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ABSTRACT

Numerous physiological and pathological phenomena are associated with the quiescent state of a
cell. Cellular quiescence is a heterogeneous resting state; cells in deep than shallow quiescence
require stronger growth stimulation to exit quiescence and reenter the cell cycle. Despite the
importance of quiescent cells such as stem and progenitor cells to tissue homeostasis and repair,
cellular mechanisms controlling the depth of cellular quiescence are poorly understood. Here we
began by analyzing transcriptome changes as rat embryonic fibroblasts moved progressively
deeper into quiescence under increasingly longer periods of serum starvation. We found that
lysosomal gene expression was significantly upregulated in deep than shallow quiescence, which
compensated for gradually reduced autophagy flux observed during quiescence deepening.
Consistently, we show that inhibiting lysosomal function drove cells deeper into quiescence and
eventually into a senescence-like irreversibly arrested state. By contrast, increasing lysosomal
function progressively pushed cells into shallower quiescence. That is, lysosomal function
modulates quiescence depth continuously like a dimmer switch. Mechanistically, we show that
lysosomal function prevents quiescence deepening by reducing oxidative stress in the cell. Lastly,
we show that a gene expression signature developed by comparing deep and shallow quiescent
cells can correctly classify senescent and aging cells in a wide array of cell lines in vitro and
tissues in vivo, suggesting that quiescence deepening, senescence, and aging may share common

regulatory mechanisms.

INTRODUCTION
A salient characteristic of multicellular organisms is the tight regulation of cell division. Cells in

the body proliferate upon proper growth signals and remain dormant in the absence of such
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signals. The dormant state, reversible to proliferation, is referred to as cellular quiescence, which
is fundamental to many physiological phenomena such as stem cell homeostasis and tissue
repair'“. Consequently, dysregulation of cellular quiescence can lead to a range of hyper- and
hypo-proliferative diseases including cancer and aging™~.

Quiescent cells can progress into deeper quiescence, from which they require stronger
growth stimulation and a longer time to reenter the cell cycle. Deep quiescence, after all, can still
revert to proliferation, making it phenotypically distinct from other irreversibly arrested cellular
states such as senescence (Fig. Sla). In vitro, deep quiescence arises when cells are cultured

10. 11 and serum starvation'?.

longer under quiescence inducing signals such as contact inhibition
In vivo, deep quiescence is associated with aging—e.g., hepatocytes in older than younger rats
take a longer time to reenter the cell cycle upon partial hepatectomy' 4. On the other hand, cells
can shift into shallower quiescence and become sensitized to growth stimulation, as seen in
neural stem cells and muscle satellite cells post injury!> 6. Despite the importance of quiescence
depth for tissue repair and regeneration, cellular mechanisms regulating quiescence depth are
poorly understood.

In this study, we set out to investigate what regulates quiescence depth in a rat embryonic
fibroblast (REF) cell model. We identified sequential transcriptome changes as cells moved
progressively deeper into quiescence under longer-term serum starvation. In particular, we found
that lysosomal gene expression and biogenesis continuously increased with quiescence
deepening; autophagy flux, however, decreased.

Lysosome, the hydrolytic enzyme-filled organelle in the cell, functions to break down

many types of biomolecules including proteins, nucleic acids, carbohydrates, and lipids through

processes such as autophagy and endocytosis. Lysosomal function has been shown to prevent
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irreversible cellular states such as senescence, terminal differentiation, and apoptosis® 17-2°. Here
we found that increased lysosomal gene expression and expanded lysosomal biogenesis in deep
quiescent cells were compensatory for decreased lysosomal function. We show that lysosomal
function, like a dimmer switch, continuously regulates quiescence depth and thus the
proliferative potential of quiescence cells, by reducing the accumulation of intracellular reactive
oxygen species (ROS). Furthermore, we found that a gene expression signature developed by
comparing deep and shallow quiescent REF cells was able to correctly classify senescent and

21,22 and tissues in vivo®> 24, suggesting the

aging cells in a wide array of cell lines in vitro
existence of shared regulatory mechanisms underlying these cell fates and a possible sequential

transition from shallow to deep quiescence and eventually to irreversible senescence that may

contribute to aging.

RESULTS

Transcriptome changes during quiescence deepening

Similar to our previous observation!?, REF cells moved into deeper quiescence progressively
with longer-term serum starvation. After a 2-day serum starvation, the entire cell population
entered quiescence as demonstrated by their negative DNA incorporation of 5-ethynyl-2’-
deoxyuridine (EdU) and a complete shut -off of E2flexpression (Fig. S1b). E2fl is a member of
the E2f family of transcription factors; it up-regulates a large battery of genes involved in DNA
replication and cell cycle progression, and acts as an effector of an Rb-E2f bistable switch that
controls the all-or-none transition from quiescence to proliferation®> 2, With increasingly longer
serum starvation, cells moved deeper into quiescence, as shown by their longer average “waiting

time” before resuming DNA replication upon serum stimulation. For example, it took 19, 22, and
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25 hours of serum stimulation for ~60% of the cells that were under 4-, 8-, and 14-day serum
starvation (labelled as STA in figures for simplicity), respectively, to become EdU" (Fig. 1a);
after 19 hours of serum stimulation, while ~80% of 2-day serum-starved cells became EdU™,
only ~10% of 14-day serum-starved cells did so (Fig. 1a). Importantly, deep quiescent cells were
not irreversibly arrested; upon serum stimulation, they were able to re-enter the cell cycle (EdU*
and E2f-ON, Fig. S1b).

To better understand molecular mechanisms regulating quiescence depth at the
transcriptional level, we performed RNA-seq analysis of 0- to 16-day serum-starved cells. As
expected, quick down-regulation (within 2-day serum starvation) was observed in the expression
of well-characterized proliferation genes such as E2fl, Cdk2, and Cdk4 (Fig. S2a), E2f] target
genes (Fig. S2b), and proliferation related gene clusters (#7 and 9, Fig. S2c). Conversely, the
expression of growth inhibitory genes, such as Rb1, Cdknla (p21¢*!), and Cdknlb (p27%Pr!), was
up-regulated upon serum starvation (Fig. S2a). The expression of Cdkn2a (pl6™K#A), a
senescence marker?’, remained low as cells moved deeper in quiescence (3- to 16-day serum
starvation, Fig. S2d), consistent with quiescence being a reversible state.

In terms of the global gene expression profile, it not only changed drastically when cells
transitioned from proliferation to quiescence (0- to 2-day serum starvation) but kept changing
sequentially as cells moved from shallow to deep quiescence (2- to 16-day serum starvation) (Fig.
1b). This sequential change was reflected in 9 gene clusters that exhibited different temporal
dynamic patterns (Fig. 2a, b). In particular, the expression of one gene cluster increased
progressively without plateauing as cells moved deeper into quiescence (cluster 1, Fig. 2b). In
this quiescence deepening-associated gene cluster, multiple biological functions were enriched;

among them, the enrichment of lysosomal genes was the most statistically significant (Fig. 2¢
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and S2c). Consistently, lysosomal genes had the strongest positive correlation with deep

quiescence in Gene Set Enrichment Analysis (GSEA, NES = 3.12; Fig. 2d).

Lysosomal gene expression and biogenesis increase as quiescence deepens

The majority of lysosomal genes, encoding for various lysosomal enzymes, activator proteins,
membrane proteins, and ion channel proteins, increased their expression as cells moved into
deeper quiescence (Fig. 2e and Fig. S3). In comparison, the expression of most genes associated
with endosome, another cellular organelle in the endosomal-lysosomal system, did not increase
significantly as quiescence deepened (Fig. 2f).

Lysosomal biogenesis also increased in deep quiescence. Lysosomal mass first showed a
brief pulsatile adaptive response (within the first 6 hours) upon serum starvation and then
continuously increased during the following 14 days, as seen from the stained LysoTracker
intensity (Fig. 2g). The initial pulsatile response of lysosomal mass was likely due to an adaptive
mTOR-autophagy response to serum starvation as previously reported?®. The continuously
increased lysosomal mass in deep quiescence was at least partially due to increased lysosomal
number; e.g., 11-day serum-starved cells exhibited significantly more lysosomal foci than 2-day

serum-starved cells (> 2.5-fold, p = 4.9*¢"'* in a one-tailed #-test; Fig. 2h).

Inhibiting lysosomal function deepens cellular quiescence

Were increased lysosomal gene expression and biogenesis responsible for driving cells into
deeper quiescence, or were they a consequence of such deepening? If increased lysosomal gene
expression and biogenesis drove cells into deeper quiescence, inhibiting lysosomal function

would prevent such deepening (/, Fig. S4a); if they were merely downstream effects caused by
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quiescence deepening, inhibiting lysosomal function may not affect quiescence depth (/I, Fig.
S4a); however, if they were downstream effects that were compensatory for and preventing
further quiescence deepening, inhibiting lysosomal function would lead to even deeper
quiescence (/11, Fig. S4a).

In order to test these competing hypotheses, we first performed pharmacological
inhibition of lysosomal function and measured corresponding quiescence-depth change (Fig. 3a).
We used two lysosomal inhibitors, bafilomycin Al (Baf) and chloroquine (CQ) that prevent
lysosomal acidification?®, and found that both drugs inhibited lysosomal function as expected,
evident by impaired proteolytic degradation within the lysosomal compartment (Fig. S4b). When
quiescent cells were treated with these two lysosomal inhibitors, higher serum concentrations
were required to activate E2fl and initiate DNA replication in a drug dose-dependent manner
(Fig. 3b, c; red arrow pointed: serum concentration for activating ~50% of cells). This lysosomal
inhibitor-caused quiescence deepening occurred regardless of the preceding quiescence depth
before drug treatment; as shown in Fig. S4c, a higher serum concentration was required to
activate drug-treated (blue curve) than non-treated (red curve) cells at all test conditions (serum-
starvation days). Furthermore, with CQ treatment at a high concentration (20 pM), the majority
of cells entered a senescence-like, irreversibly arrested state and did not re-enter the cell cycle
even with strong growth stimulation (20% serum, Fig. 3b, c). This finding that inhibiting
lysosomal function deepened quiescence suggests that increased lysosomal gene expression and
biogenesis played a compensatory role to prevent further deepening of quiescence.

We hypothesized that increased lysosomal gene expression and biogenesis in deep
quiescence might respond to and compensate for a decreased lysosomal function. Indeed, we

found that autophagy flux, an indicator for a primary lysosomal function, gradually declined as
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cells moved deeper into quiescence as seen in LC3-II turnover assay*’ (Fig. 3d). We reasoned
that a decreased lysosomal function in longer-term serum-starved cells, which was partially but
not completely compensated by increased lysosomal gene expression and biogenesis, was

responsible for quiescence deepening.

Enhancing lysosomal function pushes cells toward shallower quiescence

If a decreased lysosomal function is responsible for quiescence deepening, enhancing such
function would likely counteract this trend and push cells into shallower quiescence. Consistent
with this hypothesis, we observed that nutrient starvation, a known inducer of autophagy, pushed
REF cells into shallower quiescence (higher E2f-ON% upon serum stimulation in cells treated
with PBS over control, Fig. S5a), which is similar to a previous observation in quiescent NSCs3!.
However, nutrient starvation induces a range of cellular responses (e.g., AMPK activation and
mTOR inhibition) in addition to autophagy. To increase lysosomal function directly, we
considered to enhance lysosomal gene expression and biogenesis in REF cells. Lysosomal gene
expression and biogenesis can be up-regulated by an MiT/TFE family of transcription factors
Tfeb, Mitf, and Tfe3, which bind to a CLEAR-box sequence upstream of many lysosomal genes
and are known as the master regulator of lysosomal biogenesis3>3. Remarkably, the expression
of Mitf and Tfe3 but not Tfeb increased significantly in deep quiescence (Fig. 4a; p = 0.028,
0.032, and 0.827 for Mitf, Tfe3, and Tfeb, respectively, in a one-tailed #-test comparing 16-day
and 2-day serum-starved cells); meanwhile, Mitf but not Tfeb and Tfe3 showed a high degree of
co-expression with lysosomal genes in quiescence (Fig. S5b). Together, these results suggested a
unique role for Mitf in regulating lysosomal function in the quiescent REF cell model. Indeed,

we found that ectopic Mitf expression in quiescent REF cells enhanced lysosomal biogenesis
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(higher LysoTracker intensity, Fig. 4b, ¢) and autophagy flux (higher LC3-II A, Fig. 4d, e), and
meanwhile pushed cells into shallower quiescence (higher EQU+% upon serum stimulation, Fig.
4f). Notably, there was a monotonic correlation between the level of introduced Mitf expression
vector (indicated by mCherry intensity, x-axis, Fig. 4g) and the EdU+ level upon serum
stimulation (normalized to mCherry control, z-axis, Fig. 4g), suggesting that cells can be

continuously driven to shallower quiescence by enhancing lysosomal function.

Lysosomal function prevents quiescence deepening via ROS reduction
Lysosomes are known to play roles in antioxidation and energy generation in quiescent stem
cells® 71820 Thus, here we tested whether lysosomal function potentially prevents quiescence
deepening by either of the two mechanisms. If it does, we reasoned, increasing antioxidation
and/or energy generation in the cell would reduce quiescence depth. To this end, we first
supplemented serum-starved quiescent cells with cell-permeable methyl pyruvate (MPy) that
enhances energy generation, or with antioxidant 2-mercaptoethanol (BME), to test whether cells
may move to shallower quiescence in response. We found that supplementing MPy to 2-day
serum-starved cells for additional 2-4 days did not reduce quiescence depth with statistical
significance (Fig. 5a and Fig. S6a) and even increased quiescence depth at high MPy
concentrations (3.6 and 10 mM, Fig. S6b), indicating that energy generation may not be
responsible for how lysosomal function prevents quiescence deepening in the tested time
window.

In comparison, antioxidation appears to play an important role in the lysosomal
regulation of quiescence depth. First, supplementing antioxidant BME drove quiescent cells into

a shallower state, from which cells became more sensitive to growth signals (higher EdU+%
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upon serum stimulation, Fig. 5a); conversely, supplementing an oxidative reagent tert-butyl
hydroperoxide (tBHP) drove cells into deeper quiescence (lower E2f-ON% upon stimulation,
e.g., at 2% serum, with increasing tBHP concentration, Fig. 5b). These results indicate that the
degree of oxidative stress is positively correlated with quiescence depth. Next, we found that
inhibiting lysosomal function by Baf and CQ, which deepened quiescence, increased
mitochondrial ROS level (higher MitoSox intensity, Fig. 5c, d). Conversely, enhancing
lysosomal function by ectopic Mitf expression, which reduced quiescence depth, suppressed
mitochondrial ROS (lower MitoSox intensity, Fig. 5e) in a dose-dependent manner (Fig. 5f).
Together, our findings suggest that a) lysosomal function reduces intracellular ROS, the mediator
of oxidative stress; b) ROS reduction helps prevent quiescence deepening; and c) the change of

lysosomal function continuously modulates quiescence depth, acting like a dimmer switch (Fig.

5g).

Quiescence deepening parallels cellular senescence and aging
Lastly, we examined whether and how deep quiescence in REF cells is related to the quiescent
states of other cell types (case A) and other non-growth cellular states such as senescence (case
B). To this end, we first developed a gene expression signature indicating the quiescence depth
in REF cells by performing a linear regression analysis of the time-course RNA-seq data (2-day
to 16-day serum starvation, shallow to deep quiescence). We next applied this gene signature to
other publicly available RNA-seq datasets related to cases A and B above.

As an example of case A, dormant neural stem cells (NSCs) in vivo transition into a
shallower quiescent state called primed NSCs upon neural injury'®. When we applied the

quiescence-depth gene signature of REF cells to the RNA-seq data corresponding to NSCs
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before and after neural injury, we obtained quiescence depth scores (QDS) from the linear
regression model to indicate the relative quiescence depth of NSCs. We found that the QDS of
primed NSCs after injury was significantly smaller (i.e., shallower quiescence) than that of
dormant NSCs before injury (Fig. 6a). This result suggests that the quiescence-depth signature of
REF cells in vitro can predict the relative quiescence depth of NSCs in vivo, and that this gene
signature may reflect shared quiescence regulatory mechanisms across different cell types in
different microenvironments.

To test case B, we analyzed RNA-seq datasets associated with cellular senescence and
aging by applying the QDS model with the quiescence-depth gene signature of REF cells.
Similar to deep quiescence, senescence and aging are at least partially driven by ROS and can be
counteracted by the lysosome-autophagy pathway® 3 181936 With this mechanistic similarity in
mind, it was still striking to us that QDS correctly predicted cellular senescence and aging in a

21,22 and tissues in vivo®?* (Fig. 6b-d). For example, QDS was

wide array of cell lines in vitro
significantly larger in the senescent cell populations than in proliferating controls in all six cell
lines (BJ, IMR-90, WI-38, HFF, MRC-5, and MDAHO041) studied under replicative senescence
and with all three inducers (Adriamycin, 5-aza, and H202) studied under stress-induced
senescence (Fig. 6b). Consistently, a set of “universal senescence genes” identified from meta-
analysis®’ exhibited similar expression changes (i.e., up- or down-regulation) under both deep
quiescence and senescence (Fig. 6¢). Furthermore, significantly increased QDS was associated
with the aging of hematopoietic stem cells (Fig. 6¢) and of all eleven studied rat organs (Fig. 6d).

The common increase in QDS observed in both cellular senescence in vitro and aging in vivo

suggests that quiescence deepening likely shares a molecular mechanistic basis with senescence
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and aging. Given their different degrees of reduced proliferative capacity, deep quiescence may

act as a transitional state on the trajectory towards cellular senescence and aging.

Discussion

Previous studies have shown that the lysosome-autophagy pathway preserves the proliferative
capacity of adult stem cells by preventing irreversibly arrested states such as senescence,
apoptosis, and terminal differentiation® !7-13:20, The present study shows that instead of a simple
ON (reversible)—OFF (irreversible) switch, lysosomal function acts as a dimmer switch to
continuously modulate quiescence depth (Fig. 5g), playing a previously underappreciated role in
adjusting the proliferative capacity of quiescent cells.

Despite increased lysosomal gene expression and biogenesis (Fig. 2e, h), deep than
shallow quiescent REF cells exhibited reduced autophagy flux (Fig. 3d). The molecular
mechanism responsible for this reduced autophagy in deep quiescent cells remains unclear, but is
likely related to similar autophagy decline observed in many types of aged cells® 340 and

senescent cells!® 4!

. It also remains unclear why lysosomal gene expression and biogenesis in
deep quiescent cells are increased to a level that partially but not completely compensate for the
reduced autophagy flux. Further increasing lysosomal gene expression and biogenesis to fully
compensate the reduced autophagy may become unattainable or too costly for the cell.
Alternatively, the “net” lysosomal function after partial compensation may serve as certain
adaptive mechanism—e.g., a counter for the serum-starvation duration (i.e., environmental
growth restriction), which determines accordingly how cautious the cell will be before

committing to exiting quiescence.

Our results suggest that lysosomal function prevents quiescence deepening via ROS
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reduction (Fig. 5). Previous studies have shown that the lysosome-autophagy pathway reduces
ROS in several types of quiescent cells® 7> 13- 20 through mitophagy, i.e., selective autophagic
degradation of damaged mitochondria®. It remains to be tested whether lysosome function
prevents quiescence deepening in REF cells via mitophagy, but the reduced mitochondrial ROS
level resulted from enhanced lysosomal function (Fig. Se, f) is consistent with this model.

It was shown previously that the mammalian target of rapamycin (mTOR) can transform
muscle stem cells to a shallower quiescent state called Gaiert, in which cells are sensitized to
growth stimulation'. Consistently, continuous mTOR activation led to depletion of certain types
of quiescent stem cells in vivo by forcing cell cycle reentry*> 43, It is well established that mTOR

drives cell growth and inhibits the lysosome-autophagy pathway3> 4

. Accordingly, the effect of
mTOR on quiescence depth is likely two-sided: by promoting cell growth, mTOR facilitates
quiescence exit and thus reduces quiescence depth; by inhibiting lysosomal function, mTOR
drives cells deeper into quiescence. In the Galert case, where mTOR is activated both before and
during stimulation, the net result appears to be shallower quiescence. If we inhibit mTOR
activity in quiescent cells before but not during serum stimulation, we would expect an increased
lysosomal function (before stimulation) but otherwise largely unaffected cell growth (during
stimulation), and thus a net result of shallower quiescence. Indeed, we observed that mTOR
inhibition in serum-starved quiescent cells by an inhibitor Torin 1 before (but not during) serum
stimulation led to progressively shallower quiescence in Torin 1 treatment duration-dependent
manner (Fig. S6c).

The lysosome-autophagy pathway plays an important role in cancer physiology and

dormancy’> 3% 33 447 Activities of MiT/TFE family members including Tfeb and Mitf are

upregulated by overexpression or nuclear localization in multiple cancer types including lung,
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33,4849 " which is linked to poor prognosis and survival*®4°. The

pancreatic, and ovarian cancers
lysosome-autophagy pathway may maintain dormant cancer cells at certain quiescence depth that
facilitates survival and metastasis’. Consistently, autophagy inhibition decreases the viability of
dormant breast cancer cells and their metastatic recurrence, suggesting a promising treatment
strategy*®. Future studies are needed to determine the optimal target and degree of lysosomal-
autophagy inhibition in treatment to minimize disrupting the quiescence depth of normal cells.
Our study highlights that deep quiescent cells may experience similar gene expression
changes as senescent and aged cells (Fig. 6b-¢). A shared underlying mechanism may be DNA
damage caused by ROS accumulation that is common in these cells. DNA damage is associated

30-32 and aging in vivo® 3* that are caused by various agents (e.g.,

with cellular senescence in vitro
ROS and replication stress)*>>’. DNA damage can induce polyadenylation of replication-
dependent histone mRNAs>®, which are otherwise usually non-polyadenylated®. Likely not
coincidentally, in both deep quiescent cells and senescent cells, an increase in polyadenylated
mRNAs was associated with replication-dependent histones but not replication-independent
histones (Fig. S7). In addition to the decrease of lysosomal function and accumulation of ROS
and DNA damage, many other cellular activities are up- or down-regulated as cells move deeper
in quiescence (Fig. S2c). Some of these cellular activities may also be involved in the regulation
of quiescence depth, with their detailed mechanisms awaiting further studies. In this regard, it
has been shown recently in both NSCs and bacteria that the accumulation of protein aggregates
is associated with quiescence deepening, and that the clearance of protein aggregates (by

lysosome in NSCs and by DnaK-ClpB complex in bacteria) enhances the ability of cells to re-

enter the cell cycle3! ¢,
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Lastly, it remains elusive how the lysosomal dimmer switch interacts with other cellular
control mechanisms of cell growth and arrest. On one end, shallow than deep quiescent cells are
more prone to reenter the cell cycle upon grow stimulation, while cell cycle reentry is known to
be controlled by the Rb-E2f bistable switch. It has been shown that components of the Rb-E2{-
Cyclin/Cdk gene network play important roles in regulating cellular quiescence!> °. We
speculate that during quiescence exit, cells first move progressively into shallow quiescence and
at a time point (the restriction point®> %) “flip” into the cell cycle by committing to proliferation;
the whole process acts like adjusting a dimmer switch before activating a toggle switch. In this
regard, it will be important to figure out whether and how the lysosomal switch crosstalks with
the Rb-E2f switch in controlling quiescence depth and exit in future studies. On the other end,
deep than shallow quiescent cells are more difficult to reenter the cell cycle upon grow
stimulation, while the relationship between reversible deep quiescence and irreversible
senescence remains mysterious. Our finding that a gene signature for deep quiescence also
predicts senescence (Fig. 6b) suggests that shared molecular mechanisms may underlie both cell
fates. Relatedly, it is noticeable that the Rb-E2f-p53 gene network, an overlapping mechanism
with the one underlying cell cycle entry, controls the entry into senescence®-%®, Whether and
how the lysosomal switch crosstalks with the Rb-E2f-p53 network in regulating the transition
from deep quiescence to senescence and whether such a transition is gradual following a
continuum or abrupt as controlled by an ultrasensitive or bistable switch-like mechanism®- 7

remain significant unanswered questions (Fig. S1a).
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METHODS

Cell culture and quiescence induction by serum starvation

Rat embryonic fibroblasts used in this study are from a single-cell clone derived from REF52
cells’! and contain a stably integrated human E2F1 promoter-driven destabilized EGFP (E2f-
GFP) reporter as previously described (REF/E23 cells?% 72), except for in Fig. 5¢ and f, where
REF52 cells without the integrated E2f-GFP reporter were used to avoid its interference with
transfected GFP-containing expression vectors. Cells were passaged every 2-3 days and
maintained at subconfluency in growth medium: Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with 10% bovine growth serum (BGS; GE Healthcare, SH30541). To
induce quiescence, cells were plated at ~50% confluence on 6-well plates or 100-mm dishes in
growth medium for a day, washed twice with DMEM, and cultured in serum-starvation medium
(DMEM containing 0.02% BGS) for the indicated duration (> 2 days).

Quiescence-depth assay with E2f-GFP, EdU, or PI readout

To assess quiescence depth, cells were switched from serum-starvation medium to serum-
simulation medium (DMEM containing BGS at a gradient of concentrations as indicated) and
harvested at the indicated time points by trypsinization. The cell fraction that re-entered the cell
cycle was quantified by assessing the profiles of the E2f-GFP reporter, EAU incorporation, or
propidium iodide (PI) DNA staining. For the E2f-GFP readout, harvested cells were fixed with
1% formaldehyde in DPBS. For the EdU assay, 1 uM EdU was included in serum-stimulation
medium throughout the experiment; harvested cells were subjected to the Click-iT EdU reaction
according to the manufacture’s protocol (Invitrogen, C10418/C10340). For the PI assay,
harvested cells were lysed in Nuclear Isolation Medium (0.5% bovine serum albumin, 0.1% NP-
40, and 1% RNase A in DPBS) containing 5 pg/ml PI. E2f-GFP, EdU, and PI signal intensities

in individual cells (~10,000 cells per sample) were measured using a BD LSRII or Invitrogen
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Attune Acoustic Focusing flow cytometer; the acquired data were analyzed using FlowJo
software (v. 10.3).

Lysosomal activity and mitochondrial ROS assays

To assess lysosomal mass, cells in serum-starvation medium were incubated with 50 nM
LysoTracker Deep Red (Invitrogen, L12492) for 30 minutes. Subsequently, cells were either
trypsinized and processed for flow cytometry, or washed with DMEM, placed back in serum-
starvation medium, and observed under a Deltavision Elite Microscope (GE Healthcare). To
count LysoTracker foci, images from a Cy5 filter were stacked across the Z-axis and binary
processed to define foci. Cellular boundaries were manually determined based on images
obtained from both POL and Cys5 filters. The foci number within each cell was determined using
the particle analysis function in Fiji’3. To assess lysosomal proteolytic degradation, cells were
incubated with 10 pg/ml DQ-Red BSA (Invitrogen, D12051) for an hour and subsequently
incubated with or without lysosomal inhibitor for 5.5 hours. Cells were then stained with 2 uM
CellTrace Violet (Invitrogen, C34557) for 20 minutes to stain the cell body, washed twice with
DMEM, and placed back in serum-starvation medium for Deltavision imaging. To assess
mitochondrial ROS level, serum-starved cells were stained with 3.25 puM MitoSox Red
(Invitrogen, M36008) for 20 minutes and subsequently trypsinized and processed for flow
cytometry.

Lysosomal function modulation

To inhibit lysosomal function, cells were treated with CQ (chloroquine; Sigma, C6628) or Baf
(bafilomycin Al; LC Laboratories, B-1080) added to serum-starvation medium at the indicated
concentrations. To enhance lysosomal function, cells were transfected with a human MITF

expression vector pEGFP-N1-MITF-A (Addgene, #38132) or control vector (pd2EGFP-N1 from
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Clontech, or pCMV-mCherry, a gift from Lingchong You) using Neon electroporation
(Invitrogen). Briefly, approximately 10° cells with 10 pug plasmid DNA were electroporated in a
100-ul Neon tip with a 20-ms pulse at 1900 V. Cells were plated in 6-well plates or 100-mm
dishes at ~50% confluence and incubated in growth medium for 30 hours to allow recovery.
Cells were further cultured in serum-starvation medium for 4 days before assessing the
modulation of lysosomal function and quiescence depth by Mitf expression.

Autophagy flux assay

Autophagy flux was measured by a LC3-II turnover assay, similar to Ref*. Briefly, cells were
incubated with or without 40 uM CQ for 3-6 hours, washed once with DPBS, snap frozen in
liquid nitrogen, and stored in -80 °C until cell lysis. Frozen cells were lysed on ice by RIPA lysis
buffer and processed for immunoblot with anti-LC3B antibody (Sigma, L7543), anti-Tubulin
alpha antibody (Thermo Scientific, RB-9281-P0), and secondary antibody (LI-COR, 926-68023).
Immunoblots were imaged using a LI-COR Odyssey Scanner and analyzed with Fiji software.
The LC3-II A between CQ-treated and non-treated samples was quantified to reflect autophagy
flux30,

c¢DNA library preparation, RNA-seq and data preprocessing

Total RNA was isolated with a Quick-RNA kit (Zymo Research, R1050). The quality of the
RNA (RQN score > 7.5) was confirmed using the Fragment Analyzer platform (Advanced
Analytical Technologies). Libraries were prepared using the NEBNext Poly(A) mRNA Magnetic
Isolation Module (NEB, E7490S) and NEBNext Ultra RNA Library Prep Kit for Illumina (NEB,
E7530L) according to the manufacturer's instructions. The final quality-ensured libraries were
pooled and sequenced on an Illumina HiSeq 2500 for 100 bp paired-end sequencing. Paired-end

cleaned reads were aligned to the rat reference genome rn6 (UCSC) using TopHat (v2.1.1) with
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default parameters’®. Transcript annotation and normalization to FPKM were handled using
Cufflinks (v2.2.1)7*. Differentially expressed genes between two time points were identified
based on fold difference > 2 in FPKM, after filtering out low (FPKM < 8) or inconsistent
expression (fold difference > 2 between replicates).

Gene expression and pathway enrichment analysis of RNA-seq data

To visualize the sequential transition of transcriptome, the expression matrix of differentially
expressed genes was logz transformed and subjected to Principal Component Analysis using the
R function “prcomp”, with the result visualized using the R package rgl’>. For gene expression
clustering analysis, FPKM was log> transformed and mean-centered on each gene. K-means
clustering was performed by Cluster 3.0’ and the optimal cluster number was decided by
silhouette width. Hierarchical clustering was performed by Cluster 3.0 using the average linkage
method. Clustering results were visualized as heat maps using Java Treeview’’.

Pathways enriched in K-means clusters were analyzed with the DAVID functional
annotation tool’®. Significantly enriched KEGG pathways (p.adj < 0.05) were determined in the
KEGG over-representation test using the R package clusterProfiler’. Gene Set Enrichment
Analysis (GSEA)®® was performed to identify gene sets significantly correlated with quiescence
depth, run in the “continuous phenotype” mode wusing the gene set
“c2.all.v6.0.symbols.gmt.geneset” from MSigDB® with the sample label corresponding to
serum-starvation days (e.g., 2 for 2-day serum starvation). Genes were ranked by Pearson
correlation. Identified significant gene sets (FDR < 0.1) were visualized by NetworkX?! and
Gephi®? in a network to resolve gene sets redundancy; two gene sets with a Jaccard index > 0.5
were connected by an edge, and node size was set to reflect the normalized enrichment score

(NES).
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TF-target and lysosomal co-expression network construction

To construct a TF-target network, TF-target interactions were downloaded from RegNetwork®3
and PAZAR3®* (mouse interactions were used as rat data were unavailable), based on which
differentially expressed genes were connected into a directional graph using the Python package
NeworkX®!' and visualized using Gephi®? with the Force Atlas mode. The size and color of a
node were determined by its betweenness centrality and expression level, respectively.

To construct a lysosomal co-expression network, differentially expressed genes in the form of a
log>-transformed expression matrix were clustered into co-expression modules using the
blockwiseModules function in the R package WGCNA®, with the soft-thresholding power and
mergeCutHeight set to 20 and 0.25 respectively. The co-expression module containing the
largest number of lysosomal genes up-regulated with quiescence deepening was chosen as the
lysosomal co-expression network. Genes in the network were connected based on their co-
expression degree (i.e., pairwise correlation) with an adjacency threshold of 0.25. Lysosomal
genes and TFs were identified using KEGG®® and the DBD transcription factor database®’,
respectively. The network was visualized using Cytoscape®®.

Quiescence-depth signature model

To identify a gene expression signature reflecting quiescence depth, linear regression with an
elastic net penalty was performed on the time-course RNA-seq data (2- to 16-day serum
starvation) using the R package penalized®, with the sample label set to indicate serum-
starvation days (e.g., 2 for 2-day serum starvation). The optimal tuning parameters for L1 and L2
penalties were determined by maximizing the cross-validated log likelihood across the L1 and

L2 combinations (0.01 < L1 <200, 1 <L2 <100,000). A gene signature reflecting quiescence
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depth was identified in the resultant regression model. When applied to analyze a given RNA-
seq dataset, this regression model generates a corresponding “quiescence depth score” (QDS).
The regression model was applied to previously published transcriptomes related to

22, and aging®: ?*. The downloaded RNA-seq datasets, if not

quiescence'$, senescence?!
previously normalized, were normalized to FPKM, RPKM, or CPM with the R packages limma®°
and edgeR’'. Gene symbols from human, rat, and mouse were cross-referenced using NCBI
HomoloGene, and expression matrices from different species were merged accordingly.
Normalized expression values in the merged matrix were log2 transformed and mean centered for

each tissue or cell type, and analyzed in the regression model above. The resultant QDS reflects

the relative “quiescence depth” of the studied tissue or cell type.

FIGURE LEGENDS

Figure 1. Sequential quiescence deepening and transcriptome change in serum-starved
REF cells over time. (a) EQU"% of 2- to 14-day serum-starved cells upon serum stimulation.
Cells in duplicated wells (n = 2) were harvested 19, 22, and 25 hours after stimulation with
serum (20%) and subjected to EAU assay. (b) Principal component analysis of proliferating and
2- to 16-day serum-starved cells was performed based on 2,736 differentially expressed genes in
RNA-seq time course. Days of serum starvation are indicated next to the sample (triplicates per
condition). Dashed arrow is plotted for clarity.

Figure 2. Lysosomal gene expression and biogenesis increase along quiescence deepening.
(a) K-means clustering of 2,736 differentially expressed genes in RNA-Seq analysis (0- to 16-
day serum-starved cells). Sample columns (0, 2, 3, 4, 6, 8, 10, 12, 14, and 16-day serum

starvation) are ordered chronologically with three replicates at each time point. Up- and down-
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regulation of genes are shown in red and blue, respectively; color gradient bar indicates the
degree of change in gene expression (normalized and log transformed, see Methods for details).
(b) Gene expression dynamics within each K-means cluster in a. Expression of each gene in a
given cluster is shown in a time-course curve. (¢) Pathways enriched (p < 0.05) in cluster 1.
GeneRatio (x-axis) and dot size indicate the fraction and number of genes involved in the
indicated pathway in cluster 1, respectively. Color gradient bar indicates statistical significance
of pathway enrichment in KEGG over-representation test based on p-values adjusted by
Benjamini correction. (d) Gene sets significantly correlated to quiescence depth (FDR < 0.1) in
GSEA analysis. Gene sets are connected by edges based on their similarity (Jaccard index > 0.5)
when applicable. Gene sets positively and negatively correlated to quiescence deepening are
shown in red and blue nodes, respectively. Node size represents the absolute Normalized
Enrichment Score (NES) in the GSEA result. Biological functions that are the most negatively
and positively (top 5 in statistical significance) correlated with quiescence deepening are
demarcated by blue and red circles, respectively; the maximum NES value of all enclosed nodes
in a circle is shown in parenthesis. (e) Heat map of time-course expression of lysosomal genes in
RNA-Seq analysis (0- to 16-day serum-starved cells). Sample columns are ordered
chronologically (as in a) and rows are ordered by hierarchical clustering. Color gradient bar
indicates the degree of change in gene expression as in a. (f) Time-course expression of
endosomal and lysosomal differentially expressed genes in RNA-Seq analysis (0- to 16-day
serum-starved cells). (g) LysoTracker intensity distribution in REF cells serum starved from 0 to
17 days (0 h, 2 h, 6 h,2d, 5d, 8d, 11 d, 14 d, and 17 d). Cellular LysoTracker intensity
measured by flow cytometry was log> transformed and plotted with the indicated percentiles

(agglomeration of three replicates, each with over 10,000 cells at a time point). (h) LysoTracker
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foci number per cell in 2- and 11-day serum-starved cells (n = 50 each). Box plot: Q1, Q3 refer
to the 1% and 3" quantiles, respectively; IQR, interquartile range = Q3 - Q1; the same below
unless otherwise noted. (Inset) Representative lysoTracker foci microscopy. Each red dot
represents a LysoTracker-stained lysosome in the cell. Scale bar = 50 pm.

Figure 3. Lysosomal inhibition pushes cells into deeper quiescence as autophagy declines in
longer-term serum-starved cells. (a) Experimental scheme of quiescence-depth assay with
lysosomal inhibitor treatment. Q, quiescent state. (b, ¢) Readouts of E2{-GFP (b) and PI staining
(¢) in quiescence-depth assay performed on 2-day serum-starved cells (~10,000 cells per sample,
with the highest frequency set to 100% at the y-axis of each histogram). Cells at E2f-ON and -
OFF states (b) and GO/G1 (2N), S (2-4N), and G2/M phase (4N) (c¢) are as indicated. Red arrows
indicate serum concentrations that activated E2f1 or initiated DNA replication in approximately
half of the cell population. Note that each blue arrow-pointed peak in ¢ contained a subset of
recently divided cells following strong serum stimulation. (d) LC3-II turnover assay in 2, 6, §,
16-day serum-starved cells. Quantified LC3-II A (difference between LC3-II signal intensity
normalized against a-Tubulin control in CQ-treated and non-treated cells) in duplicate samples
is shown with a linear fit (red line). (Inset) A representative immunoblot image.

Figure 4. Enhancing lysosomal function pushes cells toward shallower quiescence. (a) Time-
course expression of MiT/TFE family members in RNA-Seq analysis (0- to 16-day serum-
starved cells). Dash line, s.e.m of fitted line. (b, ¢) Lysosomal mass indicated by LysoTracker
intensity. Cells were co-transfected with Mitf and mCherry expression vectors (mCherry/Mitf,
triplicates) or mCherry control alone (mCherry, duplicates) and induced to quiescence by 4-day
serum starvation. (b) Distribution of LysoTracker intensity in ~10,000 cells per sample, with the

highest frequency set at 100% (y-axis). (¢) Binned LysoTracker intensity (log transformed with
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the median of mCherry control set at 0; bottom and top edges of each box indicate the 1 and 3™
quartiles, respectively). Cells were grouped according to their mCherry intensity (log
transformed) into 40 even-width bins (bins with cell number < 10 were filtered out). The
mCherry intensity indicates co-transfected Mitf vector level'? in mCherry/Mitf cells. (d, e) LC3-
IT turnover assay. Cells were transfected with Mitf expression vector or dGFP control and
induced to quiescence by 4-day serum starvation. (d) Representative immunoblot image. (e)
Quantified LC3-II A (between CQ-treated and non-treated cells as in Fig. 3d, duplicates). Error
bar, s.e.m. (f, g) Quiescence-depth assay in mCherry or mCherry/Mitf transfected cells.
Transfected cells were induced to quiescence by 4-day serum starvation and stimulated with
0.5% serum. (f) EQU"% measured 24 hours after the initiation of serum stimulation (in 7 and 9
mCherry and mCherry/Mitf transfection, respectively, ~10,000 cells each). (g) Transfected cells
in f were binned according to mCherry intensity as in ¢. EQU"% of mCherry/Mitf cells was
normalized to that of mCherry control cells in each bin. The resultant “EdU+ level” (y-axis)
indicates relative fold increase of quiescence exit (EdU") associated with ectopic Mitf level
(indicated by mCherry intensity, x-axis) over corresponding mCherry control. Each dot in a
given bin corresponds to a transfected cell population in f.

Figure 5. Lysosomal function reduces oxidative stress and prevents quiescence deepening.
(a) 2-day serum-starved cells were further cultured in starvation medium containing fME and/or
MPy for 4 days and stimulated with 2% or 4% serum for 24 hours, followed by EdU assay. Star
sign (*) and ns, statistical significance (p < 0.05) and insignificance, respectively, in a one-tailed
(arrow pointed) z-test comparing the average EAU"% of BME- and/or MPy-treated versus non-
treated cells (triplicates with ~10,000 cells each at either condition). Error bar, s.e.m. (b) 2-day

serum-starved cells were treated with tBHP at indicated concentrations for 1 hour and stimulated
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with various concentrations of serum as indicated for 24 hours, followed by E2f-GFP assay. (c,
d) Intracellular ROS level in quiescent REF cells treated with lysosomal inhibitors. 2-day serum-
starved cells were treated with Baf or CQ at indicated concentrations for 6 hours and subjected to
MitoSox measurement (duplicates with ~10,000 cells each). MitoSox signal distribution with the
highest frequency set at 100% (y-axis, ¢) and its median (log transformed, d) are shown. Error
bar, s.e.m. (e, f) Intracellular ROS level in quiescent REF cells transfected with Mitf expression
vector. Cells were transfected with Mitf-GFP or dGFP control vectors and induced to quiescence
by 4-day serum starvation, followed by MitoSox measurement (triplicates with ~10,000 cells
each). (e) MitoSox signal distribution with the highest frequency set at 100% (y-axis). (f) Binned
MitoSox intensity (log transformed and normalized with the median of dGFP control set at 0).
Cells were grouped according to their log transformed GFP intensity (positively correlated with
Mitf level) into 26 even-width bins. (g) Model of quiescence-depth regulation by lysosome
function.

Figure 6. Quiescence deepening parallels cellular senescence in vitro and aging in vivo. (a)
QDS of dormant, primed, and activated NSCs predicated based on the quiescence-depth gene
expression signature developed in REF cells. See Methods for details. * and ** indicate p-value
< 0.05 and 0.01 in a one-tailed t-test, respectively. (b) Predicted QDS of indicated cell lines at
proliferative state versus replicative senescence or stress-induced senescence (caused by DNA
damaging agent Adriamycin, DNA demethylation agent 5-aza-2-deoxycytidine (5-aza), or
oxidant H,O,). (¢) Predicted QDS of hematopoietic stem cells (HSCs) collected from young (2-3
months) or aged (20-25 months) mice. (d) Predicted QDS of indicated organ types harvested
from rats (female, top; male, bottom) at indicated age stages. (e) Expression dynamics of

universal senescence genes in RNA-Seq analysis (2- to 16-day serum-starved cells), shown in a
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hierarchical clustering heatmap (left) or an overlaid line plot (right). Universal senescence genes

up- or down-regulated in senescent cells are grouped in top and bottom panels, respectively.

SUPPLEMENTARY FIGURE LEGENDS

Supplementary Figure 1. Model of quiescence deepening and deep quiescence as a
reversibly arrested cellular state. (a) Model of quiescence deepening. The potential sequential
transition of cells from shallow to deep quiescence, and eventually into senescence, is discussed
later in the paper. (b) REF cells were serum starved from 2 to 16 days and then either kept in
starvation medium (0.02% serum) or stimulated with 20% serum. Cells were subsequently
harvested after 41 hours for E2f-GFP or EdU incorporation profiling (~10,000 cells per sample,
with the highest frequency set to 100% at the y-axis of each histogram).

Supplementary Figure 2. Pro- and anti-proliferative genes were down- and up-regulated
respectively in serum-starved cells. (a) Time-course expression of E2fl, Cdk2, Cdk4, Rbl,
Cdknla, and Cdknlb in RNA-Seq analysis (0- to 16-day serum-starved cells). Dashed line, s.e.m
of fitted line. (b) Putative transcription factor (TF)-target network of proliferating (day0) and 2-
day serum-starved (day2) REF cells. Node color intensity indicates relative gene expression
(white to dark red, lowest to highest expression level). Node size indicates the betweenness
centrality of the given node in the network. Color of an edge (TF = target) is the same as the
color of the target node. (¢) Pathways significantly enriched in K-means clusters from DAVID
functional annotation analysis’®. Gene expression dynamics in each cluster (same as Fig. 2b) is
shown at the top. Y-axis, adjusted p-value calculated by Benjamini correction. (d) Time-course
expression of Cdkn2a (p16™K44) in RNA-Seq analysis (0- to 16-day serum-starved cells). Dash

lines, same as in a.
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Supplementary Figure 3. Various categories of lysosomal genes are up-regulated in 16-day
serum-starved cells. Up- or down-regulation of various categories of lysosomal genes in 16-day
serum-starved cells compared to 2-day serum-starved cells are shown in red or green,
respectively, with the degree of changes (log transformed) indicated by the color gradient bar.
Supplementary Figure 4. Lysosomal inhibition deepens quiescence depth. (a) Three
competing hypotheses regarding the relationship between lysosomal biogenesis/function and
deep quiescence. See text for details. (b) The effects of CQ and Baf on proteolytic degradation.
Drug low and Drug high: for CQ, 5 uM and 15 puM, respectively; for Baf, 10 nM and 50 nM,
respectively. The degree of proteolytic degradation was indicated by DQ-BSA signal intensity
(red puncta); cells were co-stained with CellTrace (gray background stain, see Methods for
details). (c¢) Cells serum-starved for different durations were treated with Baf or CQ as in Fig. 3a.
Cells were stimulated with serum at indicated concentrations for 40-42 hours and subjected to
EdU assay. The EAU+ percentages (y-axis) of drug-treated cells (blue data points) were lower
than those of corresponding non-treated controls (red) regardless of serum-starvation days before
serum stimulation (see legend box) and serum concentrations applied (> 0.02%, x-axis).
Supplementary Figure S. Enhancing lysosomal function pushes cells toward shallower
quiescence. (a) REF cells were serum starved for 4 days and further cultured in starvation
medium (DMEM containing 0.02% BGS) or DPBS for the indicated duration (x-axis). Cells
were stimulated with 1% serum in DMEM for 24 hours and measured for E2f-GFP activity (y-
axis). Error bar, s.e.m. (b) Lysosomal co-expression network associated with deep quiescence.
Highly co-expressed lysosomal genes (blue) and TFs (purple) are connected based on the degree

of co-expression. See Methods for detail. Mitf is highlighted by a red arrow.
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Supplementary Figure 6. Effects of MPy supplement and mTOR inhibition on quiescence
depth. (a, b) Effects of MPy supplement. 2-day serum-starved cells were further serum starved
with daily supplementation of MPy at indicated concentrations (0-0.25 mM, a; 0-10 mM, b) for
4 days (a) or 2 days (b). Cells were stimulated with 2% or 4% serum (a) or 1% serum (b) for 24
hours and subjected to EAU assay (triplicates). Error bar in a, s.e.m. Box plot in b, same as in Fig.
2h. (¢) Effects of mTOR inhibition. 2-day serum-starved cells were further serum starved with
daily supplementation of 10 nM Torinl for the indicated durations. Cells were stimulated with
4% serum for 24 hours and subjected to EAU assay (duplicates). EQU™ level (y-axis) corresponds
to EAU"% in Torinl-treated over non-treated control cells (set to 1.0) in each treatment condition.
Bottom and top edges of each box indicate the 1% and 3™ quartiles, respectively.

Supplementary Figure 7. Quiescence deepening are related to DNA damage. Histone genes
were identified using the HUGO Gene Nomenclature, and replication-dependent histones were
identified according to Ref. °2. Shown are relative log> fold changes of polyadenylated histone
mRNAs (replication-dependent and replication-independent) in deep quiescent cells (16-day
serum-starved cells) and senescent cells (at indicated conditions) compared to corresponding

controls (2-day serum-starved cells and proliferating cells, respectively).
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