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ABSTRACT

The relationship between cell cycle position and cytotoxicity was
studied in 9L rat brain tumor cells treated with nitrosoureas that, de
pending on their structures, can alkylate or alleviate and cross-link DNA
and/or carbamoylate biomolecules. Because pure populations of GÃ¬-,S-,
and Gz-M-phase cells could not be obtained with the centrifugal elutria-
tion methods used, drug sensitivity of cells in each phase of the cell cycle
was estimated using a mathematical model that accounts for variation in
enrichment of elutriated fractions. l,3-Bis(2-chloroethyl)-l-nitrosourea,
l-(2-chloroethyl)-3-cyclohexyl-l-nitrosourea, l-{2-chloroethyl)-3-(frÂ«ni-
4-methylcyclohexyl)-1 -nitrosourea, 1-(2-chloroethyl)-3-(2,6-dioxo-3-pi-
pcridyl)-!-nitrosourea, which alkylate and cross-link DNA and carba
moylate biomolecules, and 2-[3-(2-chloroethyl)-3-nitrosoureido]-D-glu-
copyranose (chlorozotocin), which alkylates and cross-links DNA but
cannot carbamoylate biomolecules, killed more cells in GÃ¬and GrM
phases than in S phase. .V-Kihylnitrosourea, which alkylates and carba-
moylates but does not form DNA interstrand cross-links, was more toxic
to cells in S phase than in other phases. Cell kill caused by ,V,.V-
bis(fra/ii-4-hydroxycyclohexyl)-A'-nitrosourea, a compound that carba-
moylates only, increased progressively through the cell cycle from GÃ¬to
M. Nitrosoureas that cross-link DNA were more cytotoxic than nitro
soureas that do not cross-link DNA, although the hitter had phase
specificity. The results suggest that the increased sensitivity of GÃ¬-and
G2-M-phase cells to chloroethylnitrosoureas is related to the formation
of DNA interstrand cross-links.

INTRODUCTION

In aqueous media or intracellularly, CENUs3 are hydrolyzed

to the chloroethyldiazonium ion, which can alkylate DNA and
undergo a subsequent reaction to form cross-links, and to a
substituted isocyanate that can carbamoylate cellular molecules
(1-4). DNA interstrand cross-links are thought to be the lesions
predominantly responsible for cell kill caused by these drugs.

Because they are toxic to cells in all phases of the cell cycle,
CENUs are considered to be cell cycle nonspecific drugs (5).
However, Bhuyan et al. (6), using Don C cells synchronized by
mitotic shakeoff techniques, and Drewinko and Barlogie (7),
using TI lymphocytes synchronized by treatment with 3 M
thymidine, have shown that cells in S phase are less sensitive
to the toxic effects of BCNU than are cells in other phases.
Bjerkvig et al. (8) found similar results in 9L rat brain tumor
cells synchronized by centrifugal elutriation, a selection process
that minimally affects cell viability. Using an elutriation pro
cedure to obtain cells enriched in the various phases of the cell
cycle, we studied the cell killing effects of several drugs. BCNU,
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CCNU, MeCCNU, and PCNU are CENUs that alkylate and
cross-link DNA and carbamoylate biomolecules; chlorozotocin
alkylates and cross-links DNA but does not carbamoylate bio
molecules; ENU alkylates but does not cross-link DNA, and
carbamoylates biomolecules; BHCNU carbamoylates only. Be
cause pure cell subpopulations could not be obtained by elutria
tion, the sensitivity of cells to these drugs was estimated using
a mathematical model. Our results indicate that the relative
ability of a nitrosourea to alkylate and cross-link DNA and
carbamoylate biomolecules can influence the phase specificity
of drug toxicity.

MATERIALS AND METHODS

Cell Culture Conditions. Exponentially growing 9L cells (2.5 X IO7)
were seeded into an 850-cm2 roller bottle (Falcon Plastics, Oxnard,

CA) with 300 ml of CMEM consisting of minimal essential medium
supplemented with nonessential amino acids, 10% newborn calf serum,
and gentamicin (50 fig/ml). The flask was gassed with 5% COz-95% air
and incubated at 37Â°C,pH 7.2-7.4, on a roller apparatus (Wheaton

Scientific, Millville, NJ) at 4 rpm. To allow cells to reach exponential
growth, they were incubated for 48 h before drug treatment.

Cell Dissociation Procedure. Cells were rinsed with 25-30 ml of
calcium- and magnesium-free Hanks' balanced salt solution. Twenty

ml of an enzyme cocktail [0.05% Pronase (45 Kaken proteolytic units/
ml, B grade), 0.02% DNase (7 x 10" domase units/mg, G grade), and

0.02% collagenase II (139 units/mg)] were added to roller flasks. After
20 min of incubation at 37Â°C,the monolayer was dissociated into a

single cell suspension and cells were counted electronically. Approxi
mately 1 x IO8cells were centrifuged for 7 min at 1000 rpm, and the

pellet was resuspended in 5 ml of minimum essential medium and
injected into the sample mixing chamber of a Beckman centrifugal
elutriation system.

Drugs. All drug solutions were prepared immediately before use.
BCNU, CCNU, MeCCNU, PCNU, and BHCNU were dissolved ini
tially in 100% ethanol and diluted with CMEM in roller flasks to obtain
the final drug concentration. ENU and CHLZ were dissolved initially
in dimethyl sulfoxide, ethanol was added, and the stock solution was
diluted in CMEM in roller flasks. The final concentration of solvent
(less than 1%) did not affect PE. Cells were maintained at 37Â°C,pH

7.2-7.4, during drug treatment. Monolayer cells in roller flasks were
treated with drug for either 0.5 or 1 h, immediately after which they
were dissociated into single cells, elutriated, and assayed for cell sur
vival.

Elutriation Protocol. Cells were elutriated on a Beckman J2-21 cen
trifuge equipped with a JE-6 elutriator (Beckman Instruments, Inc.,
Palo Alto, CA) as described (8). The flow rate was held constant at 30
ini/min. Fractions of enriched populations were obtained by reducing
the rotor speed from 2400 to 1400 rpm in 100-rpm decrements. Cell
suspensions were held on ice until they could be processed for cell
survival and flow cytometry.

Cell Survival Assay. The assay has been described (9). Briefly, cells
were counted, diluted, and plated (in quadruplicate) into Petri dishes
containing 5 x IO4irradiated (40 Gy) 9L feeder cells. After incubation

for 12 to 14 days, colonies were fixed with methanol, stained with
crystal violet, and counted. PE was calculated as the ratio of the number
of colonies counted to the number of cells plated.

Flow Cytometry. From 1 to 2 x IO6cells collected in each elutriated

fraction were fixed in 70% ethanol and stained with chromomycin A3
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(Calbiochem, Anaheim, CA) for more than 30 min. Routinely, 1 x IO5
cells were analyzed using a FACS III flow cytometer (Becton-Dickin-
son, Mountain View, CA) with a 5-W argon laser set at 457 nm and
adjusted to emit 160-200 mW. The resulting fluorescence was passed
through a Schott KV-250 long wave pass filter.

DNA distributions were analyzed for GÃ¬,S, and G2-M phase fractions
at the Lawrence Livermore National Laboratory. The mathematical
model used in the analysis represented d and G2-M phases with
gaussian functions and S phase with a series of gaussian-broadened
rectangles. A nonlinear, least squares curve fitting technique was used
to fit the combined function to the data. GÃ¬and S-phase fractions were
obtained with good precision; the average error associated with esti
mates of GÃ¬and S phase enrichment in each elutriated fraction was
Â±1.4%(SD). Estimates of G2-M phase enrichment were somewhat
variable, especially if the fraction was small; the average error associated
with estimation of the percentage of G2-M-phase cells was Â±5.1%.

Determination of Subpopulation Plating Efficiency. Pure populations
of GÃ¬,S, and G2-M cells were not obtained with elutriation so that true
phase specific PEs could not be determined experimentally. Instead
these data were used to compute estimates of the PEs for pure popu
lations of d, S, and G2-M phase cells (10). In this procedure, the phase
purity of each elutriated fraction is determined from single parameter
DNA histograms obtained using flow cytometry. The total PE of any
fraction is thought to reflect the sum of PEs of the subpopulations
weighted by their individual phase enrichment. We assume that the PE
within each phase is constant and that the total PE for any elutriator
fraction / is

PE1 = (PEc, x FGl) + (PEs x Fs) + (PEG,.Â«x FGrM)

where FGâ€žFs, and FG2-Mare the fractions of cells in the d, S, and G2-
M phases determined by analysis of the DNA distribution for fraction
i, and PEGl, PES, PEGrM are the plating efficiencies that would be
measured for pure populations of d, S, and G2-M cells, respectively.
The "true" plating efficiencies PEGl, PES, and PEGrM were estimated

using a least squares best fit procedure in which these values were
adjusted to minimize the quantity

[PE' - (PEo, x FGl) - (PEs x Fs) - (PEG2.Mx FGrM)]2

where PE' is the experimentally measured PE for the elutriator fraction

i; the other quantities are defined above.

RESULTS

Typically, 70-90% of cells injected into the elutriator were
recovered. In selected elutriated fractions, the purity of GI-
phase cells was greater than 95%, while the purity of S- and
G2-M-phase cells was 70-80%. PEs of untreated cells from all
elutriated fractions were 50-70%.

All drugs were cytotoxic to cells in all elutriated fractions.
However, drugs with different mechanisms of action preferen
tially killed cells in different phases of the cell cycle (Fig. 1).

Fig. 1. The PE of 9L cells treated for 0.5 h with 25 IÂ¡MPCNU, cells treated
for l h with 8 HIMENU, and cells treated for l h with 300 iiM BHCNU. Each
panel shows the results of one representative experiment. Bars, SD.

All CENUs were more toxic to fractions enriched in Gr or G2-
M-phase cells. A plot of PE versus elutriation fraction for
PCNU, which is typical of the CENUs, is shown in Fig. IA.
ENU was most toxic to elutriated fractions enriched in S and
G2-M phase cells (Fig. IB). Cell kill caused by BHCNU ap
peared to be the same for cells in all phases of the cell cycle
(Fig. 1C). The general pattern of sensitivity for d- and S-phase
cells can be seen on these plots; however, because of the inter-
experimental variation in the purity of elutriated fractions,
individual phase sensitivities could not be determined accu
rately.

A better estimate of the true plating efficiencies of the GÃ¬,S,
and G2-M subpopulations was calculated with the mathematical
model described above. Estimates of the phase specific PEs for
all drugs are summarized in Table 1. The magnitude of differ
ences between cell cycle phases became evident when data were
analyzed using this method. G2-M-phase cells treated with
PCNU were clearly more sensitive than GÃ¬cells; G2-M-phase
cells treated with ENU were less sensitive than S-phase cells;
and G2-M-phase cells treated with BHCNU were much more
sensitive than G, or S-phase cells. Thus, when phase fraction
purity was accounted for, G2-M-phase cells had a phase sensi
tivity that was not apparent from the age response curves.

S-phase cells treated with CENUs at various doses that
produced 80-90% cell kill (in asynchronous cells) were 2-3-
fold less sensitive than Ci-phase cells. For PCNU and Me-
CCNU, cells in G2-M had about the same sensitivity as cells in
the GÃ¬,but for the other CENUs, G2-M-phase cells were more
sensitive than Gi-phase cells. The differential phase sensitivity
became more marked with increasing drug dose for all drugs
except CHLZ. d and G2-M cells treated with 4 mM ENU for
l h were 22- and 7-fold less sensitive, respectively, than S-phase
cells. For cells treated with 300 >iM BHCNU for 1 h, PE
decreased as the cells progressed from GÃ¬to G2-M. The relative
phase specificity or age response patterns for all drugs tested
are summarized in Table 2.

Estimates of phase specific PEs obtained for several drug
treatments predicted essentially zero PE for G2-M cells, which
would not have been expected from the age response curves.
These predicted PEs may reflect either the limit of sensitivity
of the colony forming assay or an error in the method used to
estimate G2-M phase enrichment.

DISCUSSION

Because cell survival measured by the colony forming effi
ciency assay is based on an average response of all cells in the
population, and the presence of resistant cells will strongly
influence the survival level, we have derived a mathematical
model for the analysis of elutriation data. The model corrects
for heterogeneity of cell cycle subpopulations obtained by cen
trifugal elutriation. In the model it is assumed that PE is
constant for all cells in a given cell cycle phase. While this
assumption may not be valid for all agents, based on the pattern
of cell cycle phase sensitivity found with our elutriation tech
niques, the assumption seems to be a reasonable approximation
for CENU cell kill. Analysis of our data suggests that differ
ences in cell cycle phase sensitivity are probably much greater
than predicted by unconnected data, especially for G2-M-phase

cells.
The cell cycle age response of 9L cells to various CENUs

found in this study was similar to results reported for BCNU
(6-8). While cells in all phases of the cell cycle were killed, d
and G2-M-phase cells were killed preferentially. Higher drug
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Table 1 PE of cell cycle phase subpopulations

TreatmentUntreated

cellsBCNl/PCNUrCCNU'MeCCNU'CHLZ'ENU'BHCNU'Concen

tration(Â¿IM)20

401525306015

3025

604

8300No.

of
experi
ments32

1122

21

11

2222Plating

efficiencyAsynchronous

cells67.3
Â±4.8*9.4,

17.4(13.4)
2.614.5

6.4, 0.92(3.7)3,

2.5 (2.8)
0.047,0.031(0.039)17.6

0.332.6

0.11,0.067(0.089)10.1,

18.6(14.4)
0.12,0.80(0.46)7.3,

12.4(9.9)G,64.2

Â±3.95.8,

13.3(9.6)
0.247.2

0.12,0.34(0.23)2.7,

1.8 (2.2)
0.012,0.0014(0.0067)11.6

0.0332.5

0.056, 0.041(0.049)15.8,40.9(28.4)

0.42, 0.48(0.45)16.3,

13.4(14.8)Calculated

values"S63.9

Â±8.313.6,25.0(19.3)

7.120.9

3.5, 2.6(3.0)5.8,

4.6 (5.2)
0.062, 0.030(0.046)24.5

1.45.8

0.162,0.069(0.12)0.045,2.45(1.25)

0,0'8.2,

6.8 (7.5)G2-M53.5

Â±9.30,

7.6 (3.8)
0"6.4

0,0"0.0002,0(0.001)

0,0*11.0

0.130.960,

0.004(0.002)3.9,13.3(8.6)

0.025,1.43(0.73)1.1,0(0.54)

" Least square estimate of subpopulation plating efficiency determined as described; for concentrations at which two experiments were performed, average values

are given in parentheses.
* Mean Â±SD for three separate experiments.
' 0.5 h drug treatment.
Â¿Data predict PE < 5 x 10~'.
' l h drug treatment.

Table 2 Celt cycle age response patterns

CompoundCENUs

BCNU
PCNU
CCNU
MeCCNU

CHLZENUBHCNURelative

phasesensitivityG2-M

> G, > S
G2-M > G! > S
G2-M > G, > S
G, > G2-M > S
G2-M > G, >SS

> Gj-M >G,G2-M

> S > G,Chemical

reactivity4A,

C-L, C
A, C-L, C
A, C-L, C
A, C-L, C
A,C-LA,

CC

* A, alkylating; C-L, cross-linking; C, carbamoylating.

concentrations produced greater differential cytotoxicity for all
CENUs except CHLZ. ENU was most toxic to S-phase cells,
and the toxicity of BHCNU increased as cells progressed from
GÃ¬to G2-M.

If the cytotoxicity of CENUs is the result of DNA interstrand
cross-linking, as is commonly believed, then cross-link forma
tion appears to vary with position in the cell cycle. Because the
conformation of DNA changes in each phase of the cell cycle
(12), steric factors may control the reaction of chemical inter
mediates with DNA bases and the formation of cross-links.
Nehls and Rajewsky (13) have shown that the number of O6-

ethylguanine adducts formed in cells treated with ENU de
creases as the folding level of chromatin increases. Because the
precursor lesion formed by chloroethylation of the O'-position

of guanine in cells treated with CENUs is thought to lead to
cross-links, these results suggest that the relative resistance of
S-phase cells to CENUs is the result of chromatin folding.

Depletion of intracellular polyamine levels alters the confor
mation of DNA (14), which influences the reactions of drugs.
The cytotoxic effects of BCNU and the number of cross-links
formed in 9L cells are increased after polyamine depletion (15),
which indicates that a change in DNA conformation can influ
ence the number of cross-links formed after treatment with
BCNU. Thus, the relative resistance of S phase cells to CENUs
could be the result of a decrease in the number of monoadducts
formed after treatment with BCNU or of a decrease in the

number of DNA cross-links formed because of a change in
conformation during S phase. Oredsson et al. (16) have shown
that treatment of cells with a-difluoromethylornithine does not
change the number of initial alkylation products in cells treated
with MeCCNU, which suggests that conformational changes
affect cross-link formation only.

On the other hand, the cell cycle age response may simply
reflect differences in drug uptake. Because the nitrosoureas
used in this study are highly lipophilic and appear to enter cells
by passive diffusion (17, 18), it seems unlikely that drug uptake
is responsible for the differences observed in cell cycle specific
ity. However, Byrne et al. (19) have reported that the uptake of
CCNU and CHLZ is different in elutriated human bone marrow
cells. Without synchrony data it is difficult to determine
whether differences in uptake are the result of phase specific
uptake or of uptake of various cell types present in each elu
triated fraction. Levin et al. (20) found little difference between
passive diffusion for urea, mannitol, and vincristine across the
membrane of S49 cells that had been enriched in various phases
of the cell cycle, suggesting that membrane permeability to
molecules that passively diffuse into cells does not vary with
position in the cell cycle.

The duration of each cell cycle phase does not appear to be
related simply to the observed sensitivity pattern; the duration
of one cell cycle phase for 9L monolayer cells is approximately
20 h, while the duration of both S and d phases is approxi
mately 8 h. The relative resistance of S-phase cells cannot be
attributed to an extended phase duration that might allow repair
of damage caused by drug. Thus, the relationship between the
4-h duration of G2-M and the increased sensitivity of these cells
is uncertain.

In contrast to results for the other CENUs studied, CHLZ
did not cause an enhanced differential phase sensitivity with
increasing drug concentration. CHLZ can alkylate and cross
link DNA, but because the isocyanate hydrolysis product cy-
clizes immediately after it is formed, CHLZ does not form a
reactive carbamoylating species (21). Isocyanate products of the
hydrolysis of nitrosoureas can inactivate glutathione reducÃase
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(22), DNA polymerase (23), and DNA ligase (24). Inhibition
of DNA ligase can lead to the potentiation of DNA damage
caused by ionizing radiation (24). Therefore, it is unlikely that
CHLZ would inhibit repair, and Kann et al. (25) have shown
that CHLZ has no effect on the rejoining of radiation induced
strand breaks. Sariban et al. (26) found that nitrosoureas that
carbamoylate can inhibit the repair of both drug and X-ray
induced single strand breaks in normal human embryonic fibro-
blasts, which are Mer+ cells and have the repair enzyme gua-
nine-06-methyltransferase. Mer~ cells, which do not have high

levels of this enzyme, are more sensitive to the toxic effects of
alkylating agents in vitro than are Mer+ cells. The difference in
cytotoxicity observed between Mer+ and Mer" cells is less

pronounced for CENUs that cause increased levels of carbam-
oylation in vitro (27). Although 9L cells have very low levels of
guanine-C^-alkyltransferase (28), carbamoylation of other re
pair enzymes might contribute to the increased cytotoxicity
observed at high drug doses. If so, the inability to inhibit these
enzymes could explain why CHLZ did not produce dose de
pendent potentiation of phase sensitivity.

The results observed for ENU suggest that a different mech
anism is responsible for its cytotoxicity. Using Chinese hamster
ovary cells synchronized by mitotic selection, Goth-Goldstein
and Burki (29) found that cells in early S phase were more
sensitive to the cytotoxic action of ENU than are cells in other
phases. ENU can carbamoylate and alkylate but not cross-link
DNA. Based on results obtained with /V-methyl-yV-nitrosourea,
Topal and Baker (30) have suggested that monoalkylation can
have a major effect on DNA precursors. Certain alkylation sites
on nucleosides in the percursor pool were found to be much
more susceptible to alkylation than the same site in the intact
DNA molecule. The incorporation of modified nucleosides into
DNA during S phase could result in base mispairing and lethal
mutation (31), which could explain the S-phase sensitivity of
the cell cycle age response. To our knowledge, it has not been
reported that ENU has a preferential effect on the DNA pre
cursor pool.

BHCNU, which carbamoylates biomolecules only and is rel
atively ineffective as a cytotoxic agent, probably has little or no
effect on DNA. We found, however, that there is an alteration
in the membrane of cells treated with BHCNU that can be
detected by changes in cell adherence and the distribution of
cell sizes.4 Thus, the cytotoxic effect of high concentrations of

BHCNU may be the result of damage to cell membranes. Using
electron microscopy, Tew et al. (11) have shown that treatment
of Walker carcinoma cells with BHCNU causes changes in
plasma and nuclear membranes. They also found that BHCNU
causes a dose-dependent inhibition of glutathione reductase
that could account for these changes. Moreover, they found
that BHCNU interferes with mitotic spindle formation, which
is consistent with our data for the increased sensitivity of GI-
M-phase cells to BHCNU.

Our results show that the cell cycle age response for nitro
soureas can vary depending on which alkylating and carbamoy-
lating species are formed by hydrolysis. CENUs that can alky-
late and cross-link DNA and carbamoylate are more cytotoxic
to cells in GÃ¬and G2-M phase than to cells in S phase. In
contrast, ENU, which alkylates and carbamoylates but does not
cross-link, is most toxic to cells in S phase. The toxicity of the
carbamoylating agent BHCNU increases with progression
through the cell cycle. While the mechanisms that lead to the
patterns of response are not fully defined, the results suggest

that, at least for CENUs, phase differences in cytotoxicity
reflect the ability of the agent to cross-link DNA.
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