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In Brief

Quiescent reserve “+4 crypt cells” are
thought to be a major source for recovery
of ablated intestinal stem cells.
Shivdasani et al. show instead that
recovery occurs almost exclusively by
dedifferentiation of recent stem cell
progeny, which requires the transcription
factor ASCL2 for this restorative
potential.
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SUMMARY

Ablation of LGR5™ intestinal stem cells (ISCs) is asso-
ciated with rapid restoration of the ISC compartment.
Different intestinal crypt populations dedifferentiate
to provide new ISCs, but the transcriptional and
signaling trajectories that guide this process are un-
clear, and a large body of work suggests that quies-
cent “reserve” ISCs contribute to regeneration. By
timing the interval between LGR5" lineage tracing
and lethal injury, we show that ISC regeneration is
explained nearly completely by dedifferentiation,
with contributions from absorptive and secretory
progenitors. The ISC-restricted transcription factor
ASCL2 confers measurable competitive advantage
to resting ISCs and is essential to restore the ISC
compartment. Regenerating cells re-express Ascl2
days before Lgr5, and single-cell RNA sequencing
(scRNA-seq) analyses reveal transcriptional paths
underlying dedifferentiation. ASCL2 target genes
include the interleukin-11 (IL-11) receptor /l11rat,
and recombinant IL-11 enhances crypt cell regenera-
tive potential. These findings reveal cell dedifferenti-
ation as the principal means for ISC restoration and
highlight an ASCL2-regulated signal that enables
this adaptive response.

INTRODUCTION

LGR5" intestinal stem cells (ISCs) sustain small intestine and
colonic epithelial self-renewal (Barker et al., 2007), but their
ablation does not compromise epithelial integrity, because
other crypt cells soon replenish the LGR5* compartment (Tian
et al., 2011). It remains controversial whether this homeostatic
response reflects activation of a “reserve” pool of quiescent
ISCs or occurs only by dedifferentiation of LGR5* cells’ recent
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progeny (Bankaitis et al., 2018; Santos et al., 2018; Yousefi
et al., 2017). The parameters and molecular basis of crypt cell
plasticity are also largely unknown (de Sousa e Melo and de
Sauvage, 2019).

Intestinal crypts and villi rapidly lose S-phase labels as a
result of DNA replication and cell attrition. A central argument
for “reserve” ISCs is that rare cells in crypt tier 4 retain S-phase
tags for many days, signifying the putative stem cell hallmark
of replicative quiescence (Potten, 1998). Cells expressing
markers such as Bmi1, Tert, and Hopx also concentrate near
tier 4 (Montgomery et al., 2011; Sangiorgi and Capecchi, 2008;
Takeda et al., 2011) and LGR5" cells restored after ISC loss
originate in a Bmi1* population (Tian et al., 2011), reinforcing
the idea of dedicated “reserve” Bmi1* ISCs. When label-retain-
ing cells (LRCs) are followed for >3 weeks, however, S-phase
tags shift into Paneth and enteroendocrine (EE) cells, indicating
that LRCs are secretory (Sec) cell precursors (Buczacki et al.,
2013). Moreover, Bmi1™ and Tert* populations contain mainly
EE cells (Jadhav et al., 2017; Yan et al., 2017), and Bmi1
mRNA is expressed in many crypt (Itzkovitz et al., 2011; Muhoz
et al., 2012) and even villus (Ayyaz et al.,, 2019; San Roman
et al., 2015) cells. Therefore, LGR5" cell recovery from a Bmi1*
origin could reflect diverse sources (Barker et al., 2012),
including EE cells and possibly rare “reserve” ISCs. Indeed,
the idea of “reserve” LRCs remains popular (Ayyaz et al.,
2019; Chaves-Perez et al., 2019).

In response to LGR5" cell deficits, both Sec and enterocyte
(Ent) progenitors (Tetteh et al., 2016; van Es et al., 2012), and
occasionally even mature Paneth cells (Jones et al.,, 2019;
Schmitt et al., 2018; Yu et al., 2018), contribute to a replenished
ISC pool. This facility is explained in part by the remarkably similar
profiles of active histones in ISCs and villus Ent cells (Kim et al.,
2014) and by the observation that areas of open chromatin
specific to the Sec lineage reverse readily upon ISC damage
(Jadhav et al., 2017); thus, chromatin barriers between crypt
cell states are low or easily breached. Although crypt cells can
dedifferentiate, it remains unclear (1) if they account for the bulk
of ISC restoration, (2) which crypt cells harbor this latent potential,
and (3) if homeostasis might reflect contributions from both
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LGR5" cell derivatives and reserve ISCs. Here we report that
nearly all regeneration after ISC injury occurs by ASCL2-depen-
dent dedifferentiation of recent LGR5" cell progeny.

The basic-helix-loop-helix transcription factor (TF) gene
Ascl2, a transcriptional target of Wnt signaling, is restricted to
LGR5" basal crypt cells in mice (van der Flier et al., 2009) and
humans (Jubb et al., 2006). Ascl2 deletion by Ah-Cre first indi-
cated its requirement for ISC survival in vivo (van der Flier et al.,
2009), but Ascl2~/~ organoids later revealed only ~30% growth
disadvantage, attributed in part to its co-regulation of Wnt-
responsive genes (Schuijers et al., 2015). Using both the original
and a new conditional mutant allele, we show that in the
absence of ISC injury, ASCL2 confers a modest competitive
advantage for cells to occupy the ISC niche. In contrast, ASCL2
is indispensable in vivo for crypt cell dedifferentiation after
ISC injury. After ISC ablation, ectopic Ascl2 expression in
colonic crypts allowed us to detect and purify actively dedifferen-
tiating cells. mMRNA profiles of restorative populations and
single cells lacked evidence for a favored +4 cell source and
revealed dynamic transcriptional flux in colonocytes and goblet
cells, each converging toward ISCs. Bona fide developmental
genes and YAP/TAZ signaling were not appreciable elements
of that flux. Coupled evaluation of mMRNAs and ASCL2-bound
promoters in regenerating cells revealed the interleukin-11 (IL-
11) receptor gene ll11rat as a transcriptional target, and organoid
cultures demonstrated IL-11 activity in ISC regeneration.
Together, these findings establish crypt cell dedifferentiation as
the principal means to restore damaged ISCs and reveal one
of likely several ASCL2-dependent enabling signals.

RESULTS

Following Ablation, ISCs Regenerate Exclusively from
Daughter Crypt Cells

To identify the principal source of regenerated ISCs, we crossed
Lgr5GFP-CreER(T2) (| gr5Gie-Crey (Barker et al., 2007) and R26RMT°™
mice (all strains are listed in the Key Resources Table), then
treated adult animals with tamoxifen (TAM), hence permanently
labeling the progeny of Lgr5™ ISCs. Accordingly, after an ISC-
ablative dose of vy-irradiation (Metcalfe et al., 2014), ISCs
restored from Lgr5* cells’ recent progeny, and the resulting
crypts, should emit red fluorescence. In contrast, on the basis
of the independent origins and replicative quiescence of putative
“reserve” ISCs (Li and Clevers, 2010), Lgr5* ISCs and the asso-
ciated crypts arising from “reserve” ISCs will lack that signal
(Figure 1A). The Lgr5%FF-C® allele is active in a fraction of intes-
tinal crypts (Barker et al., 2007), and 24 h after radiation all crypts
lacked GFP (Figure S1A), as expected. ISCs were restored
within 6 days, when nearly every recovered crypt in small intes-
tines and ~80% of colonic crypts housed tdTom* cells and GFP*
ISCs (Figures 1B and 1C). Corroborating these rigorous counts
of every GFP* crypt by microscopy, flow cytometry revealed
tdTom in >99% of duodenal GFP* ISCs (Figure 1D). Thus, regen-
erated ISCs arise almost exclusively from their own recent
progeny, with at best a small contribution from older cells.
Because colonic epithelium turns over more slowly than the
small intestine (Barker et al., 2007; Cheng and Bjerknes, 1985),
the fraction of GFP*tdTom™ crypts in the recovered colon likely
reflects inefficient labeling of ISC progeny before irradiation.
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DII1* intestinal Sec progenitors can restore ISCs damaged by
y-irradiation (van Es et al., 2012), and Ent progenitors contribute
when ISCs expressing the Diphtheria toxin receptor (DTR) are
ablated by exposure to Diphtheria toxin (DT) (Tetteh et al.,
2016). Other studies confirm the role of Atoh1* Sec cells in
low-level baseline ISC production, which increases upon
epithelial injury (Ishibashi et al., 2018; Tomic et al., 2018), but
recent work suggests that Sec cells may alone replenish
damaged colonic ISCs (Castillo-Azofeifa et al., 2019). Therefore,
we asked if each lineage can restore ISCs when the other is
depleted and when injury is exquisitely targeted to ISCs: by treat-
ing Lgr5P"¢fP mice (Tian et al., 2011) with DT (Figures 1E and
1F). We examined crypt cell dedifferentiation in Atoh1~’~ intes-
tines, which lack all Sec cells (Shroyer et al., 2007), and in Ent-
depleted Rbpj ™~ intestines (Kim et al., 2014), using Villin-
Creff2 mice (el Marjou et al., 2004) to delete Atoh? (Shroyer
et al., 2007) or Rbpj (Han et al., 2002) in all intestinal epithelial
cells. The experimental schemes differed because Sec,
especially Paneth, cells take up to 4 weeks to disappear after
Atoh1 deletion, and mice withstand this loss far longer than
they survive after Rbpj deletion. In both cases, however, we
measured recovery by counting GFP* ISCs in crypts 3 days
after the last of four doses of DT. Neither absence (Figure 1E)
nor substantial enrichment (Figures 1F and S1B) of Sec cells
appreciably impaired full recovery of duodenal or colonic ISCs.
Modestly impaired ISC recovery in Rbpj~~ colon reflects either
the larger fraction of Sec progenitors normally present in this
organ or the poor health of animals, which survive only a few
days after Rbpj deletion (Kim et al., 2014). Together, these find-
ings indicate that, at least when Sec or Ent cells are missing, the
other type dedifferentiates efficiently after ISC ablation.

Limited Requirement for ISC-Restricted Transcription
Factor ASCL2 in Resting ISC Functions

After ISC loss, dedifferentiating EE and goblet cell precursors
extensively alter chromatin access and mRNA expression
(Jadhav et al., 2017). Because these changes are especially
marked and rapid at the Asc/2 locus (Figure S1C), which was
previously implicated in Lgr5™ ISC survival (van der Flier et al.,
2009), we generated a new mouse allele, Ascl2P™ (Key Re-
sources Table), which replaces the native coding region with a
floxed bicistronic cassette that encodes mCherry (mCh) and
FLAG epitope-tagged ASCL2 (Figure S1D). This allele allows
detection of ASCL2* cells by fluorescence microscopy or flow
cytometry, precipitation of ASCL2 with FLAG antibody (Ab),
and CRE-mediated gene deletion. mCh signals were confined
to the bottoms of all crypts (Figure S1E), below tier 5 (Figure 2A),
co-localizing precisely with GFP in Lgr5%™-¢"® (Barker et al.,
2007) and Lgr5P™%fP (Tian et al, 2011) mice (Figure 2B).
Ascl2P mice thus demonstrate tight Ascl2 restriction in
Lgr5* ISCs and can be used to visualize this cell population,
especially in the colon, where fluorescence was consistently
higher than in small intestine ISCs (Figure S1F).

Ascl2*/P mice were healthy and born in Mendelian propor-
tions, but the targeted allele failed to transmit through the
maternal germline, probably because the Ascl2 locus is im-
printed, and we could not achieve homozygosity. We therefore
crossed the mice with another Ascl2” strain, which transmits a
floxed allele (whole-gene deletion, hereafter called Ascl/2V™;
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Figure 1. ISC Regeneration by Ent and Sec
Progenitors

(A) Schema for ISC regeneration in Lgr5GFF-Cre-ERT2)
R26R '9T°™ mice. Lgr5* ISCs were ablated by
y-irradiation 4 days after induction of Cre to track
tdTom* progeny 6 days thereafter. If ISCs regen-
erate from those progeny, then freshly restored
GFP* ISCs will carry the tdTom label. If ISCs are
restored from a separate reserve pool, those ISCs
will express GFP but not tdTom.

(B and C) Representative micrographs (B) and
quantitation (C) of crypts containing restored
tdTom* and tdTom~GFP* ISCs in the duodenum
and colon 6 days after y-irradiation. Scale bars,
50 um. Bar graphs represent the tdTom™ fraction
(mean + SD) in all (hundreds in each of n = 5 mice)
GFP* crypts.

(D) Two-color (GFP and tdTom) flow cytometry of
duodenal crypt cells isolated from TAM-treated
Lgr5GFP-Cre:Ro6R 9T mice 6 days after y-irradi-
ation (n = 2 animals). tdTom™ cells represent GFP*
ISCs (>99% express tdTom) and their labeled
GFP~ progeny.

(E and F) Experimental schemes and results of ISC
restoration in DT-treated Lgr5°""¢" mice by Ent
cells when the Sec lineage is absent (Atoh?1 /', E)
or by Sec cells when the Ent lineage is depleted
(Rbpj~'~, F). Tamoxifen (TAM) was administered to
delete genes, and DT was given to ablate ISCs.
Every GFP* crypt was counted on the indicated
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Figures S1G and S1H) through both sexes (van der Flier et al.,
2009), to derive Asc/2P"Ume compound heterozygotes. Addi-
tional crosses allowed us to study consequences of ASCL2
loss throughout the intestinal epithelium (with Villin-Cret?) or
from some crypts, starting in Lgr5* ISCs (with Lgr5¢77-¢), After
activation of Villin-Cre®f with TAM, both Ascl2P™/Ume and
Ascl2Ume'Vme mice displayed no signs of malnutrition or iliness,
and intestinal histology was overtly normal (Figure S2A). Immu-
nostains for Ki67 and cleaved caspase-3 revealed intact crypt
cell proliferation (Figure 2C) and absence of appreciable
apoptosis (Figure S2B). On the Lgr59™-C® packground, TAM-
treated Asc/2-null (nCh~GFP*) and adjacent Asc/2-proficient
(MCh*GFP™) crypts carried essentially similar ISC numbers (Fig-
ure 2D), a finding confirmed by GFP flow cytometry (Figure 2E).
Moreover, lineage tracing by the R26R™™ reporter revealed

in Ah-Cre;Asci2™ mice (van der Flier

etal., 2009), our findings agree with a sub-

sequent study showing modestly reduced
ability of Villin-Cre;Asc/2™F ISCs to form organoids (Schuijers
et al., 2015). This difference may reflect unknown effects of
B-naphthoflavone-mediated gene deletion in Ah-Cre mice;
alternatively, Asc/2 deletion may have been inefficient in our
experiments. To exclude the latter possibility, note that recombi-
nation of Asc/2P™ deletes coding exons as well as mCh (Fig-
ure S1D) and that PCR can discern parental from CRE-excised
alleles (Figure ST1H). mCh signals were substantially reduced
after TAM exposure on the Villin-Cre background (Figure S2D),
and both mCh*GFP* ISCs (Figure 2F) and Ascl2 transcripts
(Figure S2E) were much reduced on the Lgr5%%-¢" background.
Genotyping confirmed significant recombination of targeted
Ascl2 alleles (Figure S2F). Moreover, Ascl2™/~ ISCs purified
by GFP flow cytometry differed from Asc/2-proficient ISCs, puri-
fied by mCh flow cytometry, in expression of ~3,500 mRNAs
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(>2-fold, pagj < 0.01; Figure S2G; Table S1), as expected with
global absence of a functional TF. Escape from recombination
is therefore small and cannot account for largely intact ISC func-
tion days after CRE activation.

ASCL2 Requirements in Neutral ISC Drift and in ISC
Recovery after Injury
Ascl2~/~ I1SCs could, however, be disadvantaged in prolonged
competition with the minority of cells lacking biallelic gene dele-
tion. Lgr5™ ISCs divide symmetrically, with each crypt becoming
monoclonal by neutral drift over ~30 days (Lopez-Garcia et al.,
2010; Snippert et al., 2010), but cells with a selective advantage
prevail over time (Snippert et al., 2014; Vermeulen et al., 2013).
Indeed, although GFP* (Cre*) crypts in Lgr5°Ascl2f,
R26R™™™ mice first expressed tdTom uniformly after CRE acti-
vation, progressively larger fractions of these crypts lacked
tdTom 1 and 4 months later (Figure 3A), implying replacement
of Asc/2-null cells by ISCs with one or both Asc/2 copies intact.
Soon after TAM treatment, unrecombined tdTom™ cells were
difficult to detect by microscopy, but DNA from GFP* duodenal
ISCs revealed their presence at 5 days, and DNA at 1 month
carried similar proportions of parental and recombined Ascl/2 al-
leles (Figure 3B). Even at 4 months, rare GFP* crypts housed
both tdTom*™ and tdTom™ cells (Figure 3C), which implies
ongoing drift and prolonged delay of monoclonality.

To estimate the selective Asc/2~/~ ISC disadvantage quantita-
tively, two-dimensional (2D) tissue sections did not accurately
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Figure 2. Ascl2 Expression and Perturbation
(A) mCh* cell positions in Ascl2® mouse in-
testines relative to the bottom of colonic crypts (tier
0; positions 1 and 1/, 2 and 2/, etc., correspond to
higher tiers). Results are quantified below as
mean + SD (n = 4 mice).

(B) Confocal micrographs of mCh and GFP
co-localization in the duodenum and colon of
strains with mosaic (Lgr5%°®) and non-mosaic
(Lgr5P6FP) GFP* ISCs. Results represent findings
in at least five mice of each genotype. Scale bars,
50 um. Dotted white lines outline single crypts.
(C) Duodenal crypt cell proliferation was largely
intact after Ascl2 deletion by Villin-Cref™™2 (n = 3
mice of each genotype).

(D) Counts of all GFP* crypts in every microscopic
field in Ascl2*F and Ascl2 intestines (n = 5 mice
each) on the Lgr5%77-C™ background, 7 days after
the first TAM dose. Differences in (C) and (D) were
assessed using Student’s t test.

(E) Flow cytometry confirmed persistence of
duodenal GFP* ISCs in Lgr5¢-Cre;Asci2FF mice
7 days after TAM treatment. Data are shown for
one pair from n = 2 mice of each genotype.

(F) In Cre-activated crypts, Lgr®™-Cr;Asci2fF
mice lacked mCh expression, which was readily
evident in neighboring Cre™ (GFP ") crypts. Dashes
outline single crypts; scale bar, 50 um.

See also Figures S1 and S2.

Lg,5Dtr-GFP

Ascl2 /Umc.Lgr5 -Cre

define cell ratios in the rare mixed crypts
or the ISC fraction that escaped gene
recombination. Instead we used the pre-
dominantly tdTom*™ and tdTom™ crypt
fractions in mice 28 (n = 2) and 112 (n = 5) days after Ascl2 exci-
sion (Figure 3A) and adapted a previous (Lopez-Garcia et al.,
2010) population genetics model of ISC dynamics (Figure 3D;
STAR Methods). We considered starting ISC numbers (N) of
10-14 (Snippert et al., 2010), wild-type (WT) replication rates
(AwT) of 0.5/day for duodenal and 0.25/day for colonic ISCs
(Snippert et al., 2014), and variable numbers of cells rendered
Ascl2 null (M), where M/N > 0.7. We modeled possible Ascl2~/~
ISC replication rates (Avut) by optimizing Ayt values over 1,000
simulations to minimize the squared distance between predicted
and observed tdTom* (presumed Mut) and tdTom™ (WT) crypt
counts (e.g., Figures S3A and S3B). This model recapitulated
the data and estimated relative Asc/2~'~ ISC fitness, Aviut/AwTs
as ~0.5-0.75 in the duodenum and ~0.33-0.67 in the colon
(Figures 3E and S3C). These estimates were robust over a
wide range of parameters, largely insensitive to different ratios
of M/N when N > 10, to a different duodenal Ayt of 0.3 (Kozar
et al., 2013), and whether simulations were fitted to mean or
median 112-day crypt counts. The wide range of estimates re-
sulted mainly from uncertainty about the fraction of Ascl2~/~
ISC (M/N), as expected, but very small changes in Ay moved
trajectories across the range of observed 112-day crypt counts,
lending confidence in the range of values. Refinement of
these provisional estimates will require additional animals, time
points, and confident determination of values for M.
To determine whether ASCL2 is necessary to restore
damaged ISCs, we first treated Ascl2Um/Vme;| gr56FF-Cre mice
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(A) Early (5 days) and late (28 and 112 days) crypt composition after Asc/2 deletion in Lgr5%7-C¢;R26R “T°M intestines. All GFP* crypts on this mosaic background
showed tdTom expression 5 days after the first dose of TAM, but the proportion of tdTom™ GFP™* crypts (red arrow) was reduced by 28 days (n = 2 animals) and
substantially so by 112 days (n = 5 mice), when large fractions of duodenal and colonic GFP* ISCs lacked tdTom (green arrow). Bar graphs depict mean crypt
counts + SD, and differences were evaluated using Student’s t test. Thus, Lgr5* cells that escaped Ascl2 and R26R recombination (tdTom ) are selected over
Ascl2-null (tdTom™) ISCs. Scale bars, 50 um.

(B) Genotyping of GFP* ISCs purified using flow cytometry 5 and 28 days after TAM treatment shows the presence of recombined (Asc/2-null) and parental
(unrecombined, “escaper”) alleles. The genotyping strategy is shown in Figures S1G and S1H.

(C) High-magnification micrographs showing the presence of tdTom™ (green arrowheads) and tdTom* (yellow arrowheads) GFP* ISCs in the same crypt. Such
mixed crypts were rare (<15 per animal). tdTom*GFP~ cells are Paneth cells arising from tdTom™ ISCs that previously contributed to this representative crypt.
(D) Population genetics model for ISC dynamics (see STAR Methods). N number of ISCs are arranged on the cycle graph, representing crypts that contain
infrequent tdTom ™~ “escaper” ISCs (0, WT) amid mostly recombined tdTom* ISCs (1, Asc/2~/~). During each time step of the stochastic model, we first sample an
exponential waiting time for each ISC with rates Awr and Ayt for WT and mutant ISCs, respectively. The smallest waiting time defines which cell divides first.
Thereafter, one resulting daughter takes the parent’s spot, while the other usurps one of the two neighboring cells, each with probability 0.5. This cycle repeats
over many cell divisions until crypts carry predominantly tdTom* or tdTom™~ ISCs (i.e., fixation), which was evident in mice examined 28 and 112 days after gene
excision (A).

(E) Density plot of estimated Asc/2~~ fitness (Awu) Values relative to WT duodenal or colonic ISCs (Awr), determined using simulations for different parameter
regimes (see Figure S3C).

See also Figures S1 and S3.

with TAM to delete Ascl2, followed by 10 Gy vy-irradiation to
ablate ISCs. Whereas GFP* ISCs were quickly restored in control
intestines, absence of ASCL2 prevented this recovery, and
animals succumbed to the radiation injury (Figure 4A). Second,
after using DT to kill ISCs in Ascl2Vme/Vme;[ gr5Pr-GFPvjjjin-
Creff™ mice, we gave TAM to activate CRE and delete Asc/2
(Figure 4B). Again, whereas GFP* ISCs were restored within
5 days in control animals, Asc/2-null intestines failed to recover
in that period, and flow cytometry confirmed paucity of

GFP* cells (Figure 4B). Mutant mice became progressively
moribund over the next 3 days, and at euthanasia their intestines
showed a persistent Lgr5* ISC deficit (Figure 4C), tissue dysmor-
phology (Figure 4D), and reduced crypt cell proliferation (Fig-
ure S4A). Whether ISCs were ablated by irradiation or DT
treatment, Ascl2~/~ crypts failed to revive in all intestinal regions
(Figures S4B and S4C). Thus, unlike the subtle role in physiologic
neutral drift, ASCL2 is essential for ISC recovery after lethal
damage.
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Figure 4. Ascl2 Requirement in ISC Restoration after Injury
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(A) Test of Ascl2 requirements in ISC regeneration after 10 Gy y-irradiation of Lgr5%7-C"® mice. GFP* ISCs failed to regenerate in the absence of ASCL2. Graph
depicts survival of unirradiated mice with Asc/2 /" intestines and mice with Asc/2*/* or Ascl2~/~ intestines after irradiation (n = 5 animals per cohort). Differences
were assessed using the log rank test.

(B) Ascl2 requirement for ISC restoration after Lgr5°""G7" mice were treated with DT. In mice harvested on day 11 of the study, all GFP* crypts were counted in
every microscopic field in experimental (Ascl2’/’) and two groups of control (Ascl2"/+ and no DT treatment) intestines (n = 4 mice per cohort) harvested on day 11.
Boxes, quartiles 1 and 3; bars, median values; whiskers, 1.5 times the inter-quartile range. Differences were assessed using Student’s t test. Fluorescence
micrographs representing four experimental pairs and flow cytometry data representing one of n = 2 experimental pairs demonstrate the paucity of duodenal
GFP* ISCs in Ascl2™/~ intestines.

(C and D) Representative fluorescence micrographs (C; dotted white lines outline selected crypts) and histology (D; H&E stain) from intestines harvested from two
mice on day 14, showing absence of GFP* crypt base cells and distorted tissue morphology, which was patchy. Scale bars, 50 um.

See also Figure S4.

Extensive Ascl2 Activation in Crypt Cells before
Complete Dedifferentiation into ISCs

As the latter findings suggest that Asc/2 may act in crypt cell
dedifferentiation, we examined Ascl2*/P:| gr5P-GFF intestinal
crypts before and after treating mice with DT to eliminate
mCh* ISCs (Figure 5A). Abundant mCh* cells now appeared
well above crypt tier 5; over the next 2 days they progressed
toward the crypt base (quantified in Figure 5B) and eventually
expressed GFP (i.e., Lgr5) (Figure 5A), similar to resting I1SCs.
Thus, progenitor cells that otherwise lack Ascl2 (see Figures
2A and 2B) activate expression as they dedifferentiate. These
“upper” mCh* cells, readily seen in the regenerating colon
(Figures 5A and 5B), were difficult to visualize in the small intes-
tine, where Asc/2 RNA levels in resting ISCs are lower than those
in the colon (Figure S1F). Flow cytometry of DT-exposed colonic
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crypt cells confirmed a sizable mCh*GFP~ cell population,
distinct from native resting mCh*GFP™* ISCs (Figures 5C, S5A,
and S5B), allowing us to isolate both populations. When cultured
in medium containing Wnt, epidermal growth factor, Rspo, and
Notch ligand (WERN), mCh*GFP~ cells from DT-exposed crypts
generated typical colonic organoids (Sasaki et al., 2016; Sato
etal., 2009), far in excess of similar structures produced by equal
numbers of native mCh*GFP™ colonic ISCs (Figure 5D). “Upper”
cell-derived organoids had an epithelial lining and could be
passaged successively in vitro (Figure S5C), indicating that
they contain self-renewing ISCs. In contrast, mCh™GFP™ cells
from DT-treated mice yielded few small spheroids, possibly
reflecting ISC potential in some crypt cells that do not yet
express Ascl2/mCh, and those from untreated mice yielded
none (Figure 5D). These data reveal robust Asc/2 inactivation in
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(A) Lgr5P™GFP |1SCs were ablated by administering
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a large fraction of colonic crypt cells destined to dedifferentiate
into ISCs.

To study ASCL2-dependent crypt dedifferentiation, we puri-
fied regenerating mCh* (Ascl2*) “upper” cells using flow cytom-
etry and used RNA sequencing (RNA-seq) to compare their bulk
RNA profiles with those of uninjured resting ISCs (Table S1).
Among 485 genes specific to Lgr5* ISCs in the small intestine
(Munoz et al., 2012), 176 genes are expressed in resting colonic
ISCs at appreciable levels (>10 reads per kilobase per million
sequence tags [RPKM]), and 401 genes express at any level
(>1 RPKM; Figure S5D). Among these ISC-restricted mRNAs,
149 were appreciably present (>10 RPKM) and 365 were ex-
pressed (>1 RPKM) in upper mCh* cells (Table S2), including
Cdca7 and Smoc2 (Figure 5E). As a population, upper cells
differed from resting ISCs in the levels of only 316 mRNAs
(g <0.01; Figure 5F; Table S1), implying that although regenerat-
ing Ascl2™* cells lack GFP protein (Figures S5A and S5B) or Lgr5

mRNA (Figure 5E), they are likely well on a path to acquire ISC
features. Upper cells were enriched for Sec but not for +4 cell
markers (Figures 5F and 5G) and did not express mRNA (Fig-
ure 5G) or protein (Figure S5E) of the “revival” ISC marker Clu
(Ayyaz et al., 2019).

“Enterospheres” expanded in vitro from crypts late in mouse
gestation express many RNAs different from those in adult
organoids (Fordham et al., 2013; Mustata et al., 2013). In some
forms of ISC injury, dedifferentiating adult crypt cells are re-
ported to recapitulate this transcriptional program, represented
by Ly6a/Scal and triggered in part by YAP/TAZ signaling
(Nusse et al., 2018; Yui et al., 2018). To test this general idea in
mCh* colonic “upper” cells induced upon DT ablation of ISCs,
we extended an approach originally applied to mouse fetal
small bowel endoderm (Banerjee et al., 2018) to isolate colonic
EPCAM* cells at embryonic days (E) 11, 12, 14, and 16. Among
the 6,865 fetal transcripts that are reduced or absent in the
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adult epithelium, mCh* “upper” cells reproducibly expressed at
most 183 genes (2.67%; Figure S5F). Enterosphere-specific
RNAs overlap minimally with these genes and were expressed
comparably in resting and regenerating ISCs (Figure S5G). Key
intestinal YAP/TAZ signature genes (Gregorieff et al., 2015)
also were not enriched in “upper” cells (Figure S5H), whereas
Sec marker genes (Figure 5F) hinted that the population may
carry Sec or multipotent progenitors.

Transcriptional Features and Trajectories of Crypt Cell
Dedifferentiation

To resolve the mCh* “upper” population, we used 10X Geno-
mics single-cell RNA sequencing (scRNA-seq) to study single
cells collected 2 days after the last DT dose (day 8 in the exper-
imental scheme; Figure 5A). After excluding cells with low infor-
mation content or a high fraction of mitochondrial RNAs (Fig-
ure SB6A; STAR Methods), 3,254 cells were informative.
Individual cells expressed Ascl2 but little to no Lgr5 mRNA (Fig-
ure 6A), consistent with mCh*GFP~ fluorescence (Figures S5A
and S5B). ISC-restricted genes such as Cdca7 and Smoc2
(Table S2) further delineated distinct ISC-like cells (Figure 6A).
Proliferative activity was largely confined to this population,
while +4 cell markers were absent (e.g., Clu) or expressed
broadly (e.g., Bmi1) (Figure 6B). Projection of cell-specific
markers on a uniform manifold approximation and projection
(UMAP) plot identified Fabp2* Car1* colonocytes, abundant
Muc2* Tff3" goblet cells (Figure 6C), and a tiny fraction of
Chga™* Pyy* EE cells (Figure S6B). Notably, 556 cells expressed
appreciable levels of ISC genes as well as colonocyte or goblet
cell markers (Figure 6D), implying that they represent a bona
fide transition along a spectrum of mature and dedifferentiated
states. Within that spectrum, genes from enterosphere/fetal
(Fordham et al., 2013; Mustata et al., 2013) and YAP/TAZ
signaling (Gregorieff et al., 2015; Yui et al., 2018) modules,
including genes common to two (Ly6d) or all three (Ly6c71 and
Ly6a/Scal) modules, did not concentrate in the transitional
cells or show a consistent pattern; individual transcripts were
largely absent or broadly expressed (Figure S6C).

To derive pseudotime trajectories on the basis of cell-to-cell
differences in RNA expression, we used the Monocle algorithm
(Trapnell et al., 2014), designating high expression of ISC
markers as the cellular endpoint. This unsupervised approach
identified a continuum of cell states, with abundant goblet cells
and fewer colonocytes showing distinct trajectories (Figure 6E).
Positioning of transitional cells and their corresponding mature
precursors along the pseudotime axis highlighted the distinct
properties. Colonocyte markers declined more rapidly in pseu-
dotime than goblet cell markers; conversely, ISC markers ap-
peared more gradually in dedifferentiating goblet cells than in
colonocytes (Figure 6F). These data reveal both cell types as
sources of regenerating colonic ISCs but do not distinguish
whether goblet cells are the principal source, as proposed (Cas-
tillo-Azofeifa et al., 2019), or were captured more readily than
colonocytes.

ASCL2 Target Genes Such as lI11ra1 Facilitate ISC
Regeneration

To identify transcriptional targets of ectopic ASCL2 in regener-
ating mCh* “upper” cells, we used the 3xFLAG epitope in
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ASCL2PF®! (Figure S1D) to precipitate TF-bound genomic
regions and identified 4,943 binding sites (Table S3). Because
ISC restoration likely depends on multiple target genes
and transcriptional target assignment to distant enhancers
is inherently ambiguous, we focused on genes with promoter
binding (n = 3,530) and altered expression in mCh* crypt
cells (n = 316). Most mRNA changes were gains (Figure 5F)
and correlated with higher ASCL2 binding at promoters
in “upper” cells than in resting ISCs (Figure 7A). Four candi-
date target genes encode cell surface receptors that we
could assess in functional assays: Fgf18 and Nov, which
act respectively in fibroblast growth factor and Notch
signaling; the Wnt receptor Fzd9; and the IL-11 receptor
gene ll11ral (Figures 7A and S7A). Neither FZD9 Ab nor re-
combinant () FGF18 or rNOV affected organoid formation
by mCh* “upper” crypt cells (Figure S7B), though we are
unsure if rNOV is active in vitro or if FZD9 Ab neutralizes
the receptor).

II11ral is a noteworthy candidate because IL-11 protects an-
imals from various forms of ISC ablation (Du et al., 1994; Liu et al.,
1996; Potten, 1996). ll11ral transcripts were significantly
increased in every bulk isolate of mCh* “upper” cells, compared
with resting colonic Lgr5* ISC (Figure 7B) and well represented
in single-cell RNA (scRNA) analysis of regenerating ISCs,
including transitional cells and especially in the goblet cell
fraction (Figure 7C). Flow cytometry for surface IL11RA1 re-
vealed a small fraction of IL11RA" “upper” mCh* cells,
compared with none in resting mCh* ISCs (Figure S7C). IL-11
signals transduce via STAT3 (Jenkins et al., 2007), and we de-
tected phosphorylated STAT3 in rare “upper” cells, but never
in the absence of crypt ablation (Figure 7D). Importantly, rlL-11
had a reproducible, dose-dependent effect in augmenting
organoid formation (Figure 7E), which did not occur with other
targeted perturbations (Figure S7B). This augmentation
occurred only in upper cell, not in resting ISC cultures (Figure 7E),
and organoids enhanced in response to IL-11 could be
passaged serially (Figures 7F and S7D), indicating that they
contain colonic ISCs. Although other signals likely also
contribute, these findings collectively implicate //71ral as one
functional target of ASCL2 control in ISC regeneration.

DISCUSSION

Both principal cell types derived from Lgr5* ISCs (Tetteh et al.,
2016; van Es et al., 2012) and even rare Paneth cells (Jones
et al., 2019; Schmitt et al., 2018; Yu et al., 2018) help restore
crypt function after ISC damage, but reports to date leave
open the possibility of contributions from “reserve” ISCs
(Bankaitis et al., 2018; de Sousa e Melo and de Sauvage,
2019). Substantial crypt recovery after Lgr5* ISC ablation
originates in Bmi1c’e-expressing cells (Tian et al., 2011), and
although Bmi" cells and S-phase LRCs located above the
Paneth/ISC zone (Potten, 1998; Sangiorgi and Capecchi,
2008; Yan et al., 2012) contain mainly Paneth and EE cell pre-
cursors (Buczacki et al., 2013; Jadhav et al., 2017; Yan et al.,
2017), these populations could in principle include putative
“reserve” stem cells. Using Lgr5°™-derived cell labels, we
show that nearly all crypt regeneration after lethal damage to
Lgr5* ISCs originates in their own recent progeny (i.e., by
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Figure 6. Transcriptomics of ISC Restoration at Single-Cell Resolution

(A) Uniform manifold approximation and projection (UMAP) plots from RNA analysis of 3,254 individual mCh* regenerating “upper” cells, showing the paucity of
Lgr5 expression compared with Asc/2 and other ISC markers, including Cdca7 and Smoc2. In nearest-neighbor depiction, Lgr5~ ISC-like cells cluster together.
Expression scales are different for each marker.

(B) Within the same UMAP-specified cell groups. Top: distributions of actively cycling and non-replicating cells; bottom: expression of +4 “reserve” ISC marker
genes Bmi1 and Clu.

(C) Projection of colonocyte (Fabp2, Car1) and goblet cell (T3, Muc2) markers on the same UMAP plot reveals that non-cycling mCh* “upper” cells are similar to
mature epithelial cells.

(D) Hundreds of cells that cluster at the junctions of mature and ISC-like cells co-express ISC and either colonocyte (e.g., Fabp2) or goblet cell (e.g., Muc2)
markers. In the dedifferentiation context, we therefore consider them bona fide transitional (Trans) cells.

(E) Analysis of scRNA-seq data in Monocle version 2.12.0 (Trapnell et al., 2014). Left: depiction of cells along the defined trajectory, color-coded according to
categories defined in UMAP analysis by expression of cell-specific marker genes. Inset: ISCs, goblet cells, and colonocytes projected separately on the tra-
jectory. Right: cells are color-coded according to their imputed pseudotime, with high ISC marker-expressing cells as the destination.

(F) Colonocyte (Car1, Fabp2), ISC (Cdca7), and goblet cell (Spdef, Muc2) marker expression in mature and transitional (Trans) plotted along the above-defined
pseudotime axis. Fall of mature cell, and rise of ISC, markers occurs faster in dedifferentiating colonocytes than in goblet cells. In this interpretation, Trans
colonocytes are fewer than Trans goblet cells because the latter dedifferentiate over a longer period.

See also Figure S6.

dedifferentiation), not by recruiting “reserve” ISCs. Moreover,
neither “reserve” nor recently reported “revival” ISCs (Ayyaz
et al., 2019) exist in numbers sufficient to account for extensive
ISC restoration at the observed speed, and our bulk and scRNA

profiles of regenerating colonic crypt cells lacked enrichment
of +4 cell markers. Bmi1°"®-derived crypt recovery after ISC
ablation (Tian et al., 2011) likely reflects Bmi1 expression in a
large fraction of crypt cells (Itzkovitz et al., 2011; Munoz et al.,
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Figure 7. Transcriptional Targets of ASCL2 in ISC Regeneration

(A) Fraction of ASCL2F#9 chromatin immunoprecipitation sequencing (ChlP-seq) peaks (Table S3) present <1 kb (designated promoters) or >1 kb (presumptive
enhancers) from transcription start sites (TSSs) in regenerating Ascl2* cells. The graph shows the relation between 316 genes differentially expressed in “upper”
cells (compared with resting ISCs; Table S1) and relative ASCL2729 ChIP-seq signals at their respective promoters in the two populations. Dashed lines point to
candidate ASCL2 target genes that encode signaling factors.

(B) Integrated Genome Viewer (IGV) tracks of RNA-seq and ASCL2 ChlP-seq data from uninjured colonic ISCs and regenerating day 8 mCh* crypt cells,
showing differential ASCL2 occupancy at the //71ra1 promoter and reproducibly increased //77ra’ mRNA in the latter cells.

(C) Projection of /11 1ra1 mRNA levels onto the t-distributed stochastic neighbor embedding (tSNE) plot from single regenerating cells (Figure 6), showing its broad
distribution and particular enrichment in the goblet cell fraction.

(D) Phosphorylated (p) STAT3 immunofluorescence, showing its presence in rare crypts (<10 per colon, n = 5 mice) after ISC ablation, compared to absence of
pSTAT3 (0 crypts/colon, n = 5 mice) in the absence of ISC injury.

(E) Response of GFP~ mCh™ “upper” cells, mCh ™ crypt cells post-ISC ablation, and uninjured mCh* resting ISCs to recombinant IL-11 in organoid formation (n = 4
mice). Each image is a composite of multiple overlaid photomicrographs. Scale bars, 1 mm. Bars in the graph represent mean (+SD) ratios of organoids generated
with or without rlL-11. Relative organoid numbers in IL-11-treated cultures are expressed in relation to those that each population yielded in WENR medium
without IL-11.

(F) Representative structures derived at the first passage of mCh* “upper” crypt cells initially cultured with rIL-11, indicating that they contained ISCs.

See also Figure S7 and Table S3.

2012), whereas GFP expression in Bmi1%"® mice is fortuitously
restricted to EE cells enriched in the +4 tier (Buczacki et al.,
2013; Jadhav et al., 2017; Yan et al., 2017).

Several observations indicate that diverse crypt progenitors
are able to dedifferentiate. First, although we did not strictly
compare regenerative efficiencies of Sec and Ent cells, each
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lineage readily restores ISCs when the other is absent. Second,
after lethal ISC injury, Asc/2 (mCh) appears in high colonic crypt
tiers, which normally lack expression, and Ascl2* cells move
into the ISC zone, where they later express Lgr5 (GFP). ASCL2
is required for crypt regeneration, and this ectopic, likely
homeostatic, Asc/2 expression is not confined to rare cells but
evident in a large fraction of GFP™ crypt cells that we could pu-
rify. The short time between administration of DT and appear-
ance of ectopic mCh™ cells suggests that Ascl2 was activated
de novo in diverse crypt cells, not in clones expanded from
rare “reserve” cells. Third, we previously observed extensive
changes in mRNA levels and ATAC signals as purified EE and
goblet cell precursors were dedifferentiating (Jadhav et al.,
2017); such signals would be detected only if they occur in a
sizable fraction of cells. Fourth, scRNA-seq analysis of mCh*
“upper” cells showed both goblet cell and colonocyte streams
converging onto restored ISCs, with seemingly distinct temporal
dynamics. Competitive repopulation studies may in the future
reveal if restorative contributions from Sec and Ent cells are
quantitatively different and occur at different speeds.

ISC-depleted colonic crypts express Asc/2 (mCh) only eight or
nine cell tiers higher than normal. It is therefore unclear if regen-
erative potential is restricted to progenitors or extends to termi-
nally differentiated cells. In the small intestine, Paneth cell dedif-
ferentiation (Jones et al., 2019; Schmitt et al., 2018; Yu et al,,
2018) and ectopic crypt formation along bone morphogenetic
protein-inhibited villi (Batts et al., 2006; Haramis et al., 2004)
hint that some mature epithelial cells may harbor that capacity.
YAP/TAZ signaling and a developmental transcriptional program
were recently implicated in ISC regeneration (Gregorieff et al.,
2015; Nusse et al., 2018; Yui et al., 2018). Our findings suggest
that these conclusions may reflect unique properties of cultured
late fetal ISCs rather than epithelial genesis per se. Ascl2 expres-
sion in mCh* “upper” cells is not confined to actively cycling
single cells (Figures 6A and 6B), but our experiments do not
distinguish whether it is required for crypt cells to dedifferentiate
or to expand. Resting ISCs are uniquely sensitive to ~10 Gy
y-irradiation, while other crypt cells survive that dose (Potten,
1998). After ISC ablation, however, regenerating crypt cells
become exquisitely radiosensitive (Metcalfe et al., 2014). Conse-
quences of ASCL2 activity, present in resting ISCs and initiated
early during progenitor dedifferentiation, may underlie this
sensitivity.

Various immune signals are implicated in the regenerative
response (Biton et al., 2018; Zhou et al., 2013). IL-11 in particular,
possibly from a myofibroblast source (Bamba et al., 2003), aids
in intestinal mucosal recovery from bowel resection (Liu et al.,
1996), radiation (Potten, 1996), and other ablative injuries (Du
et al., 1994). However, it is unclear which crypt cells respond
to IL-11 and whether this ability is constitutive or induced upon
ISC attrition. We find that resting ISCs express little //11rat,
and levels are elevated in regenerating Ascl2* crypt cells. More-
over, unlike native colonic ISCs, regenerating cells respond to
rlL-11 with enhanced spheroid formation in vitro. ISC-depleted
crypts are thus uniquely sensitive to IL-11, which augments
dedifferentiation and is probably one of several immune and
non-immune signals that help restore ISCs. As a TF essential
to the process, ASCL2 helps orchestrate that robust homeostat-
ic response.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

ANTI-FLAG® M2 antibody Sigma-Aldrich Cat# F1804; RRID: AB_262044
Anti-Mouse IL11RA1 antibody R&D Systems Cat# AF490; RRID: AB_355391
Anti-Ki-67 antibody Abcam Cat# ab15580; RRID: AB_443209
Anti-CLU antibody R&D Systems Cat# AF2747; RRID: AB_2083314
Anti-phosphoSTAT3 antibody Cell Signaling Cat# 9145; RRID: AB_2491009
Cleaved Caspase3 antibody Cell Signaling Cat# 9664; RRID: AB_2070042
Donkey anti-Mouse IgG (H+L) Cross-Adsorbed Invitrogen Cat# A-21202; RRID: AB_141607
Secondary Antibody, Alexa Fluor 488

Goat anti-Rabbit IgG (H+L) Cross-Adsorbed Invitrogen Cat# A-11034; RRID: AB_2576217
Secondary Antibody, Alexa Fluor 488

Goat anti-Rabbit IgG (H+L) Cross-Adsorbed Invitrogen Cat# A-11037; RRID: AB_2534095
Secondary Antibody, Alexa Fluor 594

Biotinylated Goat Anti-Rabbit IgG Antibody Vector Laboratories Cat# BA-1000; RRID: AB_2313606
Chemicals, Peptides, and Recombinant Proteins

Tamoxifen Sigma-Aldrich SKU# T5648

Accumax Innovative Cell Technologies AM105

Dispase Stem Cell Technologies 07913

TrypLE Select Enzyme (10X) Thermo Fisher A1217702

Advanced DMEM/F-12 Life Technologies 12634010

DMEM Corning 17-205-CV

HEPES Life Technologies 15630080

GlutaMAX Life Technologies 35050061

Penicillin-streptomycin Life Technologies 15140122

Matrigel, growth factor reduced, phenol red-free BD Biosciences 356231

N-2 Supplement Life Technologies 17502001

B-27 Supplement Life Technologies 17504001

EGF Recombinant Mouse Protein Life Technologies PMG8043

Murine Noggin Peprotech 250-38

Jagged-1 AnaSpec 61298

N-Acetyl-L-cysteine Sigma-Aldrich A9165

Recombinant Murine IL-11 Peprotech 220-11

Recombinant Human FGF-18 Protein R&D Systems 8988-F18-050

Recombinant Mouse NOV/CCNS3 Protein R&D Systems 1976-NV-050

Diphtheria Toxin from Corynebacterium diphtheriae Sigma-Aldrich D0564-1MG

Critical Commercial Assays

SMARTer® Universal Low Input RNA Kit Takara Bio 634940

Nextera DNA Sample Preparation Kit lllumina FC-121-1030

Agencourt AMPure XP Beckman Coulter ABG3881

Dynabeads Protein G for Immunoprecipitation Thermo Fisher 10004D

Qubit dsDNA HS Assay Kit Thermo Fisher Q32854

QIAquick PCR Purification Kit QIAGEN 28106

Trizol reagent Thermo Fisher 15596026

MinElute PCR Purification Kit QIAGEN 28004

RNeasy Mini Kit QIAGEN 74104

[REMOVED HYPERLINK FIELD]TURBO DNA-free Kit Life Technologies AM1907

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Agilent High Sensitivity DNA Kit Agilent Technologies 5067-4626
NEBNext® High-Fidelity 2X PCR Master Mix NEB M0541
Vectastain Elite ABC Kit Vector Laboratories PK-6100
3,3’ diaminobenzidine tetrahydrochloride Sigma-Aldrich D3939
VECTASHIELD Mounting Medium with DAPI Vector Laboratories H-1200
Complete, mini protease inhibitor cocktail Sigma 11836153001
OCT compound Tissue-Tek 4583
LIVE/DEAD Fixable Far Red Dead Cell Stain Kit Life Technologies L10120
SYTOX Blue Dead Cell Stain Life Technologies S34857
Chromium Single Cell B Chip 10X Genomics 1000073
Chromium Next GEM Single Cell 3" GEM, 10X Genomics 1000128

Library & Gel Bead Kit
Deposited Data

Raw and analyzed data This paper GEO: GSE130822

Experimental Models: Cell Lines

L Wnt-3A ATCC Cat# CRL-2647; RRID: CVCL_0635

HA-R-Spondin1-Fc293T Ootani et al., 2009 N/A (gift from Dr. Calvin Kuo, Stanford Univ.)

Experimental Models: Organisms/Strains

Mouse: Lgr5CFP-Cre-ER(T2) The Jackson Laboratory MGI:3833921

Mouse: LgrsP"-GFP Tian et al., 2011 MGI:5294798

Mouse: Villin-CrefR(T2 (el Marjou et al., 2004) MGI:3053826

Mouse: Rbpj"’ Han et al., 2002 MGI:3583755

Mouse: Atoh1™ Shroyer et al., 2007 MGI:3767172

Mouse: R26R™Tomato Madisen et al., 2010 MGI:3813512

Mouse: Ascl2Yme van der Flier et al., 2009 MGI:3846671

Mouse: Ascl2P™ This paper N/A

Mouse: FLPo-10 The Jackson Laboratory MGI:4455294

Software and Algorithms

Bedtools (Quinlan and Hall, 2010) https://bedtools.readthedocs.io/en/latest/

Bowtie2 (Langmead and Salzberg, 2012) http://bowtie-bio.sourceforge.net/bowtie2/
index.shtml

BioVenn (Hulsen et al., 2008) www.biovenn.nl/

deepTools v2.5 (Ramirez et al., 2016) https://github.com/deeptools/deepTools

DeSeq2 (Love et al., 2014) http://bioconductor.org/packages/release/
bioc/html/DESeg2.html

diffReps (Shen et al., 2013) https://github.com/shenlab-sinai/diffreps

Fiji (Schindelin et al., 2012) https://fiji.sc/

FlowJo BD https://www.flowjo.com/

Gene Set Enrichment Analysis (GSEA) (Subramanian et al., 2005) http://software.broadinstitute.org/gsea/index.jsp

ggplot2 (Wickham, 2009) https://ggplot2.tidyverse.org/

GraphPad Prism 7 N/A https://www.graphpad.com/scientific-
software/prism/

HTSeq v0.6.1 (Anders et al., 2015) https://www-huber.embl.de/HTSeq/doc/
overview.html

IGV (Robinson et al., 2011) http://software.broadinstitute.org/software/igv/

MACS2 v1.4 (Zhang et al., 2008) https://github.com/taoliu/MACS

UCSC Gene ID Converter Andy Saurin https://www.biotools.fr/mouse/ucsc_id_converter

R (R Core Team, 2013) https://www.R-project.org/

STAR aligner v2.5.3a (Dobin et al., 2013) https://github.com/alexdobin/STAR

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Cell Ranger v3.0.2 10X Genomics https://github.com/10XGenomics/cellranger
Seurat v3.0.2 (Butler et al., 2018) https://github.com/satijalab/seurat

Monocle v2.12.0 (Trapnell et al., 2014) https://github.com/cole-trapnell-lab/monocle-

release/

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for reagents should be directed to and will be fulfilled by the Lead Contact, Ramesh Shivdasani
(ramesh_shivdasani@dfci.harvard.edu), upon execution of a suitable Materials Transfer Agreement. Asc/2”™ mice will be provided
directly; in the event of high demand, and presuming the strain will be accepted, the Lead Contact will deposit the strain in the Jack-
son Laboratories collection.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

All mouse strains (Lgr5%-C", [ gr5PGFP | RogRI@Tomat Vijiin-CrefF 72, Atoh1™, Rbpj™, Ascl2P™, Asci2V™, and Apc™) were main-
tained on a predominantly C57BL/6 background. Mouse sources and citations are provided in the Key Resources Table. Animals
were housed under specific pathogen-free conditions in 12-hour light/dark cycles at 23 + 1°C and humidity 55 + 15%. Food and wa-
ter were provided ad libitum. Animals were weaned 21 to 28 days after birth and handled and euthanized according to procedures
approved by the Animal Care and Use Committee of the Dana-Farber Cancer Institute. Mice were at least 8 weeks old at the time of
experiments and cell isolations. Mice of the both sexes were used in most experiments, with littermate controls.

To generate Asc/2P™ mice, the two Ascl2 homology arms and 3XFLAG-tagged Ascl2 cDNA were cloned by high-fidelity PCR
from C57BL/6 genomic DNA. mCherry cDNA was extracted from the plasmid pEF1alpha-mCherry (Takara, 631969) and all frag-
ments were moved into the targeting vector (Figure S1D). The targeting construct was verified by DNA sequencing, linearized,
and electroporated into JM8.N4 male embryonic stem cells (ESC), which were selected in medium containing G418 and gancyclovir.
Recombinant ESC clones were identified by long-range PCR across the Asc/2 locus and injected into C57BL/6-albino blastocysts.
Founder males, identified by PCR analysis of tail DNA, were bred to B6.Cg-Tg(Pgk1-Flpo)10°¥/J females (FLPo-10, Jackson Lab-
oratories stock #011065) to delete the Neo” cassette. As we expanded the Ascl2P™ colony by crossing with Lgr5G-Cre, | gr5P-GFF,
or Villin-Cre®7-72 mice, mice carrying FLPo-10 were excluded and we verified the whole Asc/2”™ locus by sequencing genomic DNA.
Except where stated otherwise (e.g., Figure 4), Ascl27/F and Ascl2™~~ refer to any combination of the Asc/2P™ and Asc/2V™ alleles.

METHOD DETAILS

Mouse treatments

To delete floxed Atoh1 alleles, we administered 1 mg tamoxifen (Sigma-Aldrich, T5648; stock solutions prepared in cornflower oil) by
intraperitoneal (IP) injection daily for 5 consecutive days. To activate CREE™12 in Lgr5¢FP-Cre;Ro6R@Tmat mice, we administered
2 mg tamoxifen IP on days 1 and 2. To delete floxed Rbpj, Ascl2 and/or Apc alleles, we injected 2 mg tamoxifen IP on the 15* and
2" days and 1 mg tamoxifen on the 3™ day. Lgr5G-Cr¢; Ro6RITO™a% and Ascl2M™F;1 gr56TF-C mice received 10 Gy whole body
y-irradiation ('3'Cs source) 96 h or 48 h, respectively, after the first dose of tamoxifen. To ablate ISCs in Lgr5°"%"F mice, we admin-
istered Diphtheria toxin (Sigma-Aldrich, 50 ng/kg) by IP injection 4 times on alternate days.

Detection of fluorescent cells in tissues

To detectmCh*, GFP*, and tdTomato™ cells, we fixed mouse small and large intestines in 4% paraformaldehyde (PFA) in phosphate-
buffered saline (PBS) at 4°C overnight with gentle agitation, washed the specimens 3 times in PBS at 4°C, and rotated them overnight
at 4°C in 30% sucrose in PBS. Tissues were embedded in OCT compound (Tissue-Tek, 4583) and stored at —80°C. Tissue sections
(8 um) adhered onto glass slides were washed in PBS and mounted in medium containing 4’,6-diamidino-2-phenyl-indole (DAPI —
Vector Laboratories, H-1200). Fluorescent cells were visualized and counted using a spinning disc confocal microscope (Yokogawa).
Images were analyzed by Fiji software (Schindelin et al., 2012). In experiments with GFP*Tomato* cells, GFP" cells were counted first
and then examined for Tomato* in the red channel to determine if they were double positive.

Immunofluorescence

Intestinal or gastric tissue sections (5-7 um thick) were incubated overnight with CLU (R&D Systems Inc, AF2747, 1:40), phospho-
STAT3 (Cell Signaling, 9145, 1:100) or cleaved Caspase-3 (Cell Signaling, 9664, 1:100) antibodies (Ab) at 4°C, followed by Alexa
Fluor 488- or Alexa Fluor 594-conjugated anti-mouse (Invitrogen, A-21202, 1:2,000) or anti-rabbit IgG (Invitrogen, A-11034 or
A-11037, 1:2000) for 1 h at room temperature. To determine fractions of IL11RA* mCh* cells, we mixed IL11RA antibody (R&D
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Systems, AF490) with Alexa Fluor 488-conjugated anti-goat IgG (Invitrogen, A-11055) on ice for 1 h and incubated with crypt single-
cell suspensions for 30 min on ice. Cells were washed 5 times with cold PBS and analyzed on a Sony SH800z flow cytometer.

Colonic cell isolation

Immediately after euthanasia of mice by CO, inhalation, the proximal colon was harvested and ~2-mm slices were cut with a razor
blade. These slices were washed briefly in in, then rotated in 10 mM EDTA solution prepared in Dulbecco’s Modified Eagle/F-12 me-
dium (DMEM/F-12, Life Technologies, 12634010) conditioned by growth of Wnt3a (70%) and Rspo1 (30%) secreting cells for 30 min
at room temperature with change of solution every 10 min. Wnt3a was generated from L-Wnt-3A cells (ATCC, CRL-2647) and Rspo1
from HA-R-Spondin1-Fc293T cells (Ootani et al., 2009). Crypt epithelium released by this treatment was washed in DMEM (Corning,
17-205-CV), then digested for 30 min at 37°C in a mixture of 2.5 mL Accumax (Innovative Cell Technologies, AM105), 2.5 mL Dispase
(Stem Cell Technologies, 07913), 0.5 mL TrypLE (Thermo Fisher, A1217702), 1.5 mL Wnt3a- and 0.5 mL Rspo1- conditioned media,
washed in PBS, and passed through 35 um filters (Falcon, 352235) to prepare single-cell suspensions. Live mCh* or GFP* cells were
sorted on a Sony SH800z flow cytometer, using far-red dye (Life Technologies, L10120) or SYTOX Blue (Life Technologies, S34857)
to exclude dead cells. Data were analyzed using FlowJo software (BD Biosciences).

Culture and analysis of colonic organoids

Single colonic epithelial cells isolated by flow cytometry were cultured as described (Sato et al., 2009) in Matrigel droplets (BD Bio-
sciences, 356231) supplemented with 1 uM Jagged-1 peptide (AnaSpec, 61298) and covered with 0.5 mL Wnt3a (70%) and R-spo1
(30%) conditioned medium supplemented with antibiotics, N-2 and B-27 supplements and rEGF as described (Sato et al., 2009). In
various experiments, 10 ng/ml NOV (R&D Systems, 1976-NV-050), 10 ng/ml FGF18 (R&D Systems, 8988-F18-050), or IL-11 (Pepro-
tech, 220-11, 0.1 pg, 0.2 ug or 0.4 pug) was added to the culture medium. Each image in Figures 5D, 7E, and S7B is a composite of
multiple overlaid photomicrographs. For passaging, organoids were disaggregated manually by pipetting, then transferred to fresh
Matrigel droplets for further culture as above. Organoids were visualized using a Celigo S Imaging Cytometer (Nexcelom) to capture
at least 5 focal planes, then counted on the resulting images, ensuring that each structure was counted only once. For histology, or-
ganoids were fixed for 15 min in 4% PFA in PBS at room temperature, while still in Matrigel, then incubated in 5 U Dispase (Stem Cell
Technologies, 07913) at 37°C for 30 min to remove Matrigel, and fixed overnight at 4°C in 4% PFA in PBS. Organoids were then
embedded in OCT compound (Tissue-Tek, 4583), frozen at —80°C, and 8 um sections were cut for staining with hematoxylin
and eosin.

RNA isolation and sequencing

For studies on bulk cell populations, mCh* or GFP* cells were isolated by flow cytometry (Sony SH800z Cell Sorter) directly into Trizol
reagent (ThermoFisher, 15596026). RNA was purified as recommended by the manufacturer, treated with Turbo DNase | (Life Tech-
nologies, AM1907) to eliminate DNA contaminants, and purified over RNeasy columns (QIAGEN, 74104). Total RNA (5 to 10 ng) was
used to prepare libraries with SMARTer Universal Low Input RNA kits (Takara Bio, 634940). Libraries were sequenced on a NextSeq
500 instrument (lllumina) to obtain 75-bp single-end reads. For scRNA-seq, we purified mCh™* (Ascl2*) ‘upper’ cells from mouse co-
lons 8 days after ISC ablation, using flow cytometry. About 10 cells were loaded onto Chromium Chip B using the 3' GEM Library &
Gel Bead Kit v3 (10X Genomics), followed by reverse transcription, cDNA amplification, and library preparation according to the man-
ufacturer’s recommendations. Libraries were sequenced on a HiSeq4000 instrument (lllumina).

Chromatin immunoprecipitation (ChlIP-seq)
ChlIP for FLAG-tagged ASCL2 on the typically small number of resting or regenerating ISCs (< 20,000 colonic ISCs or mCh™* ‘upper’
cells from Asc/2P® mice) required special methods, including Tn5 transposition to isolate bound fragments. As a negative control, we
performed ChIP on an equal number of GFP* colonic ISCs (no FLAG epitope, from Lgr5P"6F mice). Cells were fixed in 1% form-
aldehyde in PBS for 10 min, followed by quenching with 0.125 M Glycine for 10 min, both at room temperature. Fixed cells were
washed in cold lysis buffer (10 mM Tris HCI pH 7.4, 10 mM NaCl, 3 mM MgCl,, 0.1% (v/v) Igepal CA-630) and incubated for
30 min on ice in ATAC-RSB?* buffer (10 mM Tris Hcl pH 7.4, 10 mM NaCl, 3 mM MgCl,, 0.1% Igepal CA-630, 0.1% Tween-20,
0.01% Digitonin) (Corces et al., 2017). Cells were then washed twice in cold lysis buffer and incubated with Tn5 in 50 uL Transposition
mix (lllumina, FC-121-1030) for 30 min at 37°C with agitation at 1,000 RPM (Thermomixer, Eppendorf). Reactions were stopped by
adding 150 pL SDS buffer (50 mM Tris HCI pH 8, 10 mM EDTA, 1.35% SDS) on ice for 1 h. SDS was then diluted by adding 750 pL
2xChlP buffer (100 mM Tris HCI pH 8, 0.3 M NaCl, 2 mM EDTA, 1mM EGTA, 1% N-lauroylsarcosine, 2% Triton X-100) and 550 pL
water. After rotation for 2 h at 4°C, cell debris were removed by centrifugation and 5 ng FLAG antibody M2 (Sigma-Aldrich, F1804)
was added to the supernatant, with overnight rotation at 4°C. Antibody-associated chromatin was isolated with Protein G Dynabeads
(Thermo Fisher, Q32854, 50 L) for 4 h at 4°C, washed twice each with RIPA-LS (10 mM Tris HCI pH 8, 140 mM NaCl, 1 mM EDTA,
0.1% SDS, 0.1% Na-Deoxycholate, 1% Triton X-100), RIPA-HS (10 mM Tris HCI pH 8, 500 mM NaCl, 1 mM EDTA pH, 0.1% SDS,
0.1% Na-Deoxycholate, 1% Triton X-100), RIPA-LiCI (10 mM Tris HCI pH 8, 250 mM LiCl, 1 mM EDTA, 0.1% Na-Deoxycholate, 0.5%
Igepal CA-630), and TE buffer (10 mM Tris pH 8, 1 mM EDTA).

Immunoprecipitated chromatin was eluted in 100 pL elution buffer (50 mM Tris HCI pH 8, 10 mM EDTA, 1% SDS) and cross-links
were reversed overnight at 65°C, followed by treatment with 0.2 mg/mL RNase A in 100 uL TE buffer for 2 h at 37°C and with 0.2 mg/
mL Proteinase K and 300 mM CaCl, for 1 h at 37°C. DNA was extracted and precipitated with phenol, chloroform, isopropanol, Na
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acetate, and linear acrylamide as a carrier. DNA was washed with 70% ethanol, resuspended in water, amplified over 16 cycles using
high-fidelity 2X PCR Master Mix, and purified over columns (QIAGEN, 28004). After removal of primer dimers (< 100 bp) using
AMPure beads (Beckman Coulter, A63881), the libraries were sequenced on a NextSeq 500 instrument (lllumina) to obtain 75-bp
single-end reads.

QUANTIFICATION AND STATISTICAL ANALYSIS

General

For reproducible quantitation of crypts with GFP*tdTom* or GFP*tdTomato™ cells, we assessed 5 independent wild-type intestines
(Figures 1C and 3A), 5 Ascl2™/~ intestines at 112 days and 2 Asc/2~/~ intestines at 28 days (Figure 3A). Bar graphs in these panels
represent mean + SD of crypts containing GFP* ISCs. To examine ISC maintenance and restoration, crypts with GFP* cells were
counted in every microscopic field from 6 (Figure 1E), 4 (Figure 1F), 5 (Figures 2D and 5B and 8 days) or 3 (Figure 5B, 10 days) inde-
pendent control and experimental (each) animals. All samples were inspected randomly and, when feasible, blindly. Within the dot
plots (Figures 1E, 1F, 2D, and 4B), boxes demarcate quartiles 1 and 3, bars represent median values, whiskers represent 1.5 times
the inter-quartile range, and differences were assessed using Student’s t test. We assessed post-irradiation lifespans in 5 indepen-
dent Asc/2~/~ and equal numbers of control mice (Figure 4A), using the log-rank test in GraphPad Prism 7 to generate survival curves.
ISC positions in colonic crypts were assessed in 4 independent mice (Figure 2A) and 5 or 3 independent animals treated with DT for 8
or 10 days, respectively (Figure 5B). Organoid cultures from single crypt cells were generated from a minimum of 3 mice for each
condition (Figures 5D, 7E, and S7B). Relative organoid numbers are expressed in relation to those that cells yielded in the corre-
sponding control conditions; differences were evaluated by Student’s t test and error bars in graphs that depict relative organoid
numbers (ratios) represent SDs. IL11RA expression was examined by flow cytometry in cells isolated from N = 3 independent
mice of each genotype.

Computational analyses

Raw reads from RNA- and ChIP-seq were aligned to the mouse genome (Mm10, Genome Reference Consortium GRCm38) using
STAR aligner v2.53a (Dobin et al., 2013) for RNA or Bowtie2 (Langmead and Salzberg, 2012) for ChIP data. RNA-seq data quality
was assessed using VIPER (Cornwell et al., 2018) and transcript levels were expressed as read counts using HTSeq (Anders
et al., 2015). Sex chromosome-encoded and ribosomal genes were removed for comparative analyses. Data were normalized,
and sample variability assessed by principal component analysis in DEseq2 (Love et al., 2014). Expression values were represented
as reads per kilobase per million sequence tags (RPKM) and differential expression was defined in DEseq?2 using the indicated Log,
fold-changes, false discovery rates (FDRs) and basemeans. Volcano plots of differentially expressed RNAs were generated using
the ggplot2 package in R (Wickham, 2009).

For ChlIP-seq, we used MACS (Zhang et al., 2008) to align signals in raw (bam) files, then filtered to remove PCR duplicates and
reads that aligned to multiple locations. Signals across samples were quantile normalized with Haystack (Pinello et al., 2014), using
50-bp windows across the genome. Sites bound to FLAG-ASCL2 in regenerating colonic crypt cells (enriched over the background in
resting FLAG-negative Lgr5°"£9% |SCs) were identified using diffReps (Shen et al., 2013), with z-score cut-off 5, window size 200 bp,
step size 20, and p value 0.0001. Raw signals from individual samples of a given cell type were converted to signal files (bigWig) using
deepTools v2.1.0 (Ramirez et al., 2016). To impute candidate ASCL2 targets (Figure 7A), we considered genes differentially
expressed between resting ISCs and mCh* ‘upper’ cells (g < 1075, 2X change, n = 316) and differential promoter ChIP-seq
signals in regenerating cells compared to resting ISCs. RNA and ChlIP signals at individual loci were visualized using the Integrated
Genomics Viewer v2.3 (Robinson et al., 2011).

Single-cell RNA-seq

A library with 190,971,192 raw reads was aligned to the GRCm38/mm10 mouse genome, and Cell Ranger v3.0.2 (10X Genomics)
was used to estimate unique molecular identifiers (UMlIs). Raw aligned features were loaded and processed using the Seurat
v3.0.2 package (Butler et al., 2018) in R version 3.6.1 (R Core Team, 2013). We retained only cells with > 4,000 UMIs, > 1,200 unique
genes, < 20% mitochondrial gene contribution, and expression novelty (log1o Genes per UMI) > 0.8 (Figure S5D). These 3,254 cells
gave information on 14,737 genes.

Normalization, reduction of dimensionality, and clustering

Data were normalized in Seurat and variable genes were detected using Variance Stabilization transformation, followed by scaling
and principal component (PC) analysis. The top 10 PCs were used to construct a Shared Nearest Neighbor graph and determine cell
clusters, followed by reduction of dimensionality using the Uniform Manifold Approximation and Projection (UMAP) technique
(Mclnnes et al., arXiv:1802.03426. Clusters co-expressing ISC (e.g., Cdca7) and colonocyte (e.g., Fabp2) or goblet cell (e.g.,
Muc?2) markers were designated as transitional cells (Figure 6C), while clusters with high lone expression of ISC or lineage markers
were designated accordingly. Total normalized counts for groups of known marker genes were used to determine cell cycle progres-
sion (Plk1, Rrm2, Ccna2, Ccnb1, Ccnb2, Cdk1, Cdc25c, Cdca2, Cdc20, Ccne2, Cdc6, Cdc45) or inhibition (Cdkn2b, Cdkn2a,
Cdkn1a, Cdknic) (Figure 6B).Normalized count data were used to determine relative expression levels of genes in defined cell
populations (Figure 6C — violin plots generated using the ggplot2 package in R).
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Pseudotime analysis (Figure 6D)

Filtered data from Seurat were modeled in Monocle v2.12.0 (Trapnell et al., 2014) using the negative binomial distribution. After calcu-
lating size factors and dispersion using default parameters, differential genes were detected in the above-defined cell types using
Seurat (cut-off g < 0.01). Dimensionality reduction and trajectory reconstruction were done within Monocle using the advanced
nonlinear reconstruction algorithm DDRTree to determine two components (Mao et al., 2015). The branch of the trajectory plot
with the most ISCs was used as the end-state to determine pseudotime for all cells, then dedifferentiation dynamics of cell groups
were analyzed using pseudotime and lineage marker expression.

Mathematical modeling to quantify relative fitness of Ascl2”-ISCs

We adapted a simple mathematical model of ISC dynamics (Lopez-Garcia et al., 2010), based on a Moran model on the cycle graph
with a fixed number (N) of ISCs arranged in a ring (Figure 3D). M is the initial number of Asc/2-recombined (mutant, tdTom*) ISCs and
the remaining cells, N—M, escaped recombination (tdTom’). Cells are placed uniformly at random on the cycle graph, so that each
initial configuration is equally likely. We sampled an exponential waiting time for each ISC (i.e., each vertex in the graph), with rates
Awt and Ayt for WT and mutant ISCs, respectively (each defined to 2 decimal places), and the smallest waiting time determines
which cell divides first. One daughter then takes the parent’s spot and the other replaces one or the other flanking ISC, each with
probability 0.5. We updated the configuration of cells and repeated this process until fixation, i.e., when all ISCs were tdTom* or
tdTom™. Because 2D tissue sections miss infrequent tdTom™ ISCs (which must be there), we considered tdTom™ crypts to be ’pre-
dominantly’ tdTom™, making predominance precise as a parameter of the model.

We implemented exact stochastic simulations of this process over a range of parameter regimes, fixing N between 10 and 14 (Snip-
pert et al., 2010) for each regime; replacing this number with a distribution did not change the results significantly. We also explored a
range of values for M, fixing it deterministically or sampling it according to various plausible distributions, and set At t0 0.25 and 0.5
divisions/day in the colon and duodenum, respectively (Snippert et al., 2014). We then estimated Ayt by optimizing over Ayt values
to fit the model to the data. Each set of parameters produced a plot of the form shown in Figures S3A and S3B. At the start, all crypts
are predominantly tdTom™ (mutant) and the point trajectories show that fraction decreasing over time as wild-type ISCs gradually
exert their advantage. The lines eventually flatten and converge as crypts fixate as predominantly tdTom* or tdTom". Raising mutant
fitness would pull all point trajectories upward, so the optimization procedure amounts to identifying the Ay value that minimizes the
squared difference between predicted and observed results, for a fixed set of plausible parameters. We obtained an estimate for
Ascl2~/~ ISC disadvantage for each regime (examples in Figure S3C).

DATA AND CODE AVAILABILITY

All RNA, ChIP, and ATAC data are deposited in the Gene Expression Omnibus (GEO). The accession number for these data is GEO:
GSE130822. No previously unpublished custom code was used to analyze the data.
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