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ABSTRACT

Multiple myeloma is a B-cell malignancy characterized by the latent accumulation in
bone marrow of monoclonal plasma cells with a low proliferative index and an extended
life span. Interleukin-6 (IL-6) is the major survival factor for myeloma tumor cells and
induces signaling through the Signal Transducer and Activator of Transcription (STAT)
proteins. We report that one STAT family member Stat3, is constitutively activated in
bone marrow mononuclear cells from patients with multiple myeloma and in the IL-6dependent human myeloma cell line, U266.

U266 cells are shown to constitutively

overexpress Bcl-XL protein when compared to the IL-6 independent, Stat3 negative,
human myeloma cell line 8226. Comparison of the two cell lines reveals that U266 cells
are inherently resistant to Fas-mediated apoptosis and cytotoxic drugs when compared to
8226 cells. Inhibition of the IL-6/Jak2/Stat3 pathway in U266 cells by the Jak kinase
inhibitor, AG490, or dominant negative Stat3 expression construct (StatSP) results in
downregulation of Bcl-XL expression, and enhanced sensitivity to Fas-mediated
apoptosis.

Treatment of myeloma patient specimens with AG490 was sufficient to

inhibit Stat3 phosphorylation and activation of Stat3. In addition, AG490 downregulated
the expression of Bcl-XL mRNA and protein as determined by RNase protection assay
(RPA) and flow cytometry, respectively. We also found that ectopic overexpression of
Bcl-XL rescued Fas-induced apoptosis in U266 cells following inhibition of the
Jak2/Stat3 pathway.

Furthermore, enforced overexpression of Bcl-XL increased the

resistance of U266 cells to chemotherapeutic drugs. However, instead of sensitizing
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U266 cells to drug-induced apoptosis, the JAK inhibitor AG490 antagonized druginduced apoptosis. The inhibition of drug-induced apoptosis by AG490 was due to
inhibition of cyclin D1 expression resulting in cell cycle arrest.

These studies

demonstrate that IL-6 induced activation of the Jak2/Stat3 pathway controls the
expression of several genes that regulate cell proliferation and survival. Two of these
genes are Bcl-XL and cyclin Dl. Blocking Stat3 activation enhanced sensitivity of U266
myeloma cells to Fas-mediated apoptosis but reduced the efficacy of cell-cycle dependent
cytotoxic drugs.
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INTRODUCTION
Multiple myeloma is an incurable B-cell malignancy in which malignant plasma
cells accumulate in the bone marrow. Patients with multiple myeloma initially respond to
standard chemotherapy with a majority of the patients going into remission. However,
residual myeloma cells that survive initial treatment will ultimately develop drug
resistance and become imresponsive to a wide spectrum of anticancer agents, a
phenomenon known as multidrug resistance (MDR).

Classical mediators of MDR

include proteins that reduce intracellular drug concentration (P-glycoprotein, MRP, LRP),
detoxify the drug itself (changes in glutathione and glutathione-associated enzymes) or
alter the drug target (alterations in topoisomerase II) (Bellamy et al., 1991; Dalton et al.,
1986). However, the acquisition of MDR proteins alone cannot account for all drug
resistance found in vivo or in vitro, nor can it explain the ability of myeloma cells to
survive the initial course of chemotherapy.

Constituents of the bone marrow

microenvironment that allow for tumor cell survival following the initial course of
chemotherapy may eventually allow for expression of MDR associated genes. Thias,
alternative non-drug transport mechanisms of resistance may contribute to the survival
and expansion of the malignant cell population.
Myeloma cells residing in the bone marrow microenvironment also acquire
resistance to physiological mediators of apoptosis. One apoptotic mediator that has been
well characterized in myeloma cells is the Fas antigen (Apo-l/CD95) (Hata et al., 1995;
Shima et al., 1995; Westendorf et al., 1995). Shima et al., showed variable response to
anti-Fas mediated apoptosis in isolated patient myeloma cells.

Notably, in a study
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conducted by Westendorf et al.,(Westendorf et al., 1995) Fas-positive myeloma cells
from patient bone marrow mononuclear cell fractions

were resistant to Fas-mediated

apoptosis; however, when the same tumor cells were isolated from

bone marrow

components and assayed independently they were found to be sensitive to Fas-mediated
apoptosis.

Interestingly, serum from

normal individuals and myeloma patients also

protected myeloma cell lines from undergoing Fas-mediated apoptosis. This suggests the
presence of a soluble factor mediated mechanism of resistance within the bone marrow.
Therefore, constituents of the bone marrow microenvironment that allows for tumor cell
survival following the initial course of chemotherapy need to be identified.
One such factor which is highly expressed in the bone marrow of multiple
myeloma patients is interleukin-6 (IL-6). IL-6 has been identified as the major growth
factor in multiple myeloma, capable of promoting the growth and survival of malignant
plasma cells in both an autocrine and paracrine fashion (Kawano et al., 1988; Klein et al.,
1989; Zhang et al., 1989; Schwab et al., 1991; Levy et al., 1991; Keller and Ershler,
1995). IL-6 is produced by bone marrow stromal cells as well £is the myeloma cells
(Klein, 1995). In human myeloma cell lines, IL-6 has been shown to confer resistance to
several mediators of apoptosis including both Fas (CD95/Apo-l) and chemotherapeutic
drugs (Hardin et al., 1994; Chauhan et al., 1997; Lichtenstein et al., 1995).

Two

pathways have been identified downstream of IL-6 signaling that control the apoptotic
state of myeloma cells. IL-6 inhibition of the jun kinase/stress-activated protein kinase
(JNK/SAPK) pathway in the hiunan myeloma cell line 8226 confers resistance to Fas and
drug-mediated apoptosis (Xu et al., 1998). Furthermore, Schwarze and Hawley, using a
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mouse myeloma model, showed that IL-6 mediated suppression of apoptosis in IL-6
dependent B9 cells by regulating the expression of Bcl-XL. In this model removal of IL6 resulted in downregulation of Bcl-XL and spontaneous apoptosis (Schwarze and
Hawley, 1995).
Therefore, these studies identify the significance that soluble factors play in
regulating the apoptotic state of myeloma cells. Identification of the signaling pathway
downstream of the IL-6 receptor and the critical genes it regulates will be beneficial to
identify future drug targets and drug design. Similarly, identification and/or use of agents
that effectively inhibit IL-6 signaling may be used in combination with standard
chemotherapy regimens to enhance the efficacy of cytotoxic drugs.
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Purpose
The puqjose of this dissertation was to determine the effects of IL-6 signaling
through the JAK/STAT pathway and its effects on sensitivity of human multiple
myeloma cells to physiological and chemotherapeutic mediators of apoptosis.

1. Determine if IL-6 signal transduction affects mediators of apoptosis in
myeloma cells.

2. Determine if constitutive Stat3 DNA binding activity regulates the
expression of Bcl-2 family members.
3. Determine if inhibition of the lL-6/Jak2/Stat3 pathway in human
myeloma cells confers sensitivity to Fas-mediated apoptosis.
4. Determine if inhibition of the IL-6/JAK/Stat3 pathway sensitizes
myeloma cells to drug-induced apoptosis.

Specific Aims

1. To determine the relationship between IL-6 dependence and sensitivity to Fas and
cytotoxic drug exposure in human myeloma cell lines.
1.1 Analysis of IL-6 dependence and sensitivity to cytotoxic drugs.
1.2 Analysis of IL-6 dependence and sensitivity to inducers of apoptosis.
1.3 Analysis of IL-6 dependence and expression of Bcl-2 gene family.
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To study the effects of IL-6 signaling inhibitors on Stat3-mediated Bcl-XL expression
in human myeloma cells.
2.1 Identify constitutive STAT DNA binding activity in human myeloma cells.
2.2 Determine the effects of the IL-6 receptor antagonist, Sant7 on STAT DNA
binding.
2.3 Determine the effects of the IL-6 receptor antagonist, Sant7 on Bcl-XL
expression by RT-PCR and Western Blot analysis.
2.4 Determine the effects of the Jak2 kinase inhibitor, AG490 on STAT DNA
binding.
2.5 Determine the effects of the Jak2 kinase inhibitor, AG490, on Bcl-XL expression
by RT-PCR and Western Blot analysis.
2.6 Determine the effects of the Stat3 dominant negative construct Stat3p-EGFP on
Bcl-XL expression by RT-PCR and Western Blot analysis.

To analyze Fas-induced apoptosis in U266 cells treated with inhibitors of the
Jak2/Stat3 pathway.
3.1 Analysis of Fas-mediated apoptosis in U266 cells pretreated with AG490 by
Annexin V staining.
3.2 Analysis of Fas-mediated apoptosis in U266 cells transiently transfected with
Stat3p-EGFP by Annexin V staining and DAPI immimofluorescence nuclear
staining.
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3.3 Stable transfection of Bcl-XL-Flag construct into U266 cells.

3.4 To analyze Fas-mediated apoptosis secondary to AG490 downregulation of BclXL in Bcl-XL overexpressing clones.

4. Analysis of drug-induced apoptosis in U266 cells pretreated with AG490.
4.1 Analysis of drug-induced apoptosis in Bcl-XL transfected U266 cells by Annexin
V, MTT, and caspase 3 cleavage.
4.2 Analysis of drug-induced apoptosis in U266 cells pretreated with AG490 by
Annexin V and MTT.
4.3 Analysis of cell cycle progression in U266 cells treated with AG490 by BrdU
incorporation.
5. Determine if IL-6 will reverse AG490 induced drug resistance.
5.1 Analysis of the effects of IL-6 on its ability to reverse AG490 downregulation of
cyclin D1.
5.2 Analysis of the effects of IL-6 on recruiting AG490 arrested cells in to S-phase of
cell cycle progression.
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LITERATURE REVIEW
Multiple myeloma and resistance mediators of apoptosis
Multiple myeloma is an incurable B-cell malignancy in which malignant clonal
plasma cells accumulate in the bone marrow. Patients with multiple myeloma initially
respond to standard chemotherapy with a majority of the patients going into remission.
However, residual myeloma cells that siirvive initial treatment will ultimately develop
drug resistance and become unresponsive to a wide spectrum of anticancer agents, a
phenomenon known as multidrug resistance (MDR). The primary drugs used in the
treatment of multiple myeloma include the anthracenes, doxorubicin and mitoxantrone, as
well as the alkylating agent, melphalan. The development of resistance to these front-line
chemotherapeutic drugs is a major factor responsible for treatment failure (Dalton, 1997;
Broxterman HJ et al., 1995). Classic mechanisms of multidrug resistance which include
the overexpression of MDR 1, alterations in topoisomerase II, and changes in glutathione
and glutathione-associated enzymes are generally acquired following chronic drug
exposure (Bellamy et al., 1991; Dalton and Salmon, 1992; Valkov N.I. and Sullivan
D.M., 1997). However, the expression of drug transporters alone caimot account for all
drug resistance found in vivo or in vitro, nor can it explain the ability of myeloma cells to
survive the initial course of chemotherapy. It is not well known what mechanisms allow
the malignant cell to survive the initizil exposure to drugs and ultimately give rise to a
drug resistant cell population.

Significantly, in a recent study by Damiano et al.,

(Damiano et al., 1999), they identified a novel mechanism of hematopoetic cell tumor
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resistance to chemotherapeutic drugs, which they termed, cell adhesion mediated drug
resistance or CAM-DR. They showed that when myeloma cells were adhered to the bone
marrow matrix component fibronectin (FN), that adherence to FN conferred resistance to
the apoptotic effects of multiple chemotherapeutic drugs including doxorubicin,
mitoxantrone, and melphalan.

Thus, they have identified a novel mechanism of

resistance that may allow the myeloma tumor cells to survive initial chemotherapy and go
on to express classical mediators of drug resistance.
In addition to acquiring drug resistance, multiple myeloma tumor cells also
acquire resistance to Fas (Apol/CD95)-mediated apoptosis.

The mechanisms of

resistance to Fas-mediated apoptosis manifested in three unique but potentially
interrelated mechanisms. In a recent report by Landowski et al., (Landowski et al.,
1997a), they showed that selection for drug resistance in vitro resulted in resistance to
Fas-mediated apoptosis. In this study myeloma cells selected in vitro for resistance to the
anthracenes, doxorubicin or mitoxantrone, not only expressed an MDR phenotype they
were also shown to downregulate Fas surface receptor expression. The coselection of Fas
receptor negative cells resulted in a lack of sensitivity to Fas-mediated apoptosis.
Interestingly, in a seminal paper also published by Landowski et al., (Landowski et al.,
1997b), they had showed that 10% of myeloma patients expressed mutations in their Fas
receptor. Sequence analysis revealed that the mutations were similar to those found in
the Ipr/lpr mice model of lymphoproliferative disorders (Watanabe-Fukunaga et al.,
1992). Notably, in a study conducted by Westendorf et al., (Westendorf et al., 1995) Faspositive myeloma cells from

patient bone marrow mononuclear cell fractions

were
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resistant to Fas-mediated apoptosis; however, when the same tumor cells were isolated
from bone marrow components and assayed independently they were found to be
sensitive to Fas-mediated apoptosis. Interestingly, serum from normal individuals and
myeloma patients also protected myeloma cell lines from

undergoing Fas-mediated

apoptosis. This suggests the presence of a soluble factor or cell adhesion mediated
mechanism of resistance within the bone marrow.

Drug-induced apoptosis
Most chemotherapeutic agents are believed to mediate their cytotoxic effects
through the induction of programmed cell death, or apoptosis (Hannun, 1997). Apoptosis
is a biochemically regulated process that is distinct from necrosis and is regulated by
many proteins at many different levels, depending on the apoptotic stimulus. Apoptosis
is a fundamentally important biological process that is required to maintain the
homeostasis of multicellular organisms. Morphologically, apoptosis is characterized by
condensation of chromatin, cell shrinkage, membrane blebbing, and finally phagocytosis
by neighboring cells (Kerr et al., 1972). This controlled form of cell death, in contrast to
necrosis, allows the cell to be eliminated from
inflammatory response.

the body without inducing an

Biochemically, apoptosis is ultimately carried out by the

caspases (cysteinyl aspartate-specific proteinases), a family of cysteine proteases which
cleave critical cellular targets when activated (Nicholson and Thomberry, 1997; Martin
and Green, 1995; Nunez et al., 1998). An apoptotic stimulus, such as cytotoxic drug-
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induce DNA damage, will cause caspases to be cleaved from their inactive, proenzyme
form into highly active proteolytic enzymes that mediate the destruction of the cell. The
caspases involved in apoptosis can be divided into two groups, the initiator caspases
composed of caspases-8, 9, and 10, and the effector caspases-3, 6, and 7. Apoptotic
stimuli will induce that activation of effector caspases, which then activate the effector
caspases or feedback upon themselves. Effector caspases then go on to cleave critical
cellular proteins involved in DNA repair and replication, as well as cytoskeletal proteins
(Nicholson and Thomberry, 1997; Martin and Green, 1995; Nunez et al., 1998).
The involvement of the mitochondria in apoptosis has been well studied over the
last few years (Green and Reed, 1998). It has become apparent that cytotoxic chemicals
or physiologic mediators of cell death, such as Fas, can cause a disruption of inner
mitochondrial transmembrane potential and lead to activation of the caspase cascade and
eventual cell death (Green and Reed, 1998). The Bcl-2 family of proteins is an important
regulator of the apoptotic threshold at the level of the mitochondria (Reed, 1998).
Through mechanisms that are not fully understood, BAX protein becomes pro-apoptotic
when homodimerized by altering mitochondrial membrane potential and causing the
release of cytochrome c, an essential activator of mitochondrial associated caspases.
Anti-apoptotic members of the Bcl-2 family include Bcl-XL, Bcl-2, Mcl-l, and BAG-1,
among others.

One mechanism by which these proteins suppress apoptosis is by

heterodimerizing with BAX and preventing it from
mitochondria.

functioning at the level of the

Bcl-2 was originally discovered as an oncogene in certain B cell

lymphomas and is known, along with Bcl-XL, to be a major factor in the intrinsic
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resistance of cells to apoptosis induced by almost every chemotherapeutic agent (Wang
and Reed, 1998; Reed, 1998). One way these proteins accomplish this is by antagonizing
mitochondrial dysregulation prior to apoptotic induction by drugs such as doxorubicin
and etoposide (Decaudin et al., 1997; Green and Reed, 1998).

Fas-mediated apoptosis
The Fas receptor (FasR), also known as Apo-l/CD95, is a cell surface protein that
has been shown to initiate a signal for apoptosis when engaged by its ligand (FasL) or by
agonist antibodies.

FasR/FasL play an important role mainly in three types of

physiologic apoptosis, elimination of mature lymphocytes at the end of an immune
response, elimination of tumor targets by immune cytotoxic effector cells, and protection
of "immune-privileged" sites, such as the eye (Nagata, 1997). The Fas receptor is a
member of the tumor necrosis factor receptor (TNF-R) family, characterized by a
cystiene rich extracellular region and a short, highly conserved cytoplasmic domain,
known as the death domain (Nagata and Golstein, 1995). Binding of FasL to FasR
trimerizes the receptor complex and recruits the adaptor protein, FADD (MORTl) and its
associated caspase, Caspase 8 (Flice/MACH) to initiate the apoptotic cascade (Nagata,
1997; Muzio et al., 1996).
Fas-mediated cell death can be differentiated into two groups, Type I cells and the
Type II cells (Scaffidi et al., 1998; Peter and Krammer, 1998).

Type I cells are

characterized by the strong recruitment of caspase 8 to the Fas receptor DISC (death-
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inducing signal complex) which activates the downstream effector caspase, caspase 3,
independent of mitochondrial contribution. Type II cells, are defined as cells types that
display a reduced recruitment of caspase 8 to the DISC complex and require activation of
the mitochondrial pathway to activate caspase 3 and downstream targets. Type I and
Type II, cells are further differentiated by the ability of Bcl-XL or Bcl-2 to inhibit Fasmediated cell death. Because Type II cells require the involvement of mitochondria in
Fas-mediated cell death, apoptosis in these cells are inhibited by the Bcl-2 family,
whereas the Type I mitochondrial-independent cell lines are not. Thus, the involvement
of BcI-2 family genes in preventing Fas-mediated apoptosis is questionable and
dependent on which category your cell model belongs.
In a recent study of Fas-mediated apoptosis in myeloma cells, apoptosis in
myeloma cells was shown to be independent of mitochondrial cytochrome c release
(Chauhan et al., 1997). Using the human myeloma cell line MM.IS and freshly isolated
patient myeloma cells they show that oligomerization of the Fas receptor by the agonist
antibody 7C11 induced apoptosis without the release of cytochrome c, while treatment of
the same cells with y-irradiation induced cytochrome c release and apoptosis. Therefore,
based on the Type I and Type II classification system of Fas-mediated cell death outlined
by Scaffidi et al. (Scaffidi et al., 1998), myeloma cells could be classified as Type I cells
and independent of the anti-apoptotic effects of Bcl-2 family proteins. Interestingly, a
study done by Gazitt and Hu, they determined that human myeloma cell lines transfected
with Bcl-2 did not protect the cells from Fas-mediated apoptosis (Gazitt & Hu, 1998),
which further supports the classification of myeloma cells as a Type I cell. However,
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further studies are needed to identify the role of the mitochondria and Bcl-2 family
members in meditating Fas death in myeloma cells.

Interleukin-6 and myeloma
Interleukin-6 has been identified as the major growth cytokine in multiple
myeloma (Zhang et al., 1989; Hawley and Berger, 1998). Significantly, patients with
active myeloma have increased seriun IL-6 levels. Klein et al., (Klein et al., 1989)
showed that patient cells grown in culture produce numerous cytokines including IL-6
and that the addition of anti-IL-6 antibodies to the culture media inhibits the proliferation
of these cells.

A study of 89 myeloma cells, which are dependent on IL-6 for growth, revealed
that removal of IL-6 from the culture media leads to apoptosis (Schwarze and Hawley,
1995). Analysis of Bcl-XL, a protein that inhibits apoptosis and blocks the release of
cytochrome c from the mitochondria (Kharbanda et al., 1997; Boise et al., 1993), showed
that within 48 hours of IL-6 withdrawal the protein levels of Bcl-XL had decreased
significantly compared to control cells that contained IL-6, and then increased to steadystate levels within 8 hr of IL-6 readdition. The increase of Bcl-XL in these cells took
place at the protein and mRNA levels (Schwarze and Hawley, 1995). Fukada et. al.
(Fukada et al., 1996) using a murine model showed that signaling through the IL-6
receptor beta also known as gpl30 activates the JAK/STAT (Janus Kinase/Signal
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Transducers and Activator of Transcription) pathway and that Stat3 activation is
necessary for the upregulation of Bcl-2. Fujio et. al., (Fujio et al., 1997) showed that in
primary rat cardiac myocytes t activation of gpl30 was necessary for the upregulation of
Bcl-XL. They further identified STAT-1 as the transcriptional activator of Bcl-XL using
a Bcl-XL promoter-luciferase reporter gene assay. This regulation of the Bcl-2 gene
family by IL-6 suggests that IL-6 is not only a growth factor for myeloma but may also
regulate the apoptotic state of myeloma cells.

Recent reports on IL-6 have identified a cytoprotective role of this cytokine in
promoting myeloma cells to a state of anti-apoptosis. (Chauhan et al., 1997; Hardin et al.,
1994; Lichtenstein et al., 1995).

Lichtenstein et al., (Lichtenstein et al., 1995)

demonstrated that treatment of multiple myeloma cell line 8226 with recombinant human
IL-6 protects the cells fi-om serum starvation and dexamethasone induced apoptosis. To
examine a possible mechanism of IL-6 induced resistance, increases in Bcl-2 expression
were examined and shown to be imaffected by IL-6. Chauhan et al. (Chauhan et al.,
1997), showed that IL-6 pretreatment of myeloma cell lines resulted in resistance to Fas
antibody mediated apoptosis and a concurrent downregulating stress activated protein
kinase (SAPK) activity. In each of these studies, the exact mechanism of IL-6-mediated
resistance was not shown.

Signal Transducers and Activators of Transcription (STATs)

IL-6 binding to its receptor complex induces intracellular signaling through
members of Janus (JAK) family and signal transducers and activators of transcription
(STAT) family of proteins (Zhong et al., 1994; Kishimoto et al., 1995; Heinrich et al.,
1998). Engagement of cell stirface cytokine receptors activates the JAK family of protein
tyrosine kinases, which phosphorylate and activate cytoplasmic STAT proteins (Darnell
et al., 1994; Darnell, 1997). Activated STATs either homo or heterodimerize and
translocate to the nucleus, where they bind to specific DNA response elements and
induce expression of STAT-regulated genes (Darnell, 1997). STAT signaling has been
implicated in the control of multiple cellular responses to diverse cytokines and growth
factors, including cell proliferation and apoptosis. (Zhong et al., 1994; Bromberg et al.,
1996; Fukada et al., 1996). Significantly, the role of constitutive activation of STAT
family members has been demonstrated in a variety of tumors, supporting its role in
oncogenesis and tumor survival. Activation of STATs has been demonstrated in various
human blood malignancies, including lymphoma and leukemias (Gouilleux-Gruart et al.,
1996; Weber-Nordt et al., 1996; Zhang et al., 1996; Takemoto et al., 1997). It has also
been shown to be activated in breast as well as head and neck cancers (Garcia et al.,
1997; Grandis et al., 1998; Garcia and Jove, 1998). Significantly, Bromberg et al.
(Bromberg et al., 1999), created a constitutive active Stat3 construct which was sufficient
to immortalize fibroblasts and form tumors in nude mice, thus identifying Stat3 as an
oncogene. However, the biological mechanisms by which StatS contribute to
oncogenesis and the critical StatS-regulated genes involved in this process have not been
fully determined.
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Cell cycle
Cell cycle progression is tightly regulated by cell cycle regulatory molecules,
including cyclins, cyclin-dependent kinases (CDKs) and CDK inhibitors (CKIs), (Sherr
and Roberts, 1995). Mitogenic growth factors have been shown to act during the G1
phase of cell cycle, and drive the cells to the restriction (R) point, after which mitogenic
factors are no longer required to complete cell division. Progression through G1 and the
Gl/S transition is regulated by cdk4, cdk6, and cdk2 and their cyclin partners cyclin Dl3, E, and A. In the G1 phase of cell cycle, the expression of cyclin D1 is induced rapidly
by growth factors forming a complex with either cdk4 or cdk6 to form an active enzyme
complex that initiates the phosphorylation of the retinoblastoma (Rb) protein.
Subsequently, cyclin E-CDK2 becomes active and completes the phosphorylation of Rb
which allows the releases of the transcription factor E2F (Matsuhime et al., 1994; Sherr,
1995). The activities of the cyclin/CDK complexes are regulated by two classes of CKIs
the rNK4 and KIP-CIP family. The INK4 family is comprised of pi 5'^'^^'', pl6"^^'*%
pjgiNK4c^ and pl9'^'''*'', while the Cip/Kip family includes p21^'''', p27'^''', and p57'^''^
(Lees, 1995; Sherr and Roberts, 1999). These inhibitors tightly regulate the activity of
CDKs and cyclin-CDK complexes through cell cycle progression. The INK4 family
regulates the activity of CDK4 and CDK6, while the Cip/Kip family regulate the activity
of the cyclin D-, E-, and A-dependent kinases (Sherr and Roberts, 1999).
There is increasing evidence for the role of STATs regulating the expression of
cyclins and CKIs. Various studies have shown the STATs regulate expression of p21^'''',
p27'^P', and cyclin D (Bellido et al., 1998; Matsumura et al., 1999; Bromberg et al., 1999;
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Kortylewski et al., 1999). In human osteoblastic cells p21^'''', was shown to be
downstream of gpl30/Stat3 activation and regulated the pro-differentiating and antiapoptotic state of the cells (Bellido et al., 1998). In this study oncostatin M (OSM) a
member of the IL-6 family of cytokines, was shown to increase the levels of p21 mRNA
in the MG63, osteosarcoma cell line. Furthermore, overexpression of Stat3 potentiated
while dominant negative Stat3 inhibited cytokine upregulation of p21 mRNA. Bromberg
et al., designed a constitutive active Stat3 construct (Stat3-C) which they showed to
transcriptionaly regulate cyclin-Dl, Bel-XL, and c-myc. Interestingly, in this study rat
3Y1 fibroblasts transfected with Stat3-C were shown to produce tumors in nude mice
(Bromberg et al., 1999). These findings indicate that the STATs may be conferring
oncogenic transformation by regulating the expression of cell cycle proteins. However,
more studies are needed to determine the contribution of STAT regulation of cell cycle
proteins in oncogenesis and anti-apoptosis.
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MATERIALS AND METHODS

Cell and culture conditions
The RPMI 8226 human myeloma and U266 human myeloma cell lines were obtained
from the American Type Culture Collection (Rockville, MD). 8226 cells were grown in
suspension in RPMI 1640 medium supplemented with 5% fetal bovine serum, 1% (v/v)
penicillin (100 units/ml), streptomycin (100 units/ml), and 1% (v/v) L-glutamine (all
from Gibco BRL, Grand Island, NY). U266 cells were grown similarly except that they
were cultured in media containing 10% FBS. Cells were maintained at 37° C in 5%
C02-95% air atmosphere and subcultured every 6 days.

Drugs
Melphalan (L-phenylalanine nitrogen mustard, LPAM) was obtained from
Aldrich (St Louis, MO) and was dissolved in acidified ethanol.
mitoxantrone was obtained from

Sigma -

Doxorubicin and

Sigma-Aldrich and dissolved in sterile ddH20.

Etoposide (VP-16) was obtained from
(diomethylsulfoxide) (Fisher Scientific).

Sigma-Aldrich and dissolved in DMSO
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Antibodies
For analysis of Fas surface expression, anti-Fas mAb UB2 (MBL, Watertown, MA) was
used. For induction of Fas-mediated apoptosis, anti-Fas CH-11 (MBL, Watertown, MA)
was used. Anti-Bcl-2 clone 124 was from DAKO (Dako, Carpinteria, CA). Anti-Bcl-XL
clone SC-18, anti-cyclin Dl, anti-Statl, anti-Stat3, and anti-Stat5 were obtained from
Santa Cruz Biotechnology (Santa Cruz, CA).

Anti-Flag and Anti-P-Actin was from

Sigma (St Louis, MO). Anti-NPT-II was from 5 prime-3 prime (Boulder, CO). Dr. HG
Wang, Moffitt Cancer Research Center, kindly provided anti-Caspase 3 to us. HRPconjugated goat-anti-mouse, goat-anti-rabbit, and rabbit-anti-goat were from Jackson
Immunoresearch (West Grove, PA). Anti BrdU-FITC for cell cycle, analysis was
obtained from Becton Dickinson (Bedford, MA).

Pharmacological inhibitors
We originally obtained AG490 from Dr. Alexander Levitzki, Institute of Life Sciences,
The Hebrew University Jerusalem, Israel (Meydan et al., 1996). We have since obtained
AG490 from BioMol (Plymouth Meeting, PA). In both cases, AG490 was dissolved in
DMSO.

MTT cytotoxicity assays
Cells were plated in 96-well microtiter plates at 15,000 cells/well in 0.18 ml of medium.
Drugs were added with the cells at the time of plating. After 96 hr incubation at 37°C, 50
Hl of MTT dye (2 mg/ml in PBS; Sigma-Aldrich) was added to each well and incubated
for 4 hr.

Plates were then centrifuged, medium aspirated, and 100 ^il of dimethyl

sulfoxide (DMSO; Fisher Scientific, Pittsburgh, PA) was added.

Plates were

mechanically agitated for 1 min and optical density was measured at 540 nm using the
Dynex II Elisa plate reader (Dynatech). IC50 values were calculated by linear regression
of percent survival versus log drug concentration.

Annexin V apoptosis analysis
Cells were plated in 24-well plates at 2x10^ cells/well in 1 ml of medium. For analysis of
Fas-induced apoptosis cells were pretreated for 24 hr with 50 jiM AG490 or DMSO
(vehicle control) then treated with Fas agonistic antibody CH-11 (MBL International
Corp., Watertown, MA) for 18 hours. For drug-induce apoptosis, cells were treated with
cytotoxic drug for 20-30 hours. In some experiments, cells were pretreated with AG490
for 12 hr prior to the addition of cytotoxic drugs. At the end of the respective incubation
periods cells were collected washed Ix in PBS then Ix in Annexin V binding buffer.
Cells were then resuspended in 200 |il of 0.5 fil/ml of Annexin V-FITC (Biovision, Palo
Alto, CA) for 5 min at room temperature then 5000-10000 events were analyzed on a
FACScan machine (Becton-Dickinson).

Bcl-2 and Bcl-XL staining
Mononuclear cells were isolated from bone marrow aspirate on ficoll gradient. Cells
were washed 2x with PBS, resuspended in 0.1% BSA in PBS at a final concentration of
2x10^ cells per ml. 50 jil of cells were then added to 12x75 mm tubes. 10 |il of CD38APC (Becton Dickinson; Bedford, MA) were then added and cells incubated in the dark
for 30 min. Cells were then washed in 2 ml of PBS and centrifuged for 5 min. Fix and
Perm from Caltag (Burlingame, CA) was used to fix and permeabilize the cells. Cells
were permeabilized with 75 fil of solution A then fixative was added to the cells and
incubated at room temperature for 10 min. Cells were then washed in 2 mis of PBS and
centrifuged at 1000 rpm for 5 min. Next, 75 ^1 of solution B was added to permeabilize
the membrane then 10

of Bcl-2-PE (PharMingen BD, Bedford, MA) and Bcl-XL-FITC

(Southern Biotechnology Associates, Inc., Birmingham, AL) were added and incubated
for 7 min in the dark.

Cells were then washed in 2 ml of PBS, centrifuged and

resuspended in 1% paraformaldehyde and stored at 4°C until analyzed by PCM.

Cell Cycle Analysis
After treatment with AG490, cells were pulsed for 1 hr with BrdU (Sigma), then fixed in
60% ethanol overnight at 4°C. Cells were then consecutively incubated at 37°C with the
following solutions, 0.04% pepsin for 1 hr, 2N hydrochloric acid 1 hr, and O.IM sodium
borate 10 seconds (Fisher Scientific). Cells were then washed with PBTP solution (0.5%
Tween 20, 0.5% BSA in PBS), then resuspended with 200 ^l of PBTP and 10 ^il of Anti

BrdU-FITC (Becton Dickinson; Bedford, MA) for I hr at room temperature.

After

washing the cells with PBTP, the cells were resuspended with 500 ^1 of PBTP containing
10 fag/ml propidium iodide (Sigma), 500 ng/ml of RNase A (Roche, Indianapolis, IN)
and incubated at 37°C for 30 min prior to analysis by flow cytometry.

RNA collection and cDNA synthesis
Total cellular RNA was collected using TRIzol reagent (Gibco). RNA was quantitated
on a spectrophotometer at 260 nm and 1 jig was DNAse treated and requantitated. A
single large scale cDNA reaction was prepared for each sample for use in all PCR
reactions. A 40 (il reverse transcription reaction containing 200 ng RNA, 1 X PCR
Buffer (10 mM Tris, pH 8.3- 50 mM KCL-1.5 mM MgCl2), 1 mM concentrations each
of dATP, dGTP, dCTP, and dTTP; 200 pmol random hexamers, 40 units RNase inhibitor,
and 12 units avian megalovirus reverse transcriptase (Boeringer-Mannheim) was
prepared on ice then incubated at 42®C for 1 hr, 99°C for 10 min, and quick chilled to
4°C.

RT-PCR analysis of BCL-2 family yene
BCL-2 amplification was performed essentially as described previously (Tu et al., 1996).
Briefly, 20 jil of PCR reaction mixture (IX PCR buffer, 50 pmol of BCL-2 specific
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amplimers, 0.25 units Taq polymerase (Boehringer-Mannheim), and 1.25 fid [a-

P]-

dCTP) was added to 5 (il cDNA, followed by incubation at 94°C for 5 min and then 26
cycles of 94®C for 1 min, 72°C for 1 min, and a final extension at 72®C for 5 min in a
thermal cycler (Perkin-Elmer Cetus). Histone 3.3 was amplified as described and used as
a control for RNA integrity and quantity (Futscher et al., 1993). Bcl-XL and -Xs were
amplified as essentially as described previously, using 26 cycles of PCR (Benito et al.,
1996). The 258 base pair BAX amplicon was amplified using the following primers
(Biosynthesis,

Lewisville,

TX)

and

ACCAAGAAGCTGAGCGAGTGTCTC-3'),

conditions:

BAX-upstream

BAX-downstream

(5'(5'-

CAATGTCCAGCCCATGATGG-3'), cDNA denaturation for 1 min at 94°C, annealing
for 15 sec at 60°C, primer extension for 15 sec at 72°C with a final extension for 5 min.
All samples were loaded on a 5% non denaturing polyacrylamide gel and electrophoresed
for two hours at 80V. For determination of incorporated radionucleotide, gels were dried
down and exposed to a phosphorimaging plate (Molecular Dynamics, Inc., Sunnyvale,
CA) overnight. Plates were then scanned on the STORM phosphorimager (Molecular
Dynamics) and band intensities (pixels/unit area) for Bcl-2, Bcl-XL, Bcl-Xs and BAX
were analyzed using Image QuaNT software and normalized to Histone 3.3 expression.
For all reactions, optimal cycle numbers were used and were within the exponential range
of PCR amplification as determined by previous experiments.

RNase protection assay
Total cellular RNA was collected using TRIzol reagent (Gibco) and quantitated at 260
nm. 5-20 |ig of total RNA was used for RPA analysis. Bcl-2 family and cyclin family
specific probes were synthesized using template sets from Riboquant (San Diego, CA)
and labeled using [a-^^P]lJTP and T7 polymerase. Probes were then column purified,
quantitated on a scintillation counter, and 1.2x10^ cmp was added to each sample. The
hybridization reaction was carried out overnight at 56° C. Samples were then RNase
treated for 45 min at 30° C, hybridized probes were extracted with chloroformiisoamyl
alcohol and precipitated using 100% ethanol. Samples were then electrophoresed on a
5% polyacrylamide gel (7M Urea), dried down, exposed to film,

and analyzed by

densitometry software (Imagequant). Unhybridized probes were used as size standards
for each gene analyzed.

Expressions of the gene families were quantitated by

normalizing to the expression of the house keeping gene L32.

Western blotting
Cells were lysed in buffer composed of 50 mM Tris, pH 7.4, phenylmethyl sulfonyl
fluoride (PMSF). Cells were lysed for 20 min, then centrifuged for 5 min at 14,000 rpm
in a microfiige at 4°C, lysates were quantified using the Bradford assay (Bio-Rad, Foster
City, CA). 10-15 fig of protein was combined with 6x SDS Laemelli loading dye, placed
at 100 °C for 3 min, then separated by 15% SDS-PAGE. Proteins were transferred to
PVDF membrane (Bio-Rad, Richmond, CA) overnight, after which membranes were
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blocked in PBS containing 5% milk and 0.05% Tween-20 for 2 hr. Membranes were
incubated for 4 hr at room temperature or overnight (4°) in blocking buffer containing
diluted primary antibodies, washed 3 times in PBST, and then incubated with horse
radish peroxidase (HRP)-conjugated goat-anti-mouse or goat-anti-rabbit secondary
antibodies for 1 hr at room temperature.

Proteins were visualized with Lumi-Light

substrate (Boehringer Mannheim, Indianapolis, IN) and autoradiography. To assay for
equal protein loading, the membranes were stained with P-actin mAb, in certain cases the
membrane was stripped for 30 min at 50 °C in stripping buffer (62.5 mM Tris-HCl pH
6.8, 2% SDS, 100 mM 2-mercaptoethanol), re-blocked, and then stained with P-5 mM
EDTA, 150 mM NaCl, and 0.5% Triton-X-100 containing 1 jig/ml leupeptin and
aprotinin, and 1 mM actin mAb.

Immunoprecipitations
Cells were lysed in immunoprecipitation buffer (50 mM HEPES, pH 7.2, 150 mM NaCl,
0.1% Tween 20, I mM EDTA, 1 mM EGTA, 0.1 mM orthovanadate, 0.5 mM sodium
fluoride, 0.1 mM phenylmethylsulfonyl fluoride, and 1 mM DTT) by sonication for 5 sec
on ice. Following centrifugation to remove cellular debris, protein concentrations were
determined by the Bradford assay. Equal amounts of protein (200 fig) were incubated
with 5 |il of anti-cyclin D1 antibody (Santa Cruz). After 2 hr of rotation at 4 °C, 30 nl of
Protein A/G Plus (Santa Cruz Biotechnology) was added for an additional hour. Tubes
were centrifuged at 4000 rpm in a microfuge at 4 °C and precipitates were washed with
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ice cold lysis buffer 2 times. 20 fil of 2X SDS Laemelli sample buffer was added to
sedimented beads, samples were vortexed and placed at 100 °C for 3 min. Following a 1
min centrifugation at 14000 rpm (room temperature), supematants were loaded into a
15% acrylamide gel and separated by electrophoresis. Proteins were then transferred to
PVDF membranes and immunoblotted with cyclin D1 antibody using methods previously
described.

Nuclear Extracts and Electrophoretic Mobility Shift Assay (EMSA)
Nuclear extracts were prepared as previously described (Yu et al., 1995; Garcia et al.,
1997). Briefly, nuclei were isolated and extracted in hypertonic buffer (20 mM HEPES
[pH 7.9], 420 mM NaCl, 1 mM EDTA, 1 mM EGTA, 20 % glycerol, 20 mM NaF, 1 mM
aprotinin, 1 ^M leupeptin, and 1 jiM antipain).

Extracts were normalized for total

protein, and 2-6 |ig protein was incubated with the ^^P-labeled high affinity SIE probe
(5'-AGCTTCATTTCCCGTAAATCCCTA-3') derived from the c-fos gene promoter, as
described (Garcia et al., 1997).

Protein-DNA complexes were resolved on 5%

nondenaturing polyacrylamide gels and analyzed by autoradiography. Controls were
performed using rabbit polyclonal antibodies directed specifically against Statl, StatS and
Stat5 proteins (Santa Cruz Biotechnology). The anti-Stat3 and anti-Stat5 antibodies
supershifl DNA-binding complexes, whereas the anti-Statl antibodies block complex
formation (Yu et al., 1995; Garcia et al., 1997). For competition assays, nuclear extracts
containing equal amount of total protein were incubated with 100-fold molar excess of
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unlabeled SIE oligonucleotide or unlabeled irrelevant oligonulcleotide, which contains
the c-fos intragenic regulatory element (FIRE, 5'-GTCCCCCGGCCGGGGAGGCGCT3').

Construction of plasmids
The murine bcl-x promoter reporter constructs were derived from a 3.2 kb genomic
fragment containing the 5' region of the bcl-x gene upstream of the ATG translational
start codon and have been described in detail (Grillot et al., 1997). The pMvSrc vector
encoding v-Src protein has been described (Turkson et al., 1998). To construct pIRESStat3P, the human StatSP gene (Caldenhoven et al., 1996) was excised from plasmid
pSG5hStat3p (kindly provided by E. Caldenhoven and R. de Groot) by Xhol digestion,
made blunt-ended with Klenow fragment of DNA polymerase, and subcloned into the
EcoRV site of pIRES-EGFP vector. The structure of pIRES-Stat3P was confirmed by
restriction mapping, DNA sequencing, and functional analysis in transient transfections.

Transfections and subcloning
U266 cells were transfected with a Bcl-XL-Flag construct kindly provided to us by Dr.
Gabriel Nunez (Simonian et al., 1997). Transfections were carried out using the TransITLTl reagent (PanVera, Madison, WI) as previously described (Catlett-Feilcone et al.,
1999). Briefly, U266 cells were seeded at 5 x 106 cells/100 mm dish 18-24 hr prior to

transfection. 10

of DNA was added to 300 fjl RPMI 1640 media and mixed with 30

of QIAGEN Superfect and allowed to sit at room temperature for 15 min. U266 cells
were washed twice with serum-free RPMI 1640 media prior to transfection, and
DNA/Superfect complex was added to cells in 10 ml serum-free media. Cells were
incubated for 3 hr and fresh 20% FBS RPMI 1640 media was added to give a final
concentration of 10% FBS. Forty-eight hours after transfection cells were cultured in 800
|ig/ml of G418 (Gibco) to select for neomycin resistant cells. Once stable cultures of
G418 resistant cells were obtained, high expressing Bcl-XL clones were obtained by
limiting dilution cloning.
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RESULTS

Research Model: 8226 vs U266
To study the effects of IL-6 signal transduction on the apoptotic state of myeloma
cells we studied the 8226 and U266 hiunan myeloma cell lines, two cell lines which have
a different response to IL-6.

Analysis of IL-6 effects on cell proliferation in 8226 and U266 cells
To establish our model we first set out to determine the effects of IL-6 on the
cellular proliferation of the two human myeloma cell lines 8226 and U266. To do so,
cells were plated into 96 well microtiter plates and treated with increasing concentrations
of IL-6 for 96 hours then incubated with MTT dye. As figure 1 shows, only U266 cells
respond positively to treatment with IL-6, showing a dose dependent increase in optical
density.

EfTects of IL-6 on cell cvcle progression in U266 cells
To further analyze U266 cells proliferative response to IL-6 we measured cell
cycle progression by BrdU incorporation. U266 cells were treated for 24 hr with IL-6
then pulsed for 1 hr with BrdU. As figure 2 shows, U266 cells treated with IL-6 are
recruited into S-phase of cell cycle within 24 hr. These data are consistent with previous
reports were addition of exogenous IL-6 induced proliferation in U266 cells but not 8226
cells (Schwab et al., 1991; Keller and Ershler, 1995; Levy et al., 1991).
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Figure 1. Analysis of IL-6 effects on cell proliferation by MTT analysis. Cells were
incubated with increasing concentrations of recombinant human IL-6 for 96 hrs. IL-6
treatment of U266 cells resulted in a dose-related increase in cellular proliferation but had
no effect on 8226 cells. This experiment was done a minimimi of three times with
similar results. Bars are the standard deviation (SD) of replicates of four.
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Figure 2. Analysis of cell cycle progression in U266 cells treated with IL-6 for 24 hrs.
U266 cells were treated with IL-6 for 24 hrs then pulsed for 1 hr with BrdU. Cells were
fixed, stained with an anti-BrdU mAb and propidium iodide, then analyzed by flow
cytometry. U266 cells are recruited into S-phase of cell cycle upon treatment with IL-6.
This experiment was done a minimum of three times with similar results. Bars are the
standard deviation (SD) of replicates of three.
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Analysis of lL-6 receptor expression in 8226 and U266 cells
We next Malyzed IL-6 receptor expression as a possible explanation of 8226
cells' lack of response to IL-6 treatment. Figure 3 shows, that both cell lines express the
IL-6 receptor gpI30. Therefore, the inability of IL-6 to elicit a proliferative response in
8226 cells is not due to a lack of cell surface receptor expression. We have identified two
myeloma cells lines which express IL-6 receptor though only one cell line the U266 cells
are responsive to IL-6.
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Figure 3. Analysis of IL-6 receptor expression in 8226 and U266 cells. Cells were
stained with a 1:10 dilution of anti-gpl30 mAb for 1 hr then stained with a GAM-FITC
secondary antibody and analyzed by PCM.
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Comparison of 8226 and U266 drug ICgn Values
Having identified our model cell lines one which is IL-6 dependent and one that is
independent we set out to determine the differences in sensitivity to chemotherapeutic
drugs. Comparison of the two human myeloma cell lines reveals a relative difference in
resistance to drug-induced cytotoxicity by the IL-6 dependent cell line U266 as compared
to 8226, which is not dependent on IL-6. MTT survival assay was done to determine the
sensitivity of the cells to the commonly used chemotherapeutic drugs doxorubicin, VP16, and mitoxantrone. In all cases U266 cells were more resistant to the cytotoxic drugs
tested (fig. 4). We further compared the differences in PARP cleavage as an indirect
measure of caspase activation and apoptosis.

Treatment of cells with doxorubicin

revealed that U266 cells are resistant to dox-induced PARP cleavage when compared to
8226 cells (fig. 5).
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Figure 4. MTT analysis of drug sensitivity in 8226 and U266 cells. Comparison of drug
IC50 values. U266 cells are more resistant to the three drugs tested when compared to
8226. Bars are the SD of n=3 independent experiments; *, statistically significant
compared to 8226 cells, where p < 0.05. (Student's T-Test)
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Figure 5. Analysis of doxorubicin-mediated PARP cleavage in 8226 and U266 cells.
After a 24 hr incubation with doxorubicin cells were then counted and lysed at a
concentration of 4 x 10® cells/ml in SDS-UREA sample buffer. Samples were then
heated at 65°C for 15 min then 20 |il of sample was loaded onto a 7.5% SDS-PAGE gel
and transferred to PVDF membrane for western blot analysis. In 8226 cells treatment
with doxorubicin resulted in a dose dependent cleavage of the caspase-3 substrate PARP,
as revealed by the 85 kD cleavage product. U266 cells are resistant to doxorubicin, as
there is no cleavage of PARP at 1 xl 0^ M dox as compared to the dose treatment in 8226
cells.
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Analysis of Fas surface expression and Fas-mediated cell death
We further compared the sensitivity of the two cell lines to Fas-mediated
apoptosis. Both myeloma cell lines express high levels of Fas receptor on their cell
surface (fig. 6a). However, treatment of 8226 cells with Fas ligand or the agnostic mAb,
CH-11, results in 40-65% apoptosis, whereas U266 cells are completely resistant to Fasmediated apoptosis as measured by annexin V staining, (fig. 6b). To further confirm the
resistance of U266 cells to Fas-mediated apoptosis, cells were treated with CH-11 and
analysis of PARP cleavage was done by Western blot. Figure 7 shows that the same
treatment of CH-11 resulted in PARP cleavage in 8226 cells while U266 cells are
completely resistant. This resistance is not due to differences in receptor expression as
shown in (fig. 6a), nor is it due to fimction-ablating mutations as in the Ipr mouse model
of autoimmune disease as sequence analysis of the receptor did not reveal any mutations
(Data not shown. Analysis done by Dr. Terry Landowski).
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Figure 6. Analysis of Fas surface expression and Fas-mediated cell death in 8226 and
U266 cells. (A) Surface expression of Fas was measured by staining with the nonapoptosis inducing antibody UB2 (solid line) or IgGl isotype control (dotted line) and
then incubated with a FITC-conjugated secondary mAb. (B) Fas-mediated apoptosis was
measured by incubation of the cells with IgM control serum (upper panels) or 500 ng/ml
of the Fas agonistic antibody CH-11 (lower panels) for 18 hre prior to staining with
Annexin V-FITC and analysis by flow cytometry. Histograms shown are representative
of 5 replicates. (Analysis done by Dr. Terry Landowski).
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Figure 7. Analysis of Fas-mediated PARP cleavage in 8226 and U266 cells. After a 24
hr incubation with the agonist antibody CH-11 cells were then counted and lysed at a
concentration of 4 x 10 cells/ml in SDS-UREA sample buffer. Samples were then
heated at 65°C for 15 min then 20 ^il of sample were loaded onto a 7.5% SDS-PAGE gel
and transferred to PVDF membrane for western blot analysis. In 8226 cells treatment
with CH-11 resulted in cleavage of the caspase-3 substrate PARP, as revealed by the 85
kD cleavage product. U266 cells were shown resistant to CH-11 as there was no
accumulation of the 85 kD PARP product.

Constitutive expression of Bcl-2 and Bcl-XL in 8226 and U266 human mveloma cells
To address the mechanism of resistance to Fas and drug-induced apoptosis in the
U266 cell line, we examined the expression of the anti-apoptotic proteins, Bcl-2 and BclXL.

Constitutive mRNA and protein expression of both Bcl-2 and Bcl-XL is

approximately 2-fold higher in U266 cells as compared to 8226 cells (fig. 8). This
observation is in agreement with previous studies that compared the expression levels of
Bcl-2 family members between IL-6 dependent and independent cell lines, as well as
among himian myeloma tumors (Schwarze and Hawley, 1995; Tu et al., 1998). This data
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is also consistent with earlier studies that have shown overexpression of the Bcl-2 gene
family of antiapoptotic genes to protect hematopoietic cells, including myeloma cells
from Fas and drug mediated apoptosis (Hickman, 1996; Boise et al., 1993; Miyashita and
Reed, 1993; Minn et al., 1995; Boise and Thompson, 1997; Schneider et al., 1997).

8226

RNA

U266

bcl-x

8226

U266

bcl-2

h33
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Bcl-XL

Bcl-2

P-actin

P-actin

Figure 8. Constitutive expression of Bcl-2 and Bcl-XL in 8226 and U266 human
myeloma cells. Total RNA was extracted and RT-PCR was performed. Histone 3.3
served as a loading control for quantification. Radiolabeled products were separated on a
5% acrylamide gel and visualized by Phosphorlmager. Total protein was extracted and
quantitated using the method of Bradford and equal amount of protein was loaded onto a
15% SDS-PAGE gel. Bcl-XL Oeft column) and Bcl-2 (right column)
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Summary of Research Model: 8226 vs. U266
Therefore, we have identified a model system in which U266 cells that are
dependent on IL-6 in an autocrine fashion and contain higher levels of Bcl-XL mRNA
and protein when compared to the IL-6 independent cell line 8226. We have also shown
that U266 cells are more resistant to mediators of apoptosis, including Fas and cytotoxic
drugs, when compared to 8226 cells that are not dependent on IL-6 (Summarized in
Table i). Therefore, the autocrine production of IL-6 in the U266 cell line may confer
resistance to apoptosis.

8226

U266

IL-6 Receptor Expression

+

+

IL-6 Induced Proliferation

-

+

1.2e-8 M

5.0e-8 M

5e-6 M

le-5 M

1.74e-7 M

1.16e-6 M

Fas Receptor Expression
Fas Function
Doxorubicin IC50
Mclphalan IC50
VP-16IC50

Table 1. Summary of research model.
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rL-6 signal transduction

Figure (9) is a simplified diagram of the IL-6 signaling pathway and the proposed
mechanism of how IL-6 signaling may regulate apoptosis. We utilized this model to
direct our studies. At this point we joined into a close collaboration with Dr. Richard
Jove and his former graduate student Robyn Catlett-Falcone to study IL-6 signaling
through the JAK/STAT pathway and its possible role in resistance to apoptosis.

IL6Ra

GP130

SAPK
RAS

•

MAPK

Anti-Apoptosis

Mitogenesis

Figure 9. IL-6 signal transduction. Question mark indicates focus of research.

IL-6 dependent myeloma cell line U266 express constitutive Stat3 activation, which
is dependent on signaling from the IL-6 receptor to Jak family kinases

Constitutive STAT activation in the IL-6 dependent human mveloma cell line U266
The human myeloma cell line U266 is a well-characterized cell line, which has
been shown to be dependent on autocrine IL-6 signaling for growth and proliferation
(Schwab et al., 1991; Levy et al., 1991; Keller and Ershler, 1995). Nuclear extracts were
prepared from

the human IL-6 dependent cell line, U266, and the human IL-6

independent myeloma cell line, 8226. EMSA analysis of j/j-inducible element (SIE)binding activity revealed that the IL-6 dependent U266 cell line expressed activated
STATs, that is specifically out competed by unlabeled SIE but not by the irrelevant
oligonucleotide c-fos intragenic regulatory element (FIRE) (Fig 10). By contrast, the IL6 independent cell line 8226 did not contain activated STAT DNA binding activity,
although it does express Stat3 protein (Data not shown) and (Ogata et al., 1997). To
identify the specific STAT family members that are activated in U266 cells, supershift
and competition assays were preformed. Figiire 10, demonstrates that the SIE-binding
activity in U266 cells contain predominantly activated Stat3 homodimers and, to a lessor
extent Statl: Stat3 homodimers.
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Figure 10. Constitutive STAT activation in the IL-6 dependent human myeloma cell
line. Nuclear extracts prepared from U266 or 8226 cell were incubated with the Plabeled SIE oligonucleotide probe and analyzed by EMSA. Untreated extracts (lanes 1,
2, 3, 7); extracts pre-incubated with anti-Statl (lane 4), anti-Stat3 (lane 5), or anti-StatS
(lane 6) antibodies to identify activated STATs; extracts pre-incubated with excess
unlabeled FIRE as an irrelevant oligonucleotide (lane 8) or unlabeled SIE oligonucleotide
(lane 9) as specific competitor.

Analysis of IL-6 signaling inhibitors on Bci-XL expression and sensitivity to
mediators of apoptosis in MM cells

Research Model: IL-6 signaling inhibitors
To investigate the involvement of IL-6 signaling to regulation of Stat3, Bel-XL,
and the apoptotic state of the human myeloma cell line U266, we used the following
inhibitors of IL-6 signaling. First, we used an inhibitor of IL-6, the IL-6 superantagonist.
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Sant7. Sant7 is an IL-6 homologue that is a competitive inhibitor of IL-6 binding to the
IL-6 P-receptor, gpl30 (Demartis et al., 1996; Sporeno et al., 1996). Next, we used a
pharmacological approach to inhibit JAK kinase activation of Stat3. We used the Jak2
kinase inhibitor, AG490 (Meydan et al., 1996). Finally, we utilized a genetic approach to
inhibit constitutive Stat3 DNA binding activity we utilized the dominant negative
construct, StatSP (Summarized in fig 11). Using this three tiered approached we set out
to analyze the IL-6 signaling pathway, to determine its transcriptional regulation of
mediators of apoptosis.

Figure 11. Sites of action of IL-6 signaling inhibitors.
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Sant7 partially inhibits Stat3 PNA binding activity
The following experiments were designed to define the signaling pathways
responsible for StatS activation in myeloma cells. Sant7 is a potent IL-6 superantagonist
that competes with IL-6 for binding to surface IL-6 receptors and prevents the gpI30
subunits from oligomerizing and initiating downstream signaling (Demartis et al., 1996;
Sporeno et al., 1996). Inhibition of IL-6 receptor signaling by Sant? reduces constitutive
StatS DNA-binding by nearly 70% within 12 hr and persists for at least 24 hr in U266
cells (Fig 12). Complete abrogation of STAT activity by Sant7 was not observed in any
experiment. This may be due to the contribution of an intracellular IL-6 autocrine loop or
signaling by other cytokines that also activate STATs, neither of which would be blocked
by the extracellular antagonist Sant7.
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Figure 12. Stat3 Activation in U266 cells is mediated through IL-6. U266 cells were
treated with 1 (ig/ml of Sant7. Nuclear extracts were prepared and gel mobility assays
were performed. Treatment of U266 cells with the IL-6 antagonist Sant7 reduced StatS
DNA binding activity, but did not completely inhibit DNA binding.
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Treatment of U266 cells with Sant7 partially reduces Bci-XL expression
Because IL-6 has been shown to induce Bcl-XL expression, we disrupted IL-6
receptor signal transduction to examine the role of IL-6-mediated Bcl-XL expression in
U266 cells. Inhibition of IL-6 receptor signaling to JAK family kinases by Sant7 results
in a 25% reduction in Bcl-XL protein expression at 12 and 24 hr. However, the effect of
Sant7 on bcl-x mRNA expression was transient, as there was a 25% reduction at 12 hr
that rebounds at 24 hr (Fig 13).
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Figure 13. Effects of Sant?, on Bcl-XL expression. U266 cells were treated with Sant?
for 0, 12, and 24 hrs. Total protein and RNA was isolated and subjected to Western blot
analysis and RT-PCR. The bar graphs were generated from densitometry and expression
levels normalized to the house keeping genes P-actin and H3.3. On the right is a
representative autoradiogram of the data.
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Stat3 activation in U266 cells is mediated through JAK kinases
The involvement of JAKs in IL-6 signaling to Stat3 was detemiined by the use of
the Jak2 kinase inhibitor, the tyrphostin AG490 (Meydan et al., 1996). Constitutive Stat3
DNA-binding activity is inhibited by AG490 in a time-dependent manner, with complete
abrogation of Stat3 activity occurring within 16 to 24 hr in U266 cells, (fig 14). Taken
together, the Sant7 and AG490 studies demonstrate that the majority of constitutive Stat3
activation observed in U266 myeloma cells is mediated by IL-6 signaling fi-om the IL-6
receptor to JAK family kinases.
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Figure 14. Stat3 activation in U266 cells is mediated through JAK kinases. U266 cells
were treated with 50 nM AG490 for the indicated times. After incubation nuclear
extracts were prepared and EMSA assay performed. AG490 treatment of U266 cells
completely abrogated Stat3 DNA binding in a time dependent manner.
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AG490 inhibits Bcl-XL expression and promotes apoptosis in U266 cells
We subsequently analyzed the effects of AG490 on inhibiting IL-6-mediated BclXL expression in regulating U266 cells sensitivity to apoptosis. Inhibition of JAK family
kinase activity by AG490 treatment results in a significant reduction of bcl-x mRNA
expression following 24 hr of exposure, and nearly complete disappearance of Bcl-XL
protein by 30 hr (fig 15). The kinetics of Bcl-XL inhibition closely parallels the kinetics
of AG490 inhibition of Stat3 DNA binding activity. In contrast inhibition of JAK and
Stat3 DNA binding activity by AG490 has no effect on the expression of Bcl-2 or the
housekeeping genes, histone 3.3 and P-actin, demonstrating that AG490 treatment does
not induce a general block in transcription or translation.
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Figure 15. AG490 inhibits Stat3-induced Bcl-XL expression. U266 cells were treated
with 50 fiM AG490 for the indicated time and analyzed for expression of Bcl-XL (left
column) and Bcl-2 (right column) mRNA and protein. To control for potential variation
related to time, untreated controls were collected at all time points, and identically
analyzed. Data shown is representative of three independent experiments.
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AG490 inhibits Stat3-induced Bcl-XL expression and sensitizes U266 cells to Fasmediated apoptosis
We next analyzed the effects of AG490 inhibition of Bcl-XL expression and the
sensitivity of U266 cells to Fas-mediated apoptosis. Following 24 hr of exposure to
AG490, U266 cells were treated with the Fas agonistic mAb, CH-11 for and additional 12
hr and then analyzed for apoptosis by annexin V-FITC staining and FCM. At this time
point, bcl-x mRNA is substantially reduced, and Bcl-XL protein levels are minimal.
Significantly, following AG490 inhibition of Bcl-XL expression, U266 cells display an
increased sensitivity to Fas-mediated apoptosis (fig. 16), with up to 90% of cells
undergoing apoptosis. To further confirm these results we used the Apo-Tag (Tunel)
•

method to measure apoptosis in U266 cells treated with AG490 and CH-11 (fig 17).
Cells were treated with 50 jiM AG490 for 24 hr then for an additional 12 with CH-11.
Cells were fixed then stained with Apo-tag-FITC and lambda light chain-Texas Red. The
use of light chain restriction served as a myeloma specific marker to be utilized in the
staining of MM patient BM. In this experiment 100% of U266 cells stained positive for
lambda light chain. To quantitate the assay, 200 lambda light chain positive cells were
counted for Apo-tag positively. These findings raise the possibility that Stat3-mediated
Bcl-XL expression contributes to the resistance of U266 cells to mediators of apoptosis.
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Figure 16 . AG490 sensitizes U266 cells to Fas-mediated apoptosis. U266 cells were
treated with the indicated concentration of AG490 for 24 hr prior to the addition of the
agonistic anti-Fas antibody, CH-11. Following and additional 12 hr incubation, cells
were stained with Annexin V-FITC and analyzed for apoptosis by flow cytometry.
Marker positioning is based on fluorescence of control treatments. Data shown is
representative of 7 independent experiments. Fas-specific apoptosis, determined by (%
apoptosis of AG490 + CH-11)-(% apoptosis of AG490 alone), ranged fi-om 18-41%.

Figure 17. AG490 sensitizes U266 cells to Fas mediated apoptosis. Cells were treated
with 50 (iM AG490 for 24 hrs then treated for an additional 12 hrs with CH-II. Cells
were cytospun on to slides, fixed, and stained with Apo-Tag-FITC and lambda-TexasRed. 200 lambda positive cells were counted for Apo-Tag positivity. (A) Cells treated
with DMSO (B) Cells treated with DMSO and CH-11. (C) Cells treated with AG490
alone. (D) Cells treated with AG490 and CH-11. Percentages indicated are the
percentages of cells that stain Apo-Tag and TR positive. (Analysis done by Jeff Painter).
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Dominant negative Stat3 protein inhibits Bcl-XL expression and promotes apoptosis
in U266 ceils.
Several pathways downstream from

the IL-6 receptor have been identified

(Fukada et al., 1996; Ogata et al., 1997), therefore to determine the contribution of IL-6mediated Stat3 activation, we next examined the effects of a dominant-negative StatS
protein on Bcl-XL expression and cell survival. StatSP is a naturally occurring splice
variant of Stat3 that lacks the C-terminal transactivation domain and functions in a
dominant-negative manner to block Stat3-mediated gene regulation (Caldenhoven et al.,
1996; Turkson et al., 1998). U266 cells were transiently transfected with an enhanced
green fluorescent protein (EGFP) expression construct encoding Stat3p, pIRES-Stat3p,
or the empty vector, pIRES-EGFP. This construct contains an internal ribosome entry
site, allowing translation of StatSp and EGFP from a single bicistronic mRNA. Because
of low transfection efficiency of human myeloma cells, StatSp expressing cells were
isolated by FACS based on EGFP expression and analyzed for Bcl-XL levels. Western
blot analysis of FACS-sorted Stat3p-expressing cells reveals decreased Bcl-XL
expression relative to empty vector transfectants (fig. 18). Based on normalization to Pactin protein levels probed on the same blot, results indicate that Bcl-XL protein levels
are decreased by nearly 80% in the StatSP-expressing cells. In a separate experiment,
mRNA was extracted from

FACS-sorted StatS P-expressing cells or empty vector

transfectants and analyzed by RT-PCR. Results demonstrate a reduction in bcl-x mRNA
levels, similar to the reduction in Bcl-XL protein, in StatS P-expressing cells (fig 18). In
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contrast, Bcl-2 protein and mRNA levels were not substantially reduced in StatSpexpressing cells, consistent with the AG490 results described above.
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Figure 18. Dominant-negative StatSp protein downregulates Bcl-XL. U266 cells were
transfected with pIRES-EGFP or pIRES-StatSP 48 hrs prior to preparation of cells for
flow cytometric analyses. Total protein and RNA were prepared and analyzed for BclXL (left column) and Bcl-2 (right column) expression by Western blot and RT-PCR.
Transient transfection of pIRES-StatSP resulted in downregulation of Bcl-XL but did not
effect the expression of Bcl-2 or the housekeeping genes H3.3 and P-actin. (Cell culture
and transfections done by Dr. Robyn Catlett-Falcone).

Dominant-negative Stat3p protein downregulates Bcl-XL and enhances spontaneous
apoptosis.
To determine the effects of StatSp inhibition of Stat3-mediated Bcl-XL
expression we examined transiently-transfected StatSP-expressing U266 cells by Annexin
V-PE staining and FACS analysis. Significantly, a high level of apoptosis was observed
relative to empty vector transfectants.

At 72 hrs post-transfection, 66% of Stat3P-

expressing cells were apoptotic, compared with only 28% of empty vector transfectants
that were apoptotic. (fig 19). The addition of CH-11 to StatSP-expressing cells did not
significantly increase the amount of apoptotic cells which is probably due to the high
levels of spontaneous apoptosis already in progress. These conclusions were confirmed
by fluorescence

and light microscopy of StatSp-expressing cells enriched by FACS

sorting based on EGFP expression. Following staining with DAPI to visualize, all cells
in the field, fluorescence

microscopy was used to identify green cells expressing EGFP.

Results show that the majority of green cells expressing EGFP exhibit morphological
changes characteristic of apoptosis, whereas non-green cells that were not expressing
detectable levels of EGFP are normal in appearance (fig 20). These findings demonstrate
that Stat3-dependent signaling contributes to the survival of myeloma tumor cells and
their resistance to programmed cell death.
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Figure 19.
Dominant-negative StatSp protein enhances spontaneous apoptosis.
Transfected cells were treated with IgM control serum (upper panels) or 500 ng/ml CH11 antibody (lower panels). At 72 hrs post-transfection, apoptotic cells were stained with
Annexin V-PE and analyzed by flow cytometry with live gating on GFP-expression cells.
Marker positioning was based on fluorescence of control treatments. The data shown is
representative of 5 independent experiments. (Cell culture and transfections done by Dr.
Robyn Catlett-Falcone. Analysis done by Dr. Terry Landowski).
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Figure 20. StatSP-expressing cells exhibit characteristic apoptotic morphology. U266
cells were transfected with pIRES-StatSp (top panel) or pIRES-EGFP (bottom panel) and
sorted by FACS based on EGFP expression. After sorting, cells were allowed to recover
in complete media and applied to slides by cytospin, followed by methanol fixation for
20 min at 4° C. Cells were stained with DAPI and the slides were examined by
fluorescence microscopy. (Cell culture and transfections done by Dr. Robyn CatlettFalcone. Analysis done by Dr. Terry Landowski).
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Ectopic overexpression of Bcl-XL in U266 Myeloma ceils is not affected bv
treatment with the .lAK kinase inhibitor AG490
To determine if downregulation of Bcl-XL subsequent to treatment with AG490
is sufficient to sensitize U266 cells to Fas-mediated apoptosis we transfected U266 cells
with a Bcl-XL construct (Simonian et al., 1997) and selected for neomycin resistance
followed by limiting dilution cloning. Four high expressing clones and two Bcl-XL null
clones were selected for fiarther study (Fig. 21).

We examined the effects of AG490 on Bcl-XL expression in transfected U266
cells. Following a 24 hr incubation with 50 fiM AG490, total protein was isolated and
subjected to western blot analysis. AG490 reduced the intrinsic Bcl-XL expression in
both U266 and U266/Neo cells, but did not affect the expression of ectopically expressed
Bcl-XL in U266/Bclxl-1 cells (Fig 22). This demonstrates that the ectopically expressed
Bcl-XL is not sensitive to AG490 treatment, and the selection of neomycin resistant
U266 clones did not affect the ability of AG490 to regulate endogenous Bcl-XL.
Selection of these various clones allowed us to examine the question of how Stat3
regulation of Bcl-XL expression mediates Fas and drug-mediated apoptosis in the U266
cell line.
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Figure 21. U266 cells were transfected with a Bcl-XL-Flag fusion protein construct,
selected with G418, and cloned by limiting dilution in the presence of G418. Total
protein was isolated and subjected to western blot analysis. Cells were immunoblotted
with antibodies against Bcl-XL, Flag, Neophosphotransferase (NPT), and B-actin. The
four high expressing clones (identified as U266/Bclxl-1, /Bclxl-3, /Bclxl-4 and /Bclxl-15)
express much higher levels of Bcl-XL when compared to the parental U266 cells while
the two Bcl-XL null clones (designated U266/Neo-12 and /Neo-l8) express Bcl-XL
levels equal to U266. The expression of the Flag fusion protein is only present in those
cells expressing Bcl-XL, while all of the clones express NPT demonstrating functional
expression of the Bcl-XL construct in all selected clones.
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Figure 22. Ectopic overexpression of Bcl-XL in U266 cells is not sensitive to treatment
with AG490. U266 cells were treated with three doses 50 (iM AG490 every 12 hrs for 36
hrs. Analysis of Bcl-XL expression was conducted by Western blot. B-actin expression
severed as a loading control. These results are representative of three separate
experiments.
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Ectopic expression of Bcl-XL prevents Fas mediated apoptosis in U266 transfected
ceUs treated with AG490
Next, we examined the effects of AG490 inhibition of endogenous Bcl-XL expression on
sensitivity to Fas-mediated apoptosis. Following a 24 hr exposure to 50 jiM AG490,
U266 cells were treated with the Fas agonistic antibody CH-11 and analyzed for
apoptosis by Annexin V.

As previously shown, this treatment protocol completely

downregulates bcl-x mRNA expression and reduces Bcl-XL protein levels. Treatment of
U266 and U266/Neo cells with AG490 resulted in a significant increase in sensitivity to
Fas-mediated apoptosis. (Fig 23a and 23b). Conversely, ectopic overexpression of BclXL protected the cells from spontaneous apoptosis induced by AG490 and more
importantly, transfected Bcl-XL partially rescued the cells from Fas induced apoptosis
secondary to AG490 inhibition of endogenous Bcl-XL.

Analysis of Fas surface

expression revealed that all of the clones had equal levels of Fas sxirface receptor
expression, (data not shown) excluding reduced Fas expression as a mechanism of
resistance to Fas mediated apoptosis. These results confirm the role of Stat3-mediated
Bcl-XL expression in the resistance of U266 cells to Fas-mediated apoptosis.
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Figure 23. (a) Cells were pretreated with 50 |iM AG490 or DMSO for 24 hrs prior to the
addition of the agonistic anti-Fas antibody CH-11. Following an additional 12 hr
incubation, cells were stained with Annexin V-FITC and analyzed for apoptosis by flow
cytometry. Percent Fas specific apoptosis was calculated by subtracting vehicle control
Annexin V positive cells from AG490/Fas induced Annexin V positive cells (b)
Representative histogram of Annexin V data. Marker positioning is based on background
fluorescence of DMSO control cells. Bars are the SD of n=3 independent experiments; *,
statistically significant compared to U266 and U266/Neo-18 cells, where p < 0.05.
(Student's t-test)
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Ectopic overexpression of Bcl-XL rescues U266 cells from Fas-induced caspase 3
cleavage
To confirm the Annexin V data we analyzed caspase 3 cleavage as an indirect
measure of apoptosis. Previous reports have shown that Bcl-XL is able to inhibit Fas
mediated apoptosis. These studies showed that Bcl-XL inhibited the activation of the
caspase 3 and its downstream substrate poly(ADP-ribose) polymerase (PARP) (Medema
et al., 1998; Armstrong et al., 1996). For this reason, we analyzed caspase-3 cleavage by
Western blot analysis to further examine the role of Bcl-XL in mediating resistance to
Fas-mediated apoptosis in U266 cells. Prior to preparation of total cell lysates, cells were
pretreated with AG490 then treated with CH-11 overnight. Lysates were separated by
15% SDS-PAGE and immunoblotted with a rabbit anti-caspase 3 antibody. As shown in
figure 24, treatment of U266 and U266/Neo cells with Fas and AG490 independently,
results in minimal cleavage of caspase 3. However, cleavage of caspase 3 is potentiated
when AG490 and Fas are combined.

In AG490 and Fas treated cells, a greater

accumulation of the active p20/pl7 cleavage products was seen.

Significantly, the

ectopic overexpression of Bcl-XL inhibited both AG490 and AG490 plus Fas induced
caspase cleavage. Therefore, Bcl-XL is able to inhibit both Fas induced apoptosis and
the associated activation of caspase 3.
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Figure 24. Ectopic overexpression of Bcl-XL rescues U266 cells from Fas-induced
caspase 3 cleavage secondary to AG490 inhibition of endogenous Bcl-XL expression.
Western blot analysis of caspase 3 cleavage in cells treated with AG490 and Fas. Cells
were pretreated with 50
AG490 or DMSO for 24 hrs prior to the addition of CH-11.
Following an additional 12 hr incubation, total protein was isolated and analyzed for
caspase 3 cleavage by western blot analysis.
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Analysis of the IL-6/JAK/Stat3 pathway in sensitizing U266 cells to drug-induced
apoptosis
Ectopic overexpression of Bcl-XL confers resistance to chemotherapeutic druginduced apoDtosis
Because Bcl-XL has been shown to confer resistance to chemotherapeutic drugs,
we next asked the question: does ectopic overexpression of Bcl-XL in U266 cells confer
resistance to chemotherapeutic drugs? We tested four chemotherapeutic drugs, three of
which are most effective in cycling cells, (doxorubicin, mitoxantrone, and VP-16), and
one that is effective in all phases of the cell cycle, (melphalan).

Doxorubicin,

mitoxantrone and VP-16 inhibit the activity of topoisomerase II and are therefore most
effective in cycling cells while melphalan activity (a DNA alkylating agent) is cell cycle
independent. Following a 24 hr incubation with drugs (either doxorubicin, mitoxantrone,
VP-16 or melphalan), cells were stained with Annexin V-FITC for flow cytometric
analysis of apoptosis.

As shown in figure 25, ectopic overexpression of Bcl-XL

conferred resistance to all four chemotherapeutic drugs tested.

These data were

confirmed by a 96 hour MTT viability assay (data not shown).

These results are

consistent with what has been previously reported, (Hickman, 1996; Simonian et al.,
1997; Minnetal., 1995).
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Figure 25. Ectopic overexpression of Bcl-XL confers resistance to chemotherapeutic
drug induced apoptosis. Cells were treated with doxorubicin, LPAM, mitoxantrone, or
VP-16 for 24 hrs. Following the drug incubation cells were stained with Annexin VFITC and analyzed for apoptosis by flow cytometry. Percent drug specific apoptosis was
calculated by subtracting vehicle control Annexin V positive cells from drug induced
Annexin V positive cells. Data is representative of three independent experiments.
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Ectopic overexpression of Bcl-XL confers resistance to chemotherapeutic druginduced caspase 3 cleavage.
Chemotherapeutic drugs induce apoptosis via activation of caspase 3, an event
which is inhibited by Bcl-XL (Kojima et al., 1998; Ibrado et al., 1996; Schmitt et al.,
1998). Therefore, to further confirm the functionality of our Bcl-XL transfected cells we
analyzed the role of ectopic Bcl-XL expression in inhibiting drug-induced caspase 3
cleavage in U266 cells (fig 26). Total cell lysates fi*om cells incubated with doxorubicin
or melphalan for 24 hr were analyzed for caspase 3 cleavage by western blotting. In both
the U266 and U266/Neo cell lines doxorubicin and melphalan induced the cleavage of
caspase 3, as recognized by the accumulation of the p20/pl7 cleavage products. The
overexpression of Bcl-XL significantly inhibited caspase 3 cleavage in U266/Bclxl-1
cells. These results are consistent with studies done in many other cell lines showing that
chemotherapeutic drugs induce apoptosis through induction of the caspase cascade,
which is inhibited by overexpression of BcI-XL(Kojima et al., 1998; Ibrado et al., 1996;
Schmitt et al., 1998).
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Figure 26. Ectopic overexpression of Bcl-XL confers resistance to chemotherapeutic
drug-induced caspase 3 cleavage. Western blot analysis of caspase 3 cleavage in cells
treated with doxorubicin or LPAM. Cells were incubated with drug for 24 hrs.
Following incubation with drug, total protein was isolated and analyzed for caspase 3
cleavage by western blot analysis. Data is representative of three independent
experiments.
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Downregulation of Bcl-XL by AG490 does not sensitize U266 cells to
chemotherapeutic drugs.
Because Bcl-XL confers resistance to chemotherapeutic drugs, we hypothesized
that the inhibition of Bcl-XL in U266 by the addition of AG490 would sensitize the cells
to drug induced apoptosis, similar to the effects we observed for Fas-mediated apoptosis.
To determine the effects of AG490 in sensitizing U266 cells to drug-induced apoptosis,
cells were treated with AG490 according to the protocol previously shown to completely
eliminate Bcl-XL and sensitize the cells to Fas mediated apoptosis (Catlett-Falcone et al.,
1999). As opposed to potentiating drug-induced apoptosis, AG490 antagonized druginduced apoptosis in these assays (fig 27). The antagonistic effect of AG490 was most
pronounced in the three cell cycle dependent drugs (VP-16, doxorubicin, and
mitoxantrone), while there was no effect of AG490 on the cytotoxicity of melphalan.
MTT analysis using the same treatment protocol previously described, confirmed the
Annexin V data (fig 28), increasing the IC50 values firom 2.6 x 10'^ M (+/- 0.7) to 5.3 x
10"^ M (+/- 4.0) for VP-16, 2.1 x 10'" M (+/- 1.7) to 1.2 x 10 ® M (+/- 1.8) for
mitoxantrone and 2.1 x 10"^ M (+/- 0.7) to 1.3 xlO'^ M (+/- 1.2) for melphalan.
Variations in the AG490 treatment protocols were utilized in an effort to sensitize the
cells to drug induced apoptosis. Changes in duration of AG490 pretreatment failed to
alter the antagonistic effects of AG490 on cytotoxic drug-induced apoptosis (data not
shown). Furthermore, even in the Bcl-XL overexpressing cell line, U266/Bclxl-1 drug
efficacy was fijrther reduced with the AG490 pretreatment protocol (data not shown).
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Therefore, despite downregulating endogenous BcI-XL expression with AG490, U266
cells were found to remain resistant to drug induced apoptosis.
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Figure 27. Effects of AG490 on drug-induced apoptosis in U266 cells. Cells were
treated with 50 (iM AG490 for 12 hrs prior to the addition of chemotherapeutic drugs.
Following an additional 24-30 hr incubation, cells were then stained with Annexin VFITC and analyzed for apoptosis by flow cytometry. Pretreatment of U266 cells with
AG490 decreased apoptosis induced by doxorubicin, VP-16, mitoxantrone but had
minimal effect on melphalan-induced apoptosis.
Data representative of three
independent experiments.
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Figure 28. Pretreatment of U266 cells with AG490 confers resistance to certain cytotoxic
drugs. Cells were treated with 50 nM AG490 for 12 hrs prior to the addition of
chemotherapeutic drugs. Following an additional 96 hr incubation, cells were then
incubated with MTT viability dye for 4 hrs. Dye reduction was read on a microtiter plate
reader. Error bars were generated from three independent experiments.
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AG490 induces ceil cvcle arrest in U266 cells
We have previously observed that AG490 reduces thymidine incorporation in
U266 cells. (Catlett-Falcone et al., 1999). Therefore, based on our finding that AG490
was most effective in inhibiting cell cycle specific drugs, we asked the following
question; are the effects of AG490 on drug-induced apoptosis related to cell cycle arrest?
To determine this, U266 cells were treated with two doses of AG490 at 0 hr and 12 hr for
a total incubation time of 36 hrs. BrdU analysis of AG490 treated cells resulted in an
accumulation of cells in G1-phase with a concurrent reduction in S-phase cells (figure
29). The effects of AG490 on cell cycle were seen as early as 12 hrs after initial
treatment of AG490 (Data not shown). Therefore, AG490 induced cell cycle arrest
correlates with the inhibition of drug response in U266 cells.
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Figure 29. AG490 induces cell cycle arrest in U266 cells. Cells were treated with two
doses of 50 |iM AG490 for 36 hrs, a similar protocol to that used in the chemotherapeutic
drug studies. During the final hour of incubation, the cells were pulsed with BrdU. After
the one hour pulse the cells were fixed in ethanol and stained with anti-BrdU antibody
and propidium iodide. Bars are the SD of n=6 independent experiments; *, statistically
significant fi-om DMSO control, where p < 0.05. (Student's t-test)

Analysis [L-6 efTects on AG490 inhibition of drug induced apoptosis and cell cycle
arrest

Drug-induced apoptosis in U266 cells treated with AG490 and IL-6
Next, we utilized the myeloma growth factor IL-6 to see if the addition of IL-6,
which we have previously shown to recruit cells into S-phase of cell cycle, would

sensitize AG490 treated cells to drug-induced apoptosis. To do so we utilized the same
treatment protocol previously described, except that 20 ng/ml of IL-6 was added
concurrently with the cytotoxic drugs.

In this treatment protocol, we were able to

partially reverse the AG490 induced inhibition of drug-induced apoptosis in the two cell
cycle dependent drugs VP-16 and mitoxantrone. However, addition of IL-6 to AG490
and melphalan treated cells IL-6 had no effect at all (fig 30). Interestingly, the addition
of IL-6 to the DMSO vehicle control did not effect the cytotoxicity of any drug tested.
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Figure 30. Dnag-induced apoptosis in U266 cells treated with AG490 and IL-6. Cells
were treated with 50
AG490 for 12 hrs then coincubated with cytotoxic drugs and IL6 for 24 hrs. Cells were then stained with Annexin V-FITC and analyzed by FCM.
Pretreatment of U266 cells with AG490 decreased apoptosis induced by VP-16 and
mitoxantrone, but had no effect on melphalan-induced apoptosis. However, the addition
of IL-6 to the drug treatment protocol was sufficient to partially reverse the effects of
AG490 inhibition of cytotoxic drug action. Data representative of three independent
experiments.
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AG490 inhibits cvclin-Dl expression in U266 cells.
Based on our observations we asked the following question; is the ability of IL-6
to reverse AG490 eflFects on drug-induced apoptosis related to lL-6 upregulation of cyclin
D1 and/or recruitment of cells into S-phase of cell cycle? Recent studies have shown that
STATs regulate the transcriptional activity of cyclin Dl.

(Matsumura et al., 1999;

Bromberg et al., 1999). Therefore, we examined the effects of AG490 on inhibiting the
transcription of cyclin Dl mRNA using U266 cells treated as previously described. Cells
were treated with two doses of AG490 at 0 hr and 12 hrs. At 12 hrs one set of cells were
incubated with 20 ng/ml of IL-6 then allowed to incubate for another 24 hrs prior to
isolation of total RNA. RNA from cells treated in the absence or presence of IL-6 was
analyzed for cyclin Dl expression using a RNase protection assay. As shown in figure
31, untreated and vehicle control treated U266 cells express high levels of cyclin Dl
while AG490 treated U266 cells showed a significantly reduced expression of cyclin Dl.
The addition of IL-6 to this experiment had no affect on reversing AG490 inhibition of
cyclin Dl, nor did IL-6 seem to effect the levels of cyclin Dl in untreated cell or DMSO
treated cells. Therefore, inhibition of the Stat3 signaling pathway in U266 cells inhibits
the transcriptional activity of the D-type cyclins in U266 cells. The reduction in cyclin
Dl correlates with the G1 arrest seen in AG490 treated cells examined by BrdU analysis.
Thus, signaling through the JAK/STAT pathway regulates the expression of both Bcl-XL
and Cyclin-Dl in U266 cells and expression of both genes are concurrently inhibited by
treatment with AG490.
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Figure 31. Cells were treated with two doses of 50 jiM AG490 for 36 hrs. Total RNA
was isolated, and analyzed by RNase protection assay, (a) RNA levels were quantitated
by phosphor imaging and cyclin D1 expression levels were normalized to the
housekeeping gene L32. Bars are the SD of n = 3 independent experiments, *,
statistically significant from DMSO control, where p < 0.05. (Student's t-test) (b)
Representative autoradiogram of cyclin D1 expression.
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Effects of IL-6 on AG490 arrested U266 cells
Next, we analyzed the effects of IL-6 to recruit U266 cells into S-phase of cell
cycle as a means of sensitizing the cells to cytotoxic drugs in the presence of AG490.
Cells were plated and treated as previously described, however in this experiment we
isolated cells at multiple time points from 1-24 hrs after the addition of IL-6. In this
experiment the earliest time point at which we see an IL-6 effect is 12 hr. Fig 32, is the
16 hr time point, where we do show an effect of IL-6 incresing the precentage of cells in
S-phase in the DMSO treated cells but do not see an effect of IL-6 in AG490 treated
cells. The addition of IL-6 to this treatment protocol did not recruit cells into S-phase of
cell cycle at any of the time points tested. We did not see an effect at the early 1-8 hr
time points nor did we see an effect at the 18-24 hr time points. Therefore, the effects of
IL-6 on increasing the toxicity of cytotoxic drugs in AG490 treated cells is independent
of recruitment of cells into S-phase. We therefore believe that we have identified a
potentially novel mechanism of IL-6 potentiation of cytotoxic drug action.
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Figure 32. Effects of IL-6 in AG490 arrested U266 cells. Cells were treated with 50 ^M
AG490 for 12 hrs then treated for 16 hrs with 20 ng/ml IL-6. Following the 24 hr
incubation, cells were pulsed with BrdU, fixed, stained with an anti-BrdU-FITC antibody
and propidium iodide then analyzed by FCM. Error bars are the SD of n=3.
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Analysis of AG490 inhibition of STATs and Bcl-XL expression MM patient samples

High Frequency of STAT Activation in MM patient bone marrow mononuclear ceils
To determine the significance of constitutive Stat3 activation in multiple
myeloma, we assessed the role of IL-6 signaling through the JAK/STAT pathway in MM
patient bone marrow mononuclear cells (BMMC). To examine the prevalence of STAT
DNA binding activity in MM patient BM cells, we assayed the mononuclear fraction of
patient BM. STAT activation was detected by electrophoretic mobility shift assays
(EMSA) using an oligonucleotide probe corresponding to the sis-inducible element (SIE),
which binds activated (dimerized) Statl and Stat3 (Yu et al., 1995). Nuclear extracts
prepared from patient BMMC revealed elevated SIE-binding activity, to varying degree,
in all 24 MM patient examined (Fig. 33a).

In contrast, normal or control BMMC

obtained from patients with no evidence of bone marrow metastases had little or no
detectable levels of SIE binding activity.

To identify specific STAT homo or

heterodimers in MM patient BMMC, control supershift experiments were performed
using antibodies against different STAT family members.

Results show that Stat3

homodimers and Statl: Stat3 heterodimers are the predominant forms of activated STATs
in the majority of MM specimens examined (Fig. 33b). Statl homodimer activation was
present at a lower frequency, and no StatS activation was detected using a StatS-specific
probe (data not shown). These results demonstrate a high incidence of constitutive Stat3
activation in MM patient BMMC.
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Figure 33. (a) Activation of STAT proteins in bone marrow cells of patients with MM.
Nuclear extracts prepared from bone marrow cells were incubated with the 32P-labeled
SIE oligonucleotide probe and analyzed by EMSA. The mononuclear fraction was
isolated from bone marrow aspirates from normal marrow donor's (N), patients with no
evidence of bone marrow metastases (Non-Hodgkin's lymphoma, NHL, or breast cancer,
BrCA), and patients with multiple myeloma, MM. (b) Identification of specific STAT
proteins activated in MM specimens. Nuclear extracts were incubated with the SIE
oligonucleotide probe, which binds Stat I and Stat3. Untreated control extracts (lanes, 1,
4, 7, 10,13 16, 19), extracts pre-incubated with anti-Statl O^es 2, 5, 8, 11, 14, 17, 20), or
anti-Stat3 (lanes 3, 6, 9, 12, 15, 18, 21) antibodies. (Analysis done by Dr. Robyn CattletFalcone).
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AG490 inhibits Bcl-XL expression in MM patient specimens
Furthermore, we analyzed the effects of AG490 inhibition of Bcl-XL expression
in MM patient BMMC. Freshly isolated patient BM was passed over ficoll then patient
bone marrow mononuclear cells were incubated with 50 ^M AG490 for 24 hrs. To date
we have analyzed six freshly isolated patients BMMC for AG490 inhibition of Bcl-XL
expression. In RPA analysis in 4 of 6 patients (10006, 10008, 10009, 10071) we see a
reduction of bcl-x mRNA expression while 2 of 6 patients (10029, 10068) there was no
effect (fig 17a). Similar to the results in U266 cells, treatment of MM patient cells with
AG490 did not affect bcl-2 mRNA expression (fig 34). Flow cytometric analysis of
patient BMMC, showed the same results, AG490 downregulated Bcl-XL expression but
had no effect of Bcl-2 expression (fig 35). Furthermore, we show that patients that do not
express constitutive STAT DNA binding activity AG490 did not affect the expression of
Bcl-XL. These results show that Stat3 mediates the expression of Bcl-XL in MM patient
BMMC similar to that seen in the human myeloma cell line U266
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Figure 34 . AG490 inhibits Stat3-induced Bcl-XL but not Bcl-2 expression in MM
patient BMMC. Cells were treated with 50 ^iM AG490 for 24 hrs and analyzed for
expression of Bcl-2 gene family mRNA expression by RPA analysis. To control for
potential variation related to time, untreated controls were collected at all time points, and
identically analyzed. U266 served as a positive Bcl-XL control.
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DISCUSSION
Recently, evidence is acciunulating suggesting the role of the tumor
microenvironment and its effects on tumor survival and progression. More attention is
now being given to the affects of the microenvironment on hematopoietic cells due to the
fact that in many diseases, including myeloma and leukemia, the mature tumor cell or
progenitor cell associates with the bone marrow in vivo. The tumor microenvironment
has been shown to effect the sensitivity of tumor cells to mediators of apoptosis in two
distinct yet related mechanisms. These mechanisms can be categorized as a soluble form
and a contact mediated form of cellular survival. The contact form of cellular protection
involves the direct association of tumor cells to either ligands on other cells or ligands
expressed in the extracellular matrix to confer a state of antiapopotsis that helps the cells
elude chemotherapy. The soluble form involves the production of survival cytokines
produced either by the bone marrow stromal cells or in some cases the tumors
themselves. These cytokines go on to transduce growth and survival signals that also
allow a select set of tumor cells to survive initial chemotherapy. In either case, the exact
mechanism of how cell-cell contact or cytokine signaling modulates the sensitivity of
tumor cells to mediators of apoptosis is not well established. The data presented here
examined the role of the myeloma survival factor, IL-6 and its signaling through the
JAK/STAT pathway on its response to mediators of apoptosis.

The lL-6 dependent cell line U266 was shown resistant to both cytotoxic drug exposure
and Fas-mediated apoptosis when compared to the IL-6 independent cell line 8226.
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These results were confirmed using two independent methods. For analysis of drug
cytotoxicity and apoptosis, MTT and FAR? cleavage was used to show that U266 cell are
resistant to cytotoxic drug exposure compared to 8226 cells. To measure Fas-mediated
apoptosis annexin V and PARP cleavage was done to show that U266 cells are
completely resistant to Fas-mediated apoptosis.

Classical drug resistance involves the overexpression of the drug transporters Pglycoprotein, MRP, or LRP. However, the emergence of these drug transporters is most
typically a mechanism of resistance acquired following chronic drug exposure. This and
other mechanisms of drug extrusion were investigated and ultimately foimd negative in
parental U266 cells (Work done by Dr. Jason Damiano).

To determine a possible

mechanism of resistance, analysis of Bcl-2 family members was done. Using RT-PCR
and Westem blot analysis we show that U266 cells overexpress both Bcl-2 and Bcl-XL
when compared to 8226 cells. Therefore, the autocrine lL-6 production and sensitivity to
exogenous IL-6 in U266 cells may be regulating the expression of Bcl-2 family proteins
and the sensitivity of the cells to mediators of apoptosis. Significantly, Schwarze and
Hawley have identified a murine myeloma model in which removal of IL-6 from culture
resulted in downregulation of Bcl-XL and spontaneous apoptosis of the cells (Schwarze
and Hawley, 1995). However, the exact mechanism of IL-6 signaling and regulation of
critical antiapoptotic genes was not identified. We thus, utilized our IL-6 dependent cell
line U266 to determine the contribution the IL-6 signaling through the JAK/STAT
pathway and its role in regulating apoptosis in human myeloma.
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To determine the role of IL-6 on apoptosis in myeloma cells we collaborated with
Dr. Richard Jove, from the H. Lee Moffitt Cancer Center who has in his possession three
unique inhibitors of the IL-6 signal transduction pathway. Our initial studies addressed
the ability of these inhibitors to regulate the expression of Bcl-2 family members and
their ability to sensitize the cells to Fas-mediated apoptosis.

Significantly, these studies have identified that —90% of the myeloma tumors
tested were shown to contain activated STATs, mainly StatS. The human myeloma cell
line U266 was also shown to contain activated StatS as well. The 8226 cell line, which
express StatS protein, does not express constitutive active STAT DNA binding activity.
Significantly, a recent report was published showing that the IL-6 related cytokine
leukemia inhibitory factor (LIF) which also signals through gplSO, upregulated the
expression of Bcl-XL in murine cardiac myocytes.

They further identified an LIF-

responsive cis-element containing a STAT binding motif. Furthermore they report that
this motif bound Statl and not StatS (Fujio et al., 1997).

To determine if autocrine IL-6 is signaling to the JAK/STAT pathway we used
the inhibitor of IL-6 receptor signaling, Sant7. We determined that the constitutive active
StatS DNA binding activity in U266 cells is due to IL-6 signaling. Although complete
inhibition of DNA binding was not achieved, our data do support that the major
contribution to constitutive StatS DNA binding activity is due to IL-6 receptor signaling.
Our data are consistent with previous published reports by Sporeno et al., showing that
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Sant7 was able to reduce thymidine incorporation in U266 cells by only 40% (Sporeno et
al., 1996). Similarly, we were unable to fully inhibit thymidine incorporation in our
U266 cells (unpublished observation). However, our data does suggests the possibility of
an internal autocrine IL-6 loop that is unaffected by the extracellular binding of Sant7 to
gpl30. Our data also support the contribution of other cytokines in signaling to STATs,
such as IL-11, leukemia inhibitory factor (LIF), or oncostatin M, cytokines which are
known to bind and transduce signaling through the gpl30 receptor subunit to the
JAK/STAT pathway (Klein, 1995). Subsequently, treatment of U266 cells with Sant7
failed to significantly downregulate Bcl-XL or Bcl-2 expression, nor did it sensitize the
cells to Fas mediated apoptosis (Data not shown. Analysis done by Dr. Terry
Landowski). This we attribute to the inability of Sant? too completely inhibit StatS DNA
binding and transcription.

Moving downstream, we next utilized a pharmacological inhibitor of IL-6
signaling, the JAK kinase inhibitor AG490. In these studies AG490 is able to completely
inhibit Stat3 DNA binding in U266 cells resulting in a significant downregulation of BclXL mRNA and protein expression. The complete abrogation of Bcl-XL expression
resulted in an increased sensitivity of the cells to Fas mediated apoptosis (Catlett-Falcone
et al., 1999). Since publishing these results we have shown that treatment of large
granular lymphocyte (LGL) leukemia cells with AG490 induces spontaneous apoptosis
and in 2 of 10 patients AG490 increased Fas mediated cells death (Epling-Bumette et al.,
2000). However, the mechanism of AG490 induced apoptosis in LGL cells differed from
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myeloma cells as LGL cells did not express Bel-XL. They did however express Mcl-l
(BcI-2 homolog), which they subsequently show to regulated by Stat3 and inhibitable by
AG490.

Subsequent studies in which we reintroduced the Bcl-XL-flag expression
construct, overexpression of Bcl-XL rescued U266 cells from Fas induced apoptosis
secondary to AG490 inhibition of Bcl-XL expression. However, overexpression of BclXL did not completely rescue the cells for Fas apoptosis, suggesting the role of other
mediators of apoptosis. Interestingly, treatment of U266 cells with AG490 results in a
concurrent downregulation of the Bel-2 homolog Mcl-l suggesting that Mcl-l is a Stat3
regulated gene in myeloma cells (data not shown). Our results are also consistent with
our LGL data that show Stat3 regulated Mcl-l expression may contribute to the apoptotic
state of these cells. This data is consistent with a recently published report showing the
IL-6 regulates the expression of both Bcl-XL and Mcl-l in IL-6 dependent myeloma cell
lines and purified myeloma cells from patients (Puthier et al., 1999).. Therefore, in
myeloma cells Bcl-XL and Mcl-l may both contribute to apoptosis resistance and
therefore the ectopic overexpression of Bcl-XL alone is unable to rescue the cells from
AG490-mediated Fas apoptosis. EMSA analysis using the putative Stat3 binding sites
from the promoter region of Mcl-l, need to be done in myeloma cells to determine if
Stat3 regulates Mcl-l in human myeloma. Furthermore, analysis of the role of Mcl-l in
Fas-mediated apoptosis need to be determined.
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To further identify IL-6 signaling through the JAK/STAT pathway and its ability
to enforce the constitutive activity of Stat3 DNA binding in U266 cells we used a genetic
approach to inhibit Stat3 DNA binding.

We utilized Stat3p, which is a naturally

occurring splice variant of Stat3 that blocks Stat3-mediated gene regulation. In these
studies transient transfection of Stat3p-EGFP reduced the expression of both Bcl-XL
mRNA and protein, but had no effect on BcI-2 expression, which was consistent with
AG490 treatment of U266 cells. Significantly, transient transfection of Stat3p-EGFP
resulted in an enhanced susceptibility to Fas-mediated apoptosis, and ultimately
spontaneous programmed cell death. These results have since been confirmed using a
constitutively active Stat3 construct (Stat3-C) that spontaneously dimerizes, binds to
DNA, and activates transcription. In these studies Stat3-C transfected cells acquired a
transforming phenotype as determined by soft agar colony growth, and was also
sufficient to from tumors in nude mice. Furthermore, they show that transfection of rat
3YI fibroblasts with Stat3-C resulted in a significant upregulation of Bcl-XL mRNA
(Bromberg et al., 1999). In another study Grandis et al. (Grandis et al., 2000), using in
vivo liposome-mediated gene therapy with a Stat3 antisense plasmid efficiently inhibited
Stat3 activation, increased tumor cell apoptosis, and decreased Bcl-XL expression in a
head and neck xenograft model.

Based on these findings we hypothesized that inhibition of Stat3 and
downregulation of Bcl-XL, secondar>' to inhibition of Stat3 activation, would sensitize
U266 cells to drug induced apoptosis.

Therefore, we first analyzed drug-induced
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apoptosis in U266/Bclxl transfectants to determine if overexpression of Bcl-XL would
confer a drug resistant phenotype. Two independent measures of cell death, Annexin-V
staining and MTT dye reduction, confirmed that overexpression of Bcl-XL confers
resistance to chemotherapeutic dmgs. These experiments are consistent with literature
reports of Bcl-XL overexpression conferring a drug resistance phenotype (Boise et al.,
1993), (Decaudin et al., 1997).

Inhibition of Jak kinase in U266 cells inhibits Stat3 DNA binding activity and
consequently downregulates the Stat3 responsive gene Bcl-XL. Contrary to our working
hypothesis, AG490 inhibition of Bcl-XL expression did not sensitize cells to
chemotherapeutic drug induced apoptosis. Despite the ability of AG490 to downregulate
Bcl-XL and sensitize the cells to Fas-mediated apoptosis, AG490 antagonized druginduced apoptosis. Interestingly, inhibition of drug action was shown in the three cell
cycle dependent drugs doxombicin, mitoxantrone, and VP-16, but not melphalan which is
cell cycle independent.

These results were unexpected, as we clearly show that

endogenous and ectopic overexpression of Bcl-XL reduced drug-induced apoptosis of all
four drugs tested.

We therefore surmised that the effects of AG490 might be due to its effects on
cell cycle progression in U266 cells. Analysis of cell cycle revealed that AG490 was
arresting cells in Gl. We thus concluded that the antagonistic effect of AG490 on drug
induced apoptosis was the result of cell cycle inhibition. In a recent study, IL-6 was

no
shown to increase the cytotoxicity of U266 cells to vinblastine and taxol.

IL-6

potentiation of vinblastine was shown to be due a recruitment of cells into S-phases.
However, the potentiation of taxol cytotoxicity by IL-6 was not fully determined
(Aoyama et al., 1998). Therefore, we treated U266 with IL-6 in presence or absence of
AG490 to determine IL-6 effects on sensitizing the cells to melphalan, VP-16, and
mitoxantrone. Significantly, the addition of IL-6 to the treatment protocol resulted in an
increase in mitoxantrone and VP-6 drug cytotoxicity but not to melphalan when
compared to cells treated with AG490 alone. Contrary to the study done by Aoyama et
al., (Aoyama et al., 1998) IL-6 alone did not increase cytotoxic drug action.

Interestingly, cytotoxicity of melphalan was neither blocked nor potentiated in
AG490, IL-6, or AG490+IL-6 treated cells. The differential effects of Bcl-XL and Bcl-2
on affording cytoprotection to chemotherapeutic drugs can possibly explain these results.
Simonian et al, (Simonian et al., 1997) showed that Bcl-XL and Bcl-2 provided similar
protection to vincristine, vinblastine, and y-irradiation but, Bcl-XL afforded greater
protection against VP-16, teniposide, methotrexate, fluorouracil, hydroxyurea, and
cisplatin. Therefore, the selective inhibition of AG490 downregulation of Bcl-XL and
not Bcl-2 may explain the lack of melphalan potentiation in Bcl-XL downregulated cells.

STATs have been shown to regulate numerous genes that have varying effects on
cell cycle and programmed cell death. Based on recent reports showing that cyclin D1 is
regulated by Stat3 (Matsimiura et al., 1999), (Bromberg et al., 1999), we analyzed cyclin
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D1 expression in U266 cells treated with AG490. We found that AG490 significantly
reduced the expression of cyclin D1 in U266 cells. Thus, AG490 inhibition of cyclin D1
expression correlated with the G1 arrest, as measured by BrdU incorporation. Cell cycle
arrest associated with AG490 exposure in U266 cells reduces the efficacy of cytotoxic
drugs with high activity in proliferating cells.

Therefore, inhibition of Stat3 in U266 cells results in the concurrent
downregulation of Bcl-XL and cyclin Dl. Using the JAK kinase inhibitor we were
unable to selectively downregulate the individual genes. Due to the concurrent reduction
of both Bcl-XL and cyclin Dl, AG490 treatment of U266 cells antagonized the
chemotherapeutic drug effect.

However, the same treatment protocol significantly

potentiated Fas mediated apoptosis indicating that Fas mediated apoptosis is not
regulated by cell cycle progression in U266 cells.

Our data shows that constitutive Stat3 activation in myeloma cells results in the
upregulation of both Bcl-XL and cyclin Dl. Inhibition of Stat3 in the human myeloma
cell line U266 resulted in a concurrent decrease in the expression of Bcl-XL and cyclin
Dl, and an opposing role in the sensitivity to physiologic and chemotherapeutic
mediators of apoptosis. Treatment of U266 cells with AG490 and subsequent inhibition
of Stat3 resulted in downregulation of Bcl-XL and sensitization to Fas-mediated
apoptosis while downregulation of cyclin DI was associated with resistance to cytotoxic
drugs. While this data indicates the ineffectiveness of simultaneous use of AG490 and
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cytotoxic drugs as a treatment regimen for multiple myeloma, our data do suggest the use
of AG490 in a post therapy adjunct setting. Use of AG490 in a post adjunct setting could
result in the inhibition of Stat3 activation and increased spontaneous apoptosis of residual
myeloma cells that survived initial chemotherapy. Furthermore, the inhibition of Stat3
would result in a decrease in Bcl-XL expression and sensitization of the cells to Fasmediated apoptosis. Thus, incorporation of Stat3 inhibitors to the treatment protocol of
multiple myeloma in a post adjimct setting may result in an increase in the duration of
remission in multiple myeloma patients.
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