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Abstract. An analysis of different classes of forced or
batch synchronization methods reveals why these meth-
ods, in theory, do not produce synchronized cultures.
Cells may be aligned for a particular property after spe-
cific treatments, but these aligned cells do not correspond
to any particular cell age during the normal cell cycle.
The experimental methods analyzed are those that arrest

cells with a G1 phase amount of DNA, those that inhibit
DNA synthesis, and those that arrest cells at mitosis. Re-
lease of arrested cells from inhibition does not produce
cells reflecting cells during the normal division cycle.
Thus, cells produced by batch or forcing methods are
not experimental models for analysis of the normal cell
cycle.
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Introduction

Genome-wide analysis of gene expression during the eu-
karyotic division cycle has been examined by a number of
groups in a number of organisms using microarray tech-
nology. This type of analysis has been carried out in yeast
[1, 2], primary human fibroblasts [3, 4], mouse fibro-
blasts [5], and human HeLa cells [6, 7]. From such stud-
ies, the overall and general conclusion is that there are a
large number of genes expressed at particular times dur-
ing the division cycle.

For example, in the budding yeast, Saccharomyces cere-
visiae, 800 genes were found to be periodically expressed
[1]; in mouse fibroblasts, 578 such genes were identified
[5]; in primary human fibroblasts, 700 periodically ex-
pressed genes were proposed to exist [4], and, most re-
cently, more than 850 periodically expressed genes were
identified in HeLa cells [7].

Problems with the large-scale gene analysis with mi-
croarrays to identify cell-cycle-specific expression pat-
terns have been described [8]. More significant, detailed
statistical analyses of the raw microarray data on gene ex-

pression during the division cycle of primary human fi-
broblasts [9] and yeast cells [10] have revealed problems
with the proposal that there exist a large number of cell
cycle specifically regulated genes. These reanalyses were
stimulated by a proposal that the cell cycle is regulated by
the continuous accumulation of material and not by se-
quential activation of specific genes [11—14].

The published analysis of the microarray data on fibro-
blasts serves as an instructive example [9]. A statistical
reanalysis of the original data produced three principal
findings. (i) Randomized data exhibit periodic patterns of
similar or greater strength than the experimental data.
This suggested that all apparent cyclicities in the expres-
sion measurements may arise from chance fluctuations.
(i1) The presence of cyclicity and the timing of peak
cyclicity in a given gene are not reproduced in two repli-
cate experiments. This suggests that there is an uncon-
trolled source of experimental variation that is stronger
than the innate variation of gene expression in cells over
time. (ii1) The amplitude of peak expression in the second
cycle is not consistently smaller than the corresponding
amplitude in the first cycle. This finding places doubt on
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the assumption that the cells are actually synchronized.
The conclusion from this analysis was that the microarray
results do not support the proposal that there are numer-
ous cell cycle specifically expressed genes in human
cells.

Many batch treatments (i.e., treatments that affect all
cells equally) are widely believed to produce synchro-
nized cultures of eukaryotic cells. For example, serum
starvation has been widely used as a synchronization
method. Serum starvation or low serum concentration is
believed to arrest cells at a particular point in the cell cy-
cle. The arrested cells with a G1 phase amount of DNA
are proposed to be arrested at this point in the G1 phase
or in what is generally called the GO phase. Upon restora-
tion of serum, these arrested cells are assumed to pass
synchronously through the cell cycle. Many methods re-
lated to serum starvation may be grouped as methods that
arrest cells at a specific point in the G1 phase, sometimes
referred to as the ‘restriction point.” Other synchroniza-
tion methods such as the double-thymidine block method
or hydroxyurea inhibition affect DNA synthesis and are
proposed to arrest cells in S phase. A third class of batch
synchronization methods arrests cells at mitosis.

A reappraisal of these different ‘synchronization’ meth-
ods is presented here. For the batch synchronization
methods, theoretical problems argue against their use for
understanding the normal cell cycle. Cells treated to star-
vation or inhibition methods are neither synchronized nor
representative of cells at any particular stage of the cell
cycle.

Cell growth during the division cycle

A synchronized culture is one where cells pass through
the division cycle as a relatively uniform cohort and rep-
resent, at different time points, cells of different cell cy-
cle ages. In passing through the cell cycle a newborn eu-
karyotic cell first passes through the G1 phase (absence
of DNA synthesis), then S phase (period of DNA synthe-
sis), then G2 phase (absence of DNA synthesis), with di-
vision occurring at M phase (mitosis). If many cells in a
culture approximate this pattern as a group, these cells
would be called a synchronized culture.

A culture does not have to have ‘perfect’ synchrony to be
called synchronized. There is stochastic variation in in-
terdivision times. If a cell in exponential growth had a
measured doubling time of 20 h (i.e., an average interdi-
vision time of 20 h), it might be expected that in a well-
synchronized culture started with a pure collection of
newborn cells, a large majority of cells would divide be-
tween 18 and 22 h. Even a lower-resolution synchrony,
with most of the cells dividing between 17 and 23 h might
be acceptable for some purposes. So the discussion here
is not related to whether the synchrony is good, or good
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enough, but rather to whether the methods, in theory, can
produce a synchronized culture.

A single cell passing through the cell cycle has two at-
tributes. At each time point during the division cycle a
cell has a particular DNA content and a particular cell
mass. During steady-state exponential growth, the cell
mass must increase during the division cycle, as a mother
cell must have, on average, twice as much mass as a new-
born cell. As cytoplasm is made in all phases of the cell
cycle, it follows that the cell mass varies throughout the
cell cycle. At each time point during synchronized
growth, a synchronized culture should (on average) re-
flect in individual cells the cell mass and the DNA con-
tent of unperturbed cells. Beside the average DNA con-
tent and mass, there should be a relatively narrow spread
in these cell characteristics so that cells in the synchro-
nized culture can be considered equivalent to some par-
ticular cell at some particular cell cycle age in a normal
culture.

The concept of continuous change during the cell cycle is
not restricted to cell mass. One can substitute a particular
‘trigger’ molecule, or ‘any molecule,” or group of mole-
cules for the generalized term ‘mass.” The proposal here
is not that mass per se is the initiating or controlling fac-
tor of the cell cycle. It may be. But if a synchronized cul-
ture does not reflect the normal, unperturbed DNA-mass-
molecule synthetic pattern during the cell cycle, the bur-
den of proof that such a culture is normal rests on those
studying that synchronized culture. As will be shown be-
low, merely aligning cells with some particular property
(e.g., all cells with a G1 phase DNA content, or all cells
arrested in mitosis) is not equivalent to producing a syn-
chronized culture where the cells reflect the normal phys-
iology of a growing cell.

Underlying the analysis presented here is the assumption
that the purpose of synchronization is not merely to ob-
tain a set of starting cells that have some cell characteris-
tic uniformly present in all cells (e.g., all cells with a G1
phase DNA content). Rather, the purpose of synchroniza-
tion is to obtain a culture of cells mimicking the normal,
unperturbed cell cycle. Expanding on this idea, the analy-
sis below proposes that ‘batch’ procedures where all cells
in an exponentially growing culture are treated identically
cannot, in theory, synchronize cells. Put another way,
even cells that have one characteristic in common are not
synchronized if this common feature was produced by a
batch treatment (i.e., all cells treated identically).

One of the most common observations regarding batch
methods of synchronization is that the synchrony rapidly
decays, so that a second cycle is rarely studied or ob-
served. The general explanation for this lack of a second
cycle is that interdivision time variability leads to a rapid
decay in synchrony. The development of the membrane-
elution synchronization method, and the results from that
method, presented in the following section, suggest that a
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more appropriate conclusion from the lack of a second
cycle of synchrony in batch-synchronized cells is that the
cells were not really synchronized.

Membrane-elution:
a new standard for synchronization

The recent development of a new method for cell syn-
chronization emphasizes the problems inherent in the
batch synchronization methods. This method was devel-
oped by Charles Helmstetter after many years of effort
[15]. The history of this development has been described
[16]. In membrane-elution, exponentially growing cells
are bound to a membrane. Cells grow normally on the
membrane. At division, one of the daughter cells remains
attached to the membrane while the other daughter cell is
released into the eluate. Temperature and medium are
maintained constant throughout the procedure. In a typi-
cal membrane-elution synchronized culture, one can pro-
duce three clear synchronized divisions with clear
plateaus between the doublings in cell number.

DNA content distributions as well as size distributions in-
dicate that the cells eluted from the membrane-elution ap-
paratus reflect the normal pattern of growth during the di-
vision cycle. The newborn cells are appropriately small
(equivalent in size to the cells at the low-size end of the
size distribution of the exponential culture) and these
newborn cells have a G1 phase DNA content. The mem-
brane-elution method therefore shows that without any
starvation, one can have a narrowing in the size distribu-
tion and a narrow DNA content that reflects the normal
cell cycle.

The phrase ‘narrow size distribution,” must be clarified. If
a normal culture has cell sizes ranging from size 1 to 2, it
is not a narrowing of size distribution to produce a culture
that has a size distribution from 0.75 to 1.5. Although in
the normal culture, the absolute difference is 1.0 between
the largest and smallest and only 0.75 for the ‘synchro-
nized’ culture, what really counts is the ratio of the largest
to the smallest cells in a culture. A narrowing would oc-
cur only if there was a significant decrease in the ratio of
largest to smallest cell sizes from 2.0 to something like
I.1or1.2.

In what follows, the theoretical expectations of three dif-
ferent batch methods are compared for DNA contents and
expected size distributions. The results obtained with
other methods will be compared to those cells produced
by the membrane-elution method.

Analysis of batch/forcing synchronization

The analysis of synchronization methods is presented in
a series of four tables. Table 1 describes the DNA and cell
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mass configurations of cells during steady-state growth
without any synchronization or inhibition. One purpose
of this first table is to explain how to read the events as
the initial cells move through time — that is, down each
column. The subsequent three tables then go through the
different classes of synchronization illustrating why these
methods do not work. Analysis of the methods is pre-
sented primarily in the table legends, with the text merely
putting the analysis in perspective. Following the analysis
of the tables, a diagrammatic summary of tables 1—4 is
presented in figure 1.

Steady-state growth

The pattern of mass increase, DNA replication, and cell
division for an exponentially growing culture is presented
in table 1. Each of the initial cells (top row is time zero)
should be followed down each column to follow the his-
tory of each initial cell. (The attribution of size 1.05 to the
youngest cell in the first line is due to the use of the last
size in the age bin as the size for the bin. Thus, for 14 cells
in the first line, the sizes of the youngest cells go from 1.0
to 1.05. It should not be considered that the first line are
cells at some later time, because there is an instant at
which the experimental starvation starts.) The top line in
table 1 represents the initial cells at various stages during
the division cycle. By following each cell down each col-
umn, one can see what happens to each individual cell af-
ter time zero. When a cell divides, the mother cell mass is
apportioned equally to the two daughter cells. Cells di-
vide at mass 2.00 but the daughter cells are not illustrated
immediately after this division but 0.07 (one-fourteenth)
of a cell cycle later. At this time, during steady-state
growth, the daughter cells are of size 1.05.

During steady-state growth (table 1), across any row, the
DNA pattern as well as the cell mass pattern are invariant.
There are always five cells with a G1 phase amount of
DNA, four in S phase, four in G2 phase, and one in M
phase. Mass increases within each row from 1.05 to 2.00,
although the columnar location of the largest and small-
est cells varies during the period of steady-state growth.

G1 phase arrest

The consequences of inhibition of mass increase is con-
sidered in table 2. Although the analysis presented in
table 2 is phrased in terms of mass increase, it can apply
to any method that is proposed to arrest cells with a G1
phase amount of DNA or, as usually phrased, ‘in G1
phase.’ Thus, alpha factor arrest in yeast, arrest at the ‘re-
striction point,” and even quiescence or G(0) arrest are
considered in this analysis. The detailed analysis is pre-
sented in the accompanying legend.
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Table 1. Steady-state growth.

Gl
Gl
Gl

G2 1.64
G2 1.72
G2 1.81
G2 1.90
M 2.00
G1 1.05
G1 1.10

G2 1.72
G2 1.81
G2 1.90
M 2.00
G1 1.05
G1 1.10

G2 1.81 G2 1.90
G2 1.90 M 2.00
M 2.00 G1 1.05
G1 1.05 G1 1.10
G1 1.10 GI 1.16 GI 1.22
Gl 1.16 GI 1.22 GI 1.28
Gl 1.16 G1 1.22 GI 1.28 S 1.35
Gl 1.16 G1 1.22 G1 1.28 S 135S 141
190 M 2.00 G1 1.05 G1 1.10 G1 1.16 GI1 1.22 GI 1.28 S 135S 141 S 149
2.00 G1 1.05 GI 1.10 G1 1.16 G1 1.22 G1 1.28 S 135S 141 S 149 S 1.56
1.05 G1 1.10 G1 1.16 G1 1.22 G1 1.28 S 135S 141 S 149 S 1.56 G2 1.64
1.10 GI 1.16 GI 1.22 G1 128 S 135S 141 S 149 S 156 G2 1.64 G2 1.72
1.16 G1 1.22 G1 1.28 S 135S 141 S 149 S 156 G2 1.64 G2 1.72 G2 1.81
122 G1 128 S 135S 141 S 149 S 156 G2 1.64 G2 1.72 G2 1.81 G2 1.90
128 S 135S 141 S 149 S 156 G2 1.64 G2 1.72 G2 1.81 G2 1.90 M 2.00
H

M 2.00
Gl1 1.05
G1 1.10
Gl 1.16

1.05
1.10
1.16 Gl
Gl 1.22 GI
Gl 1.28 S
S 135S
S 141 S
S 149 S
S 1.56 G2
1.64 G2
1.72 G2
1.81 G2

Gl
Gl

1.10 GI 1.16 GI 1.22
1.16 Gl 1.22 G1 1.28 S
122 G1 1.28 S 135 S
128 S 135S 141 S
135S 141 S 149 S
141 S 149 S 156 G2
149 S 1.56 G2 1.64 G2
1.56 G2 1.64 G2 1.72 G2
1.64 G2 1.72 G2 1.81 G2
1.72 G2 1.81 G2 1.90 M
1.81 G2 1.90 M 2.00 G1
190 M 2.00 G1 1.05 Gl
1.90 M 2.00 G1 1.05 G1 1.10 G1
2.00 G1 1.05 G1 1.10 GI 1.16 Gl
11.05 G1 1.10 G1 1.16 G1 1.22 GI
L

1.28 S
1.35 S

135S 141 S 149 S 1.56
141 S 149 S 1.56 G2 1.64
141 S 149 S 156 G2 1.64 G2 1.72
149 S 1.56 G2 1.64 G2 1.72 G2 1.81
1.56 G2 1.64 G2 1.72 G2 1.81 G2 1.90
1.64 G2 1.72 G2 1.81 G2 1.90 M 2.00
1.72 G2 1.81 G2 1.90 M 2.00 G1 1.05

1.81 G2 1.90 M 2.00 G1 1.05 G1 1.10

Each vertical column illustrates the stage of the cell cycle (i.e., G1, S, G2, or M) and the relative cell mass (the number) for cells growing
exponentially without inhibition. The cell at the upper left just started G1 phase a short time earlier. It moves through G1, S, and G2 phases
(moving down the column) to divide at mitosis (M phase) to produce a cell with a G1 phase amount of DNA (lower left). The first row
across the top of the table shows the stage of the cell cycle (as in the vertical column, with G1, S, G2, and M indicated) and the relative cell
masses for cells throughout the cell cycle at the start of the analysis. These cells have the same DNA contents and cell masses presented
horizontally as in the first column presented vertically. The cells across the first row each represent a cell during one-fourteenth of the cell
cycle. At the start of the analysis (first row across top of table), the first five cells are in G1 phase, the next four cells are in S phase, four
cells follow in G2 phase, and one cell represents the final cell at division, in M phase. The numerical values accompanying the DNA de-
scriptions indicate the cytoplasmic mass of cells with the mass increasing exponentially during the cell cycle. A newborn cell has a mass
of 1.0, a dividing cell has a mass of 2.00, and a cell of age 0.07 (one-fourteenth of the cell cycle time) has a mass of 1.05. Each of these
initial cells (top row) can now be followed down each column during a period of time equivalent to one interdivision time. Each of the cells
increases in mass, the cells pass through the DNA phases of the cell cycle, and at M phase, the cells divide. The first cell (upper left) goes
through G1 phase, enters S phase at size 1.35, enters G2 phase at size 1.64, and divides at size 2.00 to produce a cell with a G1 phase amount
of DNA and size 1.05 after passing through a short period (0.07) of the next cell cycle. The bold, underlined values indicate that a newborn
cell has been produced. The mass in these cells is halved as two daughter cells are produced at mitosis. The cell masses are given on a ‘per
cell’ basis. Thus, in the first column, the cell in M phase divides at size 2.00 producing two cells of size 1.00; after 0.07 of a cell division
cycle, the two cells each have a size of 1.05. Below the first column is an ‘L’ and below the last column is an ‘H.” These letters indicate in
this and subsequent tables, the highest and lowest masses present in the cells after a period equivalent to one full interdivision time. At the
end of one interdivision time, and during the entire period of growth, the cell masses spread over a factor of 2.00, just as in the original cul-
ture. The smallest cell is always 1.05 (note, this cell is age 0.07) and the largest (age 1.00) is mass 2.00.

The assumption on which the analysis in table 2 is based
is that initiation of S phase requires the accumulation of
some cellular element or elements to a certain level. In
the steady-state condition (table 1), this value is 1.35. Ifa
cell does not reach this value by continued mass increase,
S phase initiation is prevented. Again, mass per se is not
proposed to initiate S phase. It may be the accumulation
of some specific molecule that reflects cell mass or is a
constant proportion of cell mass.

When mass increase ceases, the cells in S, G2, and M
phases continue through these phases to divide and pro-
duce two daughter cells. As mass did not increase, we get
some cells that are relatively small compared to the ini-
tial culture (lowest row, table 2). In this idealized exam-
ple, all cells in S, G2, and M phases are assumed to pro-
ceed to division. The definition of a culture ‘arrested
with a G1 phase amount of DNA’ (or as usually phrased,
‘arrested in G1 phase’), means that all cells in S, G2, and
M phases must proceed to division. It has not been pro-
posed that cells with greater than a G1 phase amount of
DNA regress backwards through the cell cycle, reducing

their DNA content to arrive at the G1 phase amount of
DNA.

One can substitute for ‘mass’ any process that accumu-
lates continuously through the cell cycle. The numbers in
the column may refer to the relative amount of some trig-
ger molecule. One can inhibit a process that is indepen-
dent of the cell cycle (e. g., mass increase) and get cells all
with a G1 phase amount of DNA. Are these cells ‘in G1
phase?’” The answer given here is no. The cells all have
different cell masses, and the spread in cell mass ranges
over a factor of 2.0. For a culture to be synchronized, the
cell masses should have a narrower range than the cell
mass range in the original culture.

Inhibition of DNA synthesis

Table 3 illustrates inhibition of DNA replication as a syn-
chronizing method. During inhibition of DNA synthesis,
mass increases allowing cells to pass through the G1, G2,
and M phases of the cell cycle to produce cells that are ar-
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Table 2. Inhibition of mass synthesis, or arrest with a G1 phase amount of DNA.

Gl 1.05 GI 1.10 GI 1.16 GI 1.22 G1 128 S 135S 141 S 149 S 156 G2 1.64 G2 1.72 G2 1.81 G2 1.90 M 2.00
G1 1.05 GI 1.10 GI 1.16 G1 1.22 G1 128 S 135S 141 S 149 G2 1.56 G2 1.64 G2 1.72 G2 1.81 M 1.90 G1 1.00
G1 1.05 GI 1.10 GI 1.16 G1 1.22 G1 128 S 135S 1.41 G2 149 G2 1.56 G2 1.64 G2 1.72 M 1.81 G1 0.95 G1 1.00
Gl 1.05 GI 1.10 GI 1.16 GI 1.22 G1 1.28 S 1.35 G2 1.41 G2 1.49 G2 1.56 G2 1.64 M 1.72 G1 0.91 GI 0.95 G1 1.00
G1 1.05 G1 1.10 GI 1.16 GI 1.22 G1 1.28 G2 1.35 G2 1.41 G2 1.49 G2 1.56 M 1.64 G1 0.86 G1 091 GI 0.95 G1 1.00
G1 1.05 GI 1.10 GI 1.16 GI 1.22 G1 1.28 G2 1.35 G2 1.41 G2 1.49 M 1.56 G1 0.82 G1 0.86 G1 091 GI 0.95 Gl 1.00
G1 1.05 GI 1.10 GI 1.16 GI 1.22 G1 1.28 G2 1.35 G2 1.41 M 1.49 G1 0.78 G1 0.82 G1 0.86 G1 091 GI 0.95 Gl 1.00
Gl 1.05 GI 1.10 G1 1.16 G1 1.22 G1 1.28 G2 1.35 M 141 G1 0.74 G1 0.78 G1 0.82 G1 0.86 G1 0.91 GI 0.95 GI1 1.00
G1 1.05 GI 1.10 GI 1.16 GI 1.22 G1 1.28 M 1.35 G1 0.71 GI 0.74 G1 0.78 G1 0.82 G1 0.86 G1 0.91 GI 0.95 Gl 1.00
Gl 1.05 GI 1.10 GI 1.16 GI 1.22 G1 1.28 G1 0.67 G1 0.71 GI 0.74 G1 0.78 G1 0.82 G1 0.86 G1 0.91 GI 0.95 Gl 1.00
G1 1.05 G1 1.10 GI 1.16 GI 1.22 G1 1.28 G1 0.67 G1 0.71 GI 0.74 G1 0.78 G1 0.82 G1 0.86 G1 0.91 GI 0.95 G1 1.00
G1 1.05 GI 1.10 GI 1.16 GI 1.22 G1 1.28 G1 0.67 G1 0.71 GI 0.74 G1 0.78 G1 0.82 G1 0.86 G1 0.91 GI 0.95 Gl 1.00
Gl 1.05 GI 1.10 GI 1.16 GI 1.22 G1 1.28 G1 0.67 G1 0.71 GI 0.74 G1 0.78 G1 0.82 G1 0.86 G1 0.91 GI 0.95 GI1 1.00
G1 1.05 G1 1.10 GI 1.16 GI 1.22 G1 1.28 G1 0.67 G1 0.71 GI 0.74 G1 0.78 G1 0.82 G1 0.86 G1 0.91 GI 0.95 GI 1.00
G1 1.05 GI 1.10 GI 1.16 GI 1.22 G1 1.28 G1 0.67 G1 0.71 GI 0.74 G1 0.78 G1 0.82 G1 0.86 G1 0.91 GI 0.95 G1 1.00

H L

The top row shows (as in table 1) cells in all phases of the division cycle at the start of the experiment. At the start of the experiment mass
synthesis is inhibited. This means that the cell masses in the first five columns do not change throughout the period of analysis. Further-
more, these cells do not start S phase as they never reach size 1.35, the size associated with the initiation of S phase or DNA synthesis. The
cells are thus fixed in size and DNA content for the period of analysis. In each column, we observe what is happening to the cells in the
initial culture. All cells do not react identically to the mass inhibition. Cells in columns 6—14 can eventually divide. In these columns, the
total mass, as in columns 1-5, does not increase. However, cells can divide after passing through an S, G2, and M phase. At division there
is a halving of the available mass (newborn cells again being indicated by bold and underlining). At the end of the experiment, all cells have
a G1 phase amount of DNA, but the sizes of the cells are not equivalent. As in table 1, an ‘H” and an ‘L indicate the highest and lowest cell
masses after starvation for one full interdivision time. The masses in the bottom row range from 0.67 to 1.28. Two points should be noted.
The spread in cell masses in the bottom row is twofold, equivalent to the spread in cell masses in the original cells (sizes 1.0 to 2.0). Sec-
ond, there are cells that are smaller than any of the G1 phase cells in the original culture (sizes 0.67 to 0.95 in the bottom row). Upon re-
sumption of mass synthesis, the cell in column 5 (mass 1.28) would be expected to achieve mass 1.35 (the start of S phase mass) before
other cells. With time, cells with lower masses (e.g., 1.22, 1.16, 1.10, 1.05, 1.00, 0.95, 0.91, 0.86, 0.82. 0.78, 0.74, 0.71, and finally 0.67)
would achieve a mass equivalent to that required for initiation of S phase (mass 1.35). Thus, the initiation of S phase would not be syn-
chronous but would be spread over a time equivalent to that of one full doubling time. This is because one full doubling time would be
needed for the cell of mass 0.67 to reach a mass of 1.35, which is associated with initiation of S phase.

Table 3. Inhibition of DNA synthesis.

Gl 1.05 GI 1.10 GI 1.16 G1 1.22 G1 128 S 135S 141 S 149 S 156 G2 1.64 G2 1.72 G2 1.81 G2 1.90 M 2.00
G1 1.10 G1 1.16 GI 122 G1 128 S 135S 141 S 149 S 15 S 1.64 G2 1.72 G2 1.81 G2 1.90 M 2.00 G1 1.05
Gl 1.16 G1 1.22 G1 128§ 135S 141 S 149S 156 S 164 S 172 G2 181 G2 190 M 2.00 G1 1.05 G1 1.10
Gl 122 G1 1.28 8§ 135S 141S 1498 156S 164S 172 S 181 G2 190 M 2.00 G1 1.05 GI 1.10 G1 1.16
Gl 1288 1358 141§ 1498 1568 164S 1728 181 S 190 M 200 G1 1.05 GI 1.10 GI 1.16 G1 1.22
S 1358 1418 149§ 1568 1648 172S 181 S 190 S 200 G11.05 G1 1.10 G1 1.16 G1 1.22 GI 1.28
S 1418 1498 1568 164§ 172§ 181S 1908 200S 210 GI 1.10 G1 1.16 G1 1.22 G1 1.28 § 1.35
S 1498 1568 164 S 1728 181S 190S 200S 210S 221 Gl 1.16 G1 1.22 G1 1.28 § 135§ 1.41
S 1568 1648 172§ 181§ 190S 200S 210S 221 S 232Gl 122 G1 128§ 1358 141§ 149
S 1648 1728 181§ 190§ 200S 210S 221 S 232S 244 Gl 1288 135S 141 S 149§ 156
S 1728 1818 190§ 2008 210S 221 S 2328 244 S 2568 135S 141 S 149S 1568 1.64
S 1818 1908 200§ 210§ 221 S 232S 244 S 256S 2698 141S 1498 15 S 164 S 172
S 1908 2008 210§ 221 S 232§ 244 S 2568 269S 283 S 1498 1568 164 S 172§ 1381
S 2008 2108 221§ 2328 244 S 256 S 269S 283S 2978 1568 1648 1728 181§ 190
S 2108 221§ 2328 244§ 2568 269S 2838 297S 3128 164 S 1728 181§ 190§ 200

H L

The cells in a growing culture (top row) are subjected to inhibition of DNA replication for a period equivalent to one interdivision time. In
this case, we assume some condition is imposed that specifically inhibits DNA synthesis from occurring. As in tables 1 and 2, the top row
shows the starting cells with a given pattern of DNA contents and cell mass increasing exponentially during the division cycle. Cells in S
phase remain in S phase although mass increases. These cells do not divide, as they never complete S phase. Cells in G1 phase increase
mass and then presumably ‘initiate’ S phase although no DNA replication occurs because DNA synthesis, by definition of the experiment,
is inhibited. In this case, the ‘initiation’ of S phase without subsequent DNA synthesis means that the cells have achieved the ability to ini-
tiate DNA replication. Cells at the start of S phase (in this nascent synthetic state) are indicated by italics. Cells in the G2 phase complete
the G2 phase, perform mitosis, divide, pass through G1 phase, and then arrive at the start of S phase (again indicated by italics). At the end
of the period of DNA inhibition, all cells are shown ‘in S phase’ or at the ‘start of S phase,” but these cells all have different cell masses,
ranging from 1.64 to 3.12. (The ‘H’ and ‘L indicate the smallest and largest cells in the culture.) Upon release from inhibition of DNA repli-
cation, there may be a rapid synthesis of DNA, but subsequent initiations of DNA replication would be spread out in time (asynchronous)
because of the variation in cell masses at the time that DNA replication was permitted to occur.
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rested either at the start of S phase (italicized S in table 3),
or in mid S phase for those cells caught in S phase at the
moment of inhibition of DNA replication.

By following each of the initial cells (top row) down each
column, one can see that after a period of inhibition, a
collection of cells is produced with varied sizes. The
spread in cell sizes is no narrower than that in the original
culture (from 1.64 to 3.12, compared to 1.05 to 2.00).
Thus, as with the analysis in table 2, no synchronization
has taken place.

Mitotic arrest

Table 4 shows the results obtained after an inhibition of mi-
tosis. The classical inhibitor for such a process is nocoda-
zole. As cells are arrested in M phase, a collection of cells
is obtained with varying sizes spread over a factor of 2.00
(from 2.10 to 4.00). None of these cells after a period of in-
hibition reflects any of the normal cells in a culture.

Upon arrest of cells with condensed chromosomes in mi-
tosis, mass synthesis may cease. In this eventuality, cells
would be arrested with a common DNA configuration
(condensed chromosomes) and a common mass (size 2.0
as indicated in table 4 for cells in mitosis). In this case, if
one starved cells for one cell interdivision time, the first
cell arriving at mitosis would be inhibited for one cell in-
terdivision time, and the last cell arriving at mitosis
would be inhibited for essentially no time. Thus the his-

Table 4. Inhibition of mitosis or entry into mitosis.

Synchronization of mammalian cells

tory of the cells with apparent physical similarities is
quite different, with cells having major differences in res-
idence in arrest conditions. The burden of proof rests on
those that use mitotic inhibition to demonstrate that cells
inhibited in mitosis are not affected by this variable his-
tory and that they are actually synchronized and exhibit
synchronized divisions.

The results in tables 1—4 are illustrated in figure 1. Ac-
cording to the analyses in tables 2—4, the ‘synchroniza-
tion” methods analyzed do not produce cells that have a
narrow size distribution and a narrow DNA content dis-
tribution. One can contrast this result with the theoretical
results from a selective method.

Uses of cells arrested with a particular cell property

There may be reasons to use some inhibition method to
produce a particular set of cells. For example, one may
wish to get a group of cells with chromosomes condensed
so that there can be isolated. There is nothing wrong with
this. Some cell fusion/cloning experiments (‘Dolly’-like
cloning) may work best with cells with a particular DNA
content. What is argued here is that the methods used to
produce a culture of cells that have a particular property
in common should be restricted to the study of that prop-
erty. These cells should not be called synchronized.

Similarly, cells arrested by a particular batch procedure
may produce periodic expression patterns following re-

G1 1.05 G1 1.10 GI 1.16 GI 1.22 G1 1.28 S 135S 141 S 149 S 156 G2 1.64 G2 1.72 G2 1.81 G2 1.90 M 2.00
G1 1.10 GI 1.16 GI 122 G1 128 S 135S 141 S 149 S 156 G2 1.64 G2 1.72 G2 1.81 G2 1.90 M 2.00 M 2.10
Gl 1.16 G1 1.22 G1 1.28 S 135S 141 S 149 S 156 G2 1.64 G2 1.72 G2 1.81 G2 190 M 2.00 M 2.10 M 221
Gl 122 G1 128 S 135S 141 S 149 S 156 G2 1.64 G2 1.72 G2 1.81 G2 190 M 2.00 M 210 M 221 M 232
Gl 128 S 135S 141 S 149 S 156 G2 1.64 G2 1.72 G2 181 G2190 M 200 M 210 M 221 M 232 M 244
S 135S 141 S 149 S 156 G2 1.64 G2 1.72 G2 1.81 G2 190 M 2.00 M 210 M 221 M 232 M 244 M 2.56
S 141 S 149 S 156 G2 1.64 G2 1.72 G2 1.81 G2 190 M 200 M 210 M 221 M 232 M 244 M 256 M 2.69
S 149 S 156 G2 1.64 G2 1.72 G2 1.81 G2 1.90 M 200 M 210 M 221 M 232 M 244 M 256 M 269 M 2.83
S 1.56 G2 1.64 G2 1.72 G2 1.81 G2 190 M 200 M 210 M 221 M 232 M 244 M 256 M 269 M 283 M 2.97
G2 1.64 G2 1.72 G2 1.81 G2 190 M 200 M 210 M 221 M 232 M 244 M 256 M 2.69 M 283 M 297 M 3.12
G2 1.72 G2 1.81 G2 190 M 200 M 210 M 221 M 232 M 244 M 256 M 269 M 28 M 297 M 3.12 M 3.28
G2 181 G2190 M 200 M 210 M 221 M 232 M 244 M 256 M 269 M 283 M 297 M 312 M 328 M 3.45
G2 190 M 200 M 210 M 221 M 232 M 244 M 256 M 269 M 283 M 297 M 3.12 M 328 M 345 M 3.62
M 200 M 210 M 221 M 232 M 244 M 256 M 269 M 283 M 297 M 312 M 328 M 345 M 3.62 M 3.81
M 210 M 221 M 232 M 244 M 256 M 269 M 283 M 297 M 312 M 328 M 345 M 3.62 M 381 M 4.00
L H

Assume that some compound inhibits completion of mitosis or entry into mitosis. This is added to the initial cells (first row). Because cell
division is inhibited, and in the case illustrated here we assume that mass synthesis increases unabated, the cells pass through the phases of
the cell cycle (G1 to S to G2 to M), and arrest with an M phase DNA configuration. Mass increases continuously and exponentially and as
there is no cell division, there is no point at which mass is halved between two daughter cells. At the end of the incubation period, the cells
all have an M phase DNA configuration and the cell masses range from 2.10 to 4.0. Again, the spread in cell masses ranges over a factor
of 2.0, similar to the range in mass sizes of the initial culture (1.05 to 2.0). Upon release from inhibition, one may envision a synchronous
cell division if all cells complete M phase at the same time, but the next initiation would vary over time as the cell masses after the cell di-
visions would vary from 1.05 to 2.0. Some cells would have a mass greater than that required for initiation of S phase (1.35), while others
would have to increase mass to reach 1.35. Thus there would not be a synchronous initiation of S phase after the mitotic period. Also
observe that the cells in M phase have masses between 2.10 and 4.00 which is not like the maximum masses of 2.0 of the original cells (up-
per right corner).
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Figure 1. Diagrammatic representation of the results derived in tables 1—4. (4) The final result from table 1, steady-state growth. (B) The
final result from table 2, inhibition of mass increase leading to cells arrested with a G1 phase amount of DNA. (C) The final result in table
3, arrest of cells by inhibition of DNA replication. (D) The final result from table 4, arrest of cells at mitosis.

lease from inhibition. But these patterns of gene expres-
sion should be stated as being related to this or that treat-
ment. Whether or not the periodicity reflects the normal
pattern of gene expression is a separate question.

Supporting experimental results

Experimental support of the proposal made here is pri-
marily a pattern of omission of successful synchroniza-
tion results. For all of the hundreds or thousands of ex-
periments where cells are ‘synchronized’ using batch or
forcing methods, a cell-synchrony curve is rarely pic-
tured. Some of these synchrony experiments present
FACS analyses of cellular DNA contents following re-
lease from growth arrest. Yet even these are generally not
supportive of synchronization.

However, there are occasional papers that present experi-
mental data supporting the proposal made here, that batch
synchronization methods do not actually synchronize
cells. An experiment with cells arrested with a G1 phase
amount of DNA (described as synchronization by the au-
thors [17]) did not show the expected DNA patterns after
release from arrest [17, 18]. An analysis of an experiment
using a double-thymidine block (DNA inhibition) [4] also
did not support the proposal of synchronization [9]. The
use of lovastatin to synchronize cells [19] and to arrest
cells ‘in G1 phase’ [20, 21] was shown to have an alter-
native explanation, with the cells neither synchronized

nor arrested ‘in G1 phase’ [22]. An analysis of the classi-
cal restriction point proposal also revealed problems with
the proposal that cells are arrested at a particular point in
the G1 phase, generally called the ‘restriction point’ [23].
Thus there is support for the proposals made here. Be-
cause negative results where cells after treatment are not
observed to be synchronized are usually not published,
there is a bias against finding non-synchronization results
in the literature. That there are many such reports sug-
gests that the inability to synchronize cells may be more
common than the literature would suggest.

The recent study of gene expression during the division
cycle of HeLa cells [7] contains what may arguably be the
best evidence in support of the proposals made here. Two
of the methods used, a double-thymidine block and a
thymidine-nocodazole block were analyzed by FACS de-
termination of DNA contents of cells after release from
the arrest procedures. Although the text of the paper pro-
poses that the cells were synchronized, the results pre-
sented in their figure 1 suggest otherwise. The double-
thymidine block has the initial cells with what appears to
be an excess of DNA (8n compared to 4n normally found
at later times), and the DNA patterns, while suggestive,
are not clearly indicative of unperturbed synchronization.
Similarly for the thymidine-nocodazole blocked cells
where at 12 h there were cells from all phases of the cell
cycle present, rather than cells from only one or at most
two phases of the cell cycle as expected. A comparison of
the HeLa results to synchronization using the membrane-
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elution method [15] clearly indicates that the HeLa cells
were not synchronized.

Criteria for successful synchronization

It is proposed here that there is no arrest or batch syn-
chronization procedure that can bring all aspects of the
cell into a common state. If one process of a cell is ar-
rested, other processes continue. This conclusion is most
evident in the literature on arrest with a G1 phase amount
of DNA. Starvation of the cell for a required nutrient that
presumably arrests mass synthesis (e. g., starvation for an
amino acid stops protein synthesis) can lead to cells with
a G1 phase amount of DNA. This requires that cells in S
phase or G2/M phase at the time of arrest complete these
processes and divide to produce cells with a G1 phase
amount of DNA. Similarly for inhibition of DNA synthe-
sis, where inhibition of DNA replication need not affect
protein or mass synthesis. This produces a population of
cells that may have one property in common, but all other
aspects of the cell are as spread out as in the original cul-
ture.

The proposal made here is best summarized in three cri-
teria for a successful synchronization. One criterion is
that the DNA pattern or content in the initial cell popula-
tion should be uniform in the initial cells. The second cri-
terion is that the size distribution of the initial cells should
be narrower than the size distribution of the initial cells.
And finally, and most important, the third criterion is that
the synchronized culture should exhibit synchronized cell
divisions. Unless one can theoretically describe a system
to produce cells that have a narrow size distribution and a
narrow DNA distribution and synchronized divisions, it
is not clear that one can synchronize cells by non-selec-
tive (i.e., batch) methods.

I do understand that many researchers believe that cells
arrested with a common cell property (i.e., all cells with
a G1 phase amount of DNA) are the ‘same.” But this is
merely a belief. Until the methods are shown to work to
produce a synchronously dividing culture, one cannot say
that any batch synchronization method actually synchro-
nizes cells.
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