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SUMMARY
Aging is a complex process associated with a decline in functionality of adult stem cells affecting tissue homeostasis and regeneration.

Calorie restriction (CR) is the only experimental manipulation known to extend lifespan and reduce the incidence of age-related disor-

ders across numerous species. These benefits are likely mediated, at least in part, through the preservation of stem cell function. Here, we

show that CR enhances the regenerative capacity of the intestinal epithelium through preservation of an injury-resistant reserve intes-

tinal stem cell (ISC) pool. Cell-autonomous activity of mechanistic target of rapamycin complex 1 (mTORC1) governs the sensitivity of

reserve ISCs to injury. CR inhibits mTORC1 in these cells, protecting them against DNA damage, while mTORC1 stimulation, either

genetically or through nutrient sensing, sensitizes reserve ISCs to injury, thus compromising regeneration of the epithelium. These

data delineate a critical role for mTORC1 in epithelial regeneration and inform clinical strategies based on nutrient modulation.
INTRODUCTION

Calorie restriction (CR), i.e., receiving fewer calories while

maintaining adequate essential nutrients, is one of the

most well-established interventions that prolongs life

span and retards aging across numerous species, possibly

by preserving stem and progenitor cell function, which

normally declines with age (Colman et al., 2009; Guarente,

2005; Houthoofd and Vanfleteren, 2006; McCay et al.,

1989). Short-term CR in healthy young animals enhances

the recovery from injury in several tissues including skel-

etal muscle and small intestine (Cerletti et al., 2012; Yilmaz

et al., 2012).

In the intestinal epithelium, the most highly prolifera-

tive tissue in the body, the existence of both quiescent

(residing outside the cell cycle in G0) and actively cycling

intestinal stem cells (ISCs) in the crypts is becoming

increasingly clear. Actively proliferating stem cells located

at the crypt base (crypt base columnar stem cells [CBCs])

contribute robustly to tissue homeostasis under basal con-

ditions, and exhibit high expression of canonical Wnt

pathway target genes including Lgr5 (Lgr5high) (Barker

et al., 2007). Extensive research on the effect of CR on

Lgr5high CBCs has demonstrated that CR modestly in-

creases the number of actively cycling Lgr5high CBCs in

response to signals sent from adjacent Paneth cells that

sense nutrient availability (Igarashi and Guarente, 2016;

Yilmaz et al., 2012). However, high Wnt activity in cycling
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Lgr5high CBCs sensitizes them to DNA-damaging injury,

and the functional contribution of CBCs to the enhanced

regenerative response to injury after CR has never been

tested (Tao et al., 2015; Tian et al., 2011). In addition,

genetic ablation of Paneth cells has no effect on the regen-

erative capacity of the epithelium after high-dose radiation

injury (Durand et al., 2012). Thus, the specific cell type,

and by extension the underlying molecular mechanism,

responsible for the enhanced regenerative capacity of the

CR epithelium, remains unknown.

In addition to the Lgr5high CBCs, another population of

more radioresistant, slower cycling ISCs has been described

in the intestinal crypts, generally referred to as reserve ISCs.

Reserve ISCs are located higher in the crypts outside of

the WntHigh zone and are highly enriched in populations

marked by a Hopx-CreER knockin allele, an mTERT-CreER

transgene, and make up a significant fraction of the more

heterogeneous population marked by Bmi1-CreER knockin

allele (Li et al., 2014;Montgomery et al., 2011; Takeda et al.,

2011; Tian et al., 2011). These cells are also likely repre-

sented in heterogeneous populations of cells marked

by more broadly expressed reporter alleles (Asfaha et al.,

2015; Li et al., 2016a; Powell et al., 2012). Reserve ISCs

are more resistant to DNA damage than active CBCs,

possibly due to their slower cycling rate, residence in G0,

and lack of canonical Wnt pathway activity (Li et al.,

2014, 2016b; Yousefi et al., 2016; Tao et al., 2015).

It is well established that these cells undergo a robust
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proliferative response and contribute broadly to regenera-

tion of the intestinal epithelium following DNA damage,

particularly high-dose (>10 Gy) ionizing radiation (Mont-

gomery et al., 2011; Tao et al., 2015; Yan et al., 2012; Yousefi

et al., 2016). Interestingly, these reserve ISCs appear to be a

largely distinct population from non-cycling, label-retain-

ing secretory progenitor cells, which can also possess

stem cell activity (Buczacki et al., 2013; Li et al., 2016b).

We investigated the response of reserve ISCs to CR and

subsequentDNA-damaging injury.Thereserve ISCcompart-

ment expands in response toCR, contributes robustly to the

CR-enhanced regenerative capacityof the epithelium,and is

functionally important for optimal regeneration following

radiation injury. We demonstrate that tight, cell-autono-

mous regulation of mechanistic target of rapamycin com-

plex 1 (mTORC1) signaling in the reserve ISCs governs the

regenerative response of the epithelium in response to

DNA damage. These findings offer novel insight into the

cell type specificity underlying the beneficial effects of CR,

and have immediate implications for application of dietary

modulation in patients exposed to DNA-damaging agents.
RESULTS

Calorie Restriction Increases Reserve ISC Availability

and Tissue Regeneration

To assess the effects of CR on reserve ISCs, we reduced

the caloric intake of mice harboring Hopx-CreER::

Rosa26LSL-tdTomato reporter alleles (HT mice) by 40% for a

period of 4–6 weeks starting at 2 months of age. Consistent

with prior reports (Li et al., 2014; Takeda et al., 2011), we

observed that 18 hr following induction of Hopx-CreER by

tamoxifen injection in HT mice, single reserve ISCs were

marked above the crypt base of ad libitum (AL)-fed mice.

Interestingly, CR dramatically increased (514%) the num-

ber of cells marked by Hopx-CreER in HT mice (Figures 1A,

1B, and S1A). To investigate whether the increased number

of tdTomato+ cells was a result of reserve ISC expansion or

promiscuous activation of theHopx locus, we examined the

effect of CR on reserve ISCs marked with an independent

allele, Bmi1-CreER::Rosa26LSL-tdTomato (BT)mice after tamox-

ifen induction. Bmi1-CreER and Hopx-CreER mark a largely

overlapping (60%) population of reserve ISCs; however,

Hopx-CreER marks a more homogeneous population rela-

tive to Bmi1-CreER (Li et al., 2014; Takeda et al., 2011;

Tian et al., 2011; Yan et al., 2012). Consistent with this,

we observed a robust but smaller increase (165%) in the

number of cells marked in BT mice, indicating that CR

expands the pool of reserve ISCs (Figure 1B). Next,

we measured proliferation of reserve ISCs following CR

using 5-ethynyl-20-deoxyuridine (EdU) incorporation as-

says. Counterintuitively, we observed a reduction in prolif-
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eration of reserve ISCs, as well as the expected decreased

proliferation of the bulk epithelium (Figure 1C). This sug-

gests that the expansion observed in the reserve ISC pool

may be relative, as CR decreases the overall cellular mass

of the intestine (Yilmaz et al., 2012), or may also reflect a

potential increase in self-renewal versus commitment to

cell fate-determining decisions (Li et al., 2014) in these cells

under CR conditions.

To assess stem cell activity within the expanded pool of

reserve ISCs, we performed lineage-tracing experiments in

HT mice. Under basal conditions in AL-fed mice, roughly

25% of reserve ISCs are in cycle at any given time, giving

rise to all cell types in the intestinal epithelium, including

CBCs, while the remainder reside in G0 (Li et al., 2014; San-

giorgi and Capecchi, 2008; Takeda et al., 2011; Tian et al.,

2011). Considering the 514% increase in frequency

of Hopx-CreER+ ISCs and the 75% decrease in their prolifer-

ation following CR, we would predict a roughly 1.5-fold

increase in lineage-tracing events from these cells.

Experimentally, we observed a 1.6-fold increase in tracing

events emanating from reserve ISCs (defined as contiguous

tdTomato+ ribbons emanating from crypts and passing

through the crypt-villus junction into villi) in CRmice rela-

tive to AL-fed counterparts (Figure 1D), confirming stem

cell activity of the expanded pool of Hopx-CreER+ cells. Per-

forming analogous experiments in actively cycling CBCs

marked by Lgr5-CreER-IRES-eGFP revealed no statistically

significant differences in their frequency, proliferation, or

stem cell activity in vivo (Figures S1B–S1D).

Next, we aimed to assess the functional contribution of

the expanded reserve ISC pool to the enhanced epithelial

regeneration observed upon CR.We bred the Rosa26LSL-DTA

allele (Voehringer et al., 2008) into Hopx-CreER mice (HD

mice). In HD mice, a floxed stop cassette prevents expres-

sion of the diphtheria toxin fragment A (DTA) such that

tamoxifen injection results in selective ablation of Hopx-

CreER+ cells. After 6 weeks of CR, we injected three doses

of tamoxifen to HD mice and their control counterparts

(lackingHopx-CreER), then exposed them to 12Gy of g-irra-

diation (g-IR) 3 days after the last dose of tamoxifen. We

assessed regeneration efficiency by scoring the number of

clonal regenerative foci per unit length of the intestine

on histological sections. As previously reported (Yilmaz

et al., 2012), we observed that CR enhanced epithelial

regeneration following injury relative to AL-fed mice.

Approximately 40% of this enhanced regenerative capacity

was dependent on the presence Hopx-CreER+ reserve ISCs,

emphasizing the functional importance of these cells in

mediating beneficial effects of CR (Figures 1E and S2A).

We further confirmed that ablation of these cells in the

absence of injury has no discernible effects on tissue

homeostasis and basal proliferation, as expected based on

their low frequency (around 1% of the crypt epithelium)



Figure 1. Calorie Restriction Expands the
Pool of Radioresistant Reserve Intestinal
Stem Cells
(A) Immunofluorescence staining for
tdTomato (red) on jejunal sections from
Hopx-CreER::LSL-tdTomato ad libitum (AL)-
fed and calorie-restricted (CR) mice 18 hr
after a single tamoxifen injection. Epithe-
lial crypts are outlined by a white dashed
line (n = 4–6 mice). Scale bar, 50 mm.
(B) Analysis of reserve ISC frequency in CR
and AL-fed Hopx-CreER::LSL-tdTomato and
Bmi1-CreER::LSL-tdTomato mice using flow
cytometry, 18 hr after tamoxifen injection
(n = 4–6 mice, *p < 0.05). Details of gating
strategy can be found in Figure S1A.
(C) Analysis of EdU incorporation in reserve
ISCs and crypt cells of AL-fed and CR Hopx-
CreER::LSL-tdTomato and Bmi1-CreER::LSL-
tdTomato mice using flow cytometry, 18 hr
after tamoxifen injection and 4 hr after EdU
injection. The proliferation of CR groups
is normalized to their control AL-fed coun-
terparts (n = 4–6 mice, *p < 0.05 and
***p < 0.0005).
(D) Immunofluorescence staining for
tdTomato (red) and quantification of line-
age-tracing events (ribbons of tdTomato+

cells with contiguous tracing from crypts,
through crypt-villus junction, and into villi)
from Hopx-CreER+ ISCs 14 days after marking
reserve ISCs with a single tamoxifen injec-
tion given to Hopx-CreER::LSL-tdTomato
mice under AL and CR diets (n = 5–6 mice,
*p < 0.05), Scale bar, 100 mm.
(E) Representative Ki67(red)-stained sec-
tions from jejunum of irradiated Hopx-
CreER::LSL-DTA mice and their control
counterparts (LSL-DTA) mice after 6 weeks
of receiving CR or AL diet and quantification
of the number of clonal proliferative crypt

foci per unit length of small intestine. All groups of mice were given three daily consecutive doses of tamoxifen and were exposed to 12 Gy
g-IR 3 days after the final dose. Tissue was harvested 3 days after g-IR (n = 5 mice, ***p < 0.0005). Scale bar, 100 mm.
Error bars represent ±SD from the mean. See also Figures S1 and S2.
and residence in G0 in the absence of injury (Li et al., 2014)

(Figure S2B). The lack of complete abrogation of CR-

enhanced regeneration inHDmicemay be due to contribu-

tions of additional cell populations, incomplete ablation of

reserve ISCs due to inefficiencies of the tamoxifen-diph-

theria toxin system, or a combination of these.

Calorie Restriction Downregulates mTORC1 Signaling

in Reserve ISCs

To understand the molecular mechanisms underlying

enhanced tissue regeneration from reserve ISCs following
CR, we performed RNA sequencing on FACS-purified pop-

ulations of both active CBCs and reserve ISCs from control

(AL) and CR mice (Table S1). We observed that the effects

of CR on gene expression in these two cell types was largely

distinct, with only four transcripts regulated similarly

in both populations (Figure S3A and Table S1). Gene set

enrichment analysis (GSEA) of reserve ISC transcriptome

profiles revealed that genes encoding ribosomal proteins

and proteins involved in translation were among most

highly depleted gene sets in reserve ISCs of CRmice relative

to AL-fed controls (Figure 2A). Ribosome biogenesis is a
Stem Cell Reports j Vol. 10 j 703–711 j March 13, 2018 705



Figure 2. mTORC1 Activity Is Precisely
Regulated during the Regenerative
Response of the Intestinal Epithelium
following Radiation Injury
(A) GSEA of the reserve ISC transcriptome
isolated from Hopx-CreER::LSL-tdTomato
mice under AL versus CR conditions.
(B and C) Immunofluorescence staining for
pS6 (red) in the jejunum of CR and AL-fed
mice under basal conditions (pre-IR) and
3 days after radiation injury. The exposure
time in (B) is higher (5 s) than that in the
top panels of (C) (1 s) in order to clearly
highlight differences in pS6 levels under
basal conditions (n = 5 mice). Scale bar,
50 mm.
(D) Immunofluorescence staining for pS6
and quantification of pS6 fluorescence in-
tensity in single reserve ISCs from Hopx-
CreER::LSL-tdTomato AL-fed and CR mice,
18 hr after tamoxifen injection (n = 3 mice,
30–40 ISCs scored per animal, **p < 0.005).
Scale bar, 5 mm.
(E) Western blot analysis for pS6 in FACS-
purified reserve stem cells from Hopx-
CreER::LSL-tdTomato mice under basal con-
ditions and 48 hr after irradiation injury.
Both groups were given tamoxifen 18 hr
before tissue harvest. In total, 21,000 cells
were loaded per lane (representative blot
from n = 3 mice).
See also Figure S3 and Table S1.
primary determinant of cellular translational capacity and

accordingly has an essential role in the control of cell

growth. mTORC1 is one of the major pathways coupling

nutrient availability to the regulation of ribosome biogen-

esis and has been reported to regulate effects of CR in a

number of somatic tissues (Dibble and Manning, 2013;

Igarashi and Guarente, 2016; Powers and Walter, 1999;

Yilmaz et al., 2012). Thus, we aimed to assess mTORC1 ac-

tivity in reserve ISCs following CR.

We used phosphorylation of ribosomal protein S6 (pS6)

by the mTORC1 target S6 kinase as a readout for mTORC1

activity (Morley and Traugh, 1990). CR repressed mTORC1
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signaling under basal conditions (Figure 2B). Although it is

well established thatmTORC1 activity is dispensable for in-

testinal homeostasis, recent studies reported that mTORC1

activation is required during regeneration of the intestinal

epithelium after DNA-damaging injury (Faller et al., 2015;

Sampson et al., 2016). Interestingly, despite their lower

mTORC1 activity under basal conditions, CR mice were

fully capable of robust mTORC1 activation in regenerative

foci in response to radiation injury to an extent greater

than their AL-fed counterparts (Figure 2C). We confirmed

that CR specifically represses mTORC1 in reserve ISCs by

quantifying pS6 levels in fluorescence-activated cell sorting



(FACS)-sorted Hopx-CreER+ ISCs from HT mice. This re-

vealed that under AL-fed conditions, the majority of

reserve ISCs exist in an mTORC1-low state (Figure 2D);

however, a group mTORC1-high cells are clearly present,

consistent with prior findings that roughly 25%–30% of

reserve ISCs are active and in cycle during homeostasis

(Li et al., 2016b; Yousefi et al., 2016). Upon CR, reserve

ISCs shifted to a more inactive, mTORC1-low state,

although few mTORC1-high cells remain present (Fig-

ure 2D). We next tested the ability of radiation damage

to induce mTORC1 activity specifically in reserve ISCs

and, consistent with immunostaining results, found low

levels of pS6 in these cells in the basal state (Figure 2E).

S6 phosphorylation was markedly induced in reserve ISCs

48 hr after radiation, a time when the first cell divisions

are initiated in reserve ISCs (Figure 2E and Yan et al.,

2012). These data led us to hypothesize that dynamic regu-

lation and expanded response range of mTORC1 activity

in reserve ISCs in CR mice is a major contributing factor

to the enhanced tissue regeneration observed after caloric

restriction.

Precise Control of mTORC1 Activity Is Required for

Efficient Tissue Regeneration

To further functionally validate our hypothesis, we tested

the ability of leucine, a branched-chain amino acid known

to be among the most potent nutrient agonists of the

mTORC1 complex in vitro (Fox et al., 1998), to activate

mTORC1 in vivo. Western blotting of crypt extracts after

1.5% leucine administration in drinking water confirmed

the ability of this amino acid to potentiate mTORC1

activity in vivo (Figure 3A). Next, we assessed the effect of

mTORC1 activation by leucine, as well as mTORC1 inhibi-

tion by rapamycin treatment, on lineage tracing from

reserve ISCs 2 weeks after reporter activation in HT mice.

Leucine stimulation dramatically increased the number

of tracing events from reserve ISCs and rapamycin had

the opposite effect, demonstrating both the necessity and

sufficiency of mTORC1 signaling for activation of reserve

ISCs in vivo (Figure 3B). To assess whether the effect of

mTORC1 modulation on reserve ISC activation was cell

autonomous, we FACS-purified reserve ISCs and tested

the intestinal organoid-forming capacity of single cells in

the presence of leucine or rapamycin in the culture media.

Consistent with our in vivo results, in vitro addition of

leucine increased organoid formation efficiency while ra-

pamycin had the opposite effect, indicating that mTORC1

activity regulates reserve ISC activation in a cell-autono-

mous manner (Figures 3C and S3B). The repressive effects

of rapamycin were markedly stronger than the inductive

effects of leucine, possibly due to the presence of high

levels of potent ISC mitogens and known mTORC1 ago-

nists in the culture media, including Wnt, Notch, and
epidermal growth factor ligands, aswell as bonemorphoge-

netic protein antagonists.

To further confirm the cell-autonomous effect of

mTORC1modulation on activation of reserve ISCs in vivo,

we genetically activated mTORC1 specifically in Hopx-

CreER+ reserve ISCs. Hopx-CreER::Rosa26LSL-tdTomato reporter

alleles were bred into mice harboring floxed alleles of Tsc1

(Tsc1flox/flox::Hopx-CreER::Rosa26LSL-tdTomato, THT mice)

(Kwiatkowski et al., 2002). Consistent with results using

leucine, there were increased lineage-tracing events from

reserve ISCs of THT mice 2 weeks after Hopx-CreER induc-

tion of reporter activity and Tsc1 deletion (Figure 3D).

Conversely, inhibition of mTORC1 activity in reserve

ISCs via Raptor inactivation in Raptorflox/flox::Hopx-CreER::

Rosa26LSL-tdTomato (RHT) mice abrogated lineage-tracing

events from reserve ISCs (Figure S3C), confirming the func-

tional importance of cell-autonomous mTORC1-mediated

regulation of reserve ISC activity.
mTORC1 Modulation Regulates the Intestinal

Response to High-Dose g-IR Injury

Ultimately, we tested whether inhibition of mTORC1 in

reserve ISCs, as we observed in CR mice, has a radioprotec-

tive role at the time of injury. We assessed apoptotic cell

death in response to radiation in reserve ISCs of mice that

were treated with either leucine or rapamycin beginning

3 days prior to radiation exposure. Interestingly, inhibition

of mTORC1 signaling prior to injury protected reserve ISCs

against apoptosis, while stimulation of mTORC1 during

this same period sensitized reserve ISCs to ionizing radia-

tion (Figure 4A). We then assessed the effect of mTORC1

modulation prior to radiation exposure on the subse-

quent regenerative response. When mTORC1 was induced

through administration of leucine in drinking water start-

ing 3 days prior to radiation injury, the epithelial regenera-

tive response was significantly impaired (Figure 4B). We

observed similar regenerative failure using reserve ISC-spe-

cific genetic ablation of Tsc1 prior to ionizing radiation

exposure (Figure S4A). Similarly, ISC-specific inhibition

of mTORC1 did not affect tissue homeostasis under basal

conditions but impaired regeneration following injury

(Figures S4B and S4C).

Taken together, our findings demonstrate that reserve in-

testinal stem cell-autonomous activity of mTORC1 plays a

significant functional role in governing the regenerative

response of the epithelium to DNA-damaging injury and

contributes to the beneficial effects of CR (Figure 4C).
DISCUSSION

There is considerable interest in gaining a better under-

standing of the cellular basis underlying regeneration of
Stem Cell Reports j Vol. 10 j 703–711 j March 13, 2018 707



Figure 3. mTORC1 Modulates Activation of Reserve ISCs in a Cell-Autonomous Manner
(A) Western blot analysis for pS6 in protein extracted from the intestinal epithelium of a cohort of mice that were fasted for 18 hr and then
divided into two groups. One group was harvested after fasting and the other group received 1.5% leucine in the drinking water for 6 hr
following fasting (n = 3 mice).
(B) Lineage tracing from Hopx-CreER+ ISCs using immunofluorescence staining for tdTomato in sections from Hopx-CreER::LSL-tdTomato and
control mice 2 weeks after tamoxifen treatment. Rapamycin and leucine treatments started 3 days before tamoxifen injection and
continued until time of harvest (n = 3–5 mice, ***p < 0.0005). Scale bar, 100 mm.
(C) Organoid formation assays from single FACS-purified Hopx-CreER+ ISCs from Hopx-CreER::LSL-tdTomato mice that received one dose of
tamoxifen 18 hr before tissue harvest. Sorted cells were treated with 10 mM leucine or rapamycin for 72 hr in culture (n = 3 replicate wells
from each of two individual animals, *p < 0.05 and **p < 0.005). Images of organoid cultures are presented in Figure S3B.
(D) Lineage tracing from reserve ISCs in Hopx-CreER::Tsc1flox/flox::LSL-tdTomato (THT) mice visualized with immunofluorescence staining for
tdTomato in sections from the jejunum 2 weeks after tamoxifen treatment (n = 5 mice, *p < 0.05). Scale bar, 100 mm.
Error bars represent ±SD from the mean. See also Figure S3.
the intestinal epithelium following DNA damage from

radiation exposure, chemotherapy, microbiome dysbiosis,

and ischemia-reperfusion injury, not only to enable strate-

gies for targeting these cells to enhance regeneration but

also because of the apparent parallels between intestinal

regeneration and oncogenic transformation.
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Previous studies suggested that CR improves regenera-

tion of the intestinal epithelium following high-dose

g-IR through a non-cell-autonomous effect on actively

cycling CBCs mediated by intercalating Paneth cells

(Yilmaz et al., 2012). Given that WntHigh/Lgr5High CBCs

are quantitatively ablated by high-dose g-IR and that



Figure 4. Premature Activation of
mTORC1 Sensitizes Reserve ISCs to Radia-
tion Injury and Results in Regeneration
Failure
(A) Flow-cytometric analysis of apoptosis in
reserve ISCs from Hopx-CreER::LSL-tdTomato
mice by staining for cleaved caspase-3, 2 hr
after 12 Gy g-IR. Rapamycin and leucine
treatments were started 3 days before the
time of harvest, and all groups were given a
single tamoxifen dose 18 hr prior to tissue
harvest (n = 7–10 mice, ***p < 0.0005).
(B) Ki67(red) staining and quantification
of the regeneration efficiency after irra-
diation injury in mice receiving 1.5%
leucine in their drinking water 3 days before
g-IR and control groups. Arrowheads point
to regenerative crypt foci (n = 3 mice,
**p < 0.005). Scale bar, 50 mm.
(C) Integrated model describing changes
in the radioresistant reserve ISC pool
in response to dietary modulation. CR
increases the pool of reserve ISCs, while
leucine stimulation drives activation of
dormant ISCs (dormant: mTORC1-low, or-
ange; active: mTORC1-high, green). Upon
exposure to DNA-damaging injury, mTORC1-
high ISCs undergo apoptosis. After injury,

the surviving pool of ISCs is larger under CR, enabling a more robust regenerative response relative to AL-fed counterparts. In
contrast, after leucine feeding, fewer ISCs survive the injury, resulting in regenerative failure.
Error bars represent ±SD from the mean. See also Figure S4.
regeneration following radiation injury is driven by sur-

viving WntLow/Off cells, the beneficial effects of CR are

likely not mediated by active CBCs and likely rather reflect

the activity of additional stem cell populations (Asfaha

et al., 2015; Tao et al., 2015; Yan et al., 2012; Yousefi

et al., 2016). This notion is further supported by recent

demonstrations that Paneth cells, originally purported

to be the niche for CBCs responsible for governing their

activity, are dispensable for both CBC function and epithe-

lial regeneration in response to radiation injury (Durand

et al., 2012; Kabiri et al., 2014; Kim et al., 2012; San Roman

et al., 2014).

Here, we show that radioresistant ISCs within Hopx-

CreER-marked populations functionally contribute to the

enhanced regenerative outcome following DNA-damaging

injury in CR mice in an mTORC1-dependent manner.

Diphtheria toxin-mediated ablation of these rare (roughly

1% of the crypt epithelium) radioresistant ISCs abro-

gates the beneficial effects of CR in response to DNA-

damaging injury while having no discernible effects on

the resting, homeostatic epithelium. These effects are cell

autonomous and not an artifact of general tissue injury

in response to diphtheria toxin activation, since genetic
ablation of mTORC1 activity specifically in these cells

results in similar regenerative failure only upon DNA-

damaging injury.

We demonstrate that CR suppresses mTORC1 signaling

in reserve ISCs and this, in turn, protects reserve ISCs

against radiation injury. However, mTORC1 activation is

required during regeneration following injury. Remarkably,

despite the repression ofmTORC1 in CRmice, their epithe-

liummaintains the ability not only to activate mTORC1 in

response to injury but does so to an extent greater than that

seen in AL-fed animals. Curiously, a similar phenomenon

has been observed in the context of acute fasting, whereby

Pten inactivation through phosphorylation poises reserve

ISCs to contribute to epithelial regeneration upon feeding

(Richmond et al., 2015).

Ultimately, our findings emphasize the significance of

precisely governed mTORC1 activity in protecting stem

cells against injury anddriving themtoexpandand repopu-

late the tissuewhencalledupon. Thediscoveryof the role of

mTORC1 signaling in controlling reserve intestinal stem

cell activity provides a framework for future studies aimed

at the development of pharmacological or dietary inter-

ventions that delay ISC activation in an effort to protect
Stem Cell Reports j Vol. 10 j 703–711 j March 13, 2018 709



patients against acute side effects of radiation therapy and

radiation-induced acute gastrointestinal syndrome.
EXPERIMENTAL PROCEDURES

Mouse Strains
WeobtainedBmi1-CreER (JAX strain 010531),Tsc1floxed (Jaxmice

strain 005680), Raptor floxed (Jax mice strain 013188), Lgr5-eGFP-

IRES-CreERT2 (Jax mice strain 008875), and R26-CAG-LSL-

tdTomato (JAX mice strain 007914) from the Jackson Laboratory.

Hopx-CreER (JAX strain 017606) mice were generated at the Perel-

man School of Medicine, University of Pennsylvania. All mice

were maintained on a C57/BL6N background.

Statistical Analysis
Shapiro-Wilk tests were used to assess normality of datasets. To

compare differences in two groups, we calculated statistical signif-

icance using Student’s t tests since all datasets passed the normality

test. To compare differences in more than two groups, we used

ANOVA for normal (Figures 1E and 4A) and a Kruskal-Wallis test

(Figure 3A) for non-normal datasets. Error bars reflect SD. For

animal studies, samples were only excluded from experiments if

animals were considered unhealthy.

Study Approvals
All mouse protocols were approved by the Institutional Animal

Care and Use Committee at the University of Pennsylvania under

protocol 803415, issued to Dr. Christopher Lengner.
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