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ABSTRACT

CC-1065 is a very potent antitumor antibiotic which selectively binds
in the minor groove of DNA with alkylation at N-3 of adenine. Since
therapeutic doses of CC-1065 caused delayed deaths in mice, analogues
were synthesized, some of which had significant antitumor activity. The
effects of several of these analogues on inhibition of CHO cell survival,
cell progression, and their phase-specific toxicity are reported.CC-1065,
U-66,664, U-66,819, U-66,694, and U-71,184 all have a left hand seg
ment with an intact cyclopropyl group but have different tail segments.

Lethality of these compounds after 2 h drug exposure was in the
following order (50% lethal dose in n\\ in parentheses): CC-1065 (0.06)
> U-71,184 (1J) > U-66,694 (3.2) > U-68,819 (171) > U-66,664
(> 12(1(1).In general, these compounds did not inhibit progression from
GÃ¬to S but slowed progression through S and blocked cells in G2-M.
The phase-specific toxicity of U-71,184 and U-66,694 was different from
that of CC-1065. CC-1065 was most cytotoxic to cells in M and early (,,
and toxicity decreased as cells entered late (., and S. In contrast, I -
66,694 and U-71,184 were most toxic to cells in late G,.

The biochemical and cellular effects of U-71,184 were then studied in
detail since it was the most active among these analogues. After a 2-h
exposure to 3 ng/ml U-71,184, 90% cell kill or growth inhibition was
observed whereas 100 ng/ml was needed for similar inhibition of DNA
and RNA synthesis. This discrepancy between the doses suggested that
inhibitionof nucleic acid synthesis may not be causally related to lethality.
Further studies showed that when drug was removed after 2 h exposure,
DNA synthesis continued to be inhibited whereas RNA and protein
synthesis reached levels higher than the control. Therefore, it is likely
that at cytotoxic doses the low level of inhibition of DNA synthesis
combined with the stimulation of RNA and protein synthesis leads to
unbalancedgrowth and cell death.

INTRODUCTION

CC-1065 (Fig. 1), a new antitumor antibiotic produced by
Streptomyces zelensis, was discovered and characterized in the
research laboratories of The Upjohn Company (1-3). This
agent is one of the most cytotoxic antitumor agents known and
is active against several experimental murine tumors in vivo (4-
6). CC-1065 was 100 times more potent than Adriamycin
against a broad spectrum of human tumors in the cloning assay
(5, 6).

Previous studies by Bhuyan et al. (5) and Li et al. (6) showed
that CC-1065 was about 50-1000 times more cytotoxic to B16
melanoma and LI210 cells in culture than Adriamycin and
actinomycin D, and it inhibited DNA synthesis much more
than it inhibited RNA or protein synthesis. Studies with thermal
melting of DNA and differential circular dichroism measure
ment indicated that the inhibition of DNA synthesis by CC-
1065 was mediated by the strong irreversible binding of CC-
1065 to double-stranded DNA (6). This binding was specific
for adenine- and thymine-rich sites primarily in the minor
groove (7). CC-1065 did not intercalate or cause DNA breaks.
In contrast to other antitumor agents, it appeared to stabilize
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the DNA helix (7). The mechanism of action and biological
properties of CC-1065 have been recently reviewed by Reynolds
et al. (8), who suggested several possible mechanisms to explain
the extreme cytotoxic potency of CC-1065. The DNA sequence
specificity of the drug might lead to selective reactions with a
critical target within DNA or affect gene expression at critical
sites some distance from the actual drug-binding site. Alterna
tively, the CC-1065-DNA adducts might inhibit or cause det
rimental DNA repair. These possibilities are being explored by
these workers.

The development of CC-1065 towards clinical trials was
stopped because later studies (9) showed that CC-1065 caused
irreversible, delayed hepatotoxicity. In order to obtain com
pounds that retained the activity without unacceptable toxicity
and to understand structure-activity relationship, several CC-
1065 analogues were prepared, the antitumor and biochemical
activities of which have been previously reported (10-13). Of
these analogues, U-71,184 was chosen for detailed study, par
ticularly because of its significant in vivo antitumor activity.
This paper compares the lethality of U-71,184 to several other
analogues and describes the kinetics of inhibition of growth, of
survival, and of DNA and RNA synthesis in CHO2 cells. An

abstract of this study was presented previously (14).

MATERIALS AND METHODS

CC-1065 Analogues. CC-1065 is a fermentation product, whereas all
the analogues were prepared by total synthesis at The Upjohn Company
(11). All compounds were dissolved in DMSO at 1 mg/ml and stored
in glass vials in the freezer. The compounds are stable under these
conditions. Since CC-1065 has been known to bind rapidly to plastic,
glass pipets and vials were used in preparing dilutions of all drugs. The
drugs were diluted in medium prior to adding to cells in plastic T25or
T75flasks.

CHO Cell Culture. CHO cells were obtained from Dr. R. Tobey (Los
Alamos National Laboratories, Los Alamos, NM). CHO cells were
maintained in Ham's F-IO medium (Irvine Scientific, Santa Ana, CA)

supplemented with 15% fetal calf serum (Hyclone, Logan, UT). CHO
cells grow exponentially to a cell density of about 5 x 106/75-sq cm

flask. CHO cell monolayers were harvested by a short treatment with
a solution of 0.1% trypsin plus 0.02% EDTA disodium salt in 0.9%
NaCl solution. The cells were counted in a model ZBI Coulter Counter
(Coulter Electronics, Hialeah, FL).

Cell Survival Determination. To determine survival after drug expo
sure, the CHO cell monolayer was harvested with trypsin, and the cells
were centrifugea and washed to remove drug. The cells were diluted in
medium, and an aliquot was planted (to give about 20 to 100 colonies)
in multiwell Linbro plates. Four wells were used per sample. The plates
were incubated in a humid 37Â°C,8% CO2 atmosphere for 8 days. Then

the colonies were fixed, stained with 0.2% mÃ©thylÃ¨neblue in 70%
ethanol, and counted. Cloning efficiency of exponentially growing CHO
cells ranged from 50 to 90%. In all cases, the cloning efficiency of the
untreated (control) cells was normalized to 100%, and the cloning
efficiency of the treated cells was expressed as a percentage of control
survival. The coefficient of variation (SD expressed as a percentage of
the mean) in determining cell survival was about 15% within each
experiment. All experiments were repeated at least once. For each drug

2The abbreviations used are: CHO, Chinese hamster ovary; FITC; fluorescein
isothiocyanate; I I>>,,â€ž90% lethal dose; CD, circular dichroism.
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EFFECTS OF CC-1065 ANALOGUES ON CELL SURVIVALAND CELL CYCLE

Table 1 CC-1065 and analogues: structure, cell lethality, antileukemic activity, and DNA-binding property

Upjohn compound no. Structure

CHO LDMÂ°

(IM)
% of ILS, P388
in vivo (cures)*

Molar
erf

Molecular
weight

U-66,664

U-68,819

U-66,694

ir^~\

~T

%Q

>1240

171

3.2

45 0 242.28

71 13 x IO3 293.33

86 (1/6) 41 X IO3 343.39

U-71,184 1.3 (4/6) 150 xlO3 501.55

U-71,185Parent

compoundV-56,31411(CC-1065)^ly-TTY^-OUiTVU

S SJ^ 40 57501.55H1

â€”i iâ€”||VN"c~*1Hi[â€”-jj^v^-C
N^YWD^S-^^lfpt^W

H OCH, 0.06 62 305 xlO3703.72^M^Y

Â°ÃŽOCH)H

o ..â€ž..

"The 50% lethal dose (I.I).,,) for CHO cells was measured by a clonogenic assay after a 2-h drug exposure and is based on the dose-response curves shown in Fig.

1.
* In vivo antileukemic (P388) activity is expressed as percentage of increase in life span (ILS) when the drug was given i.p. on days I, 5, and 9. P388 cells were

inoculated i.p. on day 0. Results taken from Refs. 11 and 13.
' The DNA-induced molar ellipticity is a measure of DNA-binding activity and was taken from Ref. 13.
'The active alkylating end of CC-1065 containing the cyclopropyl ring is denoted as the "A" segment. The remainder of the molecule which lies in the minor

groove is denoted as the tail or "R" segment.
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Fig. 1. CHO cell kill after 2 h exposure to CC-1065 analogues. Survival was
determined by the cloning assay. Note the change in scale for drug dose in
different panels.

concentration, duplicate cultures were used. Vehicle or solvent controls
were run with each experiment.

Preparation of Synchronous CHO Cultures. Synchronous cultures
were started from mitotic cells selectively harvested after a 2.5-h treat

ment with 0.33 iig/m\ Colcemid (Ciba, Summit, NJ). The method has
been described in detail (16). To determine phase-specific lethality, cells

100
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0.01

U66694
(10)

20 255 10 15

Hr
Fig. 2. Time course of cell kill by CC-1065, U-66,694, and U-71,184.
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EFFECTS OF CC-1065 ANALOGUES ON CELL SURVIVAL AND CELL CYCLE

CONTROL

CC1065
0.25 ng/m I

U66694
5 ng/ml

U68819
20 ng/ml

U66664
200 ng/ml

U71184
0.50 ng/ml

10 24 36

12 24 36

HOURS OF CONTINUOUS EXPOSURE

Fig. 3. DNA histograms ofCHO cells during continuous exposure to different
analogues for 36 h. Cell samples were taken at different times and their DNA
distribution was determined by flow cytometry. Values in parentheses show drug
concentration in ng/ml. x-axis, DNA fluorescence; y axis, relative cell number.

in different phases of the cell cycle were exposed to drug for 2 h at
37*C. The cells were then harvested and percentage of survival deter

mined as described above.
Determination of Macromolecule Synthesis. DNA, RNA, and protein

synthesis by CHO cells was determined by the addition of 1 ml of one
of the following radioactive precursors obtained from Amersham (Ar
lington Heights, IL): [3H]thymidine, 30 Â¿iCi/mlof 2 Ci/mmol; [5-3H]-
uridine, 20 (Â¿Ci,4 /Â¿g/ml;[14C]leucine, 5 Â¿iCi/ml.The radioactive
precursors were added to 25-cm2 culture flasks containing about 3 x
I()'' CHO cells in 8 ml medium. One ml of drug of the appropriate

concentration was added simultaneously with the radiolabel. To stop
uptake of radioactivity, the medium was removed, and the cells were
washed with 5 ml of cold 0.9% NaCl solution containing the appropri
ate unlabeled precursor (thymidine, uridine, or leucine) at 100 fig/ml.
The cells were then harvested and resuspended in cold medium con
taining 100 /ig/ml unlabeled precursor. One aliquot was counted in the
Coulter Counter to give the cell number, while cells in 2 other aliquots
were filtered through a Skatron 6-well cell harvester (Lier, Norway).
Filter was washed three times with ice cold 10% trichloroacetic acid
(Sigma, St. Louis, MO) and then twice with 100% ethanol. Filters were
allowed to dry, and the disks were punched out and placed in scintilla
tion vials. Filters were extracted at 70Â°Cfor l h with 0.5 ml perchloric

acid (Sigma) and cooled; scintillant was added (Amersham, Arlington
Heights, IL) and counted in a scintillation counter.

DNA and Protein Determination by Flow Cytometry. DNA and pro
tein content of cells was measured by flow cytometry using a FACS-II
(Becton Dickinson Immunocytometry Systems, Mountain View, CA)
interfaced to a Nuclear Data ND6660 data acquisition computer (Nu
clear Data, Inc., Shaumburg, IL). The computer is equipped with a
160-mega byte disk drive (Control Data Corp., Minneapolis, MN). For
DNA content determination alone, cell samples were fixed in 70%
ethanol, stained with mithramycin (Dome Laboratories, West Haven,
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Fig. 4. DNA distribution of CHO cells continuously exposed to drugs for 36

h. The DNA histograms shown in Fig. 3 were quantitatively analyzed to give
their DNA distribution values. The number in each panel shows drug concentra
tion in ng/ml. O, A, D, percentage of d, S, and G2-M cells, respectively.

CT) as described previously (17), and analyzed at a laser wavelength of
456.9 nm and power of 150 mW. Fluorescence was filtered with a 515
um Schott glass long pass filter. DNA histograms thus obtained were
transferred to an IBM 3081 computer and analyzed for cell cycle phase
distribution as described (17).

Cells were stained simultaneously for DNA and protein as described
by Crissman et al. (18). Cells were fixed by rapidly adding 8 ml of ice
cold 70% ethanol to a pellet of cells dislodged by tapping, then pipeting
rapidly about four times. Fixed cells were held at 4Â°Cat least overnight
and then stained as follows. Centrifuge and re-suspend to about 7.5 x
10s cells/ml in Dulbecco's phosphate buffered saline without calcium

and magnesium (GIBCO) containing 18 ng/m\ propidium iodide (PI,
Calbiochem, San Diego, CA), 0.05 Mg/ml FITC (Polysciences, War-
rington, PA) and 40 /ag/ml RNase (Boehringer-Mannheim, Indianap
olis, IN). Stock solutions of PI and FITC were prepared as described
(18). Stained cells were analyzed by flow cytometry at a laser wavelength
of 488 nm and power of 300 mW. FITC fluorescence was collected
through a 514 nm 3-cavity bandpass filter, PI fluorescence through a
640 nm long pass filter.

Data were transferred from the ND6660 data acquisition computer
to the IBM 3081 over an asynchronous communications interface.
Bivariate histograms were plotted as contour plots on a Nicolet Zeta
Model 1453 plotter (Nicolet Zeta, Inc., Schaumburg, IL) using the
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EFFECTS OF CC-1065 ANALOGUES ON CELL SURVIVAL AND CELL CYCLE

90

60
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CC1065

M

U71184

M G,

U66694

Fig. 5. Phase-specific toxicity of CC-1065, U-66,694, and U-71,184. Top,
DNA histogram of synchronous cell populations at different times after planting
mitotic (M) cells, x and y axes, DNA fluorescence and relative cell number;
bottom, survival of M, (Â¡,,and S-phase population exposed for 2 h to drugs.
Values in parentheses show ng/ml of drug.

1.8 X 106r

10s
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Fig. 6. Growth inhibition during continuous exposure to U-71,184. Drug was
added at 0 h.

graphics program SAS/GRAPH (SAS Institute, Inc., Cary, NC) run
ning on an IBM 3081 computer.

RESULTS

Structure and Characteristics of CC-1065 Analogues. The
structure, P388 anti-leukemic activity in vivo, DNA binding
activity (measured by CD), and lethality for CHO cells are listed
in Table 1. The compounds tested represent a spectrum of
compounds progressing from simple to complex structures in
which all compounds, except U-71,184, have the left hand

0.75

E

3.0

5.0

' \

12 24 36
HOURS AFTER 2HR EXPOSURE

Fig. 7. DNA histograms of cells at different times after a 2-h exposure to U-
71,184. x- and y-ores, DNA fluorescence and relative cell number, respectively.
. Inmn. population of cells progressing as a cohort which is moving slower through
S than the other cells.

DNA

10

-40 -20 20 40 N 80 100

% INHIBITION

Fig. 8. Inhibition of DNA and RNA synthesis after 2 h exposure to U-71,184.
The different symbols indicate different experiments. The specific activity [dpm/
10* cells] of DNA and RNA in the untreated control was [2.77 Â±0.21 (SD)] x
IO4and [1.13 Â±0.27] x 10', respectively.

segment with intact cyclopropyl ring (the covalent DNA-bind-
ing region) and middle and right hand segments (noncovalent
DNA-binding) of different lengths. It will be noticed that both
the cytotoxicity of the compounds and molar CD increased
from U-66,664 to CC-1065. U-71,184 had the most antileu-
kemic activity in vivo.

Cell Kill by the Analogues. The dose-survival curves, after 2
h exposure to these analogues, are shown in Fig. 1. In all cases
(except U-66,664), a sigmoid survival curve was obtained which
was characterized by an initial shoulder, followed by an expo
nential (log-linear) decline in survival as the dose increased.
These curves were used to determine the 50% lethal dose and
LÃ–90values (see Table 1). U-66,664 was not significantly lethal
(<20% cell kill) even at 300 ng/ml.

The order of activity of these compounds was CC-1065 > U-
71,184 > U-66,694 > U-71,185 > U-68,819 > U-66,664.
Although CC-1065 was the most cytotoxic compound tested, 2
of the analogues (U-71,184 and U-66,694) were also very potent
and caused 90% cell kill at about 2 ng/ml or less. The cytotox
icity decreased dramatically from U-66,694 (I.D.),,= 2.3 ng/ml)
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EFFECTS OF CC-1065 ANALOGUES ON CELL SURVIVAL AND CELL CYCLE

Table 2 Correction in DNA synthesis measurement for changes in percentage of S phase cells

% of control rate of DNAsynthesisU-71,184

(ng/ml)0

(control)
3|3H]Thymidine-Â»DNA"

(dpm/10scells)3200

2200%

of S-phase
cells*30.6

62.6For

total cells
processed'100

68.8For

S-phase
cells'*100

33.5For

[3H]thymi-
dine'-labeled

cells10033.7

Â°DNA synthesis (by [3H]thymidine incorporation) was measured 6 h after cells had been exposed to 3 ng/ml U-71,184 for 2 h.
* Percentage of S-phase cells determined by flow cytometry at 6 h.

c Specific activity treated _ 2200 x ^ _ ^%%
Specific activity control 3200

3200Specific activity of control (30.6%) S phase cells = -â€” = 104.6.
30.6

Specific activity of treated (62.6%) S phase cells = â€”â€”=35.1.
62.6

% of control : 35.1
104.6

X 100 = 33.5%.

' Percentage of S-phase cells determined by counting the percentage of number of labeled cells and specific activity calculated as in Footnote d.

150

100

50

RNA

i DNA(labelledcell)
JfN-^ 5- *ÃŽ--ÃŽ i

DNA(S phasecelli

024 8

HOURSAFTER2 HREXPOSURE

Fig. 9. DNA and RNA synthesis at different times after 2 h exposure to 3 ng/
ml U-71,184. After drug exposure, the cell monolayer was washed and reincu-
bated. [3H]Thymidine or [5-3H]uridine was added for 30 min at 0, 2, 4, and 8 h.

The specific activity of DNA at different times was corrected for percentage of S
phase (by flow eytometry) or percentage of labeled cells (by autoradiography).

J1.5 ng/ml)

X\

ng/ml)

0 20 40 60 80 100 120 140
HRSAFTERA 2 HR EXPOSURE

Fig. 10. Protein synthesis at different times after a 2-h exposure to 1.5 or 3
ng/ml U-71,184. The protocol was the same as for Fig. 9 except that the cells
were labeled with DL-['"C]leucine (5 (iCi/ml) for 30 min following which incor
poration into acid-insoluble fraction was measured. The average specific activity
of the untreated control samples was 2729 Â±649 cpm/105 cells.

to U-68,819 (LD90 = 100 ng/ml) and U-66,664 (LD90 = >300
ng/ml). The order of the compounds based on cytotoxicity
generally agreed with the order based on DNA binding activity
as measured by CD (Table 1).

CC-1065 and U-71,184, which have the same stereochemis
try, were highly active, whereas U-71,185 (which is the stereo
isomer of U-71,184) was much less active.

The effect of increased drug exposure time on the lethality

G2M-

61

0.75
G2M

G1

u
CO

G2M
1.5

Â± G1

3.0
G2M

G1

FITC FLUORESCENCE(PROTEINCONTENT)

24 48
HOURSAFTERU-71,184

Fig. 11. Contour plots representing DNA content (PI fluorescence) and pro
tein content (FITC fluorescence) of CHO cells exposed for 2 h to U-71,184 and
analyzed after 24 or 48 h in drug-free medium. Contour lines are drawn between
points representing incremental increases of 20 cells.

of several of the analogs is shown in Fig. 2. As previously
reported for B16 cells, the lethality of CC-1065 did not increase
when exposure was increased from 2 to 24 h (5). This effect
was not due to degradation of CC-1065 in the medium (data
not shown). In contrast, U-66,694 and U-71,184 killed 99-
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EFFECTS OF CC-1065 ANALOGUES ON CELL SURVIVAL AND CELL CYCLE

160
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oG2M

A ALL PHASES

48 HR

/
A

0 0.75 1.5 3.0 0 0.75

U-71,184 (ng/ml)
1.5 3.0

Fig. 12. Mean FITC fluorescence channel number (protein content) of cells
exposed to U-71,184 for 2 h and analyzed after 24 or 48 h. Plotted is mean
fluorescence of the entire sample (A, all phases) and of G2-M cells only (O, G2-
M).

3 ng/ml

2.0x10* 103 10* 6.3x10*

CELL VOLUME (CUBIC MICRONS)

Fig. 13. Increase in cell volume after a 2-h exposure to 3 ng/ml U-71,184.
This was a part of the experiment in Fig. 9. The volume and the width of the
peak increase with time. Samples at 72 and 144 h show the presence of cell
debris.

99.9% of the cells after 24 h exposure to a drug concentration
that killed only 10-30% of the cells after a 2-h exposure.

Effect of the Analogues on Cell Progression. The effects of
the analogues on progression of cells through the cell cycle
were compared at doses that caused significant growth inhibi
tion during continuous drug exposure. Thus, at the doses used
(Fig. 3), the percentages of growth inhibition for U-66,664 (200
ng/ml), U-68,819 (20 ng/ml), U-66,694 (5 ng/ml), U-71,184
(0.5 ng/ml), and CC-1065 (0.25 ng/ml) were 95.5, 91, 82, 99,
and 93%, respectively. The DNA histograms of samples taken
at 10, 24, and 36 h are shown in Fig. 3 and quantitative analysis
of these histograms is shown in Fig. 4. In general, the effect of
the analogues was similar. Cell progression from d to S was
apparently not inhibited, but due to the block in G2-M the G r
pool was not replenished which resulted in a gradual reduction
of percentage of d cells. Cells progressed slowly through S
phase, resulting in marked increase in percentage of S phase
cells by 10 h with all analogues. However, by 24 h, cells

progressed out of S into G2-M, decreasing the percentage of S
phase cells and increasing the percentage of G2-M cells. Cells
were blocked in G2-M.

Certain differences between effects of the analogues on cell
progression may also be noted, for example, by comparing U-
71,184 to CC-1065 or U-66,664. U-71,184 inhibited progres
sion through S for the shortest period of time such that by 36
h almost all the cells had progressed into G2-M and the S-phase
pool was depleted. In contrast, with U-66,664 and CC-1065
about 60% of the cells were still in S and only 40% had
accumulated in G2-M by 36 h.

In most cases the DNA histograms showed the presence of
debris by 36 h suggesting that cell lysis was occurring at this
time. This was not apparent at earlier times.

Similar results, namely depletion of GI, accumulation of cells
in S and later in G2-M, were obtained at lower doses of the
analogues which caused about 40% inhibition of growth (Fig.
4). However, because growth was continuing, inhibition of cell
progression was not as great as at the higher dose.

Phase-specific Toxicity of CC-1065, U-66,694, and U-71,184.
Since these 3 compounds were the most active of the analogues,
their toxicity to different phases of the cell cycle was determined
(Fig. 5). The top panel shows the histograms of cells in different
phases at the time of drug exposure and the bottom panel shows
the survival after 2 h drug exposure. The DNA histograms show
that the mitotic population contained about 90% cells in mi
tosis, the GÃ¬population shows a clean peak, and the S popula
tion contained 86.4% cells in S. We had previously reported
that CC-1065 was most toxic to cells in mitosis and very early
d and the toxicity decreased as the cells entered S (16). These
results were confirmed. In contrast, U-71,184 and U-66,694
had a different pattern of toxicity. For both U-66,694 and U-
71,184, there was a marked decrease in survival as the cells
progressed from M + early GI into late GI. Cell survival
increased as the cells then progressed into S. Since we had
presumed that these analogues will behave similarly to CC-
1065, this difference was surprising.

Detailed Studies with U-71,184. This analogue, very cytotoxic
in vitro, was also significantly active against murine tumors and
human tumor xenografts (Table l, Ref. 13). Previous studies
had postulated that CC-1065 acted by irreversibly binding to
DNA, thereby inhibiting the normal unwinding required for
DNA synthesis (6). This resulted in greater inhibition of DNA
than of RNA or protein synthesis (6). The fact that the cyto-
toxicity of the analogues increased with increased ability to
bind to DNA [as measured by induced CD (Table 1)] gave us
reason to believe that they acted in a manner similar to that of
CC-1065. However, the following studies will show that the
answer is much more complex.

Since U-71,184 binds strongly to DNA to give a molar CD
of 150 x IO3 (see Table 1), we expected marked inhibition of

DNA or RNA synthesis at doses that caused significant cell
death. For the studies that follow, we tried to correlate various
parameters of drug effect (DNA and RNA synthesis, inhibition
of cell growth, and cell progression and cell survival) after a 2-
h drug exposure.

Inhibition of Cell Growth, Cell Survival, and Cell Progression
after 2-h Exposure to U-71,184. Fig. 1 has shown that 2 h
exposure to 1 or 3 ng/ml killed 90 and 99.9% of the cells,
respectively. Fig. 6 shows that cell growth was completely
inhibited after 2 h exposure to 3.0 ng/ml.

Fig. 7 shows the DNA histograms of cells at different times
after a 2-h exposure to 1.5,3, and 5 ng/ml. There was significant
accumulation of cells in S by 4 h after drug exposure. The cells

114

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2431328/cr0480010109.pdf by guest on 19 M

ay 2023



EFFECTS OF CC-1065 ANALOGUES ON CELL SURVIVAL AND CELL CYCLE

progressed slowly through S and accumulated in G2-M by 24
hr. At 1.5 ng/ml the cells passed through G2-M to d, so that
by 36 h the cell distribution approached that of the untreated
control. At 3 ng/ml, the cell distribution was still very perturbed
at 36 h. The accumulation of cell debris in the 36-h sample
shows that cell death occurs by this time after a 2-h exposure
to 3 ng/ml. These results identified 1 to 3 ng/ml as a meaningful
dose for a 2-h exposure which caused significant cellular effects.

The histograms of treated cells at 4 to 8 h (Fig. 7) also
indicate the presence of a cohort of sensitive cells that were
more inhibited in their progression through S. By 4 h (Fig. 7,
arrows), a population of cells enters S as a cohort and is
identified as a peak next to the d peak. The area of this peak
and its progression across S up to 12 h is dependent on drug
dose. Thus, at 12 h, the peak seen at 1.5 ng/ml has entered G2-
M, whereas that of 3 ng/ml is in late S.

Inhibition of DNA and RNA Synthesis after 2 h Exposure to
U-71,184. Fig. 8 shows that most doses of U-71,184 inhibit
both DNA and RNA synthesis almost equally. RNA synthesis
was stimulated only at 1 ng/ml whereas DNA synthesis was
inhibited between 10 and 20%. The dose needed for inhibition
of nucleic acid synthesis was much greater than the doses
needed for inhibition of cell growth or survival. Thus, the doses
required for 90% inhibition of growth and survival were 3 and
1 ng/ml, respectively, as compared to 50-100 ng/ml needed for
90% inhibition of nucleic acid synthesis. We had shown previ
ously that after a 2-h exposure to CC-1065, maximum inhibi
tion of DNA synthesis occurred four hours later (15, 16).
Therefore, we measured inhibition of DNA and RNA synthesis
at different times after a 2-h drug exposure. Since the percent
age of S-phase cells in the drug-treated population changes with
time, the specific activity of DNA was corrected for percentage
of S-phase cells and expressed as cpm/106 S-phase cells (Table

2). The results (Table 2) show that when this correction is
made, the inhibition of DNA synthesis (=70%) is greater than
the inhibition (=31%) calculated on basis of incorporation in
total cells. Fig. 9 shows that the level of inhibition of DNA
synthesis stayed about the same during the next 8 h, whereas
RNA synthesis recovered and reached a value of 150% of the
untreated control. The increased RNA synthesis shortly after
drug exposure together with continued inhibition of DNA
synthesis suggested that unbalanced growth might be occurring.

Evidence for Unbalanced Growth. Unbalanced growth can be
characterized by continued RNA or protein synthesis in the
absence of DNA synthesis accompanied by increase in cell size
(19). Cohen and Studzinsky (19) first described this phenome
non in HeLa cells treated with various inhibitors of DNA
synthesis. We previously showed (Fig. 9) that RNA synthesis
was stimulated for 8 h after a 2-h drug exposure, at which time
DNA synthesis was still inhibited. Fig. 10 shows that protein
synthesis by the cells had increased significantly 24 h after a 2-
h exposure to 1.5 or 3 ng/ml U-71,184. Since protein synthesis
as measured by precursor incorporation can be affected by
changes in pool sizes, we determined the protein content of the
cells. For this purpose, the cells were stained with propidium
iodide (to measure DNA content) and fluorescein isothiocya-
nate (to measure protein content), and the dual fluorescence
was measured by flow cytometry. The contour plots in Fig. 11
show the protein and DNA content distributions of populations
exposed for 2 h to U-71,184 and sampled after 24 and 48 h. As
cells accumulate in G2-M after exposure to U-71,184, protein
content continues to increase. Considerable deterioration of
cells exposed to 1.5 ng/ml after 48 h was evident in the
increased width of the d and G2-M DNA content distributions

(Fig. 1\F). Cells exposed to 3.0 ng/ml were unanalyzable after
48 h (data not shown). In Fig. 12, the mean protein content of
whole and G2-M populations are plotted as a function of U-
71,184 exposure. The protein content of G2-M cells 24 h after
U-71,184 exposure increased from a mean channel number of
99.8 in the control to 148.7 in the population exposed to 1.5
ng/ml. Protein content did not increase with further increase
in drug concentration to 3.0 ng/ml (mean, 146.0). When ana
lyzed after 48 h, protein content of the 0.75-ng/ml sample had
decreased to the control value whereas the 1.5-ng/ml sample
was the same as the 24-h sample.

Cell volume at different times after exposure to 3 ng/ml is
shown in Fig. 13. Cell volume had increased significantly by 24
h from a mean of 1.4 x IO3/Â¿m3at 0 h to about 2.8 x IO3/Â¿m3

at 24 h. However, cell size distribution, as indicated by the
breadth of the peak, had not changed markedly by 24 h. Cell
volume had increased to about 4 x IO3and 10 x IO3^m3 by 72

and 144 h, respectively. These later cell samples were also
characterized by increasing amounts of cell debris and widening
of the peaks.

DISCUSSION

Previous workers (7) proposed that the cyclopropyl ring (left
hand segment, Table 1) of CC-1065 binds covalently by alkyl-
ation at the N-3 of adenine and that the tail ("R" segment) lies

entirely within the minor groove extending over a 5-base pair
region (see CC-1065 in Table 1). This specific binding in the
minor groove overstabilizes the DNA and leads to high induced
molar CD values (7). Since CC-1065 binds via the cyclopropyl
ring, it would be expected that elimination of that ring would
diminish the cytotoxicity of the compounds. This was shown
to be true with U-67,360 in which the cyclopropyl ring is
converted to a formate or acetate and which is about 1/500 less
cytotoxic than CC-1065 (20). Our results show that the pres
ence of the "A" segment alone (U-66,664) with an intact

cyclopropyl ring was not sufficient for high cytotoxic potency.
Thus, U-66,664 was about 10,000 times less potent than CC-
1065. These results suggest that an intact cyclopropyl ring and
a "R" segment of sufficient length are necessary for potent
cytotoxicity. The configuration of the "R" segment may confer

specificity for binding in the minor groove of DNA.
It is quite clear that the DNA-binding activity (as measured

by molar CD values, Table 1) increases with increasing length
of the "B" segment. Qualitatively, the DNA binding activity

correlated with the cytotoxic potency of the analogues (Table
1) and it has been proposed that DNA-drug interaction accounts
for their cytotoxicity.

The binding of drug to DNA could inhibit the normal un
winding required for DNA synthesis and a blocking of replica
tion and transcription enzymes. In concordance with this hy
pothesis, U-71,184 inhibited both DNA and RNA synthesis.
However, the dose needed for inhibition of nucleic acid synthe
sis was much (=20-50 fold) higher than the dose (1 to 3 ng/
ml) needed for inhibition of cell growth, survival, and progres
sion. Detailed studies showed that unbalanced cell growth oc
curred at these low doses (1 to 3 ng/ml) and we propose that
this could account for the cytotoxicity of this drug. Several
other agents have been shown to cause unbalanced cell growth.
Darzynkiewicz et al. (21) reported that cells blocked at Gr-S
border by hydroxyurea or thymidine for approximately one
generation increased their RNA content to nearly double that
of untreated cells in GÃ¬or S. However, with acclacinomycin
unbalanced growth was characterized by a lower RNA content
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(22). In either case, unbalanced cell growth for a prolonged
period led to cell death.

Phase-specific toxicity of these compounds was different
from that expected of agents that were cytotoxic by virtue of
their effect on DNA replication. Thus, for U-71,184 and U-
66,694, cells in late G, or at d-S border were the most sensitive
and sensitivity decreased as the cells progressed into S. This
pattern was different from that of CC-1065. A detailed analysis
of the cell progression data (Fig. IB) indicated the presence of
a cohort of sensitive cells at the d-S border that were more
inhibited in their progression through S (see Fig. 7). It is
possible that this cohort of cells are the same as the ones in late
GÃ¬that are most sensitive to the lethality of U-71,184 (Fig. 5).

There is no question that CC-1065 and its more potent
analogues bind irreversibly to naked DNA (6, 13) and that this
binding correlates qualitatively with their cytotoxicity. It would
be expected that binding to DNA would be translated into
inhibition of DNA and/or RNA synthesis. However, the present
results show that minimal inhibition of nucleic acid synthesis
occurs at biologically relevant (2 h exposure, 1 to 3 ng/ml) drug
exposure. Therefore, we questioned the significance of drug
binding to naked DNA and studied the nature of the binding
to chromatin. Preliminary studies (23) suggest that CC-1065
and U-71,184 bind much less to chromatin as compared to
naked DNA and that the majority of the drug binds to chro
matin in a noncovalent manner.

This interesting series of CC-1065 analogues were synthe
sized with the expectation that the cytotoxic potency of CC-
1065 will be retained without the irreversible delayed toxicity.
This expectation was fulfilled in U-71,184 (24), which was able
to cure P388 leukemic mice, had a broad spectrum of activity
against transplantable murine tumors and against human tumor
xenografts. Also, U-71,184 did not cause the delayed toxicity
seen with CC-1065. Therefore, we hope that this series of
compounds would make an effective addition to drugs effective
in cancer chemotherapy. Furthermore, these compounds are
interesting by virtue of their ability to bind to DNA which may
lead to their use as a probe for understanding drug-DNA
interaction.
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