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The src family gene lyn is expressed preferentially in B lymphocytes but very little in normal T lymphocytes.
Transcription of the lyn gene in T lymphocytes was shown to be induced by the p40' protein encoded by
human T-cell lymphotropic virus type I. For determination of the mechanism of p4O0-mediated trans
activation, the transcriptional promoter region of the lyn gene was characterized. By endonuclease Si mapping,
the transcriptional initiation sites were identified within the 770-bp EcoRI-SacI fragment of the 5'-terminal
portion of the human lyn gene. This fragment showed promoter activity when placed upstream of the bacterial
chloramphenicol acetyltransferase gene and transfected into various cell lines. Nucleotide sequence analysis
revealed that the lyn promoter region contained four GC box-like sequences but not a TATA or CCAAT box.
In addition, it contained sequences characteristic of a cyclic AMP-responsive element, octamer-binding motif,
PEA3-like motifs, and NFKB-binding motif-like sequence. Mutational analysis suggested that the octamer-
binding motif sequence is of primary importance for the lyn promoter activity but that the other elements are
not. Cotransfection of various chloramphenicol acetyltransferase constructs containing different length of the
lyn promoter together with p44I expression plasmids into Jurkat T cells showed that the sequence responsible
for p4O'-induced transcription is present around the transcription initiation sites.

The lyn gene is a member of the src gene family and
encodes the tyrosine kinase Lyn proteins p56&' and p53fn
(52, 66, 68). Products of the src family are generally associ-
ated with the internal portion of the plasma membrane.
Several lines of evidence suggest that some members of this
family participate in signal transduction in association.with
surface receptors that lack an intracellular catalytic domain
(19, 42, 58). Furthermore, we recently showed that the Lyn
protein is associated with membrane-bound surface immu-
noglobulins M and D, major B-cell antigen receptors (64, 65).
Stimulation of B-cell antigen receptors results in activation
of the Lyn kinase (64), suggesting that Lyn is important in
antigen receptor-mediated signaling.
The human lyn gene was originally characterized as a

close homolog of the yes oncogene of avian sarcoma virus
Y73 and the lck gene (63). The lck gene has been shown to be
overexpressed in T-cell lymphoma LSTRA cells by retrovi-
ral insertion (31). Interestingly, the expression pattern of the
lyn gene contrasts with that of lck. The lck gene is highly
expressed in mature T lymphocytes (22, 57), whereas the lyn
gene is expressed in B cells, macrophages/monocytes, and
platelets but only at low levels in T lymphocytes (67).
However, the lyn gene is expressed in T-cell lines infected
with and producing human T-cell leukemia virus type I
(HTLV-I) (67). Transcription of lck is down-regulated in
interleukin-2 (IL-2)-independent, HTLV-I-infected T-cell
lines, suggesting that the transcriptions of lyn and lck are
both regulated by a factor(s) present in HTLV-I-producing T
cells.
HTLV-I is an etiological agent of adult T-cell leukemia

* Corresponding author.

(ATL) (20, 62, 70). This human retrovirus contains genes
coding for Gag, Pol, and Env structural proteins, but unlike
many other acutely transforming retroviruses, it does not
carry a typical oncogene. Instead, the HTLV-I genome
encodes a 40-kDa protein designated p40w. This virus-
encoded protein is able to trans activate its own promoter in
the long terminal repeat (LTR) (4, 8, 12, 13, 45, 51). In
addition, p40w trans activates certain cellular genes, includ-
ing those encoding IL-2 (32, 48), IL-2 receptor a (IL-2Ra) (7,
21, 40), c-Fos (11, 37), and granulocyte-macrophage colony-
stimulating factor (GM-CSF) (34). Induction of IL-2 and
IL-2Ra by p40' is thought to contribute to proliferation of
HTLV-I infected cells in an early stage ofATL when T cells
are proliferating in an IL-2-dependent manner (49, 56, 69).
Here we report the identification and characterization of the
human lyn promoter region and show that p40w can trans
activate expression of the lyn gene. We also report identifi-
cation of the promoter region responsible for p40'-medi-
ated trans activation.

MATERIALS AND METHODS

Cells and cell culture. Raji is a human Burkitt lymphoma
cell line. Jurkat is a human acute lymphocytic leukemia
T-cell line (67). J24 cells are derivatives of Jurkat cells into
which a plasmid construct containing the p40w gene under
the control of the metallothionein promoter is stably intro-
duced (21a). Expression ofp40w in J24 cells was induced by
the addition of 1.25 ,M CdSO4 to the cultured medium.
HBC21.7.31, a class II-restricted mouse helper T-cell hy-
bridoma (hereafter referred to as HBC), was prepared by
fusion between immunized T cells of a B10 mouse (I-Ab) and
the AKR-derived thymoma BW5147. These cells were cul-
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tured in RPMI 1640 medium supplemented with 10% fetal
calf serum, 2 mM L-glutamine, and antibiotics. The monkey
kidney fibroblast cell line CV-1 and human epidermoid
carcinoma cell line A431 were maintained in Dulbecco's
modified Eagle medium supplemented with 10% fetal calf
serum, 2 mM L-glutamine, and antibiotics.
DNA cloning and sequencing. A human genomic library in

the AgtlO vector was screened with the 3 P-labeled 0.9-kbp
HindIII fragment of pLY2.2 that contained the 5'-proximal
sequence of the human lyn cDNA (63). A 0.77-kbp EcoRI-
SacI fragment of one of the positive clones was inserted into
the vector plasmid pUC119, and the resulting plasmid was
termed pLYN-EcoSac. The nucleotide sequence of this
0.77-kbp fragment was determined by the dideoxy-chain
termination method but with deoxy-7-deazaguanosine
triphosphate instead of dGTP (35).

Si nuclease mapping. A single-stranded DNA extending
from nucleotide positions -173 to +116 (Fig. 1) was used as
a probe for Si mapping and was prepared as follows. A
17-mer nucleotide corresponding to an antisense sequence
from positions +100 to +116 (5'-TTGCCGCGGGCTG
GAGG-3'; Fig. 1) was annealed to single-stranded DNA of
the template plasmid containing the 0.77-kbp EcoRI-SacI
fragment. The annealing mixture was incubated with the
Klenow enzyme, and the products were digested with SmaI.
The probe DNA generated was purified by electrophoresis in
a 7 M urea-6% polyacrylamide gel.
Nuclease S1 mapping was performed by the modified

procedure described elsewhere (29). Briefly, the probe DNA
was annealed with 20 ,ug of poly(A)+ RNA prepared from
Raji cells in a solution (20 ,ul) of 80% formamide, 50 mM
piperazine-N,N'-bis(2-ethanesulfonic acid) (PIPEs; pH 6.4),
1 mM EDTA, and 0.4 M NaCl at 85°C for 5 min and then at
60°C for 3 h. The annealed products were digested with Si
nuclease (200 or 400 U) in a solution (200 ,l) of 290 mM
NaCl, 4.5 mM ZnC12, and 30 mM sodium acetate (pH 4.5) at
37°C for 30 min. The reaction was terminated by the addition

FIG. 1. (A) Nucleotide sequence of the 5'-flanking region of the
human lyn gene. The nucleotide sequence of a 768-bp cloned
fragment is shown. The 5' end of the cDNA is designated nucleotide
+ 1 of the gene. Transcription start sites, determined by S1 nuclease
analysis (see Fig. 2), are indicated by asterisks. The size of each
asterisk indicates the relative start site usage in Raji cells. The
doubly underlined AAC and GTT indicate the cores of the consen-

sus sequences for c-Myb protein recognition, 5'-(C/Pu)(Py/A)Py
AACPyPu-3' (38), allowing 2-bp mismatches. Four GC box-like
sequences (Gi to G4) are underlined. These GC box-like sequences
are allowed to carry a 1-bp mismatch from the consensus sequence
for Spl recognition, 5'-(G/T)(G/A)GG(C/A)G(G/T)(G/A)(G/A)(C/
T)-3' (3). The bold lines above the sequences indicate the p40'"-
responsive sequence 5'-CC(A/T)CC-3' that is present in the LTR of
HTLV-I (30). The dotted lines indicate PEA3-like motifs (60).
CACCC box elements (47) are indicated by wavy lines. (B) Si
nuclease mapping of human lyn transcripts in Raji cells. Poly(A)+
RNA (20 pg) from Raji cells (lanes 1 and 2) and 20 p,g of E. coli
tRNA (lane t) were hybridized to a 288-nucleotide-long (nucleotides
-172 to + 116) single-stranded DNA probe at 60°C for 3 h (lanes t,
1, and 2). The hybridization mixture was treated with Si nuclease
(200 U for lane 1; 400 U for lanes t and 2) at 37°C for 30 min. Si
nuclease-resistant products were analyzed in a 7 M urea-6% poly-
acrylamide gel. Sizes of protected bands were determined by
comparison with the adjacent genomic sequence, which was gener-
ated by primer extension with the same oligonucleotide primer as
used for producing the S1 probe (see Materials and Methods). X-ray
film was exposed to the gel for 7 days (lanes t, 1, and 2) or 3 h (lanes
A, G, C, and T).
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of 2.5 volumes of ice-cold ethanol, and the ethanol precipi-
tate was analyzed in a 7 M urea-6% acrylamide sequencing
gel.

Construction of chloramphenicol acetyltransferase (CAT)
expression plasmids. The 0.77-kbp EcoRI-SacI fragment con-
taining the lyn promoter was excised from pLYN-EcoSac.
This fragment was blunt ended with T4 DNA polymerase
and inserted in the correct orientation into pSVOCAT, which
differed from pSV2CAT in having no simian virus 40 pro-
moter sequence (17). The plasmid generated was designated
pLNCAT03. The blunt-ended 0.77-kbp EcoRI-SacI frag-
ment was also inserted into the blunt-ended SphI site of the
pUCOOCAT vector. The plasmids with the insert in the
correct and reverse orientations were designated pLN
CAT11 and pLNCAT12, respectively. The inserted DNA of
pLNCAT11 was then deleted from the 5' end. One of the
deletion constructs generated from pLNCAT11 was digested
by EcoRI and HindIII. The 0.31-kbp EcoRI-HindIII frag-
ment was blunt ended with T4 DNA polymerase and then
inserted into pUCOOCAT at the SmaI sites. The resultant
plasmid was used to generate deletions from the 3' end of the
lyn promoter. Sequences with unidirectional deletions in
both the 5'-to-3' and 3'-to-5' directions were obtained with a
Kilo Sequence Deletion kit (Takara, Kyoto, Japan).

Site-directed mutagenesis. Oligonucleotide primers (28-
mers) corresponding to mutated sequences of the octamer-
binding motif (OTF) were synthesized in a DNA synthesizer
(Applied Biosystems model 381A). Plasmids carrying muta-
tions were obtained according to a modification of the
site-directed mutagenesis method described by Kunkel (24).
Introduction of the mutated bases was confirmed by se-
quence analysis as described above.

Transfection assay. Plasmid DNAs were transfected into
CV-1 or A431 cells by the lipofection method (9), using
Lipofectin (Bethesda Research Laboratories, Gaithersburg,
Md.). DNAs were transfected into Raji, Jurkat, and J24 cells
by the DEAE-dextran method (16). Cells (2 x 106) were
suspended in 0.4 ml of TBS (25 mM Tris [pH 7.4], 137 mM
NaCl, 5 mM KCl, 0.6 mM Na2HPO4, 0.7 mM CaCl2, 0.5 mM
MgCl2) containing 2.5 ,ug of the reporter plasmid and 0.3 ,ug
of p40w expression plasmid or vector plasmid, 0.5 p,g of
p,Bact-3gal plasmid in which the 1-actin promoter was placed
upstream of the ,B-galactosidase gene, and 500 ,g of DEAE-
dextran per ml for 30 min at room temperature. The cells
were then washed with TBS to remove unadsorbed DNA
and cultivated for another 48 h in RPMI medium. CAT
assays and thin-layer chromatography were performed as
described elsewhere (33). Briefly, cell extracts containing
100 ,ug of protein were incubated with [14C]chloramphenicol
and acetyl coenzyme A for 3 to 12 h. CAT activities of the
reaction products were examined by thin-layer chromatog-
raphy and quantitation with a Fuji BAS 2000 image analyzer
system (Fuji Film, Tokyo, Japan). The CAT activities indi-
cated in Fig. 4 and Table 1 were normalized with respect to
the ,B-galactosidase activity.

Electrophoretic mobility shift assay. DNA-binding reac-
tions and electrophoretic mobility shift assays were per-
formed by a modification of a procedure described elsewhere
(59). Briefly, oligonucleotides (see below) were synthesized
in a DNA synthesizer and labeled with [a-32P]dATP with
Klenow enzyme. Samples of about 0.1 ng of 32P-labeled
oligonucleotides (10,000 cpm) were incubated with 2 ,g of
nuclear extracts from Raji and Jurkat cells and 2 ,g of
poly(dI-dC) (Pharmacia) in a solution (20 ,ul) of 25 mM N-2-
hydroxyethylpiperazine-N'-ethanesulfonic acid (HEPES)-
KCl (pH 7.9), 50 mM KCI, 1 mM dithiothreitol, 1 mM

TABLE 1. Effects of mutations on OTF of pLNCATV

Relative CAT
DNA transfected Nucleotide sequence activity'

from -36 to -29
Jurkat Raji

pLNCAT V (wild type) ATGCAAAT 100 100
5M1 ATGCGGAT 2.3 13.9
5M2 ATTTAAAT 64.0 120.6
pUCOOCAT 2.1 8.8

a CAT assays were performed with cell extracts (100 ,ug of protein)
incubated with ['4C]chloramphenicol substrate for 10 h. CAT activity was
normalized with respect to the 3-galactosidase activity of a cotransfected
pl3act-J3gal plasmid. Relative CAT activity represents the percent transacety-
lation of that with pLNCATV in the same cell line. Values are averages for at
least two experiments. The absolute values for transacetylation of pLN-
CATV-transfected cells are 1.7% in Jurkat cells and 0.9% in Raji cells.

phenylmethylsulfonyl fluoride, 1 mM EDTA, and 10% (vol/
vol) glycerol (binding buffer) for 30 min at room temperature.
Excess (0.8- to 100-fold in moles) unlabeled oligonucleotide
was added to the incubation mixture in competition assays.
DNA-protein complexes were analyzed in 4% native poly-
acrylamide gels with buffer containing 6.7 mM Tris-HCl (pH
7.5), 3.3 mM sodium acetate, and 1 mM EDTA.
The oligonucleotides used were as follows. Probe T (oli-

gonucleotide containing nucleotides -54 to -6 of the lyn
promoter) has the sequence
5'-AATTCCGCCCTCCGGGCTCAATATGCAAATCCGAGCACCAGGAAGTAGCTGGG-3'

3'-GGCGGAGGCCCGAGTTATACGTTTAOGCTCGTGOTCCITrCATCGACCCTTAA-5'

Probe 0 (oligonucleotide containing the mouse Ti VK pro-
moter octamer site [6, 43]) has the sequence

5'-AATTCTTCCCAATGATTTGCATGCTCTCAG-3'
3'-GAAGGGTTACTAAACGTACGAGAGTCTTAA-5'

Probe OM1 (oligonucleotide mutated in the OTF sequence of
probe 0; the mutation is the same as that in 5M1 shown in
Table 1) has the sequence

5'-AATTCTTCCCAATGATCCGOCATGCTCTCAG-3'
3'-GAAGGGTTACTAGGCGTACGAGAGTCTTAA-5'

Probe MT (oligonucleotide mutated in the OTF sequence of
probe T; the mutation is the same as that in 5M2 shown in
Table 1) has the sequence
5'-AATTCCOCCCTCCOGGCTCAATATTTAAATCCGAGCACCAGGAAGTAGCTG-3'

3'-GGCGGGAGGCCCGAGTTATAAATTTAGGCTCGTGOTCCrrCATCGACCCTTAA-5'

Probe KB (oligonucleotide containing the NFKB-binding
motif [5]) has the sequence

5'-AATTCAGAGGGGACTTTCCCAGAGG-3'
3'-GTCTCCCCTGAAAGGGTCTCCTTAA-5'

PCR analysis of lyn transcripts. Total RNAs were ex-
tracted from cultured cells by the guanidine isothiocyanate-
cesium chloride method. Polyadenylated [poly(A)+] RNAs
were selected with oligo(dT)-latex (Nippon Roche, Tokyo,
Japan). Complementary DNAs were synthesized from
poly(A)+ RNAs (2.5 ,ug) of Raji, Jurkat, and J24 cells
with 200 U of murine leukemia virus reverse transcriptase
(Bethesda Research Laboratories). Then 1/10 amounts of
the cDNA products were amplified by the polymerase
chain reaction (PCR) as described by Yamanashi et
al. (66). Namely, synthetic 28-mers pr85 (5'-AAGAAAG
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GAGAGAAGATGAAAGTCCTGG-3') and apr2O4 (5'-GA
TACAGGGAAAAGTGATTCGTGGAGAG-3') were used
as sense and antisense primers, respectively, to amplify the
sequence corresponding to the SH3/SH2 domain of the Lyn
protein. PCR conditions were as follows: denaturing at 94°C
for 1 min, annealing at 37°C for 2 min, and elongation at 72°C
for 3 min for 30 cycles. PCR products were separated on 4%
agarose gels (FMC BioProducts, Philadelphia, Pa.). After
electrophoresis, DNAs on the gels were subjected to South-
ern hybridization as described previously (63). The 360-bp
PCR product prepared from Raji mRNA was used as a
Southern probe and was labeled with [a-32P]dCTP with a
nick translation kit (Amersham). After completion of this
procedure, filters were exposed to Kodak X-Omat film with
an intensifying screen at -70°C. Signal intensities were
quantitated with a Fuji BAS 2000 image analyzer system.

Northern (RNA) blotting. Poly(A)+ RNA (2.5 ,ug) was
fractionated in formaldehyde-containing 1.0% agarose gel
(Nippon Gene, Toyama, Japan) and transferred to a nitro-
cellulose filter. Hybridization of this filter with a 32P-labeled
1,074-bp fragment covering whole coding sequence of p40'a
was carried out as described before (63).

RESULTS

Characterization of the 5'-flanking region of the human lyn
gene. A clone containing a 0.75-kbp EcoRI-SacI fragment
that hybridized to the 5' end of the cDNA was obtained by
screening a human genomic library. Nucleotide sequence
analysis of this EcoRI-SacI fragment revealed the presence
of an exon containing the sequence at the 5' end of the
cDNA (63), which was designated nucleotide position +1
(Fig. 1A). No sequence similar to a TATA or CCAAT box
was found in this region. Instead, four GC box-like se-
quences were identified at positions -485, -331, -165, and
+223, based on a 10-bp consensus and allowing a 1-bp
mismatch. Computer-assisted analysis of the 768-bp 5'-
flanking sequence of the lyn gene demonstrated characteris-
tic sequences of a cyclic AMP (cAMP)-responsive element
(-492), lymphokine element 2 (-338), OTF (-36), and two
PEA3-like motifs (-19 and +23). In addition, possible
c-Myb-binding sequences (AAC and GTT) were found, and
footprint analysis showed that bacterially expressed c-Myb
protein bound to the sequence at positions -67 and +24
(data not shown).
To identify the transcription initiation site of the lyn

mRNA, we carried out S1 nuclease protection analysis by
using a single-stranded DNA probe extending from -172 to
+116 (Fig. 1B). The probe was 5' end labeled with 32p on the
noncoding strand and hybridized to poly(A)+ RNA isolated
from Raji cells. As shown in Fig. 1B, several S1-resistant
fragments were detected. The main protected fragments
were 107 to 103 and 98 to 90 bases long, indicating transcrip-
tion initiation sites at nucleotide positions + 10 to +14 and
+19 to +27. Although the lyn cDNA does not correspond to
a major start site, minor S1-resistant fragments indicated
transcription initiations at positions -16 and -11. Perhaps
the cDNA was synthesized from the mRNA which had been
transcribed at a minor start site. In our experimental condi-
tions, no S1 nuclease-resistant fragment was detected when
an equal amount of Escherichia coli tRNA was used instead
of poly(A)+ RNA from Raji cells.

Identification of promoter activity of the lyn gene. For
examination of promoter activity,- the 768-bp 5'-flanking
sequence of the lyn gene was inserted upstream of the
bacterial CAT gene of pUCOOCAT in both orientations. The
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FIG. 2. Transient expression of the CAT gene directed by the
5'-flanking sequence of the human lyn gene. Each reporter plasmid
(2.5 pLg) was transfected into CV-1, A431, Raji, Jurkat, and HBC
cells. After 48 h, the cells were harvested and CAT activity was
measured as described in Materials and Methods. The reporter
plasmids used for transfection were as follows: pLNCAT11 (lanes 2,
7, 12, 17, and 22), pLNCAT12 (lanes 3, 8, 13, 18, and 23),
pSVOOCAT (lanes 4, 9, 14, 19, and 24), and pSV2CAT (lanes 5, 10,
15, 20, and 25). As controls for CAT activity, extracts from
untransfected cells were analyzed (lanes 1, 6, 11, 16, and 21).

resulting plasmids, pLNCAT11 and pLNCAT12, in correct
and reverse orientations, respectively, were transfected into
CV-1, A431, Raji, Jurkat, and HBC cells, and CAT activity
was examined. When transfected with pLNCAT11, all of
these cells except HBC cells expressed CAT activity (Fig. 2,
lanes 2, 7, 12, 17, and 22). The CAT activity of pLNCAT11-
transfected cells was about 5 to 30% of that ofpSV2CAT. On
the other hand, pLNCAT12 showed a barely detectable level
of CAT activity in all but CV-1 cells (lanes 3, 8, 13, 18, and
23). The CAT activity directed by pLNCAT12 in CV-1 cells
suggests the presence of a gene transcribed preferentially in
CV-1 cells in the opposite direction to the lyn gene. How-
ever, it is also possible that the relatively high CAT activity
of pLNCAT12 in CV-1 cells is due to the presence of a
cryptic promoter that is fortuitously active in CV-1 cells.
Scarcely any lyn expression was detected in T cells by
Northern blot analysis (67), but CAT expression with pLN
CAT11 was observed in Jurkat T cells (lane 17). Possibly the
amount of a suppressing factor(s) for lyn transcription is
limited in Jurkat cells, and so it could not suppress the
exogenous promoter activity. As CAT expression was not
observed when pLNCAT11 was transfected into HBC
(mouse T-cell hybridoma) and Molt4 (human T-cell line)
cells, (lane 22 and data not shown), the CAT activity of
pLNCAT11 in Jurkat cells seems to be peculiar to this cell
line. The data strongly suggested that the 768-bp EcoRI-SacI
fragment contains a functional promoter of the lyn gene.

Deletion analysis of the promoter region of the human lyn
gene. To identify DNA sequences that are primarily respon-
sible for promoter activity, we made progressive 5' deletions
in the lyn promoter sequence of the pLNCAT11 and intro-
duced the resulting constructs into various cell lines. Figure
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FIG. 3. Deletion analysis of the human lyn promoter. Reporter CAT plasmids containing progressive 5' deletions of the human lyn
promoter and regulatory region of pLNCAT11 are illustrated schematically on the left. A diagram of the 5' upstream region of the human lyn
gene promoter is shown at the top. Several DNA elements indicated in Fig. 1 are included in this diagram. These reporter plasmids were
transfected into CV-1, Raji, and Jurkat cells, and cell extracts (50 p,g of protein from CV-1; 100 p,g from Raji and Jurkat) were subjected to
a CAT assay. The histogram shows the CAT activities of the constructs transfected into CV-1, Raji, and Jurkat cells. CRE, cAMP-responsive
element; CLE2, conserved lymphokine element 2.

3 shows the CAT activities of these deletion constructs in
CV-1, Raji, and Jurkat cells. In all cell lines, the promoter
activity was prominent with a 5'-flanking sequence up to
position -56. The sequence between -187 and -57 seemed
to contain a negative cis-acting element(s), because removal
of this sequence stimulated the promoter activity in all cell
lines, especially in Jurkat cells. A preliminary study indi-
cated that the negative element was located between -110
and -79 (data not shown). We also found that deletion to
+132 drastically decreased transcription initiation to 2% of
that observed with pLNCATV in Jurkat cells. A similar level
of suppression of transcription in Jurkat cells was observed
with the lyn promoter construct deleted to -4 (see Fig. 8B).
Thus, the sequence between -56 and -4, which includes
OTF motif, is important for lyn promoter activity.
Role of the OTF motif in lyn promoter activity. As indicated

in Fig. 1, the OTF motif is located at positions -36 to -29 of
the lyn promoter region. To investigate the role of the OTF
sequence in the lyn promoter, we introduced point mutations
(Table 1) into the OTF sequence of plasmid pLNCATV,
which contained the nucleotide sequence from -56 to +257
of the lyn promoter and showed the strongest CAT activity
among the deletion constructs (Fig. 3). Table 1 shows the
relative CAT activities of the mutant constructs transfected
into Raji and Jurkat cells. The 5M1 mutant construct greatly
down-regulated the promoter activity significantly in all cell
lines, whereas mutant construct 5M2 had less effect. There-
fore, we tentatively concluded that transcription of the lyn
gene is positively regulated by a factor(s) that interacts with
the OTF sequence and is expressed in all of these cell lines.
In addition, the observation that the mutations in 5M2 had
effects on the lyn promoter activity in Jurkat cells but not in
Raji cells suggests the presence of an additional specific
regulatory factor that interacts with the OTF motif in T cells.

Binding of nuclear factors to the OTF element of the lyn
gene. We examined whether any nuclear factor(s) binds to
the sequence between -56 and -4 which includes OTF
motif. Nuclear extracts prepared from Jurkat and Raji cells
were incubated with a 57-bp synthetic double-stranded DNA
probe (DNA fragment T, containing nucleotides -54 to -6
of the lyn promoter) that was end labeled with 32P. Electro-
phoresis of the reaction products on a polyacrylamide gel
revealed a shifted band (band I), indicating that fragment T
binds to a nuclear protein of these cell lines (Fig. 4A).
Formation of the DNA-protein complex was abolished by
the addition of 100-fold molar excess of unlabeled DNA
fragment T. The DNA fragment 0, which contains the
OTF-binding sequence of the murine K light-chain promoter
(6, 43), also competed with complex formation, suggesting
that the 57-bp DNA fragment T interacts with the OTF-1.
Another shifted band (band II) was formed only with the
nuclear extract from Raji cells (Fig. 4A, lane 1). The DNA-
protein interaction detected as band II was inhibited by the
presence of excess fragment T or fragment 0. Since band II
was scarcely observed with extracts from other non-B cells
(data not shown), it may represent the interaction of DNA
fragment T with OTF-2, whose expression is restricted in B
cells (43, 53). We also observed two shifted bands (band I'
and II') upon incubation of radiolabeled DNA fragment 0
with the nuclear extract from Raji cells (Fig. 4B, lane 1),
although only band I' was produced with nuclear extract
from Jurkat cells (lane 6).

Since the 5M1 reporter plasmid that had mutations in the
OTF sequence directed much less CAT activity than did the
parental pLNCATV plasmid in all cell lines (Table 1), the
mutations seemed to reduce the interaction between the
OTF-1 and the lyn promoter. This possibility was examined
by a gel shift competition assay with radiolabeled DNA
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fragment 0 (Fig. 4C to E). With the nuclear extract from Raji
(Fig. 4C and D) or Jurkat (Fig. 4E) cells, fragment OM1,
which had the same mutations as those in the 5M1 construct
(see Materials and Methods), did not compete with the
formation of DNA-protein complexes in bands I' and II',
whereas DNA fragments 0, T, and MT (see Materials and
Methods) were competitive. From these results, we con-
clude that the interaction of the OTF-binding protein with
the lyn promoter region plays an important role in transcrip-
tion of the lyn gene.
p4O0 trans activates transcription of the lyn gene. We have

reported that the lyn gene is expressed very little in T cells
but is expressed in HTLV-I-producing T-cell lines (67).
From these findings, we suspected that the lyn gene pro-
moter may be trans activated by p40' encoded by HTLV-I.
To confirm this possibility, we used a sensitive method,
namely, PCR amplification in conjunction with Southern blot
analysis, to detect the lyn transcripts. The primers used for
the PCR directed the synthesis of a 360-bp DNA fragment
that corresponded to the SH3/SH2 domain of the Lyn
protein (66). The results of the control experiment (Fig. 5A)
show that the amount of the 360-bp PCR product is propor-
tional to the amount of poly(A)+ RNA added.
RNAs were prepared from Jurkat cells transfected for 24 h

with different concentrations of the p40w expression plas-
mid pRSV55IV (14). The level of the 360-bp PCR product
synthesized with mRNAs from untransfected Jurkat cells
was about 1/1,000 of that synthesized from mRNAs of Raji
cells (Fig. 5B; compare the density of bands in lanes 2 and 8),
as estimated with a Fuji image analyzer system. The amount
of the PCR product from mRNA of pRSV55IV-transfected
Jurkat cells were elevated (lanes 3 to 6) to about 1/100 of that
from an equal amount of Raji mRNA. Assuming that the
transfection efficiency was about 10-1 to 10-2, the level of
the lyn mRNA in pRSV55IV-transfected cells should be over
102-fold. Therefore, we concluded that endogenous lyn tran-
scripts were trans activated by p4Otax. We also examined the
level of lyn transcripts in Jurkat cells at different times after
transfection of pRSV55IV. The levels of p40'-induced lyn

FIG. 4. Binding of nuclear factors to probes containing the OTF
sequence. (A) Oligonucleotide probe T (see Materials and Methods)
was labeled with [a-32P]dATP with Kienow enzyme, and the labeled
probe (approximately 0.1 ng) was incubated in binding buffer with 2
pLg of poly(dI-dC) and 2 ,ug of nuclear extract from Raji (lanes 1 to 4)
or Jurkat (lanes 5 to 8) cells for 30 min at room temperature. The
reaction mixture was electrophoresed in a 4% nondenaturing poly-
acrylamide gel. The unlabeled competitors used for the binding
reaction were as follows: 10 ng of probe T (lanes 2 and 6), 10 ng of
probe 0 containing the mouse octamer motif (lanes 3 and 7), or 10 ng
of probe KB (lanes 4 and 8). Lanes 1 and 5 show reaction mixtures
without competitor. (B) An electrophoretic mobility shift assay was
carried out by using 32P-labeled oligonucleotide probe 0 with
nuclear extract from Raji (lanes 1 to 5) or Jurkat (lanes 6 to 10) cells.
Unlabeled probe 0 was used for the competition assay. The
amounts of competitor DNA were as follows: 0.08 ng (lanes 2 and 7),
0.4 ng (lanes 3 and 8), 2 ng (lanes 4 and 9), and 10 ng (lanes 5 and 10).
Lanes 1 and 6 represent a binding assay without competitor. (C to E)
Binding of nuclear factors to the mutated OTF sequence. Binding of
the nuclear extracts to the 32P-labeled probe 0 was analyzed as
described above, using unlabeled probe 0, OM1, T, or MT as the
competitor. The radioactivities of band I' (C) and band II' (D), which
were formed by incubating the labeled probe 0 with a nuclear extract
from Raji cells, were quantified with a Fuji BAS 2000 image analyzer
system. In panel E, the radioactivity of band I' produced by incubat-
ing probe 0 with a nuclear extract from Jurkat cells was quantified.
The positions of bands I' and II' were as shown in panel B.

E Jurkat band I'

0.

0-

ii

c

A.

VOL. 12, 1992



3790 UCHIUMI ET AL.

A
30

300

30

300

300

300

0 0.8 4 20 100 500

A JLirkal J24

l 2 3 4 5 6 7 8 9 10I1

.i,.Sf....,,,,--

B

Raji mRNA (ng)

- l)

2 3 4

Il. ---- 1kb

FIG. 5. PCR analysis of endogenous lyn transcripts. (A)
Poly(A)+ RNAs were prepared from Raji cells. Before the cDNA
synthesis by reverse transcriptase, poly(A)+ RNA solutions, (2.5
,ug/20 p1l) were diluted with E. coli tRNA solution (2.5 ,ug/20 p.l).
PCR products of cDNA synthesized from each samples were
electrophoresed in a 4% low-melting-point agarose gel and detected
by Southern blot analysis, and then the signal at 360 bp was
quantified as described in Materials and Methods. (B) PCR amplifi-
cation of lyn transcripts in Jurkat cells transfected with the p4O0
expression plasmid. PCR products of cDNA synthesized from
mRNA (2.5 p,g) of untransfected Jurkat cells (lane 2) and Jurkat cells
transfected with the p40' expression plasmid (0.375, 0.75, 1.5, and
6 p.g/107 cells [lanes 3, 4, 5, and 6, respectively]) were electro-
phoresed and detected by Southern blot analysis. For quantification
of the PCR products from each sample, approximately 50 ng of PCR
product from Raji cDNA was used (lane 11) and was diluted 1/10,
1/100, 1/1,000, and 1/10,000 (lanes 10, 9, 8, and 7, respectively).
Lane 1 represents the PCR product without a template for the PCR
reaction.

transcripts 36 and 48 h after transfection were similar to
those 24 h after transfection (data not shown).
To confirm the conclusion presented above, we measured

the level of lyn transcripts in J24 cells upon Cd2" induction
of the exogenously introduced p40' gene. J24 cells are
permanent transformants of the p40' gene which was
placed under the control of the transcriptional promoter of
the metallothionein gene. The level of lyn transcripts was
increased 15- to 30-fold, depending on the level of p4O0
induction (Fig. 6A, lanes 7 to 11; Fig. 6B, lanes 2 to 4). The
parental cell line Jurkat did not show any changes in the
amount of lyn transcripts upon treatment with CdSO4 (Fig.
6A, lanes 2 to 6). The amount of the lyn PCR product
obtained from nonstimulated J24 mRNA was about 10-fold
higher than that obtained from Jurkat mRNA, suggesting
slight expression of p40w in unstimulated J24 cells (Fig. 6B,
lane 2). Although several explanations are possible for the
increased lyn transcripts in p40x-expressing Jurkat cells,
we reasoned that endogenous lyn transcripts might be trans
activated by p40w.

FIG. 6. PCR amplification of lyn transcripts in J24 cells stimu-
lated by CdSO4. (A) Poly(A)+ RNAs were prepared from Jurkat
(lanes 2 to 6) and J24 (lanes 7 to 11) cells that had been treated with
0 p,M (lanes 2 and 7), 1.25 p.M (lanes 3 and 8), 2.5 ,uM (lanes 4 and
9), 5 ,uM (lanes S and 10), or 7.5 p,M (lanes 6 and 11) CdSO4.
Complementary DNA synthesized from these mRNAs was sub-
jected to the PCR followed by Southern blot hybridization as
described for Fig. 5 and in Materials and Methods. Lane 1 shows the
PCR product without a DNA template. X-ray films were exposed to
Southern filters for 72 h (lanes 1 to 6) and 12 h (lanes 7 to 11). (B)
Poly(A)+ RNAs from J24 cells that had been treated for 24 h with 0
pM (lane 2), 1.25 p,M (lane 3), and 5 p,M (lane 4) CdSO4 and from
Jurkat cells treated with 5 p,M CdSO4 (lane 1) were subjected to
Northern blot analysis with a DNA probe for p40 as described in
Materials and Methods.

The lyn promoter region is responsible for HTLV-I trans
activator p4O'. For examination of whether the 768-bp lyn
promoter region contains a sequence responsible for p40w
trans activation, the pLNCAT11 reporter plasmid was co-
transfected into Jurkat and Raji cells together with the p40w
expression vector pRSV55IV or the control plasmid
pRSV55TK (Fig. 7A). The CAT activity of pLNCAT11
containing the lyn promoter as well as those of pSV2CAT
and pIL2CAT containing the simian virus 40 promoter and
IL-2 promoter, respectively, were enhanced by cotransfec-
tion with pRSV55IV in Jurkat cells. Little if any enhance-
ment of CAT activity of these constructs was observed in
Raji cells. Figure 7B shows that the CAT activity of pY
SCAT containing the c-yes promoter was not activated by
p40w in Jurkat cells, suggesting that the p40' responsibil-
ity of pLNCAT11 is promoter specific. Thus, transcription
from the lyn promoter seemed to be regulated by p40' in a
fashion similar to that from the IL-2 promoter and simian
virus 40 promoter.
To locate the sequence responsible for p40x-mediated

trans activation within the lyn promoter, we examined the
CAT activities ofvarious deletion constructs of the promoter
in the presence and absence of p40w. The CAT activity of
pLNCATV was stimulated most by p40w, and further
deletion to nucleotide +131 (pLNCATVI) diminished the
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FIG. 7. Effects of p40w on the CAT activity of the lyn promoter-CAT construct. (A) The CAT activities of Jurkat cells (lanes 1 to 8) and
Raji cells (lanes 9 to 16) that had been transfected with 2.5 ,ug of pSVOOCAT (lanes 1, 2, 9, and 10), pIL2CAT (lanes 3, 4, 11, and 12),
pLNCAT03 (lanes 5, 6, 13, and 14), or pSV2CAT (lanes 7, 8, 15, and 16) with (+) or without (-) the p4Of expression plasmid, examined
as described in Materials and Methods. (B) Similar experiment done by using pYSCAT (lanes 1 and 2) and pUCOOCAT (lanes 3 and 4) for
cotransfection with (+) or without (-) the p40' expression plasmid into Jurkat cells.

stimulation (Fig. 8A). Thus, the p40tax-responsive element
was located within the sequence between -56 and + 131. For
confirmation of the responsive sequence, another series of
deletion constructs made on pLNCATIV was transfected
into Jurkat cells together with the p4O' expression plasmid.
trans activation by p40w was apparent with the pLNCA
TIV-4 constructs which had a deletion to -54 and contained
the OTF motif (Fig. 8B). Although removal of the OTF motif
resulted in a drastic decrease of the promoter activity of the
lyn gene, the promoter activity of pLNCATIV-5 with a
deletion to position -4 was significantly activated by p4O'.
Moreover, CAT expression of the SM1 construct was acti-
vated by p40w significantly (data not shown), suggesting
that the OTF sequence does not generate p40w trans
activation. It should be noted that the CAT activity of the
constructs with further deletion still responded weakly to
p40'. These data suggest that the region between -4 and
+257 is responsible for p40 activation. To demonstrate the
effect of trans activation by p40' on the region from -4 to
+257, the promoter region of the lyn gene in pLNCATIV-5
was inserted in both orientations upstream of the c-yes
promoter in pYSCAT. As shown in Fig. 8C, CAT activities
of both constructs were activated by p40, although the
degree of activation by p40' was somewhat diminished.
Our preliminary data obtained from the 3' deletion experi-
ment on the lyn promoter region suggested that the region
between -56 and +12 was important for p4O' trans acti-
vation (data not shown). These results together suggest that
the sequence between -4 and +12 is important for p40-
mediated trans activation, though this possibility should be
verified by further experiments. Our present data do not
exclude the possibility that another p40"'t-responsive ele-
ment is located outside the 770-bp promoter region.

DISCUSSION
In this study, we identified the lyn gene promoter in a

genomic clone from a human placenta library. The 768-bp
EcoRI-SacI fragment showed the promoter activity in all
cells tested. We also showed that p40 encoded by HTLV-I
could trans activate transcription of the lyn gene in Jurkat T
cells through the sequence within the 768-bp promoter
region.
The sequence of the lyn promoter region resembles that of

other members of the src family such as hck (28), c-yes (33),
c-fgr (39), and lck (55) in that it carries no apparent TATA or
CCAAT box. Transcription initiation of these genes from

multiple sites could be due to the lack of a TATA sequence.
Among these genes, the c-yes gene is expressed rather
ubiquitously, and its promoter does not carry any typical
enhancer motif (33). In contrast, the expressions of c-fgr and
ick are rather cell type specific; the c-fgr gene is expressed in
mature cells of the monocyte/macrophage lineage (27).
Within the c-jkr promoter region, there are five pairs of
sequences homologous to the AP-2-binding site, which is
suggested to be responsible for cell-specific expression of the
c-fgr gene (39). The ick gene is expressed specifically in T
cells of lymphoid lineage (22). The lck promoter region (type
I and type II) does not contain any consensus sequences for
known eukaryotic cis-acting elements such as a GC box or
TATA box. Except in the type I lck promoter, there is an
oligonucleotide sequence identical to the consensus se-
quence for the immunoglobulin heavy-chain enhancer
(CCAGGTGG) (55), which may play a part in T-cell-specific
expression of the lck gene. In contrast to the lck promoter,
the 768-bp lyn promoter contains sequences similar to those
of well-characterized DNA elements, including a cAMP-
responsive element, conserved lymphokine element 2, PEA3
elements, an NFKB-binding motif like sequence, GC box-
like sequences, and OTF. In addition, putative c-Myb-
binding sites and two palindromic sequences were found in
this promoter region. The biological importances of these
elements for lyn gene expression remain to be established.
However, deletion and mutational analyses of the lyn pro-
moter region suggested that the OTF motif, with its down-
stream sequence containing multiple transcription initiation
sites, is of primary importance for lyn promoter activity.
Two enhancer proteins, OTF-1 and OTF-2, in the B-cell

nuclear extract bind to the OTF motif within the promoter of
the immunoglobulin gene and regulate cell-type-specific
expression of this gene (53, 61). Since OTF-1 and OTF-2
from B-cell nuclear extracts bound to the lyn promoter
sequence (Fig. 4A and 4B), B-cell-specific expression of the
lyn gene may be regulated by these factors. As expected, in
studies with a T-cell nuclear extract, the lyn promoter
interacted only with OTF-1, which is expressed ubiquitously
and known to be important for the expression of various
genes (10, 36, 54). OTF-1 binding to the lyn promoter should
be important for its basal level of expression. This notion is
supported by our observation that mutations in the OTF
sequence of the lyn promoter, which diminished OTF-1
binding (Fig. 4C to E), drastically decreased its promoter
activity (Table 1). In addition, our data showed that the
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FIG. 8. Location of the p40x-responsive sequence on the lyn promoter. (A and B) Reporter constructs (2.5 pLg of each) containing
5'-deleted forms of the human lyn promoter were transfected into Jurkat cells with (dotted bars) or without (open bars) the p40'" expression
plasmid (0.3 pg). The CAT activity of each construct was measured as described in Materials and Methods. Histograms show the average
of the absolute percent transacetylation in two independent experiments (A) and the relative CAT activity compared with the percent
transacetylation in cells transfected with pLNCATIV without the p40' expression vector (B). At least three experiments were done, and
results are shown as means and standards errors. (B). (C) trans activation by p40'" on lyn-yes hybrid promoter constructs. The lyn promoter
region from pLNCATIV-5 (nucleotides -4 to +257) were inserted upstream of the human c-yes promoter of plasmid pYSCAT in head-to-tail
orientation to generate pLYCAT-5 (columns 3 and 4). In pLYCAT-5R (columns 5 and 6), the lyn promoter region was in the reverse
orientation upstream of the c-yes promoter. These constructs and pYSCAT (columns 1 and 2) were transfected in Jurkat cells with (columns
1, 3, and 5) or without (columns 2, 4, and 6) the p40'" expression vector. CAT assays were performed as in panels A and B. The level of
transacetylation of [14C]chloramphenicol obtained with each construct in the presence of p4O'a was normalized to that obtained in the absence
of p40'. Results are shown as means and standard errors of four independent experiments. Average values of acetylation in columns 1, 3,
and 5 were 0.85, 0.35, and 0.33%, respectively.

sequences from -110 to -79 and from +75 to +126 acted
negatively on the promoter activity of lyn in Jurkat T cells
(Fig. 8). These cis-regulatory elements may be partly respon-
sible for suppression of lyn gene expression in T cells (67).

Although normal T lymphocytes express the lyn gene at
very low levels, lyn mRNA and the Lyn protein are easily
detectable in T cells producing HTLV-I (67). This finding
suggests that transcription of the lyn gene is stimulated by a
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protein(s) encoded by HTLV-I. The present data clearly
show that p40w up-regulates the lyn promoter activity (Fig.
7 and 8). A 21-bp element within the LTR of HTLV-I is
known to be required for trans activation by p40' (13, 46).
No sequence homologous to this element was identified in
the lyn promoter region. However, it should be noted that
the magnitude of trans activation of gene expression through
the 21-bp element is much greater than that observed upon
lyn trans activation (13). This finding suggests multiple
mechanisms of p40tet-mediated trans activation. In fact, the
NF-KB-binding motif in the promoter regions of the IL-2R
gene (1, 5, 26) and GM-CSF gene (34, 44) are also responsi-
ble for p40Yat-mediated trans activation. The sequence at
positions -8 to +2 (5'-GGGACCTCTC-3') of the lyn pro-
moter is similar to the NF-KB-binding motif, but this se-
quence did not compete with factor binding to the NF-KB-
binding motif (5'-GGGACT'TCC-3' [5]) of the murine K
light-chain enhancer (data not shown). Therefore, NF-KB
may not mediate p40w-induced lyn transcription through its
interaction with the decanucleotide present at position -8.
The CC(A/T)CC sequence recently demonstrated to act as
the p40x-responsive element has been found in the HTLV-I
LTR (2, 30). This pentanucleotide sequence appears nine
times in the lyn promoter region. It should be noted that the
sequence between +29 and +257 showed weak p40w re-
sponsiveness and contains four CC(A/T)CC motifs. Recent
evidence suggested direct interaction between a general
transcription factor and a trans-acting factor(s) encoded by
DNA tumor virus (15, 25). Possibly p4O' stimulates lyn
gene expression by directly or indirectly interacting with a
general factor such as an initiator for transcription.

Several cellular genes, including those encoding IL-2,
IL-2R, c-fos, and GM-CSF, have been reported to be trans
activated by p40'. IL-2 is known to play a major role in
proliferation of T cells by interacting with the IL-2R complex
(18, 50). The p40w-induced expression of IL-2R and IL-2
could lead to polyclonal growth of HTLV-I-infected T cells
in an early stage of ATL. However, these effects may not be
sufficient for cellular transformation or malignancy in ATL,
because T cells at a later stage of ATL proliferate in a growth
factor-independent manner. The lyn gene product may also
play a part in HTLV-I-induced leukemogenesis. Recent
studies revealed that Lyn is physically and functionally
associated with membrane-bound immunoglobulin M in B
cells (64-66). This finding suggests that the Lyn protein is
important in antigen-mediated signal transduction of B cells.
However, the function of Lyn in normal T cells has not been
examined because Lyn is expressed only at very low levels
in peripheral T cells (67). The present data clearly show that
expression of lyn is induced by p40'. On the other hand,
expression of the Ick gene, another member of the src family,
has not been detected in IL-2-independent, HTLV-I-infected
T-cell lines (23). The Ick gene product Lck is physically
associated with CD4 and CD8 cell surface molecules and
becomes activated by their cross-linking to these molecules
(41, 58). Moreover, Lck has been found to interact with
IL-2R and appears to be activated in IL-2-stimulated T cells
(19). The amino acid sequence in the kinase domain of the
Lck protein is responsible for its association with IL-2R.
Because of the similarities of the primary structures of the
kinase domains of the Lyn and Lck proteins, IL-2R may also
interact with Lyn kinase in HTLV-I-infected T cells. Further
investigations are needed to prove this hypothesis and
elucidate the role of the Lyn protein in HTLV-I-producing T
cells.
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