
Cellular Mechanisms and Regulation of Quiescence

Océane Marescal1,2, Iain M. Cheeseman1,2,*

1Whitehead Institute for Biomedical Research, 455 Main Street, Cambridge, MA 02142

2Department of Biology, Massachusetts Institute of Technology, Cambridge, MA 02142

Summary

Quiescence is a state of reversible proliferative arrest in which cells are not actively dividing, and 

yet retain the capacity to reenter the cell cycle upon receiving an appropriate stimulus. Quiescent 

cells are remarkably diverse—they reside in different locations throughout the body, serve distinct 

roles, and are activated by a variety of signals. Despite this diversity, all quiescent cells must be 

able to persist in a non-dividing state without compromising their proliferative potential, which 

requires changes to core cellular programs. How drastically different cell types are able to 

implement extensive changes to their gene expression programs, metabolism, and cellular 

structures to induce a common cellular state is a fascinating question in cell and developmental 

biology. In this review, we explore the diversity of quiescent cells and highlight the unifying 

characteristics that define the quiescent state.

Introduction

Quiescence is a state of reversible growth arrest in which cells have exited the cell cycle but 

remain capable of renewed division upon stimulation. Entry into quiescence allows cells to 

persist in a non-dividing state over extended periods of time and enact mechanisms to 

protect themselves from damage. Although quiescent cells display some similarities to other 

non-dividing cell states, such as senescence and terminal differentiation, quiescence 

possesses unique characteristics and functions. In particular, whereas senescent and 

terminally differentiated cells arrest permanently and are unable to proliferate further, 

quiescent cells are defined by their ability to reenter the cell cycle. This broad definition of 

quiescence encompasses a wide range of diverse cell types in an organism. Quiescent cells 

include tissue-resident adult stem cells, such as hematopoietic, muscle, and neural stem 

cells, as well as differentiated cells, including fibroblasts, hepatocytes, lymphocytes, and 

oocytes (Bangru et al., 2018; Hwang et al., 2020; Liang et al., 2020; Mitra et al., 2018; 

Sampath et al., 2018; Swartz et al., 2019; Urban et al., 2019; Yi, 2017) (Figure 1). 
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Quiescence maintains these cells in a poised state—non-proliferative, but ready to re-enter 

the cell cycle when confronted with the appropriate stimulus.

The maintenance of quiescence and the regulated reentry of a cell into the cell cycle are 

crucial for the functions of quiescent cells in tissue repair, immunity, and reproduction. For 

example, muscle stem cells (satellite cells) reside in a quiescent state until injury stimulates 

their renewed proliferation to regenerate surrounding damaged muscle tissue (de Morree et 

al., 2017; Goel et al., 2017; Yue et al., 2017). Similarly, other stem cells, as well as 

differentiated fibroblasts and hepatocytes, also exit quiescence and proliferate during wound 

healing (Bangru et al., 2018; Fabris et al., 2019; Urban et al., 2019). In T lymphocytes, 

quiescence and the timely exit from arrest upon binding of a cognate antigen to the T cell 

receptor are essential for mounting an appropriate immune response (Hwang et al., 2020). 

Quiescence is also important in oocytes for the maintenance of reproductive capacity. 

Oocytes in female mammals become arrested at Prophase I of meiosis, in contrast to other 

cell types that enter quiescence in G0 (described below). This arrest occurs prenatally and 

oocytes are maintained in a quiescent state that can persist for decades (Adhikari et al., 

2010; Kim and Kurita, 2018). Exit from quiescence and the continuation of meiosis occurs 

during each reproductive cycle for only a small number of oocytes (Arroyo et al., 2020).

Thus, quiescent cells are diverse and perform various functions throughout the organism. To 

fulfill these functions, cells must regulate their entry into and exit from quiescence and enact 

multiple changes to their gene expression, metabolism, and cellular organization. In the 

following sections, we draw on examples from this diversity of quiescent cell types, 

focusing on mammalian systems, to highlight the importance of quiescence for organismal 

fitness, and address the functions, regulation, and features of this fascinating cell state.

Quiescence and the control of cell cycle progression

To enable a reversible state of arrest, cells must tightly control the entry into quiescence, the 

maintenance of this state, and the exit of cells from quiescence. These steps require the 

action of key cell cycle regulators, which in turn respond to inputs from upstream factors, 

including extracellular and intracellular signals.

Quiescent cells are not actively proliferating and thus must temporarily halt their progression 

through the cell cycle. For most quiescent cells, this arrest takes place in G0, a resting phase 

outside of the cell cycle that occurs prior to S phase, but is distinct from the G1 phase 

observed in cycling cells (Figure 2). Whether a cell enters G0 or proceeds through G1 to 

continue cycling is dictated by the regulation of several key factors, including cyclins and 

cyclin-dependent kinases (CDKs), CDK inhibitors, and the retinoblastoma protein (Rb) 

(Figure 2). Cyclin-CDK complexes drive cell cycle progression through the phosphorylation 

of proteins involved in each of the cell cycle phases (Malumbres, 2014). Cyclin D-CDK4/6 

and cyclin E-CDK2 complexes promote G1 progression (Aktas et al., 1997). Thus, high 

levels of cyclin D/E and CDK4/6 increase proliferation by driving passage through G1. 

Conversely, stimuli that decrease the abundance and activity of these proteins induce 

quiescence (Aktas et al., 1997).
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An important mechanism by which cyclin-dependent kinases are regulated is through the 

expression of CDK inhibitors, including p21 (CDKN1A), p27 (CDKN1B), and p57 

(CDKN1C) (Figure 2). CDK inhibitors promote quiescence and quiescent cells typically 

display high levels of these proteins (Aktas et al., 1997; Arora et al., 2017; Barr et al., 2017; 

Cheung and Rando, 2013; Fujimaki et al., 2019; Li et al., 2019; Wang et al., 2020). For 

instance, p27 is highly expressed during quiescence in cultured fibroblasts (Oki et al., 2014). 

Decreases in the activity or levels of CDK inhibitors can lead to exit from quiescence and re-

entry into the cell cycle (Arora et al., 2017; Barr et al., 2017; Wang et al., 2020) (Figure 2). 

In human epithelial cell lines, genetic deletion of CDKN1A (p21) limits a cell’s ability to 

enter quiescence, as these cells are unable to achieve sufficiently low levels of CDK2 

activity (Arora et al., 2017; Barr et al., 2017; Spencer et al., 2013). Thus, due to the critical 

regulatory role of these cell cycle factors, quiescence-inducing signals typically act to 

decrease cyclin/CDK activity or increase CDK inhibitor levels.

A major target of CDK4/6 phosphorylation and a central player in the proliferation-

quiescence decision is the retinoblastoma protein (RB1). Rb inhibits proliferation by binding 

to and inactivating E2F1, a key transcriptional activator for cell cycle and cell division genes 

(Cheung and Rando, 2013; Yao et al., 2008) (Figure 2). The phosphorylation of Rb by cyclin 

D-Cdk4 prevents its ability to repress E2F, allowing for cell cycle entry (Yao et al., 2008) 

(Figure 2). E2F activity is sufficient to induce quiescent cells to enter the S phase, whereas 

preventing E2F activation inhibits cell cycle reentry (Yao et al., 2008). Thus, the Rb-E2F 

pathway acts as a key bistable switch that integrates graded growth signals into a binary 

decision for proliferation versus quiescence (Kwon et al., 2017; Wang et al., 2017; Yao et 

al., 2008).

Interestingly, Rb can also function in maintaining quiescence outside of the E2F pathway. In 

quiescent cells, hypophosphorylated Rb associates with the Cdh1-bound Anaphase 

Promoting Complex/cyclosome (APC/CCdh1) to target Skp2, a negative regulator of the p27 

CDK inhibitor, for degradation (Binne et al., 2007). This allows p27 to accumulate and 

further promote the quiescent arrest (Binne et al., 2007). Indeed, APC/CCdh1 activity is 

necessary to maintain hepatocytes in a quiescent state and its loss results in re-entry of these 

cells into the cell cycle and subsequent liver failure (Wirth et al., 2004).

Thus, multiple cell cycle and transcriptional factors are involved in a cell’s decision to enter 

or exit quiescence. As discussed below, intra- and extracellular signals converge to influence 

the levels of these key regulators to control the quiescent state.

Signals controlling entry to and exit from quiescence

Extracellular signals and the in vivo niche.

Extracellular signals play important roles in regulating cellular quiescence (Figure 3). These 

signals are often provided by a niche—the in vivo microenvironment in which cells reside. 

The niche is comprised of surrounding cells, extracellular matrix, and blood vessels, which 

interact with quiescent cells using soluble factors or through direct contact (Fiore et al., 

2018) (Figure 3). Growth factors (also known as mitogens) promote proliferation by 

inducing signaling cascades that ultimately act to increase cyclin levels or decrease the 
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abundance of CDK inhibitors (Aktas et al., 1997). Niche-derived soluble growth factors are 

essential for the activation and proliferation of quiescent stem cells following tissue injury. 

For example, skeletal muscle injury induces the activation and release of hepatocyte growth 

factor from the surrounding extracellular matrix (ECM), which primes muscle stem cells for 

proliferation (Rodgers et al., 2014; Rodgers et al., 2017). Conversely, the absence of growth 

factors in uninjured tissue is important to maintain quiescence and the niche must prevent 

growth factor release to avoid the loss of quiescence and depletion of stem cell pools 

(Chakkalakal et al., 2012). In addition to withholding growth factors, the niche prevents 

inappropriate proliferation by producing quiescence-inducing soluble factors, including 

TGF-β1 (Batard et al., 2000; Ducos et al., 2000), Wnt4 (Eliazer et al., 2019), IL-6 cytokines 

(Sampath et al., 2018), and other factors (Delgado et al., 2014; Kalamakis et al., 2019; Sato 

et al., 2017). Quiescence can also be reinforced through cell-cell contacts (Goel et al., 2017; 

Liu et al., 2018; Porlan et al., 2014; Rozo et al., 2016; Urban et al., 2019). For instance, 

cadherin-mediated adhesion between stem cells and their niche maintains stem cell 

quiescence, whereas disrupting adherens junctions leads to stem cell activation. During 

injury, the physical disruption of cell-cell adhesion junctions relieves contact inhibition and 

allows for the proliferation of quiescent stem cells needed for tissue repair (Goel et al., 

2017). Thus, proper regulation of signals arising from the niche is essential for maintaining 

quiescence in various physiological contexts.

Extracellular signals in vitro.

As with quiescent cells in the body, cultured cells integrate a variety of extracellular cues 

from their surroundings to control cell state decisions. These signals underlie the 

experimental strategies used to induce quiescence in vitro, such as serum starvation, the loss 

of adhesion, or contact inhibition (Coller et al., 2006; Mitra et al., 2018). Serum is 

commonly used as a supplement to cell growth medium and contains a combination of 

growth factors (Barr et al., 2017; Coller et al., 2006; Mitra et al., 2018). Just as the absence 

of growth factor secretion from the niche reinforces quiescence, growth factor deprivation 

through serum starvation induces quiescence by preventing the activation of proliferative 

growth factor signaling pathways (Barr et al., 2017; Coller et al., 2006; Mitra et al., 2018). 

Anchorage loss also causes the loss of pro-proliferative signaling. Many cell types rely on 

adhesion to the extracellular matrix (ECM) to grow and survive. The interaction of cell-

surface integrins with ECM proteins activates signaling to promote cell cycle progression 

(Dike and Farmer, 1988; Fiore et al., 2018; Schwartz and Assoian, 2001). The loss of cell 

adhesion that occurs by placing cells in suspension culture therefore removes proliferative 

signals and promotes cell cycle exit (Dike and Farmer, 1988; Fiore et al., 2018; 

Subramaniam et al., 2014). In contrast, contact inhibition functions directly as an anti-

proliferative signal. Even in the presence of serum-derived growth factors, cellular contact in 

confluent cultures causes a growth arrest (Fiore et al., 2018; Gos et al., 2005). For example, 

cadherin-mediated contact inhibition can arrest growth through signaling that elevates the 

levels of CDK inhibitors (Levenberg et al., 1999). In each of these cases, restoring growth-

promoting signals can reactivate cells from quiescence. Plating suspended cells onto ECM 

proteins, adding growth factors to serum-starved cells, or sub-culturing cells to a lower 

population density promotes renewed division.
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Serum deprivation, the loss of adhesion, and contact inhibition induce quiescence with 

varying degrees of efficiency depending on the cell type. Some cells, such as fibroblasts, 

enter quiescence is response to all three cues (Coller et al., 2006). However, other cell types 

may undergo permanent arrest or cell death under certain conditions. For instance, mitogen 

deprivation in cultured myoblasts triggers an irreversible cell cycle arrest and differentiation 

(Subramaniam et al., 2014). A reversible quiescent arrest is only achieved if myoblasts are 

grown in mitogen-rich suspension culture, which triggers quiescence through loss of 

adhesion (Subramaniam et al., 2014). Conversely, nonadherent culture leads to cell death in 

epithelial cells, which instead require contact inhibition for quiescence. In human bone 

marrow mesenchymal stem cells, contact inhibition is inefficient in suppressing 

proliferation, but these cells can be forced into quiescence by serum starvation (Li et al., 

2019). Thus, in vitro extracellular signals induce quiescence in cultured cells, with different 

cues having distinct effects on cell state depending on the cell type.

Intracellular signals.

Even in the presence of proliferative extracellular cues, a subset of cells may still enter 

quiescence due to intracellular signals (Figure 3). Indeed, 20–30% of cultured MCF10A 

cells grown in full growth media exit the cell cycle and enter a transient quiescent state 

immediately following mitosis (Arora et al., 2017; Spencer et al., 2013). This spontaneous 

arrest can be attributed to unresolved endogenous DNA replication stress inherited from the 

S phase of the previous cell cycle (Arora et al., 2017; Barr et al., 2017). Accordingly, the 

subset of cells that enters quiescence displays higher levels of DNA damage than those that 

proceed through the cell cycle (Arora et al., 2017). In addition, the amount of time cells 

spend in quiescence correlates with the extent of inherited DNA damage (Arora et al., 2017). 

Thus, quiescence may be induced by the transmission of replication damage across 

generations of cells, allowing daughter cells to prepare for DNA damage repair and to 

maintain genomic stability (Arora et al., 2017; Barr et al., 2017).

Integrating signals.

To specify the quiescence-proliferation decision, it was originally thought that signals were 

sensed and integrated only during the G1 phase of the current cell cycle. However, recent 

work points towards the emerging view that cell state is not determined solely during this 

short window of time (Arora et al., 2017; Min et al., 2020; Wang et al., 2017). Not only are 

signals integrated from other phases of the cell cycle, but information can also be transmitted 

across several generations to influence a cell’s decision to enter quiescence. For example, as 

detailed above, DNA damage incurred in previous cell cycles can affect a daughter cell’s 

decision to enter quiescence (Arora et al., 2017; Barr et al., 2017). In addition, recent work 

has shown that growth factor signaling is integrated throughout the entire cell cycle of a 

mother cell and can influence the proliferation-quiescence decision of the next generation of 

cells (Min et al., 2020). This study demonstrated that inhibition of mitogenic signaling for as 

little as one hour, during any phase of the mother cell cycle, reduces the fraction of 

proliferating daughter cells by regulating the rate of Cyclin D translation (Min et al., 2020). 

Thus, both intracellular and extracellular signals can exert intergenerational effects on cell 

state and a cell integrates memory of events from its history to influence its quiescence-

proliferation decision (Arora et al., 2017; Min et al., 2020; Wang et al., 2017).
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Transcriptional and post-transcriptional control of quiescence

Quiescent cells must enact multiple changes to their cell state (Figure 4). In this section, we 

will describe the transcriptional and post-transcriptional programs required to create these 

changes.

The quiescence transcriptional program.

The transcriptional program for quiescence must first and foremost halt the cell cycle and 

prevent proliferation (Figure 4). Entry into quiescence is accompanied by the 

downregulation of genes that directly promote cell cycle progression, including several 

cyclins, and of genes involved in mitogenic signal transduction, such as kinases that act in 

growth factor pathways (Coller et al., 2006). Reciprocally, genes that promote a cell cycle 

arrest, such as Rb or CDK inhibitors, are upregulated upon the induction of quiescence 

(Coller et al., 2006; Fukada et al., 2007). In addition to decreasing cell division, changes in 

gene expression also alter other cellular functions (discussed below). For instance, quiescent 

gene expression programs decrease biosynthetic activity, reducing the expression of genes 

required for DNA, RNA, and protein synthesis, as well as those crucial for lipid and 

carbohydrate metabolism (Cheung and Rando, 2013; Coller et al., 2006; Liang et al., 2020). 

Conversely, genes involved in intercellular signaling, such as cell-cell adhesion molecules 

and cell surface receptors, are upregulated in quiescent cells (Cheung and Rando, 2013; 

Coller et al., 2006; Fukada et al., 2007; Johnson et al., 2017; Min and Spencer, 2019; 

Subramaniam et al., 2014). Furthermore, the quiescence transcriptional program helps 

prevent progression into other cell states, such as terminal differentiation (Coller et al., 2006; 

Fukada et al., 2007; Subramaniam et al., 2014) (Figure 4). For example, muscle stem cells 

upregulate the expression of genes involved in preventing myogenic differentiation (Fukada 

et al., 2007; Subramaniam et al., 2014). Gene regulation in quiescent cells also prevents 

apoptosis and protects cells from accumulating damage over time (Coller et al., 2006; Min 

and Spencer, 2019). Accordingly, genes required to induce cell death display decreased 

expression, whereas those that protect cells from free radicals and environmental chemicals 

are upregulated (Cheung and Rando, 2013; Coller et al., 2006; Min and Spencer, 2019; 

Subramaniam et al., 2014) (Figure 4).

Heterogeneity in quiescent gene expression.

Although the transcriptional program outlined above is generally shared across quiescent 

cell types, there is also substantial heterogeneity in gene expression across quiescent cells 

(Coller et al., 2006; Gos et al., 2005; Kwon et al., 2017; Min and Spencer, 2019; Rodgers et 

al., 2014; Urban et al., 2019; Wang et al., 2017). Qualitative heterogeneity arises in response 

to different quiescence-inducing signals. Cells of the same cell type driven into quiescence 

through mitogen deprivation, contact inhibition, or loss of adhesion each display distinct, 

signal-dependent gene expression patterns (Barr et al., 2017; Coller et al., 2006; Gos et al., 

2005; Min and Spencer, 2019). Conversely, cells of different cell types arrested using the 

same signal can possess cell-type specific differences in gene expression. For instance, 

suspension-induced quiescent myoblasts and fibroblasts share a core transcriptional profile 

for quiescence (Subramaniam et al., 2014), but also display a significant number of unique 

genes that are enriched in each cell type (Subramaniam et al., 2014). For example, myoblasts 
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induce components of the Wnt signaling pathway during quiescence, whereas fibroblasts do 

not (Subramaniam et al., 2014).

Quantitative heterogeneity may also arise in quiescent cells based on the “depth” of their 

quiescence. Cells that have been in quiescence for different periods of time show differences 

in gene expression (Coller et al., 2006; Fujimaki et al., 2019; Kwon et al., 2017). For 

instance, cells arrested for 20 days show greater differences in gene expression levels from 

proliferating cells than do cells arrested for 4 days (Coller et al., 2006). Increasing the time 

of contact inhibition or serum deprivation “deepens” the quiescent state of fibroblasts by 

controlling the levels of genes that mediate E2F activation, such as Rb or Cyclin D (Kwon et 

al., 2017; Wang et al., 2017). Deeper quiescent cells require stronger growth stimulation and 

a longer time to reenter the cell cycle than cells arrested for shorter periods (Kwon et al., 

2017), as greater gene expression changes are needed to reactivate the cell.

Post-transcriptional regulation of quiescence.

In addition to quiescence transcriptional programs, recent work has highlighted a role for 

post-transcriptional regulation in controlling the quiescent state. For many genes, the rates of 

mRNA decay differ widely between proliferating and quiescent cells (Johnson et al., 2017). 

For example, in fibroblasts, the mRNAs of genes involved in RNA processing or ribosome 

biogenesis show faster rates of decay during quiescence than in proliferation (Johnson et al., 

2017). These changes in mRNA stability can be attributed partially to the action of miRNAs, 

with the levels of specific miRNAs helping to mediate cell state (Cheung et al., 2012; Crist 

et al., 2012; Johnson et al., 2017; Suh et al., 2012). For example, in muscle stem cells, 

miR-489 expression reinforces quiescence by suppressing inducers of proliferation. 

Furthermore, deletion of the miRNA processing enzyme, Dicer, causes spontaneous exit 

from quiescence (Cheung et al., 2012). Like miRNAs, RNA binding proteins can also 

promote mRNA decay (de Morree et al., 2017; Galloway et al., 2016; Hausburg et al., 2015; 

Hwang et al., 2020). For example, in B cells, the ZFP36L RNA binding protein binds to and 

subsequently decays target mRNAs that encode cell cycle promoting factors, including 

several cyclins and cyclin-dependent kinases (Galloway et al., 2016). Deletion of these RNA 

binding proteins in quiescent cells results in increased levels of target mRNAs and 

uncontrolled progression into the cell cycle (Galloway et al., 2016; Hwang et al., 2020).

Alternative splicing also plays a role in the post-transcriptional regulation of gene expression 

during quiescence (Bangru et al., 2018; Yue et al., 2020). Specifically, intron-retained 

transcripts appear to be enriched in quiescent adult stem cells (Yue et al., 2020). In satellite 

cells, retained introns are prevalent during quiescence, and may serve to dampen the 

translation of transcripts required for proliferation. Indeed, genes exhibiting intron retention 

during quiescence include regulators of cell proliferation, splicing, transcription, translation, 

and metabolism. Importantly, retained introns are rapidly spliced following exit from 

quiescence and the downregulation of factors involved in intron removal reduces a stem 

cell’s ability to proliferate (Yue et al., 2020). Such post-transcriptional mechanisms are well 

suited to regulate quiescence-to-activation transitions, as they allow for more rapid changes 

in protein production than would occur at the level of transcription alone. In this way, 

quiescent cells are primed for activation and able to rapidly express the proteins required to 
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proliferate following stimulation. Interestingly, intron retention is increased only in 

quiescent cells and not in terminally differentiated or senescent cells (Yue et al., 2020). 

These irreversibly arrested cells may not require intron-retained transcripts to be preserved, 

as they do not have a similar requirement to rapidly transition to proliferation as do 

quiescent cells. Thus, intron retention may be a unique way in which quiescent cells 

maintain their non-dividing, but rapidly reversible state.

Changes to cell state in quiescence

The entry of a cell into quiescence is accompanied by substantial changes to cellular 

metabolism and physical changes to the cell and its structures. Physical modifications to 

cellular structures not only directly impact the quiescence-proliferation decision and enforce 

quiescence, but are also essential in regulating other characteristic aspects of the quiescent 

state, such as the decrease in metabolic activity or protein synthesis.

Quiescent cell metabolism.

Proliferating cells double their total mass every cell cycle, whereas quiescent cells are no 

longer dividing. This results in vastly different metabolic needs between quiescent and 

proliferating cells and requires corresponding metabolic changes. Indeed, the quiescent state 

is characterized by a substantial decrease in basal metabolic activity, energy production, and 

biosynthesis (Figure 4). Cellular ATP concentrations are significantly reduced during 

quiescence (Ho et al., 2017; Rodgers et al., 2014; Zhang et al., 2018), and some quiescent 

cell types decrease oxidative phosphorylation to instead rely on glycolysis as their primary 

metabolic pathway (Ho et al., 2017; Mohrin et al., 2018; Mu et al., 2020; Subramaniam et 

al., 2014; Zhang et al., 2018). Accordingly, both mitochondrial number and activity are 

reduced in quiescent cells (Figure 4), leading to decreased oxidative metabolism (Ho et al., 

2017; Liang et al., 2020; Mohrin et al., 2018; Rodgers et al., 2014; Zhang et al., 2018). For 

many quiescent cell types, the clearance of mitochondria through autophagy (mitophagy) is 

responsible for decreasing metabolism and is important for maintaining quiescence (Ho et 

al., 2017; Zhang et al., 2018). The loss of mitophagy in hematopoietic stem cells (HSCs) 

results in increased mitochondrial number, higher overall metabolic activity, and aberrant 

cell cycle re-entry (Ho et al., 2017). Reciprocally, the transition from quiescence to 

proliferation is accompanied by metabolic upregulation and an increase in mitochondrial 

biogenesis to meet the increased energy demands of proliferating cells (Ho et al., 2017; 

Mohrin et al., 2018; Mu et al., 2020). In addition to changes in energy production, activation 

from quiescence requires increased consumption of extracellular nutrients and anabolic 

biosynthesis to support cell growth. For instance, proliferating HSCs uptake three times 

more glucose than quiescent HSCs (Liang et al., 2020), whereas T cells recently activated 

from quiescence express enzymes that promote nucleotide, lipid, cholesterol, and amino acid 

biosynthesis (Chapman et al., 2020). Thus, the activation of cells from quiescence is 

associated with an increase in metabolic activity, consistent with the energetically and 

biosynthetically demanding processes required for proliferation.

Another metabolic adjustment that occurs during quiescence is an overall decrease in the 

rate of translation. In the bone marrow, quiescent hematopoietic stem cells synthesize 
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significantly less protein per hour than their cycling counterparts (Signer et al., 2014; Signer 

et al., 2016). Similarly, muscle stem cells lower their rates of translation during quiescence 

(Zismanov et al., 2016). This general translational repression is achieved through the 

inhibitory phosphorylation of translation initiation factors (Zismanov et al., 2016) or the 

repression of translation elongation factor expression levels (Oulhen et al., 2017). For 

example, mutant satellite cells unable to phosphorylate eIF2α increase their translation rates 

and subsequently exit quiescence (Zismanov et al., 2016). The acidification of the cytoplasm 

resulting from the decrease in oxidative phosphorylation and mitochondrial activity that 

occurs during quiescence may additionally contribute to reductions in translation (Oulhen et 

al., 2017).

Although decreased metabolic activity is detectable in most quiescent cells, not all cell types 

display this behavior. Quiescent fibroblasts are a notable exception and remain highly 

metabolically active, with comparable rates of glucose consumption and glycolysis to 

proliferating fibroblasts (Lemons et al., 2010). This deviation can be attributed to the cell-

type specific function of fibroblasts as primary synthesizers of extracellular matrix (ECM). 

Whereas most other quiescent cells lack biosynthetic function, fibroblasts must constantly 

secrete proteins and other molecules needed for ECM formation (Lemons et al., 2010). 

Therefore, quiescent fibroblasts must expend energy and increase their biosynthetic activity 

to produce ECM components. Consistent with this function, ECM-related genes are 

upregulated in contact-inhibited quiescent fibroblasts (Johnson et al., 2017). Thus, despite 

residing in the same cell state, quiescent cells can possess diverse changes in metabolism 

depending on the unique functions and specific requirements of each cell type.

Cellular structures: Membrane-bound organelles.

Quiescence is also accompanied by changes in key cellular structures, including alterations 

in the abundance and activity of membrane-bound organelles. As mentioned above, 

quiescent cells show decreased mitochondrial number and activity. Conversely, many 

quiescent cell types have larger and more abundant lysosomes than their proliferative 

counterparts, and upregulate many lysosome-associated genes (Fujimaki et al., 2019; 

Kobayashi et al., 2019; Leeman et al., 2018; Liang et al., 2020; Min and Spencer, 2019) 

(Figure 4). However, the role of lysosomes in quiescence remains to be fully established. 

Some researchers have proposed that lysosomes act to degrade growth factor receptors and 

remove mitogenic signaling to maintain cells in a quiescent state (Kobayashi et al., 2019), or 

perhaps may play a protective role during quiescence through ROS reduction, mitochondrial 

degradation, or the elimination of toxic aggregates (Fujimaki et al., 2019; Leeman et al., 

2018; Liang et al., 2020). Alternatively, others hypothesize that lysosomes may instead be 

important for cell cycle reentry. Lysosomal sequestration of cargo in quiescent cells may 

provide a source of carbon mass, which can then be degraded upon cell cycle entry to 

provide a burst of energy and resources for proliferation (Leeman et al., 2018; Liang et al., 

2020).

Cellular structures: Centrioles, centrosomes, and the primary cilium.

In addition to alterations in membrane-bound organelles, quiescent cells also undergo 

changes to protein-based physical structures. These include changes to the centrioles, 
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microtubule-based structures that play varying functions depending on cell state (Breslow 

and Holland, 2019). In proliferating cells, centrioles assemble into centrosomes— 

icrotubule-organizing centers that regulate spindle assembly during mitosis (Breslow and 

Holland, 2019). In contrast, in non-dividing cells including quiescent cells, centrioles form 

the base for the primary cilium (Figure 4), a structure that assembles at the plasma 

membrane to act as a key sensory structure for cell signaling (Breslow and Holland, 2019; 

Jaafar Marican et al., 2016; Venugopal et al., 2020). Induction of quiescence triggers 

centriole migration to the apical surface to initiate formation of the primary cilium, whereas 

exit from quiescence is accompanied by the shortening and resorption of the cilium (Pitaval 

et al., 2017; Pugacheva et al., 2007). Overexpression of ciliary disassembly factors induces 

premature entry into the cell cycle and increases the proportion of proliferating cells in 

culture (Goto et al., 2017). Reciprocally, failure to dismantle the cilium can delay cell cycle 

progression and act as a brake to retain cells in quiescence (Goto et al., 2017; Inaba et al., 

2016). One way in which primary cilia have been proposed to regulate quiescence is by 

sequestering the centrioles, thus preventing centrosome formation in mitosis (Goto et al., 

2017; Snell and Golemis, 2007; Venugopal et al., 2020). However, this model does not 

explain the failure of ciliated cells to progress through prior stages of the cell cycle where 

centrioles do not play functional roles. The observed suppression of cell division by the 

primary cilium could occur through cilia-mediated dampening of proliferative signaling 

pathways (Venugopal et al., 2020), as the cilium functions as a key signaling hub for 

multiple pathways, including the Hedgehog, PDGF, mTOR, Notch, and Wnt signaling 

pathways (Breslow and Holland, 2019). Cilia may also prevent cell cycle reentry by 

controlling the levels of the CDK inhibitor, p27, to maintain ciliated cells in a quiescent state 

(Izawa et al., 2015). The replacement of centrosomes with the centriole-derived primary 

cilium is a striking example of how a cell can physically adapt to enable transitions between 

cell states.

Cellular structures: Nuclear pore complexes.

Nuclear pores reside in the nuclear envelope where they function to regulate the transport of 

molecules between the cytoplasm and the nucleoplasm. Nuclear pore complexes are 

typically turned over during mitosis (D’Angelo et al., 2009). As arrested cells no longer 

undergo mitosis, the nuclear pores of quiescent cells are not renewed. Despite this, the 

overall nuclear pore number remains high in quiescent cells, as the existing complexes are 

stable, long-lived cellular structures (D’Angelo et al., 2009). However, the rate of nuclear 

transport decreases in quiescent cells and the size of their nuclear pore transport channels are 

also reduced compared to proliferating cells (Feldherr and Akin, 1991, 1993) (Figure 4). 

Indeed, the diameter of the nuclear pore channels in quiescent fibroblast (3T3) cells is less 

than half that of proliferating cells, measuring around 110 Å and 230 Å respectively 

(Feldherr and Akin, 1991, 1993). Such a change in pore diameter could reduce the nuclear 

export of mRNP particles and ribosomal subunits, thereby contributing to the overall 

decrease in cellular activity observed in quiescence (Feldherr and Akin, 1991, 1993). In 

addition to decreases in nuclear pore size, quiescent cells redistribute their nuclear pore 

density along the nuclear envelope, as evidenced by uneven pore distribution and the 

formation of “pore-free” regions on the envelope that are indicative of low pore density 

(Maeshima et al., 2006). Such pore-deficient areas on the nuclear envelope could create 
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nuclear regions with reduced nuclear-cytoplasmic transport. The return to the cell cycle 

following serum stimulation reverses the observed changes in nuclear pore size and density 

(Feldherr and Akin, 1991, 1993; Maeshima et al., 2006). These changes may decrease 

nuclear transport during quiescence, which could contribute to the general decrease in 

cellular activity that occurs during growth arrest.

Ensuring the reversibility of quiescence

Despite remaining arrested in a non-dividing state for extended periods of time, quiescent 

cells maintain both their viability and their capacity to proliferate upon stimulation. To do 

so, they must protect themselves from accumulating damage over time and must actively 

preserve the key structures needed for cell division.

Protection from damage during quiescence.

Quiescent cells typically have low levels of reactive oxygen species (Coller, 2019; Liang et 

al., 2020; Loeffler et al., 2019; Zhang et al., 2018). Reactive oxygen species (ROS) can 

damage proteins, nucleic acids, lipids, membranes, and organelles (Redza-Dutordoir and 

Averill-Bates, 2016). As ROS are generated by the electron transport chain (Redza-

Dutordoir and Averill-Bates, 2016), quiescent cells are able to limit the amounts that they 

produce by lowering their overall metabolism and favoring glycolysis over oxidative 

phosphorylation (see above) (Figure 4). Furthermore, antioxidant genes, such as superoxide 

dismutase 3 and peroxiredoxin 4, are upregulated during quiescence to protect cells from 

ROS-induced damage (Coller et al., 2006; Zhang et al., 2018). Autophagic flux also plays a 

role in lowering ROS levels and serves to eliminate damaged proteins and dysfunctional 

organelles during quiescence (Fujimaki et al., 2019; Garcia-Prat et al., 2016) (Figure 4). 

Inhibiting autophagy in quiescent cells can result in the accumulation of toxic cellular waste 

and elevated ROS levels, which can induce entry into senescence (Fujimaki et al., 2019; 

Garcia-Prat et al., 2016). Impaired autophagy in older satellite cells has also been shown to 

underlie the loss of quiescence and the reduction of stem cell pools in aged muscles (Garcia-

Prat et al., 2016).

Preserving proliferative capacity.

In addition to protecting themselves from cellular damage, quiescent cells must safeguard 

their ability to proliferate upon activation. Despite the absence of DNA replication and 

chromosome segregation, quiescent cells must enact programs to ensure that both of these 

events can occur successfully once a cell reenters the cell cycle. The suppression of DNA 

replication during quiescence requires the downregulation of the replication origin licensing 

system (Kingsbury et al., 2005; Orr et al., 2010; Xouri et al., 2004), a complex of proteins 

needed to initiate DNA replication at specific sites throughout the chromosome (Figure 4). 

These proteins include members of the mini-chromosome maintenance complex (MCM2–

7), the replicative helicase that unwinds DNA, and the factors required for its loading at 

replication origins, such as Cdc6 (Orr et al., 2010; Xouri et al., 2004). Geminin acts as a 

repressor to block MCM loading onto chromatin (Xouri et al., 2004). Although such a 

replication inhibitor would be expected to be highly expressed in quiescent cells, Geminin is 

instead present at low levels (Kingsbury et al., 2005; Xouri et al., 2004). The suppression of 
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Geminin is essential for the reversibility of quiescence, as renewed MCM binding to 

chromatin in the absence of Geminin is necessary for DNA replication upon the return to the 

cell cycle (Orr et al., 2010). Ectopic Geminin expression in quiescent cells prevents the re-

acquisition of DNA replication during cell cycle reentry (Kingsbury et al., 2005). Therefore, 

to successfully return to the cell cycle, quiescent cells must actively suppress Geminin 

(Kingsbury et al., 2005). Repression of Geminin is achieved through the activity of the 

Cdh1-bound Anaphase Promoting Complex/cyclosome (APC/CCdh1), which is active during 

G0 and targets Geminin for degradation (Skaar and Pagano, 2008). Interestingly, APC/CCdh1 

also mediates the degradation of Cdc6, an essential licensing factor (Mailand and Diffley, 

2005). Thus, both an inhibitor of origin licensing (Geminin) and a licensing factor (Cdc6) 

are substrates of APC/CCdh1-dependent degradation in quiescent cells. However, during 

activation from quiescence, Cdc6 phosphorylation by CyclinE-CDK2 protects it from 

APC/CCdh1, thus allowing for the licensing factor to accumulate while Geminin inhibitor 

levels remain low (Mailand and Diffley, 2005). This staggering allows for the appropriate 

licensing of origins for DNA replication as cells exit quiescence (Mailand and Diffley, 

2005).

Quiescent cells must also preserve their ability to segregate the chromosomes during mitosis. 

Chromosome segregation is mediated by microtubule attachment to a defined region of the 

chromosome known as the centromere (McKinley and Cheeseman, 2016). The maintenance 

of centromeres during quiescence is essential to ensure the correct segregation of 

chromosomes once a cell reenters the cell cycle. The specification of the centromere region 

on each chromosome is achieved through the continued presence of protein-based epigenetic 

marks. As de novo centromere formation is exceptionally rare, loss of these protein factors 

would prevent any subsequent chromosome segregation. The key players in marking this site 

on each chromosome are specialized nucleosomes containing the histone H3 variant, CENP-

A. Prior work assumed that CENP-A nucleosomes were indefinitely stable, which would 

create a stringent requirement for quiescent cells to maintain these structures and prevent 

their damage during quiescence. In contrast, our recent work found that quiescent cells 

slowly, but continuously incorporate new CENP-A at centromeric regions (Swartz et al., 

2019) (Figure 4). This ongoing CENP-A deposition maintains centromere identity 

throughout indefinitely long periods of arrest, ensuring proper genome inheritance once cells 

begin to divide again. A similar process of chromatin turnover may occur for other 

epigenetically-defined loci. Consequently, loss of CENP-A deposition compromises 

centromere identity in quiescent RPE1 cells and results in chromosome segregation defects 

upon cell cycle re-entry (Swartz et al., 2019). Similarly, quiescent oocytes also require the 

maintenance of centromere identity during their extended Prophase I arrest. Blocking new 

CENP-A deposition in oocytes abrogates their ability to properly segregate their genetic 

material following hormone-induced activation, resulting in increased chromosome 

misalignment during meiosis (Swartz et al., 2019). In contrast, terminally differentiated 

cells, which are permanently arrested and do not undergo further division after exiting the 

cell cycle, do not maintain centromere identity. For example, C2C12 muscle myotubes in 

culture and heart muscle cells in adult mice are depleted for CENP-A, indicating that 

centromeres are not maintained in these terminally differentiated cells (Swartz et al., 2019). 

Thus, active centromere maintenance occurs specifically in quiescent cells to preserve their 
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capacity for future division. This difference in CENP-A levels could potentially be used a 

biomarker to distinguish quiescent cells from other non-dividing cell states. Together, these 

measures allow a quiescent cell to remain undamaged and preserve the structures and 

capabilities necessary for future cell cycle progression, protecting the reversibility of cell 

cycle arrest.

Dysregulation of quiescence

As quiescent cells are essential and widespread throughout the body (Figure 1), the 

maintenance of the quiescent state and exit of cells from arrest at the appropriate time are 

vital for the health of an organism. Dysregulation of this delicate balance between 

quiescence and proliferation can have drastic pathological consequences. For example, 

inappropriate loss of quiescence in muscle stem cells can lead to spontaneous exit from the 

quiescent state and depletion of the muscle stem cell pool, ultimately resulting in defective 

muscle regeneration following injury (Cheung et al., 2012; Garcia-Prat et al., 2016; Wang et 

al., 2018; Yue et al., 2017). Limiting spontaneous exit from quiescence is also essential in T 

cells. The loss of negative immune regulators that maintain T cells in a quiescent state makes 

them overly sensitive to activation signals, which leads to decreased self-tolerance and 

increased autoimmune disease (ElTanbouly et al., 2020; Hwang et al., 2020). Similarly, 

deregulation of the signaling pathways that maintain quiescence in mouse oocytes causes 

global activation of primordial follicles and depletion of the entire oocyte pool in mice, 

causing premature ovarian failure and infertility (Adhikari et al., 2010). Reciprocally, the 

inability to exit quiescence is also problematic. For instance, suppressing quiescence exit in 

muscle stem cells results in severely impaired stem cell proliferation and decreased muscle 

regeneration (Wang et al., 2018). A loss of the balance between quiescence and proliferation 

can thus lead to dysfunction in tissue regeneration, immunity, or fertility.

Quiescence in aging.

The capacity for dysregulation of quiescence to lead to pathology is exemplified in aging. 

Muscle fibers in geriatric individuals undergo age-related degradation, as dysregulation of 

quiescence in tissue-resident muscle stem cells inhibits regeneration. The exact means by 

which quiescence is disrupted in aging satellite cells is unclear. Satellite cells have been 

proposed to become unable to exit quiescence with age, losing the ability to reverse their 

arrest and essentially becoming senescent (Garcia-Prat et al., 2016; Sousa-Victor et al., 

2014). In this model, aged muscle stem cells fail to activate upon injury and cannot 

proliferate to renew injured tissue (Sousa-Victor et al., 2014). Conversely, other studies have 

observed excessive satellite cell reentry into the cell cycle during aging. Such widespread 

exit from quiescence would cause depletion of the reserve stem cell pool in elderly muscle 

and has been hypothesized to arise from unique age-related epigenetic modifications (Bigot 

et al., 2015) or changes in the surrounding muscle niche (Chakkalakal et al., 2012). 

Similarly, quiescent cell depletion may also underlie hair thinning during aging (Lay et al., 

2016; Matsumura et al., 2016; Wang et al., 2016). Recent work in mice has shown that hair 

loss can occur as a result of excessive hair follicle stem cell (HFSC) activation, which in turn 

leads to loss of stem cell numbers and a delay in the regeneration of new hairs (Lay et al., 

2016; Wang et al., 2016). Dysregulation of quiescence has also been implicated in the 
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cognitive decline that occurs with age (Kalamakis et al., 2019). Neural stem cells (NSCs) in 

the aging brain show a decreased ability to exit quiescence, and thus are more resistant to 

injury-induced activation and are less capable of neurogenesis and repair (Kalamakis et al., 

2019).

Another quiescent cell type that is affected during aging is the oocyte. Oocytes are arrested 

in Prophase I prior to birth and must remain quiescent for up to 50 years. However, during 

female reproductive aging, oocytes gradually begin to lose the capacity to successfully 

segregate their chromosomes, such that the rate of erroneous chromosome segregation and 

aneuploidy as they reenter meiosis increases markedly (Chiang et al., 2010). These errors 

underlie the well-documented relationship between the incidence of developmental disorders 

and maternal age, as well as the increases in miscarriages and infertility in older females. 

The age-related decline in oocyte function can be attributed to the loss of certain cellular 

structures. For example, the cohesin protein complex is essential to connect sister 

chromatids during chromosome segregation. During oocyte aging, cohesin proteins are 

gradually lost from the chromosomes (Chiang et al., 2010; Chiang et al., 2012; Lister et al., 

2010). As a result, older quiescent oocytes lose chromosome cohesion, which can result in 

premature chromosome separation or misorientation of spindle attachments during meiosis 

(Chiang et al., 2012). In addition, loss of cohesin can also lead to decompaction of the 

centromeres and fragmentation of the kinetochores in aged oocytes (Zielinska et al., 2019). 

Kinetochore fragmentation, in turn, results in incorrect microtubule attachments during 

meiosis, increasing chromosome mis-segregation (Zielinska et al., 2019). These examples 

highlight the importance of preserving cellular structures to the reversibility of quiescent 

arrest and how the failure to do so can result in physiological consequences.

Quiescence in cancer.

Although typically considered to be highly proliferative cells, many cancer cells can also 

enter a quiescent state. During tumorigenesis, cancer cells can leave the primary tumor to 

colonize distant tissues (Goddard et al., 2018). These cells, known as disseminated tumor 

cells (DTCs), can remain quiescent in tissues for up to 20 years before reentering the cell 

cycle to initiate metastatic growth when conditions become favorable for their proliferation 

(Goddard et al., 2018). Non-dividing quiescent cancer cells are also resistant to most 

chemotherapies, which typically target features of actively proliferating cells (Chen et al., 

2016). Thus, the entry of a small number of cancer cells into a quiescent state can negatively 

affect disease outcome, as drug-resistant dormant cancer cells can survive therapy and exit 

quiescence at later times to seed new tumor formation (Chen et al., 2016). To circumvent 

this problem, recent therapeutic strategies have attempted to manipulate quiescence to 

decrease the rate of cancer recurrence. “Lock out” strategies force cancer cells out of 

quiescence, which renders them susceptible to other chemotherapies (Chen et al., 2016; 

Saito et al., 2010; Takeishi et al., 2013). Conversely, “lock in” treatments seek to block 

quiescent cell reentry into the cell cycle to limit tumor outgrowth (Chen et al., 2016). 

Therefore, a combination of drugs that influence quiescence and classical chemotherapeutics 

could be used to reduce the overall rate of relapse arising from quiescent cancer cells. Given 

the important roles of quiescent cells in the body and the effects of their dysregulation, a 
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deeper understanding of the quiescent state is a critical step towards the development of 

therapies that could fundamentally improve human health.

Future Directions and Concluding Remarks

The reversible growth arrest of diverse quiescent cell types throughout the body and the 

regulation of quiescence are critical for organismal health and reproduction. However, 

despite recent work, some areas of quiescence remain poorly understood. An important 

current challenge in studying quiescent cells and monitoring changes in cell state is the lack 

of quiescence-specific markers. Methods to identify quiescent cells typically rely on 

characteristics that distinguish non-dividing from proliferating cells, such as label retention, 

or the expression of certain cell cycle regulators. For instance, an mVenus-p27 fluorescent 

construct or a live-cell CDK2 sensor can be used to mark quiescent cells, which exhibit 

characteristic expression levels or activities of these proteins (Oki et al., 2014; Spencer et al., 

2013). However, although these reporters can separate quiescent from proliferating cells, a 

molecular marker that would accurately distinguish between quiescence and other non-

dividing cell states, such as senescence or terminal differentiation, has yet to be established. 

Further investigation of the factors necessary for renewed proliferation after arrest, such as 

the centromere protein CENP-A, may be a fruitful strategy to develop candidate markers. 

Factors required for the reversibility of quiescence, when combined with previously 

developed molecular markers, may offer a more thorough identification of quiescent cells.

Second, much of the current knowledge on the quiescent state comes from work conducted 

in tissue culture cells. Although tissue culture systems have been crucial towards our 

understanding of quiescence, they cannot encompass the complexity found in an organism, 

including the myriad of signals that arise from the niche. Thus, some of the findings 

highlighted in this review still need to be substantiated in complex systems, such as whole 

animals or organoids. For example, recent work found that cells retain information from past 

cell cycles to influence their quiescence decision in vitro (Min et al., 2020). It would of 

interest to evaluate whether this also occurs in vivo. Similarly, much of the work detailing 

the heterogeneity of gene expression in cultured quiescent fibroblasts should be re-evaluated 

in an organism.

In addition to considerations regarding the markers and systems used to study quiescence, 

several key concepts in the field remain to be investigated. Post-transcriptional mechanisms 

undoubtedly play an important role in the regulation of the quiescent state, as they allow for 

rapid changes in protein levels necessary for rapid changes in cell state. Thus, it will be of 

interest to uncover other post-transcriptional mechanism at work in quiescent cells. For 

example, intron retention has recently been implicated in regulating quiescence (Yue et al., 

2020). However, it is still unknown whether other forms of alternative splicing or varied use 

of isoforms are present. Similarly, it is important to determine whether post-translational 

modifications impact the quiescent state. With respect to the physiology of quiescent cells 

themselves, little attention has been devoted to discovering the changes to physical 

structures that occur during quiescence, a key consideration for their function and ability to 

persist in a non-dividing state. Finally, a defining feature of quiescence that renders it unique 

is the ability of quiescent cells to return to the cell cycle. Yet, the mechanisms that preserve 
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the processes necessary for renewed proliferation are still mostly unknown. The field would 

thus greatly benefit from uncovering how quiescent cells are able to successfully reverse 

their state of arrest.

Together, these methodological and conceptual advancements would contribute to a greater 

understanding of this crucial cell state.
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Figure 1. The diversity of quiescent cell types in an organism.
Diagram of key tissues and organs with their resident quiescent cell populations. Quiescent 

cell types are diverse and found throughout the body where they play roles in tissue repair, 

fertility, and immunity. Muscle stem cell and oocytes images were obtained from the 

Cheeseman lab. Hepatocyte image was kindly provided by Kristin Knouse, with permission. 

Lymphocyte image are from Grogan et al. (Grogan et al., 2001). Neural stem cell image are 

from Llorens-Bobadilla et al. (Llorens-Bobadilla et al., 2015). Hematopoietic stem cell 

image are from Wei et al. (Wei et al., 2020).
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Figure 2. Cell cycle regulation of the quiescent state.
Diagram of the cell cycle, showing the proliferating and G0 quiescent states. Figure includes 

the key regulatory and transcription factors required to enact each state, including CDK 

inhibitors, cyclin/CDK complexes, and Rb.
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Figure 3. Signals controlling quiescence.
Model showing the extracellular and intracellular signals that contribute to a cell’s 

quiescence-proliferation decision. Contact-dependent interactions, DNA damage, and certain 

soluble factors promote quiescence, whereas growth factor signaling and extracellular matrix 

interactions stimulate proliferation.

Marescal and Cheeseman Page 25

Dev Cell. Author manuscript; available in PMC 2021 November 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Changes to cell state in quiescence.
Diagram showing the transcriptional, metabolic, and physical changes to quiescent cells, 

including those that enable them to preserve their proliferative potential and ensure the 

reversibility of cell cycle arrest.
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