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THE ZFY gene in the sex-determining region of the human Y
chromosome encodes a protein with 13 zinc fingers, and may
determine whether an embryo develops as a male or female'. ZFX,
a related gene on the human X chromosome, may also function
in sex determination; it encodes a protein with a very similar
zinc-finger domain and escapes X inactivation™. ZFY and ZFX
diverged from a common ancestral gene before the radiation of
placental mammals, and retain a similar genomic organization?.
Analysis of complementary DN As from the mouse Y-chromosomal
homologues of ZFY indicates that these genes encode probable
transcription activators®®. Here, we report that ZFX encodes a
protein composed of a highly acidic amino-terminal domain, a
basic putative nuclear-localization signal, and a carboxy-terminal
zinc-finger domain. This combination of features, also found in
the ZFY gene product, is typical of transcription activators.
Alternative splicing generates ZFX transcripts encoding isoforms
of 575 and 804 amino acids. These ZFX protein isoforms differ
in the length of their acidic domains and may be functionally
distinct.

ZFX is transcribed in all human celis analysed>. We cloned
ZFX cDNAs from a male lymphoblastoid cell line. Analysis by
restriction mapping and hybridization with genomic probes
revealed three distinct types of cDNAs. Whereas two types were
represented by a single clone each (¢cDNAs 1 and 3), a third
type was represented by three clones (¢cDNAs 2, 4 and 5).

We determined the nucleotide sequence of one cDNA of each
type (Fig. 1). Comparison of ¢cDNAs 1, 2, and 3 showed that
alternative splicing and polyadenylation had produced struc-
turally distinct 5' untranslated, coding, and 3’ untranslated
regions (Fig. 2a). Differential splicing involved an invariant
donor site (nucleotide —378) and alternative acceptor sites (at
nucleotides +647, —28 and —377, in cDNAs 1, 2 and 3, respec-
tively). Each cDNA contains a single long open reading frame
(ORF), and in each case the first ATG occurs in a sequence
context favourable for initiation of translation®. Complementary

708

FIG. 1 Composite nucleotide sequence of ZFX ¢cDNAs 1, 2 and 3 (Fig. 2a) »

and predicted amino-acid sequences. Numbering of nucleotides and amino
acids is with reference to the first in-frame ATG codon in ¢cDNAs 2 and 3.
Known splice sites are indicated by upward arrows. Alternative starts of
poly(A) tails are indicated by downward arrows. Complementary DNA 1
begins at nucleotide —527, uses a splice donor site at —378 and an acceptor
site at +647; a tail of 20 adenosines follows nucleotide 2,585. Complemen-
tary DNA 2 starts at nucleotide —426, uses the same donor, but a different
acceptor at —28; a tail of 46 adenosine residues follows nucleotide 5,450.
Complementary DNA 3 starts at nucleotide —426, uses the same donor,
but yet another different acceptor at —377; a tail of 26 adenosines follows
nucleotide 3,298. Complementary DNAs 2 and 3 contain the same ORF with
the first in-frame ATG codon at nucleotide 1; the predicted protein of 804
amino acids is composed of an acidic N-terminal domain, a small basic
domain (residues 391-406, boxed), and 13 zinc fingers (cysteines of the
Cys-X-X-Cys repeats are circled). Complementary DNA 1 has a shorter ORF
with the first in-frame ATG codon at nucleotide +688, encoding a protein
of 575 residues. The 3’ UTR of cDNA 2 contains an Alu sequencel®
(nucieotides +3,959 to +4,250, boxed). An AATAAA polyadenylation signal®”
occurs 20 nucleotides 5’ of the poly(A) tail of cDNA 2. Similar sequences
are present 5’ of the poly(A) tails in cDNAs 1 and 3.

METHODS. Complementary DNA libraries were prepared® using poly(A)* RNA
prepared® from human male lymphoblastoid cell line WHT1659. Five million
recombinant phages from unamplified libraries were screened using plas-
mids pDP1007, pDP1041 and pDP1006 {ZFY genomic fragments which
cross-hybridize to ZFX)*? as probes. Complementary DNA inserts of seven
phages were subcloned into Bluescript yectors (Stratagene). The full DNA
sequences of three inserts and partial sequences of the other four inserts
were determined®. As judged by comparison with genomic sequences, five
¢DNAs originated from ZFX and two from ZFY.

DNAs 2 and 3, with identical ORFs, encode a protein of 804
amino acids (ZFX®%**), whereas cDNA 1 encodes an isoform of
575 amino acids (ZFX*"%). (Alternatively, with cDNA 1, transla-
tion initiation at a second ATG, whose context is highly favour-
able, would result in production of an isoform of 573 amino
acids.) In vitro transcription and translation of cDNAs 3 and 1
yielded the predicted full-length and truncated proteins, respec-
tively (data not shown). Both ZFX protein isoforms contain
three domains—an N-terminal acidic portion (25% aspartic and
glutamic acid), a small basic domain, and a C-terminal run of
13 zinc fingers, each with two cysteines and two histidines
(Cys-Cys/His-His zinc fingers). The isoforms differ in that the
acidic domain of ZFX>'® is half that of ZFX%*.

Comparison of ZFX cDNAs with the genomic locus by
restriction mapping and oligonucleotide hybridization gave an
overview of the intron-exon organization (Fig. 2a). The C-
terminal zinc-finger domain and 3’ untranslated region (UTR)
are encoded by a single exon, whereas the N-terminal acidic
domain is encoded by a minimum of four exons for ZFX°"®
(cDNA 1) and a minimum of six exons for ZFX3** (cDNAs 2
and 3). The cDNAs span 67 kilobases (kb) in the genome.

Of the three types of cDNAs, type 2, encoding ZFX®**, seems
to be most representative of the 6.3- and 8-kb transcripts
observed on northern blots®. First, the coding exon defined by
oligonucleotides ‘150’ and ‘637" is present in ¢cDNAs 2 and 3
but not in cDNA 1 (Fig. 2a). Northern analysis using the corre-
sponding genomic DNA fragment revealed that this exon is
present in the 6.3- and 8-kb transcripts (not shown). Second,
northern analysis indicated that the polyadenylation site used
in cDNA 2 corresponds, at least roughly, to the 3’ end of the
main ZFX transcripts (data not shown). Clone 2, which is 5.6 kb
long, could represent a 6.3- or 8-kb transcript that is incomplete
at the 5" end.

Transcripts corresponding to cDNA 1, encoding ZFX*"*_ have
not been detected by northern analysis. Using polymerase chain
reaction (PCR) amplification, however, we confirmed the
differential splicing predicted from cDNA analysis and crucial
to the generation of ZFX protein isoforms (Fig. 2b). We designed
splice-specific 5’ primers spanning splices of the invariant donor
site at nucleotide —378 to alternative acceptor sites at nucleotides
+647, —~28 and —377, as in cDNAs 1, 2 and 3, respectively. The
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-527 CGGGGAGCTGOGCCOCTTTTTIGTCARGCTCCGAGETCGGLCCCTCCTC
CCTCCCTCCGCCCGCCCCACCAGCCGGAGCCCGGCCCAGTGCTCCAGAGARAGGCCGGCCTGCAGEACCCGCCACCOTLGCGGCCGCCCOCARCGTCCOTCCGLTTCTTGCTATATTOCC
CCAGGCTGGTCTCGARCTCCTGGGCTCARGCCGTTCTCCCGCCTCCCACTGCCCGCCTGTCACTGCCGTCTGTTCCCTGAGCTGTCGTTTACGCTGGGARRGRUATAGAARGRACTATTAR
GAAGATAGRRTTGTTTTGCTGCGCRGTACAGCARCAGTGGATGTTCARGRT TRAGRTTAGAGTCAAGTTGTGTGATTARGACAGRCAGTCTTCCTCTGTCATCCARGGCTGGRATGCARGTG
CAGTGGTGCARRTTTGGCTCRCTGCAGCCTCTGCCTTCTGTGTTCAAGTGATTCTTCTTCTGCCTCAGCCTCTCGRGTAGCTGGGATTACAGGAGCTGTGRCTGRTGAGRATTARAGGCE
noEDGLELOQOQEPHNSFFDATSGARDGTH®NMNDOGD Q! TR T ) Q E T U F
ATGGATGARGATGGGCTTGAATTACAACARGAGCCARACTCATTTTTTIGATGCARCAGGRGCTGATGGTACACACATGGRTGGTOATCARARTTGTTGTGGAAGTACARGRRACTGTTITT
us B WYy uvuopobsop I T UYUHNFUVUVPDDPDS VYV UL QDUWV I EDUWVU I EDVYVQCPOD
GTTTCAGATGTTGTOGGATTCRGACATRACTGTGCATAACTTYGTTCCTGATGRCCCRGRTTCAGTTGTARTCCARGATGTTATTGRGGARCGTTGTTATAGAAGATGTTCAGTGCCCAGAT
I m EERDVUVSETUVU I I PEQULDSDUYTEEUSLAHCTVUVUPDDODULAS
RTCATGGARGAAGCAGATGTGTCTGAARACGGTCATCATTCCTGASCARGTGCTGGACTCAGATGTARCTGARGARGTTTCTTTAGCACATTGCACAGTCCCAGATGATGTTTTAGCTTCT
01 TS ARSMNMSHPEUHULTGDODS It HVUSDUGHUGHUYUGHUEHUUHTDS
GRCATTACTTCAGCCTCAATGTCTATGCCAGARCACGTCTTGACGGGTGRTTCTATACATGTGTCTGRCGTTGGACATGTTGGARCATGT TGGACATGTTGAACRTGTGGTTCARTGATAGT
vy uyueate 1l vT1TopoepL T TDUYUSEEUY L UYUADCASEARUY I DANGTILI P UD
GTAGTGGARGCAGARARTTGTCACTGATCCTCTGACTACCGACGTRGTTTCRGARGARGTATTGGTRGCAGACTGTGCCTCTGARGCAGTCATAGATGCCRATGGGRTCCCTGTGGACCRAG
Qg 0DDODODXGHKCETDY LMN®M I SLDODAGSGI K I EHDGS SGHTHDTESETILI DP
CAGGATGATGACARAGGCARCTGTGRGGACTACCTTATGATTTCCTIGGATGATGCTGGARARATAGRACACGATGGTTCTTCTGGRATGACCATGEACACAGAGTCGGARATTGATCCT
ckKVv>pdpéGTCPEU I KVY I F KADPGETDHDTLTGSGTUVYVUD I UESEFPTENTIDH
TGTARAGTGGRTGGCACTTGCCCTGAGGTCATCAAGGTGTACATTTTTAARGCTGACCCTGGAGRRGATGACTTAGGTGORACTGTRGACATTGTGGAGAGTGAGCCTGAGARTGATCAT
G vELLUDU OGHNSS AR UYUPARETSXKXTTUY N TUYUHNDS QP EUDTETDTGTLHNUARETILATD
GGAGTTGARCTGCTTGATCAGRRCAGCAGTATTCGTGTTCCCRGGGARRRGATGGTTTATATGACTGTCARTGACTCTCAGCCAGAAGATGARGATTTARATGTTGCTGRARTCGCTGAC
EVYHNEWVYVU LI UG EEDRAARGHRPUHEZQQEgHNHDDHNE!I KTF NP I AR HRA
GRAGTTTATATGGRAGTGATCGTRGGAGAGGAGGRTGCTGCAGCAGCAGGRCACGCGCCGGTGCACGAGCAGCAAATGGATGACARTGARRTCRRRACCTTCATGCCGATTGCATGGGCA
AARY 6GNWHNSDGT'IEMHNBMNSGSGTASSALTLUHIIDETSAGLG[HTLAKQKTPKKBR]
GCAGCTTRTGGTARTRATTCTGATGGAATTGARRACCGGRRTGGCACTGCAAGTGCCCTCTTGCACATAGATGRGTCTGCTGGCCTCGGLAGACTGGC TRARCARAAACCARAGARARGG

R AR P D SARJOY QT A1 1 I G6GPDGHPLTUY P PONIEO®SGKKTFIKSRGF LK

AGARGACCTGAT TCCAGGCAGTACCAAACAGCARTARTTATTGGCCCTGATGGRCATCCTTTGACTGTCTATCCTTGCATGATTTGTGGGAAGRAGT TTARGTCGRGAGGTTTTTTGARA
RHNKNHPEHWLAKKKYR®OTIODO VY TTHKEKEKISLHNEHLESHEKTLT
AGGCACATGAARARCCRTCCCGRACRCCTTGCCARGARGRAATACCGCTGTACTGACTGTGAT TRCACTRCCRACARGRAGATRAGTTTACACAACCACC TGGAGRGCCACAAGCTGACT
S KREKAI EQD0D EQ®EGKHF SHAGARLTFTHEKMITUYHEKETEKTE GAHNEKEHNNHEKCQO
AGCAAGGCRGAGARGGCCATTGRATGCGATGAGTGTGGGARGCATTTCTCTCATGCAGGGGCTTTGTTTACTCACARRATGGTGCATAAGGARARAGGAGCCAACARRATGCACARGTGT
K FOE Y ETAEUGGGLLNGBHLTLGEUHSEKNFPHIOUE®EGEKS GFRHFPS
RARTTCTGTGAATACGAGRCAGC TGARCARAGGGTTATTGAATCGCCACCTCTTGGCAGTCCACAGCARGARCTTTCCTCATATTTGTGTGGRGTGTGGTAAGGGTTTTCGTCACCCGTCA
ELKKHHOTRARAI H#TGEEKPY O®OOYOEYASADSSHNLKTHUKTEKHSHK
GAGCTCARARAGCACATGAGRRTCCATACTGGGGAGARGCCGTACCARTGCCAGTACTGCGRRTATAGGTCTGCAGACTCTTCTRACTTGARARCGCATGTCARRACTARGCATAGTARRA
En P FKk@O©@OoD 1 OLLTFSDODTEKEUQOHALTIHOESEKTHIOLHODHEK
GAGATGCCATTCAAGTGTGACATTTGTCTTCTGACT TTCTCGGATACCARRGAGGTGCAGCARCATGCTCTTATCCACCARGARAGCARRRCRCACCAGTGTTTGCATTGCGRCCACARG
S S HSSDODLKPRHIITISUHKTEKDYPHKODINODLKSGFHRPSETLTEKTEKHLU
AGTTCGAACTCRAGTGATTTGAARCGACACATAATTTCAGTTCACACGARAGACTACCCCCRTARGTGTGRCATGTGTGRATAARGGCTTTCACAGGCCTTCAGARC TCARGARACACGTG
A AHKGKEKNHIORHODF K I ADPFULSBHI!ILSUHTEKDLPTFR RO
GCTGCCCACARGGGCAARARARTGCACCAGTGTAGACATTGTGACTTTRRGATTGCRGATCCATTTGTTCTAAGTCGCCATATTCTCTCAGTTCACACARRGGATCTTCCATTTAGGTGE
K ROR K G F R Q0 QS ELKKHMNEKTHSGEREKUY 0OEVYDOEVYSTTODRSGE
ARGAGATGTAGARAGGGATTTAGGCAACAGAGTGAGCTTARARRGCATATGARGACACACAGTGGCAGGAARGTGTATCAGTGTGAGTACTGTGAGTATAGCACTACAGATGCETCAGGE
F KR HUI ST HTEKDYPHRROEV YO®OEKEKSGFRRBRPSETEKHNO QHI NRAHHEKE
TTTARRCGGCACGTTATTTCCATTCACACGRAAGACTATCCTCRCCGGTGTGAGTACTGCARGRARGGL TTCCGARGACCT TCAGRRARAGRACCAGCACATARTGCGACATCATAAAGAR
UG L P =
GTTGGCCTGCCCTAACARTACTTCTACAGAACGTTTGTAGAGATATTGGCCTTGAAGCAGRARATTCATTTTARAGCCAATCAGTCTCATICACATACRRTACTGTRTATTGATTTATGL
TGTGTACARATAGARTTATTACTTCTAGTTGACTTTTTTTTARRTATACRTTTTGCTCAGTAGTGTGTTCTGAATTCTRTTCRGTTTGTTTAATARATAGGGARAACTGGCARCATGLTR
GTTACTTTTARTAARGTARTCCCTGRTTCTATACCGARGTTTTATRTCTTAGARTTTTATATTTATTTARATATTTRCCTTGCTTACCTTGATGGTACTCTTCTARGACCATTARCTTAR
GGTARCTTTATATTGGTARCTCTGARRGTATTCATGTTGACTCATTTTTITCCCCATACRTTTCTCACRATAARATTGTCAGAGACATCTACTAATRTRARTGGGRGAT TTTACHGTCAG
GTCTARTTATCATARCATGGARGTCATTYACTTGTCTYGCTTARTATTTTCAGACCACTTGACRGTGARAGT TTCCATTTGAGCTGTTGCGTCCCTGGCTTTGCTGRGTARRGAGEAGTG
GCTGGGTTCGTGTTTACTTTTCRRATATACTTCCTTTTCGGCTTTCTTITGGRTTATTTACATCTTTTGTCCAGCGTRGCARACTTTTAGAARACCTTATTGARARACTGTGCTTGCTCAT
GTTGTRTTTTGATTRTTCTGTCTGTGCGGCTTCATCTTIGGRATGGTTGTGTGCTRCARATGACACTTRCTGRGGACTGCATTTTGGRATCTCCTAGAGGTARCTCATGGCTTATAGGATC
TTTTGCARCTTTRTGTATGTAAATGTACCCTGARTTATATRTATACACATATATATCATGTACCTGTGTGTATTGCTTATTTTACATATTTATACACACARCCCCARGTAGTAGTTGTTT
AAAATCTATARTGAARAGTATTARATTTACAATARCATGARAGATCCAGGGATGCATGRGAGAGCATTTTGTARGTCATGCTCTTCAGAGAGACTACTCAGGTGARGARTTAGARGGARA
ATARGGACACTAGTATTTTTARRGAGTARAGATATTTTCTTTTARATATCTTIGGTRATTGAARCATAGAGGTTARGATGTTTCTAGGTAGARTGTTTTCATACRATTTCACCTCCATGT
CTTTATGTTTTTCTGRARRGCARRTGAGTRTCCAGRCATGRCTCCCACAGTTCTCTTTGAGARGCCTGAGRGGGRACTCTGTCTTACCTAGTGAGGGGGATGGARAAGRAGTGATGGLTE
TGTGGACCAGRGARCGGGTGCTARTTATGACTTCACACTCGGCRRGTTCRGGCTGATCTGTTATTTCTCAGT TRCAGT TRGCARACTTTARARRCTTARCACTCARGTTGGCTTTGRTTA
RARGGTARAGATGIGITTTAAGTGGATARGGARRGTCTGAGGCCTTATTTGGAACATCACTARGTCT TCCACARGGTTTTTITGTTIGTTTIGTTIITITTIITIGITGTITIITITITCTTRA

GACGGAGTCTTGCTCTGTTGCCCAGGCTGGACTGCAGTGGTGYGATCRCTGCARRCCTCTGCAGCTCACTGCARCCTCTGCTTCCTGGGTTCAAGCARTTATCTGCCTCAGCCTCTCGAG
TRGCTGGGRTTACAGGCGCCCRCCACCACGCCCGGCTAATTTTTTGTATITITAATAGAGATGGGGTTTCACCATCTTGGCCAGGCTGGTCTTGARCCCTGACCTCGTGATCCACCTGLC
TCGGCCTTCCATAGTGCTGGGTTTACARGGCGTGAGCCACCOTGCCCAGRCRCCACATRGGTCTGARTCAGTGTCATACATTCATARARCARACTCGGTTRATTAGRACTTGGTTATGTTA

"RGACGRATCTGGGRGARCAGRRARCAGTTTITGGL6TCCCTICAGTIGGCTATTGGTCCGTATGCATCTAGCACATTGTAGGAGATTTAGAAATTGTCTTCCCACCCGATRGCTGCCTTS

TCACCTCRTTATGGTGCTCCATCCCCTOGTGTGCTTRGGTTTTTACCTITCARTCTTTCTCTTTGCCATTGATGTTTIGTATTCAAGAGTTATATTTTTAGGGTTRAGARATCARAATATTTGE
TGTTTGGCAAACCTCTGARGTGCTRGRCTGATTTAGTCTAGTTTTRRRCCARGTGCTTTAGGCAGGTGTGRRCTCCAGCCCAAATGCCAGTCARAGTCAAGGCATGGGTTTTCCTAGCCT
RTCTTATAGGRAATTCCTGTACCYTCTTIGGCCCCCATARTGTGTTTTITTTITITTTTTITITITARAACTARCTTACARTTTTGTGATCCGTGATTCATTGCCCTGCGATTCTTGARRGE
TCTGTCTGTTTTTTTGTGRGARCCTTTARRATCTCCCYTARTYTTTATTTTCCCAGARATRATGTRARRARRCACTTAAATGARAGTGGRARTGTATTARTTTTARATCCTATAARATTART
RCAGARARATATARRTGATTGGGTCATTTARCTATATTTTTTTARATAAACTGRRRGRTARAGARCACAACACTTCACACATTTTATATTYCICTTARCATACTCCGGAATCATACACAGTT
CTTTTTARRGCACAACATTARARCCTTTARARGGTATTTARGGGTTTG6TCRAGTGRATATGATARARCATACTTIGTCTGTATARAGRGARARTGARATTGTAGTCACTGTTATGTARCTG
RCATTAGTTACARCCTRGTTTTARTTCTTRARRCATTTTGATTAGCRRAGC TARRARARARRTGGATGTTTCAGTTAAATGTTTTARAGAGGTRCAGRTTTTTACAAGGACATRATATAAG
TTATTGTTCTGTAGARRTRTCCTATTARATATTGTATGTCCCTCCCTCTGTACACTTTGTAAAGARAGTAARATACATAARAAALKARATCATATAGGGATGTGTGACARTTATTGTARTTG
TGTACTTGAGAATARCGTGCARAARTARAAATCRGARTATTTTCCTGTTARRARAAARAARAAAAAAAARARARRARARARARAARHKARARAAARA 5495
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3' primer was common to all three cDNAs. Bulk cDNA gener-
ated by reverse transcription of male or female lymphoblastoid
RNA was used as template. Fragments predicted from the
sequences of cDNA clones 1, 2 and 3 were amplified (Fig. 2b),
confirming the differential splicing shown in Fig. 2a. Some
unanticipated fragments were simultaneously amplified (Fig.
2b).

The ZFX®™ protein has a primary sequence strikingly similar
to those encoded by the mouse ZFY homologues (Zfy-1 and
Zfy-2)>*, with which it shares virtually identical N and C ter-
mini. ZFX®%* and ZFX°"® proteins are also similar to the human
ZFY protein (ref. 1; and P.B.-R. and A.S.-G., unpublished
results). Each of these proteins is composed of an acidic domain,
a small basic domain, and 13 Cys-Cys/His-His zinc fingers. This
combination of features is reminiscent of those of eukaryotic
transcription activators®. By analogy, we assume that ZFX and
ZFY proteins activate transcription in a sequence-specific fash-
ion. When fused to the DNA-binding domain of GAL4, the
acidic domains of mouse Z{x and Zfy-2 do activate transcription
in yeast’.

Are the various ZFX and ZFY proteins functionally distinct?
All share a small basic domain, which could localize the proteins
to the nucleus®®. Cys-Cys/His-His zinc-finger domains'®!! bind
to nucleic acids in a sequence-specific fashion. The zinc-finger
domains of ZFX®** and ZFX°" are identical and differ from
the zinc-finger domain of human ZFY at only 10 of 393 amino
acids®. Thus ZFX®®, ZFX*" and ZFY proteins could all recog-

nize the same nucleic-acid target sequences, and thereby perhaps
regulate transcription of the same genes.

The N-terminal portions of the ZFX and ZFY proteins are
highly acidic. Acidic domains mediate activation in several
eukaryotic transcription factors'’’**, The potency of such
activating domains may depend more on the number and density
of acidic residues than on particular primary sequences®. In
ZFX®%* and mouse Zfx, Zfy-1 and Zfy-2, the acidic domains
are of similar size, each with ~25% of residues acidic. By
contrast, ZEX>"® contains an abbreviated acidic domain. ZFX***
and ZFX°"® might be expected to have quantitatively different
activating potencies. Furthermore, acidic domains of transcrip-
tion factors are believed to interact with other proteins in tran-
scription complexes. Truncation of the acidic domain in ZFX>"?
could alter its interactions with otHer factors, resulting in qualita-
tively different regulatory properties. (Internal ATG codons in
human ZFY and mouse Zfx, Zfy-1 and Zfy-2 could allow
production of similarly truncated isoforms.)

We compared the human ZFX cDNA sequence with that of
a murine Zfx cDNA (ref. 7; Fig. 3). The coding regions of ZFX
and Zfx show a high degree of similarity. It is of interest that
the 3’ UTR is also conserved. Except for an Alu insertion in
the human sequence, the entire human 3' UTR of 3 kb shows
over 80% nucleotide identity with the murine 3’ UTR.

Given the similarity in the primary structure of the ZFX
protein and its Y chromosome-encoded homologues, it is con-
ceivable that the products of the ZFX and ZFY genes are
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FIG. 2 Analysis of alternative ZFX transcripts. a, Organization of cDNAs and
genomic locus. Top: boxes indicate the minimum number of exons and, with
the exception of the 3'-most exon, are not to scale; coding regions are
shaded. Several splice sites (solid vertical lines of boxes) were defined by
DNA sequence comparison among cDNA clones 1, 2 and 3 or by comparison
with genomic sequences. Additional splices (dashed vertical lines of boxes)
are not precisely defined but inferred from comparison of cDNA and genomic
restriction maps. Boxes bounded by dashed lines may contain more than
one exon each. Genomic DNA fragments? hybridizing (5-10 °C below calcu-
lated melting temperature) with ZFX oligonucieotides (numbers denote the
11th nucleotide in 20-mer oligonucleotides) are shown by black segments;
each contains one or more exons. b, PCR analysis of differential splicing.
Three different 5' primers (20mers) spanning splices unique to cDNAs 1, 2
or 3 have in common the invariant donor site at nucleotide —378, but each
includes a unique acceptor (—389 to —378/+647 to +654 (primer 5'1);
—383 to —378/—28 to —15 (primer 5'2); —381 to —362 (primer 5'3)). An
invariant 3’ primer (+923 to +946) was used. Using cDNA clones 1, 2 and
3 as templates, the predicted products were amplified (¢cDNA 1, 311 base
pairs (bp); cDNA 2, 980 bp; cDNA 3, 1,327 bp). Using ‘RNA’ (bulk cDNA
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prepared from male lymphoblastoid WHT1659 RNA by reverse transcription)
as template, products of the same lengths were obtained. In addition, with
bulk cDNA, primer 5’2 amplified a 1.1-kb fragment (which may incorporate
additional coding exon{s) not detected by c¢cDNA cloning), whereas primer
5'3 amplified a barely detectable 1.4-kb fragment (possibly incorporating
additional coding or 5' UTR exon(s)) and a 1.2-kb fragment (which may lack
coding or 5’ UTR exon({s) present in ¢cDNA 3). Controls not shown: (1) The 5’
primers are splice specific, yielding products only with the corresponding
cDNAs; (2) amplification of cell line RNA, without reverse transcriptase,
yielded no products; (3) by using bulk cDNA from female lymphoblastoid cell
line WHT1628 as template, products of the same lengths were obtained;
and (4) hybridization of Southern blots of these gels verified that the ethidium
bromide-detected products originate from ZFX.

METHODS. Poly(A)* RNA (200 ng) was reverse-transcribed using Moloney
reverse transcriptase {Bethesda Research). Forty cycles of amplification
were performed using Tag polymerase and a DNA Thermo Cycler (Cetus).
Each PCR reaction (10%) was separated on an agarose gel and stained with
ethidium bromide. The marker lane contains a ‘1-kb ladder’ (Bethesda
Research).
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FIG. 3 Nucleotide and corresponding amino-acid similarity between human
ZFX (Fig. 1) and murine Zfx (ref. 7). Striking similarity is found not only in
the coding region, but also across the entire 3’ UTR (except for an Alu
insertion, indicated by vertical lines, in the human), and ~20 nucleotides 5’
of the ATG codon. Arrows indicate the start codon in ZFX ¢cDNAs 2 and 3,
the splice site preceding the zinc-finger exon, and the TAA stop codon.
Numbering (in kb) is with reference to the 5 ends of the cDNAs. The
analysis'® employed a ‘window’ of 21 and a ‘stringency’ of 14.

functionally interchangeable. But the occurrence of isoforms—
at least of ZFX—indicates that ZFX and ZFY could produce
transcription factors with qualitatively or quantitatively distinct
functions. The 3’ UTRs of ZFX transcripts are longer and more
highly conserved than those found in Zfy transcripts®*, and
could provide a basis for differential post-transcriptional regula-
tion. Detailed studies of ZFX and ZFY transcripts during
development should further elucidate their postulated roles in
sex determination. |
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THE cascade of biochemical events triggered by growth factors
and their receptors is central to understanding normal cell-growth
regulation and its subversion in cancer. Ras proteins (p21™°) have
been implicated in signal transduction pathways used by several
growth factors, including platelet-derived growth factor (PDGF)'.
These guanine nucleotide-binding Ras proteins specifically interact
with a cellular GTPase-activating protein (GAP)?, Here we report
that in intact quiescent fibroblasts, both AA and BB homodimers
of PDGF rapidly induce tyrosine phosphorylation of GAP under
conditions in which insulin and basic fibroblast growth factor
(bFGF) are ineffective. Although GAP is located predominantly
in the cytosol, most tyrosine-phosphorylated GAP is associated
with the cell membrane, the site of p21™ biological activity™*.
These results provide a direct biochemical link between activated
PDGF-receptor tyrosine kinases and the p21"“—~GAP mitogenic
signalling system.

In human malignancies, ras genes are commonly activated
as oncogenes and their p21 products are potently mitogenic
when microinjected into quiescent fibroblasts™. Yet the function
of p21™ proteins in normal mitogenic signal transduction
remains unknown. It is well established that the GTP-bound
forms of p21"™® proteins are active and that the GDP-bound
forms are inactive’”®. The GAP protein of relative molecular
mass 125,000 (M, ~ 125K) catalyses the conversion of p21-GTP
to p21-GDP so that the rate of this recycling is more than
100-fold faster than that intrinsic for p21 (ref. 2). GAP has no
effect on oncogenic p21 proteins, allowing them to remain in
their active GTP-bound states.

To investigate whether GAP serves as a substrate for activated
growth factor-receptor kinases in intact cells, confluent NTH3T3
cells were rendered quiescent by incubating them overnight in
serum-free medium. Cells were exposed to saturating concentra-
tions of PDGF BB homodimer for 5 min, after which cell lysates
were subjected to immunoblot analysis with an antiphos-
photyrosine antiserum (anti-P-Tyr) or anti-GAP peptide serum
638 (ref. 10). PDGF BB homodimer induced the specific tyrosine
phosphorylation of several proteins (Fig. 1a). These included
the a- and B-PDGF receptors each of M, 185K (ref. 11), a
protein of M, 145K that has been identified as phospholipase
C, (ref. 12), and several other proteins of M, ranging from
50-125K. Anti-GAP peptide serum 638, raised against GAP
amino-acid residues 139-152 (ref. 10), identified a single band
corresponding to a protein of M_~ 125K, which was not
observed in the presence of excess competing peptide (Fig. 1a,
lane 3).

When quiescent cells or cells treated with PDGF BB
homodimer were first immunoprecipitated with either poly-
clonal or monoclonal anti-P-Tyr antibodies followed by
immunoblotting with anti-GAP antiserum 638, GAP was detect-
able only in cells stimulated with PDGF BB homodimer (Fig.
1b, lane 3). Similar results were observed using anti-GAP peptide
serum 677 raised against GAP residues 968-981 (ref. 10).
Moreover, recovery of GAP by anti-P-Tyr antiserum was
specifically inhibited by an excess of competing phosphotyrosine
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