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ABSTRACT

Development, tissue renewal and longevity of multi-cellular organisms require the
ability to switch between a proliferative state and quiescence, a reversible arrest
from the cell cycle. The balance of quiescence and proliferation underlies the
fundamental feature of generating and maintaining the appropriate number of
cells, which is essential for tissue architecture, regeneration, and function.
Disruption of quiescence and proliferation balance leads to hypo- or hyper-
proliferative diseases. To date, the regulatory mechanism of proliferation has
been well established, while cellular quiescence has remained a phenotypic
description without a clearly defined molecular control mechanism. Simply,
guiescence has long been considered a passive counterpart to proliferation.
However, recent findings have revealed that quiescence is an actively

maintained state exhibiting a unique gene expression pattern.

While quiescence has been traditionally considered as a state (namely GO)
outside of the cell cycle, it is in fact a collection of heterogeneous states. In
studies conducted in the 700s and 800s using fibroblasts and lymphocytes, it has
been observed that the longer the cells were kept under quiescence inducing
conditions such as contact inhibition, the deeper the cells moved into quiescence.
Deep quiescent cells are still able to reenter the cell cycle upon growth
stimulation but they exhibit a longer pre-DNA synthesis phase (Augenlicht and
Baserga, 1974; Brooks et al., 1984; Owen et al.,, 1989; Yanez and O'Farrell,

1989). Shallow quiescent state has also been recently reported in muscle and



neural stem cells termed Gaer and OprimeO quiescent state, respectively.
Heterogeneous quiescent depth entails that cells vary in their sensitivity to
growth signals, representing an important yet underappreciated layer of
complexity in cell growth control. The cellular mechanisms that control the depth
of quiescence remains elusive. In my thesis work, | first investigate the strengths
of serum stimulation required for cells to exit deep and shallow quiescence as a
determinant of quiescence depth. Through model simulations and experimental
measurements, | further demonstrate that various components of the Rb-E2F

pathway control quiescence depth with varying efficacy.

The Rb-E2F pathway interacts with diverse cellular pathways that respond to
environmental signals to jointly modulate quiescence depth. Given that certain
circadian clock genes (e.g., Cry) affect key components in the Rb-E2F pathway, |
tested the effect of Cry activity on quiescence depth. | found that increased Cry
activity resulted in deeper quiescence, contrary to our anticipation based on the
literature. Next, we constructed a library of mathematical models that represent
possible interactions between Cry and the Rb-E2F pathway. We computationally
searched this model library for links that could explain the experimental
observations. The modeling search suggested that Cry upregulation may lead to
increased expression of cyclin dependent kinase inhibitor (e.g., p21), which in
turn drives cells into deeper quiescence. This model prediction was confirmed by

my follow-up experiments. Collectively, my thesis work establishes an integrated



modeling and experimental framework that will help us to further investigate

diverse cellular mechanisms controlling the heterogeneous quiescence depth.
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CHAPTER I: Understanding Cellular Quiescence

1.1 Quiescence (G o): Reversible Non -Proliferativ e State

Tissue homeostasis and function requires a precise control over the number of
cells in each cell type throughout the life of the organism (Spencer et al., 2013).
This homeostatic control is achieved primarily by the tight regulation of cell
proliferation (Hanahan and Weinberg, 2011; Spencer et al., 2013). At any given
time, most cells in the adult body of higher organisms are resting; only a very
small percentage of cells are undergoing proliferation (Sang et al., 2008; Sang et
al., 2010). The non-proliferative resting cells include those at various cellular
states, e.g., terminal differentiation, senescence, and quiescence (Figure 1)
(Sang et al., 2010). Among them, only cells at the quiescent state have the
potential to reenter the cell cycle and proliferate upon growth stimulation, while
cells at the other non-proliferative states are irreversibly arrested at physiological

conditions (Cheung and Rando, 2013; Sang et al., 2008).

Dividing Non-dividing
Senescence
Proliferation Differentiation
Apoptosis

Proliferation < ? > Quiescence

Figure 1. Dividing vs. non -dividing cell states.
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The reactivation of quiescent cells (e.g., fibroblasts, lymphocytes, hepatocytes,
stem cells, and germ cells) into proliferation is a key process involved in tissue
repair and homeostasis (Sang et al., 2008; Sang et al., 2010; Yusuf and Fruman,
2003). Deregulation of this process can cause a series of diseases such as
fibrosis and cancer from excessive proliferation and aging from under-
proliferation (Hanahan and Weinberg, 2011; Nevins, 2001; Spencer et al., 2013).
Not only will elucidating the quiescence control mechanism be important for
better understanding normal cell and tissue physiology, it will also be critical to
the development of new and better therapeutics aimed at proliferative

deregulations.

Despite the importance of proper quiescence control, much of the research
efforts have been geared towards cellular proliferation. Quiescence has long
been a phenotypic description (i.e., reversible cell-cycle arrest) without a clear
molecular mechanism. The scarcity of research on cellular quiescence is due to
the silent appearance of quiescent cells that lack visible and measurable
changes. For a long time, quiescence has been regarded as a common state (GO)
that describes cells that have exited the cell cycle and entered an inactive non-
proliferating phase (Baserga, 1976; Coller, 2011; Rovera and Baserga, 1973;
Sander and Pardee, 1972; Temin, 1971). Recent studies, however, have
revealed that quiescent cells are not OsilentO but are transcriptionally active
(Lemons et al.,, 2010; Valcourt et al., 2012). In addition to suppressing

proliferative genes, quiescent cells actively express genes that are distinct from
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those expressed in proliferating cells or cells arrested in the cell cycle (e.g., by
overexpressing cyclin-dependent kinase inhibitors) (Coller et al., 2006; Liu et al.,
2007; Venezia et al., 2004). Metabolically, quiescent cells are not necessarily
silent either. For example, the metabolic activity of quiescent fibroblasts is
comparable to that of proliferating ones and quiescent cancer stem cells have
active aerobic glycolysis to support their survival (Chiche et al., 2010; Lemons et
al., 2010; Valcourt et al., 2012; Wang and Lin, 2013). Furthermore, quiescence is
not a homogenous state. It was found recently that cells induced into quiescence
with different initiating signals (e.g., mitogen withdrawal, contact inhibition, and
loss of adhesion) show overlapping yet unique gene expression patterns, which
indicates that quiescence may correspond to diverse, signal-dependent states

(Coller et al., 2006; Sang et al., 2008; Sang et al., 2010).

1.2 Quiescence -to-Proli feration Transition

1.2.1 Restriction Point

The quiescence to proliferation transition is driven by growth factors in serum.
Cells are sensitive to growth signals up to a critical time point in G; phase of the
cell cycle, known as the restriction point (R-point) (Pardee, 1974). If growth
factors are removed before the R-point, cells will exit the cell cycle and enter
guiescence. When growth signals are abundant and the cell passes the R-point,
the cell cycle progress becomes independent of growth signals: even if serum is
removed afterward, the cell will complete a round of division. The R-point

ensures that once a cell enters the cell cycle and commits to proliferation, it will
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complete the whole process regardless of fluctuations of extracellular growth
signal (Aguda and Tang, 1999; Novak and Tyson, 2004), which is critical to

maintaining genome integrity.

1.2.2 Retinoblastoma (Rb) -E2F Pathway

The mammalian cell cycle entry at the R-point is regulated by a well-
characterized retinoblastoma (Rb)-E2F pathway (Bartek et al., 1996; Goodrich et
al., 1991; Nevins, 1998; Yao et al.,, 2008b). Below, key components in the Rb-

E2F pathway are introduced.

1.2.2.1 Rb Pocket Proteins and E2F Transcription Factors

Rb is the first identified tumor suppressor (Nevins, 2001; Weinberg, 1995). It
belongs to a family of pocket proteins (Rb, p107, and p130) that regulate cell
proliferation and differentiation (Cobrinik, 2005). p107 and pl30 are more
structurally related than Rb (Classon and Dyson, 2001). While Rb is ubiquitously
expressed in both dividing and non-dividing cells, pl07 is prevalent in
proliferating cells and p130 is predominantly expressed in non-dividing cells

(Classon and Dyson, 2001).
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Figure 2. Rb -E2F pathway (adapted from (Yao et al., 2008b)).

E2F is a family of transcription factors comprised of OE2F actiatorsO (E2F1, 2,
and 3a) and OE2F repressorsO (E2F&). E2F controls the expression of a wide
array of genes involved in DNA replication and cell-cycle progression (DeGregori
et al., 1995; Frolov and Dyson, 2004; Nevins, 1992, 2001; Nielsen et al., 2001;
Vandel et al., 2001). E2F activators have been shown to be both necessary and
sufficient for cell cycle entry (Johnson et al., 1993; Leone et al., 1998; Lukas et

al., 1996).

Rb binds to the transactivation domains of E2F activators and inhibits their
transactivation function (Figure 2) (Dyson, 1998). By forming a complex with E2F,

Rb also recruits transcriptional corepressors (e.g., histone deacetylases) to
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directly repress E2F target genes. Similarly, p107 and p130 binds to E2F4 and 5
to form transcriptional repressor complexes (Dimova and Dyson, 2005). E2F 6
and 7 also form transcriptional repressor complexes albeit without binding to
pocket proteins (Dimova and Dyson, 2005; Helin et al., 1993; Starostik et al.,

1996).

1.2.2.2 Myc Transcription Factors

Myc (c-, N-, and L-Myc) are transcription factors that are essential for normal
cellular function and development. Myc and its binding partner Max are both
basic helix-loop-helix zipper (bHLHZ) proteins. Once the Myc-Max heterodimer
forms, it can bind to the E-box sequence in target gene promoters to activate
their expression (Adhikary and Eilers, 2005; Cole and Nikiforov, 2006). Myc
activates a larger battery of genes involved in cell growth and proliferation,
including E2F activators and protein translation related factors (Gomez-Roman et
al., 2003; Steiger et al., 2008). Myc can also function as a transcriptional
repressor when it binds to a different binding partner Miz-1 (Kleine-Kohlbrecher
et al., 2006). Genes repressed by Myc include cyclin-dependent kinase inhibitors
and cell adhesion proteins !1 and "6 integrin (Gebhardt et al., 2006; Staller et al.,
2001). Myc activity is also involved in metabolism where it induces the
transcription of lactate dehydrogenase A (LDH-A) (Shim et al., 1997) and nuclear

genes involved in mitochondrial function (Morrish et al., 2003).
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1.2.2.3 Cyclins and Cyclin Dependent Kinases (CDKSs)

Cyclins are the regulatory partners of CDKs. Cyclins are synthesized and
degraded in a precise order throughout the cell cycle (Figure 3). A cyclin binds to
a specific CDK, and the cyclin-CDK complex selectively phosphorylates target
proteins (e.g., Rb). When growth factors are added, the D-type cyclins (CycD1-3)
are induced (Figure 3) and bind CDK4/6 to form CycD-CDK4/6 complexes (Sherr,
1994). The CycD-CDK4/6 complex phosphorylates the Rb protein to a partially
inactive, hypophosphorylated state (Johnson and Schneider-Broussard, 1998).
Later in the G1, Rb is further phosphorylated by the CycE-CDK2 complex to a
hyper-phosphorylated and inactive state (Ohtani et al.,, 1995; Ohtsubo et al.,

1995).

6.4,278./,90:;2-/01/35347;-

*+,-./01/2+./3.44/3534.

Figure 3. Relative cyclin expression time and abundance during cell cycle

(adapted from (Klug and Ward, 2013)).
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1.2.2.4 Cyclin Dependent Kinase Inhibitors

Cyclin-dependent kinase inhibitors (CDKIs) primarily inhibit cell cycle progression
by suppressing CDK activities. Based on structural and functional properties,
CDKIs are divided into two families. First family, the Cip/Kip complex can bind to
and inhibit most cyclin-CDK complexes (Figure 4). p21°P* (p21) is a prototype
member of Cip/Kip family and can be induced by the tumor suppressor p53 in
response to DNA damage (el-Deiry et al., 1993). p21 inhibits the cell cycle
progression by blocking the activities of CDK4/6 and CDK2 (Li et al., 1994). The
other Cip/Kip CDKls include the p27""* (p27) and p57X" (p57) (Figure 4). p27
can be induced by cytokines, promyelocytic leukemia protein (PML), and
Forkhead box class O (FOXO) family proteins (Dijkers et al., 2000; Medema et

al., 2000). p57 is activated by p53 related protein, p73 (Balint et al., 2002).

INK4
p15
GO p16
G1 p18
p19
N
Cip/Kip
— p21
Cyclin D p27
% "
Rb Cyclin E
\R

o®

G1 checkpoint
Restriction point

G2

S

Figure 4. Temporal expression and activity of cyclins and CDKs during the

cell cycle (adapted from (Lloyd et al., 1999)).
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The second family, INK4 CDKI consists of p16™<* (p16), p15™** (p15), p18™K4°
(p18), and p19™*4 (p19). INK4 CDKIs specifically inhibit CDK4 and CDK6
(Carnero and Hannon, 1998). They both block the binding of cyclin D to CDK4/6
and inhibit the activity of CycD-CDK4/6 complexes that have already formed
(Carnero and Hannon, 1998). p16 is rapidly induced in response to oxidative
stress and ultraviolet-irradiation in a p38-MAPK kinase dependent manner
(Jenkins et al., 2011). pl15 is induced by growth inhibitory cytokine TGF-!
(Hannon and Beach, 1994). p18 is induced during myogenesis (Franklin and
Xiong, 1996) and p19 is induced by mitogenic signals, Myc, and Ras activation
(Kim and Sharpless, 2006). p19 is also a strong regulator and stabilizer of p53
through sequestration of the Mdmz2 ubiquitin ligase (Pomerantz et al., 1998;

Zhang et al., 1998).

1.2.3 Rb-E2F Bistable Switch

In the presence of growth signals, the levels of Myc and cyclin D increase (Leung
et al., 2008). Myc helps initiate the expression of E2F. Cyclin D activates Cdk4
and 6 that hypophosphorylate Rb and partially relieves its repression of E2F
(Aktas et al., 1997; Cheng et al., 1998; Lavoie et al., 1996) E2F transactivates
cyclin E and Cdk2 which further hyperphosphorylates Rb and removes its
repression of E2F, forming a positive feedback loop. In addition, E2F creates
another positive feedback loop by activating its own transcription (Fig. 2) (Yao et

al., 2008b).
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Recent work from our lab and our collaborators has shown that the Rb-E2F
signaling pathway described above (Fig. 2) functions as a bistable switch to
control the quiescence-to-proliferation transition (Lee et al., 2010b; Yao et al.,
2008b; Yao et al., 2011). Bistability describes a system that toggles between two
stable steady states B once the system passes through the initial threshold, it will
reach and remain at the new state even after the initial signals are removed (Fig.
5) (Ferrell, 2002; Ferrell and Xiong, 2001; Xiong and Ferrell, 2003). The Rb-E2F
bistable switch converts graded and transient serum growth signals into a binary
(Off and On) and long-lasting E2F activity (Lee et al., 2010b; Yao et al., 2008a;
Yao et al., 2008b; Yao et al., 2011). As a result, the final E2F steady state in
each individual cell is either On or Off, which directly correlates with cellular
proliferation and quiescence, respectively (Yao et al.,, 2008b). The Rb-E2F
bistable switch provides a mechanistic framework for the Oakor-noneO
quiescence-to-proliferation transition at the R-point (Aguda and Tang, 1999;

Novak and Tyson, 2004; Thron, 1997).

1.3 Heterogeneous Quiescent State with Varying Depth

1.3.1 Deep Quiescence

Studies in the O70s and 800s have shown that quiescent cells induced by longer
serum starvation or contact inhibition gradually move into deeper quiescence
(Augenlicht and Baserga, 1974; Brooks et al., 1984). Upon growth stimulation,
deep quiescent cells take longer time to reinitiate DNA replication than shallow

guiescent cells; they also produce a smaller percentage of proliferating cells

20



compared to shallower ones when stimulation is at non-saturating level
(Augenlicht and Baserga, 1974). Furthermore, stronger serum stimulation is
required for cells to exit deep quiescence than shallow quiescence. Deep
quiescence can also be seen in vivo. Cells in older rats than younger ones were
found slower in initiating DNA synthesis after partial hepatectomy or upon
isoproterenol stimulation in the salivary gland, indicating that these cells were in

a deeper quiescent state (Beckner et al., 1980; Roth et al., 1974).

1.3.2 Shallow Quiescence

Compared to deep quiescent cells, shallow quiescent cells have a lower serum
stimulation requirement during quiescence exit. Shallow quiescence is also
observed in vivo. A recent study identified two functionally distinct phases of
muscle satellite cells, namely Go and Gaerr (Rodgers et al., 2014). In the Gajen
state, muscle satellite stem cells showed accelerated DNA synthesis compared
to GO cells upon stimulation (Rodgers et al., 2014). Gaeer State is found to be
associated with increased mTOR activity (Rodgers et al., 2014). Similarly, a
subpopulation of dormant neural stem cells enter a primed quiescent state in
response to brain ischemia (Llorens-Bobadilla et al., 2015). The primed
quiescent state is marked with increased protein synthesis and upregulation of
lineage-specific transcription factors (Llorens-Bobadilla et al., 2015). The
transition from Gy to primed quiescence or Gaert phase prepares stem cells to
respond to tissue damage more readily at a relatively shallower quiescent state

(Llorens-Bobadilla et al., 2015; Rodgers et al., 2014).
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1.4 Cellular mechanisms Regul ating Quiescence Depth

1.4.1 Rb-E2F Activation Threshold

Given that the activation of the Rb-E2F bistable switch underlies the transition
from quiescence to proliferation, quiescence depth is correlated with the Rb-E2F
activation threshold, i.e., the minimum serum concentration required to activate

the Rb-E2F bistable switch to turn E2F expression from Off to On (Figure 5).

E2F-ON
Proliferation

E2F-OFF
Quiescence

Senescence

Figure 5. Rb-E2F bistable switch underlies quiescence depth.

As seen in Figure 5, deep and shallow quiescent states share the same E2F-Off
status while their Rb-E2F activation thresholds are different. Deep quiescent cells
have a higher RDb-E2F activation threshold than shallow ones. Computer
simulations based on our previously constructed mathematical model of the Rb-
E2F bistable network (Yao, 2014b) showed that with a higher Rb-E2F activation

threshold, deep quiescent cells are slower in activating E2F to the On state
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compared to cells in shallow quiescence upon the same growth stimulation;
meanwhile, deep quiescent cells need stronger serum stimulation to turn On E2F

compared to shallow quiescent cells (Yao, 2014Db).

The Rb-E2F activation threshold is an emergent property of the Rb-E2F pathway,
which is governed by activators (e.g. cyclins/CDKs) and inhibitors (e.g. CDKIs
and Rb family proteins). These activators and inhibitors exhibit different efficacies
in modulating the Rb-E2F activation threshold and thus quiescence depth in our
computer model. Identifying the endogenous modifiers of the Rb-E2F activation
threshold will be critical to reveal the underlying control mechanism of

guiescence depth.!

A reason that the Rb-E2F activation threshold holds the promise to understand
the control of quiescence depth lies in the analog-to-digital conversion function of
the bistable system. Mammalian cell cycle entry is an all or none (digital) decision
between quiescence and proliferation, as genomic integrity would be
compromised if cell proliferation were incomplete. Extracellular growth signals,
however, constantly fluctuate and are noisy (analog). The bistable switch
property of the Rb-E2F pathway provides the required mechanism for the cell to
convert analogous growth signals into a digital cell fate decision between

guiescence and proliferation.
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In addition to the Rb-E2F pathway, diverse cellular pathways regulate the
guiescent-to-proliferation transition. These pathways include Notch-HES1, Hippo-
YAP, circadian clock, metabolic, autophagy, and many more. These quiescence
regulatory pathways crosstalk with the Rb-E2F pathway and affect its signaling
dynamics. All together, they determine the final Rb-E2F activation threshold and

thus quiescence depth.

1.4.2 Notch -HES1 Pathway

Notch-hairy and enhancer of split homologue 1 (HES1) signaling pathway is a
highly conserved pathway important for cell fate decision during development
and stem cell differentiation (Sang et al., 2008). The Notch receptors on the cell
surface receive signals from neighboring cells allowing the Notch intracellular
domain (NICD) to be cleaved by secretases. The freed NICD then translocates to
the nucleus and with other coactivators transcribe HES genes (Ohtsuka et al.,

1999).

HES1 is a basic helix-loop-helix (bHLH) transcriptional repressor that regulates a
large battery of genes involved in the regulation of neural and muscle precursor
cell differentiation, and T cell and exocrine development from common precursor
cell (Kageyama et al., 2000). HES1 is rapidly upregulated after quiescence
induction (Coller et al.,, 2006). HES1 has been shown to be important for
maintaining the reversibility of quiescent state by suppressing differentiation and

senescence in quiescent human fibroblasts and neural stems cells (Hansson et
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al., 2004). Correspondingly, HES1 inhibition caused cells sensitive to
differentiation and senescence signals (Sang and Coller, 2009; Sang et al., 2008).
Consistently, inhibition of NICD cleavage with secretase inhibitor increased the
differentiation of rhabdomyosarcoma (skeletal muscle cancer) cells to muscle
cells (Sang et al., 2008). Elevated levels of HES1 have been reported in
rhabdomyosarcoma and breast cancer patients (Bolos et al., 2009; Sang et al.,
2008), suggesting that cancer cells may use HES1 to inhibit differentiation

(Farnie et al., 2007).

HESL1 is highly expressed In quiescent cells but not in cells arrested in the cell
cycle by CDKI overexpression (Coller et al., 2006). Important in maintaining the
quiescent state, HES1 interacts with the Rb-E2F pathway by repressing E2F1,

p21 and p27 (Hartman et al., 2004; Kabos et al., 2002; Murata et al., 2005).

1.4.3 Hippo -YAP Pathway

The Hippo-YAP signaling pathway is a central regulator of progenitor cell
proliferation and organ size checkpoint. The Hippo pathway is a kinase cascade
first discovered in Drosophila (Badouel et al., 2009). The core Hippo complex
consists of two kinases Hippo and Warts, co-factors Salvador (Savl) and Mob
tumor suppressor (Mats), and Yorki (Yki) transcriptional co-activator. Yki induces
the expression of genes important for cell growth such as cyclin D, cyclin E and
Myc, key players in the Rb-E2F bistable switch network. Also, Yki induces anti-

apoptotic and survival promoting genes such as Drosophila inhibitor of apoptosis
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(diapl) and bantam microRNA (Goulev et al., 2008; Harvey et al., 2003; Nolo et
al., 2006; Wu et al., 2008; Ziosi et al., 2010). The activation of the Hippo and
Warts kinase cascade leads to the phosphorylation and inactivation of Yki,

resulting in growth inhibition.

Hippo signaling is important for maintaining cellular quiescence (Lee et al.,
2010a). The overexpression of Yki or the loss of Hippo signaling causes tissue
overgrowth. In Drosophila imaginal discs, Hippo signaling controls the cell
number (Udan et al., 2003), and its loss leads to rapid cell proliferation and
enlarged disc size (Harvey et al., 2003; Jia et al., 2003; Lee et al., 2010a). In
mammals, overexpression of Yki homologs, YAP and TAZ, causes mouse liver to
triple or quadruple in size from excessive proliferation (Camargo et al., 2007,

Dong et al., 2007).

1.4.4 Circadian Clock

An appropriate timing of cellular events is indispensable for cell function, tissue
homeostasis and the health of multi-cellular organisms. There are two intrinsic
clocks - one that governs cell division and another that acts as a global, circadian
pacemaker (Masri et al., 2013). The circadian rhythm describes the day and night
oscillation of circadian genes that control biological processes such as cell
proliferation and metabolism (Papagiannakopoulos et al., 2016). Disruption of
circadian rhythm has been reported in many cancers in glioma, lung, breast,

lymphatic,  prostate,  pancreatic, ovarian, colorectal, and colon
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(Papagiannakopoulos et al., 2016; Savvidis and Koutsilieris, 2012; Shostak et al.,

2016).

There has been emerging evidence for the link between circadian clock and cell
cycle activities. For example, several key cell cycle genes (e.g., Cyclin D, Myc,
and G2/M checkpoint kinase WEE1l) are under circadian regulation
(Papagiannakopoulos et al., 2016; Sahar and Sassone-Corsi, 2009; Shostak et
al.,, 2016). How circadian rhythm affects quiescent, resting cells and their
transition into proliferation is still largely unknown, which is the subject of my

research in Appendix B.

1.4.5 Metabolic Pathway

Cellular quiescence protects cells from environmental stress. To coordinate
environmental stress and growth signals, the target of rapamycin (TOR) signaling
pathway (Patti and Kahn, 1998; Wullschleger et al., 2006) plays a pivotal role.
The TOR pathway serves as the nutrient sensing center of the cell. When
nutrients are scarce, TOR signaling is inactivated, which shuts down cell growth
and biosynthesis (Rohde and Cardenas, 2004; Russell et al., 2011).
Correspondingly, it has been shown that treating yeasts with TOR inhibitor
rapamycin induced quiescence-like cell cycle arrest (Barbet et al., 1996). With
sufficient nutrient supply, TOR pathway is activated and in turn shifts the cell into
a growth state. As the TOR pathway closely influences the transition between

guiescence and proliferation, elucidating the connection between TOR and Rb-
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E2F pathways will provide an in-depth understanding of quiescence control

mechanism(s).

1.4.6 Autophagy Pathway

Autophagy is triggered in stressful conditions such as starvation with depleted
insulin, glucose or amino acids (Klionsky and Emr, 2000). Autophagy involves
breaking down macromolecules that in turn produces nutrients necessary for
survival under stressful conditions. Specifically, cytoplasmic proteins and
organelles are degraded in lysosomes to recover metabolites for biosynthesis
and energy production. Autophagy is also involved in removal of damaged

proteins, organelles, and pathogens (Yang and Klionsky, 2010).

TOR activity suppresses autophagy through inhibiting autophagy specific kinase
ULK1 (Chang and Neufeld, 2009). When mTOR is inactive, ULK1 is activated
and facilitates the forming of autophagosomes (Hosokawa et al., 2009).
Meanwhile, E2F1 serves as a transcriptional regulator of autophagy by activating
the expression of autophagy genes such as microtubule-associated protein-1
light chaing-3 (LC3), autophagy-related gene-1 and 5 (ATG1, ATGS5), and

damage-regulated autophagy modulator (DRAM) (Polager et al., 2008).
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1.5 Irreversible Non -Proliferative Cell State

1.5.1 Senescence Signals and Physiological Function

Cells are often under extracellular and intracellular stress. As a response to
harmful stress, cells can enter senescence, a state of irreversible and durable
growth arrest that prevents the passing of damaged material to the next
generation. Senescent cells undergo dramatic morphological and functional
changes. They become larger and flatten out with senescence-associated
heterochromatin foci (SAHF) formation, and exhibit positive staining for
senescence-associated ! -galactosidase (SA-! -gal) activity (Campisi, 2001, 2005;
Narita and Lowe, 2005). Another feature of senescent cells is senescence-
associated secretory phenotype (SASP) which is the secretion of

proinflammatory cytokines (Coppe et al., 2010).

Stress signals inducing senescence includes telomere damage, DNA damage,
oncogene activity, and oxidative stress. Normal cells in culture and in vivo enter
senescence after reaching their replication limit. Human fibroblasts in culture
cease to divide after about 50 divisions known as the Hayflick limit (Hayflick and
Moorhead, 1961). This is because DNA replication machinery fails to replicate
the very ends of the chromosomes (Greider and Blackburn, 1996). As a result,
repeated cell division causes uncapping of the telomere ends. When the
telomere ends are shortened to a critical dysfunctional point, it triggers
senescence known as replicative senescence. As such, senescent cells are part

of normal physiology and are typically found in tissues that regenerate. In rodents
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and primates, it has been shown that the number of senescent cells increases

with age (Dimri et al., 1995).

Oxidative stress is also known to cause senescence. There are exogenous and
endogenous sources of oxidative stress. UV and ionizing radiation, pollutants,
environmental toxins, and certain chemotherapeutics are examples of exogenous
oxidative stress that raise the level of reactive oxygen species (ROS) (Berneburg
et al., 1997; Vallyathan and Shi, 1997). Endogenous ROS is primarily produced
by NADPH oxidases, lipooxygenases, cytochrome P450, and mitochondrial
electron transport chain (ETC) leakage (Brand et al., 2004; Cheeseman and
Slater, 1993). ROS can cause irreversible DNA damage that leads to

senescence (Pole et al., 2016; Takac et al., 2012).

DNA damage directly caused by irradiation or DNA damaging agents can also
cause cells to enter senescence. DNA damage triggers the activation of ataxia-
telan giectasia mutated (ATM) kinase family. Activated ATM and ATM-related
(ATR) kinases phosphorylate and activate checkpoint kinases Chk2 and Chkl
(Kastan et al., 1992), which activate p53. In addition, p19/ARF activity in
response to DNA damage further stabilizes p53 protein by inhibiting MDM2
(Khan et al., 2004). Sustained p53 activity causes cell cycle arrest by activating
the CDKI p21. When p53 is knocked out, mouse embryonic fibroblasts (MEFS)

continuously proliferate by avoiding senescence (Dirac and Bernards, 2003).
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Oncogene activities can induce senescence. For example, the overexpression of
Ras oncogene causes senescence in normal cells. Ras proteins are GTPases
that are important for cell proliferation, growth, and survival. Ras induces
senescence through p53 and p16 activation in a p38-MAPK dependent manner
(Serrano et al., 1997; Wang et al., 2002). Ras overexpression also triggers an
elevated level of ROS (Lee et al., 1999). CDKI p16 activity leads to the activation
of Rb pocket proteins and thus cell growth arrest. In MEFs, while the inactivation
of Rb did not affect the onset of senescence, p130 and pl07 inactivation
eliminated senescence (Dannenberg et al.,, 2000). Both p53 and Rb are
necessary to maintain the senescent state, as the inactivation of either one in
senescent cells can lead to the reentry of the cell cycle (Dirac and Bernards,

2003).

Senescence yields both beneficial and damaging effects. Senescence mediated
permanent growth arrest is an important tumor suppressive mechanism (Braig et
al., 2005; Herbig et al., 2006). The decline in senescent cells has been
associated with progression into malignant lesions in lymphatic and prostate
cancers (Braig et al., 2005; Chen et al., 2005; Sun et al., 2007). Senescence also
prevents other pathological proliferation. Mice lacking p53/p21 or Rb/pl6,
therefore unable to induce senescence, developed more fibrosis in the liver after
acute liver injury (Krizhanovsky et al., 2008). In a skin wounding mouse model,
senescence of fibroblasts were required for proper healing, and the deficiency in

SASP caused fibrotic scarring (Jun and Lau, 2010). Consistently, increased
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expression of CDKN2A/B locus (encodes pl16, pl9, and p15) has been shown to
reduce the risk of atherosclerosis (Harismendy et al., 2011). On the other hand,
senescence is associated with aging. Age-related decline in tissue regenerative
function is in part attributed to the accumulation of senescent cells. The
accumulation of senescent cells in osteoporosis, atherosclerosis, and liver
cirrhosis has been linked to increased p16 expression and decreased expression
of a p16 repressor, EZH2 (Chen et al., 2009; Minamino and Komuro, 2007; Price

et al., 2002).

Senescent cells have elevated levels of CDK inhibitors (Alcorta et al., 1996;
Pajalunga et al., 2007b; Stein et al., 1999b; Wang et al., 2005) that would raise
the Rb-E2F activation threshold. If the Rb-E2F activation threshold increases
beyond physiological serum levels, Rb-E2F switch will no longer be able to be
activated. Whether there is a continuous transition from deep yet reversible
quiescence to irreversible senescence, or there is another OswitchO mechanism
yet to be identified between deep quiescence and senescence, is an important

unanswered question.

1.5.2 Terminal Differentiation

An integral part of development, cellular differentiation is the process of
pluripotent cells becoming lineage-specific progenitors that differentiate into
specialized cell types. Terminal differentiation is where the specialized cells

become fully committed to specific gene expression and function but no longer
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able to renew and divide. Proper control of differentiation is important for normal

development and is essential for tissue homeostasis and cell replacement.

Typically, the switch from proliferation to differentiation occurs in G; phase of the
cell cycle (Mummery et al., 1987). Human and murine embryonic stem cells have
the shortest G, phase due to the lack of CDK inhibitors and the presence of
abundant cyclins and CDKs (Calder et al., 2013; Filipczyk et al., 2007; Lange and
Calegari, 2010; Stead et al., 2002). The lengthening of G1 phase allows sufficient
time for the cell to activate differentiation-promoting transcriptional program. For
example, in the developing mouse brain, switching of neural stem cells from
proliferative to neurogenic division is associated with increased G; length (Lange
and Calegari, 2010). Shortening of G1 phase by overexpressing cyclin D and

CDKA4 delayed neurogenesis (Calegari and Huttner, 2003; Lange et al., 2009).

Precursor cells give rise to terminal cell types by first undergoing lineage
determination, proliferation, and terminal differentiation into a post-mitotic state.
During muscle cell differentiation, myoblast determination protein (MyoD) and
myogenic factor 5 (Myf5) control cell-specific lineage, while myogenin, Mrf4 and
MyoD induce terminal differentiation. Highlighting the opposing effect between
differentiation and proliferation, cyclin D has been demonstrated to block MyoD
induced myogenic differentiation (Guo and Walsh, 1997; Rao et al., 1994;
Skapek et al., 1995). Mutual inhibition of cyclin D-CDK4 and MyoD by direct

protein interaction has also been proposed (Zhang et al., 1999).
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The switching/sucrose non-fermenting (SWI/SNF) chromatin remodeling
complexes are major contributors for lineage commitment and terminal
differentiation of diverse tissues and cell types. The SWI/SNF core complex
consists of ATPase subunit Braham (BRM) in Drosophila and BRM-related
Genel (BRG1) in mammals. The SWI/SNF core complex associates with
different accessory subunits that lead to lineage specific commitment (Hardwick
and Philpott, 2014). SWI/SNF also plays a role in cell cycle regulation. SWI/SNF
directly regulates the transcription of cell cycle genes such as Myc and p21
(Inoue et al.,, 2011), and by doing so allows the transition of proliferating
precursor cells into a terminally differentiated post-mitotic state. Whether and
how cellular activities involved in terminal differentiation affect cellular

guiescence is yet to be carefully studied.

1.6 Summary of Goals

The balance between quiescence and proliferation is important for tissue repair
and regeneration. Disruption of such a balance leads to hypo- or hyper-
proliferative diseases. The well-studied Rb-E2F pathway controls the
guiescence-to-proliferation transition at the R-point, by functioning as a bistable
switch. The RDb-E2F activation threshold underlies the regulation of quiescence
depth, representing an important and underappreciated mechanism of cell
growth control. To better understand cellular quiescence, it will be important to
understand how players in the Rb-E2F pathway and its interacting pathways

modulate the depth of the quiescence state. In this dissertation work, by
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combining experimental and computational approaches, | aim to address these

guestions.

Appendix A discusses the study of the heterogeneous quiescence depth
following different quiescence inducing conditions. By modeling and
experimentally testing how different parameters in the Rb-E2F gene network
affect the RDb-E2F activation threshold, several coarse- and fine- tuning

modulators of quiescence depth were identified.

Appendix B investigates how a circadian clock gene (Cry) affects quiescence
depth. Experimental testing showed that increased Cry activity led to deeper
qguiescence, contradictory to what was expected based on literature. Through a
comprehensive modeling search, we found the potential missing link, which was

subsequently confirmed by our follow up experiments.
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CHAPTER II: Discussion and Future Directions

Emerging evidence in several different cell and tissue types have demonstrated
quiescence as a collection of heterogeneous states with different depths. The
varying depth of cellular quiescence is a critical feature in regards to cell growth
control. Recent studies have linked abnormal quiescence depth to hyper- and
hypo- proliferative diseases. Despite its importance, the underlying mechanism of
qguiescence depth control is largely unknown with many significant unanswered

guestions.

To start dissecting the molecular mechanism underlying the control of cellular
quiescence depth, in Appendix A | provide mechanistic evidence that the
activation threshold of the Rb-E2F bistable switch underlies quiescence depth,
and that components in the Rb-E2F pathway can modulate quiescence depth
with varying potency. In Appendix B | show that other cellular activities, such as
circadian regulator Cry, can crosstalk with the Rb-E2F bistable switch and further
modify its activation threshold and thus quiescence depth. Identifying key
modifiers of quiescence depth in normal and diseased cells will likely produce a
useful tool in developing therapeutics against hyper- and hypo-proliferative

diseases.
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2.1 Quiescence Program and Rb -E2F bistable switch

Previously it has been shown that diverse quiescence inducing signals (e.g.
serum starvation, contact inhibition, or loss of adhesion) produce unique gene
expression patterns, indicating heterogeneous quiescent states (Coller et al.,
2006). While the gene expression profiles resulted from different quiescence-
inducing signals are different, they also partially overlap at a set of common
genes that make up a so-called Quiescence programQ(Coller et al., 2006). The
change of gene expression in the quiescence program (compared to that under
proliferation) further enlarges with an increased duration of the given quiescence-

inducing signal.

As shown in Appendix A, the longer the cells are under quiescent conditions (i.e.,
2 days vs. 6 days of serum starvation or contact inhibition), cells move into a
deeper quiescent state with increased Rb-E2F activation threshold.
Understanding the connection between the enhancement of the quiescence
program and the @eepeningO of quiescent state, especially, in relationship with
the switching dynamics of the Rb-E2F bistable switch, will provide important

information in elucidating the quiescence control mechanism.

As discussed in Chapter | and shown in Appendix B, many cellular activities
crosstalk with the Rb-E2F bistable switch, and by doing so jointly define the final
qguiescent state. Presumably, part of the quiescence program may impinge on

and modulate the Rb-E2F activation threshold and thus quiescence depth, while
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some other activities in the quiescence program may respond to and carry out
cellular functions associated with the changing quiescence depth. In addition, it is
likely that the common quiescence program related to different quiescence
signals is responsible for maintaining the reversibility of cellular quiescence.
Figuring out how such reversibility is connected to the E2F activation threshold
may hold the key to understand quiescence and quiescent cell identity. In this
regard, my thesis work helps provide an experimental and computational

framework for future investigations.

2.2 Distinguish Deep Quiescence from Senescence

The activation threshold of the Rb-E2F bistable switch underlies quiescence
depth and likely the reversibility behind quiescence. Compared to quiescent cells,
cells in senescence have elevated levels of CDK inhibitors such as pl16. The
increase in CDK inhibitors in turn raises the Rb-E2F activation threshold. If the
Rb-E2F activation threshold increases beyond the physiological serum range,
cells will not be able to reenter the cell cycle and thus become irreversibly
arrested. Perhaps, irreversible states like senescence can be made reversible by
reducing the Rb-E2F activation threshold. To support this idea, the key players
involved in senescence, Rb/pl16 and p53/p21, are also key players in regulating
Rb-E2F activation threshold and quiescence depth. Furthermore, it has been
shown that the inactivation of Rb or p53 in senescent cells can result in cell cycle
reentry (i.e., becoming reversible like quiescent cells) (Dirac and Bernards, 2003).

Likewise, identifying other sensitive cellular activities that control the Rb-E2F
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activation threshold, as | did in Appendix A but in quiescence-related parameter
space, may provide potential mechanisms to restore premature senescence to

reversible deep quiescence to alleviate certain degenerative diseases.

In reverting senescence to quiescence, other factors need to be considered
beyond the Rb-E2F activation threshold. As one example, it is known that detox
enzymes like SOD2 plays an important role in reducing intracellular ROS levels.
In proliferating cells, SOD2 is induced by FoxM1, which is activated by E2F. In
serum starved quiescent cells, SOD2 is induced by FoxO3a, which would
otherwise be repressed by AKT in the presence of mitogenic signals. In
senescent cells, mitogens are present so that FoxO3a is inhibited (by AKT),
meanwhile FoxM1 is also repressed (since E2F is inhibited by Rb). As a result,
SOD2 expression is repressed, leading to increased ROS accumulation and
DNA damage (Imai et al., 2014). Therefore, in addition to reducing the Rb-E2F
activation threshold, reducing ROS accumulation and DNA damage would also

be important to consider in reverting senescence to a healthy quiescent state.

2.3 Restoring Quiescence (or Senescence) as Potential Cancer Treatment

Cancer is a disease of unrestrained cell growth and has been primarily studied
from the angle of disrupted cell cycle regulation. Upregulation of cell cycle
activators (e.g, Myc, cyclins, CDKs) or downregulation of cell cycle inhibitors (e.g.,
Rb, CDK inhibitors) are frequently seen in cancers. For example, increases in

cyclin D and cyclin E expression has been reported in breast, colorectal,
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squamous carcinoma, and prostate cancers (Malumbres and Barbacid, 2001;
Weinstein et al.,, 1997). Although CDKs seem to be less involved in
tumorigenesis, CDK4 has been reported to be overexpressed in certain cancer
cell lines (Hunter and Pines, 1994). CDKI mutations are also common in cancer.
For example, deletion of p16 has been identified in melanoma, acute lymphocytic
leukemia, osteosarcoma, lung, brain, breast, head and neck, bladder, and
ovarian cancers (Kamb et al., 1994; Nobori et al., 1994), and p27 deletion is
frequently seen in breast, prostate, gastric, lung, skin, colon, and ovarian cancer

(Catzavelos et al., 1997; Esposito et al., 1997).

Currently, many small chemical compounds that inhibit CDKs have been
developed to prevent cell proliferation (Damiens et al., 2000; Edamatsu et al.,
2000). Additionally, gene therapeutics aimed at reestablishing negative cell cycle
regulators of the cell cycle are under test. Yet, the overall outcomes of these

treatments are not satisfying.

We note that the above mutations found in tumors are key players in the Rb-E2F
pathway. Such mutations reduce the Rb-E2F activation threshold with different
efficacies as shown in Appendix A, and thus drive cells into shallow quiescence
or even prevent cells from entering quiescence. This result represents a
perspective that is underappreciated in cancer biology. It is an attractive idea to
restore proper quiescent state in cancer cells, or to drive these cells into

irreversible senescence, by adjusting the Rb-E2F activation threshold. In this
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regard, identifying sensitive parameters (as shown in Appendix A) in each cancer
setting will be critical. As such, the modeling and experimental framework

established in my thesis work may thus provide a helpful starting ground.
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ABSTRACT

Quiescence is a reversible, non-proliferative cellular state that plays a critical role
in tissue homeostasis, repair and regeneration. Often described as the OGO
phaseO, quiescence is in fact not a single homogeneous state. As cellsremain
quiescent for longer durations, they move progressively OdeeperO into quiescence
and display a reduced sensitivity to growth signals. Deep quiescent cells,
seemingly different from senescent cells, can still re-enter the cell cycle under
physiological conditions. Control mechanisms underlying deep and shallow
guiescence are poorly understood, and represent a currently underappreciated
layer of complexity in growth control. By combining modeling and experiments,
here we show that the activation threshold of a Retinoblastoma (Rb)-E2F
network switch controls quiescence depth. Particularly, deeper quiescent cells
feature a higher E2F switching threshold and exhibit a delayed traverse through
the restriction point. We further show that different components of the Rb-E2F
gene network can be experimentally perturbed, following model predictions on
their individual roles to coarse or fine tune the E2F switching threshold, to drive

cells into varying quiescent depths.
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INTRODUCTION

Cellular quiescence is a OsleeglikeO norproliferative state associated with many
cell types in the body (e.qg., fibroblasts, lymphocytes, stem and progenitor cells)
(Cheung and Rando, 2013; Coller et al., 2006). It provides protection against
cellular stress and toxicity, which is especially important for long-lived cells such
as adult stem cells (Cheung and Rando, 2013). Quiescence can be reverted to
proliferation with physiological growth signals such as serum stimulation; it is
thus different from other non-proliferative states such as senescence and
terminal differentiation, which are irreversibly arrested under physiological
conditions. Inducing quiescent cells to re-enter the cell cycle is fundamental to

tissue repair and regeneration.

Quiescence is often described as the GO phase; however, it is not a single
uniform state. Studies in the O70s and O80s showed that when fibroblasts and
lymphocytes were kept for longer durations under contact inhibition B a
quiescence-inducing signal B cells moved progressively OdeeperO into quiescence.
Deep quiescent cells remained viable and metabolically active (Lemons et al.,
2010; Soprano, 1994), but they underwent a longer pre-DNA-synthesis phase
when re-entering the cell cycle (Augenlicht and Baserga, 1974; Brooks et al.,
1984; Owen et al., 1989; Yanez and O'Farrell, 1989). Deep vs. shallow
quiescence is also observed in vivo. In liver after partial hepatectomy and in
salivary gland after isoproterenol stimulation, cells in older rats were found to

take a longer time to initiate DNA synthesis (Adelman et al., 1972; Bucher, 1963),
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behaving like they were in deep quiescence. On the contrary, a Gaer State was
recently identified in muscle stem cells as a shallow quiescent state. Upon
stimulation, cells from the Gaen State displayed an accelerated start of DNA
synthesis compared to those from the deep GO state (Rodgers et al., 2014).
Similarly, OprimedO quiescence has been suggested as an intermediate state in
the activation of dormant neural stem cells (Llorens-Bobadilla et al., 2015).
Conceivably, abnormally deep or shallow quiescent states can lead to hypo- or
hyper-proliferative diseases. Yet, little is known about what controls the depth of

guiescence.

Earlier studies have identified that deep quiescence is correlated with reduced
total RNA and protein content; increased chromatin condensation; decreased
transcription activities; decreased protein levels of Myc, p53 and ornithine
decarboxylase; and increased protein levels of fibronectin, collagen, and insulin
receptor (Augenlicht and Baserga, 1974; Rossini et al.,, 1976; Soprano, 1994).
Consistently, the newly identified OprimedO quiescence in neural stem cells is
associated with upregulation of protein synthesis and downregulation of glycolytic
metabolism (Llorens-Bobadilla et al., 2015) and the Gaert State in muscle stem
cells is linked to the activation of mMTORC1 (Rodgers et al., 2014). Deep
quiescent cells also exhibit greater expression changes of a transcriptional
Oquiescence programO than shallow quiescent cells(Coller et al., 2006),
suggesting a possible regulatory mechanism underlying quiescence depth. Yet, it

remains to be determined what gene activities in the quiescence program

66



regulate quiescence depth, apart from those that are affected by quiescence-

depth changes.

In this study we sought to develop a mechanistic model to explain and
manipulate quiescence depth by focusing on a bistable Rb-E2F network switch
(Yao et al., 2008b; Yao et al., 2011). The pivotal role of the Rb-E2F pathway in
cell proliferation has been well documented (Attwooll et al., 2004; DeGregori and
Johnson, 2006; Frolov and Dyson, 2004; Nevins, 2001; Trimarchi and Lees,
2002). Activator E2Fs (E2F1-3a, E2F for short) are among the few genes that are
both necessary and sufficient in the context of quiescence exit: when E2F is
knocked out, quiescent cells cannot re-enter the cell cycle (Wu et al., 2001); on
the other hand, ectopic E2F expression alone can induce quiescent cells to enter
S-phase (Johnson et al., 1993). Previously, we showed that the Rb-E2F pathway
network functions as a bistable switch, converting graded and transient serum
growth signals into an all-or-none E2F activity, which directly correlates with the
all-or-none outcome of quiescence exit (Aguda, 2015; Yao et al., 2008b; Yao et
al., 2011). Here, by coupling modeling and experiments, we show that the
minimum serum concentration required to activate the Rb-E2F bistable switch
(OE2F switching thresholdO for short) defines quiescence depth. Deeper quiescent
cells have a higher E2F switching threshold, require stronger growth stimulation
to re-enter the cell cycle, and exhibit a delayed commitment to quiescence exit.
The E2F switching threshold model provides an integrated framework not only to

better understand quiescence regulation but to manipulate quiescence depth in a
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predicted manner. Accordingly, we show that depending on their varying roles in
modulating the E2F switching threshold, different components in the Rb-E2F
gene network can be perturbed following model guidance, to serve as coarse-
and fine-tuning mechanisms to experimentally create quiescent states with

varying depths in the cell.

RESULTS

Characterize cellular features associated with varying quiescence depth

To better understand cellular properties associated with different quiescence
depths, we examined the speed and minimum growth-stimulation requirement for
cells to exit deep vs. shallow quiescence. First, consistent with earlier findings
(Augenlicht and Baserga, 1974; Owen et al.,, 1989), we observed in our cell
model rat embryonic fibroblasts (REF/E23 cells) that under longer-term contact
inhibition (C.l.), cells moved into deeper quiescence. As seen in Fig. 1a, by the
24" hour following serum stimulation, cells that were previously under longer-
term C.l. (e.g., 11 vs. 5 days, 11D- vs. 5D-C.I. for short) had a much smaller
percentage (35.2% vs. 77.1%) that initiated DNA synthesis and thus had positive
incorporation of 5-ethynyl-2@deoxyuridine (EdU). The smaller EdU+% observed
in 11D- vs. 5D-C.I. cells was not because a subset of cells became irreversibly
arrested or senescent (as these cells can all be reverted to proliferation after
replated at a non-C.l. condition, Fig 1b); it thus indicated that cells under longer
C.I. (11D vs. 5D) were slower to enter S-phase upon serum stimulation.

Consistently, while the majority of 5D-C.I. cells completed S-phase (reaching the
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maximum EdU intensity) by the 24" hour upon serum stimulation, 11D-C.I. cells
continued to progress through S-phase between the 24" and 30™ hour (indicated
by the increasing EdU intensity). By the 30™ hour, many 5D-C.I. cells had already
finished cell division (indicated by the appearance of the 2nd EdU+ peak on the

left, Fig. 1a).

Similarly, we observed that deeper quiescence can also be induced by longer-
term serum starvation (STA). As seen in Fig. 1c, when observed at various time
points (16-19 hours) after serum stimulation of REF/E23 cells previously under
STA for 2 or 4 days (2D- or 4D-STA), the EdU+% and mean EdU intensity (m)
were both smaller in the 4D-STA cells than the 2D-STA cells, suggesting a
delayed entry of S-phase in cells under longer STA (4D vs. 2D). Consistently, the
time when the majority of cells completed S-phase (reaching the maximum EdU
intensity) was delayed in 4D-STA cells compared to that in 2D-STA cells (26 hr
vs. 23 hr, Fig. 1c). This delayed S-phase entry from deep quiescence in REF/E23
cells is also consistent with what was previously observed in hematopoietic cells
(Lum et al., 2005), which showed that cells under longer-term STA entered S-
phase later than those under shorter-term STA (but otherwise had similar rate of
S-phase progression). Although being slow in reentering S-phase, deep
quiescent cells under long-term STA (e.g., 12D) are fully reversible and become
EdU+ following sufficient serum stimulation (Fig. 1d), demonstrating that these

cells were not senescent or dead.
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Next, we found that deep quiescent cells required stronger growth stimulation to
re-enter the cell cycle and initiate DNA synthesis compared to shallow quiescent
cells. To drive a similar percentage of cells to exit quiescence, serum
concentrations required for 4D-STA deep quiescent cells were roughly twice
what were required for 2D-STA shallow quiescent cells (e.g., 1.5% vs. 0.8%
serum to stimulate ~40% of 4D- vs. 2D-STA cells, and 0.8% vs. 0.4% serum to
stimulate ~15% of 4D- vs. 2D-STA cells, respectively, 72 hours post serum
stimulation, Fig. 1e,f). Correspondingly, upon stimulation with serum at the same
concentration, fewer 4D-STA cells re-entered the cell cycle as compared to 2D-
STA cells (<15% vs. >40%, with 0.8% serum stimulation, Fig. 1e,f). Similarly, to
drive cells out of deeper quiescence resultant from longer-term C.l., stronger
serum stimulation was required. For example, to drive a similar percentage of
7D- and 5D-C.I. cells to re-enter the cell cycle (EdU+), 10-20% and 5% serum
were required, respectively (arrow pointed, Fig. 1g). Consistently, given the same
serum stimulation (e.g., 5%), fewer 7D-C.l. cells re-entered the cell cycle as

compared to 5D-C.I. cells (Fig. 19).

Put together, we hereby describe quiescence as a heterogeneous cellular state
with different depths (Fig. 2a). Under either condition, STA and C.I., a) cells
move progressively into deeper quiescence under longer-term treatment; b)
exiting deeper quiescence requires stronger growth stimulation and longer time;
and c) given the same growth stimulation at a non-saturating level, fewer deep

guiescent cells exit quiescence than shallow ones.
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Activation threshold of a bistable Rb -E2F network switch underlies
quiescence depth

Given the characterized dynamic features associated with varying quiescence
depth, we started to probe corresponding control mechanisms. Our earlier work
has suggested that the activation of a bistable Rb-E2F network switch marks
guiescence exit (Yao et al., 2008b; Yao et al., 2011). The Rb-E2F bistable switch
converts graded and transient serum growth signals into an all-or-none activation
of E2F, with the E2F-OFF and -ON states corresponding to quiescence and
proliferation, respectively (Fig 2a). Computationally, deeper quiescence is
associated with an increased potential barrier to the activation of E2F and
transition into the cell cycle (and a decreased potential barrier for the reverse
transition into quiescence), as shown in the quasi-potential landscape (Fig 2a)
constructed based on stochastic model analysis (Ao, 2004; Balazsi et al., 2011;
Wang et al., 2006; Xing, 2010; Zhou et al., 2012). We next tested experimentally
whether the E2F switching threshold (i.e., the minimum serum concentration
required to activate the Rb-E2F bistable switch) can serve as a metric for
quiescence depth. If it is true, understanding what controls the E2F switching

threshold would help us reveal what controls quiescence depth.

Indeed, we found that the E2F switching threshold was directly correlated with
qguiescence depth. Experimentally, we measured the E2F-ON/OFF status using a
previously established E2F-GFP reporter system (with an E2F1 promoter-driven

destabilized GFP reporter stably integrated into the REF/E23 cell genome, see
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Methods). First, at the single-cell level, we found that switching E2F from the
OFF to ON state was correlated with the exit from both deep and shallow
quiescence (6D- and 2D-STA cells, respectively, Fig. 2b). Second, consistent
with exhibiting delayed DNA replication, deep quiescent cells showed delayed
E2F activation. As seen in Fig. 2c, following the same growth stimulation (2%
serum), while E2F in shallow quiescent cells (2D-STA) was activated to its fully-
ON level (peak GFP-reporter intensity, indicated by a red arrow) by the 22" hour,
E2F in deep quiescent cells (6D-STA) took longer to reach its fully-ON level (by
the 26™ hour). Third, under the same growth stimulation (2% serum), a smaller
percentage of deep vs. shallow quiescent cells (~73% of 6D-STA cells vs. ~87%
of 2D-STA cells, by the 30™ hour, Fig. 2d) switched ON E2F, consistent with the

notion that deep quiescent cells have a higher E2F switching threshold.

Model the control elements of E2F switching threshold and quiescence
depth

Given that Rb-E2F bistable switch is an emergent systems property at the
network level, we next explored network components that affect the activation
threshold of the Rb-E2F switch. Several cellular factors including cyclin-
dependant kinase (Cdk) 2, Cdk6 and Cdk inhibitor p21 have been recently
reported to play critical roles in determining the fate of a cell in entering
quiescence or proliferation (Laurenti et al., 2015; Overton et al., 2014; Spencer et
al., 2013). Consistently, these factors are components of the Rb-E2F network

switch and affect its ON/OFF switching dynamics (Yao, 2014a; Zhang, 2013).
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In a previous study, we constructed a simple mathematical model for the Rb-E2F
bistable switch. Parameters in this coarse-grained model reflected aggregate
regulations of protein activities in the Rb-E2F gene network (e.g., by affecting
synthesis, degradation, or phosphorylation) (Yao et al., 2008b). Here, we first
extended this model to include Cdk inhibitors, whose effects were lumped
inexplicitly into Cdk activities in our previous model. Based on this extended
model (Table S1, S2), we simulated the changes of E2F switching threshold
resulted from the changes of model parameter values. To this end, for each
given parameter change, simulations were run with constant serum inputs
ranging from 0 to 20 (%), and the smallest serum input that resulted in an
ultrasensitive switch of the steady-state E2F level from OFF to ON (from <0.001
to >0.1 #M, see Methods for details) was considered the corresponding E2F
switching threshold. We found that 21 out of 26 model parameters b kM, kE, kCD,
kCDS, kCE, kR, ki, kDP, kRE, kP, KP, KS, KE, KM, KCD, dM, dCD, dCE, dR,
dRE and d/ — were OsensitiveO in that their variations (increase and/or decrease)
by a factor of up to 10 resulted in significant modulation (by a factor of more than
2.5) of the E2F switching threshold (Fig. 3a). The steeper the slope of a
parameter-sensitivity curve, the larger the modulation of the E2F switching
threshold (y-axis, Fig. 3a) with a given factor change of the parameter (x-axis).
That is, parameters with steep slopes function as strong Ocoarse tuningO
modulators of the E2F switching threshold and quiescence depth, compared to
parameters with low slopes (weak Ofine tuningd modulators). The relationship

between the 21 sensitive parameters and the Rb-E2F network components
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(nodes or links) are shown in Fig. 3b, with the relative tuning strength of each

parameter (modulator).

The 21 sensitive parameters can be divided into two groups. Group | contained
13 parameters (labelled in the upper right quadrant, Fig. 3a), whose values when
increased and decreased caused a higher and lower E2F switching threshold
(and thus deep and shallow quiescence), respectively. Group Il contained 8
parameters (labelled in the lower right quadrant, Fig. 3a), whose values when
increased and decreased caused a lower and higher E2F switching threshold
(and thus shallow and deep quiescence), respectively. Furthermore, parameter
changes that caused a higher E2F switching threshold (top half, Fig. 3a) all
resulted in delayed E2F activation upon serum stimulation (Fig. S1), consistent
with the delayed S-phase entry of deep quiescent cells. Our simulation results
suggest that by affecting different kinetic parameters of the Rb-E2F network,
many cellular factors can potentially modulate the E2F switching threshold and
guiescence depth with different efficacies. The varying modulating efficacies are
related to the different roles of individual network components in affecting the

E2F switching threshold, which are shown in several examples below.

Deep quiescent cells exhibit  delayed traverse through the restriction point
The modeling results that many cellular factors may affect the E2F switching
threshold are consistent with earlier reports that a large transcriptional program is

associated with cells at quiescence (Coller et al., 2006; Liu et al., 2007). In a
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parallel study, we are working to reverse engineer the endogenous quiescence
regulatory network by statistical modeling of gene expression changes as cells
move into deep quiescence (Fujimaki and Yao, unpublished). Separate from that,
here in this study we focused on investigating whether the E2F switching
threshold model can help us better understand the dynamic features associated
with quiescence depth, and particularly, whether it can guide us to experimentally

manipulate the depth of quiescent cells.

As shown in our earlier work (Yao et al., 2008b), with a minimum duration of
serum-pulse stimulation to activate the Rb-E2F bistable switch, the cell commits
to cell cycle entry and passes the restriction point (after which, the cell cycle
becomes autonomous and serum-independent). In our model simulations, all
parameter changes that increased the E2F switching threshold (i.e., into deeper
quiescence) increased the minimum duration of serum stimulation required for a
cell to turn ON the Rb-E2F switch (i.e., the R-Point, Fig. 4a and S2). This result
held true when we considered cell-to-cell variations using more realistic
stochastic simulations (Lee et al., 2010b) (Table S3). To compare the serum-
duration requirement for exiting deep vs. shallow quiescence experimentally, we
applied serum-pulse stimulations where serum starved quiescent cells were
treated at a high serum level (20%) for different durations and then switched to a
basal serum level (0.3%). The cells that eventually entered the cell cycle
following a short serum pulse were identified by the positive EdU incorporation by

the 44™ hour after the initiation of serum pulse. Consistent with the model
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prediction, we found that a longer pulse (6 vs. 4 hours) of serum stimulation was
required to drive a similar percentage (~40%) of 4D-STA deep vs. 2D-STA
shallow quiescent cells to enter the cell cycle (EdU+, Fig. 4b). Given the same
serum pulse (4 hours), a smaller percentage of 4D-STA vs. 2D-STA cells (25.2%
vs. 40.1%) were able to enter the cell cycle (Fig. 4b). These results suggest that
in addition to the previously observed delay in S-phase entry, upon growth
stimulation deep quiescent cells exhibit delayed cell cycle commitment at the

restriction point than shallow quiescent cells (Fig. 4c).

Create deep quiescence experimentally by increasing E2F switching
threshold

The ability to control the depth of cellular quiescence has important implications,
e.g., to drive stem and progenitor cells to deep or shallow reservoirs with desired
response rates to stimulation signals, or to potentially correct abnormal quiescent
states in diseased cells. Therefore, here we asked whether we can
experimentally manipulate the depth of quiescent cells by altering the E2F
switching threshold following model guidance. As a proof of principle, we first
tested Rb family proteins and Cdk inhibitors, which are expressed at higher
levels in quiescent vs. proliferating cells (Cheng et al., 2000; Coats et al., 1996;
Mayol and Grana, 1998; Smith et al., 1996). Rb family proteins bind to E2F and
block its transactivation ability (Nevins, 2001; Trimarchi and Lees, 2002); Rb-E2F
complex also recruits chromatin modifiers to directly repress E2F target genes,

including E2F itself (Frolov and Dyson, 2004). Rb family proteins lose their
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inhibitory effects on E2F when they are phosphorylated by cyclin D
(CycD)/Cdk4,6 and cyclin E (CycE)/Cdk2, which are in turn repressed by Cdk
inhibitors (CKIs) (Fig. 3b) (Sherr and Roberts, 1999). In our model, increasing
either kR or kI (synthesis rate constants of Rb family proteins and CKis,
respectively) increased the E2F switching threshold (Fig. 3a). Interestingly,
increasing k/ exhibited a stronger effect than increasing kR in this regard (steeper
slope of the kI vs. kR curve, Fig. 3a). This is consistent with that the ratio of
unphosphorylated Rb over free form of E2F is more sensitive to enzymatic
modifications (by Cyclin-Cdk-CKI complex) than de novo Rb synthesis (Fig. S3).
When Cdk is sufficiently active, it will eventually lead to Rb phosphorylation even
with increased Rb synthesis (increasing kR), resulting in quiescence exit. In
comparison, with increased CKI level (increasing kl), Cdk activity is blocked,
leading to inefficient Rb phosphorylation. Consistently, the top parameters
showing highest slope steepness in Fig. 3a (i.e., the strongest Ocoarse tunersO,
kCDS, kP, dCD, KP, kDP, and KCD) all directly affect the effective Cyclin/Cdk

activities and Rb phosphorylation status in the cell.

Our experimental observations confirmed the model prediction that cells can be
driven into deeper quiescence by higher levels of Cdk inhibitors and Rb family
proteins. Taking advantage of our previously established dose-response-
mapping approach (Wong et al., 2011a; Wong et al., 2011b), we examined the
changes of quiescence depth resulting from the ectopic expression of p21, a Cdk

inhibitor that inhibits both CycD/Cdk4,6 and CycE/Cdk2 (Harper et al., 1993;
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Xiong et al., 1993), and p130 and Rb, two Rb family proteins that play critical
roles at quiescence (Mayol and Grana, 1998; Smith et al., 1996). Briefly, we
transfected REF/E23 cells with expression vectors of p2l1, Rb and pl30.
Transfected cells were brought to quiescence by serum starvation for 2 days. We
next stimulated cells with serum (3% BGS), and measured the percentages of
cells that were able to exit quiescence (EdU+) under the influence of exogenous
p21, Rb and p130. The introduced expression vector levels (y-axis, Fig. 5a) were
indicated by the fluorescence intensity associated with a co-transfected mCherry
vector in individual cells (as the amounts of two co-transfected vectors were
linearly correlated, Fig. S4). We found that with a medium-high level of
introduced expression vectors (OMHO, Fig. 5a,b), p21, Rb and p130 all led to
deeper quiescence as indicated by reduced EdU+ levels upon serum stimulation

compared to that of the mCherry-only control.

Furthermore, p21 caused a greater reduction in the EdU+ level than Rb and p130
did with the same level of transfected expression vectors (M-H and L (low),
respectively, Fig. 5a,b). This result was further confirmed when ectopic
expression was quantified at the protein level using immunoflow cytometry (Fig.
S5a,b), and normalized to either the percentage of cells with positive protein
expression (Fig. 5c) or the mean protein level (Fig. 5d, as a ratio over
endogenous expression). The experimental observations that p21 was more
effective than Rb and p130 in driving cells into deep quiescence (with reduced

EdU+ level upon serum stimulation) were qualitatively consistent with the results

78



from stochastic simulations of the E2F switching threshold model (Fig. 5e), as
well as over a separately measured time course (Fig. 5f,g). Finally, we note that
ectopic p21 expression drove cells into deep quiescence but not senescence
under serum starvation, as those cells could still re-enter the cell cycle following
strong serum stimulation (Fig. S6). Together, these results suggest that as model
predicted, cellular factors such as p21 and Rb family proteins can serve as
coarse- and fine-tuning factors, respectively, to increase the E2F switching

threshold and create deeper quiescence.

Create shallow quiescence experimentally by reducing E2F switching
threshold

We next asked whether we can experimentally drive quiescent cells to shallow
states by altering the E2F switching threshold. In our model, increasing the
synthesis rate constants of CycD and Myc (kCDS and kM, respectively) reduced
the E2F switching threshold with high and low efficacies, respectively (steeper
slope of the kCDS vs. kM curve, Fig. 3a). To this end, we experimentally tested
the influence of ectopic CycD and Myc expression on quiescence exit. We found
that the ectopic expression of CycD and Myc both led to shallow quiescence, and
that CycD exhibited a stronger effect than Myc in this regard as the model
predicted. As seen in Fig. 6a,b, upon stimulation with 1% serum, both Myc- and
CycD-expressing quiescent cells exhibited increased EdU+ levels compared to
that of the mCherry-only control cells, and the increase of the EdU+ level was

more significant with ectopic expression of CycD than Myc given the same level
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of introduced expression vectors. When the serum concentration was increased
to 2% (and more cells exited quiescence in the mCherry-only cells, Fig. 6a), the
weak boosting effect of Myc was buried but exogenous CycD was still able to

increase the EdU+ level significantly over that of the mCherry control (Fig. 6a,b).

The greater effect of CycD vs. Myc in driving quiescent cells to a shallower state
was further confirmed when ectopic expression was quantified at the protein level
using immunoflow cytometry (Fig. S7a,b), and normalized to either the
percentage of cells with positive protein expression (Fig. S7d,g) or the mean
protein level (Fig. 6¢, as a ratio over endogenous expression). This experimental
observation was also qualitatively consistent with the results from stochastic
simulations of the E2F switching threshold model (Fig. 6d). This greater efficacy
of CycD vs. Myc in creating shallow quiescence is consistent with the findings
that Myc alone (without cooperating with E2F, which is inactive at quiescence) is
ineffective to activate E2F transcription (Leung et al., 2008) and that CycD
counteracts CKI activity which is highly efficient in deepening quiescence (Fig. 5).
Together, our results suggest that cells can be driven to shallower quiescence by
higher expression of CycD and Myc, which serve as coarse- and fine-tuning
factors, respectively, to reduce the E2F switching threshold and quiescence

depth.

DISCUSSION

Cellular quiescence does not correspond to a single uniform state but a
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heterogeneous one with varying depths. Our modeling and experimental results
in this study suggest that quiescence depth can be explained and manipulated by
the activation threshold of the Rb-E2F bistable switch. As a critical cellular state,
qguiescence is regulated by complex cellular mechanisms beyond Rb-E2F,
involving other pathways such as Notch-Hes1, p53, autophagy, microRNAs, DNA
damage response, and metabolic and stress responses (Cheung and Rando,
2013; Yao, 2014a). The quiescent state is also likely regulated at transcriptional,
translational, and epigenetic levels (Coller et al., 2006; Llorens-Bobadilla et al.,
2015; Rodgers et al., 2014). Nevertheless, the strong experiment-model
agreements in both driving cells into deep and shallow quiescence by
manipulating the E2F switching threshold (Fig. 5, 6) suggest that our simple and
coarse-grained E2F switching threshold model represents an important
mechanism underlying the control of quiescence depth, and thus provides an
integrated framework to guide experimental modulation of cellular quiescence.
For example, our work suggests that the effective Cyclin/Cdk activities and
correspondingly the Rb phosphorylation status strongly affect quiescence depth,
as shown in both our modeling analysis (Fig, 3a, the top modulators) and
experimental tests (Fig. 5,6, coarse tuners p21 and CycD). These results are
consistent with recent findings that Cdk and CKI activities play critical roles in
determining the quiescence entry of individual cycling cells (e.g., Cdk2, p21) as
well as in the heterogeneous cell cycle entry of quiescent cells (e.g., Cdk6, p21)

(Laurenti et al., 2015; Overton et al., 2014; Spencer et al., 2013).

81



Interestingly but not surprisingly given the discussion above, close interactions
exist between the Rb-E2F pathway and other quiescence regulatory pathways:
some are regulated by the Rb-E2F pathway while many others directly impinge
on the Rb-E2F pathway and affect its bistable switch dynamics (Fajas, 2013; Yao,
2014a). We propose that together, the Rb-E2F bistable switch and its interacting
pathways form a quiescence regulatory network that determines the final
quiescence state. The bistable module B the Rb-E2F switch B provides a
necessary cellular mechanism to integrate and convert various graded (analogue)
growth-stimulating and -inhibitory signals into an all-or-none digital output (E2F-
OFF/ON) and cell-fate distinction (quiescence/proliferation) (Fig. 2a) (Yao, 2014a,;
Yao et al., 2008b). Other quiescence regulatory pathways, by impinging on and
interacting with the Rb-E2F bistable module, regulate the E2F switching
threshold and carry out cellular functions associated with the corresponding

qguiescence depth (Yao, 2014a).

Consistently, we note that the endogenous control of quiescence depth is beyond
single factors. Our modeling and experimental results suggest that many cellular
factors can affect the E2F switching threshold and thus quiescence depth (Fig. 3,
5, and 6). In a parallel study we compared global gene expression changes as
REF/E23 cells move progressively deep into quiescence and found that, for
example, Rb (but not p21) expression significantly increased in accordance
(Fujimaki and Yao, unpublished). Yet, Rb unlikely drives deep quiescence alone

as many gene clusters were found to be up- or down-regulated noticeably in
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deep quiescence, similar to an earlier report in human fibroblasts (Coller et al.,
2006). Put in another way, we propose that the metric for deep vs. shallow
guiescence is not single isolated molecular marker(s) but the E2F switching
threshold, which is determined by the dynamic interactions between the Rb-E2F

bistable switch and its interacting pathways in response to quiescence signals.

It remains unclear what mechanisms differentiate deep quiescence, which is
reversible to proliferation, from irreversibly arrested states such as senescence
and terminal differentiation. Is it possible that when cells move into deeper and
deeper quiescence, they eventually become irreversibly arrested when the
progressively increasing E2F switching threshold finally exceeds physiological
serum concentration. Consistent with this idea, the expression of Cdk inhibitors
(e.g, pl6 and p2l) is greatly increased under senescence and terminal
differentiation (Alcorta et al., 1996; Blomen and Boonstra, 2007; Pajalunga et al.,
2007a; Stein et al., 1999a; Wang et al., 2005), which leads to a substantially
increased E2F switching threshold (Fig 3a, the k/ curve). Meanwhile, it has been
observed that OirreversiblyO arrestecells can become reversible by the forced
expression of ectopic Cyclin/Cdks (Latella et al.,, 2001), which results in a
decreased E2F switching threshold (Fig 3a). It has also been recently observed
that quiescent fibroblast cells cultured for an extended period (100-150 days)
eventually transition into senescence (Marthandan et al., 2014). However,
accumulated DNA-damage during the long-term culture may cause mutations

necessary for such a transition (Marthandan et al., 2014). Relatedly, it has been
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shown that Hesl, a Notch effector, maintains the reversibility of cellular
guiescence against senescence (Sang et al., 2008). Therefore, it is also possible
that the transition from deep quiescence to senescence involves a certain

discrete mechanism(s).

Maintaining appropriate quiescent states and depths is critical to the normal
functions of various cell types and tissue homeostasis. Our work in this study
helps establish an E2F switching threshold model that can serve as a
mechanistic framework to integrate diverse quiescence regulatory activities, and
based on which, to guide experimental manipulations of cellular quiescent states.
Future studies of single-cell responses to growth signals using quantitative time-
lapse analysis with microfluidics will help better understand the stochastic nature
of quiescence exit, which has been previously observed for example in the
exponential waiting-time behavior before the activation of the Rb-E2F switch (Lee
et al., 2010b). Meanwhile, investigating how the Rb-E2F switch interacts with
other quiescence regulatory pathways is crucial for understanding quiescence
depth determination in different cell types under different conditions. Further
elucidating the nature of quiescence regulation and heterogeneity will provide the
basis for future strategies to control the growth responses of quiescent cell
reservoirs in vivo and potentially re-establish normal quiescent states in diseased

cells.

Modulating the activation thresholds of cellular network switches has broad
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implications. In addition to the Rb-E2F bistable switch that regulates cell cycle
entry, other bistable and multistable network switches have been recently
identified. For example, miR-200/ZEB and RKIP-BACH1 network switches play
important roles in epithelial-to-mesenchymal transition and cancer metastasis
(Hong et al., 2015; Jolly et al., 2016; Lee et al., 2014; Tian et al., 2013; Zhang et
al., 2014). Factors have been identified in these networks to modulate the
corresponding response thresholds to cellular and environmental signals, thereby
affecting the proportion of cells in different network states. These factors include
OVOL, GRHL2, and miR-145 in the miR-200/ZEB network and histone
deacetylases (HDACs) and polycomb protein EZH2 in the RKIP-BACH1 network.
Meanwhile, quiescence-like growth-arrest states in bacterial and mammalian
cells are often correlated with persistence or resistance to drug treatment (Pearl
Mizrahi et al., 2016; Rotem et al., 2010; Sharma et al., 2010). ldentifying the
effective modulators of activation/transition thresholds in the underlying
regulatory networks may help reduce the stability of these drug-resistant states

and enhance therapeutic efficacy.

MATERIALS AND METHODS

Cell culture, quiescence entry and exi t. REF/E23 cells were derived from rat
embryonic fibroblasts REF52 cells as a single cell clone containing a stably
integrated E2F1 promoter-driven destabilized GFP reporter (E2F-GFP reporter
for short) as previously described (Yao et al., 2008b). Cells were maintained in

DulbeccoOs Modified EagleOs Medium (DMEM) (No. 31053, Gibco, Thermo Fisher)
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supplemented with 10% of bovine growth serum (BGS, No. SH30541, Hyclone,
GE Healthcare). Cells were regularly passed at a sub-confluent level. For
guiescence entry by serum starvation, growing cells were trypsinized and seeded
at about 10° cells per well in 6-well cell culture plates (No. 353046, Corning
Falcon), washed twice with DMEM after cell attachment, and cultured in serum-
starvation medium (0.02% BGS in DMEM) for 2-12 days. For quiescence entry
by contact inhibition, growing cells were trypsinized and seeded at 4x10° cells
(3x normal confluency) per well in 12-well cell culture plates (No. 665180,
Greiner Bio-One) and cultured in DMEM containing serum (3% BGS) for 2-6
days. For quiescence exit of serum-starved cells, cells were switched to DMEM
culture medium containing BGS at indicated concentrations for indicated
durations. For quiescence exit of contact-inhibited cells, cells were serum
stimulated as above, with or without being replated at a non-contact inhibition

condition as indicated.

E2F activity and cell proliferation (EdU incorporation) assays. To measure
E2F activity in individual cells, REF/E23 cells were collected at indicated time
points by trypsinization, fixed with 1% formaldehyde, and measured for
fluorescence intensity of the E2F-GFP reporter. For the cell proliferation assay,
EdU (1 puM) was added to culture medium at the time of serum stimulation. When
noted, nocodazole at the lowest effective doses (40 ng mI™* and 100 ng ml™ for
serum stimulation at non-saturating ($ 3%) and saturating (% 20%) levels,

respectively, Fig. S8) was applied to restrict cell division while minimizing cell
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detachment or death. Cells were trypsinized at indicated time points and
subjected to a Click-iT EdU assay according to the manufacturerOs protocol (No.
C10419, Alexa Fluor 647 Flow Cytometry Kit, Life Technologies, Thermo Fisher).
In the dual GFP-EdU assay, to recover GFP fluorescence quenched by the Click-
iT reaction, cells were stained with fluorescein-conjugated GFP antibody (1:300,
No. 600-102-215, Rockland) at 4°C overnight. Flow cytometry was used to
measure GFP and/or EdU signal intensity in individual cells. Approximately
10,000 cells from each sample were measured using an LSR Il flow cytometer

(BD Biosciences), and the data were analyzed using FlowJo software (v. 10.0).

Transfection of expression vectors. REF/E23 cells were maintained at sub-
confluence and transfected with indicated expression vectors using the Neon
electroporation system (MPK5000, Invitrogen, Thermo Fisher) following the
manufacturer's instructions. Briefly, cells were electroporated with one 20-
millisecond pulse at 1900 volts in a 100 pl Neon tip containing approximately 10°
cells and 10 pg of plasmid DNA (unless otherwise noted). Expression vectors
used in this study all contained the same CMV promoter and essentially the
same plasmid backbone (p21-pRc/CMV, a gift from William Kaelin as No. 20814
from Addgene; pCDNA3-Rb, a gift from Joseph Nevins; pCMV-p130, No.
MC201180 from Origene; pCDNA3-FLAG-Myc and pCDNA3-FLAG-CycD1, from

GenScript; pPCMV-mCherry, a gift from Lingchong You).

Immunoflow c ytometry. To estimate protein expression levels, cells were
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analyzed by immunoflow cytometry. Briefly, after Neon transfection of protein
expression vectors, REF/E23 cells were recovered in DMEM containing 10%
BGS for 1 day and subsequently switched to serum-starvation medium (0.02%
BGS) for 2 days. Cells were harvested by trypsinization, fixed with 4%
formaldehyde in DPBS at room temperature (r.t.) for 15-20 minutes and
permeabilized with 0.25% Triton X-100 in DPBS at r.t. for 5 minutes or with
methanol at -20 °C for 20 minutes. Cells were then incubated at r.t. for 2 hours or
at 4 °C overnight with protein-specific primary antibodies (p21(c-19), No. sc-397,
Santa Cruz Biotech (SCBT); p130(c-20), No. sc-317, SCBT; Rb(IF8), No. sc-
102FITC, SCBT,; and for FLAG-Myc and FLAG-CycD1l, DYKDDDDK Tag
antibody [FITC], No. A01632, GenScript), and subsequently stained at r.t. for 2
hours with a FITC-conjugated secondary antibody (No. sc-2012, SCBT) when
necessary (if the primary antibodies were not FITC-conjugated). Antibody-stained
cells were measured using an LSR 1l flow cytometer (BD Biosciences), and the

data were analyzed using FlowJo software (v. 10.0).

Model simulations. To simulate parameter-sensitivity curves, each of the model
parameters (Table S2) were systematically OmutatedO (increased or decreased
from their base values by a factor up to 10, scanned in the logarithmic scale with
100 intervals) using the Parameter Scan function of COPASI (v. 4.15) (Hoops et
al., 2006a). Meanwhile, serum input concentration was varied in the range of 0 to
20 (%) with 4000 linear intervals (step size = 0.005). Simulations were carried out

using the deterministic LSODA method in COPASI for a model time course of
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1000 hours to ensure that the system reached a steady state. For a given
parameter set, the E2F switching threshold was determined as the minimum
serum input concentration required to switch the E2F steady state from OFF to
ON (passing a cut-off value of [E2F] % 0.1 #M, compared with the mean steady
state values of the E2F-OFF and E2F-ON in the base model, 5.5 x10* and 1.2
#M, respectively). We note that the resultant parameter-sensitivity curve is
essentially similar to a two-parameter bifurcation diagram, which shows how a
bifurcation point in a one-parameter bifurcation analysis (serum threshold to
switch E2F from OFF to ON) changes with variations of another parameter (out
of 26 model parameters). Figure S9a shows examples of corresponding two-
parameter bifurcation diagrams, generated using Oscill8
(http://oscill8.sourceforge.net). We also note that introducing cooperativity (Hill
coefficient =1.5) into each Hill function term in the model (Table S1) does not

change the qualitative behaviors of the bifurcation diagrams (Figure S9b).

To determine the traverse time of the restriction point in a model with base or
mutated parameters, a Parameter Scan was run for serum-pulse duration (0-30
hours, with 1000 intervals). The amplitude of the serum pulse was 20 (%); after
the pulse duration, the serum input was reduced to a basal level within the
bistable region (so that if E2F were switched ON, it remained ON at a steady
state) (Fig. S2b). The minimum pulse duration that switched the E2F steady state
from OFF to ON corresponded to the traverse time of the restriction point. To

determine the deactivation threshold of the Rb-E2F switch (the left boundary of
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the bistable region) in a model with base or mutated parameters, a Parameter
Scan of serum input (0-20 %, with 1000 intervals) was run with the initial
condition (model variable values) corresponding to the E2F-ON steady state of
the model. The maximum serum input at which the E2F steady state (determined
at the 1000™ model hour) switched from ON to OFF was considered the Rb-E2F

deactivation threshold.

To determine the percentage of quiescence-exit cells affected by mutated
parameters, stochastic simulations were performed using the Gibson + Bruck
method in COPASI (volume unit, ml/; quantity unit, nmol). For each indicated
value of parameters kR, kI, kM, and kCDS, the E2F-ON percentage was
calculated as the percentage of events in 2000 stochastic simulations where the
E2F level, following serum stimulation, reached beyond 0.5 #M by the end of a

model time course of 500 hours.

Quasi-potential landscape. To calculate the quasi-potential landscape,
simulations were performed based on a stochastic differential equation (SDE)
version of the Rb-E2F switch model. To this end, we converted model parameter
values and species concentrations in Tables S1,2 to molecule numbers, and

adopted the chemical Langevin formulation:

M

X!(t+!)=!!(t)+2!!u!j[X(!!]!+92!ji!!![! ettty t/2
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where at time ¢, ! | (!)!denotes the molecule number of species ! !(i! !'!! 11)and
X)) =1, M 1x, (M)t denotes the system state. The temporal evolution of
the system state is calculated based on the rates ! ;;[X(t)!!(j =!!! !l ) with the
corresponding change of molecule number ! described in! ;;v,.. Factors! and !

represent temporally uncorrelated, statistically independent normal Gaussian
noises related to intrinsic and extrinsic noise, respectively, with ! and 6 being
scaling factors (0=0.3,6=25). To generate each curve in the quasi-potential
landscape, stochastic simulations were run in 4,000 events (cells) for 3,000
model hours each to get a steady-state histogram of E2F molecule number,
which was then fit with a smoothing spline model in Matlab to obtain
corresponding probability distribution (B, ). The quasi-potential is defined as
U= 1", + " e, Where Pggqqi. 1S the steady-state distribution at the
saddle point (Xing, 2010). The resultant quasi-potential landscape corresponds
to a one-dimensional projection on the axis of E2F of the multidimensional Rb-
E2F network system, in which state transitions are affected by environmental

signals as well as intrinsic and extrinsic noise.
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Figure Legends

Figure 1. Measure dynamic features of deep vs. shallow quiescence.

Figure 2. Rb -E2F bistable switch underlies quiescence depth.

Figure 3. In silico modulators of the E2F activation threshold.

Figure 4. Deep quiescent cells exhibit delayed passing of the restriction
point.

Figure 5. Experimentally create deep quiescence by increasing E2F
switching threshold with Cdk inhibitor p21 and Rb family proteins.

Figure 6. Experimentally create shallow quiescence by decreasing E2F
switching threshold with CycD and Myc.

Supporting Information

Figure S1. Delayed E2F activation associated with increa  sed E2F switching
threshold.

Figure S2. Higher E2F switching threshold delayed the restriction point.
Figure S3. Simulated tipping point of Rb/E2F abundance affected by
parameter changes.

Figure S4. Linear correlation between levels of  co-transfected expre ssion
vectors.

Figure S5. Correlate p21, p130 and Rb  expression vector levels with protein
levels.

Figure S6. High ectopic p21 expression leads to deep quiescence not
senescence.

Figure S7. Correlate CycD and Myc expression vector levels with protein
levels.

Figure S8. Determine the lowest effective dose of nocodazole to restrict cell
division.

Figure S9. Two -parameter bifurcation diagram.
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Table S1. The Rb -E2F switch model.

Table S2. Model parameters.

Table S3. Minimum serum -stimulation duration req uired to turn ON the Rb -
E2F switch.

Table S4. Source data of Figure 5b.

94



Figure 1

a

C.1., 3% serum — C.I., 50% serum (without replating)

Serum
50-CL__ 7DCI._ 9DCL  1DCIL I
794 67,69 63 56. I
_A_JJL%J\//L_‘A J\//\_%%J\J\_o‘% 30 hr 5D
ﬁm" Q 1}59{76 /\ ﬂ43'ZF6 /\ . 355?6 24 hr 7D | 10%,48 hr
oD | (after replating,
non-C.l)
A N AN DT "D
/AN VAN | AV | AV 7T T
EdU- EdU+ EdU- EdU+ EdU- EdU+  EdU- EdU+
Contact Inhibition (C.I., 3% serum)
STA—>20% serum Serum starvation (STA) d .
2D-STA  4D-STA 2D-STA  4D-STA STA stimuation
AL sone [ A A N>
L N 2enr A AN N | o 0% 27 hr
L N AN 230 | N N L\l e
J\/\@‘?_/\,\m 19hr | N\ N T\ 12D
28.1% 6.6% ——t v ,
Aﬂ 2 W/ NCL L1 A /G EdU-  EdUs
EdU- EdU+ EdU- EdU+ EdU- EdU+ FEdU- EdU+
32hr 48 hr 72 hr f
rum Serum
J J STA stimulation STA stimulation
/\ Stimulation 5 SIA stimulation
M LA A 08% “ 2D 0.8%
< 4D 1.5%
A 1.5% "5 30
| i g% 2D 04%
N ’ f\ 0| —=T 4 08%
B\ O 7/ A W A 2D 04%
0
32hr  48hr 72hr
J&W J \ A l JNoh. 4D 08%
EdU- EdU+ EdU- EdUs EdU- EdUs
. . Serum . .
24 hr Stimulation stimulation 30 hr Stimulation
5D-C.I. (3% serum) 7D-C.|.  (underCl)  5D.C|. (3%serum) 7D-C.I.
N nan | aes so% |\ Shaa || e
IDANSAT T AN ' IVANIEC " AU
Noam LN\ _ael 0% |\ em |\ _as
. \—/. 2@3%’ /\ 17.8% 5% | N31% ./\. . 2011%
EdU- EdU+  EdU- EdUs EdU.  Edu- EdU- EdU+

95



Figure 1. Measure dynamic features of deep vs. shallow quiescence.

(a-g) S-phase entry following serum stimulation of quiescent cells. Cells were
induced to quiescence by contact inhibition (seeded at 3x normal confluency in 3%
serum) for 5-11 days (a,b,g) or serum starvation (cultured in 0.02% serum) for 2-
12 days (c-f). At time O, cells were stimulated with higher concentrations of
serum as indicated or remained non-stimulated (C.I. control in a, and STA control
in ¢), and with EdU added to the culture medium. Cells were harvested at
indicated time points afterwards and measured for their incorporated EdU
intensity by flow cytometry. Each histogram represents the distribution of EdU
intensity (x-axis) from approximately 10,000 cells, with y-axis = cell number with
the height of the (higher) mode normalized to 100%. For serum stimulation of C.1.
cells, cells were either stimulated directly while remained at the C.I. condition
(a,g) or first replated at a non-C.I. condition prior to serum stimulation (b), as
indicated on the figure. (a,c) Percentage of EdU+ cells are shown; m = mean
EdU intensity of EdU+ cells. Results from duplicate EdU assays are shown in c
for each condition. (e,f) Cell division was restricted by low dose of nocodazole at
the time of assay (see Methods). Percentages (mean = s.e.m.) of EdU+ cells

calculated in e (duplicates) are shown in f.
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Figure 2. Rb -E2F bistable switch underlies quiescence depth.

(a) E2F quasi-potential landscape and quiescence depth. For each landscape
curve, potential values (y-axis) corresponding to given E2F molecule numbers (x-
axis) were calculated based on stochastic simulations of the Rb-E2F bistable
switch model (see Methods). The three quasi-potential curves correspond to
three different k; parameter values (! ,= 0.15, 0.17, and 0.21 for green, orange,

and red curves, respectively; serum concentration = 0.65). The E2F-OFF and
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E2F-ON states correspond to the E2F molecule numbers at the left and right
potential troughs in each curve. Potential barrier for E2F activation !'! !

Dpggoe U Divir e 0 (D igsgee @nd Py e @ the potential peak and trough
corresponding to the saddle point and E2F-OFF state, respectively). Deep and
shallow quiescent states have relatively higher and lower ! !'l (b) Single-cell
correlation between the OFF/ON state of the Rb-E2F switch and cell
guiescence/proliferation. REF/E23 cells containing a stably integrated E2F-GFP
reporter (Yao et al., 2008b) were serum starved for 2 or 6 days and subsequently
stimulated with 20% serum. EdU was added to culture medium at the start of
serum stimulation and cells were harvested for EAU assay 26 hours later. Each
dot shows the E2F-GFP reporter activity (y-axis) and the incorporated EdU level
(x-axis) of a single cell. To recover the GFP signal quenched by the Click-iT EdU
reaction, the E2F-GFP activity was measured indirectly using a fluorescein-
conjugated GFP antibody (see Methods). (c,d) E2F-activity time courses. (c)
Quiescent cells obtained by serum starvation for 2 or 6 days were stimulated with
2% serum. Cells were harvested at indicated time points after serum stimulation
and measured for the expression levels of the E2F-GFP reporter. Triplicate
samples were measured for each test condition. Each histogram represents the
E2F-GFP distribution from approximately 10,000 cells (y-axis, the same as
Figure 1). Dotted vertical lines indicate the separation between E2F-OFF and
E2F-ON cells, which slightly shifted to the right in 6D- vs. 2D-STA cells due to
increased autofluorescence in cells under longer-term serum starvation. Red

arrows indicate the fully-ON level of the E2F-GFP reporter. (d) Percentage
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(mean = s.e.m.) of E2F-ON cells, calculated from corresponding E2F distribution
(triplicates) in c. The dash lines between 0 and 22 hr data points are for the guide

of eyes.
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Figure 3
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Figure 3. In silico modulators of the E2F switching threshold.

(a) Parameter-sensitivity curves. X-axis = factor change of parameter value.
Y-axis = E2F switching threshold (% serum). Both axes are in logarithmic scale.
Parameters in parenthesis = repeated parameter labels of those in the lower right
guadrant. €E indicates that dE was not considered as a sensitive parameter as
increasing its value diminished the separation of E2F-ON and -OFF states (to <
10% of that in the base model) before affecting the E2F switching threshold
significantly (i.e., with a factor change > 2.5). (b) Modulators of the E2F switching
threshold. Modulators (sensitive parameters) are labelled at their effective
positions in the Rb-E2F pathway network. Green and red = increasing the
parameter value decreased and increased the EZ2F switching threshold,
respectively. Arrow and bar = increasing the parameter value positively and

negatively affected the strength of the pointed node/link, respectively. Thickness
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of arrow/bar = parameter sensitivity when increasing the parameter value, as

determined in the right half of a.
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Figure 4
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Figure 4. Deep quiescent cells exhibit delayed passing of the restriction
point.

(@) Simulated traverse time of the restriction point. (Left) Model simulation
scheme to determine the time to traverse the restriction point (R), which
corresponds to the shortest duration of a given serum stimulation (20%) required
to activate and sustain the ON-state of the Rb-E2F bistable switch. When the
serum duration is shorter than R (upper left inset), the final E2F level will return to
the OFF state after the serum input is reduced to a basal level (0.5%); otherwise,
the final E2F level will reach and remain at the ON state, even after the serum
input is reduced to the same basal level (upper right inset). (Right) Simulated R
traverse time (according to the scheme on the left) in the base model (E2F

switching threshold Th = 0.8) and with parameter OmutationsO that doubled the
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E2F switching threshold (Th = 1.6). Order of parameters is the same as shown in
the top half of Fig. 3a. Parameter mutations resulting in Rb-E2F deactivation
threshold > 0.5% (red curves, Fig. S2b) are not shown. (b) Experimentally
measured bimodal quiescence exit after short serum pulses. Quiescent cells
obtained by serum starvation for 2 or 4 days were stimulated with strong serum
pulses (20% BGS with indicated durations), followed by incubation at a basal
serum level (0.3% BGS). Cells were harvested at the 44" hour after serum
stimulation and measured for EdU incorporation (six replicates in 4- or 6-hr pulse
groups and duplicates in 0-hr pulse control groups). Each histogram represents
the distribution of EdU intensity from approximately 10,000 cells (y-axis, the
same as Figure 1). Cell division was restricted by low dose of nocodazole at the
time of assay (see Methods). (c) Time to traverse the restriction point is
dependent on quiescence depth. Following a given serum stimulation, the time to
reach the restriction point from deep quiescence (Tqeep) IS longer than that from

shallow quiescence (Tshaiiow)-
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Figure 5. Experimentally create deep quiescence by increasing E2F

switching threshold with Cdk inhibitor p21 and Rb family proteins.

(a) Quiescence exit affected by exogenous expression of p21, Rb and p130.

Quiescent cells (2D-STA) containing transfected expression vectors were

switched to media containing 3% BGS and EdU, and harvested 32 hours later for

the EdU incorporation assay. Cell division was restricted by low dose of

nocodazole at the time of assay (see Methods). Y-axis = levels of the introduced
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expression vector (indicated by the fluorescence intensity associated with the co-
transfected mCherry vector) in individual cells. O, L, and M-H = cell bins of non-
transfected, with low and medium-high level of introduced expression vector,
respectively. X-axis = EdU-incorporation intensity. (b) Quiescence-exit (EdU+)
cell proportion (y-axis) as a function of expression vector level (x-axis). The EdU+
proportion was calculated from six replicate experiments as in a (with the
average EdU+% at each expression vector level normalized to that of the
mCherry-only control, see Table S4). Single and double star signs (* and **)
indicate statistical significance (p < 0.01 and p < 0.001, respectively) in one-sided
t-test comparing the data point by the star sign and the text-indicated data point
(m, mCherry; R/p, Rb/pl130). Rfp, the difference from R/p is not statistically
significant. Error bar, standard error of the mean (s.e.m.). (c) Introduced
expression vector levels (0, L, M-H) were converted to cell percentages with
positive ectopic protein expression as detected by immunoflow cytometry (see
Fig. S5 for detail). (d) Introduced expression vector levels (0, L, M-H) were
converted to estimated exogenous protein levels (normalized by endogenous
expression) as measured by immunoflow cytometry (see Fig. S5 for detail). (e)
Simulated quiescence exit affected by parameter changes. X-axis = relative
parameter increase (AP/P, = (P-Py)/Pp, with P = parameter value and P, = base
value). Y-axis = proportion of cells that were able to turn ON the Rb-E2F switch
given a parameter change, calculated from 2,000 stochastic simulations. The cell
proportion corresponding to the base parameter was normalized to 1.0. Serum

input = 1.2 au (au = activation unit; 1 au = 0.78, the E2F switching threshold in
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the base model). kR and kl, synthesis rate constants of Rb/p130 and p21,
respectively. (f,g) Time course of quiescence-exit profiles. (Experiment) The
EdU+ cell proportions with exogenously expressed Rb (f) or p21 (g) were
measured at indicated time points upon serum stimulation of quiescent cells (2D-
STA). Low and high serum = 0.8% and 3.0%, respectively. Cell division was
restricted by low dose of nocodazole at the time of assay (see Methods). L, M, H:
the same as in a (levels of introduced expression vectors); mC = mCherry-only
control. (Simulation) The E2F-ON cell proportions were calculated at indicated
time points (t = model-time unit of 50 hours) upon serum input (low and high
serum = 0.96 and 1.01 au, respectively). Each data point corresponds to the
result of 2,000 stochastic simulations. L, M, H for Rb (c): kR = 0.182, 0.184, 0.19,
respectively. L, M, H for p21 (d): kI = 0.158, 0.167, 0.171, respectively. mC: kR =

0.18, kI = 0.15.
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Figure 6
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Figure 6. Experimentally create shallow quiescence by decreasing E2F
switching threshold with CycD and Myc.

(a) Quiescence exit affected by exogenous expression of CycD and Myc.
Quiescent cells (2D-STA) containing transfected expression vectors were
switched to fresh media containing serum at the indicated concentrations and
EdU, and harvested 24 hours later for EAU incorporation assay. Y-axis = levels of
the introduced expression vector (indicated by the fluorescence intensity
associated with the co-transfected mCherry vector) in individual cells. 0O, L, and
M-H = cell bins of non-transfected, with low and medium-high level of introduced
expression vector, respectively. X-axis = EdU-incorporation intensity. (b)
Quiescence-exit (EdU+) cell proportion (y-axis) as a function of expression vector

level (x-axis). The EdU+ proportion was calculated from a for each expression
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vector level, and normalized to that of the mCherry-only control. (c) Expression
vector levels in b were converted to estimated exogenous protein levels
(normalized by endogenous expression) as measured by immunoflow cytometry
(see Fig. S7 for detail). Labels of O, L, M-H in each curve correspond to the levels
of introduced expression vectors. (d) Simulated quiescence exit affected by
parameter changes. X-axis = relative parameter increase (AP/Py, = (P-Py)/Pp, with
P = parameter value and P, = base value). Y-axis = proportion of cells that were
able to turn ON the RDb-E2F switch given a parameter change, calculated from
2,000 stochastic simulations. The cell proportion corresponding to the base
parameter was normalized to 1.0. Serum input = 0.92 and 1.0 au (for 1% and 2%
BGS), respectively. kCDS and kM, synthesis rate constants of CycD and Myc,

respectively.
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Figure S1
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Figure S1. Delayed E2F activation associated with increased E2F switching
threshold.

(a, b) Simulated time for 50% and 75% E2F activation. (Top) Model-simulated
time when the E2F level reached 50% of its maximum following serum
stimulation in the base model (E2F switching threshold Th = 0.8) and with

parameter OmutationsO that doubled the E2F switching threshold (Th = 1.6).
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(Bottom) Model-simulated time when the E2F level reached 75% of its maximum
in the base model and with parameter OmutationsOTh = 1.6). Order of
parameters is the same as shown in the top half of Fig. 3a. Growth stimulation

with serum at 20% (a) and 2% (b) are shown.
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Figure S2
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Figure S2. Higher E2F switching threshold delayed the restriction point.
(a) Simulated traverse time of the restriction point in the base model (Th = 0.8)
and with parameter OmutationsGsfiown in the table on the right, resulting in Th =

1.6). As in Fig. 4, the traverse time of the R-point was determined as the shortest
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duration of a given serum stimulation (20%) required to activate the Rb-E2F
bistable switch and sustain the E2F-ON state, after the serum level was reduced
to a basal level within the bistable region of the Rb-E2F switch (see b). For given
serum stimulation strength and parameter set, the R-point (y-axis) is reversely
correlated to the basal maintenance level (x-axis). (b) Simulated serum
responses of E2F steady-state affected by parameter mutations. All parameter
mutations in a resulted in the same E2F switching threshold (Th = 1.6, up-
pointing black arrow) but varying Rb-E2F deactivation thresholds (shown
between the green and red down-pointing arrows in 3 color groups according to
the threshold values). For a given parameter set, 1) the activation and
deactivation thresholds refer to the lowest serum concentration resulting in the
E2F-ON steady state in simulations with the E2F-OFF and -ON initial conditions,
respectively; and 2) the serum range between the activation and deactivation

thresholds defines the bistable region of the Rb-E2F switch.
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Figure S3
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Figure S3. Simulated tipping point of Rb/E2F abundance affected by
parameter changes.

The amounts of unphosphorylated Rb and free form of E2F were examined in
time course simulations. Initially, Rb abundance was in excess over E2F (Rb/E2F
> 1). Over time with serum input, the amount of Rb decreased and that of E2F
increased. Up to a time point (the tipping point), Rb/E2F = 1, and from then on
Rb/E2F < 1. The influence of the tipping point (y-axis) by increasing parameter

values of kI and kR is shown (with serum input = 10%).
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Figure S4
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Figure S4. Linear correlation between levels of co-transfected expression
vectors.

GFP and mCherry expression vectors were co-transfected into REF52 cells
using a Neon electroporator. Given a mixing ratio of GFP:mCherry = 1:1, a small

but noticeable subset of mCherry+ cells did not exhibit the GFP+ signal (a). With
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a mixing ratio of GFP:mCherry = 5:1, nearly all mCherry+ cells exhibited the
GFP+ signal and the GFP fluorescence intensity was linearly correlated with the
mCherry fluorescence intensity in individual cells (b). Since both GFP and
mCherry proteins are stable proteins with similar long half-lives (Corish and
Tyler-Smith, 1999; Shaner et al., 2004), the linear correlation between GFP and
mCherry signals indicated a linear correlation between the numbers of introduced
GFP and mCherry vectors via co-transfection. The ratio of 5:1 was then used in
this study for co-transfection of protein expression vectors with the mCherry
vector. Shown in (c) and (d) are the GFP-only and mCherry-only transfection

controls, respectively.
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Figure S5
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Figure S5. Correlate p21, p130 and Rb  expression vector levels with protein

levels.

(a,b) Measure the correlation between levels of protein expression and
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introduced expression vector. Expression vectors of p21, p130 and Rb were co-
transfected with the mCherry vector (5:1 ratio) as in Fig 5a. Cells were induced to
guiescence by serum starvation and then subject to immunoflow cytometry with
protein-specific antibodies (see Methods). Y-axis = antibody-specific
fluorescence intensity (FLU). X-axis = mCherry intensity. O, L, M, H = cells bins of
non-transfected, and with low, medium, high level of the mCherry vector,
respectively, as in Fig. 5a. Proty, corresponds to the percentage of cells in each
bin with positive ectopic protein expression (with antibody-specific FLU over the
mCherry-only control). Protex = (Fco — Fmc)/Fmc represents the FLU fold-increase
over background due to introduced expression vector, with Fco and Fpc being
the mean antibody-fluorescence intensities in the samples of co-transfection and
mCherry-only transfection control, respectively. F,c represents the combination
of endogenous protein staining and non-specific background staining (major
source of Fnc, as seen from the similarly high fluorescence intensity with anti-
FLAG antibody (no endogenous staining) in Fig. S7). (b) Estimate protein level
increase due to exogenous expression. Sexen = ProtedLen (Len, relative
endogenous protein level) represents the scaled exogenous protein level
normalized by endogenous expression. The fold difference of two endogenous
protein levels was converted from the fold difference of their mRNA abundance
(measured in c) by a given scaling factor (sc = 0.1 or 0.2; e.g., when Lg, of p21
was set to 1, Le, of Rb = 1/(sc*mp21/mgp)). (€) MRNA abundance. The transcript
abundance (x-axis) of endogenous p21, Rb, and p130 was quantified from RNA-

seq analysis of 2D-STA cells and consistent with gRT-PCR results (Fujimaki, Bai,
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and Yao, unpublished). The fold differences of mMRNA abundance are shown at
the bottom. (d-f) Convert expression vector levels to relative exogenous protein
levels. The conversion was based on b, using Proty (d, same as Fig. 5¢), Protex
(e), and Sexen wWith sc=0.1 (f, left; same as Fig. 5d) and sc=0.2 (f, right),
respectively. X-axis = correspondingly converted units (left to right points: O, L,
M-H).Y-axis = EdU+ cell proportion as determined in Fig. 5b. Different assumed

sc values did not affect the qualitative feature of the results (f).
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Figure S6
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Figure S6. High ectopic p21 expression leads to deep quiescence not
senescence.

(a-c) Quiescence exit affected by exogenous p21 expression and serum
stimulation strength. Quiescent cells (2D-STA) with transfected p21 were
switched to medium containing serum at indicated concentrations and EdU at
time 0. Cells were harvested 48 hours later for EJU incorporation assay. Y-axis =
levels of introduced p2l1 expression vector (indicated by the fluorescence
intensity associated with the co-transfected mCherry vector) in individual cells. X-
axis = EdU-incorporation intensity. Red arrow indicates non-proliferative (EdU-)
cells with high p21 expression; this subpopulation of cells was diminished with
serum stimulation at high concentrations (20% and 50% vs. 3%), indicating that

those cells were not senescent but in deep quiescence.
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Figure S7
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Figure S7. Correlate CycD and Myc expression vector levels with protein
levels.

(a,b) Measure the correlation between levels of protein expression and
introduced expression vector. Expression vectors of CycD and Myc were co-
transfected with the mCherry vector (5:1 ratio) as in Fig 6a. Cells were induced to
guiescence by serum starvation and then subject to immunoflow cytometry with
protein-specific antibodies (see Methods). Y-axis = antibody-specific
fluorescence intensity (FLU). X-axis = mCherry intensity. 0, L, M, H = non-
transfected, and low, medium, high level of the mCherry vector, respectively, as
in Fig. 6a. Proty, Prote.x, Fco, and Fn,c are as defined in Fig. S5. (b) Estimate
protein level increase due to exogenous expression. The scaled exogenous over
endogenous expression Sexen and scaling factor sc are as defined in Fig. S5b. (c)
MRNA abundance. The transcript abundance (x-axis) of endogenous Myc and
CycD1 was quantified from RNA-seq analysis of 2D-STA cells and consistent
with gRT-PCR results (Fujimaki, Bai, and Yao, unpublished). The fold difference
in the mRNA abundance of CycDl1 and Myc (shown at the bottom) was
converted to the fold difference in their protein abundance by a given degree (sc
= 0.1 or 0.2 in b). Different assumed sc values did not affect the qualitative
feature of the results in d-i. (d-i) Convert expression vector levels to relative
exogenous protein levels. The conversion was based on b, using Proty (d,g),
Prot.x (e,h), and Sexen With sc=0.1 (f,i, left; same as Fig. 6¢) and sc=0.2 (f,i, right),
respectively. X-axis = correspondingly converted units (left to right points: O, L,

M-H). Y-axis = EdU+ cell proportion as determined in Fig. 6b.
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Figure S8
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Figure S8. Determine the lowest effective dose of nocodazole to restrict cell

division.

Quiescent cells (2D-STA) were stimulated with serum at a non-saturating level

(1.5%). EdU (1 pM) and nocodazole (at indicated concentrations) were added to

culture medium at the time of serum stimulation. Cells were harvested for the

EdU assay 48 hours (a) or 96 hours (b) after serum stimulation. Red arrows

indicate subpopulations of divided cells. Cell division was seen restricted at
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nocodazole doses between 25 and 50 ng ml™ for up to 96 hours (b), when cell
detachment or death was not significant. Similarly, following serum stimulation at
a saturating level (20%), nocodazole (100 ng ml™*) was applied to restrict cell

division as in our earlier studies (Yao et al., 2008b; Yao et al., 2011).
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Figure S9
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Figure S9. Two -parameter bifurcation diagram.

(@) The curves trace out the locations of the saddle-node bifurcation point (in
terms of the serum concentration [S] at which the system switches from E2F-
OFF to E2F-ON, x-axis) of the Rb-E2F bistable model (Table S1), as a function
of a given value of the four experimentally tested parameters ki, kR, kCDS, and
kM, respectively. Y-axis = factor change of a parameter from its base value
(Table S2). (b) Same as a, except that cooperativity (Hill coefficient = 1.5) was
introduced in each Hill function term of the model in a and that a small basal
synthesis rate kg, = 0.02 nM/hr was added to the E2F synthesis term so that the
simulated E2F activation dynamics (after all Hill coefficients were increased from

1 to 1.5) is similar to that in the model in a.
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Table S1. The Rb -E2F switch model (adapted from (Yao et al., 2008b), with additions

marked with **).

dM] _ k,[S] _
dt K +[S]

d, [M]!

diE] _, (__[M] [E] \, k[M] _ k,[CD][RE] Ko[CE][RE]
dt  “(Ky +[M1)| Kc +[E]) K, +[M] Ko +[RE] K +[RE]

_dE[E] - kRE[R][E]
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p

Model varables

S: serum concentration
M: Myc

E: E2F

CD: Cyclin D/Cdk4,6
CE: Cyclin E/Cdk2

R: Rb family proteins
RP: Phosphorylated Rb
RE: Rb-E2F complex
I: Cdk inhibitors

Initial conditions
[M] = [E] = (Sharma et al.) = [CE] = [R] = (Harper et al.) = 0 uM; [RE] = 0.55 uM; ** [I]
=0.5 uM.

Model parameterqSee Table S2]
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Table S2. Model parameters (adapted from (Yao et al., 2008b), with additions marked

with **).

Symbol | Values Description

kM 1.0 uM/hr Rate constant of Myc synthesis driven by growth factors

Ke 0.4 uM/hr Rate constant of E2F synthesis driven by Myc and E2F

k., 0.003 yM/hr Rate constant of E2F synthesis driven by Myc alone

kCD 0.03 uM/hr Rate constant of CycD synthesis driven by Myc

kCDS 0.45 uM/hr Rate constant of CycD synthesis driven by growth factors

Kee 0.35 uM/hr Rate constant of CycE synthesis driven by E2F

Ks 0.18 uM/hr Rate constant of Rb constitutive synthesis

k, 0.15 uM/hr Rate constant of Cdk inhibitor synthesis #

kDP 3.6 uM/hr Dephosphorylation rate constant of Rb by phosphatases

kRE 180 uM/hr Association rate constant of Rb and E2F

Ks 0.5 uM Michaelis-Menten parameter for CycD and Myc synthesis by growth factors
Ke 0.15uM Michaelis-Menten parameter for CycE and E2F synthesis by E2F

Ky 0.15uM Michaelis-Menten parameter for CycD and E2F synthesis by Myc

Kgrp 0.01 uM Michaelis-Menten parameter for Rb dephosphorylation

K., 0.92 uM Michaelis-Menten parameter for Rb phosphorylation by CycD/Cdk4,6
K 0.92 uM Michaelis-Menten parameter for Rb phosphorylation by CycE/Cdk2

d, 0.7/hr Degradation rate constant of Myc

d, 0.25/hr Degradation rate constant of E2F

7 1.5/hr Degradation rate constant of CycD

d CE * 1.5/hr Degradation rate constant of CycE

d, 0.06/hr Degradation rate constant of Rb

dpp 0.06/hr Degradation rate constant of phosphorylated Rb

dop 0.03/hr Degradation rate constant of Rb-E2F complex

dI *k 0.3/hr Degradation rate constant of Cdk inhibitor p21 (Schonthal, 2004)

Ko ** 45/hr Phosphorylation rate constant of CycD/Cdk4,6 and CycE/Cdk2 (Cdks) #
KP #k | 2 uM Michaelis-Menten parameter for Cdk activities affected by Cdk inhibitors #
k', ky/(K +!1') | Effective phosphorylation rate constant of CycD/Cdk4,6 and CycE/Cdk2

** The values of the four new parameters were adjusted together so that k',= 18/hr as in
(Yao et al., 2008b) (with the initial condition [I] = 0.5 xM) and that the simulated E2F
activation dynamics is the same as that in (Yao et al., 2008b) for a given serum input.

*dw = 3/hr in constructing a quasi-potential landscape from the SDE version of the Rb-
E2F switch model (see Methods), to facilitate the system converging at a steady-state
distribution of E2F molecule number.!! !
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Table S3. Minimum serum -stimulation durat ion* required to turn ON the Rb -E2F

switch.
Activation Parameter Factor change | Model time Minimum serum pulse (hr)
threshold (Th) changed of parameter (hr) 40% E2F-ON | 50% E2F-ON
Base 10 24 3.0 3.1
0.8 (no change) (no change) 48 3.0 3.1
108 3.0 3.1
24 8.2 10.3
dl 0.43 48 8.2 9.2
108 8.2 92
24 7.2 7.5
kCDS 0.79 48 7.2 7.5
108 7.2 7.5
24 12.0 133
kP 0.82 48 11.5 12.1
108 11.5 12.1
24 6.9 7.0
dCD 1.25 48 6.9 7.0
108 6.9 7.0
24 12.0 139
KP 1.28 48 11.1 12.1
108 11.1 12.1
24 7.1 8.0
16 KCD 145 48 7.1 8.0
108 7.1 8.0
24 20.0 203
KE 1.89 48 159 16.9
108 159 16.9
24 10.0 12.5
ki 2.04 48 99 11.0
108 99 11.0
24 7.1 7.7
kRE 2.15 48 7.1 7.7
108 7.1 7.7
24 49 50
dRE 2.18 48 4.9 5.0
108 49 50
24 7.0 7.9
KS 2.77 48 7.0 7.9
108 7.0 7.9
24 20.3 21.1
kR 5.53 48 16.1 17.1
108 16.1 17.1

*Serum pulse was applied as in Fig. 4a. The minimum serum-pulse duration required to
turn ON the Rb-E2F switch in a given percentage (40%, 50%) of cells at the indicated
model hours was calculated for each parameter change from 500 stochastic simulations of
the Rb-E2F bistable model (Table S1).
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Table S4. Sourc e data of Figure 5b.

128

# |mC EdU-(cc)  EdU+(cc) EdU+% # |p21  EdU-(cc)  EdU+(cc) EdU+%
1 |0 1045 5250 834 1 |0 1144 2874 715
L 754 3333 81.6 L 2033 1148 36.1
M+H 554 1502 73.1 M+H 1777 382 17.7
2 |0 757 5365 87.6 2 |0 1757 3839 68.6
L 628 3386 84.4 L 2597 1547 373
M+H 459 1377 75.0 M+H 2082 423 16.9
3 10 781 6100 88.6 3 10 1225 2839 69.9
L 668 3600 84.3 L 1979 1230 383
M+H 453 1479 76.6 M+H 1819 409 18.4
4 0 2293 4398 65.7 4 0 2439 2787 53.3
L 1372 2789 67.0 L 3313 1291 28.0
M+H 883 1683 65.6 M+H 3734 313 7.7
5 |0 1967 5124 723 5 |0 1477 2219 60.0
L 1110 2676 70.7 L 2835 1012 26.3
M+H 1063 2131 66.7 M+H 5125 432 7.8
6 0 1928 5444 73.8 6 0 1676 2827 62.8
L 914 2719 74.8 L 3868 1387 26.4
M+H 1018 2345 69.7 M+H 7222 665 8.4
s.e.m. (%) normalized(%) |avg (EdU+%) s.e.m. (%) normalized(%) |avg (EdU+%)
0 6.8 100.0 78.6 0 54 81.9 64.4
L 55 100.0 77.1 L 3.4 41.6 32.1
M+H 3.6 100.0 71.1 M+H 3.1 18.0 12.8
# [Rb EdU-(c.c)  EdU+(cc) EdU+% # |p130 EdU-(cc)  EdU+(cc) EdU+%
1 0 2018 5306 72.4 1 0 2243 4738 67.9
L 1434 3025 67.8 L 1647 3046 64.9
M+H 981 1134 53.6 M+H 1147 1193 51.0
2 |0 1816 5735 76.0 2 |0 1898 4532 70.5
L 1280 3157 71.2 L 1286 2494 66.0
M+H 797 1116 58.3 M+H 906 886 49.4
3 10 2065 5463 72.6 3 10 2114 5206 711
L 1477 3101 67.7 L 1405 3032 68.3
M+H 1010 1220 54.7 M+H 1181 1245 513
4 10 3152 2920 48.1 4 10 2899 3057 51.3
L 1954 2112 51.9 L 2696 2898 51.8
M+H 828 594 41.8 M+H 1462 1193 44.9
5 |0 1322 4693 78.0 5 |0 911 3681 80.2
L 723 2475 77.4 L 663 2231 77.1
M+H 1103 2823 71.9 M+H 1244 2506 66.8
6 |0 1548 5721 78.7 6 |0 1131 4480 79.8
L 972 3306 77.3 L 825 2725 76.8
M+H 1416 3194 69.3 M+H 1497 3174 68.0
s.e.m. (%) normalized(%) |avg (EdU+%) s.e.m. (%) normalized(%) |avg (EdU+%)
0 7.4 90.3 71.0 0 7.0 89.2 70.1
L 6.1 89.3 68.9 L 6.0 87.5 67.5
M+H 6.7 81.9 58.3 M+H 5.9 77.7 55.2

(c.c., cell count)
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ABSTRACT

The proper transition of mammalian cells between quiescence and proliferation is
critical to tissue homeostasis and differentiation. Its deregulation is commonly
found in many human diseases. Cryptochrome (Cry) is a transcription factor that
is responsible for generating the negative feedback loop to maintain the circadian
clock; its deregulated expression has been found to affect many physiological
processes. Here, we focused on the role of circadian clock protein Cry in
regulating the depth of quiescent cells. Experimentally, we showed that the
overexpression or stabilization of Cry resulted in upregulation of c-Myc in
quiescent rat embryonic fibroblasts; however, cells did not go to a Oshallowerd
guiescent state as expected but a 'deeper' state. That is, a higher serum
concentration was required to drive cells out of quiescence in cells with
upregulated Cry and Myc activities. Through systematic modeling of an array of
possible regulatory network topologies between Cry and the Rb-E2F bistable
switch that controls the quiescence-to-proliferation transition, we found that the
OdeeperO quiescent state in response to increased Cry activity may be explained
by the upregulation of CDK inhibitors which counteract the c-Myc effect on the
activation threshold of the Rb-E2F bistable switch. We further confirmed this
model prediction in follow-up experiments. Our findings suggest a mechanistic
role for circadian clock protein Cry in modulating the depth of cellular quiescence,
which may have implications in varying potentials of tissue repair and

regeneration in different times of the day.
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INTRODUCTION

The proper control of cell proliferation is critical for development, tissue renewal
and health of multi-cellular organisms. Important for maintaining this balance,
there are two intrinsic clocks within the cell: one that governs the cell cycle and
another that acts as a global, circadian pacemaker (Masri et al., 2013). The
cellular circadian clock is a remarkably refined timing machinery that entrains the
body to adapt to the periodic, daily changes in the environment. The circadian
clock regulates diverse cellular functions such as cell growth and metabolism
(Bell-Pedersen et al., 2005; Hunt and Sassone-Corsi, 2007; Papagiannakopoulos
et al., 2016). Transcriptional profiling of the brain, liver, and heart tissue has
shown that about 10% of the transcriptome is directly under circadian clock
control (Panda et al., 2002; Storch et al., 2002; Ueda et al., 2002). Disruption of
the circadian clock machinery has been associated with numerous diseases,
including many types of cancers (Bass and Takahashi, 2010; Hanahan and
Weinberg, 2011; Masri et al., 2013; Sahar and Sassone-Corsi, 2009; Savvidis
and Koutsilieris, 2012). In mammals, a network of interconnected negative
feedback loops drives the oscillation of circadian genes (Takahashi, 2017). The
main negative feedback is between a heterodimer of basic helixBloopbhelix PAS
(bHLH/PAS) transcription factors, BMAL1 and CLOCK, and its own repressors
and transcriptional targets, the period (PER1-3), cryptochrome (Cry1/2) and Rev-

Erb"/ p (Takahashi, 2017).
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Circadian clock activities affect cell proliferation. It has been reported that
BMAL1/CLOCK regulates the G2/M checkpoint kinase WEEL1 (inhibitor of cyclin
B1-CDK1) in proliferating hair follicle (Plikus et al., 2013) and liver cells (Matsuo

et al., 2003). Additionally, REV-ERB" and PER regulate cyclin -dependent kinase

k4A
1Wafl 6|n

inhibitors p2 and pl , respectively (Grechez-Cassiau et al., 2008;
Kowalska et al., 2013). However, most cells in the body of higher organisms are
not proliferative but stay at non-dividing states. There has been little information
regarding whether and how circadian clock affects quiescent cells and their

transition to proliferation.

Cells at quiescence (but not senescence or terminal differentiation) can re-enter
the cell cycle when conditions are suitable (e.g., in the presence of growth
signals). Cell cycle reentry requires the activation of the E2F transcription
activators (E2F1-3a, referred to as E2F below for simplicity). E2F regulates the
expression of genes necessary for DNA synthesis and cell cycle progress (Yao,
2014Db; Yao et al., 2008b). In quiescent cells, E2F activity is inhibited by Rb family
proteins (Rayman et al., 2002; Takahashi et al., 2000). Upon growth signals,
Cyclin D (CycD) expression is upregulated, which leads to the activation of cyclin
dependent kinase (CDK) 4/6. CycD/CDK4,6 phosphorylates Rb, partially
releasing E2F from Rb inhibition (Harbour et al., 1999). Furthermore, increase in
Myc activity driven by growth factors facilitates the transcriptional activation of
E2F (Leung et al., 2008). E2F transcribes cyclin E, which activates CDK2 to

hyper-phosphorylate Rb, thereby reinforcing E2F activation (Weintraub et al.,
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1992). Our previous work demonstrated that the Rb-E2F pathway functions as a
bistable switch that orchestrates the all-or-none activation of E2F and the

corresponding transition from quiescence to proliferation (Yao et al., 2008b).

In this study, we examined the influence of a key circadian regulator, Cry, on the
quiescence to proliferation transition. Deregulation of Cry has been reported to
play a role in tumor initiation and progression (Ozturk et al.,, 2009;
Papagiannakopoulos et al., 2016; Shostak et al., 2016). We also anticipated that
Cry activity, by inhibiting BMAL1, may lead to the upregulation of Myc level in
quiescent cells (Fu et al., 2002). We found that the overexpression or
stabilization of Cry indeed increased the expression c-Myc. Paradoxically, the
escalated c-Myc expression in quiescent cells did not facilitate cell cycle reentry
but rather led to even fewer cells that could exit quiescence. Through a
comprehensive modeling search of possible interactions between Cry and the
Rb-E2F gene network, we found several likely links that may explain the
paradoxical result. Our follow-up experiments confirmed that Cry activity led to
the upregulation of CDK inhibitors p21, which drove cells into deeper quiescence

where cells have increased difficulty to exit quiescence and reenter the cell cycle.

RESULTS
Increased Cry activity enhances ¢ -Myc expression in quiescent cells
Given that Cry inhibits BMAL1 activity, while BMAL1 directly inhibits the

transcription of c-Myc (Fu et al., 2002), we expected that increased Cry activity
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may lead to increased Myc expression in quiescent cells. To test this prediction,
rat embryonic fibroblasts (REF/E23) were plated at sub-confluence and cultured
in 0.02% BGS (serum starvation condition) for 2 days to bring cells into
quiescence (the same below unless otherwise noted). Quiescent cells were
treated with 40 uM CRY agonist (KLOO1) (Hirota et al., 2012) for 24 hours. It has
been shown that KLOO1 inhibits the ubiquitin-dependent degradation of Cry
protein, thereby stabilizing Cry and lengthening the circadian period (Hirota et al.,
2012). We collected RNA samples and measured the endogenous c-Myc
expression by RT-gPCR. The mRNA expression level of c-Myc significantly
increased following the treatment of Cry agonist KLOO1 (Fig. la). Next, we
examined if Myc protein level also increased under this condition.
Immunofluorescence staining results showed that c-Myc protein level also
increased following KLOO1 treatment (Fig. 1b). We noticed that the relative
increase of c-Myc protein was not as drastic as its mMRNA level in quiescent
REF/E23 cells, consistent with the previous finding that Myc protein is unstable in
the absence of serum (Lee et al., 2008). Given that Myc facilitates the Go-to-G;
transition (Sears et al., 1999), we expected that with increased Myc protein level
cells treated with Cry agonist should be relatively easier to reenter the cell cycle

from quiescence.

Increased Cry activity creates deep quiescence

To test whether Cry agonist treated cells exhibit higher likelihood to exit

quiescence, we stimulated these cells with serum at a range of concentrations for
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24 hours. Next, we measured the percentage of cells that reentered the cell cycle
with activated E2F. The E2F expression was measured by a previously
established E2F-GFP reporter system that was stably integrated in REF/E23

cells and calibrated to endogenous E2F activity (Yao et al., 2008b).

Contrary to what we expected, we found that quiescent cells treated with Cry
agonist KLOO1 exhibited a lower likelihood to exit quiescence. As shown in Fig.
2a, the minimum serum concentration required (referred to as serum threshold)
to switch E2F from Off to On in about half of the cell population was 1.4%, 3.8%,
and 5.5%, following treatment with KLOO1 at O (DMSO control), 15 and 30 uM,
respectively. That is, quiescent cells treated with higher dose of Cry agonist
KLOO1 exhibited higher serum threshold to activate E2F expression. This result
was consistent with that of a parallel test using EdU incorporation as the readout
(Fig. 2b). Together, we found that treatment with Cry agonist drove cells into

deeper quiescence, exiting from which requires stronger serum stimulation.

In case the result above with the Cry agonist may be convoluted with nonspecific
drug effects, we transfected REF/E23 cells directly with a Cryl expression vector
and examined the influence of exogenous Cryl expression on the serum
threshold for quiescence exit. In the control vector (mCherry) transfected cells,
serum threshold for quiescence exit (EdU+) was 1.4-2.0% in about half of the cell
population (Fig. 2c). In Cry1 transfected cells, the corresponding serum threshold

increased to 3.8-5.5%, indicating that cells were in deeper quiescence.
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The combined results from Cry stabilization by KLOO1 treatment and Cryl
overexpression suggest that cells with increased Cry activity move deeper into
guiescence and require stronger serum stimulation to reenter the cell cycle. The
results are surprising given increased Cry activity led to Myc upregulation (Fig 1),
and Myc activity is well known to promote cell proliferation (Gomez-Roman et al.,

2003; Steiger et al., 2008).

Modeling the Cry influence on quiescence depth

To assess how Cry activity causes deep quiescence despite increased Myc
expression, we conducted an unbiased computational search. Specifically, given
that cells need to turn On the Rb-E2F bistable switch to transit from quiescence
to proliferation (Yao et al., 2008b), we considered that the increased serum
threshold to exit deep quiescence is related to an increase serum threshold to
turn On the Rb-E2F switch (Rb-E2F activation threshold for short). Further, we
hypothesized that the Cry activity increases the Rb-E2F activation threshold by
directly or indirectly influencing certain gene node(s) in the Rb-E2F network. To
identify such influences (from Cry to Rb-E2F network), we started with our
previously established mathematical model for the Rb-E2F bistable switch (Yao
et al., 2008b), and constructed a library of 243 network models that represented
all possible influence links (activation, inhibition, or no effect) from Cry to each
gene node in the RbPE2F bistable switch network (Fig 3a; except that the link

from Cry to Myc was set to activation given results in Fig. 1).
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Using computer simulation, we examined each of the 243 network models and
assessed their likelihood to reproduce the paradoxical experimental results of
Cry on quiescence depth. To this end, we generated 10,000 parameter sets by
randomly sampling parameter values within biologically feasible range (see
Materials and Methods). We then calculated the success rate of each network
model, with the 10,000 random parameter sets, to fulfill two criteria (Fig. 3b): (1)
to maintain Rb-E2F bistability; (2) to increase the Rb-E2F activation threshold
from 1 (in the base model without increased Cry activity) to greater than 4 (as
seen experimentally in Fig. 2a). We expected that the network models with the
highest success rates (i.e., to meet the above two criteria in the largest numbers

of parameter sets) would be related to the most likely working network in the cell.

We ranked the network models based on their success rates (Fig. 3c). Since the
exact degree of increased Cry OactivityO in the cell after agonist treatment was
unknown, we examined Cry activity at two different levels (high, CR=0.1; low, CR
= 0.03). Correspondingly, the top 5 lists of network topologies are shown in Table
1 and 2. Several convergent patterns emerged regarding the possible influences
of Cry to the activities of Rb-E2F network nodes, to increase the Rb-E2F
activation threshold and deepen the quiescent state. The consensus changes
were: a) CKI upregulation (9 out of 10 in combined top 5 lists of Tables 1 and 2),
b) CycD/Cdk4,6 downregulation (8/10), c¢) CycE/Cdk2 downregulation (6/10) or

Rb upregulation (6/10), and d) E2F downregulation (2/10).

143



Cry induced deep quiescence is associated with increased CDK inhibitors

We experimentally checked the model predicted influences of Cry to the activities
of Rb-E2F network nodes. Since the upregulation of CKI (which inhibits both
Cdk4,6 and Cdk2, Fig. 3a) was predicted to be the top hit, we examined the p21
expression following the treatment of Cry agonist KLOO1 in quiescent cells.
Indeed, RT-gPCR and immunoflow cytometry results showed that both p21

MRNA and protein levels were enhanced after KLOO1 treatment (Fig. 4a, 4b).

We next checked the potential downregulation of CycD/Cdk4,6 and/or
CycE/Cdk2 by Cry as model predicted. RT-qPCR results showed that cyclin D
and cyclin E expression did not decrease after KLOO1 treatment in quiescent
cells but rather slightly increased (Fig. Sla, b). Thus, the downregulation of
CycD/Cdk4,6 and/or CycE/Cdk2 would be unlikely due to decreased cyclin levels
but increased CKI (such as p21) following KLOO1 treatment. Similarly, increased
p21 activity (by inhibiting CycD/Cdk4,6 and CycE/Cdk2) would also explain the

model predicted Rb upregulation as a consequence of increased Cry activity.

The next question is why increased Cry activity drives cells into deep quiescence,
given that both Myc and p21 activities were similarly increased as a result (Fig. 1
and 4). Myc and p21 have opposing effects: Myc promotes, while p21 inhibits,
the cell cycle entry. To answer this question, we investigated how Myc and p21
affect the Rb-E2F activation threshold. Our computer simulations showed that

given a similar factor change of Myc and p21 synthesis, p21 exhibits a much
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greater efficacy in affecting the Rb-E2F activation threshold than Myc does (Fig.
5a). This result from deterministic model simulations are consistent with that
based on stochastic model simulations considering cell-to-cell variations. As
seen in Fig. 5b, the increase in p21 synthesis (from 0.15 to 0.3 nM/hr) caused
significantly larger effects on the percentage of cells that exit quiescence at 24
hours after serum input than the same factor increase in Myc synthesis (from 1 to
2 nM/hr) did. This explains, at least in part, why quiescent cells with both
increased Myc and Cryl activities exhibit higher serum threshold as a net result

for quiescence exit.

DISCUSSION

Circadian clock affects cellular processes such as proliferation and metabolism. It
has been reported that disruption of the circadian rhythm (e.g., by shift work or jet
lag) contributes to a higher risk of developing cancer (Hansen, 2001; Kloog et al.,
2009). However, the molecular basis for such epidemiological correlations
remains unclear. Here we showed that a key circadian regulator, Cry, influences
cellular quiescence. We found that increased Cry activity by overexpression or
protein stabilization led to a deeper quiescent state, via enhancing the
expression of Cdk inhibitor p21. Presumably, the fluctuation of Cry activity will
lead to the fluctuation of cellular quiescent depth, which may result in varying
likelihood of quiescent cells (e.g., stem and progenitor cells) to reenter the cell
cycle during the day-night shift. Confirming this outcome awaits further

investigations.
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It remains unclear how increased Cry activity leads to p21 increase. We found
that p53 may play a role here. It is well established that p53 induces p21
expression (Grechez-Cassiau et al., 2008). Under treatment with Cry agonist
KLOO1 in quiescent cells, the expression level of p53 significantly increased in a
KLOO1 dose-dependent manner (Fig. S1c). This result is consistent with the
report that p53 can be induced by Myc (Lindstrom and Wiman, 2003), which is
upregulated in cells treated with Cry agonist. The test to determine p53 protein
level is underway in the same experimental condition, to confirm this potential

mechanistic link to explain p21 increase caused by increased Cry activity.

In this study, we investigated how circadian regulator Cry affects Rb-E2F bistable
switch to exhibit a suppressive role in quiescence exit. Further elucidating how
circadian clock and cell cycle machineries interact will generate in-depth
mechanistic understating of how circadian oscillation modulates quiescence-to-

proliferation transition.

MATERIALS AND METHODS

Cell lines and cell culture. Rat embryonic fibroblasts REF52/E23 cells stably
harboring E2F1 promoter driven destabilized GFP reporter was previously
derived as described in (Yao et al., 2008b). Cells were routinely passed at sub-
confluent level and cultured in DulbeccoOs Modified EagleOs Medium (DMEM) (No.
31053, Gibco, Thermo Fisher) with 10% of bovine growth serum (BGS, No.

SH30541, Hyclone, GE Healthcare). For plating cells, growing E23 cells were
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trypsinized and seeded at around 10° cells per well in 6-well cell culture plates
(No. 353046, Corning Falcon). To induce quiescence by serum starvation, after
allowing cells to adhere to the plate, cells were washed twice with DMEM, and

cultured in serum-starvation medium (0.02% BGS in DMEM) for 2 days.

Cry agonist (KLOO1) treatment. Cryptochrome (CRY1 and CRY2) agonist
KLOO1 (No. 233624, EMD Millipore) was prepared in serum starvation medium at
the indicated final concentrations. For KLOO1 treatment, the culture medium of
serum starved quiescent cells was replaced with KLOO1-containing medium and
cells were cultured for an additional 24 hours. Culture medium was then replaced
with DMEM containing BGS and KLOO1 at the indicated concentrations to assay

for quiescence exit. DMSO was used as a vehicle control.

E2F activity and cell proliferation (EdU incorporation) measurement.
REF/E23 cells were harvested at indicated time points by trypsinization, fixed
with 1% formaldehyde and the fluorescence signal intensity of E2F-GFP was
measured. To measure cell proliferation, culture medium with EdU (1 pM) was
added at the start of serum stimulation. Cells were harvested by trypsinization at
indicated time points. Click-iT EdU assay was performed following
manufacturerOs protocol (No. C10419, Alexa Fluor 647 Flow Cytometry Kit, Life
Technologies, Thermo Fisher). For each histogram, approximately 10,000 cells
were measured using LSR Il flow cytometer (BD Bioscience), and the data was

analysed using FlowJo software (v. 10.0).
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Real time RT -PCR assay. Total RNA from serum-starved cells was isolated with
Quick RNA Mini-prep Kit (No. 11328, Zymo Research) and used to synthesize
cDNA with Superscript Il First-Strand Synthesis SuperMix for gqRT-PCR (No.
11752, Invitrogen, Thermo Fisher). Real time PCR was performed on ABI 7300
Real Time PCR System (Applied Biosystems) with Power SYBR Green PCR
Master Mix (No. 437659, Invitrogen, Thermo Fisher). Pre-designed primers for
guantitative expression measurements of Myc, p21, CycD, CycE, p53 (and,

Gapdh and ! -actin controls) were purchased from Sigma Aldrich.

Transfection of Cryl expression vector. E23 cells were kept at sub-confluence
and transfected with pfmh-hCryl expression vector (No, 25843, Addgene) using
Neon electroporation system (MPK5000, Invitrogen, Thermo Fisher) following
manufacturerOs protocol. About 10 cells were electroporated with 10 pg of DNA
plasmid with one 20-millisecond pulse at 1900 volts using a 100 pl Neon tip. As a

control, pPCMV-mCherry (a gift from Lingchong You) was used.

Immunoflow cytometry. Cells were harvested by trypsinization, fixed with 4%
formaldehyde in DPBS at room temperature (r.t.) for 15-20 minutes and
permeabilized with 0.5% Triton X-100 in DPBS at r.t. for 20 minutes. Cells were
incubated with protein-specific antibody (p21(c-19 or f-5), 1:50; No. sc-397, No.
sc-6246, Santa Cruz Biotech (SCBT); c-Myc (9E10), 1:50; No. sc-40, SCBT), at 4
0C overnight. Following incubation with primary antibody (if unconjugated with

fluorophore), cells were stained with PE-conjugated secondary antibody (1:100;
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No. sc-3738, SCBT) and incubated at r.t. for 2 hours. Antibody stained cells were
assayed with LSR Il flow cytometer (BD Biosciences), and analyzed with FlowJo

software (v.10.0).

Model library generation and simulation. All regulatory effects of CRY on
each node in Rb-E2F network were modeled by adding [CR]*m/(I+[CR]) to the
corresponding node synthesis term in the previously established Rb-E2F bistable
switch model (Yao et al., 2008b) the 2008 paper]. m = -1 (negative regulation), O
(no regulation), +1 (positive regulation), respectively. Parameter / was a random
number uniformly distributed in the log scale in the range of 0.01~1. [CR] was set

as 0.03 and 0.1 nM for low and high Cry activity after agonist treatment.

10,000 random parameter sets were generated to test model robustness. For
each model with a given parameter set, the activity of each node in the Rb-E2F
network was simulated at 50 serum concentrations uniformly distributed in the
log scale between 0.01 and 20 (percent of serum, covering the conditions from
serum starvation to saturation; Figure 3b inset). To determine E2F activation
bistability, at each serum concentration, the model with the initial condition
corresponding to the quiescence state was simulated for 1000 model hours to
reach OswitchOnO steady state The OswitchOnO steady state values of individual
nodes were then used as the initial condition corresponding to the proliferation
state, with which model was simulated for another 1000 model hours to reach

OswitchOffO steady state. Simulation results wee analyzed using an Oin houseO
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Perl script, according to the criteria developed in our previous work (Yao et al.,
2011) to identify bistability and E2F activation threshold. All simulations were

performed using COPASI (Hoops et al., 2006b)

Stochastic model simulation. A stochastic differential equation (SDE) model
(Yao et al., 2008b) based on our previously developed Rb-E2F bistable switch
model (Yao et al., 2008b) was developed, with parameter units and species
concentrations converted to molecule numbers. We adopted the chemical

Langevin formulation (Gillespie, 2000b; Lee et al., 2010c):

M M
X/(t+A=XO)+" %a[XO¥+& % @[XOW"'$+1%

=1 =
where Xi(f) is the molecule number of species i (i = 1,&,n) at time ¢, and X(t) =
(X1(6),&,X n(t)) represents the system state at t. a[X(f)] (j = 1,&,M) describes t he
temporal evolution of the system while Vji describes the molecule number
change of species i. Factors y and w are statistically independent temporally
uncorrelated normal Gaussian noises, which are adjusted by scaling factors 6
and 0, respectively ( 6 = 0.2, d = 30). For a given cell, the molecule number of
E2F larger than a cut-off value of 300 at the 24th model hour under a serum input

was considered as the E2F-ON state. SDE simulation were implemented and

solved in MATLAB.
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Figure Legends

Figure 1. Increase in c-Myc expression after Cry agonist treatment in
guiescent fibroblasts.

Figure 2. Increased serum threshold for E2F activation and quiescence exit
after Cry agonist treatment.

Figure 3. Model the potential influence from Cry to gene nodes in the Rb-
E2F network.

Figure 4. Increased p2l1 expression in quiescent cells treated with Cry
agonist.

Figure 5. Simulated effects of Myc and p21 in modulating the Rb  -E2F
activation threshold.

Table 1. Top 5 network topologies with the highest success rates (CR=0.1).
Table 2. Top 5 network topologies with the highest success rates (CR=0.03).

Supporting Informati on

Figure S1. Expression changes of CycD, CycE, and p53 in quiescent cells
treated with Cry agonist.
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Figure 1

d c-Myc (RT-gPCR)

450
400
350
300
250
200
150
100
50

DMSO Cry

¢-Myc Immunoflow

10 KL0O1 15 M
KL0O1 30 pM .

14000 |

*
*
. *
12000
10000
8000
6000
4000
2000
0 +——

Figure 1. Increase in c¢-Myc expression after Cry agonist treatment in
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guiescent fibroblasts.
(a) Real-time quantitative PCR (RT-gPCR) analysis of c-Myc transcripts in
serum-starved quiescent REF/E23 cells (in triplicates) that were subsequently

treated with 40 pM KLOO1 for 24 hours. (b) Immunoflow cytometry analysis of c-
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Myc protein level in serum starved quiescent REF/E23 cells as in a treated with

15 pM and 30 pM of KLOO1 for 24 hours. * Significance p<0.05.
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Figure 2. Increased serum threshold for E2F activation and quiescence exit

after Cry agonist treatment.

(a) Serum-starved quiescent REF/E23 cells were treated with DMSO or 15 uM
and 30 uM of KLOO1 as indicated for 24 hours, and stimulated with serum at
indicated concentrations for 24 hours. Each histogram represents E2F-GFP
expression level in approximately 10,000 cells. Arrows represent comparable
E2F-On populations. (b) Quiescent REF/E23 cells were .treated with DMSO or
40 pM of KLOO1l for 24 hours, and stimulated with serum at indicated
concentrations for 48 hours. 1 uM of EdU was included with serum stimulation.
Each histogram represents incorporated EdU intensity in approximately 10,000
cells. (c) Quiescent REF/E23 cells transfected with mCherry or Cryl expressing
plasmids were stimulated with serum at indicated concentrations for 24 hours

EdU addition and histogram were the same as in b.
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Figure 3
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Figure 3. Model the potential influence  from Cry to gene nodes in the RbDb-
E2F network.

(a) Potential network topologies to describe influences by CRY (CR) on the Rb-
E2F pathway proteins. With CR activation of Myc fixed, CR may affect the other
5 nodes in the Rb-E2F pathway with 3 possible direct or indirect effects on each
(activation, inhibition, or no effect), to give a total of 3° = 243 network topology
combinations. (b) Search criteria. Each of the 243 network models was simulated
with 10,000 random parameter. In each simulation, whether the model exhibited
E2F activation bistability was evaluated, with the serum threshold to activate E2F.
(c) Ranked distribution of model topologies (x-axis) according to the number of
parameter sets (out of 10,000) with which the model maintains E2F activation
bistability with increased E2F activation threshold (% 4). The CR activity value is

as indicated.
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Figure 4
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Figure 4. Increased p21 expression in quiescent cells treated with Cry
agonist.
(a) RT-gPCR analysis of p21 transcripts in serum-starved quiescent REF/E23

cells (triplicates) treated with 40 puM KLOO1 for 24 hours. (b) Immunoflow
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cytometry analysis of p21 protein level in quiescent REF/E23 cells treated with
15 pM and 30 puM of KLOO1 for 24 hours. * Significance p<0.05. ** Significance

p=0.05.
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Figure 5
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Figure 5. Simulated effects of Myc and p21 in modulating the Rb -E2F

activation threshold.
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(a) Parameter-sensitivity curves of p21 (k/) and Myc (kM) parameter. X-axis =
factor change of parameter value. Y-axis = RDb-E2F activation threshold (%
serum). Both axes are in logarithmic scale. (b) Stochastic simulations of E2F
activation in a cell population after k/ and kM parameter changes. X-axis = serum
concentration applied to stimulate quiescent cells. Y-axis = fraction of cells in the
E2F-On state at the 24™ hour after the initiation of serum stimulation. Each data
point represents the E2F-ON fraction calculated from three sets of stochastic

simulations (1,000 runs each).
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Table 1. Top 5 network topologies with the highest success rates (CR=0.1).

Topology | Number CycD Rb CycE E2F CKiI
T191 1049 - + 0 0 +
T209 992 - + - 0 +
T182 984 - 0 - 0 +
T164 965 - 0 0 0 +
T190 907 - + 0 0 0

+, -, 0: up-regulation, down-regulation, or no change of the given gene node

activity caused by increased Cry activity. .

Table 2. Top 5 network topologies with the highest success rates (CR=0.03).

Topology | Number CycD Rb CycE E2F CKiI
T209 983 - + - 0 +
T53 935 0 + - - +
T182 921 - 0 - 0 +
T191 905 - + 0 0 +
T26 860 0 0 - - +

+, -, 0: same as in Table 1.
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Figure S1
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Figure S1. Expression changes of CycD, CycE, and p53 in quiescent cells

treated with Cry agonist.




RT-gPCR analysis of CycD (a), CyckE (b) and p53 (c) transcripts in serum
starved quiescent REF/E23 cells (triplicates) treated with DMSO control or Cry

agonist KLOO1 at indicated concentrations for 24 hours. * Significance p<0.05.
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ABSTRACT

Single-cell measurements combined with mathematical modeling and computer
simulations are powerful tools to understand and explore dynamical behaviors of
gene networks and cellular functions that they control. Here we describe
experimental and computational methods to study cellular quiescence and its

heterogeneity at the single-cell level.

Key words: Cell cycle, quiescence, heterogeneity, fluorescent protein reporter,
DNA content, Click-iT EdU assay, ordinary differential equation (ODE),

deterministic simulation, stochastic simulation

INTRODUCTION

Quiescence is often considered the OGOO phase outside of the cell cycle. It is
however not a uniform resting state but with considerable heterogeneity (Coller et
al., 2006; Yao, 2014a). Even a population of isogenic cells induced to quiescence
by the same experimental condition can exhibit significant cell-to-cell variations in
their growth responses. Furthermore, as cells remain quiescent for longer
durations, they move progressively OdeeperO into quiescence and display an
elongated pre-replication phase upon growth stimulation (Augenlicht and
Baserga, 1974; Owen et al., 1989; Yanez and O'Farrell, 1989). Quiescent cells
can also move to a shallower state(s), demonstrated recently as the OGAlertO
state and OprimedO quiescence in muscle and neural stem cellgLlorens-

Bobadilla et al., 2015; Rodgers et al.,, 2014). Seemingly, dysregulation of
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quiescence depth can lead to hyper- or hypo-proliferative diseases including
cancer and aging (Hanahan and Weinberg, 2000). Despite its importance, control
mechanisms underlying cellular quiescence and its heterogeneity are poorly
understood, due to the lack of an integrated mechanistic framework and effective

investigation techniques.

Here we describe experimental and computational techniques to study
guiescence heterogeneity. Experimentally, cells can be brought into quiescence
by serum starvation or contact inhibition (Coller et al., 2006). Then, quiescence
heterogeneity can be investigated by observing how a population of quiescent
cells responds to growth stimulation (Dong et al., 2014; Yao et al.,, 2008Db).
Particularly, the proportion of cells, and their speed, in exiting quiescence and
reentering the cell cycle can be measured using fluorescent gene reporters
and/or BrdU/EdU incorporation assays over time (Dong et al., 2014; Stewart-
Ornstein and Lahav, 2016; Yao et al., 2008b). Further, molecular mechanisms
underlying quiescence control can be probed by measuring the dose-dependent
effects of ectopically expressed candidate gene(s). Such dose-dependent effects
can be measured in a single transfection/infection experiment, taking the
advantage of naturally occurring variations (typically ~3 orders of magnitude) in
the DNA-delivery efficiency associated with transient transfection

(electroporation) and viral infection (Wong et al., 2011a; Wong et al., 2011b).
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Experimental data and observations can be integrated, explained, and used to
make further predictions, using mathematical models and computer simulations.
It has been suggested that the heterogeneous quiescent state and its transition
to proliferation upon growth stimulation is controlled by a Cyclin/cdk-Rb-E2F
gene network, which functions as a bistable switch to convert graded and
transient growth signals into an all-or-none E2F activation (Aguda and Tang,
1999; Novak and Tyson, 2004; Tyson et al., 2011; Yao et al., 2008b; Yao et al.,
2011). Here we briefly describe how to simulate gene responses to serum
withdrawal and stimulation using an Rb-E2F mathematical model in COPASI and
MATLAB simulators (Hoops et al., 2006a). We further show how to investigate
the influences of model parameters (reflecting the rate constants of protein
synthesis, degradation, and modification) and their variations on the
heterogeneity of quiescence entry and exit. We demonstrate the procedures in
both deterministic simulations as well as stochastic simulations that consider cell-
to-cell variations due to intrinsic and extrinsic noise (Hasty et al., 2000; McAdams

and Arkin, 1997).

MATERIALS
All reagent solutions are stored at 4 °C unless otherwise noted.
1. Cell Culture
1. Cell lines: Rat embryonic fibroblasts (REF52 cells) (Logan et al., 1981)
and a single cell clone (REF/E23 cells) derived from REF52 containing a

stably integrated E2F-d2GFP reporter (Yao et al., 2008b).
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2. Culture medium: DulbeccoOs Modified Eagle Medium (DMEM) containing
10% Bovine Growth Serum (BGS).

3. Serum-starvation medium: DMEM containing 0.02% BGS. Make fresh
before use.

4. Trypsin-EDTA (0.05%).

5. DulbeccoOs Phosphate Buffered Saline (DPBS).

6. Cell culture plates (150 mm, 6-well, 12-well).

2. Propidium lodide (PI) Staining of DNA Content
1. Preparing nuclear isolation medium (NIM) buffer: 0.5% BSA and 0.1% NP-
40 in DPBS.
2. Pl-staining buffer: NIM buffer containing 10 ug/ml Pl and 100 ug/ml RNase

A. Make fresh before use.

3. Measurement of Quiescence Heterogeneity Using Flow Cytometry
1. Cell fixation buffer (for fluorescent protein reporter): 1% paraformaldehyde
(methanol-free) and 3% BGS in DPBS.
2. Click-IT EdU assay kit for flow cytometry (Invitrogen, Thermo Fisher,
including 3-6 below)
3. EdU (5-ethynyl-2'-deoxyuridine), 10 mM stock solution in DMSO, store at -
20 °C.

4. Click-iT EdU fixative: 4% paraformaldehyde in DPBS.
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5. 1x Click-iT saponin-based permeabilization and wash reagent (PB): 10x
stock solution provided. Make1x dilution in DPBS containing 1% BSA.

6. Prepare Click-iT reaction cocktail: for each sample, apply 250 pL of
cocktail mix containing 218.75 uL of DPBS, 5 pL of CuSO4 (100 mM),
1.25 pL of fluorescent dye azide*, and 25 pL of Click-iT EdU buffer
additive (1x)*. (*prepared according to manufacturerOs protocol). Use

within 15 minutes of preparation.

4. Measure Dose -Dependent Effects of Quiescence -Modifier Genes with a
Single Electroporation Delivery
1. Plasmid vector (% 1 #g/#l) expressing the gene of interest and a
fluorescent protein reporter, or fluorescently labeled siRNA.
2. Neon Electroporation system, electrolytic (E2) buffer, resuspension (R)

buffer, Neon Tips (Invitrogen, Thermo Fisher).

5. Computer Modeling
1. A computer with Windows, Mac, or Linux system.
2. Installed COPASI software (free download from http://copasi.org/).

3. Installed and licensed MATLAB software (Mathworks).

Methods
All cell culture work should be conducted in a certified tissue culture hood. Use

sterilized pipettes, tubes, culture plates, and follow aseptic techniques. Pre-warm
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culture medium in a 37 °C water bath prior to cell culture experiments. Store
culture medium in 4 °C after use. Cells are incubated at 37 °C in 5% CO..
Methods described here apply to rat embryonic fibroblast (REF52) cells and can

be readily adapted to other cell types.

1. Induce Cellular Quiescence by Ser um Starvation or Contact Inhibition

1. Culture and maintain cells in an actively growing condition (see Note 1).

2. Serum starvation: Trypsinize and split cells into 6-well culture plates to
achieve 30-50% confluence (see Note 2). Let cells reattach to the plate and
recover in culture medium (2 ml/well) for overnight. Wash cells twice with 1
mL DMEM. Culture cells in serum-starvation medium for 2 days or longer
(see Note 3).

3. Contact Inhibition: Trypsinize and split cells in 12-well culture plates to
achieve 200-300% confluence in culture medium (1 mi/well) for 2 days or
longer (see Note 4).

4. Evaluate quiescent cell population by PI staining of DNA content (see Note
5): Collect cells by trypsinization (for contact inhibited cells, see Note 6).
Centrifuge cells in a micro-centrifuge tube at 835 x g for 3 minutes. Remove
the supernatant and resuspend the cell pellet in Pl-staining buffer (see Note
7). Store cell suspension in 4 °C protected from light. Measure the Pl-stained

DNA content using a flow cytometer.
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2. Measure Quiescence Heterogeneity Using E2F Reporter Cells or Click AT
EdU Assay

1. Induce cellular quiescence in E2F reporter cells (REF/E23) or other cells by
serum starvation or contact inhibition following steps outlined in 3.1.

2. Stimulate cells with a serum gradient by switching cells to culture medium
containing varying serum concentrations (see Note 8). Include EdU in culture
medium at a final concentration of 1uM if cells are subject to EdU assay.

3. Harvest cells by trypsinization at varying time points after serum stimulation
(see Note 9 and 10).

4. In each harvested sample, measure the percentage of cells that exit
guiescence as indicated by the E2F-ON state and/or positive EdU
incorporation (see steps 5-6 below and Note 11).

5. Measure the E2F-ON cell percentage: Resuspend cells in 300 pL of cell
fixation buffer and store in 4 °C, protected from light. Measure E2F-GFP
reporter activity using a flow cytometer (Fig. 1a).

6. Measure the EdU+ cell percentage: Perform the Click-iT EdU Assay
according to the modified manufacturerOs protocol (see note 12). Briefly, fix
cells in 200 pL of Click-iT fixation buffer for 15 minutes at room temperature,
protected from light. Resuspend cell pellet in 500 pL of permeabilization
buffer (PB). Spin cells down at 835 x g for 3 minutes. Resuspend cell pellet in
250 pL of Click-IT reaction cocktail. Incubate at room temperature for 30

minutes, protected from light. Wash cell twice with 500 pL of PB. Resuspend
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cell pellet in 300 puL of PB and store in 4 °C, protected from light. Run

samples on a flow cytometer (Fig. 1b).

3. Measure dose -dependent effects of a quiescence -modifier gene with a
single electroporation delivery

1. Prepare the plasmid vector expressing the gene of interest and a fluorescent
protein reporter, or prepare fluorescently labeled siRNA (see Note 13).

2. Trypsinize actively growing cells, wash cells once with PBS, then resuspend
cells at a concentration of 10° cells per 100 pl of resuspension buffer.

3. Add 10 #l plasmid DNA (10 pg) or siRNA (see Note 14) to 100 pl of cell
suspension, gently mix.

4. Set up the Neon electroporator. Place a Neon tube in the chamber and add 3
mL of E2 buffer. Set the electroporation parameters (for REF52 cells: 1800V
with one 20 ms pulse).

5. Attach a Neon tip (100 ul) to the pipette. Pipet and mix the cell suspension
with plasmid/siRNA a few times (see Note 15). Insert the neon pipette into the
Neon tube.

6. Press OStartO on the electropator and wait for a few seconds. Once
electroporation is complete, mix cells with pre-warmed culture medium and
transfer to cell culture plates (see Note 16).

7. After recovery in culture medium for overnight to a day, induce cells to
guiescence by serum starvation or contact inhibition (see Subheading 3.1,

step 2 or 3).
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8. Measure the influence of ectopic gene expression or siRNA on cellular
quiescence (see Subheading 3.2), with the introduced OdoseO of ectopic
plasmid or siRNA in individual cells indicated by the intensity of fused

fluorescent protein reporter or fluorescent label, respectively (Fig. 2).

4. Modeling Quiescence Control Using Deterministic simulation in COPASI

1. Download COmplex PAthway Simulator (COPASI) from http://copasi.org/ and
install it in your computer (see Note 17).

2. Import a curated model from BioModels Database
(https://www.ebi.ac.uk/biomodels) or create your own in the OModel® module
(see Note 18). Here we use a curated Rb-E2F bistable model as an example.
Download the model from http://www.ebi.ac.uk/biomodels-
main/BIOMD0000000318. In ODownload SBMLO, choose SBML L2 V4
(curated), save and import the model into COPASI.

3. Under the Tasks menu, select Time Course. Define the Duration of model
simulation (use 24 h in this example, Fig 3a).

4. Select OOutput AssistantO and choose OConcentrations, Volumes, and Global
Quantity ValuesO under Plots, then click OCreateO.

5. Click ORunO in the Time Course module and observe the plot of the simulation
result (Fig 3b).

6. Evaluate the effects of varying model parameters on simulated gene activities
using Parameter Scan: Under the Tasks menu, select Parameter Scan and

click OCreateO. Select the parameter(s) to be scanned (e.g., the Initial
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Concentrations of Rb in Species). Define the scanned range of parameter
value (e.g., min and max for [Rb]_0 = 0 and 1, respectively). Click ORunO and
observe the plotted simulation result (Fig. 3c). Export the simulation result by

selecting OSave DataO in the plot window.

. Modeling Quiescence Control Using Stochastic Si  mulation in MATLAB
Install MATLAB (MathWorks) in your computer.

Open a new script editor file (*.m).

Create a stochastic Rb-E2F model (Lee et al., 2010b; Srimani et al., 2014)
based on its ODE model (see Subheading 3.4) which represents the
continuous states of the Rb-E2F gene network (see Note 19).

. Determine the duration of simulation (model time, T), and the number of time
step (N). The time interval (! t) is determined by T/N (see Note 20).

Convert the units of model parameters and concentrations of species defined
in the ODE model to molecule numbers, using the system size (') and
Avogadro constant (Na = 6.02x10%* mol™) (see Note 21).

Save the script editor file. Solve the model numerically by EulerPMaruyama
(EM) method in MATLAB at the time interval defined in step 4 above (see
Note 22) with pre-defined intrinsic and/or extrinsic noises (see Note 23).
Repeat the simulation (step 6) for a desired number of times using loop
control statements, with each simulation representing a single independent

cell.
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Output the simulated time evolution of molecular numbers for each species to

a data file (e.g., csv/Excel/txt format).

4).

Notes

1.

2.

Plot the time evolution of molecular numbers for the species of interest (Fig.

Change culture media every 2-3 days. Do not let cell grow into confluency.
Split cells into new culture plates when cells approach high density.

Avoid over-trypsinization of cells to ensure a healthy cell population under
serum starvation. Wash cells first with DPBS, then add room-temperature
trypsin, incubate at room temperature for ~5 minutes. Monitor progress
under microscope. Once most cells are rounded up (not detached),
aspirate excess trypsin and leave only a thin layer of trypsin to cover cells.
Tap the plate gently against a solid surface to dislodge most cells. Quench
remaining trypsin with serum-containing culture medium, and pipet cells
into single-cell suspension.

Increasing the culture duration under serum starvation will drive cells into
deeper quiescence (see Introduction).

For REF52 cells, 300% confluence corresponds to 4x10° cells per well in a
12-well culture plate. The higher the plating density, the quicker the cells
enter contact inhibition-induced quiescence. Alternatively, cells can be
plated at sub-confluency in culture medium and allowed to grow into

confluence after several days. Increasing the culture duration after cells
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reach contact inhibition will drive cells into deeper quiescence (see
Introduction).

5. A quiescent cell population exhibits 2N DNA content, distinct from a
cycling cell population displaying 2-4N DNA content. Quiescence can also
be confirmed with the E2F-OFF state (Fig. 1a, 0.02% serum) and negative
EdU incorporation (Fig 1b, STA control).

6. Contact inhibited cells at high cell density are difficult to be trypsinized. For
harvesting, incubate cells with trypsin at 37 °C instead of room
temperature and for a longer duration than stated in Note 2.

7. It helps to first loose and disperse the cell pellet with a pipet tip before
resuspending to ensure that the cells are thoroughly mixed with the PI-
staining buffer.

8. For serum starved cells, stimulate cells with varying serum concentrations
ranging from 0.02% to 10%. For contact inhibited cells, stimulate cells
with serum ranging from 10% to 50%.

9. The typical time points for measuring E2F reporter are between 15 to 30
hours (before cell division) depending on the concentration of serum used
to stimulate quiescent cells. For EdU assay, cells can be harvested after
cell division if necessary since the EdU+ cells are well separated from
EdU- cells even after cell division.

10.E2F-GFP reporter activity can also be tracked in individual single cells
using time-lapse fluorescence microscopy, in which cells will not be

harvested but observed continuously at different time points.
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11.Deep quiescent cells are slower to exit quiescence compared to shallow
quiescent cells. Meanwhile, a higher percentage of cells will exit
guiescence when stimulated with serum at a higher concentration. At a
given time point following stimulation at a given serum concentration, a
smaller percentage of deep vs. shallow quiescent cells will exit
guiescence.

12. EdU is a thymidine analog that gets incorporated into cellular DNA during
S phase of the cell cycle, and can be selectively labeled and detected by
Click-IT chemistry.

13.The fluorescent protein reporter (e.g., GFP, mCherry) will serve as the
expression indicator of the quiescence-modifier gene in individual cells.
The gene of interest and fluorescent protein reporter can be fused directly
or through a self-cleaving 2A peptide cassette (Szymczak et al., 2004) to
generate a protein fusion, or via IRES sequence to generate a
transcriptional fusion. They can also be co-transfected using two separate
expression vectors. When necessary, the expression correlation at the
single-cell level between the modifier gene and fluorescent protein
reporter can be confirmed using immunoflow cytometry.

14.Use high-quality plasmid DNA (A260/280 % 1.8) in deionized water or TE
buffer. The volume of plasmid DNA should not exceed 10% of the total
transfection volume. For siRNA, its concentration should be 100-250 pM in

the transfection mix (and 10-200 nM in final cell culture medium).
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15. Avoid air bubbles when pipetting, as air bubbles can cause arcing during
electroporation which kills cells.

16. The culture medium should not contain antibiotics to maximize the viability
of electroporated cells.

17.COPASI is a computer simulation program for analysis of biochemical and
gene regulatory networks. A list of computer simulation programs can be
found at http://systems-biology.org/software/simulation/

18.Refer to the online COPASI manual
(http://copasi.org/Support/User_Manual/) or tutorials
(http://copasi.org/Support/Video_Tutorials/) for model creation and other
tasks and features in COPASI.

19.A stochastic differential equation (SDE) model was derived from the
deterministic ODE model based on the chemical Langevin equation (see

eq. 3 below). For example, given the ODE for Myc activity,

aM _ kS Id M
dt  K,+S
S (eq. 1), we have the SDE for Myc,
b Kt BK+S T3 (eq.2). The chemical

Langevin equation describes the time evolution of molecular counts of

reacting chemical species (Gillespie, 2000a):

M M
X(t+A=X )+ %a[XOB+& %@ [XOB s+ 2

1=l =1 (eq. 3).
Where X,(t! denotes the molecule number of species! (i = 1,! ,n) at time

t, and! () =11, (D 11, (D! with ! 1! being the system state at time t.
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Therefore, the time evolution of the system is measured based on the
rates !0 10ECE 1 IM) with the corresponding change of molecule
number ildescribed in! . In this equation, the first two terms represent
deterministic kinetics, the third and fourth terms represent intrinsic

(reaction-dependent) and extrinsic (reaction-independent) noise. ' and @
are temporally uncorrelated, statistically independent random variables
which follow normal Gaussian distribution with mean 0 and variance 1.
COPASI program introduced in Subheading 3.4 also provides algorithms
to perform stochastic simulation but it does not allow the change of noise

levels.

20.In this simulation example (Fig. 4), we set T=50 hr, N=50,000, so 't
=50/50,000 = 0.001.

21.The copy number of speciesy, =!;*Na*. Here x;lis the concentration of
species i in ODE model. For example, the initial concentration of protein
Rb in ODE model is 2.65 nM = 2.65*10° M, we set the cell volume as 10
12 |, thus the initial molecular number of Rb in SDE is [Rb] = 2.65*10°
%6.02*10%**10"? =1,595 molecules/cell.

22.MATLAB uses numerical integration to calculate current states of model
from the states at previous time point. Generally, decreasing the time
interval (i.e., increasing the number of time step) improves the accuracy of

simulation results, which meanwhile takes longer time to complete.
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23.c0 and § in eq. 1 are scaling factors to control the degrees of intrinsic and
extrinsic noise, respectively. In this example (Fig. 4), we set! = 0.1 and!

= 40, respectively.
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Figure Legends

Fig. 1 Quiescence heterogeneity measured using E2F reporter cells and
EdU assay

Fig. 2 Measure dose -dependent effects of a qui escence modifier delivered
by a single electroporation.

Fig. 3 Deterministic simulation of the Rb  -E2F model in COPASI.

Fig. 4 Stochastic simulation of the Rb  -E2F model.
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Figure 1
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Fig. 1 Quiescence heterogeneity measured using E2F reporter cells and

EdU assay .

(a) E23 cells were serum starved for 2 days and stimulated with serum at
indicated concentrations. E2F-d2GFP reporter activity was measured using flow
cytometry 24 hours after serum stimulation (reproduced from Ref. (Yao et al.,
2008Db)). (b) E23 cells were serum starved for 2 or 4 days (2D- and 4D-STA,
respectively), and stimulated with 20% serum. Cells were harvested at indicated
time points and subject to Click-IT EdU assay. EdU intensity was measured
using flow cytometry. Higher EdU intensity indicates closer to the completion of
S-phase of the cell cycle (e.g., compare 2D- and 4D-STA cells at the 19" hour
after serum stimulation). EdU intensity in the cell reduces by half after cell

division (see the 30" hr). Each histogram in a and b represents the distribution of
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Figure 2
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Fig. 2 Measure dose -dependent effects of a quiescence modifier delivered

by a single ele ctroporation.

E23 cells were transfected using Neon electroporator with expression vectors of
mCherry (a) or p21 and mCherry (5:1) (b). Cells were recovered overnight in
culture medium and induced to quiescence by serum starvation for 2 days. Cells
were subsequently stimulated with 3% serum and subject to Click-iT EdU assay
and flow cytometry after 32 hours. (b) The level of p21 expression vector
introduced in individual cells was indicated by the intensity of co-transfected
mCherry (and the correlation between p21 and mCherry protein levels was
verified by immunoflow cytometry, data not shown). With increasing p21
expression (from low/L to high/H), the percentage of cells that were able to
respond to 3% serum stimulation and exit quiescence was quickly reduced
(compared to that in the mCherry-only transfection control), indicating deeper

guiescent states of the affected cells.
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Figure 3
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Fig. 3 Deterministic simulation of the Rb  -E2F model in COPASI.

(a) Time-course simulation interface. Note that the Duration was set to 24 (h),
and all other settings were default. OOutput AssistantO is at the lower right corner.
(b) Time-course simulation of gene expression in the Rb-E2F network in
quiescent cells, responding to a serum pulse (20% for 5 hr, dropping to 1%
afterwards). (c) Simulated time course expression of Rb (pink curves) and E2F
(blue curves) with the initial concentration of Rb scanned from 0 to 1 uM with 10

intervals.
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Figure 4
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Fig. 4 Stochastic simulation of the Rb  -E2F model.

Stochastic simulation of the E2F molecular number change over time in
quiescent cells upon stimulation with serum (1%). Results from 100 simulations
are shown, with varying E2F activation time ranging mainly from 4 to 20 hr, due

to the presence of moderate extrinsic noise (! = 40) and intrinsic noise (( = 0.1).
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