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First Glimpses/Report

TTY2: A Multicopy Y-Linked Gene Family

Eleni Makrinou,’* Margaret Fox,' Michael Lovett," Kim Haworth,'
Jessie M. Cameron,? Kay Taylor,* and Yvonne H. Edwards'-®

"MRC Human Biochemical Genetics Unit, University College London, Wolfson House, London NW1 2HE, UK;
?Division of Human Genetics, Department of Genetics, Washington University Medical Center, St. Louis, Missouri
63110-8232, USA; 3The Hospital for Sick Children, Toronto, Ontario, Canada MSG 1X8; *The Galton Laboratory,
Biology Department, University College London, Wolfson House, London NW1 2HE, UK

Genes involved in human male sex determination and spermatogenesis are likely to be located on the Y
chromosome. In an effort to identify Y-linked, testis-expressed genes, a cDNA selection library was generated by
selecting testis cDNA with Y-cosmid clones. Resultant clones containing repetitive or vector material were
eliminated, and 79 of the remaining clones were sequenced. Nineteen cDNAs showed homology with the TTY2
gene, and indicated that TTYZ2 is part of a large gene family. Screening of a panel of Y-linked cosmids revealed
that the TTY2 gene family includes at least 26 members organized in 14 subfamilies. Further investigation
revealed that TTY2 genes are arranged in tandemly arrayed clusters on both arms of the Y chromosome, and
each gene comprises a series of tandemly arranged repeats. RT-PCR studies for two of these genes revealed that
they are expressed in adult and fetal testis, as well as in the adult kidney. None of the genes investigated in
detail contain an open reading frame. We conclude that the TTY2 gene family is composed of multiple copies,
some of which may function as noncoding RNA transcripts and some may be pseudogenes.

[The sequence data described in this paper for TTY2LI2ZA and TTY2L2A have been submitted to the EMBL data

library, under accession nos. AJ297963 and A]297964.]

The mammalian Y chromosome is small, 39 Mb, car-
ries an estimated 100 genes, and is composed mainly of
repeated sequences (Cooke 1976; Goodfellow et al.
1985; Smith-Ferguson et al. 1987; Vogt et al. 1997).
Y-linked genes are of particular interest, because they
provide information about the origin of the Y chromo-
some and its function in sex determination and differ-
entiation. Several genes involved in the process of sper-
matogenesis have been located on the Y, including the
DAZ, TSPY, and RBMY gene families (Arnemann et al.
1987; Ma et al. 1993; Reijo et al. 1995), and the single-
copy SRY gene, which is considered to be the testis
determining factor (TDF) (Sinclair et al. 1990). Dele-
tions of one or more of these genes can lead to infertile
and subfertile male phenotypes (Tiepolo and Zuffardi
1976; Ma et al. 1992; Rejio et al. 1995; Schnieders et al.
1996; Vogt et al. 1996; Pryor et al. 1997; Ferlin et al.
1999).

To date, only 47 Y-linked genes and pseudogenes
have been identified (GDB database, http://
gdbwww.gdb.org). Because not all cases of idiopathic
infertility can be explained by loss of known Y-linked
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or autosomal genes, it seems likely that other Y-linked
genes with a role in male fertility remain to be discov-
ered.

To identify novel Y-linked genes we constructed a
“Y-specific-testis-expressed” cDNA library, using the
technique of direct selection (Lovett et al. 1991; Lovett
1994; Del Mastro and Lovett 1997). We used a panel of
Y-linked cosmids as a genomic target and human testis
mRNA as the hybridization partner. In this paper, we
describe the analysis of cDNA clones isolated from this
“Y-specific-testis-expressed” cDNA selection library
and the identification of a Y-linked multicopy gene
family, TTY2.

RESULTS

cDNA Selection Library Evaluation

The cDNA selection procedure was carried out using
first-strand cDNA, prepared from adult human testis
RNA and DNA from 960 cosmid clones, derived from
two different Y chromosome-specific libraries (Taylor
et al. 1996) as the genomic target. Four thousand, six
hundred and eight recombinant clones were selected
and arrayed in 48 96-well microtiter plates.

Because previous experience (Cheng et al. 1994;
Simmons et al. 1995, 1997; Guimera et al. 1997;
Touchman et al. 1997) has shown that cDNA selection
libraries are prone to contamination with vector se-
quences, it was decided to screen these arrays with
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probes specific for the cosmid vectors Lawrist B and
Lawrist 16. The library was also screened with probes
containing the Y-specific repeat sequence, DYZ1
(Cooke 1976); these were a PCR product containing the
DYZ1 sequence and DNA from the OXEN (49,XYYYY,)
cell line. The extent of positive hybridization signals
obtained with these probes indicated that the propor-
tion of recombinants containing either vector or repeat
sequences was unexpectedly high, around 80%. How-
ever, 731 clones did not hybridize to either vector or
repeat sequences, and were regarded as bona fide
cDNAs for further analysis.

Sequence from 79 of these cDNAs was determined
and compared to current sequence databases. A large
proportion (49.4%) of the expressed sequences
matched (>95% identity) to known Y-linked genes and
ESTs (Table 1a); 30.4% of the analyzed cDNAs were
expressed in testis or testis-related tissues (Table 1b);
28.4% of the clones showed homology to sequences
located on autosomes or the X chromosome and to
ESTs from cDNA libraries generated from tissue other
than testis; 7.6% of the sequences did not identify any

Table 1. Homology of cDNA Clones

Table 1a
No. of
cDNA
clones cDNA/gene ESTs
1 RBMY2
6 TSPY
19 TTY2 Al016094, Al147341, AA620621
6 AW291677, AA195274
3 AW162304, AL110434
3 AW205403, Al651385
1 AWO016837, AW70214
Total: 39
Table 1b
No. of cDNA/gene ESTs
cDNA
clones
1 RBMY2
6 TSPY
1 c-myc gene  Al684722 (testis)
3 AL110434 (testis)
3 AW205403 (germ cell), Al651385
(germ cell tumors)
6 AW291677 (germ cell)
1 Al865741 (prostate)
1 AL039930 (testis)
1 Al989707 (germ cell tumors)
1 Nuclear Al695810 (prostate), Al205797
aconitase (testis)
Total: 24

cDNA clones that show >95% identity with (a) Y-linked ex-
pressed sequences and (b) expressed sequences from testis
and testis-related tissues.
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matches in current databases. Details of all these se-
quences can be found at http://www.gene.ucl.ac.uk/
users/eleni/index.htm.

Identification and Chromosome Mapping

of TTY2 Homologous Genes

Nineteen cDNAs showed [65-78% similarity to TTY2
(testis specific Y linked), a testis-specific mRNA of 3.2
kb described by Lahn and Page (1997). None were iden-
tical to the published TTY2 sequence. Of the 19 TTY2-
like clones, 16 overlapped in sequence and comprised
a single sequence, designated TTY2L2A, after one of
the cDNAs in this group. The remaining three TTY2-
like sequences (TTY2L12A, TTY2L14, and TTY2L1S)
were distinct from TTY2, TTY2L2A, and each other,
suggesting that these sequences represent distinct
members of a Y-linked gene family.

To facilitate detailed chromosome mapping of
TTY2L2A and TTY2L12A, genomic clones correspond-
ing to each cDNA were identified in a two-step proce-
dure. An array of 500 Y-linked cosmids was hybridized
to a-*?P dCTP-labeled TTY2L12A and TTY2L2A cDNA
probes, each of which identified the same 34 cosmids.
DNA from this set of TTY2-like cosmids was then PCR
amplified using primers specific for TTY2L12A and
TTY2L2A. This identified two cosmids, Yco2E9 and
Yco2F6, corresponding to TTY2L12A and TTY2L2A, re-
spectively. DNAs from Yco2E9 and Yco2F6 were used
as probes to determine their chromosomal localization
by FISH analysis of human metaphase chromosome
spreads (Fig. 1a). This showed that Yco2E9 (TTY2L12A)
is located in the distal part of Yp, whereas Yco2f6
(TTY2L2A) is located on Yq. It was notable that a very
strong FISH signal was seen in both cases, which was
interpreted as indicating the presence of a cluster of
related sequences.

When the same probes were used on metaphase
spreads from a male chimpanzee, a pigmy chimpanzee,
and a gorilla, it was found that TTY2L12A and
TTY2L2A sequences are present at distinct locations on
the short and long arm of Chr Y as in humans (Fig.
1b,c,d). In no case were signals detected on the X chro-
mosome Or on autosomes.

To define the regional localization more accu-
rately, YACs, which form a tiling path across the hu-
man Y chromosome (described in Jones et al. 1994),
were individually amplified using the TTY2L12A and
the TTY2L2A specific primers. In both cases, a product
of the correct size and sequence was amplified from a
single YAC, indicating that TTY2L12A lies on YAC
759G2 and TTY2L2A on YAC 933A6.

YAC 759G2 (TTY2L12A) has been localized to the
Yp11.31-11.2 region (Jones et al. 1994), and covers
part of the subinterval 2C, the whole of 3A to 3G, and
most of interval 4A close to the centromere (as defined
by Vergnaud et al. 1986; Vollrath et al. 1992). How-
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Figure 1T Double fluorescent in situ hybridization (FISH) to human (a),
chimpanzee (b), pigmy chimpanzee (c), and gorilla (d) metaphase chromo-
somes, using the cosmids 2E9 (TTY2L2A) and 2F6 (TTY2L12A) as probes.
Specific signal in all species is seen only on the Y chromosome. The cen-
tromeric and banded signals are due to DAPI staining, and would appear as

blue signal in a colored photograph.

ever, the part that would cover intervals 3C-3G is
known to be deleted in this YAC (Jones et al. 1994).
YAC 759G2 overlaps with YAC 853G9 and YAC 758G1,
neither of which gave amplification products with
primers specific for TTY2L12A; thus, the most likely
location for the TTY2L12A sequence is within interval
4A between the STS markers sY75 and sY62 (Fig. 2).
YAC 933A6 (TTY2L2A) has been localized to
Yq11.2 (Jones et al. 1994), and covers the AZFb region

and part of the AZFc region, from the 5Q subin-
terval across the whole of interval 6 (6A-6F). PCR
amplification showed that TTY2L2A is not pres-
ent on overlapping YACs 664E6 and 913B1; thus,
it seems that it is located in the proximal 6 inter-
val (64, 6B, 6C, and part of 6D), either within the
AZFb or AZFc regions (Fig. 2).

Expression Studies
The expression patterns of TTY2L12A and
TTY2L2A were examined by RT-PCR using RNA
prepared from a panel of human adult and fetal
(11.5- and 16.5-wk gestation) tissues. Prior to
RNA preparation, all tissues were male sex deter-
mined by PCR amplification of DNA, using prim-
ers that amplify the X- and Y-linked homologs of
amelogenin, to give products of different sizes
(432 bp X; 252 bp Y). Males (XY) show two dis-
tinct amelogenin PCR products, and females
(XX) a single product (Pertl et al. 1996).
RT-PCR, with primers specific for TTY2L12A
and TTY2L2A, showed a similar expression pat-
tern. For both cDNAs there was only trace expres-
sion in fetal kidney and limbs, moderate to weak
expression in all other tissues, including adult
and fetal testis, and high levels in adult kidney,
fetal lung, and in the case of TTY2L12A, fetal
intestine (Fig. 3c,d). These results confirm that both
TTY2-like RNAs are expressed in developing and adult
testis, but it is also clear that testis is not the major site
of expression. Because TTY2 has been described as a
testis-specific RNA, it was important to establish that
the TTY2L12A and TTY2L2A PCR products detected in
nontestis tissue were identical to that found in testis.
PCR products from three tissues, adult testis and kid-
ney, and fetal lung, were sequenced and found to be
identical to that in testis. Thus,
both genes are expressed in a

758G1 nontissue-specific manner.

—————— TTY2L12A +ve

The TTY2 Gene Family
The 34 cosmids containing

5V|41 sVl75Vle

TTY2-like sequences identified
by homology to TTY2L12A and
TTY2L2A were analyzed in

—_—sse_ more detail. In the first in-

stance, a sequence common to
TTY2L12A and TTY2 was iden-
tified by alignment of their se-
quences. Using this informa-

D UTTY2E2R0 T 4

J

L 7\
AZFa AZFb AZFe

Figure 2 Localization of TTY2L12A and TTY2L2A on the Y chromosome. Broken lines indicate
position of YACs spanning the euchromatic and part of the heterochromatic region (Jones et al.
1994). TTY2L12A and TTY2L2A were positioned by PCR amplification of these YACs. Y chromo-
some intervals (as defined by Vergnaud et al. 1986; Vollrath et al. 1992) are indicated together
with several Y- linked STSs (shown slightly elevated).

tion, TTY2 primers common to
both sequences were designed
and used to amplify DNA from
all 34 TTY2-like cosmids. All
cosmids in this set gave a prod-
uct of 300 bp, and sequence
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420bp—»

PGM1
0 M 12 34 5 67 8 9 10 11 b, b, by
500bp—»
233bp—»

TTY2L12A
d) M 12 3 4 5 6 7 8 910 11 b, by b,
500bp—»
178bp—»

TTY2ZL2A

Figure 3 PCR amplification of tissue cDNA, using PGM1 primers (a and b) and
primers specific for TTY2L12A (c) and TTY2L2A (d); the samples are as follows: 1,
adult testis; 2, fetal testis; 3, adult prostate; 4, fetal brain; 5, fetal lung; 6, adult
kidney; 7, fetal kidney; 8, fetal heart; 9, fetal stomach; 10, fetal intestine; 11, fetal
limbs. M, DNA size marker; b,_,, PCRs without cDNA. cDNA synthesis was carried

out in presence (+) and absence (—) of reverse transcriptase.

analysis showed that these sequences segregated into
24 distinct TTY2-like sequences. When aligned using
the CLUSTALXprogram, these could be grouped into
14 classes, or subfamilies. Each subfamily contained
one to five members, which share 93%-99% identity.
Members of different subfamilies have diverged more
significantly, and share 55%-87% identity (data avail-
able at http://www.gene.ucl.ac.uk/users/eleni/
index.htm). This large number of distinct sequences
suggested that the TTY2 gene family is extensive.

A view of the order of duplications that took place
during the evolution of this complex gene family was
provided from phylogenetic analysis (not shown); this
suggested that the TTY2L12A and TTY2 genes are
closely related, as are TTY2L1A and TTY2L2A.

Database searches found 100% identity matches
for several of the TTY2-like sequences to large genomic
fragments, mainly BACs. In a number of instances
more than one TTY2-like sequences appear on the
same genomic fragment. Two such sequence clust-
ers were examined in more detail: one that carries the

938 Genome Research
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TTY2 cDNA sequence, and another that
carries the TTY2L12A cDNA sequence. Six
TTY2-like sequences, which include TTY2,
the TTY2-like cDNAs TTY2L14 and
TTY2L1S5, and three other TTY2-like se-
quences (TTY2L1A, TTY2L6A, and
TTY2L7A, identified from the Y-cosmids
PCRs), lie on a 90-kb contiguous stretch of
genomic DNA (AC017019, Genome Se-
quencing Center, http://genome.wustl.
edu/gsc/) (Fig. 4, top). Both TTY2 (Lahn
and Page 1997) and TTY2L2A (present
study), are known to be at Yq11 within the
AZF regions, and Lahn and Page (1997) pro-
vided evidence that firmly places TTY2 in
the AZFc region, so it can be assumed that
the closely linked TTY2-like sequences
shown in Figure 4 (top) are also within this
region.

A second TTY2-like gene cluster, which
includes TTY2L12A and TTY2L10A, lies on
the genomic fragment AC009491 (http://
genome.wustl.edu/gsc/). These sequences
are 32 kb apart. From the FISH and YAC
mapping it has been established that
TTY2L12A, and hence AC009491, lie at
Yp11.2 (interval 4A).

Gene Structure for TTY2, TTYZLIZA,

and TTY2L2A

Although the TTY2 c¢DNA was described
several years ago (Lahn and Page 1997), the
structure of the gene remained unknown.
However, the availability of the major part
of the human genomic sequence in data-
bases allowed us to investigate the gene structure by
alignment of the cDNA sequence with the genomic
sequence AC017019. Contiguous regions of the TTY2
cDNA matching noncontiguous regions of the ge-
nomic clone, representing seven exons with six inter-
vening sequences distributed across 17.9 kb (Table 2).
Fach exon/intron boundary coincides correctly with
the appropriate donor/acceptor splice site sequences
and intronic polypyrimidine tracts. Exon sizes varied
between 79 bp and 1.8 kb, and intron sizes between
120 bp and 7.4 kb.

The gene structure for the TTY2 gene was used to
predict structures for the TTY2L12A and TTY2L2A
genes. The BESTFIT (HGMP, GCG package) alignment
program was used to identify exons in the DNA frag-
ments with accession nos. AC009491 (TTY2L12A) and
AC023342 (TTY2L2A) by homology to TTY2. In both
cases, seven exons were identified (Table 2), each
showing 72-82% identity with the TTY2 exons. The
predicted TTY2L12A and TTY2L2A genes are longer
than the TTY2 gene, spanning 29 kb and 26.5 kb, re-
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Yq11.2; AZFe < > —»
1 TTY2L15 TTY2L1A

50600 71696 95944

99498

TTY2L14 TTY2

TTY2L6A
TTY2L7A £ \ 62187

AC017019

121834 154476

117392

. —»
Yql1.2;AZFc TTY2L2A
L 179841
L 1
63549 85243
AC023342
» —»>
Yp]l.z TTY2LI12A
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L ]
[]
108190 140199 169229
AC009491

Figure 4 Localization of the TTY2 gene and other members of this gene family on three genomic fragments (AC017019, AC023342,
and AC009491); arrows indicate the relative orientation of the genes; numbers below arrows indicate the first bp of identity with the

genomic fragment.

spectively. This size difference is largely due to varia-
tion in the sizes of introns 1, 5, and 6. In addition to
these differences, both TTY2L12A and TTY2L2A show
(10 small exonic deletions and insertions relative to
TTY2. The predicted TTY2L12A and TTY2L2A gene
structures do not entirely conform with the AG-GT
exon/intron boundary rule. The intron sequence at the
splice sites for intron 1 and intron 2 are conserved in
TTY2L2A, while only the sequence at the splice site of
intron 3 is conserved in TTY2L12A. However, the exon
sequences adjacent to the intron boundaries in each of
these cases show some conservation. As described for
TTY2, neither TTY2L12A nor TTY2L2A show signifi-
cant open reading frames, and their sequences do not
match known expressed genes in the databases.

An Internally Repeated Structure, Characteristic

of TTY2-Like Genes

Alignment of the TTY2 and TTY2-like cDNAs revealed
the presence of repeated sequences. DOTPLOTanalysis
and other sequence alignment programs demonstrated
that exons 2-7 are repeated within the large exon 1
(1818 bp), with 70-75% homology. In addition, exon 6
and exon 4 share 73% identity, and exon 7 and exon 2
share 65% identity. Figure 5a shows the DOTPLOT
analysis of the TTY2 c¢cDNA sequence to itself. Very
similar results were obtained from comparison of the
TTY2L12A and TTY2L2A cDNAs to themselves (not
shown). To establish whether this repeat structure was
a particular feature of the cDNA or represented a larger
repeat of genomic DNA, DOTPLOTcomparisons of each
genomic sequence (TTY2, TTY2L12A, and TTY2L2A) to
themselves were done. These comparisons demon-
strated that each gene comprises seven tandemly ar-

ranged repeats of (2.4 kb, together with less frequent
repeat units of 0.3 kb and 0.5 kb. Figure 5b shows a
DOTPLOTanalysis of the TTY2 genomic sequence, and
again, very similar results were obtained for TTY2L12A
and TTY2L2A. For all three genes, each 2.4 kb repeat
shows 75% similarity to any other repeat.

DISCUSSION

In 1997, Lahn and Page described a Y-linked, testis-
specific cDNA, which they designated TTY2. The TTY2
gene was more accurately located on the Y chromo-
some by PCR amplification of DNA from males carry-
ing partial Y chromosome deletions (Vollrath et al.
1992) and by PCR amplification of YACs spanning the
Y chromosome euchromatic region (Foote et al. 1992).
These studies defined two localizations of TTY2 on the
Y chromosome: Yp11.2 within 3G and 4A, and Yq11.2
within 6C. It was noted by Lahn and Page (1997) that
this ¢cDNA identified multiple hybridizing bands on
Southern blots.

The TTY2 Gene Family

In the present study we have shown that TTY2 exists
on the Y chromosome as an extensive gene family,
with 26 copies, that can be grouped on the basis of
their sequence similarities into at least 14 subfamilies.
The level of identity among members of the same sub-
family is ©3%-99%, and between different subfami-
lies (35-87%. This pattern of similarity implies a mul-
tistage evolution, in which one wave of duplications
gave rise to the subfamily founder member, and a sub-
sequent series of duplications led to expansion of some
families. Transposition of individual genes and groups
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Table 2. Genomic Structure of the TTY2, TTY2L12A, and TTY2L2A Genes

TTY2

5’ sequence of
Exon 3’ sequence Intron sequence next exon
exon 1 (1818 bp) AAAATGCATTGT gtgagtattt... (2474 bp) ...ccttttgcag AGAGGCCCTGCA
exon 2 (87 bp) CTGGGTTCTCAG gtaagttcct... (7394 bp) ...ttttttttag GCTGGCTGACAG
exon 3 (149bp) AACTCCGTGGAG gtgagtcagc... (692 bp) ...tgtctttcag CCAATCCAAGGA
exon 4 (157 bp) AACAGCAATAAG gtaataaggt... (2830 bp) ...attggcgtag TTTCCTTGGTCT
exon 5 (79 bp) GGATTCTATTGT gtgagtattt... (120 bp) ...acttctatag AAAAGCTGCATG
exon 6 (198bp) AGCAGCAATAAG gtaagatgcg... (1223 bp) ...ttcctttcag GCTGGGTCCACA
exon 7 (683 bp) TGACAAGTCCCT gtggattgag...
TTY2L12A

5’ sequence of
Exon 3’ sequence Intron sequence next exon
exon 1 (1914 bp) GGTATCCATTGC ataagtgttt... (10678 bp) ...cctttcccag AGAAACCCTGTG
exon 2 (86 bp) CTGGGGTCTCAG atatgattct... (281 bp ) ...ctctgcttag ACAGGCTGACAG
exon 3 (165bp) AACACCATGGAG gtgggttggt... (679 bp ) ...tgtccttcag CCAAGCCAGGGA
exon 4 (157 bp) AGGAGCAATGAG gacagatagg... (2721 bp ) ...cgacataggg TTTCCTGGATCT
exon 5 (79 bp) GGAATCTATTGT gtgagtattt... (1775 bp ) ...agcacaacaa AACAAAAAAAAC
exon 6 (191bp) AGCAGCAATAAG atcagattgg... (7082 bp ) ...ttgctttcat CAGGAATCTACT
exon 7 (662 bp) GTTGCCAAGAGA caagtccctg...
TTY2L2A

5’ sequence of
Exon 3’ sequence Intron sequence next exon
exon 1 (1951 bp) GGAATCCATTGT gtgagtgttt... (3113 bp) ...cctttcctag AGAGCCCCTGTG
exon 2 (87 bp) CTGGGGTCTCAG gtatgattct... (2424 bp) ...ctctgcttag GTAGGGTGACAG
exon 3 (168 bp) ATTTCCATGAAA gtgtgttggt... (5581 bp) ...tttcctgtgg CCAACCCACAGA
exon 4 (157 bp) AACAAGTCAGAT gagtgaagat... (2085 bp) ...cggcctaggg CTTCCTGGGTCT
exon 5 (79 bp) GGAATCCAATGC atgagtgttt... (1859 bp) ...accacaccaa AAAACAGACATC
exon 6 (191 bp) GCAGGGAGAAAT tcagatatgg... (3332 bp) ...tggctttcat GGGGGATTCACA
exon 7 (677 bp) TGCCACCTTTGC ctagtgacaa...

Structure is derived by alignment of the cDNA with genomic DNA sequence from AC017019, AC009491, and AC023342, respec-
tively. DNA sequences at exon/intron junctions are shown. Exon sequences are shown in upper case. Intron sequence is shown in

lower case. The sizes of each exon and intron are given in parentheses.

of genes resulted in clusters of TTY2 genes at various
positions on the Y chromosome.

There is evidence that gene translocation has been
a relatively common event in the history of the TTY2
genes; at least two clusters of genes occur: a large group
on Yq (AZFc), and a smaller one on Yp. The gene mul-
tiplicity and clustering shown by the TTY2 family is a
feature shared with other male-specific, Y-linked gene
families, such as RBMY (Chai et al. 1997), DAZ (Saxena
et al. 1996), and TSPY (Manz et al. 1993; Vogel and
Schmidke 1998; Ratti et al. 2000), which are also ar-
ranged in tandemly arrayed clusters on both arms of
the Y chromosome. It is notable that the location of
the TTY2-like genes coincides with the location of two
TSPY gene clusters in both arms of the Y chromosome
(Arnemann et al. 1991; Vogt et al. 1987; Ratti et al.
2000). It has been suggested that the region containing
TSPY on Yp is particularly prone to chromosomal re-
arrangements, and contains many tandemly repeated
sequences (Miiller et al. 1989). It seems reasonable to
propose that at some time in the evolutionary past,
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large genomic segments, which contained both TSPY
and TTY2 genes, had been duplicated and translocated
between Yq and Yp.

The Function of TTY2 and TTY2-Like Genes

It is difficult to judge at this stage whether any of the
TTY2-like sequences represent functional genes. Al-
though TTY2, TTY2L12A, and TTY2L2A lack an open
reading frame (ORF), the presence of transcribed RNA
in cells of different types has been clearly demon-
strated in this paper by RT-PCR, and for TTY2 by
Northern blot analysis (Lahn and Page 1997). One pos-
sibility is that some or all of the TTY2 copies are pseu-
dogenes. The transition between functioning gene and
pseudogene is usually gradual, and in the early stages,
the gene may continue to be expressed at the RNA
level. Our studies show that TTY2 (Lahn and Page
1997) has exon/intron splicing junctions that conform
to the AG-GT rule. However, this rule does not hold at
all boundaries in the TTY2L12A and TTY2L2A genes,
which could be interpreted as decay of the functional
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sequence, and perhaps supports
the idea that these copies are
pseudogenes. It remains to be
seen whether other members of
this gene family will prove to
have consensus intron/exon se-
quence structure.

Alternatively, the lack of a
distinct ORF may imply that
members of the TTY2 gene fam-
ily function at the RNA level
rather than encoding a protein
product (Eddy 1999; Erdmann
et al. 2000). Examples of genes
functioning in this way are H19
(Askew et al. 1991), HIS-1 (Hao
et al. 1993), and DGCRS
(Sutherland et al. 1996), which,
although they lack protein cod-
ing capacity, are able to pro-
duce large, spliced, and poly-
adenylated RNAs.

RT-PCR analysis confirmed
that TTY2L12A and TTY2L2A
genes are expressed in testis as
is TTY2, but these TTY2L genes
are also expressed at significant
levels in lung and kidney. Ex-
pression in kidney and in testis
is not surprising, because both
the reproductive and urinary
systems in males are develop-
mentally connected, both aris-
ing from the nephros (Carlson
1994; Martineau et al. 1997).
Futhermore, there are several
genes that play a significant
role in sex determination and
are expressed in both testis and
kidney. One example is WT-1, a
zinc finger transcription factor,
which is associated with genito-
urinary malformations and
plays an important role in
genitourinary development
(Pritchard-Jones et al. 1990;
Mundlos et al. 1993).

The identification of 16
cDNA clones identical to
TTY2L2A indicates that this
mRNA is far more abundant in
the testis mRNA pool than mR-
NAs from other members of the
TTY2 family. Interestingly,
TTY2L2A is located within one
of the functionally active AZF
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regions (AZFb or AZFc) of the Y chromosome, where
the functional members of the DAZ, RBMY, and TSPY
gene families are located (Cooke and Elliot 1997; Chai
et al. 1997; Ratti et al. 2000).

A Gene Comprising Tandem Repeats

Our studies of the genomic structure of the TTY2 fam-
ily members revealed the presence of an internal re-
petitive structure, which is characteristic of all genes
analyzed (TTY2, TTY2L12A, and TTY2L2A). The major
repeat units are 2.4 kb long and tandemly arranged
across the gene. It can be concluded that the TTY2
genes have emerged from a series of intragenic dupli-
cations. The genomic repeat structure is reflected in
duplications of exon sequences within a single gene.
The homology between exon 1 and exon 7, which ex-
tends over 625 bp, was interpreted by Fatyol et al.
(2000) as representing the long terminal repeats (LTR)
of a retroposon, and led them to propose that TTY2 is
aretrogene. Fatyol et al. (2000) found that the 5’ 1.1-kb
segment of TTY2 showed homology (68%) to a novel
repetitive element present in high copy number near
the centromeres of primate chromosomes. However, as
we have shown, the pattern of homologies across the
gene is extensive, and can be simply explained by in-
tragenic duplication. Furthermore, we show that the
TTY2 family members have an exon/intron structure,
and lack a protein coding ORF; thus, they do not have
the capacity to code for reverse transcriptase and inte-
grase domains, and seem unlikely to be retroposed se-
quences (Finnegan 1997; Smit 1999).

Comparative Studies—TTY2 Genes

FISH analysis of primate chromosomes indicate that
both TTY2L12A and TTY2L2A sequences have been Y-
specific, because humans diverged from gorillas 7 mil-
lion years ago (Goodman et al. 1998).

The YACs used in the present study for mapping of
the TTY2L12A and TTY2L2A genes have been used by
Archidiacono et al. (1998) to examine the structure
and evolution of primate Y chromosomes. Archidia-
cono et al. (1998) found that YAC821G7 hybridized to
the chimpanzee Y chromosome, at Yq12.1-12.2 and
gorilla Y chromosome at Yp11.1-11.2. In this study we
showed that TTY2L12A lies on YAC 821G7, and this
YAC maps in humans to Yp11.2. Thus, TTY2L12A is
located in both humans and gorillas on Yp, whereas in
chimpanzees it is on Yq. These results suggest that after
the divergence of the human and chimpanzee lineages,
3-4 Mya, an internal rearrangement such as a trans-
location and reinsertion in the chimpanzee ancestor,
transferred a genomic fragment bearing the TTY2L12A
homolog from Yp to Yq.

Our data imply that, at least with regard to the
distribution of the TTY2 sequences, the gorilla Y chro-
mosome structure is closer to humans than to chim-
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panzees. In this context it is interesting to note that the
banding patterns of the human and gorilla Y chromo-
somes show more resemblance to each other than to
that of the chimpanzee (Pearson et al. 1971). In addi-
tion, some genes are present on the Y chromosome of
gorillas and humans, which are not found in the chim-
panzee, for example, the GMGXY12 locus (Lambson et
al. 1992). These findings suggest that the Y chromo-
some of the chimpanzee has undergone significant re-
arrangement since its divergence from the human lin-
eage. Examples of Y chromosome rearrangements dur-
ing the evolution of hominoid apes have been
demonstrated by comparative FISH studies for other
Y-linked genes like RBM and TSPY (Schempp et al.
1995), which show that although these genes remain
Y-specific, the number of copies and their location(s)
may vary among the different primate species.

METHODS

Construction of the cDNA Selection Library

The selection procedure was carried out using first-strand
cDNA prepared from an adult human testis RNA template and
480 cosmids from each of two Y chromosome cosmid libraries
(n = 960) as the genomic target. One of the cosmid libraries
was prepared in Lawrist 16 by flow sorting Y chromosomes
from the somatic cell hybrid J640-51, partially digested with
Mbol, and was obtained from the Biomedical Sciences Divi-
sion, Lawrence Livermore National Laboratory (LLOYNCO3
‘M’). The second library was prepared in Lorist B (Taylor et al.
1996), using DNA from the somatic cell hybrid 3E7, which
contains the Y chromosome as its only human component.
The procedure for selecting testis-specific Y-linked cDNAs was
carried in a manner similar to that described by Lovett (1994)
and Del Mastro and Lovett (1997). Hybridization reaction was
carried out in solution. The target genomic DNA was tagged
with biotin 16-UTP by nick translation, and the capture of
genomic DNA and the associated cDNAs was performed by
streptavidin-coated magnetic beads. Two rounds of cDNA se-
lection were carried out, followed by one round of subtraction
with human Cot-1 DNA, to remove highly repetitive se-
quences. In this way, 4608 cDNAs were selected and amplified
in the plasmid pAMP10. The clones were arrayed in 48 96-well
microtiter plates in 100 pL of 2x TY agar medium containing
100 pg/mL ampicillin.

Filter Hybridization

Samples of the plasmid arrays were transferred onto Hybond
N+ nylon membranes (Amersham Pharmacia Biotech) and
grown on L-agar plates containing ampicillin, 100 pg/mL,
overnight at 37°C. The filters were placed in denaturing solu-
tion (1.5 M NaCl and 0.5 M NaOH) for 30 min, neutralized in
1.5 M NacCl, 0.5 M Tris, pH 7.5 and 1 mM EDTA for a further
30 min, and baked at 80°C for 2 h.

The selected library was screened using a-*?P dCTP-
labeled fragments of Lawrist 16 and Lorist B as probes, and
using a 350-bp PCR product containing the DYZ1 repeat,
which had been amplified with STS map pair primers SY160.F
and SY160.R (PubMed, accession no. G38343). As an extra
precaution against the selection of repeat sequences, the li-
brary was also screened with «-3?P dCTP-labeled and soni-
cated DNA from the OXEN cell line (49,XYYYY).
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Posthybridization washes were performed at high strin-
gency (0.1x SSC, 0.1% SDS, 65°C). Filters were exposed to
X-ray film (Kodak biomax MR) at —70°C for 4-24 h. Recom-
binant plasmids, which did not hybridize to vector or repeat
sequence probes, were selected for further analysis.

PCR Amplification

DNA from selected recombinant plasmids was prepared using
the ABI PRISM (Applied Biosystems) miniprep kits and cosmid
DNA with the QIAGEN Plasmid Purification Maxi kit. PCR
amplification of plasmid cDNA insert was performed using
50-200 ng of DNA, 1.5 units of Red Hot Taq polymerase (Ad-
vanced Biotech), 0.2 mM of dNTPs, and 25 pmoles of primers,
in 15 mM MgCl,, 200 mM (NH,),SO,, 750 mM Tris-HCI, pH
8.8 and 0.1% Tween, in an Omnigene (Hybaid) thermal cy-
cler. The cycling conditions were as follows: 1 cycle at 95°C
for 5 min, 30-35 cycles of 30 sec at 95°C, 30 sec at 50-56°C,
and 30 sec at 72°C, followed by 1 cycle at 72°C for 5 min.

cDNA inserts were amplified using the flanking vector
primers pAMP10.F 5" TAAGCTTGGATCCTCTAGAGCG 3’
and pAMP10.R 5'GAATTCCCGGGTCGACTACTAC 3’ (an-
nealing temperature, 51°C). Primers common to all TTY2-like
sequence were TTY2.F S'TCACCACAGATAGCCACTGAGAC
3" and TTY2.R S’"ATCAGGTCCATGGGATTGGAATG 3'. These
were used to amplify TTY2-like sequences from a panel of
cosmids (annealing temperature 50°C). Primers specific for
the cDNA TTY2L12A and TTY2L2A were TTY2L12A.2F
5'CAGACTGTGAGTTGGTTCTG 3’ and TTY2L12A.R 5'TAT
GTGAGAGAGACCCTGTG 3’ (annealing temperature, 54°C)
and TTY2L2A.F 5S'CCTATCTGAGCAGGTACTTTAC 3’ and
TTY2L2A.R 5'GTGTCATCTGTCTTTCTCAGTG 3’ (annealing
temperature 56°C), respectively.

DNA Sequence Analysis

Before sequence analysis, PCR products were purified using
the QIAquick PCR purification kit (QIAGEN), according to the
manufacturer’s instructions.

Sequence analysis was performed using a Thermo Se-
quenase radiolabeled terminator cycle sequencing kit (Amer-
sham) and [«a->3P] dANTP terminators. Products were resolved
on a 6% denaturing polyacrylamide gel (6% 19:1 acrylamide/
bisacrylamide, 7 M urea, 1.7% (v/v) TEMED and 25% (w/v)
ammonium persulphate), which was dried and exposed to
X-ray film for 12-48 h at room temperature.

Automated fluorescent sequencing was also performed
using dRhodamine fluorescent dye terminators (Advanced
Biosystems) and an ABI 377XL automated DNA sequencer
(Advanced Biosystems). Data was collected using 373XL col-
lection software and analyzed using Sequencing Analysis
version 3.0 and Sequence Navigator ~ version 1.0.1 software.

RNA Preparation and RT-PCR

Before the preparation of RNA, sex determination of human
tissues was performed from DNA using amelogenin primers
AMLXY-forward and AMLXY-reverse (annealing temperature,
56°C) (Pertl et al. 1996).

RNA was extracted from male fetal and adult human tis-
sues with RNAzol B (Biogenesis), following a procedure based
on that described by Chomczynski and Sacchi (1987). The
integrity of the RNA was checked by electrophoresis in 1%
MOPS-formaldehyde agarose, in which RNA was visualized
by adding ethidium bromide (100 ngmL~1') to the samples.

First-strand cDNA was prepared from RNA using MMuLV

reverse transcriptase (Advanced Biotech) and [3 pg of RNA.
The reaction mix contained 7 pL of 5X reverse transcriptase
buffer (250 mM Tris—-HCI pH 8.3, 375 mM KCl, 15 mM MgCl,,
and 50 mM DTT), 1 pL of 1000 pmoles random hexamer
primers (Amersham Pharmacia Biotech), 2 pL of 20 mM
dNTPs, 1 pL of ribonuclease inhibitor (Amersham Pharmacia
Biotech), 3.5 pL of 0.1 M DTT, and DEPC-treated H,O in a
total volume of 33 pL. Before addition of 2 pL (40 units) of
reverse transcriptase, the RNA was denatured at 65°C for 10
min. The reaction was incubated at 37°C for 90 min. Reac-
tions without reverse transcriptase were also performed as a
control to check for the presence of genomic DNA contami-
nation.

cDNA was amplified by RT-PCR, using 2.5 pL of single-
stranded cDNA, 25 pmoles of both forward and reverse prim-
ers, 5 mM of dNTPs, 1.5 units of Taq polymerase (Advanced
Biotech) in 1.5 mM MgCl,, 1.25 mL of 200 mM (NH,),SO,,
750 mM Tris-HCI, pH 8.8, 0.1% Tween, in a final volume of
50 pL. After an initial denaturation step, 30-35 cycles were
performed, using conditions established for each primer as
described. The quality of the cDNA prepared from human
tissues was checked using primers for the ubiquitously ex-
pressed gene phosphoglucomutase 1 (PGM1), with an anneal-
ing temperature of 56°C (Edwards et al. 1995).

Fluorescence In Situ Hybridization

FISH analysis was carried out as described previously (Gillett
et al. 1996). Cultured lymphocytes were incubated with thy-
midine, to synchronize replication by blocking DNA synthe-
sis. Cells were harvested, fixed, and transferred to cold slides.
DNA (400 ng) was labeled with biotin-4-dATP or digoxigenin
by nick translation (Bionick kit, GIBCO-BRL). The labeled
probe was resuspended in hybridization mix, containing 50%
formamide, 10% dextran sulphate, 2 SSPE, denatured and
incubated with Cot1 DNA and herring sperm DNA for 24 h at
37°C, prior to incubation with the spreads. Signal detection
was achieved using fluorescein isothiocyanate-conjugated
avidin for biotin and rhodamine antidigoxygenin. Prepara-
tions were mounted in vectashield antifade mounting me-
dium, to which the fluorochrome diamidinophenylindole
(DAPI) had been added for counterstaining and banding.
Slides were examined under a Zeiss axioskop fluorescence mi-
croscope, and digital images were captured by a cooled CCD
camera, using the Cyto Vision Ultra image collection and en-
hancement system (Applied Imaging).

Sequence Computational Analysis

Matches of cDNA sequences to sequences in database were
looked for, using the BLAST program at the NCBI database
(http://www.ncbi.nml.nih.gov/BLAST/), the HGMP BLAST
search facilities (http://www.hgmp.mrc.ac.uk/), and the To-
kyo GenomeNet database (http://www.blast.genome.ad.jp/).
All sequence comparisons were performed by the programs
BESTFIT and GAP, supplied as part of the GCG v.10 suite
(Genetics Computer Group). CLUSTALXis also part of the
MRC-HGMP bioinformatics facilities, and provided an inte-
grating system for performing multiple sequence alignments.
The phylogenetic tree was constructed using a series of
programs. Sequences of 250 bp were compared and aligned
using the PILEUP program. The pairwise distance matrix was
created using DISTANCES and the phylogenetic tree was pro-
duced using the neighbor-joining method of GROWTRE&d
visualized using PAUPdisplay . Confidence of the tree was
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evaluated by 500 bootstrap replicates of the examined data,
using the PAUPprogram.
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