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Abstract. It is widely accepted that phosphorylation of
the retinoblastoma (Rb) protein during the G1 phase of
the mammalian division cycle is a major control element
regulating passage of cells into S phase and through the
division cycle. The experiments supporting G1-phase-
specific Rb phosphorylation and the historical develop-
ment of this idea are reviewed. By making a rigorous dis-
tinction between ‘growth cessation’ and the phenomena
of “cell cycle exit’ or ‘G1-phase arrest’, the evidence for
the G1-phase-specific phosphorylation of Rb protein is

reinterpreted. We show that the evidence for G1-phase
phosphorylation of Rb rests on few experiments and a
chain of reasoning with some weak links. Evidence is re-
viewed that growth conditions regulate the phosphoryla-
tion of Rb. A growth-regulated control system that is in-
dependent of the cell cycle explains much of the evidence
adduced to support cycle-specific phosphorylation of Rb.
We propose that additional experimental evidence is
needed to decide whether there is a G1-phase-specific
phosphorylation of Rb protein.
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Why another review of retinoblastoma
phosphorylation?

This is a review of the evidence related to the cell-
cycle-specific phosphorylation of the Retinoblastoma Rb
protein. As is well understood, reviews of scientific fields
are usually summaries of the consensus view of a field. In
general, a reviewer has an obligation to describe the main
conclusions and key experiments in a field so that the
contributions of the various workers to the current or con-
sensus view are presented clearly and equitably. The es-
sential activity of the normal review process is that it
summarizes what the field believes, and not what one
particular segment of the field believes.

* Corresponding author.

The evidence for control of cell growth and the cell cycle
by G1-phase-specific phosphorylation of Rb protein has
been presented in numerous reviews. It is not necessary to
review and summarize the evidence that has been presented
often and so ably by many others [1—4]. Therefore, this re-
view has a somewhat different purpose — and this should be
understood at the outset. We propose to reexamine the evi-
dence that Rb protein is phosphorylated in a specific phase
of the cell cycle. We do this in order to discern precisely
what particular experimental evidence rigorously supports
this widely held conclusion, and what evidence is merely
consistent with this proposal. This reevaluation of the lite-
rature on the subject of cell-cycle-specific Rb phos-
phorylation reveals that the evidence for this phenomenon
is not as strong as generally believed.
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To anticipate our conclusion, we propose that essentially
all of the data regarding G1-phase Rb phosphorylation is
merely consistent with the notion or idea that there is a
G1-phase phosphorylation event. We examine the chain
of reasoning leading to the proposal of G1-phase phos-
phorylation and show that there is an alternative explana-
tion for much of the data. Finally, we shall review the
recent work on the in vitro sequence of phosphorylation
steps and relate this work to the proposal that there is a
G1-phase phosphorylation of Rb protein. As will be seen,
it is possible to have sequential phosphorylation steps
demonstrated in vitro without having these steps relate to
the proposed in vivo phosphorylation of Rb protein
during the mammalian cell cycle.

Gl-phase phosphorylation of Rb protein is currently
viewed as a paradigmatic example of G1-phase control of
the mammalian division cycle. As much analysis of the
cell cycle is based on the Rb model of cell-cycle-specific
phosphorylation, it is important that the experimental
basis for the Rb model be beyond reproach. Furthermore,
as the Rb model is an example for future studies of control
of the cell cycle in the G1 phase, it is important to consi-
der what is required to rigorously conclude that there is a
G1-phase event during the mammalian division cycle.
Before presenting a detailed analysis of the Rb literature,
we will first present some general ideas regarding the
relationship of cell growth and the cell cycle. This analysis
will serve as a foundation for discussing the evidence for
cell-cycle specific phosphorylation of Rb protein.

The distinction between cell growth and the passage
through the cell cycle

It has become popular to equate cessation of cell growth
with the exit of the cell from the cell cycle. Resumption
of cell growth has similarly been equated with reentering
the cell cycle. There is an important distinction to be
made between ‘cell growth” and ‘passage through the cell
cycle’. A similar distinction should also be made between
cessation of growth and “exiting the cell cycle’.

In order to understand this distinction between cell growth
and the cell cycle, consider a growing culture with the cells
in the culture being at various points in the division cycle.
Consider that the cells are growth arrested by some means
so that the cells are now frozen at their particular points in
the cell cycle. That is, a cell that was at the start of the cell
cycle is now fixed with the characteristics of a cell at the
start of the cycle. And a cell at the end of the cycle is now
frozen as a cell near the end of the cell cycle. Upon releas-
ing these cells for regrowth, we could agree, for this hypo-
thetical and imaginary example, that resumption of
growth was not a ‘reentering the cell cycle’. The cells were
frozen at particular points in the cell cycle, and resumption
of growth was merely the continuation of passage through
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the cell cycle from the point of arrest. In this example, the
cells never left the cell cycle, and thus cannot be said to re-
enter the cell cycle upon resumption of cell growth.

A more important case is to have cells arrested at dif-
ferent points in the cell cycle, and yet have these cells
alter some property of the cell so that the cells have an ap-
pearance of all being in the same part of the cell cycle.
Specifically, arrest of cell growth will allow cells to ac-
cumulate with a particular amount of DNA similar to that
in a particular phase of the cell cycle, for example the G1
phase. But as stated here, the cells can be arrested and
fixed in particular phases of the cell cycle, with only a
superficial appearance that the cells are arrested in the G1
phase of the cell cycle. To be explicit about the language
of growth arrest, it is possible to have cells ‘arrested with
a G1-phase amount of DNA’, and yet not be ‘arrested at a
point in the G1 phase’. The implications of this ap-
parently paradoxical distinction will become apparent in
the discussion that follows.

Another distinction must be made explicit, and that is
the distinction between growth of the culture which leads
to an increase in cell numbers as well as total cell mass, and
the growth of individual cells. Unless otherwise noted, the
discussion here will always be related to individual cells
increasing their cell mass during the division cycle.

With these distinctions in hand, we can look at the
evidence for G1-phase-specific phosphorylation of Rb
protein from a new perspective.

An industrial analogy to the cell cycle

Before presenting the cellular concepts, it is useful to pre-
sent an industrial analogy to illuminate the distinction
between the general process of cell growth and the spe-
cific subset of processes that comprise the cell cycle.
Consider an assembly line where workers assemble an
automobile in a sequence of steps. When car production
ceases due to a lack of demand, no new car assemblies are
started, but cars on the assembly line are completed so no
cars remain unfinished.

When the decision to cease production is given, all work-
ers are immediately given layoff notices. However, the
workers continue to work until there is no more work at
their section of the assembly line. In practice, this means
that workers at the start of the assembly line stop working
first. Then workers in the middle of the assembly line stop
working. Finally, workers at the end of the assembly line
stop working. After the time required for complete car as-
sembly, there is an accumulation of unemployed workers
and an assembly line with no partly assembled cars.
Superficially, it now looks as if the idled employees in
this factory are all in identical situations. One might even
say that the workers are aligned at the same point in the
work process and that when work resumes they will start
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working at the same time; that is, work will resume ‘syn-
chronously’.

Let us consider, however, what happens upon resumption
of car assembly. As the assembly line starts up, the first
workers to return to the job are the ones at the start of the
assembly line, specifically those who were laid off first
when automobile manufacture ceased. As the car as-
sembly proceeds, workers in the middle of the assembly
line resume work. Finally, the last workers who were laid
off, the workers at the end of the assembly line, resume
work. The unemployed workers are not aligned and iden-
tical. There is a memory of their original position, and the
workers do not resume work ‘synchronously’ upon re-
sumption of car manufacture.

From this simple analogy, we see that while all workers
received the layoff notice at the same time, their history
varied with their position on the assembly line. At some
point the workers all looked the same (unemployed), but
as we have seen, the workers were not identical with
respect to resumption of work.

If we equate the getting the layoff notice with cessation of
cell growth, and position in the assembly line with posi-
tion in the cell cycle, we can now see that cessation of cell
growth and exit from the cell cycle are quite different.
When growth ceases, cells become aligned with respect
to one particular property, DNA content. This common
DNA content, however, does not mean the cells are iden-
tical. It does not even mean that the cells are aligned at a
particular point in the cell cycle. More crucial and
important is the idea that affecting cells identically in all
stages of the cell cycle (i.e. stopping cell growth in all
cells in the culture irrespective of their position in the cell
cycle) leads to the apparent arrest of cells in a particular
phase of the cycle.

It is important to see that cessation of cell growth — the
growth that was occurring similarly throughout the cell
cycle — is not identical with exiting the cell cycle. When
growth ceases, initiation of DNA synthesis ceases (anal-
ogous to cessation of starting new car assembly). Even-
tually all cells are found with a DNA content equivalent
to the amount of DNA in a G1-phase cell. This is because
the cell completes all S, G2 and M phases for cells that
were in S, G2 and M phases at the time that growth
ceased. This completion process produces the widely
found experimental result where cells that are starved or
whose mass increase is arrested for any reason are found
to accumulate with a G1-phase amount of DNA.

As with the laid-off workers, the cells — now all with a
G1-phase amount of DNA — are not identical and do not
resume entry into the cell cycle in a synchronous manner.
Just as the workers resume work in an order reminiscent
of the order in which they stopped work, cells resume
entry into DNA synthesis in an order resembling their
original position in the cell cycle. Alignment of cells so
that all cells have a G1-phase DNA content does not mean
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cells are arrested at a particular point in the cell cycle.
Furthermore, it does not mean the cells will resume pas-
sage through the cell cycle from a particular cell cycle
point and proceed through the cycle in a synchronous
manner.

Reexamination of G1-phase arrest

It is important to be explicit about what is meant by a
synchronized culture. We propose that a synchronized
culture is one that truly mimics the division cycle of a
normal, growing cell. This idea, in theory, is actually
widely accepted. All workers using synchronization
methods aspire to this ideal of normal progression of a
synchronized culture through the division cycle. In prac-
tice, however, it is difficult to demonstrate that cells are
synchronized and reflect the normal cell cycle of un-
perturbed cells. It is extremely labor intensive and expe-
rimentally difficult to measure successive cell divisions
in a culture to demonstrate that cells are synchronized and
exhibit synchronized divisions.

Synchronization methods are viewed as efficient ways to
get large numbers of cells in particular phases of the divi-
sion cycle. The problem arises when one asks whether cells
that are aligned with a particular cell property are actually
synchronized. We propose that it is not correct to term a
culture synchronized, or arrested in a particular phase at a
particular point of the cell cycle, merely because all cells
may have a Gl-amount of DNA. A distinction between
‘alignment’ for a particular property, and ‘cell-cycle arrest’
at a particular point, will be illustrated here.

Consider that as cells pass through the division cycle they
move through a series of states representative of sequen-
tial points in the division cycle. As shown in figure 1,
these can be labeled a—n. Although we can imagine the
different states as being associated with particular and
different chemical processes, it is also possible to con-
sider the various states during the cell cycle as related to
varying amounts of any particular material. For example,
as cytoplasm increases continuously during the division
cycle, we can associate the different states with different
amounts of cytoplasm, or different amounts of any par-
ticular part of the cytoplasm.

Now consider that the cells moving through the cell cycle
are growth arrested by some procedure so that the various
cytoplasmic states are preserved, but initiation of DNA
synthesis — though not DNA synthesis itself — ceases.
Cells in S, G2 and M phases continue to complete DNA
synthesis and progress through mitosis, producing a
population of cells all with a G1-phase amount of DNA.
As shown in figure 1, cells may be aligned with a
G1-phase amount of DNA, but these cells are not identi-
cal or synchronized [5, 6]. To see why these cells are not
synchronized, consider that cell size (or any other
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Figure 1. Arresting growing cells to produce a cell population all
with a G1-phase amount of DNA. The cell cycle is viewed as has
having two components, one the well-known phases of the division
cycle — G1, S, G2 and M — and an additional property (a—n) that
varies continuously throughout the division cycle (diagram at left).
The variation of state (for simplicity one could just imagine this
state to be the amount of any particular protein that is made con-
tinuously throughout the division cycle and thus increases through-
out the division cycle) is not changed upon arrest of cell growth by
inhibition or starvation. However, when cell growth is inhibited
(indicated by arrow toward right), cells that are in the S, G2 or M
phases proceed through these phases and divide to produce two
daughter cells, each with a G1-phase amount of DNA (right figure).
These daughter cells are labeled with the DNA content (g1) and the
state condition (a—n). Thus, while all cells have a G1-phase amount
of DNA, they are not arrested at the same point in the division cycle.
Only if all cells had, for example, a G1-phase amount of DNA and
a ‘c’ state representative of cells in the middle of the G1 phase of the
division cycle could one describe these cells as being arrested at a
point in the G1 phase or arrested ‘in the G1 phase’.

property that is part of the cell mass) increases con-
tinuously during the division cycle. When growth is in-
hibited, cells in' S, G2 and M phases complete the S, G2
and M phases to produce a culture where all cells have a
G1-phase amount of DNA. The cells produced by growth
arrest are not identical and are actually all of different
sizes. These cell sizes reflect the original distribution of
sizes in cells of different ages during their passage
through the cell cycle. The cells that are aligned with a
particular amount of DNA (equivalent to that in the G1
phase of the cell cycle) are therefore not representative of
the size or state associated with the G1-phase in the
original growing culture. During the normal growth of
cells, each cell age is associated with a particular cell size
between that of newborn cell size and dividing cell size.
Because cells in the aligned culture do not have a narrow
size distribution, they do not represent cells of a particu-
lar cell age during the division cycle. In fact, the cells
resulting from starvation in figure 1 have the same
breadth of sizes (over a factor of approximately two-fold)
as the original cells in the growing culture.

Of course, the completion of the division cycle of S and
G2/M cells during conditions leading to G1-phase arrest
is an a priori necessity if arrest with a G1-phase amount
of DNA is to be observed. If passage through the termi-
nal phases of the cell cycle did not occur, the arrested

Review Article 583

Flow Cytometry
A B Analysis
® o . @
| o Ay e |
Cellsize 0.7 1.0 Inhibit or starve 14

B A * growttlg :r:zaz}vision

g & ® © © S
| o A e |

0.5 Celisize 0.7 10

by removing inhibition

Resume growth 1.4
¢ or adding required

factors

B A
@@77 ¥ Y jk‘\
S
| e ARRRESee
Cell size 0.7 1.0 1.4

Figure 2. Starvation aligns cells with a G1-phase amount of DNA,
but these cells are not synchronized. Consider cells growing
between sizes of approximately 0.7 and 1.4. There are cells in all
phases of the division cycle, as indicated by the idealized flow-cyto-
meter analysis at the right (upper panel). DNA synthesis, illustrated
by the filled nucleus, initiates in the middle of the division cycle, at
a size of approximately 1.0. Although cells in all phases of the cycle
are illustrated, consider the two cells of approximately size 1.0, one
just before (A), and one just after (B), the start of S phase. The cell
with a GIDNA content (cell A) does not initiate DNA synthesis and
remains a cell with a GLDNA content. The S phase cell (cell B), on
the other hand, proceeds through division and produces two cells of
size 0.5 (center panel). These daughter cells are of size 0.5 because
the mass does not increase during the period of inhibition; when the
cells coming from the early S phase cells divide, the resulting
daughter cells are half the size of the cells that were late in G1 phase
and did not divide. The cells produced after starvation (A, B in
middle panel) therefore differ in size by a factor of 2. All of the
other cells in the original culture are of sizes intermediate between
size 0.5 and 1.0, and all have a Glamount of DNA. They are not
arrested or synchronized at a particular point in the G1 phase of the
cycle following starvation, for the cells are actually approximately
one doubling time apart. After resumption of growth is allowed
(lower panel), the first cells to initiate DNA synthesis (enter S
phase) are the cells that were just about to enter S phase (A) but
were inhibited by the starvation or inhibition protocol. The cells that
arose by division (from cell B) must grow for one extra doubling
time before they initiate DNA synthesis. Initiation of DNA synthe-
sis is not synchronized, being spread over one doubling time.

cells would not all have a G1-phase amount of DNA, and
the cells would not be ‘arrested in the G1 phase of the
division cycle’. If starvation produces cells with a
G1-phase amount of DNA, but of varying sizes or states
(fig. 1), then it is possible, and even expected, that the
aligned cells would not be synchronized.

An idealized representation of this analysis in terms of
what is expected after cells are arrested with a G1-phase
amount of DNA and then released from the arrest condi-
tions (either starvation or inhibition) is shown in figure 2.
Consider that size varies continuously during the division
cycle. Consider further that starvation or inhibition
leading to cessation of cell growth freezes the amount of
material in each of the cells at the amount present at the
time of starvation or inhibition. Cells passing through the
cell cycle during normal, unrestricted growth are shown
in the upper panel in figure 2. Cells vary in size from
newborn size to twice newborn size (on average) at the
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instant of division. Consider two cells — one just before
and one just after the start of S phase — at the instant of
synchronizing cells. If the cell size at initiation of DNA
synthesis is 1.0, the cell just before the start of S phase is
approximately size 0.999, and the cell just after the start
of S phase is approximately size 1.001.

Because the cell mass in the individual cells does not
change during the extended period of starvation or in-
hibition, the cell mass of the cell that was at the end of the
G1 phase remains approximately 0.999. The cell that had
just started S phase, while not changing its cell mass (i.e.
not changing its cytoplasmic mass), proceeds through S,
G2 and M phases to produce two newborn cells. These
newborn cells have a mass of approximately 0.5, and both
newborn cells have a G1-phase amount of DNA. Similar
considerations indicate that all cells now have a G1-phase
amount of DNA, but all cells have different sizes depend-
ing on their cell size at the instant of cessation of cell
growth. Sizes vary from approximately 0.5005 (i.e. half
of 1.001) to 0.999.

Upon resumption of growth, the cells would not be
expected to enter S phase in a synchronous manner. The
cells with size 0.999 will enter S phase or resume DNA
synthesis almost immediately, as they only have to make
0.001 units of cell mass to get to size 1.0. The cells of size
0.5005 will require approximately one full doubling time
to achieve a cell mass of 1.0. This is because cell mass
doubles, by definition, in one doubling time. Cells be-
tween these two extremes initiate S phase at variable
times after resumption of cell growth. The cells produced
by starvation where all cells have a G1-phase amount of
DNA are not necessarily synchronized. The G1-arrested
cells, upon resumption of growth, start DNA synthesis in
an asynchronous manner and eventually divide in an
asynchronous manner.

Reflecting back on the industrial analogy presented
above, we can associate the pool of unemployed workers
with the collection of cells with a G1-phase amount of
DNA, and the completed assembly line with the com-
pleted S, G2 and M phases of the division cycle. Because
the resumption of work on the assembly line is not
‘synchronized’, the cells aligned with a G1-phase amount
of DNA are not synchronized. The cells resume initiation
of DNA synthesis in an asynchronous manner.

A complete analysis of this proposal has been presented
[5, 6] with appropriate experimental support using results
in the literature. We distinguish between ‘aligned’ cells
that have a particular property present in all cells (in this
case, Gl-amount of DNA), and ‘synchronized’ cells,
where cells truly and accurately reproduce the events
during the division cycle of normal, exponentially
growing cells. We conclude that growth arrest may
produce cells with a G1-phase amount of DNA, but these
cells are not equivalent to normal G1-phase cells in a
culture growing exponentially in unlimited growth.

Rb phosphorylation during the division cycle

In addition to active starvation and inhibition protocols,
other conditions can lead to growth arrest or G1-phase ar-
rest in what is sometimes considered a more biologically
relevant fashion. For example, allowing cells to grow on
a plate to confluence or quiescence leads to arrest of cells
with a G1-phase amount of DNA. Recently it has become
popular to refer to such cells as being in a particular
‘out-of-cycle’ phase entitled ‘G0’. Because cells in the
‘G0 phase” have the same amount of DNA as cells with a
Gl-phase amount of DNA, such quiescent cells are
sometimes referred to as cells in the ‘G1/GO phase’.
Similarly, cells arrested at the ‘restriction point’ can be
considered as being equivalent to the cells aligned with a
G1-phase amount of DNA. But the same analysis that we
have presented for starvation and inhibition synchroniza-
tion protocols applies to arrest by confluence of entry into
quiescence. In such cells cell growth ceases and cells pass
through the S, G2 and M phases to produce a population
of cells all with a G1-phase amount of DNA. But these
cells are similarly not arrested with a particular size or
cell state so that the cells are arrested at a point in the G1
phase of the cell cycle.

Rb protein and the regulation of cell growth

Rb protein is understood to be a negative regulator of cell
growth. Loss of Rb function leads to uncontrolled cell
growth, as indicated by the appearance of malignancies.
‘Activating” Rb protein by dephosphorylation leads to
sequestering by the Rb protein of transcription factors
proposed to be essential for continued passage through
the cell cycle. Conversely, phosphorylation of Rb protein
is proposed to control cell growth.

The Rb gene is believed to be a suppressor of tumor for-
mation because the retinoblastoma (Rb or pRB) gene is in-
activated in Rb cells [7] and other tumors [8-13].
Cytogenetic and molecular analyses have also indicated
that blastoma cells often have two defective copies of the
Rb gene [8, 14-18]. Direct support of the proposal that
the Rb gene is a tumor suppressor comes from the demon-
stration that introduction of the normal gene into Rb cells
led to a loss of tumoarigenicity [19]. It is now believed that
inactivation of the Rb gene leads to oncogenesis, not only
in eye tissue, but also in a variety of cell types [20-23].
We can now turn to early experiments on analyzing the
mechanism by which Rb protein controls the passage of
cells through the cell cycle. But before doing so, it is im-
portant to explicitly state what is not proposed here.

Biochemical and kinetic analysis of Rb function

We strongly emphasize that we do not take issue with the
importance of Rb protein as a regulator of cell growth.
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That is not the purpose of the analysis presented here. The
interactions of Rb protein with its phosphorylating and
dephosphorylating enzymes, its relationship to cyclins
and its action downstream to regulate the initiation of
DNA replication are not at issue here. Here we concen-
trate only on the problem of whether or not Rb protein is
phosphorylated in a cell-cycle specific manner.

In the following discussion we will deal primarily with ex-
periments on the kinetics of variation of Rb protein. None
of this analysis should be taken as critiquing or disagreeing
with the vast amount of work on the biochemistry of Rb
protein. Rb protein may affect various transcription fac-
tors, and Rb may be phosphorylated by specific kinases
and dephosphorylated by specific phosphatases. All of
these interactions are accepted. But we suggest that the
existence of these interactions and biochemical functions
do not bear on the problem of whether or not Rb protein is
phosphorylated in a cell-cycle-specific manner.

Tumor virus transformation and the mechanism
of action of Rb protein

Speculations regarding the possible mechanism of action
of Rb protein come from early studies of DNA tumor
viruses. The start of the reasoning process is the observa-
tion that a viral transforming product can form a specific
complex with Rb [24-26]. Further studies suggested a
link between the ability of the viral protein to complex
with Rb and the transforming function of the virus pro-
tein [26—28]. These viral studies supported the notion
that Rb is a suppressor of tumor growth because it could
be envisioned that the association of the viral proteins
with the Rb protein would alleviate growth suppression
due to the Rb protein and thus allow cells to exhibit a
transformed phenotype.

The next step in the reasoning process came from the
generally accepted idea that transforming viruses ‘stimu-
late G1l-arrested cells to enter the cell cycle’ [29]. This
conclusion comes from the general observation that
normal, untransformed cells that are allowed to grow to
confluence are arrested with a G1-phase amount of DNA.
These confluent cells are generally described as “arrested
in the G1 phase’. Infection of these cells with trans-
forming virus allows cells that integrate the virus to
restart growth and escape the ‘contact inhibition’ proces-
ses that stops growth of untransformed cells. As usually
described, transformation allows cells to grow in all
phases of the division cycle [30-37].

The reasoning sequence may be summarized: (i) con-
fluent cells are proposed to be arrested in a particular
phase of the division cycle, the G1 phase; (ii) trans-
formation of cells by certain viruses allows these
‘Gl-phase’ cells to grow in all phases of the division
cycle; (iii) this growth is an escape from G1-phase arrest;
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(iv) cells arrested with a G1-phase amount of DNA are
arrested at a particular point in the G1 phase; and (v)
virus transformation thus counteracts a specific G1-
phase arrest process. We will return to this line of
reasoning below.

The next crucial step in the analysis was the finding that
SV40 T antigen complexes with Rb protein but only to
underphosphorylated Rb protein [38]. This implied that
the poorly phosphorylated or hypophosphorylated form
of Rb protein is the form active in growth suppression.
This analysis led a number of groups to investigate the
possibility that Rb phosphorylation varied during the
division cycle of mammalian cells and that cycle-specific
phosphorylation of Rb protein controlled passage of cells
through the division cycle. A number of groups [29,
39-46] have presented experimental evidence that the Rb
protein is phosphorylated and dephosphorylated in a
cell-cycle-dependent manner. More precisely, it was
concluded that Rb is phosphorylated in the G1 phase of
the division cycle. A general model to explain these
observations, and to relate phosphorylation to control of
the cell cycle, is that phosphorylation of Rb relieves the
growth suppressing action of the unphosphorylated Rb
protein. This phosphorylation allows the cell to enter the
S and G2/M phases. If phosphorylation of Rb does not
occur, cells will not enter the S phase and will not proceed
through the cell cycle.

To summarize this chain of reasoning in molecular terms,
and according to the current consensus view [3, 47], the
dephosphorylated form of Rb is a negative control ele-
ment. Upon phosphorylation of the Rb protein at a point
in the G1 phase, the negative action of the Rb protein is
eliminated, and the cell is allowed to move from the G1
phase into the S phase, that is the cells are able to initiate
DNA replication. One biochemical mechanism ex-
plaining cell-cycle control by the Rb protein is that the
hypophosphorylated form sequesters the E2F transcrip-
tion factor. Upon Rb phosphorylation, E2F is released.
The newly released E2F transcription factor then induces
the expression of various genes associated with the ini-
tiation of DNA replication [48—-50].

The variation of Rb phosphorylation during the division
cycle has been succinctly summarized [51]: ‘the pRB
phosphorylation state fluctuates as the cell passes
through the division cycle. In cycling cells pRB is found
in its active underphosphorylated form only during the
early period of the G1 phase’. And further: ‘pRB phos-
phorylation in late G1 and its dephosphorylation in late
M phase are considered the two critical events regulating
pRB’s growth-restraining activities’.

Fitting in with this model is the additional idea that cyc-
lin-dependent kinases may regulate the phosphorylation
of Rb protein [50, 52]. Support comes from studies as-
sociating cyclin-dependent kinases (specifically cdk4/6
activated by cyclin D and cdk2 activated by cyclin E) with
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regulation of Rb phosphorylation [53, 54]. Since cyclins
are thought to be the prime example of a cell-cycle-
specific regulatory protein, this finding supports the
general role of a cycle-specific phosphorylation-dephos-
phorylation pattern for Rb protein.

Additional support for a cell-cycle-associated phos-
phorylation-dephosphorylation of Rb comes from the pro-
posal that there is a specific mitotic phosphatase that re-
moves the phosphate groups from Rb protein at mitosis,
thus restoring the dephosphorylated or hypophosphorylat-
ed form of Rb protein at the start of the G1 phase [55, 56].
The proposed growth-suppressing activity of the dephos-
phorylated Rb protein must then be alleviated by phos-
phorylation of Rb protein in the G1 phase if cells are to
proceed onto the next S and G2/M phases. The association
of this phosphatase activity with the mitotic phase of
the cell cycle was accomplished by arresting cells in the
mitotic phase of the division cycle using nocodazole. At
this time no physiological experiments on growing, un-
inhibited, unperturbed cells indicating a cell-cycle-spe-
cific activation of phosphatase activity have been pre-
sented.

Growth control of Rb phosphorylation/
dephosphorylation

Superimposed upon this proposed cell-cycle-specific
phosphorylation pattern is an additional control system
where the growth state of the cell regulates, or is as-
sociated with, the phosphorylation state of Rb protein.
Many studies have found that in rapidly growing cells all
the Rb protein is in the hyperphosphorylated state. When
growth is inhibited, Rb is dephosphorylated, and hypo-
phosphorylated Rb appears [39]. Additional studies of
Daudi cells grown exponentially or inhibited by serum
starvation, a-interferon or phorbol ester also indicated
that growing cells had a preponderance of hyperphos-
phorylated Rb protein and inhibition of growth led to a
loss of phosphorylation [41]. In this same study, U937
cells that were unable to be inhibited by a-interferon did
not exhibit the dephosphorylation of Rb when a-inter-
feron was added. Another report demonstrated that in
human leukemia cells induced to undergo growth arrest
with sodium butyrate or DMSO, dephosphorylation of
the RB protein is not G1-phase restricted but also occurs
in S and G2/M cells [57]. In this study it was found that
while all of the Rb protein in cells with a G1-phase
amount of DNA cells is hypophosphorylated, cells in S
and G2 have significant detectable amounts of hypophos-
phorylated RB as well as hyperphosphorylated RB
protein. Thus, Rb hypophosphorylation can be induced in
S- and G2-phases as well as the G1 phase when growth is
inhibited. Dephosphorylated Rb is thus not restricted to
the early part of the G1 phase.
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Experiments from our laboratory support the converse
proposal, that hyperphosphorylation is not restricted to
later stages of the cell cycle. Exponentially growing cells,
whether in growing in suspension or adhering to a sur-
face, can grow with no evidence of hypophosphorylated
Rb protein [58].

In contrast to the evidence presented supporting the role
of Rb protein regulating the passage of cells through the
division cycle, and in particular, allowing exit from the
G1 phase, some reports indicate that alternative pathways
in a cell can override the Rb control system [59-61].
Thus, different experiments implicate c-myc, oncogenic
Ras protein and cyclin E as cell constituents that could
allow cell growth even in cells where phosphorylation of
Rb protein was unable to be carried out. For example,
expression of cyclin E protein can trigger S-phase entry
in cells expressing pRB lacking 10 out of the 15 cyc-
lin-dependent-kinase phosphorylation sites [60].

Thus, although there are a number of published papers
supporting the view that Rb phosphorylation is an es-
sential step in passage through the cell cycle, there are
some results that may give pause to a complete ac-
ceptance of the current Rb phosphorylation-dephos-
phorylation model.

Reanalysis of transforming virus control of cell growth

It is important to explicitly cite the weak link in the initial
reasoning process that led to the suspicion or suggestion
that there could be a relationship between Rb phos-
phorylation and a specific phase of the division cycle.
The weak links in the reasoning process are the two pro-
posals listed above: (iii) this growth is an escape from G1
phase arrest, and (iv) cells arrested with a G1-phase
amount of DNA are arrested at a particular point in the
G1 phase. These two ideas are the ones that specifically
lead to the conclusion that transforming viruses ‘stimu-
late G1-arrested cells to enter the cell cycle’. We do not
suggest that there is any problem with the proposal that
transforming viruses stimulate quiescent or confluent
cells to grow (that is, increase in cell mass) and divide
(increase in cell number). It is important to be rigorous in
the language used to describe the stimulation of quiescent
cells to grow. By the term ‘quiescent’ we do not mean
anything other than the operational idea that such cells
are not growing. We realize that some use this term to
mean the cells are ‘out of the cycle’. There is no opera-
tional way to determine whether such nongrowing cells
are out of the cycle or merely arrested with a G1-phase
amount of DNA but not truly ‘out of the cycle’. But the
propositions that the quiescent cells are arrested in the G1
phase of the division cycle — because they have a G1-phase
amount of DNA — and that cells are stimulated to ‘enter’
the cell cycle — which implies that the quiescent or
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non-growing cells were “out of the cycle’ —are ideas that are
open to question. This idea has been presented in figures 1
and 2, and in the discussion at the start of this review.

To reiterate, the alternative conclusion from the observa-
tion of virus transformation is that cessation of growth
(due to confluence) leads to dephosphorylated Rb and
that viral transformation stimulates growth which leads to
the production of phosphorylated Rb. These transforma-
tions can occur irrespective of the cell cycle situation of
the cells. We suggest that because the quiescent cells are
not arrested at a point in G1 phase but merely with a G1-
phase amount of DNA, it is not proper to conclude from
the viral transformation studies that Rb protein is specifi-
cally phosphorylated in a G1-phase specific manner.

We shall address the experiments that deal directly with
the proposal of G1-phase phosphorylation of Rb protein.
It is important to look at experiments that support
G1-phase phosphorylation of Rb protein in order to see
whether the results are as strong as they are purported to
be. However, before turning to these studies, it will be help-
ful to have an alternative view of how the phosphorylation
of Rb protein may be regulated. Specifically, we propose
that (i) the growth conditions regulate the observed phos-
phorylation pattern, and (ii) this regulation is independent
of the cell cycle. The dephosphorylation of Rb protein that
is observed in cells that have a G1-phase amount of DNA
is a result of the poor growth conditions that lead to the ar-
rest of cells with a G1-phase amount of DNA.

An alternative model for Rb phosphorylation

We propose that in growing cells with a normal cell cycle,
there is no G1-phase-specific phosphorylation of Rb
protein. In the normal division cycle of exponentially
growing cells, whether malignant or not, there is no
phosphorylation-dephosphorylation cycle. We will unify
the two control aspects of Rb protein, control of phos-
phorylation by growth state and the apparent cell-cycle-
specific phosphorylation pattern, by demonstrating that
growth state control of phosphorylation can actually lead
to the incorrect conclusion that there is a G1l-phase
phosphorylation step.

Because the current model of G1-phase phosphorylation
is so widely supported by a number of published ex-
perimental papers, it is important that we present not only
our alternative explanation but also explain, fully and
clearly, how the other published work is also accommo-
dated to our model. After presenting our view of Rb phos-
phorylation, we will present an extensive analysis of a
number of relevant papers in order to show that our
proposal is actually consistent with, or in some cases not
contradicted by, experiments in the literature.

If one were to summarize a number of experiments (ana-
lyzed in full detail below) and present a single, idealized

Review Article 587

explanation of why it is believed that Rb is phosphory-
lated in the G1 phase of the division cycle, that explana-
tion would be that cells in the G1 phase have both hypo-
and hyperphosphorylated Rb protein, whereas the cells in
the S and G2/M phases have only hyperphosphorylated
Rb protein. Given this result, the following widely ac-
cepted scenario arises. Cells are born at division with
dephosphorylated or hypophosphorylated Rb protein.
This protein would suppress growth and prevent passage
of these cells into the S and G2 phases if the Rb protein
were not phosphorylated. This is because the dephos-
phorylated Rb protein sequesters a required transcription
factor, E2F. While this sequestration of E2F is active, no
initiation of S phase can occur. At some point in the
middle of the G1 phase, the Rb protein is phosphorylated.
If a collection of G1 phase cells is analyzed, this model
predicts that both hypo- and hyperphosphorylated Rb
protein would be found. This is because the G1-phase
cells are collectively cells from both early in the G1 phase
(hypophosphorylated) and cells later in the G1 phase
(hyperphosphorylated). Cells that are phosphorylated (in
the late G1 phase) now start S phase and complete the
division cycle, so we find that S and G2/M cells have only
the hyperphosphorylated form of Rb protein. At the end
of the division cycle, a specific phosphatase presumably
removes the phosphates from the hyperphosphorylated
Rb protein (at mitosis) to produce hypophosphorylated
Rb protein in the new daughter cells, now with a G1-
phase amount of DNA.

Our alternative model explains this finding — two forms
of Rb in G1 phase cells and one form of Rb in S/G2/M
phase cells — by proposing that growing cells actually
have phosphorylated Rb protein throughout the division
cycle and that there is no Gl-phase-specific phos-
phorylation step.

Our model of Rb phosphorylation is presented in figure
3. If cells are allowed to grow without any restraint (for
example cells plated at very low cell density), then all of
the Rb protein is phosphorylated (fig. 3a). Cells that are
in a suboptimal growth state — such as adherent cells that
are in close contact and have some contact inhibition —
have a dephosphorylated form of Rb protein (fig. 3b). (It
should be considered that it is very difficult to have
adherent cells growing on the surface of a dish avoid
contact inhibition, as even single isolated cells that grow
and divide to produce a clone will have cells that are
relatively close to each other. Thus, contact inhibition is
very difficult to avoid and may occur at densities far
below what may be considered overcrowded conditions.)
As the cell density increases, a mixture of two types of
cells with a G1-phase amount of DNA are produced. One
cell type is from the growing fraction or the cells that are
not too crowded. The other cell type arises from the in-
hibited or suboptimal growth fraction where growth is
inhibited by contact inhibition. The G1 phase cells from
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(b) only hypo-

only hyper-
(a) Lo phosphorylated

phosphorylated

Figure 3. Explanation of how growth conditions can affect the
G1-phase phosphorylation pattern, although in growing cells there
is no cell-cycle variation in Rb phosphorylation. In (a) an idealized
representation of growing cells is presented. There is a normal
cell-cycle flow-cytometric pattern with G1 and G2 peaks, with an
S-phase valley between the two peaks. The unshaded cells in this
diagram are proposed to all have the hyperphosphorylated form of
Rb with no cell-cycle-specific variation in phosphorylation pattern.
In (b) the shading indicates cells that have been arrested in their
growth (by medium conditions, contact inhibition or other unknown
factors) and have accumulated with a G1-phase amount of DNA.
The growth conditions that lead to cell growth arrest are presumed
to also give the dephosphorylated form of Rb. Although the
cause-effect relationship of growth cessation and phosphorylation
state is not explicitly an issue here, one may consider that the phos-
phorylation state is merely a correlate of growth cessation and may
or may not be causative. The next panels illustrate what is proposed
to occur for cells grown at low cell densities (c), and higher cell
densities (d). Under conditions of low cell density (c), because the
cells are growing in balanced, exponential growth, all cells are pro-
posed to have only the phosphorylated form, and there is no differ-
ence between the Rb phosphorylation pattern in the different pha-
ses of the cell cycle. At higher cell concentrations () the adherent
types of cells are a mixed population with some cells being arrested
(the shaded cells) and others growing vigorously and oblivious to
the other cells in the medium. When such a mixture is analyzed, it
is seen that the S and G2 phases give the same pattern as in the di-
lute case, whereas the cells with a G1-phase amount of DNA show
both bands; one band is from the growing cells (a) and the other
band is from the arrested or inhibited cell fraction (b).

the growing cells contain hyperphosphorylated Rb pro-
tein. This is because all the growing cells contain hyper-
phosphorylated Rb. The inhibited, nongrowing cells with
a G1-phase amount of DNA contain hypophosphorylated
Rb protein. This is because nongrowing cells produce
dephosphorylated Rb protein. The cells with S and G2/M
phase amounts of DNA are produced only by the growing
fraction of cells. This is true by definition, since other-
wise the cells would be arrested and have a G1-phase
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amount of DNA. In cells with the S and G2/M amounts of
DNA, the cells from the growing fraction, there would be
only one type of Rb protein, the hyperphosphorylated
form.

To recapitulate, the cells with S and G2/M amounts of
DNA define, by their existence, cells not arrested with a
G1-phase amount of DNA. These are growing cells. The
cells with a G1-phase amount of DNA are a mixture of
growing cells (with phosphorylated Rb) that lead to S and
G2/M phase cells, and growth-inhibited cells or cells with
suboptimal growth conditions (with dephosphorylated
Rb) that are arrested with a G1-phase amount of DNA.
Thus, two forms of Rb are found in cells with a G1-phase
amount of DNA and one form in the cells with an S or
G2/M amount of DNA.

The model presented in figure 3 implies the following pre-
dictions. First, exponentially growing cells that are not sub-
ject to any inhibitory conditions would not have any mix-
ture of Rb phosphorylation states in cells with a G1-phase
amount of DNA. Second, and perhaps more important,
finding two types of Rb protein in the cells with a
G1-phase amount of DNA would be dependent on growth
conditions. Cells growing exponentially under dilute con-
ditions and without any contact inhibition (nonadherent
cells do not appear to exhibit contact inhibition similar to
that of adherent cells) would have no hypophosphorylated
Rb protein in G1-phase cells. With increasing density (i.e.
increasing contact inhibition), there would be a shift in the
Rb pattern to hypophosphorylation.

Experiments in our laboratory have confirmed both of
these predictions [58]. When cells are grown exponen-
tially in unlimited conditions, no hypophosphorylated Rb
protein is found. All of the Rb protein is found in the
hyperphosphorylated form, and this form is found
throughout the cell cycle [58]. Furthermore, studies with
adherent NIH3T3 cells indicated that the appearance of
hypophosphorylated Rb protein was dependent on cell
density. When cells were grown at very low densities,
hypophosphorylated Rb protein was not found; all of the
Rb protein was found in the hyperphosphorylated form.
These results directly support the model proposed in
figure 3. It is important to note that the complete phos-
phorylation of Rb protein required growth down to be ap-
proximately 5% of confluent density. Thus, even when it
does not appear that cells are ‘overgrown’ in the usual
sense of the word, the cells may be overgrown with
respect to Rb phosphorylation and dephosphorylation.

On the criteria for a satisfactory synchrony
experiment

Before proceeding with our analysis of direct experi-
ments on Rb phosphorylation during the cell cycle, we
must present a few ideas to guide this analysis. First, we
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are skeptical of synchronization methods that are based
on treating all cells in a culture identically. Refer to figures
1 and 2 for an explanation of why we do not accept such
methods. This critique has been presented in detail [5, 6].
It is also important to recognize that there are criteria for
synchronization that should be met in order to demon-
strate that a particular collection of cells are synchronized
([62], chapter 3). Let us briefly describe some of these
criteria:

1) Ifthe cells in a synchronized culture are proposed to be
equivalent to newborn cells or cells very early in the
division cycle, there should be a period of no, or little,
cell division for a relatively long period.

2) When a synchronized division occurs in a cell popula-
tion, the time required for the increase in cell number
at the time of division should be a relatively small frac-
tion of the interdivision time; that is, the cell number
should double over a relatively short period of time.

3) There should be at least two independent and repro-
ducible cycles of synchronized growth.

4) Any experimental result found during the first division
cycle should be found similarly in the second cycle.
This avoids or minimizes artifacts resulting from the
synchronization procedure.

5) The lengths of the two successive cell cycles should be
similar, and the timing and size of the cycle-specific
event should be the same in both cycles.

6) The interdivision times of the synchronized culture
should be the same as the doubling time of the original
culture. This is important for judging the ‘normality’
of the synchronized cells.

7) Any results obtained by a synchrony method should
be consistent with available observations on cells
growing in unperturbed exponential growth. This
means that one should be able to see, for example, the
sequential passage of cells through different DNA
contents as cells pass through the division cycle.

One can summarize essentially all of the data on Rb phos-
phorylation during the division cycle where starvation or
inhibition synchronization techniques have been used by
stating that the criteria for synchronization we have listed
here have not been satisfied. We therefore suggest that
one should be skeptical of experiments that use such
starvation or inhibition methods for synchronization.
This implies that one should be skeptical of many of the
experiments that support G1-phase-specific phosphory-
lation of Rb protein.

We realize that it has been argued that cumulative
stochastic variations lead to the obliteration of synchro-
nized divisions. This proposal has been used to explain
why so many synchrony methods do not yield synchro-
nized divisions. The recent production of synchronized
cells by Helmstetter (personal communication) using a
mammalian ‘baby machine’ [63] that gives three clear
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synchronized divisions suggests that the lack of synchro-
nized divisions may actually be an indication that the
cells that have been proposed to be synchronized are
actually not synchronized.

This general conclusion regarding synchronization also
applies to systems that are proposed to be more natural
approaches to cell-cycle analysis, such as the stimulation
of lymphocytes by mitogens. Not only is the history of
each of the lymphocytes unknown (i.e. the age of each
lymphocyte is unknown as they may have been produced
by division over many years), but it is not clear that such
lymphocytes produce a culture with a cell cycle that is the
same as the cell cycle of growing cells. Just because
lymphocytes have a G1-phase amount of DNA does not
mean that these cells are arrested at a particular point in
the division cycle (see figs 1 and 2).

Finally, and perhaps most important, we do not accept the
notion of a GO phase as being a specific place where
growth-arrested cells come to rest. WWe mention this as a se-
parate item because there has been a proliferation of papers
proposing that cells enter into a special ‘out-of-cycle’
phase, the GO phase. A detailed critique of the GO proposal
for one specific experiment on GO has been published [64,
65]. We are well aware of the ubiquitous nature and widely
used citation of the GO phase (sometimes as GO, some-
times as GO/G1 when a decision between these two phases
is not possible). A complete analysis of the GO problem has
been reviewed ([62], page 402) and the arguments will not
be restated here. The analyses presented in figures 1 and 2
are applicable to the problem of GO cells. Merely because
cells are arrested with a G1-phase amount of DNA does
not mean the cells have accumulated at a particular point in
the cell cycle (G1-phase arrest) or at a particular point out
of the cycle (GO0).

Revisiting experimental support for G1-phase-
specific Rb phosphorylation

Turning now to the direct experimental evidence for
cell-cycle-specific Rb phosphorylation, let us look at an
instructive example [39] where the proposal that Rb
phosphorylation is related to the cell cycle was first
shown by stimulating human peripheral blood lympho-
cytes. Resting lymphocytes had only the least phos-
phorylated Rb. After the cells were stimulated, slower
migrating (i.e. hyperphosphorylated) forms of Rb were
found. As noted above, we do not feel that this
lymphocyte system is a model for the division cycle. An
earlier analysis of c-myc synthesis during the division
cycle demonstrated that such stimulated lymphocytes
could lead to artifacts of interpretation [66]. We suggest
the proper conclusion from the analysis of stimulated
lymphocytes is that resting cells have hypophosphory-
lated Rb protein and when growth is stimulated, Rb pro-
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tein is phosphorylated. That the lymphocytes have a G1-
phase amount of DNA is independent of the phos-
phorylation state of Rb protein.

The second step in their analysis [39] was to study CV1P
cells, a monkey kidney cell line that they proposed ‘can
be synchronized by growth arrest’. Cells were grown to
confluence ‘at which point contact inhibition arrests
further cell division’. The cells were then replated
sparsely in fresh medium ‘to allow the synchronous entry
into the cell cycle’. Following replating, cells were col-
lected at 2-h intervals to examine the phosphorylation
state of Rb protein by western blotting. It was found that
in the ‘growth-arrested cells’ the Rb protein appeared as
a single, least-phosphorylated band. As growth resumed
following replating, the Rb protein was observed to
undergo increasing amounts of phosphorylation as in-
dicated by the retardation of the Rb protein in poly-
acrylamide gels. Similar results were found in T24
bladder carcinoma cell line using an identical protocol.
The conclusions drawn from these experiments are that
‘these results demonstrated that Rb was progressively
phosphorylated during G1 phase and that the maximal
phosphorylation occurred at the G1/S junction. Dephos-
phorylation of Rb was apparent as cells reentered G1°.
The data presented [39] do not fulfill the criteria for
synchronization that we have presented above. One
should consider these confluent cells — and thus growth-
arrested cells — subject to the same analysis that we have
used when describing serum starvation to synchronize
cells. Confluent cells may have a G1-phase amount of
DNA, but these cells are not arrested at a specific pointin
the division cycle. It is most interesting to note that in
these experiments two independent starvation experi-
ments were performed that were offset by 16 h. The first
set covered hours 0—16, and the second set hours 18-32.
(We assume this allowed a more efficient collection
schedule, as two parallel experiments were running
simultaneously.) The early points were plated at 1.5 x 10°
cells per plate, and the later points were on plates with
3 x 106 cells per plate. Whatever conclusions may be
made are thus weakened by the fact that just at the break-
point between the two sets of plates there is a sudden
break in the Rb protein pattern. It is difficult to decide
whether the results observed are due to the experimental
design or due to the starvation-refeeding protocol. A tel-
ling result is the finding that after 32 h of regrowth the
cells resembled an unsynchronized culture. This indicates
that the cells are very likely not synchronized, as a second
cycle of synchrony cannot be observed. In fact, this ob-
servation supports the proposal made in figure 2 where it
is predicted that after approximately one interdivision
time the cells that had a G1-phase amount of DNA will
return to the normal DNA pattern.

The last set of experiments studied cells that were stimu-
lated to differentiate by certain chemical agents. It was
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found that when cells were stimulated to differentiate,
which entails a cessation of growth, there was a loss of
phosphate from Rb protein [39]. The authors suggest that
this result supports the idea of a cell-cycle-specific phos-
phorylation event by stating, ‘Since cellular differen-
tiation is associated with arrest in G0/G1, dephos-
phorylation of Rb in differentiated cells further supported
the conclusion that Rb protein is hypophosphorylated in
non-proliferating cells’. The basic argument is that ar-
resting cells in the G1-phase (i.e. not allowing cells to
perform the G1-phase phosphorylation event) produces
cells with a G1-phase amount of DNA and a hypophos-
phorylated Rb protein.

We suggest an alternative explanation. The cells all even-
tually have a G1-phase amount of DNA because initiation
of DNA replication is prevented and cells in S, G2 and M
phases complete these phases and divide to produce cells
with a G1-phase amount of DNA. Concurrently, and in-
dependently, the Rb protein is dephosphorylated, leading
to a collection of cells with dephosphorylated Rb protein
and cells with a G1-phase amount of DNA.

As we have noted above, the cellular growth state affects
Rb phosphorylation, with a low phosphorylation of Rb
protein associated with poor growth conditions. The dif-
ferentiation studies are consistent with the model we have
proposed and do not directly support the idea that during
the G1-phase there is a specific time when Rb is phos-
phorylated.

A similar critique can be applied to studies of primary
human umbilical vein endothelial cells [29]. These cells
require endothelial cell growth factor for growth; without
this factor, the cells are unable to proliferate. It was con-
cluded that the arrested cells were ‘likely to be in GO/G1°.
As explained above, we do not accept that the factor-
starved cells are equivalent to cells in the G1 phase of a
normal, growing population. Even the use of the word
‘likely” suggests a certain reticence in proposing that the
cells are synchronized. We suggest these cells are actually
growing under suboptimal conditions; this is the reason
that these cells have hypophosphorylated Rb protein. The
appearance of the hypophosphorylated form of Rb was
associated with cell growth arrest, and the hyperphos-
phorylated form was found in cells stimulated to grow.
We accept this experimental result, and as noted above,
we have no disagreement with the experimental observa-
tion. But also as discussed above, the arrested cells are
not models of the G1 phase. Therefore no conclusions can
be made regarding the cycle-specific phosphorylation or
dephosphorylation of Rb.

More to the point is an experiment in which HelLa cells
were grown in spinner culture and separated by elutria-
tion into fractions enriched in the various phases of the
cell cycle. Flow-cytometric analysis of the DNA content
of these cells indicated that the successive fractions went
from 8 to 87% of the cells with a G1-phase amount of
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DNA. Analysis of the Rb protein revealed ‘a dramatic
shift in the mobility of the Rb species ... as cells progress
from G1 to S and G2/M’. The fractions predominantly of
cells with a G1-phase amount of DNA had the hypophos-
phorylated Rb protein, whereas the S and G2/M phase
cells contained the hyperphosphorylated Rb protein. As
can be seen in figure 3, this is just what is expected if,
prior to elutriation, the cells were composed of two popu-
lations: a growing population with cells in all phases of
the division cycle and a nongrowing population due to
contact inhibition of the cells on the surface of a plate.
Although one may call these cells ‘overgrown’, it is pos-
sible to consider (as we have explicitly noted above) such
cells being at a cell density much below what might be
considered a state of overgrowth and still get the prob-
lems illustrated in figure 3.

Additional experiments on the cell cycle relied on a
double block synchrony method with an initial starvation
for methionine (for 48 h) followed by addition of methio-
nine and the simultaneous inhibition of DNA synthesis by
hydroxyurea treatment (16 h) [44]. Growth was allowed
by removing hydroxyurea. The result of this ‘synchro-
nization procedure’ was that the cells with a G1-phase
amount of DNA had hypophosphorylated Rb protein;
after a period of growth, cells with S- and G2/M-phase
amounts of DNA had hyperphosphorylated Rb protein.
As we have explained at length above, we do not accept
that this procedure produces synchronized cells that are a
model of the cell cycle for cells growing exponentially in
medium without inhibition. More to the point, synchro-
nization procedures may and can introduce artifacts that
cannot be eliminated in these doubly inhibited cells. In
particular, the harsh treatment of cells with methionine
starvation followed by hydroxyurea treatment should be
suspect with regard to the introduction of artifacts. The
double inhibition method was followed up by synchro-
nizing cells by serum starvation. We have dealt with this
method above, and can only reiterate our reluctance to
accept serum starvation synchronization as a method
suitable for the analysis of the division cycle.

To summarize our analysis, these results [29] are actually
consistent with our model. We feel that the proper
conclusion is that these experiments do not support the
existence of a G1-phase phosphorylation step.

An example of the relationship between growth rate or
growth state and Rb phosphorylation and how it can ap-
pear as a G1-phase phosphorylation of Rb protein comes
from a study of inhibition of mink lung cells (Mv1Lu) by
TGFB [67]. Cells that were inhibited in their growth,
whether by overgrowth on a plate or by addition of the
inhibitor TGFB, had only hypophosphorylated Rb
protein. When cells that were density-arrested by contact
inhibition were allowed to regrow after trypsinization and
replating, it was observed that the Rb was rephosphory-
lated approximately 2 h before DNA synthesis resumed.
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The conclusion was that Rb protein was phosphorylated
in the late-G1 phase of the cell cycle. Our reading of this
paper leads to a different conclusion. First, the internal
evidence presented in this paper indicates that the cells
are not actually synchronized. This is primarily indicated
by the long times over which a particular event occurs af-
ter synchronization. But second, and more important, all
of the observations in this paper are consistent with the
model proposed here. Specifically, cells that are inhibited
in growth have hypophosphorylated Rb protein and cells
that are allowed to grow have hyperphosphorylated Rb
protein. And the phosphorylation of Rb is not necessarily
a G1-phase specific phenomenon.

Perhaps the best experiments supporting the proposal that
Rb protein is phosphorylated in the G1 phase of the
division cycle are those in which elutriation was used to
study the cell cycle [40]. In these experiments, Hela cells
were analyzed by elutriation in two different ways. First,
cells were synchronized by collecting the early elutriation
fractions (smallest cells) and inoculating these cells into
fresh media to produce synchronized growth through the
division cycle. In theory this method can certainly pro-
duce a synchronized culture. The elutriation procedure is
not subject to the criticisms leveled against starvation
procedures. That the culture was synchronized was in-
dicated by the pattern of G1/S/G2/M phase cells fol-
lowing inoculation. Associated with growth through the
division cycle was a characteristic variation in the phos-
phorylation pattern with the early, youngest cells having
only hypophosphorylated Rb and phosphorylation in-
creasing during S phase. A decrease in phosphorylation
appeared as the cells entered the next G1 phase. Two other
experiments in the same vein were to use elutriation to
prepare cells that were in different phases of the cell
cycle. The pattern of Rb phosphorylation in these fixed
cells was studied, and the results were interpreted ac-
cording to the current model, with hypophosphorylated
cells in the G1 phase and hyperphosphorylation oc-
curring in the later phases of the division cycle.

The model presented in figure 3 explains the two
post-elutriation analyses. If the cells to be analyzed were
grown such that there were two cell populations, a
growing set and a nongrowing set, one would find the
G1-phase cells enriched in arrested cells, and this would
contribute to the picture that G1-phase cells have hypo-
phosphorylated Rb and S, and G2/M phase cells have
hyperphosphorylated Rb. Again, we emphasize that even
cells that are not clearly overgrown may exhibit charac-
teristics of growth arrest due to contact inhibition in
localized regions of the plate. More difficult to explain
are the elutriation synchrony results. Nevertheless, a ca-
reful reading of the experimental protocol suggests that
this experiment must also be reevaluated. In this ex-
periment, the cells were placed at 4 °C before elutriation
and throughout the elutriation procedure. The cells were
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then warmed up to initiate growth. The cells may have
been perturbed by this cooling procedure, and may have
had the Rb protein dephosphorylated. Then, upon in-
oculation into fresh media at 37 °C, a shift-up in tempe-
rature may have caused perturbations and artifacticious
periodicities that led to the observed variation in phos-
phorylation during the synchronized growth.

Whether or not the model we have presented in figure 3
is correct, the analysis we have presented indicates that
the model for cell-cycle-specific phosphorylation of Rb
protein should be reevaluated. Out of the numerous ex-
periments that have been presented as supporting the cur-
rent G1l-phase Rb phosphorylation model, if one dis-
regards experiments that are clearly not able to be used
for analyzing the normal cell cycle (e.g. overgrowth and
dilution of cells, serum starvation, double-block inhibi-
tions), then we feel that perhaps only one paper is able to
support the entire edifice of cell-cycle regulation of Rb
phosphorylation. Clearly, such an important point re-
quires more support and less ambiguous experiments.
We have pointed out that additional support for the
general model of Rb phosphorylation varying during the
cell cycle of growing cells comes from the identification
of a mitotic phosphatase that can remove phosphates
from Rb protein [55, 56]. The inhibitor, nocodazole, was
used to isolate mitotic cells as part of the support for this
proposal of a cell-cycle-specific dephosphorylation step.
However, it is not clear that the phosphatase is present
only in mitotic cells during the normal growth cycle. No
experiments indicate that the specific activity of the phos-
phatase is higher in the nocodazole-inhibited cells, or that
the phosphatase is absent in G1 and S phase cells. Nor are
experiments on exponentially growing cells presented
that indicate that the phosphatase activity is higher in one
specific phase. Even the finding that electroporation of
an active phosphatase into G1 phase cells prevented both
Rb phosphorylation and entry into S phase [68] does not
necessarily support the cycle-specific action of this phos-
phatase. Such an experiment could lead to side effects by
dephosphorylation of many other proteins that could
prevent growth and subsequent entry into S phase. These
experiments are consistent with the view that the
phosphatase leads to arrest with a G1-phase amount of
DNA, but not necessarily arrest in the G1 phase of the
division cycle.

This reanalysis indicates that experiments generally ac-
cepted as directly demonstrating the cell-cycle phase or
G1-phase-specific phosphorylation of Rb protein are
somewhat weaker than previously thought.

In vitro sequential phosphorylation of Rb protein

The most recent model of Rb phosphorylation during the
division cycle is the proposal presented by Harbour et al.
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[50] for the modification of Rb protein by cyclins. The
model is most clearly presented in the conclusion to that

paper:

Our results suggest that phosphorylation of the C-ter-
minal region of Rb by cyclin D-Cdk4/6 triggers an initial
intramolecular interaction with the central pocket domain
that inhibits HDAC binding, thereby blocking active
transcriptional repression by the pocket. This interaction
facilitates a second phosphorylation-independent inter-
action of the C-terminal region with the pocket. The
subsequent interaction is required for cyclin E-Cdk2 to
access S-567, which is buried at the A-B interface. Phos-
phorylation of S-567 disrupts the A-B interface, prevent-
ing Rb from binding and inactivating E2F. In this model,
the Rb functions of active repression and inactivation of
E2F are lost successively through phosphorylation by
cyclin D-Cdk4/6 and then cyclin E-Cdk2, respectively.
Cyclin D-Cdk4/6 is likely to be the kinase that normally
disrupts HDAC binding and blocks active repression in
vivo because it is activated in G1 before cyclin E-Cdk?2
[4]. If this is the case, then during the interval in G1 be-
tween activation of cyclin D-Cdk4/6 and activation of
cyclin E-Cdk2, Rb is not able to actively repress
transcription, but it can still bind and inhibit E2F. In-
activation of E2F would not be prevented until near the
end of G1, when cyclin E-Cdk2 is activated. Such a
progressive loss of activities may allow differential re-
gulation of genes involved in cell cycle progression
and/or apoptosis [50].

As can be seen, the identification of a sequential series of
biochemical transformations of the Rb protein by various
cyclin-dependent kinases is associated with various
stages of the G1 phase. This is summarized in their final
figure (redrawn here as fig. 4) where it is seen that the
transformations are associated with particular phases of
the G1 phase. The problem with this conclusion is that it
is based on the assumption that there is a sequential
activation of the different cyclin-dependent kinases in the
G1 phase. It must be realized that at no point is there any
evidence presented [50] to show that the various trans-
formed states of Rb protein are associated with particular
cell ages during the division cycle. The model presented
in figure 4 is based solely on the assumption that the evi-
dence for sequential appearance and activity of cyclins D
and E is correct. There is no experimental evidence as-
sociating the particular Rb phosphorylation states with
different times during the G1 phase.

The fact that there are sequential biochemical trans-
formations the Rb phosphorylation-E2F release pathway
does not automatically mean that these transformations
are occurring over time. As a trivial counterexample,
merely because there are biochemical transformations in
the synthesis of an amino acid such as phenylalanine does
not mean that these are associated in any way with par-
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Figure 4. The model of Harbour et al. [50], redrawn from their
figure 7. As shown here, ‘phosphorylation of Rb initiates sequential
intramolecular interactions between the C-terminal region and the
pocket domain that result in a progressive loss of Rb functions as
cells move through G1°. The detailed model is discussed fully in the
text.

ticular phases of the cell cycle. Rather, for amino acid
biosynthesis it is assumed that the biochemical transfor-
mations are independent of the cell cycle.

Restatement of the central questions

The questions we pose here may be listed to summarize
the essential points: Are there any experiments demons-
trating sequential phosphorylation of Rb protein at par-
ticular phases of the mammalian division cycle or G1
phase that use unperturbed synchronized cells where the
results are consistent with the criteria for a good
synchrony experiment? and, Are there any experiments
demonstrating any particular variation during the G1
phase of the mammalian division cycle that use unper-
turbed synchronized cells where the results are consistent
with the criteria for a good synchrony experiment?

These questions imply a point that should be explicitly
stated. By emphasizing mammalian cells, it is implied
that evidence in yeast for variation of protein expression
during the division cycle does not relieve us of the
responsibility to demonstrate this variation in mam-
malian cells. The discussion starting this review on the
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distinction between passage through the cell cycle and
cell growth clearly demonstrated that merely aligning
cells with a particular DNA content does not mean that
there is a specific time during the cell cycle at which a
particular function acts or is expressed. A cell function
involved in cell growth during all phases of the division
cycle, when inhibited, could lead to the production of
cells with a G1-phase amount of DNA. It is further im-
plied in the questions posed above that merely demon-
strating that increasing a cyclin leads to the shortening of
the G1 phase does not mean that the cyclin acts during the
G1 phase; it could also mean that the cyclin merely
speeded up growth throughout the cycle [69]. Finally, the
idea of an unperturbed synchrony experiment means that
the synchrony should be such that the cells are not starved
or inhibited in order to produce a culture that is aligned
for a particular property (such as DNA content) where the
cells may not be synchronized and where artifacticious
results may found.

Given these questions, we conclude that it is not clear that
in exponentially growing cells there is a variation in Rb
phosphorylation during the G1 phase of the division
cycle.

Rb protein regulates cell growth, not the cell cycle

A more positive conclusion can actually be drawn from
the almost unremitting negativity of this review. Although
there are problems with the proposal that Rb protein
regulates cell proliferation by a specific cell-cycle regu-
latory pattern or cell-cycle modification program, it is
possible to now clarify how we should describe the action
of Rb protein.

Rb protein regulates cell growth throughout the cell
cycle, and not the passage of the cell through the cell
cycle. As a simple example, let us say that Rb protein
controlled total protein synthesis and regulated the abi-
lity of the cell to transcribe messenger (MRNA) for
protein synthesis. It is proposed here that Rb protein
can have such a function, and control cell proliferation,
without having to propose a cell-cycle-specific function
for Rb protein. If the dephosphorylated form of Rb was
inhibitory for cell growth and mass accumulation, one
would observe cells arrested with a G1-phase amount of
DNA.

The ideas presented here were first enunciated approxi-
mately 2 decades ago [70]. At that time it was proposed
that there are no G1-phase-specific events and that the G1
phase existed when the interdivision time or mass
doubling time of a mammalian cell was greater than the
sum of the S+G2+M phases [62, 69]. According to this
view of the mammalian division cycle, the G1 phase is
the time when biosynthetic processes begun at the start of
the previous S phase are completed. This viewpoint,
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referred to as the continuum model, has been supported
by a large number of experimental observations [62, 71].
The analysis presented here now demonstrates that the Rb
phosphorylation system is consistent with the continuum
model.
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