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ABSTRACT

Treatment of chloroethylnitrosourea-resistent cells with streptozotocin
(STZ) prior to bis-chloroethylnitrosourea (BCNU) exposure has been
shown to result in a depletion of 06-methylguanine DNA methyltransfer-
ase (MGMT) activity, increased BCNU-induced interstrand cross-link
ing, and a 2-3 log enhancement of BCNU cytotoxicity in vitro. The
current study was undertaken to define the kinetics of repletion of MGMT
activity following the STZ/BCNL1 combination and to assess at the

molecular level the effects of the combination on MGMT mRNA expres
sion. Results demonstrate that MGMT activity can be depleted by >90%
relative to untreated controls using an optimized STZ/BCNU combination
regimen and that >50% depletion can be maintained for at least 24 h.
This depletion appears to be independent of effects at the mRNA level
because neither STZ alone nor the STZ/BCNU combination significantly
altered steady state levels of MGMT mRNA. Cytotoxicity studies are
consistent with MGMT repletion data and demonstrate that, as the
interval between STZ and BCNU exposures increases, the degree of
enhanced cytotoxicity induced by the combination relative to BCNU
alone decreases. These results suggest that the enhanced cytotoxicity
induced by the STZ/BCNU combination over BCNU treatment alone is
favored by both the lack of induction of expression of MGMT mRNA
and by slow reappearance of MGMT activity.

INTRODUCTION

The CENUs4 are a class of bifunctional alkylating agents
clinically useful in the treatment of cancer (1-3). The com
pounds form DNA monoadducts at the O6 position of guanines

in one DNA strand, which subsequently undergo slow intra
molecular rearrangement to yield /V'-guanine, /V3-cytosine DNA
interstrand cross-links (4, 5). The clinical utility of these com
pounds is limited by the ability of tumors to avoid CENU-
induced cytotoxicity by repairing the CENU-induced cross-link
precursor. This repair is carried out by the enzyme MGMT,
which stoichiometrically removes O'-methyl and Ã‰^-alkyl
groups from adducted guanines (6-10).

Enhancement of the cytotoxic potential of CENUs can the
oretically be accomplished by depletion of MGMT in tumor
cells. MGMT depletion has been successfully accomplished
using a number of agents (MNNG, 0"-benzylguanine, STZ)
which either directly inactivate the protein or form C^-alkyl-
guanine DNA adducts which saturate the MGMT repair system
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(11-20). Work in this laboratory has centered on combination
therapy involving STZ pretreatment followed by BCNU expo
sure. In a highly resistant human colon tumor cell line (HT-
29), STZ pretreatment caused a >75% depletion of MGMT
activity (18). STZ pretreatment followed by BCNU exposure
resulted in an increase in BCNU-induced DNA interstrand
cross-linking and a 2-3 log enhancement of BCNU-induced
cytotoxicity versus cells treated with STZ or BCNU alone (18).
Additional studies have shown that, as the interval between
STZ and CENU exposure was increased, synergistic effects of
the combination on DNA interstrand cross-linking and cyto
toxicity were diminished, presumably due to repletion of
MGMT activity (18, 19). The current study was undertaken to
define the kinetics of MGMT activity repletion following the
STZ/BCNU combination and also to assess at the molecular
level the effects of the combination on MGMT mRNA expres
sion. Results demonstrate that MGMT activity can be depleted
by >90% relative to untreated controls using an optimized
STZ/BCNU combination regimen and that significant deple
tion can be maintained for >24 h. This depletion appears to be
independent of effects at the piRNA level because neither STZ
alone nor the STZ/BCNU combination significantly alters
steady state levels of MGMT mRNA. Cytotoxicity studies are
consistent with data describing repletion of MGMT activity
and demonstrate that, as the interval between STZ and BCNU
exposures increases, the degree of enhanced cytotoxicity in
duced by the combination relative to BCNU alone decreases.
These results suggest that the enhanced cytotoxicity induced by
the STZ/BCNU combination over BCNU treatment alone is
favored by both the lack of induction of expression of MGMT
mRNA and by slow reappearance of MGMT activity.

MATERIALS AND METHODS

Cell Culture. HT-29 cells were cultured in Eagle's minimum essential

medium supplemented with 10% bovine calf serum (HyClone Labora
tories, Logan, UT), glutamine, sodium pyruvate, biotin, vitamin B,2,
nonessential amino acids, and gentamycin. Cultures were maintained
in log phase at 37Â°Cin a 95% air: 5% CO2 atmosphere.

MGMT Activity Assays. MGMT activity was measured by a restric
tion endonuclease inhibition assay as previously described (18, 21). The
technique has been shown to yield results comparable to those derived
using other MGMT activity assays in terms of quantitation, sensitivity,
and proportionality (12, 21, 22). HT-29 cells were exposed to noncy-
totoxic doses of STZ (0 or 2.5 HIM)for 1 h, after which the medium
was changed and cells were exposed to 0 or 100 MMBCNU for 1 h.
Following BCNU removal the cells were postincubated in fresh medium
for 0, 3. 6, 12, or 24 h. After postincubation, cells were collected,
washed in cold phosphate-buffered saline (pH 7.4), resuspended (5 x
IO6cells/ml) in lysis buffer (50 miviTris, pH 8.0-5 mivi MgCl:-l IHM

dithiothreitol), and sonicated on ice (6 x 5 s, Virsonic cell disrupter
Model 16-850, setting 35). To assay for MGMT activity, total cellular
protein (100 ^g) from each cell sonicate was incubated (2 h, 37Â°C)with
an 18-base pair DNA fragment labeled at one end with 12P and con
taining an O'-methylguanine lesion blocking a Pvull recognition site.
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Fig. 1. Repletion of MGMT activity in STZ- and STZ/BCNU-treated HT-29 cells following drug removal. HT-29 cells were exposed to 2.5 mM STZ for 1 h. after
which the medium was changed. Additional cultures received a 1-h exposure to 100 J<MBCNU. Following STZ or BCNU removal cells were postincubated in fresh
medium for 0. 3. 6. 12. or 24 h (as measured in all groups from STZ removal). MGMT activity in the cultures was assessed by a modified restriction endonuclease
assay (18. 21. 22). MGMT activity is proportional to the percentage of the end-labeled O'-methylguanine-containing 18-base pair fragment cleaved to the 8-base pair
fragment, as determined by laser densitometry. Autoradiographic signals in additional lanes represent DNA unreacted with cell sonicate and Pru\\ (Lane l<). DNA
reacted with control cell sonicate and Prutl (C lanes), and DNA reacted with BCNU-treated (100 >IM. I h) cell sonicate and A'ull (Lane B). The autoradiograph
presented is representative of ÃŒindependent experiments.

Following extraction and ethanol precipitation, the DNA was digested
with PvuH (10 units, 37Â°C,1 h). Resulting labeled DNA fragments

were analyzed by electrophoresis on denaturing 20% polyacrylamide
gels and autoradiographed (-80Â°C, 16 h with intensifying screens).

Relative intensity of bands was determined by scanning laser densitom
etry (LKB Ultroscan XL; LKB. Bromma, Sweden).

Northern Blot Analysis of MGMT Expression. Total RNA was
isolated (23) from the same cultures used for the MGMT activity
assays. RNA (20 ng) from each group was denatured in 50% dimethyl
sulfate-1 M glyoxal at 50Â°Cfor I h and analyzed by electrophoresis in

a 1% agarose gel. The RNA was transferred to a nylon membrane
(Gene Screen Plus; New England Nuclear, Boston. MA) and hybridized
at 42Â°Cfor 24 h with either a ':P-!abeled polymerase chain reaction-

derived MGMT cDNA probe (22) or, following stripping of the probe,
a PCR-derived "P-labeled histone H3.3 probe (22). Following probe
removal the membrane was washed sequentially in 0.3 M NaCl-0.03 M
NaH2PO4-0.004 M EDTA, pH 7.4-0.1% sodium dodecyl sulfate (500
ml, 15 min, room temperature) and 0.015 M NaCl-0.0015 M NaH2POj-
0.0002 M EDTA, pH 7.4-0.1% sodium dodecyl sulfate (7 liters, 6 min,
60Â°Cin a Disk-Wisk apparatus). Histone H3.3 expression served as a

control for equal RNA loading on gels because the histone H3.3 gene
is expressed in a constitutive, replication independent manner (24).

Cell Survival Assays. HT-29 cells (0.15, 0.3, 1. 3, or 10 x IO1)were
seeded into 25-cm2 flasks in triplicate and incubated for 8-12 h to allow

complete cell adhesion to the flasks. Cells were exposed to noncytotoxic
doses of STZ (0 or 2.5 mM) for 1 h (18). STZ was removed after 1 h
by changing the medium. After 0, 3, 6, 12, or 24 h further incubation,
cells were exposed to BCNU (0, 25, 50, 75, or 100 Â¿Â¿M).BCNU was
removed after 1 h, and fresh medium was added. After 10 days colonies
were fixed with methanol and stained with mÃ©thylÃ¨neblue in phosphate
buffer.

RESULTS

Depletion and Repletion of MGMT Activity following STZ or
STZ/BCNU Exposure. To measure MGMT activity, an 18-base
pair 12P-end-labeled DNA fragment containing an C^-methyl-

guanine lesion in the PvwII restriction enzyme recognition
sequence was incubated with sonicates of control or drug-
treated cells and subsequently with Pvull. MGMT-mediated
removal of the O'-methylguanine group allows Pvul\ cleavage
of the 18-base pair fragment to an 8-base pair 12P-labeled

6 12

HOURS AFTER DRUG EXPOSURE

Fig. 2. Composite results of effects of STZ or STZ/BCNU on MGMT activity
and MGMT mRNA levels in HT-29 cells. HT-29 cells were incubated with either
STZ alone (2.5 mM. 1 h. â€¢)or STZ followed by BCNU (100 MM. I h. A).
Following STZ or BCNU removal, cells were incubated in fresh medium for 0,
3, 6, 12, or 24 h (as measured in all groups from STZ removal). MGMT activity
and MGMT mRNA levels were determined in triplicate for each group as
described for Figs. 1 and 3. Point, mean: error bar, Â±1SD of each value as
determined bv laser densitometrv.

fragment. The percentage of 18-base pair DNA converted to 8-
base pair DNA in any given sample is proportional to the
MGMT activity in the sonicate analyzed.

MGMT activity was measured in cells 0-24 h after STZ
exposure alone or 100 /IM BCNU exposure following STZ
pretreatment. Treatment of cells for 1 h with STZ alone resulted
in approximately an 80% decrease in MGMT activity relative
to untreated controls, as determined by laser densitometry of
autoradiographs (Fig. 1, Lanes C and STZ ONL Y 0). Following
STZ removal MGMT activity in cells increased, but only
slowly, such that 24 h after STZ removal cells had only 50% of
the MGMT activity of untreated controls. Exposure of cells to
BCNU for 1 h following STZ pretreatment enhanced the de-
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pletion of MGMT activity relative to STZ alone (Fig. 1, right)
but had little effect on the time course of repletion of MGMT
activity. The compiled results from triplicate MGMT analyses
following STZ or STZ/BCNU exposure are represented by the
bottom curves in Fig. 2.

Effects of STZ and STZ/BCNU Exposure on MGMT mRNA
Expression. Steady state levels of MGMT mRNA were assessed
by Northern blot analysis of RNA isolated from cells 0-24 h
after STZ exposure alone or after 100 /JM BCNU exposure
follow ing STZ pretreatment. Neither STZ exposure nor BCNU
exposure following STZ pretreatment had any significant effect
on steady state MGMT mRNA levels (Fig. 3, top panels). As
expected, histone H3.3 mRNA expression was also unchanged
by the drug treatments used (Fig. 3, bottom panels) and as such
served as a control for equal RNA loading. Compiled results
from triplicate Northern blot analyses of MGMT mRNA
expression following STZ or STZ/BCNU exposure are repre
sented by the top two cun'es in Fig. 2.

Effects of Dosing Interval between STZ Pretreatment and
BCNU Exposure on BCNU Cytotoxicity. Cytotoxicity assays
were performed on cells preincubated with a noncytotoxic dose
(2.5 HIM) of STZ and exposed 0-24 h after STZ removal to
varying concentrations of BCNU. As shown in Fig. 4, as the
interval between STZ pretreatment and BCNU exposure in
creased, enhancement of Cytotoxicity mediated by the combi
nation over that caused by BCNU alone decreased. Maximal
enhancement of BCNU Cytotoxicity (approximately 2-3 logs)

was achieved when BCNU exposure was initiated immediately
after STZ removal. Cytotoxic enhancement mediated by the
STZ/BCNU combination gradually decreased as the interval
between STZ pretreatment and BCNU exposure increased,
such that BCNU exposure 24 h after STZ removal was no more
cytotoxic than BCNU exposure alone.

DISCUSSION

STZ has been demonstrated in vitro to sensitize CENU-
resistant cells to the cytotoxic effects of BCNU via MGMT
depletion, and the combined use of the compounds is currently
undergoing evaluation in Phase l/II clinical trials (19). The
present study was initiated to more carefully examine the ki
netics of repletion of MGMT activity following STZ or STZ/
BCNU treatment and to examine drug effects on MGMT
mRNA levels. MGMT activity was significantly depleted by
STZ alone and by the STZ/BCNU combination, as has been
previously demonstrated (18). Repletion of MGMT activity
following STZ treatment alone or the STZ/BCNU combination
was, however, relatively slow, with drug-treated cells containing
50% of control MGMT activity even 24 h after drug removal.
This time course of MGMT activity recovery is very similar to
that noted in HeLa CCL2 cells following an 88 or 80% deple
tion of MGMT activity by MNNG or (T-methylguanine, re
spectively (12, 14), and in HL-60 cells following a 90% O6-
methylguanine-induced depletion of MGMT activity (16). The
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Fig. .1. Northern blot analysis of MGMT mRNA steady stale levels in STZ- and STZ/BCNL'-treatcd HT-29 cells. HT-29 cells were incubated with either STZ
alone (2.5 mM. 1 h. A) or STZ followed by BCNU (100 n\i. I h. B). Following STZ or BCNl' removal, cells were incubated in fresh medium for 0. 3. 6. 12. or 24 h
(as measured in all groups from STZ removal) after which total RNA was isolated. RNA (20 >jg)from each group was glyoxylated. elcctrophoresed. and transferred
to a nylon membrane as described. The membrane was hybridised at 42'C for 24 h with either a "P-labeled PCR-derived MGMT cDNA probe (22) (toppanels) or.
following stripping of the probe, a I'CR-derived "P-labcled histone H3.3 probe (22) (bottom panels). Following probe removal the membrane was washed and
auloradiographed as described in "Materials and Methods." The MGMT cDNA probe hybridi/ed to a single 950-nuclcotide transcript, while the histone H3.3 probe
hybridized lo a single 1020-nucleotide transcript.
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Fig. 4. Effects of dosing interval between STZ and STZ/BCNU on BCNU
cytotoxicity. Triplicate HT-29 cultures (0.15. 0.3. I, 3. or 10 X 10' cells/group)

were exposed to 2.5 HIM STZ for 1 h. Following drug removal, the medium was
changed, and after 0 (â€¢).3 (A). 6 (â€¢).12 (D), or 24 (A) h further incubation, cells
were exposed to 0. 25. 50. or 100 Â¿IMBCNU. After 1 h the BCNU was removed
and fresh medium was added. After 14 days the surviving fraction was determined
by dividing the number of colonies formed by drug-treated cells by that formed
by control cells. Point, mean; error bar, Â±1 SD of each value as determined in 3
independent experiments.

time course is also consistent with the known rate of MGMT
resynthesis (700 molecules/cell/h) in HT-29 cells following
MNNG-induced MGMT depletion (12). These results suggest
that the cell lines assayed respond in a similar fashion to
MGMT depletion regardless of the cause of the depletion.

The relationship between depletion of MGMT activity and
BCNU cytotoxicity appears to be characterized by a threshold
effect. As shown by data from the bottom curves of Fig. 2 and
cytotoxicity data in Fig. 4, in the 12 h following STZ/BCNU
removal, MGMT activity increases in HT-29 cells from ap
proximately 3% of control values at time 0 to 8 and 34% 6 h
and 12 h, respectively, following drug removal. This increase
in MGMT activity corresponds to an approximately 1 and 1.5
log decrease in the cytotoxicity of BCNU following the same 6
and 12 h, respectively, dosing schedule. Conversely, the 50%
depletion of MGMT activity noted in cells 24 h after the
removal of STZ/BCNU has no significant effect on BCNU
cytotoxicity. These results suggest that a relatively large reduc
tion of MGMT activity is necessary to sensitize cells to BCNU
and that beyond this degree of depletion further reduction of
MGMT activity results in large increases in BCNU cytotoxicity.
The threshold value of MGMT activity depletion is, however,
likely to be dependent on the STZ/BCNU dose used because

drug exposure determines the amount of lesions to be repaired.
Slow repletion of MGMT activity in HT-29 cells following

STZ/BCNU exposure appears consistent with effects of the
drug combination on MGMT mRNA levels. Neither STZ nor
the STZ/BCNU combination induce expression of MGMT
mRNA, which is consistent with numerous studies demonstrat
ing a lack of induction of MGMT activity in mammalian cells
following a variety of chemical insults (12, 25-29). MGMT
mRNA expression appears also not to be suppressed by STZ
alone or by the STZ/BCNU combination treatment, although
such an effect could be obscured if the MGMT mRNA had an
extraordinarily long half-life (>24 h). The Northern blot analy
sis and MGMT activity studies presented suggest that, under
the conditions examined, the MGMT mRNA levels are non-
inducible. Because MGMT cannot be reactivated following
alkyl transfer (12, 30), and because MGMT repletion is de
pendent on RNA and protein synthesis (12, 16), MGMT activ
ity appears to increase following STZ treatment only as gradual
resynthesis of MGMT begins to exceed consumption of
MGMT by STZ- and BCNU-induced 0" alkylguanine lesions.

The lack of induction of MGMT mRNA thus contributes to
the slow repletion of MGMT activity following STZ/BCNU
exposure, and both factors appear to favor, and at least in part
explain, the success of the STZ/BCNU combination regimen
in sensitization of CENU-resistant cells to BCNU cytotoxicity.
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