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We have cloned a human cDNA from a new gene, spi-B, on the basis of its homology with the DNA-binding
domain of the Spi-l/PU.1 putative oncogene product. spi-B codes for a protein of 262 amino acids presenting
43% overall identity with Spi-1. Its highly basic carboxy-terminal region exhibits 34% sequence identity with
the DNA-binding domain of the Ets-1 protein. We showed that the Spi-B protein is able to bind the purine-rich
sequence (PU box) recognized by Spi-1/PU.A and to activate transcription of a reporter plasmid containing PU
boxes. Chromosome in situ hybridization allowed us to map spi-B to the 19q13.3-19q13.4 region of the human
genome. spi-B, like spi-1, was found to be expressed in various murine and human hematopoietic cell lines
except T lymphoid cell lines.

spi-1 is a putative oncogene involved in the malignant
erythroblastic transformation induced by the acutely leuke-
mogenic Friend and Rauscher spleen focus-forming viruses
(25, 26). It was originally identified as a genomic locus
rearranged by spleen focus-forming proviral insertion in 95%
of these tumors (25, 27). The transcriptional deregulation of
spi-1 by insertional mutagenesis results in overexpression of
the Spi-1 protein (unpublished data). The product of spi-1 is
identical to the PU.1 transcriptional activator (11) that
recognizes specific DNA sequences characterized by a pu-
rine-rich core sequence, 5'-GAGGAA-3' (PU box), which
acts as a Spi-l/PU.1-responsive element when linked in cis
to the herpes simplex virus thymidine kinase promoter (18).
The DNA-binding domain of Spi-1/PU.1 is localized to the
carboxy-terminal half of the protein (18), a domain which
includes a region of 87 amino acids related to that of the Ets
proteins. The ets gene family includes c-ets-1 and c-ets-2 (5,
48, 49), erg (37), elk-1 and elk-2 (36), E74 (7), fli-i (2), elg
(33), elf-I (45), and PEA3 (51) and encodes sequence-specific
DNA-binding proteins. Ets-1 and Ets-2 (4, 12, 47), Elk-i (14,
38), Erg (42), and PEA3 (51) have been shown to act as
transcriptional activators. c-ets-I is the cellular progenitor of
the v-ets oncogene of E26 (20, 29), a retrovirus which
induces predominantly an erythroleukemia in chicken and
transforms both myeloid and erythroid cells in vitro (35). In
addition to v-ets, the E26 genome contains the v-myb
oncogene, and both oncogenes are expressed as a nuclear
Gag-Myb-Ets fusion protein (3). While v-ets as a unique
oncogene can transform erythroid cells in vitro, it requires
the contribution of v-Myb in a fusion protein to reproduce
the fully leukemogenic potential of E26 in vivo (23). fli-i is
activated by insertional mutagenesis in 75% of erythroleu-
kemias induced by the Friend murine leukemia virus (2). The
finding that three ets-related genes, spi-i, fli-i, and v-ets, are
activated in virally induced murine and avian erythroleuke-
mias strongly argues for their involvement in transformation
of cells of the erythroid lineage.
Gene transcription is controlled by a variety of cis-regu-
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latory DNA sequences that are recognized by transcriptional
regulatory proteins. Transcription factors generally belong
to families whose members share identical or very similar
DNA-binding specificities. They contain DNA-binding do-
mains characterized by specific motifs such as zinc finger,
homeodomain, or the combination of a basic region with a
helix-loop-helix, leucine zipper, or both (13, 24, 44). None of
these classical motifs could be identified in the DNA-binding
domain of the Ets transcription factors, suggesting that the
Ets domain, extending over 87 amino acids in the carboxyl-
terminal part of the protein, would represent a new DNA-
binding motif (17). The DNA-binding domain of Spi-1 shares
40% sequence identity with the Ets domain of Ets-1. This
degree of sequence conservation is the lowest among all Ets
family members characterized until now, indicating that
Spi-1 is actually the most divergent member of this family.
To search for genes related to spi-i, we screened a Burkitt

lymphoma cDNA library with a human cDNA probe corre-
sponding to the DNA-binding region of the Spi-1 protein. In
this paper, we report the characterization of a human cDNA
clone from the spi-l-related gene designated spi-B. We
determined the human chromosomal localization of spi-B
and analyzed its expression pattern by Northern (RNA) blot
analysis in various cell lines and murine tissues. We also
showed that Spi-B is able to bind oligonucleotides containing
the PU boxes and to increase transcriptional activity of a
reporter plasmid harboring PU boxes.

MATERIALS AND METHODS

cDNA library construction and screening. A XgtlO cDNA
library was constructed from poly(A)+ RNA extracted from
Raji Burkitt lymphoma cells, using an Amersham cDNA
synthesis and cloning system. The library (105 phages) was
screened at reduced hybridization stringency (at 25°C in 25%
formamide-5x SSC [lx SSC is 0.15 M NaCl plus 0.015 M
sodium citrate]-2x Denhardt's solution-0.1% sodium dode-
cyl sulfate [SDS]) with a 32P-labeled probe derived from the
SmaI-NarI fragment of the human spi-i cDNA and corre-
sponding to the DNA-binding domain (39). Washings were in
2x SSC-0.1% SDS at 60°C. Secondary cDNA library
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screening under high-stringency conditions was performed
at 42°C in 50% formamide-5 x SSC-2x Denhardt's solution-
0.1% SDS, and washings were done in 0.lx SSC-0.1% SDS
at 60°C.
Genomic libraIry screening. The human genomic library

was constructed from liver DNA in the bacteriophage
EMBLA (a generous gift of Claudine Gregory). A total of 106
clones were screened under high-stringency conditions, as
described above for cDNA library screening, with a 3p_
labeled probe corresponding to the EcoRI-PstI fragment
(nucleotides 1 to 263) derived from the spi-B cDNA clone
reported in this paper. From one positive phage, a 5-kb
EcoRI fragment that hybridized with the 5' spi-B cDNA
probe was subcloned into pBluescript vector and used for
sequencing.

Subcloning and cDNA sequence determination. EcoRI in-
serts and restriction fragments of cDNA clones were sub-
cloned into a pBluescript vector. Nucleotide sequence de-
termination was performed on both DNA strands by the
dideoxy-chain termination method (41), using [35S]thio-
dATP and a T7 DNA polymerase sequencing system (Phar-
macia).

In vitro and in vivo expression. For in vitro expression, the
1.5-kb spi-B cDNA insert was subcloned into an EcoRI-
digested pBluescript vector. RNA was generated from this
plasmid in a T3 RNA polymerase reaction, using an mCAP
transcription kit (Stratagene). In vitro translations were

performed by using 2 ,ug of synthesized RNA preheated for
10 min at 65°C and 35 ,ul of nuclease-treated rabbit reticulo-
cyte lysate (Promega) in a 50-,ul reaction mixture. Transla-
tion reactions were carried out for 60 min at 30°C.
For in vivo expression, the 1.5-kb spi-B cDNA insert was

subcloned into a simian virus 40 (SV40) early promoter-
based expression plasmid AEB (6) and transfected into
COS1 cells, which were maintained in Dulbecco's modified
Eagle medium containing 5% fetal calf serum, using the
DEAE-dextran procedure, as previously described (5). The
transfected COS1 cells were lysed 48 h after transfection in
4 volumes of 10 mM N-2-hydroxyethylpiperazine-N'-2-
ethanesulfonic acid (HEPES; pH 7.9)-0.3 M NaCl-1 mM
dithiothreitol-0.1 mM EDTA-0.5% Triton X-100-1% aproti-
nin-paramethylsulfonyl fluoride (100 ,ug/ml)-leupeptin (10
p,g/ml); after centrifugation at 10,000 x g for 20 min, the
supernatant was collected.

Gel retardation assay. Proteins expressed in vitro (3 pl of
translation mix) or in vivo (1 ,ul of COS1 lysate) were

preincubated 10 min on ice with 1.5 ,ug of double-stranded
poly(dI-dC) (Pharmacia) and 0.4 p,g of salmon sperm DNA in
a buffer containing 10 mM HEPES (pH 7.4), 25 mM KCl,
1.25 mM sodium phosphate, 0.175 mM EDTA, 0.075 mM
EGTA, 1 mM dithiothreitol, and 5 mM MgCl2 in a final
volume of 16 pl. The double-stranded oligonucleotide probe
was 32p labeled by filling in recessed ends with the Klenow
fragment of Escherichia coli DNA polymerase I; 50 fmol of
probe was added to each sample, and the samples were

incubated for 10 min at 25°C. For competition experiments,
a 200-fold molar excess of unlabeled oligonucleotide was
mixed with the labeled oligonucleotide. Following incuba-
tion periods, binding reactions were immediately loaded on

5% polyacrylamide gels (29:1, acrylamide/bisacrylamide)
and run in 0.25x TBE (lx TBE is 0.089 M Tris, 0.089 boric
acid, and 0.0025 M EDTA). The sequences of one strand of
the double-stranded oligonucleotides were TCGGGCTC
GAGTCTGAAAAQGGAACI lGGTTAGC (SV40 PU) and
TCGGGCTCGAGTCTTGAAAGACCAACTTGGTTAGC
(SV40 PUmut).

Transfections and CAT assays. The reporter plasmid used
contained four copies of an oligonucleotide encompassing
the SV40 PU box inserted upstream of the herpes simplex
virus thymidine kinase gene promoter of the reporter plas-
mid pBLCAT2 (18) (a generous gift of R. Maki). HeLa cells
were grown in Dulbecco's modified Eagle medium contain-
ing 10% fetal calf serum and were transfected by the calcium
phosphate coprecipitation method with expression vector
(2.5 ,ug per 60-mm-diameter petri dish) and reporter plasmid
(0.5 ,ug per 60-mm-diameter petri dish) as previously de-
scribed (4). After 48 h, the cells were harvested and lysed,
and chloramphenicol acetyltransferase (CAT) activities were
determined as previously described (4). Each transfection
was repeated three times.
RNA preparation and Northern blot analysis. RNAs were

isolated from human and murine cell lines and from murine
tissues by the guanidine thiocyanate homogenization proce-
dure followed by ultracentrifugation through a cesium chlo-
ride cushion as previously described (9). Poly(A)+ RNAs
were selected by one passage over an oligo(dT)-cellulose
column. The RNAs [5 p,g of poly(A)+ RNA or 30 ,ug of total
RNA] were separated by electrophoresis on 1% agarose gels
containing formaldehyde and blotted onto GeneScreen mem-
branes (New England Nuclear). The spi-B cDNA, spi-l
cDNA, and glyceraldehyde 3-phosphate dehydrogenase
probes were 2P labeled by random priming (Amersham
multiprime labeling system). Hybridizations were carried
out at 42°C in 50% formamide-0.05 M Tris-HCl (pH 7.5)-l M
NaCl-0.1% sodium pyrophosphate-0.1% SDS, 5x Den-
hardt's solution-10% dextran sulfate-denatured salmon
sperm DNA (200 ,ug/ml). Membranes were finally washed in
0.lx SSC-0.1% SDS at 55 to 60°C.
Human gene mapping by in situ hybridization. In situ

hybridization was carried out on chromosome preparations
obtained from phytohemagglutinin-stimulated human lym-
phocytes cultured for 72 h. 5-Bromodeoxyuridine was added
for the final 7 h of culture (60 ,g/ml of medium) to ensure a
posthybridization chromosomal banding of good quality.
The spi-B cDNA cloned in pBluescript was tritium labeled
by nick translation at a specific activity of 3.4 x 107 dpm/p,g.
The radiolabeled probe was hybridized to metaphase
spreads at final concentration of 25 ng/ml of hybridization
solution as previously described (21). After coating with
nuclear track emulsion (Kodak NTB2), the slides were
exposed for 16 days at 4°C and then developed. To avoid any
slipping of silver grains during the banding procedure, chro-
mosome spreads were first stained with buffered Giemsa
solution and metaphases were photographed. R banding was
then performed by the fluorochrome-photolysis-Giemsa
method, and metaphases were rephotographed before anal-
ysis.

Nucleotide sequence accession number. The nucleotide
sequence of the human spi-B cDNA reported in this paper
has been deposited in the EMBL data base under accession
number X66079.

RESULTS AND DISCUSSION

Characterization of spi-B cDNA. A AgtlO cDNA library
was constructed from the Raji Burkitt's human lymphoma
cell line and screened, under low-stringency conditions, with
the human spi-1 cDNA probe SmaI-NarI (330 bp) (39),
which corresponds to the DNA-binding domain of Spi-1/
PU.1. Among 105 phage clones screened, one positive clone,
which failed to hybridize under high-stringency conditions,
was selected. The nucleotide sequence of this 1.1-kb-long
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cDNA clone was determined. The deduced open reading
frame encodes a 151-amino-acid polypeptide with no methi-
onine at its NH2 terminus, indicating that this cDNA was
incomplete. To search for full-length cDNA clones, 105
recombinant phages from the same library were screened at
high hybridization stringency with the 1.1-kb cDNA insert as
a probe. We obtained 11 clones, and the nucleotide se-

quences of two clones containing 1.5-kb cDNA inserts were
determined. Northern blot analysis of poly(A)+ RNAs from
Raji Burkitt's lymphoma cells, using the 1.5-kb cDNA insert
as a probe, showed that these 1.5-kb cDNAs corresponded
in size to the predominant mRNA observed in these cells
(see Fig. 6A). Two minor 2.8- and 3.7-kb transcripts were
also detected in Raji Burkitt's lymphoma cells. The nucleo-
tide sequences of both 1.5-kb cDNA inserts revealed a
786-nucleotide-long open reading frame encoding a 262-
amino-acid protein (Fig. 1). The ATG initiator codon par-
tially conforms to the consensus sequence found in eukary-
otic translation initiation sites with an adenine in position -3
(19). However, since the cDNA insert extends only 5 nucle-
otides upstream from the initiator codon in the nucleotide
sequences of both 1.5-kb spi-B cDNA clones, we cannot
exclude the existence of an amino-terminal portion missing
from our clones. To resolve this question, we isolated the
genomic region corresponding to the 5' region of the 1.5-kb
cDNA by screening a human genomic library with an EcoRI-
PstI probe containing the first 263 nucleotides of the cDNA
insert. The nucleotide sequence of this genomic region
revealed the presence of an in-frame stop codon 48 nucleo-
tides upstream from the first ATG codon, suggesting that the
open reading frame is entire. The two 1.5-kb cDNA clones
contain a poly(A) tract starting at position 1449 in Fig. 1.
However, no classical polyadenylation site could be identi-
fied within the untranslated 3' end. The 262-amino-acid
sequence, with a 29-kDa predicted molecular mass, shows
43% overall identity with the human Spi-1 amino acid
sequence. Because of the identity between the amino acid
sequence of the 1.5-kb cDNA clone and the Spi-1/PU.1
protein (see below), this new gene was named spi-B.
Amino acid sequence comparison of Spi-B with Spi-1 and

other members of the Ets family. Comparison of the deduced
amino acid sequence of the human Spi-B protein with
sequences of the human and murine Spi-1 proteins shows 43
and 42% identity, respectively (Fig. 2). The highest similar-
ity (67% identity) is found in a 98-amino-acid region (resi-
dues 160 to 257 [Spi-B numbering]) located in the carboxy-
terminal part of the proteins. The N-terminal amino acid
region (1 to 159) of Spi-B is more distantly related, with only
29% identity with the human Spi-1 protein. Analysis of the
Spi-B amino acid composition reveal that there is 0.6%
arginine plus lysine versus 16% aspartic plus glutamic acids
in the 159 N-terminal amino acids and 24% arginine plus
lysine, versus 6% aspartic plus glutamic acids in the 103
C-terminal amino acids. Therefore, two domains can be
defined in Spi-B: a highly basic carboxy-terminal domain and
an acidic amino-terminal domain. These features are also
found in the Spi-1 protein. The basic carboxy-terminal
domain of Spi-1/PU.1 is sufficient for specific DNA binding
in vitro, whereas the acidic amino-terminal domain has been
proposed to be implicated in transcriptional activation (18).
The basic 98-amino-acid sequence (160 to 257) of Spi-B,

highly conserved (67%) with Spi-1, exhibits much less sim-
ilarity (31 to 34% identity) with the Ets domain of the other
members of the Ets protein family (Fig. 3). The degree of
sequence conservation between the Ets domain of Spi-B and
those of the other Ets family members is slightly reduced

ccacc ATG CTC GCC CTG GAG GCT GCA CAG CTC GAC GGG CCA CAC TTC
M L A L E A A Q L D G P H F

AGC TGT CTG TAC CCA GAT GGC GTC TTC TAT GAC CTG GAC AGC TGC AAG
S C L Y P D G V F Y D L D S C K

CAT TCC AGC TAC CCT GAT TCA GAG GGG GCT CCT GAC TCC CTG TGG GAC
H S S Y P D S E G A P D S L W D

TGG ACT GTG GCC CCA CCT GTC CCA GCC ACC CCC TAT GAA GCC TTC GAC
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Psll
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K G S E A G T R K K L R L Y Q F

CTG CTG GGG CTA CTG ACG CGC GGG GAC ATG CGT GAG TGC GTG TGG TGG
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GTG GAG CCA GGC GCC GGC GTC TTC CAG TTC TCC TCC AAG CAC AAG GAA
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CTC CTG GCG CGC CGC TGG GGC CAG CAG AAG GGG AAC CGC AAG CGC ATG
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ACC TAC CAG AAG CTG GCG CGC GCC CTC CGA AAC TAC GCC AAG ACC GGC
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GAG ATC CGC AAG GTC AAG CGC AAG CTC ACC TAC CAG TTC GAC AGC GCG
E I R K V K R K L T Y Q F D S A
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CTG CTG CCT GCA GTC CGC CGG GCC tgagcacacccgaggctcccacctgcggagc
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tcatgtacagactccctgggatcctcatgttttgggtgacaggacctatggaccactatactcg 1078
EcoR5

gggaggcagggtagcagtgcttccagagtcccaagagcttctctgggattttcttgtgatatct 1142

gattccccagtgaggcctgggacctttttaagatcgctgtgtgtctgtaaaccctgaatctcat 1206

ctggggtgggggccctgctggcaaccctgagccctgtccaaggttccctcttgtcagatctgag 1270

atttcctagttatgtctggggccctctgggagctgttatcatctcagatctcttcgcccatcta 1334

tggctgtgttgtcacatctgtcccctcatttttgagatcccccaattctctggaactattctgc 1398

tgcccctttttatgtgtctggagttccccaatcacatctagggctcctcc 1448

FIG. 1. Nucleotide sequence of the human spi-B cDNA and the
5' flanking genomic region. The deduced amino acid sequence of the
predicted open reading frame is shown under the nucleotide se-
quence. The genomic region 5' upstream from the cDNA sequence
is numbered negatively (-45 to -1). The in-frame stop codon
preceding the open reading frame is underlined twice. The noncod-
ing sequence is given in small letters.

compared with that of Spi-1 (35 to 41%). As no known
consensus DNA-binding motif could be identified in the Ets
domain, it has been proposed that this region be considered
a new structural motif (17). However, the Ets domain
contains three conserved tryptophan residues separated by
17, 18, or 19 amino acids. This motif resembles the structural
motif identified in the DNA-binding domain of the Myb
protein, in which a three-fold imperfect 52-amino-acid repeat
includes three tryptophan residues separated from each
other by 18 or 19 amino acids (1). In both Spi-1 and Spi-B,
the first tryptophan of this putative motif is changed to a
tyrosine. Such a conservative exchange between two aro-
matic amino acids in Myb has been shown not to affect its
DNA-binding ability (40). Moreover, six basic amino acid
positions (arginine or lysine) are conserved between Spi-B
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1 MLALEAAQLDGPHFSCLYP-DGVFYDLDSCKHSSYPDSEG-A-PDSLWDWTVAPPVPATPYEAFDPAAAAFSHPQAAQLCYEPPTYSPAGN

1 M.GFP.VP.PSED.V.Y.TDL.QRQTHEYYP.LS.D.-E-SH.DHY.DFH.HHVHSEF.S.--.ENN.TEL.SV.PPQLQQL.RHM-E

1 M.GFS.TA.PSDD.VTY.SEL.QRPMHDYY.FVG.D.ESHS.HY ..FS-.HH.HNNEF.N.-.ENH-.TEL.SV.PPQLQQL.RHM-E

160
89 LELAPSLEAP-GPGLPAYPTE-NFASQT-LVP-PAYAPYPSPVLSEEEDLPLDSPALEVSDSESDEALVAGPEGKGSEAGTRKKLRLYQFL

84 ..QMHV.DT.MV.PH.SLGHQVSYLPRMC.QY-.SLS.-AQ.S-.D ..EGERQ. ...PG.A.-G.EP ..GLLPG.T.SK. ......

85 ..QMfHVLDT.MV.PHTGLSHQVSYMPRM-CF.YQTLS.AHQQS-.D ..EGERQ. ...PG.A.-G.EP ..GLLHG.T.SK. ......

88 H Spi-B

83 H Spi-1/PU.1

84 M Spi-1/PU.1

175 H Spi-B

170 H Spi-l/PU.1

172 M Spi-1/PU.1

* * 257
176 LGLLTRGDMRECVWWVEPGAGVFQFSSKHKELLARRWGQQKGNRKRMTYQKLARALRNYAKTGEIRKVKRKLTYQFDSALLPAVRRA 262 H Spi-B

171 .D. .RS . KDSI . DKDK.T.. .A.H .I.. K. M. .. . VK. . .K. SGEV.GRGGL.ERRHPPH 264 H Spi-1/PU.1

173 .D. .RS ..KDSI . .DKDK.T. A. .H . ...K. M .G...AVK . .K. SGEV.GRGGL.ERRLPPH 266 M Spi-1/PU.1

-------------------------------Ets domain--------------------------------------

FIG. 2. Alignment of Spi-B and Spi-1/PU.1 amino acid sequences. The complete amino acid sequences for human and murine Spi-1/PU.1
are compared with that of human Spi-B. Dots in the Spi-1/PU.1 sequences denote amino acid identity with Spi-B, and dashes allow optimal
alignment. The Ets homology domain is underlined by dashes. Asterisks indicate the basic amino acids (arginine [R] or lysine [K]) that are
conserved among Spi-B, Spi-l/PU.1, and the Ets members.

(216 to 246), Spi-1/PU.1, and all of the Ets family members.
These basic residues might be involved in DNA-protein
interactions, as demonstrated for clusters of basic amino
acids present in the basic region/leucine zipper, basic region/

helix-loop-helix, or zinc finger DNA-binding domains (13,
44).
The acidic 159 N-terminal amino acids of Spi-B contain

16% proline, versus 2% in the basic 103 C-terminal amino

% identity

K b R R K b

160 GSE-AGTRKKLRLYQELLGLL-TRGDMRECV4

PG. -T.SK. .......ID.-RS KDSI.

HG.-T.SK. .......ID.-RS KDSI.

.Y--T.S-GPIQ. .... E .. - .DKSCQSFIS

.Y--T.S-GPIQ ....E . - .DKSCQSFIS

.Y--T.S-GPIQ. ....E.. - .DKSCQSFIS

.F--T.S-GPIQ. ....E.E -SDKSCQSFIS

VPC-FTGSGPIQ ... E.. -LDKTCQSFIS

PMSL ..S-GPIQ ....E.. - .DKTCQHIIS

RLA-NPGSGQIQ ..... -SDSSNSS.IT

RLA-NPGSGQIQ ... E .. -SDSANAS.ITI

KRR-SREGSTTY .. K. .QD.EYCPRFIK

TIG-S.NNGQVQ. .... EI.-.DCEHTDVIE

MDPSVT .... Q.. -REQGNGHIIS

VEPGAGVFQFSSKHKELLARI _QQKGNRKRMTYQKLARA RAKTEIRKVK-RKLTYQEDSALLP

.DKDI<.T. A. .... K.. GH. VK...K-K. SGEV.G

.DKDK.T ..... .A. .H .I. K.. .G ....KVK. ..-K. SGEV.G

T-- .D.-WE.KLSDPDEV ..... KR.-.KPK.N.E. ..S. ..Y.YDKNI.H.TAGKRYV.R.VCD.QS

T--.D.-WE.KLSDPDEV ..... KR.-.KPK.N.E. ..S. ..Y.YDKNI.H.TAGKRYV.R.VCD.QS

T--.D.-WE.KLSDPDEV ..... KR.-.KPK.N.E..S.G. .Y.YDKNI.H.TAGKRYV.R .VCD.QS

--.D.-WE.KLADPDEV .. KR.-.KPK.N.E. ..S. ..Y.YDKNI.H.TSGKRYV.R.VCD.QN

--.D.-WE.KLTDPDEV ..... IR.-.KPK.N.E. ..S. ..Y.YDKNI.H.TAGKRYV.R.VCD.QN

---.D.-WE.KLSDPDEV .... KR.-.KPK.N.E. .S.G. .Y.YDKNI.H.TAGKRYV.R.VCD.QS

-.GTN.--E.KMTDPDEV ..... ER.-SKPN.N.D...S... YY.YDKNIMT ..HGKRYA.K ..FHGIA

- .GTN.E.KMTDPD- .V-..... ER. -SKPN-N.D..S .... YY.YDKNIMT..HGKRYA.K ..FHGIA

EK ... KLVDS-.AV-S. . .MH.-.KPD.N.ETMG .. . .Y.YQR.IIA ..DGQR.VV ... VDVPKD

.GTE- .E.KLTDPDR-V-.. . .6K. - .KPA.N.E..S .... YY.YDGDM.S ..SGKRFA.K ..CD.KL

SRDG.E.KLVDAE-.V-.. .LR.-.KTN.N.D..S .... YY.YDKNI .... SGQ.FV.K.VSYPEV

R K K R R K b

FIG. 3. Alignment of amino acid sequences of Spi-B, Spi-1/PU.1, and Ets members. The Ets domain amino acid sequences for Spi-1/PU.1
and members of the Ets family are compared with that of Spi-B. Ets sequences displayed are human (H) Ets-1 and Ets-2 (48), chicken (C)
Ets-1 (49), xenopus (X) Ets-lb (43), drosophila (D) Ets-2 (32), sea urchin (SU) Ets-2 (8), human Erg2 (37), murine (M) Fli-1 (2), drosophila
E74A (7), drosophila Elg (33), and human Elk-1 (36). Dots indicate identical amino acids, and dashes allow optimal alignment. The upper and
lower asterisks indicate the basic amino acids that are conserved among Spi-B, Spi-1/PU.1, and the Ets members and among the Ets family
members, respectively. b, basic amino acid (arginine [R] or lysine [K]). Conserved tryptophan residues are boxed. The amino acids that are
underlined in the Spi-B sequence correspond to residues conserved among Spi-B, Spi-1/PU.1, and Ets proteins.
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FIG. 4. Sequence-specific DNA-binding activity of Spi-B. Gel
retardation assays were performed by using in vitro (Spi-B retic.) or
in vivo (Spi-B cos) Spi-B products and 32P-labeled SV40 PU
oligonucleotide as a probe. For competition, unlabeled SV40 PU or

SV40 PUmut oligonucleotide competitor was added at a 200-fold
molar excess. As controls, unprogrammed reticulocyte lysate prod-
ucts (retic. control) and lysates of COS1 cells transfected with the
control vector (cos control) were used. The underlined bases in
SV40 PU and SV40 PUmut double-stranded oligonucleotide se-

quences indicate the core PU box and the mutated core PU box,
respectively.

acids. Although Spi-B and Spi-1 present only 29% sequence
identity in their N-terminal halves, they are both character-
ized by a high frequency of proline and acidic residues, a

feature frequently reported in activating regions of eukary-
otic transcriptional activators (24, 34).
DNA-binding activity of Spi-B. To determine whether

Spi-B is a DNA-binding protein, we studied its ability to bind
the purine-rich DNA sequence (PU box) that is recognized
by Spi-1. We performed gel retardation assays, using as a

probe the PU oligonucleotide from the SV40 enhancer (SV40
PU), which contains a single PU box (5'-GAGGAA-3') (18).
The Spi-B protein used in these experiments was derived
either from lysates of COS1 cells transfected with a Spi-B
expression plasmid or from reticulocyte lysates programmed
with spi-B RNAs transcribed in vitro from the 1.5-kb spi-B
cDNA. Figure 4 illustrates a gel retardation assay in which
the radiolabeled SV40 PU oligonucleotide was incubated
with the Spi-B protein produced in vivo or in vitro. The same
retarded complex was observed between the SV40 PU
oligonucleotide and Spi-B, irrespective of its source. To
confirm the specificity of this protein-DNA complex, com-
petition experiments were performed with use of a 200-fold
molar excess of either nonlabeled SV40 PU oligonucleotide
or a nonlabeled mutated version of this oligonucleotide
(SV40 PUmut) in which the central two guanines of the PU
box were changed to cytosines. It was previously deter-
mined, by methylation interference analysis, that the two
guanines of the central core 5'-GGAA-3' are contact points
of Spi-1/PU.1 (18). Competition was observed with the
unlabeled oligonucleotide SV40 PU, whereas the unlabeled
mutated oligonucleotide SV40 PUmut failed to compete.
These results show that Spi-B can bind specifically an

FIG. 5. Transactivation by Spi-B. HeLa cells were cotransfected
with a Spi-B, Spi-1/PU.1, or control (indicated by a dash) expression
vector and with PU pBLCAT2 (containing four PU boxes) or control
pBLCAT2 reporter plasmid. CAT assays were performed on cell
lysates 48 h after transfection. The chromatogram represents a
typical transfection. Fold increase indicates the level of CAT
activation due to the presence of either the Spi-B or Spi-1 expression
vector.

oligonucleotide which contains the purine-rich sequence
5'-GAGGAA-3' and that the central two guanines of the PU
box are indispensable for binding of the protein. The recog-
nition core sequence 5'-GGAA/T-3' is present in the Ets-
binding sites described so far for Ets-1 (10, 50), Erg (42),
Elf-1 (45), E74 (46), and PEA3 (51) and appears to be
essential for Ets proteins, as for Spi-B and Spi-1, to bind
DNA. Further experiments of gel retardation assay using
oligonucleotides with various residues around the central
core sequence 5'-GGAA-3' might enable determination of
the DNA-binding specificities of both Spi-1 and Spi-B pro-
teins.

Transcriptional activation by Spi-B. To investigate the
possible function of Spi-B as a transcriptional regulator, we
cotransfected HeLa cells with a Spi-B expression plasmid
and the pBLCAT2 reporter plasmid in which four copies of
a SV40 PU oligonucleotide was inserted immediately up-
stream of the thymidine kinase promoter (pBLCAT2 PU).
As controls, we used the expression plasmid without a
cDNA insert and the pBLCAT2 reporter plasmid. Spi-B was
found to stimulate the CAT activity of the PU pBLCAT2
reporter plasmid four- to fivefold compared with the level of
activity in the absence of Spi-B (Fig. 5). When the Spi-1
expression plasmid was cotransfected with the PU
pBLCAT2 reporter plasmid, the CAT activity was increased
three- to fourfold, as previously described (18). We conclude
from these experiments that Spi-B is able to stimulate
transcription of a CAT reporter plasmid harboring PU
boxes, demonstrating that spi-B encodes a sequence-specific
transcriptional activator. Although the naturally occurring
DNA-binding site of Spi-B in vivo remains to be identified,
our results show that Spi-B and Spi-1/PU.1 are able to bind
a common element and to transactivate a reporter plasmid
through this element. However, sequences flanking the PU
box in vivo can modulate the transcriptional regulator activ-
ities of Spi-B and Spi-1 either by changing their affinities for
their binding sites or by interacting with factors cooperating
positively or negatively. Indeed, it has been recently re-
ported that the protein-protein interaction of Spi-1/PU.1 with
the factor NF-EM5 within the immunoglobulin K 3' enhancer
is dependent on the binding of PU.1 to the PU box and
NF-EM5 to an adjacent site (31).

Expression pattern of the spi-B gene. spi-B gene expression
was assessed by Northern blot analysis of poly(A)+ RNAs
from various murine and human cell lines. As shown in Fig.
6A, three spi-B transcripts (1.5, 2.8, and 3.7 kb) were
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FIG. 6. (A) Northern blot analysis ofspi-B and spi-1/PU.l mRNAs in murine and human cell lines. Northern blots of poly(A)' RNAs were

probed with the coding regions of the human 1.5-kb spi-B cDNA and the murine or human spi-1PU.1 cDNAs. A glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) probe was used as a control for the amount of RNA applied. T, lymphoma cell line; preB, pre-B lymphoma cell line;
tot, totipotent cell line; mast, mastocytoma cell line; B, myeloma cell line; My, myeloid leukemia cell line; Fibro, fibroblastic cell line (B)
Northern blot analysis ofspi-B mRNAs in murine tissues. Northern blots of total RNAs were probed with the coding region of the 1.5-kb spi-B
cDNA.

observed in human cells and two (1.5 and 3 kb) were found
in murine cells. The 1.5-kb mRNA appeared largely predom-
inant in most cell lines examined. In murine cells, spi-B
mRNAs were found in pre-B lymphoma cell lines (Al, A3,
and A64), in the totipotent cell line Ea3l7W, in myeloma cell
lines (Sp2o, NS1, and PlB10), in the mastocytoma cell line
P815, in the macrophagelike cell line J774, in myeloid
leukemia cell lines (C and A20120), and in the erythroid
Friend cell line (TFP10) but were detected neither in T
lymphoma cell lines (MBL2 and BW157) nor in fibroblastic
cell lines (NIH 3T3 and KiC 127). In human cells, spi-B
mRNAs were observed in the Raji Burkitt lymphoma cell
line, in the promyelocytic leukemia cell line HL60, and in the
monocytic cell line U937. No spi-B expression was detected
in the Jurkat T lymphoma cell line. Hybridization of the
same Northern blots with a spi-I cDNA probe revealed that
spi-I and spi-B expression patterns are similar. Therefore,
both spi-B and spi-1 were found to be expressed in all of the
hematopoietic cell lines examined except in the T lymphoid
cell lines, suggesting that these genes would not be involved
in the T-cell proliferation/differentiation process. However,
spi-B expression patterns varied qualitatively and quantita-
tively according to the cell line analyzed. While the 1.5-kb
transcript was generally present, the murine 3-kb transcript
was not consistently observed in a cell line type. Moreover,
we detected the 3.7- and 2.8-kb human transcripts only in the
Raji Burkitt lymphoma cell line. In total RNAs from mouse
adult tissues, spi-B transcripts were found at a high level in
spleen and at a very low level in thymus (Fig. 6B). No spi-B
expression was detected in all other tissues examined (brain,
muscle, kidney, lung, and intestine). The 3-kb transcript was
the major species expressed in spleen and thymus.
Our results indicate that expression of spi-JIPU.1 is more

general than previously anticipated (18) and, in particular, is
detected in most hematopoietic lineages except in the T-cell
lines examined. In murine adult tissues, spi-B expression is
found predominantly in spleen and is faintly detectable in
thymus. The apparent discrepancy between the detection of
spi-B expression in thymus and its lack of expression in

T-cell lines could be accounted for by the restriction of its
expression either to a minor T-cell subpopulation in the
thymus or to non-T cells present in the thymus. Until now
we have had no data to clarify this question. spi-B gene is
transcribed in various murine and human hematopoietic cell
lines either as a unique 1.5-kb transcript or as multiple
mRNAs. The 1.5-kb transcript is predominant in all in
vitro-tested cell lines, whereas it appears as the minor
species in vivo in murine splenic and thymus tissues. For the
longer mRNAs (3 kb in murine cells and 2.8 and 3.7 kb in
human cells), no correlation can be established between
their presence, their distribution, the hematopoietic cell
phenotype, and the degree of cell maturation (B and pre-B
cells). These transcripts, heterogeneous in size among hu-
man and murine species, could be generated by alternative
splicing or by differential initiation or termination of tran-
scription. Preliminary analysis of a longer spi-B cDNA clone
suggests that the larger mRNAs may differ from the 1.5-kb
mRNA by a longer 3' untranslated region (data not shown).
As the putative function of the 3' untranslated sequences in
mRNAs could be a modulation of their translation efficiency
and their turnover rate in vivo (15), the variation in the
relative abundance of the different spi-B transcripts might
reflect a potential regulation of the spi-B translation in the
cell lines and in the tissues. We are currently analyzing
cDNA clones corresponding to the larger spi-B mRNAs to
determine whether they derive from different transcription
units of spi-B or whether they result from alternative proc-
essing of a common precursor RNA.
Chromosomal localization of the human spi-B gene. In the

200 metaphase cells examined after in situ hybridization,
there were 437 silver grains associated with chromosomes,
and 58 of these (13.6%) were located on chromosome 19; the
distribution of grains on this chromosome was not random;
75.8% (44 of 58) of them mapped to the q13.3-q13.4 region of
chromosome 19 long arm, with a maximum in the 19q13.4
band. These results allow us to map spi-B to the 19q13.3-
19q13.4 region of the human genome (Fig. 7). This location is
outside the translocation breakpoints that have been identi-
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FIG. 7. (A and B) Two partial human metaphases showing the specific site of hybridization to chromosome 19. (A) Arrowheads indicate
silver grains on Giemsa-stained chromosomes after autoradiography. (B) Chromosomes with silver grains were subsequently identified by R
banding (fluorochrome-photolysis-Giemsa technique). (C) Idiogram of the human G-banded chromosome 19 illustrating the distribution of
labeled sites for the spi-B cDNA probe.

fied on the chromosome 19 in pre-B-cell acute lymphoblastic
leukemias [t(1;19) (q23;pl3.3)] (16, 28), T-cell acute lympho-
blastic leukemias [t(7;19) (q35;pl3)] (22), and B-cell chronic
lymphocytic leukemias [t(14;19) (q32;q13.1)] (30). There-
fore, a possible involvement of spi-B in a human neoplastic
process cannot be deduced from its chromosomal position.

In conclusion, we have characterized spi-B, a gene related
to the putative oncogene spi-1/PU.1. On the basis of a high
homology in their Ets domains, Spi-B and Spi-1 constitute an
Ets subfamily that is actually the most divergent from Ets-1.
Both are transcriptional activators which exhibit similar
sequence-specific DNA binding and display a comparable
expression in non-T hematopoietic cell lineages. However,
the low sequence identity in their N-terminal regions, which
are proposed to be implicated in transcriptional activation,
suggests that Spi-B and Spi-1 may have different functional
specificities in hematopoiesis.
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