
Article

Autophagic state prospectively identifies facultative
stem cells in the intestinal epithelium
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Abstract

The intestinal epithelium exhibits a rapid and efficient regenera-
tive response to injury. Emerging evidence supports a model where
plasticity of differentiated cells, particularly those in the secretory
lineages, contributes to epithelial regeneration upon ablation of
injury-sensitive stem cells. However, such facultative stem cell
activity is rare within secretory populations. Here, we ask whether
specific functional properties predict facultative stem cell activity.
We utilize in vivo labeling combined with ex vivo organoid forma-
tion assays to evaluate how cell age and autophagic state con-
tribute to facultative stem cell activity within secretory lineages.
Strikingly, we find that cell age (time elapsed since cell cycle exit)
does not correlate with secretory cell plasticity. Instead, high
autophagic vesicle content predicts plasticity and resistance to
DNA damaging injury independently of cell lineage. Our findings
indicate that autophagic status prior to injury serves as a lineage-
agnostic marker for the prospective identification of facultative
stem cells.
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Introduction

The intestinal epithelium is a highly proliferative tissue, undergoing

nearly complete turnover within 5 days. Turnover is driven by divi-

sion of crypt base columnar stem cells (CBCs) marked by the Wnt

target gene Lgr5. CBCs cycle rapidly at homeostasis, then commit

either to the absorptive lineage to make enterocytes after transit-

amplification or to the secretory lineage (Barker et al, 2007; Clevers,

2013). Although CBCs are responsible for maintaining tissue turn-

over at homeostasis, they and their transit-amplifying progeny are

highly sensitive to DNA damage-inducing injury, such as ionizing

radiation (Yan et al, 2012; Tao et al, 2015). In contexts where CBCs

are depleted, the intestinal epithelium can repopulate the vacant

CBC niche through recruitment of facultative intestinal stem cells (f-

ISCs; Tian et al, 2011; Yan et al, 2012). Historically, f-ISCs have

been defined using reporter mice with insertion of CreER cassettes

into the loci of genes including Bmi1, Hopx, or Lrig1 (as well as ran-

dom integrant transgenics driven by the mTert promoter) which

label heterogeneous populations of cells, some of which contribute

to postinjury regeneration (Breault et al, 2008; Sangiorgi & Capec-

chi, 2008; Montgomery et al, 2011; Takeda et al, 2011; Powell et al,

2012; Yan et al, 2012). However, there is a varying degree of over-

lap between reporter-marked populations, and the endogenous tran-

scripts from these genes are broadly expressed throughout the crypt

epithelium and are not specific to f-ISCs (Li et al, 2014b).

Historically, f-ISC activity has been studied within specific epithe-

lial lineages. Accumulating evidence supports the secretory lineage

as a major contributor to postinjury regeneration. Some studies
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specifically implicate secretory progenitor populations, such as

those marked by Dll1- and Atoh1-CreER reporter alleles, as the

source of facultative stem cells (van Es et al, 2012; Tomic et al,

2018). Other studies suggest plasticity of more mature secretory lin-

eage cells using markers of enteroendocrine cells (including Prox1-

CreER and Neurod1-CreER) or Paneth cells (Lyz1-CreER) (Yan et al,

2017; Schmitt et al, 2018; Sei et al, 2018; Yu et al, 2018; Jones et al,

2019). In agreement with this premise, studies utilizing Histone H2B

pulse-chase label retention systems demonstrated that quiescent

label retaining cells in the intestinal epithelium are highly enriched

in the enteroendocrine-specific genes Chga and Chgb (Buczacki

et al, 2013; Li et al, 2016). Buczacki et al (2013) demonstrate fur-

ther using an H2B-split-Cre system that label retaining cells can

behave as f-ISCs in the face of tissue damage. Similarly, other

studies show that cells marked by Bmi1-GFP are largely composed

of differentiated Chga+ enteroendocrine cells (Jadhav et al, 2017),

and lineage tracing from a Bmi1-CreER allele provides evidence for

f-ISC activity in what is presumed to be an analogous population to

that marked by Bmi1-GFP (Sangiorgi & Capecchi, 2008). Finally,

recent evidence in Lgr5Dtr-GFP mice crossed with mice depleted in (i)

secretory cells (via Atoh1�/�) or (ii) enterocytes (via Rbpj�/�)

suggests that cells from either lineage can contribute to regeneration

when Lgr5 cells are ablated with diphtheria toxin (Murata et al,

2020).

It remains unknown whether cells with f-ISC capacity maintain

the same degree of latent stem cell potential as they become increas-

ingly committed to their fate, or whether additional functional char-

acteristics confer facultative stem cell potential. A recent study by

Sheahan et al (2021) suggested via lineage-tracing experiments that

epithelial regeneration following doxorubicin-induced intestinal

injury is mediated by immediate progenitors of CBCs, suggesting

that cellular maturity may be inversely correlated with plasticity.

Although current lineage tracing strategies have been indispensable

for developing a deeper understanding of plasticity in the epithe-

lium, there are limitations: (i) Not all labeled cells act as f-ISCs,

making it unclear which cellular properties confer plasticity, and (ii)

although f-ISC function has been observed across several lineages,

inefficient Cre recombination together with infrequent tracing

events makes it difficult to determine the extent to which each lin-

eage contributes to regeneration. Furthermore, these studies collec-

tively attempt to understand f-ISC activity by employing lineage-

specific recombinases, with the underlying assumption that such

stem cell activity should be a function of lineage. In this study, we

aim to uncover cellular states that confer facultative stemness.

We demonstrated previously that calorie restriction, a nutritional

regimen characterized by enhanced autophagic flux and decreased

activity of the mammalian target of rapamycin complex 1

(mTORC1), is associated with increased frequency of f-ISCs at

homeostasis and a greater number of regenerative foci following

12 Gy gamma irradiation. Furthermore, pretreatment with the

mTORC1 inhibitor Rapamycin, which can induce the autophagy

pathway, decreased f-ISC apoptosis following irradiation (Yousefi

et al, 2018). Recent work in gastric chief and pancreatic acinar cells

shows that these cells, through a process termed paligenosis, utilize

autophagy to promote dedifferentiation and metaplastic gene

expression following a high-dose tamoxifen injury model (Willet

et al, 2018). Collectively, these studies suggest that metabolic state

at the time of injury may be a critical component for cell survival

and plasticity to ensure tissue regeneration. In this study, we evalu-

ate how cell age (as a proxy for lineage commitment) and autop-

hagic status predict f-ISC potential within the intestinal epithelium.

We find that plasticity in long-lived secretory cells is not altered as a

function of cell age. Rather, we report that high autophagic vesicle

content enables prospective identification of cells with f-ISC poten-

tial regardless of lineage, correlating with plasticity and DNA dam-

age resistance. Taken together, our data support a model in which

autophagic status serves as a lineage-agonistic marker enabling the

prospective identification of epithelial cells with f-ISC potential.

Results

Facultative intestinal stem cells are enriched for a secretory cell
gene signature

Among the many Cre driver alleles used to identify f-ISCs, Hopx-

CreER is one of the most robust and frequently used (Takeda et al,

2011; Li et al, 2014b; Wang et al, 2019) and largely overlaps with

another frequently utilized marker, Bmi1-CreER (Sangiorgi & Capec-

chi, 2008; Yan et al, 2012; Li et al, 2014b). Moreover, only Hopx-

CreER has been used to ablate genes important for f-ISC activity with

resulting decreases in regenerative capacity after injury (Yousefi

et al, 2016). However, while the Hopx-CreER and Bmi1-CreER repor-

ters efficiently label f-ISCs, endogenous Hopx and Bmi1 transcripts

can be found in all cells of the intestinal crypt, including those not

marked by the targeted CreER reporters (Mu~noz et al, 2012; Li et al,

2014b). This lack of concordance between CreER activity and mRNA

distribution obfuscates f-ISC identity. We therefore sought to more

clearly define the f-ISC population marked by Hopx-CreER through

transcriptome and proteome profiling of HopxCreER::R26LSL-tdTomato-

marked cells.

We evaluated tdTomato+ cells from HopxCreER::R26LSL-tdTomato

mice along with CBCs marked by eGFP/tdTomato from

Lgr5eGFP-IRES-CreERT2::R26LSL-tdTomato mice (Fig 1A). Bulk RNA-seq and

mass spectrometry analysis revealed a high degree of concordance

between enriched genes and proteins within the HopxCreER-marked

population, with almost no anticorrelated genes and proteins

(R2 = 0.286) (Fig 1B). Many of the top transcripts and proteins

enriched in HopxCreER-marked cells relative to CBCs were specific to

secretory lineage cells including enteroendocrine, Paneth, tuft, and

goblet cells (marked by Chga, Lyz1, Dclk1, and Muc2, respectively)

(Fig 1C). This finding is consistent with the literature describing

plasticity within the secretory lineages using Dll-, Atoh1-, Bmi1-,

Lyz1-, Prox1-, and Neurod1-CreER reporter alleles and suggests that

Hopx-CreER marks f-ISCs across multiple secretory branches. Path-

way analysis of proteins enriched within the HopxCreER-marked pop-

ulation revealed signatures related to vesicle-mediated transport and

protein and macromolecule localization, further consistent with

secretory cell identity (Fig 1D). One of the most highly differentially

expressed genes, also enriched in mass spectrometry data, was

Chromogranin A (Chga), a marker of mature EECs (Rindi et al,

2004). Chga mRNA is expressed specifically within the EEC lineage

and marks a more homogenous population of cells relative to

known f-ISC marker genes including Hopx, Bmi1, Dll1, and Lrig1

whose expression is not restricted to the secretory lineages (Fig 1E–

J). Marker genes used to identify cell populations are displayed in
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Fig EV1. These findings underscore limitations of current putative f-

ISC reporter alleles, which lack concordance between cells with Cre

activity and cells with endogenous expression of the Cre driver-

genes, and ultimately hinder the assignment of f-ISC potential to

specific cell types.

A novel ChgaCreER-tdTomato allele marks EECs with f-ISC activity

Cells of the secretory lineage and their common upstream progenitor

have been implicated as f-ISCs; however, it remains unclear to what

degree their plasticity is related to their maturation. To address this

question, we generated a Chga-CreER-2A-tdTomato allele to mark

mature enteroendocrine cells (Rindi et al, 2004) by inserting a

CreER-2A-tdTomato reporter cassette into the endogenous Chga

locus (Fig EV2A and B). We confirmed overlap of Chga protein and

tdTomato reporter expression by immunofluorescence staining

(Fig EV2C) and enrichment of EEC-specific gene expression in

FACs-purified tdTomato+ cells (Fig EV2D).

Given that prior studies demonstrated a dramatic disconnect

between populations marked by putative f-ISC Cre drivers, fluores-

cent reporters, and endogenous transcripts (Mu~noz et al, 2012; Li

et al, 2014b), we investigated which cells express the CreER-2A-

tdTomato reporter transcript and which are marked by CreER activ-

ity (readout by activation of a R26-lox-stop-lox-eYFP reporter) by

profiling intestinal epithelial cells from ChgaCreER-2A-tdTomato::R26LSL-

eYFP mice. We confirmed overlap of the tdTomato and eYFP

reporters histologically (Fig 2A) and performed single-cell RNA

sequencing (scRNAseq) on eYFP+ cells sorted from a crypt enriched

epithelial cell suspension (Fig EV2E), as well as bulk epithelial cells

for reference (Fig 2B and C). Crypt cells were profiled because they

likely harbor the bulk of the regenerative potential due to their prox-

imity to crypt base niche factors. We generated a PHATE map

(Moon et al, 2019) to visualize lineage relationships between pro-

filed cell types (Fig 2D). We probed for expression of both the

CreER-2A-tdTomato and the eYFP transcripts in the scRNAseq data,

allowing us to determine which cells underwent recombination (and

their progeny). As expected, we detect the CreER-2A-tdTomato tran-

script primarily within the EEC lineage (Figs 2E–G and EV2G).

Although eYFP transcripts were similarly most prominent within the

EEC lineage, we also observed expression in a small number of

stem, progenitor, and differentiated lineage cells (enterocytes,

Paneth, and goblet cells), indicating either EEC dedifferentiation to a

progenitor state at homeostasis (which can give rise to YFP-traced

progeny) (Fig EV2F), infrequent recombination occurring in non-

EEC cell types, or some combination of these possibilities (Figs 2E–

G and EV2G). Looking within the tdTomato+ population, we

observe that the reporter captures a spectrum from common secre-

tory (Atoh1+) and EEC progenitors (Neurog3+) to mature EECs

(Chga+) (Fig 2H). We also confirm the specificity of our Chga-

CreER-tdTomato allele by demonstrating enrichment of EEC marker

genes and the lack of robust CBC or TA gene expression (Figs 2I

and EV2H and I).

◀ Figure 1. Facultative intestinal stem cells are enriched for secretory lineage markers, including Chromogranin A.

A Schema for tamoxifen injections to HopxCreER::Rosa26LSL-tdTomato and Lgr5eGFP-IRES-CreERT2::R26LSL-tdTomato mice. Small intestines were processed for FACS 18 h after one
tamoxifen dose and RNA and protein were extracted from collected cells for sequencing and mass spectrometry, respectively. N = 3 mice/group for transcriptomics
and N = 4 mice/group for proteomics.

B Concordance between transcript and protein abundance as measured by the correlation between enrichment scores per gene [�log2 (P-value) × fold change] for
RNA and protein.

C Volcano plots of enriched transcripts/proteins by RNA-seq and Mass Spectrometry in Hopx-CreER labeled cells versus Lgr5-CreER labeled cells.
D Gene ontology analysis of proteins enriched in Hopx-CreER labeled f-ISCs. Score = �log2 (P-value).
E–J tSNE plots of single-cell RNA-sequencing data from wild type small intestine and colon (E). tSNE plots colored by expression levels of common f-ISC Cre-drivers and

Chga (F–J).

▸Figure 2. A novel ChgaCreER-tdTomato allele marks EECs with f-ISC activity.

A Immunofluorescence staining of small intestine demonstrating overlap of tdTomato and activated eYFP reporter. Scale bar = 100 lm. Inset scale bar = 10 lm.
B Schema for scRNAseq experiment. Bulk and eYFP+ cells were collected 48 h after five daily doses of 1 mg of tamoxifen.
C PHATE map projection of scRNAseq data color coded by sorted population (eYFP+ vs. bulk cells).
D PHATE map projection of eYFP and bulk cells demonstrating lineage relationships between intestinal cell types.
E Histogram of cell types that express tdTomato and eYFP.
F CreER-tdTomato expression displayed on PHATE map.
G eYFP expression displayed on PHATE map.
H UMAP dimension reduction was performed on cells that express the tdTomato transcript, revealing a cluster of EECs (bottom Chga+ cluster) including some

Neurog3+ EEC progenitors and a more immature secretory progenitor cluster (top, expressing Lgr5 and Atoh1).
I Violin plots of EEC (Chga, Tph1, Tac1, Neurod1) and CBC (Lgr5, Ascl2) marker genes in tdTomato+ and tdTomato� populations. N = 1 mouse/group, tomato� = 1,907

cells/group, tomato+ = 429 cells/group. P-value generated by two-tailed Student’s t-test.
J Image of an organoid formed from a single ChgaCreER-tdTomato+ cell, 12-day postplating. Scale bar = 100 lm.
K Experimental scheme for lineage tracing of ChgaCreER-marked cells at homeostasis and postinjury. Five consecutive doses of 1 mg of tamoxifen were administered to

ChgaCreER-2A-tdTomato::R26LSL-LacZ mice, followed by 12 Gy of gamma irradiation and tissue harvest 7 days later. N = 3 control mice, N = 4 IR mice.
L Example images of b-Gal+ traced cells postirradiation and at homeostasis. Scale bar = 100 lm.
M The number of fully traced b-Gal+ crypt-villus axes/cm in irradiated and nonirradiated mice. Lineage tracing events were quantified from small intestines divided into

four equal segments (S1–4, with S1 being the most proximal), stained with X-Gal, embedded in paraffin, cut into 5 lm thick sections, and counterstained with neu-
tral red. Data are expressed as mean � SEM. N = 3 mice/group, P-value generated by multiple Student’s t-tests.

N The number of b-Gal+ fully traced crypt-villus axes (i.e., lineage tracing events) normalized to the number of pre-injury crypt marked b-Gal+ cells (quantified from d0
control mice). S1 + S2 = the two most proximal intestinal segments. Data are expressed as mean � SEM. N = 4 mice/group, P-value generated by two-tailed stu-
dent’s t-test.
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We next examined plasticity of EECs upon their exposure to

crypt base stem cell niche factors in vitro. We sorted single

ChgaCreER-2A-tdTomato+ cells or Lgr5eGFP-High cells, embedded them in

Matrigel and exposed them to media containing R-spondin, Noggin,

and EGF. We found that EECs form organoids at one-fifth the rate of

Lgr5eGFP-High CBCs (Fig EV3A and B). The spherical organoids on

Day 5 developed into mature budding organoids by Day 12 and

retained tdTomato+ fluorescence within the EEC population

(Fig 2J). Together, these data indicate that EECs are plastic and can

reprogram upon exposure to niche factors in vitro, although it

remains unknown which tdTomato+ subset contributed most to the

organoid formation.

Finally, we probed the degree of EEC lineage plasticity by per-

forming lineage tracing experiments using ChgaCreER-2A-tdTomato::

R26LSL-LacZ mice. Two days after tamoxifen injection, we exposed

mice to 12 Gy of gamma irradiation and scored lineage tracing

events 3- and 7-day postinjury. Seven-day postirradiation, we found

frequent ribbons of continuous lineage traced cells emanating from

the crypt base and extending into the villi (Fig 2K–M). At Day 3, we

found numerous b-Gal+ clonal regenerative foci, with more traced

foci in the proximal segment of the jejunum (S1) as compared with

more distal small intestinal segments (S2, S3 and S4) (Fig EV3C and

D). In the absence of injury, we found rare clusters of b-Gal+ lineage

traced enterocytes, as well as labeled cells near the crypt base

(Figs 2L and EV3E and F). We postulate that these tracing events

emanate from rare progenitor cells marked by ChgaCreER-2A-tdTomato

(consistent with single-cell transcriptomic data, Fig 2I), from

marked EECs that dedifferentiate in the absence of injury to regain

stem/progenitor activity, or a combination of these. We ultimately

quantified the number of lineage tracing events relative to the num-

ber of b-Gal+ crypt cells and found that only a fraction of marked

EECs (approximately 2%) form lineage traced ribbons postinjury

and thus act as f-ISCs (Fig 2N). These data indicate that although

EECs can contribute to intestinal epithelial regeneration after DNA

damaging injury, there is considerable heterogeneity in this popula-

tion with respect to their facultative stem cell potential.

Secretory cell plasticity is independent of cell age

Given that only a small fraction of marked EECs exhibit f-ISC poten-

tial, we sought to define properties that confer stemness to this plas-

tic subset. A recent study using Lgr5eGFP-IRES-CreERT2::R26tdTomato mice

demonstrated that recent progeny of Lgr5+ cells contribute the

majority of cells to regeneration, suggesting that younger cells could

be more plastic than older cells (Murata et al, 2020). Similarly, early

CBC progeny upregulate DNA damage response genes in response

to injury, which may confer survival and facilitate regeneration

(Sheahan et al, 2021). We therefore hypothesized that younger

secretory cells arising from Lgr5eGFP+ CBCs may more readily re-

acquire stem cell activity relative to older secretory cells which may

reach a point of terminal differentiation. To investigate this hypothe-

sis, we utilized H2B-GFP label retention to fractionate epithelial cells

by elapsed time since cell cycle exit (Foudi et al, 2009). TRE-H2B-

GFP mice harbor a doxycycline-inducible green fluorescent histone

2B protein such that continuous doxycycline administration to mice

loads chromatin of all dividing cells with GFP-tagged H2B. Upon

doxycycline withdrawal, the GFP is diluted in half with each round

of cell division, and any cells that exit the cell cycle prior to dox

withdrawal remain GFP+ (Figs 3A and EV4A and B). We and others

previously demonstrated that short-term (10 day) label retaining

cells (LRCs) are a population of secretory cells, primarily EECs and

Paneth cells that retain organoid forming capabilities (Buczacki

et al, 2013; Li et al, 2016).

To determine whether younger LRCs exhibit plasticity that is pro-

gressively lost in older LRCs, we performed organoid formation

assays on differentially aged LRC populations. We withdrew doxycy-

cline for 0, 3, 7, or 14 days prior to isolating single GFP+ LRCs by

FACS and embedding equal numbers of cells in Matrigel to assess

organoid formation in response to niche growth factor exposure

(Fig 3A). Histologically, we found the expected reduction in the

number of LRCs for the different withdrawal periods (Fig 3B). Fur-

thermore, we analyzed intestinal tissue from a ChgaCreER-2A-tdTomato::

TRE-H2B-GFP mice and found that after a 10 day dox withdrawal,

half of tdTomato+ EECs retained a GFP label (Fig 3C). These data

were consistent with prior findings that 10-day LRCs are approxi-

mately 50% EECs (Li et al, 2016). Surprisingly, there was no differ-

ence in organoid formation between younger and older GFP+ LRCs

(Fig 3D and E). Taken together, these data support the conclusion

that secretory cell plasticity is not correlated with cell age, and pre-

sumably, lineage commitment. Given that cell age could not explain

why a subset of EECs participate in regeneration, but others do not,

we next considered additional cell states that could underlie variable

plasticity within the secretory lineage.

Autophagic vesicle content correlates with facultative intestinal
stem cell capacity in vitro

Facultative stem cells must be able to both survive injury and re-

acquire stem cell function to ensure tissue regeneration. Emerging

literature in other contexts suggests that autophagy may support

both properties. Autophagy is a cellular self-degradation mecha-

nism that clears proteins, damaged organelles, and intracellular

▸Figure 3. Epithelial plasticity does not correlate with cell age.

A Diagram depicting the use of TRE-H2B-GFP mice for label retention studies. TRE-H2B-GFP mice were given doxycycline continually for at least 4 weeks prior to variable
withdrawal periods to generate label retaining cell populations of different ages. The GFP+ LRCs were then FACS-purified, embedded in Matrigel, and exposed to niche
growth factors (EGF, R-Spondin, Noggin) for in vitro organoid formation assays.

B Immunofluorescence images of small intestines of TRE-H2B-GFP mice after the dox withdrawal periods outlined in panel (A). Crypts are outlined with dashed lines.
Scale bar = 15 lm.

C Immunofluorescent image of a TRE-H2B-GFP ChgaCreER-2A-tdTomato mouse after a 10 day dox withdrawal period, demonstrating that EECs and LRCs represent an over-
lapping population, with half of EECs retaining an H2B-GFP label. Scale bar = 100 lm. Inset scale bar = 10 lm.

D Organoid formation efficiency of different aged LRC populations. N = 3 mice/group, N = 3 wells quantified per mouse. Data are expressed as mean � SEM. N = 3
mice/group, P-value generated by Ordinary one-way ANOVA.

E Images of organoids quantified in (D). Scale bar = 500 lm.
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pathogens to regulate energy levels during stress or injury. Recent

work evaluating cell dedifferentiation in both gastric chief and pan-

creatic acinar cells following metaplasia-inducing injury showed

that autophagy is required for metaplastic gene expression (Willet

et al, 2018). Furthermore, autophagy is suppressed by activity of

mTORC1, and in the intestine high mTORC1 activity renders f-ISCs

susceptible to DNA damage-induced apoptosis (Yousefi et al, 2018).

Additionally, mice with AhCre- or VillinCreER-mediated deletion of

key autophagy regulators, Atg5 or Atg7, respectively, exhibit

increased cell death and DNA damage in the crypt base following

ionizing irradiation (Asano et al, 2017; Trentesaux et al, 2020).

These prior studies highlight a role for autophagy in regulating

injury-resistance and cellular plasticity, making autophagy a strong

candidate marker for prospective identification of f-ISCs.

We asked whether autophagic vesicle content could predict

secretory cell plasticity in vitro. To measure autophagic vesicle con-

tent, we employed CytoID, an amphiphilic tracer dye that marks

autophagic vesicles including early-forming autophagosomes as well

as late-stage autolysosomes (Guo et al, 2015). We sorted the top

(high) and bottom (low) 15% of CytoID-stained intestinal epithelial

cells from freshly isolated small intestinal crypts to evaluate the abil-

ity to segregate crypt cells based on autophagic state (Fig 4A and B;

Fig EV6). We confirmed that CytoIDhigh cells have higher amounts

of autophagic vesicles compared to CytoIDlow cells by sorting equal

numbers of cells and performing a Western blot for LC3-I/LC3-II

protein expression, where an increase in the

phosphatidylethanolamine-modified LC3-II serves as a marker for

increased autophagosomes (Mizushima & Yoshimori, 2007; Dikic &

Elazar, 2018; Fig 4C). We further confirmed that CytoIDhigh cells

exhibit pronounced autophagic puncta using ImageStream flow

cytometry (Fig 4D). Together these data confirm that CytoID faith-

fully identifies cells with high autophagic vesicle content. We next

investigated whether autophagic vesicle content correlates with the

ability of single crypt cells to form organoids in vitro. We observed

that CytoIDhigh cells form significantly more organoids than CytoI-

Dlow cells, with an efficiency comparable to Lgr5+ CBCs (Fig 4E and

F). Next, we inhibited autophagic flux via exposure to bafilomycin,

an inhibitor of autophagosome-lysosome fusion, and observed

decreased organoid formation capacity from CytoIDhigh cells in a

dose-dependent manner (Mauvezin & Neufeld, 2015; Fig 4G and H).

This finding suggests a functional requirement of autophagic flux

for in vitro organoid formation. Taken together, these data support

our hypothesis that high autophagic vesicle content can prospec-

tively identify intestinal epithelial cells with f-ISC capacity.

Single-cell RNA sequencing analysis reveals autophagic epithelial
cells are biased to the secretory lineages

To gain a detailed understanding of the spectrum of intestinal

epithelial cell populations that have high autophagic vesicle content,

we FACS-purified CytoIDlow and CytoIDhigh cells and performed

single-cell RNA sequencing analysis (Fig 5A). We utilized UMAP

dimension reduction and graph-based clustering algorithms to parti-

tion the captured cell types and assigned cluster identity based

on expression of known marker genes (Fig EV5A–C). We next per-

formed PHATE map dimension reduction (Moon et al, 2019) and

found the full spectrum of intestinal epithelial cell types represented

within the CytoIDlow and CytoIDhigh populations, with an

enrichment in goblet and Paneth cell lineages in the CytoIDhigh pool

and no significant difference in EECs between groups. There were

significantly more CBC stem and progenitor cells within the CytoI-

Dlow population (Fig 5B–F). The low organoid formation efficiency

of this population despite its substantial CBC content suggests that

autophagy could also play a role in maintaining stemness of CBCs

in a homeostatic context. Consistent with these observations, cell

cycle analysis showed that CytoIDlow cells were more likely to be

cycling, and CytoIDhigh cells more likely to be in G1 (Fig 5G and H).

To confirm these cell population distributions histologically, we

employed a CAG-LC3-GFP-RFP reporter mouse expressing a dual-

fluorophore labeled LC3, with early autophagosomes labeled by

both RFP and GFP and autolysosomes labeled with acid-stable RFP

only (Li et al, 2014a). We observed that epithelial cells containing

RFP+ autophagic puncta were often positive for UEA-1, a lectin that

stains both Paneth and goblet cells. Consistent with the single-cell

transcriptomic data, cycling Ki67+ cells were mutually exclusive

from cells containing RFP+ autophagic puncta (Fig 5I). GFP levels

from this reporter allele were not detectable postfixation. In sum,

these data indicate that the secretory lineages, particularly goblet

and Paneth cells, are enriched in noncycling, autophagic cells.

Autophagic vesicle content functions as a lineage agnostic
marker of stem cell capacity and protects against DNA
damaging injury

We next sought to confirm the distribution of autophagic cells

within specific secretory lineages using imaging flow cytometry. We

evaluated autophagic status of EEC and Paneth cell lineages by

staining freshly isolated crypts with CytoID then sorting out tdTo-

mato+ cells from ChgaCreER-tdTomato mice (Chga+) or cKit+ cells (a

specific marker of Paneth cells within the epithelium; Rothenberg

et al, 2012; Li et al, 2016) from wild-type mice and analyzing the

percentage of cells with and without CytoID puncta. Enteroen-

docrine cells exhibited a roughly equal distribution of cells with and

without CytoID puncta, whereas most Paneth cells contained CytoID

puncta (Fig 6A and B). These results are consistent with the cell

type distributions observed in Fig 5C. We next asked how autop-

hagic status relates to stem cell potential within secretory lineages.

To address this, we sorted out the top (high) and bottom (low) 25%

of autophagic cells within a c-Kit+ Paneth cell population and evalu-

ated their organoid-formation efficiency. The higher CytoID% was

chosen to increase cell yield of these rare populations. Here we

demonstrate that CytoIDhigh Paneth cells form significantly more

organoids than their CytoIDlow counterparts (Fig 6C). Published

studies suggest that Paneth cell-derived growth factors can con-

tribute to stem cell potential in an ex vivo organoid culture setting

(Sato et al, 2010). To exclude this possibility, we performed this

experiment within Chga+ enteroendocrine cells. We similarly

observed that CytoIDhigh EECs form organoids to a greater degree

than CytoID low EECs (Fig 6C). These findings demonstrate that

autophagic activity directly correlates with epithelial cell plasticity,

irrespective of lineage.

Because f-ISC activity requires a cell to not only re-acquire stem

cell activity upon exposure to niche factors, but first survive injury

to the tissue, we next asked whether autophagic activity is protec-

tive against DNA damaging injury. We irradiated CAG-LC3-GFP-RFP

and Lgr5-GFP mice with 12 Gy of ionizing irradiation and collected
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Figure 4. Intestinal epithelial cells with high autophagic vesicle content exhibit greater organoid-formation capacity.

A Schema of experimental approach. Small intestinal crypts were isolated, processed into single cells, and stained with CytoID. The top and bottom 15% of CytoID-
stained cells were sorted and plated to evaluate organoid-formation efficiencies.

B Representative flow plot demonstrating the CytoID staining pattern within intestinal epithelial cells.
C Western blot demonstrating LC3 levels from equal numbers of sorted CytoIDlow and CytoIDhigh cells. 200,000 cells were loaded per lane.
D Images of sorted CytoIDlow and CytoIDhigh cells acquired using an imaging flow cytometer.
E Representative images of organoids formed from sorted CytoIDlow, CytoIDhigh, and Lgr5-GFPhigh cells. Scale bar = 500 lm.
F Quantification of the organoid-formation efficiency in (E). N = 4 mice/group, N = 3 wells quantified per mouse. P-values displayed on graph. Data are expressed as

mean � SEM. P-value generated by ratio paired two-tailed t-test.
G Effect of bafilomycin on organoid formation efficiency in CytoIDlow and CytoIDhigh cells. Cells were plated in media containing different concentrations of bafilomycin

(0, 2.5, 5, 10, or 25 ng/ml) on day 0, media was changed on day 3 to media that did not contain bafilomycin and organoids were imaged on day 5 after plating. N = 4
mice/group, N = 4 wells quantified per mouse. Data are expressed as mean � SEM. P-value generated by Ordinary one-way ANOVA.

H Representative images of organoids quantified in (G). Scale bar = 500 lm.
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small intestines 6 h later to evaluate the DNA damage response.

Immunofluorescence for cH2AX foci, an early DNA damage

response marker, demonstrates that autophagic LC3-RFP+ cells have

significantly fewer cH2AX+ foci than either nonautophagic cells or

Lgr5+ CBCs (Fig 6D and E) We next evaluated whether injury resis-

tant crypt base cells include other secretory cells besides Paneth

cells. We found that 24.4 � 3.6% of EECs are located in the crypt

base. Furthermore, we demonstrate the presence of EECs and goblet

cells localized to the crypt base that are both high in autophagic

vesicle content and negative for cH2AX+ foci (Fig 6F). Taken

together, these data indicate that autophagic vesicle content is a

prospective identifier of f-ISCs and plays a role in supporting two

essential properties of cells with facultative stem cell potential: (i)

Allowing the f-ISC to survive injury and (ii) promoting plasticity by

A

D

G H I

E F

B C

Figure 5.
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enabling cells to reacquire CBC identity when exposed to niche

factors.

Discussion

To act as a facultative stem cell, a cell must survive injury and

reprogram to a CBC-like state. We found that cells with high autop-

hagic vesicle content are protected from DNA damaging injury and

have enhanced organoid formation capacity, thus conferring both

required properties for f-ISC activity. These findings describe a func-

tional state that correlates with f-ISC capacity across intestinal cell

lineages.

The primary limitation of using reserve ISC marker genes to iden-

tify f-ISCs, including Hopx and Bmi1, is the discrepancy between

cells marked by the mRNA versus CreER activity. In this study, we

aimed to bring clarity to the composition of the Hopx-CreER-marked

f-ISCs by profiling their transcriptome and proteome and found that

f-ISCs are enriched in secretory-specific genes such as Chga, Chgb,

Lyz1, Dclk1, and Muc2 both at the mRNA and at the protein level.

This finding is consistent with the literature describing plasticity

within multiple branches of the secretory lineage (Yan et al, 2017;

Schmitt et al, 2018; Sei et al, 2018; Yu et al, 2018). This emerging

literature continues to ascribe regenerative capacity based on cell

lineage identity, yet in these studies, only a small subset of cells in

any of the secretory lineages examined function as facultative stem

cells, prompting the question of whether additional attributes confer

f-ISC potential to this rare subset.

We initially postulated that the subset of cells which exhibit plas-

ticity and subsequently mediate the regenerative response would

primarily be less mature progenitors as opposed to older, more

committed secretory cells. This is consistent with the study by (Jad-

hav et al, 2017) demonstrating that secretory progenitor cells in the

epithelium retain similar chromatin accessibility signatures to Lgr5+

CBCs, suggesting that as secretory cells mature and differentiate

they may lose the ability to re-acquire CBC identity after reaching an

epigenetic “point of no return.” Remarkably, we observed no differ-

ence in plasticity as a function of cell age, using in vitro organoid

formation in response to niche cytokine exposure as a readout. One

limitation of our approach is that this phenotype could be different

in vivo. Furthermore, it is possible that in vivo, older cells may be

less likely to contribute to regeneration given their higher position

along the crypt-villus axis away from the source of niche cytokines

at the crypt base (Gehart et al, 2019).

A long-standing question since the initial development of intesti-

nal stem cell Cre alleles in Bmi1 and Lgr5 has been whether postin-

jury regeneration is driven by a dedicated pool of reserve stem cells,

or by plasticity of differentiating cells downstream of the Lgr5+ CBC.

Evidence has accumulated demonstrating the plasticity of both

absorptive and secretory lineages post-CBC ablation. Dedifferentia-

tion as a primary mechanism for regeneration is further supported

by Murata et al (2020) and Sheahan et al (2021) who demonstrated

that immediate CBC progeny restore the bulk of the ISC compart-

ment after CBC ablation. These findings are not mutually exclusive

from our data indicating that epithelial cell plasticity does not

decline as a function of age, given that the robust contribution from

younger cells in their studies could be explained by positioning of

recent progeny near the crypt base niche factors as opposed to

inherently more robust plasticity within young cells. We add to the

body of evidence that EECs specifically are plastic postinjury using

our novel Chga-CreER-2A-tdTomato reporter. We demonstrate that

this allele captures the full spectrum of EECs from progenitors to

◀ Figure 5. Autophagy activity is enriched within noncycling cells of the secretory lineage.

A Crypts were isolated from wildtype mice, dissociated into single cells, stained with CytoID and anti-EpCam antibodies. Epcam+ CytoID high and low (brightest and
dimmest 15%, respectively) cells were sorted out and processed for single-cell RNA sequencing using 10× Chromium technology. Cells from N = 2 mice (one male,
one female) were pooled, and mouse origin was demultiplexed using BioLegend Hashtag antibodies.

B PHATE map dimension reduction of all sequenced cells, colored by cell type.
C Histogram depicting the cell type make-up of the CytoID high and low populations.
D–F PHATE maps with cells colored by autophagy status.
G Cells were assigned cell cycle status based on expression of phase-specific genes and projected onto a PHATE map.
H The percentage of CytoID high versus low cells by cell cycle phase.
I Immunofluorescence images of crypts from CAG-LC3-GFP-RFP mice stained with anti-RFP, anti-E-cadherin, and either anti-ki67 or UEA1 antibodies. Scale

bar = 15 lm.

▸Figure 6. Autophagic activity predicts stemness within the secretory lineages and protects against DNA damaging injury.

A Representative plots demonstrating the distribution of cells with and without CytoID puncta within sorted CytoID low, high, Chga+, and c-Kit+ cells.
B Quantification of the percentage of cells with and without puncta within CytoID low, high, Chga+, and c-Kit+ cells. N = 3 mice/group (biological replicates). Data are

expressed as mean � SEM. N = 3 mice/group, P-value generated by multiple student’s t-tests.
C Representative images and quantification of organoid-formation efficiency of CytoID low and high cKit+ and Chga+ cells. Scale bars = 500 lm. N = 3 mice/group (bi-

ological replicates), N = 4 wells quantified per mouse (technical replicates). P-values displayed on graph. Data are expressed as mean � SEM. P-value generated by
paired and ratio paired two-tailed t-test, respectively.

D Immunofluorescent images of crypts from CAG-LC3-GFP-RFP and Lgr5-GFP mice 6 h postirradiation. Sections were stained for cH2AX, E-cadherin, and either LC3-RFP
or Lgr5-GFP, respectively. Scale bar = 15 lm.

E Quantification of the number of cH2AX foci in cells with RFP+ puncta, without autophagic puncta, or in Lgr5+ CBCs. N = 3 mice/group, 40–80 cells quantified/mouse.
P-values displayed on graph. Data are expressed as mean � SEM. P-value generated by unpaired two-tailed t-test.

F Immunofluorescence staining of crypt base goblet cells (Muc2+) and EECs (Chga+) in CAG-LC3-GFP-RFP reporter mice pre- (RFP stained) and 6 h postirradiation
(cH2AX stained). Arrowheads point to goblet cells (top left) and EECs (bottom left) with high autophagic vesicle content (LC3-RFP+). On the right panels, arrowheads
point to goblet cells (top) and EECs (bottom) with fewer yH2AX foci. Scale bar = 25 lm.
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mature states, and that only a small fraction of these cells con-

tributes to regeneration. One limitation of this reporter that should

be noted is the presence of the neomycin resistance cassette in the

allele, which could be associated with minimal transcriptional

changes in the marked EEC population.

We evaluated autophagic state as a predictor of f-ISC potential

and found that cells with high autophagic vesicle content exhibit

plasticity in vitro, are protected from injury in vivo, and are biased

toward noncycling secretory lineages and against cycling stem and

absorptive progenitor cells. A recent study demonstrated that

organoid-formation efficiency is inversely correlated with Lgr5-GFP

expression in the small intestine, lending support to our findings

that cellular plasticity in vitro is enhanced within differentiated

secretory cells compared with CBCs and Lgr5-expressing progenitors

(Azkanaz et al, 2022). The requirement for autophagy in intestinal

regeneration has been demonstrated previously using pan-epithelial

genetic ablation (Asano et al, 2017; Trentesaux et al, 2020),

although these studies did not dissect the contribution of autophagy

prior to injury versus a requirement for injury-induced autophagy.

Ultimately, our data are in line with Willet et al’s (2018) description

of paligenosis—the process in which mature cells reprogram to a

stem cell state by utilizing autophagy to repurpose mature cell

machinery and subsequently activate mTOR to enter the cell cycle.

In support of intestinal paligenosis, we and others have reported

that autophagy is increased in the intestine following irradiation

(Chatterji et al, 2019). In addition, our prior studies found that

calorie-restricted mice have increased regenerative ability, where

calorie restriction reduces mTORC1 activity, a known repressor of

autophagy (Yousefi et al, 2018), thereby increasing the pool of

injury-resistant f-ISCs capable of epithelial regeneration. Similar

observations are made with short-term fasting (Richmond et al,

2015). One avenue for future investigation will be to prospectively

mark cells with high autophagy in vivo and trace their contribution

to regeneration postinjury, although genetic tools to execute such an

analysis do not yet exist (e.g., the ability to lineage trace specifically

from autophagic cells). In addition, it will be interesting to under-

stand why some cells exhibit seemingly stochastic autophagy states

in the epithelium. Indeed, the role of autophagy in the epithelium

during homeostasis is poorly understood.

In summary, our study demonstrates a previously unappreciated

cell state that confers plasticity and survival of multiple epithelial lin-

eages, enabling differentiated cells to act as facultative stem cells.

Since autophagy is intimately tied to a cell’s environment, including

nutrient fluctuations and external stressors, it is likely that these fac-

tors may influence how well or poorly an individual’s epithelium

can regenerate based on the number of cells that exist in a high

autophagy state at a given time. It could therefore be useful clinically

to induce a transient high autophagy state to both prevent DNA-

damaging injury and enhance intestinal regeneration, for example,

in patients receiving chemotherapy and/or radiation therapy.

Materials and Methods

Animals

All mice used for these studies were between 8 and 12 weeks of

age, fed ad libitum, and housed under standard ULAR conditions.

The following mice were obtained from Jax Laboratories: Hopx-

CreER (#017606); Lgr5-GFP (#008875); R26-eYFP (#006148); R26-

tdTomato (#007909); R26-LacZ (#003474); TRE-H2B-GFP

(#016836); LC3-GFP-RFP (#027139). Chga-CreER mice were gener-

ated in house, with the allele generation described below.

To activate CreERT2 based alleles, mice received 1 mg tamoxifen

doses dissolved in corn oil via intraperitoneal injection. To activate

Hopx-CreER and Lgr5-eGFP-IRES-creERT2 alleles, mice received one

dose of tamoxifen followed mice cell harvest 18 h later. To activate

the lox-stop-lox eYFP and LacZ reporters using the Chga-creERT2

allele, mice received five consecutive daily doses of tamoxifen fol-

lowed by tissue harvest or injury 48 h later. To induce GFP-tagged

H2B expression, 4-week-old mice were given 1 mg/ml doxycycline

in their drinking water with 1% sucrose for 4 consecutive weeks

prior to doxycycline withdrawal to generate label retaining cell pop-

ulations. All irradiated mice were injured with 12 Gy of either X-ray

or gamma-ray irradiation.

Chga mouse generation

Chga-CreERT2-2A-tdTomato mice were derived by inserting a

CreERT2-2A-tdTomato-phosphoglycerate kinase I-NeomycinR cassette

into the endogenous Chga locus via homology-directed repair in

mouse V6.5 embryonic stem cells (129/sv × C57Bl/6 F1 hybrid

male). The targeting vector was generated by In-Fusion Cloning

(Takara Bio Inc, Shiga, Japan), and arms of homology were ampli-

fied from genomic DNA of the V6.5 ES cells to be targeted. All com-

ponents were verified by Sanger sequencing. Fifty-six base pairs of

the Chga coding sequence downstream of the ATG were deleted,

rendering this reporter allele null for Chga protein expression. The

linearized targeting vector was introduced by nucleofection (Amaxa;

Lonza, Basel, Switzerland) into V6.5 cells, after which the cultures

were subjected to G418 selection for 7 days and drug-resistant colo-

nies were subcloned and screened for proper insertion. Insertion

was validated at both the 50 and 30 insertion sites using the following

primers: 50Forward: 50-GCTCTGAAGGATGCCAGTCA-30, 50Reverse:
50-GCTAACCAGCGTTTTCGTTC-30, 30Forward: 50-CTGAAGAACGA
GATCAGCAGC-30, 30Reverse: 50-ACCATAGCTTCTCCTGCCCTA-30.
Several correctly targeted clones were identified, and one was

injected into C57Bl/6 blastocysts, resulting in the generation of sev-

eral high-contribution male chimeras. Chimeras were backcrossed

to C57Bl/6 females to establish the Chga-CreERT2-2A-tdTomato

strain. Chga-CreERT2-2A-tdTomato mice subsequently were rou-

tinely genotyped using a 2-primer polymerase chain reaction

enabling detection of the Chga-CreERT2-2A-tdTomato allele. Primer

Chga forward: 50-TGTTACCACCACCGCTACTG-30 Chga reverse: 50-
TAGCTGGCCCAAATGTTGCT-30.

RT–PCR

RNA was isolated from sorted cells using QIAGEN RNeasy mini plus

kit. Two hundred nanogram total RNA was used for cDNA synthesis

with SuperScript III First-Strand Synthesis SuperMix (Life Technolo-

gies). Real-time PCR was performed in a 10-ll reaction volume

using Fast SYBR Green Master Mix (Applied Biosystems), and the

concentration of primer is 100–300 nM. The following primer sets

used in the assay: Neurog3 (forward: 50-GCTGCTTGACACTGACCCTA-
30; reverse: 50-ATGAGGCGCCATCCTAGTTC-30); Neurod1 (forward:
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50-AACAACAGGAAGTGGAAACATGAC-30; reverse: 50-CATCTGTCCAG
CTTGGGGGA-30); Sst (forward: 50-ACCCCAGACTCCGTCAGTT-30;
reverse: 50-AAGTACTTGGCCAGTTCCTGTT-30); Cck (forward: 50-CCAA
TTTTTCCTGCCCGCAT-30; reverse: 50-AGAAGGAGCAGTCAAGCCAAA-
30); Sct (forward: 50-GACCCCAAGACACTCAGACG-30; reverse: 50-TTTC
TGTGTCCTGCGCTTCC-30); Pyy (forward: 50-AGGTCTCGGCCAGAAG
GTTT-30; reverse: 50-CATGCAAGTGAAGTCGGTGT-30); Ghrl (forward:

50-CCCCAGGCATTCCAGGTCAT-30; reverse: 50-CAAACTGCAGATGGTG
CCTG-30).

Bulk RNA-seq

Hopx+ or Lgr5+ cells were FACS sorted (BD FACS Aria II SORP)

from Hopx-CreERT2::R26-LSL-tdTomato or Lgr5-eGFP-IRES-

CreERT2 mice into TRIzol LS (Thermo Fisher Scientific). After phase

separation using the standard TRIzol LS protocol, the aqueous phase

containing RNA was mixed with 70% ethanol and transferred to

RNeasy MinElute spin columns (QIAGEN). The cleanup and further

concentration of the RNA was made using the standard procedure

of RNeasy MinElute Cleanup Kit.

The cDNA synthesis was carried out using SMART-Seq v4 Ultra

Low Input RNA Kit for Sequencing (Clontech), and the library was

prepared using Nextera XT DNA Library Prep kit (Illumina) and

sequenced using Illumina NextSeq 550. Sequencing of mRNA

libraries generated 20–40 million high-quality 75-bp reads/sample.

Raw sample data were mapped to the mouse reference transcrip-

tome using kallisto (Bray et al, 2016), and data were analyzed in

the statistical computing environment R. RUVseq (Risso et al, 2014)

and edgeR (Robinson et al, 2009; McCarthy et al, 2012). RNA-

sequencing data have been submitted to GEO, accession number

GSE205889.

LC–MS/MS and analysis

Samples from the 0.5 cm gel were digested with trypsin and ana-

lyzed the digests by LC–MS/MS on a Q Exactive HF mass spectrome-

ter using a 4-h gradient. MS/MS spectra generated from the LC–MS/

MS runs were searched using full tryptic specificity against a

UniProt mouse database (www.uniprot.org) using the MaxQuant

1.5.2.8 program. False discovery rates for protein and peptide identi-

fications were set at 1%. Common contaminants and low-

confidence identifications (i.e., proteins identified by a single nonre-

dundant (razor + unique) peptide) were removed. The abundance

of a protein in a sample can be determined from the MS/MS count

and intensity. MS/MS count refers to how many times peptides

belonging to the protein were sequenced. Intensity is the sum of the

peptide MS intensities for the protein. Quantitation based on inten-

sity is considered more accurate than MS/MS count. In addition, the

intensity values are normalized (LFQ Intensity) to take into account

the differences in sample load. Fold changes are also calculated

based on the LFQ intensity.

Proteomics and transcriptomics data were compared using the

same data transformation, normalization, and statistics (Aguilan

et al, 2020). Briefly, raw proteins/RNA values were log2 trans-

formed (to obtain a Gaussian distribution) and normalized by the

center of their data distribution. Missing values were imputed using

random sampling of values corresponding to the lower end of the

normal distribution for each sample, that is, imputed values were

two standard deviations negative compared to the center of the nor-

mal distribution. The P-value was calculated using a two-tails

heteroscedastic t-test. Gene Ontology enrichment was performed

using the software GOrilla (Eden et al, 2009).

Immunofluorescence and lacZ staining

The first 2 cm of duodenum was removed and the subsequent prox-

imal 5–10 cm of jejunum was cut open lengthwise, swiss-rolled,

and fixed overnight in Zn formalin and then processed for paraffin

embedding. Five micrometer sections from paraffin blocks was used

for immunofluorescence staining with the following primary anti-

bodies: tdTomato (dsRed Mouse: Takara Biosystems 632392, Rab-

bit: Takara Biosystems 632496), GFP (Abcam 6673), Chga (Immuno

Star 20085), E-Cadherin (Mouse: BD 610182, Rabbit: CST 3195),

Ki67 (Abcam 15580), yH2AX (Millipore 05-636), Muc2 (GeneTex

GTX100664), or Cy2 conjugated UEA-1 (Vector NC9290132). All sec-

ondary antibodies were used at a 1:600 dilution. For yH2AX

immunofluorescence, Z-stack images were captured with a 63×

objective on a Leica DM500 Widefield microscope. Z-stacks were

then deconvoluted using Huygens Deconvolution software. The

number of gH2AX foci were counted from maximum intensity

deconvoluted projections by blinded investigators.

LacZ staining was performed as previously described (Barker &

Clevers, 2010). The entire length of the small intestine was divided

into four segments, labeled as S1, S2, S3, S4 with S1 being the most

proximal and S4 being the most distal. Each segment was flushed

with fixative and stained with X-Gal (Sigma-Aldrich 10703729001).

After staining, intestines were inspected by whole mount imaging

and traced villi were counted along the entire length of the intestine.

After counting and imaging by whole mount, the same intestinal

segments were swiss rolled, embedded in paraffin, sectioned, and

stained with neutral red.

Isolation of small intestinal crypts and FACS analysis

Following mouse euthanasia, the gastrointestinal tract of the mice

was dissected and the most proximal 15 cm of the small intestine

was isolated in PBS. The tissue was briefly washed in fresh PBS and

was subsequently splayed open and transferred to a tube containing

10 ml of 1× HBSS with 1 mM NAC. Following collection, the tissue

was vortexed for 15 s followed by a 15 s rest on ice; this was per-

formed repeatedly during a 2-min period. The tissue was then trans-

ferred to a tube containing 10 ml of 1× HBSS with 1 mM NAC and

10 mM EDTA and was placed on a rotator in 4°C for 45 min. After

the incubation period, the tissue was vortexed for 30 s followed by

a 30-s rest period on ice; this was performed repeatedly during a 3-

min period. After vortexing, the tissue digestion was filtered through

a 70 lM filter and the flow-through was centrifuged at 300 g for

3 min. To generate a single-cell suspension, the cell pellet was

resuspended in a single-cell suspension buffer containing DNAse

(35 lg/ml) and Liberase (20 lg/ml) and was incubated at 37°C for

20 min. Following digestion, the cells were washed in PBS and were

resuspended in media containing the desired antibodies and were

incubated at 37°C for 30 min. The following antibodies and dilu-

tions were used: EpCam-PE (1:500, Thermo Fisher Scientific Cat#

12-5791-82); EpCam-APC (1:500, Thermo Fisher Scientific Cat# 17-

5791-82); cKit-PE (1:500, Thermo Fisher Scientific Cat# 12-1171-82);
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CD24-APC (1:500, BioLegend Cat# 101813); UEA-1 (1:500, Vector

Laboratories Cat# FL-1061). Subsequently, the cells were washed in

PBS and resuspended in FACS buffer (PBS with 4% FBS) prior to

FACS analysis. The viability dyes DAPI and DRAQ7 were used to

exclude dead cells. Cells were analyzed and sorted on the FACSJazz

and FACSAria Fusion sorters. Data analysis was performed using

FlowJo software.

Cyto-ID autophagy detection kit staining procedure

Following the generation of a single-cell suspension from isolated

small intestinal crypts, the cells were washed in PBS and were

resuspended in media containing the CytoID dye (1:1,000 dilution,

ENZ-KIT175) as well as additional desired antibodies (dilutions

described above) and were incubated at 37°C for 30 min protected

from light. After staining, the cells were once again washed in PBS

and were resuspended in FACS buffer containing an appropriate via-

bility dye for subsequent FACS analysis.

Small intestinal enteroid culture and analysis

Intestinal epithelial cells isolated by FACS were plated in Matrigel

droplets at a density of 4,000 cells per 20 ll droplet. Matrigel

droplets were overlaid with the following medium: advanced

DMEM/F12 media containing 1× Glutamax, 10 mM Hepes buffer, 1×

Antibiotic-Antimycotic, titrated R-spo1 and Noggin-containing condi-

tioned media, 1× N-2 supplement, 1× B-27 supplement, 5 lM
CHIR99021, 1 mM NAC, 50 ng/ml mEGF, 5% Noggin/R-spondin

conditioned medium, and Y-27632 (10 lM). Media was replaced the

day after initial plating (Day 1), and every other day afterward. For

bafilomycin experiments, bafilomycin was added to the organoid-

culture media at varying doses during initial plating and was main-

tained until the second media change on Day 3. All organoid experi-

ments were imaged on Day 5 using a Keyence BZ-X all-in-one

fluorescence microscope to collect Z-stack images of 3 × 3 focal

planes that were subsequently stitched together to form one image

that encompassed the entire Matrigel. The number of organoids per

droplet were counted while making sure to only count each structure

once. For H2B-GFP organoid assays, one mouse from each time point

(d0, d3, d7, and d14) was sacrificed for each experiment with three

independent experiments performed. Comparing all time-points on

each experimental day allowed us to internally control for the vari-

ability in organoid formation efficiency between different sorts.

Western blotting

Cells were lysed with lysis buffer (Cell Lysis reagent (Cell Signaling

#9803S), Halt Protease Inhibitor Cocktail (Life technologies #78430),

1 mM Sodium Orthovanadate, 10 lM Sodium Fluoride) on ice and

spun at 9391G at 4°C for 10 min. Running buffer (final concentra-

tion 62.5 mM Tris–HCl pH 6.8, 2.5% SDS, 0.002% Bromophenol

Blue, 5% B-mercaptoethanol, and 10% glycerol) was added to

supernatant and boiled for 6 min and loaded onto an SDS-PAGE gel.

Samples were run and transferred onto PVDF membrane using the

Bio-rad Trans-blot Turbo system and then blocked in either 5% Milk

or BSA in TBS-T (20.7 mM Tris Base, 150.7 NaCl, 0.1% Tween-20,

pH 7.6) for 1 h at room temperature. Primary antibodies (LC3A/B

(D3U4C) XP� Rabbit mAb CS#12741, 1:1,000) were diluted in 5%

Milk or BSA in TBS-T and incubated with gentle rocking at 4°C for

24 h. Blots were washed with TBS-T and then incubated in appro-

priate secondary antibodies (Anti-rabbit IgG, HRP-linked Antibody

CS#7074, 1:1,000) for 1 h at room temperature with rocking. Fol-

lowing washing, blots were incubated with luminol reagent (Santa

Cruz Biotechnology sc-2048) per manufacturer protocol and imaged

using the ChemiDoc Imaging System.

Imaging flow cytometry analysis

For all imaging flow cytometry experiments, cells were previously

sorted using FACS and were subsequently analyzed on an Amnis

ImageStream imaging flow cytometer. Analysis was performed by

trained staff at the University of Pennsylvania Flow Cytometry Core.

Single-cell RNA-seq

For ChgaCreER eYFP samples, single-cell suspensions of intestinal

epithelial cells were generated as described above. eYFP+ and bulk

epithelial cells were incubated with anti-mouse Hashtag antibodies

(BioLegend Cat #155831, 155833, 155835, 155837) before sorting.

For CytoID high and low samples, single-cell suspensions of WT

intestinal epithelium were stained with CytoID as detailed above

and incubated with anti-mouse Hashtag antibodies (BioLegend Cat

#155839, 155841, 155843, 155845). CytoID high and low cells were

then sorted and processed separately for sequencing library genera-

tion. Sequencing libraries were prepared from single-cell suspen-

sions using Chromium 10× V3.0 (eYFP samples) and V3.1 (CytoID

samples) technology. Sorted cells were encapsulated using the Chro-

mium Controller (10× Genomics) and the Chromium Single-Cell 30

Library & Gel Bead Kit (10× Genomics) following the standard man-

ufacturer’s protocols. In brief, cells loaded onto the Chromium con-

troller were limited to 10,000–12,000 to reach a multiple rate no

higher than 6%. All libraries were quantified using an Agilent Bioan-

alyzer and pooled for sequencing on an Illumina NovaSeq at Center

for Applied Genomics (CAG) at Children’s Hospital of Philadelphia.

At least two technical replicates were run in parallel for each sam-

ple. Targeted median read depth is 50,000 reads per cell from total

gene expression libraries and 10,000 reads per cell for hashtag bar-

code libraries. Cellranger (Version 3.1.0) was used to align reads to

a custom reference transcriptome (GRCh38-3.0.0 + transcripts for

tdTomato and eYFP) (Zheng et al, 2017). Seurat (version 3.0.1) was

used for standard QC, hashtag demultiplexing, doublet removal, log

normalization, dimension reduction (TSNE, UMAP), and cell cycle

analysis using standard workflows (Stuart et al, 2019). PHATE cell

trajectory analysis was performed using the PhateR (version 1.0.7)

package (Moon et al, 2019). ScRNA-sequencing data have been sub-

mitted to GEO, accession number GSE205889.

Statistical methods

Data were analyzed using unpaired and paired, two-tailed student’s

t-tests, one-way ANOVA, or two-way ANOVA with post hoc tests

and P-values indicated in individual figures. Analyses were per-

formed on data from a minimum of three experiments unless other-

wise noted, in which case multiple fields are analyzed, and are

presented as mean � standard error of mean (SEM). Specific experi-

mental replicates are described in each figure legend.
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Data availability

RNA-seq and single-cell seq dat are submitted to GEO, accession

number GSE205889: https://www.ncbi.nlm.nih.gov/geo/query/acc.

cgi?acc=GSE205889.

Expanded View for this article is available online.
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