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Figure 5. Chromatin landscape of unperturbed Sec cell differentiation. (A) UMAP plot from scATAC-seq of 8274 Tom" cells. Cell iden-
tities were imputed by integration with scRNA data (see Supplemental Fig. S7A,B). (B) Pseudotime differentiation trajectories, derived
using Slingshot (Street et al. 2018), traced the origins of EE, goblet, and Paneth cell clusters to ISCs via Sec-Pros. (C) Differential regions
(n=12,389) enriched in any cell cluster (I, fold difference >0.1, P,4;<0.005, minimum fraction of cells within an enriched cluster [pct.1]
>0.25, minimum fraction of cells in other clusters [pct.2] <0.15), represented as aggregated pseudobulk data. Adjacent IGV tracks and violin
plots (both pseudobulk) show representative differential regions (scATAC, left) and transcript levels of the corresponding genes (scRNA,
right) in each cluster. (Bottom right) The graph shows overlap between scRNA data (columns) and the nearest scATAC peak (rows). Circle
size represents the fractional mRNA:ATAC peak overlap computed at the gene level in each cell cluster and the color scale represents
Bonferroni-corrected P-values from a hypergeometric test. (D) TF sequence motifs enriched at areas of differential chromatin access in
each cell type affirm the veracity of scATAC data and cluster assignments.
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Figure 6. Reversal and sublineage infidelity of cis-element trajectories during dedifferentiation. (A) UMAP plots from scATAC analysis
of integrated forward (TAM-only control, left, n=8274) and reverse (TAM + DT, right, n=6990; cells resembling the control population
were removed) (see Supplemental Fig. S8A) Sec cell differentiation. (B) Graph of 131,216 ATAC peaks called in Neurog3-labeled cells
(Y-axis) post-ISC ablation plotted against peaks called without DT treatment (X-axis). Each dot represents the signals at an ATAC site ag-
gregated across all cells and gray signals were statistically increased post-ISC ablation (I, fold change >0.25, g <0.05). (Pie chart) Fractions
of sites with increased post-DT signals (gray dots) associated with one (75.7 %) or more (24.3 %) forward-differentiating cell types. (C,D, top)
Increased signals (scatter plots) and redistribution (UMAP plots) of goblet-specific (C) and Paneth-specific (D) sites (as defined in Fig. 5B)
after ISC ablation. (Bottom) Chromatin sites differentially accessible in clusters classified as goblet (C) or Paneth (D) cells after ISC abla-
tion. Pseudobulk aggregation of scATAC data (heat maps) and aggregate scATAC signatures (violin plots) reveal that cis-elements normal-
ly specific to ISCs or to one sublineage were accessible in dedifferentiating cells of other types. Similarities between control and post-DT
cells at each time were quantified using the Kolmogorov-Smirnov test. The D statistics are noted within each violin; lower values reflect
greater similarity, and control (TAM-only) cells serve as the reference. (IGV tracks) Representative examples of dynamic cell-specific en-
hancers. (E) EEC-restricted cis-elements from both EC and non-EC cells were less perturbed after ISC ablation than goblet- and Paneth-
specific sites, reflecting predominant dedifferentiation of the latter cell types. EEC cis-element signatures nevertheless extended into oth-
er reversing Sec cells, consistent with dedifferentiation occurring via multipotential precursor states.
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Figure 7. Erasure of enhancer memory after dedifferentiation. (A) Pseudobulk scATAC data from cell clusters designated as ISCs in con-
trol and 12-h post-DT samples, showing open chromatin at large fractions of goblet (35.5%) and Paneth (15.4%) cis-regulatory sites. Ag-
gregate ATAC scores for these Sec cell-specific cis-element signatures are quantified in the right split-violin plots. (B) Aggregate ATAC
scores for goblet and Paneth cell signatures in ISCs at different times after ISC ablation. Similarities were estimated using D statistics
from the Kolmogorov-Smirnov test, noted within each violin, using control ISCs as the reference. (IGV tracks) Representative examples
of dynamic cell-specific enhancers. (C) Representative images of goblet (Muc2*) and EE (5-HT") cell staining in Tom™ clonal ribbons and
adjacent Tom™ villi 30 d after DT-induced ISC ablation. Most Tom" cells are enterocytes that lack Sec-specific markers. (Graphs) Muc2*
(Ieft) and 5-HT™ (right) cell counts across 10 Tom" clonal ribbons and adjacent Tom™ villi of comparable length. n =3 mice. Scale bar, 100

pm.

compendium of differentially accessible cis-elements out-
lines the sequential enhancer recruitment that underlies
Sec cell diversity in vivo, explains multilineage priming
in chromatin terms, and provides cell type-specific en-
hancer signatures as a tool to study reversal of cell
identities.

Enhancer trajectories during crypt Sec cell
dedifferentiation

To that end, we performed scATAC-seq in parallel on
Tom™ cells collected after DT exposure for scRNA-seq.
As with the scRNA data (Fig. 3B), we integrated control
and post-DT cells in the computational analysis, and
then separated informative reversing cells from indeter-
minate cells whose profiles of open chromatin were large-
ly indistinguishable from those of controls (no DT); to be
conservative, we regarded cells with subtle differences
(sum of SNN score >3) in open chromatin as indetermi-
nate (Fig. 6A; Supplemental Fig. S8A,B). We then plotted
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the 131,216 sites open in Neurog3-labeled cells (Fig. 6B,
Y-axis) after ISC ablation against those that were open
without DT treatment (Fig. 6B, X-axis). As each dot on
this graph represents the signals at an ATAC site aggregat-
ed across all cells, a negative composite slope means that
ATAC signals were generally higher after ISC ablation,
even after rigorous normalization of the data. However,
the graph lacked evidence for appreciable opening of previ-
ously inaccessible sites (Supplemental Fig. S8C) and only
showed increased access at sites that were open in normal
Sec cells of one (75.7%) or more (24.3%) types (Fig. 6B).
The negative slope hence reflected expanded and ectopic
distributions of open chromatin. Within 100 kb of TSSs,
even loci that were silent in resting Sec cells but rapidly
and briefly activated after ISC loss (Fig. 3) showed only
small changes in constitutively accessible chromatin
(Supplemental Fig. S8D), most pronounced in goblet and
Gob/Pan precursors.

Global ATAC profiles of each Sec population most re-
sembled those of its normal counterparts, indicating
that cell clusters were correctly assigned (Supplemental
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Fig. S9A). Nevertheless, enhancers otherwise selective for
distinct Sec cell types, including 4%-24% of the 1945 en-
hancers otherwise restricted to ISCs (Supplemental Fig.
S9B), became broadly and transiently accessible. These
changes were most evident in cells classified as goblet
(Fig. 6C) or Paneth (Fig. 6D), which carried chromatin fea-
tures of each other and of ISCs within 12 h of ISC ablation.
EEC-specific sites were less extensively redistributed (Fig.
6E), but even EC cells showed increased access (I,, fold
change >0.25 over normal EC cells) at 13% of goblet-en-
riched and 10.4% of Paneth-enriched enhancers (Supple-
mental Fig. S9C). The appearance of ISC enhancers in
Tom" Sec cells indicates that the sum of these alterations
was not spurious and reflects ISC regeneration. Indeed,
across cell isolations from 12 to 72 h after DT treatment,
enhancer dynamics mirrored, and preceded, the mRNA
flux and blurred transcriptional identities and ISC revival
(Fig. 6C,D). Given that normal, forward differentiation oc-
curs after sublineage-enriched enhancers first open in Sec-
Pros, Gob/Pans, and EEC precursors (Fig. 5), these findings
reinforce the idea that Sec cells reverse via bipotent and
multipotent precursor states.

Within 12 h of DT exposure, cells classified as ISC-like
showed chromatin access at 35.5% of goblet-specific and
15.4% of Paneth-specific regions (Fig. 7A), implying that
these are the principal Sec sources. Lineage-specific epige-
netic marks could in principle persist in regenerated ISCs
and influence their properties; for example, Sec-derived
ISCs may carry a bias to generate more Sec cells. Line-
age-restricted ATAC signals, however, were strongest at
12-24 h, tapered thereafter, and then disappeared (Fig.
7B). Consistent with that finding, Tom* Sec-derived and
Tom™ cell-derived crypts were dominated by Ent cells
and had similar fractions of MUC2* goblet and 5-HT*
EC cells 30 d after ISC ablation (Fig. 7C). Together, these
observations reveal that Sec cells restore fully functional
ISCs by reversing the course of forward differentiation
and, in that process, erasing lineage identity or bias.

Discussion

Both Sec and Ent cells dedifferentiate to restore ablated
ISCs. Prior studies showing ISC recovery from Sec cells
(van Es et al. 2012; Yu et al. 2018; Castillo-Azofeifa et al.
2019; Jones et al. 2019) relied on lineage-restricted CRE
expression, with inherent uncertainty about its onset
and trajectory; one CRE-independent study relied on acti-
vation of Ascl2 at unknown and possibly variable times af-
ter ISC loss (Murata et al. 2020). Using single Neurog3“™-
labeled cells to define forward and reverse Sec cell compo-
sition as well as chromatin and transcriptional states, our
study overcomes these limitations, and both scRNA and
scATAC data pointed to dedifferentiation originating in
all mature and immature Sec types. In the process, line-
age-specific transcripts declined in these cells, which re-
sembled each other far more than they do in normal
crypts and recapitulated in reverse the transcriptional
and chromatin states characteristic of multipotential
Sec-Pros and Gob/Pans. Our findings reveal how dynamic

Intestinal secretory cell dedifferentiation

chromatin transitions allow cells to readily acquire or re-
linquish Sec-specific properties and to enable tissue recov-
ery when ISCs are depleted.

Four findings merit particular note. First, after ISC abla-
tion, at least 60% of Neurog3“™-labeled cells had profiles
distinct from their normal counterparts. Any crypt aims
to restore only 12-15 Lgr5" ISCs, many of which originate
from the Ent lineage or by ISC replication. Therefore,
many Neurog3“™-labeled cells may react only briefly to
ISC attrition and then abort the process, or their daughters
eventually succumb to neutral drift. Second, forward and
reverse Sec differentiations occur along a continuum of
precursor, immature, and mature cell states: Partially
overlapping Sec-Pro, Gob/Pan, and EEC-pre signatures sig-
nified multilineage priming and no overt bottleneck.
Third, cell replication was not evident at the onset of
Sec fate reversal—only just before or after cells acquired
ISC features. Fourth, although cell fate reversal was asso-
ciated with extensive sublineage infidelity in RNA and
chromatin states, few transcripts extrinsic to Sec cells
and no new cis-elements were recruited. The few extrinsic
transcripts overlapped with genes expressed in regenerat-
ing ISCs after helminth infection or chemical colitis
(Nusse et al. 2018; Yui et al. 2018), in fetal mouse enter-
oids (Fordham et al. 2013; Mustata et al. 2013), in CLU"
“revival stem cells” (Ayyaz et al. 2019), and in stretched
adult enteroids (Tallapragada et al. 2021). Some of these
genes are expressed in normal goblet cells, while others
are absent in normal Neurog3“**-labeled cells and appear
transiently after ISC ablation. We suggest that the pro-
gram reflects an injury response, possibly the physical
void from crypt cell loss, and not a path to cell fate reversal
per se. Taken together, our findings reveal self-contained
Sec dedifferentiation occurring through bipotent and mul-
tipotent progenitor states that recapitulate multilineage
priming in reverse.

Even at the few transiently activated loci, chromatin
was previously accessible. Moreover, cis-elements specif-
ic to differentiated Sec persisted <48 h in regenerating
ISCs. This absence of epigenetic memory is in contrast
to stress responses in damaged epidermal (Naik et al.
2017) and hematopoietic (Kaufmann et al. 2018) stem
cells, where new injury-responsive chromatin domains
stay open indefinitely and respond rapidly to future chal-
lenge (de Laval et al. 2020; Larsen et al. 2021). One notable
difference is that DT treatment of Lgr5°" mice selective-
ly ablates ISCs and partially depletes Paneth cells, in con-
trast to more extensive damage from skin wounds or
pathogens that trigger lasting new memories in other
self-renewing tissues. Other forms of intestinal damage
or more severe epithelial attrition may elicit reactive
chromatin memory and alternative pathways for ISC re-
generation. Lgr5P" mice represent one of many possible
models to study crypt dedifferentiation, each with its
own caveats and limitations, such as reduced Wnt signal-
ing strength in Lgr5P% crypts (Tan et al. 2021). Neverthe-
less, the facile dedifferentiation of Neurog3“™ cells in this
model opens a window into normal crypt physiology,
where ISCs and their immediate progeny coexist in dy-
namic equilibrium (Ritsma et al. 2014; Kim et al. 2016),
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and the intestine may well respond differently to diverse
injuries.

Materials and methods

Experimental mice and treatments

Lgr5PCFP (MGI:5294798) (Tian et al. 2011), R26R™™
(MGIL:3813512) (Madisen et al. 2010), Ngn3Cr/ERT2
(MGL:5449724) (Li et al. 2012; Li et al. 2019), and Lgr5-EGFP-
IRES-creERT2 (MGILJ127123) (Barker et al. 2007) mice were
maintained on a predominantly C57BL/6 background. Animals
were housed under specific pathogen-free conditions in 12-h
light/dark cycles at 23°C +1°C and 55% = 15% humidity. Food
and water were provided ad libitum. Animals were weaned 21—
28 d after birth and handled and euthanized according to proce-
dures approved by the Animal Care and Use Committee of the
Dana-Farber Cancer Institute. Mice were at least 8 wk old at
the time of experiments and cell isolations. Mice of both sexes
were used in the experiments, with littermate controls. Ngn3-
Cre;Lgr5P%,R26T°™ mice were injected with two daily doses of
intraperitoneal tamoxifen (TAM; 50 mg/kg; Sigma T5648), and
whole SI was harvested 12, 24, 48, and 72 h after the second
dose (Supplemental Fig. S1A). To ablate ISCs, mice received one
dose of intraperitoneal diphtheria toxin (DT; 50 pg/kg; Sigma
DO0564) at the same time as the second TAM injection.

Whole-mount imaging and immunohistochemistry

The whole ST was harvested from euthanized mice at the specified
times, rinsed in PBS, and fixed overnight in 4% PFA (EMS 15714-
S). Whole-mount specimens were cleared using FocusClear (Cel-
Explorer FC-101) to visualize Tom"* clonal ribbons. For immuno-
histochemistry, fixed tissues were incubated through a 10%-30%
sucrose gradient and embedded in OCT compound (Tissue-Tek,
VWR Scientific 4583), and 10-um sections were prepared using
a Leica cryostat. Incubation with CHGA (1:100; Abcam
ab15160), LYZ1 (1:1000; Dako A0099), 5-hydroxy tryptamine
(1:500; Immunostar 20080), MUC?2 (1:1000; Santa Cruz Biotech-
nology sc15334), FABP6 (1:500; Abcam ab91184), and MKI67
(1:100; Abcam ab15580) antibodies was followed by washes and
incubation with appropriate secondary Ab (Alexa fluor, Invitro-
gen). After counterstaining with DAPI, slides were imaged on a
Leica SP5X laser scanning confocal microscope with 1-um z-
stem size and processed using Image] Fiji software (Schindelin
et al. 2012).

mRNA in situ hybridization

mRNA in situ hybridization was carried out using the RNAscope
method according to the manufacturer’s instructions (Advanced
Cell Diagnostics [ACD], Bio-Techne). In brief, fixed frozen tissue
sections were subjected to heat-induced epitope retrieval at
98°C-102°C in antigen retrieval buffer and digestion in Protease
III for 15 min. Probe sets designed by ACD for OIfm4 (Bio-Techne
311831-C2), Lgr5 (312171, Axin2 (400331-C3), Sprria (426871),
and Clu (427891-C3) were hybridized with tissue sections for
2 h, and tyramide signal amplification with TSA fluorescein
(Akoya Biosciences, NEL701 AO01KT) was used to develop probe
channels individually. Slides counterstained with DAPI were im-
aged with a Leica SP5X laser scanning confocal microscope with
1-um z-stem size and processed using Image] Fiji software (Schin-
delin et al. 2012).
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Single-cell preparation for sScRNA-seq and scATAC-seq

To enrich for crypt cells, villi along the whole SI were scraped
away using a glass slide. Intestine pieces were rinsed in PBS and
then rotated in 5 mM EDTA (pH 8) in PBS for 45 min at 4°C,
with manual shaking every 10 min and a change of solution after
30 min. Released crypts were passed through a 70-pm strainer to
eliminate any remaining villi and dissociated into single cells by
rotating in 4% TrypLE solution (ThermoFisher A1217702) for 45
min at 37°C. Single cells were diluted in Dulbecco’s modified Ea-
gle medium (DMEM, Corning 17-205-CV) containing 2% fetal
bovine serum (FBS). Tom* cells were isolated on a FACSAria II
SORP flow cytometer, with elimination of dead cells using
DAP], pelleted by centrifugation, and counted manually by try-
pan blue exclusion. For scRNA-seq, cell pellets were resuspended
in PBS according to recommendations provided by 10X Geno-
mics, and the suspension was loaded onto the 10X Chromium
Chip G (10X Genomics PN-1000127). Libraries were prepared ac-
cording to the manufacturer’s protocol using 10X Single-Cell 3’
v3.1 chemistry (10X Genomics PN-1000128). For scATAC-seq,
nuclei were isolated from sorted cells, counted, and processed
as described in the manufacturer’s protocol (10X Genomics,
Chromium Next GEM Single-Cell ATAC reagent kits v1.1 PN-
1000176) using 10X Chromium Chip H (10X Genomics PN-
1000162). Libraries were sequenced on Illumina HiSeqX instru-
ments to generate 150-bp paired-end reads using Novogene ser-
vices (https://en.novogene.com). Computational analysis of
scRNA-seq and scATAC-seq is described in the Supplemental
Material.

Data availability

All scRNA-seq and scATAC-seq data have been deposited in the
Gene Expression Omnibus (GEO), accession number GSE183299.
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