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Preclinical report

Acquisition of cellular resistance to 9-nitro-
camptothecin correlates with suppression of
transcription factor NF-«xB activation and potentiation
of cytotoxicity by tumor necrosis factor in human
histiocytic lymphoma U-937 cells

Sanjaya Singh, Uma Raju, John Mendoza,' Panayotis Pantazis' and Bharat B Aggarwal

Cytokine Research Laboratory, Department of Molecular Oncology, University of Texas MD Anderson
Cancer Center, Houston, TX 77030, USA. Tel: (+1) 713 792-3503; Fax: (+1) 713 794-1613. 'The Stehlin
Foundation for Cancer Research at St Joseph Hospital, Houston, TX 77003, USA.

Resistance of tumor cells to chemotherapeutic agents is a
major problem in cancer therapy. Continuous exposure of
human histiocytic lymphoma U-937 cells to 9-nitro-camp-
tothecin (SNC), an inhibitor of the nuclear DNA topoisome-
rase |, induces resistance to this drug. Because of the
involvement of the nuclear factor NF-xB in the expression of
several growth regulatory genes, we examined the activation
of this transcription factor in 9NC-resistant U-937 cells. We
found that resistance to increasing concentrations of 9NC
correlated with resistance to tumor necrosis factor (TNF)-
dependent activation of NF-<B. However, the constitutive
synthesis of NF-xB proteins remained unaffected. Cellular
resistance was not unique to TNF, as other activators of NF-
xB, including interleukin-1, phorbol ester and hydrogen
peroxide, also had no effect. There was no difference
between 9NC-sensitive and -resistant cells in the activation
of NF-«xB by okadaic acid. Other transcription factors,
including AP-1 and Oct-1, were not affected in the resistant
cells. When examined for the inhibitory subunit of NF-<B
(IxBx), resistant cells showed a faster rate of resynthesis
than the control. Interestingly, although 9NC resistance
correlated with resistance to TNF-dependent NF-xB activa-
tion, TNF-dependent cytotoxicity in these cells was en-
hanced by several hundred fold despite a significant
decrease in the number of TNF receptors. In conclusion,
our results suggest that NF-«xB activation may play a role in
tumor cell killing by 9NC but not by TNF. [ 1998 Lippincott
Williams & Wilkins.]
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Introduction

Like the parental natural product camptothecin (CPT),
the semisynthetic derivative 9-nitro-camptothecin
(ONC) interferes with the action of the nuclear enzyme
topoisomerase 1 (Topo 1) involved in the cleavage-
repair mechanism of the chromatin DNA. As a result,
INC-treated human cells are either arrested at the
boundary of the $/G, phase or die by apoptosis while
traversing the S phase. The differential response of the
cells to the YNC action, i.e. induction of cytostasis or
cytotoxicity, mechanistically remains unclear, but it
appears that, in addition to Topo I, other parameters
can regulate the response of the cells to 9NC.
Activities of 9NC against normal and malignant cells
in vitro and in vivo have been recently reviewed.'?
Results of a phase 1 clinical study have been recently
reported on cancer patients that orally received 9NC.?

Resistance of tumors to YNC is an undesirable but
possible outcome in patients that are treated with
9NC. In this context, we have extensively studied the
activity and synthesis of Topo [ in a series of sublines
of human leukemia U937 cells with increasing
resistance to 9NC.*’ Comparison of parental cells
and cells with low 9NC resistance showed that the
cells have similar proliferation rates in vitro; express
similar levels of Topo I mRNA; synthesize proteins of
identical molecular weight; exhibit similar Topo 1
catalytic activity in the absence of YNC, whereas the
Topo I activity from the resistant cells is about 10-fold
more resistant than from the parental cells; differ in
the extent of Topo I methylation, with the resistant
Topo I exhibiting hypermethylation; differ in the

Anti-Cancer Drugs - Vol 9 - 1998 703



S Singh et al.

nucleotide sequence of Topo ¢DNAs at position 361,
resulting in the presence of serine or phenylalanine in
Topo 1 of the parental or resistant cells, respectively;
differ in the steady-state synthesis of c-jienr mRNA,
which is undetectable in the parental cells but readily
detectable in the resistant cells; and both induce
tumors following xenografting in nude mice™> (un-
published  results). Development  of  higher 9NC
resistance by the cells is accompanied by a decrease
in the proliferation rate; decreased synthesis of Topo I;
increased synthesis of Topo II and, consequently,
increased sensitivity to Topo Il-directed  ctoposide;
expression of ¢-fins mRNA, which is undetectable in
the parental cells; significant synthesis of the apopto-
sis-promoting protein Bax; the appearance of morpho-
logical and functional features of more mature cells;
and loss of the ability to induce tumors when
xenografted in nude mice™” (unpublished  data).
Finally, acquisition of 9NC resistance does not
corrclate with the presence of P-glycoprotein that
has been associated with drug resistance in several
proliferative  diseases  of the hematopoictic  cells
(reviewed in Nooter and Sonneveld™).

The nuclear factor (NF)-vB is a pleiotropic transcrip-
tion factor present in its inactive state in the cytoplasm
but in active state in the nucleus (for references, see
Miyamoto and Verma''). The cytoplasmic retention is
mediated by a family of inhibitory proteins, termed
IxB, which mask the nuclear localization signals
present on the p65 subunit of NF-wB. The nuclear
translocation is induced by several agents of which
some are DNA damaging agents including tumor
necrosis factor (TNF), interleukin (IL)-1, oxidative
stress (H>0)), UV light and phorbol esters.'M'? Upon
activation of the NF-«B, a large number of cellular and
viral genes are induced, including those involved in
regulation of cell growth.'" For instance, activation of
the NF-xB is required for expression of genes that
regulate cell growth including TNF, II-1, gro (also
referred to as melanoma growth stimulating activity),
P33, cmye, A20 and ras."*™' In addition, cell cycle
progression from Gy to Gy is also dependent on NF-xB
activation,'” and this may involve both p53 and c-mye
expression.'” Although NF-xB is activated during the
cell cycle, TNF activates NF-xB with equal efficiency in
both cycling and growth-arrested cells.* It should be
noted that TNF alone inhibits cell growth and induces
DNA strand breaks (for references, see Baloch et
al”'’), while it induces differentiation  of 9NC-
resistant U-937 cells that synthesize mutated Topo L'

Due to the role of a nuclear factor NF-xB in the
expression of several genes that regulate cell growth,
in the present report we have examined  this
transcription factor in U-937 cell sublines resistant
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to various concentrations of 9NC. We found that as
the cells become increasingly more resistant to 9NC,
there is a decline in the activation of NF-wB by a wide
variety of DNA damaging agents. This is not duc to a
decrease in protein synthesis but rather to rapid
resynthesis of the IxBa. The resistance of U-937 cells
to INC does not appear to affect other transcription
factors including AP-1 and Oct-1. Although 9NC
resistance correlated with a decrease in TNF-induced
NF-xB activation, the TNF-dependent cytotoxicity in
these cells was enhanced in spite of a decrease in the
number of TNF receptors, suggesting that NF-xB
activation may play a role in the cell killing ability of
ONC but not of TNF.

Experimental procedures
Materials

Penicillin, streptomycin, RPMI 1640 medium and
fetal calf serum were obtained from Gibco (Grand
Island, NY). Glycine, NaCl and bovine serum
albumin were obtained from Sigma (St Louis, MO),
and polyethylene glycol (PEG 400) from Aldrich
(Milwaukee, WI). Hydrogen peroxide, okadaic acid
(OA) and phorbol myristate acetate (PMA) were
obtained from Calbiochem (San Dicgo, CA). Bacteria-
derived recombinant human TNF, purified to homo-
geneity with a specific activity of 5 x 107 U/mg, was
kindly provided by Genentech (South San Francisco,
CA). Antibody against IxBa and double-stranded
oligonucleotides having AP-1 and Oct-1 consensus
sequences were obtained from Santa Cruz Biotech-
nology (Santa Cruz, CA). 9NC was semisynthesized
and purified (over 99% purity) at the Stehlin
Foundation according to the regulations of the Food
and Drug Administration.

Cell lines

The development and characterization of U937 cell
sublines resistant to 0.2 tM 9NC (U-937/RC0.2), 1 uM
INC (U937/RC-1) and 10 uM 9NC (U-937/RC-10) has
been described previously.* ™

Electrophoretic mobility shift assays
(EMSA)

Aliquots of 2x 10° cells/ml were treated separately
with different concentrations of NF-xB activators at
37 C and then nuclear extracts were prepared as



described.”' Briefly, cells were lysed in a buffer
containing 10 mM HEPES, pH 79, 10 mM KCI,
0.1 mM EDTA, 0.1 mM EGTA, I mM dithiothreitol
(DTT), 0.5 mM phenylmethylsulfonyl fluoride (PMSF),
2.0 pg/ml leupeptin, 2.0 pg/ml aprotinin, 0.5 mg/ml
benzamidine and 12.5 ul of 10% NP-40. The nuclear
pellet was extracted in 25 pl ice-cold nuclear extrac-
tion buffer (20 mM HEPES, pH 7.9, 0.4 M NaCl, 1 mM
EDTA, 1 mM EGTA, 1 mM DTT, 1 mM PMSF, 2.0 ug/
ml leupeptin, 2.0 pg/ml aprotinin and 0.5 mg/ml
benzamidine). After centrifugation, the supernatant
(nuclear extract) was either used immediately or
stored at —70 C for later use. The protein content
was determined by the method of Bradford.**

EMSA were performed by a 15 min incubation at
37°C of 4 ug of nuclear extract (NE) with **P-end-
labeled double-stranded NF-xB  oligonucleotide, the
sequence of which was derived from the HIV long-
terminal repeat (LTR) (5-TTGTTACAAGGGACTTT-
CCGCTGGGGACTTICCAGGGAGGCGTGG-3).2? The
incubation mixture included 2-3 ug of poly(di-dC) in
a binding assay buffer (25 mM HEPES, pH 7.9, 0.5 mM
EDTA, 0.5 mM DTT, 1% NP-40, 5% glycerol and
50 mM NaCD).**?* The DNA-protein complex formed
was resolved on a 4.5% native polyacrylamide gel in a
buffer containing 50 mM Tris. 200 mM glycine, pH
85, and 1 mM EDTA.*® A doublestranded mutated
oligonucleotide, S5 TTGTTACAACTCACTTITCCGCT-
GCTCACTTTCCAGGGAGGCGTGG-3', was used to
examine the specificity of binding of NF-xB to the
DNA. The specificity of binding was also assessed by
competition with the unlabeled oligonucleotide and
by gel supershift with antibodies specific to NFkB
proteins as described.””

The EMSAs for AP-1 and Oct-1 were performed as
described for NF-xB using *“P-end-labeled double-
stranded oligonucleotide. Specificity of binding was
determined routinely by using an ¢xcess of unlabeled
oligonucleotide for competition as described earlier.?
Visualization and quantitation of radioactive bands
were carricd out by a phosphorimager (Molecular
Dynamics, Sunnyvale, CA) using ‘Image-quant’ soft-
ware.

Westemn bilotting for IxBx

After the NF-xB activation reaction described above,
postnuclear extracts were resolved on 10% SDS-
polyacrylamide gels and the proteins were electro-
transferred to nitrocellulose filters. Presence of InBx
was detected with a rabbit polyclonal antibody against
IkBa followed by chemiluminescence (ECL; Amer-
sham, Amersham, UK) as described.?®

Role of NF-kB activation in cellular resistance to INC

Receptor binding assays

Receptor binding assays were carried out as described -
previously.””*” TNF was labeled with Na'**I using the
lodogen method.?” The specific activity of the labeled
TNF ranged from 20 to 30 mCi/mg.

Binding assays were performed in flexible 96-well
plates precoated with 0.2 ml of FBS for 24 h at 4 C.
The binding medium (RPMI 1640) contained 10% FBS.
Cells (0.4-0.5 x 10°/0.1 mD) were incubated with
['ZSIITNF in the absence (total binding) or in the
presence of 100 nM unlabeled ligand (non-specific
binding) for 1 h at 4 C. The cells were washed three
times with ice-cold medium (PBS containing 0.1% BSA)
at 4 C and the cell-bound radioactivity was determined
in a y-counter (Cobra-Auto-Gamma, Packard Instru-
ments, Meriden, CT). All determinations were per-
formed in triplicate. Specific binding of the '**Llabeled
TNF was calculated by subtracting non-specific bind-
ing from the total binding. Inhibition of specific
binding was calculated from the specific binding
obtained from the untreated cells (100%).

Cytotoxicity assays

The sensitivities of the parental and 9NC-resistant U-
937 cells to YNC or to TNF was determined by the
amount of [*H|thymidine incorporated by the cells.
For this, cells (5 x 10%/well) were plated in 0.1 ml of
the medium (DMEM plus 10% FBS) in 96-well Falcon
plates. After incubation overnight in a CQO; incubator
at 37 C, the medium was removed and different
concentrations of 9NC or TNF were layered in 0.1 ml
of the fresh medium for 3 days. I" H]Thymidine
(6.7 Ci/mmol; DuPont NEN Medical Products. Wil-
mington, DE) was added to cach well (0.5 uCi/well)
6 h prior to ccll harvesting. Thereafter, the culture
medium was removed, the wells were washed twice
with phosphate-buffered saline (PBS) and the cells
were detached by the addition of a solution containing
trypsin (0.5%) with EDTA (5.3 mM). The cell suspen-
sion was then harvested with the aid of a PHD cell
harvestor (Cambridge Technology, Watertown, MA)
and lysed with distilled water. Radioactivity bound to
the filter was measured in a liquid scintillation counter
(Model 1600 TR; Packard Instruments).

Results
In the present report we have further characterized

sublines of the human histiocytic lymphoma U937
cclls that have acquired various levels of resistance to
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the cytotoxic activity of the anticancer drug, 9NC. The
cells were examined for NF-xB activation, IxB synth-
esis, presence of functional TNF receptors and TNF-
dependent  cytotoxicity. When cell viability was
examined by thymidine incorporation after treatment
for 72 h with different concentrations of YNC, there
was a decrease in thymidine uptake with increasing
concentration of 9NC in wild-type (WT) cells but no
significant decrease in the uptake was found in INC-
resistant (RC-0.2, RC-1 and RC-10) cells (Figure 1).

TNF-dependent NF-xB activation is
suppressed in 9NC-resistant cells

Because NF-xB controls the expression of several
growth regulatory genes, we examined the activation
of this transcription factor in U-937 cells resistant to
various concentrations of INC. For this, cells were
activated with TNF (0.01 and 0.1 nM) for 30 min at
37'C and then examined for NF-xB activation by
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Figure 1. Effect of different concentrations of 9NC on the
viability of 9NC-sensitive and -resistant cells. Cells (5 x 10%)
were plated ovemight and then incubated with the drug in
0.1 ml for 72 h at 37 C. During the last 24 h, the cells were
pulse-labeled with thymidine, harvested and counted as
described in Experimental procedures. All determinations
were in triplicate. The variations between triplicates were
10% or less.
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EMSA. The results in Figure 2(a) show that 9NC-
sensitive (WT) cells responded to TNF with activation
of NF-xB. The band observed in the gel shift assay was
due to NF-xB proteins, as competition with unlabeled
oligonucleotide eliminated the band, it did not
compete with mutated oligonucleotide, and it was
supershifted by incubating with antibodies against the
p50 and p65 subunits (data not shown). In contrast to
WT, 9NC-resistant cells were unresponsive to TNF-
induced NF-~B activation in parallel with the degree of
9NC resistance. Thus the U-937/RC-10 cells, which are
resistant to 10 uM 9NC, showed no activation of NF-
kB in response to TNF. Treatment of the cells with
INC neither induced NF-xB activation by itself nor
affected TNF-induced NF-xB activation (data not
shown).

It is possible that TNF did not induce NF-xB
activation in the 9NC-resistant cells because the NF-
kB proteins, ie. the p50-p65 complex, are not
expressed in these cells. To examine this possibility,
the cytoplasmic extracts from both sensitive and
resistant cells were treated with deoxycholate (8%),
which dissociates the p50-p65 complex from InBe, and
then examined for DNA binding by EMSA. The results of
this experiment, shown in Figure 2(b), indicate that
there was no difference in the expression of these
proteins between sensitive and resistant cells. Thus,
lack of NF-xB activation in ONC-resistant cells was not
due to downmodulation of NF-kB protein expression.

Suppression of NF-«B activation in
9NC-resistant cell is not limited to TNF

Besides TNF, the activation of NF-xB can also be
induced by other DNA damaging agents including IL-1,
PMA, H,0, and OA. The signal transduction pathway
that leads to the NF-xB activation induced by these
agents may differ. Therefore, we examined the
activation of the transcription factor by these various
agents in 9NC-resistant and parental cells. The results,
shown in Figure 3, indicate that like TNF, 9NC-
resistant cells were also resistant to NF-xB activation
induced by I1-1, PMA and H,0,. Further, the resistance
to these agents was more pronounced than that to
TNF, since cells resistant to even low concentrations
of 9NC were completely refractory. Interestingly,
however, there was no difference between sensitive
and resistant cells in their responsiveness to OA-
induced NF-xkB activation. These results suggest that
OA, an inhibitor of serine/threonine phosphatases,
activates NF-xB by a mechanism that is different from
that of other agents tested and that this mechanism is
fully intact in all the 9NC-resistant cells.
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Figure 2. Correlation of INC resistance with TNF-dependent NF-xB activation in U-937 cells (a) wild-type (WT), and cells
resistant to 9NC concentrations of 0.2 uM (RC-0.2), 1 uM (RC-1) and 10 uM (RC-10) were incubated with either media or 0.01
or 0.1 nM TNF at 37°C for 30 min. After these treatments nuclear extracts were prepared and assayed for NF-«B as described
in Experimental procedures. The arbitrary units at the bottom represent the relative amounts of the radioactivity present in the
retarded bands. (b) Expression of p50-p65 NF-xB complex in 9NC-sensitive and -resistant U937 cells. Cytoplasmic extracts
were treated with 0.8% DOC for 5 min on ice and then assayed for NF-xB as described in Experimental procedures.
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Figure 3. Activation of NF-xB by TNF, PMA, IL-1, H,0, and OA in 9NC-sensitive and -resistant U-337 cells. Cells (2 x 108/
ml) were incubated for 30 min at 37 C with TNF (0.1 nM), PMA (25 ng/ml), IL-1 (100 ng/ml), H>O, (50 uM) and OA (600 nM),
and then tested for NF-xB activation as described in Experimental procedures.

Oct-1 and AP-1 are not modulated in
9NC-resistant cells

It is possible that 9NC resistance correlates with the
downregulation of not only NF-kB activation but also
other transcription factors. Therefore, we examined
the binding of Oct-1 and AP-1 in 9NC-sensitive and
-resistant cells. As Figure 4(a) shows, there was no
significant difference in the level of either of these
transcription factors between control and 9NCeresis-
tant cells.

It is known that AP-1 can be induced by both TNF
and PMA in different cell types, but in contrast to NF-
kB activation, it takes several hours of treatment.
Therefore, we examined the effect of 9NC-resistance
on the induction of AP-1 by TNF and PMA (Figure 4b).
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Interestingly, 1 h treatment with TNF showed a slight
decrease in the levels of AP-1 as compared to the
control in both sensitive and resistant cells. After 16 h
treatment, however, both TNF and PMA induced AP-1
in 9NC-sensitive cells (W) and this induction was not
significantly different from that observed in 9NC-
resistant cells (RC-10). These results thus suggest that
ONC resistance modulates neither consititutive nor
inducible levels of AP-1.

IkBo resynthesis is faster in 9NC-resistant
cells than sensitive cells

The degradation of IxB is a critical event for activation
of NF-xB. We have so far shown that although 9NC-
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(a) Expression of AP-1 and Oct-1 transcription factors in 9NC-sensitive and -resistant cells. Nuclear extracts were

prepared from cells and used for EMSAs of AP-1 and Oct-1 transcription factors as described. (b) Effect of TNF and PMA on
the expression of AP-1 transcription factors in 9NC-sensitive and -resistant cells. Nuclear extracts were prepared from cells
treated with either TNF (0.1 nM) or PMA (100 ng/ml) for either 1 or 16 h and then used for EMSA of AP-1 transcription factors

as described. UT, untreated

resistant cells express NF-kB proteins, the activation of
NF-«B is impaired. This impairment could result from
either lack of degradation or rapid resynthesis of IxBax
protein. To examine these possibilities, the cells were
treated with TNF for different times, and then
cytoplasmic extracts were prepared and examined
for IxBx by Western blot analysis. The results shown in
Figure 5 (upper panel) indicate that TNF causes the
disappearance of IkBa in both sensitive and resistant
cells within 15 min. By 30 min IxBa is resynthesized/
reappears, only in 9NCresistant cells but not in
sensitive cells. These results demonstrate that an
accelerated rate of resynthesis of IxBa prevents the
activation of NF-xB. This mechanism is similar to that
recently reported for dexamethasone, which also
inhibits NF«B activation.'*?* As a control, we
confirmed in our system the faster rate of resynthesis
of IxBa (Figure 5, upper panel) and inhibition of NF-xB
activation (Figure 5, lower panel) induced by dexa-
methasone.

TNF-mediated cytotoxicity is enhanced in
9NC-resistant cells

The resistance of U-937 cells to 9NC-induced cytotoxi-
city correlates with their resistance to TNF-induced

NF-kB activation. It is not clear, however, whether
these cells are also resistant to TNF-dependent
cytotoxicity. To examine this, we treated the sensitive
and resistant cells with different concentrations of TNF
for 72h and then examined their viability by
thymidine incorporation. The results shown in Figure
6 indicate that 9NC-resistant cells were approximately
100 000-fold more responsive to TNF than the
sensitive cells and the extent of response correlated
with the degree of resistance to 9NC. These results
suggest that NF-xB activation may have a role in 9NC-
dependent cell killing but not in TNF-mediated cell
killing and that the factor or an intermediate respon-
sible for resistance of cells to 9NC may also contribute
to the enhanced sensitivity of the cells to TNF.

Enhancement of TNF-mediated
cytotoxicity in INC-resistant cells is not
due to TNF receptors

Since TNF-induced NF-xB activation is downmodu-
lated, whereas TNF-induced cytotoxicity is enhanced
in 9NC-resistant cells, it is possible that these effects
are mediated through modulation of TNF receptors. To
explore this possibility, we examined the cell surface
expression of TNF receptors by ligand binding. The
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Figure 5. Degradation and resynthesis of IxBx in 9NC-sensitive and -resistant cells. Cells (2 x 10%/ml) were incubated for
different times with TNF (0.1 nM) and then assayed for IxBx (upper panel) in cytosolic fractions by Westemn blot analysis as
described in Experimental procedures. For the dexamethasone (Dexa) experiment, INC-sensitive cells (WT) were pretreated
with 2 M dexamethasone for 1 h at 37 C and then exposed to TNF (0.1 nM) for different times. Nuclear extracts prepared
from the same cells were used for NF-+B activation (lower panel) as described in Experimental procedures. Numbers at the

bottom show quatitation as arbitrary units.

result of this experiment, shown in Figure 7, indicate
that specific binding of TNF is reduced by almost 50%
in the 9NC-resistant cells (RC-10) as compared to the
INC-sensitive (WT) cells and that this decrease is
inversely proportional to the level of resistance to the
drug. Thus, the decrease in the number of TNF
receptors appears to correlate with the decrease in
sensitivity of these cells to TNF for NF-xB activation
but not with TNF-dependent cytotoxicity.

Discussion

Resistance of tumor cells to chemotherapeutic agents is

710 Anti-Cancer Drugs - Vol 9 - 1998

a major problem in cancer biology. CPT and its analogs
are potent anticancer drugs. Continuous exposure of
tumor cells to 9NC may lead to acquisition of resistance
presumably by qualitative and/or quantitative altera-
tions in Topo I, but other mechanisms exist including
factors that regulate the cell cycle and apoptosis. Since
the nuclear factor NF-xkB controls the expression of
several genes involved in apoptosis, we examined the
activation of this factor in YNC-sensitive and -resistant
U937 cells. Our results show that cellular resistance to
increasing concentrations of 9NC correlates with the
decreased ability of TNF to induce activation of NF-xB
without changes in the constitutive synthesis of NF-kB
proteins. Other activators of NF-wB, including 1L-1, PMA
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Figure 6. Effect of different concentrations of TNF on the
viability of 9NC-sensitive and -resistant cells. Cells (5 x 10°)
were plated ovemight and then incubated with TNF (0—
1000 U/mi) in 0.1 ml for 72 h at 37°C. During the last 24 h,
the cells were pulse-labeled with thymidine, harvested and
counted as described in Experimental procedures. All
determinations were in triplicate. The variations between
triplicates were 10% or less.

and H,0,, also had no affect. There was no difference
between the sensitive and resistant cells in the
activation of NF-xB by OA or with respect to other
transcription factors including AP-1 and Oct-1. The
suppression of NF-xB activation correlated with a faster
rate of resynthesis of the inhibitory subunit of NF-xB
xBa) as compared to the control cells. Our results also
show that acquisition of 9NC resistance correlated with
the decreased ability of TNF to induce NF-xB activation
without inhibition of the TNF-mediated cytotoxicity. In
fact, the TNF-mediated cytotoxicity was enhanced in
spite of a decrease in the number of TNF receptors on
these cells.

Our results show that although the basal level of
expression of NF-xB proteins is similar between
sensitive and resistant cells, there was a difference in
the activation of this nuclear factor. Our results differ
from a report showing a selective loss of NF-xB DNA
binding proteins in chemically selected subclones of
the CEM cell line.*® How cellular resistance to 9NC

Role of NF-kB activation in cellular resistance to INC
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Figure 7. Specific binding of TNF to 9NC-sensitive and -
resistant cells. Cells (0.5 x 10°%) were incubated with labeled
TNF (0.2x10% cp.m.) in 0.1 ml volume either in the
presence (non-specific binding) or absence (total binding)
of 100 nM of unlabeled TNF for 1 h at 4°C. Cells were then
washed and the cell bound radioactivity was determined as
described in Experimental procedures. All determinations
were made in triplicate.

desensitizes the cells to NF-xB-activating agents is
unclear. The activation of NF-xB has been shown to be
mediated through reactive oxygen intermediates,
serine/threonine protein kinase, protein tyrosine
kinase, protein tyrosine phosphatase, ubiquitin-depen-
dent proteases and ceramide (see Miyamoto and
Verma'' and references therein).?® The signal trans-
duction cascade leading to the activation of NF-xB
activation is not understood. Accordingly, the 9NC-
resistant cells may be deficient in one or more of these
intermediates required for NF-xB activation. Certain
chemotherapeutic agents such as 1-f-pD-arabinofurano-
sylcytosine (ara-C) and doxorubicin are known to
induce ceramide production required for NF-xB
activation and apoptosis.>*** Although both ara-C
and 9NC can induce differentiation of leukemic
cells,**** it is not known whether the 9NC activities
are also mediated through production of ceramide. It is
possible that lack of NF-«xB activation is linked to lack
of ceramide production in the 9NC-resistant cells.
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The 9NC-resistant cells were insensitive to a wide
variety of NF-wB-activating agents, but they were
sensitive to OA, a specific inhibitor of the serine/
threonine protein phosphatase. How OA activates NF-
kB is not clear, but the mechanism by which TNF
activates NF-nB has been shown to be different from
that of OA.*° Both reactive oxygen intermediate (RO
independent and -dependent activations of NF-kB by
OA have been reported.””* It is also possible that the
resistant cells can still produce ROI but this alone is
not sufficient for other activators of NF-kB. However,
this possibility is rather unlikely considering that the
INCresistant cells were also unresponsive to H0O,.

Irrespective of the agent, NF-xB activation requires
phosphorylation and ubiquitination that results in
degradation of IxBx (for references, see Miyamoto
and Verma''). Our results show that IxBx is still
degraded in 9NC-resistant cells treated with NF-vB
activators  but the rate of resynthesis of InvB s
accelerated. This mechanism is similar to that de-
scribed for glucocorticoids, which also suppress NF-vB
activation by increasing the stability of the mRNA
encoding IkBa '3

The decrease in sensitivity of 9NC-resistant cells to
TNF-mediated NF-xB activation correlated with an
almost 50% decrease in the number of cell surface TNF
receptors. It is unlikely that this decrease in the
number of TNF receptors was responsible for the
decreased responsiveness to TNF, because only 25% of
the total receptors present on U-937 cells are required
for full activation of NE-xB.* In addition, despite low
receptor levels, the TNF-mediated cytotoxicity was
enhanced in ONC-resistant cells as described below.

That resistance to cell killing by ONC correlates with
resistance to NF-xB activation raises the question of to
what extent activation of NF-xB is essential for cell
killing. The answer appears to depend on the type of
agent. For instance, sindbis virus-induced apoptosis of
cells requires activation of NF-xB and it is blocked by
Bcl-2, an anti-apoptotic protein.*” Our results show
that although TNF-mediated NF-xB activation is
abolished in 9NC-resistant cells, TNF-induced cytotoxi-
city is enhanced by several thousand-fold. These
results suggest that NF-xB activation is not required
for TNF-mediated cell killing and it is in agreement
with a previous report.’' These results also suggest
that the same factor responsible for 9NC-resistance is
involved in the increased TNF sensitivity. Unlike some
other chemotherapeutic agents, cellular resistance to
9NC or CPT is not associated with overexpression of
multidrug resistance (MDR) pmtcing (reviewed in
Pantazis' ). Similarly, MDR does not play a role in
the susceptibility of cells to TNF.** In contrast,
however, overexpression of cells with manganese
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superoxide dismutase (SOD) leads to TNF resistance.*?
The downmodualtion of SOD may increase sensitivity
to TNF but decrease the sensitivity to 9NC. Treatment
of sensitive U937 cells with 9NC induces a transient
expression of the early response gene C—jun.“ TNF
also induces expression of cjun in leukemic cells.*®
The cjun gene is a member of a multigene family of
transcription factors (reviewed in Mitchell and Tjian*®)
and is the major component of the transcription factor
AP-1."" It is possible that cjun is differentially
expressed in the 9NCeresistant cells and this sensitizes
the cells to TNF-mediated cytotoxicity. OQur present
results show that both 9NC-resistant and -sensitive
cells constitutively express comparable levels of c-jun/
AP-1. Human breast adenocarcinoma MCF-7 cells
resistant to adriamycin (doxorubicin) do not exhibit
altered ¢fun expression in response to stress. " In
contrast to 9NC resistance, adriamycin-resistant MCF-7
cells are resistant to the cytotoxic effects of TNF but
sensitive to the TNF-dependent NF-xB activation and
both correlate with the overexpression of SOD.*?

TNF has been shown to synergize with CPT for
cytotoxic activity against tumor cells” ' and enhance-
ment of Topo I activity by TNF has been suggested as
the mechanism of synergism.>” Our results demon-
strate that the 9NC-resistant cells become  highly
sensitive  to TNF.  Although the mechanism of
sensitization of the 9NC-resistant cells to TNF s
unclear, TNF and other cytokines may be useful in
combination therapies for the treatment of tumors
resistant to OINC and other Topo Iargeting agents.
Our results also provide an important correlation
between drug resistance and desensitization for NF-
KB activation. As NF-xB activation is critical for HIV
rcplicuti(m,” our results suggests that 9NCresistant
cells will also be resistant to HIV-1 infection as
demonstrated for chemically selected subclones of
the CEM cell line which selectively loses NF-kB DNA
binding proteins.*?
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