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t(X;21) translocation patient, sequence analysis by Bodrug in
our laboratory has revealed a small deletion of ~70bp at the
site of exchange®® but no exons are deleted. The dystrophic
phenotype can be entirely accounted for by the fact that the
translocation breaks through an intron of the gene separating
a few exons at the 5’ end from the remainder of the gene.
Non-random X-inactivation of the normal X chromosome’
results in a manifesting heterozygote. With the exception of the
oncogene rearrangements in cancer cells, this is the first docu-
mented case of a translocation that splits a gene causing a genetic
disease.
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In most human ‘XX males’’, DNA sequences normally found on
Yp, the short arm of the Y chromosome, are present on Xp, the
short arm of the X chromosome®®. To establish whether this
transfer involves a terminal portion of Yp, and whether a terminal
portion of Xp is lost in the process, we followed the inheritance
of psendoautosomal restriction fragment length polymorphisms in
two XX-male families. One XX male apparently inherited the
entire pseudoautosomal region of his father’s Y chromosome and
no part of the pseudoautosomal region of his father’s X chromo-
some. The second XX male also inherited the entire pseudoauto-
somal region of his father’s Y, but in addition inherited a proximal
portion of the pseudoautosomal region of his father’s X. These
findings argue that XX males result from the transfer of a terminal
portion of Yp onto Xp in exchange for a terminal portion of Xp
(ref. 7). This implies that the testis-determining factor gene (TDF)
maps distally in the strictly sex-linked portion of Yp, near the
pseudoautosomal domain. The XX males described here appear
to result from single (and, at least in the second case, unequal)
crossovers proximal to the pseudoautosomal region on Yp and
proximal to or within the pseudoautosomal region on Xp.

In man, the most distal portions of Xp and Yp are
‘pseudoautosomal’. They undergo frequent X-Y recombination
during normal male meiosis. As a result, these portions of Xp
and Yp are homologous, and their inheritance is not strictly
sex-linked®'2,

The MIC2 gene maps proximally in the pseudoautosomal
region, recombining with sex phenotype at a frequency of only
2% in male meiosis’*. Plasmid pDP1001, which detects a restric-

tion fragment length polymorphism (RFLP) at MIC2, was
hybridized to DNAs from the family of XX male LGL163 (Fig.
1a). The father is heterozygous; his 1.4- and 2.0-kilobase (kb)
fragments must be on his Y chromosome, because that allele is
present in the grandfather but not the grandmother. The XX
male inherited the father’s Y allele. Densitometry reveals that
the XX male has one copy of the 3.3-kb allele. This copy must
be from the mother, because she is homozygous for that allele.
Thus, at MIC2, XX male LGL163 inherited his father’s Y allele
but not his father’s X allele.

The second family was typed for a MIC2 RFLP detected by
pDP1002 (Fig. 1b). XX male LGL1358 has two copies of the
2.6-kb allele, for which the father is homozygous, and one copy
of the 3.3-kb allele, for which the mother is homozygous. (Com-
pare, in Fig. 1b, the relative intensities of the 2.6- and 3.3-kb
fragments in XX male LGL1358 with those in LGL1364 and
LGL1362, both presumably normal heterozygotes.) A similar
resuit was obtained with the pDP1001 RFLP: the XX male has
two copies of the allele for which the father is homozygous and
one copy of the allele for which the mother is homozygous (not
shown).

These studies did not reveal the chromosomal origin of the
two copies of MIC2 that XX male LGL1358 received from his
father. This information was obtained using an RFLP detected
by pSG1, a MIC2 complementary DNA clone'?. The father is
heterozygous (Fig. 1¢). His 2.7-kb fragment must be on his Y
chromosome, because that allele is present in the grandfather
but not the grandmother. Conversely, the father’s 2.4-kb allele
must be on his X chromosome. XX male LGL1358 appears to
have two copies of the 2.4-kb allele and one copy of the 2.7-kb
allele. (Compare, in Fig. 1¢, the relative intensities of the 2.4-
and 2.7-kb fragments in LGL1358 with those in LGL1359, a
normal heterozygote.) The XX male inherited the 2.7-kb frag-
ment from his father’s Y chromosome. The XX male presumably
inherited one copy of the 2.4-kb fragment from his mother, who
is homozygous for that allele. Given the results with pDP1001
and pDP1002, he must have inherited the second 2.4-kb fragment
from his father’s X chromosome. That is, XX male LGL1358
inherited both his father’s X and Y alleles at MIC2.

The findings in these XX males have implications for the
localization of the testis determining factor gene, TDF, on the
Y chromosome. An eight-interval deletion map of the Y has
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Fig. 1 Inheritance in two XX male families of RFLPs at
MIC2. Squares, males; circles, females; filled squares, XX
males. Both XX males carry DNA sequences derived from
the strictly sex-linked portion of Yp (ref. 3 and unpublished
results). Study of the paternal grandparents allows the phase
of the pseudoautosomal alleles in the father to be deter-
mined. Each autoradiogram lane corresponds to the
individual above that lane in the pedigree. a, Family 1:
probe pDP1001 hybridized to Taql-digested genomic
DNAs. Allelic restriction fragments marking the X or Y
chromosomes of LGL162, the father, are indicated. b,
Family 2: pDP1002 hybridized to Tagl-digested DNAs.
Allelic fragments present in father, LGL1359, or in mother,
LGL1361, are indicated. ¢, Family 2: an 0.7-kb EcoRI-Stul
fragment purified from plasmid pSG1 was hybridized to
Mspl-digested DNAs. Fragments that distinguish the X and
Y chromosomes of LGL1359, the father, are indicated.

Methods. Plasmids pDP1001 and pDP1002 were subcloned
from recombinant phages identified by screening a human
genomic library with plasmid pSG1, a MIC2 cDNA clone?'.
Plasmid pDP1001 contains a 1.5-kb genomic EcoRI-PstI
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fragment and detects a Tagl RFLP with fragments of, in one allele, 3.3 kb and, in a second allele, 1.4 and 2.0 kb. Plasmid pDP1002 contains
a 0.8-kb genomic EcoRI fragment. It detects an insertion/deletion RFLP (not shown) and a Tagql RFLP with allelic fragments of 2.6 and
3.3 kb. These clones were mapped to the region Xp22.32-pter and to the Y by hybridization to DNAs from hybrid somatic cell lines, consistent
with their being derived from MIC2. Human genomic DNAs were prepared from leukocytes or cultured fibroblasts??, digested with restriction
endonuclease, electrophoresed on 0.7% agarose gels, and transferred®® to nylon membrane. Human inserts purified from the plasmids were
labelled with **P by random-primer synthesis?*, prehybridized with an excess of sonicated human genomic DNA?**, and hybridized overnight
to genomic DNA transfers at 47 °C in 50% formamide, 5xSSC (1 xSSC=0.15M NaCl, 15 mM Sodium citrate pH 7.4), Denhardt’s (0.02%
Ficoll 400, 0.02% polyvinyl pyrrolidone, 0.02% bovine serum albumin), 1% SDS, 20 mM NaPO, pH 6.6, 50 g ml~! denatured salmon sperm
DNA and 10% dextran sulphate. Membranes were washed three times for 15 min each at 65-70°C in 0.1 X SSC, 0.1% SDS and exposed at
—80 °C for 1-3 days with X-ray film backed by an intensifying screen.

been constructed from studies of Y chromosome DNA from
XX males and other individuals with sex chromosome
anomalies; TDF maps to interval 1, on Yp (refs 3 and 13).
Uncertainty regarding the order of intervals 1, 2, and 3 on Yp
stems from uncertainty as to whether XX males have received
terminal or internal portions of Yp (ref. 3). Given that MIC2
recombines with sex phenotype in only 2% of normal male
meioses'?, the ‘terminal’ and ‘internal’ models make opposite
predictions as to the inheritance of MIC2 in XX males. Accord-
ing to the terminal model, an XX male would receive the end
of the strictly sex-linked portion of Yp from his father; he would
then be very likely to inherit his father’s Y-chromosomal allele
at the closely-linked MIC2 locus (probability 98% ). According
to the internal model, an XX male would not receive the end
of the strictly sex-linked portion of Yp; he would inherit his
father’s Y-chromosomal MIC2 allele only in the unlikely event
of recombination with MIC2 (probability 2% ). That both XX
males inherited their father’s Y allele at MIC2 strongly suggests
that they received terminal portions of Yp. In turn, this argues
that deletion interval 1, containing TDF, is just proximal to the
pseudoautosomal region. Similarly, that XX male LGL163 did
not inherit his father’s X allele at MIC2 suggests that the end
of the strictly sex-linked portion of Xp has been lost.

We also followed the inheritance in these families of five other
pseudoautosomal RFLPs (Table 1). Three of these polymorphic
loci, DXYS17, DXYS15 and DXYS28, show partial sex linkage,
recombining with sex phenotype in male meiosis at frequencies
of about 14%, 32% and 38%, respectively (ref. 11 and D.P. et
al, in preparation). The other two loci, DXYS20 and DXYS14,
show no detectable sex linkage and map to the most distal
portion of the pseudoautosomal region, near the telomeres of
Xp and Yp (refs 9 and 11; D.P. et al, in preparation).

All five RFLPs are informative in the first family, and at each
locus the XX male inherited from father the Y but not the X
allele (Table 1). For example, the father is heterozygous for the
DXYS14 RFLP (Fig. 2a). The father’s X and Y alleles are
identified by their presence in, respectively, the grandmother
and grandfather. XX male LGL163 inherited from his father
the Y but not the X allele at DXYS14,

Thus, at six loci, together spanning nearly the entire
pseudoautosomal portion of the sex chromosomes, XX male
LGL163 inherited from father the Y but not the X alleles. These
results argue that LGL163 inherited the pseudoautosomal region
of his father’s Y chromosome intact and unrecombined. A
double crossover between two of the pseudoautosomal markers
for which we tested is unlikely, given that double recombinants

Table 1 X- or Y-chromosomal origin of pseudoautosomal RFLP alleles transmitted from fathers to XX-male sons

Recombination
Locus Probe with sex phenotype (%)

DXYS14 29C1 50
DXYS20 pDP230 50
DXYS28 pDP411a 38
DXYS15 113D 32
DXYS17 601 14
MIC2 pSGl 2

pDP1001

pDP1002

Allele from father

LGL163 LGL1358
Reference (XX male 1) (XX male 2)
9,11 Y Y
Page et al. Y NI
(in preparation)
Page et al. Y NI
(in preparation)
10, 11 Y NI
11 Y NI
12 Y Xand Y

DNA probes detecting pseudoautosomal RFLPs were hybridized to Taql, Mspl, or EcoRI-digested DNAs from two XX males, their parents,

and paternal grandparents. NI, not informative.
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Fig.2 Inheritance in two XX-male families of RFLPs at DXYS14.
a, Family 1: probe 29C1 was hybridized at 42 °C to TagqI-digested
genomic DNAs. After washing at 60 °C, the transfer membrane
was exposed with X-ray film for 3 days. Probe 29C1 detects a
polymorphic family of related sequences, resulting in complex
hybridization but simple, single-locus inheritance; a typical allele
comprises a collection of restriction fragments™!!. Some of the
allelic restriction fragments that distinguish the X and Y chromo-
somes of LGL162, the father, are indicated. b, Family 2: 29C1
hybridized to EcoRI-digested DN As. Some of the allelic restriction
fragments marking the X and Y chromosomes of LGL1359, the
father, are indicated.

occur rarely if ever within the pseudoautosomal region in man
(ref. 11; D.P. et al,, in preparation). The results also suggest that
XX male LGL163 inherited no part of the pseudoautosomal
region of his father’s X chromosome.

In the second family, apart from MIC2, one pseudoautosomal
locus was informative (Table 1). At the distal locus DXYS14,
XX male LGL1358 inherited from his father the Y allele but
not the X allele (Fig. 2b).

We propose that sex reversal in these XX males is the result
of aberrant Xp-Yp exchanges (Fig. 3). XX male LGL163
appears to have inherited the entire pseudoautosomal region of
his father’s Y chromosome but no part of the pseudoautosomal
region of his father’s X chromosome. This is probably the result
of a single crossover proximal to MIC2 on Xp and proximal
to TDF on Yp (Fig. 3a). The result is a transfer of a terminal,
male-determining portion of Yp onto distal Xp, in exchange for
a terminal portion of Xp, as predicted by the ‘X-Y interchange’
model”**

XX male LGL1358 also seems to have inherited the entire
pseudoautosomal region of his father’s Y chromosome. In addi-
tion, however, he inherited the proximal portion ( MIC2) but
not the distal portion (DXYS14) of the pseudoautosomal region
of his father’s X chromosome. This is probably the result of a
single crossover in the pseudoautosomal region (between MIC2
and DXYS14) on Xp and proximal to TDF on Yp (Fig. 3b),
as has been hypothesized to occur in some XX males'.

X-Y exchanges like that in Fig. 3b produce XX males with
two copies of all strictly X-linked loci. In contrast, exchanges
of the sort seen in LGL163 (Fig. 3a) might produce XX males
with a single copy of strictly sex-linked loci on distal Xp. This
may explain why some XX males express their fathers’ alleles
for Xg, a dominant, X-linked marker on distal Xp, whereas
most, including LGL163, do not"'*. Exchanges like that in Fig.
3b would yield TDF-bearing X chromosomes whose length is
greater than that of normal X chromosomes. Depending on the
positions of Xp and Yp breakpoints, exchanges like that in Fig.
3a might yield abnormally long or short TDF-bearing X
chromosomes. Such alterations may explain the observation
that, in many XX males, one of the two X chromosomes seems
to be abnormally long'® or has an altered high-resolution band-
ing pattern'’
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Fig. 3 Genesis of TDF-bearing X chromosomes in XX males by
single crossovers between Xp and Yp during or prior to paternal
meiosis. Differentially shaded regions depict the pseudoautosomal
(black and striped) and strictly sex-linked (stippled and white)
portions of Xp and Yp. On Yp, the point of crossing over is
proximal to TDF, which in turn is proximal to the pseudoautosomal
region. On Xp, crossing over can occur either a, proximal to MIC2,
perhaps in the X-specific region, or b, distal to MIC2, in the
pseudoautosomal region. Unequal crossing-over depicted in b pro-
duces an X-Y interchange product carrying two copies of MIC2.

Distal portions of Xp and Yp pair during male meiosis'®'’,

Does this pairing contribute to the rather high frequency (1 in
20,000 males') at which XX males occur? Various mechanisms
can be envisaged. First, homologous X-Y recombination initi-
ated in the pseudoautosomal region might, on occasion, give
rise to branch migration into the strictly sex-linked portions of
the sex chromosomes, with resolution proximal to TDF. This
seems unlikely, however, because branch migration seems to
require that recombining chromosomes have very similar DNA
sequences; the Yp-specific DNA sequences that XX males
inherit are not homologous to Xp.

A second possibility is more likely. The Xp-Yp synaptonemal
complex extends far beyond the pseudoautosomal region,
involving the distal quarter of Xp and virtually all of Yp (ref.
20). This synapsis might occasionally produce exchanges
between the strictly sex-linked portions of the X and Y chromo-
somes. These exchanges may or may not be legitimate recombi-
nation events occurring at sites of limited X-Y homology. To
account for XX males in whom the point of recombination on
X is pseudoautosomal, one would have to suppose that Xp-Yp
synapsis is compatible with the pseudoautosomal portions of X
and Y chromosomes being grossly out of register. Perhaps the
pseudoautosomal regions of the X and Y chromosomes, so
highly recombinogenic in male meiosis, retain this property
when misaligned.
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One of the earliest molecular signs of segmentation in Drosophila
embryos is the striped expression of some pair-rule genes' during
the blastoderm stage. Two of these genes, fushi-tarazu (fiz) and
even-skipped (eve) are expressed during this stage in complemen-
tary patterns of seven stripes>™ which develop and disappear in
concert’. Here, we map the cells expressing each of these two
pair-rule genes with respect to the 14 stripes of cells expressing
the engrailed gene. We find that both fiz and eve generate stripes
which have sharp boundaries at the anterior margin, but fade away
posteriorly. The anterior boundaries correspond cell by cell with
the anterior boundaries of expression of the engrailed gene. We
therefore suggest that a key function of early fiz and eve gene
activity is the formation of a sharp stable boundary at the anterior
margin of each stripe. These boundary lines, rather than the
narrowing zonal stripes, would delimit the anterior boundaries of
engrailed and other homoeotic genes and thereby subdivide the
embryo into parasegments”.

The engrailed gene product was mapped directly by staining
embryos for binding of an antibody'® against the engrailed
product (‘anti-engrailed’ antibody). The embryos we used con-
tained constructs consisting of the promoter of either the fiz
gene* or the eve gene joined to the 8-galactosidase gene from
Escherichia coli. The patterns of expression of the fiz and eve
genes were detected using monoclonal antibodies against B-
galactosidase. The engrailed gene product is seen in the nuclei
and the B-galactosidase in the cytoplasm; this allows us to score
single cells independently for both proteins. Compared with the
native ftz and eve products B-galactosidase seems to be rela-
tively stabie*''; hence, the earlier activity of both the ftz and
eve promoters in particular cells is signalled by the presence of
B-galactosidase which continues to accumulate in those cells or
in their descendents.

During the entire period when the germ band is extended,
and also later when the germ band has shortened'?, the engrailed
gene is expressed in nuclei which are arranged in sharply demar-
cated stripes that constitute the posterior compartments of the
ectoderm'®*-'*, For fiz, the B-galactosidase staining is found
only in even-numbered parasegments and is graded in intensity,
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Fig. 1 a, Lateral view of embryo with germ band extended (stage 11,
ref. 12). Numbers indicate the engrailed (grey nuclei) stripes of particular
parasegments®. Cytoplasmic staining for ftz-B-galactosidase is brown,
and marks the anterior regions of even-numbered parasegments. b,
Section of same embryo shown in Fig. 1. The section gives a higher
resolution. ¢, Glancing section of dorsal posterior region of an extended
germ band embryo to show precise coextension of engrailed (greyish
nuclei) and ftz-B-galactosidase (brown cytoplasm) expression. This is
particularly clear at the anterior border of parasegment 14 (arrow). Note
that the 15th engrailed stripe®” is exceptional and falls within the broader
posterior ftz stripe. Bright field. d, Lateral glancing section of embryo
with germ band shortened (stage 13, ref. 12). The anterior boundaries
of the parasegments are visible on the surface, behind them cells dip
out of the plane of section into the segmental grooves. Note, at much
of the anterior boundaries of the even-numbered parasegments, the
engrailed expression (greyish nuclei) and the frz- 8-galactosidase (brown
cytoplasm) are clearly coextensive (arrows). In each even-numbered
stripe there is a small ventral patch of B-galactosidase staining that
extends anteriorly. We do not know what this signifies. e, Another picture
of the section in Fig. 3 (Nomarski interference contrast microscopy).

Methods. For immunohistochemistry, embryos were fixed in 4% parafor-
maldehyde in heptane/methanol®®, treated with anti-engrailed antibody
overnight (dilution 1:100), then with biotinylated secondary antibody
and stained wtih Vectorlabs Vectastain ABC kit using diaminobenzidine;
makers instructions were followed except that 30 ul of 1% nickel sul-
phate and 1% cobalt chloride in water were added to 1 ml staining mix.
This gave a slate grey colour*®. Embryos were then treated with anti-3-
galactosidase antibody (C. Doe and C. Goodman) (dilution 1:100),
biotinylated secondary antibody and stained as above except the metal
ions were omitted. This gave an orange-brown colour. Individual
embryos were mounted on slides and photographed in various orienta-
tions, removed, embedded in agar, oriented and embedded in araldite.
Thick sections (20-40 wm) were cut, mounted and photographed. These
photographs are the best we were able to prepare to show what is easily
seen down the microscope simply by focusing up and down. In sections
and whole mounts there is a trade-off between colour intensity and
resolution. For immunofluorescence, embryos fixed as above were incu-
bated with the anti-engrailed and anti-B-galactosidase primary anti-
bodies, washed and incubated in both fluoresceinisothiocyanate (FITC)-
linked-anti-rabbit and rhodamine isothiocyanate (RITC)-linked-anti-
mouse secondary antibodies. The eve-B-galactosidase hybrid gene con-
sists of 6.3 kilobases (kb) of the eve 5" flanking sequence extending into
the structural gene to the Awvall site in codon 22 of the eve coding
sequence, fused with the B-galactosidase structural gene. To ensure
consistent polyadenylation of the fusion gene transcript, 800 base pairs
(bp) of the 3’ flanking region of the tubulin «1 gene*® (beginning at the
Scal site at position 1,960 and including the poly(A) addition site at
position 2,185) was fused 3’ to the stop codon of the B-galactosidase
coding sequence. The eve-3-galactosidase fusion gene was inserted into
the Carnegie 20 vector and incorporated into the genome by P-element
mediated transformation. Flies used in this study were homo- or hemizy-
gous for a single insertion on the X chromosome. We cannot be certain
that either the ftz or eve-fB-galactosidase gene fusions are expressed
exactly like the native ftz and eve genes. However, within the limits of
resolution of previous studies, the major features of expression, notably
the seven-striped zebra patterns, appear very similar, if not identical.
Both the ftz and eve genes are actually expressed at a low level
throughout much of the syncytial blastoderm and the eve gene also
generates seven additional minor stripes after the onset of gastrulation®.
We could not detect these additional aspects of ftz and eve expression
possibly because they are too ephemeral or insubstantial. Hence our

analysis is limited to the prominent seven stripes of both genes.

starting abruptly at the anterior margin of the stripe and fading
away gradually in the more posterior cells. The pattern of
eve-B-galactosidase expression is similar, except that the stripes
are restricted to the odd-numbered parasegments. At the anterior
margins the expression of engrailed and B-galactosidase are
precisely coextensive (Figs 1-3). Later stages show the same
pattern but the ftz and eve stripes have narrowed further and
the stain is concentrated in the anterior parts of the parasegment
(Fig. 1d). The anterior borders of engrailed and ftz expression
also coincide (S. Carroll and S. DiNardo, personal communi-
cation).

We have not been able to map ftz-B8-galactosidase or eve-8-
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