Interleukin-6 Overcomes p21WAF1 Upregulation and G1 Growth Arrest
Induced by Dexamethasone and Interferon-y in Multiple Myeloma Cells
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Interleukin-6 (IL-6) is a growth factor for multiple myeloma
(MM) cells and can inhibit MM cell apoptosis. Our recent
studies show that IL-6 facilitates MM cell growth via phos-
phorylation of retinoblastoma protein (pRB); however, the
effects of IL-6 on those cyclins, cyclin-dependent kinases
(CDKs), and CDK inhibitors (CDIs) that are known to regulate
phosphorylation of pRB have not been defined in MM cells.
In the present report, we cultured MM cell lines and patient
cells with IL-6 and/or dexamethasone (Dex) and character-
ized changes in cell cycle; expression and association of
cyclins, CDKs, and CDls; and phosphorylation of pRB. Dex
induced G1 growth arrest in MM cells, whereas IL-6 facili-
tated G1 to S phase transition; moreover, the effect of Dex
was blocked by IL-6. p21WAF1 (p21) protein was constitu-
tively expressed in the majority of MM cells independent of
the status of p53. Its expression was upregulated by Dex

ROWTH AND differentiation of normal and malignant
cells can be regulated by avariety of external stimuli,
ie, cytokines or cell-cell and cell-extracellular matrix interac-
tions. The same growth factor may have differential effects
on norma and malignant cells. For example, interleukin-6
(IL-6) is a differentiation factor for normal B cells but is an
autocrine and paracrine growth factor, as well as an anti-
apoptotic factor, for multiple myeloma (MM) cells.*** IL-
143, tumor necrosis factor-a, transforming growth factor 3,
interferons (IFNs), CD40 ligand, dexamethasone (Dex), reti-
noic acid, and adhesion to bone marrow (BM) stromal cells
also effect MM cell growth and survival, and many of these
stimuli either modulate production of IL-6 or expression of
IL-6 receptor (IL-6R) on tumor cells.**?? For example, Dex
inhibits proliferation and induces apoptosis of MM cells; it
can induce apoptosis of MM cells growing in an IL-6—medi-
ated autocrine mechanism by both blocking IL-6 production
and by inhibiting IL-6R expression on tumor cells.’ Dex can
also induce growth arrest and apoptosis in MM cells that
grow independently of IL-6; however, even in this setting,
IL-6 can inhibit Dex-related affects. Finally, IFN represents
another example of therapy for MM that may, at least in part,
work by downregulating IL-6R expression on MM cells.***
Delineation of the molecular targets whereby these external
stimuli regulate MM cell growth and survival might not only
enhance our understanding of disease pathogenesis, but also
both elucidate the mechanisms of current treatments and
suggest novel therapies.

IL-6—related signal transduction pathways have been de-
fined in both normal and malignant cells.®* Specifically, IL-
6 binds to its @ chain receptor (gp80) and induces homodi-
merization of gpl30 and activation of the intracytoplasmic
Janus family of tyrosine kinases (JAKs), with downstream
signaling via the signal transducers and activators of tran-
scription (STAT) or Ras-dependent mitogen-activated pro-
tein kinase (MAPK) cascades.® Moreover, we have recently
shown that IL-6 facilitates MM cell growth via phosphoryla-
tion of retinoblastoma protein (pRB).% To date, a variety of
cyclins, cyclin-dependent kinases (CDKs), and CDK inhibi-
tors (CDIs) are known to regul ate phosphorylation of pRB?;
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and downregulated by IL-6; again, IL-6 inhibited the increase
in p21 triggered by Dex. These alterations in p21 expression
in MM cells were associated with changes in p21 binding
to CDK2, CDK4, and CDK6; CDK2, CDK4, and CDK6 kinase
activities; and phosphorylation of pRB. In contrast, expres-
sion of G1 cell cycle regulatory proteins, including p27KIP1,
cyclin D2, and cyclin E, was not altered in MM cells cultured
with Dex and/or IL-6. Finally, interferon-y (IFN-vy) also in-
duced G1 growth arrest and upregulated p21 protein expres-
sion; as with Dex, affects of IFN-y were inhibited by IL-6.
Our results therefore show that changes in cell cycle distri-
bution in MM cells triggered by Dex, IL-6, and IFN-y correlate
with changes in p21 protein expression and implicate p21
in the coupling of Dex-, IL-6—, and IFN-y-related signals to
G1 cell cycle regulation in MM cells.
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however, which of these proteins are associated with cell
cycle control in MM cells is not yet defined.

In the present report, we investigated the effects of 1L-6,
Dex, or both on cyclins, CDKs, and CDlIs affecting phos-
phorylation of pRB in both MM-derived cell lines and patient
MM cells. Dex induced G1 growth arrest in MM cells, an
effect that was inhibited by IL-6. Dex upregulated and IL-
6 downregulated p21WAF1 (p21) expression in MM cells
in atime- and dose-dependent fashion, and IL-6 prevented
this p21 upregulation. Changes in p21 expression in MM
cells were associated with changes in its binding to CDK2,
CDK4, and CDK6; CDK2, CDK4, and CDK6 kinase activi-
ties; phosphorylation of pRB; and cell cycle progression. As
with Dex, IFN-y induced G1 growth arrest and decreased
p21 expression in MM cells; IL-6 similarly inhibited these
IFN-y—related effects. Our results therefore show that
changes in cell cycle distribution triggered by Dex, IL-6,
and |FN-+ are correlated with changesin p21 protein expres-
sion in MM cells.

MATERIALS AND METHODS

Preparation of cells. Mononuclear cells (MCs) were isolated
from five patients with MM by Ficoll-Hypaque (FH) density gradient
centrifugation and then incubated with HB7 (anti-CD38) monoclonal
antibody (MoADb)-biotin-streptavidin and 2H4 (anti-CD45RA)
MoAb-fluorescein isothiocyanate on ice. Tumor cells (>95%
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CD38"CD45RA™) were isolated using an Epics C Cell Sorter
(Coulter Electronics, Hialeah, FL), washed, and resuspended in
RPMI-1640 media (Sigma Chemica Co, St Louis, MO) containing
10% fetal bovine serum (FBS), L-glutamine (L-glu; GIBCO, Grand
Island, NY), 100 U/mL penicillin (pen), and 100 pug/mL streptomy-
cin (strep; GIBCO). The RPMI-8226, ARH-77, U-266, and HS Sul-
tan human MM-derived cell lines* were obtained from American
Type Culture Collection (Rockville, MD). The IL-6—responsive
S6B45 MM -derived cell line”” was provided by Dr H. Suzuki (Osaka
University, Osaka, Japan). We established the JKB cell line from a
patient with pre-B acute lymphoblastic leukemia (ALL).% These cell
lines were cultured in RPMI-1640 media (Sigma) with 10% FBS,
L-glu, and pen/strep. The OCI-My5 MM cell line® was kindly pro-
vided by Dr H.A. Messner (Ontario Cancer Institute, Toronto, On-
tario, Canada) and cultured in Iscove's media (Sigma) with 10%
FBS, L-glu, and pen/strep.

BM specimens were obtained from healthy donors and MCs sepa-
rated by FH density sedimentation. Single-cell suspensions from
normal spleen were prepared by extrusion through sterile stainless
steel mesh. To obtain normal human B cells (>90% CD20"), splenic
MCs were first isolated by FH density sedimentation. Monocytes
and T cells were next depleted by double adherence to plastic and
by rosetting with sheep red blood cells, respectively, as previously
described.™

Enhancement of wild-type p53 protein expression by +y-irradia-
tion. To enhance wild-type p53 protein expression, cellswereirra-
diated (3.0 Gy) and lysed 2 hours later. Increased wild-type p53
protein expression was confirmed by immunoprecipitation and West-
ern blotting, as described below.

Cell cycle analysis. MM-derived cell lines (2 x 10°/mL) and
patient MM cells (1 x 10%mL) were cultured with media alone,
Dex, IL-6, IFN-y, and Dex or IFN-y + IL-6. Cells were harvested
a intervals, washed with phosphate-buffered saline, stained with
propidium iodide (PI), and analyzed using fluorescence-activated
cell sorting (FACS).%” Specifically, cells were collected and resus-
pended in 0.5 mL of 3.4 mmol/L sodium citrate, 10 mmol/L NaCl,
0.1% NP-40, and 50 pg/mL PI to stain nuclear DNA. Fluorescence
intensity was measured using the Coulter Epics 753 Cell Sorter
(Coulter Immunology, Hiaeah, FL). For each sample, 10,000 cells
were analyzed and results were processed using program M Cycle
software (Coulter).

Immunoprecipitation and Western immunoblotting.  Immunopre-
cipitation and Western immunoblotting were performed as pre-
viously reported.® For immunoprecipitation, cells (1 x 107 cells/
sample) were cultured in 10% FBS-RPMI-1640 media or 10% FBS-
Iscove’' s media, washed three times with phosphate-buffered saline,
and lysed for 30 minutes at 4°C in buffer: 50 mmol/L Tris-HCI (pH
8.0), 150 mmol/L NaCl, 0.1% Nonidet P-40, 1 mmol/L EDTA, 5
pg/mL phenylmethyl sulfonyl fluoride, 1 mmol/L N&VO,, 2 ng/
mL aprotinin, 2 ug/mL leupeptin, and 50 mmol/L NaF. Antibodies
against cell cycle regulatory proteins were added and incubated for
16 hours at 4°C. Proteins were collected using protein G sepharose
(PGS). Aliquots of each lysate were analyzed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Protein
was transferred onto nitrocellulose membranes, and nonspecific
binding was blocked by incubation with 5% skim milk. The mem-
branes were probed with antibodies, incubated with antimouse or
antirabbit 1g antibodies conjugated with horseradish peroxidase
(Amersham, Arlington Heights, IL), and detected using the enhanced
chemiluminescence system (Amersham).

Immune complex kinase assays. Immune complex kinase assays
were performed using the method of Matsushime et al,® with modi-
fication. Briefly, cells were suspended at 1 x 107/mL in the lysis
buffer described above and centrifuged at 10,000g for 5 minutes,
and the supernatants were precipitated for 16 hours at 4°C with PGS
plus rabbit anti-CDK?2, anti-CDK4, or anti-CDK6 polyclonal Abs.
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Table 1. Expression of Wild-Type and Mutated p53 as Well as p21
and p27 in MM Cell Lines and MM Cells of Patients

Cells Wit p53* Mt p53t p21% p27+
OCI-My5 + + + ++
RPMI-8226 - +++ + ++
U-266 - +++ + +
HSS - +++ + +++
S6B45 + + ++ +++
ARH-77 + +4+ - -
JKB + - ++ +
Patient no. 1 + + + ++
Patient no. 2 - + + ++
Patient no. 3 + - + +
Patient no. 4 + - + ++
Patient no. 5 + - + ++

Protein expression levels were compared in the same number of
cells (—, undetectable; +, weakly expressed; ++, moderately ex-
pressed; +++, highly expressed).

* Cells were irradiated at 3 Gy.

1T Expression was not altered by irradiation.

1 Cells were not irradiated.

Immunoprecipitated proteins on PGS were washed three times with
1 mL of lysis buffer and twice with 50 mmol/L HEPES (pH 7.5)
containing 1 mmol/L dithiothreitol and suspended in 30 uL of kinase
buffer (50 mmol/L HEPES, 10 mmol/L MgCl,, 1 mmol/L dithiothre-
itol) containing substrate and 2.5 mmol/L EGTA, 10 mmol/L S-
glycerophosphate, 0.1 mmol/L sodium orthovanadate, 1 mmol/L
NaF, 20 umol/L ATP, and 10 uCi of y-*P-ATP (NEN Dupont,
Boston, MA). For CDK?2 kinase assays, 1 ug of histone H1 (Boeh-
ringer Mannheim, Indianapolis, IN) was the substrate; for CDK4
and CDK6 kinase assays, 1 ug of soluble glutathione S-transferase
(GST)-RB fusion protein (Santa Cruz Biotechnology, Santa Cruz,
CA) was the substrate. After incubation for 30 minutes at 30°C with
occasional mixing, the samples were boiled in polyacrylamide gel
sample buffer and separated by SDS electrophoresis. Phosphorylated
proteins were visualized by autoradiography of the dried slab gels.
The intensity was quantitated with densitometry compared with me-
dia alone.

Reagents. IL-6 (Kirin-Brewery Co Ltd, Tokyo, Japan) and/or
Dex (Sigma) or IFN-y (Endogen, Cambridge, MA) were added to
cultures of patient MM cells and MM-derived cell lines; the effects
on cell cycledistribution and kinetics of cell cycle protein expression
and association were assayed. |mmunoprecipitation and Western im-
munoblotting were performed using mouse anti-p27 KIP1 (p27)
MoADb, anti-p21 MoAb, anti-pRB MoAb, or anti-actin MoAb (Onco-
gene Science, Uniondale, NY); with rabbit anti-p21, anti-p27, anti-
CDK2, anti-CDK4 (carboxy terminus), anti-CDK-6 (carboxy termi-
nus), anti-cyclin D2, and anti-cyclin E (Santa Cruz Biotechnology)
polyclonal Abs; and with mouse anti-cyclin E MoAb (Santa Cruz
Biotechnology).

To detect wild-type and/or mutated p53 protein, cell lysates were
immunoprecipitated with Ab-5 anti-p53 MoAb, which recognizes
wild-type p53, or with Ab-3 anti-p53 MoAb, which recognizes mu-
tated type p53, and then immunoblotted with Ab-6 anti-p53 MoAb
(Oncogene Science) or DO-1 horseradish peroxidase-conjugated
anti-p53 MoAb recognizing pantropic p53 (Santa Cruz Biotechnol-
ogy).

RESULTS

Expression of wild-type and mutated p53, as well as p21
and p27, in MM cell lines and patient MM cells. Expres-
sion of wild-type and mutated p53, aswell asp21 and p27,in
MM cellsis shown in Table 1. Immunoprecipitation studies
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showed that all six MM cell lines expressed mutated p53
protein. Specifically, RPMI-8226, U-266, and HS Sultan ex-
pressed mutated p53 protein, with loss of heterozygosity,
because wild-type p53 remained undetectable even after -
irradiation. p53 protein expression in these MM cell lines
was consistent with a previous report of p53 gene using
polymerase chain reaction single-stranded conformation
polymorphism analysis®* In contrast, three MM cell lines
(OCI-My5, S6B45, and ARH-77) expressed both wild-type
and mutated p53 proteins. The JKB ALL cell line showed
increased wild-type p53 protein expression induced by irra-
diation, without detectable mutated p53.

Two of five patients MM cells expressed mutated p53
protein, which was associated with loss of heterozygosity in
a single case. The remaining three patient MM cells ex-
pressed wild-type p53 protein, induced by irradiation, with-
out detectable mutated p53 protein. Except for ARH-77 cells,
p21 and p27 proteins were expressed in al MM cell lines
and patient MM samples, including cells expressing wild-
type and/or mutant p53.

Effects of Dex and/or IL-6 on cell cycle distribution and
p21 protein expression in MM cell lines and patient MM
cells. MM-derived cell lines and patient MM cells were
cultured with media alone, IL-6, Dex, or both IL-6 and Dex
for 16 hours, and cell cycle distribution was analyzed by PI
staining and FACS analysis (Table 2). The effect of Dex
and/or IL-6 on cell cycle distribution of OCI-My5 MM cells
is also shown in Fig 1. IL-6 stimulated a 5% to 15% shift
from G1 to S/IG2M in OCI-My5 and U-266 cells, as well as
in the cells of MM patients no. 1, 3, and 5. Dex aone (0.1
to 1.0 gmol/L) induced G1 growth arrest in al MM cell
lines and in patient MM cells, as evidenced by a 10% to
25% increase in G1 and a decrease in S relative to media
aone cultures, except in ARH-77 MM cells, which were
resistant to Dex. Finally, culture with both Dex and IL-6
showed that I1L-6 blocked the G1 growth arrest induced by

Table 2. Effects of IL-6 and/or Dex on Cell Cycle
Distribution on Multiple Myeloma Cells

% Cells in G1 Phase

Dex (umol/L)

Cells* Media IL-6 0.01 0.10 1.00 Dex + IL-6
OCI-My5 41.5 31.8 42.3 50.2 62.5 34.6
RPMI-8226 37.5 36.8 37.5 40.3 58.9 54.3
U-266 67.5 57.7 66.2 84.6 92.3 90.4
HSS 445 43.4 45.3 51.5 63.8 62.7
S6B45 62.6 59.2 64 83.2 89.4 66.3
ARH-77 55 57.3 54.2 55.6 57.1 53.3
JKB 79.3 80.2 78.3 85.9 91.8 90.9
Patient no. 1 81.5 74.3 85.9 93.3 925 77.6
Patient no. 2 85.1 84.6 90.2 93.6 95.3 90.6
Patient no. 3 88.7 74.2 89.9 94.2 96.6 90.6
Patient no. 4 87 82.4 91 92.9 93.3 91
Patient no. 5 78.2 71.3 90.5 93.7 94.6 82.3

Cell cycle distribution was examined by PI staining followed by
FACS analysis.

* Cell lines (2 X 10°) and patients’ MM cells (1 X 10°) were cultured
for 16 hours with media alone, IL-6 (50 ng/mL), Dex, or IL-6 (50 ng/
mL) + Dex (1 umol/L).
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Dex in OCI-My5 and S6B45 cells, as well as in the cells of
MM patients no. 1, 3, and 5. MM cell lines and MM patient
cells were defined as IL-6 responsive if IL-6 shifted the
fraction of MM cellsfrom G1 to Sby =10% and/or inhibited
Dex-induced G1 growth arrest by =10%. Viability of all
MM cell lines and patient MM cells remained high (>95%)
during the 16 hours of culture with media, IL-6, Dex, or
both.

Total lysates were next made from five MM cell lines and
five MM patient cells cultured under similar conditions. p21
was congtitutively expressed in Dex-sensitive MM cell lines
that were both responsive to IL-6 (OCI-My5, U-266, and
S6B45) and nonresponsive to IL-6 (HS Sultan and RPMI-
8226), as well as in IL-6—nonresponsive JKB ALL cells
(Fig 2A and B). It was similarly constitutively expressed in
both IL-6—responsive (patients no. 1, 3, and 5) and IL-6—
nonresponsive (patients no. 2 and 3) patient MM cells (Fig
2C and D). In contrast, p21 was not detectable in ARH-77
MM cells (Fig 2E), normal B cells, or normal BMMCs (Fig
2F). IL-6 downregulated p21 protein expression in OCI-
My5 and U-266 MM cells as well as in the cells of MM
patients no. 1, 3, and 5; however, it had no affect on p21
expression in RPM[-8226, HS Sultan, and S6B45 MM cells
aswell asthe cells of MM patients no. 2 and 4. Dex upregu-
lated p21 expression both in patient MM cells and in all
MM-derived cell lines, except for ARH-77 cells. Cultures
with both Dex and IL-6 showed that the increases in p21
expression triggered by Dex were blocked by IL-6 in OCI-
My5 and S6B45 MM cells and in the MM cells of patients
no. 1, 3, and 5; however, IL-6 did not inhibit upregulation
of p21 induced by Dex in RPMI-8226, HS Sultan, and U-
266 MM cells and in the MM cells of patients no. 2 and 4.
p21 remained undetectable in ARH-77 MM cells, norma B
cells, and normal BMMCs cultured with IL-6, Dex, or both.
Finally, p27 protein expression was not atered by Dex and/
or IL-6 in these same cell lysates from either MM cell lines
or patient MM cells.

Time- and dose-dependent effects of Dex and/or 1L-6 on
cell cycle distribution and p21 protein expression in OCI-
My5 MM cells. The effects of culture with IL-6, Dex, or
both on the cell cycle distribution of OCI-My5 MM cells
during 48 hours of culture was examined using Pl staining
followed by FACS analysis (Table 3). Cultures with media
alone showed no significant changes in cell cycle distribu-
tion. Dex induced significant increases in percentage of cells
in G1 at 16 hours, with corresponding decreases in S; in
contrast, culture with IL-6 decreased the fraction of cellsin
G1, with associated increases in S, at this time. Finally, in
the presence of both Dex and IL-6, the percentage of cells
in G1 decreased and S increased to a lesser extent, but in a
similar pattern, to that observed with IL-6 aone. In these
experiments, viability of OCI-My5 MM cells remained high
(>95%) during 48 hours of culture with media, Dex, IL-6,
or both Dex + IL-6.

To assay for changes in p21 expression associated with
these changes in cell cycle distribution, we next examined
p21 protein expression in cell lysates from OCI-My5 MM
cells cultured under the same conditions (Fig 3). p21 protein
was congtitutively expressed and unchanged throughout 48
hours of culture in media. Dex triggered peak increases in
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Effects of Dex and/or IL-6 on cell cycle distribution of OCI-My5 MM cells. OCI-My5 cells (2 x 10°/mL) were cultured with media alone,

IL-6 (50 ng/mL), Dex (1 umol/L), or both IL-6 (50 ng/mL) and Dex (1 umol/L). Cell cycle distribution was analyzed by Pl staining and FACS 16

hours later.

p21 protein expresssion at 8 to 16 hours, which returned to
baseline at 48 hours. In the presence of IL-6, p21 protein
expression decreased with time. Finally, culture with both
Dex and IL-6 also decreased p21 expression, but to a lesser
extent than noted in lysates from cells cultured with IL-6
alone.

The dose response of Dex and IL-6 effects on p21 expres-
sion was next examined, again using OCI-My5 MM cells.
As can be seen in Fig 4, Dex (0.01 to 10 umol/L) triggered
a dose-dependent increase in p21 protein expression. More-
over, |IL-6—related decreases in p21 protein expression were

aso dependent on IL-6 dose. In contrast, levels of p27 pro-
tein expression in these same cell lysates were unchanged
in the presence of Dex and/or IL-6 and confirmed equal
protein loading.

Effects of Dex and/or IL-6 on expression of CDK2, CDK4,
and CDKG6; binding of p21 to CDK2, CDK4, and CDKS6;
expression of cyclin E and D2; and phosphorylation of RB
in OCI-My5 cells. The observations that Dex induced G1
growth arrest and that 1L-6 facilitated entry from G1 to S
phase in OCI-My5 MM cells, with corresponding changes
in p21 protein expression, prompted us to next examine ex-
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Fig 2. Effects of Dex and/or IL-6 on p21 protein expression in MM cell lines and patient MM cells. Cells (2 x 10°/mL) from IL-6-responsive
MM-derived cell lines (OCI-My5, S6B45, and U-266; A) and IL-6-nonresponsive MM cell lines (HS Sultan and RPMI-8226) and JKB ALL cell line
(B); 1 x 105/mL IL-6-responsive patient MM cells (patients no. 1, 3, and 5; C) and IL-6-nonresponsive patient MM cells (patients no. 2 and 4;
D); 2 x 10°/mL IL-6-nonresponsive Dex-resistant ARH-77 MM cells (E); and 1 x 10°/mL normal BMMCs and splenic B cells (F) were cultured
with 10% FBS media alone, IL-6 (50 ng/mL), Dex (1 umol/L), or Dex (1 umol/L) and IL-6 (50 ng/mL). Total cell lysates were prepared 16 hours
later and immunoprecipitated with anti-p21 or anti-p27 polyclonal Abs, followed by Western immunoblotting with anti-p21 or anti-p27 MoAbs.
Immunoprecipitation and immunoblotting with anti-actin MoAb confirmed equal protein loading in cells that lacked detectable p21 and p27:

ARH-77 (E) and normal BMMCs and splenic B cells (F).

pression of other proteins (CDK2, CDK4, CDKB®, cyclin D2,
cyclin E, and pRB) known to regulate G1/S transition, as
well as the binding of CDK2, CDK4, and CDK6 to p21 (Fig
5). CDK2 was constitutively expressed in its dephosphory-
lated form in media cultures; phosphorylation was induced
by IL-6 and downregulated by Dex. Moreover, |L-6 inhibited
the decrease in phosphorylation of CDK?2 triggered by Dex.
CDK4 and CDK6 were also congtitutively expressed in me-

diacultures, and their expression was unchanged in the pres-
ence of IL-6 and/or Dex.

The binding of p21 to CDK2, CDK4, and CDKG6 in these
cell lysates was investigated using immunoprecipitation and
Western blotting (Fig 5). p21 was constitutively bound to
CDK2, CDK4, and CDK®6. This binding was decreased by
IL-6 and increased by Dex; in addition, IL-6 inhibited the
upregulation in binding triggered by Dex. These changes

Table 3. Time-Dependent Effects of Dex and/or IL-6 on Cell Cycle Distribution of OCI-My5 Cells

Time (h)
0 2 4 8 16 24 36 48
Media 40.5 40.7 41 41.3 415 42.7 43 43.1
IL-6 (50 ng/mL) 40.5 40.8 39.2 38.8 31.8 31 30.2 31.4
Dex (1 pmol/L) 40.5 40.7 45.7 55.7 62.5 62.6 62.2 62.8
IL-6 (50 ng/mL) + Dex (1 umol/L) 40.5 41.6 40.9 39.3 34.6 33.7 33.5 32.3

OCI-My5 cells (5 X 10°) were cultured with 10% FBS Iscove’s media alone, IL-6, Dex, or IL-6 + Dex. Cells (1 X 10°) were harvested at intervals,
washed, stained with PI, and analyzed using FACS. Values are the percentage of cells in G1 phase.
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Fig 3. Time-dependent effects of Dex and/or IL-6 on expression
of p21 protein in OCI-My5 MM cells. Total lysates from OCI-My5 MM
cells were prepared before (time 0) and after 2, 4, 8, 16, 24, 36, and
48 hours of culture with 10% FBS-Iscove’s media alone, Dex (1 umol/
L), IL-6 (50 ng/mL), or Dex (1 umol/L) + IL-6 (50 ng/mL). Cell lysates
were immunoprecipitated with anti-p21 polyclonal Ab, followed by
Western immunoblotting with anti-p21 MoAb.

parallelled changesin p21 protein expression in lysates from
cells cultured under similar conditions (Fig 2).

Cyclin E and cyclin D2 were constitutively expressed in
OCI-My5 MM cells, and their expression was not atered
by IL-6 and/or Dex (Fig 5). Finaly, both phosphorylated
pRB (110 kD) and dephosphorylated pRB (105 kD) were
observed in OCI-My5 MM cells cultured in media alone
(Fig 5). IL-6 increased phosphorylation of pRB, whereas
Dex triggered dephosphorylation of pRB. IL-6 inhibited
Dex-induced dephosphorylation of pRB.

URASHIMA ET AL

Effects of Dex and/or 1L-6 on CDK2, CDK4, and CDK6
protein kinase activities. Given the effects of Dex and/or
IL-6 on binding of p21 to CDK2, CDK4, and CDK6 de-
scribed above, we next examined effects of Dex and/or IL-
6 on CDK2-, CDK4-, and CDK 6-associated kinase activities
in OCI-My5 MM cells (Fig 6). Because p21 is known to
induce dephosphorylation of pRB through suppression of
CDK2-cyclin E complex as well as CDK4-cyclin D and
CDKG6-cyclin D complexes, cell lystates were immunopre-
cipitated with anti-CDK?2, anti-CDK4, or anti-CDK6 anti-
bodies; the CDK2- and CDK4 or CDK 6-associated immune
complexes were assayed for kinase activities by using his-
tone H1 protein or purified GST-RB fusion protein sub-
strates, respectively. Relative to cultures with media alone,
IL-6 increased kinase activities of these complexes, as evi-
denced by phosphorylation of histone H1 or GST-RB fusion
protein. In contrast, Dex inhibited activity of these kinases
compared with media alone. IL-6 blocked the Dex-related
downregulation of these kinase activities, corresponding to
its affects on cell cycle distribution, p21 expression, and p21
binding to CDKs.

Effects of IFN-y and/or IL-6 on cell cycle distribution and
p21 protein expression in patient MM cells.  Because IFN-
vy suppresses the growth of epidermoid carcinoma cells by
upregulating p21 transcription,® we studied the effects of
IFN-y on cell cycle distribution (Table 4) and p21 protein
expression (Fig 7) inthe MM cells of patient no. 1. Cell cycle
distribution did not significantly change during 48 hours of
culture of the MM cells of patient no. 1 in media alone. As
was noted above with Dex, IFN-y increased the percentage
of cellsin G1 (peak 10% increments at 16 hours). In contrast,
IL-6 downregulated the fraction of cells in G1 and upregu-
lated those in S by 5% to 10%. Finaly, as was observed
with Dex + IL-6, the cell cycle distribution in the presence
of both IFN-y and IL-6 was similar to that noted in cultures
with IL-6 alone.

The kinetics of p21 protein expression in the MM cells
of patient no. 1 was next examined under the same culture
conditions (Fig 7). p21 protein expression in MM cells cul-
tured in media alone was constant during the 48 hours of
culture. IFN-vy increased and IL-6 decreased p21 protein
expression; p21 protein expression in the presence of both
IL-6 and IFN-y was similar to that noted in cultures with
IL-6 aone.

DISCUSSION

In the present study, we found p21 protein to be constitu-
tively expressed in the mgjority of MM cells and to be unde-
tectable in norma B cells and BMMCs. This may appear
counterintuitive because p21 inhibits cellular proliferation in
both p53-dependent and -independent mechanisms.®>33 How-
ever, p21 protein is also highly expressed in other malignan-
cies, including glioblastoma, acute myelogenous leukemia
(AML), and non—small-cell lung cancer.>** Morevoer, p21
gene is rarely mutated or deleted in cancers**® and p21-
deficient mice do not develop tumors at frequencies higher
than their normal littermates.® Interestingly, ectopic p21 ex-
pression has been shown to confer resistance to apoptosis®
and patientswhose AML cells overexpress p21 protein dem-
onstrate chemotherapy resistance.®® The constitutive p21 ex-
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Fig 4. Dose-dependent effects of Dex and IL-6 on
p21 and p27 expression in MM cells. Total cell lysates
were prepared from OCI-My5 MM cells after 16 hours
of culture with Dex (0.01 to 10 wmol/L) or IL-6 (0.10 to
100 ng/mL). Lysates were immunoprecipitated with
anti-p21 or anti-p27 polyclonal Abs, followed by
Western immunoblotting with anti-p21 or anti-p27
MoAbs.
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phosphorylation of RB in OCI-My5 MM cells. Total
Q‘z‘}' cells lysates were prepared from OCI-My5 MM cells
cultured with media alone, IL-6 (50 ng/mL), Dex (1
pmol/L), or IL-6 (50 ng/mL) + Dex (1 umol/L) for 16
hours. Lysates were immunoprecipitated with anti-
CDK2, anti-CDK4, or anti-CDK6 polyclonal antibodies
followed by Western immunoblotting with either the
same antibodies or anti-p21 MoAb. Expression of
cyclin E, cyclin D2, and pRB were analyzed by immu-
noprecipitation and Western immunoblotting using
the same cell lysates.
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Fig 6. Effects of Dex and/or IL-6 on CDK2, CDK4, and CDK6 protein
kinase activities. OCI-My5 MM cells were cultured with media alone,
IL-6 (50 ng/mL), Dex (1 umol/L), or Dex (1 umol/L) and IL-6 (50 ng/
mL). Total lysates were prepared 16 hours later and immunoprecipi-
tated with anti-CDK2, anti-CDK4, or anti-CDK6 polyclonal Abs. His-
tone H1 or GST-RB fusion protein was used as substrate for kinase
activity assays of CDK2 immune complex or of CDK4 and CDK6 im-
mune complexes, respectively. The intensity was quantitated with
densitometry and relative kinase activities of CDK2 (M), CDK4 (&),
and CDK6 () compared in cells cultured in media, IL-6, Dex, or both
IL-6 and Dex.

pression MM cells may therefore also result in resistance to
apoptosis and related slow clinical progression of disease
and chemoresistance.

Although p21 can be induced by p53, p21 protein expres-
sion in MM cells in this study was not related to the status
of p53. Thisfinding is consistent with reportsin other malig-
nancies that also show that overexpression of p2l is not
related to the status of p53**¢ and suggests the existence of
alternative mechanisms for induction of p21. Indeed, p21 is
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hypothesized to protect from p53-dependent apoptosis by
induction of cell-cycle arrest and subsequent DNA repair.*-#
Moreover, other factors that induce apoptosis in a p53-inde-
pendent mechanism, such as Dex at high doses,*® may also
induce p21 and related cell cycle arrest at lower doses.® Of
interest, the expression of p27 protein in MM cells in our
study was not related to p21 protein expression, suggesting
that p21 and p27 may have different inducers or suppressors,
even though they have high homology and similar function.

In the present report, we also demonstrated that both Dex
and IFN-v inhibited, whereas | L-6 facilitated, cell cycle pro-
gression from G1 to S phase. Dex has previously been re-
ported to induce growth arrest and induce apoptosis in MM
cells’; however, inhibition of cell proliferation by Dex occurs
before induction of apoptosis,** and the dose of Dex required
to inhibit cell proliferation is at least 10-fold less than that
required to induce programmed cell death.® In our study,
0.1 to 1 umol/L Dex suppressed growth, as evidenced by
G1 growth arrest at 16 hours. IL-6 inhibited Dex-induced
G1 growth arrest only in IL-6—responsive MM cells. More-
over, in this study, IFN-y showed effects on MM cells simi-
lar to Dex, namely induction of G1 growth arrest.

The effects on cell cycle of Dex and IL-6 were correlated
with changes in p21 expression. Specifically, in our study,
Dex upregulated, whereas IL-6 downregulated, p21 expres-
sion in MM cells in a time- and dose-dependent fashion.
Upregulation of p21 was temporally associated with G1
growth arrest induced by Dex, whereas downregulation of
p21 triggered by IL-6 corresponded with G1 to S transition.
These changes occurred only in IL-6—responsive MM cell
linesand patient cells. It isof great interest that I1L-6 inhibited
the effects of Dex and IFN-y on both cell cycle distribution
and p21 expression in MM cells. Both IL-6 and Dex can
regulate a variety of transcription factors, ie, via AP-1,2444
and it is therefore possible that Dex and IL-6 may have
opposing affects on gene transcription. Alternatively, Chin
et a* have demonstrated a sis-inducible element (SIE) in
the p21 promotor that is a binding site for STAT proteins.
In fact, IFN-y has been shown to upregulate transcription
of p21 gene, coupled with activation of STAT1L, in epidermal
cancer cells® STAT-3 is activated by I1L-6, and it is there-
fore possible that distinct patterns of activation of STAT
cascades by IL-6 and IFN-y in MM cells may contribute to
regulation of p21 transcription. Finaly, IL-6 neither down-
regulated p21 nor blocked the upregulation of p21 induced
by Dex in IL-6—nonresponsive MM cells, suggesting a block
of upstream IL-6 signaling.

After showing that p21 was expressed in MM cell lines
and MM patient cells, we next characterized p21 function,
first in immunoprecipitation and immunobl otting assays with
other known cell cycleregulatory proteins and then by kinase
activity assays. In our study, p21 was constitutively bound
to CDK2, CDK4, and CDK6 in MM cells; this binding was
upregulated by Dex and decreased by IL-6, reflecting
changes in p21 protein. Increased expression of p21 protein
inhibits cyclin D-CDK4, cyclin D-CDK6, and cyclin E-
CDK2 complexes and increases dephosphorylation of pRB,
resulting in growth suppression.® In this study, Dex-related
increases in p21 in MM cells were associated with dephos-
phorylation of pRB and growth arrest; conversely, decreases
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Table 4. Time-Dependent Effects of INF-y and/or IL-6 on Cell Cycle Distribution of the Cells of Patient No. 1
Time (h)

0 2 4 8 16 24 36 48
Media 80.1 79.5 79.6 80.2 81.5 82.9 83.4 83.8
IL-6 (50 ng/mL) 80.1 81.8 80.2 77.5 74.3 74.1 72 73.3
INF-y (10 ng/mL) 80.1 81.7 86.7 89.5 92.6 925 92.2 92
IL-6 (50 ng/mL) + INF-y (10 ng/mL) 80.1 82.6 81.9 80.3 78.5 77.6 75.3 75.2

Patient no. 1 MM cells (5 X 10°) were cultured with 10% FBS RPMI-1640 media alone, IL-6, Dex, or IL-6 + Dex. Cells (1 X 10°) were harvested
at intervals, washed, stained with PI, and analyzed using FACS. Values are the percentage of cells in G1 phase.

Hours in media

0 2 4 8 16 24 36 48

P2l e ==

Hours after addition of IFNYy

0 2 4 8 16 24 36 48

Hours after addition of IL-6

0 2 4 8 16 24 36 48

Hours after addition of IFNy + IL-6

0 2 4 8 16 24 36 48

Fig 7. Effects of IFN-y and/or IL-6 on expression of p21 protein in
patient MM cells. Total lysates from MM cells of patient no. 1 were
prepared before (time 0) and after 2, 4, 8, 16, 24, 36, and 48 hours of
culture with 10% FBS-RPMI-1640 media, IFN-y (10 ng/mL), IL-6 (50
ng/mL), or IFN-y (10 ng/mL) + IL-6 (50 ng/mL). Total cell lysates
were immunoprecipitated with anti-p21 polyclonal Ab, followed by
Western immunoblotting with anti-p21 MoAb.

in p21 were associated with phosphorylation of pRB and G1
to S phase transition. The changes in binding of p21 to
CDK?2, CDK4, and CDKS®6 triggered by Dex, as well as re-
lated dephosphorylation of pRB, were also blocked by IL-
6.

To confirm the functional significance of Dex and/or IL-
6—induced alterations in p21 on CDK2, CDK4, and CDKB®,
we measured kinase activities of p21-CDK2-cyclin E, p21-
CDK4-cyclin D, and p21-CDK6-cyclin D immune com-
plexes, which are known to affect phosphorylation of pRB.
Activity of these kinases in the presence of 1L-6 and/or Dex
mirrored the results of immunoprecipitation and immu-
noblotting studies of p21 with CDK2, CDK4, and CDKB®6.
Specifically, kinase activities of theimmune complexeswere
upregulated by IL-6 and downregulated by Dex. Moreover,
IL-6 overcame the downregulation of these kinases in the
presence of Dex.

This study therefore demonstrates that changes in cell
cycle distribution in MM cells triggered by Dex, IL-6, and
IFN-vy correlate with changes in p21 protein expression and
implicate p21 in coupling of Dex-, IL-6—, and IFN-y—re-
lated signalsto G1 cell cycleregulationin MM cells. Further
studies of the function of p21 in tumor cells, as well as
mechanisms regulating its expression, may not only enhance
our understanding of mechanisms of cell cycle control in
MM cells, but also suggest innovative therapies for MM that
target p21.

REFERENCES

1. Kawano M, Hirano T, Matsuda T, Taga T, Horii Y, Iwato K,
Asaoku H, Tang B, Tanabe O, Tanaka H, Kuramoto A, Kishimoto
T: Autocrine generation and requirement of BSF2/IL6 for human
multiple myeloma. Nature 332:83, 1988

2. Anderson KC, Jones RC, Morimoto C, Leavitt P, Barut B:
Response of purified myeloma cells to hematopoietic growth factors.
Blood 73:1915, 1989

3. Klein B, Zhang XZ-G, Jourdan M, Content J, Houssiau F,
Aarden L, Piechaczyk M, Bataille R: Paracrine rather than autocrine
regulation of myeloma-cell growth and differentiation by interleu-
kin-6. Blood 73:512, 1989

4. Barut B, Zon LI, Cochran MK, Paul SR, Chauhan D, Mohr-
bacher A, Fingeroth J, Anderson KC: Role of interleukin-6 in the
growth of myeloma-derived cell lines. Leuk Res 16:951, 1992

5. Hitzler J, Martinez-Valdez H, Bergsagel D, Minden MD: Role
of interleukin-6 in the proliferation of human multiple myeloma cell
lines OCI-MY 1-7 established from patients with advanced stage of
the disease. Blood 78:1996, 1991

6. Levy Y, Tsapis A, Brouet JC: Interleukin-6 antisense oligonu-
cleotides inhibit the growth of human myeloma cell lines. J Clin
Invest 88:696, 1991

7. Lichtenstein A, Berenson J, Norman D, Chang MP, Carlile A:



288

Production of cytokines by bone marrow cells obtained from patients
with multiple myeloma. Blood 74:1266, 1989

8. Zhang XG, Gaillard JP, Robillard N, Lu AY, Gu ZJ, Jourdan
M, Boiron JM, Bataille R, Klein B: Reproducible obtaining of human
myeloma cell lines as a model for tumor stem cell study in human
multiple myeloma. Blood 83:3654, 1994

9. Hardin J, MacLeod S, Grigorieva |, Chang R, Barlogie B,
Ziao H, Epstein J Interleukin-6 prevents dexamethasone-induced
myeloma cell death. Blood 84:3063, 1994

10. Kawano MM, Mihara K, Huang N, Tsujimoto T, Kuramoto
A: Differentiation of early plasma cells on bone marrow stromal
cells requires interleukin-6 for escaping from apoptosis. Blood
85:487, 1995

11. Hata H, Matsuzaki H, Takeya M, Yoshida M, Sonoki T,
Nagasaki A, Kuribayashi N, Takatsuki K: Expression of Fas/Apo-
1 (CD95) and apoptosis in tumor cells from patients with plasma
cell disorders. Blood 86:1939, 1995

12. Carter A, Merchav S, Silvian-Draxler |, Tatarsky |: The role
of interleukin-1 and tumor necrosis factor-« in human multiple my-
eloma. Br J Haematol 74:424, 1990

13. Urashima M, Ogata A, Chauhan D, Hatziyanni M, Vidriales
MB, Dedera DA, Schlossman RL, Anderson KC: Transforming
growth factor S1: Differential effects on multiple myeloma versus
normal B cells. Blood 87:1928, 1996

14. Schwab M, Brini AT, Bosco MC, Rubboli F, Egawa M, Zhao
J, Princler GL, Kung H: Disruption by interferon-a of an autocrine
interleukin-6 growth loop in IL-6-dependent U266 myeloma cells
by homologous and heterogeneous down-regulation of |L-6 receptor
a- and B-chains. J Clin Invest 94:2317, 1994

15. Portier M, Zhang X-G, Caron E, Lu Z-Y, Bataille R, Klein
B: y-Interferon in multiple myeloma: Inhibition of interleukin-6 (IL-
6)—dependent myeloma cell growth and downregulation of IL-6—
receptor expression in vitro. Blood 81:3076, 1993

16. Palumbo A, Bataglio S, Napoli P, Omede P, Fusaro A, Bruno
B, Boccadoro M, Pileri A: Recombinant interferon-y inhibits the in
vitro proliferation of human myeloma cells. Br J Haematol 86:726,
1994

17. Palumbo A, Bruno B, Boccadoro M, Pileri A: Interferon-y
in multiple myeloma. Leuk Lymphoma 18:215, 1995

18. Westendorff JJ, Ahmann GJ, Armitage RJ, Spriggs MK, Lust
JA, Greipp PR, Katzmann JA, Jelinek D: CD40 expression in malig-
nant plasma cells: Role in stimulation of autocrine IL-6 secretion
by a human myeloma cell line. J Immunol 152:117, 1994

19. Urashima M, Chauhan D, Uchiyama H, Freeman GJ, Ander-
son KC: CD40 ligand triggered interleukin-6 secretion in multiple
myeloma. Blood 85:1903, 1995

20. Ogata A, Nishimoto N, Hisma Y, Yoshizaki K, Kishimoto
T: Inhibitory effect of all-trans retinoic acid on the growth of freshly
isolated myeloma cells via interference with interleukin-6 signa
transduction. Blood 84:3040, 1994

21. UchiyamaH, Barut BA, Mohrbacher AF, Chauhan D, Ander-
son KC: Adhesion of human myeloma-derived cell lines to bone
marrow stromal cells stimulates interleukin-6 secretion. Blood
82:3712, 1993

22. Caligaris-Cappio F, Bergui L, Gregoretti MG, Gaidano G,
Gaboli M, Schena M, Zalone AZ, Marchisio PC: Role of bone
marrow stromal cells in the growth of human multiple myeloma
Blood 77:2688, 1991

23. Lichtenstein A, Tu Y, Fady C, Vescio R, Berenson J: Interleu-
kin-6 inhibits apoptosis of malignant plasma cells. Cell Immunol
162:248, 1995

24. Kishimoto T, Akira S, Narazaki M, Taga T: Interleukin-6
family of cytokines and gp130. Blood 86:1243, 1995

25. Urashima M, Ogata A, Chauhan D, Vidridles MA, Teoh G,
Hoshi Y, Schlossman RL, DeCaprio JA, Anderson KC: Interleukin-

URASHIMA ET AL

6 promotes multiple myeloma cell growth via phosphorylation of
retinoblastoma protein. Blood 88:2219, 1996

26. Hirama T, Koeffler HP: Role of the cyclin-dependent kinase
inhibitors in the development of cancer. Blood 86:841, 1995

27. Suzuki H, Yasukawa K, Saito T, Goitsuka R, Hasegawa A,
Ohsugi Y, Taga T, Kishimoto T: Anti-human interleukin-6 receptor
antibody inhibits human myeloma growth in vivo. Eur J Immunol
22:1989, 1992

28. Urashima M, Hoshi Y, Sugimoto Y, Kaihara C, Matsuzaki
M, Chauhan D, Ogata A, Teoh G, DeCaprio JA, Anderson KC: A
novel pre-B acute lymphoblastic leukemia cell line with chromo-
somal translocation between p16 INK4A/p15INK4B tumor suppres-
sor and immunoglobulin heavy chain genes: TGF S/IL-7 inhibitory
signaling mechanism. Leukemia 10:1576, 1996

29. Matsushime H, Quelle DE, Shurtleff SA, Shibuya M, Sherr
CJ, Kato JY: D type cyclin-dependent kinase activity in mammalian
cells. Mol Cell Biol 14:2066, 1994

30. Mazars G-R, Portier M, Zhang X-G, Jourdan M, Bataille R,
Theillet C, Klein B: Mutations of the p53 gene in human myeloma
cell lines. Oncogene 7:1015, 1992

31. Chin YE, Kitagawa M, Su W-CS, You Z-H, lwamoto Y, Fu
X-Y: Cell growth arrest and induction of cyclin dependent kinase
inhibitor p21WAF1/CIP1 mediated by STAT1. Science 272:719,
1996

32. Macleod KF, Sherry N, Hannon G, Beach D, Tokino T, Kin-
Zler K, Volgelstein B, Jacks T: p53-dependent and independent ex-
pression of p21 during cell growth, differentiation, and DNA dam-
age. Genes Dev 9:935, 1995

33. Zeng Y-X, El-Deiry WS: Regulation of p21WAFL/CIP1 ex-
pression by p53-independent pathways. Oncogene 12:1557, 1996

34. Jung JM, Bruner JM, Ruan S, Langford LA, Kyritisis AP,
Kobayashi T, Levin VA, Zhang W: Increased levels of p21WAF1/
Cipl in human brain tumors. Oncogene 11:2021, 1995

35. Zhang W, Kornblau SM, Kobayashi T, Gambel A, Claxton
D, Deisseroth AB: High levels of constitutive WAF1/Cipl protein
are associated with chemoresistance in acute myelogenous leukemia.
Clin Cancer Res 1:1051, 1995

36. Marchetti A, Doglioni C, Barbareschi M, Buittitta F, Pellegrim
S, Bertacca G, ChellaA, Merlo G, Angeletti CA, PalmaPD, Bevilac-
qua G: p21 RNA and protein expression in non-small cell lung
carcinomas: Evidence of p53-independent expression and associa
tion with tumoral differentiation. Oncogene 12:1319, 1996

37. Shiohara M, El-deiry WS, Wada M, Nakamaki T, Takeuchi
S, Yang R, Chen D-L, Vogelstein B, Koeffler HP: Absence of WAF1
mutations in a variety of human malignancies. Blood 84:3781, 1994

38. Kawamata N, Morosetti R, Miller CW, Park D, Spirin KS,
Nakamaki T, Takeuchi S, Hatta Y, Simpson J, Wilczynski S, Lee
YY, Bartram CR, Koeffler HP: Molecular analysis of the cyclin-
dependent kinase inhibitor gene p27/Kipl in human malignancies.
Cancer Res 55:2266, 1995

39. Deng C, Zhang P, Harper JW, Elledge SJ, Leder P: Mice
lacking p21CIPL/WAF1 undergo normal development, but are de-
fective in G1 checkpoint control. Cell 82:675, 1995

40. Wang J, Walsh K: Resistance to apoptosis conferred by Cdk
inhibitors during myocyte differentiation. Science 273:359, 1996

41. Polyak K, Waldman T, He T-C, Kinzler KW, Vogelstein B:
Genetic determinants of p53-induced apoptosis and growth arrest.
Genes Dev 10:1945, 1996

42. Attadi LD, Lowe SW, Brugarolas J, Jacks T: Transcriptiona
activation by p53, but not induction of the p21 gene, is essential for
oncogene-mediated apoptosis. EMBO J 15:3693, 1996

43. Lowe SW, Schmitt EM, Smith SW, Osborne BA, Jacks T: p53
is required for irradiation-induced apoptosis in mouse thymocytes.
Nature 362:847, 1993

44. Yuh Y-S, Thompson EB: Glucocorticoid effect on oncogene/



IL-6 AND DEX ALTER p21 IN MYELOMA CELLS

growth gene expression in human T lymphoblastic cell line CCRF-
CEM. J Biol Chem 264:10904, 1989

45. Schule R, Rangarajan P, Kliewer S, Ransone LJ, Bolado J,
Yang N, Verma IM, Evans RM: Functional antagonism between
oncoprotein c-Jun and the glucocorticoid receptor. Cell 62:1217,
1990

46. Yang-Yen HF, Chambard JC, Sun YL, Smeal T, Schmidt TJ,

289

Drouin J, Karin M: Transcriptional interference between c-Jun and
the glucocorticoid receptor: Mutua inhibition of DNA binding due
to direct protein-protein interaction. Cell 62:1205, 1990

47. Jonat C, Rahmsdorf HJ, Park KK, Cato AC, Gebel S, Pomta
H, Herrlich P: Antitumor promotion and antiinflammation: Down-
regulation of AP-1 (Fos/Jun) activity by glucocorticoid hormone.
Cell 62:1189, 1990



