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ABSTRACT

Brefeldin A, an agent that disrupts protein transport from the endo-

plasmic reticulum to the Golgi, induces the expression of GRP78 and the
activation of nuclear factor (NF)-KB in cells. Treatment of cells with
brefeldin A causes the development of resistance to topoisomerase II-

directed agents, such as etoposide and doxorubicin. In this study, we show
that treatment of EMT6 mouse mammary tumor cells with brefeldin A
strongly induces GRP78 mRNA (8.5-fold) and resistance to teniposide

(VM26). Treatment with okadaic acid causes a minor increase in GRP78
mRNA (2.1-fold) yet still induces resistance to VM26 as effectively as

brefeldin A. In contrast, cells treated with castanospermine show a mod
erate increase in GRP78 mRNA (3.9-fold) but no resistance to VM26.

These data imply that GRP78 induction does not mediate the development
of drug resistance. An alternative mechanism of drug resistance may
involve activation of the transcription factor, NF-KB, and we show that
both brefeldin A and okadaic acid activate NF-KB in EMT6 cells. Fur

thermore, we demonstrate that treatment with the proteasome inhibitor
MG-132 blocks the activation of NF-KB and prevents the development of

resistance to VM26 induced by brefeldin A. Collectively, these results
suggest that the resistance to VM26 in EMT6 cells treated with brefeldin
A is mediated by the activation of NF-KB rather than the induction of
GRP78. Our results also suggest that inhibition of NF-KB activation in
tumor cells may increase the efficacy of topoisomerase II-directed agents

in chemotherapy.

INTRODUCTION

Tumor cells present in solid tumors are often surrounded by stress
ful microenvironments, such as hypoxia, low pH, and nutrient depri
vation, because of inadequate vascularization ( 1). Alterations in ge
netic or epigenetic properties in tumor cell subpopulations as a result
of these physiological stresses may play an important role in chemo-

therapeutic resistance/insensitivity found in many malignancies. In in
vitro studies, stress conditions, including hypoxia and glucose depri
vation, have been shown to induce resistance to the cytotoxic effects
of topoisomerase II-directed chemotherapeutic agents such as etopo

side and doxorubicin (2, 3). This resistance also can be induced by a
variety of chemical agents that cause inhibition of protein glycosyla-

tion, release of intracellular calcium stores (2, 3), or disruption in
ER3-to-Golgi transport (4). Disruption of ER function by these stress

conditions and agents is known to promote an accumulation of aber
rantly folded proteins in the ER and induce the expression of genes for
ER-resident proteins (5, 6).

Received 3/5/98; accepted 5/18/98.
The costs of publication of this article were defrayed in part by the payment of page

charges. This article must therefore be hereby marked advertisement in accordance with
18 U.S.C. Section 1734 solely to indicate this fact.

' This research was supported in part by Grants CA 36946 and 41239 (to K. A. K.)

from the NIH, the Elaine H. Snyder Cancer Research Award (to K. A. K. and S. R. P.),
and a Faculty Research Enhancement Fund grant (to K. A. K.) from the George Wash
ington University Medical Center. This research is, in part, from a dissertation to be
presented to The Columbian School of Arts and Sciences of the The George Washington
University by Z. P. L. in partial fulfillment of the requirements for the Ph.D. degree.

2 To whom requests for reprints should be addressed, at Department of Pharmacology,

The George Washington University Medical Center, 2300 1 Street NW, Washington, DC
20037. Phone: (202) 994-2957; Fax: (202) 994-2870.

3 The abbreviations used are: ER, endoplasmic reticulum; NF-icB, nuclear factor-xB;
BFA, brefeldin A; VM26, teniposide; OA, okadaic acid; CAS, castanospermine; MG-132,
carbobenzoxyl-leucinyl-leucinyl-leucinal: EMSA, electrophoretic mobility shift assay.

The glucose-regulated M, 78,000 protein (GRP78), an ER-resident

protein, was found to be expressed ubiquitously in mammalian cells.
It binds transiently to nascent proteins in the ER to assist in their
folding, assembly, and secretion under normal conditions (7). Under
stress conditions, GRP78 is highly induced and stably associated with
improperly folded or assembled proteins to prevent their export from
the ER (8). Studies have shown that cells expressing the GRP78
antisense vector exhibited decreased survival after exposure to cal
cium ionophore (9), hypoxia (10), CTLs, and tumor necrosis factor
(11). These findings suggest that GRP78 is involved in alleviating ER
stress and in protecting cells against certain forms of cell killing.
Recent studies have shown that cells deficient in NAD+-poly(ADP)

ribose polymerase metabolism and cells treated with inhibitors of
poly(ADP) ribose polymerase overexpressed GRP78 and subse
quently developed resistance to etoposide, suggesting that drug resist
ance is independent of the pathways that trigger GRP78 induction but
dependent on the level of GRP78 (12, 13). Although these accumu
lated data suggest a role of GRP78 in the development of resistance to
topoisomerase II-directed agents, a direct link between the resistance

and GRP78 induction still remains elusive.
Recent evidence reveals that a number of agents that disrupt ER

function also cause activation of the transcription factor, NF-KB (14,
15). NF-KB is thought to be activated by diverse and unrelated stimuli

through the production of reactive oxygen intermediates (16). The
release of Ca2+ from the ER and the subsequent production of

reactive oxygen intermediates have been proposed to mediate the
activation of NF-KB by ER stress (15). NF-KB is a heterodimeric
transcription factor usually composed of p65 (Rei A) and p50 (NF-
KB1) DNA-binding subunits (17-19). In general, the NF-KB het-

erodimer is bound to the inhibitory subunit IKB and retained in the
cytoplasm as an inactive form (20). Upon stimulation, IKB becomes
phosphorylated (21, 22) and is subsequently degraded by the protea
some (23, 24). The proteolytic degradation of IKB releases NF-KB
from cytoplasmic retention, leading to nuclear translocation of NF-KB
(20, 23). In the nucleus, NF-KB binds to KB motifs in promoter

regions and activates the transcription of many cellular and viral target
genes (25). A role for NF-KB in protecting cells against apoptosis has
been suggested recently. Studies have shown that inhibition of NF-KB
activation by expression of a dominant-negative form of IKB en

hanced apoptotic cell death induced by tumor necrosis factor a,
ionizing radiation, and the chemotherapeutic agent daunorubicin (26,
27). A similar study demonstrated that expression of the NF-KB
component c-rel or p65 protected cells against tumor necrosis factor-
induced apoptosis (28). These findings imply that NF-KB can induce

target genes, which encode proteins involved in protection against
apoptotic cell death.

Disruption of ER function by BFA was found to strongly induce the
expression of GRP78 (29, 30) and activate NF-KB (14, 15) by distinct

pathways (31, 32). It is unclear, however, whether either of these
cellular responses contributes to the development of drug resistance
after chemically or physiologically based stress. In the present study,
the possible involvement of GRP78 induction and NF-KB activation
in the development of resistance to the topoisomerase II-directed

agent, VM26, was investigated in EMT6 mouse mammary tumor
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cells. We evaluated both the expression of GRP78 mRNA and the
activation of NF-Â«Bin cells treated with BFA, as well as OA and
CAS. OA is a phosphatase inhibitor that potently activates NF-jcB
(33) with little effect on GRP78 induction (30, 34). CAS is a gluco-

sidase inhibitor that induces GRP78 (14, 35) but does not cause
activation of NF-Â«B(14). In addition, pharmacological inhibition of
NF-Â«Bactivation using the proteasome inhibitor, MG-132, was eval
uated to determine whether NF-Â«Bactivation by BFA is associated

with the development of resistance to VM26. Our results suggest that
BFA-induced resistance to VM26 in EMT6 cells is mediated by the
activation of NF-Â«Brather than the induction of GRP78.

MATERIALS AND METHODS

Cell Culture. Mouse mammary tumor (EMT6) cells (provided by Dr. S.
Rockwell, Yale University, New Haven, CT) were grown as a monolayer in
Waymouth's MB 752/1 medium with L-glutamine (Life Technologies, Inc.,

Gaithersburg, MD) supplemented with 15% fetal bovine serum (Sigma Chem
ical Co., St. Louis, MO). 100 units/ml penicillin, 100 units/ml streptomycin,
and 25 ng/ml gentamicin sulfate (Biofluids, Rockville, MD). The cells were
maintained at 37Â°Cin a humidified atmosphere of 5% CO2/95% air and

passaged every three to four days. For clonogenicity studies. Northern blotting,
and gel shift assays, cells were seeded at a density of 3-4 x IO4 cells/ml and

grown for 36-40 h before treatments.

Reagents. VM26, obtained from Bristol Myers (Syracuse, NY), was dis
solved in DMSO at a concentration of 100 mM and stored at -20Â°C. BFA

purchased from Sigma was dissolved in 70% ethanol at a concentration of 10
mg/ml and stored at 4Â°C.MG-132 was purchased from Biomol (Plymouth

Meeting, PA), prepared in DMSO at a concentration of 50 mM, and stored at
-20Â°C. OA purchased from Calbiochem (San Diego, CA) was prepared in
DMSO at a concentration of 100 /UMand stored at -20Â°C. CAS, purchased

from Biomol, was dissolved in sterile water at a concentration of 10 mg/ml and
stored at â€”¿�20Â°C.For treatment of cells, all reagents were diluted in Way-
mouth's medium to obtain final concentrations.

Clonogenicity Assays. EMT6 cells were seeded in 25-cm2 tissue culture

flasks and allowed to reach log growth for 36-40 h. After drug exposure, cells
were harvested, counted, and serially diluted in Waymouth's medium. Cells

were seeded in 60 x 10-mm tissue culture dishes in triplicate for each
treatment. Dishes were incubated at 37Â°Cin a humidified atmosphere of 5%

CO2/95% air for 7 days. Colonies were subsequently stained with 0.25%
crystal violet, and numbers of colonies were counted to determine the percent
age of plating efficiency. The percentage of control survival was then calcu
lated by comparing the percentage of plating efficiency of VM26-treated cells
to that of untreated or vehicle-treated control cells. Plating efficiencies for
EMT6 cells ranged from 55-70%. Clonogenicity data were statistically ana
lyzed using a one-way ANOVA with Dunnett's test to detect treatment

differences with P < 0.05.
RNA Extraction and Northern Blot Hybridization. At the end of treat

ment, cells were washed with ice-cold PBS and scraped into ice-cold PBS with

a rubber spatula. Cell pellets were collected by centrifugation and dissolved in
1 ml of solution D [4 M guanidinium thiocyanate. 25 mM sodium citrate (pH
7.0), 0.5% sarcosyl, and 0.1 M ÃŸ-mercaptoethanol]. Total RNA was isolated
using the acid guanidinium thiocyanate-phenol-chloroform method as de
scribed by Chomczynski and Sacchi (36). RNA, 15-20 yu.g/lane. was electro-
phoretically separated in a 1% formaldehyde-agarose gel, blotted to a nylon
membrane (Gelman, Ann Arbor, MI), and fixed by baking at 80Â°Cfor 2 h. The
membranes were subsequently hybridized with 12P-labeled cDNA probes in

hybridization solution (Oncor, Gaithersburg, MD) for 18 h, washed, and
exposed to X-ray films at -70Â°C with intensifying screens. Hamster GRP78

cDNA isolated from p3C5 plasmid (provided by Dr. A. S. Lee, University of
Southern California, Los Angeles, CA) and rat 18S rRNA isolated from pXCl
plasmid were labeled with [a-32P]dCTP (3000 Ci/mmol; ICN, Costa Mesa,

CA) using the random primer method as described by Feinberg and Vogelstein
(37). Levels of mRNA or 18S rRNA were quantitated by the Personal Den-

sitometer SI (Molecular Dynamics, Sunnyvale, CA). The GRP78 mRNA level
was normalized to the 18S rRNA level in each lane to correct for differences
in the amount of total RNA loaded.

Nuclear Extraction. Nuclear extracts were prepared from 1 x IO7cells as

described by Stein et al. (38). Cells were washed with ice-cold PBS and
scraped into ice-cold PBS with a rubber spatula. Cell pellets were collected by

centrifugation and resuspended in 100 /ul of lysis buffer [10 mM HEPES (pH

7.9), 1 mM EDTA, 60 mM KC1. 1 mM DTT, 0.5% NP40, 0.5 mM sodium
orthovanadate. and 1 mM phenylmethylsulfonyl fluoride]. Nuclei were sedi-
mented, washed, resuspended in 50-100 /j.1 of nuclear resuspension buffer
[250 mM Tris-HCl (pH 7.8), 60 mM KC1, 1 mM DTT, 0.5 mM sodium

orthovanadate, and 1 mM phenylmethylsulfonyl fluoride], and lysed by three
cycles of freezing and thawing in an ethanol-dry ice bath. Nuclear extract was

cleared by centrifugation. Protein concentrations of extracts were determined
by the BCA method (Pierce, Rockford, IL).

EMSA. Oligonucleotide (Promega Corp., Madison, WI) containing NF-KB
consensus sequence (5'-AGTTGAGGGGACTTTCCCAGGC-3') was end-
labeled with 10 mCi/ml [-y-'-P]ATP (6000 Ci/mmol; Amersham, Arlington

Heights, IL/Andotek, Irvine, CA) in the presence of T4 polynucleotide kinase
(Promega). Unincorporated [y-32P]ATP was removed by chromatography

through a G-25 spin column (Worthington. Plymouth Meeting, PA). Nuclear
extract (8-10 jug) was incubated with 3-4 jug of poly(dl-dC) and 1 /xl (0.035

pmol) of end-labeled Oligonucleotide (50,000-200,000 cpm) in 10 mM Tris-

HCl (pH 7.5), 50 mM NaCl, 0.5 mM EDTA, 1 mM MgCl,, 0.5 mM DTT, and
4% glycerol at room temperature for 20 min. Reactions were subsequently
analyzed by electrophoresis on a nondenaturing 6% polyacrylamide gel in
0.5 X TBE [0.9 M Tris base, 0.9 M boric acid, 2 mM EDTA (pH 8.0)] at 110
V for 3 h. The gel was then vacuum-dried on a filter paper and exposed to
X-ray films at -70Â°C with intensifying screens. For competition experiments,

a 50-fold excess of unlabeled NF-KB or AP-1 Oligonucleotide was included in

binding reactions.

RESULTS

The Level of GRP78 Induction Did Not Correlate with the
Development of Resistance to VM26 in EMT6 Cells. BFA has been
shown to induce the expression of GRP78 (29, 30) and to cause
resistance to topoisomerase II-directed agents (4). We first determined

whether BFA induced GRP78 mRNA and resistance to VM26 in
EMT6 cells. In addition, we tested the effect of OA and CAS on the
expression of GRP78 and the development of drug resistance. To
introduce ER stress without disturbing other cellular functions, EMT6
cells were exposed to 10 /ug/ml BFA for 2 h and then fed with fresh
BFA-free medium for 6 h. This treatment regimen was chosen be

cause it results in no alteration in cell survival compared with un
treated control cells and produces no changes in DNA, RNA, or
protein synthesis.4 To inhibit the two major serine/threonine phos-

phatases PP1 (IC50, 10-15 HM)and PP2A (IC50, 0.1 HM)in cells (33),

EMT6 cells were exposed to 60 nM OA for 8 h (a time period
comparable with the BFA protocol). To block protein glycosylation,
EMT6 cells were continuously exposed to 10 jug/ml CAS for 6 h (14,
35). Total RNA was isolated from cells at the end of each treatment
and analyzed by Northern blot hybridization. Fig. 1 shows that treat
ment of EMT6 cells with BFA or CAS resulted in a marked increase
(8.5- and 3.9-fold, respectively) in GRP78 mRNA compared with the

control cells. In contrast, OA caused a relatively small increase
(2.1-fold)inGRP78mRNA.

To determine whether the resistance developed to VM26 was
correlated with GRP78 levels, clonogenicity assays were performed.
EMT6 cells were treated as described above except VM26 (final
concentration, 2.5 JLIM)was added during the last hour of BFA, OA, or
CAS treatment. OA treatment was toxic to EMT6 cells, reducing the
plating efficiency to 41% of control, whereas BFA and CAS treat
ments were not toxic (102-110% of control). Plating efficiencies were

corrected for toxicity or increased survival due to OA, BFA, or CAS
treatment. As shown in Fig. 2, both BFA and OA treatments produced

4 R. L. Russell and K. A. Kennedy, unpublished data.
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GRP78 â€¢¿�

18SrRNA

Fig. I. Effect of BFA. OA. and CAS on the expression of GRP78 mRNA in EMT6
cells. Tolal RNA was isolated from cells treated with either IO /ig/ml BFA for 2 h,
followed hy BFA-free medium for 6 h. 60 nM OA for 8 h, or IO (ig/ml CAS for 6 h. The
RNA wa.s isolated and analysed hy Northern blot hybridisation using '2P-labeled GRP78

and 18S rRNA probes. The auloradiograph of 2.6-kh GRP78 mRNA and 18S rRNA is
shown. -

a statistically significant increase in the survival of cells treated with
VM26 (18 and 14%, respectively) compared with the survival of
nonstressed cells treated with VM26 alone (0.66%). In contrast, cells
treated with CAS showed no change in cell survival (0.48%). Taken
together, these data suggest that the induction of GRP78 mRNA was
not consistently associated with the resistance to VM26 in EMT6 cells
treated with BFA, OA. and CAS.

Both BFA and OA Induced Activation of NF-KB in EMT6
Cells. BFA has been shown to activate NF-KB via the ER-overload

pathway (14, 15, 31, 32). OA has also been reported to activate
NF-KB (33). To determine whether NF-KB is activated by BFA and

OA in EMT6 cells, EMSAs were performed to measure the increase
in the specific DNA binding of NF-KB in the nucleus. EMT6 cells
were treated either with 10 fj.g/ml BFA for 2 h, followed by BFA-free

medium for 6 h, or 60 nM OA for 8 h. Aliquots of the cells were
harvested at 1-, 2-, 4-, 6-, and 8-h time points after initiating BFA or

OA treatment. Nuclear extracts were prepared from these cells and
assayed for activated NF-KB. As shown in Fig. 3-4, the activation of
NF-KB by BFA was detected at 2 h after the addition of BFA to the
medium. The activation reached the maximal level at 4-6 h and
subsequently declined at 8 h. The kinetics of NF-KB activation in
duced by OA were different. Fig. 4/4 shows that OA-mediated acti
vation of NF-KB was initially detectable at 4 h. NF-KB activity

gradually increased during the rest of the incubation period with OA.
To demonstrate the specificity of DNA binding activity for NF-KB.

competition experiments were performed with unlabeled NF-KB and
AP-1 consensus oligonucleotides. The consensus sequence of AP-1 is
not related to that of NF-KB. Figs. 3ÃŸand 4B show that both the upper
and lower NF-KB binding complexes induced by BFA or OA were
completely blocked by a 50-fold excess of the unlabeled NF-KB
oligonucleotide but not by the unlabeled AP-1 oligonucleotide. The

appearance of upper and lower complexes, which could be p65/p50
and p50/p50 dimers. respectively, is consistent with previous findings
(19, 39). These data demonstrate that treatment with BFA or OA
induced activation of NF-KB in EMT6 cells.

The Proteasome Inhibitor MG-132 Blocked Activation of
NF-KB Induced by Both BFA and OA. Activation of NF-KB occurs

via proteolytic degradation of phosphorylated IKB. which is mediated
by the proteasome. Treatment with various inhibitors of the protea-
some has been shown to block activation of NF-KB by inhibiting IKB
degradation (24, 40). We tested whether the activation of NF-KB by
BFA or OA can be blocked by the proteasome inhibitor MG-132, a

peptide aldehyde designed against the chymotryptic activity of the

20S/26S proteasome (41). EMT6 cells were treated with 2.5 JUM
MG-132 30 min before commencement of BFA or OA treatment as

described above. Nuclear extracts were isolated from the cells har
vested at 2, 4, and 8 h after initiating BFA treatment, or at 8 h in OA
treatment, and assessed for NF-KB activation using EMSAs. Treat
ment with MG-132, as shown in Fig. 5A, resulted in marked inhibition
of NF-KB activation induced by BFA. In addition, as shown in Fig.
5ÃŸ.the activation of NF-KB by OA was also inhibited by MG-132.
These data indicate that treatment with MG-132 is able to inhibit
BFA- or OA-induced activation of NF-KB in EMT6 cells.

MG-132 Prevented Resistance to VM26 Induced by BFA. To
test whether the activation of NF-KB is involved in the development

of resistance, we assessed the ability of the proteasome inhibitor
MG-132 to prevent BFA-induced resistance to VM26. Preliminary
experiments with MG-132 showed that this compound was toxic to

EMT6 cells at concentrations above 2 p.\\ but not toxic to EMT6 cells
at concentrations at or below 1 /J,M.Treatment with 2.5 /XMMG-132

resulted in 35% reduction of cell survival. Plating efficiencies were
corrected for toxicity due to MG-132 treatment. EMT6 cells were
pretreated with 2.5 JU.MMG-132 and then exposed to 10 fig/ml BFA
for 2 h, followed by a 6-h BFA-free period in the continued presence
of MG-132. During the last hour, cells were exposed to various

concentrations of VM26 and subsequently evaluated for survival by
clonogenicity assays. Fig. 6 shows that EMT6 cells treated with BFA
were significantly resistant compared with the untreated control cells
at all concentrations of VM26 examined. Cells treated with MG-132

alone remained equisensitive to lower concentrations of VM26 (0.5
and 1.0 /MM)as untreated cells but were slightly and significantly
resistant to higher concentrations of VM26 (2.5 and 5 /UM).When cells
were treated with BFA in the presence of MG-132, the BFA-induced

resistance to VM26 was completely reversed back to that of cells
treated with MG-132 alone. In preliminary studies, treatment with low
doses of MG-132 (1 Â¿Â¿M).however, did not prevent BFA-induced
resistance to VM26 and failed to prevent the activation of NF-KB by
BFA. These results indicate that treatment with MG-132, which
abrogates the activation of NF-KB. prevents the resistance to VM26

induced by BFA in EMT6 cells.

25
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NS OA BFA CAS

Fig. 2. Effect of BFA. OA. and CAS on Ihe survival of EMT6 cells exposed to VM26.
Cells were treated with either 10 pig/ml BFA for 2 h. followed hy BFA-free medium for

6 h. 60 nM OA for 8 h. or IO /Â¿g/mlCAS for 6 h. During the last hour of BFA. OA. and
CAS treatment, cells were exposed to 2.5 Â¿IMVM26. Clonogenicity assays were per
formed ItÂ»determine the survival after VM2f> treatment in nonstressed (WS). OA-. BFA-.
and CAS-pretrealed cells. Dala represent Ihe mean survival from at least three independent
experiments; bars, SD. *. survival of stress-treated cells is significantly different
(P < 0.05. Dunnett's test) from that of nonsiressed cells.
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Fig. 3. A, time course of NF-KB activation in EMT6 cells treated with BFA. EMT6
cells were treated with IO ng/ml BFA for 2 h. followed by BFA-free medium for 6 h.
Nuclear extracts were isolated from cells harvested al the limes indicated. Equal amounts
of nuclear prolein were assayed for UNA binding activity by EMSA using the 12P-labelcd
NF-KB consensus oligonucleotide. Specific NF-KB-DNA binding complexes (upper and
lower), nonspecific binding complex (N.S. ), and NF-KB oligonucleotide (Free Probe) are
shown. B. demonstration of specificity for NF-KB binding by competition assays. Nuclear
extracts from untreated control and BFA-lrcaled (harvested at 8 h) cells were incubated
with "P-labeled NF-KB oligonucleotide in the presence of 50-fold excess of nonlabclcd

NF-KB or AP-I consensus oligonucleotide. DNA-protein binding activity was analyzed by
EMSA. Binding complexes and free probe are indicated. N.S.. nonspecific binding
complex.

Free Probe

Fig. 4. A. time course of NF-KB activation in EMT6 cells treated with OA. EMT6 cells
were treated with 60 nM OA for 8 h, and nuclear extracts were isolated from cells
harvested at the times indicated. Equal amounts of nuclear protein were assayed for DNA
binding activity by EMSA using the "P-labelcd NF-KB consensus oligonucleotide.
Specific NF-KB-DNA binding complexes (upper and lower), nonspecific binding complex
(N.S.), and NF-KB oligonucleotide (Free Probi-) are shown. H. demonslralion of speci
ficity for NF-KB binding by competition assays. Nuclear extracts from untreated control
and OA-trcated (harvested at 8 h) cells were incubated with "P-labelcd NF-KB oligonu-
clcolidc in the presence of 50-fold excess of nonlabclcd NF-KB or AP-1 consensus
oligonucleotide. DNA-protein binding activity was analy/.ed by EMSA. Binding com
plexes and free probe are indicated.
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Fig. 5. A, inhibition of NF-KB activation by MG-132 in EMT6 cells treated with BFA.

EMT6 cells were treated with BFA as described in Fig. 3 in the absence or presence of
2.5 ;J.MMG-132. Nuclear extracts from control cells and the cells harvested at 2. 4. and
8 h were analyzed by EMSA to determine NF-KB activity. B. inhibition of NF-KB by
MG-132 in EMT6 cells treated with OA. EMT6 cells were treated with OA as described
in Fig. 4 in the absence or presence of 2.5 JIM MG-132. At the end of OA treatment,
nuclear extracts were isolated from cells and analyzed by EMSA. MG-132 was added 30
min before commencement of BFA or OA treatment. Specific NF-KB binding complexes,

nonspecific binding (N.S.), and free probe (Free Probe) are shown.

VM26 (MM)

Fig. 6. The effect of MG-132 on BFA-induced resistance to VM26 in EMT6 cells.
EMT6 cells were treated with 2.5 JUMMG-132 for 8 h (D). 10 p.g/ml BFA for 2 h,
followed by BFA-free medium for 6 h (â€¢),or both in combination (A). MG-132 was

added 30 min before commencement of BFA treatment. During the last hour of treatment,
cells were exposed to various concentrations of VM26 and subsequently evaluated for
survival by clonogenicity assays. Points represent the mean survival from four independ
ent experiments; bars. SD. The survival of untreated control cells is also shown (O).

DISCUSSION

It has been recognized that conditions that induce GRP78 concom-
itantly cause resistance to topoisomerase II-directed agents in tumor

cells (2, 3, 12, 13). Although a strong correlation between GRP78 and
the drug resistance has been suggested, other cellular responses to ER
stress concurrent with GRP78 induction may be involved in the
development of drug resistance. Recent studies in ER stress elucidated
a novel signal transduction pathway that leads to the activation of
NF-KB, named the ER-overload response pathway (14, 32). This

pathway is distinct from the unfolded protein response pathway,
which results in the induction of GRP78. In general, various chemical
agents and environmental conditions that cause ER stress indiscrim
inately elicit both signal transduction pathways (31, 32).

BFA has been shown to specifically inhibit forward vesicular
transport from the ER to the Golgi apparatus (42). Abnormal accu
mulation of proteins in the ER due to blockade in protein trafficking
by BFA induces the expression of GRP78 (29, 30). We have chosen
BFA to introduce ER stress through this novel mechanism and there
fore to dissociate unwanted cellular responses that could be induced
by other stress inducers. Because exposure of cells to BFA cause rapid
redistribution of Golgi proteins into the ER (43), EMT6 cells were
treated with BFA for 2 h and then incubated with BFA-free medium

for 6 h to allow recovery and reconstitution of Golgi structures. At the
end of the 6-h BFA-free period, EMT6 cells also show no apparent
changes in DNA, RNA, and protein synthesis.4 EMT6 cells treated

with BFA have a marked increase (8-fold) in GRP78 mRNA. CAS, a

glucosidase inhibitor, may lead to the accumulation of unfolded
proteins in the ER due to improper glycosylation. We found that
treatment with CAS also caused a strong induction (4-fold) of GRP78

mRNA in EMT6 cells. In contrast, cells treated with OA had a
relatively small increase in GRP78 mRNA. OA is known as a specific
inhibitor of serine/threonine phosphatases types 1 and 2A (44). Be
cause phosphorylation is suggested to play a key role in the regulation
of GRP78 expression (30, 34), a slight increase in GRP78 mRNA by
OA suggests that the prolonged incubation with OA may enhance
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overall serine/threonine phosphorylation in cells and lead to an ele
vation in basal GRP78 levels. Our data from clonogenicity assays
indicate that both BFA and OA treatment led to comparable levels of
resistance to VM26, despite the marked differences in their effect on
GRP78 induction. In addition, cells treated with CAS that induced
GRP78 mRNA showed no resistance to VM26. Thus, the induction of
GRP78 mRNA was independent of the resistance to VM26 in EMT6
cells. These data suggest that the unfolded protein response pathway
is not involved in the drug resistance induced by BFA.

We have demonstrated that treatment of EMT6 cells with BFA or
OA induced activation of NF-KB. NF-KB activity was strongly in

duced by BFA within 2 h after initiating treatment, and this level of
activity persisted for over 6 h. The decline in NF-KB activation

observed at 8 h may result from the removal of BFA after 2 h of
exposure. Because NF-KB has been shown to induce transcription of

the IKB gene (45), the decline may be also due to an increase in IKB
levels induced by NF-KB itself. Compared with BFA, OA produced a
slower activation of NF-KB. The activation appeared slowly and

increased persistently with the time of OA incubation. This observa
tion is consistent with the finding by others that the delay in NF-KB

activation by OA is associated with the delay in the inhibition of
phosphatase activity by OA (46). Despite the different kinetics of
NF-KB activation, our data suggest that activation of NF-KB could be

the common response associated with the development of drug resist
ance by both BFA and OA. This hypothesis is further supported by
our finding that CAS, which has been shown to have no effect on
NF-KB (14), did not cause resistance to VM26.

The activation of NF-KB in response to various stimuli is regulated

by phosphorylation (21, 22) and subsequent degradation of 1KBby the
proteasome (23, 24). We have shown that treatment of EMT6 cells
with the proteasome inhibitor MG-132 abrogated the activation of
NF-KB induced by BFA. To minimize the toxicity, MG-132, at the

concentration used in the present study, may not completely block
BFA-induced NF-KB activation. This could lead to the observation of
some slight activation of NF-KB in cells treated with BFA in the
presence of MG-132 (Fig. 5A). We hypothesize that this slight acti
vation of NF-KB may contribute to the slight resistance that cannot be
reversed by MG-132 in clonogenicity assays (Fig. 6). Noticeably.
MG-132 treatment alone also induced slight resistance to VM26 at the

two highest concentrations of drug. At present, we do not have
sufficient data to explain this phenomenon. However, because the
proteasome plays an essential role in the turnover of cellular proteins,
treatment with MG-132 may promote the accumulation of antiapop-
totic proteins (e.g., c-jun and bcl-2). which protects against cell death
initiated by high concentrations of VM26. Alternatively, MG-132

may interfere with cell cycle progression or DNA/RNA/protein syn
thesis and render cells less sensitive to VM26. Nevertheless, treatment
with the proteasome inhibitor MG-132 suppressed NF-KB activation

and prevented the majority of resistance to VM26 in cells treated with
BFA. Given the evidence that abrogation of NF-KB activation is

strongly correlated with suppression of resistance to VM26, we con
clude that NF-KB may be potentially involved in BFA- and OA-

induced resistance to VM26 in EMT6 cells.
VM26 and etoposide are the derivatives of epipodophyllotoxins

that have being used clinically against several human neoplasms. The
anticancer activity of these agents is presumably due to their ability to
induce double-stranded breaks in DNA by binding to topoisomerase II
and stabilizing the topoisomerase II-DNA cleavable complex (47-
49). Growing evidence indicates that topoisomerase II-directed agents

cause cytotoxicity toward various cell types by inducing apoptosis
(50-52). A study has shown that etoposide-induced apoptosis and
cytotoxicity can be inhibited by overexpression of bcl-2 with no effect

on DNA damage and its repair, suggesting that the signaling events

subsequent to DNA damage are responsible for the ultimate cytotox
icity (53). Recently, a protective role for NF-KB in apoptosis has been
suggested by data showing that inhibition of NF-KB activation en

hances the apoptotic effect of daunorubicin (26), a chemotherapeutic
agent that also targets topoisomerase II. These additional data support
our hypothesis that BFA-induced NF-KB activation, rather than

GRP78 induction, is associated with the development of resistance to
VM26.

It is well known that cells in solid tumors are often inherently
resistant or insensitive to chemotherapy. Here, we have demonstrated
that introducing ER stress by BFA treatment induced activation of
NF-KB concomitant with the development of resistance to VM26.

This decrease in drug sensitivity can be prevented by using the
proteasome inhibitor MG-132. which blocks activation of NF-KB.

Other conditions that induce ER stress, including hypoxia, low pH,
and nutrient deprivation, are often found in the solid tumor microen-
vironments ( 1). The concentrations of VM26 (0.5-10 /XM)used in our

studies are below the range of plasma concentrations of teniposide ( 18
/AM)that can be achieved clinically (54). Thus, the stress-induced drug

resistance to topoisomerase II inhibitors may be an important com
ponent of the clinical intrinsic resistance of some solid tumors to these
agents. Because activation of NF-KB in cells as a response to stressful

environments may contribute to chemotherapeutic resistance, our
results would suggest that chemotherapeutic approaches that inhibit
NF-KB activation may improve the efficacy of topoisomerase II-

directed agents, such as VM26. etoposide, and doxorubicin, in solid
tumors.
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