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Abstract

Schizosaccharomyces pombe is a good model to study cell-size control. These
cells integrate size information into cell cycle controls at both the G1/S and
G2/M transitions, although the primary control operates at the entry into
mitosis. At G2/M there is both a size threshold, demonstrated by the fact that
cells divide when they reach 14 µm in length, and also correction around this
threshold, evident from the narrow distribution of sizes within a population.
This latter property is referred to as size homeostasis. It has been argued
that a population of cells accumulating mass in a linear fashion will have
size homeostasis in the absence of size control, if cycle time is controlled
by a fixed timer. Because fission yeast cells do not grow in a simple linear
fashion, they require a size-sensing mechanism. However, current models
do not fully describe all aspects of this control, especially the coordination
of cell size with ploidy.
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INTRODUCTION

“ . . . . it is clear that the quantitative relations of chromosomes, nuclei, cytosomes and cell-aggregates offer a
complex problem, and one that is incompletely solved.”

Edmund B. Wilson, The Cell in Development and Heredity, 1925, p. 101

The quantitative relationships between chromosome number, nucleus size, and cell size were first
documented by Boveri, Hertwig, and colleagues in the early 1900s and summarized by E.B. Wilson
(1925). These researchers concluded that cell-size control was a complex and incompletely solved
problem. This remains true today, nearly 100 years later. The early observations described by
Wilson led to the idea of the karyoplasmic ratio, now referred to as the nucleocytoplasmic ratio.
In 1962, Koch, Schaechter, and colleagues, working with bacterial cells, proposed that “cell size
at division, or some closely related property, is under close physiological control” (Schaechter
et al. 1962, p. 432). They also noted the small amount of variation in the size of cells at the
time of division. Around the same time, Mitchison (1957) began working on cell growth using
Schizosaccharomyces pombe. After his first publication describing the growth dynamics of single
yeast cells, his lab began to study genetic control of the cell cycle, with particular attention to
the control of cell size (Nurse et al. 1976). By this time, Killander & Zetterberg (1965a,b) had
published work describing the relationship between cell mass and the initiation of DNA synthesis
in mouse fibroblasts. Since then, there has been a plethora of studies on cell-size control in a
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wide variety of organisms and cell types, but despite this work, molecular mechanisms for the
coordination of cell growth with cell division have remained elusive.

This review focuses on the coordination of cell growth and division in one of the best-studied
model systems, the single-celled fission yeast S. pombe, but discusses other cell types where
appropriate.

Understanding Size Control

For a growing cell to successfully replicate, it must first make adequate amounts of protein,
DNA, membranes, and organelles and also have an appropriate volume of cytoplasm in which
to accurately segregate all of these components into two equally sized daughter cells. To achieve
this, the cell must coordinate progression through the cell cycle with the accumulation of mass.
Two approaches have been used to understand this coordination. The first is a more theoretical
and abstract approach. This takes us back to the early studies carried out throughout the 1900s,
which considered aspects of different size-control systems and tried to unpick the controls by
predicting how different systems would behave. The second is a more mechanistic approach
aimed at identifying the molecular mechanisms involved. This has been the focus of most recent
work on cell-size control, but in this review we discuss both approaches.

We first introduce the concept of size homeostasis, which describes how cells sense their size
and use this information to make corrections to ensure that they divide at the correct size. This
is different than merely considering the threshold size at which cells are dividing, although this
distinction is often not clearly made. (The term size threshold is used here to describe a certain size
that the cell must reach for a cell cycle transition to occur.) We discuss whether or not a system
requires a size-sensing mechanism, an argument that depends heavily on the growth pattern of
the cells. Cells that accumulate mass in a linear fashion can maintain size homeostasis simply by
controlling the cell cycle with a fixed timer (Brooks 1981). (The term timer describes a period of
the cell cycle that is defined by a fixed amount of time.) We refer to this as passive size control
because the cells are not directly measuring size, although they are able to control it indirectly
through the timing of cell division. The alternative is an active size-sensing mechanism, which we
argue most eukaryotic cells possess. We envisage such a size-sensing mechanism measuring the
volume of the cell, a component related to cell volume, or an aspect of cell geometry and feeding
this information into the cell cycle controls.

We begin by describing the model system of fission yeast and then discuss theoretical aspects
of cell-size homeostasis before considering possible molecular mechanisms of cell-size control.
We hope to give an idea of both where the field currently stands with regard to addressing this
long-standing biological question and where some of the answers may lie.

S. POMBE AS A MODEL FOR CELL-SIZE CONTROL

Since the 1950s, the fission yeast S. pombe has been used as a model organism to study the cell
cycle. Described by Murdoch Mitchison (1957), the fission yeast cell cycle is a convenient model
system for several reasons. First, cells have a rigid cell wall imposing a regular geometry—a
4-µm-wide rod-shape—so cell volume can be easily calculated from length and width measure-
ments (Mitchison 1957). Because cells grow by tip extension, with no significant change in cell
width, the increase in cell length is proportional to the increase in volume and is also indicative
of cell cycle stage. This growth pattern affects the shape that these cells adopt and thus the
possible mechanisms to measure cell size. Second, cells have a rapid generation time (roughly 2 h
in ideal growth conditions) (Mitchison 1957), so consecutive cycles can be easily observed in real
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time under time-lapse microscopy. Third, S. pombe has a simple and well-studied cell cycle that
requires only a single cyclin-dependent kinase, Cdc2, in complex with the B-type cyclin, Cdc13
(Coudreuse & Nurse 2010, Fisher & Nurse 1996, Hayles et al. 1994, Nurse & Bissett 1981). This
simplifies genetic studies and, together with a gene deletion collection covering more than 90%
of nonessential genes (Kim et al. 2010, Spirek et al. 2010), means that systematic screens for genes
affecting cell cycle transitions can be carried out (Hayles et al. 2013, Navarro & Nurse 2012).
Fourth, although there will inevitably be some cell-to-cell variation in growth rate, little variability
in cell size exists at division (Fantes 1977). This suggests that cell size is actively sensed and
regulated and makes S. pombe a good system to study the coordination of cell size with cell cycle
progression.

The Fission Yeast Cell Cycle

The rod-shaped cells of S. pombe grow by tip extension and divide medially when they reach
14 µm in length (Mitchison & Nurse 1985). On entry into mitosis, growth ceases, as actin patches
redistribute from the actively growing ends to the center of the cell to form the cortical ring for
cytokinesis (Marks et al. 1986). After division, the two daughter cells initially resume growth from
the old end—the previously growing end—until early G2, when growth is initiated at the new
end created by the preceding cell division. This transition from monopolar to bipolar growth is
termed NETO (new end take-off ) (Mitchison & Nurse 1985). Both the actin and microtubule
cytoskeletons play important roles in establishing a polarized axis to carry out this characteristic
cycle of tip growth followed by medial fission (Hagan & Hyams 1988, Marks et al. 1986).

The orderly progression of cell cycle events is controlled by a single cyclin-dependent kinase,
Cdc2 (Nurse & Bissett 1981, Nurse & Thuriaux 1980, Nurse et al. 1976), whose activity is low in
G1 and increases through the cell cycle (Moreno et al. 1989). Cdc2 drives the onset of both S phase
and mitosis; lower activity levels of this kinase drive the G1/S transition, with higher levels driving
entry into mitosis (Coudreuse & Nurse 2010). Cdc2 associates with the B-type cyclin Cdc13 early
in S phase, but its activity is kept low by inhibitory phosphorylation of Tyr15, which is carried out
by Wee1 and Mik1 (Lundgren et al. 1991, Russell & Nurse 1987b). In late G2, Cdc25 removes
this inhibitory phosphorylation and cells enter mitosis (Gould & Nurse 1989, Nurse 1990, Russell
& Nurse 1986). Two known pathways act upstream of Wee1 and Cdc25 linking cell growth to the
G2/M transition: the Cdr2-Cdr1 pathway and the stress response pathway (Breeding et al. 1998,
Kanoh & Russell 1998, Petersen & Hagan 2005, Petersen & Nurse 2007, Russell & Nurse 1987a).
The Cdr2-Cdr1 pathway has been described as a cell geometry-sensing pathway and includes the
protein Pom1, which has been suggested to act as a size sensor (Martin & Berthelot-Grosjean
2009, Moseley et al. 2009). This is discussed in further detail later in this review. The stress
response pathway consists of a MAP kinase pathway that regulates the recruitment of polo kinase
to the spindle pole body and mitotic commitment. A number of genes have been found to act
at the G2/M transition independently of these two pathways and Cdc2-Tyr15 phosphorylation,
suggesting alternative pathways of cell growth input into the G2/M transition (Navarro & Nurse
2012).

Fission yeast has two size thresholds, one at the G1/S transition and a second at G2/M (Nurse
1975). In wild-type exponentially growing cells, only the G2/M threshold is relevant, as it results
in all G1 cells being large enough to surpass the size threshold to enter S phase (Nurse & Thuriaux
1977) (Figure 1). G1 phase is therefore extremely short in wild-type cycling cells. All coordination
of growth and cell cycle progression happens in G2, the length of which contracts or extends
according to the size of the cell (Fantes & Nurse 1977). Cells harboring mutations in the wee1
gene revealed this so-called cryptic G1/S sizer. (We use the term sizer to refer to a period of
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Figure 1
A not-to-scale schematic demonstrating the different cycles of wild-type and wee1–50 cells (Nurse &
Thuriaux 1977). For simplicity, linear growth is shown. WT cycling cells have a G2/M size threshold that
results in G1 cells that already surpass the required size to enter S phase. G1 is therefore very short. G2 can
be contracted or extended depending on the size of the cell. The G2 timer, sometimes referred to as the
incompressible G2, is the minimum time that a cell must spend in G2. Temperature-sensitive wee1–50 cells
grown at the restrictive temperature do not have a G2/M size threshold. They enter mitosis immediately
following the G2 timer period, and therefore G1 cells are below the minimum size requirement to enter
S phase. G1 is extended for the cell to reach this G1/S size threshold. Abbreviations: M, mitosis; S, S phase;
WT, wild type.

the cell cycle that is defined by the size of the cell.) Because these wee1 cells lack a G2/M size
control, G1 cells are smaller than the required size for entry into S phase. Thus, these cells have
an elongated G1 phase to attain the correct size for the G1/S transition, followed by a timer from
S phase to entry into mitosis (often referred to as the minimum incompressible G2 period) (Fantes
& Nurse 1978, Nurse & Thuriaux 1977) (Figure 1).

Navarro & Nurse (2012) published the results of a near-genome-wide screen for new elements
acting at the G2/M transition in fission yeast. This screen identified 18 genes that act negatively
at mitotic entry, seven of which had not been previously described as having cell cycle regulatory
roles. Eleven genes were shown to act through the known stress response and cell geometry-
sensing pathways, and the remainder either acted through unknown pathways or were shown to
be independent of CDK Tyr15 phosphorylation altogether (Navarro & Nurse 2012). This work
opened up further investigation into as-yet-uncharacterized pathways acting on cell-size control
for entry into mitosis.

This review focuses on the controls operating at G2/M. However, for many eukaryotic cells,
including the budding yeast Saccharomyces cerevisiae, size control operates earlier in the cell cycle, at
the G1/S transition ( Johnston et al. 1977, Jorgensen & Tyers 2004, Turner et al. 2012). Therefore,
both the G1/S and G2/M controls must contribute to a global cell size-sensing mechanism.
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Unicellular Versus Multicellular Organisms

For unicellular organisms such as S. pombe, a major influence on cell size and shape is the surround-
ing environment. The cell surface area-to-volume ratio plays an important role in how efficiently
the cell can take up the nutrients it needs; therefore, cell size is important for fitness (Smith 1925).
For multicellular organisms, it is the surrounding cells and the position of a cell among others
that influence its size and shape, as well as the cell’s function in that particular tissue ( Jorgensen
& Tyers 2004, Marshall et al. 2012). Because this review focuses on fission yeast, we only briefly
discuss cell-size control in multicellular organisms, but for a recent review of this area see Lloyd
(2013).

CELL-SIZE HOMEOSTASIS

A size-control system for entry into mitosis has two characteristics: It determines the threshold
size at which cells divide and the variability around this threshold. Cells of a certain type (be it
of a single-celled organism or cells of a particular tissue within a multicellular organism) have a
critical size at which division takes place. This is evident in the similarity of cell sizes at division
within a particular population. The cell may be able to change this threshold size depending on
signals from its surroundings, including nutrient availability, temperature, or external cues from
surrounding cells. The variability around the size threshold shows how accurately the cells in
the population are able to attain this critical cell size. A complete size-control system therefore
requires the cell to first set a threshold size for entry into mitosis and then sense its size to make
the appropriate corrections.

These corrections can be thought of as size homeostasis. The definition of homeostasis states
that it requires a sensor to detect changes in the condition to be regulated, an effector mechanism
that can vary that condition, and a negative feedback connection between the two. In relation to
cell size, we can think of this system as a sensor to detect how big the cell is and how far this is
from the required size, a mechanism that allows the cell to delay or promote entry into mitosis
accordingly, and finally a continuous feedback mechanism that allows the correction to bring cell
size to the required threshold without significantly overshooting.

It is important to distinguish between two possible causes of increased variability in cell size
at division within a population. The first possibility is that each individual cell has a different size
threshold that is accurately maintained, implying a loss of control at the population level as a result
of clonal variability. The second is that all cells in the population try to attain a common size, but a
problem in the control system results in weak homeostasis at the cellular level (Fantes 1981). When
studying the cells of fission yeast, we typically work with clonal populations of single cells. There-
fore, it is likely that increased variability results from the second possibility rather than the first.

The Importance of Studying Size Homeostasis

We argue that finding the genes involved in the homeostatic mechanism is key to solving the
problem of how cells maintain accurate size control. We already have a good understanding of
the key regulators involved in the decision to enter mitosis in fission yeast. These genes were
discovered using mutations that generated size phenotypes, either advancing the cells into mitosis
at a smaller size or lengthening G2 so that cells divided at a longer-than-wild-type size (Nurse
1975, Russell & Nurse 1986). These genes have a role in relaying size information into the cell
cycle and could be involved in setting the threshold size for entry into mitosis. However, to find the
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genes involved in sensing cell size, rather than setting or adjusting the threshold, size-homeostasis
mutants should also be useful. We would expect populations of such mutants to display increased
variability in cell size at division, as the ability to correct for deviations in size would be affected.

Three major experimental techniques allow us to study cell-size homeostasis. First, we can
characterize the variation in size at division within a population of cells. A tight distribution
implies that cells are able to accurately divide at the required threshold size, whereas a broader
distribution implies sloppiness within this control system (at either the population or the cell level,
as discussed above) (Fantes 1981). Second, we can observe the response of individual cells to the
natural variation in cell size that occurs within a population of exponentially growing cells. If a cell
divides to produce a daughter that is smaller than average, an effective homeostatic mechanism
ensures that this small cell compensates in the subsequent cycle to attain the required size (Fantes
1977). The reverse is true for long cells, which should shorten their growth period to divide at the
correct size. Third, but related to the second approach, we can actively perturb the size of cells
within a population and measure how quickly they are able to return to the wild-type size. We
hypothesize that cells defective in a size-sensing and correction mechanism take longer to achieve
the correct size than cells with effective size homeostasis.

MECHANISMS OF CELL-SIZE CONTROL

Before beginning a discussion of size-sensing mechanisms, we consider whether or not a size-
control mechanism is necessary for a population of cells to maintain size homeostasis.

No Size Control: A Passive Mechanism

A cell must control its size, but does this need to be an active process of sensing and signaling?
The answer to this question lies in the growth pattern of the cell, and by growth we strictly
refer to the accumulation of mass. Take a population of single cells growing in a linear manner,
whereby the rate at which they accumulate mass is constant, regardless of their initial mass. If the
time between successive divisions is maintained by a fixed timer, all cells will converge toward
the population mean regardless of their initial size, as smaller cells will accumulate more relative
mass in comparison with larger cells (Figure 2a). The population will therefore maintain size
homeostasis in the absence of size checkpoints, as long as an accurate timer is in place to control
the timing between cell divisions (Brooks & Shields 1985, Conlon & Raff 2003). By contrast, if a
population of cells is growing exponentially, large cells will grow faster than small cells and the
population will diverge from a mean cell size. A fixed cell cycle timer will therefore be unable to
maintain size homeostasis within a population of exponentially growing cells.

A major difficulty in testing this model has been the technical limitations in determining
linear versus exponential growth. Neither budding nor fission yeast accumulate mass in a simple
linear fashion for extended periods of time (Baumgartner & Tolic-Norrelykke 2009, Creanor &
Mitchison 1982, Di Talia et al. 2007, Elliott & McLaughlin 1978, Godin et al. 2010, Mitchison
2003, Mitchison & Nurse 1985). Aside from measurements of several different growth parameters,
evidence comes from the growth of the fission yeast temperature-sensitive size mutants wee1–50
and cdc25–22. At a semirestrictive temperature, these cells have the same generation time as wild-
type cells, showing that they double their mass in the same time frame (Thuriaux et al. 1978).
Because cdc25–22 cells are more than three times the size of wee1–50 cells, they must add more
mass per unit time (Nurse 1981). Thus, fission yeast cells are not growing in a simple linear fashion
and cannot rely on a fixed timer to maintain size control.

www.annualreviews.org • Sizing up to Divide 17
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Figure 2
Theoretical graphs of (a) passive and (b) active size-control mechanisms. (a) A graph showing how linear
growth and a fixed timer are able to maintain size homeostasis (Conlon & Raff 2003). If during each cell
cycle a cell gains 4 units of mass regardless of its initial size, small cells will add more proportional mass than
larger cells, and all cells will tend toward the average size of the population (which in this case is 4 units).
(b) A population of cells exhibiting size control will show a negative relationship between birth length and
length extension during the subsequent cycle (Fantes 1977). For example, a cell that is born small will extend
more in the next cell cycle to attain the correct size (in this case 14 µm).
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Multicellular Organisms: A Challenging Debate

The situation is less clear in cells of multicellular organisms. A cell’s growth and division must
be strictly controlled together with that of surrounding cells to form tissues and organs, and this
may mask certain intracellular controls ( Jorgensen & Tyers 2004). After Killander & Zetterberg’s
(1965a,b) pioneering work with mouse fibroblasts, many other groups working with a variety of
cell types demonstrated that cell size can influence cell cycle timing, particularly at the G1/S
transition (Darzynkiewicz et al. 1979, Dolznig et al. 2004, Gao & Raff 1997, Jorgensen & Tyers
2004, Kimball et al. 1971, Saucedo & Edgar 2002, Shields et al. 1978). However, many people
have challenged the relationship between cell size and cell cycle timing (Baserga 1984, Conlon
& Raff 2003, Conlon et al. 2001, Fox & Pardee 1970), and the question of growth has been at
the center of the long-standing debate as to whether or not mammalian cells require size control
(Brooks & Shields 1985, Sveiczer et al. 2004). Recent studies of mammalian cells using single-cell
measurements of fixed steady-state populations and cells in microfluidic chambers have revealed
size regulation at the G1/S transition, supporting those early findings of Killander and Zetterberg
(Godin et al. 2010, Kafri et al. 2013, Son et al. 2012). We therefore conclude that a size-control
system feeding into cell cycle controls, and not simply a fixed timer, maintains size homeostasis
within most eukaryotic cell populations. Of course this conclusion must be modified for very large
cells, such as dividing eggs, which are above the cell-size threshold. In these cases, progression
through the cell cycle is likely to involve timer-like controls.

An Active Size-Control System

The alternative to indirect size control through a fixed cell cycle timer is what we shall call an
active size-control system. This describes a mechanism of direct cell-size sensing. Evidence for
the existence of an active size-control system in fission yeast, rather than simply a fixed timer,
includes the small amount of variation in cell size at division within a population of cells. These
cells divide at 14 µm in length with a coefficient of variation of roughly 6% (Sveiczer et al. 1996).
Single-cell studies carried out in the 1970s showed that cells that are born small are able to correct
for this in the subsequent cell cycle, such that a graph of birth length against length extension has
a slope of approximately –1 (Fantes 1977) (Figure 2b). This correction is realized through altered
cycle times and not altered growth rates (Fantes 1977). Cells also rapidly recover cell size after
perturbation through the altered timing of subsequent cell cycles (Mitchison & Creanor 1971).
Cells arrested in S phase continue to grow and can reach sizes of 20–25 µm. When the cell cycle
block is released, cells undergo rapid synchronous divisions and return to their wild-type size
within two cell cycles (Wood & Nurse 2013). Such a rapid recovery suggests that a size-control
system acts in these cells. In budding yeast, single-cell studies have shown that cells born smaller
spend longer in G1 to allow them to grow until a critical size has been reached ( Johnston et al.
1977), implying that these cells also maintain size homeostasis through an active size-control
system. Therefore, we conclude that a size-sensing mechanism acts in G1 and G2 for fission yeast,
although the control is normally cryptic in G1, and mainly in G1 for budding yeast (Turner et al.
2012).

Cell-Size Control Models

A size-sensing and correction mechanism must monitor the size of the cell and use this information
to coordinate growth and cell cycle progression, so that at the next division, the cell is at the average
size of the population. We envisage two main possibilities by which a cell could measure its size.
First, in what we refer to as a volume or concentration model, a cell measures the volume of the
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cytoplasm by the concentration of a particular molecule in the cell, which is proportional to cell
volume. Second, in a geometry model, a molecular ruler measures some aspect of cell dimension
such as length or surface area. We refer to this as a geometry model because the cell is probing an
aspect of the cell’s geometry. These two models will be discussed below, together with the current
model for size control in fission yeast, which falls into the category of geometry sensing. This
Pom1-gradient model, first proposed in 2009 by two independent groups (Martin & Berthelot-
Grosjean 2009, Moseley et al. 2009), has recently been revisited, and variations of this model have
since been proposed (Bhatia et al. 2014, Deng et al. 2014, Pan et al. 2014).

In the context of fission yeast, a model of size control must explain not only how wild-type,
haploid, rod-shaped cells measure their size but also how size control is maintained in several
other situations. First, a model must explain how size control works in cells of differing ploidy,
in which, as we discuss below, an almost directly proportional relationship exists between the
amount of DNA and cell size at division (Gregory 2001, Nurse 1985). Second, a model must
account for multinucleate cells resulting from the failure or inhibition of cytokinesis; such cells
display synchronous nuclear divisions within a single enlarged cytoplasm (Fantes et al. 1975,
Neumann & Nurse 2007, Nurse et al. 1976). Here, nuclear divisions must be controlled through
either a local signal from the surrounding cytoplasm or cortex or, perhaps, a diffuse global signal
found throughout the entire cell. Third, a model must encompass shape mutants, which do not
conform to the regular rod-shape seen in wild-type cells. In each of these situations, cells sense
their size or volume and coordinate mitosis with cell growth; they must therefore be considered
when proposing models for size control in this organism.

VOLUME/CONCENTRATION MODELS

Protein-Synthesis-Rate Sizer

In its simplest form, we can imagine a size-control mechanism whereby a protein that drives
entry into mitosis accumulates at a rate proportional to the increase in cell mass. At a certain
cell size, enough of this factor is present to initiate division. As the number of ribosomes in the
cell is proportional to its size, the protein synthesis rate will correlate with cell size (Elliott &
McLaughlin 1978). As long as this so-called sizer molecule has a high turnover rate, the amount
of the factor in the cytoplasm will directly reflect protein synthesis and therefore the size of the cell
(Turner et al. 2012). Such models were proposed many years ago to describe the size thresholds
for division in bacteria and metazoans, as well as yeast (Brooks 1977, Donachie 1968, Fantes et al.
1975, Rossow et al. 1979, Unger & Hartwell 1976). A problem with this model is that as the
cell grows, the increasing volume of the cytoplasm will dilute the effector molecule, resulting in
it being present at a constant concentration. The cell therefore requires a fixed standard against
which to measure the sizing factor, such as a component of the cell itself or a second effector
molecule present in a fixed amount.

This is an issue with the current size-control model in budding yeast, in which the G1 cyclin
Cln3, a dose-dependent activator of G1/S, is thought to act as a protein-synthesis-rate sizer (Cross
1988, Nash et al. 1988, Turner et al. 2012, Tyers et al. 1992). The concentration of Cln3 does
not change as cells grow in G1, indicating that the increase in cell volume dilutes the increasing
amounts of this protein (Tyers et al. 1993). It has been suggested that importing Cln3 into a nucleus
of fixed volume would allow the cell to measure the absolute amount of the sizer (Futcher 1996).
However, in budding and fission yeast, nuclear volume increases with cell volume to maintain a
constant nuclear/cytoplasmic ratio throughout the cell cycle, which means that the nuclear volume
does not remain fixed ( Jorgensen et al. 2007, Neumann & Nurse 2007). Other suggestions have
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involved titrating the sizer against the genome; this is discussed in more detail below, when we
turn our attention to cell size and ploidy.

GEOMETRY MODELS

An alternative mechanism for measuring cell size is to measure geometrical parameters of the cell
rather than the amount of a particular protein. Here, we use the word geometry to describe any
property of cell shape that can be measured, such as length, width, or surface area (Moseley &
Nurse 2010). In this case, we envisage a molecular ruler measuring an aspect of cell dimension.

The Pom1-gradient model proposed for fission yeast size control provides an example of such
a sizer, with Pom1 acting as a molecular ruler through its concentration gradient, emanating from
the cell tips (Martin & Berthelot-Grosjean 2009, Moseley et al. 2009). More recently, alternative,
more complex models have been proposed that build on this original model (Bhatia et al. 2014,
Deng et al. 2014, Pan et al. 2014). One of these models (Pan et al. 2014) suggests that cell surface
area may be measured, but we can also imagine other structures in the cell, for example, internal
membranes or microtubules, being probed by sizer molecules to feed size-related information into
the cell cycle controls.

The Pom1 Gradient

Pom1 is a dual-specificity tyrosine-phosphorylation-regulated kinase (DYRK) (Bahler & Pringle
1998) that forms polar cortical gradients along the cell, peaking at the cell tips (Padte et al. 2006).
The kinase was first described as providing positional information for both polarized growth and
the site of septum formation (Bahler & Pringle 1998, Celton-Morizur et al. 2006, Padte et al.
2006). Pom1 has also been proposed to play a role in length sensing and the control of mitotic
entry (Martin & Berthelot-Grosjean 2009, Moseley et al. 2009).

The Pom1 gradient is shaped by a combination of lateral diffusion through the cell cortex
and autophosphorylation-dependent detachment (Hachet et al. 2011). Pom1 plasma membrane-
binding is triggered by Tea4-dependent dephosphorylation by the phosphatase Dis2 (Hachet
et al. 2011). As Tea4 is delivered to the cell ends by microtubules, Pom1 binding occurs at the
cell tips. Pom1 then moves along the plasma membrane toward the cell middle and undergoes
autophosphorylation to lower its lipid affinity, promoting release of Pom1 from the membrane
(Hachet et al. 2011). Pom1 molecules diffusing at the plasma membrane also associate into and
disassociate from clusters (Saunders et al. 2012). A two-state gradient involving these Pom1 clusters
on the membrane has been suggested to serve as a mechanism to buffer against fluctuations in
concentration levels. Along with time averaging, cluster formation could reduce the effects of
inevitable fluctuations in gradient formation and may enable Pom1 to convey more precise spatial
information (Saunders et al. 2012).

Pom1 as a Molecular Ruler

Evidence for the role of Pom1 in the control of cell size and mitotic entry was initially provided
by two independent studies. Martin & Berthelot-Grosjean (2009) and Moseley et al. (2009) both
showed that Pom1 acts as a dose-dependent inhibitor of the G2/M transition through the Cdr2-
Cdr1-Wee1 pathway. Cdr2, Cdr1, and Wee1 are localized to a medial band of cortical nodes in
interphase cells, and this localization is driven by Cdr2. Because Pom1 is found at the cell ends, it
was hypothesized to provide spatial cues to the cortical nodes in the middle of the cell containing
these cell cycle regulators. This idea was supported by data showing that Cdr2 spreads from its
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tight band of cortical dots in pom1Δ cells and that Cdr2 is phosphorylated in a Pom1-dependent
manner in vivo. Ectopic localization of Pom1 to the middle of the cell results in a delay in mitotic
entry equivalent to the cdr2Δ phenotype, and this is dependent on an active Pom1 kinase domain
(Martin & Berthelot-Grosjean 2009, Moseley et al. 2009). Quantification of the distribution of
Pom1 and Cdr2 at the time showed that as cells progress through G2, Pom1 levels in the middle
of the cell decrease, such that the proteins overlap in short but not long cells (Martin & Berthelot-
Grosjean 2009, Moseley et al. 2009). These data will be discussed in more detail below. However,
the original model proposed was as follows: In short cells, the Pom1 gradient from the cell ends
overlaps with mitotic activators in the cortical nodes in the center of the cell. Pom1 phosphorylates
and inactivates Cdr2. As cells increase in length through G2, the Pom1 concentration at the medial
site becomes progressively lower, reaching a level at which it can no longer inhibit Cdr2. Wee1
is therefore inhibited, and active CDK drives the cell into mitosis (Martin & Berthelot-Grosjean
2009, Moseley et al. 2009). Nif1, a SEL1 repeat protein, is also implicated in this model because
of its tip localization and the small-cell phenotype of nif1Δ cells (Martin & Berthelot-Grosjean
2009, Wu & Russell 1997).

Recently, Deng et al. (2014) have implicated another protein kinase, Ssp1, in this length-sensing
model. They propose that Ssp1 phosphorylates and activates Cdr2 to promote mitotic entry but
that Pom1 inhibits this activation in small G2 cells. Thus, they suggest that Cdr2 integrates the
input signals from both the activating kinase, Ssp1, and the inhibitory Pom1 gradient (Deng et al.
2014).

Problems with the Pom1 Model

Despite these data supporting a gradient model, whereby Pom1 and possibly Nif1 act as molecular
rulers to measure cell size, outstanding questions need to be addressed.

A quantitative analysis of the Pom1 protein, published after the initial model was proposed,
showed a short decay length of the Pom1 gradient at the cell tips in relation to the length of the cell
(Saunders et al. 2012). This study also found large cell-to-cell variability in both the intensity and
distribution of the protein, as well as fluctuations in the cortical gradient over time on a single-cell
level (Saunders et al. 2012). This means that changes in the protein gradient according to cell
length may be less consistent than originally proposed and leads to questions regarding whether
or not Pom1 could act as a reliable molecular ruler.

Another observation is that cells with pom1 deletions demonstrate cell-size homeostasis (Wood
& Nurse 2013). The role of Pom1 and Nif1 in size homeostasis was implied in the initial model but
never directly tested. We have tested the involvement of these molecules using two approaches:
an analysis of cell-size variability at mitosis and cell-size homeostasis studies on single cells (Wood
& Nurse 2013). Wild-type fission yeast cells have a very low coefficient of variation in cell size
at division, illustrating an effective size-control mechanism in these cells (Turner et al. 2012).
The asymmetric division of pom1Δ cells (Bahler & Pringle 1998) creates large variation in cell
size at birth; however, the level of variation is somewhat reduced by the time of cell division.
This suggests that some size correction is taking place during a single cell cycle. Cells with nif1
deletions have a wild-type size distribution at division (Wood & Nurse 2013). These data suggest
that both deletion strains have some control present that minimizes the dispersion of sizes at
division within a population. These data are further supported by direct homeostasis studies on
single cells. Plotting birth length against length extension during the subsequent cycle shows a
clear negative trend in wild-type, pom1Δ, and nif1Δ cells. This indicates that cells that are born
small are able to sense this and alter the time spent and therefore mass added in G2 to reach
the correct size. Long cells contract the time spent in G2 and thus extend less (Wood & Nurse
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2013). According to the concept of the minimal G2 timer (the incompressible G2), in cells above a
certain threshold size, the cycle cannot be compressed any further; thus, more than one cycle will
be required to bring the cell back to average size (Fantes 1977). These single-cell studies suggest
that neither Pom1 nor Nif1 are critical players in cell-size homeostasis, although both are clearly
involved in setting the cell-size threshold.

In addition to the two observations above, the Pom1-gradient model is unable to explain size
control in the three situations mentioned earlier: ploidy, multinucleate cells, and shape mutants.
The model could be modified to take account of ploidy if gene copy number determined one of the
components of the network. However, so far no such component has been identified (Marshall et al.
2012; J. Hayles, personal communication). With regard to multinucleate cells, the synchronous
nuclear divisions suggest a global control mechanism throughout the continuous cytoplasm that is
able to coordinate mitosis in each nucleus simultaneously (Fantes et al. 1975). Whether it is overall
cell size or local nuclear cytoplasmic mass that is monitored has yet to be determined, and further
insight into how this process fits with the Pom1-gradient model requires further investigation.
Lastly, cell-shape mutants that do not conform to the regular rod-shape of wild-type cells cannot
measure cell length through the Pom1 gradient alone, as these mutant cells divide at a constant
surface area rather than a constant length (Pan et al. 2014).

Alternative Pom1 Models

Further evidence supporting an alternative mechanism for cell-size control came with improved
cortical measurements of Pom1: No difference in medial Pom1 concentration between short and
long cells was detected (Bhatia et al. 2014, Pan et al. 2014), as had been previously reported. It has
been suggested that these are improved cortical measurements because previous measurements of
Pom1 had been derived from total cellular fluorescence, which did not account for the exclusion
of Pom1 from the nucleus (Bhatia et al. 2014, Pan et al. 2014, Saunders et al. 2012).

Although the amount of Pom1 in the very middle of the cell is similar in all cells, regardless of
their size, the medial region of basal Pom1 widens linearly with increasing cell length. The Cdr2
domain also varies in width, node number, and intensity over the cell cycle (Bhatia et al. 2014,
Pan et al. 2014), though the width increase of the Cdr2 domain is less than that of the basal Pom1
region (Bhatia et al. 2014). The result is that the degree of overlap between Pom1 and Cdr2,
although very small, diminishes with increasing cell length (Bhatia et al. 2014). These data have
led to several alternative length-sensing models.

The first model, most similar to the original, states that Pom1 inhibits Cdr2 activity at the edges
of the node domain (Bhatia et al. 2014). Because the region of overlap between Crd2 and Pom1
decreases with increasing cell length, this provides a mechanism for length-dependent activation of
Cdr2 and thus mitotic entry. This model is inherently noisy, resulting from the very small overlap
of Cdr2 and Pom1, and also does not explain size control in diploids, in which the Pom1/Cdr2
overlapping region correlates poorly with cell length (Bhatia et al. 2014). Like the original model,
it describes a length-sensing mechanism. The model is therefore, in its simplest form, unable to
explain the behavior observed in multinucleate cells or mutant haploid cells of varying shapes. In
these situations, the cell must be able to measure something other than its total length.

The second model postulates that cell size is measured through the ratio of polar Pom1-
bound cortex to total cortex, a ratio that diminishes as the cell elongates (Bhatia et al. 2014).
Cdr2 is inhibited close to the cell poles, where Pom1 concentration is highest. If the turnover
of inhibitory phosphorylation is slow compared with the dynamics of Cdr2 on the cortex (also
regulated by Pom1), inhibited Cdr2 accumulates in the middle of the cell. At a certain threshold
dependent on cell length, too little of the cortex has Pom1 bound and therefore there is sufficient
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active Cdr2 to drive mitotic entry (Bhatia et al. 2014). It is possible that this system could measure
the surface area of the cortex rather than the length of the cell per se; therefore, this model could
perhaps describe the behavior of both multinucleate cells and shape mutants, which cannot rely on
a length-sensing mechanism alone. Another recent publication has proposed a surface area model
that doesn’t involve the Pom1 gradient directly but instead focuses on the medial cortical nodes
(Pan et al. 2014). This model proposes that cells sense their size using Cdr2 to probe the entire
surface area of the cell and relay this information to the medial cortex. Although both of these
surface area-based models may be able to explain size control in cells of varying shapes and with
more than one nucleus, they are still insufficient to explain the relationship between cell size and
ploidy, as no component of these models has been linked to gene copy number.

A final possibility is that Pom1 does not act as a direct size sensor at all (Bhatia et al. 2014, Pan
et al. 2014, Wood & Nurse 2013). The low levels of this kinase in the cell center may be sufficient
to keep Cdr2 inactive and act as a constitutive buffer against mitotic commitment in response to
other stimuli, such as the adaptation of cell length under stress (Bhatia et al. 2014). The higher
levels of Pom1 at the cell tips could simply prevent nuclear division from occurring too near the
cell ends, where there may not be sufficient space to allow complete separation of the two daughter
nuclei (Wood & Nurse 2013). This is consistent with data suggesting that Pom1 is not the major
size sensor and that another mechanism coordinates cell size with progression through the cell
cycle (Wood & Nurse 2013).

THE PLOIDY PROBLEM

An important consideration in the understanding of cell-size control in fission yeast is that of
ploidy. The almost direct proportionality between cell size at division and ploidy was observed as
early as the 1950s, and it is considered an almost universal property of cell size in many cell types
(Gregory 2001, Nurse 1985). Ploidy series in yeast have allowed us to observe this relationship
directly (Mortimer 1958, Mundkur 1953) and conclude that ploidy determines cell size at division,
which in turn determines the size of the daughter cells and their nuclei (Neumann & Nurse 2007).
Cells are therefore able to feed information regarding their ploidy into the size-sensing mechanism.
This is difficult to imagine in the current geometric size models described above.

Volume-Based Models Involving Ploidy

This is less of an issue if we turn to volume-based models for cell-size control. Two variations
of this type of model could allow the cell to integrate information about DNA content into the
size-control system. Either the cell could produce a factor according to ploidy, or it could measure
a factor against ploidy (Marshall et al. 2012).

Making a factor according to ploidy could involve producing a transcript in a single pulse at
a particular stage in the cell cycle. The amount of this transcript would be a direct function of
DNA copy number. If the product of this critical transcript were stable and acted as a mitotic
inhibitor, the fixed amount of protein produced from the pulse would be diluted as the cell grows.
Below a critical protein concentration, and thus a critical cell size, entry into mitosis would be
permitted (Fantes et al. 1975). The amount of the protein produced would increase with ploidy;
thus, the cell would have to grow proportionally more before the critical concentration could be
reached. A prediction of this model is that a heterozygous diploid with only one copy of such a
gene would be the size of a haploid. No such gene has yet been described (Marshall et al. 2012; J.
Hayles, personal communication). However, this may indicate redundancy within the system. In
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fact, we can imagine a robust size-sensing mechanism involving multiple interacting factors acting
together in a redundant manner.

The second volume-based model, which measures a factor against ploidy, could involve ge-
nomic titration (Donachie 1968, Fantes et al. 1975, Sompayrac & Maaloe 1973). Here, a protein
is made at a constant concentration and said protein binds sites within the genome. As the cell
grows, the absolute amount of protein increases and more genomic sites are bound (independent
of protein concentration, which may remain constant, owing to the increasing volume of the cell
during the cycle). The binding itself could drive division, so that as more sites are bound, the
probability of entering mitosis increases. Alternatively, the protein in question may only be active
in its free form; therefore, only once all the genomic sites are occupied will there be enough
unbound protein to drive division. In both of these cases, an increase in ploidy would mean more
sites on the DNA to bind. The cell would thus have to grow to a larger size before division is
permitted. The first of these two possibilities has been suggested for budding yeast, in which the
synthesis-rate sizer model involving Cln3 requires a fixed standard within the cell against which
to titrate the G1 cyclin. It has been shown that Cln3 binds SBF binding sites across the genome,
so it is possible that division is permitted only when a certain number of these sites are occupied
(Wang et al. 2009). This would allow the cell to measure the amount of the cyclin, eliminating
the problem of the constant concentration of Cln3 as the cell grows and also allowing input of
ploidy into this size-sensing mechanism.

A third possibility can be envisaged that combines these two models. A factor produced ac-
cording to ploidy could be used to titrate out the synthesis-rate sizer protein, which is present at
a constant concentration. This would allow the cell to measure the comparative amounts of these
two factors, a ratio which will change in a cell volume-dependent manner (Fantes et al. 1975).

The Pom1 Model and Ploidy

Turning to the Pom1 model in fission yeast, we must consider ploidy when proposing further
adaptations to this size-control mechanism. Pom1 is haploinsufficient for cell size (Bhatia et al.
2014), showing that dosage of this protein is important for mitotic size control. However, het-
erozygous diploids are not reduced to the size of haploid cells; therefore, we conclude that Pom1
is not acting alone to measure ploidy directly. It could, however, be working in concert with
other proteins involved in the proposed model. It would be interesting, for example, to investigate
the effects of double and triple heterozygous mutants of Pom1, Cdr1, Cdr2, and Nif1 on the
coordination of ploidy and cell size.

CONCLUDING REMARKS

Despite being such a long-studied and central question in cell biology, the mechanisms of cell-
size control have remained elusive. The importance of understanding this problem has been
overshadowed by the complexities involved in unpicking the intricate control system. Cell size
can be influenced by many different factors, and for a long time experiments have been limited by
technology. High-throughput imaging provides the means to readdress this problem.

The fission yeast S. pombe has served as an excellent model system for studying cell cycle
transitions as a result of its regular geometry and tractable genetics. Though it had been thought
that the major size-sensing system was identified in this organism following the two publications
in 2009, the situation has once again become more complicated, with new data suggesting that
an alternative mechanism is likely to operate either instead of or alongside the proposed Pom1
model.
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We have argued here that many eukaryotic cells require a size-sensing mechanism and that
investigating size homeostasis is a way to understand this problem. In our view, we must focus
on the simple physiology of exponentially growing cells and their response to size perturbations,
which can tell us a lot about the controls operating in these cells. Pom1 no doubt has a role in the
G2/M transition in fission yeast, but it is not the whole story, and we should aim to identify other
possible factors involved in sensing cell size and feeding this information back into the cell cycle
controls. We may have imposed our own logic onto these cells—we, as scientists, use the length
of these rod-shaped cells to study cell cycle progression, so it was a small leap to presume that the
cells themselves may do the same. However, we should take a closer look at the data and ensure
that we consider other possible mechanisms.
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