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Summary

The zinc-finger-Y (ZFY) gene is a candidate for the testis-determining-factor gene (TDF) on the human Y
chromosome and is postulated to initiate testis differentiation during embryogenesis. However, the present
study indicates that the ZFY gene and its X homologue (ZFX) are differentially expressed in adult tissues.
A human testis-specific ZFY cDNA was isolated and completely sequenced. The corresponding ZFY tran-
script encodes a protein that has 801 amino acids and a calculated molecular weight of 90.6 kD. Expres-
sion analysis demonstrated that ZFY is transcribed primarily as 3- and 5.7-kb mRNA in testis and so-
matic cells, respectively. In contrast, the ZFX gene is expressed as a 5-kb transcript in the testis and as
6.7- and 8-kb transcripts in both ovarian and somatic tissues. With sets of gene-specific oligonucleotides,
the origin and relative amount of the respective transcripts can be demonstrated in both Northern hybrid-
ization and reverse transcriptase—polymerase chain reaction analysis. Significantly, the 3-kb ZFY transcript
was also detected in other mammalian adult testes. The testis-specific transcription of the ZFY gene hence

suggests that it serves a conserved function in this organ.

Introduction

The mammalian Y chromosome plays an important
role in the differentiation of the indifferent gonads to
testes during embryogenesis. The gene(s) responsible
for testis determination, the testis-determining factor
(TDF), has been mapped to the short arm of the hu-
man Y chromosome and is postulated to be responsi-
ble for this developmental event (Eicher and Washburn
1986; Goodfellow and Darling 1988; McLaren 1988).
Recent chromosome walking experiments reported by
Page et al. (1987) have identified a candidate gene for
TDF, a gene termed zinc-finger-Y (ZFY), on this chro-
mosome (Page 1988). Furthermore a highly homolo-
gous gene, zinc-finger-X (ZFX), has also been identified
and mapped to the short arm of the X chromosome.
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ZFY sequences are present in most sex-reversed XX
males and absent in some XY females. Hence, the ZFY
gene is directly related to testis formation and male
phenotype development in humans. The X and Y chro-
mosome locations of the ZFY-related sequences are
evolutionary conserved in most eutherian mammals
(Page et al. 1987). In the mouse, two copies of the ZFY-
related sequences, the Zfy-1 and Zfy-2 genes, are pres-
ent in the sex-determining region of the Y chromosome
and are considered as candidates for the mouse testis-
determining-Y (7Tdy) locus, the equivalent of TDF in
man. Two other related sequences, one on the X chro-
mosome (Zfx) and one on chromosome 10 (Zfa), are
also present in the mouse genome (Mardon et al. 1989;
Nagamine et al., submitted). Both Zfy genes are tran-
scribed primarily as a 3-kb mRNA in adult testis (Mar-
don and Page 1989; Nagamine et al. 1989), and their
expression is directly related to the spermatogenic ac-
tivities (Nagamine et al., submitted). We have now iso-
lated and sequenced a human testis-specific cDNA of
the ZFY gene and have demonstrated that the ZFY and
ZFX genes are differentially expressed as discrete-size
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transcripts in adult gonadal and somatic tissues. The
adult testis-specific transcription of the ZFY gene was
also detected in other mammalian species, suggesting
an evolutionarily conserved and important function for
the ZFY gene in this organ.

Material and Methods

Material

All human tissues were obtained from the Coopera-
tive Human Tissue Network, Southwestern Division,
University of Alabama, Birmingham. Testis specimen
A was from a 66-year-old male with mild atropy, and
specimen B was from a 55-year-old male with atropy
and focal fibrosis. According to the pathology reports,
the spermatogenesis was judged to be good for A and
moderate for B. All ovarian specimens were from nor-
mal females. The chimpanzee testes were obtained from
deceased animals through the Yerkes Regional Primate
Center, Atlanta. Other mammalian testes were pur-
chased from Pel-Freeze, Inc. (Rogers, AK). Mouse testes
were obtained from C57BL/6] mice (Simensen Labo-
ratory, Gilroy, CA).

The TM4 cells were obtained from Dr. J. Mather,
Genentech, Inc. (South San Francisco, CA). Although
the TM4 cells were derived from mouse Sertoli cells,
Southern and polymerase chain reaction (PCR) analy-
ses indicated that the Zfy sequences were absent from
these cells. Normal hybridization pattern was detected
for Zfx and Zfa sequences. The somatic cell hybrid 3E7
harboring the human Y chromosome in mouse back-
ground was a gift from Dr. P. N. Goodfellow, Imperial
Cancer Research Fund, London. The GM6317 and
GM6318 hybrids, harboring the human Y and X chro-
mosome, respectively, in Chinese hamster background,
were obtained from the NIGMS Human Genetic Mu-
tant Cell Repository, Camden, NJ. The human cell
lines—HT144 from a male melanoma, MG63 from a
male osteosarcoma, Colo320DM from a female colon
carcinoma, and other human tumor cell lines—were
obtained from the American Type Culture Collection.
All cell lines were cultured according to conditions
recommended by the suppliers.

RNA Isolation and Northern Hybridization

Total RNA was isolated from frozen tissues and cell
pellets according to a modified protocol of Chirgwin
etal. (1979; Chomczynski and Sacchi 1987). Poly (A)+
RNA was selected with oligo-dT cellulose chromatog-
raphy (Maniatis et al. 1982). Northern hybridization
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was performed according to a method described else-
where (Lau and Kan 1983). In brief, 3 pg from each
sample was glycoxylated and size-fractionated in a 0.8%
agarose gel, blotted onto Biodyne membrane (ICN),
and hybridized with 32P-labeled zinc finger, hYfin,
probe in 50% formamide at 41°C for 20 h. The filters
were washed in 0.1 x SSC and 0.1% SDS at 50°C-55°C
for 30 min. For relaxed hybridization conditions, the
formamide concentration was reduced to 42% and the
filters were washed in 2 x SSC and 0.1% SDS at 50°C.
For gene-specific oligonucleotide hybridization, the
filters were hybridized with end-labeled probes in 6 x
SSC solution at 37°C for 16 h and were washed in
MesNCl solution according to the calculated melting
temperature of the respective oligonucleotide probe

(Wood et al. 1985).

c¢DNA Isolation and Sequence Determination

An adult human testicular cDNA library constructed
previously (Lau et al. 1988, and in press) in bacterio-
phage vector, lambda gt11 (Young and Davis 1983), was
screened with the Benton and Davis (1977) protocol,
using the human ZFY genomic probe, hYfin. Additional
cDNA was isolated from the same cDNA library by
oligonucleotide probe (Wood et al. 1985). Inserts from
all cDNA were subcloned into either pUC or pEMBL
plasmids and were mapped with restriction enzymes.
They were inserted into the single-stranded bacterio-
phage M13 and sequenced with the chain termination
procedure using 3°S-dATP as tracer (Sanger et al. 1977;
Biggin et al. 1983). The sequences were analyzed with
the sequence analysis programs from the Department
of Biochemistry, University of California, San Francisco,
and with the Microgenie Sequence Analyzer (Beckman,
Inc.).

PCR and Reverse Transcriptase~PCR (RT-PCR) Analyses

PCR was performed according to the procedure of
Saiki et al. (1988). All primers were derived from the
pYF-3 and pYF-2 sequences (see Results). For the
genomic DNA analysis, the 5’ primer was a common
sequence: 5'-ATTTGTTCTAAGTCGCCATATTCTCT-
3’; The 3’ Y-specific primer sequence was 5’-CATCAG-
CTGAAGCTTGTAGACACACT-3". The 3’ X-specific
primer sequence was 5'-AGACACACTACTGAGCAA-
AATGTATA-3'. The expected sizes of the ZFY- and ZFX-
specific PCR fragments were 340 and 488 bp, respec-
tively. PCR was performed in 50 ul of 50 mM KCl,
10 mM Tris-HCI, pH 8.3, § mM MgCly, 1% gelatin,
20 uM dNTP, § pM primers, and 1.25 U Tag DNA
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polymerase. The mixture was denatured at 94°C for
45 s, reannealed at 63°C for 60 s, and polymerized
at 72°C for 10 s for 40-50 cycles. Ten percent of the
amplified products were analyzed in a 1.3% agarose gel.

RT-PCR was performed according to a method de-
scribed elsewhere (Nagamine et al. 1989). For the
transcript-specific primers, the common 5’ primer was
5’-TCTTGCACATAGATGAGTCTGCTGGC-3". The
ZFY-specific 3’ primer was 5'-TGCTTGTTTTTATAT-
GTGTTTTCAA-3". The ZFX-specific 3’ primer was
5’-GGATTCTCATGTGCTTTTTGAGCTCT-3". These
primers flanked a small intron in both ZFY and ZFX
genes and produced PCR fragments of 654 and 567
bp for the cDNA and of 1,350 and 1,800 bp for the
genomic DNA, respectively. Therefore, both 654- and
567-bp fragments were specific for the ZFY and ZFX
transcripts, respectively. Complementary DNA was syn-
thesized from 1 pg poly (A)+ RNA by using a random-
priming cDNA synthesis kit (Boehringer/ Mannheim).
Five percent of the resulting cDNA were subjected to
PCR amplification as described above. Ten percent of
the amplified products were analyzed on a 1% agarose
gel.

Results and Discussion

Isolation of ZFY- and ZFX-specific cDNAs

Using a genomic probe (hYfin) that harbors the zinc-
finger domain of the ZFY gene, we had isolated three
c¢DNA clones from an adult human testicular cDNA
library constructed in the bacteriophage vector, lambda
gtll (Lau et al. 1988, and in press). They contained
inserts of about 1, 2, and 3 kb and were designated
as pYF-1, pYF-2, and pYF-3, respectively. A poly (A) tail
is present at the 3’ end of pYF-1. By sequence analysis,
pYF-1 was completely homologous to the 3’ end of the
pYF-3 clone, suggesting that both cDNAs were derived
from transcripts of the same gene. Furthermore, both
pYF-3 and pYF-1 sequences were identical to the cod-
ing sequence of the genomic probe (hYfin) and its
deduced protein. Since hYfin was isolated from a sorted
human Y chromosome library (Nagamine et al. 1989),
we postulated that both pYF-3 and pYF-1 were derived
from the ZFY gene. In contrast, the pYF-2 sequence
was homologous, but not identical, to those of pYF-1,
pYF-3, and the genomic clone, hYfin. Since only one
copy each of the ZFY and ZFX genes is present in the
human genome (Page et al. 1987; Page 1988), we sur-
mised that pYF-2 was derived from transcripts of the
ZFX gene. In order to confirm this assumption, we
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selected two sets of specific oligonucleotide primers from
the pYF-3 and pYF-2 sequences and used them in PCR
amplification (Saiki et al. 1988) of DNA isolated from
normal human placenta and from somatic cell hybrids
harboring either the human X or Y chromosome. Re-
sults from such analyses demonstrated that pYF-3 was
Y specific and that pYF-2 was X specific, and they also
confirmed that pYF-3 and pYF-2 were indeed derived
from transcripts of the ZFY and ZFX genes, respec-
tively (fig. 1).

The Human ZFY Gene Encodes a Protein with Two
Domains in the Adult Testis

Sequence analysis revealed that pYF-3 consisted of
3,214 bp with an open reading frame of 2,406 nucleo-
tides capable of encoding a protein that has 801 amino
acids and a molecular weight of 90.6 kD (fig. 2). The
3’ end of the ZFY transcripts contains 250 nucleotides
of nontranslated sequence and a consensus polyade-
nylation signal (AATAAA) 21 nucleotides before the
poly(A) track. Southern mapping studies detected about
400 bp of autosomal sequences at the 5’ end of the pYF-3
c¢DNA. Although Affara et al. (1989) had suggested that
sequence homologous to chromosome 9 is present in
the ZFY transcripts, the exact origin of the autosomal
sequences in pYF-3 cDNA is still unknown. However,
when specific primers were synthesized from the 5’ au-
tosomal sequence and from the Y-coding sequence and
were used in RT-PCR analysis of human testis mRNA,
no transcript-specific fragments were amplified. This
observation suggests the possibility of a cloning artifact
in which an irrelevant stretch of autosomal sequence
was ligated to the ZFY cDNA. In order to establish
the authenticity of the open reading frame, the testicu-
lar cDNA library was rescreened with an oligonucleo-
tide corresponding to amino acid positions 200-208
(5-AGCATCCAACGAAATCATTAGGT-3"). An addi-
tional cDNA clone, pYF-4, with an insert of 1,213 bp,
was isolated. Sequence analysis established that the
pYF-4 sequence was identical to part of the pYF-3 se-
quence from —33 nucleotides at the 5’ nontranslated
region to amino acid position 394, 78 nucleotides up-
stream from the first zinc-finger repeat domain. Multi-
ple stop codons in all three reading frames were present
immediately preceding the putative ATG start codon
in both pYF-3 and pYF-4 sequences. The present ob-
servations hence confirmed the open reading frame and
the corresponding protein sequence in pYF-3.

The deduced protein encoded by pYF-3 is composed
of two domains. The carboxyl-terminal end of the mol-
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Figure |  PCR amplification of ZFY- and ZFX-specific se-
quences. Specific oligonucleotide primers deduced from the respec-
tive sequences of pYF-3 and pYF-2 were synthesized and used in PCR
analysis of genomic DNA isolated from male and female placenta
(lanes 1 and 2) and from somatic hybrid cell lines which harbor ei-
ther the human Y chromosome (3E7 in mouse background, lane
3; GM6317 in Chinese hamster background, lane 4) or the human
X chromosome (GM6318 in Chinese hamster background, lane $).
As expected, the ZF Y-specific fragment (340 bp, labeled as Y) is present
in DNA of the male placenta (lane 1) and in 3E7 and GM6317 (lanes
3 and 4). Similarly, the ZFX-specific fragment (488 bp, labeled as
X) is present in both the male and female samples (lanes 1 and 2)
and in the somatic hybrid, GM6318 (lane ). Such correlation sug-
gests that pYF-3 and pYF-2 cDNAs were derived from the ZFY and
ZFX genes, respectively.

ecule (at amino acids 420-795) consists of 13 zinc-finger
repeats (fig. 2, underlined sections), as predicted from
previous analysis of the genomic sequence (Page et al.
1987). The amino-terminal end of the protein consists
of 98 residues (26 % ) of either aspartic acid or glutamic
acid and hence is highly acidic and negatively charged.
A short stretch of basic amino acids (at positions 391-
405) seems to define the boundary of these two do-
mains. Four putative N-glycosylation sites (fig. 2, boxed
sections) are present at positions 284-286, 300- 302,
362-364, and 371-373, preceding the first zinc-finger
unit. Recently, sequences of the Zfy-1 and Zfy-2 cDNAs
from the mouse Y chromosome have been reported
(Ashworth et al. 1989; Mardon and Page 1989). These
investigators also observed a similar organization of the
acidic domain, the basic amino acid region, and the
zinc-finger domains in the mouse proteins. On the ba-
sis of sequence homology to other nuclear proteins,
Mardon and Page (1989) postulated the basic region
to be the nuclear localization signal for the Zfy-2 mole-
cule. Despite such structural similarities, differences are
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discernible between the two sequences. The human ZFY
and mouse Zfy-2 cDNA share 82% and 73% sequence
homology at their zinc-finger and acidic domains,
respectively. The homology is further reduced at the
protein level, to 80% and 59%, respectively. Only two
of the four putative N-glycosylation sites (positions
362-364 and 371-373) are conserved at the correspond-
ing positions in the mouse Zfy-2 protein. Although both
human and mouse cDNAs contain the same putative
translation start site, the mouse genes encode only 783
amino acids as compared with the 801 amino acids en-
coded by the human gene. Such divergence is mainly
due to in-frame deletions of the corresponding amino
acids in the mouse protein, noticeably at positions
45-47 and 309-319 of the human protein (fig. 2). It
is uncertain whether such deletions represent any
significance in its function.

The pYF-2 sequence contained 1,874 bp and a par-
tial open reading frame of 1,695 nucleotides which starts
at the first nucleotide at its 5’ end and terminates at
the same stop codon (TAA) of the ZFY protein. In con-
trast to the mouse Zfy-2 gene, the human ZFX gene,
as indicated by the sequence of pYF-2, exhibits (a) 95%
and 97.4% homology to the ZFY gene at the DNA
and protein levels, respectively, at their zinc-finger do-
mains and (b) a 94% homology at both DNA and pro-
tein levels at their acidic domains. Besides the stretch
of basic amino acids immediately preceding the zinc-
finger domain, all four putative N-glycosylation sites
are also conserved in the deduced ZFX protein. Al-
though the exact molecular structure of the ZFX pro-
tein has yet to be determined, its close homology to
the ZFY protein at the zinc-finger domain, the putative
DNA-binding site, suggests that both proteins may in-
teract with the same or similar DNA sequences. Since
only partial sequence of the amino-terminal end is
identified in pYF-2, it is still unknown whether the miss-
ing portion of the molecule (a) represents a structure
different from that of the ZFY protein and hence (b)
may serve functions different from those of the ZFY
protein.

The Human ZFY and ZFX Genes Are Differentially
Expressed in Adult Gonadal and Somatic Tissues

To study the expression of the ZFY and ZFX genes,
we used the Northern blot analysis of poly (A)+ RNA
samples isolated from human testes, ovaries, somatic
tissues, and established cell cultures. With the zinc-finger
probe, a 3- and a 5-kb band were consistently detected
in most testicular samples (figure 34, lanes 2 and 3).
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Figure 3 Northern analysis of ZFY and ZFX transcripts in testes, ovaries, and tumor cells. @, 3 pg poly (A)+ RNA from each sample
was analyzed by Northern blotting and hybridized with 3?P-labeled zinc-finger (hYfin) probe. A prominent 3-kb band and a minor 5-kb
band were consistently detected in most testis samples (lanes 2 and 3). Under relaxed conditions, minor 1.5-kb (long arrow), 2.7-kb (medium
arrow), and 5.7-kb (short arrow) bands were also detected in testis A (lane 1). All ovarian samples (lanes 4-6) and all somatic cells of both
sexes (lanes 7-9) showed hybridization of RNA at 8.0 and 6.7 kb and presumably were derived from the ZFX gene. Furthermore, a 5.7-kb
transcript was also detected in a male cell line (tumor B, lane 8). b, Autoradiogram showing hybridization of a ZFX-specific oligonucleotide
to the 6.7- and 8-kb bands in the somatic cells. ¢, Autoradiogram showing hybridization of a ZFY-specific oligonucleotide to the 5.7-kb
transcripts (lane 2). Identical filters were used in all Northern hybridizations in panels a—c. An RNA ladder (0.24-9.49 kb; BRL) was used
as a size marker. Tumor A (HT144) was derived from a male melanoma; tumor B (MG63) was derived from a male osteosarcoma; tumor
C (Colo320DM) was derived from a female colon carcinoma. Similar results were obtained from several other human tumor cell lines derived
from neuroblastoma and leukemia. HT144 and MG63 were chosen as representative samples, respectively, for low and high expression
of the ZFY gene.

The 3-kb band was previously detected in adult mouse  of these minor transcripts are unknown. However, the
testis (Mardon and Page 1989; Nagamine et al., sub-  5.7-kb band was probably derived from transcription
mitted) and was linked to spermatogenesis (Nagamine  of the ZYF gene in the somatic cells of this organ, since
et al., submitted). Hence, the reduced intensity of the  similar-size ZF Y-specific transcript was detected in other
3-kb band in human testis B (lane 3) probably reflects ~ somatic cells (see below). Two transcripts, of 6.7 and
the suppressed spermatogenic activities in this sample, 8 kb, were consistently detected in the ovarian samples
asindicated by the pathologist’s report (CHTN, Univer-  (fig. 34, lanes 4-6) and in male and female somatic
sity of Alabama). Under relaxed hybridization condi-  cell cultures (fig. 34, lanes 7-9). We presumed that the
tions, other minor transcripts of 1.5 (long arrow), 2.7  6.7- and 8-kb mRNA were derived from the ZFX gene.
(medium arrow), and 5.7 (short arrow) kb were also  This inference was confirmed by Northern hybridiza-
observed (fig. 34, lane 1). At present, the exact origins  tion of the somatic cell RNA by a ZFX-specific oligo-

Figure 2  Sequence of the testis-specific pYF-3 cDNA derived from the ZFY gene. The 5’ end of the DNA sequence (middle line) starts
at the nucleotide position corresponding to the first nucleotide of pYF-4 sequence. An open reading frame starts at nucleotide 34 and ends
at nucleotide 2440, encoding a protein that has 801 amino acids and a calculated molecular weight of 90.6 kD (top line). The amino-terminal
domain (position 1-390) is highly acidic and negatively charged. The carboxyl-terminal domain (position 420-795) contains a DNA-binding
motif of 13 zinc-finger repeats (underlined). A segment rich in basic amino acids (position 391-405, open brackets) separates the two domains.
Four putative N-glycosylation sites (boxed) are present immediately preceding the zinc-finger domain. The bottom line indicates the deduced
783-amino-acid sequence of a mouse Zfy-2 gene as reported by Mardon and Page (1989). Several in-frame deletions ( ), notably at
position 309-319, render mouse Zfy-2 protein smaller than the human ZFY protein. Ellipses (. . .) denote identical amino acids between
the two proteins.
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nucleotide probe (fig. 3b, lanes 1-3). Frequently, an ad-
ditional 5.7-kb transcript was also detected in some
male cell cultures, by both the zinc-finger and acidic-
domain probes (fig. 34, lane 8). We believe this 5.7-kb
transcript was derived from the ZFY gene, since it hy-
bridized strongly with a ZF Y-specific oligonucleotide
(fig. 3c, lane 2). The lack of hybridization of this
Y-specific probe to tumor A and tumor C (fig. 3¢, lanes
1 and 3) was due to the low level in the tumor A sample
(lane 1) and to the absence, in female sample (lane 3),
of the ZFY transcripts. Similar analysis of RNA sam-
ples derived other somatic tissues, such as liver and
placenta, revealed the 6-8 kb transcripts at reduced lev-
els (data not shown). On the basis of their sizes, these
transcripts in the tissue samples seem to correspond
to those of the ZFX gene detected in tumor cells.

In order to confirm the relative amount of transcripts
from both ZFY and ZFX genes in the testes, we used
the highly sensitive RI-PCR analysis of the same poly
(A)+ RNA preparations. We adopted a strategy which
can detect relative amount of transcripts from the respec-
tive genes. In this approach, cDNA molecules derived
from the poly (A)+ RNA samples are generated with
a random-priming and reverse-transcription kit (Boehr-
inger/Mannheim). The resulting cDNA samples are sub-
jected to a PCR procedure using sets of gene-specific
primers which harbor at least one intron in the corre-
sponding genes, such that PCR fragments from the
c¢DNA will be shorter than those from genomic DNA.
This step will eliminate any false signals from the con-
taminant genomic DNA in the RNA preparation. To
establish the relative amount of transcripts from two
closely related genes (such as ZFY and ZFX), a com-
mon primer at one end (i.e., the 5" end) and two gene-
specific primers at the other end (i.e., the 3’ end) are
used in the PCR analysis. The gene-specific amplifica-
tion of the cDNA will be specified by both 5’ and 3’
primers. However, since the 5’ primer is common to
both genes, its binding to the substrates is dependent
on the relative concentration of the respective cDNA
species in the sample. Therefore, the intensities of the
ZFY- and ZFX-specific PCR fragments can be inter-
preted to represent indirectly the relative amount of cor-
responding transcripts within the same RNA prepa-
ration.

Using this RT-PCR approach, we confirmed the tran-
scription of both the ZFY and ZFX genes in the testes
(fig. 4, lanes 3 and 4). More significantly, the relative
intensities of the X- and Y-specific PCR fragments in
the two testis samples seem to correlate directly to those
of the 5- and 3-kb bands, respectively, in the Northern
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Figure 4  Detection of ZFY and ZFX transcripts by the RT-
PCR method. Complementary-DNA samples were synthesized from
1 pg poly (A)+ RNA of various tissues and cells by using a random-
priming cDNA synthesis kit (Boehringer/Mannheim). Five percent
of the resulting cDNA was subjected to PCR amplification as de-
scribed in Material and Methods. ZFY- and ZFX-specific oligonu-
cleotide primers were selected from pYF-3 and pYF-2 sequences and
produced transcript-specific fragments of 654 and 567 bp for the
ZFY (labeled as Y) and ZFX (labeled as X) genes, respectively. The
relative intensity of the Y and X fragments in the human testis sam-
ples (lanes 3 and 4) were proportional to the Northern signals of
3- and 5-kb transcripts, respectively (fig. 34, lanes 2 and 3). As ex-
pected, the ovarian (lanes 5 and 6) and the female tumor C (Colo-
320DM,; lane 9) samples showed only the ZFX-specific fragments.
The male tumor A (HT144) transcribed mostly the ZFX-specific 6.7-
and 8-kb mRNA (fig. 34, lane 7 and fig. 3b, lane 1) and showed
higher amount of X-specific fragment (lane 7). Conversely, the male
tumor B (MG63) showed a high level of ZFY-specific 5.7-kb tran-
script (fig. 3a, lane 8, and fig. 3¢, lane 2) and a brighter Y-specific
PCR fragment (lane 8). Lanes 1 and 2 show RT-PCR amplification
of chimpanzee testicular cDNA by the human primers.

autoradiogram (fig. 34, lanes 2 and 3), suggesting that
the 5- and 3-kb transcripts might be derived from the
ZFX and ZFY genes, respectively, in the testes. Simi-
larly, the ZFX- and ZF Y-specific transcripts in the ovar-
ian samples and in somatic cells could also be confirmed
by the RT-PCR method (fig. 4, lanes 5-9). Again, the
relative intensities of the ZFX-specific PCR fragment
(labeled as X in fig. 4, lanes 5, 6, and 9) were directly
proportional to the Northern signals of the 6.7- and
8-kb transcripts (fig. 3@, lanes 4, 5, and 9), and those
of the ZF Y-specific fragment (fig. 4, lanes 7 and 8) were
directly proportional to the signals of the 5.7-kb tran-
script (fig. 3a, lanes 7 and 8). These observations sug-
gest that both ZFY and ZFX genes are differentially
expressed as discrete-size transcripts in somatic and
gonadal tissues. The ZFX gene is expressed primarily
as 6.7- and 8-kb transcripts in most somatic and ovar-
ian tissues and is probably expressed as a 5-kb tran-
script in the testis. In contrast, the ZFY gene produces
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a major 3-kb transcript in the testis and a 5.7-kb tran-
script in somatic cells. Such transcript size variation
between testis and somatic tissues has been well docu-
mented in several mammalian genes, notably in some
proto-oncogenes (Ponzetto and Wolgemuth 1985; Dug-
gal et al. 1987; Goldman et al. 1987; Mutter and Wol-
gemuth 1987; Propst et al. 1987; Serrentino et al. 1988).
It is still uncertain whether such differential expression
of both ZFY and ZFX genes was the result of alternate
RNA processing or of transcriptional initiations. Fur-
thermore, whether the gonadal and somatic mRNA en-
code proteins of different molecular weights and/or
different functions has yet to be elucidated.

The Testis-specific Transcripts of the ZFY Gene Are
Present in Other Mammals

To determine whether the 3-kb transcripts were pres-
ent in the testes of other mammalian species, we exam-
ined the poly (A)+ RNA from the testes of bull, dog,
guinea pig, rabbit, rat, chimpanzee, and mouse by
Northern analysis (fig. 5a). With either the human zinc-
finger (hYfin) or the acidic-domain (pYF-4) probe, the
3- and 5-kb bands were only detected consistently in
the chimpanzee testicular RNA (fig. 54, lanes 6 and
7). With the ZFY- and ZFX-specific primers, both
Y- and X-specific fragments could be amplified in the
RT-PCR analysis of the chimpanzee RNA samples (fig.
4, lanes 1 and 2). Significantly, the sizes of these frag-
ments were similar to those of the human samples, sug-
gesting that both ZFY and ZFX genes are conserved
between human and chimpanzee. Again, the intensi-
ties of the X- and Y-specific fragments were propor-
tional, respectively, to the relative signals of the 5- and
3-kb bands on the Northern autoradiogram (fig. 5a,
lanes 6 and 7). Testicular RNA from other species
showed little or no hybridization at the 3-kb region.
Instead, high-molecular-weight transcripts at about 5-6
kb were observed in guinea pig and rabbit testes (fig.
Sa, lanes 3 and 4). The higher-molecular-weight tran-
scripts were probably derived from the ZFX gene, as
inferred by the Northern and RT-PCR analyses of the
human and chimpanzee testes. In addition, the absence
of the 3-kb transcripts in these mammalian testes is un-
likely to be due to suppression of their spermatogenic
activities, since rehybridization of the same filter by a
human cDNA probe of another phylogenetically con-
served and spermatogenic gene, the male-enhanced an-
tigen (MEA) gene (Lau et al. 1988, and in press), showed
that comparable amounts of MEA transcripts were pres-
ent in all testicular samples (fig. 54, lower panel). There-
fore, the lack of appreciable hybridization of the hu-
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man probe to the 3-kb transcripts in the other testes
was probably due to the sequence divergence between
the human ZFY gene and the ZFY genes of other spe-
cies. We believe the testis-specific 3-kb transcripts would
be discernible on hybridization with ZFY gene probes
of the respective species. The present assumption can
be further supported by analyzing RNA preparations
from the mouse testis and from the somatic cell line
TMA4. Transcripts of 7.5 and 6.0 kb were readily de-
tected with the human probe in the TM4 sample (fig.
5a, lane 9). These large transcripts probably originated
from the mouse Zfx gene, since Southern blot analysis
indicated that the Zfy sequences were absent from the
TM4 DNA (see Material and Methods). Under identi-
cal experimental conditions, only weak hybridization
at the 3-kb region was detected in the mouse testis sam-
ples (fig. 54, lane 8). However, this 3-kb transcript and
another minor mRNA band at 2.7 kb (arrow) were read-
ily detected in the mouse testis on rehybridization of
the filter with the mouse Zfy-2 cDNA probe, mYfin (fig.
5b, lane 1). Although additional investigations will be
needed to confirm our presumption that the 3-kb testis-
specific ZFY transcripts would be discernible in testes
of other mammalian species with the respective ZFY
gene probes, the detection of the ZFY transcripts in
human, chimpanzee, and mouse testes seems to sup-
port such a differential expression of the ZFY gene in
adult testes of other mammals.

Despite the sex-chromosome locations of the ZFY
and ZFX genes in most eutherian mammals (Page et
al. 1987), our studies indicate that the human ZFY and
ZFX genes have diverged from each other more recently
than either gene has from the corresponding mouse
genes (Nagamine et al. 1989; present report). Since the
sequences for the full-length cDNAs from the ZFX gene
are not available at the present time, it is uncertain
whether the close homology between the human ZFY
and ZFX genes represents an example of concerted evo-
lution. However, preliminary sequence analysis of a
putative cDNA from the mouse Zfx gene indicates that
the mouse Zfx sequence is more homologous to the
human ZFX and ZFY sequences (about 90% ) than to
those of Zfy-1 and Zfy-2 (about 78% ), suggesting that
such concerted evolution may not be valid for the mouse.
In addition, both Southern blotting and sequence anal-
ysis of other mammalian species, e.g., the wood lem-
ming (Myopus schisticolor), showed that the ZFX gene
is evolutionary more conserved than the ZFY gene (Lau
et al., submitted). If this interpretation is indeed true,
it will explain some of the discrepant findings by other
investigators who demonstrated that ZF Y-homologous
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Figure 5 Detection of ZFY-specific transcripts in mammalian testes. a, 3 ug poly (A)+ RNA isolated from various mammalian testes

processed for Northern blotting and hybridized with 32P-labeled human acidic-domain (pYF-4) probe. Only the chimpanzee testes (lanes
6 and 7) showed readily detectable hybridization at the 3- and 5-kb regions. Only a 5-6-kb band was detected in guinea pig and rabbit
testes (lanes 3 and 4). A weak 3-kb band was detected in the mouse testis sample (lane 8), but prominent Zfx bands of 6 and 7.5 kb were
readily discerned in the mouse somatic cell, TM4 (lane 9). The ZFY probe was dissociated from the filter which was rehybridized with
a human MEA cDNA probe. The 1-kb MEA-specific RNA band was detected in all samples, indicating that comparable spermatogenic
activities were present in each sample. b, Autoradiogram from a rehybridization of the filter with a mouse Zfy-2 cDNA probe, mYfin, showing
the major 3-kb and a minor 2.7-kb (arrow) Zfy-specific transcript in the mouse testis sample (lane 1) and relatively less intense Zfx bands
in TM4 (lane 2). These results were interpreted to indicate that the mouse Zfx transcripts were more homologous to the human ZFY probe
than were the mouse Zfy transcripts.

sequences are located on the autosomes of reptiles, birds
(Bull et al. 1988), and marsupials (Sinclair et al. 1988).
Although the sex determination mechanisms in reptiles
and birds may be different from those in mammals, the
autosomal location of ZFY-homologous sequences in
marsupials contradicts the postulated sex-determining
role of this gene, since the Y chromosome is essential

for testis differentiation in metatherian mammals (O
et al. 1988). Two explanations have been advanced: (1)
the ZFY gene is not the primary testis-determining gene,
and (2) the ZFY gene is sex determining in eutherian
mammals but not in marsupials (Hodgkin 1988). In
view of the present observations that the ZFY gene has
indeed diverged among human, mouse, and wood lem-
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ming, in contrast to the situation for the ZFX and MEA
genes, a third possibility — that the corresponding ZFY
gene is undetectable on the marsupial Y chromosome
because of sequence divergence from the human ZFY
probe (pDP1007)— has to be included. Whether the au-
tosomal sequences detected in the marsupials corre-
spond to the human ZFX-homologous sequence has
yet to be established.

Although Mardon and Page (1989) did not detect
any Zfy transcripts in fetal mice RNA samples at the
time of sexual differentiation, using the highly sensi-
tive RT-PCR analysis we had demonstrated the expres-
sion of the Zfy genes in testes and somatic tissues from
fetal mice at similar embryonic stages (Nagamine et
al., submitted). Therefore, the sex-determining role of
the ZFY and related genes cannot be ruled out com-
pletely. Irrespective of whether ZFY is the TDF gene
or not, our studies demonstrate that both human ZFY
and ZFX genes are differentially expressed in adults
and that they hence may serve separate functions in
gonadal and somatic tissues. The presence of abundant
ZFY transcripts in adult testis suggests that the ZFY
genes may play an important role in the normal physi-
ology of this organ. Detailed analyses of RNA derived
from testes of normal and mutant mice have demon-
strated that the expression of the Zfy genes is linked
to the spermatogenesis of the animals. More significantly,
the 3-kb transcripts are present most prevalently in
round spermatids (Nagamine et al., submitted). Wheth-
er the similar-sized transcripts detected in other mam-
malian testes are distributed in the germ cells as those
in the mouse testis has yet to be elucidated. The molec-
ular isolation of the cDNA from both human ZFY and
mouse Zfy genes has provided the means for further
investigations—such as those using gene-targeting in-
activation and transgenic mouse construction — of their
roles in mammalian testis determination and/or sper-
matogenesis.
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