle 1979; Happle et al. 1983; Davis- 
son 1987) that some of these disorders may rep- 
resent mutations in homologous genes. 

Our research has focused on the isolation of 
the genes involved in the murine, male lethal 
bare patches (Bpa) and striated (Str) mutations 
that  may be homologous to human  X-linked 
dominant  chondrodysplasia punctata (CDPX2) 
(McKusick no. 302960) and incontinentia pig- 
menti (IP2) (McKusick no. 308310), respectively. 
The original Bpa and Str mutations arose in fe- 
male offspring of males who had received mul- 
tiple doses of X-irradiation (Phillips 1963; Phill- 
ips et al. 1973). Heterozygous Bpa females are af- 
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fected with a skeletal dysplasia and often have 

asymmetric cataracts that may be associated with 

microphthalmia.  There is a characteristic pro- 
gression of skin abnormalities that  includes a 

patchy hyperkeratotic skin eruption on postnatal 
day 5-7. These plaques quickly resolve, leaving 
"bare patches" arranged in a horizontal, striped 

pattern over the skin. The asymmetry and pat- 
terning of the physical findings and the variabil- 

ity in the phenotype are presumed to result from 

random X-inactivation. There is reduced viability 
among affected females with both pre- and early 

postnatal losses; affected males are reported to 

die shortly after implanta t ion  (Phillips et al. 
1973). Str females are normal in size and develop 
striations of their coat between postnatal day 12- 

14. Affected male embryos and -40% of affected 
females die in midgestation between day 11-13 
post coitum (pc) (G. Herman, unpubl.). 

We have mapped the Bpa and Str mutations 

to an overlapping 600-kb interval on the mouse 
X chromosome between the loci DXHXS1104 
and DXHXS52, which are detected by anony- 
mous, conserved human  genomic probes from 
Xq28 (Herman et al. 1991a; Angel et al. 1993). 

Subsequently, a complete physical yeast artificial 

chromosome (YAC) contig was developed span- 
ning the Bpa/Str critical region (Chatterjee et al. 

1994). YAC and cosmid contigs for the equiva- 
lent region in human  Xq28 have also been con- 
structed (Palmieri et al. 1994; Rogner et al. 1994). 

Gene order is conserved across the region for all 

genes studied, with the exception of the locus 
F8a (F8A). A single copy of this gene exists in the 

mouse, whereas three copies that lie -3-4  Mb 
telomeric are found in human  Xq28 (Levinson et 
al. 1990; Faust et al. 1992). 

In 1979, Happle proposed that  the Bpa mu- 

tation was homologous to human  CDPX2 based 
on the striking similarities in the clinical features 
of both disorders (Happle 1979), al though exclu- 
sion mapping and linkage analysis in three small 

CDPX2 families do not support this homology 

(Traupe et al. 1992). We subsequently proposed 
that Str is homologous to human  IP2 based on 
their common mode of inheritance and their re- 
spective mapping to conserved segments of the X 
chromosome (Sefiani et al. 1989; Angel et al. 
1993; Smahi et al. 1994). It should be noted, 

however, that Str females do not demonstrate the 
progressive skin findings so characteristic of hu- 
man  IP2 (for review, see Landy and Donnai  
1993). It is also possible that Bpa and Str are allelic 
and represent mutat ions in a single gene, al- 
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though no overlap in the phenotypes has been 

detected (G. Herman, unpubl.). Other possible 

explanations for the mapping of the two muta- 

tions to the same small region have been dis- 

cussed (Angel et al. 1993). 
As a first step toward the isolation of the 

genes involved in these mutations, we describe 

here the construction of a partial transcription 
map for the Bpa/Str critical region and the ho- 

mologous interval in Xq28. Some of the genes 

and partial cDNAs isolated appear to be excellent 

candidates for the murine mutations and their 

human  counterparts. 

RESULTS 

Cosmid Contig Construction 

To facilitate the isolation of genes in the murine 

and human  Bpa/Str critical regions, cosmids were 

assembled between DXS1104 (DXHXS1104) and 
DXS52 (DXHXS52) in both species. In the mouse, 

five YACs from our existing cont ig  (C73E6, 
B16S5, C131B2, B20S1, and D35D6) were sub- 

cloned into cosmids using the Supercos vector 
(see Methods). Three independent  P1 clones were 

also isolated at DXBay18 and DXBay20. Two hun- 
dred forty cosmids containing mouse DNA in- 

serts were assembled into contigs by comparing 
EcoRI, BamHI, and rare-cutter restriction enzyme 

digestion patterns, by PCR and Southern analysis 

using DNA markers from the region, and by hy- 
bridization with selected whole cosmids or frag- 
ments from them (see Fig. 1A). There are two gaps 

in the contig. The gap distal to DXHXS1104 con- 
tains few markers with which to order the cos- 

raids, and, as discussed below, this gap appears to 
be covered by h u m a n  cosmids. A second gap 

within the YAC D35D6 is probably less than 50 
kb and may also be spanned by human  cosmids. 

Human cosmids were isolated by hybridiza- 

tion of the individual YACs CA02519, CB12458, 
yWXD526, and P131 to filters containing cos- 

raids prepared from flow-sorted human  X chro- 
mosomes at Lawrence Livermore National Labo- 
ra to r ies  (LLNL). For be t t e r  coverage  nea r  
DXS1104, the YAC CA02519 was also subcloned 
into Supercos, and several LLNL cosmids were 
isolated that hybridized with DXSl104. The hu- 

man cosmids were placed into bins (Wapenaar et 
al. 1994) defined by hybridization with overlap- 

ping YACs, genomic probes, and cDNAs (see Fig. 
1B) and several small contigs have been as- 

sembled (data not shown). 
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Figure 1 Physical contigs of the murine (A) and human (B) Bpa and Str critical regions. (Dashed lines) Chimeric 
regions; (solid lines) X-specific regions of YACs. (Arrowheads) Right ends of YACs. Selected rare-cutter restriction 
sites are shown (small vertical bars): (B) BssHII; (E) Eagl; (M) Mlul; (N) Notl; (Nr) Nrul; and (S) Sacll. Selected loci 
are shown above the genomic maps and are indicated by large vertical bars. More complete descriptions of the 
murine (Chatterjee et al. 1994) and human (Palmieri et al. 1994; Rogner et al. 1994) contigs have been 
published. The murine cosmid contigs were assembled as described in the text. Only a subset of cosmids 
spanning the region are shown. Brackets around cosmids 16 and 3 indicate that their precise position and 
whether they overlap with nearby cosmids is uncertain. For the human cosmids, the numbers of cosmids within 
each bin are given. Individual coordinates for LLNL cosmids may be obtained from the authors. For exons listed 
together, the relative order of the sequences is not known. Physical distances are drawn approximately to scale 
with the exception of the sizes of exons and cDNAs. The double slash in the human contig indicates that the 
exact physical distance is not known, and a small gap exists between the YACs yWXD526 and yWXD845. The 
approximate location of each cDNA was determined by Southern hybridization of the clone to YACs and selected 
cosmids listed in Fig. 1. The position of the MAGE cDNA was assigned solely on the basis of the trapped exon 
and mapping performed by Rogner et al. (1995). 
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Rare-cutter restriction enzyme digests were 

performed on selected cosrnids to detect CpG is- 

lands and provide a m i n i m u m  estimate for the 

number  of genes in the region. Our previous ge- 

nornic (Faust and Herman 1991; Faust et al. 1992) 

and YAC (Chatterjee et al. 1994) pulsed-field gel 

(PFG) restriction maps helped to anchor  the mu- 

r ine cosmid  maps,  a l t h o u g h  add i t iona l  rare- 

cutter sites and CpG islands were encountered  

(see Fig. 1). It appears that  there are 10 or more 

CpG islands in the 600-kb region between DX- 

HXS1104 and DXHXS52. A more l imited search 

for CpG islands in Xq28 was restricted to the cos- 

raids subcloned from the YAC CA02519, and 

three islands were detected. The NotI site in the 

YAC CA02519 lies -50  kb proximal  to the BssHII 

and MluI sites and is no t  associated with addi- 

t ional rare-cutter restriction enzyme sites. 

Exon Isolation and Characterization 

Exon t rapping was performed with 14 mouse cos- 

rnids, three h u m a n  cosmids, and one P1 clone. 

The mur ine  clones were chosen based on their  

location wi thin  the contig or the presence of a 

CpG island and/or  evolut ionari ly conserved se- 

quences wi thin  the clone. The latter were dem- 

onstrated by probing digested cosrnids with ra- 

diolabeled first-strand cDNA prepared from new- 

born pig brain or cultured skin fibroblast mRNA 

(so-called reverse Northerns)  (deGouyon et al. 

1996). The three h u m a n  cosrnids conta ined  CpG 

islands and mapped  to the region of the proximal  

gap in the mur ine  contig. 

A total of 31 independen t  rnurine and hu- 

man  putat ive exon fragments have been isolated 

to date (see Table 1). Approximately 15% of the 

sequenced fragments were vector-derived HIV or 

Escherichia coli sequences. To help select among  

the numerous  exons and potential  genes those 

that  might  be likely candidates for Bpa and Str, 

expression pat terns were de termined for m a n y  of 

the rnurine exons using reverse transcriptase PCR 

(RT-PCR). Exons from the P1 clone and from cos- 

mid 10 demonst ra ted  the highest  level of expres- 

sion in newborn  skin (data not  shown), whereas 

those from cosmid 33 and 16/135 were widely or 

ubiqui tously  expressed, respectively. Therefore, 

we were unable to exclude m a n y  of the potential  

candidate genes from consideration. 

All of the sequenced exon fragments were 

analyzed for protein and DNA homologies  using 

the National Center for Biotechnology Informa- 

t ion (NCBI) BLAST email server. Several exon se- 
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quences were identical to those of known genes. 

These included a h u m a n  exon from a me lanoma  

antigen gene (MAGE) family member  and two 

exons from a mur ine  cosrnid that  demonst ra ted  

ident i ty  or near- identi ty with sequence from the 

Xlr3 subfamily of X-linked, murine-specific lym- 

phocyte-regulated genes. Independent  mapp ing  

of h u m a n  MAGE family members  wi th in  Xq28 

(Rogner et al. 1995) and of the two highly  ho- 

mologous mur ine  genes Xlr3a and XlrJb near Bgn 

on the mouse X chromosome (Bergsagel et al. 

1994), are cons is tent  wi th  our exon t rapp ing  

data. A full-length Xlr3b cDNA probe was ob- 

tained from Dr. Leif Bergsagel (National Cancer 

Institute, Bethesda, MD); it demonstra tes  a com- 

plex pat tern of hybridizat ion to the YACs B16S5, 

B20S1, C131B2, and D35D6 as well as to selected 

mur ine  cosmids (data not  shown). It is likely that  

these hybridizat ions  are specific because there 

was no preassociation of the probe or filter, and 

identical clean signals were obtained on cloned 

DNAs and DNA from somatic cell hybrids con- 

ta ining the mouse X chromosome.  The hybrid- 

ization results suggest that  three copies of Xlr3 

subfamily members  are present  in the region. Be- 

cause of the high degree of sequence ident i ty  

among  family members,  we have not  de termined 

the relative locations of Xlr3a or Xlr3b or whether  

the presumed third copy is expressed. The most  

likely locations for the three copies of the gene 

family are shown in Figure 1A. 

Exons from several novel genes were also de- 

tected, some of which demonst ra ted  significant 

homologies  to known genes. These included two 

mouse exons from a cosmid at the distal l imit of 

the contig that  have high homology  to the Dro- 

sophila Kriippel protein and other  similar zinc- 

finger t ranscript ion factors and a h u m a n  exon 

with high homology  to the family of ~-aminobu- 

tyric acid (GABAA) receptors. Longer cDNAs for 

both  of these transcripts were isolated and are 

discussed below. 

Finally, several exons derived from nonover-  

lapping  cosmids subc loned  f rom well-charac- 

terized YACs had identical or nearly identical se- 

quences.  An exon from cosmid 16 subcloned 

from the D35D6 YAC and an exon from cosmid 

135 subcloned from the B20S1 YAC have identi- 

cal 76-bp sequences. Analysis of the two cosrnids 

using other  markers confirm the distinct map lo- 

cations shown in Figure 1. Sequences with near 

ident i ty  to those from exons in cosmid 33 have 

been found in t rapped exons from cosrnids 129, 

72, and 110. An example of a Southern hybrid- 
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Table 1. Trapped Exons f rom the Bpa/Str Critical Region 

Exon Source Size (bp) ORF a Homology Expression b 

1. 6.4-f2 mouse cosmid 237 + - -  B 

6.4 

2. 5.3-f3 mouse cosmid 71 + - -  N.D. 

5.3 

3. 150h14 mouse cosmid 96 + - -  - -  

150h2 150 68 + N.D. 

150hl 1 162 - - -  

150h6 141 - - -  

4. P1-A-6 mouse P1 260 + - -  B, C, EM, ES, H, K, 

P1-A-7c 190 + L, NB, O, S, SK, T, TS 

P1 -A-7g 209 + 

5. 16/135 c mouse cosmid 76 + - -  all 

16 (135) 
6. 129-5 mouse cosmid 199 + - -  H 

129 

7. 33a3 c mouse cosmid 98 + - -  B, EM, ES, K, L, 
33a8 c 33 122 + NB, S, SK, T, TS 
33a12 c 155 + 

8. 106j4 mouse cosmid 133 + XIr3 

106j5 106 100 + - -  

9. 10-27 mouse cosmid 192 + Kr(~ppel zinc B, EM, ES, NB 

10-41 10 102 + f inger proteins SK, TS, T 

10-46 369 - 

10. LC50 human cosmid 88 + GABRA 134 - -  

11. C49f7 human cosmid 92 + MAGE4 - -  

C49f l  C-49 56 + - -  - -  
C49g l  146 + - -  - -  

a(ORF) Open reading frame. 

bExpression of exons was determined by RT-PCR (see Methods). Abbreviations for tissues shown are (B) brain; (C) cartilage; (EM) 
embryos from days 9.5-19.5 pc, tested individually; (ES) embryonic stem cells; (H) heart; (K) kidney; (L) lung; (LI) liver; (NB) 
newborn; (O) ovary; (S) spleen; (SK) newborn skin; (SM) skeletal muscle; (T) thymus (age 2 weeks); CI-S) testes. All tissues were from 
adult mice unless stated otherwise. (N.D.) An RT product was not detected. A dash (--) indicates that RT-PCR was not attempted. 
Sequences for the novel exons that are not contained in the larger cDNAs have been deposited in GenBank (accession nos. 
U52227-U52239). 
CExons present in more than one copy based on their sequence. 

iza t ion us ing  exon  33a3 to con f i rm  the  sequence  

h o m o l o g y  data  is s h o w n  in  Figure 2. It d e m o n -  

strates the  presence of three copies of the  33a3 

sequence  w i t h i n  the  region, as well  as a four th  

copy  (a r rowhead)  e l sewhere  on  the  m o u s e  X 

c h r o m o s o m e .  

c D N A  Isolation and Characterizat ion 

Longer  cDNAs were isola ted  c o r r e s p o n d i n g  to 

three sets of t rapped  exons.  Two of the  cDNAs, 

P1-A a n d  Zfp92, were iden t i f i ed  after hybr id iza-  

t ion  of cDNA libraries. The third,  GABRB4, was 

ob ta ined  us ing  cDNA selection.  These t ranscr ipts  

are discussed i n d i v i d u a l l y  below. In addi t ion ,  a 

novel ,  part ia l  h u m a n  cDNA (H105E3) was iso- 

lated i n d e p e n d e n t l y  us ing  a reciprocal  hybr id -  

iza t ion approach  (Lee et al. 1995). The m a p p i n g  

of a h u m a n  cDNA for cal t ract in  (CALT) to this  

in terval  has  a l ready b e e n  descr ibed (Chat ter jee  et 

al. 1995). Its pos i t ion  a n d  compara t ive  m a p  loca- 

t ions for the  o ther  t ranscr ipts  are s h o w n  in  Fig- 

ure 1. 

GABRB4 

A h u m a n  exon  of 88 bp  was t rapped  f rom a cos- 

m i d  (LC50) c o n t a i n i n g  a NotI site located - 6 0  kb 
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Figure 2 Southern blot hybridization of the 98-bp 
exon fragment 33a3 to DNA from selected murine 
YACs and cell lines. Clones 8.0 and 8.1 are somatic 
cell hybrids containing the mouse X chromosome in 
a human HeLa background (Herman et ai. 1991 b). 
X3000 is a somatic cell hybrid containing human 
Xq24-Xq28 in a Chinese hamster background (Nel- 
son et al. 1989). The cell lines HELA and RJK are the 
parental human and hamster controls, respectively. 
Southern blotting was performed as described (see 
Methods) and the film exposed overnight with an 
intensification screen at -80~ The exon fragment 
produces three signals on the YACs C131 B2, B20S1, 
and D35D6 in the Bpa/Str critical region and a 
fourth signal (arrowhead) elsewhere on the mouse 
X chromosome. Arrows indicate human-specific 
bands. 

distal to DXSl104 (see Table 1 and Fig. 1B). This 
exon demonstrated significant homology in the 

DNA and  p r o t e i n  sequence  to the  amino-  
terminal-coding region of the family of 13 sub- 

units of the GABAA receptor gene family, the 
highest homology being to the chicken 134 gene 
(Macdonald and Olsen 1994). Subsequently, a 
240-bp partial human  cDNA (cDNA2) was iso- 

lated using cDNA selection with the human  YAC 
CA02519. It demonstrated homology to the 3' 

end of the same GABAA receptors, suggesting that  
the trapped exon fragment and partial cDNA are 
part of the same transcript. 
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HIOSE3 

The H105E3 cDNA was identified in an arrayed, 

human  heart cDNA library (Lee et al. 1995) by 
hybridization with a LLNL cosmid that was also 
detected by the YAC CB12458. The 1215-bp par- 

tial cDNA hybridizes to a 1.5-kb message on 
Northern blots and is expressed in all of the hu- 

man tissues tested, which include brain, heart, 
liver, lung, kidney, skin, and placenta (data not  

shown). It contains an open reading frame (ORF) 

of 175 amino acids starting at base pair 499, 
which shows high homology to enzymes in- 

volved in cholesterol and steroid metabolism (see 
Table 2). 

PI-A 

The clone PIA encodes a 2009-bp partial cDNA 
with an ORF of 1056 bp and 352 amino acids (see 

Fig. 3). Expression studies using RT-PCR and 

Northerns show the highest levels of expression 
of P1-A in newborn skin, adult kidney, ovary, tes- 

tis, and mid-gestation embryos (see Fig. 4), mak- 
ing it an excellent candidate for both Bpa and Str. 
BLAST analysis demonstrated no homology to 

known genes, but  did identify a h u m a n  ex- 
pressed-sequence tag (EST) sequenced by the 

IMAGE Consort ium (clone 129221). In an at- 
tempt to ascertain functional protein domains 
within P1-A, an enhanced search was performed 

using the BEAUTY program (Worley et al. 1995). 
A series of local alignments identified the families 

of CyszHis2 and LIM domain zinc-finger proteins 

(Sanchez-Garcia and Rabbitts 1994; Dawid et ah 
1995). Closer inspection of P1-A indicated that 
it c o n t a i n s  the  s ingle  LIM d o m a i n  m o t i f  

CysXzCysX19HisXzCysXzCysXzCysXa9CysXzCys 
at its 3' end between amino acids 292 and 347 of 

the predicted protein sequence, where X is any 
amino acid (see Fig. 3). The human  EST 129221 
was obtained, and it hybridizes to the human  
YACs CB12458 and yWXD526 as expected from 

the comparative physical maps. The entire hu- 
man clone was resequenced; it contains an insert 

of 404 bp that includes 123 amino acids from the 
3' coding region of the human  P1-A gene, a stop 
codon, and 32 bp of additional 3' untranslated 

sequence. A comparison of the equivalent re- 
gions of the murine cDNA and human  EST is 
shown in Figure 3B. The amino acid sequences 

share 81% identity. In the LIM domain, 52 of 56 
amino acids are identical (93%) and the four dif- 
ferences are conservative substitutions. 
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Table 2. cDNAs in the Bpa/Str Critical Region 

cDNA Source Size (bp) Protein homology 
GenBank Reference/method 
accession No. of isolation 

1. GABRB4 human 88 + 240 a chicken GABAA 134 
(7.5 e-9) 

2. Caltractin human N.D. 
3. H105E3 human 1215 Nocardia NAD(P)- 

525 ORF dependent 
cholesterol 
dehydrogenase 
(8.0 e-13) 

Mesocricetus 3-13 
hydroxysteroid 
dehydrogenase 
(6.1 e-4) 

4. P1-A mouse 2009 human EST clone 
1056 ORF 129221 (1.5 e-86, 

DNA homology) 

5. XIr3 mouse ND 
6. M A G E  human ND 
7. Zfp92 mouse 2940 

1467 ORF 

J 

zinc finger protein 
KOX4 (3.1 e-1 32) 

rat zinc finger 
transcription factor 
Kid-1 (3.1 e-131) 

U47334 

U47105 

U46687 

m 

U47104 

this work--cDNA selection 

Chatterjee et al. (1995) 
this work--arrayed 

cDNA library probing 

this work--hybridization 
screening of cDNA 
libraries using 463-bp 
exon-connected 
fragment of P1-A-7c 
and 7g 

Bergsagel et al. (1995) 
Rogner et al. (1995) 
this work--hybridization 

screening of cDNA 
library using exons 
10-27, 10-41, and 10-46 

a88-bp exon fragment LC50 with 240-bp partial cDNA. 

Zfp92 

A 3-kb cDNA conta ining sequences from the 

trapped products 10-27, 10-41, and 10-46 was 

isolated from a 14.5-day mouse embryo library. 

This cDNA contains an ORF of 1467-bp, which 

encodes a 489-amino-acid protein (see Fig. 5). It 

has KRAB A and KRAB B boxes at its 5' end and 

eight consecutive C2H2 zinc-finger motifs of the 

type Cys-X2-Cys-X3-Phe-Xs-Leu-X2-His -X 3- 
His-Thr-Gly-Glu-Lys-Pro-Tyr/Phe-X,  where X 

can be any amino acid and variability from the 

consensus is found most often in the last seven 

amino acids (Aubry et al. 1992; Margolin et al. 

1994). A single n in th  finger is found in the pro- 

tein sequence 45 bp 3' to the other eight fingers, 

and the seventh finger contains a tyrosine in- 

stead of a cysteine in the fourth position of the 

finger. This gene has been designated Zfp92, as 
the next member  of the large Kr@pel gene sub- 

family of zinc-finger proteins (Bellefroid et al. 
1989). Although expression of the exons 10-27 

and 10-41 has been demonstrated by RT-PCR in 

selected adult tissues, newborn skin, and murine 

embryos (see Table 1), no signals have been de- 

tected on Northern blots using the 3-kb cDNA. 

This fact may be related to the extremely low 

levels of expression of the transcript. 

DISCUSSION 

We have developed a partial transcription map 

for the 600-kb region of the mouse X chromo- 

some between DXHXS1104 and DXHXS52 as part 

of an effort to isolate the genes involved in the 

Bpa and Str mutations. Because of the almost ab- 

solute conservation of genes among mammal ian  

X chromosomes,  we have isolated exons and 

cDNAs from both h u m a n  and mouse and per- 

formed comparat ive mapp ing  of clones onto 

physical contigs in both species. Four conserved, 

novel partial cDNAs are reported here (GABRB4, 

H105E3, P1-A, and Zfp92) as well as one or more 
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A 

GAATTCCGGAGCTCACTGAA 

TCTGGTGAAGAGGAGCGCAA 

ATCATACCATAGAGCCACTC 

TGGTTACATAATCCGGGGAG 

GGGCAGCTGGGAGCAGCTAT 

1 

CAG CTCCATATCAGGGACTG 

17 S S I S G T E 

CCCCGGGAGCACTCTTACGT 

51 P R E H S Y V 

TAGATGAGGACGTCCTTCCT 

85 D E D v L P 

GCAGATTACACCCCCCACAG CAGAACTCCACCTGGTGGCC CCAGACCTGGAAGCCCTGAG 

118 Q I T P P T A E L H L V A P D L E A L S 

ATCATCAAGGAAATACCTGG CACCCTACAAGA'L~ACAAA GTGACCCAACT~TGGCTTCT 

151 I I K E I P G T L Q D G Q S D P T V A S 

GCCCCAGTGGGGCCGAGCAG CAAATCAAAGCCGAGGACTG TACTAACATGCTGATGAGCC 

185 P S G A E Q Q I K A E D C T N M L M S P 

TGAACAATCTCAATTGTGTG TTCCTGGTGTCTCAAGCAAG GTGGACTCCAGCTCAACTAT 

218 E Q S Q L C V P G V S S K V D S S S T I 

GAAGTGTCTTCTGGGAAGCC AGTGTCTTCACACTGTGACA GTCCCAGCAGCATTGAAGAC 

251 E V S S G K P V S S H C D S P S S I E D 

TCCACTAA~'rAAAGAGCTGA AAGATAAACATCATGAGTAT q'FCTTCCTTAGGAAGTAq-~G GGAAAGGGAGAACTGTACCA i00 

TAATATCCTAAGACAGATGA AAGTACGGACTACACTAAAG GGTGACCAGAGCTGGATCAC CAAGCATGATGACTCTGAGG 200 

TCACGTCACAACCGAGCCAC ATCCTTCTCATCAGTCAGAG ACGAATCAAATGCCAGGTCT CCAAACGCAAGGGCTCCAGC 300 

TGTTCACCCGAACAATAGAT AGCTCTTCTCACTCCCAGCA TCGCCCCTCTAAGACCAACG GAGCTCCAAGAAGTGCTTCT 400 

TCTGGTCATCCTCTTCAGTC GTCTGGCTATAAGATGACTA CGGAAGATTATAAGAAACTA GCACCGTACAACATCACGCG 500 

M T T E D y K K L A P Y N I R R 

AGGAAGAGGAGGTGCCATTC ACCCCAGATGAGCAGAAACG GAGGTCCCAGGCTGCACq-FG GTGTTCTGAGGAAGACAGCC 600 

E E E V P F T P D E Q K R R S Q A A L O V L R K T A 

CCTCTCAGCAGCTAAGAAGA CCACTAGCAGTCCGACCCAG GAGCTGCAGTCGCCA~rCCT TGCAA~TTGATGTGG 700 

L S A A K K T T S S P T Q E L Q s P F L A K R V D V V 

GAGAAAAACCAGGAACCACC TGCTCTGGCAAGACCTGATT CTGGCCTAAGCAGCTCGACA ACCGAGAAGATTGCCCATCG 800 

E K N Q E P P A L A R P D S G L S S S T T E K I A H R 

CACTCCAGATTCTTGTGAGC AGAACAATGCAGCCCCCAAG 900 

T P D S C E E N N A A P K 

CAGC AACT'PG CAC ATCTC AG CATCCTAGAGCCACTGGGTA 1000 

Q Q L A D L S I n E P L G S 

CTTCAAG CTG CATC, G TCACT GTTACCGTCTCTGACACCTC Ii00 

S S C M V T V T V S D T S 

CAAAGGGATTCTCTTCGTGA AGGAGTACATG AATACCAGT 1200 

K G I L F V K E Y M N T S 

TCATTGGATCTGGCAAAG AA ACCCCCACATGAAGGTACTC 1300 

s L D L A K K P P H E G T P 

CTTCTGAGAGACCAACCGAA GGGGGTTACTTACTGTA G CCATGAGATCCAAGA~'I~TC 

284 S E R P T E G T Y C S H E I q D C P 

I 
GTA'FI~-i-i-F~'AAGTGCGGGA ~-I-I%.CAATAAACCGATC~T GATCTCCTAGATCAGATCTT 

317 Y C F K C G I C N K P M G D L L D ~ I F 

AAGCTCTTCTAGGCTGAACA GAAGCTGATGATCCCCAGCT GTATTTGGCTGTCCAGTTGA 

350 K L F 

TCCACTGTACTTCTGCCTAC CT'gGTGCGGAAGGAGCATAC ATCTAAGATT~TGTAGCCAT 

TCTCAGTTCCTTGCTTCCAG GATGAATGAGTCCAC~I-I, GA CCTCCCT~AGACA~GTTTTC 

AAGTCTAGGTATCAGCGTAT GCAGACTTTCTGAGGCq'PCT GAGGGCCCAAGCCAAAAAAC 

CTAAGGGTTGGCAATAGGCT ACTGTTTAGCTTGTCTATTC ACTTTGTGTGTATGTGTGTG 

TTGGAATTC 

B 

CG AAGATTACCCTTGAACAT ] CTTGGCATCTGCTGCCATGA 

K I T L E H L G I C C H E 

CATTCACCGTGACACCATCC T ACTG TGGGAAATG ATGAG 

I H R D T I H C G K C E 

GATGTTATG ATTTTGTGTAG CCTTTTATACCTTAGG AATA 

TAATGAGTGCAGATG ACCTA GTATG~'~AGACATC, GGTACC 

TG TTG ACG ATC CC~3G TAGG G AAATTAC AGG CA~'~AAATA 

TGTGTTTAAATTTCTCACAT TTTTAAAAATAGTTAATTTT 

mouse PI-A 

human PI-A 

DSSSTIKGIL FVKEYMNTSE VSSGKPVSSH CDSPSSIEDS LDLAKKPPHE 

I I I I l . l l l l  I I I I 1 - 1 . 1 1  I I I I I I I I  . . . .  I I I I I I  . . . .  I I I I  - 
DSSSTTKGIL FVKEYVNASE VSSGKPVSAR YSNVSSIEDS FAMEKKPPCG 

280 

1400 

1500 

1600 

1700 

1800 

1900 

2OOO 

2009 

mouse PI-A 

human PI-A 

LIM consensus 

GTP-SERPTE GVCTYCSHEI QDCPKITLEH LGICCHEYCF KCGICNKPMG 

- I t  I I 1 . 1 .  I ' 1 1 1 1 . - I I  .111111111 I I I I I I I I I I  I I I I 1 . 1 1 1 1  
STPYSERTTG GICTYCNREI RDCPKITLEH LGICCHEYCF KCGICSKPMG 

C..C . . . . . . . . . . . . . . . . . . .  H..C..C..C . . . . .  

329 

mouse PI-A DLLDQIFIHR DTIHCGKCYE KLF 352 

I I I I I I l l l l  I I I I I I I l i l  I I I  
human PI-A DLLDQIFIHR DTIHCGKCYE KLF 

LIM consensus .............. C..C 

Figure 3 Sequence analysis of P1-A. (A) Complete nucleotide and pre- 
dicted amino acid sequence of the 2009-bp murine P1-A cDNA clone. 
Nucleotide positions are given to the right and amino acid positions to the 
left. The underscored amino acids are presented with the equivalent human 
sequence in B. The boxed amino acids comprise the putative LIM domain. 
Although no Kozak consensus sequence (Kozak 1989) was found at the 
initiator methionine, an in-frame stop codon was present 81 bases 5' with 
no intervening methionine codons. No polyadenylation signal was found in 
the cDNA clone, and preliminary evidence suggests that alternative splicing 
within the coding region may occur (data not shown). (B) Comparative 
predicted amino acid sequences of 3' coding region of murine P1-A and 
human EST 129221. The numbering corresponds to the amino acids shown 
in A. The human coding sequence is 123 amino acids, with a single base-pair 
insertion after amino acid 283 of the murine sequence. Vertical lines indicate 
identities and single dots represent conservative amino acid substitutions. A 
LIM domain consensus sequence showing the absolutely required cysteine 
and histidine residues is presented below the amino acid sequences. 

m e m b e r s  of spec ies-speci f ic  

gene families (human MAGE 

cDNAs and murine Xlr3 genes). 

We have also demons tra ted  

that the region in the mouse is 

complex and contains several 

clusters of repeated transcribed 

elements. In the equivalent hu- 

man interval, there are also re- 

peated e lements  that include 

the transcribed MAGE genes 

(Rogner et al. 1995) and three 

copies of the sequence DXS52 

(Feil et al. 1990). The functional 

significance of these repeats is 

unknown,  but similar clusters 

of repeats have been identified 

in several other regions of the X 

chromosome  and many  auto- 

somes. These repeats have been 

proposed as, and in some cases, 

demonstrated to be sites for ge- 

nomic  rearrangements involv- 

ing the genes in each region 

(Lupski et al. 1996). An addi- 

t ional  GABA A receptor gene  

(GABRA3) has been mapped  

within Xq28 -300 kb proximal 

to the one reported here. Clus- 

tered GABA receptors have been 

identified elsewhere in the ge- 

nome  (e.g., the 73, 133, and ~5 

subunits on 15q); however, di- 

vergence of sequences among  

family members  makes inter- 

genic  r e c o m b i n a t i o n  a m o n g  

the elements within a cluster 

unlikely. 

Based on their expression 

patterns and/or homologies  of 

the predicted amino  acid se- 

quences  to k n o w n  genes  or 

gene families,  several of the 

t rapped  e x o n s  and  part ial  

cDNAs represent good candi- 

dates for the Bpa and/or Str mu- 

tations. It is anticipated that the 

genes involved in these muta- 

tions would be expressed at or 

near the t ime w h e n  affected 

male embryos die, in the peri- 

implanta t ion  period for Bpa 

and mid-ges tat ion  for Str. A 

more widespread t iming and 
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Figure 4 Northern blot hybridizations of P1-A to 
murine tissues (A) and mid-gestation embryos and 
ES cells (B). All tissues were from adult mice except 
for thymus (obtained from a 2-week-old animal) 
and skin and cartilage (obtained from newborn 
mice). 3T3 is RNA from the NIH 3T3 cell line, which 
resembles skin fibroblasts. Bands were visualized for 
P1-A after exposure for 7 days at -80~ using two 
intensification screens. Exposure on the same blot 
with Gapdh was 6 hr. RNA in the lanes marked lung 
and 10.5-day embryo was degraded. 

tissue distribution of expression could also be en- 

visioned and would likely include skin fibroblasts 

and cartilage, at least for Bpa. P1-A is an excellent 

candidate for Bpa or Str because it maps to the 

critical region defined for both mutations, it is 

expressed in embryonic stem (ES) cells and in all 

embryonic stages tested, and it has its highest 

levels of expression in newborn skin. Although 

its sequence has no significant homology  to 

known genes, a search for the presence of amino- 

acid motifs revealed that it probably contains a 

single LIM domain at its 3' end. A human  EST 

that appears to be the h u m a n  ortholog of P1-A 

retains this domain. The first LIM domain pro- 

tein was described in Caenorhabditis elegans in 

1988, and several subtypes of this diverse group 

of proteins  are now known  (for review, see 

Sanchez-Garcia and Rabbitts 1994; Dawid et al. 

A TRANSCRIPTION MAP OF THE BpMSm REGION AND Xo28 

199S). These include proteins that  contain ho- 

meo domains in addition to two LIM domains 

and LIM-only proteins. The latter may contain as 

many  as five or as few as a single LIM domain 

composed  of two characteris t ic  zinc fingers 

joined by a two-amino-acid spacer. Structural cy- 

toskeletal proteins, such as zyxin, contain several 

LIM domains at their 3' end, whereas other LIM- 

only proteins, such as the huma in  oncogene 

rhombot in  1, appear to be involved in cellular 

differentiat ion and proliferation. It has been 

speculated that LIM domains function in pro- 

tein-protein interactions and have diverse roles 

from transcription factors to cell adhesion pro- 

teins. For most  LIM proteins, the factors with 

which they interact remain unknown.  Based on 

the pattern of expression of P1-A and the pres- 

ence of a perfect LIM domain at its 3' end, we 

believe that this protein probably functions as a 

regulatory molecule during murine embryonic 

and early postnatal development.  We are cur- 

rently developing antibodies to the protein as 

well as isolating possible Drosophila homologs 

to better  address the func t ion  of this novel  

transcript. 

The Zfp92 protein contains KRAB A and B 

boxes and 8-9 KriippeI-like zinc fingers, and is, 

therefore, likely to be a t ranscript ion factor. 

KRAB boxes are conserved domains present near 

the amino terminus of one-third of all Km'ppel- 
type zinc finger proteins. Recent experimental 

data suggest that  they can bind to DNA and func- 

tion as transcriptional repressors (Margolin et al. 

I994). Mutations in the C2H2 Kru'ppel-like pro- 

teins GLI3 and WT1 are associated with the de- 

v e l o p m e n t a l  d i sorders  Grieg c e p h a l o p o l y -  

syndactyly (Vortkamp et al. 1991) and familial 

Wilm's tumor/Denys-Drash syndrome (Pelletier 

et al. 1991), respectively, providing a precedent 

for the involvement of this class of proteins in 

h u m a n  inherited diseases. Although Zfp92 lies 

outside the Str critical region, it is an excellent 

candidate for the Bpa mutation.  

Although P1-A and Zfp92 might  seem to be 
the most likely candidates for the Bpa and/or Str 
mutations, we cannot absolutely exclude any of 

the partial cDNAs or exons described here. The 

original Bpa and Str alleles were X-irradiation in- 

duced. We have looked for genomic rearrange- 

ments in DNA from affected Bpa and Str females 

and from somatic cell hybrids that  contain a 

single Bpa or Str-affected X chromosome using 

cosmids from our contig, trapped murine exons, 
and the partial murine and h u m a n  cDNAs de- 
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Figure 5 Complete nucleotide sequence and predicted amino acid sequence 
of Zfp92. Representation of the sequence is as in Fig. 3. The shaded and open 
boxes represent the KRAB A and B boxes, respectively. The nine zinc fingers are 
underscored. A good Kozak consensus sequence was present at the initiator 
methionine and an in-frame stop codon was present 41 bases 5' to the start site. 
An interrupted CA repeat was present at the end of the sequence, and no 
polyadenylation signal was noted. 

able to pe r fo rm s imilar  

studies using exons 10-27 

or 10-41 from Zfp92 be- 

cause of their low levels of 

expression or wi th  male 

Bpa embryos  because of 

thei r  dea th  in the  peri- 

implan ta t ion  period. Ex- 

clusion of P1-A and Zfp92 

as candidates for Bpa and 

Str will require sequencing 

of the  genes  or cDNAs 

from affected X chromo- 

somes. In addition, the iso- 

lation of longer cDNAs for 

other t rapped exons, the 

i so l a t ion  of more  t ran-  

scripts, and the isolation 

and sequencing of murine 

cDNAs corresponding  to 

CALT and H105E3 may all 

be r equ i r ed  to i d e n t i f y  

these mutations. Although 

th is  m a y  seem to be a 

daunting task, we have al- 

ready demons t ra ted  tha t  

novel genes can be identi- 

fied in the interval despite 

the growing number of se- 

quenced human ESTs and 

large-scale gene identifica- 

tion efforts in Xq28 (Coy 

et al. 1994; Lee et al. 1995). 

We believe that the isola- 

tion of very low expression 

transcripts with limited tis- 

sue distributions may re- 

q u i r e  t h e  m e t h o d i c a l  

s ea rch  by  a v a r i e t y  of 

m e t h o d s  for all of the  

genes in a region or the 

eventual sequencing of the 

entire human  genome. 

scribed above. In comparison with control DNAs 

from the appropriate mouse strains, we have de- 

tected no abnormal or rearranged DNA fragments 

(data not  shown). In addition, affected Str male 

embryos recovered at 9.5-11.5 days pc and geno- 

typed using a PCR assay at DXMitl (M. Levin and 

G. Herman, unpubl.) have demonstrated normal 

expression by RT-PCR of P1-A exons 6 and 7c, 

33a3 and 33a12, and 16/135. We have been un- 

METHODS 

Cosmid and PI Contig Assembly 

High-molecular-weight DNA prepared from the murine 
YACs B16S5, C73E6, B20S1, C131B2, D35D6, and from the 
human YAC CA02519 was partially digested with MboI 
(New England Biolabs) and subcloned into the Supercos 
vector (Stratagene) as recommended by the manufacturer. 
Cosmids containing murine or human inserts were se- 
lected by hybridization with total mouse or human ge- 
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nomic DNA, respectively, as well as by a lack of hybridiza- 
tion with yeast genomic DNA. For the isolation of human 
cosmids from the gridded LLNL X chromosome cosmid 
library, individual YACs were excised from 0.8% Sea 
Plaque agarose (FMC) pulsed-field gels, radiolabeled using 
the random hexamer method (Feinberg and Vogelstein 
1984), and hybridized to human cosmid filters as de- 
scribed (Chatterjee et al. 1994). Cosmid DNA was routinely 
prepared using an Autogen 740 (Integrated Separation Sys- 
tems) or using a Qiagen Plasmid Midi-Kit. Three routine P1 
clones in the vector pAdlO-SacBIl (Pierce et al. 1992) were 
obtained from Genome Systems by PCR screening with 
primers for the loci DXBay18 and DXBay20, which detect 
the right ends of the YACs C73E6 and C131B2, respec- 
tively. Restriction enzyme digestions and Southern hybrid- 
izations were performed as described (Faust and Herman 
1991; Chatterjee et al. 1994). 

Exon Trapping and cDNA Isolation 

Exon trapping was performed using individual cosmid or 
P1 clones and the vector pSPL3 as recommended by Life 
Technologies. cDNA selection was performed with the hu- 
man YAC CA02519 as reported (Pizzuti et al. 1993). Sixty 
selected cDNAs were subcloned into pBluescript (Strata- 
gene), and the inserts isolated by PCR. Eighteen of the 
clones appeared unique and did not hybridize to repetitive 
human DNA, vector, or ribosomal sequences. A single 
clone (cDNA2) hybridized to the Xq28 specific somatic cell 
hybrid QIZ and the YAC CA02519 and was analyzed in 
greater detail. The human cDNA H105E3 was identified 
using reciprocal probings of arrayed cosmids and cDNAs 
(Lee et al. 1995). To isolate longer transcripts for exons 
from the PIA clone, a 463-bp reverse transcriptase product 
was obtained from adult murine kidney mRNA by exon 
connec t ion  using forward (5'-CTTGGTGTTCTGAG- 
GAAGAC) and reverse (5'-CAGTCCTGGCTTTGATTTG) 
primer sequences from exons P1-A-7g and P1-A-7c, respec- 
tively. Hybridization screening of an 8.5-day pc mouse em- 
bryo library obtained from Dr. B. Hogan (Vanderbilt Uni- 
versity, Nashville, TN) or an adult mouse brain library 
(Clontech) with the 463-bp fragment did not produce any 
positive clones. A single clone was subsequently identified 
in an adult female B6CBA F 1 thymus cDNA library (Strata- 
gene). To isolate the Zfp92 cDNA, the 8.5-day embryo and 
adult brain cDNA libraries and Stratagene custom 129/SV 
14.5-day embryo cDNA library obtained from Dr. A. Brad- 
ley (Baylor College of Medicine, Houston, TX) were 
screened by hybridization with exons 10-41 and 10-27. 
These exons contain the highly conserved KRAB boxes, 
and the first six clones identified did not map to the X 
chromosome. Rehybridization of the 14.5-day embryo fil- 
ters with the exon 10-46, which is not conserved across 
species and had no known homologies, identified two 
identical clones that were also positive with the 10-41 and 
10-27 exons. 

Northern Hybridizations and RT-PCR 
Expression Studies 

For total RNA, mouse tissues or embryos obtained after 
timed matings were solubilized using RNAzol B (Tel-test), 

and mRNA was isolated using magnetic Oligo (dT)2 s Dy- 
nabeads (Dynal). Approximately 1 txg of mRNA was loaded 
per lane for Northerns, and electrophoresis was performed 
in 1% agarose/MOPS/formaldehyde (Sambrook et al. 
1989). RNA was transferred to SureBlot membranes (On- 
cor), and hybridizations were performed in 5 • SSPE, 
2• Denhardt's, 100 ixg/ml of denatured herring sperm 
DNA, 50% formamide, and 2% SDS. Murine cDNA probes 
were labeled as above and 1 • 106 to 2 • 106 cpm/ml of 
hybridization buffer added per filter. Filters were rinsed in 
2 • SSC, 0.05% SDS at room temperature, and washed for 
40 min at 50~ in 0.1• SSC, 0.1% SDS before exposure 
under x-ray film for 6 hr-7 days. A murine Gapdh control 
cDNA probe was prepared as described (Nakao et al. 1994). 
For RT-PCR assays, 500-1000 ng of mRNA was treated 
with RQ1-RNase free DNase (Promega) in the presence of 
RNase inhibitor (Promega). Ten microliters of treated 
product was employed in a reverse transcriptase reaction 
that also contained 10 mM Tris, pH 9.0, 50 mM KC1, 2.5 mM 
MgC12, 0.1% Triton X-100, 80 units RNase inhibitor, 400 
ng random hexamer, and 200 units Superscript II RT (Life 
Technologies). Control reactions contained no enzyme 
and gave no product in subsequent PCR reactions. Product 
from the reverse transcriptase reaction (0.2 ~l) was used in 
a standard 35-40 cycle PCR amplification with AmpliTaq 
polymerase (Perkin-Elmer). 

DNA Sequencing and Sequence Analysis 

Single-stranded dideoxy DNA sequencing was performed 
for cloned, trapped exons and the GABRB4 cDNA with 
[c~-32P]dATP (Dupont) using a Sequenase 2.0 kit (USB). Au- 
tomated fluorescent DNA sequencing of the cDNA clones 
HlO5E3, P1-A, and Zfp92 was performed on an ABI 373A 
DNA sequencer. DNA sequences were routinely analyzed 
for DNA and protein homologies using the NCBI BLAST 
email server. Homologies were considered significant for 
P(N) > 10 -3. Sequence assembly for the cDNA clones was 
performed using the AutoAssembler Program (ABI). 
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