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Treacher Collins syndrome is an autosomal domi-
nant, craniofacial developmental disorder, and its
locus (TCOF1) has heen mapped to chromosome 5¢3.
To refine the location of the gene within this region,
linkage analysis was performed among the TCOF1
locus and 12 loci (IL9, FGFA, GRL, D58207, D5S210,
D&5S376, CSF1R, SPARC, D55119, D55209, D55527,
FGFRA4) in 13 Treacher Collins syndrome families. The
highest maximum lod score was obtained between loci
TCOF1 and D58210 (Z = 10.52; § = 0.02 + 0.07).
The best order, IL—GRL-D55207/D5S210-CSF1R—
SPARC-D5S8119, and genetic distances among these
Ioci were determined in the 40 CEPH families by multi-
point linkage analysis. YAC clones were used to estab-
lish the order of loci, centromere-5GRL3-D5S207—-
D58210-D58S376-CSFIR-SPARC-D558119-telo-
mere. By combining known physical mapping data
with ours, the order of chromosome 5q3 markers is
centromere—IL9-FGFA-5'GRL3'-D58207-
D58210-D5S376-CSF1R-SPARC-D58119—
D55209-FGFR4—-telomere. Based on this order, haplo-
type analysis suggests that the TCOF1 locus resides dis-
tal of CSF1R and proximal to SPARC within a region
less than 1 Mb in size. © 1993 Academic Press, Inc.

INTRODUCTION

Treacher Collins syndrome is an autosomal domi-
nant, craniofacial developmental disorder affecting
structures derived from the first and second branchial
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arches (reviewed by Gorlin et al.,, 1990). The major diag-
nostic criteria include microtia, hearing loss, midface
hypoplasia, downward slant of palpebral fissures, colo-
bomata of lower lids, and micrognathia. Treatment of-
ten involves audiclogic, respiratory, and surgical inter-
vention. Treacher Collins syndrome is the most com-
mon of the mandibulofacial dysostosis conditions and is
estimated to occur in 1/25,000 to 50,000 live births. This
incidence may he underestimated because, although
Treacher Collins syndrome is a fully penetrant disorder,
it exhibits variable expressivity, and mildly affected indi-
viduals may remain undiagnosed if they are not carefully
examined. Isolation of the gene would allow for accurate
post- and prenatal diagnostic testing,

The gene has been mapped to the long arm of chromo-
some & (Dixon et al., 1991) and sublocalized using highly
informative markers or short tandem repeat sequences
to 5g31.3 — 33.3 (Jabs et al., 1991a) or 5932 — 33.2
{Dixon et af., 1992). Using four markers, Dixon et al.
(1992) presented evidence that the TCOF1 locus is
flanked by 58376 and D55527. We present mapping
data to refine the location of the Treacher Collins syn-
drome in relationship to loci IL9, FGFA, GRL, D58207,
D58210, ADRB2, D5S376, CSF1R, SPARC, D55119,
D55209, D58527, and FGFR4 in the chromosome 5q3
region.

MATERIALS AND METHODS

Recombinant and genomic DNAs and Southern blot hybridization.
Probes were kindly provided by R. Evans of the Salk Institute for
Biological Studies for locus GRL {probe OB7; Hollenberg et al., 1985),
G. Long of the University of Vermont for locus SPARC (probe
pHVON-9-2; Villarrael et al., 1989), and K. Alitalo of the University of
Helsinki, Finland, for locus FGFR4 (probe HE6-2; Armstrong et al.,
1991). Thirteen Treacher Collins syndrome families with a total of
108 individuals and 69 meiotic events were ascertained. Thirty-eight
meiotic events arose from females and 31 from males. The members of
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the family were examined by medical geneticists (B. W. Jabs and B.
Hall). If they did not have any of the major diagnostic features of
Treacher Collins syndrome (downward slant of the palepebral fisures,
lower eyelid coloboma, malformed ears, and hypoplastic zygomatic
arches and mandible} by clinical and radiologic examinations, they
were considered unaffected. Their genomic DNAs were isolated, di-
gested, electrophoresed, transferred, and hybridized as described in
dabs et al. (1991b). Genomic DNAs from 40 normal families were ob-
tained from the Centre d’'Etude du Polymorphisme Humain (CEPH).

Detection of short tandem sequence repeat polymorphisms, Short
tandem repeat (STR) or dinucleotide repeat ((CA),) polymorphisms
were detected using the polymerase chain reaction {(PCR). An oligonu-
cleotide primer of a pair was end-labeled at the 5 end with [y-
¥P]dATP (Sambrook et al, 1989) and utilized in PCRs according to
conditions previously published for ILS (Polymeropolous et al.,
1991a); CSF1R (Polymeropoulos ef al., 1991b); FGFA (Li et al,, 1992);
D5S207, D55210, D55119, and D55209 (Weber et al, 1981); and
D58376 and D55527 (Dixen et al,, 1992). PCR products were sepa-
rated by eiectrophoresis through 6% polyacrylamide DNA sequencing
gels (Biggin et al., 1983).

COrder by linkage analysis. Restriction fragment length polymor-
phisms (RFLPs) and STR-polymorphisms were scored from autora-
diographs and data were entered into an ASCII file in linkage format
on an IBM 486. Two-point and multipoint linkage analyses were per-
formed using data from the Treacher Collins syndrome families and
the computer programs LIPED (Ott, 1974) and LINKAGE (Lathrop
et al., 1984). It was assumed that Treacher Collins syndrome is an
autosomal dominant condition with a 0.0001 gene frequency and 99%
penetrance. Lod scores or odds ratios for linkage versus nonlinkage for
sex-average and sex-specific recombination fractions were generated
between the Treacher Collins syndrome locus and each polymorphic
marker and also between each pair of markers. Errors in the data were
eliminated by reisolating genomic DNA from a second blood sample,
regenotyping, and reanalysis of autoradiographs by two independent
laboratories for individuals in whom recombinants or higher order
recombination events were noted among loci, Paternity was geneti-
cally tested using markers on four different chromosomes with hetero-
zygosities of greater than 0.70. The computer program HOMOG was
used to test for heterogeneity (Ott, 1985).

A genetic map was developed using data generated from the CEPH
families and the computer program CRIMAP (Lander and Green,
19387}, The microsatellite markers 1L, CS¥1R, D58207, D58210, and
D58119 were genotyped in our laboratory; genotypes from the RFLP
markers SPARC and GRL were extracted from Version 6 of the
CEPH database. The genotypes were generated for locus GRL in the
laboratory of Kenneth K. Kidd {Yale University, CEPH collaborating
laboratoty No. 8) and for marker SPARC in the laboratory of Albert
de la Chapelle (Helsinki, Finland, CEPH collaborating laboratory No.
77). Likelihoods for all possible orders among IL9, GRL, D5S207,
D58210, CSF1R, SPARC, and 55119 were calculated, under hypoth-
eses assuming equal female:male recombination fractions (L,) and as-
suming sex differences in the recombination fraction (L;). The sup-
port for the most likely order was computed by subtracting the likeli-
hood of the second most likely order from that of the most likely order.
To test the hypothesis of sex-specific differences in the recombination
fraction across the map, we compared L, and L,, using a x% test (x% =
In(Z, — L,)) with degrees of freedom equal to the number of recombina-
tion fractions estimated under L, minus the number estimated under
L,. Following development of the genetic map, all double and higher
order recombination events were discerned using the CHROMPIC
options of CRIMAP. Families in which these recombination events
occurred were regenotyped for the microsatellite markers to evaluate
potential data error. After error correction, the genetic map was rede-
veloped as described above.

Physical order by YAC contig. The subpaols of YAC clones from
the total human YAC libraries of Albertsen et al. (1990) and Burke et
al. (1987) were screened by PCR using primer sets that generated
DNA fragments specific for the 3 end of GRL {Warrington et al.,
1991}, D55207 (Weber et al., 1991), and 1358210 (Weber et al,, 1991).
The primers specific for the 5 end or exon 1 of GRL (forward primer

§-CTTTCTTAAATAGGGGCTCTC-2 and reverse primer &5-TCT-
GGCAGAGGAGCCGCT-3, PCR product size 177 bp) were derived
from the sequence of the gene (GenBank Accession No, M60597).
Primers (forward primer 5-GTACTGTGCCTAGCGATAAC-3" and
reverse primer 5-TATAGCAGACTCAGGTCCTC3-, PCR product
size 345 bp} for the locus ADRB2 were also derived from the sequence
of the gene {GenBank Accession No. J0296(). YAC contigs were es-
tablished by ST5 content mapping and limited YAC walking. This
was accomplished by defining YAC end fragments by PCR with vector
and Alu primers and DNA sequencing PCR products (Nelson et al.,
1991). The STS sequences for the left end of YAC A113A10 contain-
ing locus GRL were forward primer 5-TCACGAGGGCTTGTA-
GTAGGT-3 and reverse primer 5-AGTCACGGCACCCAGCCAAT-
3 (PCR product size 600 bp) and for the left end of YAC A11TE2
containing locus D35207 were forward primer 5-CTTGAGATCGGG-
CGTTCGACT-3and reverseprimer5-CATCAGTAGTCACAGAAG-
TCAC-3' (PCR product size 140 bp}. The PCR amplifications (30 cy-
cles} were carried out by denaturing at 94°C for 30 s, annealing at
55-60°C for 30 s-2 min, and extending at 72°C for 1 min. YACs were
screened for chimerism by in situ hybridization using purified YAC
DNA as described in Saltman et al. (1993). A YAC designated with a
letter followed by three mumbers and then a letter and numbers was
derived from the Burke et al. (1987) library. A YAC designated with
three numbers and then a letter and numbers was obtained from the
Albertsen et al. (1990} library.

RESULTS

Linkage Analysis between TCOFI and Other
Chromosome 5¢3 Loci

We performed two-point linkage analysis between the
Treacher Collins syndrome locus (TCOF1) and 12 loci
(Table 1). The highest lod score was obtained between
the D5S210 and the TCOF1 loci (Z = 10.52), and the
TCOF1 locus was estimated to be 2 ¢M (confidence lim-
its = 7 ¢cM) or 9 ¢M in either direction from D58210.
There was no recombination between the TCOF1 and
GRL loci. For each locus D5S207, D558210, D5S376,
CSF1R,8PARC, D5S119, or D55209 there were three or
fewer obligate recombinants with the TCOF1 locus.
More than three obligate recombinations were observed
between the TCOF1 locus and locus IL9, FGFA, or
D58527. There were more meiotic recombinations occur-
ring in females than in males as evidenced by the higher
female than male recombination fractions between locus
TCOF1 and chromosome 593 loci. No evidence for het-
erogeneity was obtained by HOMOG (P = 0.5).

Two-point linkage analysis among chromosome 5q3
loci revealed no recombination between D55207 and
GRL (Z = 7.20) and SPARC and D538119 (Z = 3.91).
Locus CSF1R was tightly linked to loci D55210 (Z =
13.82, 8 = 0.03) and D5S376 (£ = 12.03, § = 0.03). Multi-
point linkage analysis with any 2 of the 12 loci and the
disease locus to establish the position of the Treacher
Collins syndrome gene with respect to these markers did
not reveal a best order with significant odds.

Genetic Map of Chromosome 53 Loci

Identification of loci that flank locus D5S210 at a ge-
netic distance of at least 9 ¢cM would determine loci that
flank the region containing the TCOF1 locus. To deter-
mine such loci, the best order and the genetic distances
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TABLE 1
Two-Point Lod Scores between TCOF1 and 5q3 Loci

Locus H FLP Z & Zin f; b,
IL9 0.80 (CA), 216 0.19 2.50 0.25 0.08
FGFA 0.88 (CA), 2,12 017 3.05 0.34 0.06
GRL 0.49 Bell 4.19 0.00 4.19 0.00 0.00
D5S207 0.69 (CA), 2.70 0.13 3.39 0.23 0.00
D58210 0.75 (CA), 10.58 0.02 10.80 0.03 0.00
D5S376 0.74 (CA), 5.58 0.07 5.58 0.07 0.07
CSFiR 0.86 (CA), 6.26 0.11 6.35 0.12 0.07
SPARC 0.44 Taql 3.00 0.08 3.37 0.12 0.00
D5S119 0.49 (CA), 1.72 0.15 1.91 0.22 0.09
D55209 0.71 (CA), 2.00 0.07 2.11 0.09 0.00
D58527 0.89 (CA), 0.98 0.27 1.31 0.35 0.16
FGFR4 0.30 EcoRI 0.05 0.43 0.05 (.44 0.42

Note. H, heterozygosity; FLP, restriction or PCR fragment length polymorphism; Z, maximum lod score, sex average; Z, sex difference; g,

recombination fraction at Z; @f, f females; ﬁm, # males.

among markers for loci IL9, GRL, D55207, D55210,
CSF1R, SPARC, and D58119 were analyzed in all 40
CEPH pedigrees. Two-point lod scores and maximum
likelihood estimates of the recombination fraction for
sex-average and sex-specific differences were obtained
among these loci {data not shown). No recombination
was noted between D58207 and D55210 with a maxi-
mum led score of 72.55. The recombination fractions
among loci were consistent with those obtained in our
two-point linkage analysis for the same loci in Treacher
Collins syndrome families. For example, the lack of re-
combination between 55207 and D58210 (Z = 12.47)
was also found when two-point linkage analysis was per-
formed in the Treacher Collins syndrome families.

From our CEPH data, the order IL9-D5S207/
D5S210-CSF1R-SPARC-D58119 was supported over
the next most likely order with odds >1000:1, regardless
of whether likelihoods were calculated assuming equal
female:male recombination fractions or allowing for dif-
ferences in the female:male recombination frequencies
{Table 2). Evidence in favor of sex-specific differences in
recombination was significant (x2 = 17.75; P = 0.001).
The most likely position for GRL was between IL9 and
D5S207/D58210, although this placement was sup-
ported with odds of only 200:1 over the next most likely
position between D55207/D58210 and CSF1R. Loci IL9
and SPARC flank D58210 at a genetic distance equal to
or greater than 9 ¢cM and, therefore, these loci flank the
TCOF1 locus.

Physical Order of Loci

The physical order was then determined for loci in the
chromosome 5g3 region. The consensus physical map
based on radiation hybrid and irn situ hybridization anal-
vses placed the following loci in the order IL9-FGFA-
GRL-D55207/D58210-ADRB2-CSF1R-SPARC-
D58119-D58209-FGFR4 {Warrington et al, 1991,
1992; Ryan et al., 1992; Saltman et al., 1993; Westbrook
et al., 1992). For the markers in common between our

genetic map and previously published physical maps, the
orders were consistent.

We determined the relative order of GRL, D58207,
and D5S210 with respect to the centromere and telo-
mere by constructing a YAC contig. Radiation hybrid
mapping data suggested that D58207 was centromeric of
D5S210 (J, Wasmuth, 1992, Univ. of California, Irvine,
pers. comm.}). By using primer pairs specific for the 3
ends of the GRL gene and D58207, we have established
an overlap between YACs that contain the GRL locus
and YACs that contain the D55207 marker. The left end
of the YAC A113A10 containing the GRL locus detected
YAC A117E2, which contains the D55207 locus, and the
left end of A117E2 detected A113A10. Neither of these
YACs contained locus D53210 or the STS for the 5 end
of GRL. This demonstrates that the order of these three
loci is centromere-5'-GRL-3-D5S207-D55210-telo-
mete.

We refined the location of D58376. Dixon et al. (1992)
had reported that locus D58376 is centromeric to the

TABLE 2

Best Order of 5q3 Loci Based on Muliipoint
Linkage Analysis

Sex
Matle ¢ Female ¢ average £ Loci Odds
ILS
0.06 0.11 0.08 | ] >1000:1
GRL
0.00 0.02 0.01 | ] >200:1
D55207/D565210
0.04 0.10 0.07 | :| =>1000:1
CSFIR
0.06 0.12 0.10 [ ] >1000:1
SPARC
0.07 0.02 0.04 | ] >1000:1
D55119

Note. 0, recombination fraction or genetic distance (Morgans) be-
tween loci.
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locus D58527. We have found that locus D5S376 is lo-
cated within two YAC clones (167B12 and 335D9) that
also contain locus ADRB2. It also was previously known
that ADRB2 is located between D55207/D55210 and
CSF1R by both radiation hybrid (Warrington et al,
1992) and in situ hybridization (Saltman et al, 1993)
analyses. Therefore, the order of loci with respect to
D5S376 is centromere-D55210-D58376-CSF1R-telo-
mere.

The order of loci centromere—-CSF1R-SPARC-telo-
mere was previously supported by radiation hybrid anal-
ysis (Warrington et al., 1991, 1992). However, FISH data
using CSF1R and SPARC cosmids had ordered SPARC
centromeric of CSF1R (Saltman et al., 1993). To resolve
this discrepancy further FISH studies were performed
using a CSF1R YAC B233G3 and the SPARC cosmids
described in Saltman et al. (1993). These data clearly
demonstrated the order to be centromere-CSF1R-
SPARC-telomere (Lovett, unpublished data). The two
different FISH results could be due to the different DNA
content in the CSF1R YAC and cosmid. The order gen-
erated by using FISH and the CSF1R YAC is most likely
to be correct because it concurs with the radiation hybrid
data, and the large insert size of the nonchimeric YAC
increases the specificity of the FISH probe. Therefore,
we established the order of centromere-5-GRL-3'-
D5S207-D5S8210-D5S376-CSF1R-SPARC-telomere.

Mapping TCOF1 Relative to the Other Loci in This
Region by Haplotype Analysis

Woe refined the location of the TCOF1 lecus by haplo-
type analysis using the order of markers IL9-FGFA-
GRL-D55207-D55210-D58376-CSF1R-SPARC-
D58119-D55209, which was based on previously pub-
lished data and our physical map. By analysis of families
with obligate meiotic recombinants in affected and un-
affected members and assuming that the fewest number
of recombinations had occurred among these loci, the
TCOF1 locus appears to be located between loci CSF1R
and SPARC (Figs. 1 and 2) The size of this region has
been determined previously to be 680 kb by in situ hy-
bridization (Saltman et al., 1993) and 910 kb by radia-
tion hybrid (Warrington et al., 1991} analyses.

However, if we cautiously interpret our data and con-
sider ohligate meiotic recombinants in only affected indi-
viduals and not unaffected individuals to exclude the
rare possibility that nonpaternity would not be detected
by standard screening methods and exclude unaffected
individuais who are so mildly affected that they cannot
be diagnosed by standard clinical or radiologic examina-
tion, then the location of the TCOF1 locus could be re-
fined only to a region distal of CSF1R. Furthermore,
because some of the loci were uninformative with re-
spect to their segregation in these families, it is possible
(but less likely) that double recombination events may
have occurred among markers in this region. If this were
the case, then the gene could not be definitely localized
between two loci. If more than one meiotic recombina-

tion event occurred in the region centromeric to D5S376
in individuals 20 and 22 in family 7, the gene may reside
between loci FGFA and D5S207, between D55207 and
D58376, or distal to CSF1R (Fig. 1). In family 9 the gene
may be located proximal to FGFA, between FGFA and
D5S8207, or distal to D5S376 (Fig. 2). Taking the data of
both families together, the region of overlap that may
contain the gene could be between FGFA and D55207 or
distal to CSF1R (see outlined left lower corner of Fig. 2).
Each of the regions between two markers has been esti-
mated by in situ hybridization to be less than 680 kb in
size (Saltman et al, 1993).

Dixon et al. {1992) reported D5S527 as a flanking telo-
meric marker of TCOF1. By haplotype analysis, Db8527
appears to be more telomeric than D55209. Obligate mei-
otic recombinations between loci TCOF1 and D58527
occurred in the same individuals as recombination
evenis between loci TCOF1 and D55209; in addition,
there were two obligate meiotic recombinations between
loci TCOF1 and D58S527 in other individuals in the
Treacher Collins syndrome families (data not shown).

DISCUSSION

We have established a physical map order of IL9-
B'GRL-3-D55207-D55210-D558376-CSF1R. Combin-
ing these data with previously known maps, the order of
markers is centromere-IL9-FGFA-GRL-D55207-
D55210-D55376-CSF1R-SPARC-D55119-D55209-
telomere. The genetic distance between 1,9 and D55119
is estimated to be 30 cM (see sum of genetic distances in
Table 2), whereas the physical distance is estimated to
be 10.5 Mb by radiation hybrid and 7 Mb by in situw hy-
bridization analyses (Warrington et al., 1991, 1992; Salt-
man et al., 1993; Westbrook et al., 1992). No recombina-
tion was chserved among loci DGS207 and D55210, and
the physical distance between loci D55207 and D55210
is approximately 280 kb as assessed by radiation hybrid
analysis {J. Wasmuth, 1992, Univ. of California at Ir-
vine, pers, comm.)}.

Linkage analysis demonstrated that the TCOF1 gene
is within a region that spans 9 ¢M centromeric and 9 ¢M
telomeric of D55210 and is flanked proximally by IL9
and distally by SPARC. Our haplotype analysis within
this region showed that the gene is flanked proximally
by FGFA. Dixon et al. (1992) determined in their fami-
lies that the TCOF1 locus maps between loci D55376
and D58527 by muitipoint linkage analysis with signifi-
cant odds. By pairwise linkage analysis, they determined
that locus 38376 is centromeric of locus D55527 and
that these markers were 7.6 ¢cM apart. Our haplotype
data are consistent with their results in that the region
containing the TCOF1 gene appears to be telomeric of
D58376, and our data suggest that the location of the
TCOF1 locus may be further refined between loci
CSF1R and SPARC, a region smaller than and within
the region proposed by Dixon et al. (1992). If this is the
region of the Treacher Collins syndrome gene, it is less
than 1 Mb in size.



MAPPING OF TCOF1 AND CHROMOSOME 5q3 MARKERS

11

FAMILY 7 o
27 28
8 17 20 :19
iLe 213
FGEA 3la
GRL 22
055207 2la
D55210 al3
055376 32
CSF1R a3
SPARC 2h
B55119 a1
_O 055209 3fs .——D
42 2fzls 222 Tm Wy 4 b 43
42 3la 34 34 34 4 24
22 22 z2 21 2 22
13 21 41 23 a1 %Rg 23
13 af 31 43 [ 43 32
13 3i3 43 12 2z zz 14
13 6la 34 11 31 31 43
11 2 11 12 2l [zh 11
44 al4 44 4z 4z taf2 44
33 31 31 13 33 |3f 34
4 s 8 ? 15 14 25 24
24 32 32 32 24 31 3 P4 B}
zla 42 a2 42 23 34 34 4z 42
22 2]z 22 22 22 2t 22 [2}2 22
2 2[3 11 13 21 23 43 12 O q2
ah 4[3 11 13 31 43 32 [42 43
3h 3f3 31 31 32 32 21 Z1 z1
&1 sls a1 41 11 &t 33 13 13
2 2 11 11 11 2|2 1 2 H
al4 4)4 44 44 44 42 : 4l 414
s Lsbs 12 12 23 3fs 33 3 |3k

21

4
2

FIG. 1.

Haplotype analysis of family 7. Affected members of the pedigree are indicated by black symbols. For each member, the polymor-

phic alleles of each locus are assigned and ordered according to the physical map of this region. The haplotype contributed by the affected parent
is on the left and the unaffected parent is on the right. For affected members the alleles of loci that segregate with the disease or that are
uninformative and may possibly segregate with the disease are boxed. The boxes denote the largest possible region that may contain the disease
gene. In the case of individuals 22 and 24, two alternative interpretations that are dependent on two (right haplotypes) or more (left haplotypes)
meiotic recombinations are given. For unaffected individuals, the boxed areas include only alleles known to have been inherited from an affected
parent and denote the minimal region from which the disease locus can be excluded.

By two-point linkage analysis, the genetic distances of
11 ¢cM between loci CSF1R and TCOF1 and 8 ¢cM be-
tween loci SPARC and TCOF1 are surprising if the phys-
ical distance between CSF1R and SPARC is less than 1
Mb, because our data suggest that the TCOF1 locus is
between the CSFIR and SPARC loci. Our multipoint
linkage analysis based on all 40 CEPH pedigrees demon-
strated that CSF1R and SPARC loci are 10 ¢cM apart,
corroborating the high recombination rate in this region.
It is interesting that genetic and physical distances
differ dramatically in this nontelomeric region. Further-
more, the high recombination rate in the region between
CSF1R and SPARC and the increased informativeness
of the D55210 marker over that of the CSFIR and
SPARC markers in our families may be the reasons that

the highest lod score was obtained between loci TCOF1
and D538210 and not between TCOF1 and locus CSF1R
or SPARC even though the latter loci are physically
closer to one another than the former. Whether this high
recombination rate in this region is a clue to the mecha-
nism of how the Treacher Collins syndrome mutation(s)
is induced remains to be answered when the gene is
identified.

Candidate genes for Treacher Collins syndrome in the
5q3 region included FGFA (reviewed in Jaye et al., 1986},
SPARC (Villarreal et al., 1989), and FGFR-4 (Korhonen
et al., 1992). Although these genes are expressed in
mammalian facial tissues, they have been excluded as
the Treacher Collins syndrome gene because of the pres-
ence of recombination between these genes and the
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SPARC  2h 2 2 i 21 2l spdre - 2B A il
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p5s20%  [3[3 3z [3f3 a1 |41 32 33 D5$209
L )

F1G. 2. Haplotype analysis of family 9. The analysis is performed as explained in Fig. 1. Note that different areas are boxed if a single (right
haplotypes) or more (left haplotypes) meiotic recombination events are predicted in individuals 13, 16, and 17. {Outlined Lower Left) The
haplotypes for the most informative individuals (dencted by family number followed by the individual number) from hoth families are pre-
sented. If we assume more than one meiotic recombination event resuited in the haplotypes of individuals 724 and 916, then the gene may reside
between FGFA and D5S207 or CSF1R and SPARC. However, it is more likely that the least number of recombination events occurred and that
the gene is present between CSF1R and SPARC. To eliminate errors in diagnosis if we do not incorporate the haplotype information provided
by the unaffected individual 725, then the gene may reside distal of CSF1R. The clinical and radiologic examination by two geneticists of
individuals 716 and 725 revealed no evidence that they were affected. Therefore, the most likely location of the gene is between CSF1R and
SPARC as denoted by the bold type. Less likely locations of the gene are denoted by the dashed lines on the right side of the outlined area.

TCOF1 locus., To identify other potential candidate
genes, we plan to screen the chromosome 593 region,
especially between loci CSF1R and SPARC, for cDNAs
from a fetal craniofacial cDNA library using YAC and
cosmid contigs from this region.
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