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ABSTRACT

The molecular genetic basis for cancer cell resistance to the important
family of platinum coordination complex drugs is poorly understood. The
observation that malignant cells commonly become resistant to therapy,
while normal cells rarely do, suggests that certain molecular processes
involved in malignancy, e.g., oncogene activation, might also play a role
in drug resistance. Since aberrant expression and amplification of various
myc oncogenes have been implicated in the prognosis of human cancers,
the poor therapeutic response of some of these tumors might be explained
if high levels of mir gene products rendered cells more refractory to
therapy. \Ve tested this hypothesis by determining the effect of varying
the level of c-myc expression on resistance to m-platinum and ionizing
radiation in Friend murine erythroleukemia cells expressing varying
levels of c-myc gene product. We found that a) the degree of m-piai Â¡mini
resistance correlated directly with the level of c-myc expression, b)
glucocorticoid induction of murine mammary tumor virus promoter-driven
c-myc sequences significantly increased c/s-phiimum resistance, c) re
storing c-myc transcript levels to normal restored the original c/i-plati-
num sensitivity at a rate which paralleled that of induced c-myc transcript
depletion, and </)c-myc transcript level had no effect on ionizing radiation
response. These findings suggest that i--ni.cclevels may influence thera

peutic success in some tumors and may regulate specific processes by
which cells cope with DNA damage caused by DNA cross-linking agents
such as the platinum analogues, but not ionizing radiation.

INTRODUCTION
CP1 is a platinum coordination complex drug that plays a

major role in the treatment of many human malignancies (1).
As with other anticancer agents, the development of tumor
resistance to CP therapy is a principal reason why potentially
curable tumors fail treatment. The molecular genetic mecha
nisms by which malignant cells acquire resistance to CP and
related agents are not well understood. Genes known to increase
resistance to other drugs, for example mdr genes, have no effect
on CPR (2). A potential clue was suggested by the observation
that cancer cells often become drug resistant, while normal cells
rarely do. Since a principal difference between malignant and
normal cells is the aberrant expression of oncogenes (3) and
since deregulated expression and amplification of oncogenes of
the myc family have been negatively correlated with prognosis
(4, 5), we thought it possible that high levels of the c-myc gene
product can render cells refractory to therapy. To test the
hypothesis that the level of c-myc expression can modulate
cellular response to therapeutic agents, we determined the effect
of altered c-myc protooncogene expression on CPR and resist
ance to ionizing radiation in Friend murine erythroleukemia
(F-MEL) cells expressing high levels of c-myc "sense" or "an-
tisense" transcripts (6, 7).

Received 7/30/90; accepted 2/6/91.
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.

1This work was supported by a grant from Bristol-Myers Squibb (M. D. S.)
and NIH Grant R01HL3374I (E. V. P.).

2To whom requests for reprints should be addressed, at 2246 Pine Grove

Court. Ann Arbor. Ml 48103.
5The abbreviations used are: CP. cisplatin: CPR, CP resistance; cDNA,

complementary DNA; dhfr. dihydrofolate reducÃase;M MTV. murine mammary
tumor virus; MTX. methotrexate; DM. dexamethasone; nt. nucleotide; ICio. CP
concentration at which the plating efficiency of a cell line is 50'Ãofthat of the
untreated control cell; SFio. the surviving fraction of cells exposed to 10 Â¡t\\(for
Ih).

We found that c-myc levels are directly correlated with CPR
in F-MEL cells. This was observed when F-MEL cells were
transfected with constitutively expressed c-myc sequences
driven by an SV40 viral early promoter or when c-myc expres
sion was made conditional by placing it under the control of a
glucocorticoid-inducible murine mammary tumor virus pro
moter. Conversely, depletion of c-myc protein by the constitu
tive expression of c-myc antisense RNA produced a state of
relative CP sensitivity. These same clones showed no differences
in their sensitivities to ionizing radiation. Our findings are
consistent with the idea that c-myc levels in naturally occurring
tumors may influence therapeutic outcome. In addition, c-myc
may be involved, directly or indirectly, in the specific processes
by which cells cope with injury induced by DNA cross-linking
agents such as CP but not ionizing radiation.

MATERIALS AND METHODS

Construction of Plasmids and Cell Lines. The construction of ampli-
fiable plasmids containing full-length murine c-myc cDNA sequences
in "sense" or "antisense" orientation relative to an SV40 viral early

promoter has been described (6, 7). These are referred to as pSV2Â»yc
S- or AS-dhfr clones, respectively. To construct a glucocorticoid-induc
ible c-myc plasmid, we began with the plasmid pMSG (Pharmacia).
This plasmid contains a polylinker cloning site downstream from a
murine mammary tumor virus promoter and a 2.25-kilobase transcrip
tion unit for EscherichÃ¬acoli gpt. This was excised in its entirety by
BamHl. Into the unique EcoRl site of the resultant plasmid, we cloned
a 2.8-kilobase transcription unit for a mutant form of murine dhfr (8).
A 1.4-kilobase Xho\ murine c-myc cDNA sequence containing the entire
coding sequence was cloned into the Xhol site in the polylinker to give
the construct pMMTV/n>r S-dhfr. For transfections, plasmid DNA
was linearized in the pBR322 backbone with Nde\ and electroporated
along with pSVineo into 2 x IO7 F-MEL cells. Stable clones were

obtained by sequential selection in G418 and MTX as previously
described (6). The clones used in this study contained approximately
50 copies of the MMTVmyc plasmid.

Southern Blot Analyses. Ten pg of total DNA from each cell line
were digested with Xhol and resolved on a 1% agarose gel. Following
Southern transfer, the nitrocellulose filter was hybridized with a 1.4-
kilobase Xhol murine c-myc DNA fragment as described (7). The mean
copy number of transfected c-myc sequences was estimated from the
relative density of the 1.4-kilobase plasmid band and the S.O-kilobase
endogenous band.

Detection of Endogenous and Exogenous Murine c-myc Sense and
Antisense Transcripts in Representative F-MEL Clones by S, Nuclease
Protection Analysis. RNAs were extracted as previously described (9).
Ten jig of each RNA were hybridized with the end-labeled 940-nt-long
Ndel-X'hol probe shown in Fig. \b (sense probe) or the 670-nt-long

end-labeled Ndel-Xhol probe shown in Fig. le (antisense probe). Con
ditions of hybridization and subsequent S, nuclease digestion were
previously described (6).

For analysis of RNA expression from an F-MEL clone containing
the MMTVmyc S-dhfr construct, cells were exposed to 1 /Â¿MDM.
Aliquots of cells were removed at various times and total RNAs were
purified. At the end of the exposure period, cells were washed twice in
DM-free medium and replated in fresh medium without DM. Addi
tional samples for RNA analysis were taken at timed intervals. Ten ^g
of total RNA from each time point were hybridized with a 393-nt Sstl-
Xhol probe end-labeled at the Xhol site. Digestion products were
resolved on a 2% agarose gel, which was then dried and exposed to X-
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Fig. 1. Amplification and expression of stably transfected pSV2myc S- and AS-dhfr plasmids in F-MEL cells, a, representative Southern blot analyses. Ten Mgof
total DNA from each of the indicated clones were digested with Xho\ and resolved on a \c'c agarose gel. Following Southern transfer, the nitrocellulose filter was

hybridized with a 1.4-kilobase Xho\ murine c-myc DNA fragment (9). With longer exposures, a 5.0-kilobase band, representing the endogenous c-myc gene, was seen
in all lanes. Lane 1. control F-MEL DNA; Lane 2, F-MEL/pSV2mjr AS clone 7A; Lane 3, F-MEL/pSV2mK AS clone 12E: Lane 4. F-MEL/pSV2Â»i.yrS clone S5.
The presence of the 1.4-kilobase band in Lanes 2-4 is indicative of unrearranged plasmid sequences. The bands larger than 5.0 kilobases are rearranged transfected
sequences, ft, detection of endogenous and exogenous murine c-myc sense transcripts in representative F-MEL clones. Ten jig RNA from each of the clones described
in a were hybridized with the end-labeled 940-nt-long Ndel-Xhol probe (bottom). Markers, position of the 940 sclf-annelated input probe, the 440-nt-long protected
fragment representing transcripts from stably transfected pSV2c-fnyc S-dhfr sequences, and the 385- and 400-nt-long fragments representing transcripts originating
from the two endogenous c-myc promoters. Note that the endogenous c-myc transcripts are detected only in Lanes I and 4. The apparent lack of endogenous
transcripts in Lanes 2 and 3 is an artifact caused by high concentrations of "cold" antisense transcripts in RNAs from clones 7A and I2E. which compete with the
labeled probe (7). c, detection of c-myc antisense transcripts in representative F-MEL clones. Ten ng of each RNA described in h were hybridized with the 670-nt-
long end-labeled Nde\-Xho\ probe (bottom). Elevated levels of transcript are seen only in the antisense cell lines.

ray film (XAR-5; Kodak, Rochester, NY) through an intensifying

screen.
Cell Culture. All cell lines were Mycoplasma free and were routinely

maintained in 0.25 /IM MTX for 1-2 weeks prior to CP exposure. The

time of removal of MTX was not critical, as all cell lines retained stably
amplified plasmid sequences when maintained for up to 4 months in
the absence of MTX. Cells were maintained in suspension culture in
DIO medium (Dulbecco's modified Eagle's medium and 10% fetal

bovine serum with glutamine and antibiotics) under conditions of
logarithmic growth).

Cell Cycle Analysis. Cells were initially plated at 104/ml and counted

2-3 times each day until the plateau phase was reached. Doubling times

were calculated from the logarithmic portion of the growth curve. Cell
cycle analysis was performed by flow cytometry as described (7, 10).

CP and Radiation Survival Curves. Single-cell suspensions were either
irradiated with 0-7 Gy in suspension with a 60Coirradiator as described

(10) or exposed to CP at 0-40 MMconcentrations in DIO for 1 h. Cells

were washed twice, pelleted, resuspended, and plated in 2 ml 0.33%
Noble agar or SeaPlaque low-melting-temperature agarose over a 5-ml.
0.9% agar underlayer in 60-mm dishes. Colonies (>50 cells) were
counted at 10-14 days. Plating efficiencies of cells exposed to each CP

concentration or radiation dose were compared with the plating effi
ciencies of untreated cells and plotted as the log of the surviving fraction
against the CP concentration or radiation dose. The slope (A>) of the
radiation survival curve and the extrapolation number (/;. a parameter
of the shoulder of the curve) were calculated by linear regression. From
the CP survival curves, two parameters were calculated and used as
measures of CPR: 1C50and SFio. The SFio parameter was chosen
because it gave the most reproducible surviving fractions for all cell
lines and represented a CP concentration that is clinically attainable.
The procedure used to evaluate the drug and radiation resistance of F-
MEL cells containing the inducible promoter c-myc construct is de

scribed in Fig. 3.
21

RESULTS

Incorporation and Expression of Constitutive!}' Expressed Ex
ogenous myc Sense and Antisense Plasmids in Transfected F-
MEL Cells. We initially evaluated three independently derived
clones of F-MEL cells that were transfected with the pSV2myc
S-dhfr plasmid (clone S5) or the pSVi/wyc AS-dhfr plasmid
(clones 7A and 12E). Each clone contained >50 copies of
unrearranged c-myc sequences as determined by Southern blot
ting (Fig. la).

Si nuclease protection analyses of the same cell lines are
shown in Fig. 1, b and c. The S5 cell line contained about 5-10
copies of exogenous transcript for each copy of endogenous
transcript. Note that endogenous c-myc transcripts are detected
only in Lanes I and 4. The apparent lack of endogenous
transcripts in Lanes 2 and 3 is an artifact caused by high
concentrations of "cold" antisense transcripts in RNAs from

clones AS7A and AS12E, which compete with the labeled probe
(7). Antisense transcripts originating from the SV40 early pro
moter were readily detected in clones AS7A and AS12E and
have been previously described (6, 7). On the basis of Northern
blot experiments, we estimate the levels of antisense transcripts
to be 10-20 times that of endogenous c-myc transcript levels
(not shown).

Kinetics of Induction of Exogenous myc Sequences in a Cell
Line Bearing pMMTV/nyc S-dhfr. We obtained one F-MEL
clone containing >20 copies/cell of unrearranged pMMTVmyc
S-dhfr sequences (not shown). Following treatment with DM,
exogenous transcripts were rapidly induced to levels 3-5 times
those of endogenous c-myc transcripts as determined by North
ern blotting (not shown).

To more accurately monitor the inductions of c-myc tran
scripts following DM addition, we treated two identical cultures
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Fig. 2. S, nuclease protection analysis of
an F-MEL clone stably transfected with the
pMMTV/nyc S-dhfr sense construct. The
expression plasmid contains a M MTV pro
moter (â€¢)driving the transcription of a full-
length murine c-myc cDNA (G). Arrow, start
of transcription in MMTV sequences. In ad
dition, the plasmid contains a 2.8 kilobase
transcription unit encoding a mutant dhfr to
allow for plasmid amplification (8). The clone
shown here contained >20 copies of the plas
mid. Cells were exposed al time 0 to I ^M DM
for either I h (a) or 3 (A) h. At the times
indicated (h). aliquots of cells were removed
and total RNAs were purified. After exposure
to DM. the cells were washed twice in DM-
free medium and replated in fresh medium
without DM. Additional samples for RNA
analysis were taken at the times indicated. Ten
>jg of total RNA from each time point were
hybridized with a 393-nt SSt\-Xho\ probe end-
labeled at the Win! site. Analysis of the same
RNAs by Northern blotting using radiolabeled
c-myc cDNA as a probe showed the induction
of a c-myc mRNA, which was approximately
500 nt longer than the endogenous c-myc tran
script. The kinetics of induction was similar to
that seen here, with the induced transcripts
being 3-5-fold more abundant than endoge
nous transcripts 1 h after the addition of DM
(not shown). The full-length probe remaining
is a consequence of self-hybridization. Hybrid
izations are always done in probe excess; there
fore the levels of S, product have no bearing
on the amount of double-stranded reannealed
input probe.

0 0.5 1 3 6 12 0 0.5 1 3 6 12

393 -

293 -

SstI Xhol

C-myc

of this clone for either 1 or 3 h with 1 n\i DM and isolated
total RNAs at various times thereafter. The remaining cells
were then washed free of DM and cultured in its absence for
the remainder of the experiment, during which time aliquots
were again removed. RNAs were purified and hybridized with
a S, nuclease probe designed to detect the transfected sequences.
As seen in Fig. 2, treatment of this clone with DM for as little
as 1 h resulted in maximal induction of c-myc sequences.
Removal of DM resulted in the rapid down-regulation of these
transcripts. This clone thus provided a means by which CP
resistance could be assessed as a function of c-myc levels without
concern for cellular heterogeneity.

c-myc Transcript Levels Reflect c-myc Biological Function. To
determine whether the transcript levels reflected c-myc biolog
ical function, each of the pSV^/wvr cell lines was tested for its
ability to undergo erythroid differentiation as measured by
hemoglobin production (6, 7). Untransfected F-MEL cells or
F-MEL cells transfected with vector sequences alone efficiently
underwent erythroid differentiation when cultured in the pres
ence of 1.5% dimethyl sulfoxide for 5 days. "Sense" clones
failed to differentiate (6), whereas "antisense" clones showed

an accelerated rate of differentiation (7). Thus, the levels of
sense and antisense c-myc transcripts correlated well with the
biological function as previously reported (6, 7, 11-13). We
were unable to assess erythroid differentiation in the
pMMTVmyc S-dhfr cell line, as DM inhibits this process.4
Despite the significant increase in c-myc transcript generated
in these cells, the protein level increases by a maximum of only
2-fold. Under such conditions, we have observed that changes
in endogenous c-myc protein levels in differentiating F-MEL
cells parallel changes in transcript levels.' Similarly, we also

found that the pooled parental cells transfected with the
pSV^myc S-dhfr vector had about twice the level of c-myc

* E. V. Prochownik. unpublished observations.

protein found in control F-MEL cells, while the amplified

antisense cell lines had little detectable protein. Thus, while the
c-myc protein level does not increase in direct proportion to
the c-myc transcript level beyond a certain maximum, it does
correlate positively with "sense" transcript levels and negatively
with "antisense" transcript levels in these cells. Levels of c-myc

protein were determined by Western blotting, using an antibody
to a TrpE-c-wyc fusion protein encoding the COOH-terminal
260 amino acids of c-myc as described (14).

Effects of High and Low c-myc Expression on CPR. We

initially compared the relative CPR of the constitutively ex
pressing (SV40 promoter) myc sense and antisense F-MEL
clones, the characteristics of which are shown in Fig. 1. We
also examined 4 additional pSV2/M>'cS-dhfr F-MEL clones and
4 pSV2m>r AS-dhfr clones, all with levels of expression com

parable to that seen in Fig. 1 (cf. Ref. 7). The SF|0s and ICsoS
from 7-18 separate survival curves for each clone are shown in

Tables 1 and 2.
All 5 clones containing amplified c-myc sense sequences were

significantly more CP resistant than either F-MEL (Table 2; P
< 0.05) or the 6 clones containing amplified c-myc antisense
sequences (Tables 1 and 2; P < 0.01-0.04). The increase in

SFio, representing surviving fraction at a clinically attainable
dose, was especially striking, generally 4-6-fold, which is very
significant for m-platinum.

Some cell lines showed ICso or SF,0 variability between
experiments, although most of this variability was eliminated
by plating the cells in low-melting-temperature agarose, in
which cells were never exposed to temperatures exceeding
37Â°C.' However, within each experiment, the ratios of ICso
between "sense" and "antisense" clones (mean of intraexperi-

mental IC511ratios; about 3.0, P < 0.01) were quite consistent
(Table 2). Significant differences (P < 0.05) were observed in
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intraexperimental IC5n in all comparisons (except for the con
trol F-MEL Â±DM).

These experiments strongly suggested that c-myc levels could
influence CPR in these cells. However, to rule out clonal
heterogeneity as a partial explanation for the observed results,
we determined whether CPR could be modulated in a cell line
in which the expression of c-myc sequences was made condi
tional. Thus, we studied the CPR of the MMTVmyc S-dhfr cell
line characterized in Fig. 2. As shown in Fig. 3a, the induction
of c-myc mRNA expression with DM dramatically increased
CPR in these cells. Furthermore, removing the DM from these
cells by washing for 4 h before CP treatment, to permit time
for the level of DM-induced c-myc transcripts to decrease to
preinduction levels, caused the cells to lose their CPR, returning
to a level essentially the same as for untreated cells. The kinetics
of this change in sensitivity closely followed that of the disap
pearance of c-myc transcripts after DM removal (Fig. 2). Treat
ment of F-MEL control cells with DM had no effect on CPR
at any CP concentration tested (0-15 MM;Table 2). This dem
onstrated that, within a single clonal population of cells, CPR
varied directly as a function of c-myc transcript level. No
difference in survival was seen whether DM was included in the
agarose growth medium after CP treatment or it was removed
by washing prior to plating in agarose; hence, the c-myc CPR
effect does not require continued elevation of myc transcript
level.

Except for the orientation of c-myc sequences, the five con
stitutive myc S and six constitutive myc AS clones are identical
but demonstrate opposite sensitivities to CP. Since they have
undergone the same selection and culture protocols, it is un
likely that these procedures accounted for the CPR effect. The
inducible myc S cell line provided further evidence that the
CPR effect is not a consequence of a vector or transfection
artifact, since its CPR in the absence of DM was very similar
to that of the parental F-MEL cells and since the induction and
loss of CPR correlated well with the kinetics of induction and
decay of c-myc transcripts.

Some DNA-damaging agents can induce F-MEL terminal
differentiation (15), which would cause the loss of clonogenic
capability and thus could be an alternative explanation for loss
of survival in some of our experiments. We found no effect of
the CP treatment described above on F-MEL erythroid differ
entiation (not shown).

Effect of myc Copy Number and Expression on Ionizing Ra
diation Resistance. To examine the role of c-myc in mediating
cellular response to other clinically active DNA-damaging
agents, we tested the sensitivity of our cell lines to ionizing
radiation. It has been suggested that c-myc amplification cor
related to some extent with resistance to ionizing radiation in
small-cell carcinomas of the lung (16), although the biological
characteristics of the two groups of cell lines were too different
to permit conclusions to be drawn. Our model system allowed
us to test this directly. F-MEL cells offer a significant advantage
over adherent cell types in that they can be irradiated, manip
ulated, and plated in suspension without the cell cycle and other
changes consequent to removal from monolayer culture that
may significantly alter radiation resistance. F-MEL cells were
therefore irradiated in suspension by the technique previously
described (10) and assayed for survival by the same method
used for CP response. In seven separate experiments, no signif
icant difference in radiation response was seen between ampli
fied "sense" and "antisense" clones in either the slope of the

survival clone (A>; 111 Â±7 cGy versus 108 Â±4 cGy) or the
extrapolation number n (a measure of the shoulder of the

Table I Effect of transfected exogenous c-myc sense anil antisense transcript lerei
on cis-platinum resistance in F-MEL cells

Means and SEM of the IC!0 and SF,0 from 7-18 separate survival curves are
shown individually for the "sense" and "antisense" cell lines (S5, 7A. I2E) shown

in Fig. I; pooled data are also shown for four additional sense and four antisense
cell lines. The differences in both survival parameters between sense and antisense
cell lines were significant (P < 0.01-0.04).

Cell line SF,â€ž' 1CÂ»

S5 0.16 Â±0.044 4.6 Â±0.86
Four additional amplified "sense" cell 0.17 Â±0.031 4.2 Â±0.36

lines*

AS12E
AS7AFour additional amplified "antisense" cell

lines*

0.045 Â±0.012 1.7Â±0.17
0.032 Â±0.010 1.8Â±0.37
0.059 Â±0.010 1.9Â±0.010

MMTVmyc S-dhfr clone
+DM 0.35 Â±0.11 6.9 Â±1.3
-DM 0.055 Â±0.57 2.7 Â±0.57

" Means Â±SE for 7-18 individual experiments.
* Refs. 6 and 7.

Table 2 Intraexperimental comparisons of relative CP resistance
Means of the ratios of the intraexperimental ICSOfor 7-18 individual experi

ments. Some cell lines showed IC50 or SF10 variability between experiments;
within each experiment, however, the ratios of IC50 between "sense" and "anti-
sense" clones were consistent (see text). Significant differences (P < 0.05) were
observed in intraexperimental IC50in all comparisons except the control F-MEL
Â±DM.

Cell linescomparedAmplified

mycsenseamplified

myc antisense
F-MEL(control)amplified

myc antisense

Amplified mycsenseF-MEL.MMTVm.)'f

"sense" clone +DMMMTVmyc

"sense" clone â€”DM

F-MEL(control)F-MEL
+ DMRatios

of IC5oSwithin
each experiment

(mean Â±SE)3.0

Â±0.20

2.1 Â±0.31

1.6 Â±0.14

2.7 Â±0.16

0.91 Â±0.16

survival curve; 3.4 Â±0.35 versus 3.8 Â±0.45). Furthermore, no
radiation response differences were seen in the inducible
pMMTV/Hj'i' S cell line in the presence or absence of DM (Fig.

3A). We have also observed a similar lack of effect on radiation
resistance of modulation of c-myc expression in a total of 12
NIH 3T3 and Chinese hamster ovary fibroblast cell lines.4

Cell Cycle Analysis. Antiproliferative agents may show dif
ferent effects, depending upon the cell cycle status of the target
cell populations. We determined the doubling times and ex
amined the cell cycle distribution of each clone by fluorescence-
activated cell sorting of propidium iodide-stained nuclei, as
previously described (7, 17). No differences were observed in
doubling times (8-9 h) or cell cycle distributions of any of the
clones examined. As we previously reported, pSV2myc AS-dhfr
F-MEL clones show normal rates of growth in 10% serum (7).

DISCUSSION

Our experiments have shown a clear effect of the level of c-
myc expression on CPR in F-MEL cells. The possibility that
clonal variability is responsible for these findings is remote. All
five cell lines constitutively expressing amplified c-myc in the
"sense" orientation show significantly greater CPR than the six
clones that constitutively express amplified c-myc in the "anti-
sense" orientation. Moreover, CPR increases significantly fol

lowing induction of elevated levels of c-myc transcript but
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Fig. 3. Effect of altering level of c-myc
expression on CPR and ionizing radiation re
sistance in F-MEL/pMMT/nyc S-dhfr cells, a,
correlation of CPR with c-myc transcript level.
Cells in exponential growth were subcultured
to two flasks; 1 MMDM was added to one of
the sister cultures. Sixteen h later, the DM-
exposed culture was split between two flasks,
with DM being removed from one by washing
in culture medium twice. Four hours later, by
which time c-myc transcripts had decreased to
preinduction levels, all three cultures (no DM.
+DM, DM removed) were treated with CP for
l h and plated, scored, and plotted as described
in the text. The addition of DM to F-MEL
control cells had no effect on CPR (Table 2).
Points, means of seven separate experiments;
bars, SE. h, lack of correlation of ionizing
radiation resistance with c-myc expression in
F-MEL/pMMTV/nyf S-dhfr cells. Cells were
cultured and treated with DM as above, irra
diated in suspension with a MCo irradiator,

and plated, scored, and plotted as described in
the text. Do and n were calculated by linear
regression. Points, means of two separate
experiments.

.2 0.1â€”
o
CO

O)
C'

W â€¢01â€”

.001-

t Prelreated with 1 2 uM dexamethasone (DM)
before CP exposure

I No DM

k DM removed 4 hrs before CP exposure

n
3.4Â±0.4

â€¢Prelreatedwith1-2uMdexamelhasone(DM)
belofeCPexposure

5 10

11Mcis-Platinum
3 4

Gy

returns to normal 4 h after removal of the DM inducer from
the medium (when the induced transcript levels return to base
line); DM had no effect on CPR in the parent F-MEL cell line.
Furthermore, the radiation response of all of these 12 cell lines
was essentially identical, irrespective of c-myc orientation or
expression; no clonal variability was seen. This argues strongly
that, at least in F-MEL cells, c-myc plays no significant role in
modulating ionizing radiation response. We think it unlikely
that clonal heterogeneity or technical variability is likely to
occur exclusively in the CP survival curve experiments, which
are essentially identical except in the cytotoxic agent used. In
related experiments, we have also observed similar responses
in rodent fibroblast cell lines.5

The mechanism by which c-myc modulates CPR is as yet
unclear. Cell cycle-sensitive processes do not appear to be
involved, since no significant differences in these parameters
among the various cell lines were observed. The similarity of
ionizing radiation sensitivities in all clones suggests that the
effect of c-myc on CPR in F-MEL cells is relatively specific
and is not just a consequence of a general mechanism that
alters cellular ability to deal with toxic insults. While it is
formally possible that changes in levels of a nuclear oncoprotein
like c-myc might influence the cellular uptake of CP, we favor
the idea that c-myc regulates either directly or indirectly a
process of DNA repair affecting DNA damage by CP, but not
by ionizing radiation.

In the pMMTVmyc S cell line, the kinetics of induction and
decay of CPR and c-myc transcript level are essentially the
same. Since the c-myc oncoprotein is known to bind DNA (18),
this suggests that c-myc closely regulates or participates directly
in DNA repair processes that specifically affect the type of
DNA cross-linking damage caused by CP but not those proc
esses involved in repair of ionizing radiation damage. While
these observations cannot rule out a role for c-myc in radiation
resistance in other cell types, we have consistently failed to find
any effect of modulating c-myc sense or antisense transcripts in
mouse or Chinese hamster fibroblasts.4

The present study, in demonstrating a direct correlation
between CPR and c-myc expression, provides compelling evi
dence that altered expression of protooncogenes may be one
way by which malignant cells can establish resistance to chem-
otherapeutic agents. More speculatively, since DNA damage

* M. D. Sklar. manuscript in preparation.

caused by UV irradiation (19), ionizing radiation, and other
agents that induce DNA strand damage (20) have recently been
shown to elevate c-myc protein levels, our findings also suggest
a possible role for myc in the regulation of specific DNA repair
pathways. The cell lines described here should be useful tools
in deciphering the mechanisms by which c-myc affects this
process.
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