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RESEARCH 

Transcriptional Map of the Treacher Collins 
Candidate Gene Region 

Stacie K. Loftus, Jill Dixon, 1 Kathryn Koprivnikar, Michael J. Dixon, 
and John J. Wasmuth 2 

Department of Biological Chemistry, College of Medicine, University of California, Irvine, California 
92717; 1School of Biological Sciences and Departments of Dental Medicine and Surgery, University of 

Manchester, Manchester, M1 3 9PT, UK 

Treacher Collins syndrome (TCOFI) is a dominant disorder of craniofacial development that has been linked 
previously to a region of chromosome 5q31.3-32. Identification of recombination events in affected 
individuals has reduced the candidate gene region to a 0.5-Mb area between the loci RP$14 (proximal] 
and AI~IX6 (distal]. A transcriptional map of this candidate gene region, generated by analysis of exon 
amplification clones, has identified the genomic location of four genes, heparan sulfate-N-sulfotrans- 
ferase-N-deacetylase, glutathione peroxidase, as well as two novel, previously uncharacterized genes. Each of 
these genes, based on their location, must be considered candidates for TCOFI locus. 

Treacher Collins syndrome (TCOF1) is an auto- 
somal dominant  disorder of craniofacial develop- 
ment  that  occurs with an incidence of-1 /50,000 
live births. More than  50% of the cases are 
thought  to be de novo mutations. Clinical fea- 
tures of TCOF1 are bilateral in nature and include 
(1) abnormalities of the external ears, atresia of 
external ear canals, and malformation of middle 
ear ossicles that  results in bilateral conductive 
hearing loss, (2) lateral downward sloping of 
palpebral fissures, frequently with colobomota of 
the lower eyelids, (3) hypoplasia of mandible and 
zygomatic complex, and (4) cleft palate (Rovin et 
al. 1964; Frazen et al. 1967). Accurate diagnosis 
can be difficult, as there is a high degree of vari- 
able expressivity of the phenotype. Because the 
tissues affected in TCOF1 arise from the first and 
second branchial archs during early embryonic 
development, it has been suggested that  these 
clinical features may be the result of a defect in 
neural crest cell migration or improper cellular 
differentiat ion during development  (Poswillo 
1975). 

TCOF1 has been linked to several DNA mark- 
ers in the region of ch romosome  5q32-33.1 
(Dixon et al. 1991; Jabs et al. 1991; Edery et al. 
1994). Previously, the candidate gene region had 
been localized to an -840-kb segment between 
the proximal flanking marker D5S519 and the 
distal flanking marker SPARC (Dixon et al. 1993). 

aCorresponding author. 
E-MAIL JJWASMUTH@uci.edu; FAX (714) 824-34103 

We have analyzed families with new short tan- 
dem repeat polymorphisms (STRPs) isolated from 
the TCOF1 candidate region. Newly identified re- 
combination events have refined the TCOF1 can- 
didate gene region to be between RPS14 (proxi- 
mal) and a STRP in ANX6 (distal). This region is 
estimated to span -450 kb (Loftus et al. 1993; 
Dixon et al. 1994). These data exclude ANX6 
from the candidate gene region. 

In this report we describe a map of expressed 
sequences within the -450-kb TCOF1 candidate 
region, which have been identified using the 
technique of exon amplification (Buckler et al. 
1991; Church et al. 1994). Yeast artificial chro- 
mosome (YAC) contigs that  span the region have 
been reported previously (Dixon et al. 1994; Li et 
al. 1994) and were used to identify corresponding 
cosmids from the Los Alamos National Labora- 
tory (LANL) flow-sorted chromosome 5 cosmid 
library. Cosmids from three contigs spanning 
390 kb of the  cand ida te  gene region were 
screened using exon amplification to identify po- 
tential expressed sequences. These clones were 
then used as probes to screen several cDNA librar- 
ies. This approach has identified four cDNAs lo- 
cated within the candidate gene region, glu- 
tathione peroxidase 3 (GPX3) (Chu et al. 1992), 
heparan sulfate-N-deacetylase/N-sulfotransferase 
(HSST) (Dixon et al. 1995), and two previously 
uncharacterized genes (9D2 and 199G4) that  
were isolated from an embryonic craniofacial and 
fetal brain cDNA libraries, respectively. 
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RESULTS 

Linkage Analysis: Reduction of the Candidate 
Gene Region 

Previously, we have shown that the TCOF1 locus 
is located between D5S519 (proximal) and SPARC 
(distal), the recombination events defining the 
critical region occurring in a minimally affected 
and a severely affected individual, respectively 
(Dixon et al. 1993). The families in which these 
recombination events occur have been reexam- 
ined, and where possible, a second blood sample 
was obtained. On reexamination of the individ- 
ual defining the proximal recombination bound- 
ary, two clinicians felt that the diagnosis was in- 
correct and the individual was unaffected. The 
proximal recombination boundary of the TCOF1 
critical region has been redefined as lying at 
RPS14 on the basis of a recombination event oc- 
curring in an unequivocally affected member of a 
small nuclear TCOF1 family, reported previously 
as family 8 (Dixon et al. 1991). Screening of the 
cosmid 2F, which contains the ANX6 locus with 
poly[d(C-A)(G-T)] revealed the presence of a sin- 
gle (CA)n STR. Sequencing of this repeat identi- 
fied a (GT)I 4. Primers designed to sequence flank- 
ing the repeat were used to amplify genomic 
DNA f r o m  50 C e n t r e  
d ' E t u d e s  du  P o l y m o r -  
p h i s m e  H u m a i n  (CEPH) 
families. The ANX6 STRP 
was found to exhibit six al- 
leles that are inherited in a 
c o d o m i n a n t  M e n d e l i a n  
fashion with a heterozygos- 
ity value of 0.72. The allele 
sizes and frequencies are 
135 bp (0.07), 133 bp (0.03), 
131 bp (0.04), 129 bp 9 
(0.35), 127 bp (0.12), and 
119 bp (0.39). Genotyping 
of TCOF1 families, in which 
r e c o m b i n a t i o n  events  in 
the vicinity of the TCOF1 
candidate region have been 
i d e n t i f i e d  p r e v i o u s l y  
(Dixon et al. 1991, 1993, 
1994; Loftus et al. 1993), re- 
vealed two recombinat ion 
events, both of which occur 
in affected individuals. In 
both cases, the affected di- 
agnosis has been confirmed 
by clinical evaluation and 

radiography. Both of these individuals were non- 
recombinant  at RPS14. Conversely, the affected 
individual from family 8 (Dixon et al. 1991), who 
was recombinant at RPS14 was nonrecombinant  
for the ANX6 STRP. These observations define 
the TCOF1 critical region as lying between RPS14 
(proximal) and ANX6 (distal). 

Identification of ANX6 and GPX3 exons 

As diagramed in Figure 1, 17 cosmids from the 
region between RPS14 and ANX6 were isolated 
and placed into three separate contigs (I, II, and 
III). These cosmids, which span -390 kb (85%) of 
the newly defined 450-kb candidate region for 
TCOF1, were used for exon amplification to iden- 
tify additional TCOF1 candidate genes. 

Orientation of clones from centromere to te- 
lomere in each contig was determined by one or 
more of the following methods, including radia- 
tion hybrid (RH) mapping, YAC end-clone map- 
ping and two-color fluorescent in situ hybridiza- 
tion (FISH). For example, in the small central 
contig (II), cosmids 3G3-4A and 3G3-6A and 3.1 
and 3.2 were identified using previously de- 
scribed sequence-tagged site (STS) primer sets for 
YAC end clones 3G3R and 1EDIR, respectively 

RP814 IG124 I)68519 ALF1 ANX8 
. .  I , I I I , , , ~  

cemrom~ 67A12 ~omere 

I I 

I I 
3261=1 YACs 

I I 

SA1 9.6 3G3-6A 1-61 
i i ,  m a i m ,  

3.1 _L  JL_ .--I- _... __L . . . .  Coemkb 
129F..2 .---,11A 1 5 - 4 ~  30 3,3 3(33-4A 1-43 I-,34_1__ 

m m 

9G9 8A 32 79F5 2F 

Z ZZ  Z Z Z  
, , , , I I ,  c ~ r l l ~  r l l ~ i o l l  

HS~t 190G4 91~ GPX3 AIC~5 

II, i l  ~110 Id) 

F i g u r e  1 Physical and transcription map of the TCOF1 candidate region. Loci 
defined by PCR primers are shown above. YAC clones are indicated by heavy 
bars and are labeled corresponding to their coordinates from the CEPH I YAC 
library. Cosmids indicated were obtained from LANL flow-sorted chromosome 5 
cosmid library, cDNA clones described in text are indicated by hatched bars. The 
vertical bars indicate the presence of loci RPS14, IG124, D5S519, ALF1, and 
ANX6, respectively. Overlap for YAC and cosmids clones was determined by PCR 
and Southern hybridization as detailed in Methods. 
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(Dixon et al. 1994). Orientation of the cosmid 
contig II was established as cosmids 3.1, 3.2, and 
3G3-4A are found within YAC 119H2 by South- 
ern hybridization, whereas 3G3-6A is not present 
in YAC 119H2. These results, placing cosmid 3.1 
proximal to cosmid 3G3-6A, were also confirmed 
by FISH (data not shown). 

From the 17 cosmid clones shown in Figure 
1, a total of 120 exon clones were isolated and 
sequenced, 47 of which represented unique, sin- 
gle-copy sequences. Individual exon clones were 
confirmed to be contained within the relevant 
cosmids by Southern blot hybridization. After 
BLASTN and BLASTX computer searches, five 
clones were found to correspond to previously 
characterized genes, three of which  (all from 
cosmid 2F) were identified as exons 14, 15, and 
16 of ANX6 (Smith et al. 1994). Cosmid 2F is the 
distal most cosmid of contig III and was known 
previously to contain the 3'-untranslated region 
of ANX6 (Crompton et al. 1988). Identification of 
exons from ANX6 provided a useful internal con- 
trol for the exon amplification protocol. Two 
other exon clones (8F8; 4G3) showed 100% iden- 
tity to segments of the previously characterized 
gene GPX3. Recently, GPX3 was mapped to chro- 
mosome  5 (Chu 1994). GPX3 exon clone 4G3, 
obtained from cosmid 1-61, contained both ex- 
ons 2 and 3 spliced correctly. The second clone 
(8F8), wh ich  was isolated from the adjacent 
cosmid 1-43, corresponded to exon 4 of GPX3. 
Thus, we are able to place the GPX3 gene -30  kb 
proximal to the 3' end of ANX6. 

Identification of the HSST Gene 

Results of  BLASTN and BLASTX c o m p u t e r  
searches with the sequences of exon clones 3B1, 
3A8, 1C6, and 1C9 revealed 70%-90% sequence 
identity to the rat and murine gene encoding 
HSST (Hashimoto et al. 1992; Eriksson et al. 
1994). These exon clones were obtained from two 
overlapping cosmids in contig I, 5A1, and 15-4. 
These exon amplification clones were used as 
probes to isolate cDNA clones for the h u m a n  
HSST (Dixon et al. 1995). The orientation of HSST 
is centromere--5" end/3' end--telomere and the 
gene is located -80  kb distal to RPS14. 

Identification of Novel Transcripts 9D2 and 199G4 

After sequence homology  searches, 37/47 exon 
amplification clones did not show significant ho- 
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mology  to sequences from the GenBank data 
base. Of these 37 clones without homology  15 
exon  amplif ication clones were selected, one  
clone from each cosmid, and primers designed. 
These primers were used to screen DNA pools 
from cDNA libraires. Two exon  primer sets, 
199G4 and 9D2, amplified predicted size frag- 
ments. Libraries were then plated and screened 
with corresponding radiolabeled exon fragment. 
Sequence information for the remaining exon 
amplification clones has been deposited in Gen- 
Bank (acces s ion  nos .  U 4 2 9 0 ,  U 4 2 9 1 ,  and 
U42570-U42579).  

PCR primers for exon clone 199G4 amplified 
a fragment of 158 bp from a fetal brain cDNA 
library. Screening of this library yielded only one 
(2210 bp) clone that contained sequence identi- 
cal to that of the 199G4 exon (Fig. 2). The cDNA 
clone identified with 199G4 appears to be a novel 
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CCCAAAAAACATTTACCCAGAATACAAAAAAAGGACAGTATAGTC-GTCAGATTCCCAGTG 
ACAATAAACAAATCCTCCTCTCTTCAATGTTTACTGTAAAGCCAGTTAACTGCCATTTAT 
TTGAAAGAAGAAAAGAAAAACAAGCC CC CAGAT TGG TAAAC ACATTGG CAAG TTG CTAGA 
CTCCAAGCTGGCTACCCTTGTCAAATCTGTTCGAGTTTTTTCAAAATACTTGGGCTTTTT 
AACGCACCCAGCCTGCTGGGCACAGTTAAGTAAA GGCATTTACTATAATCTAAGAATTC 
CCTGCTATTATCATTTTTAAATGTTTTCACATTTTTAAAACTGCCTTACCCTTTTGGATG 
TATTTGGATTCCATAAAGGTGAGTACAATCAACGAGAAACTGAAGTGGGAGATTCTACGA 
CTGCCCAGAGGGACACGCATGCATGGGGCTGGTTGTGGGTGCTGTGTGCAGTCCAGAGGA 

M G L V V G A V C S P E E 

ATCATGGGAGAAAGGAAGTCAAGTCCTTAAACACCCTACAGAAACAAACACTGCAATCCA 
S W E K G S Q V L K H P T E T N T A I Q 

GTATGGCTTATTCGGATGCATTTACCATGAAC-CTACCAGAAGAAATTCAACCTACGAGGC 

Y G L F G C I Y H E A T R R N S T Y E A 
TACTCTTAAAGTAACAGGATCGGCTATGTTGACGATGTACCCCTCCCAGGAATTCCTTC 
T L K C N R I G Y V D D V P L P G I P S 

TAACTCTGATGGAACACGGCCAGTTGGCATGCTGGGGAAAGC CACATCTACCAGTGACAT 
N S D G T R P V G M L G K A T S T S D M 

GCTGCTCAAACTGGCCCGGACCACACCCTACTACAAAAGGAATCGACCCCACATTTGCTC 
L L K L A R T T P Y Y K R N R P H I C S 

CTTCTGGGTGAAAGGAGAGTGTAAGAGAGGAGAGGAATGTCCATACAGACATGAGAAGC C 
F W V K G E C K R G E E C P Y R H E K P 

TACAGATCCAGATGACCCCCTTGCTGATCAGAATATTAAAGACCGTTATTACGGAATCAA 

T D P D D P L A D Q N I K D R Y Y G I N 
TGATCCTGTAGCTGACAAGCTTCTAAAGCGGGCTTCAACAATGCCTCGGCTGGACCCACC 

D P V A D K L L K R A S T M P R L D P P 
AGAGGATAAA CTATCACCACACTATATGTTGGTGGTCTAGGTGATACCATTACTGAGAC 

E D K T I T T L Y V G G L G D T I T E T 
AGAT TTAAC4~%ATCATTTCTACCAGTTCGGAGAGATCCGGACGAT C ~ G  

D L R N H F Y Q F G E I R T I T V V Q R 
~ ~ ' T T T C A T C ~ C A C ~  
Q Q C A F I Q F A T R Q A A E V A A E K 

GTCCTTTI&ATAAGTTQATTGTAAATGGCCGCAGACTGAATGT(~%AATGGGGAAGAT C C CA 

S F N K L I V N G R R L N V K W G R S Q 
GGCAGC CAGAGGAAAAGAAAAAGAGAAAGATGGAAC TACAGAC TCTGGGATCAAAC TAG A 
A A R G K E K E K D G T T D S G I K L E 

ACCTGTTCCAGGATTGCCAGGAGCTCTTCCTCCTCCTCCT(3CAGCAGAAGAAGAAGCCTC 
P V P G L P G A L P P P P A A E E E A S 

TGCCAACTACTTCAACTTGCCCCCAAGTGGTCCTCCAGCTGTGGTGAACATTGCTCTGCC 
A N Y F N L P P S G P P A V V N I A L P 

ACCGCCCCCTGGCATTGCTCCACCCCCACCCCCAGGTTTTGGGCCACACATGTTCCAC CC 
p p P G I A P P P P P G F G P H M F H P 

AATGGGACCACCCCCTCCTTTCATGCC'GGCTCCAGGACCAATC CACTATCCTTCTCAGGA 
M G P P P P F M R A P G P I H Y P S Q D 

CCCTCAGAGGATGGGAGCTCATGCTC-GAAAACACAC'CAGCCCCTAGCACCTTGTCACCAC 

P Q R M G A' H A G K H S S P 
TCTGGGGCTCTGTGGAAGAAAGGGCACTTAAAACTCCCAGTAAATCTTGGAATAAATATA 
TTTTTCCTTCCCTTGTAGTTTCCATGGTAGCTGAATGTGCTCAGATGTGAGCAGTCAGAG 
ACTGACAGCCATGCTTTCCTATACTTGTTCAAAGGATCGATC-GACCGTAAATAAGCTGCC 
ATTAACACATCTGGTTACTC'CTGTAACATGACTAATAAAACCGAACGCCTGTTCCCCTTA 
CCCGTGTC~ACACGCAGATGAGTGAATTC-GAATGTCCAGCAGAGTTACCCTCCCAAT 
TATATGTTCATTTTGTATATTTTTTGGTCGGGGGAAA TTGACCTGCAGTAAAAAAACC 
TTTGACCATTTTTATGTCCATTGGATACTTTCCTTTTTATCATCTTAAAAAAAGATAACT 
AGTACTAATCATTGTAGTGGCCTAAGTGTGATTTAACTCTTGAAGTCACACCCTCCGAAA 
GATGAGTAGAAACCAGCACCAGCACAGCCCAGATCTTCTCTTTCCTCTCCTTTTCCTCAT 
TTATTCCTAAAGGAATCTGACCATTTTACGTCTCTACGGCCCAAAAAAAGACAAAAATAA 

~AATTCCTTTTTATTC CTGTCAAC TGGATGGAAACAC AAATT T CATGGAG 

Figure 2 DNA sequence of cDNA clone 199G4. 
The longest open reading frame of 334 amino acids 
is shown. The initial exon amplification clone is de- 
noted in boldface type. The polyadenylation signal 
is underlined. 
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t ranscr ip t  t ha t  shows no h o m o l o g y  to any 
known genes or proteins within the data base. It 
does, however, show homology to several ex- 
pressed sequence tags (ESTs). GenBank accession 
numbers  for these ESTs are T70273, R23976, 
R07690, Fl1315, R09682, R09681, and T27262. 
Isolation of these ESTs were from cDNA libraries 
derived from fetal liver/spleen, placenta, adult 
pancreatic islets, and infant brain. Northern blot 
analysis of fetal brain, lung, liver, and kidney 
RNA shows intense hybridization to a 2.4 kb tran- 
script (Fig. 3A). 

PCR primers specific for exon clone 9D2 am- 
plified the predicted 124-bp fragment from a fetal 
craniofacial cDNA library. Hybridization of this 
library with the radiolabeled 9D2 exon fragment 
yielded three clones. The largest clone was 2146 
bp and did not encode a poly(A) tail. Analysis of 
the 9D2 cDNA sequence revealed that  it con- 
tained the sequence of three other exon clones, 
9C2, 9A6, and 8H12 (Fig. 4). 

After a search of the GenBank data base using 
BLASTN it was revealed that cDNA 9D2 contains 
a large region of homology with GenBank entry 
D30755. Sequence for clone D30755 was ob- 
tained by random sequencing of cDNA clones de- 
rived from a human  myeloid cell line kG1. Clone 
D30755 appears to encode an alternately spliced 
form of the 9D2 gene. The two clones contain 
100% sequence identity from nucleotide 615 to 
1484 of cDNA 9D2. At this posi t ion,  clone 
D30755 contains an additional 74 bp inserted 
within the sequence. After this 74-bp insertion, 
nucleotide identity between the two sequences is 
found for the remaining 661 bp of clone 9D2 
with only 3 nucleotide differences (Fig. 4). 

Results from Northern blot analysis of RNA 
from adult tissue shows that  clone 9D2 hybrid- 
izes to a 3.2-kb transcript in all tissues examined 
(Fig. 3B). In addition, there are several larger tran- 
scripts in skeletal muscle that  may be the result of 
additional alternate splice events. 

DISCUSSION 

Analysis of families with TCOF1 using newly 
identified STRPs has reduced the size of the can- 
didate gene region by a factor of two. Previously, 
the region containing the gene associated with 
this disorder was located in a -1-Mb region be- 
tween D5S519 and SPARC at 5q 32-33.1. We can 
now define the candidate region as between the 
loci RPS14 and ANX6. We have focused on this 
-450-kb region to identify genes that, by ge- 
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F i g u r e  3 Northern blot analysis of cDNA clone 
199G4 (A), cDNA clone 9D2 (B), and 13.actin control 
(C). Filters containing RNA from the indicated adult 
tissues were purchased from Clontech and hybrid- 
ized as described in Methods. 
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A 
ACCA TGCCAATGCGA~CCCTGCCCCGTGAGGACGG 60 

CAAC CTGATGCTGCACCIT, C A G C ~  -~2,CCC, AGGAC4:~ 120 

G G A C ~ C C A C C T G G G C C G C A T G G C C ~ ~  180 

ATCCAAGGTGCACAAGAA~CCTCCATTCTGCAGACCCTG~A~ 240 

T~CAAGTTGGATAAGGGCCTGGAACAGCGGGATC~ 300 

~,GCTGCCGAGAGGCTGCGGGAGGAAAA ..... ~ T G A G C A A T G ~  360 

C ~ C G A G A A G A A G G T G A A G A ~ ~  G C A G T G A ~  540 

AGTGAACAAGCAGTGGGACCAGCATTTCCGGTCCATGAAGCAGCAGTATGAGCAGAAGAT 600 

CACTGAGC TGC GTCAGAAGCTGC41"I~,A .GGTGACTGACCTGGAGGCCGA 660 

GC~.GCAGCGTGACTTTGAC~CTCCTGGCCAAGTCCAAGATTGA 720 

A A T G G A G G A G A C ~  780 

~ _ G C C  CADlV-ACCCGACAGCGTGAGTACC~~ 840 

GATCCAGC~CAAGGC C CTGC~GGAAGCACTGAGCATCCAAAC CCC GCCATCATC 900 

TCCACCAACAGCATTTGGGAGCCCAGAAGGAGCAGGGGCCCTCCTAAGGAAACAGGAGCT 960 

GGTUACGCAGAATGAGTTGCTGAAACAGCAC~TGAAGATCTTCGAGGAGGACTTCCAGAG 1020 

GGAGCGCAGTGATC GTGAGCGCATGAATGAGGAGAAGGAAC, AGCTGAAGAAGCAAGTGGA 1080 

GAAGCTGCAGGC CCAGGTCAC CCTGTCAAATGCCCAGCTAAAAGCATTCAAAGATGAGGA 1140 

CAAGAGAAGCCCTCAGACA .GCAAAGGCCTCAGGAC~GCGTTA 1200 

CCATGTGGAGC C CCACCCAGAACATCTCTGC GGGGCCTAC C CCTACGC CTACCCGC C CAT 1260 

GC CAGC CATGGTGC CACACCA CTGGTCCCAGATCCGCTACCCCCCTCC 1320 

CCC CATGGCCATGGAGCACCCGC C CCCACTC CCCAACTCGCGC CTCTTC CATCTGCCGGA 1380 

ATACACCTGGCGTC TACC CTGTGGAGGGGTTCGAAATCCAAATCAGAGCTCCCAAGTGAT 1440 

GGACCCTC CCACAGC~C TACAGAACCAGAGC~TCTCAGATTGCCAAGAAA 1500 

CTAGAAGC CACTTGCACGGTGTGGCCAGAGC CTCAGCTGGATGAGAGGCTGAGATGGGTG 1560 

GC CAGCTTGTATACCAGTCCC TGAACTGAGC TGTTTACAGGACTGGGGAGGCTC CACC CA 1620 

GAAGGCTTTCATTTGTACTCTGCTGGGAGTGACTGGGAAAAAC TCCTTCCCTGCTGCTGA 1680 

GTGGAGAGAGGCCTCATCCGGC~-i-~ACCCACCATCCGTTGCAGAAGCCTCCAGGAGCAG 1740 

CAATC CTAAGAGTGGGAGGCAGC CAAGACCC CCTTCCTTCAAAACCTC ~GTGGTT 1800 

TCAGGCCCTCTAGTTGCCATGACCAATTTGTGTGTGTGTTTAA'I-I-I"~-i~'TTCAAGCTCT 1860 

GTAGCAGGAC CTGC CCCACGCACACCCCTAC CCCTCTGTGAGGAGCTGTGGGAAGTGTGG 1920 

GTTTGTCTC CAGAACAGAAGAGAATGATGGATA CCTCTCCACCAC 1980 

CACTCACAGTAGCCTTGCTGA~F=CCATCACAGATGGGAGAAGGCCATGCCAGC CACGTCC 2040 

GCC~CAGC~CAGGCCCTGAGGTTCAGACCCTGG~CCCCATAGC 2100 

TGGAC-GC~GAAGCC~TTAGGG~CATC 2146 

B 
TCTCCAAAAAATGACCGTGAGGGGCCTCAGTGAGACCAGATTGTGTCA~ 
C T T C A ~ G  

Figure 4 (A) Sequence of cDNA clone 9D2. Indi- 
vidual exon amplification clones identified are as fol- 
lows: exon 9D2, boxed; 9C2, reverse text; 9A6, un- 
derlined; 8H12, bold. The asterisk at nucleotide 676 
denotes the start of homology between cDNA 9D2 
and GenBank sequence D30755, which continues 
to nucleotide 2146 of cDNA 9D2. The arrow de- 
notes the location of the 74-bp sequence insertion 
found in D30755 sequence. (B) Sequence of the 
74-bp insertion denoted by arrow in A. 

nomic location, are candidates for the TCOF1 lo- 
cus. Toward this goal, we have generated a 
cosmid contig spanning -390 kb. Potential exons 
were isolated from these cosmids using the tech- 
nique of exon amplification.  This procedure 
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yielded 47 unique clones, a subset of which has 
been used to determine the precise location of 
four genes within the TCOF1 candidate gene re- 
gion (Table 1). Previous analysis of YACs span- 
ning this region identified a cluster of HpaII tiny 
fragment (HTF) islands near the D5S519 locus, 
which may indicate the presence of other as yet 
uncharacterized genes (Dixon et al. 1993). 

Data base searches showed that  exons from 
two previously isolated and sequenced genes, 
ANX6 and GPX3, were among the clones isolated 
in this study. Clones corresponding to exons 14, 
15, and 16 of ANX6 were isolated. Although 
ANX6 can be excluded as a candidate for TCOF1 
on the basis of recombination events occurring 
in two individuals affected by TCOF1, isolation 
of exons from this gene provided a useful control 
to show that the technique was working prop- 
erly. Two clones were identified that represented 
exons 2-3 and exon 4 from GPX3, which had 
been assigned previously to chromosome 5 but 
had not been localized regionally (Chu 1994). 
The results presented here allowed us to deter- 
mine the precise location of GPX3 as being 30 kb 
proximal to ANXd. Based on the pattern of ex- 
pression of GPX3 and the function of the gene 
product, GPX3 seems a very unlikely candidate 
for TCOF1 based  on b io log ica l  p rope r t i e s  
(Yoshimura et al. 1991). 

Four different clones (3B1, 3A8, 1C9, and 
1C6) were isolated that showed extensive (70%- 
90%) sequence homology to the rat HSST gene. 
The HSST gene product catalyzes the initial reac- 
tion in a series of sequential enzymatic modifica- 
tions of heparan sulfate proteoglycan side chains. 
HSST is responsible for the reaction in which a 
portion of N-acetyl resides are removed and re- 
placed by N-sulfate groups (Lindahl et al. 1986). 
Only regions of the polysaccaride that  contain 
the N-sulfate group will be modified further by 
other enzymes in the pathway. 

David et al. (1992) used monoclonal  antibod- 
ies, one of which  recognizes specifically the 
N-sulfate epitope, to examine the distribution of 
different modifications of the molecule during 
development in hamster embryos. This antibody 
intensely stains the outline of neural crest cells, 
specific regions of the brain, as well as mesenchy- 
mal tissues of the head and limbs (David et al. 
1992). These results suggest that  HSST is ex- 
pressed in a temporal and spatial pattern during 
development that coincides with the early stages 
of craniofacial development, making this gene an 
interesting candidate for TCOF1. Even more in- 
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Table 1. Exon Clone Location and Homology 

Size 
Cosmid Exon (bp) Homology Reference 

2F 2H2 79 annexin VI exon 14 Smith et al. (1994) 
2G6 82 annexin VI exon 15 Smith et al. (1994) 
2G2 95 annexin VI exon 16 Smith et al. (1994) 

1-43 8F8 100 GPX3 exon 4 Chu et al. (1992) 
8H12 66 GenBank accession no. D30755 

1-61 4G3 258 GPX3 exons 2 and 3 Chu et al. (1992) 
9A6 114 GenBank accession no. D30755 
9C2 92 D 
9D2 124 

3.3 199G4 158 
11A 3B1 120 rat HSST 
5A1 3A8 90 rat HSST 

1 C9 123 rat HSST 
1 C6 87 rat HSST 

Hashimoto et al. (1992) 
Hashimoto et al. (1992) 
Hashimoto et al. (1992) 
Hashimoto et al. (1992) 

teresting, heparin and heparan sulfate proteogly- 
cans have been shown by several studies to play a 
major role in the interaction of fibroblast growth 
factors (FGF) with their cell surface receptors 
(FGFRs) (Yanon et al. 1991; Mckeehan and Kan 
1994; Spivak-Kroizman et al. 1994; Aviezer et al. 
1994). Binding of FGRs to the cognate FGFRs en- 
hances receptor dimerization and activation of 
intracellular signal cascades. In the past year, mu- 
tations in FGFRs 1, 2, and 3 have been shown to 
cause eight different inherited disorders of cran- 
iofacial development  and/or skeletal dysplasias 
(Mulvihill 1995; Tavormina et al. 1995). There- 
fore, it is very interesting to speculate that  muta- 
tions in a gene (HSST) involved in the biosynthe- 
sis of heparan sulfate modifications could pro- 
duce the pheno type  of TCOF1, a disorder of 
craniofacial development.  

Two additional transcripts from the TCOF1 
region have been identified as possible candi- 
dates using exon amplification clones as probes. 
These clones, 9D2 and 199G4, have no homol-  
ogy to known genes within data bases. Northern 
analysis indicates that  clone 9D2 hybridizes to a 
transcript of 3.2 kb. Currently, we are trying to 
obtain a full-length cDNA clone for 9D2. Addi- 
tional coding sequence may provide insight into 
the function of the gene product. Without  iden- 
tifiable functions for the encoded proteins, it is 
difficult to speculate on how differences within 
either gene may cause TCOF1. Further analysis is 

required to determine both the function and the 
pattern of expression for each gene. 

In summary, analysis of clones isolated using 
the exon amplification method  has identified 
two genes that  have been characterized previ- 
ously, as well as two novel genes. Exon amplifi- 
cation clones have confirmed and refined the lo- 
cation for genes ANX6 and GPX3. Exon clones 
also were used to isolate two novel genes, 9D2 
and 199G4, of unknown function. Homology be- 
tween four exons and the rat HSST gene sequence 
allowed for identification of the h u m a n  HSST ho- 
molog. Currently, we are analyzing three genes, 
HSST, 9D2, and 199G4, in TCOFl-affected indi- 
viduals and controls. By identifying the gene re- 
sponsible for this developmental  disorder, we 
hope to better understand how cellular migration 
or differentiation are controlled during craniofa- 
cial development.  

METHODS 

Linkage Analysis 
Cosmid 2F, which contains the 3'-untranslated region of 
ANX6, was isolated as described below. The identification, 
optimization, and utilization of STRPs for genotyping has 
been described previously (Nelson et al. 1989). PCR prim- 
ers 5'-GCATAGGCTGGAGAGAAAGA-3' and 5'-AGG- 
AAGGAATGTCATCGTGG-3' were used to amplify the 
ANX6 STRP. 

Isolation of Cosmids 
Cosmids were identified from the LANL chromosome 5 
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cosmid library using PCR primers specific to ANX6, RPS14, 
and D5S519 (Loftus et al. 1993). PCR-labeled products 
were used to screen the LANL chromosome 5-specific 
cosmid library by filter hybridization. Three approaches 
were used to identify cosmids corresponding to previously 
identified YACs that spanned the region. The cosmid li- 
brary was screened by filter hybridization using each of the 
following probes: entire YACs; inter-Alu PCR fragments 
from YACs; and end-clone fragments from YACs (Dixon et 
al. 1992). Inter-Alu PCR products were obtained using Alu 
SJ1 primers (Nelson et al. 1989). Probes for directed chro- 
mosome walking and analysis of cosmid overlap were gen- 
erated by asymmetric PCR labeling of cosmid end frag- 
ments using either a T3 or T7 sCOS-1 primer. 

Identification of Exon Amplification Clones 

Genomic DNA from 15 cosmids, spanning -85% of the 
region of interest, was digested with PstI or double- 
digested with BamHI and BglII. The restriction fragments 
were ligated into corresponding sites of the pSPL3 vector 
(Church et al. 1994). The exon amplification protocol of 
Church et al. was followed with one modification. Ampli- 
fied exon products were cloned using a deglycosolase- 
ligation independent cloning protocol (Rashtchian et al. 
1992). PCR primers were modified such that uracil was 
substituted for thymidine on the 5' end of the primer. 
Exon amplification products and pBluescript II were am- 
plified with the modified PCR primers. After amplification, 
vector, "exon," and uracil deglycosolase (GIBCO-BRL) 
were incubated at 37°C for 30 min and immediately trans- 
formed into Escherichia coli DH50¢ strain. Exon amplifica- 
tion clones were sequenced using Sequenase version 2.0 
(U.S. Biochemical) and analyzed by computer programs 
BLASTN and BLASTX to identify regions of homology at 
both the nucleic acid and protein level (Altschul et al. 
1990). Cloned sequences were confirmed by Southern hy- 
bridization to be located within the TCOF1 candidate gene 
region. 

cDNA Library Screening 

DNA from several cDNA libraries was screened with exon- 
specific PCR primers (9D2-5'-GGAGGAAAATTTGGGCT- 
CAAG/9D2-3'-GACAGGTCGGTGACGGAAGAA) and 
( 199 G 4 F-TCATTTCA G C CAGTTC G GAG/19 9 G 4 R- 
ATTTCACATTCAGTCTGCGGC). DNA for each cDNA li- 
brary was prepared from 10 plate lysates (>1 x 106 phage/ 
plate) using Lambda Phage Kit (Quiagen). PCR reactions 
were performed with 10 mM Tris-HCl (pH 8.3), 50 mM KC1, 
1.5 mM MgClz, 0.001% gelatin, 200 p~M each dNTP, 25 
pmoles of each primer, 0.5 units of Taq (Boehringer Mann- 
heim), and 5 ng of DNA. Reactions were done for 30 cycles 
under conditions of 94°C for 30 sec, 55°C for 30 sec, and 
72°C for 30 sec. Primers 9D2-5/9D2-3 amplified a fragment 
of predicted size, 124 bp from human craniofacial-specific 
cDNA from day 43 to 55 gestation-pooled samples from 
Jeff Murray, Michael Solursh, and Babu Padnanilam (Uni- 
versity of Iowa, Iowa City). Primers 199G4F/199G4R am- 
plified the expected 158-bp product from a a fetal brain 
library (Stratagene). Both libraries were plated on 20 plates, 
at 5 x 104 plaques/plate. DNA from plaques was trans- 
ferred to duplicate filters and hybridized to radiolabeled 
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PCR fragments. Filters were hybridized at 65°C overnight, 
and subsequently washed at 65°C in 2x SSC, 0.1% SDS, for 
30 min; lx SSC, 0.1% SDS, for 30 rain; and 0.5x SSC, 0.1% 
SDS, for 30 min. Filters were exposed for 12-24 hr at 80°C 
to Kodak X-AR film. Positive primary plaques were isolated 
and purified by two more rounds of plaque screening. 

Northern Blot Analysis 

Northern blots of poly(A) ÷ RNA from adult and fetal tissue 
(Clontech) were hybridized with radiolabeled cDNA 
probes from either exon clone 9D2 or exon clone 199G4. 
Filters were hybridized as per the Clontech protocol. Filters 
were subsequently washed at 50°C in 2x SSC, 0.1% SDS, 
for 30 min; lx SSC, 0.1% SDS, for 30 min; and 0.5x SSC, 
0.1% SDS, for 30 min. Filters were exposed for 12-24 hr at 
-80°C with an intensifying screen to Kodak X-AR film. 
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