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CELL CYCLE PHASE SPECIFICITY OF CHLOROETHYLNITROSOUREAS
Peter Allen Linfoot, University of California, San Francisco

Athough the cancer chemotherapeutic agent 1,3-bis(2-cholorethyl)-1-
nitrosourea (BCNU) is considered a non-cell cycle phase specific drug, it has
been shown to produce differential cell killing in Gy, S, and G,/M phase cells,
with S phase cells appearing relatively resistant. The lack of knowledge
regarding the biochemical mechanisms underlying the phase specificity of
BCNU provided the impetus for this dissertation. Because BCNU is thought to
kill cells via a DNA cross-linking mechanism, experiments were designed to
test whether phase-specific survival, measured by colony forming ability, in
BCNU-treated 9L celis reflects phase-specific differences in DNA cross-
linking, and whether intrinsic cellular drug sensitivity, guanine 06-
alkyltransferase activitity, cellular thiol content, or intracellular drug dose,
which are all known to affect BCNU-mediated cell kill, could be correlated
with cell cycle phase specificity.

Studies of cell cycle phase specific cell Killing, produced by
nitrosoureas with different chemical reactivities, clearly indicated that the
ability of compounds to cross-link DNA was important in determining their
phase specificity. Cells that lacked guanine 06-alkyltransferase activity
showed similar patterns of BCNU phase specificity regardless of their
intrinsic sensitivity to BCNU. It was also clear that guanine 06-
alkyltransferase activity did not explain the pattern of phase specificity in
9L or Chinese hamster ovary cells, nor did the steady state level of non-
protein sulfhydryls correlate with cell survival in 9L or BTRC-19 cells. DNA

inter-strand cross-linking, as measured by alkaline elution, was similar in
cells exposed to BCNU in G, or S phase. 3H [1-chloroethyl- 1 nitrosourea)
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binding to DNA was the same in G,, S and G,/M phase cells indicating that
phase-specific differences in drug uptake and intracellular drug dose were
not responsible for phase-specific cell kill. These stu'dies suggest that cross-
link lesions, other than DNA inter-strand cross-links, and/or effects on DNA
repair, other than guanine 06-akyltransferase, are additional important
determinants of BCNU phase specific cell killing.
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1. SPECIFIC AIMS

Many cancer chemotherapeutic agents have been shown to produce
differential toxicity towards cells in specific phases of the cellular growth
cycle. This information has been used in conjunction with cell kinetic data,
such as the tumor mitotic index, growth fraction, and cell cycle time, to
design kinetics-based protocols for the combination chemotherapy of solid
tumors. To date, this approach has had limited clinical success. Major
problems have been caused by a lack of knowledge regarding the factors
that determine the phase specificity of many agents- and an inability to
accurately predict how agents will interact when they are given in
combination.

The compound, 1,3-bis(2-chloroethyl)-1-nitrosourea (BCNU), a
chloroethylnitrosourea (CENU) with demonstrated activity against solid
tumors, is a bifunctional alkylating agent that is thought to kill cells via a
DNA cross-linking mechanism. BCNU is classified as a cell cycle phase non-
specific agent, but it is less active toward cells that are undergoing DNA
synthesis at the time of treatment when compared to cells that reside in
other phases of the cell cycle. The reason for this phase specificity is
uncertain: the goal of this dissertation project was to gain a better
understanding of the biological factors that determine CENU phase specificity
8o that these compounds might be used more rationally in experimental and
clinical protocols. The scientific approach was designed to test several
hypotheses:

1) whether phase-specific survival in BCNU-treated cells reflects phase-
specific differences in DNA cross-linking 2) whether intrinsic cellular BCNU
sensitivity affects the pattern of phase-specific survival after BCNU
treatment 3) whether guanine 06-alkyltransferase activity varies during the
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cell cycle in parallel with BCNU sensitivity 4) whether cellular thiol content
can be correlated with phase-specific survival 5) whether phase-specific

survival reflects phase-specific differences in intracellular drug dose.
The specific aims were to:
1. Determine the phase-specific survival pattern for 9L cells treated
- with BCNU and other nitrosoureas® that have different chemical
reactivities.

2. Measure DNA inter-strand cross-linking caused by BCNU
throughout the cell cycle using alkaline elution in order to evaluate
the expression of drug damage in each cell cycle phase.

3. Determine the phase-specific survival pattern in CENU-resistant
cells and compare it to that seen in 9L cells to see whether cellular
repair of CENU damage plays a role in phase specificity.

4. Measure cellular glutathione and guanine OS-alkyltransferase
levels throughout the cell cycle and correlate levels with phase
specific survival

5. Measure [3H] CNU binding during the 9L cell cycle to determine
whether the effective intracellular drug exposure dose varies with
cell cycle position.



a-The nitrosoureas studied were: 1,3-bis(2-chloroethyl)- 1 -nitrosourea, BCNU;
N.N'-bis(trans-4-hydroxycyclohexyl)-N-nitrosourea, BHCNU; 1-(2-
chloroethyl)-3-cyclohexyl- 1 -nitrosourea, CCNU; 1-chloroethyl-1-
nitrosourea, CNU; 2-[3-(2-chloroethyl)- 3-nitrosoureidol-D-
glucopyranose, CHLZ; 1-ethyl-1-nitrosourea, ENU; 1-(2-
chloroethyl)-3-(trans-4-methylicyclohexyl)-1-nitrosourea, MeCCNU;
1-(2-chloroethyl)-3-(2,6-dioxo-3-piperidyl)- 1 -nitrosourea, PCNU.



11. BACKGROUND
11.1. Mammalian cell division cycle

Mammalian cells growing in tissue culture systems and jn vivo show
a characteristic pattern of growth. The growth rate may vary between
different cell lines and different tumors, but all cells must duplicate their
genomic DNA prior to cell division. DNA synthesis occurs during a distinct
period in the cell growth cycle, termed S phase, which is preceded by a gap
phase, termed G,, and followed by a second gap phase, termed G,. Mitosis
follows G, phase, lasts approximately 1 hour, and produces two G; phase

cells. Cells that are viable, but apparently non-cycling can be found with
DNA content equivalent to Gy, S, and G, phase cells; these are operationally

defined as quiescent cells (FIGURE 1) (1). Although the biochemistry of DNA
synthesis has been studied in depth (2) the terms G, and G, reflect the
current lack of understanding of the specific reactions that characterize these

phases of the cell cycle. The duration of S phase in most mammalian cells is
approximately 8 hours, whereas the duration of the G; phase and G, phase is

variable (3). Large variations in the length of G; phase can be observed
between the cells of different species with variations in the duration of G,
being less and G, usually being the shortest phase of the cell cycle. The
specific factors that determine the length of G; phase are not known, but
subcompartments within G;, Gy, and G,;, can be identified based on cellular
RNA content (1). Progression through the cell cycle is thought to involve
control points in G; and G, phases and is closely tied to RNA metabolism. Gy
cells are believed to be commited to initiate DNA synthesis, while G, cells
are believed to be capable of becoming quiescent and later reentering the
cell cycle under an appropriate stimulus. It is currently not known whether
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quiescent S and G, phase cells can reenter the cell cycle or whether S phase

cells that appear to be quiescent are actually cycling very slowly.

—v

o1y 1

S0 —bela M 62

FIGURE 1. Subcompartments of the mammalian cell cycle. Gyq, Gy, S,
Gy, and M represent cycling cell compartments. Go, Sq, and
Gyq represent quiescent cell compartments. The arrows

represent cells in transition from one cell cycle compartment

to another. Modified from Z. Darzynkiewicz, Pharmac. Ther.
21,143-188 (1983).

11.1.a. Monolayer culture

The simplest system for studying cellular growth is a monolayer
culture. Growth of cell lines in unfed monolayer cultures on plastic can be
described by a sigmoid growth curve when cell number is plotted versus
time on a semi-logarithmic chart. An initial lag phase, characterized by slow
growth, is typically followed by an exponential or log phase, and then a
plateau phase, characterized by maintainance of a constant number of viable
cells. Most cells will remain in plateau phase until nutrients in the culture
medium become depleted causing cells to die, but this pattern can be altered
by replenishing the growth medium (feeding) (4,5). The growth of cells in
monolayer culture is influenced by the environmental conditions of pH,

temperature, and medium composition, particularly serum concentration



(6.7.8.9.10). Monolayer cultures can be established on biological (11) and
synthetic matrix (12), in order to model cell-substirate interactions, and in

defined serum-free medium (13); different culture environments can
profoundly influence gene expression (14). During the exponential phase
nearly 100% of the cells will be growing and the cell number will double
over each period of the cell cycle. Exponentially growing cells have been
widely used in studies of cancer chemotherapeutic agents because they are
thought to model cycling cells in tumors. It is known that not all cells in a
tumor are actively dividing at any given point in time (15), consequently a
monolayer is not an appropriate model for a human tumor; however,
because the environmental conditions can be rigorously controlled in
monolayer cultures they are valuable for the study of drug mechanisms.

11.1.b. Spheroid culture

Under appropriate conditions cells growing in vitro can be induced to
form cellular aggregates that continue to grow in culture (16). These
aggregates, termed multicellular tumor spheroids (MTS), can show tumor-
like growth (17) and provide an experimental tumor model that is of
intermediate complexity between monolayers and in vivo tumors. MTS, in
contrast to monlayers, have cells growing in three dimensional contact, they
posess gradients of pH, oxygen tension, and nutrients, and are comprised of a
large number of noncycling cells (18). Most of these cells have a DNA
content similar to that found in G; phase cells (19), thus they are arrested
prior to DNA synthesis. The MTS model provides an interesting alternative
to monolayer cultures, but will not be used for experiments in this
dissertation.



IL.1.c. Tumors

Tumors growing in vivo are complicated by host related factors such
as the host immune response to tumor antigens (20), variations in tumor
blood supply and microenvironment (21,22), and tumor cell heterogeneity
(23). These factors are highly variable amongst individuals and tumors, and
can change in response to therapy (24,25,26) or during tumor progression
(27,28). Tumors, like spheroids, contain a large number of cells that are
non-cycling; however, its is thought that these cells can be recruited into the
cell division cycle following therapy (29,30,31). Although, direct
extrapolation of in vitro phase specificity studies to jn vivo tumors may not
be possible (32) this dissertation will focus on understanding fundamental
mechanisms underlying the phase specificity of CENUs.

11.1.d. Biochemistry of the mammalian cell cycle

The biochemical events that occur as mammalian cells progress
through the cell cycle are of two types: 1) maintainance functions, that are
persistent throughout the cell cycle and required for cell survival, but not
necessarily cell growth, for example the production of ATP and 2) phase
specific or sequential functions that are under tight genetic control, such as
the synthesis of DNA (33). Because of the widespread belief that malignant
cells have escaped from normal growth regulation, research has focused on
phase specific functions in order that the factors that control éell
proliferation might be elucidated. Several extensive reviews are availiable
describing the biochemical changes that occur in each cell cycle phase (1,

3,34). Mitchison (34) suggested that the cell division cycle can be thought of
as two overlaping cycles 1) the growth cycle (G,, S, G,, and M phases) and 2)

the chromosome cycle (S, G5, and M phases); recent findings indicate that



each cycle responds to different regulatory controls as evidenced by the
insensitivity of the chromosome cycle to protein synthesis inhibitors (35),
and the dissociation between growth in cell size and DNA replication seen
under certain conditions (36).

Some of the enzymes involved in DNA replication vary in a phase
specific manner as would be expected; however, not all DNA synthetic
enzymes appear to be coupled with S phase. Further, the variation in
enzyme activity depends on the cell type, and method of synchronization
that is used. In 3924A hepatoma cells that are stimulated to proliferate, the
specific activity (units of activity/unit protein) of the enzymes thymidine
kinase, ribonucleotide reductase, and orotate phosporibosyitransferase all
increase with cell growth rate, but show different kinetics, whereas the
specific activity of dihydrothymine dehydrogense decreases (37). In
contrast, when elutriation methods are used thymidine kinase increases
prior to S phase and peaks during S phase, but the specific activities of
orotate phosphoribosyltransferase and dihydrothymine dehydrogenase show
little change during the cell cycle (38). Engstrom et al, (39), using cells
synchronized by either isoleucine deprivation or centrifugal elutriation, have
shown that ribonucleotide reductase activity is S phase specific, and also that
the individual subunits of the protein are regulated differently during the
cell cycle. As might be expected the levels of the nucleotide precursors
dATP, dCTP, dGTP, and dTTP are extremely low in G; phase cells, they
increase just prior 1o DNA synthesis and peak during S phase, but they do
not occur in equimolar concentrations (40,41), and there is evidence that
cellular nucleotide pools may be compartmentalized (42,43). Total DNA
polymerase activity is increased during S phase, but the activity of specific

enzymes varies, beta-polymerase activity appears in early S phase, whereas



alpha-polymerase activity appears in late S (44). Specific activity of DNA
topoisomerase 1 increases during S phase and is insensitive to hydroxyurea,
whereas specific activity of topoisomerase II is invariant during the cell-
cycle (45). These few examples indicate that the regulation of the enzymes
involved in DNA synthesis is complicated and that it is important to
distinguish between phase-specific and proliferation-specific changes in
enzyme activity .

The polyamines putrescine, sper midine, and spermine, which are
thought to stabilize DNA, are invotved in growth regulation in normal and
neoplastic cells (46) and are essential for chromosome condensation prior to
mitosis (47). Polyamine levels fluctuate during the cell cycle (48,49,50,51,)
as does activity of the polyamine associated enzymes ornithine
decarboxylase (48,49,50), s-adenosylmethionine decarborylase (48,50), and

methyithioadenosine phosphorylase (3Z). In some cells the levels of
polyamines increase continuously between early G; phase and G, phase

(48,51), while other cells show a biphasic pattern increasing between G; and
S phase and then again just prior to mitosis (49,50). The synthesis of
histones is tightly coupled to DNA synthesis (53,54), but may occur during G,
phase (55,56). Methylation of cytosine residues, which is thought to control
the expression of some genes (57), has been implicated in cellular
differentiation (58), and the activity of the enzyme that regulates DNA
methylation, DNA methylase, is coordinated with DNA synthesis (59).
Because the activities of these enzymes fluctuate during the cell cycle,
therapeutic approaches targeting these enzymes may show phase specificity.
Although information on phase-specific repair of DNA damage is
limited, the activities of some DNA repair enzymes have been studied during
the cell cycle. The activity of uracil-DNA glycosylase, which converts uracil
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bases in DNA to apurinic sites, is coordinated with DNA synthesis in WI-38
Iibroblasts and V79-A03 cells (60,61). Uracil-DNA glycosylase activity in

V79-A03 cells is not affected by hydroxyurea or excess thymidine, whereas
UV-sensitive, V79-UC, cells show less variation of activity during the cell
cycle and the pattern of activity is altered by hydroxyurea and excess
thymidine. These observations indicate that the peak of uracil-DNA
glycosylase activity occurs during DNA synthesis, but that the two events can
be dissociated from one another. Further, altered cell cycle regulation of
glycosylase activity is associated with the UV-sensitive phenotype indicating
that a genetic defect in UV repair can alter the expression of an enzyme that
is not thought to be involved in the repair of UV damage. The activity of

guanine OS-alkyltransferase, which removes alkylation products from 06-
guanine thereby restoring the guanine base, appears to increase in late G,

phase, peak in early S phase and then rapidly decline in late S and G, phase
in regenerating rat liver (62), while removal of 08-guanine adducts in
10T1/2 cells released from confluence occurs prior to S phase but not during
DNA synthesis (63,64). Because guanine 06-alkyltransferase activity has
been shown to be an important factor influencing cell survival after CENU
treatment (discussed in a later section) and because both of the above
studies may reflect proliferation-specific changes in enzyme activity the
variation of guanine 08-alkyltransferase activity during the 9L cell cycle has
been studied as part of this dissertation.

Cellular enzymes that are targets of anti-cancer agents can also vary
during growth. The activities of the enzymes that are inhibited by anti-
folate chemotherapy including dihydrofolate reductase, thymidylate
synthetase, and thymidine kinase peak during log phase in RPMI 4265
fymphoblasts (65).
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In conclusion, the activity of important enzymes that affect cellular
growth and response to chemotherapeutic agents can vary during the céll
cycle; these variations may contribute to the phase specificity of anti-cancer
drugs and influence the effectiveness of therapy.

Recent studies on biological growth factors and “oncogenes” suggest
that the transition from quiescence to growth is regulated by a small number
of proteins. There are similarities between some cell cycle phase dependent
genes and cellular and viral oncogenes in that they code for growth factors,
growth factor receptors, or regulatory proteins. The epidermal growth factor
(EGF) receptor is the product of the c-erbB proto-oncogene, the c-sis proto-
oncogene codes for the B-chain of platelet derived growth factor (PDGF), and
the colony stimulating factor (CSF-1) receptor is the product of the c-fms

proto-oncogene (66). The growth factors PDGF, EGF, and insulin-like growth
factor appear to regulate discrete portions of the G; phase of the cell cycle

and the transition from quiescence to proliferation (67,68). Further,
initiation of DNA synthesis or the start of the chromosome cycle appears to
commit fibroblasts to undergo cell division (69). Expression of c-myc
oncogene, as measured by mRNA level, increases following induction of
proliferation in quiescent T fymphocytes, but is invariant during the cell
cycle in exponentially growing cells, and density arrested cells maintained
with serum growth factors continue to express c-myc RNA at levels
comparable to exponentially growing cells (70). The c-myc gene is
apparently transcribed in G,-arrested fibroblasts and is post
transcriptionally regulated by growth factors (71). In contrast, c-myb
expression appears to fluctuate during the cell cycle in parallel with S phase
and show post-transcriptional regulation in mature T cells, but not in

immature thymocytes, which appear to regulate expression at the level of



12

transcription (72). Thus, there are oncogene products that appear to be
associated with proliferation specific functions and others that may have cell
cycle phase specific functions.

Clearly the biochemistry of the mammalian cell cycle is extremely
complex; the transition from quiescence to growth and between each cell
cycle phase involves many biochemical changes. Because this dissertation is
aimed at understanding the mechanism underlying the phase specificity of
CENU-mediated cell killing, experiments will focus on the factors that are
most likely to affect cell survival following CENU exposure.

11.2. Cell kinetic terminology.

Technological advances in quantitative cytokinetics, particularly the
development of monoclonal antibodies to BrdU-substituted DNA (73,74),
have improved the accuracy of cell kinetic measurements on tumor and
normal cell populations in vilro and in vivo, and have renewed interest in
the relevance of cell kinetics to cancer therapy. Several cell kinetic terms
that are used in this dissertiation are defined below.

The cell cycle time is the average time it takes a cell to progress
through one cell cycle. It can be estimated by pulise labeling a cohort of S
phase cells and determining, by sampling at various times post exposure,
how long it takes the cohort to return to S phase.

Doubling time of a population refers to the time it takes to increase
the population size by a factor of two. Doubling time is estimated from a cell
growth curve and is equal to the cell cycle time only if all the cells in the
population are cycling and there is no cell loss associated with progression
through the cell cycle or over time.
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The Jabeling index (LI) describes the fraction of cells in a population
that is undergoing DNA synthesis at a given time point. LI is determined by
detecting which cells in a population have incorporated DNA precursors
during a pulse exposure to exogenous nucleotides. Incorporation can be
measured using radiolabeled nucleotides or with fluorescent antibodies. An
increase in the L1 indicates a greater proliferative potential.

The growth fraction (GF) is the fraction of cells in a population that is
cycling. GF can be estimated by measuring the LI in a cell population that
has been pulsed for a period exceeding the cell cycle time. This assumes that
all cycling cells have similar cell cycle times and would therefore become
labeled over the course of one cell cycle. The GF in exponentially growing
monolayer cultures approaches 1 (5), whereas in spheroids and tumors it is
considerably less and varies with size (75,76).

The problems associated with measuring each of these population
parameters have been eloquently critiqued by Gray (77).

11.3. Applications of cell kinetic data
11.3.2 Prediction of tumor responsiveness

The value of cell kinetic infor mation as a predictor of tumor
responsiveness or patient survival is equivocal. High proliferative activity of
tissues as assayed by L1 may indicate a poor prognosis in patients with
breast cancer (78) or brain tumors (79), but may be of little value in
colorectal cancer (80). Interpretation of these results is complicated by
many factors including the fact that LI of tumors varies v)ith tumor size (76),
LI may vary in different regions within a tumor (81), and current labeling
methods may not adequately label all S phase cells (79,82). Because
correlative studies cannot define cause and effect relationships it is possible
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that other factors that are similarily correlated may be of greater
importance, for example, a larger tumor is itself predictive of a poorer
response (), and estrogen receptor status, which affects response to hormone
therapy in breast tumors, appears to be inversely related to L1 (83). Despite
these problems, new indicators of prognosis that combine cell kinetic

infor mation with traditional pathologic criteria may prove to be of more
value than previous methods (84).

11.3.b. Kinetically-directed tumor therapy

The relevance of cell kinetic concepts to the design of cancer
treatment protocols has been hotly debated (85,86,87). One reason for the
failure of kinetically designed protocols has been the limited degree of cell
cycle synchronization that can be achieved jn vivo and its short duration
(88,89). A second reason is that the biochemical mechanisms that are
responsible for phase specific killing remain unknown for many agents, and
combinations of agents often produce unexpected results. Bhuyan (90) has
shown that the combination of several S phase specific agents, which might
not be expected to interact, produce not only additive cell killing, but aiso
antagonistic and synergistic interactions. Although the clinical results of
kinetically directed therapy have not been encouraging, alternative methods
for achieving synchony are being investigated (91,92,93,94), and both
synchrony and an increased therapeutic effect can be achieved in vivo when
appropriate drugs are chosen and drug sequencing is rigorously controlied
(95,96,97,98); these developments combined with improved understanding
of drug mechanisms and more accurate measurement of cell kinetics in
tumors and normal tissues should enable rational implementation of cell
kinetic concepts in cancer therapy.
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11.4. Chloroethylnitrosoureas (CENUS)

CENUs are compounds that are commonty used for the treatment of
malignant brain tumors, lymphomas, and gastrointestinal tumors (99). They
are classified as non-phase-specific alkylating agents because they kill cells
in all cell cycle phases; however, BCNU, CCNU, and MeCCNU have been shown
to preferentially kill cells that are in G; and G,/M phases at the time of

treatment (100).

I1.4.a. CENU chemistry

All nitrosoureas undergo aqueous hydrolysis to form two types of
products 1) alkylation products thought to arise via reactions of
chloroethyldiazohydroxide and 2) carbamoylation products thought to result

from reaction of substituted isocyanates (FIGURE 2) (101): the specific
reactive species formed is dependent on the structure of the parent

compound (FIGURE 3).

ci— cuz—co-n,\ N =0

x /N—CHZ—Q 2—R

./\

Cl—’CHz—" CHz‘—‘%‘—N O=C=N -CHz-CHz-R

Chlerocethyldiezonium fon Substituted isocysnste

FIGURE 2. Proposed reactive species produced upon aqueous hydrolysis
of CENUs.
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Substitution at the R, position determines which alkylating products will
form, and substitution at the R, position determines the reactivity of the
isocyanate product. All CENUs have the chloroethyl group at R, and different
substitutions at R,. Radiolabel in the R; portion of the CENU molecule reacts
primarliy with DNA, whereas label in the R, portion reacts primarily with
cellular protein (102,103). When the reactivity of CENUs is quantitated jn
vitro they can be classified on the basis of their relative alkylating and
carbamoylating activity (TABLE 1) (104). This classification has been widely
used to determine the biological role of CENU-mediated alkylation and
carbamoylation reactions in cells due to the fact that stuctural analogs are
available that have limited chemical reactivities.

TABLE 1. Relative alkylating and carbamoylating activities of CENUs.

Relative
Compound 13,2 (min) _ At c
1. CCNU 53¢ 0.22 1.0
2. MeCCNU 58¢ 0.22 091
3. BHCNU 104 0 0.87
4. BCNU 50¢ 0.59 0.68
5. PCNU 26¢ 0.79 0.24
6. CHLZ 224 10 0.03

a-Alkylating activity relative to CHLZ

b-Carbamoylating activity relative to CCNU.

c-From Weinkam and Deen, Cancer Res. 42, 1008-1014 (1982).
d-Deen and Williams, unpublished resuits.
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I1.4.b. CENU-mediated cell killing

CENUs are currently thought to kill cells via a DNA cross-linking
mechanism that only requires activity in the alkylating portion of the
molecule. This belief stems from the fact that CENU analogs that lack
carbamoylating activity retain anti-tumor activity (105,106), and pure
carbamoylating nitrosoureas are ineffective as anti-tumor agents (107).
Nitrosoureas that are pure alkylators, for example ENU, produce cell kill at
high doses, but are much less effective, on a molar basis, when compared to
cross-linking nitrosoureas (108). Further an increase in the relative in vitro
carbamoylating activity of CENUs has been correlated with increased toxicity
~ towards bone marrow cells (109,110), and the severity of bone marrow
depression in patients undergoing chemotherapy (111).

11.4.b.i. CENU dose concept

The biological activity of CENUS in vitro has been described
quantitatively with a dose concept that predicts that cell killing will be
proportional to the concentration of active species formed by hydrolysis
during the exposure interval (112). Because the stoichiometry of CENU
hydrolysis produces reactive species in a 1:1 ratio with parent compound,
the concentration of active species is equal to AC or the change in
concentration of the parent compound. The AC concentration can be
determined when the drug half life, t ;,5 , exposure dose, C;, and the

exposure interval, t, are known by using the following equation :

AC=Co(1-ekt) k=(In2)/ty,
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The AC concept was developed, using 9L rat brain tumor cells, by showing
that the multiple survival curves seen when cells were treated with
different CENUs converged to a single curve when the drug dose was
corrected for the exposure interval and the individual drug half lives. The
AC concept has since been validated for other measures of cytotoxicity in 9L
cells including SCE induction, DNA inter-strand cross-linking, and phase
specific survival, and in other cell lines (113).

11.4.b ii. Monoadduct formation

CENUs, like the monofunctional nitrosoureas, methylnitrosourea (MNU)
and ethylnitrosourea (ENU), produce a spectrum of monoadducts in cellular
DNA. It is currently thought that a small proportion of the large number of
adducts that form can react further to produce cross-links, which are

thought to be lethal (114.115.116). The major alkylation products that have
been isolated in ENU-treated DNA are ethylphosphodiesters (51%), N7-

ethylguanine (14%), O8-ethylguanine (9%), N3-ethyladenine (5%), 02-
ethylthymidine (7%), O*-ethylthymidine ( 2%), and 02-ethylcytosine ( 5%)
(117). BCNU and CCNU are known to produce some of the same adducts
(TABLE 2) (118,119); however, the full spectrum of adducts produced by
CENUs and their relative proportions are unknown. Most of the monoadducts
that have been identified are thought to form as a result of reaction between
the chloroethyldiazonium ion and various nucleophillic sites on DNA bases.
Although the alkylating portion of the molecule is identical for all CENUs
there appear to be subtle differences between structural inalogs, including
differences in lipophilicity, decomposition rate, and anticancer activity
(105,106). Similarly, differences in monoadduct formation have been
described in a limited number of studies. BCNU may be unique amongst the
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CENUs in that the carbamoylating species, may react to produce unique
adducts in DNA, including aminoethyl adducts at N7-guanine (120).

TABLE 2. Monoadducts formed in CENU-treated DNA.

06-hydroxyethyiguanine
0b-chloroethylguanines
7-hydroxyethyiguanine
7-aminoethylguanine
3-chloroethylcytosines
3-hydroxyethyicytosine
3, N4-ethanocytosine
1-chloroethyladenine®
1-hydroxyethyladenine
1, Né-ethanoadenine

a- Fluoroethyladduct has been isolated.

The biological significance of specific adducts remains to be determined, but
it is well established that 06-alkylguanine and O4-alkylthymidine in DNA are
highly mutagenic (121). CENUs produce hydroxyethy! and chioroethyl
adducts in DNA with the former predominating (106) and show a sequence
specificity for alkylation at sites with adjacent guanine bases (122). It has
been proposed that O8-chloroethylguanine is a precursor lesion that can
react further to produce lethal DNA interstrand cross-links (123).

I1.4b ii. DNA cross-linking

The evidence supporting the hypothesis that a cross-linking
mechanism is responsible for CENU-mediated cell killing is convincing.
Cross-linking assayed in cellular DNA using alkaline elution is highly
correlated to cell survival (114,115,116). Both DNA-DNA cross-links and
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DNA-protein cross-links can be detected, but it is the former that has
received the most attention in the literature. Human cells that are resistant
to CENU-mediated cell killing, designated Mex * or Mer ¢, have fewer inter-
strand cross-links in their DNA relative to CENU-sensitive cells, designated
Mex - or Mer - (124). Several agents that have been used experimentally to
potentiate CENU-mediated cell killing, including X rays (125), hyperthermia
(126), 6-thioguanine (127), and the polyamine biosynthesis inhibitor alpha-
difluoromethylornithine (128) have also been shown to increase DNA inter-
strand cross-linking (127,129,130,131).

Pretreatment or simultaneous exposure to monofunctional agents,
such as 1-methyl-1-nitrosourea (MNU) (132,133), ENU (134), and N'-methyl-
N'-nitro-N-nitrosoguanidine (MNNG) (13S5) can increase cell kill
(132,134,135), SCE induction (133), and inter-strand cross-linking (132,135)

produced by BCNU. In some cells these enhanced efTects may be due to
inhibition of guanine 06-alkyltansferase (discussed in a later section) (133),

but in other experimental systems the increased cell kill seems to be
unrelated to inter-stand cross-linking (132). It is not known whether the
presence of specific monoadducts in DNA can directly enhance the cross-
linking reactions of CENUs.

It is clear that DNA cross-linking is important for CENU activitity, but
the identity of the cross-link lesion(s) remains ejusive. Ludium and Tong
have isolated 1,2-(diguan-7-yl)ethane (136) and 1-[N3-deoxycytidall,2-IN!-
deoxyguanosinyll-ethane (137) from BCNU-treated DNA as putative cross-
link lesions. Diguanylethane is thought to arise via 2-chloroethyl-mediated
alkylation at N7-guanine, whereas the cytosine-guanine cross-link may form
as a consequence of a two step reaction following alkylation at OS-guanine.
The chloroethyl adduct at 06-guanine is thought to react with N!-guanine to
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produce a cyclized inter mediate which subsequently reacts with 03-cytosine
on the opposite helix to form an interstrand cross-link (FIGURE 4) (123).

0—CH 3 —CH ; —C1 N o\/;“/ Ha
<//"J£\im. No repair > <//" l Wi
Monoadduct repair Cross-link
by slkyltrensferase formetion
<Nﬂi {QI |° —CHg— O 4 ﬁ
/“‘ ' Wz L ’Lm . ‘ njﬂ

Cell survival Cell kill

FIGURE 4. Proposed mechanism for interstrand cross-link for mation
following alkylation at O8-guanine. Monoadducts are

repaired in Mer ¢+ and Mex * cells prior to cross-link
formation.

Monoadduct formation appears to be rapid in contrast to cross-linking which
does not usually reach a maximum until 6 hrs after drug exposure (123). It
has been suggested that the kinetics of cross-linking reflect the two step
nature of the cross-linking process, but while the proposed precursor, 06-
chloroethylguanine and the final cross-linked product have been identified,
and a rearrangment of 06-(2-fluorethyl)guanosine 1o N;-(2-hydroxyethy1)
guanosine occurs upon hydrolysis (138), the cyclic form has not been found,
consequently this proposed mechanism for cross-link formation has not been
verified. Choroethy! adducts at 03-cytosine have been isolated (119), so it is
possible that the cytosine-guanine cross-link forms directly from the
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cytosine monoadduct. Neil Buckley (139) has developed a reaction scheme
for CENUs that explains their specificity of alkylation and suggests that ihey
react with DNA without generating free diazohydroxides or isocyanates. This
model also proposes that chloroethylcarbonate adducts form in DNA, from
the carbamoylating portion of the molecule, and that they have the potential
to form DNA cross-links. Thus, it seems likely that multiple cross-linking
lesions form in BCNU-treated DNA.

11.4.c. Factors that affect CENU-mediated cell killing jn vitro

Many environmental and intrinsic cellular factors are known to
influence cell survival after exposure to CENUs in vitro. Each of these factors
will be discussed in the following paragraphs with emphasis on its particular
relevance to CENU phase-specific survival: experimental manipulation or
control of each factor is also described.

I1.4.ci Temperature

Temperature changes have been shown to affect the survival after
CENU treatment in two ways. First, elevated environmental temperatures
during drug exposure increase the rate of CENU hydrolysis, thereby
increasing the drug exposure dose in any given time interval (140). Second,
an elevation of environmental temperature in the period following drug
exposure causes potentiation of DNA inter-strand cross-linking (130).
Similar temperature effects have been observed in Sprague-Dawley rats
treated with BCNU at elevated total body temperatures (141). In order to
minimize temperature effects on phase-specific survival, the environmental
temperature was controlied in all phases of experimentation and cells in
various phases of the cell cycle were handled identically.
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I1.4.cii. pH

The hydolysis of CENUs is known to be affected by environmental pH.
Hydrolysis is rapid in both highly acidic (pH < 2) and alkaline (pH > 8) buffers
(101): CENUSs are inactive at these pH extremes; however, drug exposure at a
slightly elevated pH within the biological range will have an effect similar to
treatment at elevated temperature in that the drug dose will be higher.
Further, cell killing produced by BCNU and hyperthermia is strongly pH
dependent between pH 6.5 and 8.5 (142). Intracellular or intranuclear pH is
likely to be more relevant than extraceliular pH due to the fact that the
- products of CENU hydrolysis, particularly the isocycanates, are very reactive
and likely to bind rapidly to molecules in the vicinity of the hydrolysis site
(143,144). The relationship between extracellular pH and intracelluiar pH
distribution have been studied in yeast (145) and maintainance of
intracellular pH has been studied in hamster fibroblasts (146). Intraceliular
pH increases from pH 7.2 to 7.4, in parallel with DNA synthesis rate, in
mitogen stimulated lymphocytes (147), and chinese hamster fibroblasts
respond to growth factors only after an elevation of intracellular pH (148).
Based on these observations it appears that intracellular pH may increase
slightly between G; and S phase. If a similar increase occured in 9L cells, the
rate of CENU hydrolysis would increase in S phase cells thereby increasing
the intracellular drug dose and presumably decreasing survival of cells
treated in S phase. Because the exact opposite effect is observed for cells
treated with BCNU in vitro. phase specific differences in intracellular pH do
not appear to be a determinant of phase specific survival.

A decrease in the extracellular pH from 7.3 to 6.5 has a negligible
effect on the intracellular pH in chinese hamster fibroblasts, yet it enhances
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the accumulation and cytotoxicity of clorambucil (149). Chlorambucil acts as
a weak base and more readily enters cells at pH 6.5 because more drug
exists in the unionized form at low pH. Uptake of CENUs does not appear to
be pH dependent (discussed in a later section); however, in order to
minimize pH effects, extracellular pH was maintained between 7.2 and 7.4
during all drug treatments and cells in each cell cycle phase were handled

identically.

11.4.ciii. Serum

The in vitro hydrolysis of CENUs can also be modified by the presence
of serum proteins. Rates of hydrolysis of BCNU, CCNU, MeCCNU, but not
PCNU, are accelerated by albumin (150), and CENU degradation is stabilized
by lipoproteins (151). Lipoproteins are thought to stabilize CENUS by
partitioning drug within hydrophobic regions that prevent protein binding
and aqeuous hydolysis (149), and as described by Weinkam et al, (148) a
reaction involving non-specific for mation of a protein-CENU complex
catalyzes the breakdown of inactive BCNU into two products 1)
chloroethyldiazohydroxide, which forms the chloroethidiazonium ion, and 2)
chioroethylisocyanate. These factors are likely to be important determinants
of in vivo CENU activity, but of minimal importance for in vitro comparisons
as long as the serum source and concentration are controlled.

11.4.c.iv. Hypoxia

Environmental hypoxia is a major determinant of survival following
radiation exposure (152), but its importance in CENU treated cells is less well
understood. It has been suggested that BCNU preferentially spares hypoxic
cells (153); however, Teicher et al. (154) have shown that hypoxia causes a
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slight enhancement of BCNU cell kill in tissue culture. Exposure to hypoxic
conditions alters the distribution of cells throughout the cell cycle by
profoundly inhibiting progression of S phase cells and causes celis to
accumulate in G, phase (155,156). Furthermore, the combination of hypoxia
and low pH is is very toxic to cells (157). The effects of hypoxia on cell cycle
progression can be reversed by the addition of deoxynucleotides to the cell
culture medium; however, the normal coordination between DNA, RNA, and
protein synthesis that occurs during the cell cycle is lost under these
conditions (158). To avoid hypoxic effects on cell kill and cell progression all
experiments used fully oxygenated log phase cells.

11.4.cv. Growth state

There have been conflicting reports regarding whether non-cycling
cells differ from cycling cells in their sensitivity to CENUs. This question has
been addressed using density inhibited or serum deprived plateau phase
cultures, and MTS. Studies with plateau phase cultures have shown
increased sensitivity in cycling cells (159), no effect (160,161), and a large
increase in cell kill in non-cycling cells (162,163), some of these observations
may be due to serum effects (164). Cell survival is less for 9L cells when
they are exposed to BCNU as spheroids, rather than monolayers, and this
difference has been attributed to the greater sensitivity of non-cycling cells,
which are present in large numbers in MTS (165). Recent development of
new methods for detecting CENU damage in cycling versus non-cycling cells
may help resolve this issue (166).

Cell survival following CENU treatment can also be affected by the cell
density at the time of treatment; BCNU-mediated cell kill increases with
increasing cell density in exponentially growing 9L cells (167). As some
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cells growing in culture show an ability to communicate with one another
and can establish gap junctions that permit the exchange of small molecules
between cells (168) this density effect may be due to intercellular
communication. Tofilon et 4l (169) have shown that cell-cell interactions are
evident in heterogeneous MTS, composed of mixtures of sensitive and
resistant 9L cells. BCNU induces many more SCEs/cell, on a molar basis, in
9L MTS (BCNU-sensitive) when compared to Ry MTS (BCNU-resistant). Cells
from heterogeneous MTS show a bimodal distribution of SCEs/metaphase
that reflects the relative proportion of each cell type present; however,
fewer SCEs are induced in the sensitive cells of heterogeneous MTS indicating
that the resistant cells in the MTS have confered partial resistance on the
sensitive cells. Further, MTS composed of 100% sensitive cells grow more
rapidly than MTS composed of only resistant cells, but MTS containing

mixtures of both cell types show a growth rate similar to sensitive MTS. The
effects of growth state and cell density at the time of treatment were

minimized in the experiments to be described by using exponentially
growing cells at similar cell densities for all experiments.

I1.4.c.vi. Cell progression/Potentially lethal damage repair.

Treatment of cells with CENUs is known to alter cellular progression;
specifically, cells treated in S phase and G, phase progress relatively
undisturbed through one cell division, but exhibit prolonged growth delay in
the next cell cycle. In contrast, cells treated in G; phase progress through
the cell cycle to G, phase where they accumulate prior to their first mitosis;
after division their growth through the next cell cycle is normal (170,171).
When treated with X rays, cells also tend to accumulate in either G, or G,

phase and the transitions from G; phase to S and from G, to mitosis are
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believed to be important in the fixation of UV- and X-irradiation-induced
DNA damage (172,173). It is thought that this observed delay reflects DNA
repair that must be completed before resuming cell progression. The repair
thought to occur under these circumstances has been studied by observing
the phenomenon of potentially lethal damage (PLD) repair. PLD repair refers
to the decrease in cell kill seen when cells are allowed a post treatment
incubation period usually in either balanced salt solution or culture medium
prior to plating for cell survival (174). It has been suggested that the
variations in cell survival observed during the cell cycle in X-irradiated
Ehrlich ascites tumor (EAT) cells reflects the final amount of PLD expressed
as cells progress through the cell cycle. In EAT cells PLD repair occurs in

cells arrested in all cell cycle phases and cells progressing through the cell
cycle as long as they have not progressed past the G,/S phase transition

point or through mitosis (175). Thus, G, cells irradiated just prior to the

initiation of S phase and G, cells irradiated just prior to mitosis are the most

sensitive cells in the cell cycle because they have very little time to repair
damage prior to its fixation. The mechanism responsible for PLD repair has
not been defined and may not be the same for different agents, but it does
not occur in 9L (134) or other monolayer cultures treated with CENUs (176),
consequently it is not likely to be a determinant of CENU phase specificity in
the studies to be described. PLD repair does occur in 9L spheroids treated
with BCNU (177), indicating that this phenomenon can be strongly influenced
by the experimental conditions.

11.4.c.vii. Guanine O6-alkyltransferase
Guanine OS-alkyltransferase (AT) is a repair protein that removes
monoadducts from O5-guanine in mammalian cells. It has a high degree of
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substrate specificity in that it readily removes 06 alky! lesions, but it is much
less efficient at removing 04 alky! lesions (178), and is not catalytic like an
enzyme, rather each protein molecule is inactivated after removal of a single
monoadduct (179). The presence of AT activity determines the Mex *
phenotype that is characteristic of CENU-resistant human cells (180). A
similar cell phenotype, termed Mer ¢, has been described that is
characterized by an increased ability to reactivate MNNG treated adenovirus
DNA (181). Mer - cells typically show increased sensitivity to CENUs,
reduced levels of DNA cross-linking following CENU exposure, and low levels
of AT (182). Cellular resistance in Mex * and Mer * cells is thought to occur
because AT activity can effectively remove 08 monoadducts before they
react to form DNA cross-links. Support for this mechanism comes from the
strong correlation between AT activity and CENU sensitivity, from the fact
that CENU resistance can be overcome by pretreatment of cells with MNNG,
which forms 06-guanine adducts, or by pretreatment with 06-alkylguanine
(134,183), and from the fact that AT activity cannot repair cross-links (184).
CENUs can inactivate AT by the formation of 06-guanine in DNA or by direct
alkylation of the enzyme (185), thus they can modify their own repair. The
terms Mex * and Mer * are often used interchangeably to describe CENU-
resistant cells, but there is evidence that Rem ¢+ and Rem - subtypes of the
Mer * phenotype exist (186,187). Both Rem * and Rem - cells have AT
activity (Mer +); however, they differ in their sensitivity to MNNG. Further,
there is evidence that different gene products are involved in the repair of
CENU and MNNG treated DNA (188). Cellular resistance mediated by AT is
highly specific for agents that produce 06-alkylguanine lesions as evidenced
by the fact that MNNG pretreatment of CENU-resistant cells does not affect
cell kill produced by nitrogen mustards, or cis-platinum (189). Further,
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resistance to CENUs does not imply cross-resistance to other alkyating agents
(190,191).

AT activity has been reported to increase in late G, phase, reach a
maximum in early S phase, and subsequently decline in late S (62). This
result is consistent with earlier reports on AT activity in regenerating rat
liver (192), but contrasts with the finding that AT activity is higher in CH3
10T1/2 mouse cells during pre S phase and constant throughout the S phase
(64). A recent report shows that AT activity increases before S phase in
normal human cells, but not in Bloom's syndrome cells (193). Cells from
patients with Bloom's syndrome show an increased mutation rate (194) and
 an altered pattern of excision repair during the cell cycle (195). These
findings indicate that cell cycle variation in AT activity is dependent on the
cell type studied and the experimental conditions. Because of the many
differences between these model systems it is difficult to ascertain the
relevance of these results to one another, and consequently AT activity
throughout the cell cycle was assayed as part of this dissertation.

11.4.c.viii. Glutathione

Glutathione (GSH), the major non-protein sulphydryl compound in
cells, can affect cellular response to drugs and radiation (196). GSH is
thought to protect cells from CENU-induced damage via detoxification of
active species. The detoxification reactions mediated by GSH include
oxidation-reduction reactions and thioether for mation (FIGURE 5).
Glutathione reductase (GR), the enzyme that regenerates reduced GSH from
the oxidized form, GSSG, is irreversibly inhibited by the isocyanates
generated from BCNU (197), and inhibition may be specific for BCNU as other
CENUSs vary in their ability to alter cellular thiol levels (198).
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FIGURE 5. Glutathione metabolism in mammalian cells. Oxidation-
reduction cycle and thioether formation. The enzymes
shown are: d-glutamyl-cysteine synthetase, (GCS);
glutathione S-transferase, (GST); glutathione reductase, (GR);
glutathione peroxidase, (GPO). From B. A. Arrick and C. F.
Nathan, Cancer Res. 44, 4224-4232 (1984).

Inhibition of GR is thought to cause membrane changes and karyotypic
abnormalities (199), and surface bleb formation, suggesting membrane
damage, occurs in sensitive, but not resistant human glioma cells treated
with BCNU (200); BCNU also decreases GSH in resistant, but not in sensitive
9L rat brain tumor cells (201). Thus, it is clear that cellular thiols can
influence CENU-induced damage and that the active species produced by
CENUs can deplete thiol levels, thereby enhancing their own cytotoxicity or
the cytotoxicity of other agents administered simultaneously or
subsequently.

The variation in non-protein sulfhydryl levels durihg the HeLa cell
cycle corresponds closely to the phase specific survival pattern seen
following exposure to radiation (202). Higher thiol levels are associated with
increased survival for all phases of the cell cycle, except for during mitosis
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when thiol levels are elevated and sensitivity of cells is greatest. This
inconsistency may reflect the extreme sensitivity of the mitotic spindle to
radiation damage independent of thiol status. It has also been shown that
addition of cysteamine prior to irradiation reduces the magnitude of survival
differences between cell cycle phases (203). Based on these observations
thiol levels were measured in 9L cells during the cell cycle and correlated
with CENU phase specific survival.

1.4.cix. Drug uptake

One of the common causes of cellular resistance to chemotherapeutic
agents is reduced intracellular drug dose (204). The effective concentration
of drug within cells is influenced by the competing processes of drug uptake,
detoxification, and eflux; resistance can be due to an alteration in any of
these processes. Treatment with some alkylating agents can also aiter the
uptake of other alkylating agents (205). Uptake of BCNU and CCNU, which
are lipophillic, occurs rapidly by passive diffusion in L5178Y tymphoblasts;
equilibrium is established between intracellular and extraceliular
compartments within one minute (206) and is not thought to contribute to
CENU resistance. Likewise, the water soluble CENU, CHLZ, seems to enter
cells by passive diffusion, in spite of the presence of the glucose moeity
(207), though its uptake may not be as rapid as the lipophilic CENUs (208).

Although, the surface glycopetides and the structure of HeLa cell
membranes changes during the cell cycle (209) variation in CENU uptake
during the cell cycle has not been studied. Levin et al. have shown that the
uptake of urea, manitol, and methotrexate is not affected by cell cycle
position in S49 cells (210). This observation in conjunction with the chemical
properties of CENUs suggests that uptake through the plasma membrane is -
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not likely to vary between cell cycle phases; however, the phase specificity
of CENUSs could be due to reduced levels of alkylation- or carbamoylation-
mediated damage in S phase cells relative to G; and G,/M phase. Studies of
[3H) CNU binding have attempted to address the issue of phase specific
monoadduct for mation.

11.4.cx. Chromatin structure/DNA confor mation

As cells progress through the cell cycle their DNA undergoes cyclic
changes in structural confor mation in order to replicate the genome and to
condense chromatin into chromosomes during mitosis (211). Variations in
confor mation can be dectected as alterations in the pattern of chromatin
digestion by DNAse I (212), sensitivity of DNA to acid or thermal
denaturation in situ (213,214), and binding of intercalating dyes (215). Cells
in G; phase have more easily digestable DNA than do S phase cells and
digestability is regulated by a cytoplasmic factor in G; phase and a nuclear
factor in S phase (216,217). Quiescent lymphocytes have DNA that is less
resistant to acid denaturation in comparison to cycling cells further,
indicating that chromatin structure may be cell cycle phase specific. Changes
in DNA confor mation can influence the reactions of alkylating agents with
DNA as evidenced by the fact that ENU-mediated for mation of O6-
alkylguanine in DNA is decreased in chromatin fibers with higher orders of
folding (218) and binding of polyamines to DNA, which may alter DNA
structure (219), inhibits MNU-mediated alkylation at OS-guanine, N3-
adenine, and N7-guanine (220). The repair of DNA damage is also dependent
on DNA conformation; a mammalian DNA-repair endonuclease has been
shown to act only on supercoiled DNA (221), and 08-methyiguanine and ring
opened N7-methyliguanine are not repaired by E. coli enzymes when the
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lesions are present in polynucleotides that exist in the Z-DNA confor mation
(222,223). These results suggest that the confor mation of DNA in cells
treated with alkylating agents can influence the survival level following
treatment.

The effect of DNA confor mation on CENU-mediated cell killing has
been studied indirectly. Depletion of celiular polyamines by the ornithine
decarboxlyase inhibitor, alpha-difluoromethylornithine (DFMO), enhances
BCNU cell kill and DNA interstrand cross-linking (131) and low doses of X
rays, which also alter DNA conformation (224), have a similar effect (129).
DFMO and X rays are thought to increase cell kill by altering the
conformation of DNA such that DNA cross-linking is facilitated. In support of
this hypothesis cells treated with MeCCNU and DFMO show increased cell
killing over MeCCNU alone, but DNA alkylation is the same in untreated and
DFMO pretreated cells indicating that DFMO affects cross-linking and not
initial monoadduct for mation (225). It has also been shown that the
chemical structure of CENUs can influence the specificity of binding to
chromatin. Pretreatment of cells with sodium butyrate, which induces
chromatin condensation, prior to CCNU or CHLZ exposure increased the
uptake of both drugs and the extent of DNA alkylation and carbamoylation
(226). CCNU preferentially carbamoylates non-histone proteins, and CCNU
alkylates DNA in the core region of nucleosome particles, whereas CHLZ
preferentially alkylates chromatin in the histone H1 linker region (227). The
relevance of these observations to the phase specificity of CENUSs is
uncertain, but the question of phase specific alkylation was addressed by
measuring binding of [3H] CNU to DNA throughout the cell cycle.
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11.4.c.xi. Excision repair

Alkylation damage in DNA is repaired by DNA-repair enzymes in a
multiple step pathway that involves: 1) recognition of either a damaged
base, an apurinic site, or a strand break: 2) excision of the damage by a
damage specific endo- or exonuclease: 3) DNA polymerization to fill the gap
that is created by excision: and, 4) ligation of free DNA strands to restore
continuity to the DNA helix (228). Subsequent to the excision repair process,
the repair patch must undergo a structural rearrangement in order to
acquire the same stapphylococcal nuclease sensitivity as bulk chromatin
(229). Because CENUs are thought to exert their lethal effects via DNA cross-
linking after alkylation at O6-guanine, they have not been widely used in
excision repair studies; however, Thompson ¢t, 4] have isolated mutants of
Chinese hamster ovary (CHO) cells that are hypersensitive to ultraviolet

radiation (UV) exposure (230). These UV excision repair mutants fall into
five complementation groups, two of which are also 30 to 90 fold more

sensitive to DNA cross-linking agents than is the parent cell line (231,232).
Two of the cross-link sensitive mutants, UV-20 (233) and UV-4 (234), have
defects in cross-link removal which suggests that cross-link repair and UV
excision repair share some common features and/or enzymes. Recent
characterization of another cross-link sensitive CHO mutant, UV-1, shows
that sensitivity to UV and mitomycin C is due to more than one genetic
alteration (235). This result is consistent with the findings that Mer * cells
can have different sensitivities to MNNG-mediated cell killing (Rem * or Rem
- ) (186) and that the Mex * and Mer * phenotypes are not identical (188).
Phase specific survival in the CHO parent line, AA8, and the mutant, UV-
4,was studied to determine the role of excision repair as a determinant of
the phase specificity of BCNU.
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11.4.c.xii. Nucleotide pools

1n vitro and in vivo studies in bacteria and mammalian cells have
shown that the fidelity of DNA replication depends on the proper balance of
DNA precursors (236). It has also been shown that survival of CHO cells
after exposure to alkylating agents can be influenced by the balance of
deoxyribonucleotides with survival increasing two to ten fold when cells are
treated under conditions where the ratio of dCTP to dTTP is high (237).
These results suggest that enhanced cell killing can be achieved by
combining CENUs and drugs that alter nucloetide pool balance, but this has
~ not been studied mechanistically. It is not clear how nucleotide pool
imbalances would determine the phase specificity of CENUS, but if alkylation
of the precursor pool were a significant target for intracellular reactive
species, as has been suggested for MNU (238), one might expect S phase,
where cells are rapidly incoporating nucleotides, to be the most sensitive cell
cycle phase. This is not the case for BCNU-treated cells and consequently
nucleotide pool effects were not addressed in this dissertation.
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I11. MATERIALS AND METHODS
I11.1. Cells and culture conditions

Monolayers of 9L rat brain tumor cells and CHO cells were maintained
at 37°Cin a 5% C0,-95% air environment. 9L cells were cultured in
complete medium (CMEM) consisting of Eagle’s minimal essential medium
supplemented with non-essential amino acids, and gentamicin (50 ug/mi),
and one of three types of serum, where indicated: 1) 10% newborn calf
serum (NCS) 2) 10% calf serum containing insulin, transferin, and selenium
(SCS) 3) 10% Nu-serum (NS). Cell survival following BCNU treatment was
similar regardless of which serum was used. The cell line designated BTRC-
19 was isolated as a BCNU-resistant clone following treatment of 9L
spheroids with 45 uM BCNU (239). CHO cells were obtained from Larry
Thompson at Lawrence Liver more National Laboratory and cultured in

alpha-minimal essential medium. without nucleosides. supplemented with
10% fetal calf serum and gentamicin (50 ug/ml). The cell line designated

UV-4 was isolated as a UV sensitive clone following exposure of AA8 cells to
the mutagen ENU and found to also be sensitive to DNA cross-linking agents
(231).

To remove cells from 75 cm? plastic flasks, cultures were rinsed with
3 ml of STV (Saline A containing 0.05% trypsin and 0.02% versene). After
decanting the rinse, another 3 m! of STV was added and the flasks were
incubated at 37°C for S min. Enzymatic action was stopped by adding 10 m!
of CMEM, then the flask was struck sharply and the cell suspension was
pipeteted several times to obtain a single cell suspension.' 9L cells growing
in 850 cm2 roller bottles were removed using enzyme cocktail following a
rinse with 50 ml of Hanks' balanced salt solution (HBSS). The enzyme
cocktail (0.05 % pronase, 45 PKU/ml; 0.02% DNAse, 7 x 104 dornase units/mg;
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and, 0.02% collagenase 11, 139 units/mg) was added for 30 minutes at 37°C
after which the suspension was diluted with ice cold CMEM. The pellet was

resuspended in fresh CMEM and passed through a 25 um nylon mesh screen
to obtain a single cell suspension. CHO cells growing in 75 cm2 plastic flasks
and 850 cm? roller bottles were both handled using the STV procedure.

111.2. Drug treatment

All CENUs were stored at -70°C. Immediately before use BCNU, CCNU,
MeCCNU, PCNU, BHCNU and CNU were dissolved in a small amount of 100%
ethanol; CHLZ and ENU were dissolved initially in DMSO, then ethanol was
added. All drugs were subsequently diluted in CMEM in treatment flasks.
The concentration of solvent was always less than 1% and did not affect
plating efficiency (PE). Extracellular pH was maintained between 7.2 and 7.4
at all times and all drug incubations were carried out at 379 C. After
exposure to drug cultures were rinsed with fresh CMEM and then processed

for cell survival or alkaline elution.

111.3. Cell survival assay

A colony forming efficiency (CFE) assay, rather than dye exclusion or
growth inhibition, was used to determine cell survival because it directly
measures the clonogenicity of cells after treatment. The CFE assay has been
described (125). Briefly, cells were counted, diluted and plated (in
quadruplicate) into Petri dishes containing S x 104 irradiated (40 Gray) 9L
feeder cells. After incubation for 12 to 14 days, colonies were fixed with
ethanol, stained with crystal violet and counted. PE was calculated as the
ratio of the number of colonies counted to the number of cells plated times
100.
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111.4. Centrifugal elutriation

Cell synchrony was achieved using the technique of centrifugal
elutriation. This technique, which separates cells on the basis of their
sedimentation properties in a continuous flow system, had a minimal effect
upon cell viability, and does not require the use of protein or DNA synthesis
inhibitors, or mitotic selection. After drug exposure, cultures were
disaggregated to single cells and placed in the elutriator flow system and
allowed to equilibrate in the separation chamber, then fractions enriched in
G;, S, and G,/M phase cells were collected by reducing the centrifuge rotor

speed.

111.4.2. Methodology

Cells were elutriated using a Beckman J2-21 centrifuge equipped with
a JE-6 elutriator rotor. Before each run the elutriator system was sterilized
with 70% ethanol and rinsed with an equal volume of sterile saline. Before
injection of the cell suspension the flow system was filled with ice cold MEM
without additives. The fluid reservoir was maintained on ice and the
centrifuge was kept at 4° C during the elutriation procedure. The rotor
speed and fluid flow rate were determined empirically for each cell line and
cell cycle phase enriched populations were obtained by reducing the rotor
speed in 100 rpm decrements and collecting 270 ml fractions at each speed
setting. After elutriation, cells were centrifuged at 1000 rpm for 15 min
then resuspended in ice cold CMEM and held on ice until they could be
assayed for cell survival. The cell number and median cell volume of each
elutriator fraction were monitored using a Coulter counter equiped with a
channelyzer.
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The enrichment of each fraction was determined by analyzing single
parameter DNA histograms obtained using flow cytometry (FIGURE 6).

ASYNCHRONOUS 2200 RPM
CELLS -

—e

2000 RPM 1850 RPM

FIGURE 6. Computer analysis of single parameter DNA histograms.
Figure shows selected efutriator fractions and the curves used
to estimate the phase enrichment of G;, S, and G,/M phase
cells.
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Sx 103 to 1 x 106 cells were fixed in 70% ethanol and stained with 1 ml of
chromomycin A3 solution (10 mg chromomycin Aj, 1.5 g MgCl,-6H,0, in 500
mi distilled water). Samples were analyzed using a FACS 111 flow cytometer
with a 5 watt argon laser set at 457 nm and adjusted to emit 160-200
milliwatts. The resulting fluorescence was passed through a Schott KV-250
nm long wave pass filter. The DNA distributions were analyzed using the
computer program PEAKS3 at Lawrence Livermore National Laboratory. The
mathematical model used in the analysis represented G, and G;/M phases
with Gaussian functions and S phase with a series of Gaussian-broadened
rectangles. A non-linear, least squares curve fitting technique was used to
fit the combined function to the data. G, and S phase fractions were
obtained with good precision; the average error associated with estimates of
G, and S phase enrichment in each elutriated fraction was + 1.4%. Estimates
of Ga/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 = 5.1%.

111.4.b. Estimation of subpopulation plating efficiency

Pure populations of G;, S, and G,/M phase 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 populations of G;, S, and Go/M phase cells (240). In this
procedure, the purity of each elutriated fraction is determined from single
parameter DNA histograms. 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 PE within each phase is constant and that the

total PE for any elutriator fraction i is:
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PB“(PB(“!FG])*(szIFs)*(PEGz/u!Fm)

where Fg,, Fs, and Fgy/y are the fractions of cell in the G;, S, and G,/M phases
determined by analysis of the DNA distribution for fraction i, and PEg;, PEs,
and PEg,,y are the plating efficiencies that would be measured for pure
populations of G;, S, and G,/M phase cells, respectively. The “true” plating
efficiencies PEg;, PEs, and PE;,/y were estimated using a least squares best

fit procedure in which these values were adjusted to minimize the quantity:

[ PEi - (PEg; xFg; ) - (PEgx Fg) - ( PEgy/q X Fgaym ) 12

wher PE! is the experimentally measured PE for the elutriator fraction i; the
other quantities are defined above.

I11.S. Alkaline elution assay of DNA cross-linking

The alkaline elution assay described by Kohn et gl (241) was used to
assay damage in the DNA of treated cells because of its high sensitivity for
detection of single strand breaks and ability to detect DNA-DNA cross-links
and DNA-protein cross-links. The specific procedure measured the amount
of DNA in each fraction by quantitating the fiuorescence of bound Hoechst
33258 dye.

9L cells growing in two 850 cm?2 roller bottles were dissociated to
single cells, elutriated as described, and then placed in water jacketed
spinner flasks containing 37° C CMEM. Cells were treated in suspension with
120 uM BCNU for 30 min after which they were centrifuged at 1000 rpm for
S min, resuspended in 37° C CMEM and maintained in suspension culture for



43

6 hrs. 4x 10610 7 x 106 cells, depending on the elutriator fraction, were

deposited on polycarbonate filters (2 um pore size) and lysed with a solution
containing 2 M NaCl, 0.04 M Na,EDTA, 0.2% Sarkosyl (pH 10.0), and 0.5

mg/ml proteinase K. The filter was washed with 0.02 M Na,EDTA (pH 10.3),
and the DNA was eluted in the dark with tetrapropylammonium hydroxide-
0.02 M H4EDTA (pH 12.2) at a flow rate of 0.036 t0 0.038 mi/min. Fractions
were collected every 90 min for 18 hr. After the elution procedure, DNA
was removed from the filters by heating at 659 C for 20 min in 5 m! of the
eluting buffer. The amount of DNA in each fraction , including the fiiter and
wash solution, was determined as described by Murray and Meyn (242).
The cross-linking factor (CLF) was calculated as described by Ewig and Kohn
(243) according to the following equation:

1000x[((1-Ro)/7(1-Ry))V2-1]

where Ry is the fraction of the DNA remaining on the filter after 30 mi of
elution for control irradiated cells (4 Gray on ice) and R, is the fraction of
DNA remaining on the filter after 30 ml of elution for BCNU treated and
irradiated cells. The retardation in the rate of elution seen in BCNU-treated
cells that are irradiated just prior to placement on the filters is proportional
to DNA cross-linking, and an increase in the CLF corresponds to an increase
in cross-linking. Because proteinase K is included in the lysis solution the
CLF reflects DNA-DNA croslinks, as the contribution of DNA-protein cross-
links is eliminated by enzyme treatment.
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111.6. Guanine O6-alkyltransferase assay

The transfer of 3H-labeled methyl groups from 06-guanine in DNA to
the AT acceptor protein was determined from the appearance of tritium in
an insoluble protein fraction essentially as described by Myrnes et al, (244).
About 1 ug of [3H] MNU-treated DNA was incubated with the transferase at
370 C for 30 min in 200 u! of buffer containing 10 mM Tris-HCI (pH 7.5), 1
mM EDTA, 1 mM dithiothreitol, 0.02% sodium azide and 10% glycerol. The
reaction was stopped by adding 2.5 volumes of 5% tricholoacetic acid (TCA)
to precipitate both DNA and protein. The DNA was selectively hydrolyzed by
heating for 30 min at 80° C, which depurinated all of the 06-methyiguanine,
then cooled on ice for at least 5 min, and when less than 100 ug of protein
was present (protein assay descibed below) 100 ug of BSA was added. The
protein brecipitate was collected by filtration on 2.5 cm Whatman GF-F glass
fiber filters. The filters were washed twice with 15 ml of 5% TCA and once
with 95% ethanol. Each filter was placed in 200 ul of solubilizer (NCS,
Amersham) in a scintillation vial for about 1 min before addition of toluene-
based nonaqueous scintillation cocktail for scintillation counting. A unit of
transferase activity was equivalent to 1 pmol of [3H] methyl bound to
protein in this assay. Samples were run in duplicate, when posible, and AT
activity was calculated from the regression line comparing picomoles of AT
activity per ul assay volume at 3-5 different assay volumes. Each sample

was also normalized for the number of cells/ml and the protein content/ml.

111.7. Glutathione and protein determination
Total non-protein sulfhydryl (GSH + GSSG) contents of 9L cells and
BTRC-19 cells were determined throughout the cell cycle. Cells (1 x 106)

from each elutriator fraction were washed with 5 m! of phosphate buffered
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saline (PBS), centrifuged at 2000 rpm, then the supernatant was removed
and the pellet suspended in 250 ul of 8% Sulpho-salycilic acid. The cell
suspension was sonicated for 30 sec, then centrifuged at 2000 rpm for S min
and the supernatant assayed for thiol content using a modified Tietze assay
(245). 720 ul of NADPH (1 mg/ml in pH 7.5 buffer), 100 ul of
triethanolamine (1 mM adjusted to pH 8), 50 ul of GSH standard or sample,
10 ul of glutathione reductase (50 U/ml in pH 7.5 buffer), and 100 ul of 5,5-
dithiobis-(2-nitrobenzoic acid) (6 mM in pH 7.5 buffer) were reacted directly
in a 1 ml cuvette and the AOD at 412 nm was determined.

For protein determination S x 103 cells from each elutriator fraction
were washed with 5 ml of PBS, centrifuged, then the pellet was resuspended
in 500 ul of PBS. The cell suspension was sonicated for 30 sec and total
cellular protein content was determined using the method of Lowry et al
(246) with bovine serum albumin as the standard.

111.8. Measurement of 3H-CNU binding

Exponentially growing 9L cells were removed from roller bottles using
enzyme cocktail and placed in suspension culture at 37°C. 15 uM CNU
containing 0.37 uM [3H] CNU (New England Nuclear 62 Ci/mmole) was added
to the cell suspension for one hour after which the cells were washed several
times with HBSS to remove unbound radioactivity. 3 x 108 cells were
elutriated as described. A sample of the asynchronous culture (3.5 x 107
cells) and samples enriched in Gy, S, and G,/M phase (4.0 x 107, 2.5 x 107,
and 8 x 107 cells) were analyzed for phase enrichment, and the DNA in each
sample was isolated according to Bodell ¢t al. (247). The amount of purified
DNA recovered was determined by measuring absorbance at 260 nm and

bound radioactivity was determined by scintillation counting.
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IV. RESULTS
1V.1. CENU analogs

Phase specificities of CENU analogs were determined in 9L cells using
centrifugal elutriation. Typically, 70-90% of the cells injected into the
elutriator were recovered. The cell volume increased linearly with fraction
number and was reproducible in repeated experiments (FIGURE 7).
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FIGURE 7. Cell volume in elutriated 9L and BTRC-19 cells. Fraction 1
corresponds to asynchronous cells. Figure shows data from 6
experiments, 3 with each cell line.

In selected elutriated fractions, the purity of G; phase cells was greater than
90%, while the highest purity of S and G,/M phase enriched fractions was 65
and 55%, respectively; the PEs of untreated cells from all elutriated fractions
were 43-70% (TABLE 3). PEs of untreated and unelutriated 9L cells typically
ranged from 40-70% depending on the serum lot.
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TABLE 3. Phase enrichment and PE of elutriator fractions determined by
computer. Results from a representative separation of untreated

9L cells.

Phase Enrichment (%)
Fraction  Rotor Speed (rpm) PR Gy S G,/M
| Asynchronous cells 639+ 10.6 50 39 12
2 2200 65.3+125 91 8 1
3 2100 61.2+106 89 10 1
4 2000 697+ 7.3 80 19 0
S 1900 59.1+ 79 55 45 0
6 1800 609+ 89 39 61 0
7 1700 603+ 33 20 65 15
8 1600 456+ 6.7 9 52 38
9 1500 428+139 b) 41 SS

a-Mean + standard deviation of 4-8 Petri dishes.

All drugs were cytotoxic to cells in all elutriated fractions. However,
drugs with different chemical reactivities produced different patterns of
phase specific cell killing (FIGURES 8-10). All CENUs were more toxic to
fractions enriched in G; or G3/M phase cells. A plot of PE vs. elutriation
fraction for PCNU, which was typical for the CENUs, is shown in FIGURE 8.
Elutriator fractions enriched in S phase cells (Fractions 4-6) showed higher
PEs compared to G; and G,/M phase enriched fractions, and the magnitude of
the differences increased with increasing dose. ENU was most toxic to
elutriated fractions enriched in S and Go/M phase cells, and the magnitude of
the differences in PE between cell cycle phases increased slightly at the
higher drug dose (FIGURE 9). Cell kill caused by BHCNU appeared to be
similar for cells in all phases of the cell cycle (FIGURE 10). Only one drug
dose is shown for cells treated with BHCNU due to the fact that doses
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exceeding 300 uM caused extensive cell clumping which prevented obtaining
a single cell suspension. 4
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FIGURE 8. PE of elutriated 9L cells treated with PCNU (0.5 hr exposure).
: Fraction 1 corresponds to asynchronous cells. Each point
represents mean : standard deviation of 4-8 Petri dishes.

102
3 o
o
§ ] e ° 5 o
& 107 $ B
o i
b 100 0 4mMEN
L 1 " 8mMEN
o 3 p @ i
Z ]
- 'o'i [ ] [ ]
< ! [ I
m -
‘0.2 v L v L) v v ¥
0 10

2 4 6 8
ELUTRIATOR FRACTION

FIGURE 9. PE of 9L cells treated with ENU (1 hr exposure). Fraction 1
corresponds to asynchronous cells. Each point represents
mean ¢ standard deviation of 4-8 Petri dishes.
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FIGURE 10. PE of 9L cells treated with BHCNU (1 hr exposure). Fraction
1 corresponds to asynchronous cells. Each point represents
mean : standard deviation of 4-8 Petri dishes.

The general pattern of sensitivity for G; 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 accurately. A better estimate of the true PEs of the G4, S, and

G,/M subpopulations was calculated using the mathematical model described
in the Material and Methods section. The magnitude of differences between

cell cycle phases became evident when data were analyzed using this
method (TABLE 4). G,/M phase cells treated with PCNU had about the same

sensitivity as G; phase cells; Go/M phase cells treated with ENU were less
sensitive than S phase cells; and G,/M phase cells treated with BHCNU were
much more sensitive than G, or S phase cells. Thus, when phase fraction
purity was accounted for, G,/M phase cells had a phase sensitivity pattern

that was not apparent from the plots of the uncorrected data.
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TABLE 4. PEs of cell cycle phase subpopulations.

Plating efficiency
Calcuiated values®
No.of
Dose experi- Asynchronous
Treatment (uM) ments cells Gy S G2/M
Untreated -- 3 67.3+7.3b 642+ 49 639+83 535+93
BCNU¢ 20 2 94,174 58,133 36,250 0.76
(13.4) (96) (19.3) (38)
© 1 26 024 7.1 od
PCNU® 15 1 143 72 209 64
3 64,092 0.12,0.34 35.26 0,04
(3.7) (0.23) (30)
CCNUC - 30 30,23 27.18 58.46 0.0002, 0.0001
(28) 22) (52) (0.0001)
0.047,0.031 0.012,0.0014¢ 0062,0030 0,04
(0.039) (0.0067) (0.046)
MeCCNUt 13 176 116 245 110
30 0.33 0033 14 0.13
CHLZ® r'y) 26 23 58 0.96
60 0.11,00067 0.056,0.041 0.162,0069 0,0.004
(0.089) (0.049) (0.12) (0.002)
CNUe 10 176 122 286 ]
15! 0.709 0.393 0938 0
ENUe 4000 10.1, 186 158.409 0.043.2.45 39.133
(14.4) (28 .4) (125) (8.61)
8000 0.12.0.80 0.421,0.481 0.0 0.023. 143
(0.46) (0.43) (0.73)
BHCNU® 300 73.124 163,134 82,68 11,0
(9.9) (148) (7.3) (0.54)
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2 Least square estimate of subpopulation plating efficiency as described; average values -
in parentheses below line when 2 experiments were performed.

® Mean » standard devistion in three experiments.

€035 hr drug treatment.

4 Data predicts PE <10 -3.

€1 hrdrug treatment.

f Cells treated in suspension.

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 G,

phase cells. For PCNU and MeCCNU, cells in the G,/M phase had about the
same sensitivity as cells in G; phase, but for the other CENUs, G,/M phase
cells were more sensitive than G; phase cells.

Estimates of phase specific PEs obtained for several drug treatments
predicted essentially zero PE for G,/M phase cells, which would not have
been exbected from the phase specificity plots. These predicted PEs may

reflect either the limit of sensitivity of the CFE assay or an error in the
method used to estimate G,/M phase enrichment. An attempt was made to

measure the PE of G,/M phase enriched elutriator fractions free of
contaminating late S phase cells, by simultaneously exposing cells to PCNU
and a lethal dose of [3H] thymidine. In these experiments, only S phase cells
should have incorporated the radiolabel and been kitled; G; and G,/M phase
cells should have been unaffected by the [3H] thymidine. Unfortunately, the
PE of asynchronous cells treated with PCNU and [3H] thymidine was much
lower than for cells treated with PCNU alone, and this difference could not be
attributed to the loss of all the S phase cells from the population. Thus, some
G; and G,/M phase cells were killed by the combination treatment that
would probably have survived treatment with PCNU alone. In order to test
the accuracy of computer-derived estimates of phase enrichment, three

separate methods were used to estimate phase enrichment in elutriator-
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fractions of 9L cells obtained from a single elutriation experiment. The three
methods were: 1) computer analysis of single parameter DNA histograms:
2) autoradiography: 3) simultaneous measurement of BrdU and DNA
content using flow cytometry. Although technical problems were
encountered with these experiments, the preliminary findings suggested that

the PEAKS3 program tended to underestimate the percentage of S phasg cells
in Go/M phase enriched fractions. With this result in mind, the method used

to estimate the PEs for pure populations of G;, S, and Go/M phase cells may

not be accurate. The relative phase specificity patterns for all drugs tested
are summarized in TABLE S.

TABLE 5. Phase specificity patterns in 9L celis.

Relative Chemical

Compound phase sensitivity reactivity®
CENUs

BCNU Gy/M>Gy>S A, CCL

PCNU Gy/M2Gy>S A, CCL

CCNU Gy/M>Gy>S A,CC-L

MeCCNU Gy 2G/M>S A CCL

CHLZ Go/M>Gy>S A,C-L

CNU G,/M>Gy>S A,C-L
ENU S >Gy/M > Gy AC
BHCNU G2/M > S Gy C

a-A = alkylating activity; C = carbamoylating activity; C-L = cross-linking
activity.

The differential phase sensitivity became more marked with increasing drug
dose for all drugs, except CHLZ and CNU. G; and G,/M phase cells treated
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with 4 mM ENU for 1 hr were 22- and 7-fold less sensitive than S phase

cells. For cells treated with 300 uM BHCNU for 1 hr, PE decreased as cells
progressed from G, to G,/M phase.

1V.2. Alkaline elution

Treatment of elutriated 9L cells with 120 uM BCNU for 30 minutes
followed 6 hours later by alkaline elution assay showed that cells treated in
G1 phase have increased DNA interstrand cross-linking consistent with the
phase specific survival pattern (FIGURE 11).

DNA CROSSLINKING IN ELUTRIATED 9L CELLS
102 }

"]

A v 4

[ .

[ ]

=

b © CONTROL

s - 400X

e < 2400

o 1 « 2200

< o 2000

o -+ 1800

10! —
0 20 3? 40

10
Volume Eluted (m!

FIGURE 11. Alkaline elution curves for elutriated 9L cells treated with
120 uM BCNU (0.5 hr exposure). The fraction collected at
2400 rpm was enriched in G; phase cells; the fractions

collected at 2200, 2000, and 1800 rpm were enriched in S
phase cells.

Although small differences in the elution profiles were detected with this
assay, the results obtained in repeated experiments were highly variable
(TABLE 6).
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TABLE 6. Cross-linking factors in elutriated 9L cells treated with 120 uM
BCNU for 0.5 hr.

Phase enrichment (%)
Experiment Rotor Speed (rpm) CLFx 103 Gi S G,/M

1. NCS» Asynchronous cells 107 40 54 b)
2200 79 87 13 0

1900 81 11 88 0

1600 90 1 60 39

2. NCse Asynchronous cells 65 52 40 8
2200 120 95 5 0

1900 78 27 74 0

1700 76 3 94 0

3. NCsa Asynchronous celis 79 49 44 7
. 2200 78 94 6 0

1900 71 21 79 0

1700 79 3 97 0

4. NSO Asynchronous cells 40 34 51 15
2400 84 85 14 1

2200 73 49 S50 1

2000 75 13 87 0

1800 60 2 72 26

5. Nsb Asynchronous cells 149 66 24 9
2400 155 97 3 0

2200 107 86 13 1

2000 110 48 51 1

1800 130 4 57 39

a- Cells maintained and treated in CMEM containing 10% NCS.
b- Cells maintained and treated in CMEM containing 10% NS.
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In two of these experiments (experiments 2 and S) the fraction enriched in
G, phase cells had a higher CLF than any S phase enriched fraction, and in

experiment 5 G,/M phase cells appear to have a higher CLF than do S phase
cells. These results suggest BCNU-mediated DNA inter-strand cross-linking
in each cell cycle phase may vary in a manner that is consistent with the
pattern of phase secific cell killing, but the differences are not large when
assayed by alkaline elution.

1V.3. BTRC variants and CHO mutants

The BCNU dose response curves showing the relative CENU sensitivity
for 9L, BTRC-19, AA8, and UV-4 cells are shown in FIGURES 12 and 13. The
ratio of the doses that were required to reduce PE to10% (resistant
/sensitive) was 5.5 (165/30) for 9L cells and 20 (40/20) for CHO cells. AAS8
cells had about the same BCNU sensitivity as 9L cells.
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CELL SURVIVAL IN 9L AND BTRC-19 CELLS
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FIGURE 12. Survival curves for 9L and BTRC-19 cells treated with BCNU
(1 hr exposure). Each point represents mean : standard
deviation of 4-8 Petri dishes. PE for untreated 9L cells was
69.5 + 12.4 and the PE for untreated BTRC-19 celis was 37.3
+6.7.
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FIGURE 13. Survival curves of AA8 and UV-4 cells treated with BCNU
(1 hr exposure). Each point represents the mean ¢ standard
deviation of 4-8 Petri dishes. PE for untreated AAS8 cells
was 76.7 + 6.5 and the PE for untreated UV-4 cells was 73.2
+117. :
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The phase specific survival pattern for the parent 9L cell line and the
BCNU-resistant 9L variant, BTRC-19, are shown in FIGURES 14 and 15.
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FIGURE 14. PE of 9L cells treated with BCNU (1 hr exposure). Fraction 1
corresponds to asynchronous cells. Control represents
untreated elutriated cells. Each point represents the mean *
standard deviation of 4-8 Petri dishes.
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FIGURE 15. PE of BTRC-19 cells treated with BCNU (1 hr exposure). ~
Control represents untreated elutriated cells. Fraction | '
corresponds to asynchronous cells. Each point represents
the mean ¢ standard deviation of 4-8 Petri dishes. '
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In contrast to the parent line, BTRC-19 cells showed little variation in phase
specific survival even at a dose of 250 uM, which reduced the PE of
asynchronous cells to 3%. Thus, other CENUs may not show marked phase
specificity in these cells.

The phase specific survival pattern for AA8 cells and UV-4 cells are
shown in FIGURES 16 and 17.
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FIGURE 16. PE of AAS cells treated with BCNU (1 hr exposure). Fraction
1 corresponds to asynchronous cells. Control represents
untreated elutriated cells. Each point represents the mean ¢
standard deviation of 4-8 Petri dishes.

AAS8 cells had about the same BCNU sensitivity as 9L cells and the patterns

of phase specific cell killing were similar in that S phase cells were less
sensitive than were G; or G,/M phase cells.
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FIGURE 17. PE of UV-4 cells treated with BCNU (1 hr exposure).
Fraction 1 corresponds to asynchronous cells. Control
‘represents untreated elutriated cells. Each point represents
the mean + standard deviation of 4-8 Petri dishes.

UV-4 cells treated in S phase were also relatively resistant to BCNU
indicating that the biochemical defect which is responsible for their

increased sensitivity to cross-linking agents does not affect CENU phase
specificity.
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The estimated PEs for pure populations of G,, S, and G,/M phase celis
are shown in TABLE 7.

TABLE 7. Calculated PEs of elutriated 9L, BTRC-19, AA8, UV-4 cells treated

with BCNU.
Plating efficiency
Calcuisted values®
Doseb Asynchronous
Cell line  (uM) cells Gy s G,/M
9L - 639+ 106 650 617 4“2
20 376+158 0.35 8.09 188
BTRC-19 - -—- 310+ 50 36.1 493 307
250 350+05 27 48 1.1
AA8 - 341+ 54 76.3 835 255
50 393+ 060 155 271 0
Uv-4 --- 563+ 4.1 614 95 0
3 0.66+0.08 023 1.38 0

a-Estimated PEs for pure populations of G;, S, and G3/M phase cells. Calculated as

described in Materials and Methods.
b-1 hr treatment.

The estimated PEs of G;, S, and G,/M phase cells that were not treated
with BCNU were different for 9L, BTRC-19, AA8, and UV-4 cells.
Asynchronous 9L and BTRC-19 cells that were elutriated, but did not receive
any drug, had PEs of 63.9 and 31.0 % respectively, whereas asynchronous
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AA8 and UV-4 cells had PEs of 34.1 and 56.1 X. These PEs were similar to
those for 9L and BTRC-19 cells in FIGURE 13, but values for AA8 and UV-4

cells were considerably lower than in FIGURE 14.
The estimated PE for elutriated 9L cells in G; phase was the same as

that predicted for S phase cells, but G,/M phase cells had a slightly lower PE
after elutriation. Untreated BTRC-19 cells in S phase had a slightly higher
expected PE than in G; or G,/M phase when elutriated. The estimated Pﬁs
for untreated and elutriated AA8 and UV-4 cells in G,/M phase was
considerably less than that predicted for G; and S phase cells, sbggesting that

the elutriation process produced some toxicity in CHO cells.
The patterns of cell cycle phase sensitivitly were similar in 9L, AAS,

and UV-4 cells. 9L cells in S phase were predicted to be 23 fold less
sensitive than G, phase cells; AA8 cells in S phase were 17 fold less sensitive

than G,; phase cells; UV-4 cells in S phase were 5 fold less sensitive than G,
phase cells. There was only a 2 fold difference between the PEs of G; and S

phase BTRC-19 cells. AA8 and UV-4 cells in G,/M phase at the time of

treatment would not be expected to form colonies after treatment with SO
and 3 uM BCNU, respectively.

1V 4. Guanine 06-alkyliransferase

Guanine OS-alkyltransferase (AT) activity was assayed in 9L, BTRC-19,
AAS8, and UV-4 cells. No activity was detected in 9L, AA8, or UV-4 cells
indicating that they have a phenotype similar to Mex - cells, but high levels
of AT activity were found in BTRC-19 (2.24 picomoles activity/mg protein) .
This level of activity is comparable to the lymphoblast cells used by Brent
(185) as a positive control
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AT activity in elutriated BTRC-19 cells increased about twofold with
increasing fraction number (FIGURE 18).
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FIGURE 18. Guanine OS-alkyltransferase activity in elutriated BTRC-19 cells.
Fraction 1 corresponds to asynchronous cells. Figure shows the
results of two separate experiments.

When normalized for cellular protein the activity was fairly constant
throughout G; and S phase, but increased slightly in the fractions enriched in
G,/M phase cells (FIGURE 19).
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FIGURE 19. Guanine 06-alkyltransferase activity in elutriated BTRC-19 cells.
Fraction 1 corresponds to asynchronous cells. Figure shows the
results of two separate experiments. N

Since fraction 10 contained 67.8% and 64.1% S phase cells and 30.7
and 32.5 % Ga/M phase cells in experiment 1 and Z. respectively. phase

enrichment in fractions 11 and 12 could not be analyzed accurately in these
experiments. These results suggest that BTRC-19 cells in late S and G,/M

phases should be the most resistant to BCNU.

IV.S. Glutathione
Levels of total non-protein sulfhydryls (GSH and GSSG) were measured
in 9L (FIGURE 20) and BTRC-19 cells (FIGURE 21).
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FIGURE 20. Total non-protein sufhydryl levels in elutriated 9L cells. Figure
shows results of 2 separate experiments. Error bars indicate
standard deviation of 2-3 detetminations at each point.
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FIGURE 21. Total non-protein sufhydryl levels in efutriated BTRC-19 cells.
Figure shows results of 2 separate experiments. Error bars indicate
standard deviation of 2-3 determinations at each point.
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Thiol levels increased slightly with elutriator fraction number in 9L celis, but
increased almost 10 fold in BTRC-19 cells. The total amount of protein was
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similar in each cell line (FIGURES 22 and 23); although, protein
determinations on elutriated 9L cells were much more variable than
elutriated BTRC-19 cells. The reason for the greater variability of protein
content in 9L cells is unknown.
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= X GURE 22. Protein content of elutriated 9L cells. Figure shows results from
3 separate experiments.
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FIGURE 23. Protein content of elutriated BTRC-19 cells. Figure shows results
of 3 separate experiments.
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When normalized for protein content per cell total glutathione level was
variable throughout the cell cycle in both cell lines (FIGURE 24).
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FIGURE 24. Total non-protein sulfhydryl levels in elutriated 9L and
BTRC-19 cells normalized for protein content per cell.
Symbols correspond to the same experiments plotted in
FIGURES 24 and 25. Triangles, BTRC-19 cells; Squares, 9L
cells.

GSH + GSSG (fmoles/ug protein)

Thiol levels were not consistenly higher in 9L cells that were in S phase, and
consequently they did not correlate with BCNU phase specific cell kill.
Likewise, the fluctuation of thiols in BTRC-19 cells during the cell cycle did
not appear to be related to the pattern of BCNU-mediated cell killing in
these cells. BTRC-19 cells had two to three times as much glutathione per ug
protein. When normalized for cell volume, the thiol levels in 9L cells were
constant throughout the cell cycle in 9L cells (FIGURE 25) and increased with
volume in BTRC-19 cells (FIGURE 26), thus, the variabiity seen between the
experiments in FIGURE 24 was likely due to poor reproducibility of protein

measurements.
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FIGURE 25. Total non-protein sufhydry! levels in elutriated 9L cells.
Fraction 1 corresponds to asynchronous cells. Figure shows
‘results of 2 separate experiments.
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FIGURE 26. Total non-protein sufhydryl levels in elutriated BTRC-19
cells. Fraction 1 corresponds to asynchronous cells. Figure
shows results of 2 separate experiments.
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1V.6. 3H-CNU binding

CENU monoadduct formation during the cell cycle was estimated by
measuring binding of 3H-CNU to cellular DNA in elutriated 9L cells. CNU-
treated 9L cells showed a phase sensitivity pattern similar to other CENUs
(TABLES 4 and S). The protocol that was used for labeling cellular DNA,
which necessitated treating cells as a single cell suspension, increased the
cell kill caused by a one hour exposure to 15 uM CNU; the PE of
asynchronous cells treated as monolayers prior to trypsinization was 3.15 ¢
1.1 and the PE of cells dissociated with enzyme cocktail prior to drug
exposure and treated in suspension culture was 0.071 + 0.06; however, the
pattern of cell cycle phase sensitivity was similar to that seen in BCNU-
treated cells in that the S phase enriched fractions had the highest PEs
(FIGURE 27).
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FIGURE 27. PE of elutriated 9L cells treated with CNU. Fraction 1
corresponds to asynchronous cells. Each point represents mean ¢
standard deviation of 4- 8 petri dishes. Open triangles, 1 hr
exposure in monolayer; Closed triangles, 1 hr exposure in
suspension.
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The amount of 3H-CNU bound to DNA was similar for asynchronous cells and
fractions enriched in Gy, S. and G,/M phase cells indicating that the

intracellular drug dose was the same in each cell cycle phase (TABLE 8).

TABLE 8. [3H] CNU binding to DNA in elutriated 9L cells.

—Phase enrichment (%)

Fraction 0D CPM CPM/ug DNA G, S GyM

1. Asynchronous 0.92 456 9.9 53 32 15
cells 093 478 9.6
085 411 9.7

2. G; phase 091 457 10.0 66 31 3
cells 092 469 10.2
087 432 9.9

3. S phase 076 362 10.1 17 %4 29
cells 076 393 10.3
0.76 405 10.6

4. Gy/M phase  0.32 165 10.3 3 16 81
cells 0.40 220 109

0.40 209 10.5




70

V. DISCUSSION

The cell cycle phase sensitivity of 9L cells to the nitrosoureas studied
was similar to results reported for BCNU, CCNU, and MeCCNU using 9L, CHO,
and DonC cells (reviewed in reference100). While cells in all cell cycle
phases were killed, G; and Go/M phase cells had lower PEs after treatment.
Higher concentrations of BCNU, CCNU, MeCCNU, and PCNU produced a greater
differential in PE between cell cycle phases, whereas CNU and CHLZ did not

show a dose modified effect. ENU was most toxic to S phase cells, and the
toxicity of BHCNU was greatest for cells treated in Go/M phase and least for

cells treated in G; phase (TABLE 4).

Estimates of phase specific PEs obtained for several drug treatments
predicted essentially zero PE for Go/M phase cells. These predicted PEs may

reflect either the limit of sensitivity of the CFE assay or an error in the
method used to estimate the percentage of G,/M phase enrichment.
Comparison of several methods for estimating the cell cycle phase
enrichment of elutriator fractions suggested that the PEAKS3 program
tended to underestimate the percentage of S phase cells in Go/M phase
enriched fractions. Since similar results have been reported in 9L cells by
Nagashima and Hoshino (248) the mathematical method used to estimate the
PEs of pure populations of Gy, S, and G,/M phase cells may not be valid.

The phase specificity pattern seen with all CENUs was characteristic in
that S phase cells were relatively resistant to cell killing when compared to
other cell cycle phases. Since CENUs differ from the other nitrosoureas
studied principally in their ability to cross-link DNA (TABLE 3), these results
suggest that CENU-mediated cell killing is caused by DNA cross-linking and
that the effectiveness of cross-linking depends on a cells position in the cell
cycle at the time of treatment. Further, if the cytotoxicity of CENUSs is the
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result of DNA inter-strand cross-linking, then inter-strand cross-linking
would appear to be greatest in G; and G,/M phases.

The results for ENU and BHCNU indicate that entirely different
mechanisms are responsible for the observed phase specific cell killing. As
reported by Goth-Goldstein and Burki (249), CHO cells synchronized by
mitotic selection are most sensitive to ENU in early S phase implying that
DNA synthesis is required for effective cell kill. If alkylation of the DNA
precusor pool is an important target for monofunctional alkylating agents, as
suggested by Topal and Baker (250) for MNU, then incorporation of modified
nucleosides into DNA during S phase could result in base mispairing and
lethal mutation (251). This could explain the S phase specificity of ENU-
mediated cell killing. Other explanations are certainly possible as a high
percentage (50%) of ENU reacts with phosphotriesters in DNA (117) and

these lesions are repaired very slowly in cells (252). Further. these
phosphotriesters and other monoadducts are labile in alkali and thus can

give rise to single strand breaks in the DNA backbone (253).

BHCNU, which is a pure carbamoylating agent and relative to CENUs is
ineffective as a cytotoxic agent, probably has little or no effect on DNA. It
does, however, cause an alteration in cell adherance and cell size (254), and
thus may cause cell death via an effect on cell membranes. Tew et gl (255)
have shown that treatment of Walker carcinoma cells with BHCNU causes a
dose dependent inhibition of glutahione reductase and changes in plasma
and nuclear membranes that are consistent with depletion of cellular
glutathione. They also found that BHCNU interferes with mitotic spindle

formation which is in good agreement with the observation that G,/M phase

is the most sensitive phase in 9L cells treated with BHCNU.
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Because cell survival, as measured by a CFE assay, reflects both the
initial level of damage and the cells response to that damage, the apparent

cell cycle phase specific differences in CENU-mediated cross-linking could be
due to the induction of more monoadduct damage and/or cross-links in G,

and G,/M phases or less repair of the damage, when compared to S phase.

Although cross-linking activity seems to be the most important deter minant
of CENU phase specificity, there is evidence that carbamoylating activity can
affect the magnitude of differences in PE seen between cell cycle phases. Of
the CENUSs studied, both CHLZ and CNU failed to show a dose dependent
increase in differential cell killing. For both drugs and at both doses studied,
G, cells were 2-4 fold more sensitive than S phase cells and G,/M phase cells
were much more sensitive than S phase cells. Since both CHLZ and CNU lack
significant carbamoylating activity it may be that the dose dependence seen
with other CENUS reflects repair inhibition mediated by CENU-derived
isocyanates. As mentioned earlier, BCNU-derived chloroethylisocyanate
inhibits glutathione reductase (197), but it can also inhibit DNA polymerase
(256) and DNA ligase (257). The inhibition of DNA ligase has been shown to
potentiate DNA damage caused by ionizing radiation (258) and nitrosoureas
that have carbamoylating activity can inhibit the repair of both drug and X-
ray-induced damage in Mer * human embryo fibroblasts (259). Further, the
difference in cell killing observed between Mer * and Mer - cells is less
pronounced for CENUSs that cause increased levels of carbamoylation in vitro
(187). Although 9L cells have undetectable levels of AT activity,
carbamoylation of other repair enzymes might contribute to cell killing at
high drug doses. If so, CHLZ and CNU may not show dose dependent
potentiation of relative phase sensitivity because their lack of
carbamoylating activitly makes them unable to inhibit cellular repair activity.
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The phase specificity studies with the various nitrosoureas strongly
imply that cross-linking is responsible for the phase specificity of CENUS, but
alkaline elution assay of DNA inter-strand cross-linking does not confirm this
hypothesis. The experiments do not demonstrate a consistent difference in
CLF between G; and S phase cells, and when there is a difference it is small.
It may be that the levels of inter-strand cross-linking are similar in each cell
cycle phase; however, there are several explanations for why the CLF might
not parallel the pattern of cell survival. First, it is possible that the lethal
lesion(s) that is responsible for the phase specificity of CENUs is not an inter-
strand cross-link. The important lesion could be a specific monoaddduct, a
DNA-protein cross-link, or a DNA intra-strand crosslink. All of these lesions
form in CENU-treated cells (260) and there is growing evidence that inter-
strand ci'oss-linking may not be the only or even the most important lethal

lesion in CENU-treated cells (260.261.262..263). A second possibility is that
the technical considerations, which necessitated treating the cells in

suspension culture following elutriation, adversely affected the cells used for
alkaline elution, as it is well known that trypsinization prior to drug
exposure can alter the measurement of cell survival (264). If the phase
specificity of CENUs were a reflection of the time elapsed between drug
exposure and the lethal fixation of damage, as shown for X rays (175), then
cell progression could profoundly affect survival. Even though there is about
a 4 hr growth delay when 9L cells are dissociated with enzyme cocktail and
elutriated (265), the protocol used for determining the CLF, which was
similar to that used for measurement of 3H CNU binding, did not appear to
alter the phase specific survival pattern (FIGURE 25). Thus, the growth
delay caused by enzymatic dissociation and elutriation prior to drug
treatment did not affect the phase specificity of CNU.
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The experiments with the CENU-resistant BTRC-19 cells and the CHO
cells, AAS and UV-4, showed that the phase specific survival pattern seen
with 9L cells was typical of cell lines that lack AT activity. AT activity was
undetectable in 9L, AA8, and UV-4 cells, and S phase cells from cultures
treated with BCNU at doses that produced a 1-2 log cell kill in asynchronous
cells were more resistant than cells in other cell cycle phases (FIGURES 14,
16, and 17). In contrast, BTRC-19 cells showed very little variation in cell
kill throughout the cell cycle at a similar asynchronous survival level

(FIGURE 15). Although the pattern of cell cycle phase sensitivity is similar in
9L, AA8, and UV-4 cells, the estimated PEs for pure populations of G;, S, and

G,/M phase cells (TABLE 7) indicate that there are differences between

these cell lines. The estimated PEs for cells that were elutriated , but not
exposed to drug, were different in each cell line. Untreated 9L and BTRC-19

cells that were elutriated had different estimated PEs, but they were similar
in that G; phase cells had about the same PE as asynchronous cells. The

estimated PE of S phase BTRC-19 celis was higher than G, or G,/M phases
and untreated 9L cells in G,/M phase appeared to be slightly more sensitive
than G; or S phase cells. Analysis of data from untreated AA8 and UV-4

cells, that had been elutriated, predicted that S phase cells had the highest
PE followed by G; phase cells and then G,/M phase cells. This suggests that

the elutriation process itself may show some phase specific cell killing in CHO
cells, particularly in G;/M phase. The low predicted PEs for untreated G,/M

phase cells could be a result of an inablility to distiguish between G, and

mitotic cells with the flow cytometric methods used, or, as discussed earlier,
an error in estimating G,/M phase enrichment in the CHO cell lines. Due to

the shorter cell cycle phase durations of CHO cells it may be more difficult to
estimate the percentage of Go/M phase cells in elutriation experiments .
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The cell cycle time of exponentially growing 9L cells is approximately
20 hr, with the duration of G; and S phases each being about 8 hr, the |

duration of G, phase being about 3.5 hr, and mitosis being about 0.5 hr
(266). The doubling time of BTRC-19 cells is similar to 9L cells, but they
have a longer lag phase (239). This may be due to the fact that a lower
untreated PE, ie. 69.5 for 9L celis and 37.3 for BTRC-19 cells (FIGURE 13),
would tend to slow the initial rate of growth when cells were replated at low
densities. After BTRC-19 cells attach to the culture flask they apparently
grow at a rate that is indistinguishable from 9L cells. The cell cycle phase
durations have not been determined in BTRC- 19 celis, but since the
percentages of G;, S, and G,/M phase cells, during exponential growth are
similar to 9L cells and the doubling times are similar, the phase durations
are assumed to be similar.

Both AA8 and UV-4 cells have doubling times of 13-14 hr (231).
considerably shorter than 9L and BTRC-19 cells, and they have similar

untreated PEs (76.7 for AA8 cells and 73.2 for UV-4 cells from FIGURE 14
legend). The cell cycle phase durations have not been determined in these
cell lines; however, reports in the literature for CHO cells (267,268) would
suggest that the duration of S phase is between 5.5 and 6.8 hr, the duration
of G; is probably between 2.2 and 4 hr long and G, phase and mitosis would
occupy the remaining 2-3 hr. Because mitosis takes about 1 hr to complete,
the G, phase would be shorter in both AA8 and UV-4 cells, compared to 9L
cells, therefore it would be difficult to separate late S phase cells and G,
phase cells by volume. Since S phase enrichment is the most difficult to
quantitate using computer modeling (269), an inability to separate G, phase

cells would make estimating G,/M phase enrichment even more difficuit. In
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light of this difficulty, the results presented for CHO cells in TABLE 7 must be
interpreted with caution.

The PEs of asynchronous AA8 and UV-4 cells in TABLE 7 are also
considerably lower than the predicted PEs of untreated S phase cells and the
observed PEs for untreated asynchronous cells in FIGURES 13 and 14.
Because the PE of untreated AA8 cells declines progressively over 6 hours
when held in suspension (270), the decreased PEs of of the asynchronous
cells from elutriation experiments is likely due to prolonged holding at ice
temperatures (4-6 hrs) during the elutriation procedure.

Of the four cell lines studied only BTRC-19 cells had detectable levels
of AT activity and a markedly dampened phase sensitivity pattern. The lack
of AT activity in 9L, AA8, and UV-4 cells indicates that AT-mediated repair
cannot be involved in deter mining the phase sensitivity pattern in these
cells. AT activity in BTRC-19 cells was comparable to values reported for
Mex * cells (271) which suggests that CENUs may not show much phase
specific killing in other Mex * cell lines. This finding may have important
clinical implications because the majority of non-transformed human cell
lines examined to date have the Mex * or Mer * phenotype (272). AT

activity (attomoles/cell) increased 2-3 fold with increasing elutriator fraction
number in BTRC-19 cells indicating that S phase and G,/M phase cells have

more repair capability than G; phase cells (FIGURE 18). This is consistent
with the results of Dunn ¢t 3l (273) who found that AT activity
(molecules/cell) decreased initially in C3H/10T1/2 cells released from
confluence, but increased progressively from early S to G,/M phase. When
normalized for cellular protein content, AT activity throughout the cell cycle
was relatively constant, possibly increasing slightly in the later Go/M phase

enriched fractions. Since by definition DNA content doubles between G; and
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G, phase, the DNA content of fraction 12 should be twice that of fraction 2.
This would suggest that AT activity increases with DNA content maintaining

a fairly constant AT/DNA ratio. There is some evidence that cellular
sensitivty to CENUs and AT activity is proportional to DNA content. Reeve et
al. (274) have shown that cellular CENU sensitivity in RIF-1 clones is related
to the ploidy level with tetraploid cells being resistant and diploid cells being
sensitive. This result is consistent with an AT gene dosage effect in
tetraploid cells although it remains to be proven. A second line of evidence
suggesting that AT activity per unit DNA is the most relevant predictor of
cellular CENU sensitivity is provided by the work of Gerson et al. (275), who
have shown that when AT activity in various tissues is normalized for DNA
content, rather than protein content, the rank order for tissue susceptibility
to OS-alkylguanine lesions is different. AT activity is low in brain tissue
regardless of whether data is normalized to DNA or protein content, which is
consistent with the observed susceptabilty of developing nervous tissue to
mutation and carcinogenesis after treatment with agents that produce 06-
alkylguanine (276). When based on protein content, bone marrow cells have
an inter mediate to high level of AT activity; however, when based on DNA
content they have a low level of activity. Clinically, bone marrow depression
produced by CENUs often limits the effectiveness of chemotherapy (277) and
therefore a low level of AT activity in bone marrow is more in keeping with
the observed clinical sensitivity of these cells. Thus, AT activity per unit of
DNA appears to be a better measure of cellular sensitivity than does AT
activity per unit protein. As mentioned earlier, AT activity in BTRC-19 cells
appears to increase 2 fold in parallel with a 2 fold increase in DNA content.
The lack of BCNU phase specificity in BTRC-19 cells is understandable

therefore, if 06-alkylguanine lesions are related to cell killing and one makes
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two other assumptions; first, that the AT/DNA ratio is relatively constant,
suggested by the above data, and second, that Of-alkylguanine for mation is
proportional to DNA content (278).

Measurement of non-protein sulfhydryls in 9L and BTRC-19 cells
indicated that glutathione levels in asynchronous cells were at least 2 fold
higher in BTRC-19 cells. While elevated thiols may contribute to CENU
resistance they did not seem to correlate with the pattern of BCNU phase
specific killing in either cell line. The thiol levels measured in elutriated 9L
cells were similar to those reported in elutriated CHO cells by Murray and
Meyn (279). In studying the mechanism underlying the phase specificity of
nitrogen mustards, they found that thiol levels increased slightly with
increasing fraction number, but were constant throughout the cell cycle
when nor malized for cell volume. Their overall conclusions were similar to
those reported here in that the phase specificity of nitrogen mustard could
not be attibuted to phase differences in DNA damage and repair within the
confidence limits of the availiable assays.

[3H] CNU binding to DNA was similar in asynchronous 9L cells and
elutriator fractions enriched in G,, S, and G,/M phases, providing a clear
indication that CENU uptake through the plasma membrane was not
responsible for the pattern of phase specific cell killing. Further, it was
apparent that the amount of CNU that reacted per ug of DNA was similar in
each cell cycle phase. This result is in keeping with the findings of Levin et
al. (), who observed that uptake of urea, mannitol, and methotrexate did not
vary with cell cycle position in elutriated S49 cells. Further, studies on the
mechanism of cellular CENU resistance in TLXS lyphoma (280,281) and
L1210 () cells show that CENU uptake and binding is the same in sensitive
and resistant cells. Differences in CENU uptake have been found in elutriated



79

bone marrow cells (282); however, no infor mation is availiable on cell cycle
phase enrichment in these studies, consequently the observed differences in
uptake may simply reflect the variation in enrichment of different bone:
marrow cells in each elutriator fraction.

While the exact mechanism underlying the phase specificity of CENUs
remains to be determined, the results presented here suggest further
experimentation. With regard to the specific hypotheses tested, the findings
were: 1) no significant difference in DNA inter-strand cross-linking could be
detected between G; and S phase cells indicating that other typés of cross-
links may be important for BCNU phase specificity: 2) intrinsic cellular BCNU
sensitivity did not alter the phase specificity pattern in cell lines that lacked
AT activity: 3) O8-guanine alkyltransferase activity increased during the cell
cycle in BTRC-19 cells and may expain the lack of marked phase specificity
in these cells: 4) levels of non-protein sulfhydryls did not correlate with
phase specificity: 5) [3H] CNU binding was the same in G,, S, and Go,/M phase
cells indicating that intracellular drug dose does not vary with position in the
cell cycle at the time of treatment.
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V1. CONCLUSIONS
1) All cross-linking nitrosoureas show a charateristic pattern of cell cycle
phase specificity in cell lines that lack AT activity, with S phase cells

being relatively resistant, compared to other cell cycle phases.

2) Carbamoylating activity of CENUs can alter the magnitude of survival
differences seen between cell cycle phases.

3) No significant differences in DNA inter-strand cross-linking can be
detected btween 9L cells in different phases of the cell cycle.

4) AT activity cannot explain the pattern of phase specific survival in 9L,
AA8, and UV-4 cells, but may explain the lack of marked phase

specificity in BTRC-19 cells.

S) AT activity appears to increase in parallel with DNA content in BTRC-
19 cells.

6) Thiol levels in 9L cells are fairly constant during the cell cycle, but
increase progessively through the cell cycle in BTRC-19 cells.

7) Total glutathione level does not correlate with phase specific survival
in either 9L or BTRC-19 cells.

8) CNU uptake is not responsible for phase specific cell kill.
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9) The amount of CNU bound per ug of DNA is similar in G, S, and G;/M

phase cells.
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VII. FURTHER STUDIES

The cause of CENU phase specificity remains an open question that can
be approached from several directions depending on one's point of view.
Two hypotheses that might direct future studies are as follows: 1) the type
of damage is different in the various phases of the cell cycle, ie. more lethal

crosslinks form in G; and G,/M phase cells: 2) cross-link precursor and/or

cross-link repair varies between cell cycle phases.

The fact that CNU binding is the same in G;, S, and G,/M phase cells
argues against a phase-specific difference in monoadduct for mation;
however, the assay of total drug binding provides no information about
specific adducts, which might form with different effciencies in each cell
cycle phase. In addition, only DNA inter-strand cross-linking was measured
in the above experiments, consequently other types of cross-links may be
responsible for the phase specificity of BCNU or different cross-links may
form with different efficiencies in each cell cycle phase.

Several studies with DNA repair deficient CHO cells indicate that the
phase-specific cell killing produced by UV light (283) and 7-bromomethyl-
benzlalanthracene (284) is probably due to phase-specific differences in
damage repair. Two observations in CENU-treated cells are relevant to the
repair hypothesis. In 9L cells depleted of polyamines by DFMO
pretreatment, MeCCNU-mediated cell killing is enhanced, but monodduct
for mation is the same with or without DFMO pretreatment (225). This
finding suggests that decreased cross-link repair, or increased cross-link
formation is responsible for the potentiation of MeCCNU cell kill seen with
DFMO pretreatment. Polyamine depletion is currently thought to alter the
conformation of DNA such that DNA cross-linking is facilitated, ie. more

monoadducts successfully form lethal crosslinks in DFMO treated cells. Since
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the conformation of DNA is different in each cell cycle phase, it seems
possible that a similar effect on cross-linking could occur during the cell
cycle.

Barcellos et al. (285) have recently found that the increased BCNU
sensitivity of 9L MTS is due to the greater sensitivity of the non-cycling cell
population. Further, when non-cycling cells are allowed to remain as
spheroids for 24 hr, rather than dissociated immediately following drug
exposure and placed in monolayer culture, they are able to repair some of
the PLD. Because PLD repair does not occur in exponentially growing
monolayer cultures, and since non-cycling cells in MTS rapidly enter the cell
cycle when placed in monolayer culture (), it may be that PLD becomes fixed
when CENU damaged cells progress through the cell cycle. Thus, the cell
cycle pliase specificity of CENUs may be a reflection of the time availiable for
repair prior to damage fixation in a manner analagous to the situation seen
with X rays (). These studies indicate that further experimentation should
be aimed at clarifying the role of DNA repair in the phase specificity of
CENUs.
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