
REVIEW

The cell biology of quiescent yeast – a diversity of individual

scenarios
Isabelle Sagot* and Damien Laporte

ABSTRACT

Most cells, from unicellular to complex organisms, spend part of their

life in quiescence, a temporary non-proliferating state. Although

central for a variety of essential processes including tissue

homeostasis, development and aging, quiescence is poorly

understood. In fact, quiescence encompasses various cellular

situations depending on the cell type and the environmental niche.

Quiescent cell properties also evolve with time, adding another layer

of complexity. Studying quiescence is, above all, limited by the fact

that a quiescent cell can be recognized as such only after having

proved that it is capable of re-proliferating. Recent cellular biology

studies in yeast have reported the relocalization of hundreds of

proteins and the reorganization of several cellular machineries upon

proliferation cessation. These works have revealed that quiescent

cells can display various properties, shedding light on a plethora of

individual behaviors. The deciphering of the molecular mechanisms

beyond these reorganizations, together with the understanding of

their cellular functions, have begun to provide insights into the

physiology of quiescent cells. In this Review, we discuss recent

findings and emerging concepts in Saccharomyces cerevisiae

quiescent cell biology.
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Introduction

Awide range of cells spends the majority of their life in quiescence,

a temporary non-proliferating cellular state. In the wild, unicellular

organisms are most frequently quiescent, waiting for signals as

diverse as the presence of specific nutrients, temperature or the level

of oxygen to re-proliferate (Roche et al., 2017; Gray et al., 2004;

De Virgilio, 2012; Rittershaus et al., 2013). In multi-cellular

organisms, the archetype of quiescent cells are undoubtedly stem

cells. Differentiated cells can be either quiescent or senescent,

depending on the reversibility of the proliferation arrest. A cell is

considered as senescent if it is metabolically active, but unable to

re-proliferate (Campisi and d’Adda di Fagagna, 2007). Importantly,

definitions of both senescence and quiescence are conjectural.

Indeed, a cell that appears senescent may eventually re-enter

proliferation under unrecognized environmental conditions.

Likewise, quiescent cells have to face many challenges (Box 1),

and cells that are quiescent at a given time can lose the capacity to

re-proliferate. The reversible nature of each of these types of

proliferation arrests can therefore be widely debated (O’Farrell,

2011; Terzi et al., 2016; Sun and Buttitta, 2017; Cheung and Rando,

2013; Velappan et al., 2017).

What makes a quiescent cell? A central difficulty in

characterizing these cells is inherently due to the definition of

quiescence as ‘a reversible absence of proliferation’ because this

encompasses highly diverse situations. Entry into quiescence is

often associated with dramatic changes in metabolism, yet quiescent

cells are not necessarily ‘inactive’ (Lemons et al., 2010; Valcourt

et al., 2012), and dormancy, which is characterized by drastically

reduced metabolic activities, can be considered as a specific form of

quiescence (Roche et al., 2017; Rittershaus et al., 2013; Klosinska

et al., 2011). In fact, the infinite variety of life, from bacteria living

in extreme environmental conditions to plant meristems or dormant

cancer cells, illustrates that the establishment of quiescence involves

different adaptations depending on the cell type and its biotope.

Even within the same organism, skin fibroblasts will not elicit the

same processes as hematopoietic stem cells when they enter

quiescence. This cell type-driven quiescence heterogeneity has been

discussed in O’Farrell (2011). An additional layer of complexity

comes from the observation that, for a given cell type, quiescence

establishment takes different routes depending on the signal that had

caused proliferation cessation. As an example, the transcription

profiles of human fibroblasts are different when quiescence is

triggered by contact inhibition, loss of adhesion or serum starvation

(Coller et al., 2006). Similarly, in Saccharomyces cerevisiae,

mRNA profiles, and the proteome and metabolome vary depending

on the exhausted nutrient (Klosinska et al., 2011; Boer et al., 2010).

Furthermore, even in a niche that may appear homogeneous, such as

tissues or colonies, cells may face diverse micro-environments,

including different oxygen supply or physical constraints (Cheung

and Rando, 2013; Terzi et al., 2016; Rumman et al., 2015; Fiore

et al., 2018). This heterogeneity is markedly exemplified by muscle

(Sutcu and Ricchetti, 2018; Tierney and Sacco, 2016) and

hematopoietic (Nakamura-Ishizu et al., 2014) stem cells, in which

transcriptome variations have been measured at the single-cell level

(Yang et al., 2017; van Velthoven et al., 2017). Finally, even for a

particular cell type under apparent homogeneous environmental

conditions, such as clonal S. cerevisiae populations grown to

stationary phase in liquid medium, non-proliferating cells display

heterogeneous properties (Gray et al., 2004; Palková et al., 2014;

Miles and Breeden, 2016; Laporte et al., 2011, 2017, 2018). Hence,

the endless diversity of cells and habitats preclude the existence of a

universal quiescence program.

Another difficulty in studying quiescence is that practically, both

in vivo and ex vivo, a quiescent cell can be undoubtedly qualified

as such only after having proved that is it able to re-proliferate. This

‘a-posteriori’ identification dramatically limits the investigation

of quiescent cell properties. Furthermore, in metazoans, it is

particularly complicated to experimentally recapitulate quiescence,

as this cellular state is regulated both by endogenous and systemic

signals emanating from the entire tissue, organ or body. The

physiology of ex vivo cell culture models are consequently

questionable (O’Farrell, 2011; Rumman et al., 2015; Coller et al.,
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2006). By contrast, S. cerevisiae, as a single-cell eukaryote, has

been instrumental for studying quiescence. Margaret Werner-

Washburne pioneered this field and, in a visionary review, put

forward the concept of a quiescence cycle. She proposed that

proliferation–quiescence transitions are not simple ‘aller-retour’,

but that quiescence establishment, maintenance and exit are specific

processes (Gray et al., 2004), a view that is now widely accepted for

multicellular models (Roche et al., 2017; Dhawan and Laxman,

2015; Rumman et al., 2015). In the same review, she proposed to

harmonize the study of quiescence establishment in S. cerevisiae to

glucose exhaustion conditions (Gray et al., 2004), a situation that

might be close to what yeast cells may face in the wild, as

phosphorus, sulfur and nitrogen starvations are less likely in natural

yeast environmental niches (Goddard and Greig, 2015).

The purpose of the present Review is to scrutinize S. cerevisiae

quiescence with the eyes of a cell biologist in the context of carbon

exhaustion. Many excellent reviews have focused on genes and

signaling cascades that link nutrients to quiescence establishment in S.

cerevisiae (Fabrizio and Longo, 2003; De Virgilio, 2012;Mohammad

et al., 2018; Gray et al., 2004; Herman, 2002; Zaman et al., 2008;

Broach, 2012) and these aspects will thus not be discussed. Here, we

will illustrate that the properties of quiescent cells vary depending on

the individuals and evolve with time, thereby challenging once more

the preconceived idea of quiescence uniformity.

Quiescence entry and cell cycle arrest

Quiescent cells are often considered as G1-arrested cells. Within

S. cerevisiae populations in stationary phase following glucose

exhaustion, 5–10% of the cells enter quiescence from another cell

cycle phase than G1 (Laporte et al., 2011). Astonishingly,

Schizosaccharomyces pombe, Cryptococcus neoformans and

Tetrahymena pyriformis can enter quiescence in G1 or in G2,

depending on external conditions (Takeo et al., 1995; Cameron and

Bols, 1975; Costello et al., 1986). In mammals, it was proposed that

upon quiescence entry, cells do not halt synchronously at the

restriction point, but rather form a cohort of cells arrested as a

continuum throughout G1 (Cooper, 1998, 2003; Matson and Cook,

2017). Furthermore, quiescent cells arrested in other phases than G1

have been observed in human carcinomas (Drewinko et al., 1984)

and several cell lines (Baisch, 1988). Hence, a G1 arrest is not a

strict prerequisite for quiescence establishment.

At the molecular level, the retinoblastoma protein (Rb), a member

of the so-called pocket protein family, and its interaction partners,

the G1 cyclins and E2F transcription factor family, appear to be

involved in quiescence establishment, but mutations that inactivate

these cascades do not abolish quiescence entry in mice, flies and

worms (Matson and Cook, 2017). In yeast, the Rb homologue

Whi5, the histone deacetylase Rpd3, and the SCB binding factor

(SBF)-binding proteins Msa1 and Msa2 have been shown to be

involved in G1 arrest following nutrient starvation, but none of these

factors are strictly required for quiescence survival (Miles and

Breeden, 2016). Importantly, in both yeast and metazoans, an

artificially prolonged arrest in G1 does not recapitulate the features

of quiescence establishment (Martinez et al., 2004; Gasch et al.,

2000; Radonjic et al., 2005; Coller et al., 2006). Thus, quiescent

cells are not simply G1-arrested cells. The molecular links between

quiescence establishment and cell cycle regulation are still unclear

(Matson and Cook, 2017). In fact, fascinating studies indicate that

cells decide to enter quiescence long before they actually stop

proliferating (Box 2).

Sorting of quiescent cells using physical properties

Populations of yeast cells in stationary phase are composed of

quiescent, senescent and dead cells, the relative proportion of which

evolves with time and differs depending on the nature of the

exhausted nutrient (Davidson et al., 2011; Klosinska et al., 2011;

Werner-Washburne et al., 2012). If the ‘unbudded’ (G1 arrest)

criterion alone is not sufficient to identify yeast quiescent cells, then

how can we recognize them?

Cell density

The Werner-Washburne laboratory has shown that upon carbon

exhaustion, a stationary phase population can be separated into two

subfractions using a Percoll density gradient. The denser fraction is

mostly composed of daughter cells and was designated as quiescent,

because it showed better long-term survival than the less-dense

Box 1. Challenges faced by quiescent cells
By definition, quiescent cells must preserve their ability to proliferate over

periods ranging from days to decades. In other words, they have to face

cellular aging. Quiescent cell longevity depends on their capacity to cope

with detrimental events such as the accumulation of damaged

macromolecules (de la Torre-Ruiz et al., 2015; Sampaio-Marques

et al., 2014), including mutations (Gangloff et al., 2017; Gangloff and

Arcangioli, 2017). The inability to handle these stresses ultimately leads

to senescence and/or cell death. Facing cellular aging is not the only

challenge of quiescent cells. Indeed, quiescence establishment,

maintenance and exit, through the regulation of cell proliferation, are

key steps involved in the development of multicellular organisms, and in

major human pathologies, such as cancers or depletion of hematopoietic

(Drabek et al., 2012), neural (Jones et al., 2015) and muscle

(Chakkalakal et al., 2012) stem cells. In addition, upon proliferation

resumption, quiescent cells have to give rise to healthy progeny, as

abnormal descendants, particularly those with DNA damage, are

potentially harmful for tissue homeostasis. Finally, exit from

quiescence must be efficient. This is markedly true in case of

microorganisms that are in competition for the same environmental

niche, since the speed of this step ensures the prevalence of the species.

Quiescence is therefore at the center of essential biological processes,

such as development, aging, evolution and of pathological

dysregulations of cell proliferation (Roche et al., 2017; Velappan et al.,

2017; Cheung and Rando, 2013; Rumman et al., 2015; Dhawan and

Laxman, 2015; O’Farrell, 2011; Sun and Buttitta, 2017).

Box 2. Cells decide to enter quiescence before

completion of the ‘last’ cell cycle
Are quiescence commitment and entry concomitant processes, or do

cells anticipate quiescence entry well before they actually stop

proliferating? Recent live-cell imaging studies have demonstrated that

a few divisions before proliferation cessation, yeast cells integrate

multiple metabolic signals that cross thresholds and trigger a cell fate

decision (Argüello-Miranda et al., 2018). In fact, as early as in 1980, Lillie

and Pringle observed that in yeast entering stationary phase, glycogen

accumulation began well before glucose exhaustion (Lillie and Pringle,

1980). Indeed, glycogen stockpiling, which is crucial for yeast cell

survival in quiescence, starts when half of the initial glucose remains in

the medium, in other words when cells have one division left before

glucose exhaustion (Lillie and Pringle, 1980). Thus, yeast anticipate

quiescence entry before they exit the proliferation cycle. In human cells, it

has been proposed that commitment to the next cell cycle is made at the

end of the preceding cycle (Hitomi and Stacey, 1999; Chassot et al.,

2008) and could involve a bifurcation of Cdk2 activity at the end of mitosis

(Spencer et al., 2013; Matson and Cook, 2017; Dhawan and Laxman,

2015). Therefore, in both yeast and metazoans the decision to enter

quiescence is taken before proliferation cessation.
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sub-population, which was called ‘non-quiescent’ (Allen et al.,

2006). However, this dichotomy may be too simplistic.

Is cell density relevant to quiescence? Either, there is an active

process that specifically and exclusively makes only dense cells

quiescent (Davidson et al., 2011; Werner-Washburne et al., 2012).

Alternatively, the difference in cell density is a consequence of

properties specifically found in a subset of daughter cells, but

unrelated to quiescence. Glycogen and trehalose contents correlate

with cell density, since mutants unable to synthetize these sugars do

not separate into two subfractions (Shi et al., 2010). Despite this, the

Breeden laboratory has found that trehalose accumulation is

necessary but not sufficient to increase cell density (Li et al.,

2013). Thus, the molecular basis for the physical separation of

stationary phase population into two subpopulations with different

density is still unclear. In fact, lipids, which accumulate upon

proliferation cessation, have a major influence on cell density

(Sandager et al., 2002; Singh and Li, 2017; Graef, 2018) and may be

involved in the above-described cell partitioning. In addition,

daughter cells are much smaller than mother cells (Jorgensen and

Tyers, 2004). Hence, population subfractionation using a density

gradient may just be a way to sort cells with a given trehalose and

lipid content in a given volume range, a specific combination of

parameters that would mostly be found in some daughter cells.

Although these cells have a good survival rate in quiescence,

this does not imply that cells that do not meet these criteria are

not quiescent.

Cell replicative age

The above model posits that only daughter cells are bona fide

quiescent cells and that mother cells are not (Davidson et al., 2011).

The corollary is that replicative age [the number of divisions a cell

has undergone (Mortimer and Johnston, 1959)], strongly impacts on

the ability of a cell to face chronological age [the time a cell is able to

survive in quiescence (Fabrizio and Longo, 2003)]. In both yeast

and human fibroblasts, chronological age is known to influence cell

replicative age capacities, the longer the time in quiescence, the less

divisions a cell can undergo upon proliferation resumption (Ashrafi

et al., 1999; Munro et al., 2001; Marthandan et al., 2014). Recently,

we have demonstrated that replicative age does not influence either

the ability of a cell to enter quiescence (Laporte et al., 2018) or its

efficiency at exiting quiescence (Laporte et al., 2017), at least for

7-day-old mother cells that had undergone less than 15 divisions.

Therefore, more than 99% of the mother cells found in a 7-day-old

population are quiescent. This remains to be investigated for cells

that have spent a prolonged time in stationary phase.

Cell size

Recently, stationary phase populations have been separated into

subpopulations according to cell size (Svenkrtova et al., 2016). It

was found that, with time, very small cells (2 to 4 µm in diameter)

displayed a reduced ability to re-proliferate (Svenkrtova et al.,

2016). In agreement, at the population scale, we found that very

small cells (less than 30 fl in volume, or∼2.5 µm in diameter) have a

slightly increased susceptibility to enter senescence. However, after

having set aside senescent cells, cell volume per se does not impinge

on the ability of individual cell to survive in quiescence, at least after

7 days (Laporte et al., 2018). Nonetheless, cell volume does

influence quiescence exit efficiency, as cells exiting quiescence

must reach a ‘critical size’ before entering S phase, just as

proliferating G1 cells do (Laporte et al., 2017). Thus, large

quiescent cells generally emit a bud faster than small quiescent cells,

because upon refeeding, they do not need to grow as much to reach

the size needed for quiescence exit (Laporte et al., 2017). In

addition, we have observed that within the same volume range,

individual cells can re-enter proliferation with a different efficiency

(Laporte et al., 2017). Similarly, in muscle satellite cells, an

‘alerting’ mechanism has been proposed to ‘help’ a subpopulation

of cells to respond more rapidly under injury conditions by

enhancing their efficiency to exit quiescence (Rodgers et al., 2014).

Thus, in yeast and mammals, quiescent cells with different

responsiveness do exist.

Taken together, by separating non-dividing cell populations using

some of their physical properties, it is possible to enrich a sub-

population in quiescent cells. These methods may be of interest when

a large number of cells is required, such as for western blots or

‘omics’ approaches, but it is important to realize that the obtained

results are only valid for a subset of quiescent cells. As pinpointed by

Margaret Werner-Washburne, the major problem of these methods is

that they assign the property of being quiescent to a subpopulation.

However, quiescence is only meaningful at the individual cell level

(Werner-Washburne et al., 2012). This is not just semantics, and one

has to keep in mind that quiescent cell-specific properties that are

credited using subfractionation may not be generalizable to all

quiescent cells, or even worse, not be specific to quiescence, but

instead specific to the subpopulation of cells that have been selected

on criteria that may, however, be unrelated to quiescence.

Reorganization of cellular machineries upon proliferation

cessation

Before the turn of the millennium, very little was known about non-

dividing yeast cells at the cell biology level (Gray et al., 2004),

except that they had a thick cell wall (Elliott and Futcher, 1993; de

Nobel et al., 1990) and condensed chromosomes, as observed by

DAPI staining (Piñon, 1978). Since then, the remodeling of a

striking variety of cellular machineries and organelles have been

observed upon proliferation cessation in S. cerevisiae (Fig. 1;

Table S1).

Actin cytoskeleton

In proliferating cells, the actin cytoskeleton is a highly dynamic

network composed of actin cables, which serve as tracks for

secretory vesicles, actin patches, which sustain endocytosis, and an

actin ring, which is involved in cytokinesis (Mishra et al., 2014).

Upon proliferation cessation, all these structures vanish and new

actin-filament-containing spheroids, named actin bodies, are

assembled (Sagot et al., 2006). Actin bodies contain specific

actin-binding proteins and are composed of astonishingly stable

actin filaments. The molecular mechanism involved in actin body

formation is still unknown. However, it is known that mutants that

cannot assemble these structures are unable to survive in quiescence

(Sagot et al., 2006). Although the physiological functions of actin

bodies remain obscure, they may be actin reservoirs that can be

readily mobilized upon proliferation resumption (Sagot et al.,

2006). Interestingly, the formation of spheroid actin structures that

resemble actin bodies have been observed upon proliferation

cessation in S. pombe (Laporte et al., 2015), in plants (Poulter

et al., 2010; Wilkins et al., 2015) and in non-dividing endothelial

cells (Jensen and Larsson, 2004).

Microtubules

Microtubules are dynamic tubulin polymers that are crucial for

several processes, including chromosome segregation (Muroyama

and Lechler, 2017; Winey and Bloom, 2012). In S. cerevisiae, upon

proliferation cessation, cytoplasmic microtubules disappear and
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nuclear microtubules elongate from the spindle pole body (SPB),

the yeast equivalent of the centrosome, to form a long monopolar

bundle that traverses the entire nucleus (Laporte et al., 2013).

Intriguingly, microtubules composing this bundle are very stable.

Furthermore, mutants that cannot assemble this structure

precociously die upon carbon exhaustion, suggesting that it may

be required for survival of quiescent cells (Laporte et al., 2013).

Microtubule stabilization has been described in quiescent S. pombe

(Laporte et al., 2015), in serum-deprived fibroblasts (Danowski,

1998) and during the centrosome migration seen upon assembly of

the primary cilia in human retina epithelial cells entering quiescence

(Pitaval et al., 2017). The physiological ‘raison d’être’ of

microtubule stabilization in quiescent cell remains a mystery. An

appealing hypothesis might be that stable microtubules sequester

critical cell-cycle-regulating factors (Zhang et al., 2015; Ruiz-Miró

et al., 2011; Silva and Cassimeris, 2013), thereby maintaining cells

in a quiescent state.

Nucleus

In quiescent cells, the formation of a stable nuclear microtubule

bundle radically transforms the Rabl-like nucleus organization

typically found in yeast G1 cells (Taddei et al., 2010). The nucleolus

is no longer found opposite to the SPB, but rather adjacent to the

microtubule bundle. The centromeres, together with kinetochores,

stay attached to microtubule plus-ends and are mostly found at the

microtubule bundle tip (Laporte et al., 2013; Laporte and Sagot,

2014). More globally, the genome undergoes massive topological

rearrangements, including chromosome condensation (Rutledge

et al., 2015; Guidi et al., 2015). Telomeres, which localize to a

dozen of foci in G1 cells, regroup into one to two hyper-clusters

(Guidi et al., 2015; Rutledge et al., 2015; Laporte et al., 2016;

Laporte and Sagot, 2014). This clustering relies on the SIR complex

and the chromosome condensation machinery (Laporte et al., 2016;

Rutledge et al., 2015; Guidi et al., 2015), but appears to be

non-essential for cell survival in quiescence, at least after 7 days

(Laporte et al., 2016). Whether all these nuclear reorganizations

influence gene expression upon proliferation cessation remains an

open question.

Mitochondria

In S. cerevisiae, mitochondrial dysfunctions affect the ability of a

cell to deal with both replicative and chronological age (Fabrizio

and Longo, 2003; Martinez et al., 2004; Trancíková et al., 2004;

Bonawitz et al., 2006; Aerts et al., 2009; Ocampo et al., 2012; Beach

et al., 2015). Proliferating yeast cells exhibit a dynamic network of

mitochondrial tubules (Friedman and Nunnari, 2014). We recently

reported that this network undergoes a massive remodeling upon

proliferation cessation (Laporte et al., 2018). Quiescent yeast cells

exhibit numerous small and immobile cortical mitochondrial

vesicles. In contrast, cells that will enter senescence display one

or two big globular mitochondria, a phenotype that is associated

with impaired oxidative phosphorylation (Laporte et al., 2018).

Interestingly, abnormally enlarged mitochondrial structures have

been observed in replicatively old yeast cells (Scheckhuber et al.,

2007; Veatch et al., 2009; McFaline-Figueroa et al., 2011; Hughes

and Gottschling, 2012; Fehrmann et al., 2013), as well as in many

Proliferating G1

cells

Non-proliferating

cells

Cytoplasm and nucleus Foci

Stress granules

Cytoplasm Filament

Cytoplasmic
Microtubules

SPG
Hsp42/Hos2

Foci

P-bodies and enzymes

Nuclear bundle 

Cables and  patches Actin bodies 

Actin cytoskeleton

Nucleus PSG 

Hsp90
Nucleus 

(>95%)

(>70%)

 (20-80%)

(20–70%)

(~75%)

Cytoplasm 

Cytoplasm 

Nucleus 

1–2 hyperclusters
Telomeres

Mitochondria

Cortical vesiclesCytoplasmic network 

10–12 clusters

 (>80%)

(>90%)

 (>90%)

 (15–50%)

(>90%)

Proteasome

Enzymes

Fig. 1. Cellular machinery and organelle reorganizations upon

proliferation cessation. Side-by-side representation of some cellular

machineries or organelles in proliferating G1 cells and in non-proliferating cells

(carbon exhaustion). White dotted circles represent the nuclear membrane.

Numbers are the percentage of cells displaying the indicated remodeling within

a 7-day-old stationary phase population.
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aging models, including the mouse myocardium (Coleman et al.,

1987), human fibroblasts (Yoon et al., 2006) and Medicago

truncatula (Zottini et al., 2006). Further, a massive remodeling

from tubules to donut-shaped mitochondria has been recently

reported in glioblastoma stem-like cells entering quiescence

(Aulestia et al., 2018). Thus, the mitochondrial morphology

appears to respond to the cellular state in many eukaryotes.

mRNA granules

Upon proliferation cessation, RNA-processing enzymes relocalize

and encapsulate translationally repressed mRNAs to form P-bodies

and stress granules. Although they contain an overlapping set of

enzymes (Kedersha and Anderson, 2002; Anderson and Kedersha,

2009; Balagopal and Parker, 2009), P-bodies and stress granules are

distinct structures. P-bodies are mostly composed of proteins

regulating mRNA decay (Parker and Sheth, 2007; Sheth and Parker,

2003), whereas stress granules enclose proteins involved in

translation and, as such, could be mRNA storage particles

(Yamasaki and Anderson, 2008). In yeast, P-bodies form upon

glucose exhaustion in a protein kinase A (PKA)-dependent manner

and are required for cell survival (Ramachandran et al., 2011). Stress

granules assemble later, independently of PKA activity (Shah et al.,

2013, 2014), and their formation may involve phase separation

(Riback et al., 2017). Importantly, ribonucleoprotein granules have

been observed in many environmental conditions and in numerous

cellular models, including worms, flies and mammals, but their

physiological function is still under debate (Buchan, 2014;

Sfakianos et al., 2016).

Proteasome

When cells enter quiescence, the proteasome moves from the

nucleus into foci called proteasome storage granules (PSGs)

(Laporte et al., 2008). PSG formation is a multistep process

(Enenkel, 2018). In response to a drop in intracellular pH (Peters

et al., 2013), proteasomes first exit the nucleus, most probably in the

form of separated 19S and 20S sub-complexes (Nemec et al., 2017).

Damaged proteasomes are directed to an insoluble protein

aggregates deposit, termed IPOD, (Peters et al., 2016), which is

closely associated with the vacuole (Kaganovich et al., 2008;

Spokoini et al., 2012), where they may be degraded (Marshall et al.,

2016). Intact proteasome sub-complexes are independently directed

to mature PSGs (Marshall and Vierstra, 2018). A high-throughput

screen has revealed that as many as 45 proteins are required for PSG

formation (Gu et al., 2017), including proteasome accessory

proteins, such as Blm10 or Spg5 (Marshall and Vierstra, 2018),

and proteasome-modifying enzymes, such as the NatB acetylation

complex (van Deventer et al., 2015). We proposed that PSGs may be

a reservoir that protect proteasomes from degradation (Laporte et al.,

2008), an hypothesis elegantly demonstrated by the Vierstra

laboratory (Marshall and Vierstra, 2018). At the cellular level,

PSGs are important for both cell survival in quiescence and

quiescence exit efficiency (Marshall and Vierstra, 2018; Gu et al.,

2017; Weberruss et al., 2013). Finally, PSGs have been observed in

fission yeast (Laporte et al., 2008) and in plants (Marshall and

Vierstra, 2018), suggesting that this structure may be conserved

among eukaryotes.

Heat-shock proteins and metabolic enzymes

Following nutrient exhaustion, the synthesis of many heat-shock

proteins is upregulated and their concomitant relocalization is

well-established. Some of them, such as proteins from the Hsp90

family, p23/Sba1 and the Hsp70 family protein Ssa1 relocalize from

the cytoplasm into the nucleus in a karyopherin-dependent manner.

This accumulation appears to be important for quiescence exit

(Tapia andMorano, 2010; Chughtai et al., 2001). In contrast, Hsp42

and Hsp26 form cytosolic foci and trigger the relocalization of other

enzymes including the histone deacetylase Hos2 (Liu et al., 2012).

In fact, a high-throughput screen has identified more than 180

metabolic enzymes that concentrate into cytoplasmic foci or

filaments upon proliferation cessation (Narayanaswamy et al.,

2009). This includes enzymes of the purine and pyrimidine

synthesis pathways, proteins involved in translation, and many

kinases (Narayanaswamy et al., 2009; Noree et al., 2010; Shah et al.,

2014), with some of these relocalizations being conserved in

bacteria, flies and humans (O’Connell et al., 2012, 2014).

Importantly, colocalization experiments have demonstrated that

these proteins do not relocalize into the same foci, but rather into

distinct structures whose assembly is not necessarily concomitant

(Shah et al., 2014). The cellular functions of these intracellular

structures are still unclear, but they may provide functional

advantages, such as channeling of substrates or improved

co-regulation. However, the formation of multi-enzyme

assemblies of proteins involved in a given metabolic pathway

does not appear to be the general rule (O’Connell et al., 2014).

Furthermore, a close coupling between enzyme activity and filament

formation has been reported (Noree et al., 2014). Overall, these

structures may be storage modules, in which proteins are protected

from degradation, but remain readily mobilizable when they are

needed, such as upon substrate replenishment, cell stress or

proliferation resumption.

Reversibility

Upon quiescence exit, all the above-mentioned reorganizations are

not maintained in the mother cell, nor are they transmitted to the

daughter cell. Indeed, all these structures disappear upon

proliferation resumption before new bud emergence. Actin body

disassembly occurs within seconds upon cell refeeding (Sagot et al.,

2006; Laporte et al., 2011), while relocalization of proteins from

PSGs into the nucleus takes a few minutes (Laporte et al., 2008), as

does mitochondrial tubule re-formation (Laporte et al., 2018).

Nuclear microtubule shortening takes about an hour (Laporte et al.,

2013), and P-bodies and stress granules dissociate gradually,

component after component, in ∼90 min (Shah et al., 2014;

Brengues and Parker, 2007). The majority of these dismantling

events are independent of de novo protein synthesis (Shah et al.,

2014; Liu et al., 2012; Sagot et al., 2006; Laporte et al., 2008). The

disassembly of actin bodies and PSGs is triggered by glucose

metabolization through the glycolytic pathway (Laporte et al.,

2011). Furthermore, dissociation of P-bodies and stress granules

does not involve protein degradation (Shah et al., 2014). The

mechanisms underlying the formation of quiescent-cell-specific

structures are difficult to tackle given the time they take to assemble

(often several days). By contrast, their dissociation occurs shortly

after cell refeeding and, as such, may be easier to elucidate at the

molecular level.

As a conclusion, a vast number of reorganizations have been

observed upon proliferation cessation. In fact, three types of

remodeling can be distinguished based on their complexity. The

first category encompasses structures composed of one or only a few

enzymes by a given metabolic pathway. The second concerns

structures with a complex architecture, such as microtubule bundles

or PSGs. The third entails rearrangements at the scale of an

organelle. As the above-described structures are organized edifices

that are dismantled within minutes after the cells have been re-fed,
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they are obviously not simple unstructured aggregates of non-

functional proteins. Besides, we can speculate that the

reorganizations reported to date are just the tip of the iceberg and

that many more are still to be discovered.

Beyond machinery reorganizations

Following the observations of the above-presented reorganizations,

many questions have emerged, and below we discuss what we

consider to be the most salient ones with regard to a better

understanding of quiescence.

Environmental condition specificity

As a start, we can wonder whether a given reorganization is

specific for proliferation cessation upon glucose exhaustion, or

whether it can also occur under other environmental conditions.

The formation of P-bodies have been observed in response to many

cellular stresses, including high salt, temperature and various

nutrient starvations (Sheth and Parker, 2003; Teixeira et al., 2005;

Brengues et al., 2005). PSGs do not form upon nitrogen starvation,

which instead directs the proteasome for degradation by the

vacuole (Waite et al., 2016; Marshall et al., 2016; Marshall and

Vierstra, 2018). In fact, when nitrogen is exhausted, cells undergo

massive autophagy that prevents the formation of actin bodies

(Laporte et al., 2011) and ultimately leads to cell death. Nitrogen

starvation further induces selective mitophagy (Camougrand et al.,

2008), thus precluding the formation of mitochondrial vesicles

(Laporte et al., 2018). Hence, each individual structure has its own

behavior. Importantly, a remodeling that occurs under a unique

specific condition is not less interesting than one found in multiple

environmental scenarios, as both may shed light on cellular needs

(Marshall and Vierstra, 2018).

Physical constraints and slow-down of metabolism

Another critical question is to decipher whether the observed

reorganizations are the result of changes in the physical properties

of cellular compartments. PSG formation has been linked to the

drop in intracellular pH that occurs upon glucose exhaustion

(Peters et al., 2013). Similarly, the formation of some enzyme-

containing filaments are driven by a self-assembly mechanism that

is related to both cytoplasm acidification and an increase in

molecular crowding (Petrovska et al., 2014). In fact, a drop in

intracellular pH has been shown to induce a transition from a

fluid-like to a solid-like state of the cytoplasm (Munder et al.,

2016) and to participate in the phase-separation that may be

underlying stress granule formation (Riback et al., 2017).

However, the decrease in diffusional mobility of cellular

structures is not necessarily associated with a drop in

intracellular pH and could rather be linked to a reduction in cell

volume, which severely alters the biophysical properties of both

the nucleus and the cytoplasm (Joyner et al., 2016). Importantly,

intracellular confinement appears to be unrelated to a metabolic

slowdown that triggers a drop in ATP concentration (Joyner et al.,

2016). Even though the effect of ATP concentration on the

reorganization of each cellular machinery upon quiescence

establishment remains to be investigated, ATP replenishment is

neither necessary nor sufficient for actin body mobilization upon

quiescence exit (Laporte et al., 2011). Furthermore, a drop in

the intracellular concentration of GTP does not lead to microtubule

stabilization, and therefore cannot be the cause of microtubule

stabilization in quiescence (Laporte et al., 2015). Thus, once again,

the impact of both the metabolic and biophysical environment

depends on the cellular machinery of interest.

Specific protein pathways

Several reorganizations are driven by specific molecular pathways.

As an example, PSG formation depends on acetylases and at least 40

other proteins (Gu et al., 2017; van Deventer et al., 2015; Weberruss

et al., 2013; Saunier et al., 2013). Actin body assembly requires

specific actin-binding proteins such as fimbrin (Sagot et al., 2006).

Similarly, several microtubule-associated proteins are needed

for nuclear microtubule bundle formation (Laporte et al., 2013).

Further, some reorganizations may depend on other rearrangements.

The formation of the stable microtubule bundle inside the quiescent

yeast nucleus causes the relocalization of both the nucleolus and

the centromere–kinetochore complexes, but is independent of

telomere hyper-clustering (Laporte et al., 2013, 2016; Laporte and

Sagot, 2014).

In fact, the assembly of quiescent-cell-specific structures most

likely depends on a combination of several parameters, including

biophysical constraints, metabolic changes and interactions with

specific protein partners. One obvious example is telomere hyper-

clustering in quiescence, which most likely results from a

combination of nuclear viscosity increase (Joyner et al., 2016),

the stockpiling of the silencing protein Sir3, which acts as a glue at

sub-telomeric loci (Laporte et al., 2016; Ruault et al., 2011; Guidi

et al., 2015), and chromatin hyper-condensation (Rutledge et al.,

2015). All these events converge to reduce the exploratory volume

of telomeres, thereby increasing their probability of clustering.

Is there a quiescence-specific marker?

If a plethora of reorganizations have been observed upon

proliferation cessation, one critical question is to know if they are

specific for quiescence. In other words, can we use one of them as a

quiescence marker? Some reorganizations, such as P-bodies, are not

specific to proliferation cessation (Sheth and Parker, 2003). Others

can be found in both quiescent and senescent cells, for instance actin

bodies, and as such may be more general markers of proliferation

cessation (Laporte et al., 2018). Furthermore, some structures are

assembled only in a subset of quiescent cells, such as enzyme-

containing foci (Noree et al., 2010). With time, quiescent cells

progressively lose their capacity to re-proliferate. One can envision

that a reorganization that is rarely found at early time points may be

crucial for cell survival in quiescence in the long-run. (Fig. 2).

Addressing the requirement for quiescence survival for a given

structure awaits experiments done at the individual cell level. To

date, none of the rearrangement observed upon proliferation

cessation has been found to be strictly specific for quiescence and

found in all quiescent cells.

Quiescence deepening – adding time in the game

Finding a reliable quiescence marker is even more complicated

given that cell properties change with the time spent in quiescence.

In fibroblasts, transcriptome analyses have shown that most of the

up- or down-regulated genes are induced or repressed more strongly

after 20 days than after 4 days of quiescence (Coller et al., 2006).

Furthermore, WI-38 cell cultures deprived of serum for weeks

re-enter the cell cycle more slowly than those that have been starved

for only a few days (Augenlicht and Baserga, 1974; Soprano, 1994).

In S. pombe, the longer the nitrogen starvation period, the slower

populations resume proliferation (Su et al., 1996). These

observations suggest that an arrest for a prolonged period of time

results in a ‘deepening’ of quiescence. However, these experiments

measure the overall proliferation resumption of a cell population,

which is the combination of both the number of cells capable to exit

quiescence and the efficiency of each cell to re-proliferate. To
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circumvent this caveat, it is now possible to study quiescence exit

efficiency at the individual cell level using microscope pads or

microfluidic devices. In doing so, we have shown that the longer the

time in quiescence, the more time a yeast cell needs to re-proliferate

(Laporte et al., 2017). This decrease in the speed of quiescence exit

may notably depend on intracellular trehalose (Laporte et al., 2017),

a sugar that fuels the return into proliferation and whose intracellular

level progressively decreases as cells age (Shi et al., 2010;

Samokhvalov et al., 2004; Lillie and Pringle, 1980; Kyryakov

et al., 2012; Cao et al., 2016). Furthermore, as quiescent cells age,

they may accumulate damages that could affect not only quiescence

exit efficiency, but also result in their transitioning into senescence.

In fact, some quiescent cells may enter senescence more rapidly than

others. Indeed, we have shown that respiratory-deficient cells lose

their capacity to re-proliferate within a few days, whereas wild-type

cells can stay quiescent for months (Laporte et al., 2018) or maybe

even for centuries (de Virgilio, 2012).

As time influences cell survival in quiescence, we can wonder

whether the reorganizations observed in ‘young’ quiescent cells are

maintained with age and are preserved when quiescent cells

transition into senescence, or whether they vanish when cells lose

their capacities to re-proliferate (Fig. 3). Clarifying these points

awaits techniques that will allow for long-term imaging of

individual cells.

Conclusions

Upon proliferation cessation, individual yeast cells reorganize many

cellular machineries. Some reorganizations take place in the

majority of the cells, whereas others are rather rare. This gives

rise to a heterogeneous population of cells with differing individual

properties and begs the question of whether one of these

rearrangements could be used as a yeast quiescence marker. Such

a rearrangement should be found only in quiescent cells, in all

quiescent cells and at any given time in quiescence. Given the

heterogeneity of the properties of individual quiescent yeast cells, it

is most likely illusory to find such an infallible yeast quiescence

marker and even more unrealistic that a quiescence marker

conserved in all eukaryotes can be uncovered.

To shed further light on the cell biology of quiescence, the keymay

be to understand the physiology that underpins each of the specific

cellular rearrangements. A first level of knowledge would be to

decipher the molecular mechanisms underlying their formation and

disassembly. A second level would be to elucidate the physiological

function of each cellular rearrangement and to determinewhether it is

required for quiescence establishment, quiescence long-term survival

and/or quiescence exit efficiency. A third level would be to test

whether a given reorganization is crucial for the survival of a specific

cell type in a given environment or is common to several cell types

and/or several microenvironmental niches.

Senescent cells Required for survival Proliferation arrest

Stationary phase 

population Not required for survival 

Quiescent cells

A B C D E

Fig. 2. Non-proliferating cells display a variety of individual features. (A) Cellular structure (brown balls) assembled upon proliferation arrest and

found in both senescent and quiescent cells (e.g. actin bodies). (B) Cellular reorganizations (red spheroids) found only in senescent cells (such as globular

mitochondria). (C,D) Quiescent-cell-specific cellular reorganizations (violet cylinders, small red spheres) not required for cell survival in quiescence (like telomere

hyper-clusters) (C), and quiescent-cell-specific cellular reorganizations (green and yellow spheres, blue ovals) required for cell survival in quiescence

(such as microtubule bundles) (D). Of note, some cellular reorganizations (green spheres, blue ovals, violet cylinders, small red spheres) are found in themajority

of the quiescent cells (for instance, PSGs), while others (yellow spheres) are more rare (such as stress granules). (E) Overall, non-proliferating cells display a

plethora of different properties.

SenescenceQuiescence

Time

i)

ii)

iii)

iv)

v)

Fig. 3. Individual features of quiescent cells may evolve with the time

spent in quiescence and upon transition to senescence. (i) A quiescent-

cell-specific structure that is maintained when quiescent cells transit into

senescence (blue cylinder). (ii) A quiescent-cell-specific structure that is

disassembled when quiescent cells transit into senescence (yellow oval).

(iii) A structure assembled upon quiescence entry and maintained throughout

quiescence (green dot). (iv) A structure assembled only in late quiescence

(pink spheroid). (v) A structure assembled upon quiescence entry that

disassembles in late quiescence (dark blue cylinder).
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Quiescent cell biology is an exciting young field. Collectively,

works over the past two decades have revealed that quiescent cells

are not ‘insignificant frozen G1 cells’, but are rather at the heart of

major biology processes and display specific features that vary not

only with regard to the cell type and the micro-environment, but also

at the scale of an individual cell.
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Ruiz-Miró, M., Colomina, N., Fernández, R. M. H., Garı,́ E., Gallego, C. and

Aldea, M. (2011). Translokin (Cep57) interacts with cyclin D1 and prevents its

nuclear accumulation in quiescent fibroblasts. Traffic 12, 549-562.

Rumman, M., Dhawan, J. and Kassem, M. (2015). Concise review: quiescence in

adult stem cells: biological significance and relevance to tissue regeneration.

Stem Cells Dayt. Ohio 33, 2903-2912.

Rutledge, M. T., Russo, M., Belton, J.-M., Dekker, J. and Broach, J. R. (2015).

The yeast genome undergoes significant topological reorganization in

quiescence. Nucleic Acids Res. 43, 8299-8313.

Sagot, I., Pinson, B., Salin, B. and Daignan-Fornier, B. (2006). Actin bodies in

yeast quiescent cells: an immediately available actin reserve? Mol. Biol. Cell 17,

4645-4655.

Samokhvalov, V., Ignatov, V. and Kondrashova, M. (2004). Reserve

carbohydrates maintain the viability of Saccharomyces cerevisiae cells during

chronological aging. Mech. Ageing Dev. 125, 229-235.
Sampaio-Marques, B., Burhans, W. C. and Ludovico, P. (2014). Longevity

pathways andmaintenance of the proteome: the role of autophagy and mitophagy

during yeast ageing. Microb. Cell Graz Austria 1, 118-127.

Sandager, L., Gustavsson, M. H., Ståhl, U., Dahlqvist, A., Wiberg, E., Banas, A.,

Lenman, M., Ronne, H. and Stymne, S. (2002). Storage lipid synthesis is non-

essential in yeast. J. Biol. Chem. 277, 6478-6482.

Saunier, R., Esposito, M., Dassa, E. P. and Delahodde, A. (2013). Integrity of the

Saccharomyces cerevisiae Rpn11 protein is critical for formation of proteasome

storage granules (PSG) and survival in stationary phase. PLoS ONE 8, e70357.

Scheckhuber, C. Q., Erjavec, N., Tinazli, A., Hamann, A., Nyström, T. and

Osiewacz, H. D. (2007). Reducing mitochondrial fission results in increased life

span and fitness of two fungal ageing models. Nat. Cell Biol. 9, 99-105.

Sfakianos, A. P., Whitmarsh, A. J. and Ashe, M. P. (2016). Ribonucleoprotein

bodies are phased in. Biochem. Soc. Trans. 44, 1411-1416.
Shah, K. H., Zhang, B., Ramachandran, V. and Herman, P. K. (2013). Processing

body and stress granule assembly occur by independent and differentially

regulated pathways in Saccharomyces cerevisiae. Genetics 193, 109-123.

Shah, K. H., Nostramo, R., Zhang, B., Varia, S. N., Klett, B. M. and Herman, P. K.

(2014). Protein kinases are associated with multiple, distinct cytoplasmic granules

in quiescent yeast cells. Genetics 198, 1495-1512.

Sheth, U. and Parker, R. (2003). Decapping and decay of messenger RNA occur in

cytoplasmic processing bodies. Science 300, 805-808.

Shi, L., Sutter, B. M., Ye, X. and Tu, B. P. (2010). Trehalose is a key determinant of

the quiescent metabolic state that fuels cell cycle progression upon return to

growth. Mol. Biol. Cell 21, 1982-1990.

Silva, V. C. and Cassimeris, L. (2013). Stathmin and microtubules regulate mitotic

entry in HeLa cells by controlling activation of both Aurora kinase A and Plk1.Mol.

Biol. Cell 24, 3819-3831.

Singh, P. and Li, R. (2017). Emerging roles for sphingolipids in cellular aging. Curr.

Genet. 64, 761-767.

Soprano, K. J. (1994). WI-38 cell long-term quiescence model system: a valuable

tool to study molecular events that regulate growth. J. Cell. Biochem. 54, 405-414.

Spencer, S. L., Cappell, S. D., Tsai, F.-C., Overton, K.W.,Wang, C. L. andMeyer,

T. (2013). The proliferation-quiescence decision is controlled by a bifurcation in

CDK2 activity at mitotic exit. Cell 155, 369-383.

Spokoini, R., Moldavski, O., Nahmias, Y., England, J. L., Schuldiner, M. and

Kaganovich, D. (2012). Confinement to organelle-associated inclusion

structures mediates asymmetric inheritance of aggregated protein in budding

yeast. Cell Rep. 2, 738-747.

Su, S. S., Tanaka, Y., Samejima, I., Tanaka, K. and Yanagida, M. (1996). A

nitrogen starvation-induced dormant G0 state in fission yeast: the establishment

from uncommitted G1 state and its delay for return to proliferation. J. Cell Sci. 109,

1347-1357.

Sun, D. and Buttitta, L. (2017). States of G0 and the proliferation-quiescence

decision in cells, tissues and during development. Int. J. Dev. Biol. 61, 357-366.

Sutcu, H. H. and Ricchetti, M. (2018). Loss of heterogeneity, quiescence, and

differentiation in muscle stem cells. Stem Cell Investig. 5, 9.

Svenkrtova, A., Belicova, L., Volejnikova, A., Sigler, K., Jazwinski, S. M. and

Pichova, A. (2016). Stratification of yeast cells during chronological aging by size

points to the role of trehalose in cell vitality. Biogerontology 17, 395-408.

Taddei, A., Schober, H. and Gasser, S. M. (2010). The budding yeast nucleus.

Cold Spring Harb. Perspect. Biol. 2, a000612.

Takeo, K., Tanaka, R., Miyaji, M. and Nishimura, K. (1995). Unbudded G2 as well

as G1 arrest in the stationary phase of the basidiomycetous yeast Cryptococcus

neoformans. FEMS Microbiol. Lett. 129, 231-235.

Tapia, H. and Morano, K. A. (2010). Hsp90 nuclear accumulation in quiescence is

linked to chaperone function and spore development in yeast. Mol. Biol. Cell 21,

63-72.

Teixeira, D., Sheth, U., Valencia-Sanchez, M. A., Brengues, M. and Parker, R.

(2005). Processing bodies require RNA for assembly and contain nontranslating

mRNAs. RNA 11, 371-382.

Terzi, M. Y., Izmirli, M. and Gogebakan, B. (2016). The cell fate: senescence or

quiescence. Mol. Biol. Rep. 43, 1213-1220.

Tierney, M. T. and Sacco, A. (2016). Satellite cell heterogeneity in skeletal muscle

homeostasis. Trends Cell Biol. 26, 434-444.
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