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ABSTRACT

The Continuum Model proposes that control of the cell cycle is based on a

continuous, phase-independent, accumulation process. Accumulation occurs

between the initiations of S phases. Thus the G1 phase is merely a period during

which an accumulation process begun in the previous S and G2 phases are

completed. The origins of the Continuum Model are reviewed, and experimental

data supporting the continuum model are described. Recent support of the

continuum model comes from analyses of (i) time-lapse studies of interdivision times

of presumed synchronized cells, (ii) studies on Rb phosphorylation during the cell

cycle, (iii) microarray measurements of gene expression during the cell cycle, and

(iv) the effects of short- and long-term starvation and growth arrest on cell-cycle

progression. The Continuum Model is a better explanatory exemplar for

understanding the regulation of the cell cycle than the current G1-phase dominant

model where phenomena such as G0, restriction points, and G1-phase specific

events are proposed to be controlling elements of the cell cycle.

Key words:  G1 phase, cell cycle, synchronization, restriction point,

continuum model, retinoblastoma, lovastatin, G0.
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The current view of control of the eukaryotic cell cycle is dominated by the

presence of G1-phase controls and G1-phase phenomena. The standard or consensus

model of cell-cycle control proposes that elements specific to the G1-phase are important

in regulating the interdivision time and determining whether a cell will grow and divide,

or enter some resting/differentiation state. For example, the decision to enter a non-

growing “G0” phase is believed to be decided during the G1-phase. Further, numerous

biochemical changes are proposed to occur specifically and uniquely in the G1 phase.

The Continuum Model of the cell cycle, in contrast, proposes that G1-phase is

devoid of unique control elements. The Continuum Model proposes that the G1-phase is

not the repository of any specific controls regulating the eukaryotic cell cycle. The

Continuum Model is briefly reviewed below, primarily to bring the literature on this

alternative description of cell-cycle regulation to the students of, and researchers on, the

eukaryotic cell cycle.

The Continuum Model had its genesis over 35 years ago in a discussion of the

implications of the finding that the S and G2 phases of bacteria (usually termed the C and

D periods) are invariant as growth rate varies [22,27]. Since a large number of previous

studies had revealed a similar relationship for eukaryotic cells—a relatively invariant S

and G2 phases and a more variable G1 phase [26]—it was suggested that the bacterial

control model, which necessarily did not include any G1-phase control elements, may

also apply to eukaryotic cells [26].

A decade later this conjecture was used to present a unified control model for both

eukaryotic and prokaryotic cells when it was shown, in separate experimental systems,
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that eukaryotic cells may grow without a G1-phase and prokaryotic cells may have, when

grown slowly enough, a G1-phase (termed, in bacteria, the B phase) [2].

The term “Continuum Model”, describing this unified view of cell-cycle control is

derived from two different concepts. One was the fundamental idea that the control of the

cell cycle was based on a continuous and unitary accumulation phenomenon, rather than

a sequence of different processes. The current view of the cell cycle is a sequential event

model where cells have to perform separate discrete events in a particular order in order

to complete a cell cycle. The second origin of the term “Continuum Model” is rooted in

the idea that the patterns of DNA replication observed during varied bacterial cell cycles

and eukaryotic cell cycles form a continuum of patterns [2,4].

Shortly after the unified Continuum Model was proposed, these ideas were

applied to a critique of the postulated G0 phase [4]. If growing cells are placed in a

situation where they grow extremely slowly, and the S and G2 phases are relatively

invariant in time, then the fraction of cells with a G1-phase amount of DNA will

inevitably increase. It will thus appear that cells are “arrested” in G1 phase.

Experimentally this is indicated by a large percentage of cells having a G1-phase amount

of DNA when cells are subjected to FACS analysis [19]. But of course this is only an

appearance of “G1 arrest”. The cells may actually be progressing continuously through

the cell cycle and thus the cells are not necessarily arrested at any particular point in the

cell cycle [19].

One of the key events leading to the current G1-dominated view of the eukaryotic

cell cycle was the postulation of a unique “restriction point” in the G1 phase [30]. The
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restriction point has become one of the foundational ideas of the G1-phase control model.

The restriction point is proposed to be a point in the G1-phase where cells that are placed

in non-growth conditions come to rest. A common point was found after growth arrest by

different conditions; this was termed the restriction point.

A more detailed analysis of the restriction point has revealed many problems with

the proposal. For example, even in the original work the cells released from growth arrest

were not synchronized as would be expected if cells were arrested at a particular point

within the cell cycle [20]. But despite these flaws in the original proposal that cells are

arrested at a particular point in the cell cycle—or in a special out-of-cycle phase termed

the “G0 phase”—the restriction point idea lives on. There are literally hundreds if not

thousands of papers that propose to “synchronize” cells by growth arrest using serum

starvation or related whole-culture methods. An analysis of whole-culture

synchronization methods indicates that these approaches cannot synchronize cells [21]

The problematic origins of the current G1-phase model of cell cycle regulation

have not deterred many researchers and reviewers from promoting the importance of G1-

phase controls. Because these are so well known, these ideas will not be reviewed here.

Rather, the recent developed supporting evidence for the Continuum Model will be

reviewed in order to bring to the field a series of neglected observations that deserve

consideration.

Time-lapse analysis of synchronization methods. A positive examination of the

effect of proposed whole-culture synchronization methods has been performed using

time-lapse analysis of lovastatin treated cells [18]. Lovastatin has been proposed to be a
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general synchronizing agent. Not only was it found that cells treated with lovastatin were

not synchronized, but a detailed examination of prior work proposing either

synchronization or arrest “in the G1-phase” [29,31,32] are actually inconsistent with

these interpretations [18].

Rb phosphorylation and the cell cycle. One of the archetypal G1-phase events is

the proposed G1-phase specific phosphorylation of the retinoblastoma protein [23,25].

The literature on this topic is enormous, and suffice it to say that the current view of G1-

phase dependent Rb phosphorylation is indicated by research papers, numerous review

articles, and even pictures in commercial catalogues. However, a restudy of the Rb

system has revealed that if one grows cells without overcrowding then Rb

phosphorylation/dephosphorylation during the cell cycle is not a necessary requirement

for correct passage through the cell cycle. More to the point, experiments on NIH3T3

cells have presented an explanation of why so many believe in the G1-phase Rb

phosphorylation phenomenon [23,25]. Simply put, if cells are even slightly overgrown,

one has a mixed population of cells, some growing some not growing. The cells with a

G1-phase amount of DNA from these two populations gives both phosphorylated and

dephosphorylated Rb while the growing cells (with S and G2 phase DNA contents) have

only phosphorylated Rb. The readers should read both papers on Rb phosphorylation

[23,25]  in order to appreciate the arguments presented.

Microarray analysis of gene expression during the cell cycle. Microarray

studies of gene expression during the cell cycle have proposed that numerous genes are

expressed in a cell-cycle-specific manner. In disparate systems such as primary

fibroblasts, HeLa cells, yeast, arabidopsis, NIH3T3 cells, and the prokaryotic
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Caulobacter, hundreds of genes have been reported to be expressed in a cell-cycle-

specific manner. A detailed reanalysis of the raw data [1] on gene expression in primary

fibroblasts has revealed that not only can random noise explain the data but the data are

not reproducible by a number of criteria and the internal evidence indicates that the cells

were not synchronized [24,33]. In the case of yeast cells [35] the data is not accountable

at this time by random noise, but comparisons of whole-culture synchrony methods

(critiqued above) with selective methods indicate that the data are far from reproducible

[24,34]. A complete review of the data from numerous systems reveal that the microarray

data is not supportive of numerous genes being expressed in a cell-cycle specific manner

[24].

Whole culture synchronization. It is arguably correct to say that almost all of

the experiments on the eukaryotic cell cycle are based on whole-culture synchronization

methodologies. That these methods do not work has been shown by a rigorous theoretical

analysis, as well as analyses of published experimental data [6,9,10,12,17,20,21,24]

Selective synchronization by the eukaryotic “baby machine”. The continuum

model predicts that selective synchronization can lead to well-defined synchronized cells.

This prediction has been born out with the development of the “baby machine” for

eukaryotic cells [17,28,36].

The Zetterberg-Larsson Experiments. Time-lapse analyses by Zetterberg and

Larsson have led to the proposal that the G1-phase can be divided into two phases. One

phase, the post-mitotic (pm) phase, occurs for approximately 3.5 hours following

division. The remainder of the G1-phase is the pre-synthetic (ps) phase. The point
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demarcating the pm and ps phases was identified, in these experiments, by observing that

a short (1 hr) period of cell starvation led to a long-delay in division (8 hr) in the pm

cells, but no division delay in the ps cells. As it turned out, as predicted by the Continuum

Model, division of the ps cells were delayed in the subsequent division, after one un-

delayed division. A complete analysis of the Zetterberg-Larsson experiments indicates

that these results are predicted by the Continuum Model, and in fact support the basic

tenet of the continuum model, that an accumulation process continues from one cell cycle

into the next cell cycle [6,12]

Differentiation and the G1 phase. The observation that the cells in the

differentiated tissue of multicellular organisms are predominantly cells with a G1-phase

amount of DNA has been cited as support that cells decide to differentiation when they

are in the G1-phase of the cell cycle. Thus, cells move through the cell cycle, and when a

differentiation signal is received the cells that are in G1 phase proceed to differentiate and

do not initiate S phase. This leads to differentiated cells with a G1-phase amount of

DNA. In contrast, the Continuum Model explains the observed G1-phase DNA contents

of differentiated cells without postulating any phase-specific decision process [15]. Cells

in all phases of the cell cycle can proceed to differentiation. But associated with

differentiation is a signal to inhibit initiation of future S phases. Since differentiation

takes such a long time relative to the time for S and G2 phases, the S and G2 phases are

completed before differentiation is observed. Thus, without a G1-phase specific decision

point, differentiated cells are found with a G1-phase amount of DNA according to the

Continuum Model.
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Detailed reviews of the continuum model. A more detailed exposition of the

Continuum Model is not presented here because of space limitations, but further

information and references can be found in relevant publications.[2-16,18,20,21,23-

25,34]
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