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INTRODUCTION

BCNU3 (NSC 409962) (9) is an active compound against
L1210 leukemia (3, 6, 9, 21 , 25 , 26) and other experimental
neoplasms (2, 21 , 23, 29) and a number of neoplasms in
humans (2, 5 , 8, 13, 20). There is chemical evidence that
under certain conditions the compound or compounds
derived from it under the designated conditions has
alkylating activity (32), and some of the biochemical effects
of the agent are similar to effects caused by some biological
alkylating agents (29). A subline of a hamster plasmacytoma
that was resistant to treatment with cyclophosphamide was
also resistant to treatment with BCNU (21), and cross
resistance between BCNU and several alkylating agents was
observed in certain resistant strains of microorganisms (18).
Both BCNU and nitrogen mustard killed cultured Leukemia
L1210 cells at a first-order rate (33). In a study of the
effects of several chemotherapeutic agents upon the survival
of normal hematopoietic and lymphoma colony-forming cells
from the marrows of treated mice (1), BCNU and cyclo
phosphamide had somewhat similar effects, and both
differed from the effects of nitrogen mustard. According to
the interpretation of the investigators, BCNU and cyclo
phosphamide were lethal only to cells in cycle, whereas
nitrogen mustard was lethal to resting cells and to cells in
cycle; none of thesÃ§3 agents was phase specific. BCNU and
cyclophosphamide differed from each other in the degree of
increase of lethality of the agents to lymphoma cells with
increasing dosage. Thus, although BCNU has a number of
effects in biological systems resembling the effects of various
alkylating agents, some differences have been observed.

Utilizing the Colcemid block method of Puck and Steffen
(19), we have recently investigated the effects of nitrogen
mustard upon the progress of cultured H.Ep. No. 2 cells
through the cell cycle (31). The present report presents the

The Colcemid block method with some modifications has
been used to determine the effects of 1,3-bis(2-chloroethyl)-
1-nitrosourea (BCNU) and some chemically related com
pounds upon the progression of cultured H.Ep. No. 2 cells
through the cell cycle . The results and conclusions were as
follows.

Survival of cells of glass-attached cultures following
exposure to BCNU was dependent upon the duration of
exposure to the agent; the rate of killing was approximately
first order.

The progression to metaphase of cells initially in the last
half of G2 when exposed to BCNU at a concentration of 25
i.tg/ml was not inhibited, but the progression to metaphase of
cells initially in the first part of G2 , in 5, and in G1 was
delayed or prevented. The labeling of cells initially in S at
the time of exposure to BCNU was partially inhibited, and
the progression into S of cells initially in the first half of G,
was inhibited or delayed.

Following extended exposure to BCNU, there were slightly
more large cells in treated cultures than in control cultures.

A large portion of the effects of BCNU upon progression
of the cells through the cycle was probably due to the
effects of 2-chloroethylamine, which was derived from the
BCNU. However, the 2-chloroethyl-1-nitroso portion of the
BCNU also contributed to these effects.

There is a good correlation between the magnitudes of the
effects upon progression through the cell cycle and upon the
toxicities of BCNU and compounds chemically related to it.
Although the effects of these compounds upon the progres
sion of H.Ep. No. 2 cells through the cycle might be more
closely related to the toxicity for these cultured cells than to
the in vivo antitumor activity, consideration of several kinds
of data makes it appear likely that similar effects upon
progression through the cycle contribute to the anticancer
activities.

3The abbreviations used are: BCNU, 1,3-bis(2-chloroethyl)-1-
nitrosourea ; BFNU, 1,3-bis(2-fluoroethyl)-nitrosourea; CCyNU,
1-chloroethyl-3-cyclohexyl-1-nitrosourea; FCYNU, 1-fluoroethyl-3-
cyclohexyl-1-nitrosourea; CEA, 2-chloroethylamine; CyIC, cyclohexyl
isocyanate, CIC, 2-chioroethyl isocyanate; FEA, 2-fluoroethylamine;
MCNU, 1-(2-chloroethyl)-1-nitrosourea; MeCNU, 1-methyl-3-(2-chloro
ethyl)-1-nitrosourea; MeNU, !-methyl-1-nitrosourea.
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mm at 37Â° with medium containing Colcemid and
thymidine-methyl-3 H. At the end of this period, the agent
was added to the cultures, and incubation was continued for
an additional period of 30 min. The medium was then
decanted, medium containing Colcemid but lacking labeled
substrate and agent was added, and incubation was resumed.
At designated times thereafter, cells were harvested and
slides were prepared and examined as mentioned above.

Determination of Toxicity of Compounds. Two methods
were used for the determination of toxicity to cultured cells
(31).

In the first method, the cells in glass-attached cultures were
exposed to the test compound for designated periods of time
and subsequently harvested, and the number of surviving
cells was determined by cloning (see below). The plating
efficiency for the control cultures was 64 to 94%.

In the second method, 100 freshly harvested H.Ep. No. 2
cells were placed in a 4-ounce prescription bottle with 10 ml
of mediumcontainingthe test compound.Four control
cultures and 2 cultures at each concentration of the test
compound were used. After incubation at 37Â°for 7 days,
the medium was decanted, the cells were stained with
Giemsa, and the macrocolonies were counted without
magnification. Mean values were calculated for each group of
cultures. The plating efficiency for the control cultures was
90 to 100%.

Determination of the Effects of BCNU on Cell Size. The
method was that which was used previously (31). The agent
was added to glass-attached cultures of the cells, and at
designated times thereafter up to 48 hr the cells were
harvested and the distributions of cells according to size
were determined with a Coulter Model B electronic particle
counter with a 1/amplitude setting of 32, a 1/aperture
current setting of 1, and counting windows equal to 5 scale
units (4).

RESULTS

Toxicity of BCNU. Chart 1 shows the surviving fractions
when glass-attached cells were exposed to various concen
trations of BCNU for 4 hr. Chart 2 shows the surviving
fractions when glass-attached cells were exposed to BCNU at
a concentration of 25 @zg/mlfor various periods of time. This
first-order cell kill is qualitatively in agreement with the
results of Wilkoff et aL (33) for cultured L1210 cells.

Effects of BCNU upon the Accumulation of Mitotic Cells
and upon the Rate of Labeling Nuclei. Colcemid causes a
blockage of the progression of cells through the cell cycle
when they reach metaphase. When Colcemid is added to an
exponentially growing culture of H.Ep. No. 2 cells, the
accumulation of metaphase cells should occur according to
the following function (19, 31):

log (1 + NM) 0.301 (TM + t)
TC

where NM is the fraction of the population that is in
metaphase, Te is the length of the cell cycle, TM @5the
duration of mitosis (considered here to be metaphase only),

results of similar experiments with BCNU and of several
other compounds chemically related to BCNU, which were
included in the study to gain information relating chemical
structure and biological activity.

MATERIALS AND METHODS

Source of Compounds. Thymidine-methyl-3 H, with a
specific activity of 6.7 Ci/mmole, was purchased from New
England Nuclear Corporation, Boston, Mass.

The nitrosoureas were synthesized by Dr. T. P. Johnston
and Mr. G. S. McCaleb of Southern Research Institute (9,
10). The other compounds were obtained from commercial
sources.

Determination of the Effects of Agents upon the Progres
sion of Cells through the Cycle. The methods used were the

same as those that were described for studies with nitrogen
mustard (31). To established (48 hr after initiation of the
culture) glass-attached cultures of H.Ep. No. 2 cells (16) in
1-ounce prescription bottles were added thymidine
methyl-3 H, Colcemid, and the test compound. Three types
of experiments were performed: continuous4 exposure to
the agent, to Colcemid, and to thymidine-methyl-3 H; pulse
exposure to the agent and continuous exposure to Colcemid
and thymidine-methyl-3H; and pulse exposure to the agent
and to thymidine-methyl-3 H and continuous exposure to
Colcemid.

In experiments with continuous exposure to the agent, to
Colcemid, and to thymidine-methyl-3H, all 3 compounds
were added simultaneously to the freshly fed cultures. All of
the test compounds were dissolved initially in acetone for
use in these experiments. At designated intervals thereafter,
the cells were harvested from single bottles by trypsinization
and used for the preparation of slides for classifying and
counting cell nuclei and for radioautography. Nuclei were
classified as labeled or unlabeled and interphase or mitotic.
(In most experiments, the number of grains above the
labeled nuclei was at least 5 above background.) Control
cultures lacking the test agent were prepared and processed
concurrently with the treated cultures.

In experiments with pulse exposure to the agent and
continuous exposure to Colcemid and thymidine-methyl-3 H,
the cultures were incubated for 30 mm at 37Â°with medium
(1 1) containing the agent and Colcemid. At the end of this
period, the medium was decanted, the cells were washed 2
times with salts solution, fresh medium containing Colcemid
the thymidine-methyl-3H was added, and incubation was
resumed. At designated times thereafter, cells were harvested,
and slides were prepared and examined as mentioned above.

In experiments with pulse exposure to thymidine
methyl-3H and BCNU, the cultures were incubated for 15

4The term â€œcontinuousexposureâ€•is used in this report to indicate
that no steps were taken to remove the designated agent at a specific
time. It is recognized that the concentration of a number of the
compounds decreases during â€œcontinuousexposureâ€•because of
hydrolysis and/or reaction with components of the medium.
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Effect ofBCNUon H.Ep. No. 2 Cell Cycle

26. 1 hr; TG1, 14.4 hr; 7's@6.9 hr; TG2, 3.9 hr; and TM, 0.9
hr.

The control curve in Chart 3 shows the rate of accumula
tion of H.Ep. No. 2 cells at metaphase in the presence of
Colcemid and in the absence of test agents. All points are
connected in the chart rather than determining the line of
regression by the method of least squares, because such a
line of regression could not logically be used for the points
for the treated cultures. By 26 hr, more than 90% of the
cells in the control cultures had reached metaphase. As the
concentraiton of BCNU present in the medium was
increased, the number of cells progressing to metaphase
decreased, although by 32 hr significant numbers of cells had
reached metaphase even in the presence of 25 j.tg/ml. For the
first 2 hi, all of the curves were similar, which indicates that
at none of these concentrations did BCNU interfere with the
progression to mitosis of cells in the latter half of G2 . At
concentrations of 5 jig/mi and greater, BCNU delayed the
progression to metaphase of cells in the first half of G2 at
the time the agent was added. At all of the concentrations
tested, BCNU interfered with the progression to mitosis of
cells initially in S and in G,.

0.30

Time (hr)

Chart 3. Effects of continuous exposure to BCNU upon the
accumulation of metaphase cells during incubation in the presence of
Colcemid.Number on curves, concentrations of BCNUin i@g/mL

The rate of labeling cells when thymidine-methyl-3H is
added simultaneously with Colcemid can be represented by
the equation (31):

where NL is the fraction of the population that is labeled, a
. (TG@ TM)/TC . . ..
is 2 2 and t is the time between the addition
of the thymidine- methyl-3H and the harvesting of the cells.
A plot of log(1 + NL/a) versus t should give a straight
line with a slope of O.3Ol/TC. Chart 4 shows such plots for
control cultures and cultures treated with BCNU. The initial
points corresponding to a period of 1 hr might be considered
to be the results of pulse-labeling the cells. At concentrations

0 5 10 15 20

Concn.(pg/mi)
25

Chart 1. Effects of concentration of BCNUduring a 4-hr exposure of
H.Ep. No. 2 cells in established, glass-attachedcultures upon survivalof
the cells, as determined by formation of visible colonies following
harvesting and plating. The time allowed for formation of colonies was
7 days.

0 I 2 3 4

Time (hr)

Chart 2. Effect of duration of exposure of established glass-attached
cultures ofH.Ep. No. 2 cellsto BCNU,25 @zg/ml,upon the survivalof the
cellsas determined by formation of visiblecolonies followingharvesting
and plating. The control value, which was used to establish the plating
efficiency or the reference value for Time 0, is the mean value of 24
determinations. The time allowed for formation of colonieswas 7 days.

and t is the period of time subsequent to the addition of
Colcemid to the culture. A plot of log (1 + NM) versus t
(hr) should give a straight line with slope of O.3Ol/TC
and intercept of 0.301 TM/TC. If an added agent inter
feres with the progression of cells through the cycle, the
curve for the accumulation of metaphase cells in the
presence of Colcemid would depart from the curve for a
Colcemid-treated culture in the absence of the agent. Obser
vation of the time at which such departure occurs and
knowledge of the cell cycle for the specific cells being used
can be utilized to determine at which part of the cell cycle
the agent interferes with progression. An analysis of the cell
cycle of H.Ep. No. 2 cells under the conditions used in the
present experiments yielded the following values (31): TC,
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Pulse treatment; continuous labeling0.30

0.20
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Chart 4. Effects of continuous exposure to BCNU upon the rate of
labeling cells during incubation in the presence of thymidine-methyl-3H
and Colcemid. Numbers on curves concentrations of BCNU in @zg/m1.
a, 2 (TG2@ TM)/TC

of 5, 15, and 25 iig of BCNU/ml, fewer cells were labeled
during the 1st hr than were cells of the control culture, but
the slopes of the curves for all concentrations were similar
for the first 6 hr. This slope is a measure of cells progressing
from G1 to 5, and this similarity indicates that at these
concentrations BCNU did not noticeably alter the rate of
progression to S of Cells initially in the last 6-hr portion of
G1 . When the concentration of BCNU was 25 j.tg/ml, the
cells that were in the first 8-hr portion of G1 were delayed
in progressing to 5, but by 48 hr most of these delayed cells
had become labeled. Joint consideration of Charts 3 and 4
leads to the conclusion that, in the presence of BCNU at the
higher concentration, the cells initially in S and G1 finally
became labeled, but the progression of the labeled cells to
mitosis was greatly delayed.

Charts 5 and 6 show the effects of a 30-min exposure of
cells to BCNU at a concentration of 25 .zg/ml. The initial
lags (of approximately 2 to 3 hr) in the curves of Chart 5
are probably due to the additional handling of the cultures
in changing the medium and washing the cells. The similarity
of the curves of Chart 5 between 2 and 6 hr indicates that
the pulse treatment had little effect upon the progression to
metaphase of cells in G2 at the time of treatment, but cells
in earlier portions of the cycle at the time of treatment were
subsequently delayed in reaching mitosis. By 48 hr. however,
the treated cells had reached metaphase. Chart 6 shows that
the pulse treatment reduced the number of cells that were
labeled during the first hr of exposure to thymidine
methyl-3 H but did not delay the progression of cells from
G1 into S.

By exposing the cells to pulse labeling followed immediate
ly by pulse treatment and noting the accumulation of
labeled and unlabeled cells at metaphase, it was possible to
determine the effects of pulse treatment upon the sub
sequent progression of cells from S and G1 to metaphase.
Chart 7 is quite similar to Chart 5 , as would be expected.
Chart 8 shows the rate of accumulation of labeled cells at
metaphase (3 1). The control curve is approximately as one
would predict. No labeled cells should reach metaphase for a

0.30

;@0.20
4.

0
-J

0.10

0

Time (1w)

Chart 5. Effects of pulse exposure (30 mm) to BCNU, 25 @zg/ml,
upon the accumulation of metaphase cells during incubation in the
presence to Colcemid.

Pulse treatment; continuous labeling
0.30

I 0.20

4

G
0
-I

0.10

0 4 8 2 6 20 24 28 32 36 40 44 48

Timâ€¢(1w)

Chart 6. Effects of pulse exposure (30 min) to BCNU,25 @sg/ml,upon
the labeling of cells during incubation in the presence of thymidine
methyl-3Hand Colcemid.

Time (Pu)

Chart 7. Effects of pulse exposure (30 mm) to BCNU,25 @sg/ml,upon
the accumulation of metaphase cells during incubation in the presence
of Colcemidand followingpulse labelingwith thymidine-methyl-3H.
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cells through the cycle.) The BCNU curve of Chart 9 shows
that the pulse treatment delayed the progression to
metaphase of cells in G1 at the time of pulse treatment, but
that most of them eventually did arrive at metaphase.

The transient effects of pulse treatment with BCNU
observed in these experiments are consistent with the low
lethality of short exposures to BCNU (Chart 2).

Effects of Compounds Chemically Related to BCNU upon
the Accumulation of Mitotic Cells and upon the Rate of
Labeling Nuclei. Chart 10 gives the structures and abbrevia
tions of a number of compounds that are chemically similar
to or related to BCNU. Each of these compounds was tested
by the method of continuous exposure to the agent, to
Colcemid, and to thymidine-methyl-3H. The concentrations
were equimolar to a 25 jig/mi concentration of BCNU. The
effects upon the accumulation of mitotic cells and upon the
rate of labeling nuclei are shown in Chart 1 1. When the
chlorine atoms of BCNU were replaced by fluorine atoms,
creating BFNU, no inhibition was observed. When the sub
stituent on N-i was a 2-chloroethyl group and that on N-3
was a cyclohexyl group (CCyNU), the degree of inhibition
was considerably less than that for BCNU. Even less
inhibition occurred for FCyNU, where the substituent on
N-i was a 2-fluoroethyl group and that on N-3 was a
cyclohexyl group. When a 2-chioroethyl group was on N-i
and only hydrogen atoms on N-3 (MCNU), there was
essentially no inhibition, but when a 2-ch.loroethyl group was
on N-3 and a methyl group was on N-i (MeCNU), there was
significant inhibition. With a methyl group on N-i and only

NITROSOUREAS
R1-N-C- NHR2

R, R5 Symbol

Cl-CH@-Cl4@- -CI4@CH@-Cl

F-CH5-CH@- -CIl@-Cl4@-F BFNU

,Cl42-CH@

ClCH@CH@- -Cll@ CH@
CH2-Cl42

,CH2-CH5@
F - CH@-CIt2 â€” CH CH@ FCyNU

CH2-C142

Cl -Cl4@-Cit2 - -K MCNU

cH3- -CH@CK@Cl MICNU

CH3 - -H MeNU

OTHER COMPOUNDS
@2fi! Formula

2-Cldoroetliyl ClCH@CH@NC0 CIC
Isocyanate

,CH2- CH@

Cyclobezyl CII? C$-NCO CyIC
isocyanale â€˜ct4@CH2

2-Cliloroetliylomlne Cl-CH@-CH@-NH2 CEA

2-Fleoroethylamise F-Cl4@CN2-NH FEA

Chart 10. Names, formulas, and abbreviations for compounds related
to BCNUand tested in this study.

Pulse labeling; pulse treatment

0.30

Coidrol

4 8 12 16 20 24 28 32 36 40 44 48
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Chart 8. Effects of pulse exposure (30 mm) to BCNU,25 @g/ml,upon
the accumulation of labeled metaphase cells during incubation in the
presence of Colcemid and following pulse labeling with thymidine
methyl-3H. a, 2(TG2 + TM)/TC.

period of 4 to 5 hr (TG2 plus lag); labeled cells should
progress to metaphase for the period between S and 12 hr
(equal to i's). and then no morelabeledcellsshouldarrive
at metaphase. The BCNU delayed the progression of the
labeled cells to metaphase, but eventually they reached
metaphase. The control curve for the accumulation of
unlabeled cells at metaphase (Chart 9) is also approximately
what would be predicted. Unlabeled metaphase cells should
accumulate during the period 0 to 5 to 0 to 6 hr 2 plus
lag), no unlabeled cells should arrive at metaphase during the
period 6 to 13 hr (equal to T5), and then unlabeled cells
should arrive at metaphase during the period 13 to 27 hr.
(The failure of the control curves of Charts 8 and 9 to
correspond more nearly to the predicted curves are perhaps
due to the normal dispersion of the rates of progression of

3
z
4.

0
-a

Time (hr)

Chart 9. Effects of pulse exposure (30 min) to BCNU, 25 @ig/ml,
upon the accumulation of unlabeled metaphase cells during
incubation in the presence of Colcemid and following pulse labeling
with thymidine-methyl-3H.
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Chart 11. Effects of continuous exposure to various compounds u@onthe accumulation of metaphase cells and upon the rate of labeling cells
during incubation in the presence of Colcemid and thymidine-methyl- H. BCNU was present at a concentration of 25 @g/ml,and the concentration
of the other compounds were equimolar to this concentration. a, 2(TG2@ TM)/TC.In obtaining the data for the MeCNU-Acurves, the concentra
tion of MeCNUwas equimolar to 25 @gof BCNU/ml,and for the MeCNU-Bcurves the concentration of MeCNUwas 2 times that which was
equivalent to 25 @tgof BCNU/ml.

hydrogen atoms on N-3 (MeNU), there was no inhibition,
even when the concentration of MeNU was 4 times that of
BCNU on a molar basis. (These data are not shown in the
charts.) These results indicate that for maximum inhibition
it is necessary to have a 2-chloroethyl group on N-3. When
the concentration of CCyNU was increased to 3 times that
of BCNU on a molar basis, it interfered with the progression
of cells to mitosis almost as well as BCNU, but it did not
decrease the rate at which cells became labeled (Chart 12).

Chemical evidence (15 , 32) indicates that, upon hydrolysis
of BCNU, the carbonyl and N-3 portion of the molecule is
converted to 2-chloroethyl isocyanate (CIC) which, upon
subsequent reaction with water and decomposition of the
resulting carbamic acid, yields CEA. Similarly, hydrolysis of
CCyNU yields CyIC and cyclohexylamine. Because of the
differences in the observed effects of BCNU and CCyNU
(Chart 11), it was desirable to compare the effects of CIC
and CyIC in this system. Chart 11 shows that upon an
equimolar basis CIC was as active as BCNU, but CyIC was
inactive. CEA was as active as BCNU and CIC, but FEA was
inactive. These results indicate that most, if not all, of the
inhibitory effects of BCNU observed in these experiments is
probably due to the CEA derived from it.

Toxicities of Compounds Related to BCNU. Chart 13
shows the results of determinations of the toxicity of
compounds related to BCNU by the method in which the
agent is added to the culture at the time of plating the cells
for colony formation. The toxicities of CEA and its pro.
genitors (BCNU, MeCNU, and CIC) were much greater than
those of the other compounds tested.

Effects of BCNU upon Cell Size. Chart 14 shows the effect
of exposure to BCNU upon the size of the cells; data are
given for the distributions of the populations at 4 and 24 hr
after addition of BCNU at the indicated concentration of the
cultures. The growth curves for the cultures are given also.
In the presence of 25 jig of BCNU/ml, the number of cells
did not increase, but there were more large cells at 24 hr
than at 4 hr. In contrast, in the absence of BCNU or in the
presence of S @zgof BCNU/m1, there were relatively fewer
large cells at 24 hr than at 4 hr.

DISCUSSION

There are similarities and dfssimilarities in the effects that
nitrogen mustard (3 1) and BCNU have upon the progression
of culturedH.Ep. No. 2 cellsthroughthe cycle.These
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Chart 12. Effects of CCYNU upon the accumulation of metaphase
cells and upon the rate of labeling cells during incubation in the
presence of Colcemid and thymidine-methyl-3H. Numbers on the
curves, the concentrations of CCyNU. A concentration of 27.2
Mgof CCyNU/ml is equimolar to 25 @gof BCNU/ml.

FC@1IU

@@NU
A yNU

BFNU

4-dc

MIGNU

BCNU S CEA

0.01
0 20 40 60 80 IOO

Concn (murnoles/mfl

Chart 13. Toxicities of various compounds for H.Ep. No. 2 cells
when the compound was added at the time of plating the cells for
colony formation.

4

Effect ofBCNUon H.Ep. No. 2 Cell Cycle
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.;3 0
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. 5@ag/ml
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Time (Sir)
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.

a
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0.2

01

0

0
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0
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Chart 14. Effects of BCNU upon the multiplication of H.Ep. No. 2
cells in glass-attached cultures and upon the distribution of cells of
various sizes during incubation in the absence of Colcemid. The
determinations of sizes were made 4 hr (open bars) and 24 hr (solid
bars) after the addition of BCNU to the cultures. Numbers on the
abscissas, median values of the â€œwindowsâ€•of the Coulter Model B
electronic particle counter.

effects along with some information on toxicity are listed in
Table 1. A longer exposure to BCNU than to nitrogen
mustard is necessary in order to kifi the cells. When the cells
are exposed continuously to BCNU at a concentration of 25
@ig/ml, all of the inhibitory effects of nitrogen mustard are
observed plus 3 other inhibitionsâ€”progression to metaphase
of cells initially in the first half of G2 , labeling of cells
initially in 5, and progression to S of cells initially in the
first half of G1 . Since none of these 3 inhibitions occurs
following a 30-ruin pulse exposure to BCNU and since most
of the cellssurvivefollowinga pulseexposurebut donot
survive following continuous exposure, it is possible that 1
or more of these inhibitions contributes to or is indicative of
lethal damage. On the other hand, nitrogen mustard can
cause the death of cells without causing these 3 inhibitions.
The contribution of repair of sublethal damage for survival
of the cells is not quantitatively known, but the data show
that some of the inhibitions appear to be transitory,
particularly at the lower concentrations of the agents.

The fact that all or part of the cells (dependent upon
dosage) in G2 at the time of exposure to BCNU proceed to

@ylC
. C

1823JUNE 1970

l.OC'

0.50

C0
U
0

@0.10
C

@Eo.os
U)

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2386793/cr0300061817.pdf by guest on 19 M

ay 2023



PropertyNitrogen
mustard hydrochloride
(1 @@g/ml)BCNU (25@g/ml)Formation

of macrocolonies inthepresence
of theagentNoneNoneSurvival

of cells of establishedstaticcultures
following30-mmexposure
to theagent<10%85%Survival

of cells of establishedstaticcultures
following 4-hr exposuretothe

agent<10%<10%Progression
to metaphase of cellsinitiallyin

the last half ofG2After
30-min exposureNo inhibitionNoinhibitionWith

continuous exposureNo inhibitionNoinhibitionProgression
to metaphase ofcellsinitially

in the first half ofG2After
30-mm exposureNo inhibitionNoinhibitionWith

continuous exposureNoinhibitionInhibitionProgression
to metaphase ofcellsinitially

inSAfter
30-mmexposureInhibitionInhibitionWith

continuousexposureInhibitionInhibitionProgression
to metaphase ofcellsinitially

inG1After
30-mmexposureInhibitionInhibitionWith

continuousexposureInhibitionInhibitionLabeling
of cells initially inSAfter
30-mm exposureNo inhibitionPartialinhibitionWith

continuous exposureNo inhibitionPartialinhibitionProgression
into S of cellsinitiallyin

thelasthalfofG1After
30-mm exposureNo inhibitionNoinhibitionWith

continuous exposureNo inhibitionNoinhibitionProgression
into S of cellsinitiallyin

thefirsthalfofG1After
30-mm exposureNo inhibitionNoinhibitionWith

continuous exposureNoinhibitionInhibitionFormation
of enlarged cellsduringcontinuous

exposureYesYes

Wheeler et a!.

Table1

Comparison of the effects of nitrogen mustard and BCNU upon
several properties of cultured H.Ep. No. 2 cells

metaphase at the normal rate is consistent with the con
clusion, based on the effects of BCNU upon lymphocytes in
children, that G2 cells were not affected (7). In the present
study, although there was some inhibition of the labeling of
cells by BCNU, many cells eventually became labeled but
were subsequently delayed in progressing to metaphase. If
such cells accumulate in G2 , then in the absence of
Colcemid maximum inhibition of synthesis of DNA might
not occur until 16 to 19 hr@ plus TM plus a part of
TG2) after the addition of BCNU. This inhibition would
then be chiefly due to the fact that fewer cells would be in
S at that time and perhaps not due to inhibition of synthesis
of DNA per se (12, 28). Such a delay would be consistent
with the delay in decrease of the rate of synthesis of DNA
observed in experiments with Ll210 cells in vivo (29). If
cells accumulated in G2 , then it might be expected that the
mean size of the cells would be larger than for a normal
culture. Some increase in the number of large cells did occur
in treated cultures after 24 hr (Chart 14), but the increase

was somewhat less than that observed upon treatment of
H.Ep. No. 2 cells with nitrogen mustard (31). In studies of
the effects of BCNU upon cultured Adenocarcinoma 755
cells by methods different from those used in the present
study, a slight decrease in rate of synthesis of DNA, an
apparent delay in cell division, and the formation of large,
multinucleated cells were observed (L. Simpson-Herren,
unpublished data).

It appears that most of the inhibitory and toxic effects of
BCNU observed in these experiments might be ascribed to
the CEA derived from the BCNU. If this is correct and if
CEA is considered to be a monofunctional alkylating agent,
one might ask why the effects of BCNU differ somewhat
from those ofnitrogen mustard, since previous experiments (31)
showed that the monofunctional alkylating agents 2-chloro-N,
N-dimethylethylamine and 2-chloro@N,N-diethylethylamine
had effects similar to those of nitrogen mustard. Several
possible reasons for these differences might be given: (a) the
intermediary CIC might react directly with cell constituents
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The nitrosoureas were administeredi.p.CompoundTreatment

scheduleOptimal
dose

(mmoles/kg)Maximum
effectiveness

(%ILS)'@ReferenceBCNU

MCNU
MeCNU
MeNUDaily,

1â€”15days
Daily, 1â€”15days
Daily, 1â€”15days
Daily,1â€”15days0.04

0.01
0.90
0.12184

166
46
8620

20
20

20BCNU

CCYNU
BCNU
CCyNUDay

6 only
Day 6 only
Every 7 days, Days 6â€”55
Every 7 days, Days 6â€”550.18

0.46
0.065
0.17>445

>650
>650
>6502

2
2

2BCNU

CCyNUDaily,
6â€”55days

Daily, 6â€”55days0.022 0.06540 46022Log

killBCNU

CCYNU
BFNU
FCYNUDay2only

Day 2 only
Day 2 only
Day 2 only0.11â€”0.14

0.17â€”0.21
0.033â€”0.038
0.14â€”0.186

6
6
69

9
9
9

Effect ofBCNUon H.Ep. No. 2 Cell Cycle

to contribute to the effects (although CyIC evidently con
tributed very little to the effects); (b) cyclization of CEA
would probably yield ethylenimine, which would have
chemical properties that are different from those of the
quarternary ethylenimonium compounds formed from the
other nitrogen mustards mentioned above; (c) the 2-chloro
ethylnitrosoamino portion of the molecule might contribute
to the observed effects.

Isocyanates are chemically quite active and can react with a
variety of compounds, and it has been suggested (15, 27, 30)
that some of the biological effects of BCNU might be due to
reactions of the in situ-generated CIC with constituents of
the cells. It has been observed that i-methyl-3-nitro-i-nitro
soguanidine reacts with albumin in vitro to convert the
c-amino groups of lysine to nitroguarndino groups (14), and
we have obtained suggestive evidence (unpublished) that

upon treatment of histone with BCNU in vitro some
carbamoylation of the c-amino group of lysine occurs.
Fixation of the cyclohexyl group of CCyNU to plasma
proteins in vivo (1 7) and carbamoylation of nucleic acids in
vitro by i-methyl-l-nitrosourea (22) have been reported. The
hepatoxicity of BCNU in rats is similar to that caused by
a-naphthyl isothiocyanate (24). Therefore, the generated
isocyanate might react directly with cellular constituents in
addition to reaction with water, and such reaction may
contribute to the observed effects of the BCNU. Such
contribution may be slight, however, because it would be
expected that CyIC generated from CCyNU and FCyNU, and
2-fluoroethyl isocyanate generated from BFNU would react
similarly to the CIC but the effects and toxicity of CCyNU
and BFNU were much less than those of BCNU in the
present experiments.

There is also evidence that the 2-chloroethylnitrosoamino
portion of BCNU contributes to the effects observed in this
study: on a molar basis, BCNU is more than 2 times as
effective as MeCNU (Chart 11, C and F), and CCyNU is
more effective than FCyNU (Chart 11, A, B, D, if).

Although the experimental results obtained in the present
study indicate that the generated CEA causes most of the
toxicity and the effects upon progression of cells through
the cycle, it is clear that generation of CEA is not a requisite
for anticancer activity. A number of other substituted nitro
soureas containing groups other than 2-chioroethyl on N-3
including CCyNU, FCyNU, BFNU, MCNU, and MeNU (9,
10, 2 1) have significant antileukemic activity. Table 2
contains selected data from the published literature that
shows the relative antileukemic reactivities of several nitro
soureas. After testing many substituted nitrosoureas for
activity against L12 10 leukemia, Johnston et aL ( 10) stated:
â€œScreeningdata indicate that the most active nitrosoureas so
far evaluated against both the intraperitoneal and intra
cerebral disease are l-[2-(chloro or fluoro)ethyl@ -1-nitro
soureas substituted in the 3 position by a 2-(chloro or
fluoro)ethyl or cycloaliphatic group.â€•Thus, the substituent
on N-i is important in determining the antileukemic activity
of the agent, and it seems evident that chemically reactive
compounds derived from this portion of the molecule con
tribute to this activity.

As one considers Charts 11 and 13, it appears that there is
some correlation between the observed effects upon the cell
cycle and the toxicity of the compounds for cultured H.Ep.
No. 2 cells. Chart 15 gives data for the toxicity of several of
these compounds in mice. The relative toxicities of the
compounds differ for the 2 test systems, and it appears that

Table 2

Effects ofseveral nitrosoureasagainstintraperitoneallyimplanted L1210 leukemia

@Increasein life span.
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Chart 15. Toxicities of several nitrosoureas for BDF1 mice. (W.R.
Laster, unpublished data).

in mice the toxicity is not determined so much by the
generation of 2-chloroethylamine as in H.Ep. No. 2 cells and
that the nature of the substituent on N-i of the nitrosourea is
more critical for toxicity in mice. Even so, CCyNU is
somewhat less toxic in mice than BCNU, and more CCyNU
(on a molar basis) than BCNU is required to give approxi
mately the same antileukemic effect.

Although the effects of BCNU upon progression of cells
through the cycle observed in this study might be more
closely related to the toxicity for cultured cells (due to the
generation of CEA) than to the antitumor effect of BCNU,
the fact that CCyNU at higher concentrations caused similar
effects upon progression through the cycle indicates that
similar effects upon such progression might contribute to the
antitumor effects.
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