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Abstract

Although IFN-a is commonly used as maintenance treat-
ment for multiple myeloma patients, its effectiveness is var-
ied. In this study, we have used a panel of IL-6 responsive
myeloma cell lines that vary remarkably in responsiveness
to IFN-a. Three cell lines were growth arrested by IFN-a;
however, IFN-a significantly stimulated growth of the
fourth cell line, KAS-6/1. Our studies have focused on eluci-
dating the mechanism of differential IFN-« responsiveness.
First, we have shown that IFN-a—stimulated growth of the
KAS-6/1 cells did not result from induction of autocrine IL-6
expression. Second, analysis of Stats 1, 2, and 3 and IFN
regulatory factor-1 (IRF-1) and IRF-2 activation failed to
reveal differences between the IFN-a growth-arrested or
growth-stimulated cells. Third, although IFN-a treatment
of the IFN-a growth-inhibited cell lines reduced IL-6 recep-
tor (IL-6R) expression, IFN-«a also reduced KAS-6/1 IL-6R
expression. Finally, although IFN-a treatment reduced IL-6R
numbers on each cell line, analysis of Stat protein activation
revealed that the receptors were still functional. We con-
clude that myeloma cell responsiveness to IFN-« is hetero-
geneous and that mechanisms of IFN-a-mediated growth
inhibition other than IL-6R downregulation must exist in
myeloma. Identification of these mechanisms may allow de-
velopment of agents that are more universally effective than
IFN-a. (J. Clin. Invest. 1997. 99:447-456.) Key words: auto-
crine IL-6 « growth factor « IFN-« « cell cycle « myeloma

Introduction

The antiviral and antiproliferative effects of interferons on
both normal and transformed cells have long been appreciated
(for reviews see references 1 and 2). The typically growth-
inhibitory action of interferon has made it a commonly used
therapeutic agent in the treatment of a wide variety of human
malignancies (for reviews see references 2 and 3). Multiple
myeloma (MM)! is a progressive and fatal disease character-
ized by the expansion of malignant plasma cells in the bone
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marrow and by the presence of osteolytic lesions. Since the ini-
tial report of the promising effects of IFN-o as an effective
therapy in MM (4), there has been a considerable number of
clinical trials that have addressed the overall effectiveness of
IFN-a (for reviews see references 5-7). Despite the relatively
extensive clinical use of IFN-« in treatment of myeloma, there
are reports suggesting that IFN-a may actually aggravate dis-
ease in vivo. Two groups have published case reports in which
IFN-a therapy in MM patients resulted in the development of
aggressive plasma cell leukemia (8, 9). Furthermore, some in
vitro studies on either fresh patient cells or with established
myeloma cell lines have shown that IFN-« may be modestly
growth stimulatory for myeloma cells (10-12).

Although there is evidence that IFN-o may be growth stim-
ulatory for some myeloma cells, there is also evidence that
IFN-« inhibits myeloma cell growth (13-16). In addition, it has
been suggested that it may do so by interfering with receptor
expression for IL-6 (15, 16), a cytokine that has been identified
as a primary growth factor for myeloma cells (17). Of interest,
IFN-y has likewise been reported to inhibit myeloma cell
growth in vitro (18, 19), and a similar mechanism of IL-6 re-
ceptor (IL-6R) downregulation has been proposed (19). How-
ever, it is important to point out that although IL-6R levels
were clearly decreased in each of these studies, no attempt was
made to determine whether the reduction in cytokine receptor
number had functional consequences.

IFN-a and IL-6 clearly use distinct receptor complexes,
however, both cytokines have been shown to use a direct sig-
nal transduction pathway to the nucleus that involves activa-
tion of the Stat family of transcription factors (for reviews see
references 20 and 21). The similarities between IL-6 and IFN-«
also extend to gene regulation via the transcriptional activator
IFN-regulatory factor-1 (IRF-1) and its antagonistic repressor
IRF-2 (22, 23; for review see reference 24). Although members
of the Stat and IRF families are known to play an important
role in the signaling of growth, growth arrest, and differentia-
tion (25-29), the potential role of these factors in accounting
for the differential responsiveness of myeloma cells to IFN-«
has not been addressed previously. In this study, therefore, we
have analyzed IL-6R expression and IL-6— and IFN-o—stimu-
lated transcription factor activation in a panel of IL-6-respon-
sive human myeloma cell lines (30, 31) that display remarkable
heterogeneity in IFN-a responsiveness. Because this panel en-
compasses the heterogeneity that has been reported in the lit-
erature, we were uniquely poised to examine the mecha-
nism(s) accounting for the differential response of myeloma
cells to IFN-a.

Methods

Cell lines, culture medium, and reagents. The myeloma cell lines ANBL-6
(30), DP-6, KAS-6/1, and KP-6 (31) were derived in our laboratory.
The ANBM-6 cell line is clonally identical to the ANBL-6 cell line
(30). As described previously, these two cell lines were derived from
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the same patient and differ only in that the ANBL-6 line was estab-
lished from peripheral blood and the ANBM-6 line was established
from a bone marrow aspirate. Each cell line was maintained as de-
scribed previously (30, 31). Recombinant IL-6 was generously pro-
vided by the Immunex Corp. (Seattle, WA). Recombinant purified
human IFN-a-2b was used at the indicated concentrations and was
purchased from Schering Corp. (Kenilworth, NJ). IFN-y was pur-
chased from Biosource International (Camarillo, CA). The IgG1l
mAbs with neutralizing activities to IL-6 (Biosource), IL-6R (gp80;
Biosource), and IL-1B (Biosource), as well as the isotype-matched
control mAb (MOPC-21; Sigma Chemical Co., St. Louis, MO) were
used at final concentrations of 300 ng/ml. Rabbit polyclonal antibod-
ies to Stat 1, Stat 3, p48, IRF-1, and IRF-2 were purchased from Santa
Cruz Biotechnology, Inc. (Santa Cruz, CA) and rabbit anti-Stat 2 an-
tibody was the generous gift of Dr. Chris Schindler (Columbia Uni-
versity, New York). The monoclonal anti-phosphotyrosine (pY)
antibody was purchased from Upstate Biotechnology, Inc. (Lake
Placid, NY).

Proliferation assays. The myeloma cells were washed three times
to remove IL-6 present in culture media and resuspended in media
lacking cytokines before culturing cells in 96-well round-bottom mi-
crotiter plates (Costar, Cambridge, MA) at a density of 2.5 X 10*
cells/well and in a final volume of 200 pl. Cultures were conducted in
triplicate in the presence of the indicated additions for 3 d at 37°C in
the presence of 5% CO,. DNA synthesis was quantitated using previ-
ously described methodology (30, 31).

Cytokine induction and preparation of nuclear extracts. Before as-
saying cytokine-mediated signaling, viable myeloma cells were first
isolated with sodium diatrizoate/Ficoll gradients (Isolymph; Gallard-
Schlesinger, Carle Place, NY), washed with saline, and recultured
without IL-6 for 24-48 h in medium containing 1% FCS. In some ex-
periments, cells were primed by overnight incubation with 1,000 U/ml
IFN-vy. Immediately before cytokine stimulation, cells were washed
and recultured in serum-free medium at a density of 5 X 10° cells/ml.
IL-6 or IFN-a was added at a final concentration of 30 ng/ml. Stimu-
lation with cytokine(s) was terminated by addition of ice-cold PBS
and immediate centrifugation. To prepare nuclear extracts, cells were
quickly resuspended in 5 ml 10 mM Tris-Cl (pH 7.4), 10 mM NacCl,
and 6 mM MgCl,, and incubated on ice for 5 min. After centrifuga-
tion, cells were resuspended in 800 wl of the same buffer containing 1
mM DTT, 0.4 mM PMSF, and 1 mM sodium orthovanadate. Cells
were then Dounce homogenized (30 strokes on ice), and nuclei were
isolated by centrifugation for 3 min at 6,000 g. Nuclear proteins were
extracted for 20-30 min in 20-30 pl of extraction buffer [20% glyc-
erol, 20 mM Hepes (pH 7.9), 420 mM NaCl, 1.5 mM MgCl,, 0.2 mM
EDTA (pH 8.0), 0.2 mM PMSF, 1 mM DTT, 100 .M Na;VO,, 3 pg/
ml aprotinin, 2 pg/ml pepstatin, and 1 pg/ml leupeptin] and cleared of
insoluble material by centrifugation for 10 min at 12,000 g. The pro-
tein concentration of the extracts was determined using a protein as-
say kit from Bio-Rad (Hercules, CA). Identical amounts of protein
were used within experiments.

Electrophoretic mobility shift assay (EMSA). Nuclear extracts (2-5
g of protein) were incubated with 0.5-1 ng radiolabeled (**P) double-
stranded oligonucleotide probe (~ 5-7 X 10* cpm per reaction) in
binding buffer that contained 40 mM KCI, 1 mM MgCl,, 0.1 mM
EGTA, 0.5 mM DTT, 20 mM Hepes (pH 7.9), 4% Ficoll (Ficoll-
400,000; Sigma Chemical Co.), 1 mg/ml BSA (GIBCO-BRL, Gai-
thersburg, MD), and 1 pg poly dI-dC (Boehringer-Mannheim, India-
napolis, IN) at room temperature for 20 min. The probes used in
these studies have been described previously and include the serum
inducible element of the c-fos promoter designated as SIE m67 (32); a
trimer of the AAGTGA motif found in the positive regulatory do-
main I of the IFN-f gene promoter designated as C13 (22, 23); and
the endogenous IFN-stimulated response element (ISRE) in the pro-
moter of the 9-27 gene designated as 9-27 ISRE (33, 34). In those ex-
periments in which antibodies were used to identify the shifted bands,
extracts were preincubated on ice for 30 min with 1 pg of antibody
before addition of probe. For specificity determinations, extracts
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were incubated with cold competitive oligonucleotides during a pre-
incubation period. Samples were electrophoresed through 4.5% poly-
acrylamide gels in 0.25X TBE (22 mM Tris base, 22 mM borate, 0.625
mM EDTA) at 450 V for 2 h at 4°C. Gels were dried under vacuum,
and radiolabeled species were detected by autoradiography at —70°C.

Immunoprecipitation and immunoblotting assays. For assay of Stat 2
and Stat 3 tyrosine phosphorylation, IL-6—deprived cells were stimu-
lated as described above. Cells (0.5-1 X 107) were lysed in cold lysis
buffer [0.5% NP-40, 50 mM Tris-Cl (pH 8.0), 10% glycerol, 0.1 mM
EDTA, 200 mM NaCl, 1 mM Na;VO,, 0.1 mM DTT, and protease in-
hibitors] and lysates were cleared of insoluble material by centrifuga-
tion for 10 min at 12,000 g. Extracts were then precleared by the addi-
tion of 3 pl preimmune rabbit sera and protein A—Sepharose (Pierce,
Rockford, IL) and agitation in the cold for 60 min. After centrifugation,
supernatants were incubated with 3 pl of either Stat 2 or Stat 3 antibody
and agitated for 60 min at 4°C before adding protein A-Sepharose and
incubation with agitation overnight at 4°C. Immunoprecipitates were
then washed two times with lysis buffer and one time with cold PBS.
The pellet was resuspended in 30-50 pl of 1.3X SDS gel loading
buffer, heated to 100°C for 5 min, resolved by SDS-PAGE, and trans-
ferred to Immobilon-P membranes (Millipore Corp., Bedford, MA).
The membranes were blocked with 25 mM Tris-Cl (pH 7.2), 150 mM
NaCl, and 0.2% (wt/vol) Tween 20 (TBST) supplemented with 2%
BSA. The membranes were first probed with anti-pY (100 ng/ml).
After stripping with 7 M guanidine, renaturation, and blocking, they
were probed with either anti-Stat 2 or anti-Stat 3 antibodies (1 g/
ml). Immunoreactive proteins were detected using an enhanced
chemiluminescence detection system (Amersham, Arlington Heights,
IL) and autoradiography.

3] Labeled IL-6 binding assays. '*I-IL-6 was purchased from
Amersham (specific activity 800-1,200 Ci/mmol). Cells were cultured
for 48 h in media alone or in the presence or absence of IL-6 (2 ng/ml)
or IFN-a (1,000 U/ml). Next, they were washed three times in ice-
cold PBS and resuspended in binding media (RPMI 1640 containing
2.5% BSA, 0.05% sodium azide, and 0.2 M Hepes, pH 7.2). Satura-
tion binding experiments were determined by incubating 1-3 X 10°
cells in 200 pl binding buffer with increasing concentrations of *I-IL-6
and in either the presence or absence of a 500-fold molar excess of
unlabeled IL-6. Initial experiments indicated that '*I-IL-6 equilib-
rium binding occurs after 2 h (data not shown). Therefore, all binding
studies were allowed to proceed for 3 h at 4°C. Cell-associated '>’I-IL-6
was separated from unbound '>I-IL-6 by layering samples onto oil
gradients [2 parts bis (2-ethylhexyl) pthalate: 3 parts dibutyl phtha-
late; Sigma Chemical Co.] and spinning in a microcentrifuge. The tips
of the tubes were then cut and bound and free radiolabel was quanti-
tated using a gamma counter. Data were analyzed using the RadLig
software package, version 4 (Biosoft, Cambridge, United Kingdom).

Results

Myeloma cell lines are heterogeneous in responsiveness to IFN-c.
During the course of establishing various human myeloma cell
lines, heterogeneity in cytokine responsiveness was noted (30,
31). Therefore, the first experiments performed in this study
focused on the heterogeneity observed in IFN-« responsive-
ness. As may be seen in Table I, the level of DNA synthesis
observed in the absence of cytokines was variable from cell
line to cell line. However, DNA synthesis by all four cell lines
was notably enhanced by the presence of IL-6. Of interest,
when IFN-a was assessed for its ability to promote myeloma
cell DNA synthesis, two distinct patterns of responsiveness
were noted. Thus, IFN-a suppressed DNA synthesis by the
ANBL-6, ANBM-6, DP-6, and KP-6 cells cultured in the ab-
sence of any additional cytokines, but stimulated DNA synthe-
sis in the KAS-6/1 cells. The level of IFN-o—mediated augmen-
tation of KAS-6/1 DNA synthesis was significant as indicated



Table I. Effects of IL-6 and IFN-o on DNA Synthesis in
Myeloma Cell Lines

Stimulus
Experiment Cell line Nil IL-6 IFN-a
[P H]Thymidine incorporation (cpm X 1073)
1 ANBL-6 6.0x0.5 63.7x1.1 1.4+0.1
DP-6 16.8+0.2 26.6x0.7 7.2+0.1
KAS-6/1 7.2+0.3 48.8+£0.8 34.5+0.4
KP-6 8.8+0.1 120.6+2.1 0.4+0.1
2 ANBM-6 0.7%0.1 54.4*0.1 0.4%0.1
DP-6 18.1x0.3 41.4+0.6 9.7x0.1
KAS-6/1 12.9+0.6 104.0£3.1 39.7+0.1
KP-6 52.8%1.9 250.5+£2.4 27.0+0.4

The indicated cell lines were cultured in the presence or absence of 1 ng/ml
IL-6 or 500 U/ml (Experiment 1) to 1,000 U/ml IFN-« (Experiment 2)
for 3 d before assaying DNA synthesis. Values represent the mean cpm
of triplicate samples=SEM.

by stimulation indices ranging from 3- to 18-fold over cells cul-
tured in medium alone.

Concentration-dependent inhibition or augmentation of my-
eloma proliferative responses by IFN-a. Because it has been
shown previously that low concentrations of IFN-« may stimu-
late myeloma cell DNA synthesis whereas high concentrations
of IFN-a may be without effect or inhibitory (10, 12), the next
experiments tested the effects of a wide range of IFN-o con-
centrations on our panel of myeloma cell lines in both the
presence and absence of IL-6. As can be seen in Table II, IL-6
augmented DNA synthesis in all of the cell lines. When vary-
ing concentrations of IFN-a were similarly tested for their abil-
ity to support DNA synthesis, the KAS-6/1 cells were again
noted to be the only myeloma cell line that was positively stim-

ulated by this cytokine, even when very low concentrations of
IFN-a were added. By contrast, IFN-« inhibited basal DNA
synthesis by three other myeloma cell lines cultured in media
alone. IFN-a also inhibited the IL-6-dependent response in
these three cell lines. IFN-a-mediated inhibition of myeloma
cell DNA synthesis did not result from induction of pro-
grammed cell death or loss of viability. Instead, cell cycle anal-
ysis indicated that IFN-a induced a G0/G1 cell cycle block in
growth-inhibitable myeloma cells (results not shown). Finally,
IFN-o—mediated growth stimulation of myeloma cells has
been suggested to be dependent on cell density (12). However,
IFN-« inhibited growth of the ANBL-6, DP-6, and KP-6 cells
even when cell density was dropped to 3 X 10° cells/well (re-
sults not shown). These results support the conclusion that
there are two distinct patterns of IFN-a responsiveness in hu-
man myeloma cells.

IFN-a stimulation of KAS-6/1 DNA synthesis does not re-
sult from induction of autocrine IL-6 expression. It has been
reported that IFN-a—induced myeloma cell growth is the sec-
ondary consequence of induction of autocrine IL-6 secretion
(12). To determine whether a similar mechanism accounted
for the ability of IFN-a to stimulate the KAS-6/1 cells, neutral-
izing antibodies specific for IL-6 or the gp80 component of the
IL-6R were added to cell cultures. As shown in Table III,
growth of the KAS-6/1 cells in response to exogenous IL-6 was
completely blocked by the addition of either anti-IL-6 mAb
alone or in combination with the anti-IL-6 R mAb. Control
antibodies were without effect on cell proliferation (MOPC,
anti-IL-1B). By contrast, IFN-a stimulation of KAS-6/1 cell
growth was not inhibited by addition of either the anti-IL-6 mAb
alone or in the presence of an anti-IL-6R mAb. Additional ex-
periments using a highly sensitive IL-6—specific ELISA also in-
dicated that IFN-a did not stimulate IL-6 expression by the
KAS-6/1 cells (results not shown). These results suggest that
IFN-a—mediated growth stimulation of the KAS-6/1 cells does
not involve induction of autocrine IL-6 expression.

Table 1. Effects of IFN-a on IL-6—dependent and —independent Myeloma Cell Line DNA Synthesis

ANBM-6 DP-6 KP-6 KAS-6/1
Experiment U/ml IFN-o Nil IL-6 Nil IL-6 Nil IL-6 Nil IL-6
[FH]Thymidine incorporation (cpm X 1073)

1 0 9.6+0.6 128.1+1.8 40.9x0.4 49.2+0.6 12.0=0.3 129.1+3.0 51.9%1.8 116.1+0.3
0.02 10.9+0.7 90.4+1.1 40.0£0.9 39.6x0.3 7.9+0.3 104.1+6.3 69.6+0.4 107.2+1.6
0.2 9.8+0.5 78.0£0.6 33.0£0.4 304x1.2 5.2%x0.1 73.8%£2.4 73.3%1.5 107.6+2.0
2 5.3+0.3 59.5+1.1 23.4+0.5 24.4+0.4 1.2+0.1 31.7£0.8 76.1£2.3 103.1+1.5
20 1.3%0.1 24.5+0.8 21.0£0.4 19.4+0.6 0.3+0.1 4.4x0.2 79.1£0.9 98.2+1.2
200 0.6+0.1 4.4+0.1 13.6=0.3 14.1+0.3 0.4x0.1 1.2+0.1 74.1x1.8 81.3+0.4
2000 0.5x0.1 2.8+0.1 7.2+0.2 7.3+0.1 0.3x0.1 0.9+0.1 71.1x1.3 79.2+0.8
2 0 6.6+0.2 69.4x2.6 20.0x£0.4 46.8x1.5 24.5+0.4 42.5+0.1 29.8+1.4 143.1+6.0
0.002 7.0£0.4 73.3%1.7 22.8+0.4 45.0£1.9 26.8+£0.4 429+1.7 32.1£0.8 150.2+3.4
0.02 5.9+0.3 52.7%1.2 23.5+0.1 46.8€1.9 26.4+0.6 41.4+0.3 37.6£1.8 152.2+1.8
0.2 7.2%+0.1 522+18 27.1£1.0 49.0£0.7 27.3+0.8 41.9+0.1 40.5£3.8 148.5+6.8
2 6.8+0.4 51.1x2.4 30.9£0.8 47.0£0.5 25.3+0.9 37.2+0.3 53.4£32 158.6+5.9
20 3.6+0.3 ND 33.8+x0.4 40.9+0.3 19.9+0.5 27.8+x0.4 76.1£2.6 164.3%+3.6

200 0.9+0.1 13.4=1.1 22.7%0.8 24.8+0.6 10.6+0.6 12.5+0.5 ND ND
2000 1.0=0.1 3.4x0.2 17.5+0.7 16.4=0.7 3.4+0.2 3.7x0.2 104.8+3.2 140.5+1.8

The indicated cell lines were cultured in the presence or absence of 1 ng/ml IL-6 and varying concentrations of IFN-« for 3 d before assaying DNA
synthesis. Values represent the mean cpm of triplicate samples=SEM. ND, not done.
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Table I11. Effects of Neutralizing IL-6 mAb on KAS-6/1
IFN-a Responsiveness

Stimulus

Experiment mAb Nil IL-6 IFN-a

[FPH]Thymidine incorporation (cpm X 1073)

1 Nil 0.9+0.1 30.2x0.4 9.4+0.4
a-1L-6, IL-6R 0.8+0.1 1.2+0.1 9.8+0.3
MOPC 1.5+0.1 34.4+09 10.6x0.1
a-IL-1B 1.0£0.1 30.6+0.3 9.7£0.2
2 Nil 13.7x0.9 72.9%+0.5 453*x1.3
a-1L-6 17.0x£1.0 22.1+0.5 44.5*1.2

KAS-6/1 cells were cultured in the presence or absence of 1 ng/ml IL-6
and 500 U/ml IFN-a for 3 d before assaying DNA synthesis. mAbs were
added at culture initiation. Values represent the mean cpm of triplicate
samples+=SEM.

Induction of DNA binding complexes by IL-6 and IFN-c.
Both IL-6 and IFN-a have been shown to use a direct signal
transduction pathway to the nucleus that involves phosphory-
lation and activation of cytoplasmic Stat proteins (for reviews
see references 20 and 21). In initial experiments, the ANBL-6
and the KAS-6/1 cells were stimulated for varying lengths of
time before isolation of nuclear extracts and analysis by
EMSA. It may be seen in Fig. 1 A that extracts obtained from
unstimulated ANBL-6 or KAS-6/1 cells failed to shift migra-
tion of the radiolabeled SIE probe, a high-affinity target se-

IFN-o.

10 30 60 120

0 IL-6

10 30 60 120 1

A Stimulus:
Time (min): 30

Cells: &

| e

- C

KAS-6/1 " " &

' - C

B  ANBL-6 IL-6 IFN-
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Figure 1. Cytokine-induced Stat factor activation. (A) IL-6-deprived
ANBL-6 and KAS-6/1 cells were stimulated with 30 ng/ml IL-6 or
IFN-a for the indicated periods of time. Nuclear extracts were pre-
pared, and DNA binding activities were measured by EMSA using a
32P-labeled SIE m67 oligonucleotide probe. (B) Nuclear extracts pre-
pared from ANBL-6 cells after a 5-min stimulation with the indicated
cytokines were incubated with 1 wg of the indicated antibody before
measuring SIE m67 binding activities by EMSA.
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quence for Stat factors activated in response to both IL-6 and
IFN-a (32, 35), thus indicating lack of presence of activated
Stat factors in the nuclei of unstimulated myeloma cells. By
contrast, addition of either IL-6 or IFN-« resulted in the vari-
able appearance of three distinct bands, designated A, B, and
C. Results shown in Fig. 1 B using specific antibodies to Stat 1,
2, and 3 suggest that complex A consists of Stat 3 homodimers,
complex C consists of Stat 1 homodimers, and complex B con-
sists of Stat 1/Stat 3 heterodimers. Because the SIE probe is
not useful for analysis of Stat 2 activation, addition of a Stat 2
antibody was without effect in this experiment and therefore
serves as a negative control. Notable differences were ob-
served between the kinetics of IL-6— and IFN-a—stimulated
cells. Thus, whereas IFN-« stimulation for as little as 1 min re-
sulted in activation of both Stat 1 and Stat 3 in both cell lines,
IL-6 stimulation for 1 min resulted primarily in the appearance
of Stat 3. IL-6-stimulated activation of Stat 1 required a longer
period of time. The delayed activation of Stat 1 upon IL-6
stimulation is consistent with results obtained by Zhang et al.
(36). It is notable that there were no major discernible differ-
ences in induction of DNA-protein complexes between my-
eloma cells that are growth stimulated by IFN-« (KAS-6/1) or
growth inhibited by IFN-a (ANBL-6). When excess cold SIE
probe was added, the specific cold probe consistently inhibited
the appearance of all three complexes in all experiments (data
not shown).

Stat factor tyrosine phosphorylation in ANBL-6 and KAS-
6/1 cells. The next experiments were designed to determine
whether differences in Stat 2 expression and/or activation
might exist between the cell lines. To address this possibility,

ANBL-6  KAS-6/1

IL-6
IFN-o

IP: Stat 2
Blot: p-Tyr

IP: Stat 2
Blot: Stat 2

IP: Stat 3
Blot: p-Tyr

IP: Stat 3
- .. Hnﬂﬁ
Blot: Stat 3 - 83

=

Figure 2. Cytokine-induced Stat 2 and Stat 3 phosphorylation.
ANBL-6 and KAS-6/1 cells were stimulated with the indicated cyto-
kines for 15 min before preparation of total cellular lysates. Lysates
were immunoprecipitated with Stat 2 antisera (top two panels) or
with Stat 3 antisera (bottom two panels). Precipitated proteins were
resolved by SDS-PAGE, transferred to Immobilon-P membranes,
and immunoblotted sequentially with anti-pY (first and third panels)
and anti-Stat 2 (second panel) or anti-Stat 3 (bottom panel) anti-
bodies.
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Figure 3. IFN-a stimulated in-
duction of ISGF-3 activity. (A)
ANBL-6 and KAS-6/1 cells

B ControlAb + - - -

Anti-Stat1 - + - -
Anti-Stat2 - - + -
p48

Stat 2 activation was assessed by induction of tyrosine phos-
phorylation. As expected and as shown in Fig. 2 (fop), tyrosine
phosphorylation of Stat 2 only resulted after IFN-« stimula-
tion. Importantly, there were no discernible differences in Stat
2 activation between the ANBL-6 and KAS-6/1 cells. Fig. 2
also displays the results obtained when Stat 3 was immunopre-
cipitated from each cell line and examined for tyrosine phos-
phorylation status. Consistent with the results shown above
demonstrating that both cytokines stimulated the activation
and nuclear translocation of Stat 3 into the nucleus, it may be
seen in the third panel in Fig. 2 that both IL-6 and IFN-« stim-
ulated the tyrosine phosphorylation of Stat 3 in both cell lines.

IFN-a stimulated induction of ISGF-3 activity. IFN-a has been
shown to result in the rapid transcriptional activation of a large
number of genes (for review see reference 37). Many of these
genes have yet to be characterized, however, several of these
genes have been studied extensively and it has been shown
that some of these require the ISGF-3 transcription factor
complex (Stat 1, Stat 2, p48) for activation via ISRE binding
sites (for review see reference 38). To determine whether IFN-«
had differential effects on induction of ISGF-3 activation in
the ANBL-6 and KAS-6/1 cells, we next performed mobility
shift assays using a DNA fragment that contained the ISRE
from a known IFN-inducible gene, 9-27 (33, 34). Moreover,
because it has been shown that IFN-y pretreatment may prime
cells for subsequent IFN-a—stimulated ISGF-3 activation (34),
we carried out similar studies. Results shown in Fig. 3 A dem-
onstrate that IFN-o stimulation resulted in the rapid activation
of 9-27 ISRE binding activity in both cell lines. Fig. 3 B demon-
strates that this activity consists of Stat 1, Stat 2, and p48, the
known constituents of ISGF-3. Although IFN-a stimulated
ISGF-3 activation in both cell lines even without IFN-y pre-

were cultured overnight in the
presence or absence of 1,000 U/ml
IFN-v, washed, and then stim-
ulated with 30 ng/ml of IFN-«a

e o= o - for the indicated periods of time

- 4 - . before preparation of nuclear
extracts. DNA binding activities

L were measured by EMSA using

a ?P-labeled 9-27 ISRE oligo-
nucleotide probe. (B) Extracts
obtained from IFN-a—stimu-
lated (15 min), IFN-y—primed
ANBL-6 and KAS-6/1 cells
were further analyzed by incu-
bation with 1 g of the indicated
antibody before addition of the
9-27 ISRE probe.

treatment, it is of some interest that IFN~y priming was effec-
tive in the KAS-6/1 cells, but not in the ANBL-6 cells.
Analysis of IRF-1 and IRF-2 binding activity. In addition to
the Stat family of transcription factors, IFN-« also stimulates
gene transcription via members of the IRF family of transcrip-
tion factors. To determine whether IFN-a had differential ef-
fects on induction of IRF binding activity, we next assessed
IRF-1 and IRF-2 activity by mobility shift assays. As may be
seen in Fig. 4, both cell lines displayed strong constitutive bind-
ing of IRF-2 as revealed by supershift analysis. Of interest,
IFN-«a stimulated an apparent increase in IRF-2 binding activ-
ity in the ANBL-6 cells but not in the KAS-6/1 cells. When
IRF-1 binding activity was analyzed by supershift, there
was no detectable IRF-1 binding in unstimulated ANBL-6 or
KAS-6/1 cells. IFN-a stimulation did induce IRF-1 binding,
however, in both cell lines it may be seen that the level of in-
duction was extremely modest. These results, along with those
presented in Figs. 1-3, suggest that growth stimulation or
growth inhibition in response to IFN-u is not the result of dif-
ferential activation of known members of the Stat or IRF fam-
ily of transcription factors in the representative cell lines.
Effects of IFN-a on IL-6R expression. It has been suggested
recently that IFN-« inhibited growth of the U266 human my-
eloma cell line by downregulating both chains of the IL-6R
complex (15). To determine whether a similar mechanism was
operative in the cell lines studied in this report, each of the
four cell lines were cultured in media alone, or with IL-6, IFN-,
or the combination of the two cytokines for 48 h before assay-
ing for radiolabeled '>I-1L-6 binding. Fig. 5 depicts represen-
tative Scatchard analyses and accompanying saturation bind-
ing experiments for both the ANBL-6 and KAS-6/1 cell lines
after culture under these four conditions. The inset graphs in
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Figure 4. Analysis of IRF-1 and IRF-2 binding activity. IL-6—-deprived
ANBL-6 and KAS-6/1 cells were incubated with or without 30 ng/ml
IFN-a for 2 h before preparation of nuclear extracts. Nuclear extracts
were incubated with 1 g of the indicated antibody before analysis of
DNA binding activity by EMSA using a ¥*P-labeled trimeric C13
probe.

Fig. 5, A and B, demonstrate that '*I-IL-6 binding on both cell
lines was specific and saturable. Of interest, IFN-« treatment
of both cell lines resulted in a significant reduction in ‘»I-1L-6
binding (closed circles). Because both of these cell lines are de-
pendent on IL-6 for long-term growth, to eliminate the possi-
bility that cells starved of IL-6 would upregulate IL-6R num-
ber, we also analyzed 'I-IL-6 binding to cells cultured in
medium alone, or IL-6 and IFN-a. Although IL-6 deprivation
did not influence IL-6R expression on the ANBL-6 cells (Fig.
5 A, closed squares), it did augment IL-6R levels on the KAS-
6/1 cells over those observed on cells cultured in the presence
of IL-6 (Fig. 5 B). Regardless of these differences, IFN-« was
observed to uniformly inhibit 'I-IL-6 binding in both cell
lines. The results shown in Fig. 5 are summarized in Table IV
along with results from similar analysis of '»I-IL-6 binding to
both the DP-6 and KP-6 cell lines. Thus, it may be seen that al-
though the K, remained relatively constant after the various
treatments in each of the four cell lines, the '»I-IL-6 binding
sites/cell were markedly diminished by IFN-a.

Stat factor activation in IFN-a pretreated myeloma cell
lines. Although the results presented in Fig. 5 and Table IV
suggested that [IFN-a treatment decreased IL-6R expression in
each cell line, the observation that similar treatment of the
KAS-6/1 cells which are growth stimulated by IFN-« also re-
sulted in decreased IL-6R expression suggested that this may
not be the mechanism accounting for growth inhibition of my-
eloma cells. To determine if the IFN-a—mediated reduction in
IL-6R expression resulted in subsequent insensitivity to IL-6,
IFN-a pretreated cells were stimulated with increasing concen-
trations of IL-6 before isolation of nuclear extracts and analy-
sis of Stat factor activation. Although IL-6R expression on all
four cell lines was decreased by IFN-a (Table IV), it may be
seen in Fig. 6 that each cell line expressed functional IL-6Rs as
revealed by Stat factor activation. It is important to note that
although higher concentrations of IL-6 were required to result
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Table IV. Effects of IL-6 and IFN-a on IL-6R Expression

Cell line Pretreatment K,y (X10719) Sites/cell
ANBM-6 Medium 3.6 9928
1L-6 4.0 10391

IFN-«a 3.8 5637

1L-6 + IFN-a 34 5350

DP-6 Medium 42 6733
1L-6 34 4882

IFN-«a 54 1577

IL-6 + IFN-a 44 1500

KAS-6/1 Medium 35 4344
1L-6 6.3 4165

IFN-«a 2.9 1210

IL-6 + IFN-«a 32 844

KP-6 Medium 44 2204
1L-6 6.1 2060

IFN-«a 3.0 823

1L-6 + IFN-a 1.9 357

Cells were cultured in the presence or absence or 1 ng/ml IL-6 and/or
1,000 U/ml IFN-« for 48 h before analyzing cells for '*I-labeled IL-6
binding.

in maximal Stat factor activation in each of the treated cell
lines, the data shown in Fig. 6 clearly indicate that the IL-6Rs,
although fewer in number, are still capable of signal transduc-
tion. These results suggest that the ability of [FN-o to inhibit
growth by the ANBL-6, ANBM-6, DP-6, and KP-6 cells does
not occur as a consequence of IL-6R downregulation.

Discussion

IFN-a has been used as an antiproliferative agent for the treat-
ment of a variety of human malignancies, including MM. How-
ever, conflicting reports are present in the literature regarding
the sensitivity of myeloma cells to IFN-o.. In this study, we
have analyzed a panel of IL-6 responsive human myeloma cell
lines for IFN-a responsiveness and add further support to pre-
vious observations in the literature that myeloma cells are het-
erogeneous with respect to IFN-« sensitivity. Moreover, this
panel also provided a unique opportunity to analyze several
mechanisms of differential IFN-a responsiveness by allowing
comparative studies to be done between myeloma cells that
were growth arrested or stimulated by IFN-«. Our results sug-
gest that the opposing patterns of responsiveness cannot be ac-
counted for by induction or inhibition of autocrine growth fac-
tor loops, differential activation of Stat or IRF proteins, or
downmodulation of IL-6Rs.

Multiple mechanisms have been suggested for the antipro-
liferative action of IFN-a (for reviews see references 1 and 2).
One of these mechanisms is the induction of the enzyme 2,5’
oligoadenylate synthetase (2,5-A synthetase) which ultimately
stimulates the activity of latent ribonuclease L, an enzyme that
catalyzes mRNA and rRNA degradation (for review see refer-
ence 39). Therefore, ribonuclease activity has been speculated
to result in degradation of mRNAs that may be crucial for pro-
liferation. Indeed, it has been proposed that IFN-o disrupts an
autocrine TNF-a growth loop in both hairy cell leukemia and
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B cell chronic lymphocytic leukemia. Thus, these investigators
were able to correlate a rise in 2,5-A synthetase mRNA with a
decrease in stability of TNF-o« mRNA (40). Although we have
not analyzed 2,5-A synthetase activation in our panel of my-

extensively washing the cells and assaying
for '»I-IL-6 binding.

eloma cell lines, our data do not support the hypothesis that
growth inhibition results from inhibition of autocrine IL-6 pro-
duction. First, the ANBL-6 cells were growth inhibited by
IFN-a even though this cell line does not make autocrine IL-6
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unless stimulated via the CD40 cell surface molecule (41). Sec-
ond, even though both the KP-6 and the DP-6 cells are capable
of low levels of autocrine IL-6 expression, IFN-a was still
growth inhibitory even in the presence of added IL-6. Al-
though it remains possible that induction of latent ribonu-
clease activity results in degradation of other crucial growth-
regulatory mRNAs in the IFN-a growth-inhibitable cell lines,
if this mechanism were operative, a corollary of this hypothesis
would have to be that IFN-a does not induce ribonuclease ac-
tivity in the KAS-6/1 cells. This possibility is being explored
currently.

In this study, we tested the hypothesis that differential re-
sponsiveness to IFN-a resulted from differential activation of
the Stat family of transcription factors. Stat 3 activation has
been shown recently to play an essential role in IL-6-mediated
induction of growth arrest and differentiation in the murine
myeloid leukemic cell line, M1 (26, 27). Stat 3 has also been
suggested to be crucial in IFN-a signal transduction. Thus,
work by Yang et al. (28) demonstrated that Stat 3 was the only
signaling molecule in the Jak/Stat pathway that was not acti-
vated by IFN-a in an IFN-a-resistant Daudi B lymphoblastoid
subline. Finally, using the mutant U3A cell line that lacks Stat
1 and is defective in response to IFN-a or IFN-y, Chin et al.
(29) provided evidence that Stat 1 was essential for growth sup-
pression in response to IFN-y via its ability to induce expression
of the cyclin-dependent kinase inhibitor, p21WAFVCIPVCAPL \yith
respect to the experiments carried out in this study, however,
we could not detect obvious differences in the patterns of Stat
protein activation between cells that were growth inhibited by
IFN-a versus those that were growth stimulated. Although our
results differ from the findings that Stat 3 is important for IFN-«
signaling (28), it is important to point out that those investiga-
tors were using a cell line that was resistant to the antiprolifer-
ative actions of IFN-a. The KAS-6/1 cell line used in this study
can not be classified as resistant, but rather as one which is sen-
sitive to IFN-o although in an apparently atypical fashion, i.e.,
it is growth stimulated. Similarly, our results are inconsistent
with the reports regarding the importance of Stat 1 in growth
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inhibition. EMSA analysis using the SIE probe clearly indi-
cated that Stat 1 was activated by both IL-6 and IFN-« in each
cell line irrespective of growth outcome upon IFN-« stimu-
lation.

To expand the scope of our studies, we also assessed the
cell lines for potential differences in ISGF-3 activation by us-
ing a probe that contained the ISRE located within the IFN-
stimulated gene, 9-27. However, this analysis again revealed
comparable ISGF-3 activation in either IFN-o growth-inhib-
itable or growth-stimulated cells. It is of some interest to point
out that IFN-y priming greatly augmented ISGF-3 activation
in the KAS-6/1 cells, but not in the ANBL-6 cells. Because
IFN-y priming has been suggested previously to result in up-
regulation of the gamma component of ISGF-3, p48 (34), these
results suggest that the ANBL-6 and KAS-6/1 cell lines may
differ with respect to constitutive levels of p48. The signifi-
cance of this observation remains to be determined.

The IRF-1 and IRF-2 transcription factors have also been
shown to be important mediators of both IL-6— and IFN-o—
induced gene transcription. Because increased levels of IRF-1
have been associated with growth arrest (42) and overexpres-
sion of IRF-2 can result in cell transformation and increased
tumorigenicity (43), we assessed the expression and DNA
binding activities of IRF-1 and IRF-2 in these studies as well.
However, our studies failed to reveal significant differences
between IRF-1 and IRF-2 expression and/or induction pat-
terns in the ANBL-6 and KAS-6/1 cells. IFN-o treatment was
only modestly effective at inducing IRF-1 DNA-binding activ-
ity in either cell line. In preliminary studies, however, IFN-«
does induce IRF-1 mRNA expression in both cell lines (Arora,
T., and D.F. Jelinek, manuscript submitted for publication).

Although our results indicated that the pattern of Stat pro-
tein activation induced by IFN-a did not vary among our four
cell lines, nor were there significant differences between induc-
tion of ISGF3 or IRF-1 and IRF-2 binding activities, it remains
possible that the cell lines are capable of differentially express-
ing a gene(s) that becomes transcriptionally activated upon
IFN-a stimulation and results in either downstream cell cycle



arrest or progression. IFNs have long been known to result in
the rapid transcriptional activation of a large number of genes
(37, 44-46) as well as to rapidly downmodulate a number of
genes, the expression of which often correlates with prolifera-
tion. It is highly likely that only a fraction of IFN-responsive
genes have thus far been identified. Furthermore, the function
of many of the products of genes that have been identified as
being IFN-responsive has remained elusive. Klein and co-
workers have reported that one such IFN-responsive gene in
myeloma may be the IL-6 gene (12). However, we have not
been able to demonstrate that IFN-a stimulation of the KAS-
6/1 cell line resulted from a similar mechanism. It remains pos-
sible that IFN-a stimulates IL-6 transcription in the KAS-6/1
cells at a very low level. However, all of our efforts to date
have failed to find evidence of IL-6 protein in the IFN-a—stim-
ulated KAS-6/1 cells.

An equally plausible candidate for an IFN-o responsive
gene that could explain growth inhibition in IL-6-responsive
myeloma cells is that of the ligand binding chain of the IL-6R
complex, gp80. Although two groups have suggested that IFN-o
treatment of the IFN-a growth-inhibited U266 myeloma cell
line results in downregulation of the IL-6R (15, 16), neither
group of investigators assessed the functional consequences of
IL-6R downregulation in the [FN-a—treated cells. Anthes et al.
(16) reported that a 48-h incubation with IFN-a reduced
IL-6Rs to < 200 receptors per cell and Schwabe et al. (15) re-
ported that IFN-a abolished high-affinity IL-6R expression
and decreased the number of low-affinity sites by ~ 60%.
However, these investigators did not directly address how
many IL-6Rs were required to trigger signal transduction. For
example, it has been shown that as few as 10 ligated IL-1 re-
ceptors per cell are needed to elicit a biological response from
T lymphocytes (47, 48).

Our work also demonstrated that IFN-a decreased IL-6R
expression in human myeloma cell lines. However, our study
can be distinguished from previous reports in the literature by
simultaneous analysis of IFN-a growth-inhibited as well as
growth-stimulated myeloma cells. Somewhat surprising, de-
spite stimulating KAS-6/1 cell growth, IFN-o. was observed to
downregulate IL-6R expression in these cells in a manner sim-
ilar to those myeloma cell lines that were growth arrested by
IFN-a. This observation prompted us to question the func-
tional consequences of IL-6R downregulation. Because we
have shown that Stat activation is a rapid and sensitive mea-
sure of signaling via the IL-6R in all four of our cell lines, we
used this as a measure of IL-6R function after pretreatment
with IFN-a. Stat protein activation was clearly induced by IL-6
in all four cell lines, even after a 48-h preincubation with IFN-o.
However, it is important to acknowledge that higher concen-
trations of IL-6 were required to result in similar levels of Stat
activation in the IFN-a pretreated populations. Because bind-
ing of IL-6 does not reach equilibrium for 2 h and Stat activa-
tion was assayed after 20 min of IL-6 stimulation, the higher
concentrations of IL-6 likely shift the kinetics of IL-6 binding
to its receptor. Regardless of this caveat, the data clearly show
that the IL-6Rs were still fully functional on each of the cell
lines as defined by Stat factor activation. Therefore, our data
indicate that downregulation of IL-6R expression does not ap-
pear to correlate with antiproliferative activity. It is interesting
to note that there is a consensus GAS element located ~ 300 bp
upstream of the initiator codon of human gp80. The function-
ality of this putative element has yet to be tested. Finally, it re-

mains possible that IFN-a—mediated downregulation of IL-6R
expression on myeloma cells results in deficient signaling via
other pathways such as the Ras-MAP kinase pathway (for re-
view see reference 49). Currently, we are investigating this
possibility as well as the effects of IFN-o on more membrane-
proximal events (Arora, T., and D.F. Jelinek, manuscript in
preparation).

In summary, the results presented in this study further pro-
mote the notion of myeloma as a heterogeneous disease and
clearly substantiate the work of others that has shown that
IFN-a is not uniformly growth inhibitory for myeloma cells.
Although our results have excluded differential activation of
Stat proteins as a mechanism to account for this heterogeneity,
given the complex chromosomal changes that are often
present in this disease, it is plausible that differential growth
regulation may reflect differences that lie within the set of
available IFN-responsive target genes that are accessible in
each cell line or in each patient’s clonal tumor cell population.
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