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To facilitate studies of the SRY gene, a 4741 -bp por-
tion of the sex-determining region of the human Y
chromosome was sequenced and characterized. Two
RNAs were found to hybridize to this genomic segment,
one transcript deriving from SRY and the second cross-
hybridizing to a pseudogene lecated 2.5 kb §' of the
SRY open reading frame (ONI). Analysis of the SRY
transeript using 3’ and 5 rapid amplification and cton-
ing of ends suggested that the enlire SRY protein is en-
coded by o single exon. A 700-hp CpG island is loecated
immediately 6 of the pseudogenc (and 2 kb 5’ of the
SRY ORF). Within this CpG island lics the sequence
CGCCCCCGC, a potential binding site for the EGR-1/
WT1 family of transcription factors, some of which ap-
pear to function in gonadal development. @ 1993 Aeademic

Press, Inc,

During mammalian embryogenesis, the presence or
absence of the SRY gene determines whether the bipo-
tential gonads develop as testes or ovaries, in turn deter-
mining whether the remainder of the emliryo develops as
male or female (7, 8). In humans, transcription of SRY
has been detected only in the adult tesies, where a low
abundance 1.1-kb iranscript was found (17). The human
SRY genomic locus is known Lo contain al, least. one large
open reading frame (ORF), 471 bp of which have been
reported (G, 17). If translated, ihis ORF would encode a
protein containing an HMG L-like DNA-binding motif.
The SRY transcription unil is olherwise uncharacter-
ized.

Having previously cloned the sex-determining region
of the ¥ chromosome (12}, we hegan the present studies
by sequencing a 474 1-bp portion of distal Yp that should
contain part or all of the SRY gene (Fig. 1A). The se-
guence contains a single long ORI, 669 bp in length, 471
bp of which are identical to the portion of the SRY gene
previously reported (6, 17). We then attempted to 1solate
SRY cDNA clones from a library of 10% clones con-
structed using polyiA)' RNA from adult human testis.
Plague-hybridization screening with genomic DNA
probes revealed no SRY clones, perhaps because of the
low abundance of SRY transcripta,
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'Fo characterize the SRY transcription unit in the ab-
sence of conventional cDNA clones, we carried out 3’ and
5 rapid amplification and c¢loning of ends (RACE) analy-
sis (4) using human testis poly(A)* RNA as template
and SRY-specific oligonucleatides as primers, For ¥
RACE, reverse transcription was primed using the oligo-
nucleotide GAGGATCCGCGGCCGCGTCGACAG T
TrITTTTrTTTTrTTTY. Subsequent PCR reactions
employed the 3 primer GAGGATCCGCGGCCGCGT-
CGACAG and the 5 SRY primers GAGTGAAGCGAC-
CCATGA and CGTCGGAAGGCGAAGATG in a se-
quential, heminested (ashion. The 3" terminus of the
gzene was readily defined, with all six clones examined
conlaining a poly(A) tract following nucleotide 749
(numbered as in Fig. 1), 133 bp after the termination
codon that closes the ORF. A canonical polyadenylation
signal (AATAAA, underlined in Fig. 1A) is located 21 bp
upstream, at nucleotides 728-733, 112 bp 3’ of the termt-
nation codon. These results are at odds with a prior re-
port. that placed the polyadenylation signal 133 bp 3" of
the termination codon (17).

For 5 RACE, reverse transcription was primed using
the SRY-specific oligonucleotide CATCTTCGCCTT-
CCGAC. Subsequent PCR reactions employed reagents
and & primers {roin the GIBCO-BRL & RACE system,
using the 3 SR Y-specific primers TCGGGTATTTCT-
CTCTGTGC and TATCCCAGCTGCTTGCTG in a se-
quential, heminested fashion. In contrast to the 3' re-
sults, 5 RACE clones exhibited a diversily of & ends,
most of which fell into one of two clusters. The first
cluster consisted of 5 clunes {(of 12 examined), all of
which began at nucleotide -138. Clones composing the
second cluster were somewhat shorter, beginning at nu-
cleotides -81, -80, and -79. The remaiuning 4 clones were
shorter still, beginning at nucleotides -65, -35, -2, and
+38. Thus, 11 of 12 clones extended 5 of the first ATG
codon in the long ORF, and 9 of these 11 clones extended
5 of the ORF. These results imply that SRY transcripts
conlain the entire genomic ORF and, in turn, that a sin-
gle exon encompassing the ORT encodes the entire pro-
tein, predicted to contain 204 amino acid residues
(Fig. 1A).

To test these inferences, SRY transcripts in adult hu-
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=3000 TATTTAAATTTTGTAGACTGCCACCCCCAAGTGAGTCTCCTCACACACCCCGTCCTGTAATATATGCATCTGGGAGGTCTTTITTGCCTTCTTAAARACATATAGATGGTTGGACATATG

pseudogene
—-2880 TATATAAGARTATAAARATTCACCACTTTATCTTTTGTGAATETGIGCTGTGAAGARCTCCTTTACTGGGGTCATGGAACCAGTGGCTACAARGTAACORGCTCOTTTACTCCTGTARACG
-2760
-2640
-2520

EGR-1/WT1 sile
=2400 CGAARCTACACTIAAGAGTCCCTCGGGGCCCTGOCGEATGGCAGGCGTGATGAAGCGCCACACCGTGGTGEGCCGCAGEGTATCAGETETAGTCTCGLGEGEGECEGCGTCCTGCAGTSTG

-2280 GCTGGGCGCAACTGGACGCTGTACCTCTCCATAGCCGCCTAGTCGECGETCTCCATCCTCGCTCCTGTGCGACGCCACTTTATCCCTCTTAAACTGGACGATTCAGTAGTACCGGGGAAC
-2160 GAAGGCAACAAGACCTARCCATAGCAACRACATTTTGTTTTTGAAACCCATCTTGCAACTGCCTGACTGCARAATGTACTTGCAGATTCTGCAGACARRAATTGCTGCCACTTATTARAR
-2040 GACTTCATAGTGAAAACTGACTTTTTACCCAAACCACTGATTCARGGACTTITCCGTAGARRCTCATGARCTGTTARGATARCCCTTCATTACCAATTARGATAATAGETTGTAAGTARC
-1920 CTAATGAGTACCAACTITCTCTTATTTICCTTTARAAACTGTICTCTCARAACAGCCGGTCACGACACAATGTCAGATGCTICTGGAATCTGTITICTCTAATTACAGTTC TAAAACTGCCAR
-1800 CAAACTCCTTATTTGGACTICAGTTTCTCTGACTCTTTGGTTCACCATGTTGTGCAGCCATCACCTCTC TCTAGTTCCAGAGCATATTTTATCAATCC TCAAAAGARACCGTGCATCCAC
-1680 CAGCAGTAACTCCCCACAACCTCTTTCATCCAGTCCTTAGCARCCATTAATCTGGTTTTAGTC TCTATTCATTTGCCTTTCCTGGATATTTCATATACATGGGATCATTCAGTATCTGGE
-1560 CTCTTGTATCTGACTITTIICACACAGTGTAACATTTTCAAGGTTCACCTATCTGGTGCCTTGTGTCAGTTTTTGCTATTTTCATGTCAGGTTTTGAAATGCTATGTTTTTTCTCATCTTG
~1440 TAAGGGATTTCCTGTTIGTAGAAAATCTGTTTCTGTGTATGAC TGCRAATTTAACCATTTTATTTGCTATCCAGATACATGTTTTAACTTGAGCCAACTATATTTCCACTTTGTATAATGAA
-1320 TACTARATTTTGTATCTTAGATACTAAACTTTAGTAGATAACTAGGATACAMATTACAGTTTTCATATITTICTTTICATGGAATATAATTTTTTAAAGTTTCTGATATTAATTCATTAT
-1200 AACATTTACTGGACARACCAACCACATITGGTTCTATGRACTCTTITTCATATTITACGGGATTTTTATTTITGTTGTC T TAGGAATTGTGGCATCATTCAGTCTTTGCTTGAGAGTTTATT
-1080 TTTATTAATAGGTTICTGTGTACTATGCAACCTGTAGTTGTTACTCCTGTTTTGCARATATGGCATTAARACATTGCTGAGTGGCGGACTTICCTCCCATTTTATTTCAGCAAAGAAATCT
=960 TGTCATTICTCTTCAGACTTTAAGATTTATTGAGGAGAGTTATICACTTGTTTAGTCTGGTAAACTGTCACCTTTAAATTTTGAAGGAGGTTGAACTAAAAGGTGARATATGATARATTG
-840 ATGGCTCTATTTGTTIGIGAATGCAAATTTAATTTAGACTTCTAARAGATIGTTTTTTAAATTGCTAATTGTGTGACAGTGRAAGAGAATCGACTTCARAATATCCCACTATACAATCTGCAR
=720 AGAAAAGAATTGTGTCCCCTITTTAGTGTAGCT TAACACTTCACTGAAACTGTTTTGAGTTCTTAGETCATATTTTTTTT TCTCTAAACGAAACAATTACTTI TTCTARARGTCAARTGTT
=600 AGCCATCCTAGAAGTITGGGCATAARATACTTIGTARGTATATGC TAATATTCTGATACTTAATGCCTGTGARAAATGTGTATAGAATTTTCAATTTTTAAATAGAAGTGAAGAAARAGCGA
=480 TAATAATTACTATAAATTCAATATGCAGTTATGTATGTATCTGTGTGGT TAAGACAATTAGGTICTCATTAAGCTTTGTTTTITTAAAGATAACATACACATATATTGATAATGATAAAT
-360 AATTCATATAGCTTTITGTGICCTICTCGTITTGTGACATARAAGCTCAATGAARARATTGCCGATTARGTCARATTCGCATTTTTCAGCACAGCAGTAGAGCAGTCAGGGAGGCAGATCA

-240 GCAGGGCAAGTAGTCAACGTTACTGAATTACCATGTTTTGCTTGAGAATGAATACATTGTCAGGCTACTAGGGGGTAGGCTGGTTCGECGGEGTTGAGGGGGTGTTGAGGGCGGAGAAAT

* N K F R T L AP FWNVF V A L 5 L F L T
-120 GCAAGTTTCATTACARAAGTTAACGTAACARAGAATCTGGTAGAAGTGAGTTTTGCGATAGTAAAATAAGTTTCGAACTCTGGCACCTITCARTITTGTCGCACTCTCCTTGTTTTTGACA

1 M2 s ¥ A $ AMUL SV F N SDDY S P AV QENTITPAILRRBRS S S F L CTE 5§ C
1  ATGCAATCATATGCTTCTGCTATGTTAAGCGTATTCAACAGCCATGATTACAGTCCAGCTGTGCAAGAGAATATTCCCGCTCTCCGGAGARGCTCTTCCTTCCTITGCACTGAARGCTGT

41 N 3 K ¥ ¢ ¢ E T 6 E N §8 K G N V ¢ D RV KRPM®NATF I V W S RD QRURZEKM®BAL
121 AACTCTAAGTATCAGTGTGAAACGGGAGAAARCAGTAAAGGCAACGTCCAGGATAGAGTGARGCGACCCATGARACGCATTCATCGTGTGETCTCGCCATCACAGCCGCARGATGCCTCTA

81
241

121, R E X ¥ P N ¥ X ¥ R P R R K A ¥ M L. P X ¥ ¢ 5§ L L P B D P A 5 V L C 5§ E V Qg L D
36l AGAGAGAAATACCCGAATTATAARGTATCGACCTCGTCGGAAGGCGRAGATGCTGCCGAAGRATTGCAGTTTGCTTCCCGCAGATCCCGCTTCCGTACTCTGCAGCGAAGTGCAACTGGAC

1l ¥ R L ¥ R D D ¢ T K A T H S RMEHQLGHILUZ E?P?P I NAAS S P Q2 RDIURY S H
481 AACAGGTTGTACAGGGATGACTGTACGARAGCCACACACTCARGARTGGAGCACCAGCTAGGCCACTTACCGCCCATCARCGCAGCCAGCTCACCGCAGCARCGGGACCGUTACAGCCAL

201 W T K L =
601 TGGACAAAGUTGTAGGACAATCGGGTAACATIGGC TACARAGACCTACCTAGATGCTCCTTTTTACGATAACTTACAGCCCTCACTITCTTATGTTTAGTITCAATATTGTTTTCTTTIC

721 TCTGGCTAATAAAGGCCTTATTCATTICAGTTTTACTGGTATTTCATTTTARACTTAATTTCAAGACAAGTTGTGTCAACACGATTAACATGCAARAGARATAAGACATCCAGAAGTGAGT
841 CTGCCTATGTTTGTGGCCGTCAGAGTACTAARCTTGATACARACGGACACTGTGGCTTACTTTAAATGC TCTAATGAGARACACACTTGARAATTGTACCARAAAAARTCACACTTCTATA
961 TGCAGCGTGTIAAGCAGTCCTCTCTAGACCGTGTATTCATTGGTCTTTCAGC TACTTTGTACGTGTCTATAAATTCCAGGTAACTAAGGAATGGATATGTAAGCAGGATCARACTTGTTT
1081 CTTTCTCTCCCCTTCACGCTGTGGAAAAAACCAGTTTTACCTCCACTTGCAATTCAGTICCTTTACTCCATATAAATCCARACGGTTGACATTTCCTTTCAACTAGTTATARAATGCCTC
1201 TGGTAARACAAAATATTTAATTCCTTGTCATTTTTGTATCICTATGAAACTTATCATTITGCCTITCTTCTGAAAACTATCTTTTAARATGGCAATCTACTTGTTTCCATGGCCTATTAR
1321 CTTITTAAGCCTGTGGAATGAAARATACAGAATTTTCATTCTCAACAGGAATGT TGAGAACGLCGACTACCCAGATTATGGAGATGGAAGGGLGGGGGCTGGTGACCCARCTGGTTTAATT
1441 TGATGGGATTTARATAARAATGTAATGCCAAGACTTCATAARATTTGCACATARGCTARAGCAGGAARCTAGRAGTTTACRAAATAACTGTARACCACAGTTTAAAGTATAAATTACAAAT
1561 AAATTTTTCTACAATAAAAATAAATCAAAAGTCAAARATTAATGGTATGTATCARAGTCAGCTTTCCAATATTITCAAARCTTTTCAGAGACATTACCTTAAATAATARAACTCARACACTA
1681 AAAGAGTGTATATTAGAGATGGATGTICATGTITTCTCAAAGTTICAGGGTTTAAARAAAGCTT 1741
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& #
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FIG. 1. The human SRY gencmic locus and flanking regions. (A) Nucleotide sequence of a 4741-bp portion of the human Y chromosome
(GenBank Accession No. L08063). Above the nucleotide sequence is the 223-amino-acid sequence corresponding to the entire SRY ORF;
asterisks denote stop codons that bound the ORF. Nucleotides and amine acids are numbered with respect to the putative initiation codon, the
first in-frame ATG. Nucleotides (172 to 411) encoding the HMG domain of the protein {(amino acids 58 to 137) are underlined. Also shown are
(1) a pseudogene (region of high nucleotide similarity to cDNA pDP1310 is underlined); {2) a potential binding site for transcription factors of
the EGR-1/WT1 family; (3) the 5 ends of SRY 5 RACE clones (upward pointing arrowheads at —81, —80, —79, —65, —35, —2, and 38 represent
single clones; heavy arrowhead at —138 represents five independent clones; (4} two SRY transcription initiation sites identified by Su and Lau
(Ref. 18; horizontal arrows ahove sequence); (5) the polyadenylation signal, AATAAA (underlined; nucleotides 728 to 733); and the nuclectide
(749) immediately preceding the poly(A) tract in 3’ RACE clones. (B) Schematic representation of the same 4741-bp region. Portions of the
SRY transcription unit are indicated: 3' and 5" untranslated regions {open boxes), HMG-box-encoding region {(hatched), and other coding
sequences {solid). The positions of HindIIl restriction sites are shown.
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man testis poly{A)* RNA were further characterized us-
ing RT (reverse transcription) PCR. RT-PCR reactions
were carried out using a single 3' primer (CATCTTCGC-
CTTCCGAC, within the SEY-HMG box) in combina-
tion with various primers located at increasing distances
5. Positive RT-PCR signals were obtained with ORF
primers GAGTGAAGCGACCCATGA, GAATATTCC-
CGCTCTCCG, and AATAAGTTTCGAACTCTGGCA
(the latter at the 5 extreme end of the ORF), but no
signal was obtained with ATTGTCAGGGTACTAGG-
GGG, a primer located 120 bp &' of the ORF (data not
shown). These results confirm that SRY transcripts
contain the entire genomic ORF. Accordingly, we have
numbered nucleotides and amino acid residues with ref-
erence to the first in-frame ATG of the ORF (Fig. 1A).

Attempts to map the 5 end of the transcription unit
using 81 nuclease or RNase protection were unsuccess-
ful. No SRY-specific signal could be obtained reproduci-
bly, perhaps due to low expression of SRY in human
adult testes. We were unable to confirm or refute the
transcription initiation sites suggested by our 5 RACE
analysis.

Although a single exon defines the coding region of
SRY, the gene might contain additional untranslated
exons. In addition, genes other than SRY might be pres-
ent in this portion of the genome. To pursue these possi-
bilities, we hybridized a series of genomic probes span-
ning this 4.7-kb region to Northern blots of RNAs from
various human tissues. We detected not only the 1.1-kb,
testis-specific SRY transcript but also a 1.0-kb tran-
script that hybridized to genomic sequences located
roughly 2.5 kb &' of the known SRY exon. This 1.0-kb
transcript was present in all tissues examined, both male
and female (data not shown), suggesting that it was not
from SEY and might derive from an autosomal or X-
linked gene. We isolated a corresponding cDNA clone
(pDP1310) from a library constructed using RNA from a
46, XY lymphoblastoid cell line. Sequencing of the 540-
bp insert of this partial cDNA (GenBank Accession No.
L08647) revealed a 351-bp ORF at the 5' end, a polyade-
nylation signal at nucleotide 482, and a poly(A) tract
beginning at nucleotide 503, The cDNA was 86% identi-
cal in sequence to its Y genomic homolog (nucleotides
—2380 through —2836) and was oriented opposite to
SRY (Fig. 1). The Y genomic sequence differed from the
¢DNA by several frameshift, missense, and nonsense
mutations, leading us to conclude that the Y-chromo-
somal homolog of the 1.0-kb transcript is probably a
pseudogene. The sequence of cDNA pDP1310 was unre-
lated to any entry in GenBank; its function is not
known. There was no abvious poly(A) tract at the 3’ end
of the pseudogene, Lacking knowledge of the structure
of the functional gene, we cannot conclude whether the
pseudogene arose by gene duplication or by retroposition
of an RNA transcript.

Computer analysis of the 4741-bp Y genomic sequence
revealed no evidence of additional genes. We first
searched for similarities to prior entries in GenBank us-
ing the BLAST (v1.5.3) program (1). Apart from the
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HMG box of SRY, no nucleotide or predicted amino acid
sequence displayed sigificant similarity to previous en-
tries. We then searched for potential coding exons using
the GRAIL program (19), which identified two regions
of interest, one corresponding to the known SRY exon
and the other corresponding to the previously identified
pseudogene.

Further analysis of the 4741-bp sequence revealed a
700-bp CpG-rich island approximately 2.0 to 2.7 kb 5" of
the SRY ORF. This CpG island overlaps the 5 end of the
pseudogene (Fig. 1B). Similar CpG islands function as
transcriptional promoters for a number of genes (2, 5).
In many cases, the transcription initiation site lies
within the CpG island. Interestingly, a human XY fe-
male has been described in whom the SRY ORF is intact
but whose Y chromosome bears a deletion that begins
1.7 kb 5’ of the SRY ORF and extends 25 to 50 kb farther
5 (11). This deletion removes the 700-bp CpG island; it
is possible, although entirely speculative, that loss of the
CpG island is the cause of the patient’s sex reversal. It
will be of interest to determine whether SRY transcrip-
tion—adult or embryonic—initiates within this CpG is-
land. (If so, the transcript must be spliced within the &'
untranslated region, since the transcript is shorter than
the distance between the CpG island and the ORF.) Al-
ternatively, the CpG island may simply be part of the
pseudogene unit and play no role in SRY expression.

The nonamer CGCCCCCGC occurs near the 5 end of
the CpG island (Fig. 1). This sequence is the consensus
binding site for a family of zinc-finger proteins that in-
cludes EGR-1 (also known as Zif268, Krox 24, NGFI1-A,
or TIS-8) and WT1 (3, 16). EGR-1 is known to be a
transcriptional activator (9). Although a role for EGR-1
in sex determination has not been reported, it is possible
that EGR-1 (or some related protein) might activate
SRY transeription in the developing gonadal ridge or in
the adult testis. More interestingly, deletions and point
mutations in the human Wilms tumor gene WT'I, when
present in XY individuals, are often associated with ab-
normal development of the gonads and external genita-
lia (13, 14). The WT1 protein appears to be a transcrip-
tional repressor (10}, and, at least in mice, is expressed
in the developing gonadal ridge (15). Perhaps one or
more members of this family of zinc-finger proteins di-
rectly activate or repress transcription of the human
SRY gene.

Addendum. Su and Lau recently reported (18) that
mouse fibroblasts transfected with a human SRY-con-
taining cosmid expressed SRY transcripts. These tran-
scripts had poly(A} tracts beginning at the same site as
in our 3 RACE clones. Transcription was shown to initi-
ate at two sites (indicated in Fig. 1A), each within one
nucleotide of the two clusters of 5 termini defined by our
5 RACE analysis. Su and Lau reported 3817 bp of SRY
genomic DNA sequence, all within the 4741 bp reported
here. Our sequence differs from that of Su and Lau at 21
nucleotides, all within a 1.3-kb region. We sequenced
this region again using new primers and were unable to
reconcile these differences.
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