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Abstract

Natural Killer (NK) cells are the lymphocytes that are derived from hematopoietic stem cells, developed in the bone marrow from
hematopoietic stem cells (HSC) by sequential acquisition of functional surface receptors, and express the repertoire of inhibitory
and activating receptors. Recently, Osteopontin (OPN) has been identified as a critical factor for differentiation of natural killer
cells. However, the detailed mechanism of OPN-induced NK differentiation has been still to be elucidated. Here, we determined
the signaling pathway and possible receptor for OPN in NK differentiation. OPN induced expression of Bcl-2 and activation of Erk
kinase. Inhibition of Erk pathway decreased the effect of OPN on NK differentiation. In addition, the expression of integrin 9 was
significantly increased by OPN during NK differentiation, suggesting the possible role of a major signaling molecule for OPN- in-
duced NK differentiation.
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INTRODUCTION transcription factors as well as microenvironmental factors
in bone marrow. Recently, we identified osteopontin (OPN)
NK (NK) cells are the lymphocytes that are derived from as a critical factor for natural killer cell differentiation from
hematopoietic stem cells in the bone marrow. NK cells play HSC (Chung et al., 2008). OPN is a secreted protein which
a crucial role in innate immunity and tumor surveillance by is mainly expressed in bone marrow stromal cells. OPN has
eliminating transformed cells as well as virus-infected cells been known to play a variety of roles in cellular mechanisms
upon activation. These effector functions are performed by including proliferation, apoptosis, and migration. In addition,
the release of cytokines, such as IFN-y, GM-SCF, and TNF-a OPN has been reported to act as a negative regulator of HSC
(Perussia, 1996). NK cells are developed in the bone marrow although the effect of OPN on HSC proliferation or apoptosis
from hematopoietic stem cells (HSC) by sequential acquisi- is controversial. For example, it was shown that OPN reduces
tion of functional surface receptors (Di Santo, 2006; Freud and the number of HSCs by inhibition of proliferation while increas-
Caligiuri, 2006). Many factors are involved in the process of ing apoptosis (Stier et al., 2005). On the contrary, it has been
NK maturation which includes cytokines, surface proteins and reported that OPN negatively regulates HSC proliferation in-
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dependently on induction of apoptosis (Nilsson et al., 2005).
Thus, to further dissect the mechanisms of OPN-induced NK
differentiation, we investigated the gene expression profiles
and signaling pathways in HSC during OPN-induced NK de-
velopment.

MATERIALS AND METHODS

In vitro differentiation of NK cells

NK differentiation from HPC was performed as previously
described (Chung et al., 2008). Briefly, c-Kit*, lineage-negative
(Lin") (B cells [B220], T/NK cells [CD2], granulocytes [Gr-1],
monocytes [CD11b], NK/NKT cells [NK1.1] and erythrocytes
[TER-119]-depleted) HSC were purified by the magnetic cell
sorting (MACS) Cell Separation kit (Miltenyi Biotec, Bergisch
Gladbach, Germany) according to the manufacturer’s proto-
col. Antibodies used for MACS purification were purchased
from Becton Dickinson and BD Pharmingen. The purified HSC
were plated onto 24-well plates (Becton Dickinson) at 1x108
cells per well and cultured in RPMI medium supplemented
with a mixture of stem cell factor (SCF) (30 ng/ml; Bio-Source,
Camarillo, CA), FIt3L (50 ng/ml; Peprotech, Rocky Hill, NJ),
IL-7 (0.5 ng/ml; Peprotech), indometacin (2 ug/ml; Sigma-Al-
drich, St. Louis), and gentamicin (20 ug/ml) for 6 days at 37°C,
5% CO,. The culture medium was refreshed every 3 days, and
recombinant osteopontin (rOPN) was added to the culture on
the 3rd day as needed. To generate the mature NK (mNK)
cells, the cells were then cultured with OP9 stromal cells (a gift
from Dr. T. Nakano, University of Osaka, Suita, Japan) in the
presence of IL-15 (50 ng/ml; Peprotech). After 4-6 additional
days of culture, the number of NK1.1* cells was determined
via flow cytometric analysis using anti-CD122 antibody (BD,
Franklin Lakes, NJ).

Western blot analysis

Cells were lysed in lysis buffer (20 mM HEPES (pH 7.9),
100 mM KCI, 300 mM NacCl, 10 mM EDTA, 1% Triton X-100,
0.5 mM PMSF, and protease inhibitors mixture [Roche]) for 20
min on ice, and then centrifuged at 13,000 g for 20 min. The
supernatants were heat denatured in the presence of 2-ME
and SDS, and separated electrophoretically in a 10% SDS-
polyacrylamide gel under denaturing conditions. The proteins
were then transferred electrophoretically onto a polyvinylidene
difluoride membrane (Millipore), and the membrane was in-
cubated sequentially with a primary Ab and a HRP-conjugat-
ed anti-mouse or anti-rabbit IgG secondary Ab (Amersham
Biosciences). The protein bands were visualized using ECL
Western blot detection reagents (Amersham Biosciences) on
X-ray film (Sigma-Aldrich).

FACS analysis

All antibodies except for flow cytometric analysis were pur-
chased from Becton Dickinson (Franklin Lakes, NJ) and BD
Pharmingen (San Diego), and cells from individual tissues
were stained with the indicated antibodies in a staining buffer
(phosphate-buffered saline [PBS] containing 1% fetal bovine
serum [FBS] and 0.01% NaN3) for 20 minutes at 4°C.

Quantitative real time RT-PCR
For RT-PCR, SYBR Premix Ex Taq (Takara Bio) was used
to detect OPN expression with a Dice TP 800 Thermal Cycler
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Fig. 1. Effect of OPN on survival and proliferation of NK cells. NK
cells were differentiated from HSC in vitro with or without rOPN (2
ng/ml) as described in Materials and Method. HSCs were stained
with CFSE for proliferation assay (A), and with Pl and annexin V
for analysis of apoptosis (B), and subject to FACS analysis.

(Takara Bio). The primers used were as follows: CD122, 5-ACAG-
GCCCAAGATTCAGTCCAC-3 and 5-CCTCAAGCCTGACCT-
GATCCA-3’; Integrin 1, 5'-TCCCGACATCATCCCAATTGTA-
3'and 5'- CACAGTTGTCACGGCACTCTTGTA-3'; Integrin B3,
5'-TTCAATGCCACCTGCCTCAA-3' and 5-CCTTGGCCTC-
GATACTAAAGCTCA-3'; Integrin av, 5-GCTGTGGACCGAGA
CGTTCA-3' and 5-ATCCTCGATTGGCAGGTTCTTG-3'; Inte-
grin a4, 5-GCTGGCGATGATGCTTACGA-3' and 5-GCTG-
CAGGCAAGCTTCACTA-3"; Integrin a9, 5-CACTGATACAT-
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Fig. 2. Expression of anti-apoptotic proteins during OPN-induced
NK differentiation. After 6 days of in vitro NK differentiation from
HSCs in the absence or presence of indicated concentrations of
OPN (con; control, opn2; 2 pug/ml, opn5; 5 ug/ml), cells were lysed
in sample buffer containing 2% SDS. Proteins in whole lysates (100
ug/ml) were resolved by SDS/PAGE, electroblotted onto PVDF
membranes, and probed with antibodies specific for Bcl-2 and Bcl-
xL. B-acin was included as a loading control.

GCAGCAGGC-3' and 5-TCCTGGGCTCTGAACTCTGA-3";
CD44, 5-CCAATGGGACAAGGTCATCA-3' and 5-ATTTG-
GAGCTGCAGTAGGCT-3'; p-actin, 5-~AGGCCCAGAGCAAG
AGAGG-3' and 5-TACATGGCTGGGGTGTTGAA-3'. The
value for the expression of each target gene was calculated
as the relative quantity of each gene divided by the relative
quantity of actin.

Statistical analysis

All experiments were repeated at least three times. Data
are presented as means + standard deviation. A student’s t
test was used to compare means and p<0.05 was considered
as significant.

RESULTS

Effect of OPN on survival and proliferation of NK cells

OPN has been well known as an anti-apoptotic protein or
even an oncoprotein in a variety of cell types (Metge et al.,
2010). However, previous study reported that OPN is a nega-
tive regulator of HSC proliferation in vivo (Nilsson et al., 2005).
According to the reports, however, naive OPN did not affect
the proliferation of HSC in vitro while thrombin-cleaved OPN
exhibited inhibition of proliferation or survival of HSC. Thus
to confirm whether OPN affects HSC proliferation under cir-
cumstances that direct NK differentiation, we investigated the
effect of OPN on proliferation of HSC during NK differentiation
in vitro. The results showed that administration of recombinant
OPN did not affect the in vitro proliferation of HSC compared
to the control (Fig. 1A). In addition, OPN also did not affect
the apoptosis of HSC during in vitro NK differentiation (Fig.
1B). Taken together, these results showed that naive OPN did
not affect either proliferation or survival of HSCs during NK
differentiation in vitro, while it enhances HSC differentiation
towards NK cells.

Expression of anti-apoptotic proteins during OPN-in-
duced NK differentiation

We next investigated whether OPN affect the expressions
of anti-apoptotic proteins via Western blot analysis. Interest-
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Fig. 3. Activation of MAP kinases. On the 6" day of in vitro NK dif-
ferentiation, cells were lysed and subject to Western blot analysis.
The activation levels of p38 and Erk were monitored by immunob-
lot with specific antibodies to phosphorylated form of each MAP
kinase.
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Fig. 4. Effect of OPN on Erk activation for NK differentiaiton. Erk
activation was blocked by pretreatment of PD98059 (10 uM) for
30 minutes prior to adimistration of rOPN on 3 day HSCs. Effect
of Erk inhibition on OPN-induced NK differentiation was measured
by FACS analysis. Data are expressed as a percentage of the
CD122-positive population, and represent the mean + SD of tripli-
cate determinations (*p<0.05).

ingly, OPN induced expression of Bcl-2 in HSCs in a dose
dependent manner while Bcl-xL was not significantly affected
by OPN (Fig. 2). Since OPN did not affect the survival of HSC
in the previous experiment, the increased expression of Bcl-2
by OPN may play a role in differentiation of NK cells rather
than the survival of HSC itself.

Activation of MAP kinases

Various MAP kinases have been known to be involved in
proliferation, survival, and differentiation of a variety of cell
types. Thus, we next investigated whether OPN affects the
activation of MAP kinases such as p38 and Erk during NK
differentiation. Western blot analysis showed that OPN in-
creases activation of Erk while it did not affect the activation
of p38 (Fig. 3), suggesting that Erk activation may be involved
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Fig. 5. Expression of Osteopontin Receptors in HSC during in
vitro differentiation of NK cells. Expressions of various subunits of
integrin recpetors (aV, o4, a9, B1, B3 indicated as av, a4, a9, b1
and b3, respectively) and CD44 during OPN-induced NK differen-
tation were analyzed by quantitative RT-PCR. HPC: hematopoietic
precursor cells, pNK: precursor NK cells, mNK: mature NK cells.
Data are representative of four individual experiments (*p<0.005).

in OPN-induced NK differentiation. Indeed, blockage of Erk
activation by administration of PD98059, an inhibitor of Erk,
decreased the population of NK precursors (CD122*) as de-
termined by FACS analysis (Fig. 4), proving the involvement of
Erk activation in OPN-induced NK differentiation.

Expression of osteopontin receptors in HSC during in vitro
differentiation towards NK cells

Several integrins and CD44 are known as cellular recep-
tors for OPN in various mechanisms depending on the cell
types (El-Tanani, 2008; Orian-Rousseau, 2010). Thus, to in-
vestigate the changes in receptor expression, we analyzed
the expression levels of various integrin receptors and CD44
during OPN-induced differentiation of HSC. Quantitative RT-
PCR showed that expression of integrin a9 was prominently
increased during in vitro differentiation of NK cells (Fig. 5),
suggesting that integrin a9 may act as a major receptor of
OPN for NK differentiation in HSC.

DISCUSSION

Previously, we identified OPN as a critical factor for NK cell
differentiation (Chung et al., 2008). However, T-bet is the only
factor that has been known to be involved in OPN-induced NK
differentiation. Thus, the detailed mechanisms of NK differen-
tiation by OPN still remain to be elucidated. Here, we have
analyzed the expression profiles of various proteins during
OPN-induced NK cell differentiation. Since the role of OPN in
survival of HSC is controversial, we first investigated whether
OPN affects the apoptosis of HSC during NK cell differentia-
tion, and found that OPN did not significantly affect the cell
death or proliferation of HSC, at least in the culture condition
toward NK differentiation. Interestingly, although OPN does
not seem to be involved in apoptosis of HSC, it induces the
expression of Bcl-2, which is a representative of the anti-apop-
totic proteins. Thus, the induction of Bcl-2 by OPN may play a
role in NK differentiation itself rather than survival of HSC or
NK cells. Indeed, Bcl-2 induction by IL-21, which promotes the
differentiation of NK cells, has previously been demonstrated
in T cells and NK cells (Bonanno et al., 2009; Ostiguy et al.,
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2007). Bcl-2 has been known to activate several MAP kinases
such as p38 and Erk in a variety of cell types (Mauchera et
al., 1998; Sheridan et al., 2010). In fact, our results showed
that OPN induced activation of Erk, but not of p38 during NK
differentiation, suggesting that Erk pathway is critical for NK
differentiation induced by OPN. Several receptors for osteo-
pontin have been identified in several cell types for a variety
of physiological mechanisms, such as proliferation, differentia-
tion and chemotaxis. For example, aXB2 integrin functions as
an OPN receptor for chemotaxis in monocytes (Schack et al.,
2009), while OPN mediates metastasis via integrin aV3 and
CD44 in tumor cells (Robertson et al., 2010). In this study, we
found that expression of integrin a9 is notably increased in
HSC by treatment of OPN. This result suggests its role as a
major factor that initiates signaling events in OPN-induced NK
cell differentiation. Taken together, our results show that OPN
induces expression of Bcl-2 and activation of Erk, possibly via
interaction with integrin a9, leading to the promotion of NK
differentiation.
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