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ABSTRACF

Oo@ lines of Adriamycin(ADR)-sensitiveand -resistant P388 leu
kemia have been established from single cell cultures. A marker chro
mosome MI was found in all cells in the heterogeneous resistant P388/
ADR parental line as well as in the cloned resistant lines P388/ADR/3
and P388/ADR/7; a different marker chromosome M2 was present in
the heterogeneous sensitive P388 parental line as well as the cloned
sensitive line P388/4. Dose-survival studies showed that I),, the dose of
Adriamycin reducing survival to 1/c (La., 37% of the initial populalion),
was 33 Â±5 (SE) nM for sensitive P388/4 cells, 169 Â±17 nM for resistant
P388/ADR/3 cells, and 336 Â±28 nM for the more resistant P388/ADR/
7 cells. Drug uptake in sensitive P388/4 cells was 1.6-fold greater than
in resistant P388/ADR/3 cells and 2.1-fold greater than in resistant
P388/ADR/7 cells. The number of DNA Single-Strand breaks produced
per @LMAdriamycin was 131 Â±9 md equivalents in sensitive clone 4 cells,
41 Â±8 md equivalentsin resistant clone 3 cells, and 33 Â±11 rod
equivalentsin resistant clone 7 cells. The number of DNA double-strand
breaks per g@MAdriamycin was 1721 Â±126 rod equivalents in sensitive
cells, 117 Â±36 rod equivalents in resistant P388/ADR/3 cells, and 194
Â±16 rod equivalents in resistant P388/ADRfl cells. Differences in drug
uptake were insufficient to explain the higher incidenceof DNA single
and double-strand breaks in sensitive cells. These findings strongly
support the concept that resistance to Adriamycin in P388 leukemia cells
is multifactorial however, this study did not resolve whether these
changes arise from a single pleiotropic mutation or from multiple muta
dons.

In sensitive P388/4 cells the number of DNA single-strand breaks
formed could all be attributed to double-strand breaks. However, in both
resistant cell lines the level of induction of single-strand breaks was in
excess of that due to double-strand breaks, and this excess of single
strand breaks appeared to vary directly with the degree of resistance,
beinggreater in the more resistant clone7 cells than in the less resistant
clone 3 cells. In both sensitive and resistant cell lines the ratio of true
single- to double-strand breaks varied inversely with the concentration of
Adriamycin. Finally, the cytotoxic activity of Adriamycin appeared to
correlate more closely with formation of DNA double-strand breaks than
with single-strand lesions.

INTRODUC11ON

Resistanceto Adriamycin hasbeenattributed to the presence
of an energy-dependent active extrusion pump in Adriamycin
resistant P388 leukemic cells (1â€”3)and in other anthracycline
resistant cells (4â€”8).Resistance to Adriamycin has also been
reported in association with cross-resistance to other chemo
therapeutic agents, a phenomenon referred to as MDR3 or
pleiotropic drug resistance (9â€”15).Further, the pleiotropic
drug-resistant phenotype appeared to correlate with the pres

ence of a Mr 170,000 glycoprotein in the plasma membrane
(10â€”13).Recently, the gene for this Mr 170,000 or P-glycopro
tein has been cloned (16). What remains unresolved is whether
the complementary DNA for the P-glycoprotein is also the gene
for MDR.

Reports of double minute chromosomes and homogeneously
staining regions (17, 18) in some MDR cell lines suggested that
gene amplification underlies this phenomenon. Direct evidence
for the role of gene amplification in MDR was the finding of
amplified DNA segments in Adriamycin- and colchicine-resist
ant Chinese hamster cell lines that were absent in drug-sensitive
revertants (17). However, the nature of the proteins encoded by
the amplified genes was not established although the M1
170,000 glycoprotein and a M1 19,000 cytosol protein fre
quently overproduced in MDR cells were possible candidates.

The above studies also did not resolve whether the changes
in MDR cells were due to a single pleiotropic mutation or to
multiple mutations (19). In a preliminary attempt to resolve
this dilemma a study was undertaken on cloned cell lines of
Adriamycin-sensitive and -resistant P388 leukemia to deter
mine, as an initial step, if resistance to Adriamycin was due to
single or multiple biochemical alterations. A second objective
was to explore the relationship between cytotoxicity to Adria
mycin and the formation of DNA single- and double-strand
breakage.

MATERIALS AND METHODS

Drugs and Chemicals. [â€˜4CJAdriamycinlabeled at the â€˜4Cposition
(specific activity, 11.4 or 16.9 mCi/mmol) was synthesized by M.
Leaffer of the Stanford Research Institute, Menlo Park, CA, and was
kindly provided by Dr. Robert R. Engle, Developmental Therapeutics
Program, Division of Cancer Treatment, National Cancer Institute,
Bethesda, MD. The radiochemical purity was 98% as determined by
thin-layer chromatography on silica gel in chloroform:methanol:acetic
acid:water(40:10:3:1).[â€˜4CjThymidine(specificactivity, 50 mCi/mmol)
and I3HIth'midine (specificactivity, 50 to 80 Ci/mmol) were obtained
from New England Nuclear, Boston, MA. Proteinase K was purchased
from E. Merck, Darmstadt, Germany, and tetrapropylammonium hy
dioxide was from the Eastman Kodak Company, Rochester, NY.

Cell Lines and Cultures. Adriamycin-sensitiveand -resistant parental
lines of P388 leukemia were originally established by Dr. Randall K.
Johnson of the National Cancer Institute, Bethesda, MD, and were
kindly provided by the E. G. & G. Mason Research Institute, Worcester,
MA. The cell lines were maintained in vivo by weekly transplantation
ofan inoculum of 10' cells i.p. in 6- to 8-week-oldfemale DBA/2 mice.
Suspension cultures in vitro were established by growing the cells in
RPMI 1640 supplementedwith 15% FBS (Grand Island Biological
Company, Grand Island, NY). The cells grew exponentially with a
doublingtimeofll to 12h.

After suspension cultures had been established in vitroseveralclones
of Adriamycin-sensitiveand -resistant P388 leukemia were established
by the limiting dilution technique using microtiter plates aiming to
have single cells distributed in 1 of 5 wells with the cells suspended in
RPMI 1640 enrichedwith 30%FBS. The plateswereinspectedmicro
scopically on a daily basis to identify those wells containing a single
cell. In a preliminary survey, the sensitivity of the cloned cell lines to
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MECHANISM OF ADRIAMYCIN RESISTANCE

Adriamycin was estimated by comparing incorporation of [3Hjthymi
dine in control cells to that in cells treated with 10 @zMAdriamycin for
I h. Thecell linesselectedfor further studyweredesignatedasclone4
of the heterogeneous sensitive parental line (P388) and clones 3 and 7
of the heterogeneous resistant parental line (P388/ADR). The cloned
lines have been maintained in suspension cultures in vitro in RPMI
1640 supplemented with 15% FBS.

Karyotypic analysis of the cloned and heterogeneous parental cell
lines was performed. A marker chromosome Ml was present in each
of 20 cells analyzed in the resistant parental line P388/ADR and also
in the cloned resistant lines clones 3 and 7 (Fig. 1). A second marker
chromosome M2, which wasdistinct from the Ml marker chromosome
of resistant cells, was consistently found in all the cells of the sensitive
parental line P388 and in the cloned sensitive line P388/4.

Assay of Cytotoxic Activity. The sensitivity of drug-sensitive and
-resistant cells to Adriamycin was determined by the clonogenic assay
of Chu and Fischer (20). Exponential phase cells at a concentration of
2 to 3 X iO@cells/mi were treated with Adriamycin for 1 h at 37C in
RPMI 1640. The cloning efficiencyof treatedcells was determinedat
each drug concentration and surviving cell fraction was calculated.
Linear regression analysis of the dose-survival curves was performed,
the regression equation being in the form

log, y = mx + b

where y is surviving cell fraction, x is dose of drug, m is slope of the
regression line and b is the y-intercept. Do, the dose of drug reducing
survival to l/e, i.e., 37% of the initial cell population, was derived from
the negative reciprocal of the slope of the regression line as described
previously (21â€”23). Statistical analysis of the dose-survival curves was
performed by a t test comparing the significance of the difference of
the slopes.

Drug Uptake Studies. Drug uptake studies were performed as de
scribed previously (24â€”26)by addition of [â€˜4CJAdriamycinto drug
sensitive and -resistant P388 leukemia cells suspended in Dulbecco's
phosphate-buffered saline. Incubations were terminated by rapid chill
ing to 4C and centrifugation through a layer of 0.25 M sucrose in
Hopkin's vaccine tubes to remove extracellular radioactivity. The
washed cells were solubilized in 0.5 N NaOH and radioactivity was
determined by liquid scintillation spectrometry.

Cell sizewasmeasuredin a Coulter Model ZBI electronicparticle
counter (Coulter Electronics, Hialeah, FL) calibrated with paper mul
berry spores (mean cell diameter, 12.5 @m)which was obtained from
Coulter Diagnostics, Inc. (Miami Springs, FL) using methodology
described previously (27). The cell volume obtained for sensitive P388/
4 cells was 1225 Â±81 (SD) fi, that for resistant P388/ADR/3 cells was
1266 Â±80 fi, and that for resistant P388/ADR/7 cells was 1237 Â±93
fi.

Estimation of DNA Single-Strand Breaks. DNA single-strand breaks

Ml M2
Fig. 1. Marker chromosomes in parental and cloned cell lines of P388 leuke

mia. MI marker chromosome observed in 20 of 20 cells examined in the
heterogeneous parental resistant line P388/ADR and in the cloned resistant cell
lines P388/ADR/3 and P388/ADR/7. M2 marker chromosome observedin 20
of 20 cells in the heterogeneous parental sensitive line P388 and in the cloned
sensitivecell line P388/4. The two markerchromosomesdifferedfromeachother
and in both cases were found in all cells examined from the parental or cloned
cell lines.

were measured by the alkaline elution technique of Kohn as described
previously (19, 28, 29). The DNA of P388 leukemic cells was labeled
with I'4Clthymidine by growing the cells overnight in RPMI 1640
containing 15% FBS and [â€˜4Cjthymidine(0.01 to 0.02 @iCi/ml)at a
concentration of I ELM.Cells were washed twice to remove exogenous
label, resuspended in medium at a concentration of approximately 2 x
lO@cells/mI, and treatedwith Adriamycin for 1 h at 37'C. Approxi
mately 5 x iO@drug-treated cells were applied to an elution filter and
washed twice with cold medium to remove Adriamycin. An internal
standard was used routinely to determine flow rate through the filter,
this consisted of an equal number of P388 leukemic cells labeled with
[3Hjthymidine.Cells were labeled by overnight culture in RPMI 1640
with 15% dialyzed FBS containing [3HJth'midine (0.05 to 0.01 iCi/
ml) at a concentration of 1 @M.The 3H-labeledcells were washed and
irradiated with 150 rods on ice using a radioactive @Â°Cosource at a dose
rate of 95 rads/min. The combinedcell suspensionwasanalyzedfor
non-protein-associated DNA single-strand breaks by a modification of
the method of Kohn et al. (28), using 2-sm polyvinyl chloride filters
(Millipore Corporation, Bedford, MA) fitted on a polyethylene filter
holder (Swinnex; Millipore) modified to hold a volume of 20 ml as
described previously (19). Total DNA single-strand breaks including
protein-associated single-strand breaks were detected by a modification
of the procedure of Zwelling et a!. (30, 31) in which O.8-@@mpolycar
bonate filters (Nucleopore Corporation, Pleasanton, CA)were used and
the cells were exposed to a lysingsolution containing proteinase K (0.5
mg/ml) on the filter for 1 h prior to elution. In both methods, DNA
was eluted with a buffer solution consisting of tetrapropylammonium
hydroxide at pH 12.1 to 12.2.

Estimation of DNA Double-Strand Breaks. To determine DNA dou
ble-strand breaks, 5 x lO@drug-treated cells labeled with I'4CJth'midine
were combined with an internal standard, consisting of 5 X 1O@cells
labeled with [3Hjthymidineand irradiated with 3000 rods. The com
bined cell suspension was placed on a 2.O-Mmpolycarbonate filter
(Nucleopore Corporation) and lysed for 1 h with a solution containing
proteinase K (0.5 mg/ml). DNA double-strand breaks were detected by
the neutral elution technique using a buffer consisting ofO.02 MEDTA
and a sufficient quantity of 10% tetrapropylammonium hydroxide to
give a final pH of 9.6 as described previously (32).

The level of DNA single- and double-strand breaks was calculated
from the elution profiles and was expressed as rad equivalents (dose of
radiation inducing an equivalent number ofbreaks) as determined from
calibration curves (28â€”31).

RESULTS

Dose-Survival Curves of Adriamycin-sensitive and -resistant
P388 Leukemic Cells. Dose-survival curves of Adriamycin-sen
sitive and -resistant P388 leukemic cells are shown in Fig. 2.
The D0 for drug-sensitive P388/4 cells was 33 Â±5 nr@i,that for
resistant P388/ADR/3 cells was 169 Â±17 n@i, and that for
resistant P388/ADR/7 cells was 336 Â±28 nM. Thus P388/
ADR/7 cells were 10-fold more resistant to Adriamycin than
P388/4 cells and 2-fold more resistant than P388/ADR/3 cells;
in each case the difference was highly significant (P < 0.001).
P388/ADR/3 cells were 5-fold more resistant than P388/4
cells and this difference was also highly significant (P < 0.001).

Adriamycin Uptake by Drug-sensitive and -resistant P388
Leukemic Cells. Adriamycin uptake by drug-sensitive and
-resistant P388 leukemic cells was determined in cells treated
with 0.1 to 2 @sMAdriamycin for 1 h at 37Â°C,under conditions
identical to those used in the cytotoxicity studies; the results
are presented in Fig. 3. Over the concentration range used, drug
uptake in sensitive P388/4 cells was 1.6-fold greater than in
resistant P388/ADR/3 cells (P < 0.001) and 2.1-fold greater
than in resistant P388/ADR/7 cells (P < 0.001). Uptake in
resistant clone 3 cells was 1.3-fold higher than that in resistant
clone 7 cells and this difference was also statistically significant
(P = 0.029).
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Fig. 2. Dose-survival curves ofsensitive P388/4 leukemia cells (0) and resist
ant P388/ADR/3 (â€¢)and P388/ADR/7 (0) cells following treatment with
Adriamycin for 1 h at 37C, as described in the text. Each curse represents the
mean of 3 experiments and each experiment was performed in quadruplicate; the
confidence interval for each point is the standard error of the mean of the 3
experiments and reflects inter-experimental variation. The linear regression equa
tion for sensitive P388/4 cells was log@y= â€”30.OOxâ€”0.242 with a correlation
coefficient of â€”0.950,that for resistant P388/ADR/3 cells was log,y = â€”5.914x
â€” 0.915 with a COlTriatiOn coefficient of â€”0.976, and that for resistant P388/

ADR/7 cells was lo& y = â€”2.975xâ€”0.700 with a correlation coefficient of
â€”0.984.A t test comparing the significance of the difference of slopes between
the 3 cell lines in each case was highly significant (P < 0.001).

Fig. 3. Uptake of [â€œClAdriamycinby drug-sensitive P388/4 cells (0) and
drug-resistant P388/ADR/3 (@) and P388/ADR/7 (0) cells suspended in Dul
becco's phosphate-bufferedsaline for I h at 3TC as describedin the text. Each
point represents the mean Â±SE of 4 determinations. The linear regression
equation for sensitive P388/4 cells was y = 189.2x + 0.20 with a correlation
coefficient of0.997, that for resistant P388/ADR/3 cells was y = I 19.Ix + 16.7
with a correlation coefficient of 0.985, and that for resistant P388/ADR/7 cells
was y = 89.9x + 7.39 with a correlation coefficient of 0.984.

FRACTION OF [3H I DNA RETAINED

Fig. 4. Determination of DNA single-strand breaks in sensitive P388/4 leu
kemia cells treated with Adriamycin for 1 h at 37'C, using the alkaline elution
method either with polycarbonate filters in the presence of proteinase K to detect
total DNAsingle-strandbreaks(A)orwith polyvinylchloridefiltersin the absence
of proteinaseK to detectdirector non-protein-associatedSSB(B) asdescribedin
the text and in the literature (28â€”31).Elution of I'4CIDNAfrom Adriamycin
treatedcellsis plottedagainstthe simultaneouselutionof I3HIDNAfromthe
internal standard cells as described in the text and previously (28â€”31).Cells were
treated with Adriamycin at concentrations of 0 (0), 0.1 (â€¢),0.2 (0), 0.5 (N), 1
(Lx),1.5 (A), and 2 (0) pM.

Fig. 5. Dose-response plot of DNA single-strand breaks in P388 leukemia
cells treated with Adriamycin for I h as described in the text and the legend for
Fig. 4. DNA single-strand breaks were determined in sensitive P388/4 cells in
the presence(0) and absence(C))of proteinase K, and in resistant P388/ADR/3
(â€¢)andP388/ADR/7(9)cellsinthepresenceofproteinaseK bythemethodof
alkaline elution as described in the text and previously (28â€”31).The number of
breaks expressed as rad equivalents (dose of radiation producing an equivalent
number of breaks) is plotted against extracellularconcentration of Adriamycin.
Each point represents the mean of at least 3 determination% bars, SE. The lines
were determined by linear regression analysis. The linear regression equation for
single-strandbreaks in sensitiveP388/4 cells in the absenceof proteinase K was
y = 105.7x + 106.1 with acorrelation coefficient of0.976, and that in the presence
of proteinase K was y = 131.3x + 106.3 with a correlation coefficient of 0.988.
The linear regressionequation for resistant P388/ADR/3 cellswasy = 4l.Ox +
77.3 with a correlation coefficient of 0.923, and that for resistant P388/ADR/7
cells was y = 32.5x + 122.6 with a correlation coefficient of 0.808.

DNA single-strand breaks induced by any agent may be ex
pressedas the doseofradiation in rads producing an equivalent
number of breaks (28â€”31).DNA single-strand breaks induced
by Adriamycin in sensitive P388/4 cells and measured in the
absence and presence of proteinase K were plotted as a function
of Adriamycin concentration (Fig. 5). The slope of these curves
representedthe number ofsingle-strand breaks produced in rad
equivalent per @MAdriamycin concentration. For P388/4 cells
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Induction of DNA Single-Strand Breaks in Sensitive and Re
sistant P388 Leukemic Cells Treated with Adriamycin. DNA
single-strand breaks induced in sensitive P388/4 cells by treat
ment with Adriamycin for 1 h were determined in the presence
and absence of proteinase K by the alkaline elution procedure
of Kohn et a!. (28, 29), as illustrated in Fig. 4. The rate of
elution of DNA, which is a function of the number of DNA
single-strand breaks, increased proportionally as the dose of
Adriamycin was increased from 0.1 to 2 zM. There was little
difference in the number of single-strand breaks noted in the
absence or presence of proteinase K.

From a standard calibration curve obtained by treating P388/
4 cells with a dose range of ionizing radiation, the number of
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MECHANISM OF ADRIAMYCIN RESISTANCE

the number of breaks in rad equivalents produced per @M
Adriamycin was approximately 106 Â±10 (SE) rad equivalents
in the absence of proteinase K, and that in the presence of
proteinase K was approximately 131 Â±9 rad equivalents; the
difference of 25 rad equivalents between these two curves is due
to protein-associated strand breaks and was statistically signif
icant (P = 0.045, one-tailed t test comparing the significance of
the difference of slopes).

Since the difference in single-strand breaks induced by Adri
amycin in the presenceand absenceof proteinase K was rela
tively small, all subsequent determinations of single-strand
breaks were made in the presence of proteinase K. The number
ofsingle-strand breaks per @MAdriamycin produced in resistant
P388/ADR/3 cells was 41 Â±8 rad equivalents, that in P388/
ADR/7 cells was 33 Â±11 rad equivalents, and the difference
was not statisticlly significant (Fig. 5). However, the level of
single-strand breaks in sensitive P388/4 cells was 3.2-fold
greater than that in resistant clone 3 cells and 4-fold greater
than that in resistant clone 7 cells and in eachcasethe difference
was highly significant (P < 0.001).

Induction of DNA Double-Strand Breaks in Sensitive and
Resistant P388 Leukemic Cells Treated with Adriamycin. The
generation of DNA double-strand breaks in P388 leukemic cells
exposed to Adriamycin was measured by the neutral elution
technique as described in the literature (28, 32). The incidence
of double-strand breaks per @MAdriamycin in sensitive P388/
4 cells was 1721 Â±126 rad equivalents, that in resistant P388/
ADR/3 cells was 117 Â±36 rad equivalents, and that in resistant
P388/ADR/7 cells was 194 Â±16 rad equivalents (Fig. 6). The
level of double-strand breaks in sensitive cells was approxi
mately 15-fold greater than in resistant clone 3 cells and 9-fold
greater than that in resistant clone 7 cells; in each case the
difference was highly significant (P < 0.001). Induction of
double-strand breaks in the two resistant cell lines was not
significantly different.

Formation of DNA Single- and Double-Strand Breaks as a
Function of Intracellular Adriamycin Concentration. The high
number of DNA single- and double-strand breaks in sensitive
cells might be explained by the higher level of drug uptake
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Fig. 6. Dose-response plot of DNA double-strand breaks in P388 leukemia
cells treated with Adriamycin for 1 h using the neutral elution method as described
in the text and previously(28â€”32).The numberofdouble-strand breaks, expressed
as rad equivalents, is plotted against extracellular concentration of Adriamycin,
for sensitive P388/4 cells (0) and resistant P388/ADR/3 (â€¢)and P388/ADR/7
(0) cells. Eachpoint representsthe mean of 3 or 4 determinations; bars, SE. The
linear regression equation for double-strand breaks in sensitive P388/4 cells was
y = l721x + 209 with a correlation coefficient of0.987, that for resistant P388/
ADR/3 cells was y = l17.2x + 236 with a correlation coefficient of 0.826, and
that for resistant P388/ADR/7 cells was y = l93.9x + 99 with a correlation
coefficient of 0.984.

observed in sensitive cells (Fig. 3). Accordingly a comparison
of induction of single- and double-strand breaks in sensitive
and resistant cells was determined at the same intracellular
concentration of Adriamycin, in order to eliminate differences
in drug uptake as a contributing factor.

Under these conditions the number of DNA single-strand
breaks in rad equivalents produced per @Mintracellular Adria
mycin was 0.835 Â±0.085 (SE) rad equivalents in sensitive
P388/4 cells, 0.450 Â±0.054 rad equivalents in resistant clone
3 cells, and 0.426 Â±0.152 rad equivalents in resistant clone 7
cells. Thus formation of single-strand breaks in P388/4 cells
was 1.85-fold that in resistant P388/ADR/3 cells (P < 0.01)
and 1.96-fold that in P388/ADR/7 cells (P = 0.046). The
generation of single-strand breaks by Adriamycin in the two
resistant cell lines was not significantly different.

The number of DNA double-strand breaks in rad equivalents
produced per @Mintracellular Adriamycin in P388/4 cells was
10.9 Â±1.2 (SE) rad equivalents, that in resistant clone 3 cells
was 1.2 Â±0.4 rad equivalents, and that in resistant clone 7 cells
was2.5 Â±0.4 rad equivalents. Induction ofdouble-strand breaks
in sensitive cells was 8.9-fold greater than that in resistant clone
3 cells and 4.3-fold greater than that in resistant clone 7 cells;
in each casethe difference was highly significant (P < 0.00 1).
The level of double-strand breaks in resistant clone 7 cells was
2-fold greater than that in clone 3 cells and although this
difference was statistically significant (P = 0.037), the low
incidence of double-strand breaks in both resistant cell lines
raises doubts about the biological relevanceof this finding.

Relative Production of DNA Double-Strand and Single-Strand
Breaks in Sensitive and Resistant P388 Leukemic Cells Treated
with Adriamycin. To determine the true frequency of single
and double-strand breaks induced by Adriamycin a formula was
used which compared the observedvalues obtained with Adri
amycin to the ratio of actual single-strand breaks and double
strand breaks induced by X-ray (30, 31). The formula takes into
account that single-strand break frequency measured by alkaline
elution includes both single-strand breaks arising from double
strand breaks (eachdouble-strand break givesrise to two single
strand breaks) and true single-strand breaks. The formula for
calculating the ratio of true single-strand breaks, s, to actual
double-strand breaks, d, produced by Adriamycin is

S _ (Kas\ ([SSBJ 2

d \KRDJkEDSBI (A)

where KRSis the single-strand break frequency produced per
unit of X-ray dose, KRDis the double-strand break frequency
per unit of X-ray dose, and [SSB] and [DSB] are the measured
frequencies in rad equivalents of single- and double-strand
breaks induced by Adriamycin in the presence of proteinase K.
Values for the KRS/KRDratio of actual single-strand breaks
(excluding those arising from double-strand breaks) to double
strand breaks induced by X-radiation range from 10 to 40 in
the literature (30, 31). Thus from the above equation, if Adria
mycin produced double-strand breaksexclusively, swould equal
0, and the measured values for [SSBJ/[DSB] for Adriamycm
would fall between 0.05 and 0.2 for KRS/KRDvalues of 40 and
10, respectively, as illustrated by the broken lines in Fig. 7. In
sensitive P388/4 cells almost all the experimental determina
tions of single- and double-strand breaks induced by Adriamy
cm fell within this range (Fig. 7). Conversely, for both resistant
cell lines all the experimental measurements of single- and
double-strand breaks fell outside of this range (Fig. 7B). For
both resistant cell lines there appearedto be many single-strand
breaks that could not be accounted for by double-strand breaks
alone and this excessof single-strand breaks was greater in the
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Fig. 8. Correlation of cytotoxicity of P388 leukemia cells exposed to Adria
mycin for 1 h at 3TC with the appearance of DNA single-strand breaks as
measuredbyalkalineelution (A),and DNA double-strandbreaksas measuredby
neutral elution (B) in sensitiveP388/4 cells (0) and resistant P388/ADR/3 (â€¢)
and P388/ADR/7 (0) cells, as described in the text and previously (28â€”32).
Cytotoxicity was determined by the clonogenic assay ofChu and Fischer (20), as
describedin the text and as illustratedin Fig.2. Cytotoxicity,whichwaspresented
as surviving cell fraction, was plotted on a log scale on the ordinate against the
number of DNA single-strand breaks (A) or DNA double-strand breaks (B),
expressed as rad equivalents on the abscissa. In A, the linear regression equation
for surviving cell fraction as a function of SSB for resistant P388/ADR/3 cells
was log, y = â€”O.096x+ 5.60 with a correlation coefficientof â€”0.999,and that
for resistant P388/ADR/7 cells was log, y = â€”0.135x+ 17.93 with a correlation
coefficient of â€”0.970.An analysis of covariance comparing the regression lines
showed there was no difference in slope but there was a difference in elevation
that was statistically significant (P < 0.001). In B, the linear regression equation
for surviving cell fraction as a function of DSB for resistant P388/ADR/3 cells
was log,y = â€”O.0202x+ 2.075 with a correlation coefficient of â€”0.734,and that
for resistant P388/ADR/7 cells was log@y= 0.0151x + 0.766 with a correlation
coefficient of â€”0.987.Comparison of regression lines revealed there was no
significant difference in slope or elevation between the two lines.
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Fig. 7. Relationship between DNA double-strand breaks and DNA single

strand breaks in sensitive P388/4 cells (0) in A and resistant P388/ADR/3 (â€¢)
and P388/ADR/7 (0) cells in B, following treatment with Adriamycin for 1 h at
37C. Double-strand breaks were determined by the method of neutral elution as
described previously(28â€”32);single-strand breaks were determined by the method
ofalkaline elution as described in the text, in the legend for Fig. 4 and previously
(28â€”31),andstrandbreakfrequencywasexpressedin redequivalents(thedose
of radiation producing an equivalent number of strand breaks). â€”, values of
SSB and DSB obtained for cells treated with X-radiation assuming that all SSB
arose from DSB (i.e., s/d ratio = 0, in Equation A) for K@/Kp@ratio of 10 (lower
broken lines in A and B) or 40 (upper broken lines in A and B) as described in the
text. The linear regression equation for sensitive P388/4 cells mA wasy = 12.96x
â€” I 151 with a correlation coefficient of0.988; in B, the linear regression equation

for resistant P388/ADR/3 cells was y = 2.75x + 26 with a correlation coefficient
of 0.868, and that for resistant P388/ADR/7 cells was y = 9.40x â€”1214 with a
correlation coefficient of 0.983.

more resistant P388/ADR/7 cells than in the less resistant
P388/ADR/3 cells. In both sensitive and resistant cells the s/d
strand break ratio varied inversely with Adriamycin concentra
tion (data not shown), a correlation recently observedby others
(33).

Correlation of Cell Cytotoxicity with DNA Damage Induced
by Adriamycin. Cell cytotoxicity as measuredby the clonogenic
assay ofChu and Fischer (20) was plotted on a log scale against
DNA damage induced by Adriamycin on a linear scale as
measured by the alkaline (28â€”31)and neutral (28â€”32)elution
assays(Fig. 8). At the same level of cytotoxicity the frequency
of SSB increased progressively from approximately the same
level in sensitive P388/4 and resistant P388/ADR/3 cells to a
higher level in the more resistant P388/ADR/7 cells (Fig. 8A).
Conversely, for DSB the data for all 3 cell lines appeared to
fall on the same plot, suggesting that cytotoxicity correlated
more closely with DSB frequency (Fig. 8B).

DISCUSSION

Clones of Adriamycin-sensitive and -resistant P388 leukemia
cells have been established by growing up lines from single cell
cultures in microtiter plates using the limiting dilution tech
nique. Dose-survival curves of these cloned lines demonstrated
that drug-sensitive P388/4 cells were 5- and 10-fold more
susceptible to the cytocidal effect of Adriamycin than resistant
P388/ADR/3 and P388/ADR/7 cells, respectively (Fig. 2).

Studies with [â€˜4CjAdriamycinshowed that drug uptake by the
sensitive cell line was 1.6- and 2.1-fold greater than that of the
resistant clone 3 and clone 7 cell lines, respectively (Fig. 3).
Although we did not study drug efflux in thesecloned cell lines.
others have demonstrated an energy-dependent active extrusion
mechanism in the heterogeneous, Adriamycin-resistant paren

tal line (1â€”3,8, 33). Formation of DNA single-strand breaks as
measured by alkaline elution technology was 3.2- and 4-fold
greater in sensitive P388/4 cells than in resistant P388/ADR/
3 and P388/ADR/7 cells, respectively (Fig. 5). Furthermore,
generation of DNA double-strand breaks as measured by the
neutral elution technique was 15- and 9-fold greater in sensitive
cells than in resistant clone 3 and clone 7 cells, respectively
(Fig. 6).

The higher incidence of DNA single- and double-strand
breaks in sensitive cells could not be accounted for by the higher
rate of drug uptake noted in those cells. In order to eliminate
differences in drug uptake asa contributing factor to resistance,
the rate of formation of DNA single- and double-strand breaks
wasdetermined at the sameintracellular concentration of Adri
amycin in sensitive and resistant cells. Under theseconditions,
the number of single-strand breaks was 1.85- and 1.96-fold
greater in sensitive than in resistant clone 3 and clone 7 cells,
respectively, and the level of double-strand breaks was 8.9- and
4.3-fold greater. These findings strongly support the concept
that resistance to Adriamycin is multifactorial as suggested in
other recent reports (34, 35). Although resistance to Adriamy
cm appears to be multifactorial, it was not possible from this
study to establish whether these changes result from a single
pleiotropic mutation or from multiple mutations.

Previous studies with L1210 leukemia have shown that the
DNA single-strand breaks induced by Adriamycin are primarily
protein-associated (30, 36), although at drug concentrations of
2.8 @Mand greater, direct â€œnonenzymaticâ€•breaks have also
beenobserved(37). Our study with P388 leukemia differs from
these previous reports, in that the DNA single-strand breaks
formed were almost exclusively non-protein associatedat drug
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concentrations of 0.1 to 2 @M.This finding suggeststhat P388
leukemia cells may be more vulnerable than L1210 cells to
other lesions such as those induced by free radical formation
(37).

The induction of single-strand breaks followed a dose-re
sponse relationship varying directly with Adriamycin concen
tration (Fig. 5). The positive y-intercept obtained in these plots
directly reflects a threshold effect observed with the radiation
calibration curve, in which no alteration in DNA retention or
elution was observed until a dose of radiation of approximately
60 rads was exceeded (data not shown). This positive y-intercept
could be eliminated by correction for the threshold effect oh
served with the radiation calibration curve. However, we prefer
to present the raw data on single-strand breaks without any
correction. Further, the comparisons made in this study be
tween sensitive and resistant P388 cell lines involve slope
differences, which would not be altered by such a correction.

The measured [SSB]/[DSBJ ratio produced by Adriamycin in
sensitive P388/4 cells was 0.202 Â±0.053 (SE), which was
essentially identical to that reported previously for Adriamycin
in L12l0 cells (30). The single-strand breaks induced by Adri
amycin in sensitive cells could be attributed entirely to those
arising from double-strand breaks (Fig. 7A). Conversely, in
resistant cells the frequency of single-strand breaks was greater
than that attributable to double-strand breaks and this increase
in single-strand breaks appeared to vary directly with the level
of drug resistance, being greater in the more resistant clone 7
cells than in the less resistant clone 3 cells (Fig. 7B).

Finally, when cytotoxicity was plotted asa function of single
strand breaks 2 distinct curves were obtained for resistant clone
3 and clone 7 cells (Fig. 8A); the curve for sensitive cells was
incomplete since much lower concentrations of Adriamycin
were required to produce comparable levels of cell kill (Fig. 2).
Conversely, a plot ofcytotoxicity asa function of double-strand
breaks appeared to follow the same relationship for all 3 cell
lines (Fig. 8B). This finding suggests that at least for Adria
mycin double-strand breaks appear to be a better index of
cytotoxicity than are single-strand breaks.
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