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p21"A"" s expressed in a majority of myeloma cells.

To investigate the role of p21 in myeloma cell death,
comparative studies using two clones of myeloma cells,
Fas-sensitive RPMI18226, and Fas-resistant U266 were
performed. These latter cells were also resistant to H,0,
up to 100 uM, whereas the former cells were not. SAPK/
JNK was found to be a common mediator of RPMI18226
cell death induced by both H,0, and Fas. Interestingly,
the concentrations of H,O, which activated SAPK/INK
in RPMI18226 cells failed to do so in U266 cells. In con-
trast, Fas ligation activated SAPK/JINK in both cells al-
most equally. U266 cells expressed p21 to levels much
higher than in RPMI18226 cells. When the p21 levels were
reduced using its antisense, H,0, killed U266 cells by
activating SAPK/JINK. However, the reduction in p21
levels neither rendered the U266 cells susceptible to Fas-
mediated cell death, nor significantly influenced Fas-
induced SAPK/JNK activation. Overall, our data suggest
that the p21 hyperexpression in U266 cells blocks the
lethal signaling that is induced by H,O,, but not by Fas.
The mechanism whereby U266 cells resist Fas-mediated
cell death is discussed. © 2001 Academic Press
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Multiple myeloma is characterized by the uncon-
trolled expansion of malignant plasma cells (myeloma
cells) which predominantly appear in the bone marrow.
Unlike many other types of malignant cells, most my-
eloma cells have a very low proliferative activity. Con-
sidering that the outgrowth of neoplastic clones can be
achieved not only by an enhanced rate of cell prolifer-
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ation but also by a decreased rate of cell death (1), this
latter mechanism may be particularly important in the
expansion of slowly growing myeloma cells. Indeed,
many, but not all, clones of myeloma cells were shown
to withstand a lethal stimulus such as an agonistic
anti-Fas antibody (anti-Fas) (2-5). However, little in-
formation exists as to whether myeloma cells are also
resistant to other forms of lethal stimuli. Moreover, the
mechanisms whereby myeloma cells survive lethal
stimuli have been poorly described, although this in-
formation is essential in understanding the pathogen-
esis of multiple myeloma and for developing new ther-
apeutic strategies.

p21"AFYC®L is an inhibitor of cyclin-dependent ki-
nases, and therefore plays a major role in cell cycle
arrest (6). Recently, evidence has accumulated that
p21 can also control the susceptibility of neoplastic
cells to lethal stimuli. For instance, an overexpression
of p21 rendered glioblastoma cells resistant to chemo-
therapeutic agents such as nitrosourea and cisplatin
(7). Consistent with this observation, the reduction of
p21 levels using its antisense construct resulted in an
increase in human lymphoma cell death that was by
anti-IgM and an anticancer agent (8, 9). Although
these observations support a cytoprotective role for
p21, a completely opposite function of p21 has been
proposed under other experimental conditions. An ex-
ample of this is that the ectopic expression of p21
increased the susceptibility of hepatocarcinoma cells to
ceramide (10). When these results are taken together,
p21 appears to either suppress or promote cell death
depending on the experimental circumstances.

Consistent with the slowly proliferating characteris-
tics of myeloma cells, a majority of them constitutively
express p21 (11). Although this observation implicates
that p21 is involved in the regulation of myeloma cell
death, it is difficult to predict its precise role in this
context because of the variability of p21 functions. In
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the present study, we performed functional studies to
directly address the question as to the role of p21 in
myeloma cell death. Our data suggests that p21 pro-
tects myeloma cells from certain, but not all, forms of
lethal stimuli by inhibiting the activation of stress-
activated protein kinase/c-Jun N-terminal kinase (SAPK/
JNK). It appears, therefore, that the up-regulation of p21
in myeloma cells is beneficial to their expansion.

MATERIALS AND METHODS

Materials. All the antibodies used in this study were raised
against human antigens. Anti-Fas was purchased from Upstate Bio-
technology (Lake Placid, NY). Anti-p21 and anti-SAPK were ob-
tained from PharMingen/Transduction Laboratories (San Diego,
CA). The recombinant c-Jun protein was purchased from New En-
gland Biolabs (Beverly, MA).

Cell culture, DNA transfection, and treatments. RPMI8226 and
U266 cells were cultured in a RPMI 1640 medium supplemented
with 10% heat-inactivated FBS and gentamicin (50 ug/ml). To treat
cells with anti-Fas and H,0,, the cell density was adjusted to 3 X
10°/ml. The untreated control and treated cells were maintained at
37°C in 5% CO, and high humidity for the periods of time indicated.
For DNA transfection, the dominant negative mutant of MKK4/
SEK1 (12) and the p21 coding region (13) were cloned into the pcDNA
vector in the sense and antisense orientations, respectively. The
expression plasmids were delivered into the specified cell types by
electroporation. The transfected cells were selected by using 1 mg/ml
of G418 sulfate, after which they received the indicated treatments.

Analysis of cellular viability. The incubated cells received pro-
pidium iodide (5 ng/ml) followed by flow cytometry analysis to simul-
taneously monitor the uptake of propidium iodide (FL-2 channel)
and cell size (forward light scatter). The cells that displayed both a
normal size and a low permeability to propidium iodide were under-
stood to be viable cells, as previously defined (14). All other popula-
tions were understood to be dead.

Western blot analysis. Cell lysates were prepared as described
previously (15). Equal amounts of proteins (70 ng) were separated by
15% SDS-PAGE. The proteins were then electrotransferred to Im-
mobilon membranes (Millipore, Bedford, MA), which were subse-
quently blotted using anti-p21 and visualized by chemiluminescence
(ECL; Amersham, Arlington Heights, IL).

In vitro kinase assay. The cells were lysed in a Hepes buffer (50
mM, pH 7.4) containing 100 mM NacCl, 10% glycerol, 1% NP-40,
1 mM EDTA, 20 mM B-glycerophosphate, 1 mM NaF, 1 mM
p-nitrophenyl phosphate, 1 mM sodium orthovanadate, and the pro-
tease inhibitors (2 wg/ml aprotinin, 2 ng/ml leupeptin, and 100 pg/ml
PMSF). The lysates were clarified by centrifugation at 13,000g for 15
min. Immunoprecipitation was performed by using 400 ng of the
lysate proteins and the anti-SAPK. The precipitates were resolved in
20 upl of a kinase buffer containing 20 mM Hepes (pH 7.4), 10 mM
MgCl,, 20 mM B-glycerophosphate, 10 mM NaF, 1 mM DTT, 0.5 mM
sodium orthovanadate, 50 uM ATP, and 10 uCi [y-*P]JATP. The
kinase reactions were initiated by adding 2 n.g of c-Jun protein to the
solution. After the specified incubation times, the reaction was
stopped by adding a boiled sample buffer, and the proteins were then
separated by 12% SDS—-PAGE. The gels were dried, and a Phospho-
Imager using Tina 2.0 software visualized the radioactive bands.

RESULTS AND DISCUSSION

Differential susceptibility of RPMI8226 and U266
cells to H,O,. To define a mechanism whereby my-
eloma cells survive lethal stimuli, we performed a com-
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FIG. 1. Differential susceptibility of RPMI18226 and U266 cells to
H,0,. RPMI18226 (closed circle) and U266 cells (open circle) were
exposed to the indicated concentrations of H,O, for 24 h. The cellular
viability was analyzed by flow cytometry. The values are the means
of three separate experiments with the error bar representing the
standard deviations.

parative study using two clones of myeloma cells,
RPMI8226 and U266. Despite similar levels of Fas
expression, only the RPMI18226 cells, and not the U266
cells, died in response to anti-Fas treatment (3-5). To
explore whether these two myeloma cell types can re-
spond to other lethal stimuli in a similar manner, they
were exposed to various concentrations of H,0,. The
cellular viabilities were compared 24 h after the treat-
ment by flow cytometric analysis. More than 50% of the
RPMI18226 cells lost their viability in response to con-
centrations of 50 uM H,0, (Fig. 1). The RPMI18226 cell
death further increased in a dose-dependent manner,
as the concentration of H,O, was elevated up to 250
M. In contrast, the U266 cells did not significantly
lose their viability even when exposed to 100 uM H,0,.
Higher concentrations (250 uM) of H,O, were neces-
sary for an efficient induction of U266 cell death.
Therefore, U266 cells can not only withstand Fas-
mediated cell death, but also are less susceptible to
H,O, than are RPMI18226 cells.

SAPK is a mediator of myeloma cell death induced by
H,O, and anti-Fas. SAPK has emerged as a key me-
diator of cell death that is induced under diverse ex-
perimental conditions (12, 16-18). To investigate the
role of SAPK in myeloma cell death, RPMI18226 cells
were exposed to lethal concentrations of H,0O, (50—-250
uM) and anti-Fas (100 ng/ml). At the end of various
incubation times up to 30 min, the SAPK activity was
analyzed by an in vitro kinase assay using c-Jun as the
substrate. The treatment with either H,O, (Figs. 2A
and 2B) or anti-Fas (Fig. 2C) resulted in increased
SAPK activities. A previous report also demonstrated
the ability of anti-Fas to activate SAPK in RPMI18226
cells (19). Therefore, it appears that SAPK is commonly
involved in the myeloma cell death induced by both
H,O, and anti-Fas. To confirm this hypothesis,
RPMI8226 cells were stably transfected with either an
empty pcDNA vector or the vector containing the dom-
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FIG. 2. Comparison of SAPK activation in RPMI18226 and U266
cells. RPMI18226 and U266 cells were exposed to the indicated con-
centrations of H,O, for 30 min (A), or to 250 uM H,0, (B) and 100
ng/ml anti-Fas (C) for the indicated time periods. SAPK activities in
the treated and untreated cells were compared by an in vitro kinase
assay using c-Jun as the substrate.

inant negative mutant of MKK4, which is a mitogen
activated protein Kkinase kinase that can activate
SAPK (20). The introduction of the MKK4 mutant re-
sulted in a reduction in the SAPK activation that was
induced by either H,0, or anti-Fas (Fig. 3A). The sup-
pression of H,O,-induced SAPK activation by the
MKK4 mutant has also been reported using other cell
types (16). To determine whether the suppression of
SAPK activation influenced cellular responses to lethal
stimuli, the transfected cells were treated with various
concentrations of H,O, and anti-Fas for 24 h, and then
compared for their viability. As shown in Fig. 3B, the
cell death induced by both stimuli was attenuated by
the expression of the MKK4 mutant. All these results
suggested that SAPK can act as a common mediator of
myeloma cell death that is induced by both H,O, and
anti-Fas. However, it should be noted that the protec-
tive effect of the MKK4 mutant against H,0,-induced
cell death was evident only when relatively low con-
centrations (50-100 wM) of H,O, were employed.
Higher concentrations (250 uM) of H,0O, killed the
transfectants regardless of the MKK4 mutant expres-
sion almost equally. Given that the MKK4 mutant
suppressed the SAPK activation induced by 250 uM
H,O, (Fig. 3A), this relatively high concentration of
H,O, seemed to kill RPMI18226 cells in a manner that
was independent of the SAPK activity, possibly be-
cause of its cytotoxicity.

H,0, fails to activate SAPK in U266 cells. Having
determined the role of SAPK in myeloma cell death,
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dysregulation of SAPK activation was expected to con-
fer myeloma cells with a resistance to those lethal
stimuli. To explore whether such a mechanism oper-
ates in U266 cells, the ability of H,O, to activate SAPK
in RPMI18226 and in U266 cells was compared. While
H,O, in concentrations as low as 50 uM efficiently
activated SAPK in RPMI8226, even concentrations as
high as 250 uM H,0, failed to do so in U266 cells (Figs.
2A and 2B). These results suggested that H,O, does
not efficiently kill U266 cells because of its failure to
activate SAPK. In this regard, the U266 cell death that
is induced by 250 uM H,0, (Fig. 1) might reflect the
SAPK-independent toxicity of H,O, in relatively high
concentrations, as already mentioned above.

Hyperexpression of p21 in U266 cells. The above
results raised the possibility that U266 cells express a
protein that can block H,0,-induced SAPK activation.
Based on the ability of p21 to suppress UV-induced
SAPK activation (21), the levels of p21 in RPMI18226
and U266 cells were compared using a Western blot
analysis. While p21 was detected in RPMI18226 cells,
its level was dramatically elevated in the U266 cells
(Fig. 4A). Therefore, p21 seemed to be a factor that
blocks the H,O,-induced SAPK activation in U266
cells.

p21 blocks the SAPK activation and cell death in-
duced by H,0,. To investigate this possibility, U266
cells were stably transfected with a pcDNA vector con-
taining the p21 antisense construct (U266/p21AS).
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FIG. 3. SAPK isacommon mediator of RPMI8226 cell death that
is induced by both H,0, and Fas. RPM18226 cells were stably trans-
fected with either the empty control pcDNA vector or the vector
containing the dominant negative mutant of MKKA4. (A) These trans-
fectants were exposed to 250 uM H,0, for 30 min or to 100 ng/ml
anti-Fas for 5 min. The SAPK activities in the treated and untreated
control cells were analyzed by an in vitro kinase assay. (B) The
transfectants that received either the control vector (closed circle) or
the MKK4 mutant (open circle) were treated with the indicated
concentrations of H,O, and anti-Fas for 24 h, and compared for their
viability.
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FIG. 4. Roleof p21 in SAPK activation and cell death induced by
H,O, and Fas. (A) U266 cells were stably transfected with the empty
pcDNA vector or the vector containing the p21 antisense. (A) Levels
of p21 in the transfectants and untransfected U266 and RPMI8226
cells were compared using a Western blot analysis. (B) The transfec-
tants were exposed to either 100 uM H,0, or 100 ng/ml anti-Fas for
the indicated time periods, and the SAPK activities were analyzed.
(C) The treatments were extended to 24 h, and cellular viability was
compared. For a comparison, RPMI18226 cells also received the same
concentration of anti-Fas.

Levels of p21 in the cells that received the empty
control vector (U266/pcDNA) were almost equal to
those in untransfected U266 cells, but were dramati-
cally reduced in the U266/p21AS cells (Fig. 4A). Simi-
larly to the untransfected U266 cells, 100 uM H,0, did
not activate SAPK in the U266/pcDNA cells (Fig. 3B).
However, the same concentration of H,0O, efficiently
activated SAPK in the U266/p21AS cells. Therefore,
the H,0,-induced lethal pathway appeared to be intact
in the U266 cells, but this was blocked by p21. To
confirm this possibility, the transfectants were exposed
to 100 uM H,0, for 24 h and their viabilities were
compared. While nearly 75% of the U266/pcDNA cells
were viable, more than 50% of the U266/p21AS cells
lost their viability (Fig. 4C). These results are consis-
tent with the report that a p21 overexpression reduces
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the H,O,-induced death of human U937 leukemia cells
(22). This suggests that the enhanced levels of p21
protected U266 cells against oxidative stress. Our over-
all data suggests that the p21 hyperexpression in U266
cells suppresses H,0,-induced cell death by interfering
with the ability of H,O, to activate SAPK. To our
knowledge, this is the first report that establishes p21
to be a survival factor for myeloma cells.

Anti-Fas activates SAPK in U266 cells. Whether
the p2l-dependent suppression of SAPK activation
also underlies the resistance of U266 cells to anti-Fas
was investigated next. However, anti-Fas (100 ng/ml)
which efficiently killed RPMI18226 but not U266 (3, 5,
and Fig. 4C), activated SAPK in both RPMI18226 and
U266 cells to an almost equal extent (Fig. 2C). This
suggested that dysregulation of SAPK activation is not
the mechanism whereby U266 cells resist Fas-me-
diated cell death.

p21 does not influence the SAPK activation and cell
death mediated by Fas. The observations also sug-
gested that the p21 hyperexpression in U266 cells does
not influence Fas-mediated SAPK activation. Indeed,
the ability of anti-Fas to activate SAPK in U266 cells
was not significantly altered by the expression of the
p21 antisense (Fig. 4B). Taking this and the above
results together, the SAPK-suppressing effect of p21
appears to be stimulus-specific for a single cell type.
This conclusion is consistent with the view that p21
blocks upstream events involved in activating SAPK
(22).

The expression of the p21 antisense also failed to
render U266 cells susceptible to anti-Fas (100 ng/ml)
(Fig. 4C). Therefore, p21 does not appear to be involved
in the resistance of U266 cells to Fas-mediated cell
death. It has been consistently reported that the induc-
tion of p21 by y-irradiation does not significantly alter
the susceptibility of human fibroblasts to anti-Fas (23).

Having determined that the p21 hyperexpression in
U266 cells is protective against H,O, but not against
anti-Fas, U266 cells may have an additional mecha-
nism that enables them to survive anti-Fas. Given that
anti-Fas efficiently activated SAPK in the U266 cells,
an alternative mechanism is thought to inhibit a down-
stream lethal event that is triggered by Fas-activated
SAPK. This mechanism does not seem to operate
against H,0,-activated SAPK, because the restoration
of H,0,-induced SAPK activation in U266 cells using
p21 antisense was sufficient for an increased cellular
susceptibility to H,0,. This view implicates that the
H,O,- and Fas-activated SAPK kill myeloma cells by
different mechanisms. Indeed, the reports from many
laboratories have suggested that the lethal action of
SAPK can be mediated by a variety of cellular compo-
nents, such as c-Jun (24), p53 and Bax (25), mitochon-
dria (26), and FADD (27), depending on the experimen-
tal conditions.
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In summary, we have verified that the up-regulation

of p21 can give myeloma cells a survival advantage by
blocking SAPK activation. Therefore, p21 seems to be a
key factor that is required for the expansion of slowly
growing myeloma cells. It should also be stressed that
p21 may not be solely responsible for the survival/
outgrowth of the myeloma cells, because we have ob-
served that the cytoprotective function of p21 is
stimulus-specific.
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