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IL-6 mediates growth of some human multiple myeloma (MM) cells and IL-6-dependent cell lines. Although three IL-6 signaling 
pathways  (STAT1,  STAT3, and Ras-dependent MAPK cascade) have been reported, cascades mediating IL-6-triggered growth of 
MM cells and cell tines are not defined. In this study, we therefore characterized IL-6 signaling cascades in MM cell lines, MM 
patient cells,  and IL-6-dependent B 9  cells to determine which pathway mediates IL-6-dependent growth. IL-6 induced phos- 
phorylation of JAK kinases and gp130, regardless of the proliferative response of MM cells to this growth factor. Accordingly, 
we next examined downstream IL-6 signaling via the STAT3,  STAT1, and Ras-dependent mitogen-activated protein kinase 
(MAPK) cascades. IL-6 triggered phosphorylation of STATl and/or  STAT3 in MM cells independent of their proliferative re- 
sponse to IL-6. In contrast, IL-6 induced phosphorylation of Shc and its  association with Sosl, as well as phosphorylation of 
MAPK, only in MM cells and B 9  cells that proliferated in response to IL-6. Moreover, MAPK antisense, but not sense, oligo- 
nucleotide inhibited IL-6-induced proliferation of these  cells.  These data suggest that STATl and/or STAT3 activation may occur 
independently of the proliferative response to IL-6, and that activation of the MAPK cascade is an important distal pathway for 
IL-6-mediated growth. The lournal of Immunology, 1997,  159: 221 2-2221. 

I nterleukin-6 is a multifunctional cytokine that induces B  cell 
differentiation, as well as proliferation of human multiple my- 
eloma (MM)' cells and IL-6-dependent cell lines. Specifically, it 

is an  autocrine and paracrine  growth  factor for some human MM cells 
( I ,  2). Kawano  and  colleagues initially postulated an autocrine growth 
mechanism, since MM cells  secrete  and specifically proliferate to IL-6 
in vitro ( I ) .  More recently, triggering of MM cells  via  cell  surface 
CD40 has induced IL-6-mediated autocrine MM cell growth (3, 4). 
On  the  other hand, IL-6-mediated paracrine MM cell growth is sup- 
ported by the observations that bone  marrow stromal cells (BMSC) 
are  the major source  of  IL-6 in MM  (2,5,6), that freshly isolated MM 
cells cultured without exogenous  IL-6 rapidly stop proliferating (7), 
and that adhesion of MM cells to  BMSC up-regulates IL-6 secretion 
by BMSC (8, 9). Most recently, IL-6  has  also been demonstrated  to 
inhibit MM cell apoptosis triggered by corticosteroids, semm starva- 
tion, and  anti-Fas (10-12). 

IL-6 specifically binds to a cell  surface  receptor  consisting of 
two  subunits, the ligand-binding  gp80 IL-6R and  the  signal-trans- 
ducing  gp130  components ( 1  3). Binding of IL-6 to IL-6R induces 
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homodimerization of gp130  and  activation of the  JAK  (Janus ki- 
nase)  family of tyrosine  kinases, JAKI,  JAK2,  and/or  Tyk2 (14- 
18); activated  JAK  family  kinases  phosphorylate gpl30 (1  7). Fol- 
lowing  activation of these  tyrosine  kinases,  three  downstream 
pathways  have been  reported (19, 20).  First,  the  phosphorylated 
gp130  binds  to  STAT3, which is  phosphorylated by JAK  family 
kinases;  homodimers of phosphorylated  STAT3  rapidly  migrate to 
the nucleus  and bind to  IL-6  response  elements on the  promotor of 
IL-6-induced  genes (1 8, 21-26). Second,  IL-6  phosphorylates 
STATl,  and  heterodimer of tyrosine-phosphorylated  STAT1  and 
STAT3  binds  the  nuclear  DNA  sequence termed GAS  (IFN-y- 
activated  sequence) or SIE  (sis-inducible  element) (1 6,  18,27-30). 
Finally,  IL-6  can  also  activate the Ras-dependent  mitogen-acti- 
vated  protein  kinase (MAPK)  cascade, with sequential  activation 
of Shc  (Src  homology  2/a-collagen  related),  Grb2, Son of seven- 
less 1 (Sosl),  Ras,  Raf,  MEK,  and  MAPK;  this  cascade ultimately 
leads  to  activation of transcription factors  NF-IL-6  or  AP-I  com- 
plex (JunRos) (31-36). Recent  reports  have  demonstrated that 
STAT3 activation is a critical  step i n  differentiation and  growth 
arrest of the  M1  murine  myeloid  leukemia cell line (37, 38), and 
that STAT3  also  mediates  inhibition of apoptosis (39). However, 
which of these  cascades  mediates  IL-6-dependent MM or cell line 
growth  has not  been delineated. 

In the present  study,  we  examined activation  of IL-6  signaling 
cascades in patient MM  cells, "-derived cell lines,  and  IL-6- 
dependent B9 cells, Activation of STAT1  and/or  STAT3 in re- 
sponse  to  IL-6  was  demonstrated in cells that do not  proliferate in 
response  to  IL-6,  as well as in IL-6-dependent  B9  cells. In contrast, 
IL-6  triggered activation of the  Ras-dependent  MAPK  cascade, 
evidenced by phosphorylation of Shc,  coimmunoprecipitation of 
phosphorylated  Shc with Sosl, and  phosphorylation of Erk2 
(MAPK)  was  observed only in B9  cells  and  MM2 patient cells, 
both of which proliferate in response  to IL-6. Moreover, MAPK 
antisense  (but not sense)  oligonucleotide  (ODN),  which specifi- 
cally  abrogates  MAPK  protein  expression  and  kinase  activity, in- 
hibited proliferation of B9  cells  and  MM patient cells  triggered by 
IL-6. In contrast, neither p38 nor JNKl kinase  activities in B9  cells 
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were altered  by  treatment  with IL-6 or MAPK antisense ODN. 
These  data  suggest  that   IL-6-triggered  proliferation of MM cells 
and B9 cells can be mediated  via  the MAPK cascade. 

Materials and Methods 
M M  cells and  MM-derived  cell lines 

MM  cells  (99%  CD38'CD45RA-)  were  obtained  from  the  peripheral 
blood of a  patient with plasma cell leukemia (MMI), and  from  a  malignant 
pleural effusion in a patient with multiple  myeloma ("2). Mononuclear 
cells  were  isolated by Ficoll-Hypaque  density-gradient  centrifugation, 
washed,  and  resuspended in RPMI  1640  media  (Mediatech.  Washington, 
DC)  containing 10% FBS  (PAA  Laboratories,  Newport  Beach,  CA), L- 
glutamine. 100 U/ml penicillin, and 100 U/ml streptomycin.  Hs  Sultan 
(40). RPMI  8226 (41). ARH77 (42), IM9  (43).  and U266 (44) human 
MM-derived  cell  lines were obtained  from  American  Type  Culture  Col- 
lection (Rockville,  MD).  The  U1958 cell line (45) was kindly provided by 
Dr. Kenneth Nilsson (Uppsala  University,  Uppsala,  Sweden).  Cells  were 
cultured in RPMI 1640 media  containing 10% FBS, L-glutamine, 100 U/ml 
penicillin.  and 1 0 0  U/ml streptomycin.  The  OCI-My5  human  MM cell line 
(46) (kindly  provided by Dr. H. A.  Messner.  Ontario  Cancer  Institute, 
Toronto.  Canada)  was  maintained in Iscove's modified Dulbecco's  me- 
dium  containing 10% FBS, L-glutamine. 100 U/mI penicillin.  and 100 U/ml 
streptomycin.  The B9 murine  IL-6-dependent  hybridom3/plasmacytoma 
cell line (47) (a kind gift of Dr. Lucien  Aarden.  The  Netherlands Red Cross 
Blood  Transfusion Serv~ce. Amsterdam,  The  Netherlands)  was  maintained 
in RPMI 1640 media  supplemented with 10% FBS,  50 p M  2-ME  (Sigma 
Chemical Co.. St.  Louis,  MO). L-glutamine, 100 U/ml penicillin, 100 U/ml 
streptomycin, and 1 ng/ml rIL-6  (Genetics  Institute,  Cambridge.  MA). 

Reagents 

The  anti-gpl30.  JAKI,  Tyk2, Sosl, and  anti-phosphotyrosine 41310 Abs 
were  obtained from Upstate  Biotechnology  (Lake  Placid, NY). The  anti- 
JAK2.  Shc. Erk l ,   md Erk2  Abs  were  purchased  from  Santa  Cruz  Biotech- 
nology (Santa  Cruz. CA). The  anti-STAT3  Ab (22) was kindly provided by 
Dr.  Shizuo Akira (Institute  for  Molecular and Cellular  Biology,  Osaka 
Univeraity. Osaka,  Japan). 

Assays of  DNA synthesis 

DNA synthesis of MM cells  stimulated by IL-6  was  measured by tritiated 
thymidine  (['HITdR)  incorporation. Briefly, I X 10' cells  in  200 p1 of 
RPMI  1640  media  without  FBS  were  cultured  for  48  h in 96-well  culture 
plates i n  the  presence  or  absence  of 100 ng/ml of IL-6.  Cells  were labeled 
with I pCi/well of I3H]TdR (sp.  act., 603.1 GBq/mmol)  (DuPont,  Wil- 

the aid of the HARVESTAR 96 MACH II  (Tomtec,  Orange,  CT). and 
mington,  DE)  during  the last 6 h of culture, harvested  onto  glass filters with 

counted on a 1205 BETAPLATE ( W a l k ,  Finland).  Proliferation  was  de- 
tined by the stimulation  index (SI): [3H]TdR  uptake of sample in media 
plus  IL-6/[  'HJTdR  uptake of  control  sample i n  media  alone. 

Immunoprecipitation and immunoblotting 

For  immunoprecipitation  experiments, 2 X IO' cells were cultured  for I h 
in the absence of serum  and  growth  factors.  After I-h incubation with I 
mM sodium  o-vanadate  (Sigma  Chemical Co.). cells were stimulated with 
I00 ng/ml of IL-6  for  30 min at 37°C.  Cells were then washed  twice with 
ice-cold Tris-buffered  saline  containing I mM  of  sodium  orthovanadate 
and  resuspended  for 30 min at 4°C in 1 ml  of lysis buffer:  0.5%  Nonidet 
P-40, 10 mM Tris-HCI. pH 7.6. 150 mM NaCI, 5 mM EDTA, 2 mM 
sodium  o-vanadate (Na,VO,). I mM PMSF, 5 p g  aprotinin/ml. and I mM 
NaF. Cell  lysates were centrifuged (10.000 X g at 4°C) and then precleared 
for I h with protein A Sepharuse  CL-4B  or  protein G Sepharose  4FF 
(Pharmacia,  Uppsala,  Sweden).  The  precleared  supernatant was then im- 
munoprecipitated  overnight  at 4°C with specific  Abs  and pelleted by pro- 
tein A  Sepharose C L 4 B   o r  protein G Sepharose  4FF.  The  immunopre- 
cipitates  were  washed with lysis buffer three  times and then boiled for 5 
min,  using  a modified Laemmli's  method, in  loading  buffer:  0.0625  M 
Tris-HCI, pH 6.8, 2% SDS. 10% glycerol, 5% Z-ME, and 0.001% Bromo- 
phenol Blue.  The  supernatants  were  analyzed by SDS-PAGE  and  subse- 
quent  ilnmunoblotting with 4GIO  anti-phosphotyrosine  mAb  using an 
enhanced  chemiluminescence  detection  system  (Amersham,  Arlington 
Heights, IL). 

OON treatment of cells 

Antisense  strategy  for  depleting  MAPK  was  described  previously  (48). 
Antisense ODN with the sequence  5'-GCC  GCC  GCC  GCC  GCC  AT-3', 

Table I .  11-6 triggering  proliferation of  MM  patient  cells as well as 
MM-derived cell lines" 

[L-6 ( - )  cpm i l -6 (+) cpm s l', 

U1958  18,189 t 1,763  17,621 t 583 1 .o 
Hs Sultan 6,394 t 621  6,281 i 425 1 .0 
RPM18226 1 1,684 t 1,808  14,182 i 1,460 1 . 1  
E39 
ARH77 

5,252 2 1,009  36,158 t 1,665 6.9 
2,438 rf- 321  2,589 2 183 

IM9 
1.1 

9,382 t 628  10,321 i 1,235  1.1 
OCI-My5  29,121 t 457  35,820 2 1,148  1.2 
U26b  9,798 t 140  13,512 t 741  1.4 
MM 1 2,831 t 432 
MM2 

3,692 t 526  1 .3  
2,154 t 521  7,114 t 724 3 . 3  

Cells were labeled with 1 kCi/well of I'HITdR during the last 1 2  h of culture, 
'I Cells (1 X lo5)  were cultured for 7 2  h i n  the presence or absence of IL-6. 

harvested onto glass filters, and  then counted by beta counter. 
"SI; I'HlTdR uptake of sample in media plus IL-6/1 'HITdR uptake of control 

sample in medla alone. 

and sense  ODN with the sequence  5'-ATG  GCG GCG GCG  GCG  GC-3' 
were  synthesized on an automated  DNA  synthesizer  (DFCI  Molecular  Bi- 
ology  Core  Facilities,  Boston, MA). Two hundred  microliters of either 
sense  or  antisense ODN ( I  p M )  were added to  RPMI 1640 (170 pl) and 
Lipofectin  solution (30 pl) (Life  Technologies.  Grand  Island,  NY), and 
incubated at room temperature  for 15 min. This  mixture was added  to the 
cells  for 5 h at 37°C in the presence of 5% CO,. Then.  cells were washed 
and  suspended in media with ODN. hut without Lipofectin  solution. and 
ODN  replenished  every 24  h. Total cell lysates of BY and  MM2  cells  after 
24-h incubation  were  analyzed  for  Erk2  expression  using  anti-Erk2  Ab 
(Transduction  Laboratories, Lexington, KY).  For proliferation assays, I X 
10' celld200 pI were cultured with serial doses of IL-6 for  48  h.  Cells  were 
pulsed  during the last 12 h of 48-h  cultures with I pCi of ['HITdWwell, 
harvested  onto  glass filters, and counted on a  scintillation  counter. 

Immune  complex kinase assays 

In vitro  kinase  assays  were performed as previously described (49). Lysates 
were  precleared by incubating with 5 mg/ml of rabbit anti-mouse  IgC  for 
1 h at 4°C. and then for an additional 30-min incubation with protein A 
Sepharose  CL-4B.  The  supernatants were incubated with preimmune rabbit 
serum  or specific Abs  for  MAPK, p38, or  JNKl kinase  for 2 h at 4°C 
before the  addition of protein A Sepharose  CL-4B.  The  immune  complexes 
were  washed  three  times with lysis buffer and once with kinase buffer, and 
resuspended i n  kinase buffer containing  [y-"PIATP  (3000  Ci/mmol:  Du- 
Pont NEN. Boston, MA) and myelin basic protein,  GST-activated  tran- 
scription  factor 2 (provided by Dr. Roger  Davis, University of Massachu- 
setts Medical School,  Worcester,  MA).  or  GST-Jun (2-100). as  substrates. 
The reaction was  incubated  for 15 min at 30°C and terminated by the 
addition  of SDS sample buffer. The  phosphorylated  proteins  were resolved 
by 10% SDS-PAGE and analyzed by autoradiography. 

Results 
Effects of IL-6 on  proliferation  of patient M M  cells, as well as 
MM-derived  cell lines 

The effect  of  IL-6 on DNA  synthesis  by MM patient  cells, as well 
as MM-derived cell lines, was analyzed  by  ['HITdR  uptake. As 
shown in Table  I, B9 IL-6-dependent  cell line showed  significant 
increases in proliferation (SI 6.9,p < 0.00s) in response to  IL-6 
(100 ngiml). MM2 patient cells similarly proliferated to IL-6 (SI 
3.3, 11 < 0.005). No significant  change in DNA synthesis of 
U1958, Hs Sultan, RPMI 8226, ARH77,   IM9.OCI-MyS,   U266,  or 
MMI patient cells was noted in response to  IL-6. 

Effects of IL-6 on tyrosine phosphorylation  of JAK family 
(JAKI, JAK2, and Tyk2) protein kinases 

To determine  whether IL-6 induces  tyrosine  phosphorylation of 
JAK family kinases, MM patient  cells, as well as MM-derived  cell 
lines, were cultured in  the presence or absence of IL-6 for 30 min. 
Cell lysates  were  immunoprecipitated  with  Abs to J A K I ,   J A K 2 ,  
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A) Phosphotyrosine Blot 
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FIGURE 1. Effects  of IL-6 on JAKl phosphorylation in MM patient  cells, as well as MM-derived  cell  lines.  Patient MM cells, as well as MM 
cell-derived  lines, were cultured either in media alone (-) or  with (+) 100 n g m l  of IL-6  for 30 min. Cell  lysates  from  control  and  IL-6-treated cells 
were immunoprecipitated with  anti-JAK1  Ab. A, The precipitates were resolved  by 5% SDS-PAGE, and  phosphorylation of JAKl was detected by 
anti-phosphotyrosine Ab. B, The  blot was stripped  and  reprobed  with anti-JAK1  Ab. 

A) Phosphotyrosine Blot 
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FIGURE 2. Effects  of IL-6 on JAK2 phosphorylation in MM patient  cells, as well as MM-derived  cell  lines.  Patient MM cells, as well as MM 
cell-derived  lines, were cultured either in media alone (-) or  with (+) 100 ng/ml of  IL-6  for 30 min. Cell  lysates  from  control  and  IL-6-treated cells 
were immunoprecipitated  with anti-JAKZ  Ab. A, The precipitates were resolved by 5% SDS-PAGE, and  phosphorylation of JAKZ was detected by 
anti-phosphotyrosine Ab. B, The  blot  was  stripped  and  reprobed  with  anti-JAK2 Ab. 

and Tyk2, and tyrosine-phosphorylated proteins were detected us- 
ing the 4G10 anti-phosphotyrosine mAb (Figs. 1-3). JAKl protein 
was present in all cell lines studied (Fig. I B ) .  JAK2 (Fig. 2B) and 
Tyk2 (Fig. 3B) proteins were present in all cell lines studied,  ex- 
cept for  MMI patient cells. IL-6 up-regulated phosphorylation of 
JAKl in RPMI 8226, B9, OCI-My5, and U266  cells (Fig. IA). 
JAK2 phosphorylation was stimulated by IL-6 in MM2 patient 
cells (Fig. 2 A ) .  Finally, IL-6 triggered phosphorylation of Tyk2 in 
RPMI 8226 and B9 cells (Fig. 3A). In IM9 cell lines, JAKl and 
Tyk2 were also phosphorylated slightly by IL-6. In these experi- 
ments, reprobing the blots with anti-JAKI, anti-JAK2, and anti- 
Tyk2 Abs, respectively, showed equal  amounts of protein in both 
IL-6-treated and nontreated cells of each type studied (Fig. IB, 2B, 
and  3B). 

Effects of IL-6 on tyrosine phosphorylation of gp130 

gp130 is phosphorylated by activated JAK family kinases; we 
therefore next examined whether gp130 phosphorylation was trig- 
gered by IL-6. gp130 protein was present in all cell lines studied 

(Fig.  4B).  Tyrosine phosphorylation of gp130 was markedly up- 
regulated by IL-6 in RPMI 8226, B9, OCI-My5, U266, and IM9 
cells (Fig. 4A), in which at least one of the JAK family tyrosine 
kinases was also phosphorylated in response to IL-6. Although 
IL-6 induced phosphorylation of JAK2 in MM2 patient cells, it did 
not trigger phosphorylation of gp130. Finally, in  Hs Sultan, 
ARH77, and MMI patient cells, IL-6 did  not trigger phosphory- 
lation of either JAK kinases or gp130 (Fig. 4A). Reprobing of the 
blot with anti-gpl30 confirmed equivalent protein amounts in both 
IL-6-treated and nontreated cells of each type (Fig. 4B). 

Effects of IL-6 on the tyrosine phosphorylation of STATl  and 
STA  T3 

We next assayed the phosphorylation state of STATl and STAT3 
kinases in control and IL-6-treated MM cells. As shown in Figure 
5B, STAT1 protein was present in all cell lines studied. IL-6 trig- 
gered phosphorylation of both STATl proteins (p91 and p84) in 
RPMI 8226, OCI-My5, U266, and IM9 MM cells (Fig. 5A) .  p84 
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A) Phosphotyrosine Blot 

U1958 HsSultan RPMI8226 E9 ARH77 IM-9 OCI-MyS U266 MM-1 MM-2 
""""" - +  - +   - +  - +  "I- - +  - +  

lggr +"[ . , 
120 I 

87 
8 -  4 

48 i 
- +  - +   - +  

B) Tyk2 Blot 

FIGURE 3. Effects  of  IL-6  on  Tyk2 phosphorylation in MM patient  cells, as well as MM-derived  cell  lines.  Patient MM cells,  as  well as MM 
cell-derived  lines, were cultured either in media alone (-)or with (+) 100 n d m l  of IL-6  for 30 min. Cell  lysates  from  control  and  IL-6-treated cells 
were immunoprecipitated  with  anti-Tyk2 Ab. A, The precipitates were resolved by 5% SDS-PACE, and  phosphorylation of Tyk2 was detected by 
anti-phosphotyrosine Ab. B, The blot  was  stripped  and  reprobed  with  anti-Tyk2 Ab. 

A) Phosphotyrosine Blot 

U1958 HsSultan RPM18226  E9 ARH77 IM-9 OCI-My5 U266 "-1  "-2 
""""" - +  - +  - +  - +  - +  - +   - +  - +  - +  - +  

120 

87 

48 

B) gp130 Blot 

FIGURE 4. Effects of IL-6 on gpl30 phosphorylation in MM patient cells, as well as MM-derived  cell  lines.  Patient MM cells, as well as MM 
cell-derived  lines,  were  cultured either in media alone (-1 or  with (+) 100 n d m l  of  IL-6  for 30 min.  Cell  lysates from control  and IL-6-treated cells 
were immunoprecipitated with anti-gpl30 Ab. A, The precipitates were resolved by 5% SDS-PAGE, and  phosphorylation of gpl30 was  detected 
by anti-phosphotyrosine Ab. B, The  blot was stripped  and  reprobed  with anti-gpl30 Ab. 

phosphorylation was weaker than that of p9 I in RPMI 8226, OCI- 
My5, and U266 cells. Stripping and reprobing of the blot with 
anti-STAT1 Ab demonstrated equal protein amounts in both IL- 
6-treated and nontreated cells of each cell type (Fig. 5 B ) .  

IL-6 induced phosphorylation of STAT3 in RPMI 8226, B9, 
OCI-My5, and U266 MM cell lines (Fig. 6A). Two phosphorylated 
bands were observed on the immunoblots of B9 and OCI-My5 
cells, both of which reacted with anti-STAT3 Ab. Cytokines that 
activate gp130 can induce two distinct forms of STAT3 (p88 
STAT3f and p90  STAT3s) (50), and the two phosphorylated 
STAT3 bands induced by IL-6 in B9 and OCI-My5 cell may rep- 
resent STAT3s and STAT3f. Reprobing of the blot with anti- 
STAT3  Ab showed equal protein amounts in  both IL-6-treated and 
nontreated cells of each cell type (Fig. 6B). 

Effects of IL-6 on the  tyrosine phosphorylation of Shc, 
association of phosphorylated Shc with Sos I ,  and  tyrosine 
phosphorylation of MAPK 

To determine whether Ras-dependent MAPK cascade is activated 
by IL-6 stimulation, we probed for activation of three proteins 

(Shc, Sosl, and MAPK) in this pathway. Characteristic Shc bands 
(p52 and p46) were intrinsically phosphorylated in U1958, Hs Sul- 
tan, ARH77.OCI-My5, and U266 cells,  as well as  MMI and MM2 
patient cells (Fig. 7A). IL-6 triggered phosphorylation of p52 in 
B9, IM9, and MM2 patient cells. Reprobing of the blot with anti- 
Shc Ab showed equal protein amounts in both IL-6-treated and 
nontreated cells of each type (Fig. 7B). 

In this cascade, Sosl associates with the adapter  Grb2 protein, 
and the Grb2-Sosl complex then associates with phosphorylated 
Shc (51). To determine whether Sosl is associated with phosphor- 
ylated Shc, cell lysates were immunoprecipitated with anti-Sosl 
Ab and then probed with anti-Shc Ab. Up-regulation of the asso- 
ciation of Sosl and Shc was triggered by IL-6 only in B9 and 
MM2 patient cells (Fig. 8A) .  Sosl and Shc coimmunoprecipitation 
were not observed in IM9 cells, in spite of Shc phosphorylation, 
suggesting a blockade in signaling between Shc and Sosl. Sosl 
protein was present in all cell lines studied, except for U266 and 
MMI patient cells (Fig. 8B). 

To further confirm MAPK cascade activation, we probed for 
tyrosine phosphorylation of MAPK (Erkl and Erk2), which is 
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A) Phosphotyrosine Blot 
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B) stat1 Blot 

FIGURE 5. EHects of IL-6 on STAT1 phosphorylation in MM patient  cells, as well as MM-derived  cell  lines.  Patient MM cells, as  well as MM 
cell-derived  lines, were cultured either in media alone (-)or with (+ )  100 n d m l  of I L - 6  for 30 min. Cell  lysates  from control  and  IL-6-treated  cells 
were immunoprecipitated  with anti-STAT1  Ab. A, The precipitates were resolved by 5% SDS-PAGE, and  phosphorylation of  STATl was  detected 
by anti-phosphotyrosine Ab. B, The  blot was stripped  and  reprobed  with anti-STAT1 Ab. 
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FIGURE 6. Effects  of IL-6 on STAT3 phosphorylation in MM patient cells, as  well  as  MM-derived  cell  lines.  Patient MM cells, as well as MM 
cell-derived  lines, were cultured either in media alone ( - )  or with (+) 100 ndrnl of  IL-6  for 30 min. Cell lysates from control  and IL-6-treated cells 
were immunoprecipitated with  anti-STAT3  Ab. A, The precipitates were resolved by 5% SDS-PAGE, and  phosphorylation of  STAT3 was detected 
by anti-phosphotyrosine Ab. R, The blot  was  stripped  and  reprobed  with  anti-STAT3 Ab. 

phosphorylated on threonine and tyrosine residues following mi- 
togen stimulation (32,  52). Cell lysates were immunoprecipitated 
with Ab to Erk2, which cross-reacts with Erk I ,  and tyrosine-phos- 
phorylated proteins were detected using the 4GIO anti-phospho- 
tyrosine mAb. Two bands were immunoprecipitated: Erkl (p44) 
and Erk2 (p42). Up-regulation of tyrosine phosphorylation of Erk2 
induced by IL-6 was observed only in B9 and MM2 patient cells 
(Fig. 9A). confirming that the MAPK cascade was fully activated 
in IL-6-responsive B9 cells and MM2 patient cells  (Table 11). Rep- 
robing of the blot with anti-Erk2 Ab showed equal protein amounts 
in both IL-6-treated and nontreated cells of each type (Fig. 9B). 
Similar  experiments utilizing Erkl-specific  Ab demonstrated that 
IL-6 treatment of B9 cells does not induce tyrosine phosphoryla- 
tion of Erkl  (data not shown). 

Effects of MAPK sense and antisense ODN on IL-6-induced 
proliferation of B9 and patient M M 2  cells 

To further confirm the importance of the Ras-dependent MAPK 
cascade in IL-&related proliferation, we examined the effect of 

MAPK sense or antisense ODN on IL-&triggered proliferation of 
B9 and patient MM2 cells. B9 and patient MM2 cells were cul- 
tured in media alone, as well as with MAPK sense or antisense 
ODN: DNA synthesis triggered by IL-6 was measured using 
I3H]TdR incorporation. IL-6 (IO ng/ml) induced a fivefold and 
fourfold increase in proliferation of B9 cells  (Fig. IOA) and patient 
MM2 cells  (Fig. IOB), respectively. compared with cells cultured 
either in media or with MAPK sense ODN. In contrast, IL-6 did 
not induce significant increases in proliferation of B9 cells or pa- 
tient MM2 cells cultured with MAPK antisense ODN. MAPK an- 
tisense ODN, but  not sense  ODN, inhibited Erk2 protein expres- 
sion in B9 cells  (Fig. IOC) and patient MM2 cells (Fig. IOD) after 
48-h incubation. In contrast, STATl and STAT3 expression were 
not changed by culturing with MAPK antisense ODN. 

Effect of MAPK antisense O D N  on p38 and INK7 protein 
expression and kinase  activities  in B9 cells 

Given the potential for interaction of proteins within the MAPK 
family, we next examined the kinase activities of p38, JNK, and 
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FIGURE 8. Effects of IL-6 on association of Shc and Sosl in MM patient cells, as well as MM-derived cell lines.  Patient MM cells, as well as MM 
cell-derived lines,  were cultured either in media alone (-)  or with ( + )  100 nFjml of IL-6 for 30 min. Cell lysates from control and  IL-6-treated cells 
were immunoprecipitated with anti-Sosl Ab. A, The precipitates were  resolved by 5% SDS-PACE, and Shc coimmunoprecipitation with Sosl was 
detected by anti-Shc  Ab. 6, The blot was stripped and reprobed with anti-Sosl Ab. 

MAPK in IL-6-responsive B9 cells. As seen in Figure I IA (lower 
panel), MAPK kinase activity was increased in B9 cells cultured 
with IL-6. However, IL-6 did not trigger increased p38 or JNK 
kinase activities in B9 cells  (Fig. I IA, upper and middle partels). 
Moreover, treatment with MAPK antisense ODN did not alter  ei- 
ther p38 and JNKl kinase activities (Fig. 1 I B )  or protein expres- 
sion (Fig. 1 IC) in B9 cells. 

Discussion 
In this study, we characterized IL-6 signaling pathways mediating 
cell growth in patient MM cells and MM-derived cell lines that 
both proliferated to IL-6 and those that did not, as well as B9 
IL-6-dependent cells. We harvested cells at 30 min after IL-6 treat- 
ment, since our prior studies demonstrated activation of gp130, 
PTPID, Shc, and Sos in B9 cells under these conditions (53). 
Although IL-6 triggered phosphorylation of JAK family kinases, 
gp130, STATI, and/or  STAT3 in both MM cells that proliferated 

to IL-6 and those that did not, IL-6 activated the MAPK cascade 
only in B9 cells and MM2 patient cells that proliferated to IL-6 
(Table 11). Moreover, proliferation of B9 cells and MM2 patient 
cells in response to IL-6 was inhibited by MAPK antisense (but not 
sense) ODN. These  studies suggest that IL-6 can trigger growth of 
cells via the Ras-dependent MAPK cascade. 

IL-6 initially triggers phosphorylation of JAK family kinases 
(JAKI, JAK2,  Tyk2) that bind to box1 region of gp130; activated 
JAK family kinases then phosphorylate gp130  (19). Previous stud- 
ies have shown that IL-6 induces phosphorylation of JAKI in a 
wide spectrum of cell types: BAFml30 gp130-transfected murine 
proB cells; ES mouse embryonic stem cells; MI mouse myeloid 
leukemia cells; EW-I Ewing tumor cells; U266 human MM cells; 
B9E IL- I I-dependent derivatives of B9 cells;  ANBL6 IL-6-depen- 
dent human MM cells;  OCI-My4 IL-6-responsive human MM 
cells; HT1080 human fibrosarcoma cells; HepG2 hepatoma cells; 
and AFlO IL-6-dependent derivative of U266 cells (14-18, 28, 
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resolved by 10% SDS-PAGE, and  phosphorylation of MAPK was detected by anti-phosphotyrosine Ab. B, The blot  was  stripped  and  reprobed with 
anti-Erk2  Ab. 

Table I I .  Activation of 11-6  signaling  pathways  in M M  patient  cells as well as MM-derived cell  lines 

Protein Kinases 

Cells jAK1 JAK2 Tyk2 gP130 STAT 1 STAT3 Shc so5 MAPK 

33). In contrast, IL-6 does not trigger phosphorylation of JAKI in 
cells of multiple lineages: SK-MES  squamous cell lung carcinoma 
cells; TlOD cells, an IL-l I-dependent derivative of IL-6-depen- 
dent TI 105 murine plasmacytoma cells;  Y6 murine hemopoietic 
cells; 3T3-LI mouse preadipocytes; TFI multifactor-dependent 
human erythroleukemia cells; and SKW6.4 IgM-producing cells 
responsive to IL-6 (15-17, 33). Phosphorylation of JAK2 in re- 
sponse to IL-6 also varies in different cell types: JAK2 phosphor- 
ylation was triggered by IL-6 in ES, MI, BAFm 130, EW I ,  B9E, 
ANBL6, Y6, HT1080, 3T3-L1, TFI, and SKW6.4  cells (14-18, 
33). but  not in U266, OCI-My4, TIOD, and AFlO  cells (15, 16, 
33). Finally, phosphorylation of Tyk2 induced by IL-6 was dem- 
onstrated in SK-MES, U266, B9E. ANBL6, HT1080, and HepG2 
cells (14, 15, 18, 28), but not evident in EW 1, OCI-My4, and 
TlOD cells (15, 16). In our study, marked heterogeneity of JAK 
family kinase activation in  MM cells in response to IL-6 was also 
observed: JAKI, Tyk2,  and  gp130 were phosphorylated in RPMI 
8226, B9, and IM9  cells; JAK I and gpl30 were phosphorylated in 
OCI-My5 and  U266  cells;  and only JAK2 was phosphorylated in 
MM2 patient cells. Of note, gp130  was phosphorylated in response 
to IL-6 only in the cells in which JAK family kinases were also 
activated by IL-6 (RPMI  8226, U266, OCI-My5, B9, and IM9). 
These  studies suggest that JAK family kinases are differentially 
activated by IL-6 in cells of various lineages, and that all JAK 
family kinases can phosphorylate gpl30. 

After phosphorylation of JAK  family kinases and gp130, IL-6  sig- 
naling  proceeds  via  the STAT3 homodimer, STATI-STAT3 het- 
erodimer, and  Ras-dependent  MAPK  pathways.  Previous  reports 
showed  that IL-6 induced  phosphorylation  of STAT3 in HepG2, MI, 
National  Institutes  of  Health3T3,  B9,  and HT1080 cells (18, 21-23), 
but  not  in PX63AG8 MM cells (24). On  the other hand, IL-6 triggered 
phosphorylation of STAT1 in ANBL6,  HeLa,  HepG2,  SK-N-MC 
(human neuroblaqtoma  cell  line), MI, and HT1080 cells (16, 18.25, 
27,  28,  30).  but  not in B9E, TIOD, and OCI-My4 cells (16). In our 
study, STAT1 phosphorylation  triggered by IL-6  was  demonstrated in 
RPMI 8226, U266,  and OCI-My5 cells, whereas STAT3 was  phos- 
phorylated in these cell lines, as well as in B9 cells. These results 
suggest that  IL-6 activates the STAT3 homodimer pathway in  B9 
cells and the STAT3 homodimer andor STATI-STAT3 heterodimer 
pathways in RPMI 8226, OCI-My5, U266,  and IM9 cells. As  noted 
above, IL-6  stimulated  phosphorylation  of gp130 in  all of these  cells, 
suggesting that  phosphorylation of gp130 is essential for activation of 
the STAT3 homodimer or STATI-STAT3 heterodimer  pathways. In 
our studies, STAT1 and STAT3 phosphorylation  were  induced by 
IL-6, even in  RPMI 8226, OCI-My5, and  U266  cells,  which do not 
proliferate to IL-6 and are therefore judged to be IL-6  nonresponsive. 
These data suggest that these cell  lines  have a normal STAT signaling 
pathway,  and  that STAT3 homodimer andor STATI-STAT3 het- 
erodimer pathways  may be activated in  MM cells growing  indepen- 
dently of  IL-6.  Recent reports have demonstrated  that  truncated  form 
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FIGURE 10. Effect  of MAPK antisense ODN on IL- 
6-induced B9 cell  and  patient MM2 cell  prolifera- 
tion. After incubation with MAPK antisense ODN 
(a), MAPK sense ODN (O), or  media alone (O), B9 
cells ( A )  or  patient MM2 cells (B) were cultured for 
48 h with serial doses of IL-6. Cells were pulsed 
during the last 12 h with 1 pCi of 13HITdR/well.  Cell 
lysates from B9 cells ( C )  or  patient MM2 cells (D) 
cultured with MAPK antisense ODN (AS), sense 
ODN (SE), and  media alone (-)were immunoblot- 
ted  with  anti-Erk2  Ab,  anti-STAT3  Ab, and  anti- 
STATl  Ab. 
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of gp130 (box3 region deletion, IC65) induced  DNA synthesis with- 
out gpl30 and STAT3 phosphorylation ( 1  9). This further supports the 
view  that gpl30, as well as  STATl and STAT3 kinase  phosphoryla- 
tion, may  not be required for IL-6-dependent DNA synthesis. 

In previous reports, IL-6 induced activation of the Ras-depen- 
dent MAPK cascade in PC12 (rat pheochromocytoma cell line), 
AFIO, EW-I, and National Institutes of Health3T3 cells (30-35, 
36). but not in SKW6.4 and MAH (sympathoadrenal progenitor 
cell line)  cells  (30,  33).  The SH2 domain of the Grb2 adapter 
protein binds to tyrosine-phosphorylated proteins, including recep- 
tor tyrosine kinases and Shc protein, while the SH3 domains bind 
to the Ras guanine nucleotide exchanger factor, Sosl (51). In the 
current study, IL-6 induced both Shc phosphorylation and its as- 
sociation with Sosl, as well as  Erk2 phosphorylation only in B9 
and MM2 patient cells, which proliferated in response to IL-6. On 
the other hand, IL-6 triggered Shc phosphorylation without its as- 
sociation with Sosl and Erk2 phosphorylation in IL-6-nonrespon- 
sive  IM9 cells, suggesting a blockade in signaling between Shc and 
Sosl. Although constitutive Shc-Sosl binding was evident in the 
IL-6-nonresponsive U1958. RPMI 8226, ARH77, and IM9 cell 
lines, neither Shc phosphorylation nor increased Shc-Sosl binding 
was induced by IL-6. In the present and prior studies (53), IL-6 
triggered Shc-Sosl binding and phosphorylation of Shc only in B9 
and MM2 cells, which proliferate in response to IL-6. These  data 
demonstrate the importance of Ras-dependent MAPK cascade  ac- 
tivation in IL-6-dependent cell growth. Inhibition of IL-6-induced 
B9 cell and patient MM2 cell proliferation by MAPK antisense 
ODN further supports  this view. 

Given the potential for interaction of kinases within the MAPK 
family, we also examined p38 and JNKl kinases during IL-6-de- 
pendent proliferation of B9 cells. IL-6 triggered up-regulation of 
MAPK kinase activity without associated changes in p38 and 
JNKl kinase activities. To further assess the potential interactive 
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role of these kinases, we also assayed p38 and JNKl protein ex- 
pression and kinase activity in B9 cells cultured with MAPK an- 
tisense ODN. Treatment of B9 cells with MAPK antisense ODN 
inhibited MAPK protein expression and proliferation to IL-6; how- 
ever, the protein expression and kinase activities of p38 and JNKl 
were not altered under these conditions. These  data confirm the 
importance of MAPK signaling in growth, and further suggest that 
p38 and JNKl  do not play a complementary role. 

Other reports also support a critical role for the Ras-dependent 
MAPK cascade in IL-6-dependent growth. For example, cAMP is 
known to be an inhibitor of MAPK cascade by inhibiting Rafl 
activation (54), and increased cAMP inhibits IL-6-stimulated 
growth of IL-6-dependent 7TD 1 plasmacytoma cells and IL-6-de- 
pendent subclone of U266 cells (55). In addition, transfection of 
mutated Ras into IL-6-dependent ANBL6 MM cell confers IL-6- 
independent growth (35). Finally, Hirano and colleagues most re- 
cently demonstrated, using a series of pro-B cell lines expressing 
chimeric receptors composed of the extracellular domain of the 
granulocyte CSF receptor and the transmembrane and cytoplasmic 
domains of gp130, that MAPK activation and STAT3 activation 
were important in mitogenesis and apoptosis, respectively (39). 

In the present studies of patient MM2 cells, we demonstrated 
JAK2,  Shc, Sosl, and MAPK activation without an associated in- 
crease  above constitutive levels of gp130 phosphorylation. In ear- 
lier studies using deletion mutant IC65 of gp130, Kishimoto and 
colleagues have similarly demonstrated JAKI, JAK2, and Tyk2 
phosphorylation and cell proliferation in response to IL-6, without 
associated phosphorylation of gp130  (19). Moreover, in mouse 
IL-6-dependent TlOD plasmacytoma cells, none of the JAK family 
kinases is phosphorylated during IL-6-induced proliferation ( 1  6). 
These  data suggest that JAK kinase and gp130 phosphorylation 
may not be essential for activation of the Ras-dependent MAPK 
cascade. 
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FIGURE 11. Effects of IL-6 and MAPK antisense ODN  on p38 and 
INK1 kinase  activities and protein  expression in B9 cells. A, B9 cells 
were cultured for the indicated  times with 100 ng/ml of IL-6; p38, 
JNKl, and MAPK kinase  activities were measured  using  CST-activated 
transcription factor 2, CST-Jun, and myelin basic protein, respec- 
tively, as substrates. 6, B9 cells were treated for 48 h with MAPK 
antisense ODN (AS) or sense ODN (SE) before culture of cells for 30 
min in  media alone ( - )  or with 100 ng/ml of IL-6 (+). Cell lysates 
were assayed for p38 and INK1 kinase activities. C, Cell lysates 
from B9 cells cultured with MAPK antisense ODN (AS), sense ODN 
(SEI, and media alone ( - )  for 48 h were immunoblotted with anti- 
p38 Ab and anti-INK1  Ab. 

Recent reports have demonstrated that the Sak, Hck, Fes, Btk, 
and Tec kinases are  also involved in IL-6-induced signaling path- 
ways in multiple cell types (56-59), and it is likely that pathways 
mediating IL-6 signaling will be further elucidated. Moreover, in 
human MM, IL-6 is not only a growth factor, but also inhibits 
tumor cell apoptosis (10-12, 49). Since it has been reported re- 
cently that differences in gpl30-induced signaling may have dis- 
tinct biologic sequelae, i.e., growth via the MAPK cascade and 
anti-apoptosis via the STAT3 pathway (39). it is possible in MM 
that IL-6 may trigger growth and anti-apoptotic effects via differ- 
ential signaling. Previous reports have demonstrated activation of 
NF-IL-6 by IL-6 (34); however, those transcription factors acti- 
vated during IL-6-induced M M  cell growth or anti-apoptosis re- 
main to be delineated. Future studies in  M M  cells, in conjunction 
with the present report, may therefore suggest novel therapeutic 
strategies to inhibit growth or promote apoptosis based upon in- 
terruption of IL-6 signaling in tumor cells (60). Finally, other  cy- 
tokines that also utilize gp130 signaling, including oncostatin M, 
leukemia-inhibitory factor, and ciliary neurotropic factor, may also 
be growth factors for M M  cells  (61-63);  this suggests the possi- 
bility of interrupting tumor cell growth related to several cytokines 
by blocking shared signaling pathways. 
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