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Oncostatin-M Stimulates Tyrosine Protein Phosphorylation
in Parallel with the Activation of p42MAPK/ERK-2 in Kaposi's Cells
Evidence That This Pathway Is Important in Kaposi Cell Growth

Mary Catherine Amaral, Steve Miles, Gita Kumar, and Andre E. Nel
Department of Medicine, UCLASchool of Medicine, Los Angeles, California 90024-1680

Abstract

Oncostatin-M (OSM) is a potent mitogen for Kaposi's sar-
coma (KS) cells. Westudied signaling by the OSMreceptor in
three AIDS-related KS lines and show induction of tyrosine
phosphorylation of 145-, 120-, 85-, and 42-kD substrates. The
42-kD substrate was identified as p42MAPK(mitogen-activated
protein kinase), also known as ERK-2. This serine/threonine
kinase relays mitogenic signals from receptor tyrosine protein
kinases (TPKs) or receptor-associated TPKs to transcriptional
activators. The OSMdose dependence for MAPkinase activa-
tion and induction of KScell growth were almost identical, sug-
gesting functional linkage. MAPkinase activation was depen-
dent on tyrosine phosphorylation, and both OSM-induced
MAPkinase activity and KS cell growth could be suppressed
by TPKinhibitors, genistein and geldanomycin. OSMalso stim-
ulated tyrosine phosphorylation of similar substrates and MAP
kinase activity in human vein endothelial cells. While it has
been proposed that the OSMreceptor may include the gpl30
subunit of the IL-6 receptor and a-chain of leukemia inhibitory
factor (LIF) receptor, neither LIF nor r.IL-6 induced tyrosine
protein phosphorylation or p42MI'K activation in KS cells.
However, r.IL-6 did stimulate tyrosine phosphorylation and
p42'PK activity in the human B cell line, AF-10, while OSM
and LIF exerted no effects. Our results indicate that, although
the OSMand IL-6 receptors share a commonsignaling path-
way, this pathway is selectively activated by OSMin Kaposi's
cells. (J. Clin. Invest. 1993. 92:848-857.) Key words: kinase.
AIDS * signaling . mitogenesis * inhibitor

Introduction

Kaposi sarcoma (KS)' is the most commonmalignancy seen
in patients with HIV infection (1). Recent laboratory studies
have provided important clues to the pathogenesis of this tu-
mor and its relationship to HIV infection (2-9). One observa-
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1. Abbreviations used in this paper: APT, anti-phosphotyrosine; HEC,
human endothelial cells; HUVEC, human umbilical vein endothelial
cell; IMDM, Iscoves modified Dulbecco's medium; KS, Kaposi sar-
coma; LIF, leukemia inhibitory factor; OSM, Oncostatin-M; r.IL-6,
recombinant IL-6; [3H]TdR, [3H]thymidine; TPK, tyrosine protein
kinase.

tion is that Oncostatin-M (OSM), a 28-kD T cell-derived cyto-
kine that is made in large quantities by retrovirus-infected T
cells and monocytes (10, 11 ) acts as a potent mitogen for KS
cells in culture ( 12, 13). Since OSMcan either stimulate or
inhibit a variety of normal and malignant cells, the near univer-
sal stimulation of KScells in culture appears to be unique ( 12).
Moreover, this stimulation appears to be different from the
effects of OSMon cultured human endothelial cells (HEC),
which are thought to share a common ancestry with KS cells
(2, 14). A fundamental question is whether KS cells have a
different OSMreceptor complex or utilize a different postre-
ceptor pathway than HEC.

While OSMinteracts with a 1 50-160-kD cell surface pro-
tein in HEC, the exact nature of the OSMreceptor is unknown
( 15, 16). It is likely, however, that the OSMreceptor belongs to
the so-called cytokine or hemapoietin receptor family because
of the structural similarity of the former cytokine with leuke-
mia inhibitory factor (LIF) and IL-6 (17), both of which ligate
receptors belonging to this family ( 17). Moreover, the LIF and
IL-6 receptors share a common signaling subunit, gp 130,
which was originally identified as the : subunit of the IL-6R
( 18, 19). OSMbinds to high affinity LIF receptors and OSM-
induced KS cell growth is diminished in the presence of anti-
gpl 30 antibodies (20). One suggestion, therefore, is that the
OSMreceptor is composed of gpl 30 and the a-chain (ligand-
binding subunit) of the LIF receptor ( 18, 19). Recently, it has
been reported that OSMstimulates tyrosine protein phosphor-
ylation in HECin association with the activation of an src-like
tyrosine protein kinase (TPK), p62Ye' ( 16). OSMalso induces
tyrosine protein phosphorylation in a hepatoma (HepG2) cell
line (21). It seems appropriate, therefore, to postulate that
OSMutilizes tyrosine protein phosphorylation in induction of
KS cell growth. Much remains to be learned, however, about
the specific kinases and signaling intermediaries involved in
the OSMreceptor pathway.

Weand others have recently described activation of the
serine/threonine protein kinase, p42 MAPkinase (mitogen
activated protein kinase), also known as p42'l'K or ERK-2
(extracellular receptor signal regulated kinase type 2), by
members of the cytokine receptor family, namely, the GM-
CSF, IL-3, IL-5, and IL-62 receptors (22-24). MAPkinase is a
42-kD phosphoprotein that is activated by dual phosphoryla-
tion on threonine and tyrosine residues in response to ligation
of diverse mitogenic receptors (25-31). p42 MAPKand related
isoforms in the ERK family appear to provide an important
molecular switch mechanism whereby extracellular growth sig-
nals are transmitted via intrinsic TPK or TPK-associated re-
ceptors to an intracellular cascade of serine /threonine kinases
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involved in growth (29-32). For example, p42MAPK/ERK-2
phosphorylates and activates p90 RSK (ribosomal S6 kinase),
which in turn phosphorylates c-jun and c-fos as well as ribo-
somal S6 protein (31, 32). In addition, ERKsalso phosphory-
late transcriptional activators such as c-myc and c-jun (33, 34).
Inasmuch as the OSMreceptor is a member of the cytokine
receptor family ( 17), ERK-2 may play an important role in the
induction of KS cell growth.

In light of the above, we were interested to determine
whether OSMactivates a TPK pathway that participates in
Kaposi's cell growth and to compare tyrosine phosphoproteins
in this pathway with those induced by LIF and IL-6. In addi-
tion, we were interested to determine whether p42MAPK/ERK-
2 plays a role in this pathway and in KS proliferation. We
demonstrate here that OSM, but not LIF or r.IL-6, stimulated
tyrosine protein phosphorylation in KS cells. Included in the
OSM-induced tyrosine phosphoprotein profile was a 42-kD
protein that was identified as p42M1 K/ERK-2. OSM, but not
LIF or r.IL-6, activated MAPkinase in KS cells in a dose-de-
pendent fashion. The TPK inhibitors, genistein and geldano-
mycin, prevented p42MAPK/ERK-2 activation by OSMand
also blocked KS cell growth.

Methods

Antibodies and other reagents. Immobilon-P was obtained from Milli-
pore Corp. (Milford, MA) and Hybond ECL nitrocellulose was from
Amersham Corp. (Arlington Heights, IL). Antibodies for immunoblot-
ting included monoclonal anti-phosphotyrosine (APT) antibody,
4G. 10, from Upstate Biotechnology Inc. (Lake Placid, NY), monoclo-
nal anti-ERK-2 from BIODESIGN International (Kennebunkport,
ME), and peroxidase-conjugated sheep anti-mouse IgG (S&M IgG-
HRP) from Amersham Corp. A peptide, APRTGGRR,which includes
a consensus phosphorylation site for MAPkinase in bovine myelin
basic protein was bought from Upstate Biotechnology Inc. Geldano-
mycin, an srckinase inhibitor, was obtained from GIBCOBRL(Gaith-
ersburg, MD). Genistein, a general TPK inhibitor, was obtained from
BIOMOLResearch Laboratories Inc. (Plymouth Meeting, PA). OSM
was generously provided by Dr. Peter Linsley (Bristol-Myers-Squibb,
Seattle, WA)and LIF and recombinant IL-6 (r.IL-6) were bought from
Amgen Biologicals (Thousand Oaks, CA). PMA, sodium heparin, and
endothelial growth supplement were obtained from Sigma Chemical
Co. (St. Louis, MO). [ y-32P]ATP was from ICN Biomedicals, Inc.
(Costa Mesa, CA) and the '251I-protein A from Amersham Corp. FCS
and other tissue culture reagents were from GIBCO BRL or Irvine
Scientific (Irvine, CA). All other reagents were of the highest purity
grade available and were obtained from Sigma Chemical Co.

Derivation, characterization, and maintenance ofAIDS-KS-derived
cells and human umbilical vein endothelial cells. The techniques for the
isolation and characterization of the cell lines (KSL-1, KSL-8, EDS)
from pleural effusions and skin of three different patients with AIDS-
related KS have been previously described ( 12). Early passage lines
were maintained in continuous monolayer culture on gelatinized flasks
in IMDMcontaining 10% FCS, 30 Ag/ml endothelial cell growth sup-
plement, 1% penicillin/streptomycin with fungizone, 100 USPunits/
ml sodium heparin, and supplemental l-glutamine (growth medium
A) with or without the addition of 500 pg/ml of recombinant OSM.
Human umbilical vein endothelial cells (HUVECs) were obtained by
trypsin treatment of umbilical veins. Each isolate was subcloned, char-
acterized by immunohistochemical stains for endothelial markers, and
then frozen at an early passage (less than 4). The cells for these assays
were grown in DMEcontaining 10% FCS, 30 Atg/ml endothelial cell
growth supplement, 1% penicillin/streptomycin with fungizone, 100
USPunits/ml sodium heparin, and supplemental l-glutamine (growth
medium B). AF-lO cells were cloned from the human IgE myeloma
cell line, U266, and responded to r.IL-6 by enhanced proliferation.

These cells were grown in RPMI 1640 supplemented with 10% FCS
and antibiotics.

Proliferation assays. Subconfluent monolayers of AIDS-KS-de-
rived cells were washed twice with PBS. The monolayers were trypsin/
EDTAharvested, cells were counted, viability was determined by try-
pan blue exclusion, and the cells were replated at 75 x I0' cells in I ml
of growth media in 24-well plates previously coated with 1% gelatin
(12). 24 h after plating, the supernatant media were removed and
serum-free IMDMcontaining 100 USPunits/ml sodium heparin, 1%
penicillin/streptomycin with fungizone, and ITS+ (Collaborative Re-
search, Inc., Cambridge, MA) were added together with the indicated
doses of geldanomycin and OSM( 12). Control cultures received nei-
ther of these additions or OSMonly. After growing the cells for 18 h at
370C in a 5%CO2atmosphere, [3H]thymidine ([3H]TdR) was added
at 1 GCi/ml (1 ACi = 37 kBq) for an additional 18 h. The cells were
released with trypsin /EDTA and harvested onto glass wool filters, and
radioactivities were measured in a scintillation cocktail. Each assay was
done in quadruplicate.

Cellular stimulation for kinase assays! Western blotting. Subcon-
fluent monolayers of KS were OSMstarved for 48 h. Kaposi's cultures
as well as HUVECswere harvested in PBS containing 10 mMEDTA
without trypsin. After washing in growth medium A or B, respectively,
duplicate aliquots (2 X 106) of KScells and HUVECswere transferred
into Eppendorf vials in 450 Al medium. AF-10 cells (5 X 106) were
transferred in duplicate in 450 Al RPMI 1640 + 10% FCS. Cells were
treated with 1-200 ng/ml OSM, 100 ng/ml LIF, or 100 U/ml r.IL-6
for time periods as indicated. For testing the effect of geldanomycin,
Kaposi's cultures were previously ( 16 h) treated with 1-100 ng/ml of
the drug in the absence of OSMbefore harvesting and stimulation as
above. The effect of genistein was determined by prior exposure of
OSM-deprived KS cells for 30 min with 5-30 ,uM of this drug before
OSMtreatment.

Assaysfor MAPkinase activity. Soluble cell extracts were generated
by lysing cells through sonication in 20 mMTris, pH 7.4, 1 mMEGTA,
20 mMPNP, 100 tM sodium vanadate, 1 Ag/ml leupeptin, and 10
KU/ml aprotinin at 4°C (22, 26). The lysates were centrifuged at
12,000 g for 3 min and the soluble cell supernatants were equalized for
protein. MAPkinase activity was determined in reaction vials that
included S Ag cellular supernatant together with 0.5 mMof the peptide
substrate, APRTPGGRR,20 AMATPcontaining 2.5 ttCi [Ly-32P]ATP
(2-8 ACi/nmol), 10 mMMgCl2, and 4.8 mMDTT in a volume of 50
Al for 5 min at 30°C (35). The reaction was stopped by adding 30 Al
20% TCAand 10 ,ug BSA for 15 min at 4°C. Vials were centrifuged at
12,000 g and supernatants spotted onto P81 paper squares (2 x 2 cm).
These squares were washed four times in 75 mMH3PO4, dried, and
counted by the Cerenkov method in a f-scintillation counter.

Immunoblotting. Soluble cell extracts (50 Ag protein/lane) were
boiled with SDSsample buffer and resolved by 10% SDS-PAGE. Elec-
trophoretic transfer onto Immobilon-P or Hybond nitrocellulose
membranes was conducted in a transblotting cell (Bio-Rad Laborato-
ries, Richmond, CA). Membranes were then blocked for 2 h at RT in
6% BSA (Fraction V), 0.15 MNaCl, and 50 mMTris, pH 7.4. The
membranes were washed in PBS-Tween and incubated with 4G.10
(APT) ( 1: 1,000 dilution) or anti-ERK-2 (1:5,000 dilution) for 1 h (22,
26). After washing in PBS-Tween, membranes were incubated with the
20 antibody sheep-a-mouse IgG-horseradish peroxidase ( 1:5,000 in di-
lution) for 45 min. Membranes were washed and developed with a
chemiluminescence kit from Amersham Corp. (ECL kit).

Results

OSMinduces tyrosine protein phosphorylation in Kaposi's
cells: contrasting features with IL-6 and LIF stimulation. The
cell line, KSL-1, was established from a Kaposi's tumor in a
patient suffering from AIDS ( 12). One of us (S. Miles) has
previously shown that the growth of this cell line can be en-
hanced in tissue culture by OSM( 12). KSL- 1 cells were incu-
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Figure 1. Comparison of the effects of OSM, LIF, and r.IL-6 on induction of tyrosine protein phosphorylation as assessed by immunoblotting.
(A) KS- I cells were OSMstarved for 48 h in gelatinized flasks. Cells were harvested in PBS containing 10 mMEDTAwithout trypsin. After
washing in IMDMplus 10% FCS, 2 x 106 cells were transferred into Eppendorf vials before stimulation with 100 ng/ml OSMfor 10 (lane 2)
or 20 (lane 3) min, and PMAfor 10 min (lane 4). Control cells (lane 1) received no stimulus. After lysis, 50 pg supernatant protein from each
aliquot was resolved by 10% SDS-PAGE. The gel was transferred to Immobilon P filters, blocked, and overlayed with 1:1,000 of the APT anti-
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bated with 100 ng/ml OSMfor 10 and 20 min, and soluble
supernatants were resolved by 10%SDS-PAGE. APTimmuno-
blotting of this gel showed enhanced phosphorylation of sub-
strates with molecular masses of 145, 120, 85, and 42 kD com-
pared with the control lane (Fig. 1 A, left panel, lanes 1-3). The
phorbol ester, PMA, stimulates tyrosine phosphorylation of a
42-kD substrate in most culture cell lines and was used as the
positive control (25-30). PMAinduced the appearance of p42
in KSL- 1 cells together with p145 but did not affect the phos-
phorylation of 120- and 85-kD substrates (Fig. 1 A, left panel,
lane 4). Similar results were obtained with OSMand PMAin
two additional AIDS-related KS cell lines, KSL-8 (not shown)
and EDS(see Fig. 5 D). Although IL-6 has been implicated as a
possible growth factor for KS cells (5) and the : subunit
(gpl 30) of this cytokine receptor exhibits low affinity binding
for OSM( 18), r.IL-6 did not induce tyrosine phosphorylation
in KSL-l (Fig. 1 B, lane 3), KSL-8, or EDScells (not shown).
It is interesting, however, that r.IL-6 induced tyrosine phos-
phorylation of 145-, 130-, 85-, and 42-kD substrates in a B cell
line, AF- 10 (Fig. 1 C, lane 3). In contrast, OSMdid not induce
tyrosine protein phosphorylation in AF- 10 cells (Fig. 1 C, lane
4), while PMAinduced the appearance of p42 only (Fig. 1 C,
lane 2). LIF, which is structurally related to OSMand binds to
a receptor that also interacts with OSM, failed to stimulate
tyrosine protein phosphorylation in KSL- 1 (Fig. 1 B, lane 5) or
AF-IO cells (Fig. 1 C, lane 5).

Although the exact origin of KS cells is unknown, it has
been suggested that they may be derived from the same mesen-
chymal precursor as endothelial cells. It is therefore interesting
that OSMinduced tyrosine phosphorylation of the same range
of substrates (p145, p1 30, p120, p85, and p42) in HUVECsas
in KSL-l cells (Fig. 1 D, lane 4). In contrast to the lack of effect
in KSL- 1 cells, r.IL-6 induced tyrosine phosphorylation of 145-
and 1 20-kD proteins in HUVECswithout inducing the appear-
ance of p85 and p42 (Fig. 1 D, lane 3). HUVECsalso differed
from KSL- 1 cells in their response to LIF; while not eliciting a
biochemical response in KSL-l (Fig. 1 B), LIF stimulated tyro-
sine phosphorylation of p 145 and p120 in HUVECs(Fig. 1 D,
lane 5). PMAinduced the appearance of p42 in HUVECs(Fig.
1 D, lane 2) but did not induce phosphorylation of other pro-
teins (Fig. 1 A, lane 4). Taken together, these results show that
OSMinduced the same profile of tyrosine phosphoproteins in
KSL-l and HUVECs, but these cell types differed in their re-
sponsiveness to r.IL-6 and LIF.

OSMstimulates a mobility shift of ERK-2 in KSL-J in par-
allel with MAPkinase activation. In Fig. 1 A, we have demon-
strated the appearance of a 42-kD tyrosine phosphoprotein
during OSMand PMAtreatment (Fig. 1 A, left). Since we have
identified a 42-kD PMA-inducible TPKsubstrate as p42 MAP
kinase (p42 APK), also known as ERK-2, in other cell types,

we were interested to determine whether OSM-responsive p42
in KSL- 1 is p42 1PK (22, 26, 36-38). During activation,
p42 A'K undergoes a conformational change which is reflected
as a mobility shift of the kinase on SDS-PAGE(22, 39). Over-
lay of the immunoblot shown in the left panel of Fig. 1 A with
an antibody that recognizes ERK-2 revealed the presence of a
4 1-kD protein in control cells (lane 1), which shifted to a 42-
kD position after treatment with PMAas well as OSM(Fig. 1
A, right panel, lanes 2-4). The electrophoretically retarded
form of ERK-2 (42 kD) coelectrophoresed with p42, suggest-
ing that they are identical proteins (Fig. 1 A, lanes 2-4, left and
right panels). This notion was strengthened by coincidental
induction of MAPkinase activity (Fig. 2) with the appearance
of p42 in KSL-1 (Fig. 1, A and B), AF-10 (Fig. 1 C), and
HUVECs(Fig. 1 D) during cellular stimulation. While OSM
induced MAPkinase activity in KSL- 1 and HUVECs, no ki-
nase activation was seen in AF- 10 cells (Fig. 2). In contrast,
r.IL-6 failed to activate p42MAPK in KSL- 1 and HUVECsbut
activated this kinase in AF- 10 cells (Fig. 2). LIF failed to acti-
vate p42MAPKin KSL- 1 or HUVECs, while PMAactivated this
kinase in all three cell types (Fig. 2). Although AF-O0 cells were
not treated with LIF in the experiment shown in Fig. 2, no
MAPkinase activation was seen in a separate experiment (not
shown).

Results similar to KSL-1 were obtained when EDS cells
(see Fig. 5 B) and KSL-8 (Table I) were exposed to OSMand
r.IL-6. Basal MAPkinase levels were consistently higher in
KSL-8 than in KSL- 1 cells, with the result that the magnitude
of increase in kinase activity was less during OSMstimulation
in KSL-8 (1.5-2-fold) than in KSL- 1 (3-6-fold). Although not
proven, the variance in background may relate to differences
in the amounts of endogenous OSMproduced by KS cell
lines (12).

Confirmation that p42 is a MAPkinase was obtained dur-
ing immunoaffinity chromatography, which demonstrated
that ERK-2 protein in the supernatants of OSM-treated cells
bound to immobilized APTmAb(Fig. 3). In contrast, no im-
mune adsorption of ERK-2 was obtained when the superna-
tants of control (OSM-starved) cells were passed over the same
column (Fig. 3). Likewise, a relative abundance of MAPki-
nase activity was eluted from the column loaded with OSM-
treated cell supernatants compared with control (OSM-
starved) cell supernatants (Fig. 3).

p42Mi'K/ERK-2 activation by OSMinvolves tyrosinephos-
phorylation of the kinase. p42 MAPK/ERK-2 activation occurs
by way of a kinase cascade which includes one or more afferent
MAP kinase kinase(s) that induce phosphorylation of
p42MAPK/ERK-2 (29, 40-42). While the exact sequence of this
event is still a matter of debate, p42 requires phosphoryla-
tion on both threonine 183 (Thr-183) and tyrosine 185 (Tyr-

body, 4G.l0. The primary antibody was detected by SaM IgG-horseradish peroxidase ( 1:5,000 dilution), utilizing a chemiluminescence kit.
The left panel shows the autoradiogram of the APT immunoblot. Notice enhanced phosphorylation of p145, p120, p85, and p42 during OSM
treatment. The same membrane was stripped and overlayed with a primary mAbthat recognizes ERK-2 protein. The secondary antibody and
further development of the blot was as for 4G. 10. The resulting autoradiogram (right panel) shows mobility shift of ERK-2 in OSM-and PMA-
treated cells (lanes 2-4). Notice that electrophoretically retarded ERK-2 (right) migrated with p42 (left). (B) Autoradiogram of APTimmuno-
blot in KSL-1 cells after stimulation for 10 min with control (lane 1), 100 nMPMA(lane 2), 100 U/ml r.IL-6 (lane 3), 100 ng/ml OSM(lane
4), and 100 ng/ml LIF (lane 5). (C) Autoradiogram of APT immunoblot on AF-1O cells (B cell line) stimulated for 10 min with control (lane
1), 100 nMPMA(lane 2), 100 U/ml r.IL-6 (lane 3), 100 ng/ml OSM(lane 4), and 100 ng/ml LIF (lane 5). (D) Autoradiogram of APT im-
munoblot on HUVECs. HUVECswere obtained by trypsin treatment of umbilical veins and were grown in DMEplus 10% FCS as described
in Methods. Lane 1, control; lane 2, 100 nMPMA; lane 3, 100 U/ml r.IL-6; lane 4, 100 ng/ml OSM; lane 5, 100 ng/ml LIF.
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Figure 2. Comparison of MAPkinase activation by OSM, IL-6, LIF,
and PMAin KSL-1 cells, HUVECs, and AF-10 cells. Cells were
grown and harvested as described in Fig. 1. Duplicate aliquots of 2
X 106 KSL-1 cells, 2 x 106 HUVECs, and 5 x 106 AF-0 cells were
treated with 100 ng/ml OSM, 100 U/ml r.IL-6, 100 ng/ml LIF, or
100 nMPMAfor 10 min. Cells were lysed in a Tris buffer and soluble
supernatants were obtained after 12,000-g centrifugation. MAPki-
nase activity was determined by utilizing 5 ,g supernatant protein to
phosphorylate 0.5 mMMBPpeptide, APRTPGGRR,in 50-;1 reac-
tion vials (35). Results depict 32P incorporation into the pep-
tide±SEM.

185) residues to be rendered active (25, 26). Likewise, in KSL-
1 cells, the kinetics of appearance of p42 (Fig. 4 A) and activa-
tion of MAPkinase (Fig. 4 B) by OSMwere identical. Clearly
recognizable p42 and enhanced MAPkinase activity were seen
10 min after OSMaddition and lasted 30 min before declining
(Fig. 4, A and B). This time course is somewhat slower than the
evanescent MAPkinase response that we have observed in
other cell types (25, 36, 37), as well as in OSM-treated HU-
VECs (Fig. 4 A). Confirmation of the importance of tyrosine
phosphorylation in ERK-2 activation in KSL- l was sought by
using TPK inhibitors. Geldanomycin is a potent inhibitor of
src-like kinases (43), but does not directly inhibit already ac-
tive MAPkinase (not shown). Incubation of intact KSL-1 cells
with this drug decreased p42M K activation by OSM(Fig. 5
A). The IC50 of inhibition was calculated as 30 ng/ml geldano-
mycin, which is in agreement with its inhibitory range for src-
kinases (43). Another more general TPK inhibitor, genistein,

Table L OSMActivates MAPKinase in KSL-8 Cells

32p incorporation in MBPpeptide

cpm+SD

Control 6,345±629
OSM 12,212±465
r.IL-6 6,865±533

Duplicate aliquots of KSL-8 (2 x 106) were treated with 100 ng/ml
OSMat 100 U/ml r.IL-6 for 10 min. After cellular lysis and collection
of 12,000-g supernatants, MAPkinase activity was determined by in
vitro phsophorylation of MBPpeptide as described in Methods.

4.5 Figure 3. An APT im-
1 2 3 4 mune affinity column

4.0 binds ERK-2 and MAP
ERK-2 -' kinase in supernatants

E from OSM-treated but
not OSM-starved cells.
KSL- I cells were grown

E 3.0 in tissue culture flasks
a l to near-confluency in
C 2.5 - the absence of OSM.

After harvesting in PBS
2.0 - plus 10 mMEDTA,

cells were divided into
Q 1.5 two aliquots of 25

X 10' cells each. One
1.0 aliquot was treated with

100 ng/ml OSMfor 10
min, while the other

0.5 - - (OSM starved) served
as control. Cells were

M s lysed in 20 mMTris,
OSM starved OSM treated pH 7.4, containing 10

mMEDTA, 100 mMNaCI, protease and phosphatase inhibitors,
and ultracentrifuged at 100,000 g at 4°C for 30 min. An equal
amount of protein from each supernatant was loaded over an APT
immunoaffinity column (Upstate Biotechnology Inc.) and washed
with cell lysis buffer. All nonbound material was collected and the
protein concentration determined (lanes I and 3). Both columns
were then eluted with a buffer containing 100 mMphenylphosphate
and the protein concentration determined (lanes 2 and 4). MAPki-
nase activity and presence of ERK-2 protein were determined in each
of the nonbound eluate fractions by peptide assay and ERK-2 immu-
noblotting as described in Methods. The immunoblot result is dis-
played at the top of this figure. Lanes I and 3, nonbound material;
lanes 2 and 4, phenylphosphate eluates.

also suppressed MAPkinase activation by > 55% at a dose of
30 ,uM (Fig. 5 B). Confirmation that geldanomycin acted by
inhibiting tyrosine phosphorylation of ERK-2 rather than
through a toxic effect was obtained by APT immunoblotting.
The autoradiogram in Fig. 5 Cshows that at 10 ng/ml, geldan-
omycin suppressed OSM-induced tyrosine phosphorylation of
several substrates, including p42. Similar observations were
made with genistein in EDS cells (Fig. 5 D), confirming the
functional importance of TPKactivation toward MAPkinase
activation by OSM.

p42M'I/ERK-2 activation by OSMis criticalfor KS cell
growth. OSMstimulated KSL-l cell growth (Table II) with
similar dose dependence as activation of MAPkinase in this
cell type (Table III). Optimal cellular and biochemical respon-
siveness in KSL- I occurred with OSMconcentrations ranging
from 50 to 100 ng/ml. HUVECsexhibited a similar dose-re-
sponsive profile during OSMtreatment (Table III). This sug-
gested that p42MJKplays a critical role in KS cell growth, and
we hypothesized that inhibition of MAPkinase activity corre-
lated with disruption of cell growth. Indeed, geldanomycin in-
hibited KSL-l growth, as assessed by [3H]TdR uptake, in a
dose-dependent fashion (Table IV). In the presence of 100
ng/ml OSM, geldanomycin inhibited KSL- 1 growth with an
IC,0 of 30 ng/ml, which is identical to the ICc for inhibiting
p42'AK activation. Genistein also inhibited, in a dose-depen-
dent manner, growth of EDScells in the presence of 100 ng/ml
OSM(not shown). Taken together, these results strongly sug-
gest that p421A)K is critical for KSL-1 growth stimulation by
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Figure 4. Kinetics of MAPkinase activation by OSMis identical to
kinetics of appearance of p42 on APT immunoblots. OSM-starved
KSL-1 cells (2 x 106/aliquot) were stimulated with 100 ng/ml OSM
for 5-60 min. (A) Assays for MAPkinase activity were conducted
in the supernatants as described in Fig. 2. Error bars represent SEM
(duplicate measurements). Similar measurements were made in
HUVECsduring treatment with 100 ng/ml OSM. (B) Autoradio-
gram of APT immunoblot on KSL-1 material, showing appearance
of p42 at 10 and 30 min after addition of OSM.

OSM. Inasmuch as other growth factors for KS cells exist (7,
9), we do not imply, however, that the MAPkinase cascade is
the sole pathway responsible for cellular growth.

Discussion

The data in this paper show induction of tyrosine protein ki-
nase (TPK) activation by OSMin three KS cell lines along
with the activation of p42 'K/ERK-2. The stimulation of cell
growth and activation of MAPkinase by OSMhad similar dose
dependence. Moreover, OSM-induced cell growth was inhib-
ited in parallel with the p42 K activation by TPK inhibitors,
geldanomycin and genistein. r.IL-6 and LIF did not activate
TPKor MAPkinase activity in KS cells.

OSMis a member of a family of related cytokines that
include LIF, IL-6, and granulocyte colony-stimulating factor
( 17). Its cellular effects are pleiotropic and include growth inhi-
bition of various tumor cells, growth stimulation of fibroblasts
and smooth muscle cells, induction of IL-6 production in hu-
man endothelial cells, and induction of acute phase protein
synthesis in the hepatoma cell line, Hep G2 (10, 15, 16, 21 ).
Recently, it was demonstrated that OSMis a potent growth
factor for human KS cell lines ( 12, 13). In addition, KS cells
adopt a spindle shape during OSMtreatment and are induced
to secrete IL-6 (10, 12). Although OSMhas been cross-linked
to a membrane protein of 150-160 kD in HECs, we do not
know the specific composition and molecular mechanism of
action of this receptor (16). We suspect, however, that the
OSMreceptor may belong to the cytokine receptor family be-
cause its ligand is structurally related to LIF and IL-6 (17). The
1 30-kD subunit of the IL-6R serves as a signal transducer for
IL-6, LIF, and OSM(17, 19, 44). Since the OSMreceptor
complex can include the gpl 30 subunit of the IL-6 receptor,
and either the a-chain of the LIF receptor ( 18, 19, 44) or a
putative a-chain of the OSMreceptor, the differential expres-
sion of these receptor complexes on KS cells could help distin-
guish their response from that of other cell types to OSM. One
way in which this can be accomplished is by expression of
different a subunit combinations (i.e., the a-chain of LIF,
OSM, or IL-6 receptor) with gpl 30 on the cell surface (44).
Alternatively, the post-OSM receptor pathways may differ be-
tween KS cells and their normal mesenchymal counterparts.
Results in this paper are in favor of the former notion.

In looking for a signaling pathway related to the OSMre-
ceptor, we were influenced by previous findings which indi-
cated that OSMinduces tyrosine protein phosphorylation in
hepatocytes and HECs ( 16, 21). In addition, we have previ-
ously shown that two members of the cytokine receptor family,
GM-CSF-R(22) and IL-6R,2 stimulate tyrosine protein phos-
phorylation in association with activation of the Ser/Thr ki-
nase, p42'K, also known as ERK-2 (24). In this paper, we
show that OSMstimulates tyrosine phosphorylation of a 42-
kD protein in all three KS cell lines tested (Fig. 1, A and B).
The 42-kD substrate was identified as ERK-2 on the basis of its
coelectrophoresis with activated ERK-2 on SDS-PAGE(Fig. 1
A). Moreover, an immobilized anti-phosphotyrosine antibody
removed ERK-2 and MAPkinase from the supernatants of
OSM-treated but not control cells (Fig. 3).

In keeping with its intimate relationship with mitogenic
responses in other cell types (26, 36-38), ERK-2/p42MA'K ap-
pears to play an important role in OSM-mediated KS cell
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Table II. OSMStimulates a Dose-dependent Growth Response
in KSL-J Cells

3H-TdR uptake

cpm±SD

Control 1,179+214
OSM, 2 ng/ml 2,844±38
OSM, 10 ng/ml 4,172±881
OSM, 100 ng/ml 5,398± 1,447
OSM, 250 ng/ml 5,438±1,195

75 X 103 KSL-l cells were plated in quadruplicate in each well of a
24-well culture plate and OSMwas added at the indicated concentra-
tions for 36 h. 1 UCi [3H]TdR was added for the last 18 h in culture
before cell harvest and scintillation counting.

growth. First, there was almost similar dose dependence for
induction of cell growth and MAPkinase activation by OSM
(Tables II and III). Second, interference with p42 MAPKtyrosine
phosphorylation and activation occurred in parallel with di-
minished KS cell growth (Table IV and Fig. 5). Also, the IC50
for geldanomycin inhibition of cell growth and kinase activa-
tion was identical (30 ng/ml). While we cannot exclude the
possibility that inhibition of tyrosine phosphorylation of other
substrates by genistein and geldanomycin contribute to KS
growth arrest, it is reasonable to suggest that the effect of these
drugs is partially mediated through MAPkinase inhibition.
Although its exact role in KS growth still remains to be eluci-
dated, it is attractive to postulate that p42 1K/ERK-2 phos-
phorylates transcriptional activators and/or other growth-as-
sociated Ser/Thr kinases (e.g., p9ORSK) that are involved in
OSM-induced KS cell growth (32-34). Since we have only
tested three KS cell lines, it is possible that some heterogeneity
may be found with respect to the growth pathway in KS.

The stimulation of tyrosine protein phosphorylation and
activation of p42MAPK/ERK-2 by OSMappear to be related
events. p42 MAPKactivation closely followed the OSM-induced
appearance of p42 on APT immunoblots (Fig. 4). Moreover,
interference of OSM-induced tyrosine phosphorylation by the
TPK inhibitors, geldanomycin and genistein, diminished
p42MAPKactivation (Fig. 5). p42 MAPKactivation by mitogenic
receptors is dependent on the dual phosphorylation of this ki-
nase on Thr- 183 and Tyr- 185 residues by a complicated affer-
ent kinase cascade (27, 40-42). During its posttranslational
modification, p42 MAPK/ERK-2 undergoes conformational
change as evidenced by gel mobility shift during OSMtreat-
ment (Fig. 1 A) (39). It is generally accepted that an afferent
"MAP kinase kinase" is responsible for the phosphorylation
and activation of p42 MAPK/ERK-2 (40-42). The gene for such
a kinase, designated MEK(MAP kinase/ERK kinase), has
recently been cloned, and, although it resembles a Thr/Ser
kinase, its product can phosphorylate MAPkinase on both

Table III. OSMActivates MAPKinase in a Dose-dependent
Fashion in KSL-J Cells and HUVECs

32P incorporation in MBPpeptide

KSL-1 HUVECs

cpm ± SEM

Control 7,486±1,075 3,245±168
OSM, 1 ng/ml 8.654±18 3,783±242
OSM, 10 ng/ml 10,241± 1,028 8,605± 103
OSM, 100 ng/ml 28,989±1,898 28,684±2,430
OSM, 200 ng/ml 29,258±2,218 30,518+2,511

Duplicate aliquots of KSL-1 (2 x 106 cells) or HUVECs(3 X 106 cils)
were treated with the indicated concentrations of OSMfor 10 min.
MAPkinase activity was determined by in vitro assay as described in
Methods.

threonine and tyrosine residues (42). Another possibility, how-
ever, is that MEKphosphorylates p42 MAPKon Thr- 183 and
induces it to autophosphorylate on Tyr-185 (45). Whatever
the exact mechanism of MAPkinase tyrosine phosphorylation,
recent studies have shown that receptor-associated TPKs, in-
cluding members of the src family, can participate in the MAP
kinase activation cascade. We and others have previously
shown that activation of p42 MPKby the T cell antigen receptor
involves a src family member, p561ck (46, 47). Moreover, in
endothelial cells, OSMactivates another src-like kinase, p62Yes
( 16). From the perspective of the src-kinase family, it is also
interesting to note that these kinases functionally interact with
the ras oncogene product to the extent that dominant negative
ras can disrupt MAPkinase activation in v-src transfected cell
lines (48). It may therefore be relevant that ras oncogene ex-
pression is increased in the majority of KS lesions (49).

Since it has previously been suggested that KS cells and
HECshare a commonancestry, it is interesting that OSMacti-
vated p42 MAPKin HUVECs(Figs. 1 D and 2). Another cell
type of the same putative lineage, aortic smooth muscle cells,
also responded to OSMtreatment with p42 1K activation
(not shown). The biochemical responses of KS and HUVECs
differed, however, during r.IL-6 and LIF treatment. Both cyto-
kines induced tyrosine protein phosphorylation in HUVECs
but not KS cells (Fig. 1 ). The lack of a biochemical response to
LIF in KSL- 1 cells agrees with failure to proliferate. The most
likely explanation is that the a-subunit of the LIF receptor is
not expressed in KS cells. Although there has been good cir-
cumstantial evidence for a possible role for IL-6 in KS cell
growth (5), our published data show that there is no effect of
exogenous IL-6 in the absence of inhibiting of endogenous IL-6
expression by IL-6 specific antisense oligonucleotides (5). It is
possible, however, that IL-6 may contribute to KS lesions in
some alternate way because of its abundant expression in tu-
mor sites and the anti-proliferative effect of antisense mRNA

and APT immunoblotting as described in Methods. A shows the effect of geldanomycin on MAPkinase activity in KSL- I cells. 32P incorporation
into MBPpeptide in control cells, not exposed to OSM, was 5,423±158 cpm. B shows the effect of genistein on MAPkinase activity in EDS
cells. 32p incorporation into MBPpeptide in unstimulated cells amounted to 3,766±486 cpm, while in r.IL-6-treated cells the value was
4,676±846. Cshows the autoradiogram of the APT immunoblot conducted on KSL- 1 material. Lane 1, control cells, no geldanomycin exposure;
lane 2, 100 ng/ml OSMin absence of geldanomycin; lanes 3 and 4, 100 ng/ml OSMin cells preloaded with 10 and 100 ng/ml geldanomycin,
respectively. D shows the autoradiogram of the APT immunoblot performed on soluble EDSextracts. Lane 1, control cells, no genistein expo-
sure; lane 2, 100 ng/ ml OSMin the absence of genistein; lanes 3-5, 100 ng/ ml OSMafter preloading with 5, 10, and 30,uM genistein, respectively.
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Table IV. Effect of Geldanomycin on OSM-stimulated
KSL-J Growth

[3H]TdR uptake

OSM OSM
Geldanomycin Control 10 ng/ml 100 ng/ml

ng/ml cpm

0 7,160+2,224 9,391+1,657 9,240±966
1 5,750±1,377 9,560±3,270 8,160+1,713

10 5,980±2,575 7,435+ 1,694 6,520±2,222
100 1,300±148 1,785±355 2,810±1,123

[3H]TdR was determined as in Table I. Geldanomycin was added at t
= 0 together with OSMat the indicated concentrations. [3H]TdR
was added at t = 18 h and cells were harvested at t = 36 h.

in KS cells (5). Wepropose that the OSMreceptor on KS cells
consists of a specific OSMa-subunit which interacts with
gp 130, and that this receptor complex constitutes an important
growth pathway. Other growth pathways must, however, also
be considered because it has clearly been reported that the de-
velopment of KS lesions involves a complex cascade of cyto-
kines and other growth factors (2). For instance, other
members of the cytokine receptor family, such as IL- 11 and
ciliary neurotrophic factor (CNTF) receptors, may play a role.
In addition, the growth-promoting effects of HIV- 1 TAT pro-
tein (9) and platelet-derived growth factor (7) on KS cells re-
quire consideration. Whether these growth factors, like OSM,
activate a TPK and MAPkinase cascade in KS cells is un-
known and worthy of further study.
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