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ABSTRACT

A batch elution method with hydroxylapatite was developed
to assay DNA damage by a set of antitumor anthracycline
derivatives and was standardized with respect to the kinetics
of unwinding, size of the alkaline unwinding unit, and fidelity of
selective elution of single and double-stranded DNA. The
method was applied to a study of a set of 10 antitumor anthra
cycline derivatives which inhibit growth of CCRF-CEM human
leukemia cells over a range of potencies exceeding four orders
of magnitude. The derivatives, including Adniamycmn,daunorub
icin, and canminomycin, vary in structure at C-4 and C-i 3, with
substitutions at C-i 4 and N and stereochemical differences at
C-4'. In a static model (fixed drug concentrations and incuba
tion times), the potency [1 /1037 (concentration of agent that
inhibits cell growth by 37%)] of nine of the ten derivatives may
be expressed as functions of DNA damage (n), inhibition of
thymidmneincorporation (I), and drug retention (r):

1037 K8(r/!.n)8',

with a coefficient of correlation of >0.99. A kinetic model with
4-demethoxydaunorubicin (varying concentrations and incu
bation times) was also described. Following initial uptake and
a period of rapid loss after cells are washed free of excess
drug, the change in agent concentration in the cells follows
first-order kinetics. The cell index (cell number after 50 hr in
drug-free growth medium/cell number after initial 2-hr expo
sure with drug) may be expressed linearly in terms of the
kinetics of drug loss (coefficient of correlation, >0.98), or as
functions of 1In (coefficient of correlation, >0.958), 1/I.n
(coefficient of correlation, >0.963), or r/I.n (coefficient of
correlation, >0.963). These studies may be used to define a
class of similarly acting anthracycline agents and to give some
insight into the mechanism of action of the agents that fall
within the class.

INTRODUCTION

A number of anthracycline aminoglycosides bind to DNA by
intercalation and are characterized by a spectrum of selective
antiproliferative and cytotoxic actions. Daunorubicin [dauno
mycin, rubidomycin (Chart 1 )], the first anthracycline antibiotic

to be used clinically, was isolated in 1957 from Streptomyces
peucetius [history reviewed by Ghione (14)1. Subsequently,
Adniamycin and carminomycin were isolated from different
organisms and hundreds of derivatives of these anthracyclmnes
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have been synthesized. Adriamycin and daunorubicin are now
widely used clinically against certain leukemias and solid tu
mors. Other derivatives are in various stages of clinical trial:
carminomycin (28); 4-demethoxydaunorubicin2 4'-epiadria
mycin (6); N-tnifluoroacetyladniamycin-i 4-valerate (5). In addi
tion, quelamycin (7), rubidazone (18, 37), and aclacinomycin
A (27) are also undergoing Phase 1 clinical trials.

The biochemical events that contribute to selective growth
inhibition and cell death depend upon a variety of factors,
including cell cycle kinetics, drug uptake and retention, acti
vation and inactivation biotransformations, availability of target
sites, turnover or replacement systems, etc. Recent studies
have indicated that it may be possible to correlate potency of
some of the intercalating agents with a few isolated parameters:
DNA binding (12); lipophilicity (4); and inhibition of nucleic acid
synthesis relative to drug uptake and metabolism (4, 38). The
present study with a number of anthracyclmnederivatives dem
onstrates that biological potency over a 10,000-fold range may
be correlated quantitatively with specific biochemical activity
in a cultured line of human leukemia cells. There have been
few prior reports that incorporate DNA damage into a model of
intercalating drug action, and the present study shows a con
tribution of this parameter to the potency of anthracycline
derivatives.

MATERIALS AND METHODS

Drugs. Anthracyclinederivatives have been obtained from
Dr. Harry B. Wood, Jr., Drug Development Branch, Division of
Cancer Treatment, National Cancer Institute, Bethesda, Md.,
and from Professor F. Arcamone (Farmitalia, Milan, Italy), Dr.
M. Israel (Sidney Farber Cancer Center, Boston, Mass.), and
Dr. A. Syrkin (Soviet Academy of Medical Science, Moscow,
U.S.S.R.).

Chemicals. Hydroxylapatite(Bio-GeI HTP, DNA grade) was
purchased from Bio-Rad Laboratories (Richmond, Calif.). Re
agent grade formamide was obtained from Eastman Kodak Co.
(Rochester, N.Y.). Gradient grade CsCI was obtained from
Schwarz/Mann (Orangeburg, N.Y.). ACS scintillation fluid, [2-
â€˜4Cjthymidine(60 Ci/mol), and [methy!-3Hjthymidine (43 Ci/
mmol) were purchased from Amersham/Searle Corp. (Arling
ton Heights, III.). Radioactive samples were counted in poly
ethylene scintillation vials with a Packard 3320 scintillation
counter. Dialyzed fetal calf serum, Roswell Park Memorial
Institute Medium 1640, and penicillin:streptomycin solution
(10,000 units penicillin per ml, 10,000 @tgstreptomycin per ml)
wereobtainedfrom GrandIslandBiologicalCo. (GrandIsland,
N. Y.).

Cell Culturing and Labeling. CCRF-CEM cells, a cultured

2 M. Ghione, personal communication.
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human acute lymphocytic leukemia line (13), are maintained in
logarithmic growth in Roswell Park Memorial Institute Medium
1640 supplemented with 10% dialyzed fetal calf serum (heat
inactivated at 56Â°,30 mm) and 1% penicillin:streptomycin
solution. Cells are labeled for 18 hr with 0.1 @iGi[2-'4Cjthymi
dine per ml of media, centrifuged, and reuspended in fresh
medium for 1 hr before use.

Incubations with Drugs. The method of Rydberg (31) has
been adapted for batch elution of mammalian DNA. Cells in
PBS3are lysed (21â€”22Â°)in vials with an equal volume (1.0 ml)
of 0. 1 N NaOH forcefully expelled from a manual pipetter.
During the entire lysis period (1 to 60 mm), care is taken to
protect samples from light and to minimize vibration of the vials.
At the end of the lysis period, 1.0 ml of 0.1 N HCI is pipetted
into each vial, and the vials are shaken to ensure prompt and
thorough neutralization (phenol red indicator). Sodium lauryl
sarcosinate (1.0 ml of a 2% solution containing 0.02 M sodium
EDTA:0.Oi M Tnis-HCI, pH 7.0) is then added to the vials, the
DNA is sheared by 6 rapid passages through a 22-gauge
needle and syringe, and the lysate is stored at 4Â°until batch
elution. Refrigerated lysates are stable for at least 6 weeks.

Hydroxylapatite (0.25 g) is brought to a boil in 5 ml of 0.01
M potassium phosphate buffer (pH 7.0), pipetted into 1 5-mI

screw-top test tubes, and centrifuged for about 15 sec at 600
x g (22Â°);the supernatant is discarded; and the tubes are
placed in a 60Â°constant-temperature bath. Formamide to a
final concentration of 10% is added to cell lysates, the mix is
transferred to the tubes containing boiled hydroxylapatite, and
vortexed briefly. After 15 mm at 600 with occasional brief
vortexing, the tubes are centrifuged as above, supennatants
are discarded, and 5 ml of 0.01 M potassium phosphate buffer
(pH 7.0) containing 20% formamide are added. After vortexing,
the tubes are again bathed at 600 for 10 mm with occasional
mixing and then centrifuged as above, the tubes are returned
to the bath, and the supernatant is discarded. Single-stranded
DNA is then selectively eluted from the gel by 2 successive 10-
mm incubations with 5 ml of 0.125 M potassium phosphate
buffer (pH 7.0) containing 20% formamide, and collected after
centrifugation. As before, the tubes are kept in the bath at all
times, except for vortexing and centrifugation. Duplex DNA is
collected after centrifugation following 2 successive 10-mm
incubations with 5 ml of 0.5 M potassium phosphate buffer (pH
7.0) containing 20% formamide. All recoveries of radioactive
material exceed 95%. Aliquots (1.0 ml) of the eluates are
counted in plastic scintillation vials containing 18 ml of scintil
lation fluid and 1.0 ml of 1.0 N HCI.

Thymidine Incorporation. [methy!-3H]Thymidmneinconpora
tion is carried out under culture conditions as above. After
addition of drug to the cultures, [3Hjthymidine is added (1.0
@tCi/mI,final), and thereafter aliquots (1.0 x 106 cells) are

transferred to tubes containing cold 20% tnichloroacetic acid.
The precipitates are collected and washed twice with cold
tnichloroacetic acid (10%) and twice with ethanol (95%) on
fiber glass filters, dried, and counted by standard liquid scintil
lation methods.

Drug Uptake and Retention. GCRF-CEM cells (2.5 x 10@/
ml) are incubated in growth medium with freshly dissolved
anthracycline compounds, collected by centnifugation, washed

3 The abbreviation used is: PBS, 0.01 N sodium phosphate buffer (pH 7.4):

0.85% NaCI.

once in PBS (4.0 ml), lysed in 0.05% sodium dodecyl sulfate
(0.5 ml), and stored frozen. For the analysis, AgNO3 (3.3%
final) is added to the thawed samples to release drugs quanti
tatively from DNA and to precipitate protein (32). Fluorescent
drug is extracted into isoamyl alcohol (1.0 ml), and the organic
layer is analyzed for fluorescence with internal drug standards.
The excitation and emission coefficients and range of linearity
for each drug are determined with an Aminco-Bowman spec
trofluorometer (Silver Spring, Md.) equipped with a ratio pho
tometer.

Cell Growth. Relativedrug cytotoxicitiesare determinedby
growth inhibition studies. Briefly, the compounds at various
concentrations (5 to 7 at 2-fold increments) are in'cubated with
GCRF-GEMcells (8 x 1O@cells/mI; 10 mI)for 2 hr, centrifuged,
counted, and resuspended in drug-free medium (1 x 10@cells/
ml; 6 ml). Cells are counted electronically 50 hr later while
control cultures are in logarithmic growth.

Irradiation. Leukemia cells are centrifuged, resuspended in
PBS to a concentration of 2.5 x 106 cells/mI, and 1.0-mI
aliquots are pipetted into glass scintillation vials and left un
capped. The cells (4Â°,air atmosphere) are irradiated with a
General Electric Maxitron 300 therapy machine (Milwaukee,
Wis.), using settings of 20 ma, 300 kVp, a 0.25-mm copper
filter, and a target-to-radiation source distance of 50 cm.
Irradiation rate is 200 rads/mmn.

Isopyknic Centrifugation. Eluates from batch chromatogna
phy (above) to be analyzed by isopyknic GsCI centrifugation
are dialyzed at 4Â°for 48 hr against 4 changes of PBS. GsCI
(2.58 9) @5dissolved in 2.0 ml ofthe dialyzed material, refractive
indices are adjusted to 1.400, and the material is centrifuged
for 44 hr at 30,000 rpm (Beckman L5-50; SW 50.1 rotor; 20Â°).
Fractions (0.1 ml) are taken from the bottom of the centrifuge
tubes, and the refractive index is determined in aliquots (10

@I)from alternate fractions. Radioactivity from [â€˜4C]thymidmnein
each fraction is measured after addition of 0. 1 ml distilled water
and 5 ml scintillation fluid to each fraction.

Alkaline Sucrose Gradients. Linear alkaline sucrose gra
dients (5 to 20%; 11.6 ml) contain 0.3 N NaOH, 0.7 M NaCI,
and 0.01 M disodium EDTA. Prelabeled ([2-14Cjthymidmne,0.1
@zCi/mImedium, 18 hr) CCRF-GEMcells (2 x 10@cells; 0.2 ml)
are lysed for 2 hr (21â€”22Â°)by slow addition to lysis solution
(1.0 N NaOH:0.i M NaCI:0.Oi M disodium EDTA; 0.2 ml)
overlaying the gradient. Tubes are centrifuged in a SW 41 rotor
at 30,000 rpm for 180 mm (20Â°).Fractions (8 drops) are
collected from the top of the tube by a Densi-Flow II apparatus
(Searle, Fort Lee, N. J.), acidified by addition of 1.0 N HCI (0.5
ml), and counted by standard liquid scintillation technique.
Tritium-labeled marker DNA (1.0 ,@gphage A DNA) (M.W. 3 x
10@)was added to each centrifuge tube before the lysis period.
The number-average molecular weight (Mn) of sedimented
DNA was determined by the equation of Burgi and Hershey (8).

R, Determination. R, of the anthracycline derivatives was
determined after silica gel thin-layer chromatography (Silica
Gel G plates, 1000 @mthick; Analtech, Inc., Newark, Del.) with
GHGI3:methanol:0.0i M Tris-HCI, pH 7.4 (80:20:3) by visual
ization of spots with UV. The values obtained for each com
pound were directly proportional to partition coefficients meas
ured in 0.01 M sodium phosphate buffer (pH 7.4):isoamyl
alcohol.

Calculations and Definitions. Rydberg (31) derived the re
lationship for strand separation of duplex DNA in alkali where
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lesions are introduced by ionizing irradiation:

In F = â€”@. Iâ€•
Mn

F is the fraction of double-stranded DNA remaining after alka
line denaturation for time, t. Mn is the number-average molec
ular weight between unwinding points, and $ is a constant less
than 1.

To determine fi, it is assumed that Mn and K are constant
during alkaline treatment of unimradiatedcells and that /3is then
a function of F and t for unwinding for 30 and 60 mm. The
constant may be estimated by the method of least-squares fit
(36), or as:

0 5@C In F@om,n
. In F@m,n

From human CCRF-CEM leukemia cells, the proportion of
double-stranded DNA (F) was 0.92 Â±0.01 (S.D.) at 30 mm
and 0.88 Â±0.01 at 60 mm. The unwinding constant is calcu
lated to be 0.62, which is in good agreement with the values
reported by Rydberg (31), i.e. , 0.64 and 0.67.

The number of unwinding points (p) per alkaline unwinding
unit of DNA after irradiation is obtained from Equation A:

Mn0 In F.

where Subscripts x and 0 denote irradiated and unirradiated
sample, respectively. The number of breaks (n) per alkaline
unwinding unit of DNA is (In F,/ln F0)â€”1. Because the alkaline
unwinding unit varies under different conditions with different
cell lines, n here explicitly refers to the Mn0of CCRF-CEM cells
and is so indicated in the text and charts.

Inhibition of [3H@thymidineincorporation (I) is calculated as
1 â€”[cpm (treated)/cpm (control)], where cpm is radioactivity
incorporated into cold acid-insoluble material in cells (1 x 106)
incubated for 1 hr with label, as described above. Cellular
uptake of label is not affected by the agents under the condi
tions used in the present studies.

Potency (P) is defined as 1/1037,which is the concentration
of agent that inhibits cell growth by 37% in the 50-hr assay
described above. The cell index (@C50)is the ratio of cell

concentration at 50 hr to the concentration at 0 time following
initial periods of drug incubation.

(A) Drug retention (r) by the cells is estimated following the
initial incubation with drugs. The first period of rapid loss of
agent (fluorescent material) from cells after the cells are
washed and incubated in drug-free medium is referred to as
the a phase. The second period of slower loss is considered to
be the /3phase. Values for t,,2 are estimated by the method of
least-squares fit; r,uIS the calculated retention at 0 time esti
mated from the $-phase regression, and r0 is the experimentally
determined retention at that time. The free or weakly bound
drug at0timeisr,=r0â€”r,@.

RESULTS
(B) , ,Adaptation of Hydroxylapatite Batch Elution to the Study

of DNA Damage by Anthracycline Drugs. In a previousreport
from this laboratory (34), the hydroxylapatite column chro
matographic elution procedure described by Rydberg (31)
demonstrated DNA damage in munine leukemia P288 cells
treated with X-inradiation (300 rads) and daunonubicin (0.25
fLM). The batch elution modification of Rydberg's procedure

was standardizedwith X-inmadiatedmuninelymphomaP288
cells and human CCRF-CEM cells (20) and used to describe
some of the DNA-damaging actions of Adniamycin, daunorubi

(C) cm, and N-tnifluomoacetyladmiamycmn-1 4-valerate (Chart 1,

Compounds 1, 5, and 10, respectively) in human leukemia
cells (19). Because of the various interactions of the anthra
cyclines with DNA, studies were initiated to evaluate possible
drug interference with alkaline unwinding kinetics of DNA and
elution of single-stranded and duplex fragments of DNA from
hydroxylapatite. These investigations were carried out primarily
with canmmnomycin(Compound 3) and 4-demethoxydaunorub
icin (Compound 4) agents that have not been reported previ
ously to damage DNA.

Chart 2 shows the effect of relatively high concentrations of
canminomycin and 4-demethoxydaunorubicin (2 @M,4 hn) on
the sedimentation rates of DNA from prelabeled CCRF-CEM
cells. The number average molecular weight (Mn0)of DNA from
control cells was 3.1 x 108, in agreement with Mn0 previously
determined by hydroxylapatite analysis (4.2 x 108) (20). After
exposure of cells to carminomycin and 4-demethoxydaunorub
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age induced by either ionizing irradiation or the DNA-reactive
drug carminomycin.

The values of n/Mno (carminomycin) calculated from the
data in Chart 3 and Equation C were maximal when the alkaline
unwinding times were 15 mm (high drug concentrations) and
relatively constant from 3 to 60 mm (low drug concentrations).
For the purposes of the present study, however, it was impor
tant to establish a drug-dose relationship over a broad range
of drug doses, particularly at the lower drug concentrations
where DNA damage may be minimal. To meet these criteria, n
was graphed against log drug concentration for each time point
(not shown). The results indicated that periods of alkaline
unwinding from 1 to 30 mm were relatively insensitive to DNA
damage produced by the lower drug concentrations (0.03 to
0.06 /LM).Sensitivity increased at 45 mm and appeared optimal
at 60 mm.

Anthracycline-induced alterations of DNA may affect elution
of single and double-stranded DNA species from hydroxylap
atite. To explore this possibility, DNA from cells exposed to 4-
demethoxydaunonubicin was denatured for 60 mm in 0.05 N
NaOH and chromatographed by 3 successive elutions with
0.1 25 M potassium phosphate:formamide buffer, followed by
3 elutions with 0.5 M potassium phosphate-formamide buffer.
Eluates were dialyzed exhaustively against PBS and analyzed
by isopyknic CsCl centrifugation. As shown in Chart 4, single
stranded DNA (Fractions A, B, and C) eluted with 0.1 25 M
potassium phosphate:formamide buffer appeared as homoge
neous (i.e. , unimodal) bands with a density similar to that of
sheared and boiled cellular DNA similarly analyzed (1.693).
DNA removed from hydnoxylapatite with 0.5 Mpotassium phos
phate:formamide buffer banded with a density like that of DNA
from cells lysed in detergent with PBS (1.676) (without alkaline
treatment). It may be noted that in â€˜â€˜Materialsand Methodsâ€•
only 2 elutions each with the 0.1 25 and 0.5 M potassium
phosphate:formamide buffers are used routinely. The error in
eliminating the third (as in Chart 4C) and sixth elutions (Chart
4F) is estimated to be 1.5%.

Biochemical Determinants of Growth Inhibition by Anthra
cycline Derivatives. CCRF-CEM cells were incubated with
anthracycline derivatives under standardized conditions sug
gested by previous studies (19). Cells were incubated for a 2-
hr period with most of the derivatives at the same concentration
(1 .0 pg/mI), washed, and then incubated in drug-free medium
for 6 hr, at which time drug retention, inhibition of thymidine
incorporation, and DNA damage were determined. These re
suIts are given in Table 1, where the agents are listed in the
same order as on Chart 1 (i.e. , increasing relative lipophilicity,
indicated as R,).

The potency range of the agents in Table 1 exceeds 4 orders
of magnitude (Chart 5). The most potent are carminomycin
(Compound 3), 4-demethoxydaunorubicin (Compound 4), and
daunorubicin (Compound 5). Adniamycin (Compound 1) and
4'-epiadniamycin (Compound 2), less lipophilic than the above
agents, are also less potent and show lower levels of retention
(r). The estenified derivatives of Adniamycin (Compounds 6, 7,
and 8) exhibit a 10-fold range of potencies and are character
ized by relatively high levels of drug retention. With bulky
substituent groups at C-i 4, they are partially converted to
Adniamycin (Table 1, numbers in parentheses). The N-substi
tuted derivatives, N-acetyldaunorubicin (Compound 9) and N-
trifluoroacetyladniamycin-i 4-valerate (Compound 10), are the

-J

U

FRACTION NO.
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Chart 2. DNA-damagingeffects of carminomycin and 4-demethoxydaunorub
icin. Prelabeled ([2-'4C)thymidine) CCRF-CEMcells in logarithmic growth phase
were incubated for 4 hr with carminomycin (Li), 4-demethoxydaunorubicin (0), or
no drug (â€¢),washed, lysed for 2 hr on linear 5 to 20% alkaline sucrose gradients.
and centrifuged for 3 hr at 30,000 rpm. Tritiated phage A DNA (3 x 10@daltons)
was used as a marker: its position in the gradient is indicated by an arrow.
Fractions (8 drops) were collected from the top of the gradients, acidified, and
counted by standard liquid scintillation technique. Recovery of labeled DNA
added to the gradients (9, 400 to 10,600 cpm) exceeded 90%.

icin, the apparent size of the DNA in the major peak was less
than 3 x 10@daltons (phage A DNA marker). These data
demonstrate potent DNA-damaging effects of both agents by
a standard alkaline sucrose sedimentation technique.

Chart 3 illustrates the relative unwinding of cellular DNA
exposed to irradiation (left) and carminomycin (right). The data
are expressed as F, the fraction of total DNA eluted from
hydroxylapatite in the duplex form. After exposure to low and
moderate levels of agent (500 and 1000 rads; 0.06 to 0.25
@LMcarminomycin), the rates of unwinding are log linear when

plotted against t@.The initial high rates of DNA unwinding in
the presence of excessive levels of agents (2000 rads; 0.5 and
1.0 @zMcarminomycin) are approximately linear for about 15
mm after addition of the alkali.4 The chart shows that, despite
differences between the agents in their modes of DNA inter
actions, the kinetics of alkaline unwinding is similar after dam

4 The 60-mm alkaline-unwinding period entails a loss of sensitivity at higher

drug concentrations where rates of alkaline denaturation deviate from linearity
after about 15 mm (Chart 3). This source of error has been evaluated by the
following means: values of In F@(controls) are linear with respect to Iâ€•from 1 to
60 mm (coefficient of correlation, >0.95). By using the method of least-squares
fit, In F@is calculated for each point, and these calculated values are used to
compare n/Mn0 of drug-treated cells (Chart 3). The values of (n),,,@ may be
calculated from the results of the 60-mm unwinding, using p = (n + 1):

(n),5@,= [0.733 (p)@j'@]â€”1

with a coefficient of correlation >0.99, and SE. of Â±5%.The values for DNA
damage reported in this paper are based on 60-mm unwinding data and are
uncorrected, except where indicated (Chart 13).
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Table1Growth
inhibition uptake and DNA-related effects of anthracycline derivatives

with CCRF-CEMcellsAnthracycline
agents were incubated with CCRF-CEM cells for 2 hr at con

centrations of 1 @ug/ml(Compounds 1 to 8) or 10 @g/ml(Compounds 9 and 10).
The cells were washed and incubated in the drug-free medium for 6 hr. and r, I,
and n were estimated as described in â€˜â€˜Materialsand Methods. â€˜â€R̃, is relative
lipophilicity, and ID37is estimated from growth curves (Chart6).1037

(M X r (nmol/ 108
Compounds R, 106) cells) In1.

Adriamycin 0.16 0.18 0.16 0.42 0.52
2. 4'-Epiadriamycin 0.19 0.13 0.24 0.68 0.85
3. Carminomycin 0.21 0.0078 0.89 >0.99 9.8
4. 4-Demethoxydauno- 0.22 0.014 0.58 >0.99 6.7

rubicin
5. Daunorubicin 0.24 0.038 0.43 0.98 2.2
6. Adriamycin-14- 0.29 0.14 1.34 0.43 0.27

benzoate (0.O67)@
7. Adriamycin-i 4-(i - 0.32 0.25 1.64 (0. 115) 0. 14 1.5

naphthalene acetate)
8. Adriamycin-i4- 0.34 0.036 1.03 (0.71) 0.79 0.95

octanoate
9. N-Acetyldaunorubicin 0.68 10 0.12 0.26 0.10

10. N-Trifluoroacetyl- 0.72 1.0 1.70 0.77 1.5
adriamycin-i 4-
valerate (AD32)

Models of Anthracyc!ine Actions

Chart 3. Unwinding kinetics of irradiated and drug-treated
cells. CCRF-CEM leukemia cells in logarithmic growth phase
were prelabeled for 18 hr with [2-'4C]thymidine, washed,
resuspended in PBS (2.5 x 106cells/mI), and irradiated (0Â°,
air atmosphere) (left). Alternatively, washed cells were resus
pended in fresh growth medium (1 x 108 cells/mI) exposed
(4 hr) to varying concentrations of carminomycin, washed,
and resuspended in PBS (2.5 x 10@cells/mI) (right). Cells
(2.5 x 108) were lysed with an equal volume of NaOH (0.1
N, 1.0 ml), and lysates were neutralized (0.1 N HCI) at various
times (i to 60 mm) after alkali addition. F is the fraction of
total DNA recovered in the duplex form. Lysis time (mm) is
plotted logarithmically as t@C 0.62.

F

t(nin)

is assumed to be a determinant of the DNA parameters, I and
n. The functional effect (I) and the structural change (n) are
considered to be independent parameters, although each may
contribute to the expression of the other.

The relationships of a and potency (P or 1/ID37)to R, indicate
in this series an optimal lipophilicity for biological activity. The
maximal values of a appear at R, 0.21 to 0.22 with carmino
mycin and 4-demethoxydaunorubicin, which also have the
highest potency (i.e. , lowest ID37).The relationship of a to R,
also holds for the C-i 4 esters (Compounds 6, 7, and 8) after
correction for conversion to Adniamycin. It is apparent that the
ester derivative adniamycin-i 4-octanoate has a potency
greater than expected from a, even after correction for the
amount converted to Adriamycin. Possibly because of its high
lipophilicity, an important component of the action of adriamy
cm-i 4-octanoate may be relegated to membrane effects (study
in progress).

From relationships demonstrated in Chart 6, P may be
expressed as a function of a, and substituting from Equation D:

f!.n
P=fI

a-
U

Chart 4. lsopyknic CsCl centrifugation analysis of eluates after batch chro
matography of [2-'4Cjthymidine-labeled tumor cells (ccRF-CEM, 5 x 10Â°)ex
posed to 4-demethoxydaunorubicin (2 @,i:4 hr). A, B, and C, profiles of DNA
eluted sequentially with 0. 125 M phosphate:formamide buffer: D, E, and F,
profiles after elution with 0.5 M phosphate:formamide buffer. Procedures are
described in â€˜â€˜Materialsand Methods.â€•

most lipophilic and the least potent in this series. To obtain
reliable measurements of their biochemical actions, the N-
substituted derivatives were incubated at concentrations 10-
fold higher than those of the other compounds.

Chart 6 shows the calculated values of (!.n)/r, a measure of
specific activity (a) of each derivative:

a=â€”

(E)

If In [(l.n)/rJ is plotted against In (P), then the data suggest

15 20 255 10
FRACTIONNUMBER

(D)

indicating that a is inversely proportional to retention (r), which
a Numbers in parentheses, intracellular concentrations of Adriamycin (Com

pound 1) remaining after incubation of cells with Compounds 6, 7, and 8.
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that these 2 quantities are linearly related to each other (Chart
7). The expression can be written as:

In P = k9 + kb In (L_@)

and taking exponentials on both sides of Equation F:

I
P = ka' I

where K' = ek'. When Equation G is inverted and i /P = ID37,
it may then be expressed in a general form:

ID37 K5(@@%@)k@ (H)

where K5 e@'. The constants k5 and kb are estimated from
the least-squares fit of Equation F to the data in Table 1 (Chart
7). The specific equation for 9 anthracycline derivatives in this
study (excluding adniamycin-i 4-octanoate) with CCRF-CEM
cells is:

I r \ C68
ID37 0.77 t@i:-;@) (I)

In developing parameters for Equation I, the times of incu
bation with and without agents were kept constant in order to
show â€˜â€˜static'â€˜relationships among different derivatives. In gen
eral, initial incubation concentrations were relatively uniform

Chart 5. Inhibition of growth of CcRF-CEM
cells by anthracycline agents. Cells were in
cubated for 2 hr with each agent (indicated by
circled numbers and identified in Chart 1 and
Table 1). Cells were washed, incubated in
drug-free medium for 50 hr. and counted elec
tronically. Initial and final concentrations of
control cells were 0.8 to 1.0 x 105/ml and
4.5 to 5.6 x 105/ml, respectively.

2

10

0:j@@
4

Chart 6. Relationship of potency (1/ID@@)and experimental parameters shown
as I.n/r (Equation E) to relative lipophilicity (R,). values shown are calculations
from data in Table 1. Individual derivatives are identified by R,(as shown in Table
1). Corrected values of r for Compounds 6, 7, and 8 are used.

(i.e. , i @zg/mI)except for the N-substituted derivatives (i 0 jzg/
ml). The higher concentrations here were used to develop
measurable parameters for these 2 less potent compounds.
Initial concentrations do not appear in Equations H or I or in
the assumptions (Equations D to F) and thus do not affect the
model.

ID37values calculated from Equation I are compared in Chart
8 with those in Table i generated by growth inhibition studies.
The line describing the relationship was estimated by least
squares (number = 9); slope = i .00; coefficient of correlation,
>0.99; confidence level, P (slope) < 0.025.

Biochemical Determinants of Drug Action: 4-Demethoxy
daunorubicin. One of the anthracycline derivatives, 4-deme
thoxydaunorubicin, was selected for further study to evaluate
parameters in a â€˜â€˜kinetic'â€m̃odel because of its relatively high
potency compared to daunorubicin, the parent compound, and
to Adniamycin, the more studied agent. The effects of varying
drug concentrations (2-hr exposure) on cell growth expenimen

(F) tally determine AC50, an index of change in cell concentration
after incubation (50 hr) in drug-free medium. This index ex
presses proliferation as values >i and cell loss as values of 0
to<i.

Uptake of 4-demethoxydaunorubicin (0.25 and 0.i 25 @M)by
(G) the cells duringthe initial2-hr incubationis shownin Chart i 0

A

Rf

5/

â‚¬1

â€˜Â®Â®8

5

4

3
a

-3 I 2 3

In (@-)

Chart 7. Relationship of potency (P) of anthracycline derivatives to the param
eters (I, n, r) described in the legend of Table 1. The values and compound
numbers (in circles) are given in Table 1. Dashed circles (Compounds 6, 7, and
8) are uncorrected for deesterification: closed circles are corrected for conver
sion to Compound 1. Linear regression was calculated by least squares: slope,
1.68: coefficient of correlation, >0.98 (excluding Compound 8).
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0.06 @tMrange the data indicate a plateau or loss of inhibition
(I) at 4 or 6 to i 0 hr. Rate changes of I and n are discussed
below. By 20 hn, I is greater than 75% at all drug concentra
tions.

Regressions for sets of data (in Charts 9 to 1i ) were esti
mated by least-squares fit to the equation:

In s@C5o= k, + k8 In (X) (K)

having the same form as Equation F, but where @C50is the
growth index, and X are parameters (1/n, 1/1, r, 1/l.n, r/l.n)
estimated at 0, 2, 4, 6, i 0, and 20 hr after the initial 2-hr drug
exposure. The linearity of the regressions may be summarized
(Table 2) as coefficients of correlation (based on 4 or more
drug concentrations at each time). The best indications of
linearity with respect to @Csein Equation K are those that

Chart 8. Comparison of ID37estimated from Equation I and from growth
studies (Table 1). The circled numbers are those in Table 1 (Compounds 6 and
7 corrected: Compound 8 excluded).

(left), and the subsequent retention by washed cells is indicated
in Chart 10 (right). Retention data are treated as a 2-phase
system. After the initial incubation with 4-demethoxydaunorub
icin, there is a rapid loss of agent from washed cells during the
first 2 hr (or less); we refer to this as the a phase, and 12
values for this phase range from i .8 to 2.5 hr (probably an
overestimation). The second or slower phase of drug loss is
referred to as the $ phase.

The 12($ phase; calculated by the method of least-squares
fit) in Chart i 0 indicates that, at higher concentrations (0.08 to
0.25 ,zM) of 4-demethoxydaunorubicin, drug loss is relatively
rapid, compared to values obtained at lower concentrations.
Zero time extrapolation values of r for the fi phase are shown
in Chart 10 (inset) as r1@,which are proportional to the initial
drug concentrations. It is of interest that, over the range of
initial drug concentrations (0.03 to 0.25 ,zM),the ratio of r1@to
the cellular concentrations found at that time (r0) is relatively
constant: 0.44 to 0.58. These data suggest that about one-half
of the drug present intracellularly after the initial uptake is lost
rapidly during the a phase. This may indicate that r0 â€”rp is
bound less tightly than ,â€˜@;this free or weakly bound fraction is
referred to as r,. The t,,2 (f@phase) and r@may be used to
describe the cell index (@Cso):

AC80= kC+kd(t,/2.ln!\ r@

with a coefficient of correlation >0.98. Equation J may be
rewritten:

e@Â°Â°K@(!)h2@

where K@= e@ and k@is the limiting value of @C50on 0.5. It
should be noted that this value is determined by the duration
of the assay (i.e. , number of cells that lyse during 50 hr). The
exponential kd is a rate constant for loss of agent, based on
the assumption of first-order kinetics.

DNA damage (n) and inhibition of thymidine incorporation
(I) were also estimated (Chart 11) in the experiments described
in Charts 9 and i 0. At higher concentrations of 4-demethoxy
daunorubicin (0.06 to 0.25 ELM),I and n increased (following
the initial exposure to drug) with time, although in the 0.03- to

0.01

oii&-)â€•

-Co@ (828w)

- Control (28w)

Cv

I

6

5

4

3

2

@o4@ ooe @sace a@ o@s

/LM

Chart 9. i@C@of CCRF-CEMcells after 2-hr incubation with 4-demethoxydau
norubicin (4-dDm). Cells were incubated for 2 hr with 4-demethoxydaunorubicin,
washed, and then incubated for 50 hr in drug-free medium. The control cell
number at the end of the initial 2-hr incubation (C2)was 8.6 x 104/ml: at 52 hr
(C52).50. 1 x 104/mI. The index @C5o= C@2/C2.

(J)

(Ja)

I.0

8MNUTES

Chart 10. Uptake and retention of 4-demethoxydaunorubicin by CCRF-CEM
cells. The terms ofo and f@are defined in â€˜â€˜Materialsand Methods' â€˜and described
in the text. â€”â€”â€”â€”,extrapolations to 0 time (calculated from the method of least
squares fit), indicated in the inset as r@.The values for t,2(a) are not corrected
for the fl-phase regression.
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Parame
ter(X)A

at following times after2-hr initialdrug incubationV

6Ohr2hr4hr6hrlOhr2Ohr1
In0.950.960.980.960.940.960.9581
II0.940.880.980.960.940.890.932r0.960.920.880.880.890.930.910iII.n0.940.950.990.980.960.960.963r,/I.n0.960.910.980.980.970.980.963

(L)

where K, = ekf.The constant k, is 1 â€”n,,where n, is a fraction
of n that is free or weakly bound; kg is a rate function for
changes of X with time.

Chart 12 shows k, (left) and kg (right) for some of the
relations that fit Equation L. For k,, the data suggest that the
constant approaches unity for 1/n and 1u.n as r, is depleted.
Perhaps more interesting is the exponential function kg. For the
3 relations involving n (i In, i /l.n, n/l.n), the data may indicate
the presence of a damped oscillating system, as does the time
course of thymidine incorporation inhibition, especially evident
at the lower drug concentrations (Chart i i , right).

DISCUSSION

The unsubstituted anthracycline drugs (e.g. , Chart i , Corn
pounds 1 and 5) associate with DNA by at least 2 modes of
binding: at low concentrations (ligand:DNA-P, <0.2) intercala
tion is the predominant mode of attachment (KdS@ 10@ M); at
higher drug concentrations (Iigand:DNA-P, >0.2) weaker ionic
interactions also occur (12). A third type of binding, presumably

P. M. Kanter and H. S. Schwartz

HOURS

Chart 11. Time course of DNA damage (n/Mn0) and Inhibition of thymidine incorporation (I) in CCRF-CEMcells after 2-hr exposure to varying concentrations of
4-demethoxydaunorubicin (4-dDm). Zero hr is indicated as the time following drug exposure (2 hr).

Table 2
Coefficients of correlation

Coefficients of correlation (R) are for different parameters (X) in Equation K
and are described in the text.

covalent, has been inferred from cutting actions by the agents
in intracellular DNA (33). The compounds themselves do not
generate either frank strand breaks or alkaline-labile regions in
isolated DNA, but like other benzoquinone DNA-reactive
agents, they form free radicals in chemical and enzymic oxi
dation-reduction systems (3, i 6, 23). It may be through such
activation mechanisms that these agents attack DNA. Interca
lation may serve as a reservoir to hold unchanged agents, but
it may also orient activated ligands, facilitating covalent addition
to the DNA molecule, and protein cross-linking (29, 30). Fun
ther, intercalation distorts the conformational structure of DNA
with local helical unwinding, which alters template function and
inhibits DNA synthesis and repair systems (i 0, 22, 25). Simi
larly, covalently bound agent or free radicals may contribute to
these inhibitory actions, and the helical distortion caused by
intercalation may permit nuclease attacks which produce or
contribute to regions of DNA damage (21). Thus, drug activa
tion or cellular nucleases, or both, may account for DNA strand
damage, and double-strand breaks, which may be irreversible,
might evolve from these actions. DNA damage and inhibition of
DNA synthesis and template function appear to be common
effects of the anthracyclines, and each effect contributes to
growth inhibition of susceptible cells.

Batch Elution. Rydberg(31), usingtime-dependentalkaline
denaturation of duplex DNA (i ) and column chromatographic
separation of single-stranded from duplex DNA on hydroxyl
apatite gels at elevated (60Â°)temperature, rigorously estab
lished the theoretical background for estimating DNA damage
by this technique. We have adapted Rydberg's method of
column chromatography to a batch elution procedure for assay
of damage to mammalian DNA. The procedure is based on
partial alkaline unwinding of cellular DNA and separation of
sheared single-stranded and duplex forms by step elution from
hydroxylapatite with phosphate:formamide buffers. The modi
fied method has been standardized with respect to the unwind
ing constant /J, a calculated alkaline DNA-unwinding unit (Mn0)

include DNA damage as a parameter (X): 1In, i /l.n, and nI.
n. When exponentials are taken, the general equation has the
form:

= K, (xY'@
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Chart 12. Values of k, and k6 of Equation L for the
parameters of X described in the text.
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for CCRF-CEM cells, and the DNA-damaging efficiency of
ionizing irradiation (20). In the present study, the batch elution
method was applied to estimates of DNA damage with a number
of anthracycline derivatives. In applying the method to mea
surements of drug-induced lesions, DNA damage is dose re
lated for canminomycin and 4-demethoxydaunorubicin, potent
antitumor anthracycline drugs. Further, the kinetics of DNA
unwinding is similar to those obtained after irradiation; finally,
the fidelity of differential elution of single- and double-stranded
DNA from hydroxylapatite with the phosphate:formamide buffer
buffers is retained after cells are exposed to 4-demethoxydau
norubicin for 4 hr.

Static Model. The batch elution method has been utilized to
investigate DNA damage as a parameter of anthnacycline-in
duced inhibition of growth of CCRF-CEM cells. In the static
model, CCRF-CEM human leukemia cells were incubated un
den relatively uniform conditions with i 0 anthracycline deniva
tives. The parameters of drug retention (r), DNA damage (n),
and inhibition of thymidine incorporation (I) were correIa@ted
with relative drug lipophilicity and with relative potency of the
agents (P or i lID37). These parameters were also linearized to
the inhibition of growth (ID37)by Equation H.

The most potent (Equation E) in the series are carrriinomycin
(Compound 3),4-demethoxydaunorubicin (Compound 4), and
daunorubicin (Compound 5), which differ from each other only
by the substitutions at C-4 (R1 in Chart i ). Although drug
conjugation takes place in this position, the potency increases
in the presumed pathway: â€”OCH3(Compound 5) â€”*â€”H(Com
pound 4) â€”+â€”OH(Compound 3) â€”#conjugation, suggesting
that the pathway may also be one of drug activation. In this
regard, Compound 4 may be susceptible to microsomal epox
idation and Compound 5 to radical formation, and both species
might form DNA adducts.

Adriamycin-i 4-octanoate is the agent in this set which ap
pears to be more potent than expected from the [n/(l. n)]
relationship. The exceptional potency of adniamycin-i 4-octa
noate, apparently above that related to DNA associations, may
be important if it indicates that other biochemical actions con

tribute significantly to its biological effectiveness and, perhaps,
to selectivity.

The N-substituted derivatives, N-acetyldaunorubicin and N-
tnifluoroacetyladriamycin-i 4-valenate, are the least potent and
most lipophilic in this set. Plasma esterases rapidly convert the
latter agent to N-tnifluoroacetyladriamycin (i 7), which is also
highly lipophilic (Rf 0.64). Although we have not detected any
interaction of N-tnifluoroacetyladniamycin-i 4-valerate with
DNA, difference spectra indicate that N-tnifluonoacetyladnia
mycin interacts weakly and apparently nonspecifically with
DNA.5 Affinity of N-acetyldaunonubicin for DNA is 2 orders of
magnitude weaken than the parent compound daunorubicin.
Because of low retention and low relative potency of N-acetyl
daunorubicin, it is difficult to rule out effects of trace contami
nation with an active derivative, or biotransformation to dau
norubicin.

At the present time, we cannot exclude the possibility of
membrane actions of Adniamycin-i 4-octanoate, N-acetyldau
norubicin, or N-tnifluonoacetyladriamycin-i 4-valerate because
of relatively high lipophilicity. As shown by Bachur et al. (3),
activation may be associated with intracellular membranes.
Because the N-substituted compounds have high lipophilicity
and low affinities for DNA, it may be that their relatively low
potency results from a probability of binding within membranes
and at random sites, more than would be the case were there
a specific DNA acceptor target. In contrast, the octanoate
derivative is more potent than expected from the parameters in
Equation I. In Table i , 75% of the agent is shown converted to
Adniamycin; if potency of the octanoate derivative was deter
mined by the amount converted to Adniamycin, then a lower
potency would be expected. Since the unhydnolyzed com
pound has relatively high lipophilicity, it is reasonable to expect
a membrane site of action (and possibly activation, and since
adniamycin-14-octanoate also binds to DNA, the probability of
random losses is less than it is for the N-substituted agents).
The high lipophilicity and affinity of the octanoate compound

5 P. M. Kanter and H. S. Schwartz, unpublished observations.
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raises the possibility of both membranal and DNA sites of
action, which might explain its relatively high potency (2, 1i,
15).

Potency of the set of anthracycline agents used here (with
substitutions at C-i 4 and N, varying at C-4 and C-i 3, and with
steneochemical differences) was described by 3 parameters in
an exponential equation. For CCRF-CEM cells, Equation H
suggests that in a comparison of different derivatives, retention
is an important parameter, and it lends credibility to dual
actions of these agents: effects related to DNA function (e.g.,
inhibition of DNA synthesis); and structure (i.e. , introduction of
DNA strand damage), 2 potentially interdependent parameters.

Kinetic Model. In the preceding discussion (based upon data
in Table i ), the assumption was made that a set of parameters
might describe the growth-inhibitory actions of a set of anthra
cycline derivatives. The results with 9 of the 10 derivatives
appear to justify the assumption. The described study was
carried out under relatively fixed conditions and may be con
sidered as representative of a static model where the primary
variable was the structure of the compounds used.

To investigate further the relative contributions of I, n, and r
as parameters, we selected a single agent, 4-demethoxydau
norubicin, and varied conditions of incubation time with differ
ent drug concentrations. As shown in Chart 11, the initial
uptake of 4-demethoxydaunorubicin was rapid and reached
maximal levels before the end of the 2-hr incubation period.
Resuspension of drug-treated cells in drug-free medium re
suIted in an apparent 2-phase loss of drug. The initial rapid
phase of drug loss, designated a, was followed by slower loss
of drug (designated fi phase). The 12(fi) increased with de
creasing initial drug concentrations, and extrapolation of the
regression describing this phase to 0 time (i.e. , end of incu
bation time in drug-containing media) resulted in an estimation
of cellular drug concentrations directly proportional to initial
medium concentrations of the agent. The extrapolated value
and the rate of loss during the @6phase (estimated as t1/2) are
sufficient to describe the cell index (AC@). In this regard,
Equation J indicates that the cell index is inversely proportional
to the n@and directly proportional to the fi phase (t1/2), with a
coefficient of correlation >0.98.

By using Equation L to assemble the data for 4-demethoxy
daunorubicin, the regressions estimated from i In, i /l.n, and
n/l.n are relatively linear at each time point with respect to the
cell index. Neither I nor n alone are sufficient when compared
(by the root mean square of coefficients of correlation) to n
alone. In addition, n/l.n appears to be no better than i /l.n,
and the latter appears to be only a slightly better measure of
cell index than is 1/n.

Data in Chart i i indicate that the kinetics of inhibition of
thymidine incorporation increases in complexity with time as
cells are exposed to the lower concentrations of 4-demethox
ydaunorubicin. Complex kinetics is also indicated from the plot
of kgin Chart i 2, even when only 1/n is the selected parameter.
Since kg 15a rate function of change, a plot of @.n(corrected4)/
hr (normalized to r@)shows maximal rates of accumulation of n
at 4 to 6 hr(Chart 13): 12 to 14 n hr1 rfl1 for 0.25 and 0.i25
@tMconcentrations of 4-demethoxydaunorubicin, and 3 to 4 for

0.08 and 0.06 @Mconcentrations of 4-demethoxydaunorubicin.
Minima also occur before the 20-hr point (0.08 and 0.06 @tM,
respectively). The rate changes of I and n do not seem likely to
result directly from depletion of intracellular agent which follows

hr

cIl@q.c

Chart 13. Derivative plot of n. Data from Chart 11 (left) shown as @.nIhrand
normalized to 1/r,@.The 2-hr initial incubation concentrations (jIM) of 4-deme
thoxydaunorubicin are 0.25 (â€¢),0.12 (X), 0.080 (0), and 0.060 (L@).

first-order kinetics. Instead, it may seem reasonable to suppose
that changes in intracellular drug disposition and changes in
DNA structure and function determine the kinetics of I and n.
It is not possible from our data (1 9), nor from those of others
(9), to rule out some DNA repair with low levels of drug. We
may also suspect that as n accumulates, there may be changes
in DNA conformation that also change probabilities of interca
lative or activated ligand binding to DNA. Intracellular disposi
tion of the drug could be affected by formation of radicals (3,
i 6) which may, for example, inactivate sites of activation (24)
or react with components of the radical-quenching systems of
the cell (26). Changes in these systems also alter probabilities
of incurring DNA damage. With respect to thymidine inconpo
ration, I might be affected by DNA repair systems, changes in
kinetics of the mitotic cycle, fluctuating affinities of 4-deme
thoxydaunonubicin for intercalating sites in DNA, etc.

Conclusions. We have demonstratedrelationshipsbetween
biological potency, parameters of drug retention and DNA
related actions, and relative lipophilicity with a number of
anthracycline derivatives under fixed conditions. The form of
the equation and the parameters are given as a static model in
Equation H, which is similar to Equation L, a kinetic model for
one of the more potent anthracycline derivatives. There are,
perhaps, 2 points that can be drawn from the static model: (a)
the functions which determine I, n, and r values are likely to be
similar for 9 of the i 0 derivatives; (b) the agent (adniamycin
14-octanoate) which is not characterized by the same param
eters may be acting by different mechanisms. This implies that
a static model can be used to quantitatively define the class of
agents and perhaps to exclude others on the basis of qualita
tively different actions.

Besides giving some insight into the meaning of the static
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model and relating the rate of drug depletion to effects on cell
growth as in Equations J and K, the kinetic model for 4-
demethoxydaunonubicin may have value in the interpretation of
the parameters as they may contribute to growth inhibition. In
this study, I, n, and r are used only to indicate that the measured
values may be applied to a quantitative definition of a biological
effect of an agent. In this context, the parameters do not per
se determine the response and are not used to ascribe drug
related mechanisms. To take I as one example, the measured
values may reflect effects in related parameters that may or
may not be immediately pertinent to growth inhibition and might
include DNA, RNA, and protein synthesis, nucleotide biosyn
thesis and pool sizes, DNA repair mechanisms, etc. Taken
literally then, inhibition of thymidine incorporation is probably
not a determinant with these agents, but rather a measured
signal of one or more events that may be rate limiting or critical
to cell survival at some time during the course of drug action.

Similar arguments may be found to define the other param
eters as signals rather than determinant parameters. For each
signal having different kinetics, there are different rate-limiting
or critical functions which would in fact be limiting determinants
acting at different times and to varying degrees. The concept
of limiting determinants incorporates other determinants of
drug action (e.g. , drug receptors and proximal biochemical
mechanisms of action), which are not sufficient by themselves
to account for biological actions because they do not allow for
counteractions imposed by intracellular control mechanisms.
In the specific case of the anthracycline agents, some of the
counteractions may include loss of effective drug by metabo
lism, depletion by active onpassive transport or at sites of loss,
DNA repair, intervention by radical scavenging mechanisms,
etc. While the role of such parameters may be difficult to
assess, the present study provides evidence for the simplifying
assumption that only one or 2 signals need be explored to
define drug action in terms of the limiting determinants.

Other cell lines may have different relationships between r,
I, and n, and this possibility remains to be explored. It is
reasonable to expect differences in Mn0, rates of drug activa
tion-inactivation, intercalated ligands and DNA damage, and
capabilities for DNA repair among different cell populations.
Within a given population (e.g. , CCRF-CEM cells), such factors
are probably relatively uniform under standardized conditions,
as in a static model, and it is for this reason that growth
inhibitory actions may be described with a relatively high de
gnee of certainty in terms of a few parameters; 12,r@,or r on
the one hand and the functional aspects of drug action (I, n) on
the other. In comparisons of a variety of drug-exposed cell
populations (e.g. , in clinical studies of patients with leukemia),
the contributions of each parameter to cytotoxicity may be
different and not predictable for the laboratory models at the
present time. This limitation notwithstanding, evaluation of
these parameters of drug action in human and experimental
leukemias and in other cell lines is a subject for future investi
gation because of possible relevance to clinical chemotherapy.
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