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ABBREVIATION
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ABSTRACT

Leukotactin-1-Induced Signal Transduction

through CCR1 in HOS Cells

Leukotactin-1 (Lkn-1) is a recently cloned CC-chemokine that binds to
the CCR1 and CCR3. Although Lkn-1 has been known to function as a
chemoattractant for neutrophil, monocyte and lymphocyte, its cellular
mechanism remains unclear. To understand the mechanism of Lkn-1-induced
chemotaxis signaling, the chemotactic activities were examined in human
osteogenic sarcoma (HOS) cells expressing CCR1. Cell migration experiment
was performed to examine the molecules involved in Lkn-1-induced
chemotaxis. Pertussis toxin, an inhibitor of G;/G, protein, and inhibitors of
phospholipase C (PLC), and protein kinase C (PKC) blocked Lkn-1-induced
chemotaxis. Especially, PKCd specific inhibitor rottlerin inhibited the
chemotactic activity of Lkn-1 indicating that Lkn-1-induced chemotaxis
signal is tranduced through PKC3. The activities of PLC and PKCS were also
enhanced by Lkn-1 stimulation. However, MEK inhibitor PD98059 did not
inhibit the chemotaxis induced by Lkn-1 indicating that extracellular signal-

related kinase (ERK) pathway is not involved in cell migration. Chemotactic

Xi



activity of Lkn-1 was inhibited by the treatment of cycloheximide and
actinomycin D suggesting that newly synthesized proteins are needed for
chemotaxis. The inhibitor of NF-kB inhibited Lkn-1-induced chemotaxis.
Results from gel shift assay showed that the DNA binding activity of NF-xB
was enhanced by Lkn-1 stimulation, and these results suggest that Lkn-1
transduces the signal through G;/G, protein, PLC, PKC3, NF-kB and newly
synthesized proteins for chemotaxis.

To understand the intracellular events following Lkn-1 binding to CCR1,
the activities of signaling molecules in response to Lkn-1 were investigated in
HOS cells expressing CCRI1. Lkn-1-stimulated cells showed elevated
phosphorylation of ERK1/2 with a distinct time course. ERK activation was
peaked in 30 min and 12 h and pertussis toxin blocked Lkn-1-induced
activation of ERK showing biphasic activation of ERK. PLC inhibitor and
PKC$ specific inhibitor inhibited ERK activation in Lkn-1-stimulated cells.
Dominant negative Ras inhibited activation of ERK. Immediate early
response genes such as c¢-fos and c-myc were induced by Lkn-1 stimulation.
Lkn-1 affected the cell cycle progression by cyclin D3 induction. These results
suggest that Lkn-1 activates the ERK pathway by transducing the signal
through Gi/G, protein, PLC, PKCd and Ras, and it may play a role for cell
proliferation, differentiation and regulation of gene expression for other

cellular processes.
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CHAPTER 1

Leukotactin-1-Induced Chemotaxis Signaling

Through CCRI1 in HOS Cells



I. INTRODUCTION

Chemokines are a large family of structurally homologous small proteins
containing four to six conserved cysteines linked by disulfide bonds.
Chemokines are often upregulated in inflammation and act mainly on
leukocytes inducing migration and release responses. There are approximately
40 chemokines identified to date. Most chemokines have four characteristic
cysteines, and they have been classified into CXC (o), CC (B), C (y), and
CX3C (8) chemokines depending on the motif displayed by the first two
cysteines. In recent years, chemokines have been studied actively, and it has
been known that they play important roles in the biological functions of
primary immune response (Banchereau et al., 1998), angiogenesis/angiostasis
(Arenberg et al., 1997; Coughlin et al., 1998), lymphocyte and lymphoid
organ development (Kim et al., 1998; Vicari et al., 1997), and antitumor
activity/tumor progression (Hedrick et al., 1997; Luan et al., 1997).

Chemokine receptors belong to seven-transmembrane G-protein coupled
receptors (GPCRs). Based on the chemokine class they bind, the receptors
have been named as CXCRI1, 2, 3, 4, and 5 which bind CXC chemokines,
CCR1 through CCR9 which bind CC chemokines, XCR1 which binds the C
chemokine, and CX3CR1 which binds the CX3C chemokine. GPCRs

transduce signals to the inside of the cell through heterotrimeric G proteins



which are grouped into two families depending on the sensitivity to pertussis
toxin (PTX). Gi/G, family G proteins are sensitive to PTX whereas G, family
G proteins are known to be insensitive to this toxin (Venkatakrishnan et al.,
2000). Activation of the GPCR-mediated signaling pathway involves the
activation of several different effector molecules such as adenylate cyclase,
phospholipase C (PLC), phospholipase D (PLD), phospholipase A, (PLA;),
phosphoinositide-3 (PI-3) kinase, protein kinase C (PKC) and Ca®'
mobilization which initiate a variety of cellular responses (Murphy, 1996;
Wang et al., 1993). The epidermal growth factor (EGF) receptor is one of the
protein tyrosine kinases that has been implicated in transducing signals
initiated by GPCR-specific agonists (Daub et al., 1996). Recent studies
indicate that non-receptor tyrosine kinases of the c-Src family are involved in
GPCR-mediated Ras/mitogen-activated protein (MAP) kinase activation
(Luttrell et al., 1997). Although chemokine receptors lack tyrosine kinase
activity, they can stimulate the phosphorylation of cytoskeletal proteins, p130
Cas and paxillin (Dutt et al., 1998), and induce the activation of the related
adhesion focal tyrosine kinase (Ganju et al., 1998), MAP kinases (ERK1/2,
p38, and c-Jun kinase), and Janus kinase 2 (Mellado et al., 1998). Receptor
activation is followed by receptor phosphorylation on multiple serine or
threonine residue and subsequent desensitization of the receptor to further

stimulation. Desensitized receptors are internalized into the early endosome



and undergo either endocytosis recycling or lysosomal degradation (Koenig et
al., 1997; Zimmermann et al., 1999).

Recently, leukotactin-1 (Lkn-1), a member of the CC chemokine family,
has been cloned and partially characterized (Youn et al., 1997). Lkn-1 which
binds to CCR1 and CCR3 has chemoattraction for peripheral blood
leukocytes including monocyte, lymphocyte, and neutrophil. Especially,
chemotactic activity of Lkn-1 in neutrophil is unique among CC chemokines
which generally do not attract neutrophil (Zhang et al., 1999). It may be
associated that Lkn-1 is classified as C6 B-chemokine because it has two extra
cysteines. Although Lkn-1 is believed to play an important role in the
development of inflammation and allergic inflammatory diseases, its
biological function and the mechanism of cell migration events remain to be
characterized. CCR1 is a GPCR that is expressed by a variety of cells,
including lymphocytes, monocytes, basophils, eosinophils, and neutrophils
(Gao et al., 1997). CCRI1-mediated signal transduction pathways have been
proposed. For example, it has been reported that myeloid progenitor inhibitor
factor 1 (MPIF-1) signal transduction includes binding to CCR1, transduction
by G protein, effector function by PLC, PKC, calcium flux and PLA,, and
cytoskeletal remodeling (Bernardetta et al., 1999). Although CCR1 and Lkn-
1 may play important roles in physiologic processes, little information is

available regarding the Lkn-1-induced signal transduction pathway via CCR1



and the relationship of signaling events to the functional response of the cell.
The purpose of the study was to establish the mechanism of Lkn-1-
induced chemotaxis signaling via CCR1 using human osteogenic sarcoma

cells expressing CCR1 as a model system.



II. MATERIALS AND METHODS

Materials

Dulbecco’s modified Eagle’s medium (DMEM), RPMI 1640, and fetal
bovine serum were purchased from Life Technologies, Inc. (Gaithersburg,
MD, USA). PTX, PD98059, U73122, Ly294002, genistein, rottlerin, Ro-31-
8425, SB202190, SN50, cycloheximide (CHX), and actinomycin D (ActD)
were obtained from Calbiochem (San Diego, CA, USA). Quinacrine and rat
tail collagen type I were products of Sigma (St. Louis, MO, USA). rLkn-1
was the kind gift of Greencross Life Science Corp. (Yongin, Korea). hMIP-1a,
hMIP-1p, anti-CCR1 antibody and anti-CCRS5 antibody were obtained from
R&D Systems (Minneapolis, MN, USA). Antibody against PKC3 was
purchased from Transduction Laboratories (Lexington, KY, USA). Antibodies
against control mouse IgG and FITC-conjuated goat anti-mouse IgG were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). [y-
2P]ATP, myo-[2-’H]Jinositol and ECL detecting reagent were purchased
from Amersham Pharmacia Biotech. (Piscataway, NJ, USA). Stable HOS cells
expressing CCR1 or CCR5 were the kind gift of Dr. O. M. Howard (National
Cancer Institute, MD, USA) and were grown in DMEM supplemented with
10% heat-inactivated fetal bovine serum, penicillin (100 U/ml), streptomycin

(100 pg/ml), and puromycin (0.5 pg /ml).



FACS analysis

HOS cells seeded into 100 mm dishes at 5 x 10’ cells/dish were cultured
in DMEM. Cells were harvested and washed with PBS buffer. After saturation
of nonspcific binding sites with total rabbit IgG, cells were incubated at 4°C
for 30 min with anti-CCR1 or anti-CCR5 antibody. Baseline staining was
obtained by incubating mouse IgG instead of anti-CCR1 or anti-CCRS5
antibody. Following incubation and washings, cells were incubated at 4°C for
30 min with FITC-conjugated goat anti-mouse IgG. Finally cells were washed
and analyzed on a FACSort cytofluorimeter (Becton Dickinson, San Jose, CA,

USA).

Chemotaxis assay

Migration of cells was monitored using a 48-well microchamber
(Neuroprobe, Cabin John, MD). The lower wells were filled with 28 ul buffer
alone or with buffer containing rLkn-1, hMIP-1a, or hMIP-1f3 and the upper
wells were filled with 50 pl of HOS cells at 5 x 10° cells/ml in RPMI 1640
containing 1% BSA and 30 mM HEPES. The two compartments were
separated by a polyvinylpyrrolidone-free filter (Neuroprobe) with 10 um
pores that was precoated with RPMI 1640 containing rat tail collagen type I at
4°C overnight. After incubation for 3 h at 37°C, the filters were removed from

the chamber, washed, fixed, and stained with Diff-Quick (Baxter, Deerfield,



IL). The cells of two randomly selected oil-immersed fields were counted
using Axiovert 25 (Carl Zeiss, Jena, Germany) and Visus Image Analysis
System (Foresthill Products, Foresthill, CA). The chemotactic index (CI) was
calculated from the number of cells that migrated to the control. Significant

chemotaxis was defined as CI > 2.

Measurement of PLC activity

HOS cells seeded into 35 mm dishes at 2 x 10° cells/dish were cultured in
DMEM. The cells were labeled with myo-[2-*H]inositol (2 mCi/ml) in
inositol-free DMEM for 24 h. Subsequently, the labeled cells were washed
and pre-treated with 20 mM LiCl for 15 min in DMEM containing 20 mM
HEPES (pH 7.2) and 1 mg/ml BSA. Stimulation was initiated by the addition
of Lkn-1 for different time, and terminated by the addition of ice-cold 5%
HCI1O,. After 30 min in an ice bath, extracts were centrifuged and diluted with
distilled water, and applied to Dowex AG 1-X8 anion exchange column (Bio-
Rad, Hercules, CA, USA). The column was then washed with 10 ml of
distilled water followed by 10 ml of 0.06 M ammonium formate containing 5
mM sodium tetraborate. Total inositol phosphates were eluted with a solution

containing 1 M ammonium formate and 0.1 M formic acid.



PKC translocation assay

HOS cells seeded into 100 mm dishes at 5 x 10° cells/dish were cultured
in DMEM. The cells were starved for 24 h in 0.5% FBS. After treatment with
Lkn-1, the cells were harvested and washed three times with ice-cold
phosphate-buffered saline (without Ca®"). The cells then were resuspended in
200 pl of homogenization buffer A (50 mM Tris-HCI, pH 7.4, 25 mM KCI, 5
mM MgCl,, 1 mM EGTA, 1 mM PMSF, and protease inhibitors) and
homogenized at 4°C by ten passages through a 21G needle fitted on a 1 ml
plastic syringe. The homogenate was centrifuged at 1,000 X g for 5 min at 4°C.
The supernatant was collected and centrifuged at 100,000 x g for 1 h at 4°C.
The supernatant was collected as a cytosolic fraction. The pellet was
resuspended in 100 pl of homogenization buffer B (50 mM Tris-HCI, pH 7.4,
150 mM NaCl, 0.5% sodium deoxycholate, 1% NP-40, 0.1% SDS, 10 mM
EGTA, 1 mM PMSF, and protease inhibitors) and sonicated for 10 s. The
suspension was centrifuged at 100,000 x g for 30 min at 4°C. The supernatant
was collected as a membrane fraction. Protein concentration of each sample

was determined.

Western blot analysis

Cells were lysed in 10 mM HEPES, 10 mM NaCl, 0.1 mM EDTA, 0.1

mM EGTA, 1% NP-40, 0.5 mM PMSF, 0.1 mM DTT, 0.1 mM Na;VO,, and



protease inhibitors. Protein samples (15 pg of each) were separated by SDS-
PAGE (10%) and transferred to nitrocellulose filters. The blots were incubated

with antibodies and developed with ECL detecting reagent.

Electrophoretic mobility shift assay (EMSA)
For the NF-xB gel shift assay, nuclear extracts were prepared from
HOS/CCRI1 cells. A double stranded oligonucleotide containing a consensus

binding site for NF-kB (underlined), 5’- AGTTGAGGGGACTTTCCCAGGC-

3’, was obtained from Promega (Madison, WI). The oligonucleotide was 5’-
end-labeled with [0-**P]ATP using T4 polynucleotide kinase (Promega).
Unincorporated nucleotide was removed by passage over a Bio-Gel P-6 spin
column (Bio-Rad) as described by manufacturer’s instruction. Nuclear
extracts (15 pg of total protein) were incubated with radiolabeled probe for 20
min at room temperature, and protein-DNA complexes were separated from
free probe by electrophoresis on a 4% native polyacrylamide gel in 0.5 x Tris-
borate EDTA (TBE). DNA binding buffer contained 10 mM Tris-HCI, pH 7.5,
1 mM MgCl,, 50 mM NacCl, 0.5 mM EDTA, 4% glycerol, 0.5 mM DTT, and
50 pg/ml of poly(dI-dC)epoly(dI-dC). Gels were pre-electrophoresed in 0.5 x
TBE for 30 min prior to loading, and electrophoresis continued for
approximately 3 h until the bromophenol blue dye approached the bottom of

the gel. Dried gels were visualized by autoradiography. In competition

10



experiments, binding reactions were incubated with 10-fold molar excess of
unlabeled NF-kB binding oligonucleotide or NFAT binding oligonucleotide

for 20 min before addition of the radiolabeled oligonucleotide.

11



III. RESULTS

Expression of CCR1 and CCRS in HOS cells
A stable HOS cell line expressing CCR1 (HOS/CCRI1) has been

established to investigate Lkn-1-induced chemotaxis signaling through CCR1
(Youn et al., 1997). A stable HOS cell line expressing CCRS (HOS/CCRSY)
has been also established and used as a negative control for Lkn-1 stimulation
(Youn et al., 1997). To examine the surface expression of CCR1 and CCRS5 on
HOS cells, FACS analysis was conducted. Figure I-1A and Figure I-1B show

that CCR1 and CCRS5 are expressed on the surface of HOS cells.

Lkn-1 induces cell migration in HOS cells expressing
CCR1

To examine the chemotactic activity of Lkn-1 in HOS/CCRI1 cells, cell
migration assay was performed in a 48 well microchamber. The
chemoattractant effect of Lkn-1 was comparable to that of MIP-la in
HOS/CCR1 cells, but MIP-1B did not affect migration of HOS/CCR1 cells
(Figure I-2A). Lkn-1 showed the typical bell-shape curve in HOS/CCR1cell
chemoattraction with the peak of the curve at 100 ng/ml and MIP-1a showed
the maximum activity at 1 ng/ml. Lkn-1 did not show any chemotactic
activity in HOS/CCRS5 whereas MIP-1a and MIP-18 had chemoattractant

effects in HOS/CCRS (Figure I-2B). These data indicate that Lkn-1 shares

12



receptor CCR1 with MIP-1a but not with MIP-1p.

Lkn-1-induced chemotaxis is mediated via G;/G, protein
To evaluate the coupling mechanism of the Lkn-1 receptor and the nature
of possible G proteins involved in the signaling events activated by Lkn-1,
HOS/CCR1 cells were treated with PTX before the stimulation of Lkn-1.
Figure I-3 shows that PTX had inhibitory effect on the Lkn-1 and MIP-1a-
induced chemotaxis. In the presence of PTX, the number of the cells affected
by Lkn-1 decreased to only 10 - 20% of the number that migrated in the
absence of PTX. These data indicate that Lkn-1 exerts its effect through a

receptor linked to PTX-sensitive Gi/G, family G proteins.

Lkn-1-induced chemotaxis is mediated via PLC

To further characterize the chemotaxis signaling pathway implicated in
response to Lkn-1, the possible involvement of PLC was investigated. Figure
I-4 shows that Lkn-land MIP-1a-induced cell migration was inhibited by the
treatment of U73122. This result indicates that PLC is involved in Lkn-1-

induced chemotaxis.

Lkn-1 increases PLC activity

Since PLC is involved in Lkn-1-induced chemotaxis, it was further tested

13



whether Lkn-1 enhances PLC activity. Exposure of HOS/CCRI1 cells to
Lkn-1 for different periods of time resulted in increased activity of PLC as
assessed by measuring the [H]IP that was produced by PLC activity
(Figure I-5A). Increased activation was observed within 5 min after
addition of Lkn-1 to HOS/CCRI1 cells, and continued to increase up to 1 hr,
but no PLC activation was detected in HOS/CCRS. Furthermore, dose
dependence of PLC activation by Lkn-1 was tested. PLC activity reached to

a plateau at 200 ng/ml of Lkn-1 concentration. (Figure I-5B).

PKCS is involved in Lkn-1-induced chemotaxis signaling
Since Gi/G, protein and PLC participated in Lkn-1-induced chemotaxis, it
was examined whether possible down-stream regulator of PKC is involved in
the chemotaxis pathway of Lkn-1. As shown in Figure I-6, chemotactic
activity of Lkn-1 and MIP-1a was inhibited in the presence of rottlerin but
not in the presence of Ro-31-8425. Since rottlerin is a PKCS specific inhibitor,
this result indicates that PKCS is involved in Lkn-1-induced chemotaxis

among various PKC isoforms.

PKC3 is activated by Lkn-1
Translocation of PKC to a particulate fraction is the key step for the

activation of this enzyme (Newton, 1995). Determination of PKC content in

14



membranes can reflect PKC activity. To investigate whether PKCS is
activated by Lkn-1 stimulation, the membrane/cytosol distribution of PKCd
was analyzed. PKCJ activity began to increase at 10 min after addition of
Lkn-1 and the maximum activity of PKCd was detected at 60 min by the
Western blot analysis (Figure 1-7). These results indicate that Lkn-1

transduces the signal to PKCJ for chemotaxis.

ERK is not involved in Lkn-1-induced signaling

To determine other signaling molecules contributing Lkn-1-induced
chemotaxis, the respective effects of inhibitors of MEK (PD98059), p38
(SB202190), tyrosine kinase (genistein), PI-3 kinase (Ly294002), PLA,
(quinacrine), and PLD (1-butanol) were tested on chemotactic activity of Lkn-
1. Lkn-1-induced cell migration was not inhibited by the addition of these
inhibitors suggesting that these molecules are not involved in Lkn-1-induced

chemotaxis (Figure I-8).

Actinomycin D and cycloheximide inhibit the Lkn-1-
induced chemotaxis

Since many cellular processes need newly synthesized proteins to carry
out distinct functions, the effects of ActD and CHX were tested in Lkn-1-

induced chemotaxis. As shown in Figure [-9, both inhibitors reduced the

15



chemotactic activity of Lkn-1 and MIP-1a to 20 - 30% of the control group
indicating that chemotaxis induced by Lkn-1 needs newly synthesized

proteins.

Actinomycin D and cycloheximide do not affect the
expression of CCR1

Since ActD and CHX inhibit protein synthesis, it was examined whether
ActD and CHX affect on CCR1 expression by FACS analysis. As shown in
Figure 1-10, both inhibitors did not inhibit the expression of CCRI1 at the
concentration of 10 pg /ml for 2 h treatment (Figure 1-10). These data suggest
that inhibition of Lkn-1-induced chemotaxis by both inhibitors is not

associated with the reduction of CCR1 expression.

Lkn-1 enhances NF-kB activation

Inhibition of Lkn-l-induced chemotaxis by transcription/translation
inhibitors prompted us to test the activation of transcription factors. Since NF-
kB is activated by several chemokines (Ganju et al., 1998; Wang et al., 2001),
it was investigated whether Lkn-1 induces the activation of NF-kB in
HOS/CCRI1 cells. EMSA was performed to evaluate the DNA binding activity
of NF-kB in HOS/CCRI1 cells treated with Lkn-1 for the indicated times by

using a *?P-labeled consensus NF-xB DNA binding sequence as a probe.

16



Figure I-11 shows that there are two shifted NF-kB nuclear complexes bound
to the probe, and Lkn-1 induces an increase in the formation of theses
complexes over time (0.5 - 4 h). To determine the specificity of NF-xB
binding activity, nuclear extracts from 2 h time point were incubated with the
labeled NF-«xB binding probes in the absence or presence of a 10-fold molar
excess of unlabeled NF-kB or NFAT binding competitor (Figure I-11). The
competition experiments showed that NF-kB binding complex was competed
with unlabeled NF-kB binding probes, but not with NFAT binding probes

indicating that NF-xB binding activity is specific.

Lkn-1-induced NF-kB activation is mediated via G,/G,

protein/PLC/PKC3J cascades

To investigate up-stream regulators of NF-xB, DNA binding ability of
NF-kB was tested in the presence of inhibitors of possible signaling molecules.
Inhibitors of Gi/G, protein, PLC and PKCS decreased NF-kB activation,
demonstrating that these molecules are the up-stream regulators of NF-kB
(Figure I-12). Especially, a PKCo specific inhibitor rottlerin completely
blocked the DNA binding of NF-«kB at the concentration of 5 uM. However,
Ro-31-8425 which does not inhibit PKCS and PD98059 had no inhibitory

effect on NF-«B activation.

17



Lkn-1-induced chemotaxis is mediated via NF-xkB

Since Lkn-1 activates NF-xB, it was examined whether NF-xB is
involved in Lkn-1-induced chemotaxis. Figure I-13 demonstrates that NF-xB
inhibitor SN50 decreased the migrated cell number to 50 % of the control
group at 36 uM. These data suggest that Lkn-1 enhances NF-kB activity,
which is involved in the expression of many regulator proteins, and NF-«B is

involved in Lkn-1-induced chemotaxis.
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Figure I-1. Expression of CCR1 and CCRS in HOS cells. HOS/CCR1
cells (A) or HOS/CCRS5 cells (B) were harvested and analyzed by
fluorescence-activated cell sorter using monoclonal anti-CCR1, anti-CCR5

antibodies (thick line) or control mouse IgG (thin line).
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Figure I-2. Lkn-1 induces cell migration in HOS cells expressing
CCRI1. HOS/CCRI1 cells (A) or HOS/CCRS5 cells (B) were applied to the
indicated concentrations of Lkn-1 (m), MIPl-a. (¢) or MIP1-f (e) in
microchamber and were allowed to migrate for 3 h. The number of cells that
migrated was counted microscopically in two randomly selected fields per
well. The chemotactic index (CI) was calculated from the number of cells
migrating to the test chemokines divided by that migrating to the controls.
Results are expressed as mean CI = SEM of six replicate measurements from

a single experiment and it is representative of three separate experiments.
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Figure 1-3. Lkn-1-induced chemotaxis is mediated via Gi/G, protein.
HOS/CCR1 cells were pre-incubated in the absence (control) or presence of
100 ng/ml PTX for 16 h. Cell migration in response to Lkn-1 (100 ng/ml,
black bar) or MIP-1a (1 ng/ml, white bar) was measured as described in

Methods.
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Figure I-4. Lkn-1-induced chemotaxis is mediated via PLC.
HOS/CCR1 cells were pre-incubated in the absence or presence of U73122
for 30 min at 0.5 and 1 pM. Cell migration in response to Lkn-1 (100 ng/ml,
black bar) or MIP-1a (1 ng/ml, white bar) was measured as described in

Methods.
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Figure I-5. Lkn-1 increases phospholipase C activity. HOS/CCRI1 (m)
or HOS/CCRS5 (#) cells were radiolabeled with myo-[2-*H]inositol (2 pCi/ml)
in inositol-free DMEM for 24 h. Stimulation was initiated by the addition of
Lkn-1 at the indicated time (A) and at various concentrations (B). Results are
expressed as the radioactivity in the total inositol phosphates. Each point

represents the average value of three different experiments £ SEM.
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Figure 1-6. PKC3 is involved in Lkn-1-induced chemotaxis
signaling. HOS/CCRI cells were pre-incubated in the absence or presence of
rottlerin (5, 10 and 20 puM) and Ro-31-8425 (50 nM) for 30 min. Cell
migration in response to Lkn-1 (100 ng/ml, black bar) or MIP-1a (1 ng/ml,

white bar) was measured as described in Methods.
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Figure I-7. PKC9 is activated by Lkn-1. Serum starved HOS/CCRI
cells were stimulated with 100 ng/ml Lkn-1 for the indicated time. Harvested
cells were fractionated as described in Methods, then analyzed by 10% SDS-
polyacrylamide gels (15 pg/lane) and transferred to nitrocellulose membrane.
PKCd translocation was detected by Western blotting with anti-PKCd

antibody.
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Figure I-8. ERK is not involved in Lkn-1-induced chemotaxis
signaling. HOS/CCRI1 cells were pre-incubated in the absence (control) or
presence of PD98059 (50 uM), SB202190 (20 uM), genistein (10 uM),
Ly294002 (10 uM), quinacrine (10 uM), 1-butanol (0.3%) for 30 min. Cell
migration in response to Lkn-1 (100 ng/ml) was measured as described in

Methods.
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Figure I-9. Actinomycin D and cycloheximide inhibit Lkn-1-
induced chemotaxis. HOS/CCRI1 cells were pre-incubated in the absence
or presence of 10 pg/ml ActD or 10 pg /ml CHX for 2 h. After addition of
Lkn-1 (100 ng/ml, black bar) or MIP-1a (1 ng/ml, white bar), migration assay

was performed as described in Methods.

27



10° 10! 10? 108
FL1-H

200

160
120 ¢

80 |

100 10 102 10°
FL1-H

Counts

Figure 1-10. Actinomycin D and cycloheximide do not affect the
expression of CCR1. HOS/CCRI1 cells were pre-incubated in the absence
(A and B, thick line and thin line) or presence of 10 pug /ml ActD (A, dotted
line) or 10 pug /ml CHX (B, dotted line) for 2 h and analyzed by fluorescence-
activated cell sorter using monoclonal anti-CCR1 antibody (thick line and
dotted line) or control mouse IgG (thin line) was performed as described in

Methods.
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Figure I-11. Lkn-1 enhances NF-kB activity. Serum starved
HOS/CCRI1 cells were treated with 100 ng/ml Lkn-1 for the indicated time.
Nuclear extracts (15 pg/lane) were prepared and subjected to EMSA for DNA
binding activity of NF-kB with *’P-end-labeled oligonucleotides in the
absence or presence of 10-fold molar excess of unlabeled competitors. NF-«B,
unlabeled NF-«B binding oligonucleotides; NFAT, unlabeled NFAT binding
oligonucleotides; Arrows indicate the shifts corresponding to the position of

NF-kB protein-DNA complexes.

29



Inhibitor - -
Time(h) O 2

N Rottlerin

N Ro-31-8425
¥ [N PoosOsO

Figure I-12. Lkn-1-induced NF-kB activation is mediated via Gi/G,
protein/PLC/PKCJ cascades. Serum starved HOS/CCRI cells were pre-
incubated in the absence or presence of PTX (100 ng/ml), U73122 (10 uM),
rottlerin (5 M) and Ro-31-8425 (50 nM) for 30 min (16 h for PTX) and were
treated with 100 ng/ml Lkn-1 for 2 h. Nuclear extracts (15 pg /lane) were

prepared and subjected to EMSA.
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Figure I-13. Lkn-1-induced chemotaxis is mediated via NF-kB.
HOS/CCRI1 cells were pre-incubated with SN50 (18 and 36 uM) for 30 min
and migrated toward 100 ng/ml Lkn-1 (black bar) or 1 ng/ml of MIP-1a
(white bar). Cell migration in response to Lkn-1 or MIP-1a. was measured as

described in Methods.

31



IV. DISCUSSION

Despite substantial recent advances in the understanding of chemotaxis,
the precise mechanism through which cells respond to a chemotactic gradient
remains unclear. This study was performed to understand the mechanism of
Lkn-1-induced chemotaxis signaling through CCR1 in HOS cells, and it has
demonstrated that (1) Lkn-1 transduces the signal via PTX-sensitive Gy/G,
family G proteins. (2) Lkn-1 activates PLC and PKC$ in a time dependent
manner. (3) Lkn-1 enhances the DNA binding activity of NF-kB. Cell
migration assay showed that (4) Gi/G, protein, PLC, PKC38, NF-xB and newly
synthesized proteins are involved in Lkn-1-induced chemotaxis, but ERK, p38,
tyrosine kinases, PI-3 kinase, PLA,, and PLD are not involved in the
chemotaxis pathway of Lkn-1.

Since expression levels of CCRI1 in resting neutrophils, lymphocytes,
and monocytes were relatively low, CCR1 overexpression HOS cell line was
used to examine the Lkn-1-stimulated signal transduction. The sensitivity to
chemokines and cell migration activity of HOS/CCRI1 cells were comparable
to that of leukocytes from human PBMC (Youn et al., 1997 and Figure [ -2).

Accumulating data have implicated that multiple signaling mechanisms
exist to regulate cell migration. MAP kinase (Yebra et al., 1995; Klemke et al.,

1997), PI-3 kinase (Ganju ef al., 1998; Tapia et al., 1999; Turner et al., 1995)
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and PKC (Pukac et al., 1998) signaling pathways have been shown to regulate
the cell migration induced by chemokines or cytokines. Most of these
signaling pathways are initiated with GPCR. Classical model for signal
transduction by chemokines involves GPCR whose affinity state is increased
by conformational changes induced by association with the GDP-bound state
of a PTX-sensitive heterotrimeric G protein. Upon ligand binding, the
activated receptor catalyzes exchange of GDP for GTP by the G protein o
subunit, resulting in dissociation of o from By subunits. In turn, Py activates a
phosphoinositide-specific PLC leading to the accumulation of IP; and DAG in
the cytoplasm. These products induce mobilization of calcium and activation
of PKC (Murphy, 1994). Besides the classical model, other pathways for
GPCR that have been studied include JAK/STAT, as well as both tyrosine and
Ser/Thr kinases (Mellado et al., 2001). The data from cell migration assay
showed that Lkn-1-induced chemotaxis was sensitive to PTX, indicating that
Gi/G, protein is involved in cell migration (Figure I-3). In addition, PLC and
PKC participated in Lkn-1 signaling indicating that Lkn-1 transduces the
signal through the classical chemokine signaling pathway (Figure 1-4, 5 and
6). Among the various PKC isoforms, PKC3 was activated by Lkn-1
stimulation, and the PKC9 specific inhibitor rottlerin (Pongracz et al., 1999)
blocked the chemotactic activity of Lkn-1 (Figure 1-6). However, Ro-31-8425,

a PKC inhibitor that does not inhibit PKCJ, showed no inhibitory activity of
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Lkn-1-induced chemotaxis. As any other novel PKC, PKCS is activated in a
Ca*"-independent manner by DAG, which is produced by activated PLC. This
study is the first report that PKCS is involved in chemokine signaling.

The transcription factor NF-kB is critical for the expression of multiple
genes involved in inflammatory response and apoptosis (Barnes et al., 1997).
Proinflammatory cytokines such as interleukin-1 (IL-1) and tumor necrosis
factor-a. (TNF-a) rapidly activate NF-xB in most cell types through the
NIK/MEKK-IKK-IxB signal pathway (Barnes et al., 1997; Siebenlist et al.,
1994). These cytokines induce NF-kB activation by modulating IkB
phosphorylation, ubiquitination, and proteolytic degradation and by releasing
functional NF-kB dimers to translocate to the nucleus (Israel, 2000).
Chemotactic factors, such as the lipid mediator platelet-activating factor (Ye
et al., 1996) and SDF-1 (Ganju et al., 1998), are also reported to activate NF-
kB in leukocytes or murine pre-B cells, respectively. However, the
mechanism of chemokine receptor activation of NF-kB is not clear. This study
suggests that Lkn-1 can cause the activation of NF-kB. Lkn-1-induced cell
migration was reduced, but not completely inhibited by the NF-xB inhibitor
SN50, reflecting the involvement of NF-kB in Lkn-1-induced chemotaxis
(Figure 1-13). Through Lkn-1-induced activation of the NF-kB signaling
pathway and possibly in conjunction with other signaling pathways, Lkn-1

probably promotes changes in cellular morphology, collectively known as
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polarization, required for chemotactic responses.

It has been reported that NF-kB activation in TNF-a-stimulated
neutrophils is mediated by PKCS (Vancurova et al., 2001). At present, the
downstream events regulated by PKCd and leading to NF-kB activation and
chemotaxis in Lkn-1-stimulated HOS/CCRI1 cells are not known. One of the
critical regulatory steps dictating IkB degradation and NF-kB activation is
IkB kinase (IKK) and NF-kB inducing kinase (NIK) (Karin, 1999). Recent
studies demonstrated that IKK( is involved in NF-kB activation through
PKCO in T lymphocytes (Coudronniere et al., 2000; Lin et al., 2000; Sun et
al., 2000). Therefore, the possible roles of IKK isoforms or other cellular
molecules in Lkn-1-stimulated NF-kB activation are under investigation.

In conclusion, the present study provides the characterization of the
chemotaxis signaling pathways activated by Lkn-1 in a model system of
HOS/CCRI1 cells, and has demonstrated that the binding of Lkn-1 to its Gi/G,
protein coupled receptor CCR1 leads to the specific activation of PLC, PKC3,
and NF-kB, and that the PLC/PKC&/NF-kB pathway may mediate Lkn-1-
induced chemotactic activity. While further studies are required to delineate
the signaling pathways leading to chemotaxis through CCR1 stimulation by
Lkn-1, this is the first report characterizing the chemotaxis signaling events in
response to Lkn-1. Although Lkn-1-induced chemotaxis signaling was

investigated in HOS/CCRI1 cells as a model system, the preliminary data
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using neutrophils showed the same results. From this information, we can
begin to understand the molecular mechanism of cell migration and other
cellular processes induced by Lkn-1 which are important events in both

physiological and pathological processes.
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CHAPTER 11

Leukotactin-1-induced ERK activation is
mediated via G;/G, protein/PLC/PKCo6/Ras

cascades in HOS Cells
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I. INTRODUCTION

Chemokines are a family of low-molecular weight proteins involved in
leukocyte trafficking and many other immune responses (Rollins, 1997;
Luster, 1998; Mellado et al., 2001). Significant advances have been made in
recent years in understanding the role of chemokines in inflammatory diseases
(Murdoch et al., 2000), hematopoiesis, angiogenesis, metastasis, tumor
rejection (Wang et al., 1998), Th1/Th2 responses (Bonecchi et al., 1998), and
HIV-1 infection (Cairns et al., 1998; Mellado et al., 1999). Chemokines are
classified into four major groups depending on the positions of the first two
cysteines. CXC (a) chemokines, with the first two cysteines separated by a
nonconserved amino acid, function as a chemoattractant for neutrophils and T
lymphocytes. CC (B) chemokines, in which the first two cysteines are
adjacent, are chemotactic for monocytes, basophils, eosinophils, T
lymphocytes, NK cells, and dendritic cells but usually do not affect
neutrophils. The only known C (y) chemokine, lymphotactin, is active on T
lymphocytes and NK cells. The CX3C (8) chemokine, fractalkine, stimulates
chemotaxis of T lymphocytes and monocytes. Chemokine receptors have been
known as a 7-transmembrane G protein-coupled receptor (GPCR) that
transduces signals to the inside of the cell through heterotrimeric G proteins;

mainly PTX-sensitive Gi/G, protein family. Generally, activated G proteins
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exert PLC activation leading to formation of inositol triphosphate (IP;) and
diacylglycerol (DAG). In conjuction with intracellular Ca** elevated by IPs,
DAG activates various protein kinase C (PKC) isoforms. Chemokines also
activate phospholipase A, (PLA,) which is involved in chemotactic response
(Dennis, 1994), and phosphoinositide-3 (PI-3) kinase activated by
chemokines is implicated in integrin adhesiveness, cell migration and
polarization (Dekker et al., 2000). Phospholipase D (PLD) exerts receptor
internalization by chemokines through ARF and RhoA (Bacon et al., 1998),
and G protein-coupled receptor kinase (GRK) mainly is associated with
receptor desensitization after chemokine stimulation (Lefkowitz, 1993).
Although chemokine receptors lack of tyrosine kinase activity, recent studies
reported activation of tyrosine kinase pathway through them. For example,
Janus kinase (JAK), which is included in non-receptor tyrosine kinase family, ,
zeta-associated protein (ZAP)-70 and the focal adhesion kinase (FAK)
pp125™ is activated by chemokine stimulation (Mark et al., 1998; Bacon et
al., 1996).,

ERK is a group of widely distributed serine-threonine kinases which
mediate mainly proliferative and mitogenic responses by activating
transcription factors such as c-Fos and Elk-1 (Shyamala ef al., 1998; Majka et
al., 2000). ERK activation generally includes a cascade of events involving

Ras, Raf, and ERK kinase. Several laboratories have established that
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chemokines mediate ERK activation functioning cell adhesion by
phosphorylating paxillin, and cell proliferation and differentiation through
PI3-K and PKC (Brill et al., 2001; Minamiguchi et al., 2001)

Leukotactin-1 (Lkn-1) that belongs to the CC chemokine family has
been known to bind CCR1 and CCR3, and to function on neutrophils,
monocytes and lymphocytes (Youn et al., 1997). Since Lkn-1 has two extra
cysteines, it is included in the C6 B-chemokine family. It is noteworthy that
Lkn-1 shows chemotactic activity in neutrophils unlike other CC chemokines
(Youn et al., 1997). Recent study indicates that Lkn-1 could be a novel
mediator of atherosclerosis by inducing chemotaxis and the expression of pro-
atherogenic cytokine and TF (Lee ef al., 2002). Although Lkn-1 is believed to
play an important role in leukocyte trafficking and the development of
inflammation, the intracellular signaling mechanisms and functions of Lkn-1
are poorly defined.

The aim of the study was to investigate the intracellular events to induce
biological actions following Lkn-1 binding to CCR1 using human osteogenic

sarcoma cells expressing CCR1 (HOS/CCR1) as a model system.
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II. MATERIALS AND METHODS

Materials

Dulbecco's modified Eagle’s medium (DMEM), RPMI 1640, and fetal
bovine serum were purchased from Life Technologies, Inc. (Gaithersburg,
MD, USA). Pertussis toxin (PTX), PD98059, U73122, rottlerin, and Ro-31-
8425 were obtained from Calbiochem (San Diego, CA, USA). rLkn-1 was the
kind gift of Greencross Life Science Corp. (Yongin, Korea). Antibodies
against phospho-ERK1/2 was purchased from New England BioLabs (Beverly,
MA, USA). Antibodies against ERK2, PKCa, c-Fos, c-Jun, c-Myc, Egr-1,
cyclin D; and PCNA were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). Antibody against PKCS was purchased from Transduction
Laboratories (Lexington, K'Y, USA). Myo-[2-*H]inositol were purchased from

Amersham Pharmacia Biotech. (Piscataway, NJ, USA).

Cell culture

Stable HOS cells expressing CCR1 or CCRS5 were the kind gift of Dr. O.
M. Howard (National Cancer Institute, MD, USA) and were grown in DMEM
supplemented with 10% heat-inactivated fetal bovine serum, penicillin (100

U/ml), streptomycin (100 pg/ml), and puromycin (0.5 pg /ml).
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Western blot analysis

Cells were harvested and washed three times with ice-cold phosphate-
buffered saline. The cells then were resuspended in 100 pl of lysis buffer A
(10 mM HEPES, 10 mM NacCl, 0.1 mM EDTA, 0.1 mM EGTA, 1% NP-40,
0.1 mM dithiothreitol (DTT), 0.1 mM Na3VOy,, and protease inhibitors). The
lysate was centrifuged at 8000g for 1 min at 4°C. The supernatant was
collected as a cytosolic extract. The pellet was resuspended in 50 pl of lysis
buffer B (20 mM HEPES, 400 mM NaCl, | mM EDTA, 1 mM EGTA, .1 mM
DTT, 25% glycerol and protease inhibitors). The suspension was centrifuged
at 13000g for 15 min at 4°C. The supernatant was collected as a nuclear
extract. Protein samples were separated by SDS-polyacrylamide gel
electrophoresis (10%) and transferred to nitrocellulose filters. The blots were
incubated with primary antibody and developed with the enhanced
chemiluminescence detection system (Amersham Pharmacia Biotech,
Piscataway, NJ, USA). The same blot was stripped and reprobed with anti-

ERK?2 or B-actin antibody for use as an internal control.

PKC translocation assay
HOS cells seeded into 100 mm dishes at 5 x 10° cells/dish were cultured
in DMEM. The cells were starved for 24 h in 0.5% FBS. After treatment with

Lkn-1, the cells were harvested and washed three times with ice-cold
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phosphate-buffered saline (without Ca®"). The cells then were resuspended in
200 pl of homogenization buffer A (50 mM Tris-HCI, pH 7.4, 25 mM KCI, 5
mM MgCl,, 1 mM EGTA, 1 mM PMSF, and protease inhibitors) and
homogenized at 4°C by ten passages through a 21G needle fitted on a 1 ml
plastic syringe. The homogenate was centrifuged at 1,000 X g for 5 min at 4°C.
The supernatant was collected and centrifuged at 100,000 x g for 1 h at 4°C.
The supernatant was collected as a cytosolic fraction. The pellet was
resuspended in 100 pl of homogenization buffer B (50 mM Tris-HCI, pH 7.4,
150 mM NaCl, 0.5% sodium deoxycholate, 1% NP-40, 0.1% SDS, 10 mM
EGTA, 1 mM PMSF, and protease inhibitors) and sonicated for 10 s. The
suspension was centrifuged at 100,000 x g for 30 min at 4°C. The supernatant
was collected as a membrane fraction. Protein concentration of each sample

was determined.

Transient transfection

HOS cells were grown in DMEM with 10% heat-inactivated fetal bovine
serum. One day after seeding cells into 35 mm dishes (2x10° cells), cells were
transfected with 0.5 pg of mammalian expression vectors of dominant-
negative RasN17, pSV-SPORT-H/RasN17 and dominant-negative Raf,
pcDNA3.0/CAAX Raf-1 wusing LipofectAMINE 2000 reagents (Life

Technologies) according to the manufacturer’s instructions. Plasmid
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pCMV/B-gal was included to monitor the transfection efficiency. The total
amount of DNA was maintained at 1 pug with an empty vector pcDNA3.0.
Twelve hours post transfection, cells were serum starved for 24 h and treated
with Lkn-1. Cells were harvested after Lkn-1 treatment and protein extracts
were prepared by reporter lysis buffer (Promega). One to five pug of protein

was assayed for B-galactosidase activities.

Cell cycle analysis

HOS cells seeded into 60 mm dishes at 2 x 10’ cells/dish were cultured
in DMEM. After 24 h starvation, cells were treated with Lkn-1 (100 ng/ml).
Harvested cells were fixed with 70 % ethanol and incubated for 1 h at 4°C.
The fixed cells were stained with a solution containing RNase and propidium
iodide at 50 pg/ml. After incubation for at least 30 min at 37°C, cells were
analyzed on a FACS Calibur (Becton Dickinson, San Jose, CA, USA). The
cell cycle distribution was evaluated on DNA plots by ModFit LT software

(Verity Software House Inc., Topsham, ME, USA).
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III. RESULTS

Lkn-1 stimulates ERK in HOS/CCRI1 cells with a distinct
time course

Since several chemokines have been shown to transduce the signal to
MAP kinase for chemotactic activity and other cellular processes, this study
first focused on the MAP kinase pathway, which is activated in response to
many soluble factors including chemokines and regulates different cellular
functions (Venkatakrishnan et al., 2000). To examine the effects of Lkn-1 on
ERK activation, HOS/CCRI1 cells were treated with Lkn-1 (100 ng/ml) for
various periods of time before being lysed and subsequently analyzed for the
activation status of ERK1 and ERK2 by immunodetection with a specific anti-
phospho p42/p44 ERKSs antibody. As shown in Figure II-1A, Lkn-1 stimulated
both ERK1 and ERK2 activities with a peak at 30 min and a basal level
recovered within 1 h. At later time points, a second peak of ERK
phosphorylation was also observed around 12 h following the beginning of
stimulation. Thus, ERK activation in response to Lkn-1 showed biphasic
differential activation kinetics. Dose dependence of ERK activation by Lkn-1
was examined and maximum ERK activation was detected at a Lkn-1

concentration of 800 ng/ml (Figure II-1B).
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PTX inhibits Lkn-1-induced ERK activation

To evaluate the coupling mechanism of the Lkn-1 receptor and the nature
of possible G proteins involved in the signaling events activated by Lkn-1,
HOS/CCR1 cells were treated with PTX before the stimulation of Lkn-1. As
assessed by Western blotting with antibody against dual-phosphorylated
ERK1/2, PTX inhibited the early and the delayed peaks of ERK1/2 activation
induced by Lkn-1 confirming that Lkn-1 exerts its effect through a receptor

linked to a PTX-sensitive Gi/G, family G proteins (Figure I1-2).

U73122 inhibits Lkn-1-induced ERK activation

Classical model for signal transduction by chemokines involves the
activation of a phosphoinositide-specific PLC leading to the accumulation of
inositol-1,4,5-trisphosphate (IP;) and sn-1,2-diacylglycerol (DAG) in the
cytoplasm. To investigate whether PLC is the up-stream signal molecule of
the ERK pathway activated by Lkn-1, Western blot analysis was performed in
the absence or presence of PLC inhibitor. Figure II-3 shows that Lkn-1-
induced ERKI1/2 phosphorylation was inhibited by the pretreatment of

U73122 and PD98059.

PKCS is involved in the Lkn-1-induced ERK pathway

Activation of PLC by mitogenic signals is known to hydrolyze
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phosphatidylinositol-4,5-bisphosphate  (PIP,) to produce two second
messengers, DAG and IP;. DAG activates PKC, whereas IP; stimulates the
release of Ca®" from internal stores (Nishizuka, 1984). Since Gi/G, protein and
PLC participated in ERK activation by Lkn-1 stmulation (Figure II-4 and
Figure II-5), it was examined whether possible down-stream regulator PKC is
involved in the ERK pathway of Lkn-1. As shown in Figure I1I-4A, Lkn-1-
induced ERK activation was inhibited in the presence of rottlerin but not in
the presence of Ro-31-8425. Since rottlerin is a PKCJ specific inhibitor, this
result indicates that PKCJ is involved in the ERK pathway of Lkn-1. The
membrane/cytosol distribution of PKCS was analyzed to investigate whether
PKCS9 is activated by Lkn-1 stimulation. PKCS activity began to increase at
10 min after addition of Lkn-1, and the maximum activity of PKCd was
detected at 60 min by the Western blot analysis (Figure 11-4B). However,
PKCa activity was not increased by the treatment with 100 ng/ml of Lkn-1.
These results indicate that PKCS is involved in the Lkn-1-induced ERK

pathway.

Lkn-1-dependent ERK activation is inhibited by
dominant negative mutant of Ras
To examine whether the Ras/MEK pathway or the Raf/MEK pathway

responds to Lkn-1-stimulation, HOS/CCRI1 cells were transiently transfected
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with either a dominant-negative Ras mutant plasmid or a dominant-negative
Raf mutant plasmid. As shown in Figure II-5, Lkn-1-stimulated ERK
activation was efficiently inhibited by dominant-negative RasN17. However,
transfection with dominant-negative Raf did not affect Lkn-1-induced ERK
activation. These data indicate that the Ras/MEK pathway is activated by

Lkn-1 stimulation.

Lkn-1 induces the expression of immediate early response
genes

Since Lkn-1 activates the ERK pathway, it may participate in the
regulation of cellular processes such as cell proliferation, differentiation, and
cytokine production. To understand whether the genes involved in these
cellular processes are induced by Lkn-1 stimulation, the expression levels of
several immediate early response genes such as c-fos, c-jun, c-myc, and egr-1
were determined in Lkn-1-stimulated HOS/CCRI1 cells. As shown in Figure
II-6, Lkn-1 enhanced protein expression levels of c-Fos, c-Myc and Egr-1
with a distinct time course. However, protein expression of c-jun was not
increased by Lkn-1 treatment. These results indicate that c-fos, c-myc and egr-

1 but not c-jun are involved in Lkn-1-induced cellular events.
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ERK is involved in the expression of immediate early
response genes by Lkn-1.

To examine whether ERK activation is associated with the elevated
expression of the immediate early response genes. HOS/CCRI1 cells were
treated with PD98059 before the stimulation of Lkn-1. Protein expression
levels of c-Fos and c-Myc were not affected by Lkn-1 treatment (Figure 11-7).
These results indicate that Lkn-1-dependent ERK activation induces
expression of c-Fos and c-Myc, and that c-fos and c-myc but not c-jun and

egr-1 are involved in Lkn-1-induced cellular events.

Effect of Lkn-1 on cell cycle progression

To examine the effect of Lkn-1 on cell cycle progression, FACS analysis
was performed. It was found that Lkn-1 increased both S and M phase
populations and decreased G1 phase population by 48 h after treatment

(Figure II-8).

Lkn-1 enhances expression level of cyclin D;

Since Lkn-1 affected the cell cycle progression at S and M phases, the
levels of cell cycle regulators was examined. It was found that Lkn-1
increased the amount of cyclin D; but did not affect on the amount of PCNA

(Figure 11-9). These data indicate that Lkn-1 probably regulates the cell cycle
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progression by induction of cell cycle-related molecules.

Schematic diagram of possible Lkn-1-induced signaling

pathway

To examine Lkn-1-mediated signaling through CCRI1, stable HOS/
CCR1 cells were used. Lkn-1 binds to CCR1, which mediates signaling
through activation of Gj/G, protein, resulting in phospholipase C activation
with subsequent inositol 1,4,5-trisphosphate and diacylglycerol generation,
and Ca’"-independent PKCS activation. This mechanism may be common
upstream pathway in subsequent ERK and NF-«B activation. The ERK
activation through Ras may regulate the cell proliferation, differentiation, and
various chemokine production, while the NF-kB activation is responsible for

Lkn-1-induced chemotaxis and expression of genes related to cell movement.
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Figure II-1. Lkn-1 stimulates ERK in HOS/CCRI1 cells with a
distinct time course. HOS/CCR1 cells were serum starved with 0.5%
serum for 24 h and were stimulated with 100 ng/ml Lkn-1 for the indicated
time up to 12 h (A). For dose dependence experiments, serum starved
HOS/CCRI1 cells were stimulated with indicated concentrations of Lkn-1 for
30 min (B). Proteins were extracted, separated on 10% SDS-polyacrylamide
gels (15 pg/lane) and transferred to nitrocellulose membrane. ERK1/2
phosphorylation level was detected by Western blotting with anti-pERK1/2
antibody. The membrane was stripped and reprobed with ERK2 antibody as

an internal control.
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Figure II-2. PTX inhibits Lkn-1-induced ERK activation.

Serum starved HOS/CCRI1 cells were pre-incubated in the absence (control)
or presence of 100 ng/ml PTX for 16 h. ERK activation in response to Lkn-1
(100 ng/ml) was determined as described in Fig. II-1. Proteins were separated
on 10% SDS-polyacrylamide gels (15 pg/lane) and transferred to
nitrocellulose membrane. ERK1/2 phosphorylation level was detected by
Western blotting with anti-pERK1/2 antibody. The membrane was stripped

and reprobed with ERK2 antibody as an internal control.
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Figure II-3. U73122 inhibits Lkn-1-induced ERK activation. Serum
starved HOS/CCRI1 cells were pre-incubated with U73122 (10 uM) and
PD98059 (50 uM) for 30 min followed by the stimulation with 100 ng/ml
Lkn-1 for 30 min. Proteins were separated on 10% SDS-polyacrylamide gels
(15 pg/lane) and transferred to nitrocellulose membrane. ERKI1/2
phosphorylation level was detected by Western blotting with anti-pERK1/2
antibody. The membrane was stripped and reprobed with ERK2 antibody as

an internal control.

53



O
S o
A = 3 &8
3 o %
Inhibitor _ _ 9 @ =g
Lkn-1 -+ o+ + o+
DERK —_
ERK2 | ———

B

Membrane Cytosol

Time(min) 0 5 10 30 60 0 5 10 30 60

PKCd R - e -

PKCa — -

Figure II-4. PKCS3 is involved in Lkn-1-induced signaling. (A) Serum
starved HOS/CCRI1 cells were pre-incubated with rottlerin (5 uM), Ro-31-
8425 (50 nM), and PD98059 (50 uM) for 30 min followed by the stimulation
with 100 ng/ml Lkn-1 for 30 min. Proteins were separated on 10% SDS-
polyacrylamide gels (15 pg/lane) and transferred to nitrocellulose membrane.
ERK1/2 phosphorylation level was detected by Western blotting with anti-
pERK1/2 antibody. The membrane was stripped and reprobed with ERK2
antibody as an internal control. (B) Serum starved HOS/CCR1 cells were
stimulated with 100 ng/ml Lkn-1 for the indicated time. Harvested cells were
fractionated as described in Methods, then analyzed by Western blotting with

anti-PKCd and anti-PKCa antibodies.
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Figure II-5. Ras is involved in Lkn-1-induced signaling.
HOS/CCRI1 cells were transfected with dominant-negative Ras or Raf plasmid
(0.5 ug). The pCMV/B-gal plasmid (0.2 ug) was included as an internal
control for normalization of transfection efficiency. The total amount of DNA
was maintained at 1 ug with the pcDNA3.0 plasmid. After transfection, cells
were serum-starved and treated with Lkn-1 (100 ng/ml) for 30 min. Proteins
were separated on 10% SDS-polyacrylamide gels (15 pg/lane) and transferred
to nitrocellulose membrane. ERK1/2 phosphorylation level was detected by
Western blotting with anti-pERK1/2 antibody. The membrane was stripped

and reprobed with ERK2 antibody as an internal control.
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Figure II-6. Lkn-1 induces the expression of immediate early
response genes. Serum starved HOS/CCRI1 cells were stimulated with 100
ng/ml Lkn-1 for the indicated time. Nuclear extracts were prepared as
described in Methods, then separated on 10% SDS-polyacrylamide gels (15
ug/lane) and transferred to nitrocellulose membrane. Protein expression levels

of c-Fos, c-Jun, c-Myc, and Egr-1 were detected by Western blot analysis. 3-
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actin was used as an internal control.
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Figure II-7. ERK is involved in the expression of immediate early
response genes by Lkn-1. Serum starved HOS/CCR1 cells were pre-
incubated with PD98059 (20 uM) for 30 min followed by the stimulation with
100 ng/ml Lkn-1 for the indicated time. Nuclear extracts were prepared as
described in Methods, then separated on 10% SDS-polyacrylamide gels (15
ug/lane) and transferred to nitrocellulose membrane. Protein expression levels
of c-Fos, c-Jun, c-Myc, and Egr-1 were detected by Western blot analysis. [3-

actin was used as an internal control.

57



Caunts
wnoe0 90 120150

1]

Counts
0 30 60 90 120 130

Oh 12 h 18 h 24 h
] ]
Sub G,;:0.8% Sub G,;:0.9% = Sub G;:0.9% = 3 Sub G,;:0.9%
G,:46.1% G,:45.1% - G :414% - G,:25.1%
] ns w4
S:37.6% = S:367% £ S:493% £ S:630%
2 Z= Z=1
G,/M 1164 % < GJ/M :181 % S8 G,/M 9.3 % S8 G,/M 1119 %
= =
FL2-4 FLZ-4 FL2-A FL2-4
30h 36 h 42 h 48 h
= = =
e [l [l [
E SubG;:15% =3 SubG,:2 % =3 Sub G, :2.6% =1 Sub G, :3.5%
E G,:39.1% 9 G1:20.1% 9 G,:30.0% - G :159%
3 T -4989 T =
E S:406 % £7 S:498% £7 S:410% z S:348%
E GJM :203 % G2 GJM :301% G2 GJIM 291 % SE GJIM 1492 %
=1 = 1
= =
= —:,-hﬂ“_—y =1 = -rbM——'r"—'r
1 0 1000 0 1000 0 1000
FLZ-4 FLZ-4 FLZ-A FLZ-4

Figure II-8. Effect of Lkn-1 on cell cycle progression. Serum starved
HOS/CCRI1 cells were stimulated with 100 ng/ml Lkn-1 for the indicated time.
The cell cycle distribution in G, S or G,/M phase was determined by FACS
analysis. The x-axis shows DNA content; and y-axis shows the number of

cells
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Figure II-9. Lkn-1 enhances expression level of cyclin D3. Serum
starved HOS/CCRI1 cells were stimulated with 100 ng/ml Lkn-1 for the
indicated time. Nuclear extracts were prepared as described in Methods, then
separated on 10% SDS-polyacrylamide gels (15 pg/lane) and transferred to
nitrocellulose membrane. Protein expression levels of cyclin D; and PCNA

were detected by Western blot analysis. B-actin was used as an internal control.
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Figure II-10. Schematic diagram of possible Lkn-1-induced signaling
pathway. Lkn-1 activates ERK via Gi/Go protein, PLC, and PKC3. ERK
pathway may regulate the cell proliferation, differentiation, and induction of
chemokine gene expression. Lkn-1-induced NF-kB activation shares the same
pathway with ERK that includes Gi/Go protein, PLC, and PKCd. NF-xB
pathway is responsible for Lkn-1-induced chemotaxis and expression of genes

related to cellular events.
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IV. DISCUSSION

In this contribution, the mechanism of Lkn-1-induced intracellular signal
transduction through CCRI1 in HOS cells was characterized. It has been
demonstrated that (1) Lkn-1 activates ERK with a distinct time course and the
activation is biphasic. (2) Lkn-1 transduces the signal via PTX-sensitive Gi/G,
family G proteins. (3) Lkn-1 activates PLC in a time dependent manner. (4)
The o subtype of PKC is involved in the Lkn-1-induced ERK pathway. (5)
The Ras/MEK pathway is activated by Lkn-1 stimulation. (6) Immediate early
response genes such as c-fos and ¢-myc are involved in Lkn-1-induced cellular
events. (7) Lkn-1 affects the cell cycle progression by cyclin D5 induction.

The MAP kinase cascade is one of the most frequently studied signal
tranduction systems and is known to participate in multiple cellular functions,
such as proliferation, differentiation, survival, and locomotion (Lewis et al.,
1998). Since many chemokines are dependent on the MAP kinase pathway to
biologically function, this study first focused on MAP kinase activation in
response to Lkn-1 to understand intracellular signaling pathway induced by
Lkn-1. Figure II-1 showed that Lkn-1 enhanced the phosphorylation of
ERK1/2 indicating that the ERK pathway is involved in Lkn-1-induced
signaling. Different time kinetics of ERK activation was observed in

HOS/CCR1 cells in response to Lkn-1 with the presence of a late peak
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appearing 12 h following stimulation. A biphasic activation of ERK has been
previously reported in cells synchronized in the M phase and subsequently
released, compatible with the presence of peaks of ERK activation in the G
and G,/M phases, respectively (Tamemoto et al., 1992). Along these lines,
interfering with ERK activation has recently been shown to delay the
progression of cycling cells through G, (Wright et al., 1999). These data
indicate that, upon stimulation with agonists, cells that progress through the
cell cycle show a second peak of ERK activation, whereas the response of
those that do not proliferate is characterized by a early single peak (Bonacchi
et al., 2001). Activation of ERK has been observed in response to a wide
number of agonists in different cell types, and chemokine receptors other than
CCR1 have recently been associated with activation of this pathway
(Venkatakrishnan et al., 2000; Tilton et al., 2000). Although activation of the
ERK signaling pathway has been shown to promote cell motility by regulating
gene expression (Yebra ef al., 1995), this is not the case in Lkn-1-induced cell
migration in HOS cells. Chapter I in this study showed that inhibition of ERK
did not inhibit Lkn-1-induced migration in HOS cells. These results imply that
the ERK signaling pathway is not involved in cell migration induced by Lkn-
1 in HOS cells. The ERK pathway is probably involved in cell proliferation
and differentiation by regulating the cell cycle regulators, and in regulation of

gene expression for other cellular processes. The involvement of the MAP
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kinase pathway in cell proliferation, differentiation, and inflammatory
cytokine production has been shown in hematopoietic cells (Adachi et al.,
2000). In addition, there is a report that IL-8 activates ERK although the
regulation of cell migration by IL-8 is independent of ERK activation (Knall
etal., 1997).

The remodeling of membrane phospholipids by PLA,, PLD and PLC is
an essential step in the signal transduction pathways associated with the
response of leukocytes to CC chemokines. It has been reported that CC
chemokines activate PLA, and the release of arachidonic acid in human
monocytes (Locati et al., 1994; Dennis, 1994). PLD activation by chemokines
has been reported (Bacon et al., 1998), although its significance is speculative
and details of its regulation in leukocytes remain to be elucidated. PLC
activation was described in this study. G proteins are grouped into two
families depending on the sensitivity to PTX. Gy/G, family G proteins are
sensitive to PTX whereas G, family G proteins are insensitive to this toxin
(Venkatakrishnan et al., 2000). Most of chemokines are known to be affected
by the treatment of PTX. The phosphorylation of ERK in Lkn-1-stimulated
HOS/CCR1 cells is inhibited by PTX. ERK activation was also inhibited in
the presence of specific inhibitors of PLC and PKCS demonstrating that Lkn-
1 activates the ERK pathway through the conventional signaling pathway.

PKC is a family of serine/threonine protein kinases consisting of 11 isoforms,
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which are divided into three groups on the basis of their biochemical
properties and sequence homologies (Mellor et al., 1998). The different PKC
isotypes may have specific roles in signal transduction (Schonwasser et al.,
1998). The 6 subtype of PKC belongs to novel PKC group and is activated by
DAG in a calcium-independent manner (Mischak et al., 1998; Soltoff et al.,
1995). Although PKC$ is one of the major isoforms expressed in hemopoietic
cells (Mischak et al., 1998), the involvement of PKCS in chemokine-induced
signaling pathway has not been reported in any chemokines. Figure II-4
showed that PKCS was activated by Lkn-1 stimulation, but PKCa activity
was not affected by Lkn-1 stimulation. PKC3 specific inhibitor rottlerin
(Pongracz et al., 1999) blocked Lkn-1-induced ERK activation whereas Ro-
31-8425, a PKC inhibitor that does not inhibit PKC3, showed no inhibitory
effect of ERK activation by Lkn-1. The involvement of PKCd in Lkn-1-
induced signaling pathway is distinct from other chemokine signal
transduction reported so far. Although it has been reported that PLCP2 and
PLCB3 are the PLC isoforms that are activated by chemoattractants in mouse
neutrophils (Li et al., 2000), the specific PLC isoform activated by Lkn-1
stimulation in HOS/CCRI1 cells has not been elucidated in this study. The
detailed kinetics of PLC and PKC activation is under investigation using
various PLC and PKC isoforms.

Lkn-1 induced NF-xB activation (Figure I-11) as well as the ERK
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pathway (Figure 1I-1), and ERK is involved in activating NF-xB (Tuyt et al.,
1999). However, Lkn-1-induced activation of NF-kB was independent of the
ERK pathway because an inhibitor of MEK (PD98059) had no effect on Lkn-
1-enhanced NF-kB activation (Figure I-12). This result is in agreement with a
recent report showing that Raf-mediated NF-kB activation is independent of
the MEK1/ERK cascade (Baumann et al., 2000). PKCS activated by Lkn-1
may be an upstream molecule of both pathways, and activate different
molecules which transduce the signal to either the ERK or NF-kB pathway
(Figure 1I-10).

In conclusion, it has been demonstrated that CC chemokine Lkn-1
activates the ERK signaling pathway in a model system of HOS/CCRI1 cells.
Upon binding of Lkn-1 to its Gi/G, protein coupled receptor CCR1, the ERK
pathway is activated through the specific activation of PLC/PKC8/Ras/ERK.
The Gi/G, protein/PLC/PKC&/Ras/ERK pathway may mediate Lkn-1-induced
cellular events including proliferation, differentiation and regulation of gene

expression.
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CONCLUSIONS

In this study, Lkn-1-induced chemotaxis signaling and intracelluar

event including ERK through CCR1 in HOS cells have been investigated.

1. Lkn-1 tranduces the signal through PTX-sensitive Gi/G, family G protein.
In the presence of PTX, Lkn-I-induced chemotaxis was blocked.
This result indicates that PTX-sensitive Gi/G, family G protein is

associated with Lkn-1-induced cell migaration.

2. Lkn-1 activates PLC and PKCS? in a time dependent manner.
When HOS/CCRI1 cells were treated with Lkn-1, PLC activity
increased in both a time and dose dependent manner. PKCO was
translocated to membrane in response to Lkn-1 indicating that PKCS is

activated by Lkn-1.

3. Lkn-1 increases DNA binding activity of NF-kB.
NF-«B movement to nucleus was enhanced by Lkn-1 treatment
indicating that NF-«B is activated by Lkn-1. The specificity of NF-kB
binding activity was confirmed by the competition experiment using

unlabeled NF-«kB binding sequence.
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4. PLC, PKCd, NF-kB and newly synthesized proteins are involved in Lkn-1-
induced chemotaxis.
PLC inhibitor U73122 and PKCS9 specific inhibitor rottlerin blocked
Lkn-1-induced cell migration. In addition, NF-xB, transcription and

translation inhibitors decreased cell movement in response to Lkn-1.

5. ERK, p38, tyrosine kinases, PI-3 kinase, PLLA, and PLD are not associated
with Lkn-1-induced chemotaxis events.

Inhibitors of ERK, p38, tyrosine kinases, PI-3 kinase, PLA, and PLD

did not affect the chemotactic activity of Lkn-1 indicating that these

molecules are not involved in Lkn-1-induced chemotaxis.

6. Lkn-1 activates ERK with a distinct time course and the activation is
biphasic.

Lkn-1 activated both ERK1 and ERK?2 with a peak at 30 min and a

basal level recovered within 1 h. At later time points, a second peak of

ERK phophorylation was also observed around 12 h.

7. PTX-sensitive Gi/G, family G protein, PLC and PKCS3 are involved in the

Lkn-1-induced ERK pathway.
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ERK phosphorylation decreased in the presence of PTX, U73122,
and rottlerin. This result indicates that ERK activation 1s mediated via

Gi/G, family G protein, PLC and PKC3.

8. Lkn-1 activates the Ras/MEK pathway.
ERK activation by Lkn-1 was inhibited by dominant negative mutant
of Ras but not by dominant negative mutant of Raf. MEK inhibitor
PD98059 also blocked ERK activation. Therefore, Ras and MEK are

upstream signaling molecules of Lkn-1-induced ERK activation.

9. Immediate early response genes such as c-fos and c-myc are involved in
Lkn-induced cellular events.

Lkn-1 enhanced protein expression levels of c-Fos, c-Myc and Egr-1

with a distinct time course. Especially, the induction of c-Fos and c-Myc is

blocked by PD98059. This result indicates that c-Fos and c-Myc are

involved in ERK activation by Lkn-1

10. Lkn-1 affects the cell cycle progression by cyclin Ds induction.
Lkn-1 increased both S and M phase populations and decreased G1
phase population by 48 h after treatment. Lkn-1 increased the amount of

cyclin D5 but did not affect on the amount of PCNA. These results indicate
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that Lkn-1 probably regulates the cell cycle progression by induction of cell

cycle-related molecules.

In summary, Lkn-1-induced chemotaxis signaling and ERK activation
are mediated via Gy/G, protein/PLC/PKCS cascades in HOS/CCR1 cells.
Lkn-1 activates ERK through Ras, which may regulate the cell proliferation,
differentiation, and various chemokine production, while Lkn-1 induced NF-
kB activation is responsible for Lkn-1-induced chemotaxis and expression of

genes related to cell movement.
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