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Cat eye syndrome (CES} is typically associated with a supernumerary bisatellited marker chromosome 
derived from human chromosome 22pter to 22q11.2. The region of 22q duplicated in the typical CES marker 
chromosome extends between the centromere and locus D22S36. We have constructed a long-range 
restriction map of this region using pulsed-field gel electrophoresis and probes to I0 loci (11 probes}. The map 
covers -3.6 Mb. We have also used 15 loci to construct a yeast artificial chromosome contig, which 
encompasses about half of the region critical to the production of the CES phenotype {centromere to 
D22S57]. Thus, the CES critical region has been mapped and a substantial portion of it cloned in preparation 
for the isolation of genes in this region. 

Cat eye syndrome (CES) is a highly variable disor- 
der generally characterized by ocular coloboma, 
anal atresia, preauricular skin pits and tags, defects 
of the heart and urogenital system, dysmorphic 
features, and mild mental retardation (Schinzel et 
al. 1981). It is usually associated with a supernu- 
merary, bisatellited marker chromosome that is de- 
rived from duplicated regions of 22pter-22q11.2, 
resulting in a total of four copies of this segment 
(McDermid et al. 1986a). Previously, we have com- 
pared the marker chromosomes of 10 CES patients 
and defined the smallest region of duplication 
overlap, or critical region, to lie between the cen- 
tromere and D22S36 (Mears et al. 1994). The p- 
arm, although also present in four copies, is not 
considered to play a role in this syndrome as it is 
believed to carry only ribosomal genes found on 
other acrocentric chromosomes. Additionally, CES 
can also be associated with interstitial duplications 
that do not involve 22p (Knoll et al. 1995; Reiss et 
al. 1985). The placement of the CES critical region 
proximal to D22S36 also separates it from that of 
the DiGeorge/velocardiofacial/conotruncal heart 

SCorresponding author. 
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defect complex of syndromes associated with a de- 
letion of 22q11.2, because D22S36 is deleted in 
some but not all of these patients (DriscoU et al. 
1992). 

In order to understand CES at the molecular 
level, we have produced a long-range restriction 
map of the region duplicated in the typical CES 
marker chromosome, spanning from the centro- 
mere to D22S36. This allowed us to estimate 
the maximum size of the region to be -3.6 Mb. 
A recently studied CES patient, whose unusual 
marker chromosome redefines the critical region 
as proximal to D22S57 (Mears et al. 1995), further 
reduces the region to -1.9 Mb. In addition, the 
construction of a yeast artificial chromosome 
(YAC) contig containing about half of the region 
between the centromere and D22S181 provides 
the first step toward cloning the genes involved 
in the production of the CES phenotype. 

RESULTS 

Probes 

Probes were originally mapped to the CES region 
using a somatic cell hybrid panel that subdivides 
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chromosome 22 into 24 unique regions or bins 
(Budarf et al. 1996). A list of probes, their bin 
assignments, and their sources is given in Table 1. 
Only 11 of these probes, representing 10 loci, 
were suitable for pulsed-field gel electrophoresis 
(PFGE) analysis (marked with an asterisk). 

The D22S50, F8VWFL, and D22S543 loci 
could not be ordered by PFGE and YAC analysis, 
but were found to be in an overlapping set of 
cosmids isolated from the LL22NC03 library. 
D22S50 identified cosmids 80D1, 104F4, and 
123Dl l .  F8VWFL also identified these three cos- 
raids as well as 107Cll .  D22S543 was used as a 
probe against a Southern blot containing these 
four cosmids and hybridized only to 107Cll .  All 
three probes hybridized to different-sized HindIII 
fragments and therefore are distinct loci. These 
results indicate that  F8VWFL clone used lies be- 
tween D22S50 and D22S543, al though the orien- 
tation of the three on the chromosome cannot  be 
determined. 

PFGE Map 

The PFGE fragment sizes for each of 11 probes 
representing 10 loci were determined for six en- 
zymes: NotI, NruI, AscI, BsiWI, SgrAI, and MluI 

(Fig. 1). The sizes represent the average of several 
independent  experiments for most  loci, using 
DNA from numerous different lymphoblastoid 
cell lines and fibroblast strains. Multiple frag- 
ment  sizes for a locus usually indicates the pres- 
ence of partial enzyme digestion, presumably at- 
tributable to varying degrees of methylation at 
these methylation-sensitive enzyme sites. This is 
typical for PFGE, as is fragment size pattern varia- 
tion between individuals. Evidence that multiple 
fragments represented partial digestion attribut- 
able to methylation rather than polymorphism 
included cell-to-cell variation in intensity be- 
tween the multiple fragments and changes in 
fragment pattern when cells were grown in the 
presence of the demethylating agent 5-azacyti- 
dine. For instance, the DNA of most cell lines 
showed NotI fragments of 430 and 530 kb when 
probed with D22S9, D22S50, or D22S795b. With 
GM02325, the 430-kb fragment was much more 
intense, whereas with GM03657 the fragments 
were of equal intensity, which would not be ex- 
pected if the lines were heterozygotes for a poly- 
morph i sm (data not  shown). However, with 
GM03657 cells treated with 5-azacytidine, the 
530-kb fragment was almost undetectable, be- 
cause presumably the NotI sites flanking the 430- 

Table 1. Probes Mapped to the CES Critical Region 

Locus Bin a Probe Source and reference 

D22Z2 n.d. 22/1 
*D22S458 1.1 N38F3 
*D22S795 1.1 LN63a and b 
D22S543 n.d. pH863 
*D22S50 1.1 pH74 
D22S601 1.1 pB1124 
F8VWFL 1.1 clone II 
*D22S9 1.1 p22/34 
D22S24 1.1 W21 G 
IG KVP3 1.1 M120-12 
*D22S789 1.1 LN44 
*D22S43 1.2 pH32 
*ATP6E 1.2 XEN61, DD8 
*D22S57 2 pH98 
*D22S181 2 NB17 
*D22S36 3 p i l l  1 

McDermid; McDermid et al. 1986b 
Xie/Dumanski; Xie et al. 1994 
Budarf; this paper 
Hudson; Hudson et al. 1994 
Budarf; Budarf et al. 1991 
Hudson; Hudson et al. 1994 
ATCC; Mancuso et al. 1991 
McDermid; McDermid et al. 1986a 
Rouleau; Rouleau et al. 1989 
ATCC; Lotscher et al. 1986 
Budarf; this paper 
McDermid; Budarf et al. 1991 
Lipinski; Baud et al. 1994 
Budarf; Budarf et al. 1991 
Zwarthoff; Lekanne Deprez et al. 1991 
McDermid; Budarf et al. 1991 

Probe mapped outside the CES critical region 

*D22S111 KI-197 Dumanski; Carey et al. 1990 

aBin assignment from Budarf et al. (1996); (n.d.) not done 
*Used in PFGE analysis. 
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P r o b e  

D22S458 

D22S795: 
LN63a 

LN63b 

D22S50 

D22S9 

D22S789 

N o t l  N r u l  A s c l  

870+1000  
+1250 

870+1000 
+1250  

490+1000 
+1200 

430+530 

430 +53( 490+1000 
+1200 

430+530 

100+530 

D22S43 220+630 

ATP6E/ 410+630 
D22S57 

D22S181 65o+840 
+1100 

D22S36 70+160 
220 

340+500 
+1000 
+1200 

, - 
i i 

1 7 0 + 5 0 0  

i+12oo 

730+1550 

1700+190C 

730+1550 
1700+190C 

650+1550 
1700+190(  

1300+15~ 
P2450 

1300+15! 
~2450 

270+155( 
~2450 

280+880 
+2450 

600+880 

+2450 

600+880 
+2450 

B s i W l  SgrAI  

2500 500+720 

520+11 

:520+11 

i620+11 

~50+1150 
~1500 

i 

i 
1620+1 
I 

6 0 0 + 8 0 0  

600+800 

+880 

950+1150 
+1500 

950+1150 
+1500 

950+1150 
+1500 

950+1150 
+1500 

190+530 
+1150+1500 

340+530 

+1500 

Mlul . 

1400+1600 
1800+2000 

400+1600 
800+2000 

!50+450 
1800+2000 

200+450 

+2000 

230 280+410+ 
480+1000 

220 390+750 130+750 160+930 
+1400 

D22Sl l l  230 440+540 850+930 230 270+510 500+1500 
+630 

F i g u r e  1 Average PFGE fragment sizes for loci in the r region of 
22ql 1.2. Fragment sizes in kilobases for six enzymes are given for 11 probes 
representing 10 loci. Multiple sizes at a locus indicate partial digestion, pre- 
sumably attributable to variable methylation. One particular DNA sample 
may not show all fragment sizes listed, and some infrequent fragments have 
not been included. Regions of overlap between loci, as judged by superim- 
posing autoradiograms, are outlined in boxes. LN63a and b at locus 
D22S795 are probes on either side of the LN63 Notl site. ATP6E gave a 
pattern identical to D22S57 with additional unlisted faint bands attributable 
to homology to other loci. Dashes indicate analysis was not done. 

kb fragment were now almost completely un- 
methylated and thus susceptible to NotI diges- 
tion. Similarly, whereas the DNA of most cell 
lines showed AscI fragments of 600 and 880 kb 
when probed with ATP6E, D22S57, or D22S181, 
GM03657 only showed the 880-kb fragment  
(data not  shown).  However, GM03657 cells 
treated with 5-azacytidine showed an intense 
600-kb as well as a weaker 880-kb fragment. Each 
individual cell line did not necessarily show all 
fragments listed, and some infrequently digested 
sites that were difficult to place unambiguously 
were not included in the map. Comparing the 

partial digestion differences be- 
tween cell lines often aided in 
d e t e r m i n i n g  w h e t h e r  two  
probes mapped  to the same 
large f ragment  or two comi- 
grating fragments (Fig. 2; see 
below). Several probes (LN63a, 
D22S50, ATP6E, and D22S36) 
showed additional faint frag- 
men t s  a t t r ibutable  to cross- 
hybridizat ion to related loci, 
and these were not included in 
Figure 1. 

Most of the CES critical re- 
gion (N38F3 to D22S57) is con- 
tained within a 2000-kb MluI 
fragment produced by partial 
digest ion (Fig. 2). The mos t  
centromeric probe, N38F3, rep- 
resents the second step in a cos- 
mid walk (Xie et al. 1994) from 
a clone (N65D4) con ta in ing  
chromosome 22-specific alpha- 
satellite sequences. Therefore 
this probe can be considered 
pericentromeric  and anchors 
the map to the top of the criti- 
cal region. The three cell lines 
in Figure 2 (lanes 1-3) were 
chosen to show the extent of 
the differences in partial diges- 
t ion patterns and how these 
were used to cons t ruc t  the  
map. Thus, lane 2 shows an 
1800-kb partially digested MluI 
fragment with probes N38F3, 
D22S9, and D22S43, and a 200- 
kb fragment with D22S57, indi- 
cating that MluI sites 1, 3, and 4 
are d i g e s t e d  in  t h i s  DNA 
sample. Lane 3 shows a 1600- 

kb fragment for N38F3 and D22S9, and a 450-kb 
fragment for D22S43 and D22S57, indicating 
that  MluI sites 1, 2, and 4 are digested. In lane 1, 
fragments of 1600 and 2000 are seen with N38F3 
and D22S9. D22S43 hybridizes to the 2000-kb 
fragment as well as fragments of 250 and 450, 
whereas D22S57 shows fragments of 200, 450, 
and 2000 kb (small fragments were sized on blots 
optimized for this size range). This indicates that 
all four MluI sites were digested, but sites 2 and 3 
were only partially digested. GM7511A fibro- 
blasts showed a dense 1600-kb fragment but a 
weak 2000-kb f r agmen t  w h e n  p robed  wi th  
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C'1600 II ~'2SO II f '200l 

I '~'4SO I 
b-1800 . . . . . . . . . . . . .  J 

a-2000 I 

Figure 2 Mlul-digested fragments span from N38F3 to D22S57. DNA from 
various individuals with no rearrangement in 22q11.2 were digested with 
Mlul, electrophoresed in a CHEF DRII apparatus in two 0.8% agarose gels run 
together at 75 V for 93 hr with a ramped switch time of 550-850 sec in 
1 • Tris-acetate buffer (TAE), and transferred to a nylon membrane. The two 
blots with identical lanes were sequentially probed with N38F3 (a) and 
D22S9 (b) for the first blot and with D22S9 (c), D22S43 (d), and D22S57 (e) 
for the second blot. The fragments present are indicated below each lane by 
letter code. A partially digested fragment of -2000 kb was identified by each 
probe in lane 1, representing the maximum distance between N38F3 and 
D22S57. As shown in the map below the autoradiographs, this 2000-kb band 
has two internal Mlul sites (2 and 3), which subdivide it into fragments of 
1600, 250, and 200 kb. Small fragments (200, 250, and 450) were sized on 
other blots optimized for this resolution range. The three different lanes show 
different combinations of these Mlul sites, as described in the text: (Lane 1) JT; 
(lane 2) TC32; (lane 3) BL-2. 

D22S9, whereas the opposite pattern was seen 
with the lymphoblastoid cell line AJ, arguing 
against this variation in fragment size originating 
from a polymorphism (data not shown). Thus, 
using three cell lines that show different partial 
digestion patterns, the interval between N38F3 
and D22S57 was shown to span a maximum of 
2000 kb. An additional MluI site not seen in these 
cell lines but evident in others is mapped below. 

A PFGE map of the region is shown in Figure 
3. Most individual enzyme restriction maps 
could be constructed independently using partial 
digestion fragments as shown in Figure 2. The 
restriction maps for individual enzymes were 
confirmed and aligned by a series of double di- 

gests, which are represented 
on the map as dotted lines be- 
tween two different enzyme 
sites. Each dotted line indi- 
cates an experimentally con- 
firmed fragment flanked by 
the two sites at either end of 
the line. The map includes the 
entire region normally dupli- 
cated in CES from the pericen- 
tromeric region to D22S36. 
The maximal size of this re- 
gion is -3.6 Mb. The critical 
region between D22S458, a 
pericentromeric probe (Xie et 
al. 1994), and D22S57 spans 
-1.9 Mb. 

YAC Contig 

The probes in Table 1 for 
which there were no available 
sequence-tagged sites (STSs) 
were partially sequenced, and 
STSs were produced in prepa- 
ration for the screening of YAC 
libraries. The primer sequences 
or accession numbers for these 
STSs are given in the Methods 
section. STSs corresponding to 
loci mapped to the CES region 
were used to screen the origi- 
nal CEPH YAC library (Albert- 
sen et al. 1990) and the CEPH 
megaYAC library (Chumakov 
et al. 1992) with average insert 
sizes of 470 and 900 kb, respec- 
tively. A YAC contig contain- 
ing 15 loci and 15 YACs was 

assembled, using marker order obtained from the 
PFGE map as a constraint (YACs are listed in 
Table 2). Additionally, the data were analyzed 
with a contig assembly program independent of 
the PFGE data (Bell et al. 1995) that uses a simu- 
lated annealing algorithm. These two approaches 
were in complete agreement, with the exception 
of the region containing D22Z2 and N38F3. In 
this region of the contig, the data lacked suffi- 
cient information to order these probes, and 
therefore the assembly program switched them 
randomly. An STS was not produced for D22Z2, a 
probe that contains chromosome 22-specific al- 
pha-satellite sequences (McDermid et al. 1986b). 
Assignment of this probe to YAC 745G7 was ac- 
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Figure 3 PFGE map of the CES region of 22q l  1.2. This map is based on the al ignment of the fragments for 
each locus by analysis of a series of two enzyme digestions. The double-digestion fragments that have been 
confirmed experimentally are indicated by dashed lines connecting the two sites involved. The location of loci 
used in the production of the map are indicated by square brackets above the restriction fragments. Loci names 
are given wi thout  the preceding D22 designation. D22S795a, b (S795a, b) contains the Notl site (arrow). The 
maximum size of the mapped region is -3 .6 Mb. 

complished by Southern blot hybridization to 
YAC DNA. To verify the YAC contig, the PCR 
results were conf i rmed by hybr id iza t ion  on 
Southern blots. 

To characterize these YACs further, each was 
subjected to PFGE and visualized for sizing by 

probing a Southern blot with radiolabeled total 
human  DNA to identify the YACs (Table 2). YACs 
745G7, 800A4, and 925G12 all showed multiple 
bands in a single isolate of each YAC. YAC 745G7 
contained four bands (640, 860, 980, and 1200 
kb), all of which hybridized to D22Z2, a probe 

Table 2. Characterization of YACs 

YAC name Size (kb) FISH results 

745G7 640/860/980/1200 a 22 (weak) + C (strong) + D (weak) 
723B6 720 22 (weak) + 2 (strong) + C/E (weak) + D (weak) 
715A9 1600 22 + B/C 
776H2 1280 22 (strong) + 2 (strong) + B (weak) + D (weak) 
734B10 1000 22 (strong) + 21 (weak) 
829E11 950 22 + B/C 
878D3 1010 22 (weak) + A (strong) 
829D11 980 22 + B/C 
800A4 560/1600 b chimeric 
100G7 380 22 
925G12 450/570/690/790 c 22 + C 
803G9 200 or 580 d 22 
891 F12 620 22 (weak) + B/C + D 
891 C8 160 22 (very weak) + D 
422G4 230 22 

aAII four YAC bands were present in one isolate, all bands hybridized to D22Z2. 
bBoth YAC bands were present in one isolate, both bands hybridized to D22S9. Four independent isolates gave the same pattern. 
CAll YAC bands were present in one isolate, all bands hybridized to D22S9. 
dEach YAC band was present in a different isolate, both bands hybridized to D22S9. The 200-kb YAC was isolated independently 
four times, the 580-kb YAC was isolated twice. Subsequent analysis of further independent isolates revealed YACs of 320 kb (once), 
610 kb (eight times), and 750 kb (once). These were not analyzed further. 
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that hybridized to no other YAC. Bands from 
800A4 (560 and 1600 kb) and 925G12 (450, 570, 
690, and 790 kb) all hybridized to D22S9. These 
results suggest the presence of a series of dele- 
tions of the original YAC rather than multiple 
independent YACs. YAC 803G9 contained only 
one band, but this varied in size depending on 
the isolate. However, both the 200- and 580-kb 
YACs hybridized to D22S9, suggesting that this 
YAC was also unstable. 

Fluorescence in situ hybridization (FISH) was 
performed on each YAC to test for chimerism 
(Table 2). Only three YACs (100G7, 803G9, and 
422G4) gave fluorescent signal on only chromo- 
some 22. Four of the 15 YACs mapped to three or 
four different chromosomes. To confirm chime- 
rism for 734B10, which gave a strong fluorescent 
signal on chromosome 22 but a weak signal on 
the other G-group chromosome (presumably 
chromosome 21), end clones were produced by 
inverse-PCR. End clone 734B10HU hybridized to 
734B10 and the nonchimeric 100G7 as expected 
for the distal end of the YAC. End clone 734B10T 
hybridized to chromosome 21 on a monochro- 
mosomal hybrid panel, confirming the FISH re- 
sults (data not shown). 

To place the YACs on the PFGE map and es- 
timate the coverage of the region, we digested 
them with rare-cutting enzymes and sized the 
fragments by PFGE. Because YAC DNA is not 
methylated, sites can be present in YACs but nor- 
mally methylated and therefore not digested in 
human  genomic DNA. When these sites are 
much more numerous in the YACs, as with 6-cut- 
ters such as NruI, BsiWI, and MluI, YAC maps can 
be difficult to order and comparisons between 
genomic and YAC maps can be problematic. 
Therefore the 8-cutter enzymes NotI and AscI 
were chosen for mapping because, in our experi- 
ence, few cryptic YAC sites exist for these two 
enzymes. The locations of all 15 probes on the 
YAC fragments were confirmed by Southern blot 
hybridization of the PFGE gels. YACs that were 
either nonchimeric or that contained substantial 
segments of apparently unrearranged CES region 
are shown in Figure 4 compared with the NotI/ 
AscI PFGE map. The NotI and AscI fragments of 
YACs that appeared to be substantially chimeric 
by FISH did not fit the PFGE map of the CES 
region, confirming that the FISH results were not 
attributable to cross-hybridization with low copy 
repeated sequences present on other chromo- 
somes but not blocked by the preannealing step. 
The order of ATP6E and D22S57 could not be 
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determined from PFGE or YAC results, but had 
been determined previously (Mears et al. 1995). 
Of the three nonchimeric YACs, 803G9 shows 
a substantial internal deletion. This YAC is listed 
in Morrow et al. (1995) as 1390 kb. We obtained 
isolates of this YAC from two different platings 
of the CEPH megaYAC library and regrew it 
numerous times. However, although the size var- 
ied dramatically with the isolate (Table 2, foot- 
notes), none was near the previously reported 
size. 

There are two gaps in the YAC contig, one 
between D22S458 and D22S795, and one be- 
tween D22S43 and ATP6E. Thus, over 1000 kb 
of the CES region has been cloned in YACs, most 
of it concen t r a t ed  be tween  D22S795 and 
D22S181. 

Localization of D22SII1 Outside the CES Region 

Preliminary hybrid panel data indicated that 
D225111 maps to the CES region, but the PFGE 
pattern of fragments for this locus does not 
match any region of the map (Fig. 1). A recent 
YAC contig map (Collins et al. 1995) places the 
STS of D225111 at two sites: one between 
D225458 and D22S50, in the proximal 1 Mb of 
the CES region, and one adjacent to the gene 
HCF2, which maps to somatic cell hybrid bin 8.1 
(Budarf et al. 1996). Therefore, FISH was per- 
formed, using the D225111 cosmid N39C5, on 
CES patient metaphase spreads to resolve this dis- 
crepancy. The cosmid was isolated from the 
LL22NC03 library by hybr id iza t ion  to the 
D225111 probe KI-197, and the presence of the 
probe was confirmed by hybridization. The pres- 
ence of the D225111 STS within the cosmid was 
confirmed by PCR. Using FISH the cosmid hy- 
bridized to the proximal region of the normal 
chromosome 22s, but did not hybridize to either 
the supernumerary ring chromosome that de- 
fines the CES critical region (Mears et al. 1995) or 
a typical CES bisatellited marker chromosome 
(CM11 from Mears et al. 1994) (data not shown). 
However, a second cosmid (N64E9), which maps 
slightly more proximal on the Collins YAC con- 
tig than D225111, did hybridize to both the nor- 
mal 22s and the CES chromosomes, as well as a 
D-group chromosome centromere (data not  
shown). Therefore, both PFGE and FISH analysis 
indicates that the D225111 probe and cosmid 
N39C5 both map to the distal site in bin 8.1, 
whereas the D225111 STS presumably detects a 
repeated sequence present in both bin 1 and bin 
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F i g u r e  4 YAC contig within the CES critical region. The presence of probes on the YAC clones were identified 
by PCR analysis and Southern blot hybridization and are represented on the figure by a short vertical line through 
the YAC. Notl and Ascl sites mapped to each YAC are represented by dots, and the Notl/Ascl map is shown above 
the contig. The position of each locus is based on the PFGE map. Probes not analyzed by PFGE (underlined) were 
placed according to the YAC analysis. D22Z2 is an alpha-satellite probe known to be proximal to D22S458. It was 
placed on the map by virtue of its presence on YAC 745G7, which lacks the proximally placed Ascl and Notl sites. 
A dashed segment within the lines representing the YACs indicates the presence of a deletion. Dashed segments 
on the ends of the YAC lines indicate the start of a chimeric fragment, but if it is not known which end is 
contiguous with the chimeric DNA, both ends are indicated by dashed segments. YAC sizes were determined by 
PFGE and are listed to the right of each YAC. 

8.1 as reported by Collins et al. (1995). The order 
of other probes on our PFGE map agrees with that 
of Collins et al. (1995). 

DISCUSSION 
We have produced a PFGE map of the CES region 
of 22q11.2 from the pericentromeric probe 
N38F3 to D22S36. This covers the region dupli- 
cated in a typical CES marker chromosome 
(Mears et al. 1994). The map covers a maximum 
distance of -3.6 Mb. 

An unusual CES patient has been used previ- 
ously to narrow the size of the CES critical region 
(Mears et al. 1995). This patient had all of the 
cardinal phenotypic features of CES, but cytoge- 

netic analysis revealed the presence of an unusu- 
ally small supernumerary double ring chromo- 
some 22. By dosage analysis and FISH, this ring 
chromosome was shown to contain only the loci 
proximal to D22S57. Based on our PFGE map, we 
can conclude that the redefined critical region 
spans a maximum of only 1.9 Mb, all of which is 
present on one partially digested MluI fragment 
(Fig. 2). 

After our initial YAC mapping had been com- 
pleted, two other groups published larger YAC 
contigs that included the CES region (Collins et 
al. 1995; Morrow et al. 1995). Many YACs are 
common to all three maps. The order of the 
probes along the PFGE map is completely sup- 
ported both by our PFGE-independent computer 
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analysis of our STS-derived data using our 15 
YACs and by the identical  order (except for 
D22Sl11, explained above) found by Collins et 
al. (1995), who used all probes analyzed in our 
study except D22S795. Collins et al. (1995) were 
also able to d i s t i ngu i sh  order  for D22S50/  
F8VWFL/D22S543 and D22S9/D22S24/IGKVP3. 
Comparison with the Morrow et al. (1995) map is 
more difficult because many  of the probes used 
in the two studies are different; however, the 
only discrepancy is the placement of D22S601 
centromeric to F8VWFP and D22S543, which dis- 
agrees with both our map and that  of Collins et 
al. (1995). All three maps also show deletions 
within YAC 745G7. 

Our analysis of the integrity of the YACs in- 
dicated that  most were prone to rearrangement 
and/or were chimeric. The multiple or variable- 
sized bands seen in four YACs all hybridized to 
the expected probes in the CES region, confirm- 
ing the instability of the YACs rather than the 
presence of multiple independent  YACs. Map- 
ping of the YACs with NotI and AscI supported 
the FISH results that  all but three YACs were chi- 
meric. 

Two gaps exist in our YAC contig. The gap 
between D22S43 and ATP6E would probably be 
covered by a larger isolate of YAC 803G9, which 
is prone to deletion. This YAC is listed as 1390 kb 
in Morrow et al. (1995) and contains probes 
D22S9, D22S24, ATP6E, and D22S181. At 1390 
kb, this YAC appears too big for the CES region it 
covers and therefore may be chimeric. In Collins 
et al. (1995), 803G9 is unsized, but contains only 
IGKVP3 and D22S24 and not D22S9, D22S789, 
D22S43, ATP6E, D22S57, or D22S181. 

The second  gap b e t w e e n  D22S548 and 
D22S795 is substantial. However, the relative lack 
of rare-cutting sites in this region and its prox- 
imity to the centromere indicates that it may be 
gene-poor. In addition, preliminary molecular 
analysis of an intersti t ial  duplicat ion pat ient  
manifes t ing some features of CES places the 
p rox imal  l imit  of this  dup l i ca t ion  be tween  
D22S795 and D22S50 (A.J. Mears, K.E. McTag- 
gart, and H.E. McDermid, unpubl.). For the fea- 
tures present in this patient (preauricular malfor- 
mations, heart defect, kidney defect, and devel- 
opmental  delay; Knoll et al. 1995), the region of 
interest is further narrowed to no more than 1 
Mb and includes only the smaller gap in the YAC 
contig. 

Although over 1000 kb of the critical region 
appears to be contained within these YACs, their 
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instability indicates that  they should be used 
with caution to produce a finer cosmid/BAC/PAC 
contig, which is currently under way (H.E. Mc- 
Dermid and N. Shimizu, unpubl.).  This PFGE 
map is proving to be an invaluable resource for 
producing this contig. These cosmid/BAC/PAC 
clones will be used as the basis for the develop- 
ment  of a transcription map with the objective of 
identifying genes involved in CES. To date only 
one gene, ATP6E, has been mapped to the CES 
critical region (Baud et al. 1994). The isolation of 
additional genes over the 1.9-Mb critical region 
will aid in understanding the pathophysiology of 
the syndrome. 

METHODS 

Probes 

The probes used in the production of the long-range map 
and YAC contig are shown in Table 1. D22Z2 contains 
alpha-satellite DNA specific for chromosome 22 (McDer- 
mid et al. 1986b). N38F3 is a cosmid isolated by walking 
from cosmids containing alpha-satellite sequences and is 
therefore close to or within the centromere (Xie et al. 
1994). The probe used is a 1.5-kb HindIII fragment. N63 
(locus D22S795) is a lambda phage clone isolated from a 
NotI half-linking library (McDermid et al. 1989). Probe 
LN63a (D22S795a), a 1.3-kb SmaI/EcoRI fragment, was 
used to isolate cosmid 127B8 from the LL22NC03 library. 
This cosmid contains the LN63 NotI site. Probe LN63b 
(D22S795b), a 1.9-kb SstI/NotI fragment, represents the 
other side of this NotI site. F8VWFL is an unprocessed 
pseudogene. For analysis of cosmids containing F8VWFL, 
a 3.2-kb EcoRI fragment of F8VWF (on chromosome 12), 
which cross-hybridizes to F8VWFL, was used (ATCC 
59784). All cosmids were isolated from the LL22NC03 
chromosome 22-specific gridded cosmid library (de Jong et 
al. 1989). 

Pulsed-field Gel Eiectrophoresis 

PFGE was performed using a CHEF-DRII apparatus (Bio- 
Rad). Conditions were as described previously (McDermid 
et al. 1993). DNA fragments larger than 1000 kb were sized 
using the chromosomes of Hansenula wingei (BioRad). 
DNA isolated from a number of cell lines was used in the 
analysis. Fibroblasts GM05565 and lymphoblastoid cell 
line GM03657 are both from normal individuals. One cul- 
ture of GM03657 was treated with 2 ~IM 5-azacytidine, a 
demethylating agent, for several weeks. Fresh normal kid- 
ney tissue (Bauer et al. 1993) and fresh normal lympho- 
cytes were also used. A number of cell lines with chromo- 
somal abnormalities known to be outside the CES region 
were examined in conjunction with the normal cells to 
compare presumed DNA methylation differences, al- 
though bands present in only one such cell line were dis- 
counted. These cell lines included GM02325 (fibroblasts 
with a partial trisomy attributable to the karyotype 47, 
XX, + der(22)t(16;22)(p13.3;q12.2); Sutherland et al. 
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1989), GM07511A (fibroblasts containing a balanced 
translocation with a breakpoint in the IGL locus; H.E. Mc- 
Dermid and M.A. Riazi, unpubl.), BL-2 (a Burkitt lym- 
phoma cell line containing a t(8;22) with the breakpoint 
in the IGL locus; Croce et al. 1983), two Ewing sarcoma 
tumor cell lines [TC32 (Griffen et al. 1986) and TW (Budarf 
et al. 1989)], and two lymphoblastoid cell lines with 
22q13.3 deletions (IT and AJ; Nesslinger et al. 1994). All 
fibroblasts or cell lines beginning with "GM" were ob- 
tained from the Human Genetic Mutant Cell Repository, 
Camden, NJ. 

Southern Blot Analysis 

DNA in PFGE gels were transferred to nylon membrane 
(GeneScreen Plus, DuPont) by Southern blot t ing or 
vacuum-blotting, hybridized, and washed as described pre- 
viously (McDermid et al. 1993). Probes were labeled by the 
random primer technique (Feinberg and Vogelstein 1984). 
A number of probes were prehybridized with sheared pla- 
cental DNA to block repetitive sequences present in the 
fragment (Litt and White 1985). Many PFGE blots were 
probed, stripped, and reprobed up to 20 times to allow 
superimposition of the bands during analysis. Autoradio- 
graphs were aligned by including in the hybridization re- 
action radioactive wild-type lambda that visualized the 
lambda concatamer control lanes. 

Screening of YAC Libraries 

Screening of the libraries was clone by PCR on yeast DNAs 
pooled in two and three dimensions as described previ- 
ously (Bell et al. 1995). The STSs (with accession no.) used 
are as follows: D225458 (Genome Data Base:4073017), 
D225543 (GDB:335911), D225601 (GDB:335948), D2259 
(GDB:270278), D22524 (GDB:270283), D225789 (GDB: 
4073026), ATP6E (GDB:4073032), D22557 (GDB:372457), 
and D225181 (GDB:4073034). STSs for D225458, D225789, 
ATP6E, and D225181 were reported previously in Budarf et 
al. (1996). Four STSs were developed specifically for this 
project: D225795 (AGGATCAAGGTCTCCTAGCATG/ 
TGCGGTGAGCCAAGATTATG, 232 bp, GDB:4073020), 
D22550 (AAAGTGCTAGAGGAGTTCGGG/TTCATAGTC- 
CATTGTGCAAATT, 283 bp, GDB:4073022), IGKVP3 
(GGCTCCTCATCCATGGTG/GAGGTTTGGTTTCCT- 
GTGGA, 183 bp, GDB:4073024), and D22543 (GCCT- 
G A C A A G G A C C T G C A G T C C T C T / A A G A G G A G C -  
TAATTITCACATC, 111 bp, GDB:4073029). Primers were 
selected using the PRIMER program (E.S. Lander, White- 
head Institute) and synthesized by Research Genetics 
(Huntsville, AL) or Keystone Laboratories (Menlo Park, 
CA). The results of the library screens were confirmed by 
individual PCR reactions performed on purified yeast DNA 
or on single yeast colonies. Additional PCR reactions were 
performed on panels of YACs that were suspected to con- 
tain STSs, on the basis of the PFGE map. PCR results were 
confirmed by hybridization on Southern blots. YAC colo- 
nies were cultured for two days, after which DNA was ex- 
tracted, digested with HindIII, electrophoresed (standard 
and PFGE), blotted, and hybridized consecutively to each 
probe. Multiple isolates for YACs 803G9 and 745G9 were 
obtained from two different copies of the CEPH megaYAC 
library, one in our lab (Children's Hospital of Philadel- 
phia) and one at the CGAT Large-Insert Library Screening 

Facility, The Hospital for Sick Children, Toronto, Ontario, 
Canada. 

End Cloning of YAC 734BI0 

Genomic DNA from yeast clones containing YAC 734B10 
was digested separately with HindlII and TaqI, which di- 
gest in the right and left arm of the YAC vector, respec- 
tively (the left arm contains the centromere), and at un- 
known sites in the genomic DNA insert (Arveiler and Por- 
teous 1991). The junction fragments, containing the 
cloning site flanked on one side by vector DNA and by 
insert on the other, were circularized by ligating the di- 
gested YAC DNA under conditions of low DNA concentra- 
tion. Small aliquots of the ligated DNA (containing <1 ng 
DNA) were then amplified with left or right arm-specific 
primer pairs (AAACTCAACGAGCTGGACGC and GCCC- 
GATCTCAAGATTACG for HindIII-digested samples, 
TITCACTCTGAACCATCTTGGAAGGACCGG and GAAT- 
TGATCCACAGGACGGG for the TaqI-digested samples), 
the members of each pair oriented 3' to 3' relative to each 
other following circularization. The HindIII- or TaqI- 
d iges t ed  samples  were d e s i g n a t e d  734B10T and  
734B10HU, respectively. A hot-start protocol was em- 
ployed using Boehringer Mannheim Expand PCR kit cock- 
tail and a primer annealing temperature of 60~ The am- 
plified DNA fragments were analyzed by agarose gel elec- 
trophoresis and labeled using the random hexamer 
method to generate radioactive hybridization probes. The 
location of each end clone was confirmed by hybridization 
to YACs or to the monochromosomal somatic cell hybrid 
mapping panel #2 from the NIGMS Human Genetic Mu- 
tant Cell Repository. 

FISH 

FISH was used to test for YAC chimerism. Total DNA (2-3 
lag) from YAC-containing yeast lines was labeled using the 
Bionick Labeling System (BRL). The reaction was allowed 
to proceed until fragment sizes optimal for FISH (<800 bp) 
were obtained (confirmed by agarose gel electrophoresis). 
Biotinylated DNA was then combined with 10-20 lag Cot-1 
DNA (BRL) and 10-20 Dg sonicated herring sperm DNA, 
precipitated, and resuspended at 37~ overnight in a 50% 
formamide, 2 • SSC, 20% dextran sulfate hybridization so- 
lution. This probe mixture was denatured at 75-80~ for 5 
min and then allowed to partially preanneal at 37~ for a 
maximum of 1.5 hr (Lichter et al. 1988). 

Metaphase spreads were prepared from CES cell lines 
CM11 (Mears et al. 1994) and CM15 (Mears et al. 1995). 
Because the chromosomes were not banded, hybridization 
to the CES chromosome would confirm probe localization 
to that region. Slides were treated with RNase and dena- 
tured as described in the ONCOR manual. The hybridiza- 
tion solution was then added to the prewarmed slides, 
covered with a glass coverslip, sealed with rubber cement, 
and incubated at 37~ for 18 hr in a humidifying chamber. 
Posthybridization washes were performed at 42-45~ as 
described in Kuwano et al. (1991), with the following 
modifications: 15 min in 50% formamide and 2• SSC, 15 
min in 50% formamide and 1• SSC, 2 x 10 rain in 
1 • SSC. This was followed by washes at room tempera- 
ture: 5 rain in 0.1 x SSC and 2 rain in 1 x PBD (ONCOR). 
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Detection and amplification were as described in the ON- 
COR manual, except the blocking reagent 1 was a 3% bo- 
vine serum albumin (BSA) (BRL)/4x SSC solution and 
blocking reagent 2 was 1/10 goat serum (Sigma)/4 • SSC. 
The washes following the avidin and antiavidin incuba- 
tions consisted of 1 • 10 min and 2 • 5 min at 45-48~ 
Metaphase spreads were counterstained with propidium 
iodide (ONCOR) and examined using a Zeiss Axiophot 
photomicroscope with a Zeiss 9 filter. Spreads were pho- 
tographed using Kodak Ektachrome Elite 100 color slide 
film. 

FISH was also performed using the D22Sl l l  cosmid 
N39C5 and cosmid N64E9 on CES cell lines. FISH with 
cosmids was performed as above except 1-2 l~g cosmid 
DNA was labeled for 1-2 hr with the Bionick Labeling Sys- 
tem (BRL), and Cot-1 DNA was the only competitor DNA 
used in the preparation of probes for hybridization. 
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