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The raf proto-oncogenes encode cytoplasmic protein
serine/threonine kinases, which play a critical role in
cell growth and development. One of these, A-raf-1
(human gene symbol, ARAF1), which is predominantly
expressed in mouse urogenital tissues, has been mapped
to an evolutionarily conserved linkage group composed
of ARAF1, SYNI1, TIMP, and properdin located at hu-
man chromosome Xpl1.2. We have isolated human ge-
nomic DNA clones containing the expressed gene
{ARAF1) on the X chromosome and a pseudogene
{ARAF2) on chromosome 7pl12--ql11.21. Analysis of the
nucleotide sequence from the ARAF1 genomic clones
demonstrated that it consists of 16 exons encoded by
minimally 10,776 nucleotides. The major transcrip-
tional start site (+1) was determined by RNase protec-
tion and primer extension assayvs. Promoter activity
was confirmed by functional assays using DNA frag-
ments fused to a CAT reporter gene. The ARAF1 mini-
mal promoter, located between nucleotides —59 and
+93, has a low G + C content and lacks consensus
TATA and Inr sequences but shows sequence similarity
at position —1 to the E box that is known to interact
with USF and TFII-I transcription factors.
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INTRODUCTION

raf-1 was first identified as the cellular homologue of
v-raf, the transforming gene of 3611 MSV isolated from
retroviral transduction experiments (Rapp et al., 1983;
Bonner et al,, 1985). raf proto-oncogenes encode cyto-
plasmic serine/threonine-specific kinases, which are
though to play a critical role in cellular proliferation by
mediating mitogen-induced signal transduction from
the plasma membrane to the nucleus (Heidecker et al.,
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1989; Rapp et al.,, 1988, 1991). A variety of experiments
have established that Raf-1 as well as a second intracel-
lular signal transducer Ras function in a signal trans-
duction pathway downstream of growth factor receptors.
Briefly, if Ras function in NIH3T3 cells is blocked,
which can be accomplished using inactivating antibod-
ies (Smith et al., 1986; Huleihel et al., 1986) or dominant
negative versions (Feig and Cooper, 1988), activated
Raf-1, unlike growth regulatory protein tyrosine kinases
(PTK) and Ras, can bypass the Ras block and transacti-
vate transcription from target genes in the nucleus con-
taining response elements for nuclear oncogenes such as
TCPF, jun, and ets, resulting in cell proliferation and ulti-
mately the transformed phenotype (Bruder et al., 1992;
Karin and Smeal, 1992; Treisman, 1992; Troppmair et
al., 1992; Wasylvyk et al., 1989). Blocking of Ras function
also demonstrates that Ras is required for receptor-in-
duced phosphorylation activation of Raf (Troppmair et
al., 1992). Conversely, if Raf function is blocked, onco-
genic versions of Ras will no longer activate transcrip-
tion from these target genes or transform NIH3T3 cells
{Kolch et al., 1991; Bruder et al., 1992). Recently, a pro-
tein—protein interaction between Raf and the GTP-
bound form of Ras has been described (Moodie et al.,
1993; Zhang et al., 1993; Vojtek et al., 1993; Aelst et al.,
1993). Moreover, the mitogen-activated protein kinase
kinase (MAPKK or MEK) has been identified as a
downstream target of Raf kinases (Kyriakis et al., 1992;
Dent et al., 1992; Howe et al., 1992).

Homologues of raf genes have been identified in mul-
ticellular eukaryotes as divergent as higher plants and
man (Rapp et al., 1988; Kieber et al., 1993). The Drosoph-
tla homologue of raf-1, D-raf or I (1) pole hole, has been
shown by genetic analysis to be maternally required for
cell fate establishment along the anterior-posterior axis
of the embryo and zygotically required for somatic cell
proliferation and to function downstream of tyrosine ki-
nase receptors such as torso and sevenless (Mark et al.,
1987; Nishida et al, 1988; Ambrosia et al, 1989
Sprenger et al., 1989; Perrimon, 1993). More recently, a
downstream target of D-raf, designated Dsorl, has been
identified in Drosophila by screening for mutations that
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would suppress D-raf mutant phenotypes, and cloning of
this gene demonstrated sequence similarity to MAPKK
{(Tsuda et al., 1993). In Caenorhabolitis elegans, vulval
differentiation has been shown to require the function of
the lin-45 gene, the C. elegans homologue of raf-1, which
appears to function downstream of let-60 ras (Han et al.,
1993).

Unlike lower eukaryotes, mammals inherit at least
two additional members of the raf family of proto-onco-
genes, A-raf and B-raf. These were identified subsequent
to raf-1 by screening cDNA libraries at reduced strin-
gency, retroviral transduction, or NIH3T3 cell transfec-
tion assays of human tumor DNA (Beck et al., 1987;
Huebner et al.,, 1986; Huleihel et al, 1986; Marx et al.,
1988; lkawa et al,, 1988). In terms of activation parame-
ters as well as effects on cell physiology, A-Raf functions
gimilar to Raf-1. Briefly, oncogenic activation of hoth
kinases can occur by amino-terminal deletion; A-Raf ki-
nase phosphorylation and activity as measured by acti-
vation of MAPKK are induced by mitogens that also
regulate Raf-1, and the amino-terminal negative auto-
regulatory region of A-Raf, like that of Raf-1, function-
ally blocks Ras signaling (Beck et al., 1987; Huleihel et
al., 1986; Grugel ef al, submitted).

It is reasonable to expect unique features of A-Raf
which may best he studied in tissues in which it is the
predominant isozyme. Expression of the 2.6-kb A-raf
mRNA encoding a 606-amino-acid protein has been de-
termined in mouse and human tissues (Beck et al., 1987;
Storm et al, 1990). By Northern analysis, the highest
levels of A-raf were seen in urogenital tissues, including
epididymis, ovary, prostate, kidney, and bladder (Storm
et al.,, 1990). Lower levels were detected in additional
tissues, including mouse testes in which expression is
restricted to somatic cells, with the highest levels in
Levdig cells (Wadewitz et al, 1993). The somatic com-
partment of the testis is responsible for the production
of hormones and is responsive to both steroid and pep-
tide hormones.

A-raf belongs to a small group of proto-oncogenes lo-
cated on the X chromosome. Mapping and genetic link-
age analysis in mouse and man have demonstrated that
A-raf is situated in a gene cluster at Xp11.2 (Huebner et
al., 1986) with genes for the neuron-specific phospho-
protein synapsin I (SYN1), the tissue inhibitor of metal-
loproteinases (TIMP), and the serum glycoprotein pro-
perdin (PFC) (Derry and Barnard, 1992). These studies
have been confirmed by direct physical mapping of these
genes in man and mouse using YACs and pulsed-field gel
analyses that showed that they lie within 70 kb of each
other in the order of (5') A-raf (3')-SYN1 (3')-TIMP-
SYN1 (6)—(3) PFC (&) (Derry and Barnard, 1992
Mahtani et al., 1991; Grant and Chapman, 1991; Kirch-
gessner et al., 1991). This region of the human X chro-
mosome contains at least one gene {(TIMP) that is sub-
ject to X chromosome inactivation (Brown et al., 1990}
and a number of disease genes, including retinitis pig-
mentosa (RP2), congenital stationary night blindness,
and Wiskott-Aldrich syndrome. Among these disease

loci, the retinitis pigmentosa (RP2) locus seems to be the
closest to the A-raf gene locus {(Coleman et gl., 1990).

Since gene function is determined in part by gene
structure, the cloning and characterization of the three
known raf genes are essential for an understanding of
their normal regulation and potential involvement in
disease. We have previously described the molecular or-
ganization of the human raf-1 gene in terms of size
(>100 kb), intron/exon structure, nucleotide sequence,
and promoter region {Bonner et al., 1986; Beck et al,,
1990). In this paper, we present the molecular organiza-
tion of the human A-raf-1 gene (ARAF1), define the
minimal DNA sequences necessary for transcription,
and present the partial nucleotide sequence of the A-raf-
2 pseudogene {ARAF2),

MATERIALS AN} METHODS

Isolation of genomic DNA clones. The near-full-length A-raf
cDNA (2.45 kb) from a human T-cell cDNA library (Beck et al., 1987)
was subcloned into the EcoRI site of pUC18 to generate pART.11.
Human placental genomic DNA libraries in EMBL3 {a generous gift
of M. Dean) or pWE15 (Stratagene, La Jolla, CA) were plated at 1 X
10° plaque-forming units (22 X 22-cm Nunc plates) or 2 X 10° colonies
(150-mm petri dishes) per plate, and the plagques or colonies were
transferred to nitrocellulose or Whatman No. 541 paper, respectively.
Hybridizations with 3°P-labeled A-raf ¢DNA fragments from
pART.11 were carried out at 65°C in 6X SSC, 0.56% SDS, 10X Den-
hardt’s, and 0.2 mg/ml salmon sperm DNA or at 42°C in 50% form-
amide as described previously {Beck ef al, 1990). Phage and bacteria
were isolated by 3-4 sequential rounds of screening. Restriction map-
ping was performed by standard methods (Maniatis et al., 1982).

Subcloning and DNA sequencing. ¢DNA and genomic DNA frag-
ments were subcloned into pUC19 or pKS vectors using established
protocols (Maniatis et al., 1982). Templates for sequencing were gen-
erated by forced cloning into M13 or pKS3- vectors (Stratagene) and
serial deletions using Exonuclease IiI (Promega, Madison, WI) and
sequenced by the dideoxynucleotide chain termination method
(Sanger et al., 1977) using Sequenase (U.S. Biochemicals, Cleveland,
OH). The junctions between cloned DNA fragments were confirmed
by sequencing asymmetric PCR products from human genomic DNA
and/or overlapping genomic clones. Nucleotide sequence alignments
and analyses were performed using the software package of the Univer-
sity of Wisconsin Genetics Computer Group at the NCI-FCRF Super
Computer Facility (Devereux et al,, 1984).

Northern and Southern blot analyses. For Northern blots, 5 ug of
total cellular RNA, prepared as described by Storm et af. (1990), was
denatured with 50% formamide/6% formaldehyde (v/v), separated
electrophoretically on 0.7% agarose/6% formaldehyde gels, trans-
ferred to nitrocellulose (BA85; Schleicher & Schuell, Inc., Keene,
NH), and hybridized with **P-labeled DNA probes. For Southern
blots, 7 ug of Hut 78 genomic DNA was digested with appropriate
restriction enzymes, fractionated by electrophoresis through 0.8% aga-
rose gels, tranaferred to nitrocellulose membranes, and hybridized as
described previously (Sithanandam et al, 1989).

RNase protection analyses. The 508-bp fragment containing nu-
cleotide —415 to +93 was subcloned into the Xhol/Xbal sites of
pGEM 7zf and designated pGEM&6. This was linearized with BglIl
and labeled with T7 RNA polymerase and [**P]CTP, and the labeled
RNA product of 209 nucleotides was isolated from a DNA sequencing
gel. Hybridizations were carried out in 80% formamide as described
previously (Beck et al., 1990} using 20 xg of total human kidney RNA
and 200,000 ¢cpm of labeled probe at 42°C overnight and treated with
7.5 units of RNase I (Promega, Madison, WI) at 32°C for 1 h. The
products were fractionated on 6% polyacrylamide-8 M urea gels.

Primer extension analysis, pARP29 (nucleotides —480 to +300)
was 5' end-labeled at the Ksp632I site and digested with Ddel, and the
60-nucleotide fragment was isolated as above. Hybridizations were
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carried out as described above except that the buffer was 10 mM Tris-
HCL, pH 8, 1 mM EDTA, and 100 mAf NaCl, and the incubation
temperature was 55°C. Primer extensions were performed using
MulL.V reverse transcriptase {Bethesda Research Labs, Gaithersburg,
MD) as described by the manufacturer, and the products were ana-
lyzed as described above.

Transfection assays. Cos T cells were plated at 5 X 10° cells on
100-mm dishes in Dulbecco’s modified Eagle’s medium supplemented
with 10% heat-inactivated fetal calf serum. Cells were transfected 24 h
later with 10 pg of test plasmid DNA by the calcium phosphate
method. Cells were washed after 24 h with phosphate-buffered saline
(PBS) and replenished with fresh medium. After 48 h, cells were
washed twice with PBS, harvested by scraping, lysed in 100-x] 100
mM Tris-HCI, pH 7.8, by three cycles of freeze/thaw, clarified by
centrifugation in a microfuge (10 min), and assayed for CAT activity
using the liquid method (Neumann et al, 1987). Transfection of
NIH3T3 cells was carried out as described previously using plasmids
linearized with appropriate restriction enzymes and p8VZneo at a mo-
lar ratio of 5:1 {test plasmid:pSV2neo) and analyzed 10-14 days post-
transfection for transformed foci (Heidecker et al., 1990).

RESULTS

Isolation and characterization of human A-raf genomic
clones. Human placental cosmid and lamhda phage li-
braries were screened with the near-full-length (2.45 kb)
A-raf cDNA. Multiple positive recombinants were iden-
tified, isolated, and characterized by restriction mapping
and hybridization analyses. One of these, AARS, hybrid-
ized with & and internal ¢cDNA sequences but failed to
hybridize with the 3’ untranslated region of the A-raf
cDNA. However, a genomic clone, 81-1,5,4, originally
identified as bearing the 3’ end of the human SYNI1 gene
(Kirchgessner et al., 1991) hybridized with the A-raf 3’
probe, and as illustrated in Fig. 1A, these two genomic
clones partially overlapped and were thought to contain
the entire ARAF1 gene. Additional genomic clones that
were unrelated to the former based on restriction map-
ping were also identified and therefore were likely to be
derived from the A-raf pseudogene (ARAF2). The re-
striction map of one of these, CosARI1, is presented in
Fig. 1B.

To determine whether these genomic clones were rep-
resentative of A-raf genes in human DNA, A-raf cDNA
probes were hybridized to restriction digests of human
DNA and the resulting hybridization pattern was com-
pared to the predicted pattern determined from restric-
tion mapping, hybridization, and nucleotide sequence
analyses of A ARS8, clone 81-1,5,4, and CosAR1. The re-
sults demonstrated that all A-raf-hybridizing restriction
fragments detected in human DNA were represented in
the A-raf genomic clones and no major structural alter-
ations had occurred in the cloning of the A-raf genes
described herein (data not shown).

Nucleotide sequence of the human ARAFT and ARAF2
genes. Figure 2 shows the nucleotide sequence of the
A-raf ¢cDNA hybridizing region of A AR8 and 81-1,5,4
that was compared to the ¢cDNA sequence. The ARAF1
gene consists of 16 exons (Table 1) and contains an in-
tron/exon structure similar to the human raf-1 gene
with the exception that exons 10 and 11 of raf-1 are pres-
ent without an intervening sequence in the ARAF1 gene.
All intron/exon junction sequences conformed to con-

gensus splice junctions except for the exon 13 splice ac-
ceptor site, which contained GG as the last two nucleo-
tides instead of the consensus AG (Mount, 1982). In the
untranslated exon 1 sequences, there was a single nu-
cleotide insertion at position 28 of the A-raf cDNA that
was not detected in the ARAF1 gene sequence. However,
there were 23 nucleotide mismatches out of the 1215
nucleotides of the reported partial human PKS sequence
and the corresponding region of the A-raf gene (Mark et
al., 1986).

The reported 5-terminal end of the A-raf ¢cDNA
corresponds to nucleotide +10 of the ARAF1 gene and
the transcriptional initiation site as determined by
RNase protection and primer extension assays (see be-
low) to position +1 (Fig. 2). As described previously, on
the basis on ¢cDNA sequencing, the 3’ ends of both the
ARAF1 and SYN1 genes are in opposite orientation
(Kirchgessner et al, 1991) and converge on a single
EcoRI site. A near consensus poly(A) addition site of
CATAAA is located 115 nuclectides downstream of this
EcoRI site at position 10,891, whereas the reported
poly(A) addition site of SYN1 is located 19 nucleoctides
downstream of this EcoRI site, suggesting that the two
genes are in part overlapping. These results indicate
that the human ARAF'1 gene spans at least 10,776 bp.

A computer search of the ARAF1 gene sequence in
Fig. 2 for related sequences in the GenBank/EMBL
Data Libraries revealed two specific regions of sequence
similarity other than to A-rgf and SYN1. This search
revealed the presence of two Alu-type repeats at posi-
tions —1381 to —1137 and -+1124 to +1407. Both se-
quences showed greatest similarity to the more common
Alw-S subfamily {Jurka and Smith, 1988).

To definitively establish whether CosAR1 was indeed
derived from a pseudogene, a partial nucleotide sequence
was obtained. This 219-bp sequence showed 82% se-
quence identity with the corresponding exons of the
ARAF1 gene (Fig. 3) and contained four deletions (3 bp,
18 bp, and two of 1 bp) that resulted in termination co-
dons in all three reading frames. These results establish
that the CosAR1 genomic DNA derives from a processed
pseudogene that probably corresponds to ARAF2 based
on the fact that all non-ARAF1 bands were present in
the CosAR1 digest (data not shown).

Mapping of A-raf transcription initiation sites. We
used RNage protection and reverse transcription assays
to fine map the 5 end of the A-raf gene. For RNase pro-
tection mapping, the probe was a uniformly labeled 209-
nucleotide copy RNA (BglIl to Ksp632I) (Fig. 4A) that
was hybridized to total human kidney RNA, treated with
RNase, and analyzed on a sequencing gel. As shown in
Fig. 4B, major products of approximately 88 nucleotides
were detected with kidney RNA but not in the control
{Escherichia coli tRNA). Primer extension assays using
human RNA and an antisense oligonucleotide (nucleo-
tides +99 to +127) resulted in multiple products in the
range of 123 to 127 nucleotides; however, additional
products presumably resulting from random priming
events were also observed (data not shown).
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FIG. 1.

Restriction map and location of exons of the human ARAF1 proto-oncogene and ARAF2 pseudogene. (A) A partial restriction map
of the human ARAF1 gene genomic clones A AR8 and §1-1,5,4 shown with the location of exons 1-16 (black boxes) and the location of exon 13 of

the SYN1 gene (hatched box). The restriction sites are BamHI (B), Bgill (Bg), EcoRI (E}, HindlIl (H), Sacl (8) and Sall (S1). (B) A partial
restriction map of the human ARAF?2 pseudogene from CosAR1 is shown and the location of A-raf hybridizing region is indicated by a black box;
restriction sites are as indicated in A. and Apal (A), Kpnl (K}, and SnaBI (Sn).

Promoter activity in transient assays and definition of
sequences essential to minimal promoter activity. To
determine whether this region in fact had promoter ac-
tivity, we prepared a series of 5 and 3’ deletions of the

raf-1 promoter (pCR1CAT) (Beck et al., 1990). In con-
2.0-kb Pvull/Sacl fragment fused to the chlorampheni-

trast, when placed in the opposite orientation (pAR-
CAT11), little or no promoter activity was detected.
Analysis of a series of 3' deletions indicated that se-
quences up to the Ksp632I site (pARCATS54) retained
col acetyltransferase gene (CAT) of pUXCAT and promoter activity, whereas deletions to the BglIl site
tested them directly in Cos 7 cells. The 2.0-kb fragment (pARCATS51) had lost activity. Analysis of the 5’ dele-

from the A-raf gene (pARCATS7) gave a 25-fold induc-  tions in the pARCAT54 background indicated that con-

tion over the promoterless CAT vector (pUXCAT), structsbearing as little as 59 nucleotides upstream of the

which corresponded to about 50% of the activity ob- putative initiation site (pARCATE9) were fully active.
fained with the SV40 early promoter {Fig. 5; data not However, deletion of the site to which RNase protection
shown) and was equivalent to the activity of the human

and primer extension assays had mapped the transcrip-

tide sequences are capitalized, and corresponding amino acid sequences are indicated underneath. The transcriptional start site corresponding
and underlined.

to nucleotide 1 is indicated in bold, and the EcoRI site corresponding to the end of the A-raf cDNA as well as the SYN1 gene is indicated in bold

FIG. 2. Nucleotide sequence of the human ARAF1 gene. Shown are the 13550 nucleotides encompassing the A-raf gene. The exon nucleo-
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FIG. 2—Continued
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TABLE 1

Exon—Intron Structure of the Human ARAF1 Gene

Genomic 5' splice 3 splice Codon

Exon Size position donor Intron Size acceptor phase
1 143 1-143 CGTGACAG gtgagg 1 1652 tetgeettettgtag GAGCCCCA —
2 255 1796-2050 GCACGGTG gtgagt 2 52 tgcacatacacacag GTGACTGT 0
3 104 2113-2216 ATCAAGGG gtgagt 3 1458 ccatgeceectgcag ACGAAAGA 11
4 103 3675-3777 ACAATTTT gtgagt 4 85 getetgtgecatcag GTACGGAA 0
5 155 3863-4017 CGCCAACA gigage 5 134 cttcatgecctecaag GTTCTACC I
6 99 4132-4230 GGTCCCAG gtaggg 6 1290 cettteecetggeag CCCCCGCA II
7 142 5521-5662 TCATCCAG gttggt 7 104 teectettettetag CTCACTGG 0O
8 28 5766-5793 CACTGATG gtgagt 8 74 tetetgeaactgeag CTGCCGGT 1
9 146 5868-6013 AGAAAGTG gtatge 9 98 ceatctegeccacag AAGAACCT (4]
10 201 6112-6312 GTGCTCAG gtgagg 10 1283 cetecetgectgeag GAAGACGC I
11 177 7596-7772 GGCATGGA gtgage 11 21 cteatacecccacag CTACCTCC I
12 47 7864-T7910 GTCTAACA gtatct 12 506 teettgacetggegs ACATCTTC I
13 119 8416-8534 TGTGGATG gtgagt 13 236 tetggeetgttgtag GCAGCTGA 0
14 132 8771-8902 GTGACCAG gtgage 14 8563 ceegtetgeccecag ATTATCTT 0
15 135 97566-9890 TCCCCCAG gtgggc 15 308 ceeacctgeectcag ATCCTGGC ¢

16 578 10199-10776
Consensus C{A)AG/GTA(G)AGT (C or TV NC(TYAG/G

tional initiation site (i.e., nucleotide +1} resulted in a
complete loss of activity. These results demonstrated
that sequences between nucleotides —59 and +93 were
essentlal for promoter activity in transient assays and
that the minimal A-raf promoter was 151 nucleotides in
length.

Transforming activity of an oncogenic version of ¢-raf-1
under the transcriptional control of the A-raf promoter
and primer extension mapping of the transcript. 'To ob-
tain additional evidence for promoter activity, the 2.0-
kb Puvull/Sacl fragment from pARCAT37 was fused to
the coding sequence of an oncogenic version of the hu-

GATGGAGCGGGGCCCAGCCCTTGGAGCAGCCCTCAGGATCTGTGCTGTGG
[ R R R N R R AR N N R R
GCTGGTACCGGGCCCAG . CCTTGGAGARAGCCTTCAGGTTCTGTTTTGTGG

Intron 13

¥ :

ATGGCAGCTGAGGTGATCCGTATGCAGGACCCCGAACCCCTACAGCTTCCA
(AR R PEEE frrrere prrrirttd
ATCGCAGCT. . v . v v i v v i e e an s GACCTGAACCCCTTCAGCTTCCA

GTCAGACGTCTATGCCTACGGGGTTGTGCTCTACGAGCTTATGACTGGCT
FEETrrrrrrrrrnt I N R A
GTCGGACGTCTATGCCAGTGTGGCTGTTCTCTAAAATCTCACGACTGGCT

Intron 14

CACTGCCTTACAGCCACATTGGCTGCCGTGACCAGATTATCTTTATGGTG
PEUVTLEES ety tr brernrivranerrrrrrrienl
CACTGCCTTACAGCCACATTGGCAGCTGTGACCAGATTATCTTTATGGTG

GGCCGTGGCTATCTGTCCCCOGACCTCAGCAAARATCTCCAGC
I 11 I P b rprer el
G...GTGTGACTCTTCATCCTGGACTCAG . AAAATATCCAAC

FIG. 3. Partial nucleotide sequence of the ARAF2 gene and se-
quence comparison with ARAF1 gene. Shown is the partial nucleotide
sequence of ARAF2 (lower row) versus the corresponding region of
ARAF1 spanning exons 13 to 15 from which introns 13 and 14 se-
quences have been excised (upper row). Nucleotide identities are indi-
cated by solid vertical lines.

man raf-1 cDNA (BXB) such that in the resulting tran-
script, the splice donor site of exon 1 of A-raf would be
spliced to the SV40 168 splice acceptor located immedi-
ately upstream of the oncogene that included the raf-1
poly(A) site downstream of the coding sequence (Fig.
6A). This construct was tested for transforming activity
in NITH3T?3 cell transformation assays relative to a simi-
lar construct containing the human raf-1 promoter re-
gion {Beck et al., 1990} fused to the same oncogene. The
A-raf promoter construct (pARP1BXB) directed levels
of expression of BXB that resulted in morphological
transformation of 60% of the G418-resistant NIH3'T3
cell colonies. In the same experiment, the raf-1 promoter
construet (pRP1BXB) induced transformation of 88%
of the colonies.

The stably transfected cell lines were further analyzed
for the approximate size of the transcription products.
Both the A-raf and raf-1 promoter constructs produced a
single RNA species (2.5 and 2.3 kb for pRP1BXB and
pARP1BXB, respectively) (Fig. 6B). These results were
consistent with proper splicing from the predicted splice
donor sequences of each exon 1 to the 165 SV40 splice
acceptor preceding the BXB sequences. With the A-raf
promoter, the RNA size of the product from the
pARP1BXB construct, assuming proper splicing, was
expected to be shorter than the product of the raf-1-
driven construct since the raf-1 exon 1 is 302 nucleotides
and A-raf was predicted to be 144 nucleotides. To fine
map the transcriptional initiation site in pARP1BXB,
primer extension assays were performed using the 59-
nucleotide Ddel/Ksp6321 fragment labeled with **P at
the Ksp632I site (Fig. 6C), hybridized to RNA from a
pool of cells transformed by pARP1BXB or control
NIHS3T3 cells, and extended with reverse transcriptase.
As shown in Fig. 8D, no products were detected with
RNA from control NIH3T3 cells or cells expressing
BXB from the raf-1 promoter, whereas with RNA from
INIH3T3 cells transformed with pARP1BXB, a distinct
product. of 92-93 nucleotides was obtained, The sizes of
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FIG. 4. 5 end mapping of the human ARAF1 gene, (A) Partial

restriction map of exon 1 and flanking regions of the A-raf gene. The
RNase protection probe was a 209-nucleotide copy RNA (nucleotides
—71 to +93 and 44 nucleotides of vector sequences) synthesized from
the Bglll to Ksp632I fragment that had been subcloned into pGEMT7zf.
(B) The RNase protection probe {200,000 cpm) was hybridized to ei-
ther 20 pg of E. coli tRNA (lane 4} or 20 ug of total human kidney RNA
and treated with RNase One {Promega), and the products were ana-
lyzed on a 6% polyacrylamide-8 M urea gel as described under Mate-
rials and Methods. The A-raf-specific protection products are indi-
cated by an arrow. Lanes 1 and 2 are Hpal and Haelll end-labeled
fragments of pBR322, and lane 3 is untreated probe alone.

the primer extension products were 4-5 nucleotides
longer than those obtained by RNase protection of hu-
man kidney RNA. This difference could be accounted
for by differential mobility of RNA versus DNA on DNA
sequencing gels or breathing of the RNA/RNA hybrid
during RNase protection or could represent a true dif-
ference between the different sources of RNA. To deter-
mine the reason for this slight discrepancy, we compared
the RNase protection pattern of RNA from human kid-
ney and NIH3T3 cells expressing pARP1BXB, Both
RNA samples gave an identical pattern of RNase-resis-
tant bands (data not shown), indicating that the tran-
scriptional initiation sites in both human kidney and

ARP1BXB cells were identical. Therefore, we have as-
signed the transcriptional initiation site {+1) of the
ARAF1 gene as shown in Fig, 2.

Analysis of the ARAF1 promoter region. Figure 7
shows the sequence flanking the start site of transcrip-
tion of the A-raf gene. Computer analysis demonstrated
that the region flanking exon 1 has a G+C content of
35-40%, unlike that of the human raf-1 promoter (60%).
However, the G+C content rapidly increases to greater
than 55% in the untranslated sequences of exon 1 and
continues into intron 1. This region also has the highest
frequency of CpG dinucleotides in the entire ARAF1
gene sequence. In this region, the observed frequency of
the dinucleotide CpG was nearly equal to the expected
frequency and the ratio of CpG:GpC was 1 as is typical
for a HTF island (Bird, 1986). Therefore, although the
A-raf promoter region is not located in a HTF island,
such an island is located immediately downstream.

A search for potential transcription factor binding
sites revealed that the region flanking the A-raf tran-
scriptional start site lacked consensus CAAT, TATA,
and Inr elements. However, as shown in Fig. 7, adjacent
to the start site at position —1 is the sequence GACGTG,
which shows 5/6 nucleotide identities with the consen-
sus K box (CACGTQG), a sequence motif known to inter-
act with the transcription factor USF (Roy et al,, 1991).
In addition, Fig. 7 illustrates potential binding sites for
multiple transcription factors with a known regulatory
role.

DISCUSSION

In this paper, we describe the structural and regula-
tory parts of the ARAF1 gene as well as part of ARAF2
{pseudogene) and present the complete sequence of the
human ARAF1 gene. The ARAF1 gene is composed of 16
exons that span 10.8 kb and terminate at or within the
SYN1 gene. This makes ARAF1 the smallest of the raf
genes and its small size may explain why wildtype
ARAF1, in contrast to ¢-raf-1 and B-raf, has not regis-
tered in DNA transfection-transformation assays. In
the case of c-raf-1 and B-raf, the genes are so large
(greater than 100 kb) (Beck et al., 1990; Bonner ¢t al.,
1986; Sithanandam et al., 1992; Ikawa et al., 1988; Si-
thanandam, unpublished data) that they are more sus-
ceptible to shearing in the process of transfection, which
leads to activation of the proto-oncogenes by deletion of
5 exons that encode negative autoregulatory sequences.

The 5 end of the human A-raf gene was identified by
RNase protection and primer extension assays using hu-
man RNA, and supporting evidence was obtained using
transient and stable transfections of the A-raf fragment
bearing the RNase protected region fused to a reporter
gene. Deletion mapping established that removal of
DNA sequences containing the transcriptional start site
mapped by RNase protection abolished promoter activ-
ity and that the minimal A-raf promoter region was lo-
cated between nucleotides —59 and +-93. In addition, us-
ing stable transfections, we showed that an oncogenic
version of raf-1 fused to the A-raf promoter region



ARAF1 GENE STRUCTURE 51

P Sp
I |
—

pARCAT11 +672 1381
pARCAT37  -1381 - +672
pARCATS4  -1381 i %3
pARCATS:  -1381 - -58
pARCATSS  -1030 - 493
PARCATE -608 - =
pARCAT63 -521 -
pARCATES 415 __:
PARCATS® -59 =
pPARGATT1 +71 -
pUX

B K S

Relative CAT Activity

FIG.5. Transient transfection analysis of the putative A-raf promoter region. The 2.0-kb Prull/Sacl fragment from the A-raf (nucleotides
—1381 to +672) was subcloned into pUXCAT (pUX) in both orientations {indicated by arrows), and various deletions were constructed as
indicated. The shaded box represents A-raf exon 1 sequences and the locations of restriction sites are indicated: Poull (P), Spel (Sp), Bglll (B),
Ksp632] (K), and Sacl (S). These were transfected into Cos7 cells and assayed for chloramphenicol acetyltransferase (CAT) activity as
described under Materials and Methods. The CAT data are presented as the percentage of construct 54 from at least three independent
experiments performed in duplicate with two independent DNA preparations.

(PARP1BXB) was capable of transforming NIH3T3
cells. This construct in NIH3T3 cells resulted in expres-
sion of a discrete 2.3-kb transcript whose 5 end was
mapped by primer extension and RNase protection to
within 5 nucleotides of the A-raf RNA expressed in hu-
man kidney and thus represents the 5 end of the A-raf
gene. This region has a low G + C content similar to
tissue-specific gene promoters such as terminal deoxy-
nucleotidyltransferase (Tdt) (Smale and Baltimore,
1989) and unlike the GC-rich human raf-1 promoter re-
gion (Beck et al., 1990). The A-raf promoter lacks con-
sensus CAAT, TATA, and Inr sequence motifs; how-
ever, the sequence GACGTG adjacent to the transerip-
tional start site at position —1 shows 5/6 nucleotide
identities with the consensus E box (CACGTG). The E
box has been shown to specifically interact with two im-
munoclogically related transcription factors, USF and
TFII-I (Roy et al., 1991). Interestingly, the latter (TFII-
I) is an Inr binding protein that is required for transcrip-
tional initiation in vitre from the adenovirus major late
core promoter {Roy et al,, 1991}). Whether the E box is
required for A-raf promoter activity remains to be deter-
mined. The & flanking region includes DNA sequences
of potential regulatory significance, including multiple
GRE/PRE hormone response elements. This is interest-
ing in light of the preferential expression of A-raf tran-
scripts in urogenital tissues, including ovary, testes, epi-
didymis, and kidney, which are known to be steroid hor-
mone responsive.

Analyses of raf gene expression in mouse tissues by
Northern hybridization has demonstrated that the B-raf
gene is expressed as multiple tissue-specific transcripts
of 18, 10, 4.5, and 2.6 kb, whereas raf-1 and A-raf are
expressed as single transcripts of 3.1 and 2.6 kb, respec-
tively (Storm et al., 1990). Nevertheless, sequence analy-
sis of both raf-1 and B-raf cDNAs has demonstrated that
these genes undergo tissue-specific alternative splicing
{Dozier et al., 1991; Eychene et al.,, 1992), suggesting the
possibility that A-raf might also express alternative
transcripts that are not resolvable on agarose gels. In the
quail B-raf/c-Emil proto-oncogene, alternative splicing
has been demonstrated by the presence of an additional
120-bp exon that alternatively introduces a 40-amino-
acid insertion into the hinge region of the B-raf/R-mil
protein between the regulatory and kinase domains of
the protein (Eychene et al., 1992). This region corre-
sponds to intron 8 of the ARAF1 gene, which is only 74
nucleotides in length, and bears no consensus splice ac-
ceptor sites cther than that of exon 9. Moreover, intron 8
contains an inframe termination codon such that a fail-
ure to excise intron 8 during processing would result in a
RNA encoding a truncated A-raf protein. Similar consid-
erations would also apply to the 98-bp intron 9 of
ARAF1, making alternative structures in the hinge re-
gion of the A-raf protein unlikely. The chicken raf-1/c-
mil gene also encodes an alternative exon of 60 bp from
intron 10, which introduces 20 amino acids into the
chicken raf-1/c-mil protein (Dozier et al, 1991). Based
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FIG. 6. Analysis of RNA expressed from NIH3T3 cells stably transformed with an oncogenic version of raf-1 {BXB) under the transcrip-
tional control of the putative A-raf and the raf-1 promoter regions. (A) Schematic illustration of pARP1BXB. The 2.0-kb Puull to Sacl
fragment from the A-raf gene was inserted into a construct containing the oncogenic version of the human raf-1 eDNA (BXB) that is preceded
by a 8V40 168 splice acceptor (black box) and followed by a polyadenylation site of the human raf-1 gene (hatched box) as described under
Materials and Methods. (B) Northern blot analysis of RNA transcripts from pARP1BXEB, pRP1BXB, and control transfected NTH3T3 cells.
NIH3T3 cells (1 X 10°) were cotransfected with indicated plasmid and pSV2neo {10/1 ug) per plate. G418-resistant colonies were pooled and
total cytoplasmic RNA was isolated. RNA samples (5 ug) were fractionated through 1.6% agarose, transferred to nitrocellulose, and hybridized
with a human ¢-raf cDNA fragment labeled with [**P]dCTP. The 3.1-kb band corresponds to the endogenous mouse c-raf-1 transcript. (C)
Partial restriction map of exon 1 and flanking sequence of the A-raf-1 gene. The primer extension probe was the 59-bp Ddel-Ksp632I fragment
(nucleotides +35 to +93) indicated with a summary of the resulting products of the primer extension assay. (D) Primer extension analysis of
pARP1BXB transfected NTH3T3 cells. The primer extension probe was 5 end-labeled with **FP at the Ksp6321 site and 100,000 cpm was
hybridized to either 10 ug total cytoplasmic RNA from NIH3TS3 cells transfected with pARP1BXB (lane 1), control (lane 2), or pPRP1BXB
(lane 3) and treated with MuLV reverse transcriptase (BRL), and the products were analyzed on a 6% polyacrylamide—8 M urea as described

under Materials and Methods. The primer and products are indicated by arrows.

on the coordinates from the X-ray structure of PKA
(Knighton et al, 1991), these alternate amino acids
would be located in a loop between beta-pleated sheets,
B1 and B2, which constitute part of the ATP binding
domain of the protein. This particular loop region is of
variable lengths in different protein kinases (Knighton
et al, 1991). The absence of this intron in A-raf rules out
expression of a similar alternately spliced version of A-
raf. Whether the alternatively spliced forms of B-raf and
raf-1 represent functionally important differences be-
tween the three isozymes is unknown. Based on the gene
sequence presented here, we cannot exclude the possibil-
ity that other regions of A-raf may undergo alternative
splicing.

The 3’ end of the A-raf gene has not been firmly estab-
lished due to the absence of a consensus polyadenylation
sequence. The predicted size of the transcript based on
the 5 end mapping experiments reported here and the

size of the previously published A-raf cDNA are in good
agreement with mRNA size of 2.6 kb estimated from
Northern analysis. This suggests that the A-raf poly-
adenylation site must be within approximately 50-200
nucleotides of the EcoRI site, Although no consensus
AAUAAA site is located in this region, a variant se-
quence CAUAAA is located at a position 116 nucleotides
downstream of the EcoRI site (i.e., nucleotide 10,891).
Identical nonconsensus polyadenylation sites have been
identified in the thrombospondin 3 and other genes at
low frequency (Vos et al., 1992; Wickens and Stephen-
son; 1984). However, mutaticnal analysis of the consen-
sus AAUAAA sequence suggests that this variant is
functionally less efficient in polyadenylation (Wickens,
1990). Since the 3’ end of the SYN1 ¢DNA also maps to
this same EcoRI site, the two genes appear to be overlap-
ping in their 3’ termini. The position of A-raf in a cluster
of genes, at least one of which is known to be X-inacti-
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E2aE-C
CTTCGAAGCCAGGCACCCAGATCARATTCCCACOAAGACAGCCAAAGACAGGECTCCTATTTCATTCATGT T TCACATTTC AARGAGTGGCTACAAGGCTS  ~743
TTAAGAAARACATTCCSGGGATGTAAAACTGGCARGAGAT TTAGCTTTTAAAAGGACTTACATACAT CTOAAAGGGACAGAGAAAATTTTACACTTACAA  -643

1SGF2
GTTTTCTAAAGGAAATGCTCTAAGAGACACGIC T TTCTCT TIrGACACCAGEGAARATTCGATCTTT AAAAATTTGTGTTTACCCCACAATACCTCCACA 543
Ets kE2 MCEBF
CATTGACTGCECATCGTECTCOTTCCAGETCCEE ACTTCOYTCTTCACCIGGC CACC TR TGAC TAGTT T TTC ATAGTCOTAATCRACCCEATTCCTRARGE - 443
SP1
AAGCCTCCCAGAC AGUAGCCCGCCCOICCTAGGCCCAGTCCCCCAGCCCOCACCACACC AGAGACCCGOTGTCCTCAAAGGCTATGAACTACAGTCTCCT  -343
AGAGCTGGTGAACATCGCCGATCATTGGTTCTGATTCCARCCC ATTTCAAACATGOT AAAAACTGAGACACCECAAAATCATARAAGGATGCTTAGECAC - 243
SP1 TRE TRE GRE TBP
TGGCCCAARAAGGGTACTTAAGGAT T CTCCGCCCABATGCCARAGCCCTAAGGTCACCCCAANTGACCTHTGTTCGET TTATACGTCTATGCCACTT  ~143
GTTGEGCTTAAAGCCTAGECACGCACETCTTGCCTCAACTGCGCCTCCEAGT CAGGACCATGCTGCCCCAGATC TTGACET TTCACGCEGCOCCTCCTAR 43
GRE start Y+1 TRE
TCEGAACALGACTCACATTCCGATTGETCTTGCCTTGAC AR ACGTGACCYTCACCCRATAACGGTGGAAGGCTGAGTCCGCAGAGCCAATAACGAGAGT  +58
E box Start site of A-raf cDNA SPl
CCCAGAGECCACGGACGCGACTCTGTEACCAAACAAGAAGACACCCCCAAGATEGAGACGGCGGCCGCTGT AGCCECETGACAGGTAAGCGCOGGRTCEE 158
AsSn
GAGCGCTCGETTTCTGGAGCEGC TGCCGGGCACEAEC AGGCAGCCCGGACCGARAGCTCAGC TCCAGGATCATGCGCCTGEGCCCC GACGTTCCCTGCCC  +258
CE
GGAACCOGACCHRTCOTTTAACCCGEEGCEAGACCATCGTCGAC +302

FIG. 7. Nucleotide sequence of the human ARAF1 promoter region. The nucleotide sequence of the ARAF1 promoter region is shown with
the major transcriptional initiation site, the A-raf cDNA start site, and the splice donot site indicated by arrowheads. Potential transcription
factor binding sites (boxes) were identified using MAP (UWGCG) with a transcription factor database derived from published reports (Faisst
and Meyer, 1992; Locker and Buzard, 1990). All putative binding sites shown were 100% identical with the consensus sequence with the

exception of Ets (7/8) and SP1 binding sites (8-9/10).

vated, raises the question of whether this extends to A-
raf. The fact that there is heterogeneity among the genes
in the cluster in terms of promoter-associated methyl-
ation sequences that are thought to be important for X
inactivation suggests differences in expression. Specifi-
cally, the A-rof promoter lies in an AT-rich region that is
likely to be methylated on CpGs; in contrast, SYN1 is
embedded within a HTF island and therefore is likely to
be undermethylated. It will be interesting to determine
using CA repeat polymorphisms whether A-raf is ex-
pressed from both the active and the inactive X chromo-
somes.
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