Lg

Oncogene (2003) 22, 1848-1859
© 2003 Nature Publishing Group Al rights reserved 0950-9232/03 $25.00

www.nature.com/onc

IL-6-independent expression of Mcl-1 in human multiple myeloma

Bin Zhang, Valeria Potyagaylo and Robert G Fenton*
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Mcl-1 is a critical antiapoptotic survival factor for human
multiple myeloma (MM). We examined the importance of
IL-6 for Mcl-1 expression in five MM cell lines and in
primary MM cells from 14 patients. While culture of
MM.1S cells in IL-6 did induce Mcl-1 expression, four
other MM cell lines exhibited high levels of Mcl-1
expression that were unaffected by IL-6. Similarly, Mcl-
1 expression in 10 of 14 primary MM isolates was found
to be IL-6-independent. An analysis of the mechanisms
responsible for IL-6-independent Mcl-1 expression was
undertaken. ERK1/2 activity did not influence Mcl-1
expression, distinct from Mcl-1 regulation that occurs
during myeloid differentiation from hematopoietic pro-
genitor cells. Inhibition of the PI3K pathway led to growth
inhibition of 8226 and ANBL-6 cells without reduction of
Mcl-1 levels, and high level Mcl-1 expression was
maintained in the absence of activated STAT3. Analysis
of the transcriptional activity of 5'-regulatory sequences
from the human Mcl-1 gene in MM cells demonstrated
high levels of IL-6-independent indicator gene activation
as predicted. These data demonstrate that the mechanisms
regulating Mcl-1 levels in MM cells are heterogeneous,
and are often independent from IL-6 signaling pathways.
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Introduction

Homeostasis within the hematopoietic system is main-
tained by a carefully orchestrated balance of cell
production and the death of mature cells through the
process of programmed cell death (Metcalf, 1998).
Hematopoietic cell survival is often maintained by
the production of survival factors (growth factors,
cytokines) that bind to specific receptors and activate
signal transduction pathways that prevent activation
of the latent core apoptosis apparatus present in all
cells (Raff, 1992). Inappropriate expansion of cell
numbers is prevented by the removal of environmental
trophic signals with subsequent activation of apoptosis.
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Hematopoietic malignancies are caused by genetic
lesions (often translocations and chromosomal instabil-
ity leading to aneuploidy) that result in a lineage-specific
differentiation arrest characterized by the accumulation
of cells at a particular stage of development (Alcalay
et al., 2001). A critical element in the evolution of
malignant cells is the capacity to resist apoptotic signals
such as deprivation of growth factors, deregulated
passage through the G1 restriction point, and DNA
damage (Schimmer et /., 2001). This acquired resistance
to apoptosis also characterizes the difficulty in eradicat-
ing tumor cells by conventional therapeutic interven-
tions (Reed, 1995; Johnstone et al., 2002).

An important molecular mechanism that promotes
the survival of leukemic clones is the increased expres-
sion of antiapoptotic members of the Bcl-2 family
(Gross et al., 1999; Cory and Adams, 2002). Bcl-2, Bcel-
XL, and Mcl-1 reside primarily in the mitochondrial
outer membrane, where they prevent the release of cyto-
chrome ¢ by inhibiting the functions of the apoptosis-
inducing Bcl-2 family members including Bax, Bak, and
BH3-only proteins (Reed, 1998; Huang and Strasser,
2000). Since the discovery of aberrant regulation of Bcl-
2 in follicular lymphomas bearing the t(14;18), over-
expression of pro-survival Bcl-2 family members has
been shown to play a critical role in the development of
many hematopoietic malignancies and their response to
therapy (Rowley, 1988; Schimmer et al., 2001). In CLL,
most clinical isolates express Bcl-2 at high levels, and
this alone, or when associated with an increased ratio
compared to levels of Bax expression, was predictive of
poor outcome (Hanada et al., 1993; McConkey et al.,
1996; Pepper et al., 1996; Thomas et al., 1996). The
mechanisms responsible for high-level Bcl-2 expression
in CLL are unknown but rarely involve translocations;
in some cases hypomethylation of the promoter region
was noted (Raghoebier ef al., 1991; Hanada et al., 1993).
A recent study noted that high-level expression of Mcl-1
correlated with failure to attain CR in response to
single-agent treatment with alkylating agents or purine
nucleosides (Kitada efr al., 1998). Furthermore, rapid
inhibition of Mcl-1 expression by the CDK inhibitor
flavopiridol correlated with in vitro induction of apop-
tosis of primary CLL samples (Kitada ez al., 2000). The
potential role of Bcl-2 and Mcl-1 as oncogenes in
lymphoid malignancies has been confirmed in transgenic
mouse models in which deregulated expression of these
transgenes resulted in the expansion of hematopoietic
populations with subsequent development of lymphoid
tumors (McDonnell et al., 1989; Zhou et al., 2001).



Multiple myeloma (MM) is a B-cell malignancy
characterized by the accumulation in the bone marrow
of plasma cells with a low proliferation index and an
extended lifespan (Hallek er al., 1998; Rajkumar and
Greipp, 1999). MM is associated with a variety of
chromosomal abnormalities, including translocations to
the immunoglobulin heavy chain switch region that
occur during antigen-driven B-cell expansion and
affinity maturation in the lymph node germinal center
(Bergsagel et al., 1996). However, although multiple
translocation partners have been identified, these do not
include Bcl-2 family members (Bergsagel and Kuehl,
2001). Nevertheless, Bcl-2 is highly expressed in
malignant plasma cells (Ong et al., 1995; Miguel-Garcia
et al., 1998; Puthier et al., 1999¢), and Bcl-XL expression
was detected more often at the time of patient relapse
and correlated with resistance to chemotherapy (Gau-
thier et al., 1996; Tu et al., 1998). Furthermore, STAT3
was recently shown to be constitutively activated in
primary MM cells, and was shown to induce the
upregulation of Bcl-XL in the U266 cell line (Catlett-
Falcone et al, 1999). Mcl-1 expression has been
described in MM cell lines and primary patient isolates,
and its expression has been reported to be upregulated
by IL-6, a critical MM growth and survival cytokine
that is produced by BM stromal cells (Pages et al., 1993;
Hallek et al., 1998; Puthier et al., 1999a,b). Recently, we
demonstrated that Mcl-1 is required for MM cell
survival, and suggested that sustained expression of
Mcl-1 by malignant plasma cells at the time of exit from
the germinal center could play an important role in the
aberrant survival of the malignant clone (Zhang et al.,
2002). These results were subsequently confirmed by
others (Derenne et al., 2002).

In the current study, we examine the regulation of
expression of Mcl-1 in MM cell lines and in primary
CD138" MM cells, and demonstrate that the response
to IL-6 is heterogeneous. We detected significant levels
of Mcl-1 expression in all cell lines and patient isolates,
and in most cases Mcl-1 levels were not regulated by IL-
6. In accord with these data, expression from the human
Mcl-1 promoter in MM cells resulted in high levels of
expression of the indicator gene in an IL-6-independent
manner. Our data indicate that Mcl-1 is constitutively
expressed in many MM cells, and that this may be an
important factor in the pathogenesis of this disease that,
like CLL, depends primarily on failed programmed cell
death as opposed to increased proliferation.

Results

Mecl-1 expression in response to IL-6 is heterogeneous in
MM cell lines

To examine the role of IL-6 in the regulation of Mcl-1
expression, MM cells were cultured for 24h in the
absence of IL-6, followed by addition of IL-6 for
variable time periods. As demonstrated in Figure 1, IL-6
induces the rapid phosphorylation of ERK1/2 (labeled
p44/42 in the figures) and tyrosine phosphorylation of
STATS3 in all five cell lines. Of note is that for MM1.S,
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ANBL-6, and OPM-2, the levels of total STAT3 appear
to be rapidly induced by IL-6 (in some cases occurring
within 5min of IL-6 addition); the mechanism for this is
under investigation. Changes in the level of Mcl-1
expression were then examined. MM.1S cells (panel a)
responded to IL-6 in a manner similar to other MM cell
lines described in the literature (Puthier et al., 1999a,b;
Jourdan et al., 2000); Mcl-1 was upregulated at 4, 8, and
20 h after addition of IL-6. However, the other four MM
cell lines failed to upregulate Mcl-1 in response to IL-6.
Mcl-1 was expressed at high levels after the 24 h wash-
out period (time 0) even though STAT3 phosphoryla-
tion was nearly undetectable and ERK1/2 phosphoryla-
tion was either absent or quite low (with the exception of
high basal phospho-ERK1/2 in OPM-2 which reflects a
mutated FGFR3 in this cell line). After addition of IL-6,
there was no change in the level of Mcl-1 expression in
any of these four cell lines, either after short (5-30 min)
or long (4-20h) activation periods. These data indicate
that IL-6 signaling is active in all five cell lines, but Mcl-
1 expression is induced in only one. This IL-6-inde-
pendent expression of Mcl-1, not previously described in
the literature, was therefore studied in more detail.

To further examine the role of serum and IL-6 on
Mcl-1 expression, 8226 cells were cultured in decreasing
amounts of serum with or without the addition of IL-6.
As shown in Figure 2, Mcl-1 expression levels remained
high after 24 or 48 h of culture in medium containing
10-0.5% serum, with or without the addition of IL-6.
Given the short half of Mcl-1 (30 min to 1 h), culture in
0.5% serum without IL-6 for 48h would have been
expected to substantially lower protein levels if the Mcl-
1 gene were dependent on signals emanating from these
growth and survival factors. Note that levels of Bcl-XL
were also unchanged by these culture conditions.

Changes in the level of Mcl-1 mRNA were examined
in MM cells that had been cultured without IL-6 for 24 h
followed by its addition for an additional 24h. As
shown in Figure 3, for the 8226, ARP-1, and ANBL-6
cells lines there was no significant change in the level of
Mcl-1 expression after the addition of IL-6 (1 or 5Sng/
ml). Furthermore, as was seen with protein expression
levels, high levels of Mcl-1 mRNA were observed after
culture for 24 h in the absence of IL-6 (lanes receiving no
IL-6). These data indicate that IL-6 does not regulate
the expression of Mcl-1 in these MM cell lines.

The regulation of Mcl-1 gene expression has been
investigated in a number of other experimental systems.
In cells of different lineages, the Ras/MAPK, Jak2/
STATS3, and PI3K pathways have been implicated in the
positive regulation of Mcl-1 expression (Craig, 2002).
We therefore examined the effects of inhibitors of these
pathways on IL-6-independent Mcl-1 expression. As
shown in Figure 4a, 8226 cells were cultured in RPMI/
10% FCS plus IL-6 followed by the addition of either
AG490 (a putative Jak?2 inhibitor) or PD98059 (MEK1/
2 inhibitor) for the indicated time periods, after which
the status of phosphorylation of the target proteins and
the expression levels of Mcl-1were determined. In the
case of PD98059, ERK1/2 phosphorylation was com-
pletely inhibited at the 4, 24, and 48h time points
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Figure 1 Regulation of Mcl-1 expression by IL-6 is heterogeneous. The indicated MM cell lines were cultured for 24 h in RPMI/10%
FCS in the absence of IL-6. IL-6 (5ng/ml) was then added to the cultures, and protein extracts were prepared at the indicated times.
For cells demonstrating no upregulation of Mcl-1 by IL-6 (panels b—¢), separate experiments were performed to examine both short-
term (0-30min) or more prolonged signaling effects of IL-6 (0-20h). Western blot analysis was performed using antibodies directed
against phosphorylated forms of ERK1/2 (p-p44/42) or total ERK1/2 (p44/42), tyrosine phosphorylated STAT3 (p-STAT3) or total
STAT3, and Mcl-1. Tubulin was used as a control for equal protein loading

without any change in the levels of total ERK1/2 or
Mcl-1 expression. Since other investigators have demon-
strated that TPA can increase Mcl-1 expression via the
ERK1/2 pathway (Townsend et al., 1999), we cultured
8226 cells overnight in 0.2% serum in the absence of IL-
6, then added TPA for the time periods indicated in
Figure 4b. TPA induced ERKI1/2 phosphorylation
without an increase in the expression of Mcl-1.
Surprisingly, addition of AG490 at high concentra-
tion (50 um) had minimal effect on STAT3 phosphor-
ylation (Figure 4a, lanes 2-4). Other studies from our
laboratory indicated that the toxicity of AG490 to MM
cell lines was serum dependent; thus AG490 induced
growth inhibition but no apoptosis in 10% serum, but
apoptosis was observed when cells were cultured in 2%
serum. To determine if this was because of down-
regulation of Mcl-1 expression, we cultured 8226 and
ANBL-6 in medium containing 2% FBS plus I1L-6, and
tested the effects of AG490 (50 um) on signaling events,
Mcl-1 expression, and cell viability. As shown in
Figure 5a, for both 8226 and ANBL-6, AG490 induced
a parallel decrease in the levels of phospho-STAT3 and
total STAT3 with little or no change in Mcl-1 levels.
When cultured in 2% serum, AG490 efficiently induced
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the apoptosis of 8226 cells (Figure 5b), and it is likely
that cell death accounted for the parallel decrease in
both total and phosphorylated STAT3 levels (similar
results were observed for ANBL-6, not shown). There-
fore, we observed no specific inhibition of STAT3
tyrosine phosphorylation by AG490 in our culture
system. Consistent with this, AG490-induced death in
8226 cells occurred despite maintenance of Mcl-1 levels
(Figure 5a); the mechanism of apoptosis induction
under these culture conditions remains to be deter-
mined. Further studies have demonstrated that in many
of our MM cell lines, IL-6 activates Jak1 and Tyk2, and
this may account for the failure of AG490 to block
STAT3 phosphorylation (data not shown). The apop-
tosis induced by AG490 under the low serum conditions
(rather that cell cycle arrest noted with 10% serum) is
likely because of a more complete inhibition of other
tyrosine kinase pathways. However, the effects of
AG490 could not be overcome by the addition of either
IGF-I or IGF-II (each at 50 ng/ml), which have been
demonstrated to be important MM growth factors (data
not shown) (Jelinek et al., 1997).

To examine the role of the PI3K pathway in regula-
ting Mcl-1 expression, MM cell lines were cultured for
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Figure 2 Mcl-1 expression is not regulated by IL-6 or serum in
human MM cell line 8226. Cells were cultured in RPMI containing
10, 2, 1 or 0.5% FCS with or without the addition of IL-6 (5 ng/ml)
as indicated. After 24 h (panel a) or 48 h (panel b), protein extracts
were prepared and subjected to Western blot analysis using
antibodies with specificities designated along the left border of
each panel
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Figure 3 Mcl-1 mRNA levels in MM cell lines are not regulated
by IL-6. MM cell lines were washed and then cultured for 24 h in
RPMI/10% FCS in the absence of IL-6. Control cells were
harvested (0 time point), followed by the addition of IL-6 (1 or
Sng/ml) as indicated for an additional 24h. RNA was extracted
and Northern blot analysis was performed using an Mcl-1 probe.
The ethidium bromide-stained gel demonstrates equal loading of
RNA

24 and 48h in medium containing LY294002 (10 or
20 um). There was no change in the level of Mcl-1
expression in ANBL-6 or 8226 cells cultured under these
conditions (Figure 6a, b). LY294002 was active, as it
inhibited the proliferation of both cell lines (Figure 6¢).
We conclude that Mcl-1 expression in human MM cells
does not require PI3K activity, although it is required
for cell cycle progression. Surprisingly, culture in
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Figure 4 Analysis of regulation of Mcl-1 expression using
inhibitors of the Ras/ERK or Jak/STAT pathways. (a) 8226 cells
were cultured in RPMI/10% FCS plus IL-6 (5ng/ml) followed by
the addition of either PD98059 (50 um) or AG490 (50 um). At 4, 24,
and 48 h, aliquots of cells were harvested and cell extracts prepared.
Western blot analysis was performed using antibodies directed
against phosphorylated or total STAT3 and ERK1/2 as described
in Figure 1. (b) 8226 cells were cultured for 20h in RPMI
containing 0.2% serum without IL-6. TPA (10ng/ml) was then
added, and protein extracts prepared at the indicated times. The
activation state of ERK1/2 was determined using a phospho-
specific antibody as described in Figure 1. The level of Mcl-1
present in each of the extracts demonstrates no upregulation of
Mcl-1 despite activation of the ERK1/2 pathway

LY294002 appeared to increase levels of Bcl-2. This is
unusual, as Bcl-2 levels in MM cells are unaffected by
most signal transduction inhibitors, and as shown by
others, Bcl-2 is not upregulated by IL-6 (Puthier et al.,
1999a,b; Jourdan et al., 2000).

Regulation of Mcl-1 expression in primary MM cells

Previous studies of a single primary MM isolate (a
plasma cell leukemia) showed that IL-6 induced a
dramatic increase in Mcl-1 protein levels (Puthier et al.,
1999b). To examine this important question using a
larger number of patient samples, we purified mono-
nuclear cells from the BM of MM patients and cultured
the cells for 18 h in the absence of IL-6. Cells were then
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Figure 5

Induction of apoptosis of MM cell lines by AG490 is serum dependent. (a) MM cell lines 8226 and ANBL-6 were cultured in

RPM1I/2% FCS plus IL-6 for 024 h with or without the addition of AG490 (50 um) as indicated. At the times shown, cell extracts were
prepared and Western blot analysis performed to determine the activation state of STAT3, total STAT3 levels, and changes in the
expression of Mcl-1. (b) Cell cycle analysis was performed on 8226 cells cultured for 24h in RPMI1/2% FCS plus IL-6 (control) or in
this same medium plus AG490 (50 um) for 24 or 48 h. Cells were harvested, fixed, and stained with propidium iodide. The arrowhead

indicates the position of the G1 peak (2N DNA content)

separated into CD138% and CD138" populations and
cultured with or without IL-6. Protein lysates were
prepared at the indicated times, and the levels of Mcl-1
and other Bcl-2 family members were determined. In
some cases sufficient protein was available from the
CD138" fraction to perform a more detailed analysis of
IL-6-induced signaling pathways, and when possible
both CD138" and CD138 populations were studied in
parallel. Three cases of the more detailed signal
transduction analyses are shown in Figure 7. Cells from
patient #1 demonstrated activation of the ERK1/2 and
STAT3 pathways after the addition of IL-6, although
the basal level of phosphorylation of these proteins
(time 0) was high compared to other patients. In
addition, in extracts from the CDI138" population,
residue Ser727 of the STAT3 activation domain
appeared to be constitutively phosphorylated. These
data suggest that there is an activated MAPK pathway
in these cells, perhaps because of mutation of Ras or
FGFR3; this is currently under study. Of importance
was the observation that expression of Mcl-1 was quite
high in the CD138" population even after 18 h of culture
without IL-6, and that this level did not increase during
a subsequent 24 h culture in the presence of 1L-6. Levels
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of Bcl-2 and the low-level expression of Bcl-XL were
also unchanged.

Patients 2 and 3 exhibited similar patterns of ERK1/2
and STAT3 activation in response to IL-6. For unclear
reasons, very low levels of total ERK1/2 were noted in
the CD138* population from patient 2 (observed in two
independent experiments). Mcl-1 levels in CD138"* cells
from patient 2 showed no increase in response to IL-6.
In contrast, Mcl-1 levels in patient 3 were elevated two-
fold after 8 and 24 h of culture in the presence of I1L-6.
Thus for all three patients, culture of purified primary
MM cells in IL-6 lead to activation of the appropriate
signaling pathways, yet in two of three samples we
did not observe any increase in the expression level of
Mcl-1. In each case, the basal level of Mcl-1 expression
was quite high even after culture for 18 h in the absence
of IL-6.

Smaller numbers of CD138" cells were available from
11 other patients, and the analysis of the effects of IL-6
on protein expression was therefore limited to Mcl-1 and
other antiapoptotic Bcl-2 family proteins (Figure 8).
CD138" (and in some cases equal numbers of CD138"
cells) were cultured for 18h in the absence of IL-6,
followed by the addition of IL-6 to half the cells and



Regulation of Mcl-1 gene expression in human MM @
B Zhang et al

1853
a ANBL6 b 8226
LY(@uM): - 10 10 20 20 LY(uM): - 10 10 20 20
Time (h): 0 24 48 24 48 Time (h): 0 24 48 24 48
Mcl-1 "= gy - p— Mcl-]1 e

Bel- XL O e amp <o o= Bel-XL. w—pyges ems e el

Bel-2 = o a— a——— Bel) o= o o e alb

Actin g a— ——— — — Actin  m— e—— —

% Apoptosis: 2.1 4.8 7.2 14.6 16.9 % Apoptosis: 2.3 9.1 9.2 10.6 9.9
C

14 M Dalive Odead

Cell Number (x10°)

Time (h): 0 48 48 48 48 48 48
LY (uM): 0 0 10 20 0 10 20

8226 ANBL-6

1 MU L.

Figure 6 The PI3K inhibitor LY294002 inhibits MM cell growth, but not expression of Mcl-1. Panels a and b: ANBL-6 cells were
cultured in RPMI/10% FCS with IL-6 (1 ng/ml), whereas 8226 cultures did not receive IL-6. Cells were then cultured with 10 or 20 ug/
ml of LY294002 for 24 or 48 h, and cells were harvested for preparation of protein extracts and determination of per cent apoptosis
(Hoechst 33342 staining of cytospins; at least 200 cells were evaluated for each time point). Western blot analysis was performed using
the antibodies indicated along the left margin. Panel c: cells were cultured in the medium described above with or without the addition
of 10 or 20 um LY294002 for 48 h. Cells were counted and viability was determined by trypan blue exclusion
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Figure 7 1L-6-dependent signal transduction profiles and expression levels of Bcl-2-family proteins in purified CD138~ cells from
bone marrow of MM patients. Mononuclear cells from BM aspirates were cultured for 18 h in RPMI/10% FCS and then separated
into CD138* and CD138 fractions. IL-6 was added to the cultures (controls received no IL-6), and protein extracts were prepared at
the times indicated. Western blot analysis was performed using a panel of antibodies with specificities designated along the left margin.

For patient 1, the level of STAT3 phosphorylation at Ser727 of the activation domain was determined. For patient 3, analysis was
performed on the CD138" population only

culture for an additional 24h. Note that in these with previously published reports demonstrating that
samples, as well as those in Figure 7, the level of Bcl-2 Bcl-2 levels are not regulated by IL-6 (Puthier et al.,
within each cell population did not vary (i.e. was 1999a,b; Jourdan et al., 2000). Analysis of patient 7
independent of IL-6), and was therefore used as an demonstrated a two-fold upregulation of Mcl-1 protein
indicator of equal protein loading. This is in agreement levels after culture in IL-6. CD138" cells from patients 6
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Figure 8 Regulation of Mcl-1 expression by IL-6 in a panel of 11 freshly isolated MM specimens. Mononuclear cells isolated from
BM aspirates of MM patients were cultured in RPMI/10% FCS for 18 h and then fractionated into CD138" and CD138" populations;
in some cases only the CD138" cells were analysed. Cells were cultured for an additional 24 h with or without IL-6 (5ng/ml), and
protein extracts were prepared and subjected to Western blot analysis using antibodies directed against antiapoptotic Bel-2 family

members

and 10 also exhibited a small increase in Mcl-1 levels.
The remaining eight patient samples demonstrated high
levels of de novo Mcl-1 expression that did not increase
after culture in IL-6. These data show that Mcl-1 was
expressed in all 14 primary MM isolates tested, and
in 10 of these (71%) its expression was not increased
by IL-6. However, in four of 14 cases there was an
approximate 1.5-2-fold induction that could have
significant protective effects in the face of apoptotic
stimuli.

This patient survey is too small to allow meaningful
correlations to be made between clinical parameters and
response of Mcl-1 expression to IL-6. However, we
noted that all four patients demonstrating upregulation
of Mcl-1 (patients 3, 6, 7, and 10) had not been treated
with high-dose chemotherapy and autologous stem cell
transplantation (ASCT). Of the remaining 10 patients
whose Mcl-1 levels were not upregulated by IL-6, five
had relapsed after ASCT and five had not yet been
transplanted and were minimally treated (two or fewer
regimens). It remains to be determined if expression of
Mcl-1 becomes IL-6-independent after high-dose ther-
apy; analysis of patients pre- and post-transplant will be
required to answer this question.

Mcl-1 regulation in MM cells grown in serum-free
conditions

It has been reported that IL-6-mediated upregulation of
Mcl-1 is an important survival pathway when MM cell
lines are cultured in serum-free medium to remove the
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Table 1 Survival of MM cells cultured in 1% BSA+IL-6

Cell line Culture conditions

FBS FBS BSA BSA

(—) IL-6 (+)IL-6 (—) IL-6 (+) IL-6

ANBL-6 73+1.4 77415 9.9+1.9 11.5+1.7
8226 1.240.6 29412 7.6+1.5 50+1.4
ARP-1 3.9+1.3 6.4+1.5 6.6+1.7 6.6+1.7

MM cell lines were cultured in RPMI medium containing 10% FBS
with or without IL-6 (1 ng/ml), or in RPMI containing 1% BSA with
or without IL-6, as indicated. After 24 h, cytospin preparations were
subjected to TUNEL assay with Hoechst 33342 counterstain. At least
200 cells were counted at each data point, and the per cent of apoptotic
cells was determined

confounding effects of other survival factors such as
IGF-1 (Jourdan et al., 2000). In those studies, culture of
the XG-series of IL-6-dependent cell lines in 1% bovine
serum albumin (BSA)/RPMI resulted in the rapid
induction of apoptosis (i.e. 60% annexin V positivity
at 2-6h), while addition of IL-6 conferred some
protection. This correlated with an upregulation of
Mcl-1 by IL-6 (Jourdan et al., 2000). We performed
similar experiments using our panel of MM cell lines.
ARP1, ANBL-6, and 8226 cells were cultured in RPMI
containing 1% BSA with or without IL-6 and the per
cent apoptosis was determined. As shown in Table 1, we
observed low levels of apoptosis after 24 h and this was
not influenced by IL-6. Cell cycle analysis of cells
cultured under these conditions demonstrated cell cycle



arrest with <10% apoptosis at 24 h, and Western blots
showed little change in the level of Mcl-1 protein (data
not shown). To further assess the survival role of I1L-6
under serum-free conditions, primary CD138" cells were
subjected to a similar analysis. Cells were cultured in
10% FBS or 1% BSA with or without IL-6 as indicated
in Figure 9. Protein expression levels and the per cent
apoptosis were determined after 24h. Culture in
1%BSA led to a 50% decrease in Mcl-1 and Bcl-XL
levels compared with culture in 10% FBS, with a small
but significant increase in the frequency of apoptosis.
This was not surprising given the role of serum survival
factors (e.g. IGF-1 and others) in maintaining cell
viability. Importantly, the addition of IL-6 did not effect
Mcl-1 expression levels during culture in FBS or BSA,
and did not rescue cells from apoptosis induced by
culture in 1% BSA. We were therefore unable to
confirm previous observations of the rapid induction
of apoptosis of MM cells cultured in serum-free medium
(Jourdan et al., 2000), and we did not detect a role for
IL-6 in regulating Mcl-1 levels in cell lines or primary
cells cultured under these conditions.

Analysis of the human Mcl-1 promoter in MM cell lines

The data thus far presented support the hypothesis that
in many MM cell lines and primary MM cell isolates,
Mcl-1 levels are not regulated by IL-6. Since Mcl-1 is
regulated at the transcriptional level in many systems
(Craig, 2002), our data led to the prediction that ectopic
expression of the human Mcl-1 promoter in MM cell
lines should reproduce the high levels of constitutive, IL-
6-independent expression. To test this hypothesis, ARP1
cells were transfected with plasmid constructs contain-
ing 5-regulatory sequences from the human Mcl-1
promoter cloned upstream of the luciferase indicator
gene (Akgul er al., 2000b); the pGL3 basic vector and
SV40-luciferase constructs served as negative and
positive controls, respectively. As shown in Figure 10a,

10% FBS 1% BSA
IL-6: - + - +
Mcl-1 - s w—

Bel-XL, e s -

Bcl-2 T a— —

Bax ce—s ane s e

Tubulin S — — w—

% Apoptosis: 16 17 27 29

Figure 9 Regulation of Mcl-1 expression and induction of
apoptosis under serum-free culture conditions. Primary CD138*
MM cells were isolated from a BM aspirate and cultured for 24 h in
RPMI plus 10% FBS or 1% BSA with or without IL-6 (1 ng/ml) as
indicated. Cells were then harvested and Western blot analysis was
performed. An aliquot of cells from each experimental group was
analysed by TUNEL/Hoechst staining and the corresponding per
cent apoptosis was determined for each sample
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Figure 10 The human Mcl-1 promoter is active in human MM
cells, but is not regulated by IL-6. (a) ARP1 cells were cultured for
24h in RPMI/10% FCS in the absence of IL-6. Cells were
transfected with luciferase expression constructs with no promoter
(pGL3), the SV40 early promoter/enhancer, or differing lengths of
the Mcl-1 ¥-regulatory region as indicated; each transfection
included a small amount of the pRL-TK plasmid to control for
transfection efficiency. IL-6 (5ng/ml) was added to one of two
parallel cultures 6 h after transfection, and the cells were cultured
for an additional 18h. Cells were then harvested and dual
luciferase/Renilla assays were performed. The data represent the
mean of three independent experiments; error bars show the
standard deviation. (b) Activation of STAT3 by IL-6 in ARPI cells
as demonstrated by EMSA. ARPI cells were cultured as described
above, and nuclear extracts were prepared from cells cultured
without (lane 1) or with IL-6 (5ng/ml for 30 min; lanes 2-6).
STAT3 DNA binding was detected using *P-labeled hSIE
oligonucleotide. In lanes 3 and 4, 1 or 5 ul of anti-STAT3 antibody
was used to specifically supershift complexes containing STAT3. In
lanes 5 and 6, cold-competition assays were performed using a 100-
fold molar excess of nonspecific (FIRE) or specific (hSIE)
competitor peptide

constructs containing 3.9kb of Mcl-1 5-regulatory
sequences induced high levels of luciferase expression;
in fact the levels are 2-3-fold higher than those observed
using the SV40 early promoter/enhancer construct.
When the Mcl-1 regulatory sequences were shortened
to 294 (Xhol/H3) and 140bp (Pvull/H3), there was a
progressive decrease in luciferase expression, although
both short constructs retained significant activity. For
all three Mcl-1 promoter constructs, addition of 1L-6
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during the final 24 h of culture did not lead to increased
luciferase expression. Electrophoretic mobility gel shift
analysis (EMSA) demonstrated that STAT3 activation
in ARP1 was IL-6-dependent and quite robust. Speci-
ficity was demonstrated by cold competition with
specific (hSIE) or irrelevant oligonucleotides (FIRE),
and by supershift with an antibody directed against
STAT3. These data demonstrate that the human Mcl-1
promoter is very active in MM cells, and that this high
level of expression is IL-6-independent and occurs in the
absence of detectable STAT3 DNA-binding activity.

Discussion

There is accumulating experimental and clinical data to
support the hypothesis that Mcl-1 plays a critical role in
the survival of malignant hematopoictic cells. This is
most clearly evident for CLL, MM, and AML
(Kaufmann er al., 1998; Kitada et al., 2000; Zhang
et al., 2002). Prevention of mitochondrial outer mem-
brane permeabilization (MOMP) is a key regulatory
feature of antiapoptotic Bcl-2 family members, and the
sum of the levels of Bcl-2, Bcel-XL, and Mcl-1 in the
outer membrane may be a critical determinant of
resistance to apoptosis (Reed, 1998; Gross et al., 1999;
Goldstein et al., 2000; Martinou and Green, 2001; Cory
and Adams, 2002). Mcl-1 has unique properties
compared to Bcl-2 and Bcel-XL including the very short
half-life of its mRNA and protein (Akgul et al., 2000a;
Chao et al., 1998; Kozopas et al., 1993). Since changes in
the levels of Mcl-1 in response to cytokines, TPA, and
other signals are thought to be regulated primarily at the
level of transcription (Craig, 2002), environmental
signals that alter the rate of Mcl-1 transcription would
be expected to rapidly reset the antiapoptotic rheostat
within the tumor cell. Interventions that inhibit Mcl-1
synthesis, even for short periods, would be expected to
result in a significant reduction in Mcl-1 protein levels
and render tumor cells vulnerable to apoptosis (Kitada
et al., 2000; Gojo et al., 2002; Zhang et al., 2002). It is
therefore important to identify trophic signals or cell
autonomous pathways that maintain Mcl-1 levels above
the apoptotic threshold. In this paper, we examined the
regulation of Mcl-1 expression in MM, a tumor
dependent more on resistance to apoptosis than upon
aberrant cell proliferation, and in which Mcl-1 has been
shown to play a critical role in tumor cell survival
(Derenne et al., 2002; Zhang et al., 2002).

Our data extend the work of other investigators by
confirming that Mcl-1 protein is expressed in all MM
cells thus far examined, and that Mcl-1 levels are
upregulated by IL-6 in some MM cell lines and primary
MM cells (Puthier et al., 1999a,b; Jourdan et al., 2000).
However, our data demonstrate that IL-6-independent
expression of Mcl-1 is often observed in MM cells. This
is not secondary to nonfunctional IL-6 signaling path-
ways, as activation of ERK1/2 and STAT3 was always
observed after the addition of IL-6 to myeloma cultures.
Overall four of five cell lines and 10 of 14 primary MM
isolates exhibited IL-6-independent Mcl-1 expression.
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The number of patient samples analysed in this study
was too small to draw meaningful correlations between
the extent of previous treatment and Mcl-1 responsive-
ness to IL-6. However, the data suggest that cells from
patients who had not received ASCT may be more
dependent on IL-6, as they tended to exhibit IL-6
responsiveness for Mcl-1 gene regulation. Culture of
MM cell lines in serum-free medium containing 1%
BSA failed to replicate the massive, rapid induction of
apoptosis or the decline in Mcl-1 levels as described by
others (Jourdan et al., 2000). Although culture of
primary MM cells in 1% BSA did modestly increase
the frequency of apoptosis associated with a decline in
Mcl-1, neither event was rescued by IL-6. The disparate
data may reflect biologic differences in the cell lines used
by each laboratory.

The high levels of Mcl-1 mRNA and protein observed
in MM cells are regulated primarily at the level of
transcription of the Mcl-1 gene. This is indicated by the
fact that Mcl-1 mRNA and protein both have a short
half-life in MM cells (Gojo et al., 2002; Zhang and
Fenton, unpublished data), thus requiring efficient gene
transcription to maintain steady-state levels. This is
supported by our transfection studies in which 3.9 kb of
Mcl-1 5'-regulatory sequences induced levels of lucifer-
ase expression that were significantly higher than that
induced by the SV40 early region promoter/enhancer.
Promoter constructs containing 294 or 140 bp were less
active, unlike a previous study in U937 cells showing
that overall promoter activity as well as GM-CSF and
TPA-responsiveness were encoded by the 294 bp con-
struct without contribution from upstream sequences
(Akgul et al., 2000b). Addition of IL-6 to transfected
MM cells did not induce higher levels of indicator gene
expression from any of the Mcl-1 promoter constructs.
Thus, activity of the Mcl-1 5'-regulatory region mimics
the IL-6-independent expression of the endogenous
Mcl-1 gene, and will provide a useful model to map
important cis-acting regulatory elements.

How do we explain the difference in IL-6-responsive-
ness of Mcl-1 expression observed in various MM cell
lines and primary MM isolates? MM is known to be a
heterogeneous disease based on clinical features (Hallek
et al., 1998; Rajkumar and Greipp, 1999), differences in
chromosomal abnormalities (Tricot ef al., 1997; Fonseca
et al, 1999), and in the global expression patterns
observed in large numbers of MM patients (Zhan et al.,
2002). Transcriptional activators/repressors, chromatin
remodeling activities, and signal transduction proteins
were included in the groups of most significantly down-
or upregulated genes in MM as compared with normal
bone marrow plasma cells; great variation was also
observed between subgroups of MM (Zhan et al., 2002).
Thus, as with leukemias in general, MM is a discase
characterized by transcriptional deregulation, with a
wide spectrum of gene expression patterns observed.
Given this genetic heterogeneity, we believe it would be
highly improbable that expression of Mcl-1 in response
to IL-6 would be the same in all MM cells.

The data indicate that in cells exhibiting IL-6-
independent Mcl-1 expression, Mcl-1 expression is



maintained by mechanisms that do not depend upon the
ERK1/2, STATS3, or PI3K pathways normally activated
by IL-6. Data from our inhibitor studies support this
contention. This is in contrast to studies using a variety
of other cell types in which the Ras/ERK, Jak/STAT,
and/or PI3K pathways play an important role in
regulating Mcl-1 gene expression in response to CSFs
and cytokines (Craig, 2002). For instance, in human
hematopoietic progenitor and myeloid cell lines, Mcl-1
was regulated by the MAPK and PI3K pathways
(Townsend et al., 1999; Huang et al., 2000; Schubert
and Duronio, 2001). In human neutrophils, GM-CSF
effects on Mcl-1 were blocked by PI3K inhibitors and
Mcl-1 antisense oligonucleotides (Moulding et al., 2000;
Epling-Burnette et al., 2001), while in human and
murine macrophages, the PI3K pathway appeared to
regulate Mcl-1 levels (Helgason et al, 1998; Di
Cristofano et al., 1999; Liu et al., 2001). In agreement
with others, our data strongly mitigate against a role for
ERK1/2 in the regulation of Mcl-1 expression in MM
cells (Puthier et al.,, 1999a). The role of the PI3K
pathway, which can be activated in MM by deletion of
PTEN (Ge and Rudikoff, 2000; Hyun et al., 2000), was
also tested in our system. At doses of LY294002 that
inhibited cell proliferation, there was no decline in Mcl-1
levels in the ANBL-6 or 8226 cell lines. Previously, we
reported that these cells exhibited only low levels of Akt
kinase activity in response to I1L-6, and suggested that
other pathways downstream of PI3K and PDKI1 were
inhibited by LY294002 and were likely to be important
for cell cycle progression in MM cells (Zhang and
Fenton, 2002). Experiments performed by others using
the MM.1S myeloma cell line did show an increase in
Akt Ser473 phosphorylation in response to IL-6,
although, as with our data, inhibition with 1.Y294002
led to GI1 cell cycle arrest without the induction of
apoptosis (Hideshima et al., 2001). Mcl-1 levels were not
evaluated in that study. We were unable to demonstrate
a specific inhibition of the STAT3 pathway using
AG490 (Meydan et al., 1996; Bright et al., 1999; Puthier
et al., 1999a); however, Mcl-1 expression is maintained
when cells are grown in the absence of IL-6 and
activated STAT3 is undetectable.

These data underscore the differences in expression of
Mcl-1 in human MM compared to other systems, and
are consistent with the hypothesis that the mechanism of
Mcl-1 gene regulation in MM is distinct. In some
experimental systems, Mcl-1 levels increase transiently
during periods of cell differentiation, presumably acting
to suppress apoptosis during particularly vulnerable
transitions for these cells (Kozopas et al., 1993; Sordet
et al., 1999; Moulding et al., 2000; Craig, 2002). In MM
cell lines and primary cells, Mcl-1 levels are maintained
at a high level, and we observe no evidence for a
transient activation of Mcl-1. Whether a more regulated
expression of Mcl-1 occurs during the differentiation of
normal plasma cells in the LN germinal center is
unclear, however, it is possible that Mcl-1 plays an
important role in determining the lifespan of short- and
long-lived plasma cells (Slifka ez al., 1998). A future goal
will be to determine which signal transduction pathways
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regulate IL-6-dependent and IL-6-independent expres-
sion of Mcl-1 in human MM. We have begun this
analysis with our studies of cis-acting promoter/enhan-
cer sequences in the human Mcl-1 promoter with the
aim of identifying key regulatory elements and the
transcription factors that bind them in human MM cells.
Candidates include factors normally involved in plasma
cell differentiation (e.g. XBP-1, Blimp-1, or IRF-4;
Calame, 2001) or factors deregulated by the neoplastic
process (Zhan et al., 2002). By understanding the
molecular mechanisms governing expression of Mcl-1
in different subsets of MM, it may be possible to
develop disease-specific therapeutics to target those
factors required for the expression of this critical
survival factor.

Materials and methods

Cell lines

The MM cell lines 8226, ARP-1, OPM-2, and ANBL-6 were
kindly provided by Dr Guido Tricot (Arkansas Cancer
Research Center, Little Rock, AR, USA) and Dr Diane
Jelinek (Mayo Clinic, Rochester, MN, USA). MM.IS cells
were provided by Dr Steven Rosen (Northwestern University,
Chicago, IL, USA). Cells were cultured in RPMI-1640
medium supplemented with 100 IU/ml penicillin G, 100 pg/ml
streptomycin, 2mM L-glutamine, 10% FBS (all from Life
Technologies, Inc., Gaithersburg, MD, USA), and 1ng/ml
recombinant human IL-6 (R&D Systems, Minneapolis, MN,
USA). 8226 encodes mutated K-Ras (G12A), is resistant to
dexamethasone, and proliferates in the absence of IL-6.
ANBL-6 encodes wild-type Ras and requires IL-6 for its
proliferation and survival. ARPI1 proliferates more slowly in
the absence of IL-6 (i.e. it is IL-6-responsive but not
dependent); like the other lines, ARP1 has no functional p53
pathway. OPM-2 contains a t(4;14), which encodes an
activated FGF receptor 3. PD98059 (Calbiochem-Novabio-
chem Corp., San Diego, CA, USA) was dissolved in DMSO
(50 mM stock). At the concentration used in most experiments
in this paper (50 um), PD98059 is a specific inhibitor of MEK1
and MEK?2 with no activity against 16 other cellular kinases
(Alessi et al., 1995). The tyrphostin AG490 was obtained from
Alexis Biochemicals Corp., San Diego, CA, USA and stored as
a 50 mMm stock.

Western blot analysis

Cells were lysed on ice in modified RIPA buffer containing
50mm Tris-HCI (pH 7.5), 150mM NaCl, 1% (v/v) NP-40,
0.25% Na-deoxycholate, 1 mm EGTA, 1mm Na3;VO, 1 mmMm
PMSF, 1mM NaF, and 2pug/ml leupeptin and aprotinin.
Protein concentrations were determined in triplicate using the
BCA protein assay (Pierce Chemical Co., Rockford, IL, USA).
Cell lysates that were size fractionated on 10% Tris-glycine
gels or NuPAGE 4-12% Bis-Tris gels (Invitrogen, Carlsbad,
CA, USA). For cell lines, 50 ug of protein was loaded, and for
patient samples 10-20 ug was loaded per well. Antibodies used
in this study were: phospho-p44/42 MAP kinase antibody,
p44/42 MAP kinase antibody, phospho-STAT3 antibody, and
STAT3 antibody were purchased from Cell Signaling Tech-
nology, Inc. (Beverly, MA, USA); anti-Mcl-1 (rabbit poly-
clonal Ab S-19; band size 40kDa) from Santa Cruz
Biotechnology, Inc., Santa Cruz, CA, USA; anti-Bcl-XL
(26 kDa) rabbit polyclonal Ab (Transduction Laboratories,
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Lexington , KY, USA); anti-human Bcl-2 (26 kDa) mouse
monoclonal Ab clone 124 (Upstate Biotechnology, Lake
Placid, NY, USA); anti-tubulin Ab-4 (NeoMarkers, Fremont,
CA, USA); anti-actin (I-19, Santa Cruz). Filters were
incubated with primary antibodies overnight at 4°C with
shaking and then the membrane was probed with horseradish
peroxidase-conjugated secondary antibody (1:5000 in TBST)
for 1 h at RT, washed, and then visualized by ECL (Amersham
Biosciences Inc., Piscataway, NJ, USA).

Cell cycle analysis

Cells were cultured under conditions described in the text and
cell cycle analysis was determined by the propidium iodide
method as described (Halloran and Fenton, 1998).

Isolation of CDI138* myeloma cells

Mononuclear cells were isolated from bone marrow aspirates
by Ficoll-Hypaque centrifugation, washed extensively, and
incubated with anti-CD138-coated microbeads as per the
manufacturer’s instructions (Miltenyi Biotec, Auburn, CA,
USA). CD138* cells were purified by magnetic separation,
washed, and then cultured under conditions described in the
text. Purified MM cells were >95% positive for clonal kappa
or lambda light chain.

Transfections and luciferase assays

ARPI cells were cultured overnight in the absence of IL-6 and
plated at 5x 10°cells/0.5ml. in 24-well plates. Cells were
transfected using TransIT-LT1 lipid reagent (Mirus Corp.,
Madison, WI, USA) according to the manufacturer’s recom-
mendations. Each well received 2.5ug of the luciferase
expression vectors, and 0.25ug of the pRL-TK vector
encoding the HSV-thymidine kinase promoter upstream of
the Renilla luciferase gene. Transfections were incubated for
6 h, followed by the addition of 0.5 ml of RPM1/10% FCS with
or without IL-6 (final 5ng/ml). Cells were cultured for an
additional 18h and assayed using the Dual-Luciferase
Reporter Assay System according to the manufacturer’s
instructions. Luminescence was determined using a TD-20/20
Luminometer (Turner Designs, Sunnyvale, CA, USA). Experi-
ments were performed in triplicate and normalized to the level
of Renilla luciferase expression. Data are presented as the
mean +the s.d. The vectors encoding 3.9 kb, 294 bp, or 140 bp
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