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The IL-6-induced activation of the phosphatidylinositol-30

kinase (PI3-K)/AKT cascade in multiple myeloma (MM)
cells is critical for tumor cell proliferation and viability.
Since the IL-6 receptor does not contain binding sites for
the p85 regulatory portion of PI3-K, intermediate
molecules must play a role. Coimmunoprecipitation
studies in MM cell lines demonstrated the IL-6-induced
formation of two independent PI3-K-containing com-
plexes: one containing p21 RAS but not STAT-3 and a
second containing STAT-3 but not RAS. Both complexes
demonstrated IL-6-induced lipid kinase activity. IL-6 also
generated kinase activity in a mutant p110 molecule that
could not bind p85. Use of dominant-negative (DN)
constructs confirmed the presence of two independent
pathways of activation: a DN RAS prevented the IL-6-
induced generation of lipid kinase activity in the mutant
p110 molecule but had no effect on activity generated in
the STAT-3-containing complex. In contrast, a DN p85
prevented the generation of kinase activity in the STAT-3-
containing complex but had no effect on activity generated
in the p110 molecule. Both DN constructs significantly
prevented the IL-6-induced activation of AKT. MM cells
expressing activating RAS mutations demonstrated en-
hanced IL-6-independent growth and constitutive PI3-K
activity. These data indicate two potential independent
pathways of PI3-K/AKT activation in MM cells: one
mediated via signaling through RAS which is independent
of p85 and a second mediated via p85 and due to a STAT-
3-containing complex.
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Introduction

Interleukin-6 is an important tumor growth factor in
patients with multiple myeloma (MM) (Kawano et al.,
1988; Anderson et al., 1989). One of several signal
cascades activated by IL-6 in MM tumor cells is the
phosphatidylinositol 3-kinase (PI3-K)/AKT pathway
(Tu et al., 2000; Hideshima et al., 2001). The ability of
IL-6 to activate this growth-promoting pathway may
somewhat explain its ability to stimulate expansion of
myeloma clones. Indeed, recent studies document the
importance of IL-6-dependent activation of PI3-K/AKT
as it promotes proliferation (Tu et al., 2000) protects
survival (Hideshima et al., 2001) and stimulates migra-
tion (Podar et al., 2002) of myeloma cells.

IL-6 initiates intracellular responses via signaling
through glycoprotein 130 (gp 130), the signal transduc-
tion portion of the IL-6 receptor. In addition to IL-6,
leukemia inhibitory factor (LIF), also signaling through
gp 130, can activate the PI3-K/AKT pathway (Oh et al.,
1998). However, the molecular mechanism by which IL-
6 and gp 130 activates PI3-K has not previously been
elucidated. The PI3-K enzyme is a heterodimer, made
up of p85, the regulatory subunit, and p110, the catalytic
subunit (reviewed in Carpenter and Cantley, 1990).
Although some cytokines can activate PI3-K by inter-
action of their receptors with the SH2 domain of the p85
regulatory subunit, the gp 130 signal transducing
portion of the IL-6 receptor does not contain consensus
binding sites for this SH2 domain (Boulton et al., 1994).
This indicates that an intermediate signal protein or
adaptor mediates PI3-K activation in IL-6-treated cells.

There are several possible candidates for intermedi-
ates that may be mediating IL-6-induced activation of
PI3-K in myeloma cells. In MM.1S myeloma cells, IL-6
triggered the association of PI3-K with the SHP2
adaptor (Hideshima et al., 2001) and SHP2 is reported
to mediate PI3-K activation in other models (Hakak
et al., 2000). However, lipid kinase activity specifically
present in SHP2:PI3-K complexes was not tested in
these myeloma cells. IL-6 can also activate JAKs (Ogata
et al., 1997), STAT-3 (Catlett-Falcone et al., 1999), RAS
(Ogata et al., 1997) and vav (Lee et al., 1997) in
myeloma cells and these proteins have also been
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identified as intermediates for activation of PI3-K in
previous studies (Pfeffer et al., 1997; Shigematsu et al.,
1997; Oh et al., 1998). To address this question, we
evaluated several of these potential candidates in two
myeloma cell lines. Our results support the existence of
at least two independent pathways by which IL-6 can
activate PI3-K and, subsequently, AKT, in myeloma
cells. One pathway was mediated via RAS activation
with direct stimulation of p110 kinase activity which was
independent of p85, and a second that was mediated via
p85 and a STAT-3-containing complex. Additional
studies in oncogenic, mutated RAS-containing MM
cells confirmed the existence of the RAS-mediated
pathway of PI3-K activation.

Results

IL-6 induces formation of separate PI3-kinase:STAT-3
and PI3-kinase:RAS complexes in MM cells

To investigate the IL-6-dependent activation of PI3-K in
MM cells, we first used the AF-10 MM cell line. This
line responds to IL-6 with enhanced proliferation and
survival. Most importantly, it also demonstrates IL-6-
induced PI3-K activation as previously published (Tu
et al., 2000). Moreover, AF-10 cells exhibit activation of
classical IL-6 signal pathways (Kishimoto et al., 1995)
which include several proteins that could also mediate
PI3-K activation. We, thus, tested interactions between
these proteins and PI3-K by coimmunoprecipitation
studies in IL-6-stimulated MM cells. We initially
investigated PI3-K binding to JAK-1, STAT3, SHP2
and vav because these proteins become tyrosine
phosphorylated by IL-6 in MM cells, mediate activation
of PI3-K in other cell types, and could, thus, act as
adapters, binding to the SH2 domain of p85. PI3-K was
immunoprecipitated with an anti-p85 antibody and the
precipitate was immunoblotted for these proteins. As
shown in Figure 1a, SHP2 and STAT-3 become
associated with PI3-K in an IL-6-dependent fashion,
with increased binding evident by 5min of exposure. In
contrast, constitutive binding of JAK 1 to PI3-K was
evident, which did not further increase upon exposure to
IL-6. These latter binding results with JAK1 are
consistent with that of Oh et al. (1998) who studied
PI3-K activation by signaling through gp 130 with LIF
in cardiac myocytes. Comparable amounts of p85 were
present in each immunoprecipitate (lower panel). In
contrast, by immunoblot assay of anti-p85 immunopre-
cipitates, we could not detect the presence of vav in PI3-
K complexes (data not shown).

An additional mechanism by which cytokines might
stimulate PI3-K activation is through activated RAS.
Activated GTP-bound RAS can directly bind to and
activate the p110 kinase domain of PI3-K (Rodriguez-
Viciana et al., 1994) and, since IL-6 significantly
activates RAS in myeloma cells (Ogata et al., 1997),
we also investigated the ability of RAS to associate with
PI3-K. As shown in Figure 1a, p21 RAS was also
associated with PI3-K in an IL-6-dependent fashion,

with increased binding rapidly detected by 5min of
treatment.

To confirm this IL-6-dependent binding, we first
immunoprecipitated RAS in IL-6-treated MM cells and
immunoblotted the precipitate for p85. As shown in
Figure 1b, the IL-6-dependent interaction between RAS
and p85 was again demonstrated. However, immuno-
blotting the precipitate for STAT-3 demonstrated that
the RAS–p85 complex did not contain any STAT-3 in
the presence or absence of IL-6. In likewise fashion,
when we immunoprecipitated STAT-3 from IL-6-
treated MM cells (Figure 1c), an IL-6-dependent
interaction between STAT-3 and p85 was again
demonstrated but there was no p21 RAS associated in
this complex (bottom panel, Figure 1c). These coimmu-
noprecipitation studies, which were all repeated twice
more with identical results, demonstrate the possibility
that two separate complexes formed upon IL-6 stimula-
tion: One containing ras and PI3-K but not STAT-3 and
a second containing STAT-3 and PI3-K but not RAS.
However, we could not rule out that one protein
complex consisting of STAT-3, p85, p110 and RAS
forms when RAS and STAT-3 are activated by IL-6 but
the full complex does not survive the entire coimmuno-
precipitation procedure.

To ensure that the above results were not peculiar to
this particular MM cell line, we also performed a limited
number of coimmunoprecipitation studies in the ANBL-
6 MM line. ANBL-6 cells also respond to IL-6 with
enhanced proliferation (Billadeau et al., 1995) and
demonstrate IL-6-induced PI3-K activation (see below,
Figure 7). As shown in Figure 2a, STAT-3 also
associates with p85 PI3-K upon IL-6 treatment of
ANBL-6 cells but RAS is not present in this complex
(Figure 2a). In addition, PI3-K also associates with RAS

Figure 1 IL-6 induces two separate PI3-K-containing complexes
in AF-10 myeloma cells. (a) AF-10 MM cells were treated with
IL-6 (100U/ml) for 0, 5, 15 or 30min, after which PI3-K was
immunoprecipitated with anti-p85 antibody and immunoblot
performed for SHP2, STAT3, JAK1, p21RAS, and p85. (b), AF-
10 cells were treated with or without IL-6 for 15min, RAS was
immunoprecipitated and immunoblot assay performed for p85,
RAS and STAT3. The ‘þ control’ for STAT3 is lysate from
ANBL-6 MM cells. (c) STAT3 was immunoprecipitated from the
same cells and immunoblot assay performed for p85, STAT3 and
RAS. The ‘þ control’ for RAS is KNRK cell lysate purchased
from Santa Cruz Biochemicals
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upon IL-6 stimulation and STAT-3 is not present in this
latter complex (Figure 2b). Thus, results in IL-6-treated
ANBL-6 cells are similar to those in AF-10 cells,
indicating the generation of at least two separate PI3-
K-containing complexes upon IL-6 stimulation.

IL-6-induced generation of lipid kinase activity in MM
cells

To determine if the above-described proteins that
interacted with PI3-K contribute to IL-6-induced lipid
kinase activity, we first immunoprecipitated them from
AF-10 cells and tested the precipitates for the ability to
phosphorylate phosphoinositol. Figure 3a is a repre-
sentative of three separate experiments that had
identical results. Although containing constitutive lipid
kinase activity, SHP-2 immunoprecipitates did not
demonstrate any IL-6-induced increase in activity (top
panels of Figure 3a). In contrast, a strong IL-6-
dependent increase in kinase activity was evident in
STAT-3, and RAS immunoprecipitates. A smaller
transient IL-6-dependent increase in activity was also
seen in anti-JAK precipitates (bottom panels of
Figure 3a). Immunoblot assay demonstrated compar-
able amounts of SHP2, STAT-3, RAS and JAK1 were
present in these immunoprecipitates at the varying time
points of IL-6 exposure (panels below each lipid kinase
assay). Again, a limited number of experiments in the
ANBL-6 MM cell line model (Figure 3b) revealed
similar results in that immunoprecipitated RAS or
STAT-3 also demonstrated IL-6-dependent lipid kinase
activity.

In a separate set of experiments, we transiently
transfected AF-10 MM cells with epitope-tagged
STAT-3 or p110 PI3-K constructs, treated the cells with

IL-6, immunoprecipitated the proteins and performed
the lipid kinase assay. As expected, immunoprecipitated
STAT-3 demonstrated a clear IL-6-dependent genera-
tion of lipid kinase activity (Figure 4a). The p110 PI3-K
construct we used is a deletion mutant that lacks the

Figure 3 IL-6 induces lipid kinase activity in anti-RAS and anti-
STAT-3 immunoprecipitates. (a) AF-10 cells were treated with IL-6
for 0, 5 or 15min and, (b) ANBL-6 MM cells were treated with or
without IL-6 for 15min. At designated time points, SHP2, STAT-3,
RAS or JAK-1 was immunoprecipitated and the immunoprecipi-
tates were tested for their ability to phosphorylate phosphatidyl-4-
monophosphate (PI(4)) in a lipid kinase assay as described in
Materials and methods. For each immunoprecipitate, the reaction
product, PI (3, 4)P, is shown in the top panel and immunoblot for
the precipitated protein is shown in the bottom panel

Figure 4 Ability of epitope-tagged constructs to demonstrate IL-
6-induced lipid kinase activity. (a) AF-10 cells were transiently
transfected with FLAG-tagged STAT-3 or empty vector (EV),
treated with IL-6 for 0, 5 or 15min and STAT-3 immunoprecipi-
tated with anti-FLAG antibody. Immunoprecipitates were tested
for lipid kinase activity (upper panel) and presence of FLAG-
STAT-3 (lower panel). (b) AF-10 cells were transiently transfected
with myc-tagged WT p110 (WT) or a mutant p110 (MU) which
cannot bind p85. After 24 h, the expressed proteins were
immunoprecipitated with anti-myc antibody and immunoblotted
for p85 or myc. The ‘þ control’ for p85 is Jurkat cell lysate
purchased from Santa Cruz Biochemicals. (c) AF-10 cells were
transiently transfected with the myc-tagged mutant p110 (p110mu)
or empty vector (EV), treated with IL-6 for 0, 5 or 15min and
p110mu was immunoprecipitated with anti-myc antibody. Immu-
noprecipitates were tested for lipid kinase activity (top panel) and
presence of myc-p110mu (lower panel)

Figure 2 IL-6 induces two separate PI3-K-containing complexes
in ANBL-6 MM cells. ANBL-6 MM cells were treated with IL-6
(100U/ml) for 0, 5 or 15min, after which STAT3 (in (a)) or RAS
(in (b)) was immunoprecipitated. Immunoblot assays performed
for p85, RAS and STAT3. ‘þ controls’ for RAS and STAT-3 were
as in Figure 1
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minimal p85 binding site (D3–125) so that it cannot bind
to p85 (Rodriguez-Viciana et al., 1996). To first confirm
the inability of this expressed protein to bind p85, we
transfected this construct or the p110 wild-type (WT)
gene into AF-10 cells, immunoprecipitated the respec-
tive proteins and immunoblotted for p85. The mutant
p110 was unable to bind any p85 while significant
amounts were bound to WT p110 (Figure 4b). Also
shown in Figure 4 is that this mutant p110, which
cannot bind to p85, developed IL-6-dependent lipid
kinase activity in AF-10 cells (Figure 4c). These latter
results demonstrate that at least part of the lipid kinase
activity generated in IL-6-treated MM cells is due to a
direct activation of the p110 kinase domain, which is
independent of p85. This is consistent with the known
ability of activated GTP-bound RAS to directly activate
p110 (Rodriguez-Viciana et al., 1994).

Effects of dominant-negative RAS or p85 constructs

The above results suggested that, during IL-6 exposure,
two separate signal protein complexes form with PI3-K-
activating potential: one containing STAT-3 and a
second containing RAS. To confirm that the lipid
kinase activity of these two complexes were completely
independent of each other, we used transient transfec-
tions with dominant-interfering constructs. In the first
set of experiments, AF-10 cells were cotransfected by
electroporation with a dominant-negative (DN) RAS
construct (or empty vector control) along with either the
epitope-tagged mutant p110 construct that cannot bind
to p85, or epitope-tagged STAT-3. After IL-6 treatment,
p110 or STAT-3 were immunoprecipitated and a lipid
kinase assay was performed. As shown in Figure 5a, IL-
6 activated lipid kinase activity in both p110mutant and
STAT-3 immunoprecipitates. Cotransfection with 20 mg
of the DN RAS construct significantly inhibited activity
in p110 immunoprecipitates while 40 mg completely
abrogated activity. In contrast, the DN RAS had no
effect on lipid kinase activity in the STAT-3 immuno-

precipitate (lower panel of Figure 5a). With a similar
design, we next cotransfected a DN p85 PI3-kinase
construct (or empty vector) with the tagged STAT-3 or
p110 constructs and again tested their ability to inhibit
IL-6-induced lipid kinase activity. This DN p85 cannot
bind p110 and, thus, will competitively inhibit endogen-
ous PI3-K activation through proteins that interact via
binding to the SH2 domain. As shown in Figure 5b, the
DN p85 successfully prevented activity in the STAT-3
immunoprecipitate but had no effect on activity in the
p110 immunoprecipitate. In fact, the DN p85 increased
IL-6-induced lipid kinase activity in anti-p110 immuno-
precipitates. In a prior study (Sharma et al., 1998), a DN
p85 caused a significant increase in GTP loading of RAS
possibly due to inhibitory effects on GTPase-activating
protein (GAP). By inhibiting the GAP inactivator of
RAS, the DN p85 may heighten RAS activation, thus
increasing the activation of lipid kinase activity in
p110mutant immunoprecipitates.

The p110mutant protein is incapable of binding p85
and the DN p85 is incapable of binding to p110. Thus,
the absence of inhibition of IL-6-dependent lipid kinase
activity in the p110mutant immunoprecipitate by the DN
p85 cannot be taken as evidence that p85 has no role in
IL-6-induced ras-mediated kinase activity but only as
further support for the existence of two independent
pathways. Clearly, however, the ability of IL-6 to
activate kinase activity in a p110 mutant that cannot
bind p85 (Figure 4) and the ability of the DN RAS to
inhibit such activity (Figure 5a), demonstrates an IL-6-
dependent ras-mediated mechanism of lipid kinase
activation which is independent of p85 function. In
summary, these results collectively support the notion of
two independent pathways of PI3-kinase activity in IL-
6-treated AF-10 myeloma cells. One is mediated by RAS
and is independent of the p85 regulatory portion of the
kinase and a second is mediated through p85 and a
STAT-3-containing complex.

Both PI3-K-stimulating pathways contribute to activation
of AKT

A major downstream target of PI3-K and its phospho-
lipid second messengers is AKT. This is an important
target of PI3-K in IL-6-treated MM cells as well since
dominant-interfering AKT alleles prevent IL-6-induced
stimulation of MM cell expansion (Hsu et al., 2001; Hsu
et al., 2002). We, thus, tested if the two independent
mechanisms by which IL-6 activates PI3-K, also
contribute to downstream activation of AKT. AF-10
MM cells were cotransfected with an epitope-tagged
AKT gene along with either the DN RAS or p85
constructs (or their corresponding empty vectors). After
IL-6 stimulation, AKT was immunoprecipitated and its
activity tested by its ability to phosphorylate the GSK-3
substrate. As shown in Figure 6, IL-6 successfully
stimulated AKT activity in untransfected AF-10 cells
(left panels) as well as in MM cells cotransfected with
tagged AKT and empty vector constructs. However,
both the DN RAS and DN p85 constructs prevented IL-
6-induced activation of AKT kinase activity. Thus, both

Figure 5 Effect of DN constructs on PI3-K activity. (a) AF-10
MM cells were transfected with tagged p110mu or STAT-3 and
addition of either 20 or 40 mg of DN RAS construct or empty
vector (EV). Cells were treated with or without IL-6 (100U/ml,
15min), after which, p110mu or STAT-3 was immunoprecipitated
and a lipid kinase assay performed. (b) Cells were similarly
transfected with tagged p110mu or STAT-3 and addition of either
20 or 40 mg of DN p85 construct or empty vector (EV). After
similar treatment with or without IL-6, immunoprecipitates were
tested for lipid kinase activity. In both experiments, when 20mg of
DN DNA was used, it was added to 20 mg of EV DNA so that
40mg of DNA was always cotransfected along with the tagged
constructs
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RAS-dependent and p85-dependent pathways signifi-
cantly contribute to AKT activation induced by IL-6 in
MM cells.

Activated RAS activates PI3-kinase in myeloma cells

The above results indicated that RAS activity partici-
pates in IL-6-induced PI3-kinase/AKT activation in
myeloma cells. To provide further support for the ability
of RAS to activate PI3-kinase in the myeloma model, we
tested whether activating RAS mutations result in
heightened PI3-kinase activity. This is also a clinically
relevant question as activating mutations of N-RAS or
K-RAS genes occur frequently in myeloma patients (up
to 50% of cases) and are associated with particularly
aggressive tumors (Liu et al., 1996). To address this
question, we again utilized the ANBL-6 myeloma cell
line. As previously described (Rowley et al., 2000)
ANBL-6 cells were stably transfected with mutant N-
RAS or K-RAS genes (termed N-RAS or K-RAS cells)
or empty vector (termed WT cells) and tested for PI3-
kinase activity. While the three cell lines were con-
tinuously cultured in 100U/ml of IL-6, they maintained
identical cell growth. The cell lines were then depleted of
IL-6 for 48 h, PI3-kinase was immunoprecipitated with
an anti-p85 antibody and the lipid kinase assay was
performed. As shown in Figure 7, lipid kinase activity
was absent in IL-6-depleted WT ANBL-6 cells but was
constitutively present in mutant N-RAS and K-RAS-
expressing myeloma cells. At this time point after 48 h
of IL-6 depletion, viabilities of all three cell lines
were comparable (485%). To further ensure that
IL-6-depleted WT cells were healthy with intact PI3-
kinase-activating cascades, they were re-exposed to
recombinant IL-6. This restimulation effectively stimu-
lated PI3-kinase activity (lanes 2–4 in Figure 7). This
experiment was repeated once with identical results.
Thus, activating mutations of RAS in myeloma cells
result in constitutive PI3-kinase activity. A previous
publication (Hu et al., 2003) demonstrated that N-RAS
or K-RAS mutation in MM cells was also associated
with constitutive AKT activation.

As shown in previous publications (Billadeau et al.,
1995; Hu et al., 2003), ectopic expression of oncogenic
ras resulted in IL-6-independent growth. At 6 days after

seeding 105 cells and depleting IL-6, the recovery of WT
RAS-expressing cells (empty vector-transfected) had
greatly decreased (to 470.3� 104 cells, mean7s.d.,
n¼ 3), while recovery of mutant N-ras (2.570.7� 105

cells) and mutant K-ras (2.970.5� 105 cells)-clones
demonstrated continual growth. Thus, the development
of constitutive, IL-6-independent, PI3-K activation in
myeloma cells harboring oncogenic RAS mutations
parallels the development of IL-6-independent growth.

Discussion

Our previous study (Tu et al., 2000) and the work of
others (Oh et al., 1998; Chen et al., 1999) established the
ability of IL-6, and other cytokines signaling through gp
130, to activate PI3-kinase in several different cell types.
The current study was prompted by the fact that gp 130
does not contain a binding site for the p85 regulatory
portion of PI3-kinase, indicating the requirement of
intermediate adaptor molecules. Our results indicate at
least two independent pathways in MM cells by which
IL-6 can activate the PI3-kinase enzyme. Two indepen-
dent complexes formed in both AF-10 and ANBL-6
myeloma cell models when exposed to IL-6, one
containing PI3-K complexed to STAT-3 and another
where PI3-K interacted with p21RAS. The YXXM p85
binding site is present on STAT-3 at residues 656–659
(Pfeffer et al., 1997) and this presumably served as a
docking site when phosphorylated by IL-6. In contrast,
p21 RAS likely interacted with PI3-kinase via binding to
the p110 kinase domain at a site spanning residues 130–
315 in the amino-terminal region as previously described
(Rodriguez-Viciana et al., 1994). IL-6-induced lipid
kinase activity was contained in both these complexes
attesting to their functional significance.

The mechanistic independence of these two pathways
was confirmed by use of DN constructs. A DN RAS
construct prevented the IL-6-induced generation of lipid
kinase activity in a p110 molecule that could not bind to
p85. This demonstrates that a RAS-mediated pathway
can activate lipid kinase activity in IL-6-treated myelo-
ma cells which is independent of any p85 function. In
contrast, the DN RAS had no effect on IL-6-induced
lipid kinase activity in anti-STAT-3 immunoprecipi-

Figure 7 Mutant activated RAS constitutively activates PI3-K.
ANBL-6 MM cells, either stably transfected with mutant K-ras or
N-ras genes or empty vector (WT cells). WT, mutant N-ras-
containing (N-RAS) or mutant K-RAS-containing (K-RAS) MM
cells were depleted of IL-6 for 48 h and PI3-K was immunopre-
cipitated with anti-p85 antibody and lipid kinase assay performed.
Separate groups of IL-6-depleted WT cells were also re-stimulated
with IL-6 for 5, 10 or 15min prior to immunoprecipitation of
PI3-K

Figure 6 Effect of DN constructs on AKT activity. AF-10 cells
were transfected with myc-tagged AKT either alone (VEC-
TOR¼NONE) or with addition of DN RAS (DN-RAS), DN
p85 (DN-p85) or their respective empty vectors (EV). Cells were
treated with or without IL-6 for 15min, after which AKT was
immunoprecipitated and tested for its ability to phosphorylate the
GSK-3 substrate, shown as immunoblot with an antibody specific
for GSK when it is phosphorylated (GSK-P). The immunopreci-
pitate was also immunoblotted for AKT
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tates. On the other hand, a DN p85 construct that
should disrupt complex formation between endogenous
PI3-K and all its SH2 domain binding targets, prevented
IL-6-induced lipid kinase activity in anti-STAT-3
immunoprecipitates but had no effect on activity
generated in anti-RAS precipitates. This is consistent
with a prior study (Pfeffer et al., 1997) in IFN-treated
cells where STAT-3 served as an adaptor for p85 PI3-
kinase and mediated its activation. The lack of effect of
the DN p85 on RAS-associated lipid kinase activity
further supports the notion that RAS activates lipid
kinase activity in myeloma cells via a direct activation of
p110 which is independent of p85.

In contrast to our results on RAS and STAT-3 as
intermediates for activation of PI3-K, the significance of
IL-6-induced formation of PI3-K complexes with JAK-1
or SHP2 is unclear. JAK-1 constitutively bound PI3-
kinase but binding did not increase in the presence of
IL-6 although lipid kinase activity in anti-JAK-1
immunoprecipitates increased minimally and transiently
(Figure 3a). These results are similar to those of Oh et al.
(1998). Although the YXXM p85 binding motif is
present on JAK-1, it would not be phosphorylated in the
absence of IL-6. Thus, the ability of p85 to bind
constitutively to JAK-1 in the absence of IL-6 is difficult
to explain. Furthermore, it is clear that this constitutive
binding itself does not induce constitutive activity
(Figure 3). The slight increase in lipid kinase activity
seen in anti-JAK-1 immunoprecipitates upon IL-6
exposure may be due to further recruitment of another
PI3-kinase-activating molecule into JAK-1:PI3-kinase
complexes upon stimulation. Additional questions arise
concerning the relevance of the ability of SHP-2 to
coimmunoprecipitate with PI3-kinase. Coimmunopreci-
pitation studies confirm an IL-6-dependent interaction
between SHP-2 and PI3-kinase which is consistent with
a prior study in MM.1S myeloma cells (Hideshima et al.,
2001). However, we could not demonstrate any IL-6-
induced increase in lipid kinase activity contained within
anti-SHP-2 immunoprecipitates.

There are several other potential mediators of PI3-
kinase activation possibly stimulated by IL-6. IL-6 can
induce tyrosine phosphorylation of vav in U266
myeloma cells (Lee et al., 1997) and vav has been
reported to interact with PI3-kinase (Shigematsu et al.,
1997). However, in several experiments, we could not
demonstrate any vav:PI3-kinase binding in our myelo-
ma cells in the presence of IL-6 (results not shown).
Other potential PI3-kinase activators that are worth
examining include src-like kinases and c-cbl. In B-
lymphocytes, surface IgM activated c-cbl via interaction
of src family kinases and Grb2/Shc adaptors (Pancha-
moorthy et al., 1996). Activated c-cbl could bind to p85
PI3-kinase and stimulate its kinase activity (Ueno et al.,
1998). In a second model of PI3-kinase/AKT kinase
activation, v-src interacted with SHP-2 ultimately
resulting in c-cbl mediating PI3-kinase activation
(Hakak et al., 2000). IL-6 is known to activate Grb2/
Shc and SHP-2 in myeloma cells (Ogata et al., 1997) and
recent work suggests it could activate src family kinases
in these cells as well (Podar et al., 2003). Thus, this is a

third potential pathway of PI3-kinase activation in IL-6-
stimulated myeloma cells.

The presence of at least two independent pathways
utilized by IL-6 to activate PI3-kinase provides for a
potential additive or synergistic stimulation. This notion
was further supported by the results shown in Figure 6
where interruption of each pathway with the appro-
priate dominant interfering construct significantly in-
hibited the activity of the downstream substrate of PI3-
kinase, AKT. This confirms that each pathway provides
a significant contribution to ultimate lipid kinase
activity in the intact MM cell. Several previous reports
document a synergistic interaction between RAS and
phosphotyrosine-stimulated PI3-K activity, but it has
not always been clear that the interaction at the level of
PI3-K is due to completely separate upstream activating
pathways. For example, although a DN RAS inhibits
PDGF-stimulated AKT activation, activation was
primarily mediated by upstream PI3-K activity stimu-
lated by direct binding to the PDGF receptor (Franke
et al., 1995). In addition, an activated RAS allele was
not sufficient by itself to activate AKT (Franke et al.,
1995). These results suggest the RAS contribution
occurs by enhancing the PI3-K activation mediated by
PDGF-R rather than via a separate RAS-dependent
pathway. In similar manner, activating H-RAS increases
insulin-stimulated PI3-K activity in anti-phosphotyro-
sine and anti-insulin receptor precipitates (Sjolander
et al., 1991) also suggesting an enhancement of the
interaction between p85 and the insulin receptor or the
IRS-1 adaptor. In contrast, our results are more
consistent with a prior study (Rodriguez-Viciana et al.,
1994) in NGF- or EGF-stimulated PC12 cells, where a
RAS-dependent pathway was completely independent
from a phosphotyrosine-dependent pathway and the
two pathways interacted synergistically to optimally
activate phosphorylation of phosphoinositols. Similar to
the current study, an activated RAS allele was sufficient
to activate lipid kinase activity and a DN RAS
prevented RAS-mediated activity but had no effect on
lipid kinase activity in anti-phosphotyrosine precipi-
tates. The presence of two completely independent
mechanisms by which PI3-K/AKT can be activated in
myeloma cells has therapeutic implications. Thus,
interventions targeting only one or the other of the
upstream activators of the pathway may be unsuccessful
in completely shutting down PI3-K/AKT activity.

Activating mutations of N-RAS or K-RAS in
myeloma cells occur frequently and are associated with
aggressive tumors (Liu et al., 1996). In the ANBL-6
model, when MM cells are engineered to express
oncogenic K-RAS or N-RAS, they demonstrate en-
hanced continued cell growth which is IL-6-indepen-
dent. Thus, oncogenic RAS expression may be one
mechanism by which MM clones undergo IL-6-inde-
pendent expansion in addition to other mechanisms
such as stimulation by the IGF-1 growth factor. Our
results on the ability of these consistently activated
mutated RAS proteins to stimulate PI3-K activity
constitutively may partially explain this growth advan-
tage. This enhanced growth is reduced by treatment with
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the PI3-K inhibitors wortmannin or LY294002 (Hu
et al., 2003), further supporting a tumor-stimulatory
role for constitutive lipid kinase activity in mutant ras-
expressing MM cells. Thus, PI3-K and its downstream
targets PDK1 and AKT may be particularly appropriate
targets for future therapy of patients with mutant RAS-
expressing tumors.

Materials and methods

Cell lines, reagents, plasmids

The AF-10 MM cell line was maintained in vitro as previously
described (Tu et al., 2000). The ANBL-6 cell line was
maintained in 100U/ml of recombinant IL-6 as previously
described (Billadeau et al., 1995). The ANBL-6 parental line
was stably transfected by retroviral transfection with virus
expressing N-RAS or K-RAS genes mutated at codon 12 as
described (Rowley et al., 2000). ANBL-6 cells were also
identically transfected with retrovirus lacking the transgene to
serve as a control. The parental, control-transfected and
oncogenic RAS-transfected lines were kind gifts of Dr Brian
Van Ness, University of Minnesota. These transfected cell lines
were also routinely maintained in 100U/ml IL-6. A FLAG-
tagged STAT-3 cloned into pRcCMV was a gift of Curt
Horvath (Mt Sinai School of Medicine, NY, USA). The N17
DN H-RAS, cloned in pcDNA3 was a gift from Dr Hong-
Gang Wang of the University of South Florida. The DN p85
that cannot bind to p110, cloned in pSRa, was a generous gift
from Dr Erich Gulbins of the University of Tuebingen. Myc-
tagged WT and mutant p110 constructs cloned in pSG5 were
kind gifts of Dr Julian Downward (Imperial Cancer Research
Fund, UK). The mutant p110 (D3–125) lacks the minimal p85
binding site (Rodriguez-Viciana et al., 1996). Recombinant IL-
6 was purchased from R&D Systems (Minneapolis, MN,
USA). Immunoprecipitating antibodies were purchased from
Cell Signaling Labs (Boston, MA, USA) or Santa Cruz Labs
(Santa Cruz, CA, USA). Radioisotopes were from Amersham
Corp (Arlington Heights, IL, USA). All other reagents were
purchased from Sigma Chemical Co. (St Louis, MO, USA).

Coimmunoprecipitation assays

Briefly, cells were lysed in 0.65ml of NP-40 lysis buffer (10mM

HEPES, pH 7.5, 142.5mM KCl, 5mM MgCl2, 1mM EGTA,
0.2% NP-40) containing 1mM PMSF, 5 mg/ml leupeptin and
5 mg/ml aprotinin. After preclearing with normal rabbit
antiserum (50 ml/ml) and 50 ml Protein A–Sepharose at 41C
for 1 h, immunoprecipitations were performed by incubating
0.2ml of lysate with 20ml of Protein A–Sepharose preadsorbed
with 10ml of antibody or normal rabbit antiserum as a negative
control at 41C for 3 h. After washing in NP-40 lysis buffer,
beads were boiled in 60 ml of Laemmli buffer and 20 ml of the
eluted proteins were subjected to SDS/PAGE immunoblot
analysis.

Lipid kinase assay

The assay was performed as previously described (Tu et al.,
2000). Briefly, immunoprecipitates were washed 3� with lysis
buffer, 3� with 0.5M NaCl and 25mM Tris-HCl (pH 7.5) and
2� with 25mM Tris-HCl (pH 7.5). The kinase reaction was
run in a reaction mixture containing 10mM Tris (pH 7.5),
100mM NaCl, 20mM MgCl2, 0.2mM EGTA, 20 mg of
phosphatidyl-4-monophosphate as substrate, 10mM ATP,
10 mCi of (g-32P)ATP and phosphatase inhibitors. After up to
30min, the reaction was terminated and lipids extracted in
chloroform :methanol :HCl (100 : 200 : 2). The organic phase
was collected, dried and re-dissolved in chloroform :methanol
(1 : 1) and spotted on TLC plates. The plates were developed
with chloroform :methanol :H2O :NH4OH (43 : 38 : 7 : 5),
dried and exposed to film. The location of PI (3, 4)P was
determined by comparison with standards in iodine-stained
TLC plates.

Transient transfections

Transient expression of genes in myeloma cells was accom-
plished by electroporation. Briefly, cells were resuspended to a
concentration of 107/ml and DNA to 20 mg/100ml. A volume of
5ml of cell suspension was added to 100ml of DNA in cuvettes
and the mixture kept at room temperature for 5min. After
electroporation was performed using 250V and 25ms pulse
duration, cuvettes were kept at room temperature for 15min
and then added to culture plates for overnight incubation.
After 24 h, cells were treated with or without IL-6 and
immunoprecipitations performed. Viabilities of MM cells after
electroporation routinely approximated 60–75% with trans-
duction efficiencies of 15–25%, as monitored by electropora-
tion with a plasmid expressing the enhanced green fluorescent
protein.

AKT kinase assay-3

The myc-tagged WT AKT gene was cotransfected with DN or
empty vectors control constructs into AF-10 MM cells by
electroporation. After 24 h, cells were treated with or without
IL-6 for 15min and AKT was then immunoprecipitated. The
AKT in vitro kinase assay utilized a nonradioactive kit (New
England Biolabs). Immunoprecipitated AKT was incubated
with GSK-3 fusion protein in the presence of ATP and kinase
buffer. AKT-dependent GSK-3 phosphorylation was then
measured by immunoblotting using a phospho-GSK-3 anti-
body that recognizes GSK-3 only when it is phosphorylated.
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