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Introduction

Summary

c-Src is the normal human cellular protein homologue of the viral oncogene
v-src. c-Src activity was reported recently to increase in CD40-activated
human B lymphocytes, suggesting its involvement in proliferation. To eluci-
date the exact role of c-Src in this process, we investigated the effects of c-Src
over-expression on normal B lymphocyte growth. B lymphocytes purified
from human peripheral blood were infected with Ad5/F35 vector encoding
either a constitutively active c-Src (c-Src/dominant-positive) or a dominant-
negative c-Src (c-Src/DN). Little variation of B lymphocytes expansion
could be observed between control enhanced yellow fluorescent protein
and c-Src/dominant-positive-infected cells. In contrast, over-expression of
c-Src/DN results in a 40% inhibition of B lymphocyte expansion. These
results suggest that DN c¢-Src may compete with endogenous c-Src, resulting
in partial inhibition of a transcriptional pathway involved in B lymphocyte
proliferation. We demonstrate further that c-Src can phosphorylate signal
transducer and activator of transcription 5b (STAT5b) on tyrosine 699 and
that c-Src and STAT5b co-associate during B lymphocyte proliferation. These
results confirm an important role for c-Src in the expansion of normal human
B lymphocytes in vitro, in which c-Src may regulate STAT5b in the intra-
cellular signalling pathway important for the proliferation of normal human
B lymphocytes.

Keywords: adenovirus, cellular proliferation, c-Src, human B lymphocytes,
phosphorylation, STAT5

described only recently to be present in both normal human
T cells [18] and B cells [9]. The reason for this is due to

Normal human peripheral blood B lymphocytes can be
expanded in vitro through a variety of different stimuli
[1-6]. However, using a combination of CD40 stimulation in
the presence of interleukin (IL)-2, IL-4 and IL-10 appears to
be a good stimulus for expansion of human and other
animal B lymphocytes in vitro [7-10], and also plays a sig-
nificant role in the normal development and function of B
lymphocytes [11-14] as well as in the propagation of malig-
nant B lymphocytes [15]. The exact signalling pathways
responsible for the induction and maintenance of B lympho-
cytes proliferation are unknown, but previous studies have
implicated a role for the c-Src protein tyrosine kinase [9].
c-Src is a 60-kilodalton phosphoprotein (pp60°*) that is
encoded by the c-src gene, which is the normal human cel-
lular homologue of the highly transforming v-src gene of the
Rous sarcoma virus (reviewed in [16,17]). c-Src protein
tyrosine kinase is ubiquitous in nature; however, it was
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previous investigators looking only at the expression of c-Src
in resting human peripheral blood T or B cells [19,20];
however, c-Src kinase is found only in normal human T and
B cells following activation [9,18]. In B lymphocytes, c-Src
was inducible following stimulation with CD40 ligand
(CD154) and to a lesser extent other stimuli and the expres-
sion and activation of c-Src correlated with the expansion of
the B lymphocytes in culture [9]. These results suggested that
c-Src may play a specific role in normal B lymphocyte
proliferation.

Previous investigators have shown that signal transducers
and activators of transcription (STATs) can be activated by
the Src kinase [21,22]. Furthermore, it has been shown that
Src co-associates with and phosphorylates STAT3 or a related
STAT and this enhances the DNA-binding activity of the
STAT [23]. In addition, Src kinase has been implicated in the
activation of STAT5 and Src kinase was able to mediate
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growth pathways through activation of STAT5 in certain
cancers [24,25]. These early findings have led to an interest in
STATS as downstream transducers in Src family kinase-
mediated tumorigenesis [26]. Recent interest has focused
upon a role for c-Src in the regulation of STAT5b in trans-
formation and certain malignancies [27-30]. Thus, there
appears to be a direct relationship between c-Src and STATSs,
in particular STAT5b, whereby c-Src is able to phosphorylate
and activate STATs and this then drives transformation and
proliferation of cells. Moreover, in normal human B lym-
phocytes, over-expression studies of a constitutively active
STAT5b in human B lymphocytes revealed an important role
of this transcription factor in B lymphocyte proliferation
[31].

In this report, we demonstrate that in normal human B
lymphocyte proliferation, c-Src is activated and is then able
to associate with STAT5b and phosphorylate this protein on
Y699. Using a dominant-negative (DN) form of c-Src results
in a loss of phosphorylation of co-associated STAT5b as well
as a significant decrease in the proliferative potential of the B
lymphocytes. This report provides the first evidence that, in
the normal proliferation of human B lymphocytes, c-Src is
necessary for the phosphorylation of STAT5b, which then
mediates the proliferation of the B lymphocytes.

Material and methods

Human peripheral B lymphocytes

Blood samples were obtained from healthy individuals after
informed consent and peripheral blood mononuclear cells
were prepared by density centrifugation over Ficoll-Paque
(Amersham/Biosciences, Baie D’Urfé, QC, Canada). B
lymphocytes were purified by negative selection using the
StemSep CD19 mixture according to the manufacturer’s
instructions (Stem Cell Technologies, Vancouver, BC,
Canada). Purified human B lymphocytes were >95% CD19",
as determined by flow cytometry. Prior to adenoviral infec-
tion, B lymphocytes were activated and cultured for 3 days
using SCM-7 membrane preparation expressing CD154,
as described previously [32,33], in Iscove’s modified
Dulbecco’s medium (IMDM) supplemented with 10% heat-
inactivated ultra-low immunoglobulin (Ig)G fetal bovine
serum, 10 pg/ml insulin, 5-5 pug/ml transferrin, 6-7 ng/ml
sodium selenite, antibiotics (all from Invitrogen, Burlington,
ON, Canada) and 100 U/ml IL-4 (R&D Systems, Minneapo-
lis, MN, USA) and 50 U/ml IL-2 and 25 U/ml IL-10 (Pepro-
Tech, Rocky Hill, NJ, USA). Cell count and viability were
evaluated in triplicate by Trypan blue dye exclusion. Cul-
tured B lymphocytes were always >96% CD19*, and unless
specified otherwise viability was >85%.

Adenoviral vector production

Ad5/F35 vectors were generated as described previously
[32] by in vivo recombination in Escherichia coli BJ5183

cells between pAdenoVator transfer plasmids and pAdEasy-
1/F35 adenoviral genome (a generous gift from Dr X. Fan,
University of Lund) using the AdenoVator™ Vector system
(QBiogene, Carlsbad, CA, USA). Transfer plasmids contain-
ing the cytomegalovirus (CMV) promoter/enhancer with a
B-globin/IgG chimeric intron (CMVi) were purchased from
QBiogene. For enhanced yellow fluorescent protein (EYFP)
control Ad5/F35 vectors, EYFP from p internal ribosome
entry site-EYFP (Clontech, Palo Alto, CA, USA) was cloned
into the transfer plasmids described above. For c-src expres-
sion Ad5/F35 vectors, an expression cassette encoding EYFP
under the control of the mouse phosphoglycerate kinase
(PGK) (described in [32]) was first cloned into the CMVi
transfer plasmid, and c-src cDNA were then cloned into
the CMVi expression cassette. cDNA encoding dominant-
positive (DP) and DN c-src were generated from full-
length human ¢DNA [9] and mutants generated by
oligonucleotide-site-directed mutagenesis to create Y530F
(DP) and K298M-Y530F (DN) full-length mutant forms.
Recombinant Ad5/F35 vectors were transfected into QBI-
293A cells using standard calcium phosphate transfection,
and recombinant viruses were plaque-purified. Viruses
were then amplified by transduction of large HEK293 cell
cultures (QBiogene) and purified as described [33]. The
viral titres were determined by the tissue culture infectious
dose (TCIDs;) method following the manufacturer’s
instructions (QBiogene). Adenoviral infection of cells were
performed as described previously for B lymphocytes
[32,33]. Briefly, cells were washed in IMDM and incubated
(10 x 10° cells/ml) in 200 pl of IMDM containing virus at a
multiplicity of infection =500 into 24-well culture plates.
After 1h at 37°C and 10% CO,, volumes were adjusted to
1 ml of their respective culture medium. Cells were incu-
bated further at 37°C and 10% CO, and reinfected each
96 h to maintain transgene expression. At different times
(as indicated) after transduction, the cells were recovered
and subjected to analysis.

Real-time quantitative—polymerase chain reaction

Total RNA was extracted from 1 x 10° infected cells using the
Absolutely RNA extraction kit (Stratagene, La Jolla, CA,
USA). One ug of RNA was used to make cDNA with the
Moloney murine leukaemia virus (M-MLV) reverse tran-
scriptase  (Invitrogen). Quantitative—polymerase chain
reaction (Q-PCR) reactions were performed with the full
velocity SYBR green Q—-PCR master mix according to the
manufacturer’s instructions and the Mx3005P Q-PCR
system (Stratagene). For each time-point, the average of
three replicate reactions was calculated. Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was used as an endog-
enous control for normalization. The following sequences of
primers were used for Q-PCR of src-5": 5-GGC TAC ATC
CCCAGCAACTA-3%;3": 5-TGA GAG GCA GTA GGCACC
TT-3" primers for STAT5b 5”: 5-GCG TTA TAT GGC CAG
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CAT TT-3; 3": 5’-TCT GGA GCT GTG TGG CAT AG-3’ and
primers for the GAPDH mRNA: 5-ATG CAA CGG ATT
TGG TCG TAT-3"; 5’-TCT CGC TCC TGG AAG ATG GTG-
3’. The specificity of the primers was verified by melting
curve analysis. The comparative Ct method was used to cal-
culate the relative expression of mRNA normalized with the
housekeeping gene control (GAPDH) and fold expression of
the transcripts were expressed relatively to transcripts level
in EYFP-infected B lymphocytes.

Immune complex kinase assay

In vitro immune complex kinase assay was performed after
immunoprecipitation of c¢-Src, as described previously [9].
Briefly, 150 pg of total protein from radioimmunoprecipita-
tion assay (RIPA) buffer lysed B lymphocytes at various
times in culture was immunoprecipitated using anti-c-Src
monoclonal 327 (Calbiochem, San Diego, CA, USA) that had
first been attached to Protein A/G-Sepharose beads (Santa
Cruz Biotechnology Inc., Santa Cruz, CA, USA). Following
immunoprecipitation, the beads were washed and resus-
pended in kinase buffer, incubated with 10 uCi y*P-ATP
(ICN Biomedicals, Irvine, CA, USA) and 2 pug rabbit muscle
enolase (Sigma, Oakville, ON, Canada). After 10 min incu-
bation at 37°C, reduced sample buffer was added, the
mixture was boiled for 10 min and the entire sample loaded
onto 12% sodium dodecyl sulphate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) for separation of the proteins. The
?P-labelled proteins were electrotransferred to Immobilon
membranes (Millipore Corp., Bedford, MA, USA) and
radiolabelled proteins visualized by autoradiography.

Western immunobloting

Twenty ug of total protein from RIPA lysed transduced
B lymphocytes were separated on an 8% SDS-PAGE and
transferred electrophoretically to Immobilon membranes.
Membranes were blocked for 1 h at room temperature with
5% skimmed milk powder and 1% polyvinylpyrrolidone
(Sigma) in Tris-buffered saline (TBS) (10 mM Tris, 100 mM
Nacl, pH 7-5). Membranes were then incubated with
primary antibodies, c-Src monoclonal GD11 (Upstate Cell
Signaling Solutions, Charlottesville, VA, USA), STAT5a/b
rabbit polyclonal sc-835 (Santa Cruz Biotechnology) and
phosphoStat5a/b (Tyr 699) monoclonal 14H2 (Cell Signal-
ing, Danvers, MA, USA). The blots were washed in TBS and
then incubated with secondary antibodies conjugated to
horseradish peroxidase and enhanced chemiluminescence
was performed to visualize the proteins (Amersham Phar-
macia Biotech). PhosphoSTAT5a/b, STAT5a/b, c-Src and
actin were probed in this sequence on the same blot between
stripping with Restore Western Blot Stripping Buffer (Pierce,
Rockford, IL, USA). Actin was detected with the A-2066
rabbit anti-actin antibody (Sigma).

Co-immunopreprecipitation of c-Src and STAT5

¢-Src was immunoprecipitated from transduced B lympho-
cytes (5% 10° cells) as described in the immune complex
kinase assay section. The entire immunoprecipitate was
resolved on an 8% SDS-PAGE and electrotransferred to
Immobilon membranes. PhosphoSTAT5a/b, STAT5a/b and
c-Src were then detected by Western immunoblotting.

Phosphorylation of STATS5b by c-Src

The DB cells (a human B cell lymphoma) that were shown not
to express endogenous c-Src (Fig. 5), but to express STAT5b,
were used in an immune complex kinase assay; 3 X 10° DB
cells were lysed in RIPA. The lysate immunoprecipitated with
2 ug anti-STAT5b (C-17; Santa Cruz Biotechnology) pre-
bound to protein A/G PLUS Agarose beads. The immunopre-
cipiate was incubated in kinase buffer containing 10 uCi
Y?P-ATP (MP Biomedical, Santa Ana, CA, USA) and 2 ul (6
units) human recombinant c-Src (p60“7; Upstate Biotech-
nolgy, Lake Placid, NY, USA). After 10 min incubation at 37°C
a reduced sample buffer was added, the mixture boiled for
10 min and the entire sample loaded onto 12% SDS-PAGE for
separation of the proteins. The **P-labelled proteins were
electrotransferred to Immobilon-P membranes (Millipore
Corp.) and radiolabelled proteins visualized by autoradiog-
raphy. The membrane was probed using anti-STAT5b(C-17)
and then stripped and re-probed using anti-pSTAT5b(Tyr
699) and anti-Src (clone GD11; Upstate Biotechnology).

Results

c-Src over-expression increases B lymphocyte
proliferation

We have reported previously that c-Src may be involved in
the proliferation of human B lymphocytes [9]. Therefore, to
determine whether the expression of c-Src has any direct
effect on the proliferation of B lymphocytes, we examined
the effects of c-Src over-expression on their proliferation.
For this purpose we first prepared two Ad5/F35 adenoviral
expression vectors encoding c-Src-mutants, as we have dem-
onstrated previously that these types of vectors are highly
efficient for gene expression in human B lymphocytes
[32,33]. We used a constitutive active form of c-Src (c-src
DP) in which the tyrosine in position 530 was mutated to
phenylalanine (Y530F) [34], and a kinase dead c-Src where
the adenosine 5’-triphosphate (ATP) binding site at the
lysine at position 298 is mutated to methionine (L298M) [9].
The tyrosine in position 530 was also mutated to phenylala-
nine in c-Src DN to ensure that the regulatory C-terminal
tyrosine of c-Src could not be phosphorylated by other
tyrosine kinases such as Csk and, thus, inhibit normal c-Src
substrate binding to its SH2 and SH3 domains. This L298M/
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Y530F double mutant is expected to compete successfully for
normal c-Src substrates, and being kinase-dead thus acts as
a true DN form of c-Src. cDNA were each cloned into a
Ad5/F35 virus containing the EYFP as a reporter gene, and
Ad5/F35 virus containing only EYFP was used as control.

Normal human peripheral blood B lymphocytes were
grown in the CD40 culture system and infected with the
various adenoviruses. As revealed by EYFP expression,
more than 70% of B lymphocytes expressed adenovirus-
transferred cDNAs as early as 48 h post-infection, thus B
lymphocytes were harvested and c-Src expression was analy-
sed by Q-PCR, Western blot and kinase assay. As shown in
Fig. 1a, ¢-src transcripts were increased by 54- and 26-fold in
c-SrcDP and ¢-SrcDN transduced cells, respectively, com-
pared with empty EYFP-vector (mock) transduced cells.
Consequently, a higher amount of c-Src proteins was
detected in c-Src transduced B lymphocytes (Fig. 1b). c-Src
were immunoprecipitated from transfected B lymphocytes
and kinase activity was assayed on the exogenous substrate
enolase. As shown in Fig. 1¢, a significant increase in kinase
activity was observed in c-Src DP-transduced cells compared
with mock-transduced cells, as shown by the increase in
phosphorylated enolase. In contrast, a significant decrease in
kinase activity was observed in c-Src DN-transduced cells
compared with mock-transduced cells. Moreover, autophos-
phorylation of c-Src was increased in c-Src DP-transduced
cells, whereas it was decreased in c-Src DN-transduced
cells.

We next examined whether over-expression of c-Src had
any affect on the proliferation of human B lymphocytes
over an extended period of time. Purified human periph-
eral B lymphocytes were infected with the different aden-
ovirus vectors and maintained in culture for 19 days in the
CD40 system. B lymphocytes were reinfected every 4th day,
as we observed previously that these manipulations are
required to maintain a similar level of expression of aden-
oviral vector transferred cDNA (data not shown). No dif-
ferences in cellular expansion between EYFP and c-src
adenovirus vector transduced cells was observed during the
first 7 days post-infection (Fig. 2). Expansion factors and
rate were shown to be similar (Fig.2). Thereafter, we
observed a slight increase of cellular expansion in c-src DP
transduced cells versus mock transduced cells (Fig. 2), the
difference being more evident at day 19 post-infection,
with a increase of 13% (Fig. 2). These results suggest that B
lymphocyte proliferation induced by endogenous c-Src was
already at a maximum rate of expansion, which cannot be
enhanced further by supplemental exogenous c-Src. In con-
trast, over-expression of c-Src DN results in a partial inhi-
bition of B lymphocytes expansion starting at day 9 post-
infection (Fig. 2). At day 19 post-infection the expansion of
c-src DN transduced B lymphocytes was reduced by 40%
compared with mock transduced cells. These results are in
accord with our previous observation in which c-src inhibi-
tor reduced normal human B lymphocyte proliferation [9].
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Fig. 1. c-Src expression in transduced human B lymphocytes. Normal

human B lymphocytes were infected with recombinant adenovirus
encoding enhanced yellow fluorescent protein (EYFP), c-src dominant-
positive (DP) or ¢-src dominant-negative (DN) and cultured in the
CD40/CD154 system. Expression of ¢-Src was analysed 48 h post-
infection. (a) c-src mRNA levels were determined by quantitative
competitive—polymerase chain reaction (Q—PCR). Fold expression of
the transcripts was expressed relative to transcripts level in Ad5/F35-
EYFP-infected B lymphocytes. All data represent the means of three
independent experiments; standard deviations are indicated. (b) c-Src
protein levels were determined by Western blot analysis with anti-c-Src
clone GD11 as described in Materials and methods. Actin staining was
used as loading control. (c) c-Src kinase activity in transduced human
B lymphocytes (3 X 10° cell equivalents per lane) was performed as
described in Materials and methods. 32P-labelled proteins were visual-
ized by autoradiography. Recombinant human c-Src was used as posi-
tive control (+ve) and antibody coated beads without lysate was the
negative control (—ve). Arrows indicate the position of autophosphory-
lated c-Src and tyrosine phosphorylated enolase.

Moreover, our present results suggest that DN c-Src may
compete with endogenous c-Src, resulting in a partial inhi-
bition of a transcriptional pathway involved in B lympho-
cyte proliferation.
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Fig. 2. Expansion of human B lymphocytes following adenoviral
transduction. Normal human B lymphocytes were infected with
recombinant adenovirus encoding enhanced yellow fluorescent
protein (EYFP), ¢-src dominant-positive (DP) or c-src
dominant-negative (DN) and cultured in the CD40/CD154 system for
19 days. Cell counts were evaluated in triplicate by Trypan blue dye
exclusion every 2 days and total expansion was determined. Data
shown are representative of three experiments, performed with B
lymphocytes isolated from different donors. Expansion factor and rate
are indicated.

c-Src interacts with and activates STAT5b

Previous reports have indicated a relationship between
c-Src and STATSs, including STATSb in the proliferation of
several types of tumour cells (i.e. squamous carcinoma,
human breast cancer cell [24,27-30]), particularly follow-
ing epidermal growth factor stimulation. Therefore, we
addressed whether a relationship between c-Src and STAT5b
exists in CD40-stimulated human B lymphocytes. First, we
analysed the expression of STAT5b expression in EYFP and
c-src transduced human B lymphocytes by Q-PCR. As
shown in Fig. 3, no variation of STAT5b mRNA expression
was observed. Consistent with this finding, we did not
observe any variation of either STAT5a or STAT5b protein
(Fig. 4a) or their phosphorylation levels in the mock and
mutant c-Src transduced lymphocytes. Next, to determine if
c-Src might interact with STATS5 in B lymphocytes, we per-
formed co-immunoprecipitation studies from mock and
c-src transduced B lymphocytes. We found that c-Src forms
a complex mainly with STAT5b, whereas only a limited
amount of STAT5a was found to be associated with c-Src
(Fig. 4b). We have found that c-Src forms a complex mainly
with STAT5b, whereas very low levels of STAT5a were found
to be associated with c-Src (Fig. 4b); however, the total quan-
tity of STAT5a detected in our lysate was also very low
compared with STAT5b. Furthermore, we did not observe
significant variations in the level of STAT5b associated

with c-Src in mock- or c-Src-transduced B lymphocytes.
In contrast, phosphoSTAT5a was more abundant than
phosphoSTATS5b in anti-c-Src immunoprecipitates. In addi-
tion, a higher level of immunoprecipitated phosphoSTAT5b
was detected in cells over-expressing the DP form of c-Src,
whereas the level of phosphoSTAT5b associated with the DN
form of c¢-Src was comparable to that of mock-transduced
cells (Fig. 4b). No significant variations in phosphoSTAT5a
associated with c¢c-Src were observed. Quantification
by densitometry analysis revealed a 20% increase of
phosphoSTAT5b associated with DP c-Src. In contrast, with
DN c-Src, densitometry analysis revealed a 20% decrease of
phophoSTAT5b compared with mock transduced cells and a
35% decrease compared with c-SrcDP transduced cells. The
fact that a small amount of phosphoSTAT5b was found to be
associated to c-Src isolated from c-srcDN transduced cells
may actually be from the endogenous, wild-type c-Src. These
results suggest that c-Src may activate STAT5b by phospho-
rylation of its tyrosine 699 and that this activation takes
place once c-Src associates with STAT5b. To support this
hypothesis, we isolated STAT5b from a human B lymphocyte
line that lacks endogenous c-Src, and analysed whether it can
be phosphorylated by exogenous c-Src. STATSb was isolated
by immunoprecipitation from the DB cell line, which does
not express c-Src (Fig. 5a), thus avoiding any tyrosine
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Fig. 3. Signal transducer and activator of transcription 5b (STAT5b)
mRNA expression in transduced human B lymphocytes. Normal
human B lymphocytes were infected with recombinant adenovirus
encoding enhanced yellow fluorescent protein (EYEP), c-src
dominant-positive (DP) or ¢-src dominant-negative (DN) and
cultured in the CD40/CD154 system. Expression of STAT5b was
analysed 48 h post-infection. mRNA levels were determined by
quantitative competitive—polymerase chain reaction (Q-PCR). Fold
expression of the transcripts were expressed relative to transcripts
level in Ad5/F35-EYFP infected B lymphocytes. All data represent the
means of three independent experiments; standard deviations are
indicated.
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Fig. 4. c-Src and signal transducer and activator of transcription 5b
(STAT5Db) association in human B lymphocytes. Normal human B
lymphocytes were infected with recombinant adenovirus encoding
enhanced yellow fluorescent protein (EYFP), c-src dominant-positive
(DP) or ¢-src dominant-negative (DN) and cultured in the
CD40/CD154 system. Cell pellets were collected 48 h post-infection
and lysed in radioimmunoprecipitation assay (RIPA) lysis buffer.

(a) c-Src and STAT5b protein levels were determined by Western blot
analysis with anti-Src, anti-Stat5a/b and anti-phosphoStat5a/b
antibodies. Actin staining was used as loading control. Representative
result of one experiment of four are shown. (b) Proteins from

5% 10° cell equivalents were immunoprecipitated using anti-c-Src
(monoclonal antibody 327) bound to rabbit anti-mouse
immunoglobulin (Ig)G-protein A Sepharose. Immunoprecipitates
were analysed by Western blot with anti-c-Src, anti-Stat5a/b and
anti-phosphoStat5a/b antibodies. Coated beads with an anti-SV40
large T antigen was used as negative control (C neg). Representative
result of one experiment of three are shown.

phosphorylation contributed by endogenous, co-associating
¢-Src. Monoclonal antibody (mAb) 327 was raised originally
against v-src, and although comparative testing of several
anti-Src antibodies performed in our laboratory has shown
that mAb 327 is by far the best immunoprecipitating anti-
body, it is probably not 100% c-Src specific and probably
cross-reacts with other src-family kinases. The slight enolase
phosphorylation in DB cells is due probably to some cross-
reactivity of the anti-Src 327 with other src family members
found in DB cells. In particular, Fig. 5a shows another phos-
phorylated protein of slightly lower molecular weight than
¢-Src, which could correspond to autophosphorylated Lyn or
Lck kinase (p56), and which would be capable of phospho-
rylating enolase. Interestingly, this lower molecular weight
protein has not been detected in previous immune complex

kinase assays reported herein and, therefore, might represent
either Lyn or Lck kinase or another kinase recognized by
mAb 327 that is found specifically in DB cells, but not in
activated normal B cells.

Isolated STATSb (Fig. 5b) was then subjected to a kinase
assay using a human recombinant c-Src. As shown in Fig. 5c,
STAT5b was phosphorylated, as was recombinant c-Src,
known to autophosphorylate itself on Y419. Thus, this result
indicates that c-Src can phosphorylate STAT5b. Further-
more, this phosphorylation of STAT5b occurred on tyrosine
699, as demonstrated by Western blot using an anti-
phosphotyrosine 699 STAT5b antibody (Fig. 5d). These
results show that STAT5b can be phosphorylated on tyrosine
residue 699 by c-Src; thus, c-Src can activate STAT5b.

Discussion

Human B lymphocyte populations can be stimulated to pro-
liferate in vitro through different receptors. For instance,
CD40 activation through CD154 in the presence of IL-4 can
induce proliferation and differentiation distinctively of
peripheral human B lymphocyte subpopulations [7]. The
mechanism by which normal human B lymphocytes prolif-
erate to external signals is, however, not entirely clear.
Although it is known that binding of CD154 to CD40
induces several signalling pathways, tyrosine phosphoryla-
tion appears to be a common denominator. Recently, we
have shown that c-Src protein and activity increases and
correlates with B lymphocyte activation and proliferation
following CD40 stimulation [9]. These results suggested that
c-Src may play a specific role in normal human B lympho-
cyte proliferation and led us to investigate the effect of c-Src
over-expression on the proliferation of B lymphocytes.

We used the Ad55/F35 adenovirus expression system,
which we have described previously as highly efficient for
gene over-expression in normal human B lymphocytes
[32,33], to over-express two mutant forms of c-Src, a consti-
tutive active (DP) and a kinase-dead (DN) form of c-Src.
Surprisingly, we did not observe a correlation between the
amount of c-Src expression and proliferation in CD40-
activated B lymphocytes. Indeed, whereas a 54-fold increase
of c-src mRNA was achieved in c-SrcDP transduced B lym-
phocytes compared with mock transduced cells only a slight
increase in the cell expansion was observed, and that only
after 19 days of culture. These results demonstrate clearly
that the relatively high level of endogenous c-Src expression
following B lymphocyte activation [9] already induces a
maximum rate of cell expansion, which cannot be enhanced
further by supplemental exogenous c-Src. However, a signifi-
cant strengthening of an involvement of c-Src in B lympho-
cyte proliferation comes from our observation that over-
expression of a DN form of c-Src severely affects the
expansion of the B lymphocytes. Taken together, these results
suggest that, following CD40 activation of human B lym-
phocytes, c-Src is a definite player in the pathway leading to
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Fig. 5. Signal transducer and activator of

transcription 5b (STAT5b) is phosphorylated

on tyrosine 699 by c-Src. DB cells that do

not contain c-Src kinase were used to

immunoprecipitate STAT5b followed by (@)
addition of human recombinant ¢-Src (rSrc) in

a kinase assay. (a) 50 X 10° DB cells and 5 x 10° +ve
SKW 6-4 control cells were immunoprecipitated c-Sro—
with anti-c-Src (monoclonal antibody 327)
bound to protein A-Sepharose beads and a
kinase assay performed with rabbit muscle
enolase as exogenous substrate (a: top part);
+ve: rSrc and —ve: just anti-c-Src bound to
protein A-Sepharose without lysate. Thre lower
part of the figure shows a Western blot using
anti-c-Src (GD11). (b) 5 x 10° DB cells were
used to immunoprecipiate STAT5b followed by
a kinase assay using rSrc without rabbit muscle
enolase. A Western blot was performed showing
that STAT5b was immunoprecipitated. (c) The
kinase results of the same experiment show
phosphorylation of only the STAT5b and the
autophosphorylation of the rSrc. (d) The
membrane was stripped and reprobed using
anti-pSTAT5b and anti-c-Sr, to control for the
Western blot.

cellular proliferation. Indeed, c-Src may be an initial player
that then activates a second factor by tyrosine phophoryla-
tion, and it is this second factor that then acts to increase
proliferation.

Several reports have demonstrated an essential role for
c-Src kinase in mediating constitutive STAT5b activation
in many human cancer cells [24,25,35-37]. In general,
c-Src serves as an intermediate between tumorigenic
protein-tyrosine kinases and STAT activation. In contrast
to these reports, we demonstrate herein using co-
immunoprecipitation studies that STAT5b interacts directly
with c-Src. However, we did not observe differences in the
amount of STAT5b associated with c-Src between the con-
stitutively active c-src (DP) and kinase-dead c-Src (DN) used
in this study. This, however, provides us with two clues on
the nature of the STAT5b/c-Src interaction. First, kinase
activity of c-Src is not required for the binding to STAT5Db.
Secondly, as reported previously, we can speculate that
STAT5b can bind via its SH2 domain to the phosphotyrosine
(Y419) of human c-Src. The only tyrosine that can be phos-
phorylated on DP and DN c-Src is Y419, as tyrosine 530 was
mutated in both forms of c-Src that we used. Y419 is the
autophosphorylation site used by c-Src and, although it is
possible that other kinases can phosphorylate this site and,
thus, explain the small amount of STATS5b detectable when
using the c-Src DN samples, it is more likely that the small

Enolase—~ S

(b)

STAT5b— .
i s

c-Src + -
IP: STAT5b
IB: STAT5b
(c)
STAT5b - .
-ve SKW6-4 DB rSrc
-
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Kinase assay
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- -—c-Src Kinase assay
IP: c-Src
IB: c-Src (d)

pSTATSb—~ =

c-Src— ‘

c-Src + -
IP: STAT5b
IB: pSTAT5b c-Src

amount of STATS5b binding observed in the c¢-Src DN
samples was due to residual endogenous wild-type activated
c-Src. Indeed, it is likely that binding of STAT5b to an acti-
vated c-Src via pY419 is the normal interactive motif that
leads to Src phosphorylation of Y699 of the STAT5b as has
been described previously [38]. This tyrosine phosphoryla-
tion of STAT5b would result in activation and translocation
of STAT5D to the nucleus, to act as a transcription factor
[38]. Taken together, our findings that c-Src not only binds
to STATS5b, but also activates this transcription factor by
phosphorylation of its Y699, implicates this pathway’s
involvment in B lymphocyte proliferation [26]. This hypoth-
esis is strengthened by the fact that both c-Src and STAT5b
can be up-regulated in normal CD-40 activated human B
lymphocytes by IL-2, IL-4 and IL-10 [9,39—41]. Moreover,
over-expression of constitutively active STAT5b in normal
human B lymphocytes increases their proliferation capacity
[31]. This may indeed confirm that c-Src is an initial player
in the pathway involved in B lymphocyte proliferation and
activates STAT5b, which translocates to the nucleus, where it
regulates transcription of additional factors required for B
lymphocyte proliferation.

In summary, we demonstrate herein that c-Src, activated
through stimulation of CD40 on the B lymphocytes, has a
direct role in the activation of a signalling pathway involved
in proliferation of normal human B lymphocytes. This is the
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first report of a co-association of c-Src and STAT5b in
CD40-activated normal human B lymphocytes and pro-
vides evidence that c-Src can phosphorylate Y699 of
STAT5D, thus activating this transcriptional regulator. These
results implicate the importance of CD40 in the induction
of c-Src, which can then act as an activator of STATSb
that leads ultimately to normal human B lymphocyte
proliferation.
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