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NEOPLASIA

Interleukin-6–dependent gene expression profiles in multiple myeloma INA-6
cells reveal a Bcl-2 family–independent survival pathway closely associated
with Stat3 activation
Katja Brocke-Heidrich, Antje K. Kretzschmar, Gabriele Pfeifer, Christian Henze, Dennis Löffler, Dirk Koczan, Hans-Jürgen Thiesen,
Renate Burger, Martin Gramatzki, and Friedemann Horn

Interleukin 6 (IL-6) is a growth and sur-
vival factor for multiple myeloma cells. As
we report here, the IL-6–dependent hu-
man myeloma cell line INA-6 responds
with a remarkably rapid and complete
apoptosis to cytokine withdrawal. Among
the antiapoptotic members of the B-cell
lymphoma-2 (Bcl-2) family of apoptosis
regulators, only myeloid cell factor-1
(Mcl-1) was slightly induced by IL-6. Over-
expression studies demonstrated, how-
ever, that IL-6 does not exert its survival
effect primarily through this pathway. The
IL-6 signal transduction pathways re-

quired for survival and the target genes
controlled by them were analyzed by us-
ing mutated receptor chimeras. The acti-
vation of signal transducer and activator
of transcription 3 (Stat3) turned out to be
obligatory for the survival of INA-6 cells.
The same held true for survival and growth
of XG-1 myeloma cells. Gene expression
profiling of INA-6 cells by using oligonu-
cleotide microarrays revealed many novel
IL-6 target genes, among them several
genes coding for transcriptional regula-
tors involved in B-lymphocyte differentia-
tion as well as for growth factors and

receptors potentially implicated in auto-
crine or paracrine growth control. Regula-
tion of most IL-6 target genes required
the activation of Stat3, underscoring its
central role for IL-6 signal transduction.
Taken together, our data provide evi-
dence for the existence of an as yet
unknown Stat3-dependent survival path-
way in myeloma cells. (Blood. 2004;103:
242-251)

© 2004 by The American Society of Hematology

Introduction

Multiple myeloma (MM)/plasmacytoma is a B-cell neoplasm
characterized by the accumulation of clonal malignant plasma cells
in the bone marrow. Although the pathogenesis of the disease still
remains unclear, it is well established that interleukin-6 (IL-6),
derived from either autocrine or paracrine sources, plays an
essential role in the malignant progression of MM.1 IL-6 binds to a
plasma membrane receptor complex whose signal-transducing
component is the glycoprotein 130 (gp130). Binding of IL-6
activates gp130-associated protein tyrosine kinases of the Janus
kinase (JAK) family.2 The JAKs phosphorylate gp130 tyrosine
residues, which then serve as docking sites for src homology 2
(SH2) domain-containing signaling molecules such as the signal
transducers and activators of transcription 3 and 1 (Stat3, Stat1),3,4

the SH2-containing phosphatase-2 (SHP-2), and the suppressor of
cytokine signaling-3 (SOCS3).5,6Among 5 tyrosine residues phos-
phorylated in gp130, tyrosine 759 recruits SHP-2 and SOCS3.
SHP-2 has been implicated in the activation of the mitogen-
activated protein kinase (MAPK) and phosphatidylinositol 3-ki-
nase (PI3-K) pathways,7-10whereas SOCS3 has been identified as a
feedback inhibitor of JAK activity.11 Tyrosines 905 and 915
associate both Stat3 and Stat1, whereas tyrosines 767 and 814
preferentially mediate Stat3 activation.4 After tyrosine phosphory-

lation, Stat3 and Stat1 form homodimers or heterodimers, enter the
nucleus, and regulate the transcription of target genes.12,13

Stat3 is found constitutively activated in a growing number of
tumor-derived cell lines as well as samples from human cancers,
including lymphomas and leukemias.14 Furthermore, a con-
stitutively active Stat3 mutant causes cellular transformation in
fibroblasts, revealing its oncogenic potential.15 In MM and
plasmacytoma cells, Stat3 signaling was also reported to play an
important role.16-19

Other studies, however, demonstrated the PI3-K/Akt pathway
to be critical for IL-6–dependent growth and survival of MM cells.
This pathway is frequently found activated in these cells, and
inhibiting either PI3-K or Akt activity curtails IL-6–dependent or
independent tumor cell expansion.20-23 In contrast, Xu et al24

reported that inhibition of apoptosis by IL-6 might be due to a
down-regulation of the jun kinase (JNK) pathway in MM cells.24

Furthermore, IL-6 was shown to trigger MM cell proliferation by
way of induction of the Ras-dependent MAPK pathway.25

Members of the B-cell lymphoma-2 (Bcl-2) family of apoptosis
regulators were shown to play an important role in IL-6–dependent
survival of MM cells.17,26,27For the MM cell line U266, resistance
to Fas-induced apoptosis correlates with an up-regulation of the
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antiapoptotic protein Bcl-xL.17 In other MM cell lines, the antiapo-
ptotic action of IL-6 seems to correlate best with the induction of
myeloid cell factor-1 (Mcl-1).26,28,29 Mcl-1 induction was observed
to be mediated through the Stat3 pathway,19,30 the PI3-K path-
way,31,32 or in a cooperative manner by both.33 More recent data
question a central role of Mcl-1 for myeloma survival.34

To further elucidate the role of different IL-6–induced signaling
pathways and genes in MM, we chose the human IL-6–dependent
cell line INA-635 as a model system. As we demonstrate, this cell
line depends strictly on IL-6 with regard to survival but not
proliferation. Although IL-6 slightly induced the expression of
Mcl-1, overexpression of this antiapoptotic protein did not suffice
to protect the cells from apoptotic death. By microarray technology,
genes differentially expressed in response to IL-6 in INA-6 cells
were identified. INA-6 cells engineered to express chimeric-
mutated receptors impairing the activation of particular signaling
pathways allowed us to correlate expression patterns and survival.
The results support the pivotal role of Stat3 activation for the
antiapoptotic effect of IL-6. Therefore, our data provide evidence
that IL-6–dependent survival of INA-6 MM cells relies on an
additional Stat3-dependent antiapoptotic pathway.

Materials and methods

Cell culture

INA-6 and XG-1 cells were maintained in RPMI 1640 medium with
Glutamax-I supplemented with 10% fetal calf serum, antibiotics (all from
Life Technologies, Karlsruhe, Germany), 50 �M 2-�-mercaptoethanol and
1 ng/mL IL-6. Recombinant human IL-6 was a generous gift from S.
Rose-John (Kiel, Germany).

Apoptosis assay

Apoptosis was assessed by using the annexin V–fluorescein isothiocyanate
(FITC) apoptosis detection kit II (BD Biosciences, Heidelberg, Germany).
For transfectants carrying receptor-enhanced green fluorescent protein
(EGFP) fusion proteins, annexin V–FITC and propidium iodide (PI) were
replaced by annexin V–phycoerythrin (PE) and 7-amino-actinomycin D
(7-AAD), respectively. Flow cytometric analysis was done with a FACScan
flow cytometer with the use of the CellQuest software (BD Biosciences).

Cell cycle analysis

Cell cycle distribution was measured by flow cytometric analysis by using
PI staining. Cells (3 � 104) were washed with phosphate-buffered saline
and fixed in 80% ethanol for 20 minutes at �20°C. After rehydrating in
phosphate-buffered saline for 15 minutes, cells were incubated with the
same solution containing 100 �g/mL RNase, 0.05% Tween 20, and 10
�g/mL PI. Fluorescence of FL2-A was analyzed on a flow cytometer as
described earlier.

RNA isolation

Total RNA was prepared from 5 � 106 cultured cells using the RNeasy
Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer’s
instructions. RNA quality was examined by the RNA 6000 LabChip Kit on
the 2100 bioanalyzer (Agilent Technologies, Waldbronn, Germany).

Gene expression analysis by DNA-oligonucleotide arrays

Double-stranded DNA was synthesized from total RNA, amplified as
cRNA, labeled, and hybridized to Affymetrix U95A chips (Affymetrix,
Santa Clara, CA), which were washed and scanned according to procedures
developed by the manufacturer.

Two independent sets of experiments were performed to assess
IL-6–dependent expression patterns in INA-6 cells. Normalization of the

individual arrays on the basis of total intensity and comparative data
analyses were performed with the Affymetrix software (MicroArray Suite
5.0.1/MicroDB 2.0/DMT 2.0). Significance criteria for selecting genes
differentially expressed in response to IL-6 were chosen as follows: the
microarrays hybridized with RNA from INA-6 cells withdrawn from IL-6
for 12 hours were set as reference chips to which microarrays derived from
INA-6 cells treated with IL-6 for 1 hour, 4 hours, or permanently were
compared. Genes were regarded differentially expressed if in both experi-
mental sets the change P values were below .0025 and beyond .9975 for
increased and decreased probe set signal intensities, respectively. Similarly,
2 sets of experiments were carried out with the INA-6 cells engineered to
express mutated chimeric receptors.

Real-time PCR

RNA quantification by real-time polymerase chain reaction (PCR) detection
was done with a LightCycler (Roche Diagnostics, Mannheim, Germany).
Reverse transcription (RT) was performed by using SuperScript II (Life
Technologies). An optimal PCR reaction was established by using the
FastStart DNA Master SYBR Green I Kit (Roche Diagnostics). The
nucleotide sequences of the primer pairs are available on request. The
identity of the PCR products was confirmed by sequencing. Signals for the
genes of interest from each RNA sample were normalized to that sample’s
signal for glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The fold
change was calculated relative to the signal observed for samples from
cytokine-starved cells.

Ribonuclease protection assay

Gene fragments serving as probe template were cloned by RT-PCR into
pGEM-T (Promega, Mannheim, Germany) except for HB-EGF and SGK.
Probes for the latter were created from plasmids kindly provided by G.
Raab (Boston, MA) and F. Lang (Tübingen, Germany), respectively. Probe
sequences are available on request. Probes were labeled with �-32[P]–
uridine triphosphate (UTP) (3000 Ci/mmol [11.1 � 1013 Bq/mol]) by
means of RiboQuant In Vitro Transcription Kit (BD Biosciences/
Pharmingen, San Diego, CA). Total RNA (5 �g) was hybridized with probe
sets (4 � 104 cpm/�L for each probe) at 56°C overnight. Samples were
digested with RNases A/RNase and inactivated, and the RNA was
precipitated. The protected fragments were separated on a denaturing gel
containing 5% polyacrylamide and 8 M urea. Bands were quantified by
using a PhosphorImager (FLA-3000; Fujifilm, Japan). GAPDH was used
for normalization.

Immunoblot analysis

Cell lysis and immunoprecipitation were performed as described by Bellido
et al.36 Proteins were separated by sodium dodecyl sulfate (SDS)–
polyacrylamide gel electrophoresis, blotted to polyvinyl diflouride mem-
brane, and detected by chemiluminescence (Pierce, Rockford, IL). Antibod-
ies to Stat3 (S21320), Mcl-1 (sc-819), and �-actin (Clone AC-74) were
from Transduction Laboratories (Lexington, KY), Santa Cruz Biotechnol-
ogy (Santa Cruz, CA), and Sigma (Taufkirchen, Germany), respectively.
Antityrosine-phosphorylated Stat3 (no. 9131), anti-Bad (no. 9292), and
antiphospho-Bad (no. 9291) were from Cell Signaling Technology (Bev-
erly, MA). Bcl-X (AF800), Bcl-2 (AF810), and Bax (AF820) antibodies
were from R&D Systems (Wiesbaden, Germany).

Construction of expression vectors

Standard cloning procedures were performed as outlined by Sambrook et
al.37 Lentiviral vector constructs Vig�SB�Nde, pHIT-G and Sp�2 were a
generous gift from K. Überla (Bochum, Germany).

The expression vector pSVL-Eg-Flag containing the chimeric erythro-
poietin receptor Eg (erythropoietin receptor [EpoR]/gp130 receptor)38 was
taken as source for constructing the Eg-EGFP fusion protein. The Eg-Flag
construct was amplified by PCR by using a primer introducing a SpeI site
upstream and a BamHI site downstream of the gene (5�-GAT CCA CTA
GTG CTA CCG GTC GCC ACC ATG GAC AAA CTC AGG GTG-3� and
5�-GGT GGA TCC CGT TTA TCG TCT TTG-3�), digested, and ligated
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