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Key features of the oral-facial—digital syndrome type 1
(OFD1) include malformations of the face, oral cavity
and digits. In addition, the clinical phenotype often in-
cludes mental retardation and renal functional impair-
ment. Approximately 75% of cases of OFD1 are
sporadic, and the condition occurs almost exclusively

in females. In familial cases, the most likely mode of in-
heritance is considered to be X-linked dominant with
prenatal lethality in affected males. Therefore,the  OFD1
gene product appears to have widespread importance

in organogenesis and is essential for fetal survival. We
have studied two kindreds in which the clinical course
was dominated by polycystic kidney disease requiring
dialysis and transplantation. Using polymorphic
chromosome markers spaced at (110 cM intervals along
the X chromosome, we mapped the disease to a region
on the short arm of the X chromosome (Xp22.2—Xp22.3)
spanning 19.8 cM and flanked by crossovers with the
markers DXS996 and DX7S105. There was a maximum
lod score of 3.32 in an ‘affecteds only’ analysis using a
marker within the KAL gene (6 = 0.0 ), thereby confirm-
ing the location of the gene for OFD1 on the X chromo-
some. The remainder of the X chromosome was
excluded by recombinants in affected individuals. The
importance of our findings includes the definitive
assignment of this male-lethal disease to the X chromo-
some and the mapping of a further locus for a human
polycystic kidney disease. Furthermore, this mapping
study suggests a possible mouse model for OFD1 as
the X-linked dominant  Xpl mutant, in which polydactyly
and renal cystic disease occurs, maps to the homolo-
gous region of the mouse X chromosome.

INTRODUCTION

has been renamed the oral-facial-digital syndrome type 1
(OFD1: OMIM 311200)%). The incidence of OFD1 is estimated

to be 1 in 250 000 live births, and it occurs in diverse racial
backgrounds 3). Dysmorphic features affecting the head are
described as ‘remarkably characteristity énd include facial
asymmetry, frontal bossing, hypertelorism, micrognathia, broa-
dened nasal bridge and facial milia. Lesions of the mouth include
median pseudoclefting of the upper lip (45%), clefts of the palate
(>80%) and tongue (30%), as well as lingual hamartomata and
oral frenulae. Thickened alveolar ridges and abnormal dentition,
including absent lateral incisors, are further characteristics of the
syndrome. The digital abnormalities, which affect the hands
(50-70%) more often than the feet (25%), include syndactyly,
brachydactyly, clinodactyly and, more rarely, pre- or post-axial
polydactyly. These clinical features overlap with those reported
in the other seven oral-facial-digital syndroni®s (

The central nervous system may also be involved in as many
as 40% of cases of OFD1, with reports of mental retardation,
hydrocephalus, cerebellar anomalies, porencephaly and agenesis
of the corpus callosund). In recent years, with the introduction
of high definition renal ultrasound scanning, it has been realized
that polycystic kidney disease is commonly associated with
OFD1 @-6). In fact, renal failure necessitating dialysis and
transplantation in either childhood or adulthood can dominate the
clinical course of this diseas®) (

Approximately 75% of cases of OFD1 are sporadic. The
condition occurs almost exclusively in females. In familial cases,
the most likely mode of inheritance is considered to be X-linked
dominant with prenatal lethality in affected mal&s) This
hypothesis is supported by the high incidence of miscarriage of
male fetuses and the ratio of 2:1 females to males in reported
sibships. Phenotypic variability is often found in affected females
within a family, and this might be explained by different degrees
of somatic mosaicism resulting from random X chromosome
inactivation. A case of a liveborn OFD1 male (XY) with
massively enlarged polycystic kidneys has been reported, but
death occurred within 4 h due to pulmonary hypopla@ja (
Furthermore, a case of Klinefelter syndrome (XXY) has been
reported with OFD1, with a phenotype very similar to that of

In 1962, Gorlin and Psaume defined a syndrome characterizeddffected femalesL(). There have been no genetic studies to date
malformation of the face, oral cavity and digits (They called which definitively link the syndrome to the X chromosome. An
this orofaciodigital dysosotosis, a disorder which subsequentyternative hypothesis would be that OFD1 is a sex-limited
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autosomal dominant disease. In this context, an early reportrepresent a case of incomplete penetrance, as could individual 11-5
insertion of an extra segment in chromosonielllias yet to be from family 2, as has been described in other familigs An
substantiated by modern cytogenetic techniques. With regard‘&ffecteds only’ multipoint analysis gave a maximum lod score of
the other oral-facial-digital syndromes, most are autosomal56 atd = 0 atKAL and but also a lod score of 3.56 between
recessive but it has been suggested that type VIII is X-linkddXS987and DXS8036 Other markers on the X chromosome
recessivel). (DXS6807 DXS989 DXS1068 DXS6810 DXS1003 DXS6800

In the current study of two OFD1 families with pronouncedXS6789DXS6799DXS6797 DXS6804DXS1001 DXS1047
polycystic kidney disease, we map the locus for the syndrome@ATA31E0&NdDXS1193 gave consistently negative lod scores
a 19.8 cM region on the short arm of the X chromosome betweduoe to recombinations in affected individuals.The critical region
the marker®XS996andDXS7105The importance of our new that is most likely to contain the gene is between matkeB996
findings include the definitive assignment of this male-lethaindDXS7105and spans 19.8 cM.
disease to the X chromosome as well as the mapping of a further
locus for human polycystic kidney disease.

DISCUSSION
Table 1.Two point linkage analysis for nine markers in order flDKS5996 In this study, we have established Iinkage of OFD1 to the short arm
10 DXS7105 of the X chromosome. This result is consistent with OFD1 being
— _ an X-linked dominant disorder with lethality in hemizygous males.
Marker Recombination fraction®)

Linkage studies of other families with OFD1 are now required to
test whether this syndrome is genetically homogeneous and to
DXS996 - 016 068 076 062 039 0.19 narrow down the critical region. The OFD1 critical region defined

—0 0.24 0.30 0.41 0.36 0.25 0.14 by our Iinkage StUdy isa19.8 cM inter\/ﬁﬂx.

This interval, betweedXS996and DXS7105is shared by
affected individuals in family 1. This is the only region on the X

332 325 297 261 189 119 054 chromosome shared by affected individuals in this family.
DXS1223 2.67 262 243 218 1.66 1.11 0.54 Affected individuals in family 2 also share this region, but the

232 227 209 186 140 094 047 I|m|t_s are wider than those defmed_by_fa_mlly 1._Ind|V|_duaI I1-6 in

family 1 would define the telomeric limit of this region with a
DXxs8051 183 181 173 161 132 09 051  recombination at mark&@XS7108This female superficially has
224 220 203 1.82 140 096 0.49 none of the features of her sisters, 11-2 and 1l-4, but has a history
of miscarriage and has three normal sons all of whom have
DXSTI08  — 030 051 082 092 071 037 inherited the unaffected haplotype from individual I-1 for this

213 211 202 18 137 086 037  region. These findings and the highly variable phenotypic
DXS8022 252 250 241 224 179 123 0.9 expression of OFD1 in females noted both in our kindreds and in

284 279 260 235 180 119 055 other§ in the literaturel 8) suggest that it is not possible to be.
certain about the unaffected status of females. The two-point
DXs987 1.05 1.06 108 106 094 071 040  anglysis was therefore repeated using unaffected males and

149 148 140 129 102 071 037 affected females only. There is also a possible crossover within
DXS8036 176 174 167 154 119 075 o029  thecritical region in individual II-5 in family 2. However, as this
individual is ‘unaffected’ and the haplotypes in her affected

28 227 210 187 138 084 032  mother have to be inferred, the data cannot be reliably used to
DXS7105 —oo 020 078 093 087 062 028 narrow down the candidate region.

—oo 000 058 072 068 047 020 The prior evidence that the gene might be X-linked (a lack of
unaffected males and a 2:1 ratio in the offspring of affected
For each marker, the upper line of figures indicates the two-point lod score figmales), combined with the significant lod scores obtained in
all family members using 100% penetrance, and the lower line indicates tihis study, makes it highly likely that the gene is localized to distal
score for affected females and unaffected males only. The maximum lod scoép. This region contains genes already implicated in known

0.0 0.01 0.05 0.1 0.2 0.3 0.4

KAL —o0 1.90 2.34 2.29 1.85 1.25 0.60

are highlighted in bold in each case. diseases such as steroid sulphatase deficiency and amelogenesi
imperfecta{4).The biology of these gene products, together with
RESULTS the phenotypes of established human mutations, must make them

extremely unlikely candidates for té-D1 gene.

A G-banded karyotype performed on an affected individual in eachKAL, a gene mutated in X-linked Kallmann’s syndrome, is also
family showed no gross chromosomal aberrations. located in this region, and encodes a secreted molecule thought

Two-point linkage analysis of the two kindreds (seeljigsing  to be important in signalling between cell§)( Affected males
100% penetrance gave a maximum two-point lod score of 2.67teve infertility due to hypogonadotrophic hypogonadism,
0 = 0.0 with the markddXS1223and a slightly lower lod score anosmia due to failure of development of the olfactory bulbs and
(2.52 atb = 0.0) with the more proximal markBXXS8022(see variable renal agenesiKAL mutations in this syndrome are
Tablel). An ‘affecteds only’ analysislp) gave a maximum lod mainly predicted to cause loss of functid)( The external
of 3.32 at® = 0.0 withKAL and a lod of 2.84 & = 0.0 with  features of Kallmann’s syndrome are clearly different from those
DXS8022The higher lod score in the ‘affecteds only’ analysis wasf OFD1. However, the expression patterns of KAL in human and
due to the elimination of individual 1I-6 in family 1 from the chick development, i.e. the kidney, the limb bud and central
analysis. Although apparently phenotypically normal, she couldervous system, would be consistent with the clinical features of
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Figure 1.Family trees used in the analysis. The shaded circles represent affected individuals. The order of markers BiX{8a96KikL, DXS1223DXS8051
DXS7108DXS8022DXS987DXS8036andDXS7105The bars indicate the most likely haplotypes. The affected haplotype is indicated by the solid black bars and
the unaffected haplotype by the solid white bars. In family 1, the haplotype of I-1 is indicated by the diagonal shaded bars. In family 2, the haplotype of I-1 is indic
by diagonal shaded bars and I-3 by light grey bars. In family 2, the haplotype of 1I-5, which could either be affected or unaffected, is indicated by a dotted out
In both families, additional male haplotypes that have been introduced are indicated by the dark grey bars.

OFD1 (17,18). Itis conceivable that different mutationddAL, = gene. CLCN4 is a voltage-gated chloride channel which is highly
causing, for example, a gain in function, might generate an OFRdnserved in evolution and which is known to be expressed in
phenotype. skeletal muscle, brain and hedr8)(and, of note, mutations in

Genes in the critical region which are not yet implicated imnother chloride channel ge@.CN5 cause renal diseases;
human genetic diseases are the voltage-gated chloride channgHéhked recessive nephrolithiasis and hypophosphataemic
(CLCN4 (19) and Xenopus laevitke apical protein APXL)  rickets @1). APXL, Xenopus laevifke apical protein, is
(20). We suggest that both of these are candidates for the OFBdplicated in amiloride-sensitive sodium channel activit),(
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which is of interest as the protein encoded byPiKB2 gene, a  denaturing gels at 65 W for 2—3 h. Dried gels were exposed to

gene mutated in autosomal dominant polycystic kidney diseaséray film (X-Omat, Kodak, Rochester, USA) for 12—24 h.

has homology on database searching with voltage-gated sodium

and calcium channel2?). APXL is expressed in melanoma

cells, brain, placenta, lung, kidney and pancreasAPi.gene Linkage studies

has been excluded as a candidate for optic atrophy which maps

to this regionZ0). Further studies are underway to examine thesBenotypes were recorded manually. A gene frequency of 1 in

and other genes for mutations in OFD1 cases. 500000 was used with an X-linked dominant mode of
The mouse mutant with X-linked dominant polydactdpl)  inheritance. The disease was assumed to be 100% penetrant ir

maps to the region of the mouse X chromosome that males in view of the lethality in hemizygous males reported in the

homologous with the region defined in this study for ORLZL ( literature and the incidence of miscarriage in the kindreds used in

Urogenital malformations are known to occur in this mouse, antlis study. As stated in the Results, the analysis was performed

include hydroureter, hydronephrosis and cystic or absent kidneyith and without ‘unaffected females’ in view of the highly

(23). The renal cysts in theXpl mouse deserve further variable phenotype ). Marker allele frequencies were obtained

examination to determine whether they are glomerulocystic, tfi®m the Genome Database (www.gdb.org). The genetic

polycystic renal disease associated with OFP4), (as this distances between markers were obtained from the Genethon

mutant should be considered to be a good candidate for the moos#p. Two-point and multipoint linkage analysis were performed

model of OFD1. using the MLINK and LINKMAP programme of the LINKAGE

packageZ7).
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