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Pyridone 6, A Pan-Janus–Activated Kinase Inhibitor, Induces
Growth Inhibition of Multiple Myeloma Cells
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Abstract
Interleukin-6 (IL-6) and the subsequent Janus-activated kinase
(JAK)-dependent signaling pathways play a critical role in
the pathogenesis of multiple myeloma. Here, we compared
the sensitivity and specificity of a novel pan-JAK inhibitor,
tetracyclic pyridone 6 (P6), with that of AG490 in a panel of
myeloma-derived cell lines. P6 induced growth arrest and
subsequent apoptosis of the IL-6-dependent hybridoma and
myeloma-derived cell lines (B9 and INA-6) grown either in
IL-6-containing medium or in the presence of bone marrow–
derived stromal cells (BMSC) using much lower concentrations of drug and with significantly faster kinetics than AG490.
Myeloma-derived cell lines, which either express constitutively
activated JAK/signal transducers and activators of transcription (STAT) 3 (U266) or are IL-6 growth stimulated (KMS11),
are partially growth inhibited by P6. However, P6 does not
inhibit the growth of myeloma-derived cell lines lacking
activated JAKs/STATs nor does it inhibit mitogen-activated
protein kinase/extracellular signal-regulated kinase (ERK)
kinase activity compared with AG490, which led to activation
of ERK and induced robust apoptosis of all the examined cell
lines. Finally, P6 inhibited the growth of primary myeloma
patient samples grown in the presence of BMSCs. Thus, P6 is a
more sensitive and specific inhibitor of JAK-STAT3 activity
compared with AG490 and potently inhibited the growth of
primary myeloma cells and myeloma-derived cell lines grown
on BMSCs. (Cancer Res 2006; 66(19): 9714-21)

Introduction
Janus-activated kinases (JAK) are a group of tyrosine kinases
that mediate cytokine signaling. Specifically, cytokine binding to
their receptors leads to the activation of associated JAKs, which
autophosphorylate and transphosphorylate cytokine receptors,
creating binding sites for effectors of signaling, including the
signal transducers and activators of transcription (STAT)
proteins, which in turn become tyrosine phosphorylated by the
JAKs (1). There is accumulating evidence that constitutive
activation of different JAKs and STATs mediates neoplastic
transformation and promotes abnormal cell proliferation in
various malignancies (2, 3). Recently, a somatic activating
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mutation in the JAK2 tyrosine kinase (JAK2V617F) was identified
in polycythemia vera, in other myeloproliferative disorders (MPD),
and in a subset of leukemias (4–6). In addition, the TEL-JAK2
fusion protein (resulting in constitutive JAK2 activation) has been
identified in patients with MPD, acute myelogenous leukemia,
and acute lymphoblastic leukemia, and introduction of the TELJAK2 fusion protein in murine bone marrow led to fatal
myeloproliferative and lymphoproliferative disease (7). Other
mechanisms of constitutive JAK activation include the association of JAKs with other oncogenic tyrosine kinases, such as
nucleophosmin-anaplastic lymphoma kinase, Src, and mutant
epidermal growth factor receptor (2, 3, 8). Perhaps the most
common mechanism causing abnormal JAK activation involved in
malignant transformation is through dysregulated cytokine
signaling, which is found in prostate and breast cancer as well
as in hematologic malignancies, including multiple myeloma.
Interleukin (IL)-6 is a cytokine required for terminal differentiation of B cells and plays a critical role in the pathogenesis and
growth of multiple myeloma (9). IL-6 binds to the IL-6 receptor
(IL-6R), leading to the dimerization of these chains activating the
receptor-associated JAKs (JAK1, JAK2, and Tyk2). The JAKs trigger
the phosphorylation of the signal-transducing gp130 chain of the
IL-6R and activation of STAT3 protein and the Ras/mitogenactivated protein kinase (MAPK) pathway (10). STAT3 is found to
be constitutively tyrosine phosphorylated in at least 50% of
primary myeloma samples, whereas inhibition of STAT3 activity
in myeloma-derived cell lines using IL-6R antagonists, dominantnegative STAT3 constructs, or the JAK2 inhibitor AG490 induces
growth inhibition or apoptosis (11–17). These experimental
observations highlight the potential therapeutic importance of
JAK kinase blockade in the treatment of several malignancies,
including myeloma. The tyrphostin AG490 was the first and bestcharacterized JAK tyrosine kinase inhibitor shown to inhibit the
growth of cancer cells in vitro and in vivo (18, 19). However, high
micromolar amounts of AG490 are required for growth inhibition
and it remains unclear whether this inhibitor is indeed specific
(20, 21). Recently, a tetracyclic pyridone 2-tert-butyl-9-fluoro-3,6dihydro-7H-benz[h]-imidaz[4,5-f]isoquinoline-7-one, pyridone 6
(P6), was found to inhibit the JAKs in the low nanomolar range
(IC50, 1-15 nmol/L) and block IL-2-dependent proliferation of
CTLL cells (22). P6 is a reversible ATP inhibitor, and when tested
against many other kinases, IC50s of >130 nmol/L were required.
P6 was recently cocrystalized with the JAK2 kinase domain and
binds via an induced fit mechanism, buried within a narrow ATPbinding pocket (23). Here, we examined, characterized, and
compared the sensitivity and specificity of P6 with that of AG490
in a variety of myeloma-derived cell lines and determined that,
whereas AG490 induced apoptosis and growth arrest of all the
myeloma-derived cell lines (irrespective of JAK-STAT activation),
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P6 only inhibited the growth of myeloma-derived cell lines
expressing activated JAKs and STAT3 both in culture and grown
on bone marrow–derived stromal cells (BMSC) as well as primary
myeloma cells.

Materials and Methods
Cell culture, proliferation assays, and fluorescence-activated cell
sorting analysis. B9 murine hybridoma cells were obtained from Keith
Stewart (McLaughlin Centre for Molecular Medicine, Toronto, Ontario,
Canada) and grown in Iscove’s modified Dulbecco’s medium supplemented
with 2 mmol/L L-glutamine, penicillin/streptomycin (Invitrogen, Carlsbad,
CA), 5% fetal bovine serum (FBS), and 1 ng/mL of recombinant human IL-6
(rhIL-6; R&D Systems, Minneapolis, MN). The B9-independent cell line was
generated by serially diluting out the IL-6 over 14 days and enriching for the
IL-6-independent cells by Ficoll-Hypaque (Becton Dickinson, Franklin
Lakes, NJ) separation. The resulting B9(i) cells do not require IL-6 for
growth. Murine bone marrow stromal cells (muBMSC; MS-5 cells) were
obtained from Malcolm Moore (Memorial Sloan-Kettering Cancer Center,
New York, NY) and grown in RPMI 1640 with 10% FCS and penicillin/
streptomycin. RPMI 8226 cells were purchased from the American Type
Culture Collection (Manassas, VA) and grown in RPMI 1640 with
L-glutamine, 1.5 g/L sodium bicarbonate, 4.5 g/L glucose, 10 mmol/L
HEPES, 1 mmol/L sodium pyruvate, and 10% FBS. KMS11 and U266 were
obtained from Peter L. Bergsagel (Mayo Clinic College of Medicine,
Rochester, MN) and grown in RPMI 1640 with above-stated supplements.
INA-6 myeloma cells were obtained from M. Gramatzki (University of
Erlangen, Erlangen, Germany) and grown in RPMI 1640 with 10% FBS,
L-glutamine, penicillin/streptomycin, and 200 units/mL rhIL-6. Human
BMSCs (huBMSC) were isolated as previously described (24) and cultured in
RPMI 1640 supplemented with 10% FBS, 5% horse serum, L-glutamine,
penicillin/streptomycin, 1 mmol/L sodium pyruvate, 20 Ag/mL L-asparagine, 50 nmol/L 2-mercaptoethanol, 10 mmol/L HEPES, and nonessential
amino acids. For proliferation assays, 5  105 INA-6 cells were plated in
3 mL of medium in the presence of IL-6 or huBMSC, and 16 hours later,
0.5 Amol/L P6 or DMSO was added and cells were counted daily over 3 days
using a hemocytometer after trypan blue staining. B9(d) and B9(i) cells
(5  103) were plated in 200 AL/96-well dish in the presence of IL-6 or
muBMSC and treated with either DMSO or increasing concentrations of P6
or AG490. KMS11, U266, H929, and RPMI-8226 cells (1  104) were plated
in 200 AL/96-well dish and treated with P6, AG490, and/or cisplatin at
1 Ag/mL. Cells were counted after 72 hours using a hemocytometer with
trypan blue exclusion. Proliferation was also measured by Alamar Blue
reduction (Biosource, Camarillo, CA) using a spectrofluorometric microtiter
plate reader. Cell cycle progression and apoptosis was determined by flow
cytometry using Annexin V-FITC (Clontech-Takara Bio, Palo Alto, CA) and
propidium iodide. Patient multiple myeloma cells were purified from bone
marrow aspirates from seven different multiple myeloma patients first
by Ficoll-Hypaque density gradient centrifugation and then by negative
selection (RosetteSep separation system, StemCell Technologies, Vancouver,
British Columbia, Canada). The purity of multiple myeloma cells was
confirmed by flow cytometric analysis using anti-CD138Ab (BD PharMingen, San Diego, CA). In all samples, >90% purity of CD138+ cells was
achieved. All patients gave informed written consent under an Institutional
Review Board–approved protocol. Primary multiple myeloma cells were
cultured in RPMI 1640 supplemented with 20% FCS, 100 units/mL penicillin,
100 g/mL streptomycin, 1 mmol/L sodium pyruvate, and 2 mmol/L
glutamine. Primary multiple myeloma cells were plated on a confluent layer
of BMSCs (HS-5 cells) in the presence of DMSO or P6 (0.5 Amol/L), and
viable cell number was determined 48 hours later using a hemocytometer
with trypan blue exclusion. All experiments were done in triplicate.
Western blot, antibodies, immunoprecipitation, and electrophoretic
mobility shift assay. Whole-cell, nuclear, and cytoplasmic extracts were
prepared as previously described (25). Protein concentration was determined using the Bradford assay (Bio-Rad, Hercules, CA), and Western blot
analysis was carried out by standard methods (26). Antibodies for Western
blotting include the following: STAT3, phosphorylated STAT3, phosphory-
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lated STAT1, phosphorylated extracellular signal-regulated kinase (ERK)
1/2, phosphorylated AKT, AKT (Cell Signaling, Beverly, MA), anti-phosphotyrosine 4G10, phosphorylated STAT5 (Upstate Biotechnology, Lake
Placid, NY), STAT1 (BD Transduction Laboratories, San Diego, CA), STAT5,
and ERK1/2 (Santa Cruz Biotechnology, Santa Cruz, CA). JAK1 (BD
Transduction Laboratories) and JAK2 (Upstate Biotechnology) were used for
Western blot and immunoprecipitation as described previously (27). Antitubulin and actin were used for normalization (Sigma, St. Louis, MO).
Electrophoretic mobility shift assay (EMSA) was carried out as described by
using a high-affinity m67-binding probe using anti-STAT3 and anti-STAT1
for supershifting (28).
Reagents. Tetracyclic pyridone 2-tert -butyl-9-fluoro-3,6-dihydro7H-benz[h]-imidaz[4,5-f]isoquinoline-7-one, P6 (synthesized by William
Bornmann; ref. 22), AG490 (Calbiochem, San Diego, CA), DMSO, and
cisplatin (Sigma, St. Louis, MO), U0126 10 mmol/L stock in DMSO (Cell
Signaling).

Results
STAT3 activation in myeloma-derived cell lines. To compare
the sensitivity and specificity of P6 with that of AG490, we examined
several myeloma-derived cell lines with variable levels of activated
JAKs-STAT3. JAK activation can lead to STAT3 phosphorylation,
dimerization, translocation to the nucleus, and binding to DNA,
which was examined by an EMSA in these cell lines (Fig. 1A). The
IL-6-independent H929, RPMI 8226, and KMS11 myeloma-derived
cell lines have almost undetectable levels of STAT3 DNA-binding
activity (Fig. 1A). The murine-derived B9(d) hybridoma/plasmacytoma cell line is dependent on IL-6 for growth (29). Unlike normal
cells that respond to IL-6 stimulation by transiently activating
the JAK-STAT3 pathway, constitutive phosphorylation of STAT3
as determined by gel shift and Western blot was observed in this
cell line when grown in IL-6-containing medium, suggesting an
abnormality in the negative regulators of IL-6 signaling (Fig. 1A
and B; data not shown). The STAT3-binding complex was supershifted by a-STAT3 antisera, whereas a-STAT1 antisera had no
effect (Fig. 1A; data not shown). The B9(d) cell line was serially
cultured in medium containing decreasing amounts of IL-6, which
initially resulted in growth arrest and apoptosis of many cells.
However, after several weeks, a heterogeneous population of
cells was isolated, which grew independently of IL-6. These B9(i)
cells express constitutively activated STAT3 and JAK2 (Fig. 1A; data
not shown). B9-IL-6-independent cell lines were previously
generated and found to contain constitutively activated JAK1,
JAK2, and STAT3 (30). The U266 cell line contains robust levels of
STAT3 protein bound to DNA (Fig. 1A) in agreement with the
reported observation of autocrine/paracrine IL-6 production and
constitutive STAT3 activation (16, 31, 32). The mobility of the STAT3
DNA-binding complex in the U266 cells is slightly faster compared
with that of the B9 cells, which could be due to differential
association of STAT3 with STAT1 or other proteins (Fig. 4A). INA-6
cells are a human IL-6-dependent myeloma-derived cell line
expressing high levels of tyrosine-phosphorylated STAT3 (12–14).
P6 inhibits IL-6-mediated STAT3 tyrosine phosphorylation
and cell proliferation in B9 cells. The sensitivity and specificity
of P6 for JAK kinases was compared with that of AG490 by
examining JAK-mediated STAT3 phosphorylation in the IL-6dependent cell line B9(d). B9(d) cells grown in the presence of
IL-6 contain high levels of tyrosine-phosphorylated STAT3 as
determined by EMSA and Western blot analysis (Fig. 1B). P6 was
added to B9(d) cells, and 20 hours later, a significant decrease in
both DNA binding and phosphorylated STAT3 was observed using
concentrations of 0.25 Amol/L, whereas 1 Amol/L resulted in
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inhibited B9 cell proliferation in a dose-dependent manner (IC50,
0.25 Amol/L), whereas 40-fold higher concentrations of AG490
(IC50, 10 Amol/L) were required to achieve comparable levels of
growth inhibition.
P6-induced growth inhibition of B9 cells mimics IL-6
deprivation. IL-6 deprivation for 24 hours of B9(d) cells resulted
in a G1 arrest and minimal induction of apoptosis (Fig. 1D; data not
shown; ref. 33). If P6 inhibits JAKs, then its effects should mimic
that of IL-6 removal in this cell line. B9 cells grown in the presence
of IL-6 and P6 underwent a G1 arrest and an induction of apoptosis
(Fig. 1D; data not shown). In contrast, B9 cells grown in the
presence of AG490 and IL-6 did not arrest in G1 but rather
underwent marked apoptosis, suggesting that the mechanism by
which AG490 induces growth arrest is not simply by blocking IL-6mediated signaling.
Kinetics and specificity of P6. To determine the kinetics and
specificity of JAK-STAT3 inhibition by P6, IL-6 signaling was
examined in the B9(d) cells. Removal of IL-6 from the culture
medium of B9 cells led to a rapid decline in phosphorylated STAT3
over 3 to 6 hours (Fig. 2B). The addition of IL-6 to B9 cells, which
have been starved of IL-6, resulted in robust and sustained
phosphorylation of STAT3 (Fig. 2A). Pretreatment of B9 cells
with P6 for 5 minutes effectively blocked IL-6-mediated phosphorylation of STAT3 in contrast to AG490, which was unable to block

Figure 1. STAT3 activation by EMSA in myeloma-derived cell lines and P6
inhibits IL-6-mediated STAT3 tyrosine phosphorylation and cell proliferation in B9
cells at lower IC50 compared with AG490. A, nuclear extracts from H929, RPMI
8226, KMS11, B9(i), B9(d), U266, and INA-6 murine hybridoma and human
myeloma-derived cell lines were analyzed by EMSA for STAT3 DNA-binding
activity using a high-affinity binding site for STAT3 (m67). A supershift (SS) is
observed following the addition of STAT3 antisera. B, nuclear extracts from
B9(d) cells treated with IL-6 and increasing concentrations (Amol/L) of P6 or
AG40 were examined by EMSA and Western blot for tyrosine-phosphorylated
STAT3 (pStat3 ) and total STAT3 (Stat3 ). C, cell proliferation of B9 cells was
measured after 3 days using Alamar Blue in the presence of increasing
concentrations (Amol/L) of P6 or AG490. Within each experimental set, the
proliferation of cells treated with DMSO was arbitrarily set as 100%. Bars, range
of values derived from at least three independent experiments. D, flow cytometry
analyses of B9 after 24 hours of incubation in the presence or absence of IL-6
and in the presence of P6 (0.5 Amol/L) or AG490 (50 Amol/L) using Annexin and
propidium iodide. Percentage of cells in sub-G1 (SG1 ), G1, S, and G2.

complete abrogation of phosphorylated STAT3. In contrast,
Amol/L AG490 was required to elicit a similar decrease
phosphorylated STAT3 (Fig. 1B). We compared the effect of
and AG490 on B9 cell proliferation (Fig. 1C). Treatment with

Cancer Res 2006; 66: (19). October 1, 2006

50
in
P6
P6

Figure 2. Kinetics and specificity of P6 and AG490 on JAK signaling in B9 cells.
A, nuclear extracts from B9 cells starved of IL-6 ( ) and treated with P6
(0.5 Amol/L) or AG490 (50 Amol/L) for 5 minutes before stimulation with IL-6 for
30 minutes (IL-6 ) were analyzed by Western blot for phosphorylated STAT3.
B, nuclear extracts from B9 cells washed of IL-6 (at various times in hours) were
examined by Western blot for phosphorylated STAT3 and reprobed with total
STAT3. Nuclear extracts were isolated at the indicated times (hours) from B9
cells grown in the presence of IL-6 and P6 (middle) or AG490 (bottom ) and
analyzed for phosphorylated STAT3 and total STAT3 by Western blot analysis.
C, extracts from B9 cells starved of IL-6 overnight, treated with P6 for 30
minutes, and then washed of P6 and, after 1, 3, 6, and 16 hours, stimulated with
IL-6 for 20 minutes and analyzed by Western blot for phosphorylated STAT3 and
reprobed with total STAT3. D, whole-cell extracts from B9 cells starved of IL-6
( ), treated with IL-6 for 30 minutes (IL-6 ), treated with both P6 (0.5 Amol/L)
and IL-6 for 30 minutes (P6 +IL-6 ) or P6 alone (P6), were analyzed for tyrosinephosphorylated JAK1 and JAK2 by immunoprecipitation with a-JAK1 (top ) or
a-JAK2 (bottom ) antisera followed by Western blot with anti-phosphotyrosine
(pJAK1 ) or (pJAK2 ) and reprobed with total JAK1 (Jak1) or total JAK2 (Jak2).
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IL-6-mediated STAT3 phosphorylation (Fig. 2A, lanes 3 and 4). The
addition of P6 to B9 cells grown in the continuous presence of IL-6
led to a decline in phosphorylated STAT3, which mirrored that of
IL-6 withdrawal (Fig. 2B). In contrast, >16 hours of exposure to
AG490 were required to completely inhibit phosphorylation of
STAT3 (Fig. 2B, bottom). These data suggest that either AG490 is
slowly taken-up by cells or it is converted over time into a different
chemical, which eventually inhibits JAK activity. These hypotheses
were addressed by incubating cells with AG490 for 1 hour, washing
the cells and subsequently adding IL-6, and examining phosphorylated STAT3 levels. No inhibition of phosphorylated STAT3 was
observed over a 24-hour period, suggesting a delay in uptake of
AG490 (data not shown). The addition of P6 for 1 hour followed by
washing the cells resulted in a decrease of phosphorylated STAT3
for 6 hours, but after 16 hours, no inhibition was observed (Fig. 2C).
Thus, P6 is rapidly taken up by cells and has a half-life of at least
6 hours when cells are transiently pulsed with the drug. The
addition of P6 to a cell line that is not growth inhibited by JAK
inhibition allowed us to determine that P6 can inhibit JAK activity
when added to cells in culture for at least 72 hours (data not
shown). To test the ability of P6 to inhibit JAK activity, we examined
the levels of tyrosine-phosphorylated JAK1 and JAK2 following IL-6
stimulation in the presence or absence of P6 (Fig. 2D). Both JAK1
and JAK2 phosphorylation were completely inhibited by P6
treatment, indicating that P6 can block JAK activity in cell culture.
AG490 could also inhibit JAK1 and JAK2 phosphorylation in cell
culture (Supplementary Fig. S1A). Furthermore, P6 directly
inhibited JAK1 and JAK2 kinase activities in vitro by immunoprecipitation kinase assays (data not shown).
P6 inhibits constitutive STAT3 phosphorylation and the
growth of B9(i) cells. We examined the ability of P6 to inhibit the
growth of the IL-6-independent B9(i) cell line. Unlike the parental
B9 cell line that loses its phosphorylated STAT3 signal within a few
hours in the absence of IL-6, the B9(i) cells express constitutively
activated STAT3 in the absence of IL-6 as assessed by examining
STAT3 tyrosine phosphorylation (Fig. 3A). The addition of IL-6 to
the B9(i) cells did not significantly enhance phosphorylated STAT3
levels (Fig. 3A). The mechanism of constitutive STAT3 phosphorylation in this cell line is not known, but it is unlikely that a
cytokine, such as IL-6, is being secreted in the medium, as
conditioned medium from the B9(i) cells was unable to stimulate
STAT3 phosphorylation in the B9(d) cells (data not shown; ref. 30).
P6 treatment of B9(i) cells inhibited constitutive STAT3 phosphorylation (Fig. 3A). These data suggest that STAT3 phosphorylation in
this cell line is likely dependent on aberrant JAK activity, which is
inhibited by P6. We tested the effect of P6 on the growth of B9(i)
cells and observed a marked decrease in proliferation (Fig. 3B).
AG490 treatment of the B9(i) cell line was also effective in
inhibiting STAT3 activation and proliferation at concentrations of
50 Amol/L (data not shown). IL-6 signaling through JAKs can also
lead to an increase in ERK activity in several cell lines (12, 13, 34).
B9(i) and B9(d) cells, however, did not express phosphorylated
ERK1/2 nor did the addition of IL-6 lead to activation of ERK1/2
(Fig. 3C; data not shown for B9(d); ref. 30). Surprisingly, treatment
of the B9(i) cells with AG490 led to a marked increase in
phosphorylated ERK1 levels, whereas P6 had no effect on ERK
phosphorylation (Fig. 3C; data not shown). These results suggest
that the mechanism of action of AG490 in cell culture is not
specific for the JAK kinases.
Effect of P6 on the U266 and KMS11 cell lines. We also
examined the effects of P6 on the growth of two other myeloma-
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Figure 3. P6 inhibits constitutive STAT3 phosphorylation and growth of B9(i)
cells. A, nuclear extracts from B9(i) cells were examined for tyrosinephosphorylated STAT3 by Western blot analysis following treatment with P6 or
DMSO (D ) for 16 hours and then stimulation with IL-6 for 30 minutes. B, cell
proliferation of B9(i) cells was measured after 3 days using Alamar Blue in the
presence of DMSO, DMSO plus IL-6 (D +IL-6 ), P6 plus IL-6 (P6 +IL-6 ) or P6
(0.5 Amol/L) alone. Within each experimental set, the proliferation of cells treated
with DMSO was arbitrarily set as 100%. Bars, range of values derived from at
least three independent experiments. C, whole-cell extracts from B9(i) cells
treated with DMSO, DMSO plus IL-6, P6 (1 Amol/L) plus IL-6, or AG490
(50 Amol/L) plus IL-6 (AG+IL-6 ) for 2 hours were analyzed by Western blot for
phosphorylated ERK1/2 (pErk1/2 ) and total ERK1/2 (Erk1/2 ).

derived cell lines U266 and KMS11, which vary in their dependency
on IL-6 (32, 35–38). The U266 cell line produces its own IL-6,
contains constitutively active STAT3, but is only partially
dependent on IL-6 signaling for growth (16). Gel shift analysis of
nuclear extracts obtained from the U266 cell line showed STAT3
DNA-binding activity, which was completely supershifted by an
anti-STAT3 antibody and cold m67 oligonucleotides (Fig. 4A; data
not shown). Antisera to STAT1 decreased a small fraction of the
DNA-binding complex, suggesting that STAT1/STAT3 heterodimers were included in the complex (Fig. 4A). P6 treatment of
the U266 cell line completely abrogated STAT3 DNA-binding
activity in agreement with previous reports showing inhibition of
STAT3 activity by AG490 in this cell line (16). Furthermore, P6
treatment of U266 cells led to a modest reduction in cell growth
(Fig. 4A) as well as a partial G1 arrest, which is consistent with
other investigator’s findings on the significance of IL-6 signaling on
growth control in this cell line (16, 32, 39). It was previously
reported that AG490 inhibited STAT3 activity in U266 cells without
any effect on growth but sensitized these cells to cytotoxic drugmediated apoptosis (39). Similarly, we observed that neither P6 nor
cisplatin led to significant apoptosis but in combination was
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synergistic for apoptosis (Fig. 4A). The IL-6-independent KMS11
cell line contains low levels of activated STAT3 as determined both
by Western blot analysis and EMSA (Fig. 4B; data not shown). IL-6
stimulation led to a significant increase in activated STAT3, and
the addition of P6 abrogated both the low-level constitutive and
IL-6-inducible STAT3 activity (Fig. 4B). As was previously
described, IL-6 stimulated the growth of KMS11 cells, which was
completely inhibited by P6 (Fig. 4B; refs. 37, 40). These results

Figure 4. Effects of P6 on U266, KMS11, H929, and RPMI 8226 cells. A,
nuclear extracts from U266 cells treated with DMSO or P6 (0.5 Amol/L) for 1 hour
(P6) were analyzed for STAT3-binding activity by EMSA. Antisera to STAT1
(S1Ab ) or STAT3 (S3Ab ) were used to supershift components of the binding
complex. Cell proliferation of U266 cells was measured after 3 days using Alamar
Blue in the presence of DMSO or P6. Flow cytometry analyses of U266 cells after
48 hours of incubation in the presence or absence of P6 (0.5 Amol/L) using
propidium iodide staining. Percentage of cells in sub-G1, G1, S, and G2. U266
cells were assayed for apoptosis using Annexin V-FITC-propidium iodide
staining after 72 hours of treatment with P6 (0.5 Amol/L) and cisplatin (1 Ag/mL)
or in combination. B, nuclear extracts from KMS11 cells treated with IL-6 for 30
minutes, DMSO, P6 (0.5 Amol/L), and P6 plus IL-6 analyzed by EMSA for STAT3
DNA-binding activity. Cell proliferation of KMS11 cells was measured after 3
days using Alamar Blue in the presence of IL-6, which was arbitrarily set as 100%
proliferation, DMSO, P6 (0.5 Amol/L), and P6 plus IL-6. C, nuclear extracts
from H929 cells (H929/D ), IL-6 treated for 30 minutes (H929/IL-6 ), and IL-6
and P6 treated (H929/IL-6/P6) were analyzed by EMSA to examine STAT3
DNA-binding activity. Cell proliferation of H929 cells was measured after 3 days
using Alamar Blue in the presence of DMSO, P6 (1 Amol/L), and AG490 (AG ;
50 Amol/L). D, nuclear and whole-cell extracts from RPMI 8226 cells treated with
DMSO, P6 (1 Amol/L), and U0126 (10 Amol/L) for 16 hours and then stimulated
with IL-6 for 30 minutes were analyzed by Western blot for tyrosinephosphorylated STAT3, total STAT3, phosphorylated ERK, and total ERK1/2.
Cell proliferation of RPMI 8226 was measured after 3 days using Alamar Blue in
the presence of DMSO, P6 (0.5 Amol/L), and AG490 (50 Amol/L). Within each
experimental set (of the four cell lines examined), the proliferation of cells treated
with DMSO was arbitrarily set as 100%. Bars, range of values derived from
at least three independent experiments.
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confirm prior results showing that JAK-STAT3 activation is
involved in the growth control of these two cell lines and that
P6 inhibits this pathway.
P6 does not affect the growth of cell lines lacking activated
JAK-STAT3. The IL-6-independent H929 and RPMI 8226 myelomaderived cell lines that harbor activating N-ras and K-ras mutations
(respectively) are negative for STAT activation and are not growth
stimulated by IL-6 (35, 41–43). We confirmed that H929 cells do
not express phosphorylated STAT3, STAT1, STAT5, JAK1, and JAK2
(Figs. 1 and 4C; data not shown). Stimulation of H929 cells with
IL-6 resulted in robust activation of STAT3, whereas the
simultaneous addition of IL-6 and P6 abrogated STAT3-binding
activity (Fig. 4C). P6 did not affect the growth of H929 cells in
contrast to AG490, which led to both growth arrest and apoptosis
of this cell line (Fig. 4C; data not shown). Similarly, the RPMI 8226
cell line lacks constitutively activated STAT3 (STAT1, STAT5, JAK1,
and JAK2), whereas IL-6 stimulated the tyrosine phosphorylation
of STAT3 (Fig. 4D; data not shown). P6 treatment did not affect
proliferation of the RPMI 8226 cell line, whereas AG490 inhibited
growth of these cells (Fig. 4D). Thus, P6 does not inhibit the
growth of cells lacking activated JAK1/JAK2 and STAT1/STAT3/
STAT5, whereas AG490 treatment resulted in profound growth
inhibition of RPMI 8226 and H929 cell lines. The characterization
of P6 showed that it behaves as a reversible and competitive
inhibitor of ATP binding (20, 22, 23). Although P6 binds to the
same highly conserved site found in tyrosine kinases, it showed
specificity for the JAK family of tyrosine kinases. In vitro, the JAKs
were inhibited at IC50s of 1 to 15 nmol/L, whereas the dual
specificity kinase MAPK/ERK kinase (MEK) was inhibited at an
IC50 of 160 nmol/L, and 20 other kinases were inhibited more
weakly than MEK (22). We subsequently examined the ability of P6
to inhibit MEK activity in cell culture. RPMI 8226 cells express a
mutant form of K-ras, resulting in activation of MEK and
phosphorylation of ERK. P6 did not affect levels of phosphorylated
ERK1/2, whereas the MEK1/2 inhibitor U0126 led to complete
abrogation of phosphorylated ERK1/2 (Fig. 4D). IL-6 stimulation
through JAK activation resulted in increased levels of phosphorylated ERK1/2, which was restored to prestimulation levels with
P6 (Fig. 4D). In contrast, 12-O-tetradecanoylphorbol-13-acetate
stimulation of RPMI 8226 cells increased phosphorylated ERK1/2
levels, which were not affected by P6 (data not shown). Similar
observations were made with H929 cells (data not shown). These
data show that P6 specifically inhibits IL-6-stimulated JAK
activation without affecting MEK activity.
P6 inhibits B9(d), B9(i), INA-6, and patient CD138+ cell
proliferation in the presence of BMSCs. BMSCs play an essential
role in supporting the survival and expansion of multiple myeloma
cells (13, 14, 44). We therefore tested the effects of P6 treatment on
B9(d) cells cocultured with muBMSCs. STAT3 was tyrosine
phosphorylated in B9(d) cells grown in the presence of muBMSC,
consistent with prior data indicating that BMSCs produce IL-6 and
other growth factors (Fig. 5A; ref. 12). The addition of P6 inhibited
phosphorylation of STAT3 (Fig. 5A). In addition to STAT3
activation, coculturing of myeloma-derived cell lines with BMSC
has been shown to stimulate phosphorylation of MAPK (ERK1 and
ERK2). B9(d) cells, however, grown in the presence of BMSC, did
not express phosphorylated ERK1/2 (Fig. 5A) nor was IL-6 capable
of inducing phosphorylation of ERK1/2 in B9(d) cells (data not
shown). The growth analysis of B9 cells cocultured with BMSC
revealed a dramatic decrease in cell proliferation with P6 treatment
(Fig. 5A). P6 did not affect the growth or viability of the muBMSC
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Discussion

Figure 5. P6 inhibits B9(d), B9(i), and INA-6 cell proliferation in the presence of
BMSCs. A, nuclear and whole-cell extracts from B9(d) cells grown on BMSCs for
48 hours then treated with DMSO or P6 (0.5 Amol/L) for 16 hours were examined
by Western blot analysis for tyrosine-phosphorylated STAT3, total STAT3,
phosphorylated ERK, and total ERK1/2. Cell proliferation of B9(d) cells grown on
BMSC for 24 hours followed by treatment with either DMSO or P6 (0.5 Amol/L)
for 3 days was determined by Alamar Blue. Within each experimental set, the
proliferation of cells treated with DMSO was arbitrarily set as 100%. Bars, range
of values derived from at least three independent experiments. B, nuclear and
whole-cell extracts were isolated from INA-6 cells grown in the presence of either
IL-6 or BMSCs treated for 2 or 16 hours with P6 (0.5 Amol/L) were examined by
Western blot analysis for tyrosine-phosphorylated STAT3, total STAT3, actin,
phosphorylated ERK, total ERK1/2, actin, phosphorylated AKT (pAKT ), and total
AKT. Cell proliferation of INA-6 cells grown in the presence of IL-6 or BMSC for
24 hours followed by treatment with either DMSO or P6 (0.5 Amol/L) for 3 days.
Cells were counted using a hemocytometer after trypan blue staining. Bars,
range of values derived from at least three independent experiments.

(data not shown). Similarly, B9(i) cells were cocultured on
muBMSC and inhibition of growth and STAT3 phosphorylation
was observed (data not shown).
We also examined the effect of P6 on the human IL-6-dependent
myeloma cell line INA-6. This cell line was characterized as being
dependent on either IL-6 or huBMSC for growth (12–14). Growth of
INA-6 cells in the presence of IL-6 or huBMSC led to the tyrosine
phosphorylation of STAT3 and JAK2, which was abrogated by P6
(Fig. 5B; Supplementary Fig. S2A). Equivalent levels of phosphorylated ERK1/2 were found in INA-6 cells when cultured with either
IL-6 or huBMSC, which were not affected by P6 but were inhibited
by treatment with the MEK inhibitor U0126 (Fig. 5B; data not
shown). Similarly, phosphorylated AKT levels were not affected by
P6 (Fig. 5B). P6 treatment of INA-6 cells cultured with IL-6 or
huBMSC resulted in profound growth inhibition and G1 arrest,
whereas P6 did not affect the viability of the BMSC (Fig. 5B,
Supplementary Fig. S2; data not shown). Thus, P6 effectively
inhibited the growth of two myeloma-derived cell lines when
grown in the presence of BMSC.
We evaluated the sensitivity of multiple myeloma cells to P6
from seven patients. Multiple myeloma cells (>90% CD138+) were
incubated with huBMSCs for 48 hours in the presence of either
DMSO control or P6 (Fig. 6). Cell viability was decreased by >40% in
five of seven samples but no significant effect on two of seven
samples. Thus, in primary myeloma cells, P6 had a significant effect
on the growth of cells.

www.aacrjournals.org

In this study, we examined the role of JAK kinase blockade in
multiple myeloma–derived cell lines and compared the sensitivity
and specificity of a novel pan-JAK inhibitor (P6) with that of
the ‘‘gold standard’’ AG490. IL-6 signaling is known to play a role
in the pathogenesis of myeloma (45). IL-6 stimulation can lead to
the activation of JAK1, JAK2, and Tyk2, gp130, Src homology and
collagen, and STAT3 to varying degrees as a function of cell type
(42). We first examined cell lines that have a known dependence
on IL-6 for survival (B9 or INA-6) and determined that (a) P6
inhibited growth in the nanomolar range compared with AG490
that required high micromolar concentrations, (b) P6 inhibited
JAK activity within minutes following the addition of the
compound in contrast to AG490 that required prolonged periods
of incubation to impart its effects, (c) P6 retained activity in
culture for >72 hours, and (d) the effects of P6 mimicked those
of IL-6 withdrawal in the B9 cells, leading to a G1 arrest in
contrast to marked apoptosis induced by AG490. Furthermore,
direct inhibition of JAK1 and JAK2 activity was observed in B9
and INA-6 cell lines by immunoprecipitation kinase assays and
analysis of phosphorylated JAK levels in B9 cells treated with P6
(Fig. 2).
We also examined cell lines that are growth stimulated with IL-6
(KMS11) or produce their own IL-6, resulting in constitutive JAKSTAT3 activation (U266). We showed that P6 inhibited IL-6stimulated proliferation of KMS11 cells consistent with a
requirement for JAK kinase activity in cytokine-induced proliferation. It has been suggested that, for IL-6 to induce proliferation of
myeloma cells (i.e., variants of the U266 cell line), the CD45 antigen
needs to be expressed, leading to enhanced lyn kinase activity
(46–48). We do not know whether IL-6-induced proliferation of
KMS11 cells is also dependent on CD45 expression nor do we know
whether blockade of IL-6 signaling by P6 could alter lyn activity
through inhibition of JAKs. We have examined src activity in
several epithelial-derived cell lines as well as BaF3 cells transformed with TEL-platelet-derived growth factor receptor (PDGFR)

Figure 6. P6 inhibits patient multiple myeloma cell proliferation in the presence
of BMSCs. Bone marrow–derived multiple myeloma cells (>90% CD138+) were
incubated with huBMSCs for 48 hours in the presence of either DMSO control
or P6 (0.5 Amol/L). Cell viability was determined for each sample. Columns,
mean (n = 3); bars, SD. A >40% decrease in cell viability was observed for
patient samples 1, 2, 4, 6, and 7.
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or BCR-Abl and determined that P6 does not inhibit c-src, TELPDGFR, or BCR-Abl kinase activity nor the growth of these cell
lines, furthering the evidence that P6 is specific for JAK kinases.4
Additionally, the U266 cells we examined contain constitutively
phosphorylated STAT3, and the addition of IL-6 does not
enhance their proliferative capacity nor is there a pronounced
increase in phosphorylated STAT3 (data not shown). As was
previously described, blockade of the IL6-JAK-STAT3 pathway in
the U266 cell line does not affect the proliferative capacity of the
cells but enhances the proapoptotic and antiproliferative effects
of FAS or chemotherapeutic agents (16, 39). Similarly, P6 did not
have a significant effect on the growth of U266 cells, but in
combination with cisplatin, we observed pronounced apoptosis
(Fig. 4A).
The specificity of P6 for JAKs was examined in several other cell
lines, notably H929 and RPMI 8226. These cell lines do not express
activated forms of JAK1, JAK2, STAT3, STAT1, or STAT5; thus, not
surprisingly, P6 did not affect their growth in contrast to AG490,
which led to both growth arrest and apoptosis of these cell lines,
highlighting the lack of specificity of AG490 in these cell lines
(Fig. 4C and D). H929 and RPMI 8226 cells express phosphorylated
ERK1/2 as a consequence of aberrant Ras signaling, and P6 had
no effect on phosphorylated ERK levels in these cell lines,
showing that P6 does not inhibit the Ras-MEK-MAPK pathway in
cell culture. In contrast, AG490 treatment of RPMI 8226 cells and
the B9(i) cells resulted in increased phosphorylated ERK levels
for reasons that are unclear (Fig. 3C; data not shown). IL-6
stimulation of RPMI 8226 cells, however, led to the activation of
JAK2 and STAT3 as well as a slight increase in phosphorylated
ERK levels, which were blocked by P6 (Fig. 4D). Thus, only IL-6/
gp130/JAK-mediated increases in phosphorylated ERK are
inhibited by P6.
Elegant work by Bargou’s group has examined the growth and
survival of primary myeloma cells and cell lines cocultured in the
presence of BMSCs, which is an in vitro culture system that
approximates the in vivo growth of myeloma cells (12–14). They
observed that INA-6 cells cocultured with BMSC mediated strong
activation of the MEK-ERK pathway in an IL-6-independent
manner. Furthermore, blockade of both STAT3 and MEK-ERK
pathways was required to induce apoptosis of this cell line as well
as primary myeloma samples. We examined the growth of B9(d),

4

M. Berishaj, unpublished observation.

B9(i), and INA-6 cells cocultured with BMSC and determined that
P6 inhibited the growth of all three cell lines with a concomitant
decrease in phosphorylated STAT3 levels but no effect on
phosphorylated ERK levels. Our observations differ from those of
Bargou’s work in that, despite the lack of inhibition of the MEKERK pathway, we observe growth arrest of INA-6 cells cocultured
with BMSC. One explanation is that phosphorylated ERK levels are
similar in our INA-6 cells as a function of IL-6 or coculturing with
BMSC, whereas phosphorylated STAT3 levels are strongly induced
by both and thus the resultant dependency on the JAK-STAT3
pathway and perhaps less on the MEK-ERK pathway. Alternatively,
P6 is inhibiting other signaling molecules, which may be critical for
the growth and survival of these cells. Of note, P6 had no effect on
phosphorylated AKT levels in the INA-6 cells (Fig. 5B). In addition
to IL-6 the bone marrow microenvironment is known to produce a
myriad of other growth factors and cytokines, which may obviate a
requirement for IL-6 but may also signal in a JAK-dependent
manner. Indeed several novel compounds, which have been used
successfully in the treatment of myeloma (notably thalidomide),
may in part function by inhibiting cytokine signaling leading to
a reduction in JAK-STAT3 activity (49). Finally, we examined the
effects of P6 on the growth of primary myeloma samples and
determined that P6 had a significant effect on cell viability in the
majority of the samples. In summary, our results highlight the
differences between AG490 and P6 and clearly show in these cell
lines that P6 is a more sensitive and specific inhibitor of JAK
activity. Despite recent therapeutic advances, multiple myeloma
remains an incurable hematologic malignancy. New therapies are
needed, particularly for aggressive medullary variants and
proliferative extramedullary manifestations of disease. P6 has
significant in vitro activity as we have shown. These preclinical
data provide the basis for clinical trials in myeloma and for further
study of P6 activity in myeloma patients as it relates to JAK
activation status.
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