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Summary

Ocular albinism of the Nettleship-Falis type (OA1) and X-linked ichthyosis (XI) due to steroid sulfatase
(STS) deficiency are cosegregating in three cytogenetically normal half-brothers. The mother has patchy
fundal hypopigmentation consistent with random X inactivation in an OA1 carrier. Additional phenotypic
abnormalities that have been observed in other STS "deletion syndromes" are not present in this family.
STS is entirely deleted on Southern blot in the affected males, but the loci MIC2X, DXS31, DXS143,
DXS85, DXS43, DXS9, and DXS41 are not deleted. At least part of DXS278 is retained. Flow cytometric
analysis of cultured lymphoblasts from one of the XI/OA1 males and his mother detected a deletion of
about 3.5 million bp or about 2% of the X chromosome. Southern blot and RFLP analysis in the XI/OA1
family support the order tel-[STS-OA1-DXS278]-DXS9-DXS41-cen. An unrelated patient with the karyo-
type 46,X,t(X;Y) (p22;qll) retains the DXS143 locus on the derivative X chromosome but loses DXS278,
suggesting that DXS278 is the more distal locus and is close to an XI/OA1 deletion boundary. If a contig-
uous gene deletion is responsible for the observed XI/OA1 phenotype, it localizes OA1 to the Xp22.3
region.

Introduction

The pathophysiological basis of X-linked ocular al-
binism of the Nettleship-Falls type (OA1) (McKusick
catalogue no. 30050) is unknown. Hemizygous males
present with congenital nystagmus, decreased visual
acuity, photophobia, and variable heterotropia. Oph-
thalmoscopic findings include macular hypoplasia and
hypopigmentation of the uvea and pigment epithelia
of the retina, ciliary body, and often the iris (Nettle-
ship 1909; Falls 1951; O'Donnell et al. 1976, 1978a).
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Heterozygotes usually show patchy peripheral fundal
hypopigmentation surrounded by areas of normal or
hyperpigmented retina but, with rare exceptions (e.g.,
see Jaeger and Jay 1981), have normal visual acuity. The
ophthalmoscopic features of the OA1 carrier state are
felt to represent the direct effects ofrandom X inactiva-
tion (Lyon 1962).
Although the disturbance in melanogenesis in OA1

generally spares the skin, occasional hypopigmented
macules may be found in some males (O'Donnell et
al. 1976, 1978a), and electron microscopy of random
skin reveals characteristic giant melanin granules both
in affected males and in many carrier females (O'Don-
nell et al. 1976, 1978a; Garner and Jay 1980; Jaeger
and Jay 1981; Wong et al. 1983; Szymanski et al. 1984;
Yoshike et al. 1985; Lewen 1988). The giant pigment
granules, as well as the patchy ophthalmoscopic pat-
tern seen in female carriers, distinguish OA1 from an-
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other X-linked type of ocular albinism, the Forsius-
Eriksson type (O'Donnell et al. 1980), as well as from
an autosomal recessive form (O'Donnell et al. 1978b;
Jaeger and Jay 1981).
OA1 was localized to Xp22 on the basis of linkage

analysis, initially with the Xg blood group (Fialkow
et al. 1967; Pearce et al. 1968, 1971; Hofnagel et al.
1969; O'Donnell et al. 1976) with estimated recombi-
nation fraction of about 15 centimorgans (cM). More
recently, linkage of OA1 has been demonstrated with
DXS85 (0 = 0, lod "'3.4) (Kidd et al. 1985; Graham
et al. 1987) and DXS16 (6 = .08, lod = 2.8) (Kidd
et al. 1985). There is one report of familial ocular al-
binism that cosegregates with a late-onset neurosen-
sory deafness (Winship et al. 1984). To our knowledge,
there are no previously described patients with clearly
defined OA1 associated with a cytogenetic abnormality.

X-linked ichthyosis is caused by deficiency of the en-
zyme steroid sulfatase (STS). The full-length STS cDNA
has recently been cloned, and interstitial deletions in-
cluding the entire STS gene have frequently been found
in uncomplicated, karyotypically normal cases of XI
(Ballabio et al. 1987a; 1987b; Bonifas et al. 1987; Co-
nary et al. 1987; Yen et al. 1987, 1989).
XI has frequently been associated with other clinical

abnormalities. Although some of these cases have had
cytogenetic aberrations, others in this group have ap-
parently normal karyotypes. Although close proximity
of the STS and OA1 loci may be suspected on the basis
of their common linkage to distal Xp probes, no case
ofXI associated with clear-cut OA1 has previously been
reported.
We herein describe a family in which (1) XI and OA1

cosegregate, (2) karyotypes are normal, (3) there is a
complete deletion of the STS locus, and (4) there are
no other major phenotypic abnormalities. We also local-
ize the molecular boundaries of this deletion by using
previously cloned DNA probes and assess the size of
the deletion by the technique of flow cytometry.

Material and Methods

Clinical Summaries
Three living half-brothers, ages 15, 7, and 2 years,

from a large black pedigree (fig. 1, individuals I1I-1, III-
2, and 111-4) were examined and found to have both
ichthyosis and ocular albinism of the Nettleship-Falls
type. They all were noted at birth to have "dancing eyes.'
In addition, they had photophobia and decreased vi-
sual acuity. On ophthalmoscopy, all three brothers had

1I

III

Figure I Pedigree showing cosegregation of XI and OA1

macular hypoplasia and mild hypopigmentation with
prominence of the choroidal vessels. The anterior seg-
ments, investigated by slit-lamp examinations, were all
normal. The oldest brother also had a right exotropia.
On electron microscopy of skin biopsies, all three
brothers had the giant melanin granules characteristic
of this type of ocular albinism. Their mother (II-1) had
normal visual acuity but had the typical ophthalmo-
scopic exam of the OA1 heterozygous state, with sharp
macular reflexes but hypopigmentation of the fundi in
a tigroid pattern.
During the first year of life, each of the three boys

developed thick, brown-colored scaling, most promi-
nently on the trunk, neck, and extensor surfaces, a con-
dition which progressively worsened with age, consis-
tent with classic STS-deficient ichthyosis. The youngest
boy was delivered by caesarean section after a prolonged
labor. 111-1 and 111-2 initially had undescended testi-
cles, but only 111-2 required surgical correction. The
genitalia were otherwise well formed and normally de-
veloped for age; at examination the oldest male was
postpubertal.

Height and weight were normal for all three boys,
but the youngest had a head circumference greater than
the 95th percentile for age. All three had normal intel-
ligence. III-1 and III-2 were not experiencing any difficul-
ties in school and were in age-appropriate grades. Al-
though formal testing was not performed, their sense
of smell was, by history, intact.
A fourth half-brother (III-3), who died at age 8 mo

of complications related to perinatal hypoxia (prolapsed
cord) and prematurity, was said to have "dancing eyes"
and the same dermatologic problems as his brothers.
An infant sister has not yet had full ophthalmologic
or dermatologic evaluation. There are reportedly no
other affected individuals in the extended pedigree, in-
cluding four of the mother's (1-1) maternal half-brothers
(II-3, 11-4, 11-5, and 11-6).

Epidermal scale samples of I1I-1 and 111-2 showed
a complete lack of STS activity. G-banded karyotypes
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(at approximately the 550-band level of ri

individuals II-1, 11-1, and I11-2 were all
We also studied another patient, WB,

10-year-old phenotypic female who was

short stature. She was found to have bc
levels of serum gonadotropins (FSH and
constitutional karyotype 46,X,t(X;Y) (p
cells examined. She has not had forma]
logic evaluation.

Probes

Probes that we utilized are shown, in their approxi-
mate order, in figure 2; enzymes employed and allele

ST8331, MIA sizes for RFLPs are shown in table 1. All show strict
sex-linked inheritance, with the exception of pDP1002
(MIC2; Page et al. 1987), which is pseudoautosomal
and whose X- and Y-derived fragments are identical
in size on Southern blot analysis. Three probes-pMIA
(DXS31; Wrogemann et al. 1986), pSTS331 (Yen et al.
1987), and pCRI-S232 (DXS278; Knowlton et al.
1989)-have homologous sequences on Yq, sequences

whose restriction fragments are clearly distinguishable
from their X-derived fragments and are not poly-
morphic. pSTS331 is a full-length cDNA for STS that
is not known to detect an RFLP. pCRI-S232 is a 7-kb
genomic probe that detects multiple and highly poly-
morphic X-linked restriction fragments. The summed
size of these fragments is substantially larger than the

homolpogosare actual probe size, suggesting that a sequence contained
utosomal regions within the probe may be hybridizing to more than one
nces of STS331, region on the X chromosome. DXS278 has been
ices in Yqll. The mapped by linkage analysis (Knowlton et al. 1989) and

lies within 2cM of the DXS143 locus and approximately
12 and 13 cM proximal to the pseudoautosomal mark-
ers pDP411a (DXYS28) and pDP230 (DXYS20), respec-

esolution) for tively.
normal.
an unrelated Somatic Cell Hybridization
evaluated for Epstein-Barr virus (EBV)-transformed lymphoblasts
)th decreased from one male with the XI/OA1 phenotype (III-4) and
LH) and the from his mother (II-1) were fused by PEG-1500 with
22;q11) in all RJK88, a Chinese hamster lung cell line deficient in
I ophthalmo- HPRT. The fusion was performed as described else-

where (Puck et al. 1989). Hybrids which retained an

Table I

DNA Probes

Regional Enzyme(s)/Alleles
Probe Locus Assignment (kb) Reference

DP1002........ MIC2 Xpter,Ypter TaqI/3.3,2.6 Page et al. 1987
M1A .......... DXS31 Xp22.3,Yqll XmnI/3.4,3.0 Wrogemann et al. 1986
STS331 ........ STS Xp22.3,Yq1.2 EcoRI/no RFLPs Yen et al. 1987
CRI-S232 ...... DXS278 Xp22.3,Yq 1l TaqI + a/a,b Knowlton et al. 1989
dic56 .......... DXS143 Xp22.3 BclI/8.9,7.4 Middlesworth et al. 1985
782 ........... DXS85 Xp22.3-p22.2 EcoRI/14, 7 Hofker et al. 1985
D2 ........... DXS43 Xp22.2 PvuII/6.6,6.0 Aldridge et al. 1984
RC8 .......... DXS9 Xp22.3-22.2 TaqI/5.3,3.2,3.0 Murray et al. 1982
99-6 .......... DXS41 Xp22.1 PstI/25,11 Aldridge et al. 1984

a Polymorphic with multiple enzymes. Alleles a and b are as defined in the text.
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active HPRT locus were selected in medium containing
hypoxanthine (100 pM) and azaserine (50 pM). To iden-
tify clones which retained only one sex chromosome
including the distal Xp region, DNA from individual
clones was analyzed on Southern blots using RFLPs at
the DXS278 locus (both sets of hybrids), and, in hybrids
derived from 111-4, retention or loss of the Y chromo-
some was tested by the probe pDP34, which clearly
detects Yp-linked fragments at the DXYS1Y locus (Page
et al. 1982).

Linkage phase of polymorphic loci for which IT-1 was

informative was also determined by Southern blot anal-
ysis of hybrid clones retaining only oneX chromosome.

DNA Analysis

High-molecular-weight genomic DNA was prepared
according to published procedures (Aldridge et al.
1984) from peripheral blood, cultured EBV-trans-
formed lymphoblasts, or somatic cell hybrids. DNA
(5-10 pig) from each subject was digested with the ap-

propriate restriction enzyme. Restriction fragments were
resolved by gel electrophoresis in 0.8%-1% agarose gels
at 2 V/cm for 16-24 h in 1 x TEA buffer (40 mM
Tris, pH 8, 2 mM EDTA, 10 mM Na acetate). DNA
was transferred to a nylon membrane in 10 x SSC ac-

cording to the method of Southern (1975). Prehybrid-
ization and hybridization were performed according to

published procedures (Boggs and Nussbaum 1984),
with DNA probes labeled by the random priming tech-
nique (Fainberg and Vogelstein 1983) to a specific ac-

tivity of 109 counts/pg. The probe pCRI-S232 was

preannealed to an excess of human placental DNA for
4-6 h prior to hybridization (Litt and White 1985) be-
cause of repeat sequence contained within the probe.

Flow Cytometry

Metaphase chromosomes isolated from lymphoblasts
from 1-1 and 111-2 were stained with Hoechst 33258
(HO) and chromomycin A3 (CA) and analyzed on a

dual beam flow cytometer (van den Engh et al. 1985,
1988). The HO and CA fluorescence intensities of ap-

proximately 30,000 chromosomes were quantified. The
position of the peaks in a bivariate distribution, the
flow karyotype, reflects both the relative DNA content

and the base composition of the chromosomes. An iter-
ative bivariate Gaussian distribution-fitting procedure
was used to assign peak positions in flow karyotypes
objectively (G. van den Engh, unpublished data). The
distance between the origin and the projection of a peak
onto a line running through the origin and the peak
for chromosome 4 is linearly correlated to chromosome

DNA content (B. J. Trask, unpublished data). To esti-
mate deletion size, the peak position of the derivative
X in II-1 was compared with that of the normal X in
the same karyotype. The flow karyotypes of both TI-1
and the XI/OA1 male, 111-2, were normalized using the
average HO and CA intensities of all the autosomes
except 9-12 to the mean position of normal X chromo-
somes from 27 unrelated individuals (11 males, 10 nor-
mal females, and 6 females with only one normal X)
to compare the deleted X against the mean position
of normal X chromosomes (B. J. Trask, unpublished
data).

Results

Detection of the Deletion and Its Boundaries

Previously cloned DNA probes from the Xp22 re-
gion were used in Southern blots to determine whether
a deletion was indeed associated with the XI/OA1
phenotype, to determine the approximate boundaries
of the deletion, and to verify the order of the probes
relative to the deletion boundaries and to each other.
EcoRI-digested genomic DNA from individuals III-1,
III-2, and 111-4 lacked all the X-derived fragments de-
tected in normal individuals by the full-length STS
cDNA probe, pSTS331, but retained a Y-derived frag-
ment at 16 kb, as well as a fragment at 1.45 kb detected
by the Xq21 probe pJL68 (Nussbaum et al. 1987), which
was used as an internal control (fig. 3, lanes 2, 3, and
4). Their mother, 1-1 (fig. 3, lane 1) had fragments of
expected sizes relative to the controls (fig. 3, lanes 5,
6, and 7) and lacked the Y-derived band but had dimin-
ished intensity of STS signal relative to those of the in-
ternal band (1.45 kb) and the normal female (fig. 3,
lane 6).

All of the other strictly X-linked probes representing
the loci DXS143, DXS85, DXS43, DXS9, and DXS41
produced fragments of the expected sizes in all the
XI/OA1 males and in their mother (table 2). In addi-
tion, the two anonymous probes with Yq-homologous
sequences, pM1A (DXS31) and pCRI-S232 (DXS278),
each showed retention of X-derived fragments. pCRI-
S232 produced a complex pattern of bands with both
TaqI and EcoRI in the mother. As shown in figure 4,
her three sons all inherited the same set of TaqI frag-
ments of 15, 8.3, and 3.4 kb (allele a), as well as two
Y-derived bands at 5.0 and 4.0 kb. In the mother (11-1),
in addition to the allele a bands, other bands at 9.4,
7.0, 5.9, and 5.5 kb (allele b) were found, presumably
from her nondeleted X chromosome. Thus, although
we cannot be certain that some of the hybridizing bands
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Figure 3 Deletion of X-linked EcoRI fragments detected by
pSTS331 in the three XI/OA1 males (lanes 2-4), their mother (lane
1), and three controls. Note that, relative to the fragment detected
by the internal control probe pJL68, there is diminished intensity
of STS-X signal in lane 1, verifying the mother's hemizygosity at this
locus. A Y-derived fragment at 16 kb is present in all the male lanes.

with pCRI-S232 may have been lost on the deleted chro-
mosome if the sequence contained within the probe is
indeed present in more than one place on Xp, the
affected males appeared to retain at least some DNA
sequences hybridizing to pCRI-S232.
We initially sought to determine whether the dele-

tion extended distally to involve the pseudoautosomal
region by utilizing the probe pDP1002 to look for het-
erozygosity for a TaqI RFLP at the MIC2 locus. Unfor-
tunately, none of the individuals were heterozygotes,
and so we could not easily distinguish hemizygosity from
homozygosity. We therefore prepared two sets of so-

pS232,T q I digests
Figure 4 Southern blot of TaqI digests, pCRI-S232, in the
XI/OA1 family showing no recombination among the three affected
sons. Allele a (15-, 8.3-, and 3.4-kb fragments) is in coupling with
the deletion. Allele b (9.4-, 7.0-, 5.9-, and 5.5-kb fragments), seen
only in the mother, is on the nondeleted X chromosome. Y-derived
bands are 5.0 and 4.0 kb.

matic cell hybrids in a Chinese hamster background
by using cells from the mother (II-1) and cells from one
of the affected boys (III-4), in order to separate the X
carrying the STS deletion away from the other sex chro-
mosome. The resulting hybrid clones were then tested
by Southern blot for (1) their genotype at DXS278, (2)
the presence or absence of STS, and (3) whether the
Y chromosomal locus DXYSY1 detected bypDP34 was
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Table 2

XI/OAI Somatic Cell Hybrids: Analysis Using Cloned DNA Probes

A. Hybrids Derived from the Mother (II-1)

DXS9 DXS41
DXS278 Allele(s) Allele(s)

Clone MIC2 STS Allele(s) (kb) (kb)

603-1 ........ + - a 3.2 25
3 ........

- NT
6 ........ + - a 3.2 25
7 ........ + - a 3.2 NT
8 ........ + + b 5.3 11
9 ........

- NT
11 ....... + + a, b 5.3, 3.2 NT
12 ....... + - a 3.2 NT
14 ....... + - a 3.2 NT
16 ....... + - a 3.2 NT
17 ....... + - a 3.2 NT
B ........ + - a 3.2 NT
E ........ + + b 5.3 11
F ........ + - a 3.2 NT

B. Hybrids Derived from an Affected Male (111-4)

DXS278
Clone MIC2 STS Allele DXYS1Y

EBO4-A ......- - - -
E ...... + - a
F ...... + - a
I ....... -

J ....... + - a
M ..... + - a +
N ...... + - a

Q ...... + - a +

S...... + - a +

NOTE.-NT = not tested.

present (see table 2). Nine hybrid clones (603-1, 6, 7,
12, 14, 16, 17, B, and F) derived from the mother (II-1) of
the affected boys were found to contain only oneX chro-
mosome. ThisX chromosome was deleted for STS and
carried the same allele (allele a) from DXS278 that had
been inherited by all three of her affected sons. An ad-
ditional four hybrid clones (EBO4-E, F, J, and N) de-
rived from the affected boy (111-4) were found to be
deleted for STS and retained the Xp locus DXS278 but
not the Yp locus DXYS1Y. Thus, we were certain that
all 13 hybrids contained a single human sex chromo-
some and that the X chromosomes deleted for STS re-
tained allele a at DXS278. All 13 of these clones that
contained only the deleted X chromosome also retained
the MIC2X locus when hybridized to pDP1002 on
Southern blots. Conversely, between both complete sets

of hybrids, there were no clones which lost MIC2X but
retained allele a of DXS278, the allele in phase with
the deletion.

Thus, the deletion in the XI/0A1 family appears to
be interstitial, with the distal breakpoint proximal to
MIC2X in the pseudoautosomal region and with the
proximal breakpoint distal to the DXS143 region.

Ordering of Distal Xp Probes

To ascertain which of the markers were in closer prox-
imity to the deletion boundaries and to verify their or-
der relative to each other, we studied the segregation
of RFLPs in the XI/OA1 family. As previously noted,
the three affected males all inherited the same maternal
set ofpCRI-S232 fragments, allele a, which was known
from the maternal hybrids to be in coupling with the
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Table 3

Alleles (in kb) Detected on Southern Blot Genomic DNA

11-1 III-1 111-2 111-4

PROBE X Xa Xa Y Xa Y Xa Y

pDP1002 ........ 2.6, ? ?, 2.6 ?, 2.6 ?, 2.6
pMIA .......... 3.4, 3.4 3.4 3.4 3.4
pCRI-S232 ...... b, a a a a
pdic56 .......... 8.9, 8.9 8.9 8.9 8.9
p782 ........... 14, 14 14 14 14
pD2 ............ 6.6, 6.6 6.6 6.6 6.6
pRC8 .......... 5.3, 3.2 3.2 3.2 5.3
p99-6 .......... 11, 25 25 11 11

a Deleted chromosome.

STS deletion. Thus, there was no recombination be-
tween the STS deletion, OA1, and the DXS278 locus.
At the other loci tested, the mother was heterozy-

gous only for RFLPs at the loci DXS9 and DXS41 (ta-
ble 3). We did detect recombination between these loci
and the deletion among the three affected males. At
DXS9, 11-1 and III-2 each had the 3.2-kb allele, and
III-4 had the 5.3-kb allele. At DXS41, I1I-1 inherited
the 25-kb allele, and III-2 and 111-4 inherited the 11-kb
allele. In the maternal somatic cell hybrids (table 3) the
3.2-kb allele of DXS9 and the 25-kb allele of DXS41
were confirmed to be in phase with the deletion. Thus,
III-2 represents a recombination event between DXS9
and DXS41, and III-4 shows recombination between
the DXS278-deletion region and DXS9.

Because DXS278 showed no recombination with the
deletion and might thus be a close marker to the dele-
tion boundary, we sought to order this locus relative
to the other X-linked loci, particularly those such as

DXS143 and DXS85 for which RFLP analysis was not
helpful in this family and which were previously shown
to have measurable linkage to STS and/or OA1.
The unrelated individual, patient WB, with the

46,X,t(X;Y) (p22;qll) karyotype, was found to be het-
erozygous for a BclI RFLP at the DXS143 locus. This
implied that DXS143 was not deleted from the deriva-
tive X chromosome. WB was, however, deleted for all
paternal X-derived DXS278 fragments using multiple
restriction enzymes and retained one of the two mater-
nal alleles with no change in fragment sizes. Thus, it
is doubtful that a rearrangement within the DXS278
locus itself occurred, as has occasionally been observed
by others (Knowlton et al. 1989). This suggests that
DXS278 is distal- and that DXS143 is proximal- to

the breakpoint on the derivative X chromosome in this
patient, if it is assumed that her karyotype most likely
is the result of a single break and translocation rather
than of a more complex rearrangement.
When the data from the translocation patient are

combined with RFLP data from the XI/OA1 family and
with previously reported Xp22 linkage studies
(Wieacker et al. 1983; Kidd et al. 1985; Ballabio et
al. 1986; Graham et al. 1987; Davies et al. 1987; Yates
et al. 1987; Brown et al. 1988; Wirth et al. 1988), the
order Xpter-[STS-OA1-DXS278]-DXS143-DXS9-
DXS41-Xcen is supported by these studies. We still do
not know the placement of DXS278 with respect to
STS and OA1. Also unknown is the location ofDXS278
with respect to DXS31, a polymorphic locus for which
neither II-1 nor WB was heterozygous. To order the
probes in this area, we are presently isolating the trans-
location chromosome from patient WB in somatic cell
hybrids to test for the presence or absence of the STS
and DXS31 loci.

Estimation of the Xl/OAI Deletion Size by Flow Cytometry

To estimate the size of the deletion in the XI/OA1
family, the DNA contents of derivative and normal X
chromosomes in II-1 and III-2 were quantified by flow
cytometry (B. J. Trask, unpublished data). The two
homologues of chromosome X in 1-1 differ in peak
position. TheX homologue which 111-2 inherited from
1-1 could be determined by comparing the two flow
karyotypes. This comparison showed that 111-2 inherited
the smaller of his mother'sX chromosomes. In II-1, the
DNA content of the smaller X chromosome was 1.8%
less than her normal X, leading to an estimate of 2.9
million bases (Mb) for the deletion, based on the as-
sumption that the X chromosome contains 158 Mb
DNA (Mayall et al. 1984). When the DNA content of
the X chromosome in 111-2 and the smaller X homo-
logue in II-1 were studied relative to the mean DNA
content of 27 normal X's from a set of unrelated males
and females, an estimate could be made of the deletion
size of 2.2% or 3.5 Mb (= 3.3 SD below the mean;
95% confidence interval = 1.4-5.5 Mb). If it is as-
sumed that the measured DNA content of normal X
chromosomes is normally distributed, the probability
of finding a normal chromosome as small as that ob-
served in the XI/OA1 family is 0.1%.

Discussion

We have investigated a family in which (1) the genes
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for XI and OA1 segregate together in five individuals,
(2) there are no other major clinical abnormalities, and
(3) all karyotypes are normal. We detected a complete
deletion of the STS gene and, by flow cytometry, esti-
mated the size of this deletion to be about 2% of the
X chromosome, or approximately 2.9-3.5 Mb ofDNA,
if it is assumed that the X chromosome contains 158
Mb DNA. We also determined that the deletion is in-
terstitial and does not extend into the pseudoautosomal
region.
We postulate that a contiguous gene deletion

(Schmickel 1986; Emanuel 1988) that includes the loci
for both STS and ocular albinism is responsible for the
coexistence of XI and OA1 in this family. On the X
chromosome, contiguous gene deletion syndromes con-
taining the Duchenne muscular dystrophy locus (e.g.,
see Francke et al. 1985) and the choroideremia locus
(for summary, see Merry et al. 1989) have been well
documented. At the STS locus, there have been many
patients reported in which XI due to deletion of the
STS gene was seen in conjunction with a number of
other clinical abnormalities including Kallman syn-
drome (KAL-hypogonadotropic hypogonadism and
anosmia), hyper- or eugonadotropic hypogonadism,
chondrodysplasia punctata (CDPX), short stature, men-
tal retardation, and deafness but not documented ocu-
lar albinism. Simple cryptorchidism, without structural
genital anomalies, is frequently observed in otherwise
uncomplicated XI (Lykkesfeldt et al. 1985). Many of
the more complex cases were summarized by Traupe
et al. (1984). The earlier cases in that summary were
not clearly documented to have STS deficiency, and
karyotyping, if performed at all, was done without
banding techniques. Only the more recent reports are
summarized in table 4. The molecular mechanisms for
deletion of STS in the cases with complex phenotypes
vary, and the recent reports in table 4 include several
cytogenetically normal cases (Munke et al. 1983; An-
dria et al. 1984; Sunohara et al. 1985; Ballabio et al.
1986; Andria et al. 1987), several due to X;Y translo-
cations (Allerdice et al. 1983; Ross et al. 1985; Balla-
bio et al. 1988), and two with visible and probably ter-
minal deletions not associated with translocations
(Curry et al. 1984; Bick et al. 1988). Two families (Wis-
niewski et al. 1985; Pike et al. 1989) were reported with-
out karyotypes.
The STS locus occupies a unique position bordering

the pseudoautosomal region of distal Xp. Although its
inheritance is strictly sex linked, the locus shows in-
complete inactivation, with STS levels in normal females

approximately 1.6 times higher than enzyme levels in
normal males (for review, see Shapiro 1985). This con-
trasts with what appears, on the basis of the ophthal-
moscopic findings in OA1 carriers, to be potentially
complete and random inactivation at the OA1 locus.
STS is most closely linked to DXS237, a locus which

is frequently deleted together with STS in XI patients
(Gillard et al. 1987; Yates et al. 1987; Wirth et al. 1988),
and no recombination between the two loci has been
observed thus far. XI also shows measurable linkage
with DXS143 (combined lod score of 5.79 atO of 0.05),
and with DXS85 (O = 0.1, lod = 7.68), a marker which
is also tightly linked to OA1 (Kidd et al. 1985; Graham
et al. 1987).
A group of karyotypically normal XI patients with

STS deletions detectable at the DNA level but with no
other phenotypic abnormalities were studied by the
technique of single beam flow cytometry (Cooke et al.
1988) and were estimated to have deletions in the size
range of 1.9-5.2 Mb; however, some of the deletions
were not detectable by this technique. We have used
dual beam flow karyotyping to quantify the deletion
size in two members of the XI/OA1 family. The most
likely peak positions of all 46 homologues in both flow
karyotypes of 11-1 and 111-2 were objectively assigned
using an iterative fitting procedure. We have compared
these two flow karyotypes with karyotypes of unrelated
males and females by using the average HO and CA
intensities of all autosomes except those in the 9-12
group, rather than by using the position of any particu-
lar chromosome type. Since positions vary between in-
dividual, normal X chromosomes (SD = 0.7%), and
since the position of the particular X chromosome from
which the deleted X in this family was derived is not
known, 3.5 Mb (95% confidence interval = 1.4-5.5
Mb) represents our best estimate of the deletion.
Gonadal hypoplasia aside from cryptorchidism has

been seen frequently in STS deletion syndromes. Kall-
man syndrome has been reported in several, but not
all, patients with interstitial deletions affecting STS, but
has not been seen in STS deletion patients with termi-
nal deletions, except for the case described by Bick et
al. (1988). However, at least six families with XI (in
all of the literature) have been documented to have go-
nadal hypoplasia (aside from simple cryptorchidism)
associated with normal or increased FSH/LH levels
(Nissley and Thomas 1971; Abe et al. 1976; Tiepolo
et al. 1980; Metaxotou et al. 1983; Munke et al. 1983;
Traupe et al. 1984). As some of this latter group in-
dudes patients with translocations of distal Xp, it would
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Table 4

X-linked Ichthyosis Patients with Complex Phenotypes: Recent Reports

Karyotype and Short Abnormal Anos- Ocular Other
Report CDPX Stature Gonads FSH/LH mia MR Anomalies Abnormalities

Normal karyotype:
Munke et al. 1983-patient 1 ....

Andria et al. 1984:
Cases 1 and 2 (family 1) ......
Case 3 (family 2) ............

Sunohara et al. 1985-one family:
Patient 1 ...................

Patient 2 ...................

Patient 3 ...................

- - + Increased + Nystagmus

- + nl + +
+ + Low FSH + +

+ + Low + + Nystagmus, hypo-
plastic papillae,
tigroid retina,
translucent irides,
exophoria

- + Low + + Nystagmus, abnormal
fundi, hypopigmented
irides, strabismus

- + Low + + Nystagmus, hypopig-
mented irides, tigroid
retina, hypoplastic
papillae

Wisniewski et al. 1985-two
brothers and mother
(no karyotype) ................

Ballabio et al. 1986-six affected
males, three obligatory carriers
in one family .................

Pike et al. 1989-four affected
males, two obligate carriers
(no karyotype) ................

Present report-four affected
males, one carrier in one
pedigree .....................

Translocations:
Allerdice et al. 1983-four affected

males in one pedigree/
t(X;Y)(p22.3;ql 1) ...........

+ Decreased acuity,
maculopathy
(mother has decreased
foveal reflexes and
increased pigment
granularity)

- 4/5 Low in
one

tested

4/5 -

1/4 4/4 Low - - Central punctate
corneal erosion in
two males; corneal
stromal granulation
(one male, two
carriers)

- - - - Ocular albinism

+ +

Epilepsy, delayed
bone age

Epilepsy

Polyuria, high palate,
dystrophic teeth,
preauricular pits,
myopathy, mirror
movements

Kyphosis, pes planus
renal aplasia, myo-
pathy, mirror
movements,
gynecomastia

Abnormal glucose tol-
erance, renal hypo-
plasia, mirror
movements,
gynecomastia

Major motor
seizures

One with epilepsy

Gynecomastia and
eunichoid habitus
in a 50-year-old
male

One with
macrocephaly

Anhidrosis

(continued)
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Table 4 (continued)

Karyotype and Short Abnormal Anos- Ocular Other
Report CDPX Stature Gonads FSH/LH mia MR Anomalies Abnormalities

Ross et al. 1985-five affected
males, one pedigree
t(X;Y)(p22.3;ql 1) ........... + +

Ballabio et al. 1988-one pedigree/
t(X;Y)(q22;ql 1):

Case 1 ........... ........ + + - + Facial dysmorphism,
epilepsy,
microcephaly

Case 2 ................... - - - - + Strabismus Facial dysmorphism,
nevi, spasticity

Deletions:
Curry et al. 1984:

Family A, three affected males/
terminal del (X)(p22.32) ...... + + + Cataracts Mixed deafness,

microcephaly
Family B, three affected males/
terminal del (X)(p22.32) ...... + + + Coarse hair,

microcephaly
Bick et al. 1988-one affected
male/del(X)(p22.31) ...... ..... + + + Low + Renal hypoplasia, pre-

maturity, death at
8 months

a Possibly the same pedigree as was studied by Allerdice et al. (1983).

seem that there is at least one other locus, distal to STS,
that is involved in gonadal development. Gonads were
normal in size and morphology in all three patients in
our XI/OA1 family.
CDPX is another abnormality reported in patients

with XI due to STS deletion. This syndrome was
documented in four families having patients with ter-
minal deletions or translocations (Curry et al. 1984;
Ballabio et al. 1988; Bick et al. 1988) but not in any
of the karyotypically normal cases. Agematsu et al.
(1988) recently reported another family with CDPX as-
sociated with the karyotype 46,X,t(X;Y) (p22.3;qll).
Ichthyosis was not described, but molecular or biochem-
ical studies of STS were not performed. Similar reports
are those of Bernstein et al. (1978) and Yamada et al.
(1982). The occurrence of CDPX in patients with ter-
minal Xp deletions suggests that this locus is probably
distal to STS.

In all of the XI "deletion syndromes" reported, there
are no documented cases of OA1. However, OA1 is a
rare disease in which the external eyes may appear nor-
mally pigmented, and careful ophthalmologic exami-
nation both of affected males and of carrier females

by an experienced observer is required for accurate di-
agnosis. The external examination may only reveal con-
genital nystagmus or strabismus, which are frequent
clinical findings in males with OA1. The diagnosis
should also be substantiated with the finding of giant
melanin granules on electron microscopy of the skin.
In the patients listed in table 4 who had XI due to STS
deletion, two were reported to have had a normal ex-
amination performed by an ophthalmologist: (1) the
premature male infant who was reported by Bick et al.
(1988) and who died at 6 mo with a visible deletion
of Xp22 and with loss of the STS, CDPX, and KAL
loci and (2) one of the patients described by Curry et
al. (1984) and Bick (personal communication). It is
noteworthy, however, that there are two reported fami-
lies in which cytogenetically normal males with STS-
deficient ichthyosis were noted to have nystagmus
(Munke et al. 1983; Sunohara et al. 1985). In the re-
port by Sunohara et al., ophthalmologic findings in the
affected males included iris hypopigmentation and
"hypoplastic papillae with conus and tigroid retina."
Two obligatory carriers also had iris hypopigmentation
with normal ophthalmoscopic exams. In the family
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reported by Munke et al., we have verified that the full-
length cDNA for STS (pSTS331) is deleted in the affected
male (Munke et al.s patient 1; R. E. Schnur, unpub-
lished data). In this family, nystagmus was noted on
external examination, but ophthalmoscopic examina-
tion was not performed. In neither family was electron
microscopy for detection of giant melanin granules per-
formed. In addition to the ocular abnormalities, both
of these families had more extensive phenotypic abnor-
malities than do the males in our XI/OA1 family. In
the report of Sunohara et al., the three affected males
had mental retardation, short stature, dystrophic teeth,
myopathy, hypogonadotropic hypogonadism (small
penis and scrotum, nonpalpable testes) and gyneco-
mastia with anosmia, and renal hypoplasia or agene-
sis. Munke et al.s patient had mental retardation and
epilepsy, hypospadias, hypoplastic scrotum, and uni-
lateral cryptorchidism in association with elevated go-
nadotropins. His height was normal. One additional
family was reported (Wisniewski et al. 1985) in which
two brothers had ichthyosis (STS assay and karyotyp-
ing was not performed) with "maculopathy," major mo-
tor seizures, and mild mental retardation. Their mother
had decreased visual acuity, increased pigment granular-
ity, and decreased foveal reflexes. We hypothesize that
both the XI/OA1 family we report here and the fami-
lies of studied by Sunohara et al. and Munke et al. (and
possibly the family studied by Wisniewski et al.); all
with normal karyotypes, may have nonidentical dele-
tions that overlap at the STS and OA1 loci. A smaller
size of the deletion in our family would explain why
the probands lack some of the more severe manifesta-
tions seen in the other families.
Although a single deletion is the most likely cause

of the concurrence of XI and OA1 in this family, an
alternative hypothesis to explain the observed pheno-
type would be that two independent mutations have
occurred. We believe this is unlikely for several reasons.
First, OA1 has been mapped by linkage analysis to
RFLPs in the Xp22.2-p22.3 region (Kidd et al. 1985;
Graham et al. 1987), the same area in which STS has
been localized by chromosomal deletions and somatic
cell hybrid analysis as well as by linkage methods. It
is therefore quite plausible for a single deletion to be
responsible for defects at both loci, especially in con-
sideration of the fact that the majority of STS muta-
tions causing XI with or without other phenotypic ab-
normalities are complete deletions (Yen et al. 1987).
Second, both diseases are relatively rare. The incidence
of XI in males is approximately 1/6,000 (Shapiro 1985),
and that ofOA1 has recently been estimated to be about

1/150,000 in the Netherlands (van Dorp 1987). Our
patients first sought medical attention because of only
one of their problems (their poor visual acuity). Subse-
quently and independently, they were evaluated for their
ichthyosis. The odds ofOA1 and XI occurring together
by chance alone rather than as a result of a single muta-
tional event is therefore rather small. Finally, the ab-
sence of any history of either OA1 or XI in the four
maternal half-brothers (11-3, 11-4, II-5, and 11-6 in fig.
1) as well as in other male relatives of the obligatory
female carrier (11-1), coupled with the cosegregation of
OA1 and deletion of STS in all five individuals (II-1,
III-1, 111-2, III-3 [the deceased half-brother], and III-4)
in the small portion of the large pedigree that we stud-
ied, suggests that the two diseases arose simultaneously
because of a single mutational event. Since there is no
microscopic evidence of a structural chromosomal rear-
rangement, a microdeletion seems the most likely mech-
anism.
A proposed placement of the OA1 locus adjacent to

STS may seem to conflict with a recently proposed map
around STS. Ballabio et al. (1988, 1989) have suggested
the order cen-KAL-STS-DXS31-tel, which is consis-
tent with reports of patients who had terminal Xp de-
letions and translocations including STS but who did
not have Kallman syndrome (with the exception of the
infant reported by Bick et al., an infant whose deletion
probably extended proximal to STS) and who have lost
DXS31. If the XI/OA1 phenotype that we report is due
to a contiguous gene deletion as hypothesized, why do
patients with Kallman syndrome not have ocular al-
binism, or, if OA1 lies distal to STS, why is the OA1
phenotype not observed in terminal deletion patients?
First, a more complex underlying chromosomal rear-
rangement is a possibility in some of the other reported
patients, or in our patients. Second, some of the clini-
cal phenotypes may not be due to simple deletion-
mutations of single genes but may arise instead from
a complex interaction of genes, dependent on the total
size of the individual deletion. A third possibility, far
less likely for the reasons discussed above, is that the
cosegregation of ichthyosis and ocular albinism ob-
served in the present report was coincidental -that it
represents two independent mutations. Further investi-
gation at both the molecular and clinical levels, with
particular attention to the ophthalmoscopic examina-
tion of other Kallman-XI patients, as well as of patients
with terminal deletions, may ultimately provide the an-
swers to these questions and verify the gene order in
this region.

In conclusion, a contiguous gene deletion is likely
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to be responsible for the observed familial cosegrega-
tion ofXI and OAL. This would localize OA1 to Xp22.3,
more distally than previously thought. A single dele-
tion spanning both the STS and OA1 loci, with one
locus (i.e., STS) that escapes X inactivation and another
(i.e., OA1) that undergoes random inactivation, may
prove useful for determining whether local cis-acting
sequences or more-regional factors are responsible for
the differences in inactivation that are seen at these two
loci. In addition, we have presented evidence that
DXS278 is close to a deletion boundary in our patients
and is distal to DXS143. Because DXS278 is a highly
polymorphic locus, we suggest that it may be extremely
useful for linkage analysis of OA1, XI, and other dis-
orders in the Xp22.3 region. Finally, the relatively small
size of the deletion in our patients, the location of STS
within the deletion, and the proximity of DXS278 to
a deletion boundary suggest that STS and DXS278 may
be good starting points for macrorestriction mapping
and for chromosome-jumping and -walking strategies
with the goal of eventually identifying a candidate gene
for ocular albinism.
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