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SUMMARY

The decline of tissue regenerative potential with age
correlateswith impaired stem cell function. However,
limited strategies are available for therapeutic modu-
lation of stem cell function during aging. Using skel-
etal muscle stem cells (MuSCs) as a model system,
we identify cell death by mitotic catastrophe as a
cause of impaired stem cell proliferative expansion
in aged animals. The mitotic cell death is caused by
a deficiency in Notch activators in the microenviron-
ment. We discover that ligand-dependent stimula-
tion of Notch activates p53 in MuSCs via inhibition
of Mdm2 expression through Hey transcription fac-
tors during normal muscle regeneration and that
this pathway is impaired in aged animals. Pharmaco-
logic activation of p53 promotes the expansion of
agedMuSCs in vivo. Altogether, these findings illumi-
nate a Notch-p53 signaling axis that plays an impor-
tant role in MuSC survival during activation and is
dysregulated during aging, contributing to the age-
related decline in muscle regenerative potential.

INTRODUCTION

One of the hallmarks of mammalian aging is a general decline in

tissue regenerative potential (Rando, 2006). Altered stem cell

function has been found to correlate with the age-dependent

impairment in tissue homeostasis and/or repair in several adult

tissues (Conboy et al., 2003; Liu et al., 2013; Molofsky et al.,

2006; Nishimura et al., 2005; Rossi et al., 2005). In adult skeletal

muscle, muscle stem cells (MuSCs) reside in a quiescent state

between the basal lamina and the muscle fiber sarcolemma

and are thus termed satellite cells (Mauro, 1961). In response

to injury or disease, MuSCs undergo a process of activation in

which they reenter the cell cycle and proliferate to yield a pool
Ce
of progenitor cells marked by the expression of the myogenic

transcription factor MyoD1 (Zammit et al., 2006). In young,

healthy muscle, the peak of proliferation of myogenic progeni-

tors occurs 48–60 hr post-injury (Liu et al., 2013). Progenitor

cell proliferation diminishes markedly by 5 days post-injury,

at which point most of the cells express Myogenin and have

begun to differentiate to form newly regenerated muscle fibers.

Although most cells in the pool of activated MuSCs will differen-

tiate and fuse to generate functional muscle, a subset will self-

renew to replenish the quiescent MuSC population (Collins

et al., 2005).

MuSC-mediated muscle regeneration relies on both the cell-

autonomous myogenic program and niche signals. The Notch

pathway plays an essential role in regulating both MuSC homeo-

stasis in resting muscle and MuSC expansion during muscle

regeneration. Genetic ablation of Notch signaling in quiescent

MuSCs leads to spontaneous activation of MuSCs and depletion

of the stem cell pool in adult animals (Bjornson et al., 2012).

Active Notch signaling is also required for MuSC activation and

the early phase of the expansion of their progeny (Conboy and

Rando, 2002). In response to injury, the Notch ligand Delta is up-

regulated in muscle to support the expansion of myogenic pro-

genitors. Inhibition of Notch signaling in MuSCs in injured young

animals results in impairment in muscle regeneration (Conboy

and Rando, 2002). Isolated MuSCs are more prone to cell death

in typical in vitro culture conditions, and providing the Notch acti-

vator Delta promotes the expansion of myogenic progeny in vitro

(Parker and Tapscott, 2013). Although these studies clearly

demonstrate the requirement of Notch signaling for MuSC

activation and the subsequent expansion of myogenic progeny

during normal muscle regeneration, the downstream effectors

that mediate these effects of Notch in MuSCs remain largely

unexplored.

Aging is associated with a decline in the regenerative capacity

of multiple tissues and organs. In aging animals, muscle regen-

eration is often delayed and accompanied by increased fibrosis

and adipogenesis (Conboy et al., 2005; Mann et al., 2011). The

effects of aging on muscle regeneration largely result from

changes in the MuSC niche and systemic milieu (Conboy et al.,
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2005; Conboy and Rando, 2012). In aged muscle, the upregula-

tion of the Notch ligand Delta is limited, resulting in impaired

regeneration (Conboy et al., 2003). Enhancing Notch signaling

in aging muscle pharmacologically or by heterochronic parabi-

osis largely restores the regenerative potential of MuSCs (Con-

boy et al., 2003, 2005). In contrast, some signaling pathways,

including the Wnt, TGF-b (transforming growth factor b), JAK-

STAT (janus kinase-signal transducers and activators of tran-

scription), and p38 kinase signaling pathways, appear to be

hyperactive in MuSCs in old animals, and suppressing these

pathways markedly improves muscle regeneration (Bernet

et al., 2014; Brack et al., 2007; Carlson et al., 2008; Cosgrove

et al., 2014; Price et al., 2014; Tierney et al., 2014).

In this study, we demonstrate that in the absence of sufficient

niche support, activated MuSCs are susceptible to mitotic

catastrophe, a form of cell death that is characterized by its tem-

poral association with mitosis. Activating Notch signaling or

stabilizing p53 prevents MuSC death and promotes MuSC

expansion. We further delineate a Notch-p53 axis in which the

canonical Notch target, Hey1, directly binds to a consensus

E-box (enhancer box) sequence in the promoter of the Mdm2

gene and suppresses Mdm2 expression, which leads to the sta-

bilization of p53 and the induction of its transcriptional activity.

Consistent with our previous discovery that Notch signaling is

impaired during muscle regeneration in aging animals, we found

an elevated level of Mdm2 and a decreased level of p53 in

MuSCs isolated from old mice. Stabilizing p53 in old MuSCs re-

duces mitotic catastrophe and markedly improved their self-

renewal and regenerative potential. To our knowledge, this is

the first study that delineates an axis of Notch signaling and

p53 activity and a role of this axis in regulating the function of

stem cells. These findings provide mechanistic insight into the

role of the niche in maintaining MuSC function and a mechanism

by which MuSC function deteriorates during aging.

RESULTS

Impaired Self-Renewal and Increased Cell Death of
Aged MuSCs
To study the efficiency of MuSC self-renewal in young (2- to

3-month-old) and aged (24- to 25-month-old) mice, we analyzed

MuSC-mediated muscle repair during the course of sequential

muscle injuries. In young mice, muscle was regenerated effec-

tively following both the first and the second injuries, with little

unrepaired tissue (Figures 1A and 1B). In contrast, unrepaired

non-muscle tissue was readily detectable in aged mice after a

single injury and increased dramatically after a second injury

(Figures 1A and 1B). This increase in unrepaired tissue in aged

muscle upon repeated injury coincided with a decrease in the

average diameter of the regenerated muscle fibers in sequen-

tially injured, aged muscle in comparison to young muscle (Fig-

ure 1C). These observations confirmed a self-renewal defect of

MuSCs from aged animals that was previously reported in trans-

plantation studies (Bernet et al., 2014; Cosgrove et al., 2014).

To quantify the number of MuSCs in young and old mice, we

used in situ immunofluorescence to identify Pax7-expressing

MuSCs in cross-sections of the tibialis anterior (TA) muscle

before and 21 days after acute injury. It has been previously re-

ported that the MuSC number appears to decrease to various
2 Cell Stem Cell 23, 1–13, October 4, 2018
degrees, exhibit little change, or even slightly increase in mice

22–28 months old, depending on the species, the specific mus-

cle evaluated, and the detection method (Brack and Rando,

2007). In the current study, we consistently found a trend toward

a decrease in MuSC number in the TA muscles of old mice in the

absence of injury (Figure 1E). However, acutemuscle injury led to

a drastic reduction in MuSCs in old animals. In comparison to

young mice, old mice exhibited far fewer activated MuSCs

2.5 days after injury (Figures S1A and S1B) and, as a conse-

quence, 60% fewer Pax7-expressing MuSCs 21 days after injury

(Figures 1D and 1E). These data suggest that MuSC self-renewal

is compromised in old mice, leading to a gradual depletion of

resident MuSCs following acute muscle injury.

One potential cause of cell depletion is that MuSC progeny in

aged animals have a higher propensity to undergo cell death

following activation. We thus injured the muscles of young and

old mice to activate resident MuSCs and quantified dead or

dying cells by various methods. We found a significant increase

in the proportion of propidium iodine (PI)-positive activated

MuSCs in old mice 2.5 days after injury (Figures 1F and 1G).

Consistently, in situ analysis of cross-sections of regenerating

muscle revealed a 2-fold increase in the proportion of cells pos-

itive for cleaved caspase-3 (aCaspase-3) staining in myogenic

cells in injured old animals (Figures S1C and S1D). Although acti-

vated caspase-3 has been reported in differentiating myoblasts

(Fernando et al., 2002), we found the intensity of aCaspase-3

staining in Myogenin-expressing cells to be negligible (Fig-

ure S1E). Therefore, the increase in myogenic cells positive for

aCaspase-3 staining indicated MuSC progeny were more prone

to die during the regenerative response in old animals. Alto-

gether, these data suggest that the impaired self-renewal

observed in old MuSCs may be due to their higher propensity

to undergo cell death.

MuSCs Undergo Mitotic Catastrophe In Vitro

Previous studies have demonstrated that isolated MuSCs

undergo extensive cell death due to the lack of niche-derived

cues and that plating MuSCs and other cells on recombinant

Delta-like ligand 1 supports their survival and proliferation (Dahl-

berg et al., 2015; Parker and Tapscott, 2013). We therefore

reasoned that the death of purified MuSCs in vitro models that

of MuSCs in vivo in the aged niche where Notch ligand expres-

sion is reduced (Conboy et al., 2003). To explore the timing of

MuSC death during the activation process, we performed

time-lapse microscopy of fluorescence-activated cell sorting

(FACS)-purified MuSCs from 2- to 3-month-old mice to directly

visualize their fate (Video S1). We found that MuSC death always

occurred during or immediately following cell division, because

the average time to death coincided with the average time to

cell division. In the first cell cycle following isolation, cells, on

average, divided 42 ± 2 hr or died 41 ± 1 hr post-isolation (Fig-

ure 2A). In the second cell cycle following isolation, cells, on

average, divided 12.1 ± 0.5 hr or died 11.7 ± 0.2 hr after the pre-

ceding division (Figure S2A). This temporal correlation between

mitosis and cell death of MuSCs suggests that they may die by

mitotic catastrophe, a form of cell death that occurs either during

or shortly after failed mitosis (Kroemer et al., 2009).

In addition to the timing of death, characteristics of mitotic

catastrophe include aberrant segregation of chromosomes in



Figure 1. Impaired Self-Renewal and Increased Cell Death of Aged MuSCs

(A) Representative H&E-stained frozen transverse sections of tibialis anterior (TA) muscles of young and old mice during the course of sequential injuries. Muscles

were collected 7 days post-injury.

(B) Quantification of the percentage of non-myofiber tissue over the total section area of (A) (n = 3 per condition).

(C) Quantification of the fiber diameter in (A). The average fiber diameter of uninjured muscles from young mice was set at 1.

(D) Representative immunofluorescence (IF) analysis of Pax7-expressing MuSCs in regenerated TA muscles of young and old mice. Muscles were analyzed

21 days post-injury.

(E) Quantification of the number of MuSCs before and 21 days after injury in young and old mice. The average number of Pax7-expressing cells per area of

transverse section of uninjured young mice was used as the standard and set at 1 (n = 4 per condition).

(F) Representative flow cytometric analysis of cell death in the MuSC population from young and old animals 60 hr after injury, measured by propidium iodide (PI)

incorporation.

(G) Quantification of the percentage of dead (PI-positive) MuSCs from young and old animals 60 hr after injury (n = 3).

Error bars represent SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant.
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anaphase (Kroemer et al., 2009). To test for these characteris-

tics, we used MuSCs isolated from mice constitutively express-

ing a fusion protein of histone H2B and GFP (H2B-GFP) in time-

lapse microscopy to directly visualize genomic DNA during cell

activation (Video S2). A significant portion of MuSCs underwent

aberrant divisions, in which cells died either before completing

anaphase or shortly after an anaphase failure followed by the

collapse of spindles (Figure 2B; Video S3). These dying cells

exhibit features of aberrant or uneven distribution of chromo-

somes between daughter cells (Dodson et al., 2007; Hayashi

and Karlseder, 2013; Huang et al., 2005; Ichijima et al., 2010; Im-

reh et al., 2011), including chromosome bridges, which are

formed by improperly attached chromosomes segregating to

opposite daughter cells (Figure 2C, left panel); anaphase lag, in

which chromatids fail to connect to the spindle apparatus or

are segregated slowly (Figure 2C, right panel); and the formation

of a multipolar mitotic spindle (Figure 2D). The identification of
aberrant chromosome segregation in H2B-GFP-expressing

MuSCs in culture provides strong evidence that mitotic catastro-

phe is the primary cause of cell death upon MuSC activation.

Using time-lapse microscopy, we found a 2-fold increase in

the frequency of cell death in MuSCs from aged animals in com-

parison to those from young animals (Figure S2B). Because

mitotic catastrophe is often induced by genomic lesions directly

affecting the integrity of chromosomes, we performed phos-

phorylated histone H2AX (gH2AX) staining, as well as comet as-

says, to quantify the proportion of MuSCs that exhibited signs of

DNA damage in young and old animals. gH2AX foci were identi-

fied in more than 80% of MuSCs from old animals as opposed to

less than 20% of MuSCs from young mice (Figures S2C and

S2D). The comet assays also revealed a 3- to 4-fold increase

in the frequency of cells with fragmented DNA from old animals

(Figure S2E). Not only did a significantly higher percentage of

old MuSCs exhibit signs of DNA damage, but the extent of
Cell Stem Cell 23, 1–13, October 4, 2018 3
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Figure 2. Mitotic Catastrophe of MuSCs during In Vitro Activation

(A) Cell fate analysis by time-lapsemicroscopy of MuSCs following FACS isolation and plating. Each horizontal bar represents a single cell (n = 100). The length of

a given bar along the x axis reflects the length of time required to reach the point of cell division (gray lines; top) or cell death (black lines; bottom).

(B) Representative time-lapse images of H2B-GFP-expressing MuSCs undergoing successful mitosis or mitotic catastrophe. Merged bright-field and fluores-

cence images are shown, with the time at which the frames were captured indicated at the top left corner.

(C) Representative IF images of dividing MuSCs exhibiting features of mitotic catastrophe. DNA was stained with DAPI.

(D) Representative IF images of a normal bipolar (top panels) and an abnormal multipolar (bottom panels) mitotic spindle of MuSCs during in vitro activation.

Pericentrin (green) and a-tubulin (red) were stained to visualize the mitotic spindle. DNA was stained with DAPI.
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DNA damage also appeared to be more severe in old MuSCs

(Figures S2D and S2E). Altogether, these data indicated that

the accumulation of DNA damage in old MuSCs is associated

with increased mitotic catastrophe when the cells are activated

during muscle regeneration.

p53 Regulates Mitotic Catastrophe in Activated MuSCs
Mitotic catastrophe has been previously associated with p53

deficiency (Firat et al., 2011; Fragkos and Beard, 2011; Ianzini

et al., 2006). For instance, analysis of syngeneic mouse embry-

onic fibroblasts has demonstrated that cells expressing mutant,

but not wild-type, p53 undergo mitotic catastrophe following

irradiation (Ianzini et al., 2006). Unbiased analysis of our previ-

ously published gene expression microarray data from young

and aged MuSCs (Liu et al., 2013) revealed that genes associ-

ated with p53 signaling were significantly enriched among genes

showing decreased expression with age (p = 7.2 3 10�5)

(Figure S3A).
4 Cell Stem Cell 23, 1–13, October 4, 2018
To determine whether the death of MuSCs during activation is

associated with a functional deficit of p53 activity, we treated

MuSCs with the small pharmacologic molecule Nutlin-3 (N3).

N3 increases p53 levels by inhibiting the interaction between

p53 andMdm2, an E3 ubiquitin ligase that targets p53 for protea-

somal degradation (Vassilev et al., 2004). We first treated freshly

isolated MuSCs with an increasing concentration of N3 and

quantified the total number of viable cells after 4 days of treat-

ment. We found that N3 led to a dose-dependent increase in

cell number (Figure 3A). Nearly all progeny of MuSCs after N3

treatment expressedMyoD1, indicating that N3 did not alter their

myogenic lineage progression (Figure 3B). Given that 10 mM N3

treatment provided maximal expansion of MuSCs, we used this

concentration for the rest of our studies. Time-lapse microscopy

analysis of MuSCs in the presence or absence of N3 revealed

that N3 did not alter the kinetics of cell division but significantly

inhibited cell death (Figure S3B; Video S4). Consistent with

this, aCaspase-3 was detected in fewer cells when they were
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Figure 3. Pharmacologic Activation of p53 Prevents Mitotic Catastrophe in MuSCs

(A) Quantification of MuSC number in cultures treated without Nutlin-3 (N3) or with the given concentration of N3 for 4 days post-isolation (n = 3 for each

condition).

(B) Representative IF images of activated, Myod1-expressing MuSCs following 4 days in culture with the given concentration of N3. DNA was stained with DAPI.

(C) Representative IF images of aCaspase-3 staining in control and N3-treated (10 mM)MuSC cultures. DNAwas stained with DAPI. The percentage of aCaspase-

positive MuSCs is indicated at the lower-right corner for each condition (n = 500 cells per condition in each of three independent experiments).

(D) Representative IF images of gH2AX staining (green) in control and N3-treated (10 mM)MuSCs in metaphase (n = 75 cells per condition from three independent

experiments). Cells were analyzed 48 hr post-isolation. The spindles were labeled with a-tubulin staining (red), and DNA was stained with DAPI. Quantitative

analysis of gH2AX fluorescence intensity in metaphase MuSCs was shown in the right panel.

Error bars represent SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant.
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treated with N3 (Figure 3C). To directly assess the extent of DNA

damage in cells that had initiated mitosis, we stained MuSCs

2 days after plating for gH2AX and found that in marked contrast

to untreated cells whose metaphase chromosomes contained

high levels of gH2AX, N3-treated MuSCs exhibited little gH2AX

in metaphase (Figure 3D). These data suggest that N3 prevented

MuSC death and mitotic catastrophe.

Activation of p53 is often associated with changes in the

expression of cyclin-dependent kinase inhibitors. We found

that the expression of p21 and p27 was upregulated in

N3-treated cells (Figure S3C). A second, chemically distinct

Mdm2 inhibitor, YH239-EE (Huang et al., 2014), also led to an in-

crease in cell number in dividing MuSCs relative to untreated

cells (Figure S3D). To confirm that p53mediates the inhibitory ef-

fects of N3 on cell death, we performed time-lapse microscopy

with MuSCs isolated from p53 knockout mice in the presence

or absence of N3 and found that N3 did not rescuemitotic catas-

trophe of p53�/� cells (Figure S3E). These results confirmed that

the rescue of cell death by N3 was mediated by p53.

p53 Activity Links Cell Death to Notch Signaling
We have previously demonstrated that Notch activation

promotes MuSC expansion in vitro and in vivo during muscle

regeneration in aged mice (Conboy et al., 2003; Conboy and
Rando, 2002). However, the downstream molecular mechanism

bywhich Notch activation led to the expansion of MuSC progeny

remained unclear. Given our finding that stabilizing p53 pre-

vented cell death and led to the expansion of MuSC progeny,

we next sought to determine whether there could be crosstalk

between the Notch pathway and the p53 activity in promoting

MuSC survival and subsequent expansion. To establish an

in vitro assay to identify the downstream effector of Notch in

MuSCs, we plated MuSCs on dishes coated with recombinant

Delta-like ligand 1 and confirmed that such treatment led to

the induction of canonical Notch targets HeyL and Hey1 and

their transcriptional activity in a g-secretase-dependent manner,

because such induction can be abrogated by the addition of the

g-secretase inhibitor DAPT (N-[N-(3,5-Difluorophenacetyl)-L-

alanyl]-S-phenylglycine t-butyl ester) (Figures S4A and S4B).

We found that recombinant Delta-like ligand 1 induced several

known p53 target genes (Figure S4C). To understand whether

p53 mediates the effect of Notch activation on MuSC survival

and proliferation, we transfected MuSCs, cultured in the pres-

ence or absence of recombinant Delta-like ligand 1, with a p53

reporter plasmid in which the expression of a luciferase gene is

driven by tandem repeats of p53 transcriptional response ele-

ments. We found that recombinant Delta-like ligand 1 treatment

led to a significant induction of p53 transcriptional activity in
Cell Stem Cell 23, 1–13, October 4, 2018 5



Figure 4. Activation of p53 Transcriptional

Activity by Recombinant Delta-like Ligand 1

(A) g-secretase-dependent activation of p53

transcription by recombinant Delta-like ligand 1.

MuSCs were transfected with a p53 luciferase re-

porter plasmid and cultured with or without re-

combinant Delta-like ligand 1 in the presence and

absence of 25 mMDAPT. Cells were collected 48 hr

after transfection and assayed for luciferase ac-

tivity. Normalized luciferase activity of the control

culture was set at 1 (n = 3 independent cultures for

each condition).

(B) Rbpj-dependent activation of p53 transcription

by recombinant Delta-like ligand 1. MuSCs iso-

lated from conditional Rbpj knockout or control

mice were transfected with a p53 luciferase re-

porter plasmid and cultured with or without re-

combinant Delta-like ligand 1. Cells were collected

48 hr after transfection and assayed for luciferase

activity. Normalized luciferase activity of untreated

cells from control mice was set at 1 (n = 3).

(C) Hey-dependent activation of p53 transcription

by recombinant Delta-like ligand 1. MuSCs iso-

lated from wild-type mice were cotransfected with

either siRNAs specific for Hey 1, Hey 2, or HeyL, or

control siRNAs and with a p53 luciferase reporter

plasmid. Transfected cells were cultured with or

without recombinant Delta-like ligand 1 for 48 hr

and subjected to luminescent assay. Normalized

luciferase activity of untreated cells transfected

with control siRNAs was set at 1 (n = 3).

(D) Induction of p53 transcriptional activity by

overexpression of Hey proteins. MuSCs isolated

fromwild-type mice were cotransfected with a p53

luciferase reporter plasmid and plasmids encoding

Hey1, Hey2, HeyL, or Hes1. Transfected cells were

collected 48 hr after transfection and subjected to

luminescent assay. Normalized luciferase activity

of vector-transfected cells was set at 1 (n = 3).

(E) Correlation of p53 and Notch signaling activity

in purified MuSCs treated with recombinant Notch

ligands measured using p53 (p53TRE-luc) and

Notch (pHey1-luc) transcriptional reporter plas-

mids. Linear regression (solid line) and 95% con-

fidence intervals (dashed lines) are shown.

Error bars represent SEM. *p < 0.05; **p < 0.01;

***p < 0.001; ns, not significant.
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these cells and that the p53 activity could be abrogated by the

addition of DAPT (Figure 4A).

The Notch coactivator Rbpj is indispensable in activating the

transcription of canonical Notch targets such as Hes and Hey

genes. To determine whether the effect of Notch activation on

inducing p53 transcriptional activity was mediated by Rbpj and

potentially Notch target genes, we transfected the p53 reporter

plasmid into MuSCs isolated from the conditional Rbpj knockout

and control mice in the presence or absence of recombinant

Delta-like ligand 1.We found that recombinant Delta-like ligand 1

induced p53 transcriptional activity in an Rbpj-dependent

manner, because the induction of the reporter gene was abol-

ished in Rbpj null cells (Figure 4B). This suggests that Rbpj-

dependent Notch target genes are required for the induction

of p53-mediated transcription by Notch activation. We then

cotransfected MuSCs with the p53 reporter plasmid and small

interfering RNA (siRNAs) targeting Hey1, Hey2, and HeyL
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transcripts or scramble siRNAs and subjected the cells to

recombinant Delta-like ligand 1 treatment. Knocking down the

expression of these Hey genes ablated the induction of p53 tran-

scriptional activity (Figures 4C and S4D). To directly investigate

whether Notch target genes can induce p53 transcription, we

cotransfected the p53 reporter plasmid and plasmids encoding

individual Hey and Hes proteins into MuSCs. In the absence of

recombinant Delta-like ligand 1, expression of canonical Notch

target genes Hey1, Hey2, and HeyL in these cells was sufficient

to induce p53 transcriptional activity (Figure 4D).

In addition to Dll1, we tested other Notch ligands, including

Jag1, Jag2, and Dll4, in similar assays for their ability to induce

the p53-dependent reporter. MuSCs plated in dishes coated

with these individual Notch ligands were transfected with Hey1

or p53 reporter plasmids and collected 48 hr later to measure

the reporter activity. Because these ligands activated p53 to

varying degrees, we found a direct positive correlation between



Figure 5. Activation of Mdm2 Transcription

by Hey1

(A) Hey-dependent repression of Mdm2 expres-

sion in response to recombinant Delta-like

ligand 1. Freshly isolated MuSCs were transfected

with control siRNA or a cocktail of siRNAs targeting

individual Hey genes. Transfected cells were

cultured for 48 hr in the presence recombinant

Delta-like ligand 1 and collected for qRT-PCR

analysis. Mdm2 expression was normalized to

GAPDH (glyceraldehyde 3-phosphate dehydro-

genase) expression in each condition (n = 3 inde-

pendent experiments).

(B) Depiction of wild-type, truncated, and mutated

versions of the Mdm2 promoter reporter.

(C) Normalized activity of Mdm2 promoter lucif-

erase reporters as depicted in (B) with and without

recombinant Delta-like ligand 1 treatment. MuSCs

were transfected with the individual reporter plas-

mids and cultured in the absence or presence of

recombinant Delta-like ligand 1 for 48 hr. Cells

were then harvested and subjected to luminescent

assay. Normalized luciferase activity of untreated

cells was set at 1. Fold change was calculated for

other conditions and plotted (n = 3 independent

experiments).

(D) Direct binding of Hey1 to the Mdm2 promoter.

ChIP-qPCR analysis of Hey1 binding to various

positions throughout the Mdm2 promoter used

pairs of primers specific to these regions. Ampli-

cons are identified by base pair distance from the

50 end of the CACCTG E-box sequence.

Error bars represent SEM. *p < 0.05; **p < 0.01;

***p < 0.001; ns, not significant.
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level of Hey1 and p53 transcriptional activity (Figure 4E), further

suggesting that the induction of p53 activity relies on the Hey

proteins.

Direct Regulation of Mdm2 Expression by Hey Proteins
Despite the increase in p53 transcriptional activity in recombi-

nant Delta-like ligand 1-treated MuSCs and their progeny, the

transcription of p53 did not increase following Notch activation

(Figure S5A). However, we detected a decrease in the expres-

sion of the p53 antagonist Mdm2 (Figures S5B and S5C), and

this reduction can be reversed by the knockdown of the Hey pro-

teins (Figure 5A). The Hey proteins belong to the family of basic

helix-loop-helix transcriptional repressors that bind to the

CANNTG consensus E-box sequence. Using SwissRegulon, a

database of transcription factor binding sites (Pachkov et al.,

2007), we identified a 6-bp sequence (CACCTG) (chromosome

10, 117,147,266-71, mm9) in theMdm2 promoter, which resem-

bles a consensus E-box binding site (Figure S5C). This CACCTG

sequence is conserved in orthologs of the Mdm2 gene from rat,

cow, horse, opossum, orangutan, and human (Figure S5D). To

confirm that this sequence is the responsive element to the

Hey proteins, we generated a series of luciferase reporter con-

structs driven by a 740-bp fragment of theMdm2 promoter con-

taining theCACCTG sequence or amutated version of theMdm2

promoter (Figure 5B). These reporter plasmids were transfected

intoMuSCswith or without recombinant Delta-like ligand 1 treat-

ment. Although recombinant Delta-like ligand 1 suppressed the

expression of the luciferase reporter driven by the wild-type
Mdm2 promoter, the reporters driven by the truncated or

mutated versions of the Mdm2 promoter were unresponsive to

Notch activation (Figure 5C). This provides strong evidence

that the CACCTG sequence in the Mdm2 promoter is essential

for the suppression of Mdm2 expression by Notch activation.

To directly investigate whether Hey proteins bind to theMdm2

promoter, we performed chromatin immunoprecipitation (ChIP)

followed by qPCR using cells expressing Myc-Hey1. We de-

signed PCR primers that spanned a region from 1,500 bp down-

stream to 1,800 bp upstream of the CACCTG element in the

Mdm2 promoter. For each pair of primers, we calculated the

fold enrichment of the PCR products in an equal amount of

ChIP DNA over input and found the highest fold enrichment in

the 200-bp region flanking the CACCTG sequence (Figure 5D),

indicating that Hey1 directly binds to the Mdm2 promoter in

this region.

Abrogation of p53 Signaling LimitsMuSCSurvival In Vivo

To study the role of p53 in regulating MuSC survival during acti-

vation, we generated a conditional knockout (cKO) mouse

(Trp53fl/fl; Pax7CreER/+; ROSA26eYFP/+) in which the ablation of

p53 and the expression of enhanced yellow fluorescent protein

(eYFP) as a reporter can be specifically induced in MuSCs

upon tamoxifen administration (Marino et al., 2000; Nishijo

et al., 2009). We confirmed that yellow fluorescent protein

(YFP)-expressing MuSCs isolated from cKO mice did not ex-

press p53 protein by western blot and immunofluorescence

analysis (Figures S6A–S6C). In contrast to previous findings
Cell Stem Cell 23, 1–13, October 4, 2018 7



Figure 6. Impairment of MuSCs from Condi-

tional p53 cKO Mice

(A) Number of MuSCs on single myofibers in p53

cKO and control mice. Quantification of MuSCs

that reside on single myofibers isolated from p53

cKO and control mice immediately following

isolation (left) and after 3 days in muscle fiber

explant culture (right). Data were accumulated

from explants in three independent cultures. Each

data point represents the number of cells per fiber.

The black lines represent the median number of

cells per fiber.

(B) Quantification by FACS of MuSCs in p53 cKO

and control mice pre-injury and 3 days post-injury

(n = 5 mice in each condition).

(C) Comparison of the percentage of dead MuSCs

and their progeny in p53 cKO and control mice

3 days after injury. YFP-expressing cells were

isolated by FACS in the presence of PI. The ratio

between PI-labeled and YFP-expressing cells was

calculated for each genotype (n = 5).

(D) Abrogation of the effect of recombinant Delta-

like ligand 1 on MuSC expansion in the absence of

p53. MuSCs were isolated from p53 cKO and

control mice and cultured for 72 hr in the absence

or presence of recombinant Delta-like ligand 1

before cell number quantification. The average cell

number of each genotype was set at 1 (n = 3).

Error bars represent SEM. *p < 0.05; **p < 0.01;

***p < 0.001; ns, not significant.
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that germline p53 ablation leads to a reduction in MuSCs in

young animals (Schwarzkopf et al., 2006), p53 ablation in the

adult did not appear to affect the number of MuSCs in resting

muscle even after 2 months (Figures 6A and 6B). However,

when we quantified the number of MuSC progeny by YFP

expression on individual single fibers after they had been

cultured for 3 days, we found a nearly 50% reduction in individual

fibers isolated from p53 cKOmice compared to those from wild-

type control mice (Figures 6A and S6D). This reduction in cell

number likely resulted from an increase in cell death, because

PI staining revealed a 50% increase in the number of YFP-ex-

pressing cells that stained positive for PI in cKO mice (Figures

6C and S6E). In addition, we performed acute muscle injury to

activate MuSCs in vivo and found a 50% reduction in the number

of YFP-expressing cells in cKO mice in comparison to control

mice 3 days after muscle injury (Figure 6B).

The survival and proliferation of MuSCs and their progeny dur-

ing muscle regeneration is regulated by niche signals. The

expression of the Notch ligand Dll1 peaks 3–4 days after muscle

injury and plays a critical role in promoting the expansion of

MuSC progeny. Using time-lapse microscopy, we quantified

the frequency of cells that died around mitosis in the presence

or absence of recombinant Delta-like ligand 1 and confirmed

that providing recombinant Delta-like ligand 1 in ex vivo culture

conditions drastically decreased the frequency of mitotic cell

death (Video S5). To study whether the effect of Dll1 on promot-

ing cell survival is mediated by p53 activation, we isolated

MuSCs from p53 cKO or control mice and cultured them in the

presence or absence of recombinant Delta-like ligand 1. Consis-

tent with our previous findings, recombinant Delta-like ligand 1
8 Cell Stem Cell 23, 1–13, October 4, 2018
treatment led to a 3-fold increase in live wild-type cells after

3 days in culture (Figure 6D). In contrast, recombinant Delta-

like ligand 1 failed to induce the expansion of MuSCs isolated

from p53 cKO mice. Altogether, these data demonstrate the

importance of the Notch-p53 axis in promoting MuSC survival

in response to muscle injury.

Dysregulation of theNotch-p53 Signaling Axis Limits the
Survival of Aged MuSCs
We have previously demonstrated that the Notch pathway is

impaired in aged MuSCs and that restoring Notch signaling in

injured muscle of old animals promotes muscle regeneration

(Conboy et al., 2003; Liu et al., 2013). We found that canonical

Notch target genes were downregulated in MuSCs from old

mice upon activation (Figure S7A). Given our current findings

on a Notch-p53 axis, we investigated whether the reduction in

Notch target genes associates with changes in the expression

levels of Mdm2 and p53. By using RT-PCR and western blot an-

alyses, we found an increase in Mdm2 at both the transcript and

the protein levels in old MuSCs (Figures S7B and S7C). The total

protein level of p53 decreased in old MuSCs, while its transcript

level did not change (Figures S7D and S7E). This is consistent

with our finding that Hey1 transcriptionally regulates the expres-

sion of Mdm2, which in turn stabilizes p53 protein.

We next determined whether restoring p53 signaling in aged

MuSCswould protect them from themitotic catastrophe that oc-

curs during the early phase ofMuSC activation and thus promote

their survival and expansion in response to muscle injury. To

study mitotic catastrophe in vivo, we injured the TA muscles of

24-month-old mice with or without systemic N3 treatment and
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collected the TAmuscles 3 days after injury. MitoticMuSCswere

identified in situ by the stereotypical metaphase microtubule

array and their expression of the myogenic marker Myod1 (Fig-

ure 7A). Our quantification revealed a greater than 2-fold reduc-

tion in the number of mitotic MuSCs that exhibited gH2AX stain-

ing in N3-treated mice (Figure 7B). Consistent with this, FACS

analysis indicated that N3 treatment led to an increase in the

number of myogenic cells in the TA muscles (Figure 7C). In addi-

tion, we confirmed by time-lapse microscopy that the proportion

of aged MuSCs undergoing mitotic cell death in the first division

significantly decreased when cultured with N3 (Videos S6

andS7). Although these data indicate that pharmacologic activa-

tion of p53 signaling ameliorated the increased cell death and

limited expansion of MuSCs in old animals, they do not rule

out the possibility that N3 treatment might rejuvenate the niche

around MuSCs, but not the MuSCs themselves. To confirm

that N3 treatment enhances the function of old MuSCs in a

cell-autonomous manner, we isolated YFP-expressing MuSCs

from 24-month-old Pax7CreER/+; ROSA26eYFP/+ mice and sub-

jected them to N3 or vehicle treatment for 2 days. We then trans-

planted equal numbers of N3- or vehicle-treated cells into the TA

muscles of wild-type 24-month-old mice. Fourteen days after

transplantation, we collected the TA muscles from the recipient

mice and quantified the number of YFP-expressing cells. We

found that N3 treatment of old MuSCs before transplantation

led to a nearly 3-fold increase in the number of engrafted YFP-

expressing cells (Figures 7E and 7F). In addition, N3-treated

donor cells contributed to de novo muscle fiber formation with

greater efficiency than did the untreated MuSCs (Figure 7G).

Altogether, these studies demonstrated that the increased fre-

quency of cell death and impaired self-renewal of MuSCs in

aged animals at least partly resulted from insufficient p53 activity

in these cells and that pharmacologic stabilization of p53 was

able to restore the youthful function of MuSCs.

DISCUSSION

The Notch-p53 Axis and Stem Cell Function
In recent years, crosstalk between the Notch and the p53 path-

ways has been proposed in some disease settings. Both Notch

and p53 are activated in the brains of animals subjected to

ischemic stroke (Balaganapathy et al., 2017). These same au-

thors demonstrated that in human neuroblastoma cells, sup-

pressing Notch signaling by DAPT inhibits p53 phosphorylation

and overexpression of the active form of Notch, NICD, leads to

an increase in p53 phosphorylation, stability, and transcriptional

activity. The mechanism by which Notch activation induces

p53-dependent transcription in these conditions remains un-

known. In human sarcoma cells, expression of the canonical

Notch target gene Hey1 has an inhibitory effect on Mdm2-medi-

ated p53 degradation and sensitizes cells to chemotherapeutic

drugs (López-Mateo et al., 2016). A model has been put forth

that Hey1 competes with p53 for binding with Mdm2, thereby

suppressing Mdm2-mediated p53 degradation. However, a

physical interaction between Hey1 and Mdm2 that is strong

enough to compete for the binding of p53 by Mdm2 has not

been demonstrated.

Our study not only delineates a molecular mechanism by

which Notch regulates p53 stability and transcriptional activity
but also demonstrates the importance of such a Notch-p53

axis in regulating normal stem cell function. We demonstrate

that Hey1 directly binds to the promoter of the p53 antagonist

Mdm2 and suppresses its expression. In old animals, changes

in the niche environment lead to impairment of the Notch

pathway in MuSCs (Conboy et al., 2003) resulting in elevated

levels of Mdm2 and reduced levels of p53 protein in aged

MuSCs. The reduced p53 activity is then responsible for the

increased propensity of aged MuSCs to die from mitotic catas-

trophe upon activation, accounting at least partly for both the

impaired regenerative response and the impaired MuSC self-

renewal in aged muscle. This Notch-p53 axis thus provides a

link between niche and cell-autonomous changes that adversely

affect MuSC function during aging.

The protective role of p53 or p53 family proteins has been

documented in other stem cell compartments. Neural stem cells

from p73 null mice are defective in proliferation and self-renewal

(Agostini et al., 2010). A reduction in the expression of Notch1

and its targets Hes1 and Hes5 was found in these cells. Intestinal

injury following irradiation has been found to be exacerbated by

p53 deficiency in mice (Komarova et al., 2004). The frequency of

non-apoptotic cell death of intestinal epithelial progenitors and

their progeny in the crypts of p53 or p21 null mice is elevated

10-fold from that of wild-typemice (Leibowitz et al., 2018). These

findings suggest that p53 and its target p21 are essential for pro-

ductive intestinal regeneration by promoting the survival of intes-

tinal progenitors. It remains unknown whether the protective role

of p53 in these stem or progenitor cells is regulated by Notch

signaling, but the Notch pathway has been found to be a key

regulator of many types of adult stem cells, including neural

stem cells, MuSCs, intestinal stem cells, and hematopoietic

stem cells (Koch et al., 2013). It will be interesting to investigate

whether the Notch-p53 axis exists in these different types of

stem cells and whether it can be used as a therapeutic target

to enhance tissue regeneration in the setting of injury, disease,

or aging.

Role of p53 in Aging
As a tumor suppressor, p53 promotes the organismal life span

by reducing somatic mutations that accumulate in cells or by

eliminating cells that accumulate somatic mutations, thereby

reducing the incidence of cancer (Rodier et al., 2007). However,

in the absence of cancer, the role of p53 in tissue and cellular ag-

ing has remained elusive. Although mice harboring constitutively

active p53 alleles are resistant to cancer at older age, they have a

life span 20%–30% shorter than that of wild-type control mice

and exhibit several phenotypes associated with aging (Liu

et al., 2010; Tyner et al., 2002). These phenotypes were linked

to extensive apoptosis involving tissue progenitor cells of several

organs. These mouse models with constitutively active p53

alleles imply that increased p53 activity is associated with, and

potentially drives, cell and tissue aging. In contrast, transgenic

mice carrying one or two extra copies of the wild-type p53

gene under endogenous transcriptional control have a normal

life span and show no signs of accelerated aging while being

strikingly resistant to irradiation or carcinogen-induced cancers

(Carrasco-Garcia et al., 2015; Garcı́a-Cao et al., 2002). Cells

from these mice exhibit a normal basal level of p53 activity,

which can be enhanced in response to oxidative stress and
Cell Stem Cell 23, 1–13, October 4, 2018 9
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Figure 7. Rejuvenation of Aged MuSC Function by Pharmacologic Activation of p53
(A) Representative IF images of gH2AX staining (red) in mitotic myogenic cells in cross-sections of regenerating TA muscle from 24-month-old mice 3 days post-

injury with or without N3 treatment. Myogenic cells were labeled by MyoD1 staining (white), and spindles were labeled by a-tubulin staining (green). DNA was

stained with DAPI.

(B) From the studies shown in (A), the percentages mitotic myogenic cells that were gH2AX-positive in each condition were calculated.

(C) Representative FACS plot of MuSC progeny (circled population) in muscles of old mice 3 days post-injury with or without N3 treatment.

(D) Number of MuSC progeny normalized by muscle weight from the studies illustrated in (C) (n = 4).

(E) Representative FACS plots of engrafted eYFP-expressing cells 14 days following transplantation. MuSCs isolated from aged PAX7CreER/+; ROSA26eYFP/+mice

were cultured in control medium or medium supplemented with N3 for 2 days. From each condition, 10,000 cells were then transplanted into the TA muscles of

24-month-old mice.

(F) From the studies illustrated in (E), engrafted YFP cells were analyzed by FACS 14 days after transplantation (n = 4 mice analyzed in each condition).

(G) Representative IF images of YFP-expressing muscle fibers 14 days following transplantation of YFP-expressing aged MuSCs treated with N3 or untreated.

Error bars represent SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant.
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DNA damage (Garcı́a-Cao et al., 2002). These studies suggest

that elevated but properly regulated p53 activity appears to pro-

vide protection against cellular stress and therefore to promote

longevity.

On the basis of our observations of decreased p53 signaling in

aged myogenic progenitors and the association of p53 inhibition

with mitotic catastrophe, we were able to promote progenitor

cell expansion in aged animals by pharmacologic stabilization

of p53. This result suggests that p53 activation is beneficial for

cell survival and expansion of the progenitor cell pool. We did

note during the course of our studies that increasing the dose

of N3 beyond those sufficient to prevent cell death caused a

dose-dependent decline in cell number, presumably due to the

cytotoxic or cytostatic effects of supraphysiological levels of

p53. This observation, along with the aging-related phenotypes

of the mice bearing constitutive active isoforms of p53 noted

earlier, suggests that the regulation of p53 on cell survival and

aging may follow a model more complex than simple absence

versus presence of the protein. There may be a threshold dose

of cellular p53 over which the function of p53 switches from

promoting cell survival to driving cell death.

Consistent with previous publications (Liu et al., 2013; Sousa-

Victor et al., 2014), we did not observe changes in the expression

of inhibitory cell-cycle regulators such as p16INK4a, p15INK4b, or

p19ARF in MuSCs from mice used in our studies at the age of

22–24 months. Toward the end of life (i.e., in mice that are

28–32 months of age), the expression of p16INK4a becomes

elevated (Sousa-Victor et al., 2014). Although MuSCs do not ac-

quire a senescent phenotype in resting muscle, they acquire a

propensity to undergo senescence in response to activation

following muscle injury. It remains to be determined whether the

chronic loss of p53 expression in MuSCs with age will eventually

lead to their senescent phenotype upon activation. It has been re-

ported that p53 is necessary, but not sufficient, to suppress the

expression of p16INK4a in different cell types (Leong et al., 2009).

Future studies using genetic and pharmacologic manipulations

of p53 levels will be required to define thresholds at which p53 ex-

erts an inhibitory effect on p16INK4a expression. Tuning p53 levels

according to these thresholds may allow for targeted treatments

that promote healthy skeletal muscle regeneration in old age.

MuSC Death by Mitotic Catastrophe
The term ‘‘mitotic catastrophe’’ was first used to describe the

phenotype of a Schizosaccharomyces pombe strain that prema-

turely enters mitosis due to an activating Cdc2 mutation (Russell

and Nurse, 1986). These yeast cells are unable to complete

mitosis properly and therefore fail to produce viable progeny.

In cancer biology, mitotic catastrophe is often used to explain

the process by which cancer cells undergo mitosis-linked cell

death triggered by physical or chemical stress (Castedo et al.,

2004a). It can be induced by ionizing irradiation, which damages

DNA and various anti-cancer agents that destabilize microtu-

bules or inactivate cell-cycle checkpoint proteins. Impairments

in the G1 and/or G2 checkpoint controls are essential for mitotic

catastrophe to take place. Cells with functional cell-cycle check-

point controls are often capable of activating apoptosis path-

ways in interphase and therefore have little chance to exhibit

signs of mitotic catastrophe in response to DNA damage. In

this two-hit model, central checkpoint proteins are often consid-
ered negative regulators of mitotic catastrophe. For example,

deletion of the cell-cycle checkpoint kinases Chk1 or Chk2 trig-

gers mitotic catastrophe of cancer cells treated with chemother-

apeutic drugs (Castedo et al., 2004b; Niida et al., 2005). It has

also been shown that functional p53 proteins inhibit the induction

of mitotic catastrophe of cancer cells following irradiation pro-

teins (Ianzini et al., 2006; Reinhardt et al., 2007).

Our studies reveal that MuSCs from aged animals have accu-

mulated DNA damage and that when activated in response to

acute muscle injury, they exhibit a lower level of p53 protein

due to the lack of niche support. Consequently, aged MuSCs

undergo mitotic catastrophe and exhibit an increase in the fre-

quency of cell death in the transient expansion phase of muscle

regeneration. More importantly, restoring p53 activity in aged

MuSCs inhibited mitotic catastrophe and promoted their expan-

sion and self-renewal. To our knowledge, this is the first study

that demonstrates mitotic catastrophe as a manifestation of

cellular aging outside the context of cancer. Whereas in the can-

cer setting mitotic catastrophe provides a means to eliminate

cancer cells and potentially has a beneficial effect, during aging

it limits the production of functional stem cell progeny and there-

fore has a detrimental effect on tissue regeneration. Neverthe-

less, the two-hit model of mitotic catastrophe in cancer appears

to be applicable to cells undergoing mitotic catastrophe regard-

less of the setting in which it occurs. In MuSCs, as in cancer, the

cooccurrence of DNA damage and impairment in cell-cycle

checkpoint control appears to be sufficient for mitotic catastro-

phe to take place.

The accumulation of DNA damage with age has been docu-

mented in several adult stem cells, including hematopoietic

and epidermal stem cells (Rossi et al., 2005; Sotiropoulou

et al., 2010). Although a reduction in p53 protein and activity

has been found in multiple tissues in aged animals (Feng et al.,

2007), it remains to be determined whether the stem or progen-

itor cells that reside in these tissues exhibit a decrease in p53 or

undergo mitotic catastrophe during activation and proliferation.

As such, it will be interesting to explore the extent to which

p53-dependent mitotic catastrophe of stem or progenitor cells

is a general mechanism underlying the decline in tissue regener-

ation with age. To this end, drugs that restore p53 activity or

target components in this pathwaymay hold the potential to treat

age-related regenerative decline.
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Anti-mouse CD31-FITC, Clone MEC13.3 BioLegend Catalog # 102506; RRID:AB_312913

Anti-mouse CD31-APC, Clone MEC13.3 BioLegend Catalog # 102510; RRID:AB_312917

Anti-mouse CD45-FITC, Clone 30-F11 BioLegend Catalog # 103108; RRID:AB_312973

Anti-mouse CD45-APC, Clone 30-F11 BioLegend Catalog # 103112; RRID:AB_312977

Anti-mouse Ly-6A/E(Sca1)-Pacific Blue,

Clone D7

BioLegend Catalog # 108120; RRID:AB_493273

Anti-mouse CD106 (VCAM1)-PE/Cy7,

Clone 429(MVCAM.A)

BioLegend Catalog # 105720; RRID:AB_2214046

Anti-mouse Pax7 Developmental Studies

Hybridoma Bank

RRID: AB_528428

Anti-laminin 2a Abcam Catalog # 11576; RRID:AB_298180

Anti-tubulin DM1A-FITC Sigma Catalog # F2168; RRID:AB_476967

Anti-pericentrin Covance Catalog # PRB-432C; RRID:AB_2313709

Anti-MyoD1 BD PharMingen Clone 5.8A; Catalog # 554130; RRID:AB_395255

Anti-cleaved caspase 3 (Asp 175) Cell Signaling Technologies Catalog # 9661; RRID:AB_2341188

Anti-phospho-H2A.X (Ser 139) Cell Signaling Technologies Catalog # 9718; RRID:AB_2118009

Anti-Myc, clone 4A6 Millipore Catalog # 05-724; RRID:AB_309938

Anti-GFP Abcam Catalog # 13970; RRID:AB_300798

Anti-Dystrophin, clone 1C7 Developmental Studies

Hybridoma Bank

Catalog #: MANEX1011B (1C7); RRID:AB_1157876

Anti-mouse Myogenin, clone F5D BD PharMingen Catalog # 556358; RRID:AB_396383

Anti-mouse p53 Leica NCL-L-p53-CM5p; RRID:AB_563933

Anti-Mdm2, clone 2A10 Abcam Catalog # 16895; RRID:AB_2143534

Anti-b-actin-peroxidase, Clone AC15 Sigma Catalog #A3854; RRID:AB_262011

Chemicals, Peptides, and Recombinant Proteins

40,6-diamidino-2-phenylindole (DAPI) Thermo Fisher Scientific Catalog # D1306

Propidium iodine Thermo Fisher Scientific Catalog # P3566

DMSO Sigma Catalog # 41639

Nutlin-3 Selleck Chemicals Catalog # S1061

DAPT Selleck Chemicals Catalog # S2215

Recombinant mouse Dll-1 Fc Chimera R&D Systems Catalog # 5026-DL

Recombinant mouse Dll-4 R&D Systems Catalog # 1389-D4/CF

Recombinant human Jag1 Fc Chimera Enzo Life Sciences ALX-201-390

Recombinant mouse Jag2 Fc Chimera R&D Systems Catalog # 4748-JG

YH239-EE Selleck Chemicals Catalog # S7489

Tamoxifen Sigma Catalog # T5648

Critical Commercial Assays

Dual Luciferase Reporter Assay System Promega Catalog # E1910

Experimental Models: Cell Lines

MuSC culture In this paper N/A

Single fiber culture In this paper N/A

C2C12 ATCC RRID:CVCL_0188

Experimental Models: Organisms/Strains

Mouse: C57BL/6J JAX or NIA RRID:IMSR_JAX:000664

Mouse: B6.129P2-Trp53tm1Brn/J (or p53LoxP) JAX Catalog # 008462; RRID:IMSR_JAX:008462
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Mouse: Pax7tm1(cre/Esr1*)Cklr (or Pax7CreER/CreER) (Nishijo et al., 2009) RRID:IMSR_NCIMR:01XBS

Mouse: B6.129X1-GT(ROSA)26Sortm1(EYFP)Cos/J JAX Catalog # 006148; RRID:IMSR_JAX:006148
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non-targeting control siRNA Dharmacon D-001810-10-05
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Hey2 siRNA Dharmacon L-043647-01-0005

HeyL siRNA Dharmacon L-060622-01-0005

See Methods S1 for PCR primers N/A N/A

Recombinant DNA

p53TRE-Luc cloned in a Stratagene vector N/A

pMdm2-Luc A (Chang et al., 2004) N/A

pMdm2-Luc B (Chang et al., 2004) N/A

pMdm2-Luc C In this paper N/A

pCMV6-Myc-Hey1 Cloned in an Origene vector N/A

pHey1-Luc (Maier and Gessler, 2000) N/A

Software and Algorithms

Improvision Volocity Perkin Elmer N/A

ZEN 2010 software Carl Zeiss N/A

Image Lab Bio-Rad N/A

OpenComet (Gyori et al., 2014) N/A

DAVID (Dennis et al., 2003) N/A

Prism GraphPad GraphPad Software N/A
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact,

Thomas A. Rando (rando@stanford.edu)

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals and Treatments
Two to four month-old C57BL/6 male mice were used to collect young MuSCs and twenty-two to twenty-four month-old mice were

used to collect old MuSCs. Animals were housed and maintained in the Veterinary Medical Unit at the Veterans Affairs Palo Alto

Health Care System. Animal protocols were approved by the Institutional Animal Care and Use Committee. To activate Cre in

mice, Tamoxifen (Sigma-Aldrich) injection was performed as previously described (Nishijo et al., 2009). Mice received 5 mg of

Tamoxifen dissolved in a mixture of corn oil and 7% ethanol delivered via intraperitoneal injection for 5 consecutive days. To activate

MuSCs in vivo, mice were injured by injecting 50 mL of 1.2%BaCl2 (w/v in H2O) into the lower hind-limbmuscles (below the knee). For

sequential regeneration studies, injuries and analyses were performed at 7-day intervals. Nutlin-3 (Selleck Chemicals) was dissolved

in 30% DMSO (v/v in normal saline) and injected into the intraperitoneal space at a dose of 4 mg/kg/day. Mice received once daily

treatment for three days, beginning at the time of injury. Analyses following Nutlin treatment were performed three days post-injury.

MuSC Isolation
Isolation of muscle-resident cells by sequential enzymatic and physical dissociation was performed as previously described (Liu

et al., 2015). Sorted cells were routinely analyzed by flow cytometry immediately after sorting to ensure high sorting efficiency.

Also, a fraction of the sorted cells were routinely plated and stained for Pax7 to determine the purity of the sorted population. For

analysis of cell death by flow cytometry, sorted cells were treated immediately after sorting with propidium iodide (Invitrogen), incu-

bated for 5minutes at room temperature, and re-analyzed by flow cytometry. For transplantation, cells were rinsed and resuspended

with sterile PBS immediately following FACS isolation and injected into the TA muscle of the recipient mouse.

MuSC Culture
Purified MuSCs were immediately plated on extracellular matrix (ECM)-coated plastic dishes or glass slides. Cells were routinely

cultured at a density of 3 3 103 �4 3 103 cells per cm2. Vessels were coated with ECM (Sigma-Aldrich) by incubating with ECM
Cell Stem Cell 23, 1–13.e1–e4, October 4, 2018 e2
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in DMEM (1:500, V:V) with 1% penicillin-streptomycin for 12 hours at 4�C with gentle rocking. Vessels were used within 2 days of

coating. Cells were cultured in Ham’s F10 supplemented with 20% FBS (Omega Scientific) and 1% penicillin-streptomycin. Medium

was changed every 48 hours unless noted otherwise. Nutlin-3 (Selleck Chemicals) and DAPT (Sigma-Aldrich) were dissolved in

DMSO, stored at �20�C, and used at the concentrations noted in the text and figures. Drugs were also refreshed at each medium

change. Recombinant mouse Dll1, Dll4, and Jag2 ligands fused to the IgG Fc domain (R&D Systems) and Jag1 fused to Fc (Enzo Life

Sciences) were reconstituted in sterile PBS and stored at �20�C before use. Ligands were absorbed to the cell culture surface by

coating for 12 hours at 4�C in a 1:500 mix of ECM:DMEM (prepared as above). The concentration of ligand in the coating medium

was 5 mg/mL for all experiments. The coating medium was removed prior to plating cells in growth medium. siRNA (Dharmacon)

and plasmid transfection was performed with Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instructions.

Single Muscle Fiber Isolation
Single muscle fibers were prepared essentially as described (Rosenblatt et al., 1995). Briefly, the extensor digitorum longus (EDL)

muscles were carefully dissected from mice following euthanization and digested in 2 mg/ml collagenase II prepared in Ham’s

F10 with 10% horse serum at 37�C for 80 min with gentle agitation. The digested EDL muscles were then triturated with a wide

bore glass pipet in 20 mL 10% horse serum in Ham’s F10 in a 10-cm tissue culture dish. Individual fibers were washed four times

in medium before they were fixed or cultured to allow SC activation. To culture fibers ex vivo, approximately 100 fibers were main-

tained in suspension in 10 mL medium (20% FBS in Ham’s F10) in 10-cm dishes for 3 days.

METHOD DETAILS

Immunofluorescence (IF) and Quantitative Microscopy
Fixed and permeabilized cells/fibers were blocked in 10% goat serum (in PBS) and incubated with primary antibodies for 12 hours at

4�C. After washing out primary antibodies with PBS, cells were incubated with secondary antibodies for one hour at room temper-

ature. Goat anti-mouse antibodies conjugated to Alexa Fluor 594 or Alexa Fluor 488 were used to detect mouse primary antibodies.

Cells were next washed with PBS and mounted with Fluoro-Gel (Electron Microscopy Sciences). IF imaging was performed with an

AxioObserver Z1 epifluorescence microscope (Carl Zeiss) equipped with an Orca-R2 CCD camera (Hamamatsu Photonics) or an

LSM 710 confocal system (Carl Zeiss). Image analysis was performed using Improvision Volocity software (Perkin Elmer) or ZEN

2010 software (Carl Zeiss). For fiber analyses, the number of eYFP-expressing cells was quantified for a representative sample of

fibers from three animals of each genotype. For gH2AX fluorescence intensity measurements, a region of interest (ROI) consisting

of the DAPI-stained DNA of a metaphase cell was identified using the Improvision Volocity software. The average intensity of

gH2AX fluorescence within the ROI was recorded. A background fluorescence level, calculated by defining a background ROI

near the metaphase cell, was calculated for each cell and subtracted from the fluorescence intensity measurement.

Time-Lapse Microscopy
Prospectively isolated MuSCs were plated at a density of 4 3 103 cells per 0.7 cm2 and cultured as above. Cultures were analyzed

using an Axiovert 200M inverted microscope (Carl Zeiss) equipped with an environmental control chamber (CTI controller,

Tempcontrol; Carl Zeiss; humidified 5% CO2 at 37
�C). Brightfield images were obtained every 15 min for 36-48 hours with a Zeiss

camera controlled with the Axiovision software (Carl Zeiss). For analyses of cell fate, individual cells were selected at random at

the beginning of the analysis, and were followed throughout the course of each time-lapse video.

Luciferase Reporter Assays
Cells plated for luciferase reporter assays were transfected after one day in culture with firefly luciferase reporter constructs, a

constitutive Renilla luciferase construct, and other protein-coding plasmids when applicable using Lipofectamine 2000 (Invitrogen).

Two days post-transfection, cells were harvested and luciferase expression was analyzed using the Dual Luciferase Assay System

(Promega) and a luminometer (Turner Biosystems). All luciferase assays were performed in triplicate in each of a minimum of three

independent experiments. For each well, firefly luciferase activity was normalized to Renilla luciferase activity.

Histology
For immunofluorescence (IF) and hematoxylin/eosin staining, dissected muscles were mounted on tragacanth gum and snap frozen

in liquid nitrogen-cooled isopentane. Acutely injured muscles (3 days post-injury) were fixed in 0.5% (v/v in PBS) electron micro-

scopy-grade paraformaldehyde at room temperature for 5 hours prior to dehydration in 20% sucrose (w/v in PBS) at 4�C for 8 hours

and subsequently embedded in OCT medium (Tissue-Tek) and snap frozen. Hematoxylin/eosin staining was performed on 20-mm-

thick sections. IF staining was performed on 6-mm-thick sections. Following rehydration of sections in PBS and post-fixation for 5min

in 2% paraformaldehyde, IF staining was carried out essentially as described above for cells. Detection of mouse antigens was

performed using a M.O.M. kit (Vector Labs) or Zenon labeling kit (Invitrogen). For quantification of MuSC self-renewal, 25 fields

from each of 4 animals per condition were analyzed. For histomorphometric analysis of tissue regeneration, 25 independent fields

representative of poorest regeneration were analyzed from each of 3 animals per condition.
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Western Blotting
Two hundred thousand MuSCs pooled from two animals were used for each analyzed lane. Cells were purified from lower hind-limb

muscles three days post-injury. Protein extracts were separated by electrophoresis on 4%–15% polyacrylamide gradient gels and

then transferred to PVDF membranes. Protein levels were quantified in Adobe Photoshop using pixel analysis of protein bands in

scanned images. Background pixel intensity was calculated individually for each blot and subtracted from band intensity values.

RT-qPCR
Cells were rinsed in PBS and then lysed. RNA was isolated using an RNeasy Mini Kit (QIAGEN) according to the manufacturer’s

instructions. Total RNA (0.2-1.0 mg) was reverse-transcribed using the High Capacity cDNA Reverse Transcription Kit (Invitrogen).

Quantitative PCR was performed on an ABI 7900HT Fast Real-Time PCR system using custom synthesized oligonucleotide primers

(Invitrogen) designed to amplify the cDNA of selected target genes. Relative quantification of gene expression normalized to Gapdh

was carried-out using the comparative CT method (Pfaffl, 2001). Each measurement was performed in triplicate in three independent

experiments.

Chromatin Immunoprecipitation
Mouse C2C12myoblasts were cultured in DMEM supplemented with 10% (v/v) FBS and 1% (v/v) penicillin-streptomycin. Myoblasts

were transiently transfected with pCMV6-entry bearing an insert encoding the myc-tagged Hey1 open reading frame (Origene) using

Lipofectamine 2000 (Invitrogen). Analysis of Hey1 binding to the Mdm2 promoter was carried out using enzymatic shearing (Active

Motif) according to the manufacturer’s instructions. IP was performed using a purified anti-myc antibody (clone 4A6, EMDMillipore).

Mouse IgG (Santa Cruz Biotechnologies) was used as a control. Fold enrichment was calculated as a percentage relative to input

DNA for each set of primers. qPCR analysis was performed in triplicate for each of two independent pull-downs.

Statistical Analysis
All statistical analyses were performed using GraphPad Prism 5 (GraphPad Software). Significance was calculated using two-tailed,

unpaired Student’s t tests. Differences were considered to be statistically significant at the p < 0.05 level (*p < 0.05, **p < 0.01,

***p < 0.001, ns: not significant). Unless otherwise noted, all error bars represent SEM.
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