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The receptors for interleukin-3 (IL-3) and granulocyte-macrophage colony-stimulating factor (GM-CSF)
share a common 3 subunit, the distal cytoplasmic domain of which is essential for the promotion of cell sur-
vival by these two cytokines. Genes whose expression is specifically induced by signaling through the distal
cytoplasmic domain of this receptor {3 subunit were screened by a subtraction cloning approach in derivatives
of a mouse pro-B-cell line. One gene thus identified was shown to encode a protein highly homologous (with
only 7 amino acid substitutions) to murine osteopontin (OPN), a secreted adhesion protein. Conditioned me-
dium from cells expressing wild-type OPN, but not that from cells expressing a deletion mutant lacking resi-
dues 79 to 140, increased the viability of a non-OPN-producing cell line in the presence of human GM-CSF.
Antibody blocking experiments revealed that OPN produced as a result of IL-3 or GM-CSF signaling was
secreted into the medium and, through binding to its cell surface receptor, CD44, contributed to the survival-
promoting activities of these two cytokines. Furthermore, coupling of the OPN-CD44 pathway to the survival
response to IL-3 was also demonstrated in primary IL-3-dependent mouse bone marrow cells. These results
thus show that induction of an extracellular adhesion protein and consequent activation of its cell surface

receptor are important for the antiapoptotic activities of IL-3 and GM-CSF.

Both granulocyte-macrophage colony-stimulating factor
(GM-CSF) and interleukin-3 (IL-3) belong to a family of cy-
tokine growth factors that regulate the viability, differentiation,
proliferation, and function of multipotential hematopoietic
progenitors as well as of various other hematopoietic cells (1).
On binding to their corresponding receptors, GM-CSF and
IL-3, in most instances, trigger similar signaling events as a
result of the fact that their receptors share a common { sub-
unit. Signaling events mediated by this B subunit include tyro-
sine phosphorylation of various signaling proteins, such as the
receptor B chain itself, JAK2, Shc, Vav, Fps, STAT5A, and
STATSB (4, 14, 19, 32, 35, 55); activation of phosphatidylino-
sitol (PI) 3-kinase and the Ras-Raf-mitogen-activated protein
(MAP) kinase pathway (10, 17, 27, 48, 50); and transcriptional
activation of immediate-early genes such as c-jun, c-fos, c-myc,
cis, and mcl-1 (8, 9, 63). Deletion analysis has revealed that the
membrane-proximal domain of the receptor B subunit is im-
portant for the induction of the c-myc and cis genes as well as
for the activation of JAK2 and STATS proteins (35, 41, 48, 63),
whereas the membrane-distal domain is required for the in-
duction of c-jun, c-fos, and mcl-1 as well as for the activation of
PI 3-kinase and the Ras-Raf-MAP kinase cascade (8, 48).
Activation of PI 3-kinase and the Ras-Raf-MAP kinase path-
way is important for the antiapoptotic activities of GM-CSF
and IL-3 (27, 56, 60).

We have previously shown that Mcl-1, a member of the Bcl-2
family of proteins, contributes to the maintenance of cell via-
bility by GM-CSF (8). Analysis of murine IL-3-dependent
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Ba/F3 cells expressing the human GM-CSF receptor « chain in
combination with various COOH-terminal truncation mutants
of the receptor B chain revealed that the induction of Mcl-1 is
dependent on the membrane-distal region of the B subunit
between amino acids 573 and 755, a domain known to play an
important role in the antiapoptotic activity of the activated
receptor (8). Overexpression of Mcl-1 delayed, but did not
prevent, apoptosis induced by cytokine withdrawal (8), sug-
gesting that the distal region of the receptor B chain exerts
additional effects that contribute to the antiapoptotic action of
the receptor.

By use of a PCR-based subtraction cloning approach, we
sought to identify additional genes whose expression is induced
by the membrane-distal region of the § subunit of the GM-
CSF and IL-3 receptors. One gene thus identified turned out to
encode a protein highly homologous to murine osteopontin
(OPN) (34), which we have designated BOPN (for Ba/F3-
derived OPN). Furthermore, we provide evidence that, in re-
sponse to stimulation with IL-3 or GM-CSF, OPN is induced
and released into the medium of cultured cells and that,
through binding to the cell surface receptor CD44, it contrib-
utes to the survival activities of these two cytokines.

MATERIALS AND METHODS

Cells and cell lines. CHOP is a Chinese hamster ovary cell line stably trans-
fected with the polyoma virus large T antigen (20) and was kindly provided by
James W. Dennis (Mt. Sinai Hospital, Toronto, Canada). CHOP cells were
maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (FBS). Ba/F3 is a murine IL-3-dependent pro-B-cell
line and was maintained in RPMI 1640 supplemented with 10% FBS and 1%
conditioned medium (CM) from WEHI 3B cells as a source of IL-3. The apwt,
aB755, af573, and aB453 derivatives of Ba/F3 have been described previously
(8) and stably overexpress the human GM-CSF (hGM-CSF) receptor a chain in
combination with either the wild-type B chain or a COOH-terminal truncation
mutant of the B chain that terminates at residue 755, 573, or 453, respectively.
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Primary IL-3-dependent cells were isolated essentially as described by Rodri-
guez-Tarduchy et al. (44). Briefly, bone marrow was flushed from the femurs of
BALB/c mice with RPMI 1640 and was then cultured for 48 h in the same
medium containing 10% FBS and 10% CM from WEHI 3B cells. The cells
remaining in suspension were then separated from the adherent population and
maintained in medium containing 20 U of murine IL-3 (mIL-3) (R & D Systems,
Minneapolis, Minn.)/ml for 10 to 14 days before analysis. Flow cytometric anal-
ysis (see below) confirmed that these primary cells expressed CD44 (data not
shown). For all experiments described in the text, unless otherwise indicated, the
recombinant mIL-3 and hGM-CSF (Sandoz Pharma Ltd., Basel, Switzerland)
were used at concentrations of 10 U/ml and 1 ng/ml, respectively.

Subtraction cloning. To clone genes that are activated by hGM-CSF in o755
cells but not in a573 cells, we isolated mRNA from the two cell lines after they
had been stimulated with hGM-CSF (10 ng/ml) for 1, 3, 6, 12, or 18 h. The
mRNAs isolated from each cell line at the different time points were pooled, and
2 pg of the pooled mixture was subjected to reverse transcription. The resulting
c¢DNA derived from af573 and from o755 cells was used as the “driver” and
“tester” cDNA, respectively, and those cDNA fragments present in the tester but
not in the driver fraction were isolated by use of a PCR-Select cDNA Subtraction
kit (Clontech). The cDNA fragments selected in this manner were then cloned
and sequenced by standard methods.

Northern blot analysis. Total RNA was isolated from cultured cells as previ-
ously described (8), and a portion (20 pg) was resolved on a 1% agarose-
formaldehyde gel. The separated RNA molecules were transferred to a nitro-
cellulose filter, which was then subjected to sequential hybridization overnight at
42°C in a standard buffer containing 50% formamide with 3?P-labeled probes
specific for Bopn or the glyceraldehyde-3-phosphate dehydrogenase (G3PDH)
gene. The blot was washed at 55°C once with 2X standard saline citrate con-
taining 0.1% sodium dodecyl sulfate (SDS) and twice in 0.2X standard saline
citrate containing 0.1% SDS and was then subjected to autoradiography.

Expression constructs. For construction of the mammalian expression vector
for hemagglutinin epitope (HA)-tagged BOPN (pcDNA3-BOPN-HA), the full-
length BOPN ¢cDNA was derived by reverse transcription and PCR amplification
from mRNA that had been purified from hGM-CSF-treated a755 cells. PCR
was performed with the primers 5'-GCGTCGACACCATGAGATTGGCAGT
GATT-3' (sense) and 5'-GCCTCGAGGTTGACCTCAGAAGATGA-3' (anti-
sense). The amplified cDNA fragments were digested with Sall and Xhol and
were then cloned into the Sall site of the pJ3(Q) vector (53) to generate a plasmid
(pI3Q-BOPN-HA) in which a DNA sequence encoding the HA tag was fused in
frame to the 3’ end of the BOPN ¢cDNA. A DNA fragment spanning the
BOPN-HA cDNA sequence was then released from pJ3Q2-BOPN-HA by diges-
tion with Sall and BamHI, rendered blunt ended, and ligated into the EcoRV site
of the pcDNA3 vector (Invitrogen). The resultant plasmid was further engi-
neered to include a stop linker after the coding region for the HA tag, yielding
the final construct pcDNA3-BOPN-HA for the synthesis of BOPN tagged at its
COOH terminus with the HA sequence (LDMYPYDVPDYASRDP). The
BOPN-HA fusion protein was synthesized from this plasmid in vivo, by trans-
fection into mammalian cells, or in vitro, with the use of a TNT coupled reticu-
locyte lysate system (Promega).

The mouse OPN expression vector (p)cDNA3-OPN-HA) was constructed in a
manner similar to that for pcDNA3-BOPN-HA, with the exception that the
mouse OPN cDNA was reverse transcribed from an mRNA isolated from a
BALB/c mouse kidney. The sequence of this cDNA was confirmed to be identical
to that of the mouse OPN reported in reference 34. The vector directed the
synthesis of OPN fused at its COOH terminus with the HA tag (LDMYPYD
VPDYASSPG).

The expression vector encoding the BOPNA79-140 mutant was constructed by
isolating the Kpnl-Xmnl and Eagl-BamHI fragments from the pcDNA3-
BOPN-HA vector and ligating them, together with an XmnI-Eagl adapter (an-
nealed from the sense and antisense oligonucleotides 5'-TCTTCCAAGCAAT
TCCAATAAC-3" and 5'-GGCCGTTATTGGAATTGCTTGGAAGA-3', re-
spectively), back into the Kpnl and BamHI sites of pcDNA3-BOPN-HA. The
BOPNA32-72 expression vector was constructed by isolating the KpnI-HindIII
(the HindIII site was rendered blunt ended before digestion with Kpnl) and
Xmnl-BamHI fragments of pcDNA3-BOPN-HA and ligating them back into
Kpnl- and BamHI-digested pcDNA3-BOPN-HA. The identities of all BOPN
c¢DNA inserts (wild type and mutant) in these expression vectors were confirmed
by direct sequencing.

Flow cytometric analysis of surface protein expression. Cells were washed
twice with phosphate-buffered saline and then incubated for 20 min with anti-
bodies either to CD44 (clone IM7 or KM114; Pharmingen) or to integrin av
(clone H9.2B8; Pharmingen) in staining buffer (phosphate-buffered saline con-
taining 0.1% NaN3 and 1% FBS). The cells incubated with antibodies to CD44
were washed twice with staining buffer and then incubated for 20 min with rabbit
antibodies to rat immunoglobulin G (IgG) that had been charged with biotin-
conjugated goat antibodies to rabbit IgG (Vector Laboratories) and phyco-
erythrin-conjugated streptavidin (Jackson ImmunoResearch Laboratories). Af-
ter two washes with staining buffer, the cells were analyzed by flow cytometry
with a Becton Dickinson FACScan. Cells incubated with antibodies to integrin
av were subjected to the same staining protocol, with the exception that the
av-positive cells were detected with fluorescein isothiocyanate-conjugated mouse
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antibodies to hamster IgG (Pharmingen). All incubations were performed on ice,
and antibodies were used at the dilutions recommended by the manufacturers.

Immunoprecipitation and immunoblot analysis. CM from CHOP cells tran-
siently transfected with various OPN expression vectors was subjected to immu-
noblot analysis as previously described (8). In brief, 150 pg of CM protein was
resolved by SDS-polyacrylamide gel electrophoresis on a 10% gel, transferred to
a polyvinylidene difluoride membrane (Millipore), and probed with antibodies to
HA (Boehringer Mannheim). Immune complexes were detected with horserad-
ish peroxidase-conjugated goat antibodies to mouse IgG and an ECL (enhanced
chemiluminescence) kit (Amersham). In some experiments, OPN in CM was first
immunoprecipitated with rabbit antiserum to OPN (generated in response to the
peptide antigen DPKSKEDDRYLKFRIS, corresponding to amino acids 268 to
283 of the mouse OPN) prior to immunoblot analysis.

Immunodepletion of OPN from CM. Swollen protein A-Sepharose beads
(Pharmacia) were washed with RPMI 1640 and incubated for 40 min at 4°C with
the same medium containing bovine serum albumin (10 mg/ml). The beads were
then washed twice with RPMI 1640 and incubated for 70 min at 4°C with either
control antiserum (rabbit antiserum to Mcl-1) or rabbit antiserum to OPN. After
a brief wash with RPMI 1640, the beads were incubated for 1 h at 4°C with CM.
The resulting immune complexes were removed by centrifugation, the superna-
tant was transferred to a fresh tube, and the immunodepletion process was
repeated two more times. The final OPN-depleted medium was then tested for
its ability to stimulate the growth of aB573 cells in the presence of hGM-CSF.

Transient transfection. CHOP cells were transiently transfected with various
OPN expression vectors by liposome-mediated gene transfer. In brief, vector
DNA (12 pg) was gently mixed for 30 min with 25 ul of Lipofectamine (Gibco-
BRL) to form the DNA-lipid complex, which was then added to 10° cells cul-
tured in a volume of 10 ml that had been seeded 1 day earlier. After incubation
for 4 h in serum-free medium, the transfected cells were incubated for 24 h in
regular growth medium. The latter was then removed, filtered through a 0.2-
pm-pore-size filter, and used as CM for the various assays as described.

Baculovirus expression of OPN. To produce OPN with a baculovirus expres-
sion system, we used the BacVector-1000 DNA kit (Novagen). In brief, the
mouse OPN cDNA fragment was subcloned into the BamHI site of the baculo-
virus transfer vector (pVL-1393), and the recombinant OPN-producing baculo-
virus was generated. Sf9 insect cells were then infected with the recombinant
virus, and 3 days later, the culture supernatant was collected. Immunoblot anal-
ysis confirmed the presence of OPN in this supernatant (data not shown). The
culture supernatant of Sf9 cells infected with the wild-type virus was used as a
control. For all experiments described in the text involving the use of the re-
combinant OPN, unless otherwise indicated, the baculovirus-produced proteins
were used.

Assay of [*H]thymidine incorporation. 8573 or primary IL-3-dependent cells
were seeded at a density of 10° cells/ml in medium containing (or not) mIL-3,
hGM-CSF, baculovirus-produced OPN, or control Sf9 cell supernatant, as indi-
cated. After incubation for 24 h, 10* viable cells from each group were trans-
ferred to the wells of a 96-well culture plate in the same medium. The assay was
initiated by the addition of 1 wCi of [*H]thymidine (Amersham) to each well and
was terminated after 20 min (a«573 cells) or 4 h (primary cells) by cell lysis. The
incorporation of [*H]thymidine into DNA was then analyzed as previously de-
scribed (62). All assays were performed in triplicate and repeated three times.

RESULTS

Activation of the opn gene by IL-3 and GM-CSF signaling
pathways. To detect additional genes that are specifically ac-
tivated as a result of signaling by the membrane-distal region
of the hGM-CSF receptor B chain and whose products might
contribute to the prevention of apoptosis, we used four deriv-
atives of the murine IL-3-dependent Ba/F3 cell line (apwt,
ap755, aB573, and a453) that we had previously established
and characterized (8). These cells stably overexpress the hGM-
CSF receptor a chain in combination with either the wild-type
B chain (afwt) or a B-chain mutant that terminates at residue
755, 573, or 453. Both aBwt and a3755 cells are fully resistant
to apoptosis in medium containing either mIL-3 or hGM-CSF,
whereas aB573 and o453 cells exhibit such resistance in me-
dium supplemented with mIL-3 but not in medium containing
hGM-CSF (8) (Table 1). We used a PCR-based subtraction
cloning approach to detect genes that are specifically activated
by hGM-CSF in a3755 cells but not in a3573 cells. One gene
so detected, designated Bopn, was found to encode a protein
highly homologous (with only 7 amino acid substitutions) to
murine OPN (34), an acidic phosphoprotein that is secreted by
osteoblasts, macrophages, cardiac fibroblasts, and many other
cell types (12, 43). Of note, among the 7 different amino acid
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TABLE 1. Cell lines used in this study

Exogenously introduced Apoptosis in medium

Cell line hGM-CSF receptor subunits containing:

« Chain B Chain® mIL-3 hGM-CSF”
Ba/F3 None None No Yes
apwt wt wt (aa 1-881) No No
aB755 wt mt (aa 1-755) No No
aB573 wt mt (aa 1-573) No Yes
ap453 wt mt (aa 1-453) No Yes

“wt, wild-type protein containing amino acid (aa) residues 1 to 881; mt,
mutant protein containing amino acid residues 1 to 755.
® From reference 8.

residues (Asp versus Asn at position 142, Tyr versus Asp at
position 171, Tyr versus Asp at position 188, Ser versus Arg
at position 224, Gly versus Glu at position 226, His versus Gln
at position 232, and His versus Tyr at position 277), the sub-
stitutions at positions 142, 171, 188, 224, and 232 were found to
be identical to those that appeared in one reported allele of the
murine OPN (Eta-1° [37]). Northern analysis confirmed that
expression of Bopn was induced by hGM-CSF (within 3 h) in
apwt and af755 cells but not in «f573 and o453 cells (Fig.
1). The gene was also activated by mIL-3 in all four Ba/F3
derivatives, with kinetics similar to those apparent in awt and
af755 cells treated with hGM-CSF. These results suggested
that the induced expression of Bopn may play a role in the
antiapoptotic activities of both IL-3 and GM-CSF.

Growth-stimulatory activity of OPN. We therefore investi-
gated whether OPN indeed contributes to the antiapoptotic
activities of IL-3 and GM-CSF. Given that OPN is a secreted
protein, we first examined whether CM from OPN-expressing
cells (af755 cultured in the presence of hGM-CSF) would
support the growth of cells that do not produce OPN (aB573
cultured in the presence of hGM-CSF). We have previously
shown that, in the presence of mIL-3, a573 cells both prolif-
erate and are resistant to apoptosis; in contrast, in the presence
of hGM-CSF, these cells exhibit a reduced proliferative re-
sponse and are no longer resistant to apoptosis (8). Thus,
whereas the number of viable cells decreased rapidly in cyto-
kine-free medium and increased markedly in medium contain-
ing mIL-3, ap573 cells showed a minimal proliferative re-
sponse in medium supplemented with hGM-CSF (Fig. 2).
However, addition of CM from hGM-CSF-treated o755 cells
to the hGM-CSF-containing medium of «f3573 cells induced a
reproducible, although relatively small, dose-dependent in-
crease in the number of viable cells (Fig. 2).

We next examined whether CM from a nonhematopoietic
cell line, CHOP, that had been transiently transfected with an
OPN expression vector would also stimulate the growth of
ap573 cells in the presence of hGM-CSF. Indeed, CM from
CHOP cells transiently transfected with expression vectors en-
coding either HA-tagged BOPN (OPN encoded by the Bopn
gene) or HA-tagged mouse OPN (OPN encoded by the mouse
osteopontin gene as reported in reference 34) increased the
number of viable aB573 cells (Fig. 3A). In contrast, CM from
CHOP cells transfected with a control vector encoding green
fluorescent protein (GFP) did not stimulate cell proliferation.
Immunoblot and immunoprecipitation-immunoblot analyses
confirmed that CHOP cells transiently transfected with the
expression vectors encoding the OPN constructs secreted into
the culture medium HA-tagged molecules, that were similar in
size to the corresponding proteins synthesized in vitro (Fig. 3B
and C). The growth-stimulatory activities of CM containing
BOPN or mouse OPN were highly similar, suggesting that the
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7 amino acids that differ between the two proteins do not
contribute substantially to this effect.

To confirm that the growth-stimulatory activities of CM
from o755 cells and of CM from OPN-expressing CHOP cells
were indeed due to OPN, we examined the effects on a3573
cells of CM that had been immunodepleted of OPN by use of
a specific rabbit antiserum. The growth-promoting effects of
CM from hGM-CSF-treated 755 cells or from CHOP cells
expressing BOPN were abolished by immunodepletion of OPN
with the specific antiserum (Fig. 4); they were unaffected by
mock immunodepletion with an irrelevant antiserum (rabbit
antiserum to human Mcl-1). Furthermore, CM from CHOP
cells expressing a BOPN mutant (A79-140) that lacks residues
79 to 140, the concentration of which in CM was ~10 times
that of the wild-type protein (Fig. 3C), did not stimulate the
growth of aB573 cells (Fig. 4B). Another BOPN mutant (A32-
72) did stimulate the growth of «573 cells in a manner that
was sensitive to specific immunodepletion (Fig. 4B); the extent
of this effect was less than that observed for the wild-type
protein, probably as a result of a reduced intrinsic activity or
the reduced level of expression (Fig. 3C) of the mutant protein.
Together, these results confirmed that the growth-stimulatory
effect of OPN-containing CM was indeed due to the presence
of OPN.

Role of CD44 in the growth-stimulatory effect of OPN. OPN
binds to the cell surface receptor CD44 (61) as well as to
integrins containing the av subunit, avp1, avp3, and avB5 (22,
33, 46). To investigate which of these receptors might mediate
the growth-stimulatory effect of OPN, we examined the growth
response of a573 cells to OPN in the presence of neutralizing
antibodies that block ligand binding to the av subunit or to
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FIG. 1. Activation of Bopn expression by IL-3 and GM-CSF. The indicated
Ba/F3 derivatives were deprived of cytokine and then incubated with either
hGM-CSF or mIL-3 for the indicated times (hours). Total RNA was then
isolated, and a portion (20 pg) was subjected to Northern blot analysis with
32P-labeled probes specific for Bopn or the G3PDH gene.
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FIG. 2. Growth-stimulatory effect of OPN on o573 cells in the presence of hGM-CSF. Shown are growth curves of aB573 cells in basal medium (Free) or in
medium containing mIL-3, hGM-CSF, or hGM-CSF plus 10, 50, or 90% CM from o755 cells (755CM-10%, -50%, or -90%) grown in the presence of hGM-CSF. The
right panel represents an expanded view of the curves in the left panel, with the omission of the growth curve for cells incubated in the presence of mIL-3. D0, the day
that cells were seeded: D1, D2, and D3, 1 to 3 days, respectively, after initial seeding. Data are means * standard deviations of results in duplicate wells from
experiments that were repeated three times with similar results.

CD44. Flow cytometric analysis revealed that Ba/F3 cells and cantly inhibit the growth-promoting effect of OPN, antibodies
all derivatives used in the present study express both the inte- to CD44 (clone IM7 or KM114) almost completely blocked the
grin av subunit and CD44 (Fig. 5A and data not shown). effect of OPN on the growth of ap573 cells cultured in the
Whereas antibodies to the integrin av subunit did not signifi- presence of hGM-CSF (Fig. 5B). These results suggest that the
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FIG. 3. Recombinant OPN stimulates the growth of «573 cells in the presence of hGM-CSF. (A) Growth curves of af573 cells cultured in basal medium (Free)
or in medium containing hGM-CSF alone or hGM-CSF plus CM (30%) from CHOP cells transiently transfected with a control (GFP), BOPN, or mouse OPN (OPN)
expression vector. Data are means * standard deviations of results in duplicate wells from experiments that were repeated three times with similar results. (B) The
indicated full-length or mutant OPN proteins were synthesized and labeled with [*>S]Met in vitro by use of the corresponding expression vectors and a reticulocyte lysate
system and were then analyzed by SDS-polyacrylamide gel electrophoresis and autoradiography. The positions of molecular size standards (in kilodaltons) are indicated.
(C) (Left) CM from CHOP cells transiently transfected with expression vectors encoding GFP or the indicated HA-tagged OPN proteins was subjected to immunoblot
analysis with antibodies to HA («HA). (Right) CM from CHOP cells expressing GFP or the indicated OPN proteins was subjected to immunoprecipitation (IP) with
antibodies to OPN (aOPN), and the resulting immunoprecipitates were subjected to immunoblot analysis with antibodies to HA. Arrowheads in both panels indicate
the corresponding HA-tagged OPN protein.
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FIG. 4. Effect of immunodepletion of OPN from CM on growth-stimulatory activity. (A) Growth curves of a573 cells in culture medium containing hGM-CSF
as well as CM from hGM-CSF-treated a3755 cells that had been subjected to immunodepletion with either control antibodies (755CM + ctrl Ab) or antibodies to OPN
(755CM + OPN Ab) as described in Materials and Methods. (B) Growth curves of a573 cells in culture medium containing hGM-CSF as well as immunodepleted
CM from CHOP cells expressing GFP or the indicated OPN proteins. Data in both panels are means * standard deviations of results in duplicate wells from

experiments that were repeated three times with similar results.

growth-stimulatory effect of OPN is mediated predominantly,
if not exclusively, through CD44. Given that hyaluronic acid is
the principal ligand of CD44 (2), we then examined whether
hyaluronic acid also stimulates the growth of a573 cells in the
presence of hGM-CSF. However, unlike OPN, hyaluronic acid
did not promote the growth of aB573 cells (Fig. 5C).

Next, we investigated whether the growth-stimulatory effect
of OPN was unique to the Ba/F3 cell line. To address this issue,
we performed a similar analysis with primary IL-3-dependent
mouse bone marrow cells (see Materials and Methods). North-
ern blotting confirmed that the opn mRNA was induced within
3 h of treatment with IL-3 in these primary cells (data not
shown). Addition of baculovirus-produced OPN to the cyto-
kine-free medium prevented the rapid loss of cell viability,
although it did not stimulate proliferation of these primary
cells to the extent that IL-3 did (Fig. 5D). Furthermore, the
protective effect of OPN on cell viability was abolished in the
presence of antibodies to either OPN or CD44 but was unaf-
fected by control antibodies (antibodies to Mcl-1 or rat 1gG)
(Fig. 5D). These results suggest that the growth-stimulatory
effect of OPN was not a unique feature observed in the Ba/F3
cell line.

Relative effects of OPN on cell survival and cell mitogenesis.
The OPN-induced increase in the number of viable cells might
reflect an effect on cell survival or on mitogenesis, or both. We
therefore measured both the survival and, mitogenic responses
of cells to OPN. As shown previously (8), aB573 cells cultured
in the presence of hGM-CSF underwent apoptosis to an extent
similar to that observed in cytokine-free medium. However,
under such conditions, the addition of baculovirus-produced
OPN to the culture medium reduced the number of apoptotic
cells by ~50% (Fig. 6A). In the absence of hGM-CSF, OPN
alone also inhibited apoptosis to a significant, although lesser,
extent. Figure 6B shows that a similar result was observed in
experiments using the primary IL-3-dependent cells and that
this antiapoptotic effect of OPN was prevented in the presence
of antibodies to CD44 or to OPN.

hGM-CSF induced a small mitogenic response in o573

cells (8) (Fig. 7A). Whereas these cells incorporated little
[*H]thymidine in the presence of OPN alone, the combination
of OPN and hGM-CSF induced a synergistic, although still
moderate, mitogenic response (Fig. 7A). With the primary
cells, only a marginal mitogenic response to OPN was observed
(Fig. 7B). Together, these results suggest that prevention of
apoptosis and stimulation of mitogenesis both contribute to
the increase in the number of viable a573 cells induced by the
combination of OPN and hGM-CSF. However, the OPN-in-
duced increase in the number of viable primary cells is attrib-
utable largely to the prevention of apoptosis, with the stimu-
lation of mitogenesis playing a smaller role.

Role of the OPN-CD44 pathway in the antiapoptotic activ-
ities of IL-3 and GM-CSF. Given that OPN is induced not only
by GM-CSF but also by IL-3, we next examined whether the
antiapoptotic activities of these two cytokines are dependent
on activation of the OPN-CD44 pathway. To address this issue,
we examined whether antibodies that block the interaction
between OPN and CD44 have any effect on the antiapoptotic
activities of these two cytokines. Figure 8 shows that antibodies
to either OPN or CD44, but not those to Mcl-1 or rat IgG,
increased the number of apoptotic apf755 cells in medium
containing either mIL-3 or hGM-CSF. A nearly identical result
was observed in the same type of experiment but with primary
cells cultivated in medium containing mIL-3 (data not shown).
Together, these results suggest that activation of the OPN-
CD44 pathway plays an important role in the antiapoptotic
activities of IL-3 and GM-CSF.

DISCUSSION

By use of a PCR-based subtraction cloning approach, we
searched for additional antiapoptotic genes whose expression
is induced by the membrane-distal region of the B subunit of
the GM-CSF and IL-3 receptors. In this report, we demon-
strated that one gene thus identified turned out to encode the
OPN protein. Furthermore, we provide evidence that, in re-
sponse to stimulation with IL-3 or GM-CSF, OPN is induced
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FIG. 5. Role of CD44 in mediating the growth-stimulatory activity of OPN. (A) Flow cytometric analysis of CD44 and integrin av expression in a3573 cells. Open
peaks correspond to cells stained either with antibodies to CD44 (clone IM7; left panel) or with antibodies to the integrin av subunit (right panel). Solid peaks represent
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(clone IM7 or KM114) or the av subunit (clone H9.2B8); control incubations were also performed with hamster IgG (HIgG) or rat IgG (RIgG) as indicated. The
number of viable cells in each group was then determined on the basis of trypan blue exclusion. #*, P < 0.0001 by Student’s ¢ test. (C) Effect of hyaluronic acid on the
growth of af573 cells. Growth curves were determined for a573 cells cultured in the presence of hGM-CSF and hyaluronic acid (10 or 20 ng/ml [HA-10 or HA-20,
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cultured in basal medium (Free) or in medium supplemented with either the control culture supernatant (control), mIL-3, or baculovirus-produced OPN alone or in
combination with rat IgG (as a control) or antibodies (Ab) to CD44 (clone IM7), OPN, or Mcl-1. Data in panels B through D are means * standard deviations of

duplicates from experiments that were repeated three times with similar results.

and released into the medium of cultured cells and that,
through binding to the cell surface receptor CD44, it contrib-
utes to the survival activities of these two cytokines.

Since culture of IL-3-dependent cells in medium supple-
mented with OPN alone delayed, rather than completely pre-
vented, apoptosis induced by cytokine deprivation, our result
further suggests that other IL-3-activated signals are required
for the full survival-promoting activity of this cytokine. These
extra signals may include signals that lead to increased expres-
sion of two antiapoptotic proteins, Mcl-1 and Bcl-X; (8, 29,
39), and signals that lead to activation of the Akt kinase, which
in turn phosphorylates and inactivates the proapoptotic mole-
cule Bad (65). In view of the facts that activation of the Akt
kinase is crucial to the survival activity of IL-3 (56, 60) and that
Akt can modulate the activities of caspase-9 and some tran-
scription factors known to regulate the cell death or cell sur-
vival pathways (6, 7, 13, 24, 38, 45, 60), it is likely that inacti-
vation of caspase-9 and transcriptional regulation of other,
yet-to-be-identified genes also contribute to the survival activ-
ity of IL-3. It remains to be determined how many IL-3-acti-
vated signals are required for the full survival activity of this
cytokine.

OPN expression is increased in the blood of patients with
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FIG. 6. Effect of OPN on cell survival. aB573 cells (A) or primary IL-3-
dependent cells (B) were cultured for 24 h in the presence of the indicated
agents, after which the number of apoptotic cells was quantified with an ELISA
cell death detection kit (Boehringer Mannheim). The OPN proteins used here
were produced by the baculovirus system. Control, culture supernatant of Sf9
cells infected with the wild-type virus. Data are means * standard deviations of
duplicates from experiments that were repeated three times with similar results.
#, P < 0.01; #, P < 0.001; #*, P < 0.0001.
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metastatic disease (54). A few studies with an antisense ap-
proach have demonstrated that reduced production of OPN
inhibits the tumorigenicity of transformed cell lines (5, 16, 57),
and conversely, overexpression of OPN in benign cells has
been shown to lead to increased metastasis (36). Using OPN-
null mutant mice as a model system, Crawford et al. (11)
recently demonstrated that OPN enhances the growth or sur-
vival of metastatic cells. However, the molecular mechanisms
that underlie this activity of OPN remain unclear. As metas-
tasis involves the migration of tumor cells from one location to
a secondary site in vivo, these metastatic cells would face a
situation that, in some sense, is similar to anoikis, which is
induced in endothelial and epithelial cells by detachment from
a substrate containing RGD sequence motifs or by growth in
suspension (15, 31). OPN protects rat aorta-derived endothe-
lial cells from apoptosis induced by serum withdrawal (49).
Our present finding that OPN produced as a result of growth
factor signaling is secreted into the medium, and through ac-
tivation of another cell surface receptor exerts an antiapoptotic
activity on the cultured cells, further helps us to understand
why a large variety of malignant cells have evolved to produce
an increased level of OPN and have a growth advantage in
vitro and in vivo.

OPN contains a GRGDS amino acid sequence motif that
mediates interaction with avB1, avB3, and avB5 integrins in a
Ca®"-dependent manner (22, 33, 46). The interaction of OPN
with these integrins is thought to contribute to various cellular
processes, including cell attachment, spreading, and migration;
vascular remodeling; and the regulation of mineralization, ni-
tric oxide production, and tumor metastasis (12). OPN also
interacts with the cell surface receptor CD44 (61), a protein
that has been implicated in many cellular functions, including
cell-cell and cell-extracellular-matrix interactions (2), extrava-
sation of lymphocytes across the endothelium of blood vessels
and their homing to peripheral organs (23, 40, 47, 59), tumor
cell metastasis (18, 52, 58), and regulation of hematopoiesis
and apoptosis (3, 21, 28, 51, 64, 66). OPN protects endothelial
cells from serum withdrawal-induced apoptosis via interaction
with integrin avB3 and activation of nuclear factor-B (NF-«B)
(49). In contrast, we report here that the antiapoptotic activity
of OPN in IL-3-dependent cells is mediated predominantly
through interaction with the CD44 receptor but not with the
av-containing integrin. Furthermore, OPN failed to activate
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NF-«kB in Ba/F3 cells (data not shown). These results suggest
that the survival pathway activated by OPN in Ba/F3 cells,
although still not clear, is likely to be distinct from that trig-
gered in endothelial cells. Further analysis will be required to
clarify this issue.

Hyaluronic acid is the principal ligand of CD44. However, in
many cell types, CD44 does not bind hyaluronic acid (28). This
variability in ligand binding specificity is mainly attributable to
cell type-specific glycosylation of various CD44 isoforms gen-
erated as a result of alternative mRNA splicing (26). Unlike
OPN, hyaluronic acid did not stimulate the growth of Ba/F3
cells, suggesting that the CD44 isoforms present in these cells
either do not recognize hyaluronic acid or do not trigger a
prominent biological response. Katagiri et al. (25) recently
showed that only variant forms, not the standard form
(CD44s), of CD44 allow cells to bind OPN. Our analysis of
CD44 mRNA in Ba/F3 cells indicates that, in addition to
CD44s, these cells express at least two other isoforms of CD44
(data not shown). It remains to be determined which isoform
is responsible for the observed survival effect of OPN in the
present study.

Although mice deficient in CD44 are developmentally nor-
mal, the egress of myeloid progenitors from bone marrow in
these mice is defective (51). CD44 is implicated in tumor cell
metastasis (18, 51, 52). Although the redistribution of hema-
topoietic progenitors and metastasis of tumor cells appear to
be distinct processes, they both involve migration of cells from
one location to another and are dependent on the expression
of certain CD44 molecules. During such migration, the mye-
loid progenitors and metastatic cells might have to override an
apoptosis signal triggered by the loss of their normal microen-
vironment. GM-CSF and IL-3 regulate the viability, differen-
tiation, proliferation, and function of hematopoietic progeni-
tors (1). Stimulation of OPN expression by IL-3 or GM-CSF
and consequent activation of the CD44 signaling pathway may
thus be one mechanism by which progenitor cells ensure their
survival during their maturation and redistribution. Mice lack-
ing OPN exhibit normal development (30, 42). However, it
would be interesting to determine whether the distribution of
hematopoietic progenitor cells in these mice is affected in a
manner similar to that apparent in CD44-null mice.
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FIG. 8. Effects of neutralizing antibodies (Ab) to OPN or to CD44 on the
antiapoptotic activities of IL-3 and GM-CSF in ap755 cells. Cells were cultured
for 24 h in medium containing mIL-3 (left panel) or hGM-CSF (right panel) in
the presence of control rat IgG or of antibodies to CD44 (clone IM7), OPN, or
Mcl-1. The number of apoptotic cells was then quantified as described in the
legend to Fig. 6. Data are means * standard deviations of duplicates from an
experiment that was repeated three times with similar results. **, P < 0.0001.
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