l@ © 2003 Nature Publishing Group http://www.nature.com/naturegenetics

NEWS AND VIEWS

A singular chromosome

Matthew E Hurles & Mark A Jobling

The human Y chromosome is the first constitutively haploid metazoan chromosome to be sequenced. It has a unique
genomic landscape with a complex evolutionary history that has endowed it with few genes but many nearly identical
dispersed repeats that underlie the structural fluidity of this unusual chromosome.

In a way, it’s Randy’s fault. One-time cover-
star of Nature, this trans-sexual transgenic
mouse, carrying a mere 14 kb of Y chromo-
some but nevertheless evidently a boyl,
entrenched the idea that the mammalian Y
chromosome was a one-trick, one-gene
show. The SRY gene confers testes, and the
other chromosomes do the rest. The recent
publication in Nature of the sequence of the
male-specific portion of the human Y chro-
mosome (MSY; ref. 2) presents a different
picture, however, of an extraordinary part
of the genome shaped by a strange history
of haploidy.

The MSY constitutes about 90% of the
euchromatic length of the human Y chromo-
some, with the remainder residing in
pseudoautosomal regions that recombine
with counterparts on the tips of the X chro-
mosome. The MSY passes only through the
male germ line, and its haploid nature pre-
cludes allelic recombination during meiosis.
These factors should have had a profound
influence on the chromosomal composition,
and the MSY sequence shows just how
markedly this chromosome differs from

genomic norms?.

Evolution of a gene-poor chromosome

The mammalian X and Y chromosomes derive
from a pair of autosomes, and the acquisition
of a sex-determining function by one of these
initiated their divergence®. The sex-determin-
ing function resided in the nascent MSY, where
recombination between proto-sex chromo-
somes was repressed. The MSY has progres-
sively expanded at the expense of the
pseudoautosomal regions?; genes now in the
MSY acquired male-specificity at different
times, owing to sequential chromosomal
rearrangements that imposed male-specificity
on previously pseudoautosomal sequences by
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repressing XY recombination. The clear rela-
tionship between the dates at which ancestral
XY genes stopped recombining and their X-
chromosomal positions suggests that Y-chro-
mosomal rearrangements were predominant
in disrupting pseudoautosomal recombina-
tion. This idea is supported by the observation
of marked karyotypic variation among Y chro-
mosomes in primates’.

What genes are found on the only chromo-
some that half our species lives quite happily
without? In silico and RT-PCR analyses of the
23 Mb of sequence identified 156 transcrip-
tion units, of which only 78 seem to encode
proteins. These 78 belong to only 27 gene fam-
ilies, with very high intrafamily similarity, so
that distinct protein-encoding genes are few
and far between ([10% of the genome-aver-
age density). They fall into two main classes:
16 ubiquitously expressed single-copy genes
found in portions of the chromosome that
derive from the proto-sex chromosomes (clas-
sified as ‘X-degenerate’ by the authors) and 9
testis-specific multi-copy genes with diverse
chromosomal origins found exclusively in seg-
mentally duplicated portions of the chromo-
some (confusingly named ‘ampliconic’).
Population geneticists® have suggested that
genes with male-specific functions should
accumulate in male-specific portions of the
genome. This is indicated by the presence on
MSY of testis-specific genes (several of which
have known spermatogenic functions) and by
the diversity of their origins. But the inevitable
degeneration of non-recombining sequences
means that these acquisitions are outnum-
bered by the loss of most Y-chromosomal
copies of the genes present on the proto-sex
chromosomes. Furthermore, the recent
human-specific transposition of 3.4 Mb of
gene-poor sequence from the X to the Y
(termed X-transposed’) has added only two
new genes.

Multiple segmental duplications

One surprising finding of the human
genome project was the high proportion
([b%) of sequence present in large (>10 kb)
duplicated segments’. In this context, three
features of the pattern of segmental duplica-
tion in the MSY stand out. First, the sheer

proportion of the MSY present in segmental
duplications (30-45% depending on how it
is defined) contrasts sharply with the
genome average. Navigating across the larger
segmental duplications necessitated a
painstaking combination of mapping and
sequencing, which may act as a model for
analyzing the segmental duplication—rich
pericentromeric regions of other chromo-
somes that are largely uncharacterized®.
Second, most MSY segmental duplications
share >99.5% sequence similarity, whereas
in the rest of the genome, sequence similar-
ity between segmental duplications is more
broadly distributed between 90% and 100%
(ref. 9). Finally, almost all of this nearly iden-
tical class of segmental duplication is present
in tightly spaced palindromes. The very high
sequence similarity between these palin-
dromes suggests either that they are very
recent in origin or that concerted evolu-
tion!® is acting to maintain similarity
between intra-specific repeats. In an accom-
panying paper in Nature'l, the existence of
chimpanzee homologs shows that these
palindromes are substantially older than
their minimal divergence would have us
believe and that the recent-origin hypothesis
is wrong. Comparative sequencing data sug-
gest that abundant gene conversion (the
non-reciprocal transfer of sequence from
one homologous sequence to another) has
driven the concerted evolution of these
palindrome arms'!.

The authors put forward a contentious
hypothesis that these palindromic sequences
have a functional role in promoting gene con-
version that protects essential genes against
the degeneration that is the inevitable conse-
quence of haploidy. This idea that safety in
numbers is conferred by duplication, fol-
lowed by gene conversion biased towards pre-
serving the wild-type sequence!l, requires
careful modeling and scrutiny before it can
become widely accepted.

There is, however, a negative aspect to
this high density of segmental duplication.
Gene conversion is but one outcome of
homologous  recombination  between
duplicated sequences, the other being
crossover resulting in deletion, duplication
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Figure 1 Sequence organization of the human Y chromosome. The mosaic of three main sequence classes is shown together with the principal inverted and
direct repeats on the MSY. Eight palindromes (P1-P8) and four dispersed inverted repeats (IR1-IR4) are labeled. Beneath these are shown the known
rearrangements, and a representative subset of putative rearrangements, that are associated with these repeats.

or inversion of intervening sequence'2. The
MSY harbors a variety of dispersed seg-
mental duplications that sponsor a wide
range of pathogenic rearrangements and
structural polymorphisms'3-1> (Fig. 1).
The high frequency of Y-chromosomal
rearrangement may result in part from the
lack of a meiotic pairing partner that leaves
the chromosome free to fold back on itself.
This hypothesis is supported by the obser-
vation that over 90% of de novo hemophilia
inversions on the X chromosome occur
during male meioses'®.

The remarkable properties of the human
Y chromosome are now becoming clear,
but the MSY sequence raises as many ques-
tions as it answers. For example, does the
predominance of palindromic segmental
duplications result from biases in duplica-

tion processes or selection against direct
repeats that are more likely to predispose to
pathogenic rearrangements? And what is
the function of the many apparently
untranslated, though spliced, transcription
units? A large-scale comparison with the
chimpanzee Y chromosome should prove
insightful. The sequences of other haploid
chromosomes, particularly those from
species (like birds) in which the heteroga-
metic sex is the female, will throw further
light on the strange consequences of the
haploid life. It’s unfortunate that the
Mouse Genome Sequencing Consortium
chose a female, rather than a male, for
sequencing and so omitted the Y chromo-
some from the genome sequence of the
standard mammalian animal model.
Maybe Randy is at it again.
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