


M-2-INDUCED DRUG RESISTANCE

Using a human B-lymphoma cell line we have found that transfec-
tion and expression of the bcl-2 gene provide the cells with a distinct

survival advantage after imposition of a thymidylate stress. There
were, however, no changes in any of the parameters described above,
which are considered to determine sensitivity or resistance to this class
of cytotoxic drug. This endorses proposals for the presence of novel
mechanisms of drug resistance which are downstream of the events
associated with drug target interactions and their close sequelae.

MATERIALS AND METHODS

Materials. All reagents, unless otherwise specified, were from Sigma Ltd.,
or from BDH UK (Poole). Radiochemicals were from Amersham International
(United Kingdom).

Cell Culture. The cell lines used were derived from an EBV genome-
positive Burkitt's lymphoma, MUTU-BL. Cloned sublines were selected

which stably retained the phenotype of the original biopsy cells (Group I
MUTU-BL), including the ability to undergo apoptosis (24-26) and lack of
detectable bcl-2 protein expression (25). bcl-2 transfects of MUTU-BL cells

were derived as described elsewhere (27). Briefly, cells were transfected by
electroporation in the presence of the pcAj-ec/-2 plasmid constructed by
Tsujimoto (28). Control transfectams containing vector alone (pcAj-SV2) were

derived in parallel. Transfectants were selected using G418 (Geneticin; Sigma),
and bcl-2 expression was monitored by immunoblotting and immuno-
fluorescence/flow cytometry using the Â¿>c/-2-specific monoclonal antibody
BCL-2/124 kindly provided by Professor D. Y. Mason (Oxford, United King
dom). Clones selected for this study were the control clone 179-SV2 and the
bcl-2 transfectant clone 61 (27). Unless otherwise indicated, cells were cul

tured in RPMI 1640 containing 10% fetal calf serum in 2.5-mg/ml of Gene

ticin.
Assessment of Cytotoxicity. WÂ°-Propargyl-5,8-dideazafolic acid

(CB3717X29) and an analogue which was not polyglutamated, ICI-M247496

(30), were a gift from ICI Pharmaceuticals, Macclesfield, United Kingdom.
Cells were harvested from parental cultures after one subculture in Geneticin-

free medium and were in logarithmic growth with <10% spontaneous apop
tosis. They were seeded 2 x 105/ml (Day 0) and were incubated for 24 h prior

to drug addition to ensure that bcl-2 transfectants and SV2 vector controls were

both midway in their log phase of growth at the time of drug addition. After
exposure to drugs for 36 h, cells were washed and resuspended at the original
seeding density, using cell-free conditioned medium from stock cultures to
avoid lag-phase kinetics. Morphological features of apoptosis were monitored

by fluorescence microscopy, using acridine orange staining (5 fig/ml; Molec
ular Probes, Inc., Eugene, OR) as described previously (26). Cells were si
multaneously examined for trypan blue exclusion (0.2%; Sigma). Experiments
were carried out at least 3 times.

Flow Cytometric Analysis of Apoptosis. Apoptotic cells were quantitated
using the flow cytometric assay exactly as described by Dive et al. (31). In
brief, Hoechst 33342 (10 /LIM)(Molecular Probes) and propidium iodide (32
Â¡J.M)were added to single cell suspensions 1 min before analysis of IO4 cells,

using a Coulter Epics V instrument with UV laser excitation (100 mW) at 357
and 337 nm. Forward angle light scatter, blue fluorescence (430 to 530 nm),
and red fluorescence (above 630 nm) signals were collected for each cell
analyzed with a flow rate of 500 cells/s. Red fluorescing cells were excluded
by electronic gating. Processed data were displayed as two dimensional fre
quency contour plots of blue fluorescence (Hoechst-bound DNA, log scale)

versus forward angle light scatter (cell size, linear scale).
Cell Cycle Analysis. Flow cytometric analysis of propidium iodide-

stained, fixed cell samples allowed determination of cell cycle profiles. For
each sample, 1 x IO6 cells were resuspended in 500 fi\ of 0.1% paraformal-
dehyde in PBS (pH 7.4) containing 0.1% Triton X-100 and stored at 4Â°C.Cell

samples were stained with propidium iodide (100 fj.g/ml) for 1 to 2 min at room
temperature prior to flow cytometric analysis using a Coulter Epics V machine
(Coulter Electronics, United Kingdom). The cytometer was set to excite at 400
mW using the 488-nm line of the argon laser, and red fluorescence emissions
were collected through a 630-nm long-pass filter. Cells (2 x lO'Vsample) were

analyzed.
Quantitation of Thymidylate Synthase. TS activity was assayed in vitro

by 3H release as previously described (17). This method utilizes the conversion
of [3H]dUMP to 3H2O. For measurement of the amount of TS protein by
Western blotting, 5 X IO6 cells were washed once at 170 X g in PBS at 4Â°C,

and the dry pellet was solubilized in 200 jj.1of reducing lysis buffer [50 ITIM
Tris-HCI (pH 6.8):2% SDS:0.1% bromophenol blue: 10% glycerol]. Extracts

were then subjected to SDS:12% polyacrylamide electrophoresis. Cell lysates
from a thymidylate synthase-overexpressing cell line Wl-L2:cl were used as

a control. Western blotting was performed as described previously (32). After
transfer, immunochemical localization of protein involved incubation with a
1:1000 dilution of polyclonal antibody Rb30 (rabbit anti-human thymidylate

synthase) in TMT for 2 h at room temperature. Filters were washed 5 times in
TMT without Tween 20 and milk protein and then exposed to 1:16,000 goat
anti-rabbit IgG-horseradish peroxidase conjugate (Sigma). TBS-washed filters

were visualized by use of an ECL Western blotting detection system (Amer
sham International, Aylesbury, United Kingdom). Densitometric analysis was
performed by using an LKB 2202 Ultrascan. All densitometric readings were
normalized to the TS protein from the TS-overproducing Wl-L2:cl human

lymphoblastoid cell line.
Measurements of Intracellular dTTP and dllTP. Cells were seeded and

allowed to enter the logarithmic phase of cell growth. 5-Fluorodeoxyuridine
( l P.M)was added for the appropriate times prior to harvesting. Deoxyribonu-

cleotides were assayed as previously described (33). Briefly, cells were ex
tracted at the end of the drug exposure period using ice-cold 0.4 Mperchloric
acid and then treated with 0.5 M sodium periodate to remove cross-reacting

ribonucleotides. The dUTP/TTP was purified by column chromatography, and
the resultant preparation was assayed by radioimmunoassay (33).

Alkaline Elution. DNA strand breaks induced by exposure to 5-fluorode-

oxyuridine were detected by alkaline elution (34). Since inhibition of TS
causes deoxyribonucleotide imbalance and misincorporation of nucleotides
during replication of DNA, DNA strand breaks were measured in newly
replicated DNA (nascent DNA) as well as in mature DNA (see Ref. 22). For
studies with newly replicated DNA, [l4C]dThd (59.6 mCi/mmol) was added to
1 X IO6 cells at 0.0825 fiCi/ml during the last 4 h of drug exposure prior to

alkaline elution. For studies of the integrity of mature DNA, cells were prela-
beled for 24 h with ['4C]dThd (0.0165 (Â¿Ci/ml)and then incubated without
radiolabel (a "cold chase") for various times prior to drug addition. In studies

with both newly replicated and mature DNA, cells were lysed onto polycar
bonate filters (pore size, 2.0 /xm; diameter, 25 mm; Nucleopore Sterilin,
Middlesex, United Kingdom), and the lysis fraction was retained for counting.
Alkaline elution was performed at pH 12.1 in the presence of proteinase K (0.5
mg/ml) using standard procedures (34).

RESULTS

bcl-2 Protein Expression and Cell Characteristics. Transfection
of Burkitt's lymphoma Group I cells with the bcl-2 construct resulted

in stable expression of the bcl-2 protein (Fig. 1). This clearly imparted

a survival advantage to the transfected cells, since there was a dra
matic reduction of the levels of spontaneous apoptosis as cell density
increased in the untreated cultures to reach the plateau phase of
growth (Figs. 2 and 3). The expression of the bcl-2 protein in the

transfects was approximately twice that of the Group III Burkitt lym
phoma cells (Fig. 1), a subclone which constitutively expressed the
gene (25) but which had become tetraploid. Analysis of the logarith
mic growth rate of Â¿>c/-2-transfectedcells and the vector controls

showed these to be identical, with a doubling time of approximately
30 h (Fig. 2). Cell cycle analysis of cells in logarithmic growth
showed that bcl-2 expression had not changed the distribution of the

cells within the cell cycle. The mean proportions of cells in both the
vector controls and the bcl-2 transfects in G,, S, and G2-M were as
follows: 44%, 30%, and 26% (SEM = Â±1.5%, n = 3).

Quantitation and Enzyme Activity of TS in Â¿c/-2-transfected

Cells. The results of Western blotting for TS are shown in Fig. 4. In
the logarithmic phase of growth the amount of enzyme protein was
identical in the vector controls and bcl-2 transfectants (as measured by

densitometry). Estimation of the enzyme activity of TS also showed
that this was not changed by the expression of bcl-2 protein. In two
separate experiments, activity was 0.17 (SV2) and 0.18 (bcl-2), then
0.39 (SV2) and 0.33 (bcl-2), nmol of product formed/106 cells/h. The

ratio of mean activity was 1:0.91 (SV2:i>c/-2 transfectants).
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Fig. 1. Western blot analysis showing the expression of the bcl-2 protein in the

wild-type MUTU BL Group I (Gp I) and Group III (Cp III) cells, as described previously
(25, 26), and in the transfected Group I cells with either the vector alone (SV2 ) or the bcl-2

gene. Two lanes for each cell type were run side by side.

Drug Treatment and Response. The numbers of total viable cells
(which excluded trypan blue) and the percentage of apoptotic cells are
shown in Figs. 2 and 3 for treatment with FdUrd and Fig. 5 for
CB3717 and ICI M247496. Incubation with three concentrations of
FdUrd significantly diminished the viability of the vector controls.
This loss of viability was significantly reduced in the cells which
contained the bcl-2 protein. Prior to drug treatment, cells in logarith

mic growth phase showed basal, low levels of spontaneous apoptosis.
These low levels were seen to continue during the first 12 h of drug
treatment, after which the response of the cells diverged; i.e., SV2
vector controls began to undergo apoptosis at 24 h, whereas the
Â¿>c/-2-transfectedcells continued to exhibit only basal levels of apo

ptosis up to and including the time of drug removal (36 h). Cells which
were washed and replaced in drug-free medium were observed to

undergo further apoptosis. This was delayed and significantly lower in
cells which expressed bcl-2. For example, Fig. 3 shows that 10 /XM
5-fluorodeoxyuridine induced 90% apoptosis 24 h after removal of the
drug in the vector control cells but only 18% in the bcl-2 transfects.

Growth inhibition and delay of apoptosis followed the same pattern
for the other two quinazoline inhibitors of TS (Fig. 5). The fall in the
number of apoptotic cells from a peak of 68% at 84 h, after 2 /XM
CB3717, represents outgrowth of viable, nonapoptotic cells from the
SV2 vector controls.

Apoptotic cell death was confirmed by flow cytometry as described
by us previously using this cell type (31). Fig. 6 shows two dimen
sional frequency contour plots of blue fluorescence (Hoechst-bound

DNA) versus FALS (cell size). A and B (untreated SV2 vector controls
and untreated bcl-2 transfects, respectively) show the distribution of

cells into three defined subsets, exactly as seen previously for these
BL cells (31). Viable cells appear in Subset 1 with low blue fluores
cence and high FALS. Apoptotic cells appear in Subsets 2 and 3 with
increased blue fluorescence and decreased FALS. C and D show the
effect of treatment with 1 Â¡Ã•MFdUrd on the subpopulational distribu
tion. Again, three clearly defined subsets were recognized. The fluo
rescence and scatter signals in the remaining viable cells were shifted

upward and to the right (drug treatment increased both their Hoechst
fluorescence and size). Apoptotic cells continued to exhibit a relative
increase in blue fluorescence and a relative decrease in FALS com
pared to viable cells. In the representative experiment shown in Fig. 6,
expression of bcl-2 decreased the amount of apoptotic cells seen 36 h

after drug addition. Cell subpopulations were sorted for agarose gel
electrophoresis of extracted DNA. However, after many attempts only
faint DNA "ladders" were observed for cells sorted from Subsets 2

and 3 (data not shown). We consider that the background of DNA
strand breaks imposed by thymidylate stress (see below) was super
imposed on internucleosomal fragmentation patterns preventing good
resolution of discrete oligonucleosomal bands of DNA.

When a study was made to establish the earliest time of appearance
of apoptotic cells (by acridine orange staining), onset in vector control
cells treated with 1 JUMFdUrd occurred, during drug exposure, at 24
h (31%). Levels were at basal control levels after 12 h of drug
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Fig. 3. Percentage of apoptosis of SV2 vector control transfectanls and bcl-2 transfec-
tants at the times shown. FdUrd was added at 24 h and removed at 60 h (see "Materials
and Methods"). Apoptosis was assessed by staining with acridine orange, and positive

cells were scored as described previously (26). D, untreated controls (shown only for 0.1
/LIMFdUrd and equivalent at each drug concentration); â€¢¿�cells treated with FdUrd at the
concentrations shown. Columns, mean results from three separate experiments; bars,
SEM.
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Fig. 2. The number of viable cells (those which
excluded the vital dye trypan blue) at the times
shown. Cells were treated with FdUrd (FUdR) be
tween 24 and 60 h (arrows) before resuspension in
drug-free medium, as described in "Materials and
Methods." SV2, drug-treated vector transfectants;

BCL-2, drug-treated bcl-2 transfectants. The un
treated SV2 and bcl-2 transfectants grew with iden
tical kinetics as shown. Points, mean results from
three separate experiments; bars, SEM.
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Fig. 4. Western blot analysis of cell lysates from SV2 and Â¿c/-2-transfected MUTU BL

Group I cells to show the TS content in the transfectants and changes after continuous
treatment with 1 /AMFdUrd (see "Materials and Methods"). The TS protein has a molec

ular weight of approximately 36,000. The ternary complex which is formed by the
covalent interaction between FdUrd and the thymidylate synthase enzyme gives rise to an
apparently higher molecular weight form of the enzyme as determined by SDS polyacryl-
amide gel electrophoresis. Cell lysates from a TS-overexpressing cell line W1 -L2:c I were

included on each immunoblot as an internal standard.

exposure. All of the cells excluded trypan blue during exposure to the
drug. Significant increases in the levels of apoptosis were later fol
lowed by a rise in the number of nonviable cells as estimated by the
exclusion of trypan blue. This is a process termed secondary necrosis
(35). No apoptosis was observed in the bcl-2 transfects during the

period of exposure to FdUrd. (This is discussed further, below, in the
presentation of the analysis of changes in DNA integrity by alkaline
elution).

Effects of TS Inhibitors on Bui kill's Lymphoma Cell Metabo

lism. The increased survival of the cells which expressed bcl-2, af

ter treatment with each of the TS inhibitors, may have been due to
the modulation of a number of parameters which are critical for the
expression of toxicity after TS inhibition, as discussed in the intro
duction. We consider that bcl-2 had not changed the transport of any

of the agents across the cell membrane, since all of the agents inhib
ited growth in both the bc/-2-expressing and nonexpressing cells to

the same degree. Moreover, ICI M247496 is a lipophilic TS inhibitor
which enters the cell by diffusion (30); this was capable of an equal
imposition of cytostasis in vector control cells and those which ex
pressed bcl-2 (data not shown). Similarly, the expression of bcl-2 ap
peared not lo have changed ihe cylotoxicity of the quinazoline-based

inhibitor CB3717 because of changes in the ability of the cells to
perform polyglutamalion since neilher ICI M247496 nor FdUrd un
dergo ihis modificalion. Weslern blotting to measure amounts of TS
during incubation of cells with FdUrd (l JJ.M)indicated an increase
in the expression of TS, presumably as the cells attempt to overcome
ihymidylale slress (Fig. 4). Densilomelric analysis of two representa
tive blots showed thai there was an equally increasing amount of TS
enzyme with time so lhai, by 36 h, the SV2 iransfeclanls had in
creased Ihe relalive amount of total TS to 660% of the control zero
time values and, in the bcl-2 transfecianls, ihis had increased lo

640% of conlrol value. This phenomenon has been reported previ
ously (36-38). Inlereslingly, there was no difference in the rale or
exlenl of TS upregulalion in vector conlrol or frc/-2-expressing cells

even up to the point where Ihey initiate apoptosis. Inspection of the
Western blot also showed that incubation of ihe cells wilh FdUrd re-

sulled in ihe appearance of equivalent amounts of a higher molecu
lar weight form of the enzyme (Fig. 4). This may correspond to the
formalion of ihe ternary complex between the drug and a subunil of
ihe enzyme to give a protein with a molecular weight of approxi
mately 38,500, as has been observed recenlly by Johnston et al. (16).
Significanlly, ihe rale of formalion of this form of TS was the same
in boih ihe SV2 veclor controls and the bcl-2 transfectanis, indicat
ing lhal formalion of drug-receplor/enzyme complex was noi influ
enced by expression of bcl-2. Similarly, ihere were no differences

belween changes in nucleolide pools in the two cell lypes during

FdUrd irealmenl. In unlrealed cells, ihe mean TTP concenlration was
24.8 pmol/106 cells in the bcl-2 iransfects and 19.5 pmol/106 cells in

ihe SV2 veclor controls (n = 2). The concenlralion of TTP fell

equally in both cell lines after treatmenl wilh l Â¡J.MFdUrd, so lhal
this was 21% and 26% of control level after 6 h, for the bcl-2 trans

fecianls and SV2 iransfeclanls, respectively, falling to 4% and 5% al
24 h, and to below delectable levels (detection limit, 1 pmol/106

cells) in bolh by 36 h. Significanl changes in dUTP pools were not
observed in either cell line. Equivalence in the depression of TTP
pools was reflected in exactly parallel increases in the utilizalion of
radiolabeled ihymidine from ihe cullure medium when [I4C]TTP

was incorporated into DNA during the last 4 h of drug exposure,
prior to alkaline elution of nascent DNA (see "Materials and Melh-
ods"). Twenly-four h after 1 /XMFdUrd, SV2 transfectants had accu

mulated 215,000 dpm, and ihe bcl-2 iransfeclanls, 217,000 dpm, in a

represenlalive experiment
Analysis of DNA Integrity, by Alkaline Elution. The imposilion

of ihymidylale slress by FdUrd induced slrand breaks in nascenl DNA
of bolh control and Â£>c/-2-expressingcells. These strand breaks in

creased with time of exposure lo the drug (Fig. 7), were quantilalively
related to drug concenlralion (dala noi shown), and accumulated al an
equivalenl rate prior to apoptosis. At 24 h and 36 h, however, il
appeared lhal the bcl-2 iransfeclanls had more strand breaks lhan did

the vector controls. Analysis of the integrity of mature DNA (i.e., thai
made prior lo drug exposure, see "Materials and Melhods") showed

no effect of FdUrd at concentrations of up to 10 Â¡IMfor 24 h if ihe lysis
fraclion was not included, but ihereafler breaks were observed (dala
noi shown). The elulion profiles oblained for ihe veclor conlrol cells
show lhal, wilh ihe onsel of apoptosis, there was an increase in the
fraction of DNA which eluted rapidly through the fillers during lysis
which we and others (39) presume to be fragmenls generated by the
activity of the apoptosis-associaled endonuclease. This consliluled

60% of ihe lolal counls at 36 h in the SV2 vector control cells treated
with 1 ;IM FdUrd and compares well wilh ihe percenlage of apoplotic
cells observed al ihis lime (Fig. 3). This loss of DNA in ihe lysis of
vector conlrol cells at times greater than 24 h may explain why
apparenlly more slrand breaks are formed in ihe nascenl DNA from
bcl-2 iransfeclants.
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Fig. 5. Percentage of apoplosis of SV2 vector control transfectants and bcl-2 transfec

tants at the times shown. The quinazoline TS-specific inhibitor CB3717 or ICI M247496
was added at 24 h and removed at 60 h (see "Materials and Methods"). Apoptosis was

assessed by staining with acridine orange, and positive cells were scored as described
previously (26) D, untreated controls; â€¢¿�,cells treated with FdUrd at the concentrations
shown. Columns, mean results from three separate experiments; bars, SEM.
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Fig. 6. Row cytometric analysis of spontaneous
(A and fi) and FdUrd-induced (C and D) apoptosis in

MUTU BL Group I cells transfected with the SV2
vector construct (A and C) and bcl-2 (B and D) using
the method described by Dive et al. (31). Cells were
treated with 1 U.MFdUrd of vehicle control for 24 h.
and 20.000 cells were analyzed 36 h after drug addi
tion. Data are displayed as two-dimensional fre

quency contour plots, where viable cells appear in
Subset 1, and those undergoing apoptosis display in
creased blue fluorescence (arbitrary units. Hoechst
33342-bound DNA) and decreased forward light scat

ter (arbitrary units, a measure of cell size) and appear
in Subsets 2 and 3. Cells which allow uptake of
propidium iodide have been excluded from the anal
ysis. Results shown are from a representative exper
iment taken from 3 independently repeated studies.
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DISCUSSION

Considerable excitement has been engendered by recent reports
which claim that expression of the protooncogene bcl-2 inhibits drug-

induced apoptotic cell death and provides resistance by an entirely
novel mechanism (11-14). In the absence of data which demonstrate
that the classical and well-defined determinants of drug resistance do

not operate, these claims for a novel mechanism of drug resistance
must be treated with some caution.

Mechanisms of drug resistance to antimetabolites, such as to the
inhibitors of the enzyme thymidylate synthase, have been well defined
(reviewed in Refs. 18 and 40). Alterations in the qualitative and/or
quantitative aspects of the drug target, through mutation, deletion, or
amplification, or of factors which limit the quantitative or temporal
aspects of the drug-target interaction, for example, by limitation of

intracellular accumulation of the drug, are the major determinants of
drug activity. The ability of the cell to repair damage, such as that to

the genome, also influences the outcome of treatment. The molecularl
determinants of what may be termed the "inherent" resistance of some
cells have not been defined, although modulation of so-called "down
stream" events of the immediate effects of drug action is now being

considered as the arbiter of a cellular response (6, 7).
This study asked the question whether bcl-2 expression modulated

classical mechanisms of resistance to TS inhibition. It does not. Nei
ther the amount (Fig. 4) nor the enzyme activity ("Results") of the

TS target was altered. The drugs effectively inhibited cell growth to
an equal extent (Fig. 2; "Results"), reflected in equivalent falls in the
TTP pool ("Results") and, in the case of fluorodeoxyuridine, im

posed similar amounts of DNA damage (Fig. 7). However, bcl-2 ex

pression afforded protection against the cytotoxicity of all the TS in
hibitors studied. Our data, when combined with those of others (8-
14), strongly suggest that the expression of bcl-2 provides a

resistance to cytotoxins which is independent of the locus of action

Fig. 7. Alkaline elution of newly synthesized
("nascent") DNA from MUTU BL Group I cells

transfected with the SV2 vector construct (a) or the
bcl-2 gene (b) and treated for various times (0 to 36
h) with 1 /AMFdUrd (see "Materials and Methods").
The graphs show the fraction of new [14C]dThd-

labeled DNA retained on the filter at the time in
tervals shown on the x-axis.
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of the toxin and may therefore be pleiotropic. Because the function
of bcl-2 has not been determined, it is not yet possible to define how

its expression protects against cell death initiated by a thymidylate
stress or other types of toxicity. The protection observed here was re
lated to drug concentration (Figs. 2 and 3) and, when modest
amounts of cell kill were induced (Figs. 2 and 5), survivors repopu-

lated the cultures, giving a growth delay which was shorter than that
observed after treatment of the vector controls. Unfortunately, we
were unable to clone the vector control cells and therefore were un
able to establish whether bcl-2 expression enhanced clonogenic po

tential after treatment with TS inhibitors, a critical question. The data
presented here show a distinctive delay in the onset of apoptosis, and
whether this provides time for repair and later regrowth remains to
be established. Miyashita and Reed (13) showed that, after treatment
of another human B-cell leukemia which expressed bcl-2, there was

a clonogenic advantage after methotrexate treatment. In experiments
in progress, we have found that refeeding cells with fresh serum 6
days after treatment with I JXMFdUrd (see Fig. 2) resulted in an in
crease in cell numbers in the bcl-2 transfectants, reflecting a reduc

ing rate of apoptosis and the emergence of proliferating cells. We
have now transfected the readily clonable and transplantable murine
leukemic cell line LI210; this will allow investigation of the events
occurring as cells presumably repair damage and recover their prolif-

erative and clonogenic capacity. It is possible that the survival of
DNA-damaged cells, and the delay in onset of apoptosis promoted
by expression of bcl-2, may lead to increased mutation of the ge

nome and the later emergence of cells with greater oncogenic poten
tial and/or drug resistance. An increase in homologous recombina
tion activity has been shown to develop during FdUrd-induced

thymidylate stress in mouse FM3a cells (41).
The activity of other cellular genes, such as c-myc and p53, is also

implicated in determining the ability of some cells to engage apoptosis
(reviewed in Ref. 42). Understanding how the program of apoptosis is
initiated in response to toxins like the TS inhibitors and how expres
sion of a gene like bcl-2 can attenuate this should provide insights into

the molecular basis of pleiotropic drug resistance.

ACKNOWLEDGMENTS
We thank the British Association for Cancer Research for a travel scholar

ship to T.F. We are grateful to Dr. Tom Boyle at ICI Pharmaceuticals, Mac-

clesfield. United Kingdom, for providing samples of ICI M247496 and
CB3717 and, with Dr. Trevor Stephens, for helpful discussions. The technical
support provided by Rosemary Kimbell and Anthea Hardcastle at the Institute
of Cancer Research, Sutton, United Kingdom, was greatly appreciated.

REFERENCES
1. de Vries, E. G.. and Pinedo. H. M. Clinical implications of multidrug resistance to

chemotherapy. Cancer Treat. Res., 57: 171-186, 1991.

2. Kessel, D. (ed.). Resistance to Antineoplastic Drugs. Boca Raton. FL: CRC Press.
1989.

3. Facts on Cancer. London: Cancer Research Campaign, 1992.
4. Ling. V. P-glycoprotein and resistance to anticancer drugs. Cancer (Phila.), 69:

2603-2609, 1992.
5. Black, S. M., and Wolf. C. R. The role of glutathione-dependent enzymes in drug

resistance. Pharmacol. Ther., 51: 139-154, 1991.
6. Hickman, J. A. Apoptosis induced by anlicancer drugs. Cancer Metastasis Rev., il :

121-139, 1992.
7. Dive, C., and Wyllie. A. H. Apoptosis and cancer chemotherapy. In: J. A. Hickman

and T. R. Tritton (eds.). Cancer Chemotherapy, pp. 21-56. Oxford: Blackwell, 1993.
8. Tsujimoto, Y. Stress resistance conferred by high level of bcl-2a protein in human B

lymphoblastoid cell. Oncogene, 4: 1331-1336, 1989.
9. Alnemri, E. S., Femandes. T F.. Haldar. S.. Croce, C. M., and Litwack, G. Involve-

ment of BCL-2 in glucocorticoid-induced apoptosis of human pre-B cell leukemias.
Cancer Res., 52: 491-495. 1992.

10. Siegel. R. M.. Katsumata, M.. Miyashita. T., Louie, D. C., Greene, M. I., and Reed,
J. C. Inhibition of thymocyte apoptosis and negative antigenic selection in bcl-2
transgenic mice. Proc. Nati. Acad. Sci. USA, 89: 7003-7007. 1992.

11. Collins, M. K. L.. Marvel, J.. Malde, P., and Lopez-Rivas. A. Interleukin 3 protects
bone marrow cells from apoptosis induced by DNA damaging agents. J. Exp. Med.,
176: 1043-1051, 1992.

12. Miyashita, T. and Reed, J. C. bt-l-2 Gene transfer increases relative resistance of

S49.1 and EHI 17.2 lymphoid cells to cell death and DNA fragmentation induced by

3326

glucocorticoids and multiple chemotherapeutic drugs. Cancer Res., 52: 5407-5411,
1992.

13. Miyashita, T, and Reed, J. C. Bcl-2 oncoprotein blocks chemotherapy-induced apo
ptosis in a human leukemia cell line. Blood. 81: 151-157. 1993.

14. Fanidi. A.. Harrington. E. A., and Evan, G. I. Cooperative interaction between c-mvc
and bcl-2 proto-oncogenes. Nature (Lond.), 359: 554-556, 1993.

15. Zawydiwiski. R.. Harmon. J. M.. and Thompson, E. B. Glucocorticoid-resistant
human acute lymphoblastic leukemia cell line with functional receptor. Cancer Res.,
43: 3865-3873, 1983.

16. Johnston, P. G.. Drake, J. C., Trepel, J., and Allegra, C. J. Immunological quantitation
of thymidylate synthase using the monoclonal antibody TS 106 in 5-fluorouracil-
sensitive and -resistant human cancer cell lines. Cancer Res., 52: 4306-4312, 1992.

17. Jackman, A. L.. Alison, D. L., Calvert, A. H., and Harrap. K. R. Increased thymidylate
synthase in L12IO cells possessing acquired resistance to yV"'-propargyl-5,8-didea-
zafolic acid (CB3717): development, characterization, and cross-resistance studies.
Cancer Res., 46: 2810-2815, 1986.

18. Jackman, A. L., Jones, T. R.. and Calvert, A. H. Thymidylate synthetase inhibitors, in:
F. M. Muggia (ed.). Experimental and Clinical Progress in Cancer Chemotherapy, pp.
155-210. Boston: Martinus Nijhoff, 1985.

19. Grem, J. L. Fluorinated pyrimidines. In: B. A. Chabner and J. M. Collins (eds.).
Cancer Chemotherapy, Principles and Practice, pp. 180-224. Philadelphia: J. B.
Lippincott Co., 1990.

20. Santi. D. V, and Danenberg. P. V. Folates in pyrimidine nucleotide biosynthesis. In:
R. L. Blakely and S. J. Benkovic (eds.). Folates and Pterins, pp. 345-398. New York:
Wiley. 1984.
Lorico, A., Toffoli. G.. Boiocchi, M.. Erba, E., Broggini, M.. Rappa. G., and D'In

caici, M. Accumulation of DNA strand breaks in cells exposed to methotrexate or
/V'"-propargyl-5,8-dideazafolic acid. Cancer Res., 48: 2036-2041. 1988.

Curtin. N. J., Harris, A. L.. and Aheme, G. W. Mechanism of cell death following
thymidylate synthase inhibition: 2'-deoxyuridine-5'-triphosphate accumulation, DNA

damage, and growth inhibition following exposure to CB3717 and dipyridamole.
Cancer Res., 51: 2346-2352, 1991.

Danenberg, P. V., Heidelberger, C., Mulkins, M. A., and Peterson. A. R. The incor
poration of 5-fluoro-2'-deoxyuridine into DNA of mammalian tumour cells. Biochem.

Biophys. Res. Commun., 102: 654-658, 1981.
Gregory, C. D.. Rowe, M., and Rickinson, A. B. Different Epstein-Barr virus-B cell
interactions in phenotypically distinct clones of a Burkitt's lymphoma cell line. J.

Gen. Virol.. 71: 1481-1495, 1990.
Henderson. S., Rowe, M., Gregory, C. D., Croom-Carter. D.. Wang, F., Kieff, E., and
Rickinson, A. B. Induction of bcl-2 expression by Epstein Barr virus latent membrane
protein 1 protects infected B cells from programmed cell death. Cell, 65: 1107-1115,
1991.
Gregory, C. D., Dive, C., Henderson, S., Smith, C. A.. Williams, G. T, Gordon, J., and
Rickinson. A. B. Activation of Epstein-Barr virus latent genes protects human B cells
from death by apoptosis. Nature (Lond.), 349: 612-614, 1991.

Milner. A. E.. Johnson, G. D., and Gregory, C. D. Prevention of programmed cell
death in Burkitt lymphoma cell lines by ÃŸC/.-2-dependent and -independent mecha
nisms. Int. J. Cancer, 52. 1-92, 1992.
Tsujimoto. Y Overexpression of the human BCL-2 gene product results in growth
enhancement of Epstein-Barr virus-immortalized cells. Proc. Nati. Acad. Sci. USA,
86: 1958-1962, 1989.

Jones. T. R.. Calven, A. H., Jackman, A. L.. Brown, S. J., Jones, M.. and Harrap, K.
R. A potent antitumour quinazoline inhibitor of thymidylate synthase: synthesis,
biological properties, and therapeutic results in mice. Eur. J. Cancer, 17: 11-19, 1981.
Andrew, R. G., Barker. A. J., Boyle, F. T., and Wardleworth, J. M. European Patent
EP373891. 1990.
Dive, C., Gregory, C. D., Phipps, D. J., Evans, D. L., Milner, A. E., and Wyllie, A. H.
Analysis and discrimination of necrosis and apoptosis (programmed cell death) by
multiparameter flow cytometry. Biochim. Biophys. Acta, 1133: 275-285, 1992.
Towbin, H., Staehelin, T, and Gordon, J. Electrophoretic transfer of proteins from
polyacrylamide gels to nitrocellulose sheets: procedures and some applications. Proc.
Nati. Acad. Sci. USA, 76: 4350-4354, 1979.
Piali, E. M., Curtin, N. J., Aherne, G. W., Harris, A. L., and Marks, V. The quantitation
by radioimmunoassay of 2'-deoxyuridine 5'-triphosphate in extracts of thymidylate

synthase-inhibited cells. Anal. Biochem., 177: 347-352, 1989.

34. Kohn, K. W., Ewig, R. A., Erickson, L. C., and Zwelling, L. A. Measurement of strand
breaks and cross links by alkaline elution. In: E. C. Fiedberg and P. C. Hanawalt
(eds. ), DNA Repair: A Laboratory Manual of Research Procedures, pp. 379^40 1. New
York: Marcel Dekker, Inc., 1981.

35. Wyllie, A. H. The biology of cell death in tumours. Anticancer Res., 5: 131-136,
1985.

36. Moran. R. G., Keyomarsi, K., and Patel, R. Tumor cell responses to inhibition of
thymidylate synthase. Adv. Exp. Med. Biol., 244: 71-83, 1988.

37. Berger, S. H., Chung-Her, J., Johnson. L. F., and Berger, F. G. Thymidylate synthase
overproduction and gene amplification in fluorodeoxyuridine-resistant human cells.
Mol. Pharmacol., 28: 461-467. 1987.

38. Washtein, W. L. Increased levels of thymidylate synthase in cells exposed to 5-flu-
orouracil. Mol. Pharmacol., 25: 171-177, 1984.

39. Bertrand. R., Sarang, M., Jenkin, J., Kerrigan, D., and Pommier, Y. Differential
induction of secondary DNA fragmentation by topoisomerase II inhibitors in human
tumor cell lines with amplified c-myr expression. Cancer Res., 57: 6280-6285, 1991.

40. Armstrong, R. D. Fluoropyrimidine activity and resistance at the cellular level. In: D.
Kessel (Ã©d.).Resistance to Antineoplastic Drugs, pp. 317-351. Boca Raton: CRC
Press. 1989.

41. Mishina. Y. Ayusawa, D., Takeshi. S.. and Koyama. H. Thymidylate stress induces
homologous recombination activity in mammalian cells. MutÃ¢t.Res., 246: 215-220,
1991.

42. Oren, M. The involvement of oncogenes and tumor suppressor genes in the control of
apoptosis. Cancer Metastasis Rev., //: 141-148, 1992.

Research. 
on February 26, 2021. © 1993 American Association for Cancercancerres.aacrjournals.org Downloaded from 

http://cancerres.aacrjournals.org/


1993;53:3321-3326. Cancer Res 
  
Thomas C. Fisher, Anne E. Milner, Christopher D. Gregory, et al. 
  
Resistance Pathways
Resistance to Thymidylate Stress Is Independent of Classical 

-2 Modulation of Apoptosis Induced by Anticancer Drugs:bcl

  
Updated version

  
 http://cancerres.aacrjournals.org/content/53/14/3321

Access the most recent version of this article at:

  
  

  
  

  
  

  
E-mail alerts  related to this article or journal.Sign up to receive free email-alerts

  
Subscriptions

Reprints and 

  
.pubs@aacr.orgDepartment at

To order reprints of this article or to subscribe to the journal, contact the AACR Publications

  
Permissions

  
Rightslink site. 
Click on "Request Permissions" which will take you to the Copyright Clearance Center's (CCC)

.http://cancerres.aacrjournals.org/content/53/14/3321
To request permission to re-use all or part of this article, use this link

Research. 
on February 26, 2021. © 1993 American Association for Cancercancerres.aacrjournals.org Downloaded from 

http://cancerres.aacrjournals.org/content/53/14/3321
http://cancerres.aacrjournals.org/cgi/alerts
mailto:pubs@aacr.org
http://cancerres.aacrjournals.org/content/53/14/3321
http://cancerres.aacrjournals.org/



