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The DAZ gene cluster on the human
Y chromosome arose from an
autosomal gene that was transposed,
repeatedly amplified and pruned

Richa Saxenal!, Laura G. Brown', Trevor Hawkins?, Raaji K. Alagappan!,
Helen Skaletsky', Mary Pat Reeve?, Renee Reijo!, Steve Rozen'?,
Mary Beth Dinulos’, Christine M. Disteche® & David C. Page!*?

It is widely believed that most or all Y-chromosomal genes were once shared with the X
chromosome. The DAZ gene is a candidate for the human Y-chromosomal Azoospermia
Factor (AZF). We report multiple copies of DAZ (>99% identical in DNA sequence)
clustered in the AZF region and a functional DAZ homologue (DAZH) on human
chromosome 3. The entire gene family appears to be expressed in germ cells. Sequence
analysis indicates that the Y-chromosomal DAZ cluster arose during primate evolution by
(i) transposing the autosomal gene to the Y, (i) amplifying and pruning exons within the
transposed gene and (iii) amplifying the modified gene. These results challenge prevailing
views of sex chromosome evolution, suggesting that acquisition of autosomal fertility
genes is an important process in Y chromosome evolution.

XY sex chromosomes are found in a multitude of species
throughout the animal kingdom. It is thought that XY
chromosomes arose independently in many evolutionary
lineages, in each case deriving from an ordinary auto-
somal pair. According to prevailing theories'™, once
recombination between nascent X and Y chromosomes
becomes restricted, the gene content of the Y chromo-
some declines steadily and inexorably. Translocation
may occasionally add new autosomal material to both
X and Y, in which case the process of Y degeneration
begins anew. Degeneration of the Y is well document-
ed in Drosophila®® and has been shown to be an ongo-
ing process even among mammals, which are generally
considered to exhibit extreme differentiation of the X
and Y chromosomes (K. Jegalian and D.C.P,, in prepa-
ration). The few genes that persist on highly differen-
tiated Y chromosomes are thought to be relics of this
common ancestry with the X chromosome. According
to this view, Y-chromosomal genes were once (or still
are) shared with the X chromosome!=47, To the extent
that the Y accumulates new DNA sequences indepen-
dently of the X chromosome, these DNA sequences are
thought to be primarily transposable elements whose
chief functional consequence is to accelerate the degen-
eration of Y-borne genes>45.

Theories traceable to R.A. Fisher provide counter-
point to these purely degenerative theories of Y evolu-
tion. In 1931, Fisher hypothesized that, in early stages
of differentiation from the X chromosome, incipient Y
chromosomes would tend to accumulate alleles (at
genes close to but distinct from sex determining
gene[s]) that enhance male fitness but diminish female
fitness?. Such ‘sexually antagonistic’ or ‘male benefit’

alleles have emerged on incipient Y chromosomes pro-
duced by experimental design in Drosophila °. Could
it be that the Y chromosome, even after extreme dif-
ferentiation from the X, would tend to acquire genes
that promote male fitness? This speculation is consis-
tent with Burgoyne, who has argued that the Y chro-
mosome should accumulate genes that enhance
spermatogenesis'®. But in no case has the Y chromo-
some been shown to have acquired anew such a fertil-
ity factor. Indeed, in no animal has a differentiated Y
chromosome been shown to have procured an autoso-
mal gene during evolution, independent of the X chro-
mosome. As described below, an unexpected
opportunity to reconstruct just such an evolutionary
event arose while studying the human Y chromosome’s
Azoospermia Factor (AZF).

In 1976, Tiepolo and Zuffardi reported de novo dele-
tions of the distal half of Yq in four men with azoosper-
mia (no sperm detected in semen), and on this basis
they postulated the existence of one or more Yq genes
critical for spermatogenesis!'!. In recent years, this
Azoospermia Factor (AZF) hypothesis has been amply
validated. Exploiting the availability of comprehensive,
DNA-probe-based physical maps of the Y chromo-
somel?"14, investigators have reported many interstitial
Yq deletions in infertile men!3-12. In particular, over-
lapping de novo deletions within intervals 6D—-6E of the
Y chromosome!? have been shown to cause at least 13%
of cases of nonobstructive azoospermia — and some
cases of severe oligospermia (low sperm count) as
well!?2%, Men with deletions of this region are infertile
but otherwise healthy, suggesting that AZFis a ‘pure
male sterile’ locus with no somatic function.
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Fig.-1 Human DAZH cDNA sequence (clone pDP1648) and predicted amino acid sequence of encoded protein. RNP/RRM domain of
protein is boxed. The single 24-amino-acid ‘DAZ repeat’ is underlined. Arrowheads above nucleotide sequence depict probable loca-
tions of ten introns (inferred by homology to DAZ; see Fig. 7). Numbering of nucleotides and amino acids begins with first in-frame

AUG codon. GenBank accession number U65918.

The only transcription unit identified in this com-
monly deleted region is DAZ (Deleted in Azoosper-
mia), a strong AZF candidate that encodes a putative
RNA-binding protein!®. Expression of DAZ is restrict-
ed to testes'?, where the gene is transcribed in pre-
meiotic germ cells, particularly in spermatogonia, the
earliest cells of the spermatogenic lineage?!. Thus,
DAZ may function in the first stages of spermatoge-
nesis, or even earlier, in maintaining germ stem cell
populations, and this could readily account for the
spermatogenic defects caused by AZF deletions. There
are no reports of DAZ point mutations in infertile
human males. However, a close homologue of the
DAZ gene has been described in Drosophila, and loss-
of-function mutations in this fly homologue, boule,
result in azoospermia while sparing the soma??, much
like human AZF. These genetic studies in Drosophila
provide strong if indirect evidence that DAZ is AZF
in humans.

In Drosophila the DAZ homologous gene boule is
autosomal??, as is the mouse DAZ homologue (Dazh, also
known as Dazla)?> 24, If autosomal DAZ homologues
are found in these other animals, perhaps they also occur
in humans? Indeed, when hybridized to Southern blots
of human genomic DNAs, DAZ cDNA probes detect not
only male-specific, Y-chromosomal fragments but also a
male—female common band that could represent a
human autosomal homologue (see Fig. 5 of ref. 19). Is
this putative autosomal homologue a functional gene or
a pseudogene? What is its relationship to Y-chromoso-
mal DAZ? These questions led us to explore what we
now appreciate to be the DAZ gene family in humans
and, ultimately, to reconstruct a chapter in the evolu-
tion of the human Y chromosome.

Expressed DAZ homologue on chromosome 3
We previously analysed DAZ ¢cDNA clones, obtained
from a human adult testis library, that unambiguously
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Fig. 2 Mapping of DAZH to human chromosome three. a,b, Fluorescence in situ hybridization of human DAZH genomic clone
30K13 to lymphocyte metaphase chromosomes; signal evident on both chromatids at band 3p24. Weak hybridization to Yq11.2
was also observed (not shown). a, Fluorescein signals. b, Chromosomes banded using Hoechst 33258-actinomycin D stain-
ing and counterstained with propidium iodide. ¢, Position of DAZH on radiation hybrid map of human genome. Other markers
shown are from the framework map of Whitehead/MIT Center for Genome Research??, where a distance of about 68 centi-
Rays separates AFM320WD1 from D3S1583. All marker orders shown are supported by lod scores >3.
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Fig. 3 Transcription of DAZH in human adult gonads. a, Transcription in adult
testes detected by northern blotting; DAZH-specific prabe (see Methods)
hybridized to poly(A)* RNA (2 pg/iane) from human tissues. Additional neg-
ative results obtained with RNAs from aduit brain, heart, placenta, lung, liver,
skeletal muscle, kidney and pancreas (not shown). b, Transcription in aduit
testes and ovaries detected by RT-PCR; assay is not quantitative. Presence
(+) or absence (-} of reverse transcriptase (RT) is indicated. Additional neg-
ative results obtained with adult brain and liver. cDNA clones and human
genomic DNAs served as controls; RT-PCR primers span intron 8, hence
the larger product obtained with genomic DNAs.

mapped to the AZF region of the Y chromosome!”. Par-
tial sequence analysis of other cDNA clones from the
same library, identified by hybridization with DAZ
probes, suggested that they were derived from a single
transcription unit that was homologous but not identi-
cal to DAZ. We will refer to this homologous gene as
DAZH ( DAZ homologue). Complete sequence analysis of
two DAZH cDNA clones revealed that they were collincar
and shared a single long open reading frame (Fig. 1). This
transcript appears to encode a protein of 295 amino acids,
with a molecular weight of 33,170. As discussed below,
the predicted DAZ and DAZH proteins are similar but
nonidentical.

We then determined whether DAZH, like DAZ,
mapped to the human Y chromosome. Using PCR assays
specific to DAZH, we obtained products of identical size
using human male or female genomic DNAs as templates,
suggesting that the gene is autosomal or X-chromosomal.
We mapped DAZH using two methods. By in situ

§' UTR RNA binding DAZ repeats 3 UTR
oz —{ [ TTTTTTI] —
% AA Identity na {89 LT7 na
% DNA Identity 75 P94 i {90 . 87
o — T
% AA Identity na ©o99 ! 192! na
% DNA Identity 17 .94 ' 190; 59

Fig. 4 Comparison of human DAZ, human DAZH, and mouse Dazh transcripts and encod-
ed proteins'92324_ This gene family encodes proteins with a single RNA-binding domain
of the RRM/RNP type?3-44, The human and mouse DAZH proteins have one copy of a
24-amino-acid unit that is tandemly repeated in DAZ. Percentage nucleotide and amino
acid identities (na, not applicable) are shown for the following regions: 5' UTR, RNA bind-
ing domain, DAZ repeats, and 3' UTR.
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hybridization of genomic BAC clones to human
metaphase spreads, DAZH was localized to the distal short
arm of chromosome 3 (band 3p24; Fig. 2a,b). This local-
ization was independently confirmed and refined by PCR
analysis of whole-genome radiation hybrid panels (Fig.
20).

Human DAZH appeared to be expressed in adult testis,
as indicated by our recovery of clones from a cDNA
library prepared from this tissuc. To confirm this result
and to determine whether DAZH is transcribed clsewhere,
we hybridized a DAZH-specific probe to northern blots
of RNAs from 16 different human tissues. We also carried
out RT-PCR analysis on five different human tissues using
DAZH-specific primers. These studies revealed that DAZH
is abundantly expressed in the adult testis, where a 3.5-
kb transcript is readily detected by northern blotting (Fig.
3a), and is expressed at a lower level in the adult ovary,
where a DAZH-specific RT-PCR product is observed (Fig,.
3b). We detected no evidence of transcription in the other
tissues cxamined.

The founding member of the DAZ gene family
Comparative analyses of predicted protein and underlying
c¢DNA sequences for human DAZH, human DAZ, and
mouse Dazh provided unexpected insights into the evo-
lution of this gene family. The three proteins have quite
similar structures, with overall sequence similarity being
greatest between the products of the human DAZH and
mouse Dazh genes (Fig. 4). Indeed, within the 82-residue
RNA-binding domain, the products of human DAZH and
mouse [azh, both autosomal, differ by only one amino
acid substitution, while both differ from human Y-encod-
ed DAZ at nine residues. While the human Y-encoded
protein includes seven tandemly arrayed ‘DAZ repeats,
each 24 amino acids in length, the mouse and human
DAZH proteins contain only one such unit.

nature genetics volume 14 november 1996



I@ © 1996 Nature Publishing Group http://www.nature.com/naturegenetics

article

a 1 23 456 7a 7b 7c 7d 7e 7t 7g8h 7h 10 11
b V8a V8b V8c vad VY8e Vg f V&g v8i v9
X X X X X X X
— DD eSS T eSS}
¢ Al Al UINE Al Al
cosmid 46A6
d (cosmid 18E8 T T OITAT - 1A - - A
N - 1
€ ACCG CG cosmid 63C9 T T T W s
TCCT
€ past p4ga
5 kb

Fig. 5 Schematic representation of genomic DNA sequence from DAZ gene cluster on human Y chromosome. a, DAZ transcription unit. Exons numbered
according to scheme outlined in Fig. 7; coding regions in black; UTRs in white. 7h, potentially an exon, has not been identified in sequenced cDNA clones (see
text). b, Pseudoexons within DAZ transcription unit. ¢, Sequence backbone showing nine tandem repeats of a 2.4-kb unit, interrupted at one point by a 6.1-
kb LINE element; Alu repeats indicated. d, Three cosmids from which sequence was derived. Nucleotide differences between 18E8 and overlapping por-
tion of 63C9 or between 63C9 and overlapping portion of 46A6 are listed; deletions indicated by ‘-'. Sequence for both cosmids can be presently viewed at
http://www-genome.wi.mit.edu; sequencing of 5' portion of cosmid 18E8 in progress. All of cosmid 46A6 (43,795 nucleotides) was sequenced, but only 12
kb is represented in the figure. e, Locations of DYS7 plasmids p49f and p49a (refs 25, 30). Note: Vogt and colleagues have suggested that a second gene or
gene family, designated SPGY, is found in the vicinity of DAZ in this AZF region. No sequence analysis of SPGY has been reported. However, Vogt and col-
leagues have reported two SPGY oligonucleotide sequences that yietd a human genomic PCR product of 460 bp'8. We find perfect matches to both oligonu-
cleotides within DAZ exon 11 (nucleotides 8373-8398 and 8804-8829 in cosmid 46A6), where they span a region of 457 bp.

At first glance, these protein comparisons seemed to
suggest that, during evolution, the ancestors of DAZ and
DAZH diverged from a single common protein before the
separation of the murine and human lineages. (In this
case, the DAZ gene must have been lost or diverged
beyond the point of cross-hybridization during murine
evolution.) However, an examination of the cDNA
sequences themselves clearly indicated a very different
evolutionary course. Especially revealing were analyses of
the genes’ untranslated regions (UTRs), which are pre-
sumably subject to less intense selective pressures than are
coding sequences and should evolve more rapidly. In their
UTRs, the human DAZH and human DAZ transcripts
exhibit a remarkably high degree of nucleotide sequence
identity (75% and 87%, respectively, in 5' and 3' UTRs). A
far lower degree of UTR sequence identity is observed
between human DAZH and mouse Dazh (17% and 59%,
respectively, for 5' and 3' UTRs). These UTR comparisons
strongly suggested that the human DAZ and DAZH genes
evolved from a single gene after, not before, the separa-
tion of murine and human lineages. This founding mem-
ber of the human DAZ gene family must have encoded a
protein much like human or mouse DAZH, given that the
mouse (and fly) proteins show greater similarity to human
DAZH than to human DAZ. (Homology between human
chromosome 3, where DAZH maps, and mouse chro-
mosome 17, where Dazh/ Dazla maps®>?4, has not been
reported previously.) On the basis of this analysis, we ten-
tatively concluded that an ancestral, autosomal DAZH
gene—still extant in humans, mice, and even flies—gave
rise to Y-chromosomal DAZ during human evolution,
after the separation of the human and murine lineages.
The Y-encoded DAZ protein must have evolved relative-
ly rapidly as compared with its highly conserved, autoso-
mally encoded ancestor, DAZH. Subsequent analyses
provided extensive corroboration of this model.

The DAZ gene cluster on the Y chromosome
To better understand the structure and evolution of the
human DAZ gene family, we determined the nucleotide
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sequence of about 100 kb of the AZF region of the
human Y chromosome (Fig. 5). The cosmids for
sequence analysis were chosen, based on restriction fin-
gerprinting and hybridization with DAZ oligonu-
cleotides, to overlap modestly and to collectively span
an entire DAZ transcription unit. The cosmids were
derived from flow-sorted Y chromosomes originating
from a single normal male. As we will describe, this
sequence analysis confirmed our model of an autosome-
to-Y transposition, revealed that the DAZ transcription
unit had been shaped by an unprecedented process of
exon amplification and pruning, and demonstrated that
the AZF region contains multiple copies of DAZ. We
detected no genes other than DAZ in the sequenced
region.

Among the most evident features of the sequenced
region is an array of nine tandem repeats of a 2.4-kb
unit, comprising half of cosmid 63C9 (in the center in
Fig. 5). These tandem repeats are interrupted at one
point by a 6-kb LINE element, but they otherwise exhib-
it 77 to 96% sequence identity. As judged by numerous
PCR assays on genomic DNAs from normal and AZF-
deleted human males (not shown), these repeats appear
to be specific to the AZF region of the Y chromosome.

The DAZ transcription unit appears to contain at least
16 exons and to span about 42 kb, including all nine tan-
dem repeats. Located upstream of the 2.4-kb repeats are
exon 1, which ends immediately 3' of the initiator codon,
exons 2 through 5, which encode the RNA-binding
domain, and exon 6. Each of the next seven exons
(denoted 7a through 7g; see Fig. 7 for explanation of
numbering system) is 72 bp in length, encodes a single
‘DAZ repeat’ of 24 amino acids, and falls within a 2.4~
kb genomic repeat. Thus, seven of the first eight 2.4-kb
tandem repeats appear to correspond, one to one, to the
seven tandem ‘DAZ repeats’ previously noted in the
encoded protein!®, (The sixth tandem repeat is inter-
rupted by the LINE element and lacks a 72-bp exon,
apparently deleted at the site of the LINE’s insertion.)
Curiously, the subsequent exon (denoted exon 8) falls
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within the eighth of the nine 2.4-kb tandem repeats, but
its nucleotide and encoded amino acid sequences are
unrelated to those of exons 7a~7g. The last two exons of
DAZ are located 3' of the tandem repeat array. We have
yet to identify a 3' poly(A)* tail in any DAZ cDNA clone.
However, in the genomic DNA, a putative polyadenyla-
tion signal (AATAAA) is found 1.85 kb 3' of the 5'
boundary of exon 11, and RT-PCR studies confirm that
mature DAZ transcripts end shortly 3' of this polyadeny-
lation signal.

Finally we compared in detail the three sequenced cos-
mids, all derived from a single individual’s Y chromo-
some. We detected slight sequence differences among
the three cosmids in regions of overlap, strongly sug-
gesting that the cosmids represent distinct though high-
ly similar copies of DAZ. Cosmids 18E8 and 63C9 appear
to overlap by 8 kb (including exons 2 through 7b), but
actually differ at eight nucleotides in this region (Fig.
5d). Similarly, cosmids 63C9 and 46A6 appear to overlap
by 12 kb (including exons 10 and 11}, but actually dif-
fer at eight sites (Fig. 5d). None of the nucleotide sub-
stitutions predicts an amino acid substitution or alters
a splice site. As the three cosmids derive from a single
individual, and thus a single Y chromosome, we cannot
attribute these sequence differences to allelic variation
but must instead conclude that they represent distinct
copies of DAZ with approximately 99.9% sequence iden-
tity.

DYS1is DAZ

We had previously reported!? that the 72-bp repeat unit
in the DAZ ¢cDNA shows remarkable sequence similari-
ty to human DYS], an extraordinarily polymorphic fam-
ily of Yq-specific sequences first described in 1984 and
widely exploited since that time in population genetic
studies?>2%, A database search for DNA sequences relat-
ed to the DAZ genomic locus revealed more extensive
similarity to DYSI. We found near identity between the
entirety of a sequenced segment (750 bp; plasmid p49a;
ref. 30) of human DYS! and the fourth of the nine 2.4-kb
repeats in DAZ.

These findings prompted us to examine more fully
the relationship of DYSI to DAZ — and eventually to
equate the two. First, we discovered the EcoRI restric-
tion map of a DYSI cosmid (cosmid 49; Fig. 1 of ref. 26)
to be strikingly similar to that of DAZ cosmid 63C9. Sec-
ond, we found that PCR assays flanking DAZ exons 4,
5, 6, and 7a yielded products of the expected size when
amplified from a DYSI clone (plasmid p49f; data not
shown). As a final test of the equation, we probed South-
ern blots of Tagql-digested genomic DNAs from three
AZF-deleted men (and their relatives) with plasmid p49f,
the DYS1 probe most widely employed in population
genetic studies (Fig. 6). In normal male relatives, we
observed the expected array of Y-specific Tagl fragments,
both polymorphic and monomorphic. However, in the
three AZF-deleted men, all Y-specific bands were absent,
demonstrating that all DYS! sequences are, like the DAZ
gene cluster, located in the AZF region. The only DYSI-
homologous fragments remaining in the AZF-deleted
men are two autosomal fragments (bands Kand L in
Fig. 6) that correspond to DAZH (as confirmed by Tagl
digestion of DAZH BAC clones; data not shown). We
conclude that the DAZ gene cluster and the highly poly-
morphic DYS! sequences are one and the same. In 1986,
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Fig. 6 DYS1 probe p49f hybridized to Southern blot of Tagl-digest-
ed genomic DNAs (5 pg/lane) from three azoospermic men with
de novo deletions of AZF region (and their inmediate relatives;
ref. 19 and R.A., Robert QOates, D.C.P, unpublished results). By
convention?®, Taql fragments hybridizing with p49f are labelled A
through R. Fragments known to be polymorphic are indicated by
an asterisk. Note differences between fathers of WHT2475 and
WHT2376 in sizes of some Y-specific fragments. All Y-specific
fragments are absent in each of the three AZF-deleted men (but
present in their fathers) and correspond to the DAZ gene cluster.
Fragments K and L, present in all individuals tested, comrespond to
DAZH. Scale in kb shown at right.

Seboun and colleagues®! observed that DYSI was homol-
ogous to a testis-expressed gene on human chromosome
3 (evidently DAZH).

A transcription unit littered with vestigial exons

The DAZH coding region (Fig. 1) exhibited about 90%
nucleotide sequence identity to the sequenced portion
of the AZF region (Fig. 5), allowing us to deduce the like-
ly locations of all DAZH introns (Figs 1,7) and to fur-
ther explore the evolutionary relationship of the
Y-chromosomal DAZ and autosomal DAZH transcrip-
tion units. This analysis dramatically substantiated what
we already suspected: while the DAZH gene appears to
have a conventional structure, the DAZ transcription
unit is a contorted derivative littered with degenerate
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Fig. 7 Exons and pseudoexons of the human DAZ and DAZH
genes. The figure is arranged in 11 tiers corresponding to the 11
exons of DAZH (boundaries inferred by homology to DAZ). In each
tier the DAZH exon is shown in the top line, and below are shown
all homologous regions, both exons and pseudoexons, in DAZ
cosmids 18E8 (exon 1 through pseudoexon 8b) and 63C9 (exon
2 through exon 11; see Fig. 5). DAZH translated sequences (and
homologous portions of DAZ) are capitalized. DAZ exon 8h is 16
nucleotides shorter at its 3' end than DAZH exon 8, apparently
because a single nucleotide substitution created a new splice
donor site in DAZ. *As described in text, 7h may be a true exon
but has not been observed in cDNA clones.

exons. Indeed, scattered among the exons of a single
DAZ transcription unit (largely encompassed by cosmid
63C9) are nine sequence segments that bear unmistak-
able similarity to DAZH exons yet consist of nothing
more than vestigial remains of those exons. We will refer
to these degenerate, vestigial exons as ‘pseudoexons, by
analogy to ‘pseudogenes.’ Eight of the nine pseudoex-
ons are relics of DAZH exon 8 and are found in the 2.4-
kb tandem repeats that comprise the central half of the
DAZ transcription unit. The remaining pseudoexon (a
descendant of DAZH exon 9) is found between the last of
the 2.4-kb repeats and exon 10. All nine DAZ pseu-
doexons share two properties that distinguish them from
true DAZ exons. First, their 5' or 3' splice sites have
degenerated (Fig. 7). Second, we have not found these
pseudoexons in any of the DAZ ¢cDNA clones we have
sequenced, suggesting that they are excised (as compo-
nents of introns) during processing of DAZ transcripts.
The exon 7 derivative within the last of the 2.4-kb repeats
(h in Fig. 7) may represent a tenth pseudoexon, as we
have not detected it in any of the DAZ cDNA clones
sequenced (ref. 19; data not shown), though its splice
sites appear to be intact.

Discussion
Transposition, amplification and pruning. An exami-
nation of all available sequence information for the
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human Y-chromosomal DAZ and autosomal DAZH
genes, cDNAs, and their encoded proteins suggests the
following sequence of evolutionary events:

1. Transposition. A complete copy of the DAZH tran-
scription unit was transposed from an autosome (what
is now human chromosome 3) to the Y chromosome
during primate evolution. This transposition occurred
sometime prior to the splitting of the orangutan and
human lineages, as indicated by the presence of male-
specific, DAZ-homologous sequences in both species
(see Fig. 5 in ref. 19).

2. Expansion and pruning of the transcription unit.
Within the newly transposed gene, a 2.4-kb genomic seg-
ment encompassing exons 7 and 8 was tandemly ampli-
fied, eventuating in a long array such as that observed
in cosmid 63C9. But in most of the amplified units, one
or both of the exons degenerated or was deleted. For
example, early in the course of the amplification process,
a repeat unit arose in which exon 8 had been incapaci-
tated by splice site mutations or other degenerative
changes, and subsequent amplification of this unit gave
rise to the present string of 2.4-kb repeats harbouring a
functional derivative of DAZH exon 7 and a vestige of
DAZH exon 8. Only in the penultimate repeat were both
exons 7 and 8 preserved. The transposed descendant of
DAZH exon 9 degenerated without amplification. With
this one exception, the pruned DAZ transcription unit
retained one or more functional descendants of each
DAZH exon.

3. Gene amplification. The emerging DAZ transcrip-
tion unit, having undergone internal duplications and
substantial pruning, was amplified so that small num-
bers of transcription units exist in close proximity in the
AZF region of the human Y chromosome. Our present
data provide direct evidence for the existence of at least
two or three copies of DAZ exhibiting 99.9% sequence
identity (two if nonoverlapping cosmids 18E8 and 46A6
derive from the same copy of DAZ). This is a minimum
estimate of gene copy number; the true number of DAZ
copies may be greater. Indeed, when either DAZ or
DAZH probes are hybridized to human genomic South-
ern blots, the resulting male-specific DAZ bands are far
more intense than the male~female-common DAZH
bands, even though the DAZH gene is present in two
copies per cell, unlike the Y chromosome (Fig. 6; see also
Fig. 5 of ref. 19).

Given the well documented polymorphism of the syn-
onymous DYS! sequence family, we should anticipate
that the sequence of some DAZ gene copies may be more
diverged, at least in some individuals. Indeed, we
observed 11 nucleotide differences between DAZ
cDNA'® (GenBank U21663) and genomic sequences,
eight of these differences being in exons 7d and 7e. These
differences could reflect sequence divergence among
DAZ gene copies on a single Y chromosome, or they
could reflect true polymorphisms that distinguish the
individuals from whom ¢DNA and genomic libraries
were prepared.

Preservation of function. The DAZ gene cluster on the
human Y chromosome arose from an autosomal ances-
tor, DAZH, via a series of structural transformations
whose complexity could not have been anticipated.
Nonetheless, it appears that the newly emergent Y gene
cluster retained key functional characteristics of its auto-
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somal ancestor. First, the sequence of the encoded pro-
tein was largely preserved. The products of DAZ and
DAZH appear to be RNA-binding proteins whose
sequences are, apart from the 24-residue tandem repeats
in DAZ, quite similar throughout much of their lengths.
Such preservation of the bulk of the mature transcript’s
reading frame is a remarkable outcome given that the
DAZ transcription unit encompasses 26 exons and pseu-
doexons, as compared with 11 exons in DAZH.

Second, it appears that both the ancestral and the
more recently derived members of the DAZ gene family
are expressed exclusively in germ cells. Like its mouse
homologue (Dazh/ Dazla; refs 23,24), human DAZH is
abundantly transcribed in adult testes and at a lower
level in adult ovaries (Fig. 3), while human DAZ, absent
in females, is transcribed exclusively in testes!®. As
demonstrated by the absence of transcripts in germ-cell
deficient mice (White-spotted and Steel mutants), Dazh
expression in testes is restricted to germ cells??, and we
have recently extended these mutant studies to ovaries,
with identical results (J. Seligman, R.R., D.C.P,, unpub-
lished results). In the adult human testis, the DAZ gene
family is transcribed in spermatogonia and perhaps also
in early spermatocytes, as revealed by in situ hybridiza-
tion studies?l. Thus, in both humans and mice, germ
cells appear to be the only site of expression of the DAZ
gene family.

1t seems likely that the products of the ancestral gene,
autosomal DAZH, and its derivative, Y-chromosomal
DAZ, interact with similar or identical RNA targets in
the same cell types. The similar azoospermic phenotypes
associated with human DAZ deletions!® and with loss-
of-function mutations in the Drosophila homologue??
suggest that the germ cell functions of the DAZ protein
family may have been conserved throughout much of
metazoan evolution. In humans, partial redundancy of
Y-chromosomal DAZ and autosomal DAZH function
could contribute to the variable nature of the spermato-
genic defects caused by AZF deletions!® 0. Conversely,
mutations in DAZH could be responsible for spermato-
genic defects in some men with intact Y chromosomes.

Evolution of the Y chromosome. The case of human
DAZ challenges the prevailing view! 7 that most if not
all Y-chromosomal genes were once shared with the X
chromosome. We strongly affirm that much of the gene
content of the Y chromosome reflects the Y’s common
ancestry and ongoing meiotic and functional relation-
ship with the X. A substantial fraction of human Y
chromosomal genes and DNA sequences have X homo-
logues!'31432, However, our results suggest that the Y
chromosome’s evolution and gene content may also be
influenced by a process that is independent of the X
chromosome. We speculate that the direct acquisition
of autosomal genes that enhance male fertility is an
important component of Y chromosome evolution.
Selective pressures would favour this process, particu-
larly if the genes transposed to the Y were of little or no
benefit to females, and most especially if they dimin-
ished female fitness!>48:%:33-35,

DAZ represents the first unambiguous example of
autosome-to-Y transposition of a germ-cell factor, but
diverse observations suggest that there may be other
cases. Several other genes or gene families on the human,
mouse or Drosophila Y chromosomes are expressed

specifically in testes, where they likely function in sper-
matogenesis, and exhibit no evidence of X homolo-
gy>»3%. Could some of these genes have antosomal
ancestors? Though not definitive, these observations sug-
gest the possibility that autosome-to-Y transposition of
male fertility factors may be a recurrent theme in Y chro-
mosome evolution.

Regardless of chromosomal origin, genes transposed
to the nonrecombining portion of the Y chromosome
would inevitably face and likely succumb to powerful
degenerative forces during subsequent evolution>47,
Perhaps the rate of acquisition of male fertility genes
approximates the rate of subsequent degeneration,
resulting in an evolutionary steady state. In contrast to
the extreme evolutionary stability of the X chromosome,
at least in mammals>37%8, individual male fertility genes
might not be long-lived, in an evolutionary sense, on the
Y chromosome.

Methods

DAZH-specific PCR assay. A single pair of primers, one locat-
ed in DAZH exon 8 (5'-GGAGCTATGTTGTACCTCC-3') and
the other in DAZH exon 9 (5'-GTGGGCCATTTCCA-
GAGGG-3'), was used in PCR screening of a BAC, in typing of
radiation hybrids, and in RT-PCR assays. These primers yield a
128-bp product from DAZH cDNA clones and a 0.8-kb prod-
uct from human genomic DNA (Fig. 3b). This assay does not
co-amplify DAZ genomic or cDNA sequences (Fig 3b); in DAZ,
the homologue of DAZH exon 9 is a pseudoexon (Fig. 7). PCR
was performed in 20 ul volumes of 1.5 mM MgCl,, 5 mM
NH,CI, 10 mM Tris-HCI (pH8.3), 50 mM KCl, 100 uM dNTPs,
with 1 U Taq DNA polymerase and 1 uM of each primer.
Thermocycling conditions: initial denaturation of 3 min at 94
°C; 35 cycles of 1 min at 94 °C, 1.5 min at 56 °C,1 min at 72 °C;
and, finally, 5 min at 72 °C. RT-PCR (cDNA cycle kit,
Invitrogen) was performed on 100 ng of total RNA from each
of five human tissues (Clontech).

Chromosomal fluorescence in situ hybridization. DAZH clone
30K13 was isolated from the human genomic BAC library of
Shizuya et al®(Research Genetics) by PCR screening. This
BAC library was labelled with biotin-11 dATP by nick transla-
tion (Gibco BRL). Metaphase chromosomes were prepared
from human male lymphocytes using 75 mM KCl as hypoton-
ic buffer and methanol/acetic acid (3:1 v/v) as fixative.
Hybridization was carried out as described® and signals were
detected using a commercial system (Vector). The slides were
blocked with goat serum, incubated with fluorescein avidin
DCS, and rinsed in 4x SSC, 0.03% Triton. Slides were then
incubated with biotinylated anti-avidin D and rinsed again. A
second incubation with fluorescein avidin DCS was followed by
a final rinse. Chromosomes were banded using Hoechst 33258-
actinomycin D staining and counterstained with propidium
iodide. Chromosomes and hybridization signals were visual-
ized by fluorescence microscopy using a dual band pass filter
{Omega).

Radiation hybrid mapping. DNAs from the 93 hybrid cell lines
of the GeneBridge 4 panel*! (Research Genetics) were tested for
DAZH by PCR. Analysis of the results unambiguously posi-
tioned DAZH with respect to the radiation hybrid framework
map constructed at the Whitehead/MIT Center for Genome
Research?2.

Northern and Southern blotting. A DAZH-specific hybridiza-
tion probe was derived from DAZH c¢DNA clone pDP1648 by
PCR using the primers described above. This probe, labelled by
incorporation of [*P]-dCTP during PCR, was hybridized
overnight to northern blots of human tissue RNAs (Fig. 34
Clontech) at 65 °C in 1 M sodium phosphate (pH 7.5), 7% SDS.
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Blots were washed three times for 20 min each at 57 °C in 0.1x
SSC, 0.1% SDS. For Southern blotting (Fig. 6), the purified
insert of DYS! plasmid p49f (ref. 25) was [**P]-labelled by ran-
dom-primed synthesis and hybridized overnight using the con-
ditions just described, except that blots were washed at 42 °C in
2x S§SC, 0.1% SDS.

Genomic DNA sequencing. AZF-region cosmids were select-
ed!? from a Y-enriched library (LLOYNCO3) constructed at the
Human Genome Center, Lawrence Livermore National
Laboratory, Livermore, CA. A complete description of the
methods employed in sequencing cosmids 63C9, 46A6 and
18E8 will be presented elsewhere (T.L.H. and colleagues, in
preparation). Briefly, M13 and pUC libraries were prepared
from each cosmid, and standard dye-primer based shotgun
sequencing methods were used to obtain six-fold coverage, on
average, of the cosmid insert. The sequence was completed
using primer-directed chemistries and directed reverse reads.
Further information on the sequencing project can be found at
http://www-genome.wi.mit.edu.
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