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A View of the Problem

The continuing challenge in the experimental chemotherapy
of cancer is the design of agents or measures which are
selective for the cancer cell. Largely due to the choice of
screening and testing procedures, we have thus far selected
agents which primarily attack cells which are programmed for
immediate replication. Unfortunately, this includes the
dividing cells of the hematopoietic system, intestine, and
epithelial surfaces as well as those of the tumor. In general, the
effectiveness of these agents has been proportional to the
relative fraction of cells in the tumor which resides in the
replicative state as compared to that of normal tissues. This
situation limits the effectiveness of the therapy since we
usually deliver significant, and sometimes irreversible, damage
to certain essential organs in the course of destroying the
tumor.

Although significant chemotherapeutic successes have been
achieved, our progress is less than satisfying and does not
adequately meet the dimensions of the problem. It is clear that
if we are to develop new concepts in cancer chemotherapy, or
improve the staging of cells for more effective use of existing
agents, we need knowledge and insights into the controls
which admit or restrain cells from entering into the replicative
state. Our knowledge of all steps in the cell cycle is
fragmentary; however the deficiency is most acute with
respect to the G, -* S conversion. To accomplish our ultimate

goal we urgently need to identify the specific molecular
processes which terminate the GÃŒinterval of the cell cycle and
initiate the replication of the chromatin; this information is
important since the frequency of this event in a cell lineage is a
prime determinant of accumulative growth. It is proposed that
the chemical, genetic or physical manipulation of the controls
which govern the expression of the genes for these molecular
processes offers the most direct route to effective and
physiologically sound chemotherapy.

Characteristics of the Cell Cycle in Normal and Cancer Cells

Mammalian cells differ vastly in the frequency with which
they undergo replication; some cells replicate every 10-12
hours, whereas others wait days, weeks, months, or an infinity.
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While exceptions do occur, the main variability in cell cycles
lies in the length of the G t interval. Cancer cells distinguish
themselves from their normal counterparts by entering more
frequently into nuclear replication in a given host-controlled
environment. Once cells have begun to replicate their
chromatin material, the sequence of events in the S phase, GÃŒ
interval, and mitosis is remarkably constant whether the cells
are of normal or malignant origins. An interval of 6â€”7hours
usually suffices for the synthesis of a new compliment of DNA
and histones; another 2â€”3hours sees the distribution of the
new chromosomes and other nuclear contents among the two
daughter cells. A diagram of this sequence is presented in
Chart 1.

Through pulse-labeling experiments and the use of metabolic
inhibitors in synchronized cell systems, a great deal of data has
been accumulated to show requirements for RNA and protein
synthesis in the progression of cells around the cycle (1,6).
These findings support the concept that the replication of
mammalian cells proceeds by a temporally ordered expression
of genes; genes which specifically provide for the molecular
processes which operate in the synthesis of a new compliment
of chromatin material, its arrangement into new chromosomes,
and their distribution into daughter cells. Even the replication
of subunits within a given chromosome is an ordered and
focalized phenomenon. Expanding on the genetic aspects of
the cell cycle, it can be anticipated that the genes for nuclear
replication, like the genes for other cell functions, will be
subject to mechanisms which control their expression at the
level of transcription, translation, or protein activation. To
account for the varying requirements of different cell types in
the initiation of nuclear replication, it is likely that the
controls are multiple, highly specific, and interacting. The
challenge to us is to identify the molecular character of these
controls and use them in the therapy of cancer.

Biochemical and Genetic Approaches to the G, -*S Conversion

The identification of the factors which control the transition
of a cell from the interphase state into S phase (i.e., nuclear
replication) requires a fundamental investigation of the
molecular processes which accomplish this conversion. When a
cell from an established cell line like HeLa completes mitosis, a
considerable interval ensues before this cell again engages in
DNA synthesis. We know very little of what happens during
this interval except that, at the termination of Gj, the cell has
acquired the capability to reinitiate the synthesis of its DNA
and the other constituents of its chromosomes. In order to
elucidate the nature of the controls which regulate this
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Chart 1. Diagram of a cell cycle. The replication of animal cells is a
highly ordered sequence of molecular events requiring the expression of
specific genetic information at certain steps in the cycle. S phase, an
interval lasting 6-7 hours in many cells, is concerned with the synthesis
of a complete compliment of DNA and histones; progression through
this interval requires the timely synthesis of RNA as well as DNA and
proteins. The Gj interval, mitosis, and cell division require approxi
mately 2â€”3hours, and these stages are concerned with the formation of
newly synthesized chromatin into chromosome pairs and the distri
bution of the condensed chromosomes into the daughter cells.
Progression into the Gj interval requires the completion of DNA
synthesis and the antecedent synthesis of RNA and protein.
Phleomycin blocks the cell cycle in HeLa cells near the end of the DNA
synthesis period. Colchicine and other agents active against the
microtubules block the progression of cells through metaphase. Cells
with different replication times vary mainly in the duration of the Gj
interval as indicated in the diagram as Gla, Glb, Glc, and GQ. During
this interval the cell expresses the phenotypic character of its particular
differentiated state. Depending on intracellular and extracellular
factors, cells progress through GÃŒand become triggered for nuclear
replication; at this point they have achieved the ability to initiate DNA
replication and to express the genes for histone synthesis. Cells may be
synchronized for DNA replication by gathering cells at this point in the
cycle with a reversible inhibitor of DNA synthesis. Cells may also be
synchronized for mitosis with colchici ne or for entry into GÃŒby the
mechanical collection of small round cells.

achievement, we have attempted to reconstitute these
molecular processes in cell-free systems.

With respect to the synthesis of chromosomal DNA, it has
been found that isolated nuclei from S-phase cells continue to
replicate this entity in cell-free systems; nuclei from GÃŒ
interval are incompetent (Chart 2). For optimal DNA synthesis
the S-phase nuclei require ATP and the soluble protein
fraction from the cytoplasm of S-phase cells as well as the
usual deoxytriphosphates and ionic supports (3). Sedimenta
tion of the product in an alkaline sucrose gradient reveals that
the newly synthesized DNA consists of short segments (~10 S)

which have been shown by chase experiments to be linked
subsequently into larger units (~30 S) (Chart 3). The latter,
which are still smaller than the bulk of nonreplicating DNA,
exist for a considerable period prior to conversion to inter-
phase DNA. Both of the smaller si/es, however, are charac
teristic of replicating DNA from living cells (4, 8). ATP and
the soluble protein fraction from cytoplasm appear to play a
role in the successful synthesis of the smallest segments.

These studies with isolated nuclei illustrate that the process
of DNA synthesis is considerably more complicated than
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Chart 2. Variation during the cell cycle of the ability of nuclear
preparations to synthesize DNA. Cells were synchronized using an
amethopterin-induced thymidineless state. Nuclear preparations were
studied for their ability to incorporate thy nudine-3 H triphosphate
(dTTP-3H) into DNA 1, 3, or 15 hours after reversal of the

thymidineless state; nuclear preparations from cells in stationary and
logarithmic growth states are included. Data are expressed as percent of
the maximum activity observed in cultures 3 hours after reversal. These
data are taken from a paper by Friedman and Mueller (3).
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Chart 3. The growth of DNA strands synthesized in vitro. Nuclear
preparations from synchronized cells in mid-S phase were allowed to
synthesize DNA for 5 minutes with thymidine- H triphosphate and
then chased with cold thymidine triphosphate for 10 minutes. The
DNA, isolated immediately after the pulse or after the cold chase, was
centrifuged through alkaline sucrose gradients. Fraction 1 is from the
bottom of the gradient. Note a peak of small DNA at Fraction 36 in the
pulsed DNA which disappears during the chase, with the appearance of
more label in the heavier DNA. W. KÂ¡dwelland G. C. Mueller,
unpublished data.

copying a denatured or single-stranded DNA (4). Molecular
mechanisms must exist for modification of the template to
permit DNA synthesis to begin; this appears to involve specific
and focalized changes at discrete sites in the chromosomes.
There is also the initiation of the synthesis of the short DNA
segments, the ligation of these into larger units, and finally the
linking of the latter into the new chromosomes. Each of these
events is likely to require a specific enzyme and thus be
subject to selective genetic and metabolic controls.

In replication of the chromosomes the S-phase cells also
synthesize a new compliment of histones (7,9). This process is
tightly coupled to the synthesis of DNA since both the rate of
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synthesis and accumulation of histones follow very closely the
progress of DNA replication (Chart 4). Interruption of DNA
synthesis by inhibitors such as hydroxyurea or high levels of
thymidine is attended by a striking inhibition of histone
synthesis (9).
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Chart 4. Relationship of histone and DNA synthesis. Cells syn
chronized by the amethopterin procedure (9) were reversed after 16
hours by the addition of thymidine and allowed to go through a single
S phase. The relative accumulation of DNA and histones are plotted
with respect to time of reversal.

To explore the nature of this coupling, the synthesis of
histones has also been studied in subcellular systems.
Expecting at first that the production of histones would be a
nuclear phenomenon, a nuclear system was developed which
synthesized many proteins characteristic of this organelle;
however, the nuclei failed to synthesize histones. Instead, it
was observed that the capability to synthesize electro-
phoretically identifiable histones in vitro resided in the
microsome fraction of S-phase cells (5). Microsomes from
interphase cells were inactive. When DNA synthesis was
interrupted, the capacity of the microsomes to synthesize
histones declined rapidly; and this activity returned when
DNA synthesis was allowed to resume (Chart 5).

Evidence pointing to RNA as the factor coupling DNA and
histone synthesis was obtained using the reversible inhibitor of
RNA synthesis, 2-mercapto-l-(j3-4-pyridethyl)benzimidazole.
When this agent was added to S-phase cells in which histone
synthesis had been depressed as a concomitant result of
block DNA synthesis with hydroxyurea, the reactivation of
histone synthesis which characteristically follows the
reinitiation of DNA synthesis was prevented (5). To explore
these functional indications further, the synthesis and turnover
of RNA in the microsomes of S-phase and GÃŒcells was
examined using pulse-labeling experiments and resolution of
the RNA by gel electrophoresis. In accord with Borun et al.
(2), it was found that microsomes which are synthesizing
histones contain a distinctive 8 S species of RNA. The labeling
characteristics of this RNA are in accord with those expected
for a messenger RNA for histone synthesis; it is rapidly labeled
in S-phase cells but disappears quickly when DNA synthesis is
interrupted with inhibitors (Chart 6). These data support the
concept that the conversion of cells from the GÃŒstate to the S
phase brings not only the capacity to synthesize DNA, but also
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Chart 5. The effect of blocking DNA synthesis on the histone
synthesizing activity of microsomes. Microsomes from synchronized
cells in mid-S phase and from cells in which DNA synthesis was blocked
for 60 minutes with hydroxyurea were incubated in vitro with
leucine-3H, lysine-3H, and arginine-3 H in a system supporting protein

synthesis (5). The proteins were then extracted and subjected to gel
electrophoresis. Fractions 48, 55, and 62 correspond to the 3 main
histone bands. Note that the labeling of the histone bands is nearly
abolished in microsomes derived from cells after a 60-minute blockade
of DNA synthesis with hydroxyurea. Details of these experiments are
given in a paper by Gallwitz and Mueller (5).

the capability to transcribe the genes for histone synthesis.
This latter transcription, however, is intricately tied to the
molecular processes of DNA replication.

Challenges and Expectations

The reconstitution of DNA and histone synthesis in cell-free
systems opens the way to a molecular exploration of the
controls regulating these processes, controls which could hold
the key to effective chemotherapy of cancer. The first
challenge is to characterize those reactions which are unique to
this GÃŒ-*â€¢S conversion. Identification of the involved

enzymes or structural components can then be used to
identify and study the genes which are responsible for this
conversion. At this point in time it appears likely that the
singular event in the Gj -*â€¢S conversion is the molecular step

initiating DNA synthesis. This appears to proceed with the
recognition of some particular feature in chromosomal DNA
and the conversion of this DNA into a functional template.
Whether this involves a selective scission of the double helix by
an endonuclease or an in -situ denaturation remains to be
elucidated. In any case, as a product of a gene expression, this
process can be expected to be subject to controls; controls,
which in view of the diversity of cells, are likely to be multiple
in nature, modified in the act of carcinogenesis, and responsive
to new chemotherapeutic approaches.
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Chart 6. The presence of a distinctive RNA species in microsome s
capable of synthesizing hist ones. Synchronized cells from mid-S phase
were labeled in vivo with uridine- H for 60 minutes while synthesizing
DNA. Comparable cultures were treated with S X 10 M hydroxyurea
to block DNA synthesis during the final 30 minutes. Microsomes were
isolated from both cultures, and the RNA was extracted with phenol
and electrophoresed in an agarose-acrylamide gel. Note that RNA
extracted from microsomes of cells synthesizing DNA (i.e., histone-
synthesizing microsomes) contain a labeled 8 S RNA which is missing
from microsomes isolated from cells in which DNA synthesis has been
blocked by hydroxyurea (i.e., microsomes are inactive for historie
synthesis). D. Gallwitz and G. C. Mueller, unpublished data.
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