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Summary

Loss of differentiated cells to tissue damage is a hallmark of many diseases. In slow turnover
tissues, long-lived differentiated cells can re-enter the cell cycle or transdifferentiate to another
cell type to promote repair. Here, we show that in a high turnover tissue, severe damage to

the differentiated compartment induces progenitors to transiently acquire a unique transcriptional
and morphological post-mitotic state. We highlight this in an acute villus injury model in the
intestine, where we identified a population of progenitor-derived cells that covered injured villi.
These atrophy-induced villus epithelial cells (aVECs) were enriched for fetal markers, yet were
differentiated and lineage-committed. We further established a role for aVECs in maintaining
barrier integrity through the activation of YAP. Notably, loss of YAP activity led to impaired
villus regeneration. Thus, we define a key repair mechanism involving the activation of a fetal-like
program during injury-induced differentiation, a process we term “adaptive differentiation”.

Introduction

As differentiated cells provide structure and function to tissues, these cells must be quickly
replenished in response to injury. In the liver and pancreas, the initial phase of tissue
regeneration relies on the plasticity of surviving mature cells (Kopp et al., 2016). These
cells can undergo dedifferentiation or transdifferentiation, a concept referred to as “adaptive
reprogramming” (Jessen et al., 2015). In the skin and intestine, the survival and regenerative
capacity of existing pools of stem and progenitor cells are critical components of repair
(Blanpain and Fuchs, 2014). Missing in these systems is an understanding of how stem and
progenitor cells provide immediate structural and functional support to damaged tissues.

The mouse small intestine is an excellent system to explore the dynamic regulation of cell
turnover during injury-induced repair. Distinct zones of proliferation and differentiation are
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organized into crypt-villus units. Crypts contain highly active intestinal stem cells (ISCs)
and transit-amplifying (TA) cells; villi are lined with differentiated epithelial cells replaced
every 3-5 days (Barker et al., 2007). Together, intestinal epithelial cells (IECs) must balance
nutrient absorption with their role as a barrier to the harsh external environment.

Breakdown of the intestinal barrier is observed in a variety of pathologies, often triggered
by damage to villus epithelial cells (VECSs). Enteric viruses, hypoxic injury, endoplasmic
reticulum (ER) stress, and excessive inflammation can all cause widespread VEC death
(Di Sabatino et al., 2003; Hinnebusch et al., 2002; Kaser et al., 2008; Moss et al., 1996;
Pensaert et al., 1970; Ramig, 2004). Such rapid loss of differentiated IECs results in
villus collapse and impaired nutrient absorption (Jansson-Knodell et al., 2018). Though
removal of the inciting agent typically leads to tissue recovery, persistent villus atrophy
can occur for unknown reasons (Lebwohl et al., 2014; Rubio-Tapia and Murray, 2010).

In understanding key features of small bowel enteropathies (Crohn’s and celiac disease),
multiple studies identified disease-associated IECs with marked suppression of mature
epithelial characteristics, including reduced brush border enzymes, decreased microvilli
length, and diminished metabolic programs (Arvanitakis, 1979; Loberman-Nachum et al.,
2019; VanDussen et al., 2018). It is not clear whether these features are a consequence of
epithelial dedifferentiation, incomplete maturation, or an adaptive response to injury as we
currently lack systems to model these cells.

In contrast, mechanisms underlying the preservation of ISCs during small intestine damage
have been extensively studied. LGR5* ISCs fuel normal cell turnover as well as injury-
induced regeneration (Metcalfe et al., 2014). When LGR5" ISCs are lost by irradiation or
genetic ablation, multiple cell types can replenish the stem cell pool (Beumer and Clevers,
2021; de Sousa and de Sauvage, 2019). While dedifferentiation of surviving progenitors

is a major mechanism of repair, injury-induced ISC states play a role as well (Murata et

al., 2020; Rees et al., 2020). Specifically, the Hippo-YAP pathway is a mediator of stem

cell recovery through YAP’s ability to reprogram LGR5" ISCs to a LGR5™ state, expand
“revival” stem cells (revSCs), and promote a fetal-like transcriptional program (Ayyaz et al.,
2019; Gregorieff et al., 2015; Yui et al., 2018). However, the precise mechanism by which
YAP orchestrates repair is complicated by its crosstalk with Wnt, Notch, and EGF pathways
in the crypt (Hong et al., 2016). It remains unknown whether induction of the fetal program
is unique to regenerative stem cells, and whether YAP is functional in other contexts of
injury independent of ISC damage.

Here, we explore the aftermath of severe damage to intestinal villi. We demonstrate that
collapse of the villus architecture triggers a transient epithelial cell state that occurs

in Crohn’s and celiac disease. Intriguingly, these atrophy-induced villus epithelial cells
(aVECs) feature a fetal-like transcriptional profile similar to regenerative stem cells but
lack stem cell capacity, are differentiated, and express lineage identity markers. We also
show that aVECs are primarily derived from TA cells to repair damaged villi. Importantly,
we discover a central role for YAP in promoting this adaptive response. In the absence of
YAP, aVEC function is impaired and barrier integrity is compromised; as a result, villus
regeneration is markedly hampered. Given that our findings cannot be explained by current
models of repair, as it does not involve a conversion of cell type, we coin this process
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“adaptive differentiation”. We propose that adaptive differentiation represents an important
healing mechanism in high turnover tissues such as the intestine.

Villus injury induces a disease-associated epithelial cell type

We employed a poly(1:C)-mediated damage model in mice that mimics key aspects of
acute viral gastroenteritis (McAllister et al., 2013; Zhou et al., 2007). Poly(I:C) is a double-
stranded RNA analog that acts directly on IECs and induces TLR3-dependent VEC death
(Gunther et al., 2015; McAllister et al., 2013). In line with these studies, intraperitoneal
injection of poly(l:C) rapidly triggered apoptosis of VECs in the proximal small intestine
with minimal damage to crypts (Figure 1A and 1B). We observed pronounced villus atrophy
by 24 hours post-injection (HPI), likely due to contraction of the myofibroblast network in
the lamina propria (Figure 1C; Moore et al., 1989). This was followed by an increase in
crypt depth and rapid villus regeneration. Villi reached ~50% of their original length by 48
HPI and ~75% by 72 HPI in a reproducible fashion (Figure 1C). The consistent timing and
location of damage induced by poly(l:C) thus provided a unique opportunity to study the
response of villi to injury.

To assess epithelial differentiation dynamics in this model throughout the injury-repair
process, we first examined the villus expression pattern of ACE2, a brush border protein
and a marker of mature enterocytes, the dominant cell type on villi (Zang et al., 2020).
During the injury phase (6 HP1), ACE2" enterocytes were shed into the lumen and lost.
During villus atrophy (24 HPI), a thin epithelial layer that lacked ACE2 protein and mRNA
expression covered rudimentary villi in the proximal small intestine (Figure 1D-1F, S1A,
and S1B). Expression of a second enterocyte marker FABP1 was similarly downregulated
during the atrophy phase (Figure S1C), indicating a suppression of the normal differentiation
program. These epithelial changes were transient as ACE2* and FABP1* columnar-shaped
enterocytes quickly reappeared during the regenerative phase (>48 HPI; Figure 1D-1F and
S1C).

A reduction of mature enterocyte features occurs in a variety of infectious and inflammatory
small bowel pathologies (Holmes and Lobley, 1989). To determine the scope of the overall
transcriptional program impacted by villus injury, we performed microarray analysis of
laser-capture microdissected (LCM) epithelial cells from homeostatic and atrophic villi
(Figure 1G and S1D). Atrophy-induced VECs (hereafter aVECS) possessed a distinct
transcriptional state compared to homeostatic VECs (Figure S1E). Pathways related to cell
migration and wound healing were induced in aVECs, whereas pathways linked to intestinal
absorption and enterocyte metabolism were suppressed (Figure 1H). Consistent with these
transcriptional changes, homeostatic VECs were comparatively taller with well-formed
microvilli, while aVECs were smaller with poorly developed microvilli and contained
extensive lipid droplets (Figure 11).

To test the hypothesis that an aVEC-like state is present in human diseases with injured
villi, we compared the transcriptional signature of aVECs in mice to bulk RNA sequencing
datasets of Crohn’s and celiac disease biopsies. We found two established epithelial
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biomarkers of Crohn’s disease, Duox2and Lcn2 (Csillag et al., 2007), were among the most
highly upregulated genes in aVECs (Figure S1F). Gene set enrichment analysis (GSEA)
showed significant correlation of a Crohn’s disease signature with the aVEC dataset (Figure
1J; Haberman et al., 2014). We also found significant correlation of two celiac disease
signatures with the aVEC dataset that was dependent on active disease status (Figure 1K
and S1G; Dotsenko et al., 2021; Loberman-Nachum et al., 2019). Therefore, the aVEC
signature can be identified in the transcriptomes of mucosal specimens from multiple human
enteropathies.

aVECs acquire a fetal-like transcriptional program

During epithelial regeneration, ISCs have been shown to express a fetal-like signature
(Gregorieff et al., 2015; Nusse et al., 2018; Wang et al., 2019; Yui et al., 2018). Surprisingly,
we found components of a fetal program in the aVEC transcriptome, including the
expression of Ms/nand Clu (Figure 2A and S2A). /n situhybridization confirmed the
induction of Ms/nand C/u mRNAs in aVECs (Figure 2B and 2C). Furthermore, GSEA
demonstrated significant correlation of a fetal program with the bulk transcriptome of
aVECs (Figure S2B; Mustata et al., 2013).

We further tested the hypothesis that aVECs possess a fetal-like state by single-cell RNA
sequencing (ScCRNA-seq) of IECs isolated during homeostasis and poly(l:C)-induced villus
atrophy (Figure S2C and S2D). Uniform manifold approximation and projection (UMAP) of
the integrated dataset identified all major intestinal cell lineages, including three enterocyte
clusters reflective of their position along the villus axis (Figure 2D and S2E; Moor et al.,
2018). Enterocytes were particularly enriched in the homeostasis sample, while crypt-based
and secretory cells were enriched in the atrophy sample (Figure S2F). Interestingly, we
detected highest expression of fetal markers and enrichment of a fetal signature in the
villus-top enterocyte cluster (cluster 7) (Figure 2E and 2F). In line with this, a villus tip
marker CLDN4 was expressed by both aVECs and VECs near the top of homeostatic

villi (Figure S2G; Tamagawa et al., 2003). However, cells possessing the fetal signature
were mainly present in the atrophy sample, as demonstrated by the expression of 1L-33 in
aVECs but not in homeostatic VECs (Figure 2G and 2H). Given these findings, we further
re-clustered cluster 7 and identified three distinct sub-clusters, two of which belonged to
aVECs (cluster 7b and 7c) and the other to villus-top enterocytes (cluster 7a). Marker
analysis identified aVECs as altered versions of A/o/* enterocytes and Muc2* goblet cells
enriched for fetal markers (Figure 21). aVECs did not express enterocyte zonation markers
present in homeostatic VECs, and were instead enriched for cell adhesion, extracellular
matrix, and fetal genes (Figure 2J). Following the atrophy phase, expression of a villus-top
enterocyte marker NT5E was detected on regenerating villi, likely owing to restoration of
the stromal niche provided by PDGFRa™ villus tip telocytes (Figure S2H; Bahar Halpern et
al., 2020). Together, these results show aVECs feature a unique injury-induced enterocyte
and goblet cell state absent in the normal adult intestine.

As aVECs can be defined in mice at single-cell resolution, we next examined a recent
scRNA-seq atlas for Crohn’s disease (EImentaite et al., 2020). Analysis of the epithelial
cell composition in newly diagnosed Crohn’s disease patients and healthy controls yielded
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10 clusters with distinct subsets of enterocytes (Figure 2K and S2I). Overall, there was a
reduction in the relative abundance of absorptive cells and an increase in crypt-based and
secretory cells in Crohn’s disease samples (Figure S2J). Notably, we observed an expansion
of a unique LCNZ" enterocyte population in Crohn’s disease (Figure S2K). Together with a
subset of Crohn’s disease-associated goblet cells, L CNZ" enterocytes expressed DUOX2 and
several other aVEC markers, including /7GB6, LAMCZ, PLAUR, and ANXA1 (Figure 2L
and S2L). In addition, these cells were enriched for both aVEC and mouse fetal signatures
(Figure S2M and S2N), suggesting an aVEC-like cell type may also be present in human
enteropathies.

aVECs are short-lived differentiated cells

Due to the prominent fetal signature in aVECSs, we next tested their stemness and lineage
properties. Though aVECs lack the expression of specialized proteins associated with
mature enterocyte function (ACE2 and FABP1), these cells nevertheless maintain either

an enterocyte or goblet cell identity consistent with our single-cell data: A/oi mRNA and
MUC?2 protein were expressed in discrete cells on atrophic villi (Figure 3A). Additionally,
all Ms/n* and Clu* aVECs expressed the differentiation marker KRT20 (Figure 3B and
3C). Other intestinal cell lineage markers for Paneth, enteroendocrine, and tuft cells were
detected during villus atrophy at frequencies and numbers comparable to homeostatic levels
(Figure S3A). Interestingly, the fetal intestine is also characterized by the absence of
enterocyte protein markers with expression of KRT20, MUC2, and A/jpi mRNA (Guiu et
al., 2019). Overall, no difference in Wnt signaling activity was appreciated between aVECs
and homeostatic VECs (Figure S3B).

Cluis expressed in aVECs as we described, but is also a defining marker of revSCs,

which drive epithelial regeneration after loss of LGR5™ ISCs to intestinal damage (Ayyaz

et al., 2019). Given the close link between the fetal program and regenerative stem

cells, we tested whether aVECs were endowed with stem cell capacity or represented a
terminally differentiated cell population. We transiently labeled KRT20-expressing VECs
at homeostasis and during villus atrophy by tamoxifen induction of tdTomato in Krt20<¢ER/
R26RMTomato mice (Figure 3D). Flow cytometry analysis of IECs demonstrated that 73%
were tdTomato (tdT)* at homeostasis compared to 18% during atrophy (Figure 3E). We
validated that KRT20-tdT* aVECs were enriched for the fetal markers Ms/nand Clu with
reduced expression of Ace2 compared to KRT20-tdT* homeostatic VECs (Figure 3F). To
functionally test for stemness, we cultured sorted tdT™* and tdT~ cells in Matrigel/L-WRN
conditioned media (Miyoshi and Stappenbeck, 2013). KRT20-tdT* aVECs and homeostatic
VECs (as a control) failed to form spheroids, suggesting a lack of stem cell capacity. In
contrast, KRT20-tdT~ cells showed robust spheroid-forming efficiency regardless of injury
as expected of crypt cells (Figure 3G and 3H).

To determine the source of aVECs, we first examined turnover dynamics during the injury-
repair process by injecting the thymine analogs CldU and IdU prior to injury and during
villus atrophy, respectively. These data showed TA cells migrate over damaged villi to
become aVECs, which are then replaced by newly emerged IECs during villus regeneration
(Figure 3I). Consistent with this finding, lineage tracing identified the recent progeny of
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LGR5* ISCs as the major source of aVECs relative to LGR5™ and BMI1* cells (Figure
S3C-S3E). While we cannot exclude the possible contribution of other cell types to aVEC
formation, including pre-injury villus cells (Figure S3F), our findings favor a model in
which TA cells differentiate into aVECs after injury and acquire a fetal-like state. Since
this program of repair occurs in the setting of normal lineage specification, we termed this
process “adaptive differentiation”.

The short-lived nature of the aVEC population was further corroborated by the fact KRT20-
labeled cells were absent three weeks post-injury (Figure 3J). In contrast, LGR5* ISCs
labeled prior to or immediately after injury robustly contributed to regeneration (Figure 3J
and S3D). Tracking the fate of Ms/n* cells by /n situhybridization showed that aVECs
were replaced and sloughed off during the regenerative phase (Figure 3K). Taken together,
we demonstrate that TA cells adaptively differentiate into aVECs, which transiently cover
injured villi.

YAP is activated in aVECs during barrier re-establishment

We next investigated the function of aVECs during repair and the programs that drive

it. Since pathway analysis of the aVEC dataset highlighted wound healing programs, we
hypothesized that these cells protect the surface of damaged villi. Serum levels of orally-
gavaged FITC-dextran during the injury phase showed marked barrier leakage that later
resolved during the atrophy phase (Figure 4A), revealing aVECs possess barrier restorative
properties.

To discover candidate pathways that could control the function of aVECs, we cross-
compared the aVEC dataset with the transcriptome of wound-associated epithelial (WAE)
cells that mediate the initial step of repair following colonic injury (Miyoshi et al., 2012;
Seno et al., 2009). This analysis defined 87 genes commonly induced in both cell types,
many of which were fetal markers (Figure 4B; Table S1). Shared pathways included
coagulation, EGFR, Hippo, and focal adhesion (Figure 4C). Importantly, TEAD4 and
AP-1, which act downstream of Hippo signaling and synergize to regulate gene expression
(Zanconato et al., 2015), were among the top transcription factors whose motifs were
enriched in this signature (Figure 4D). Thus, we hypothesized that barrier restoration after
villus injury required the Hippo signaling pathway.

In the context of crypt injury induced by dextran sodium sulfate (DSS) or irradiation,
Hippo signaling is essential for proper epithelial regeneration through activation of the
transcriptional regulator YAP (Cai et al., 2010; Gregorieff et al., 2015). To assess

whether YAP is involved in aVECs during villus repair, we compared the localization

of YAP between the homeostatic and atrophic intestine. At baseline, YAP was largely
cytoplasmic throughout the epithelium. In contrast, YAP was predominantly nuclear in
aVECs, reflecting an activated state, and largely retained cytoplasmic localization in the
crypt after injury (Figure 4E and 4F). In line with these observations, YAP signature genes
were almost exclusively expressed by atrophy-associated cluster 7 cells (aVECSs) (Figure
4G). Additionally, YAP staining colocalized with Ms/nand C/lu mRNA expression (Figure
S4A and S4B). These results suggest that YAP may act as a sensor of tissue integrity in
multiple epithelial compartments in the gut, including villi.
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We next mapped single cells in the villus atrophy sample along a pseudotime trajectory
using Monacle 3 (Cao et al., 2019), with cells expressing high levels of ISC markers as

the starting point (Figure 4H). This unsupervised approach revealed induction of YAP target
genes over the course of epithelial differentiation, especially upon exit of the progenitor cell
zone (Figure 41). YAP activation has been previously reported in “resealing epithelial cells”
in the ischemia-reperfusion damage model (Takeda and Kiyokawa, 2017). In the colonic
biopsy injury system, WAE cells were comprised of primitive-appearing colonocytes and
goblet cells with pronounced YAP nuclear staining, high C/u expression, and significant
enrichment of the YAP program (Figure S4C-S4H). Progenitors were also a major source
of WAE cells and resealing epithelial cells (Figure S41; Seno et al., 2009; Takeda and
Kiyokawa, 2017). These findings indicate that YAP activation may be a general feature of
adaptively differentiated 1ECs.

We then examined the expression of stromal-derived factors previously implicated in YAP
activation, revSC expansion, and WAE cell production to test for association with aVECs.
These factors included PTGS2, the gp130 ligands IL-6 and I1L11, and prostaglandin E2
(PGEy) (Kim et al., 2017; Manieri et al., 2012; Miyoshi et al., 2017; Roulis et al., 2020;
Taniguchi et al., 2015). gPCR analysis showed a robust increase in Ptgs2, 116, and //11
transcript levels in the atrophic intestine (Figure S4J). PGE, was also elevated specifically
during villus atrophy (Figure S4K). Notably, while Pfgs2and //11 were lowly expressed in
the homeostatic intestine, these transcripts were highly induced within the stroma of atrophic
villi (Figure S4L). Therefore, a stromal environment conducive to YAP activation is induced
during aVEC formation.

YAP is critical for barrier function and epithelial integrity

We next tested the role of YAP in barrier restoration using Vi/167¢/yap™" ( YapAEC) mice
(Figure S5A). As previously reported, deletion of Yap did not perturb intestinal homeostasis
(Cai et al., 2010). While the level of IEC death induced by poly(l:C) was comparable
between Yap™fand YapAEC mice (Figure S5B and S5C), intestinal permeability to FITC-
dextran was elevated in Ya02/EC mice during villus atrophy (Figure 5A), demonstrating

a compromised epithelial barrier. In addition, histological analysis revealed significantly
more atrophic villi that were fused together in Ya0A’EC mice compared to littermate Yao"
controls (Figure 5B and 5C).

To elucidate the transcriptional program regulated by YAP specifically in aVECs during
repair, we performed scRNA-seq of IECs from the proximal intestine with roughly
equivalent amount of the atrophic and distal non-atrophic regions of the gut to capture the
full spectrum of cell states in Yao™" and YapA/EC mice (Figure S5D-S5F). UMAP identified
all major intestinal cell lineages and revealed a similar clustering pattern between the two
genotypes (Figure 5D and S5G). Consistent with our prior sScRNA-seq analysis, the fetal
program emerged most prominently in the villus-top enterocyte (cluster 7) and goblet cell
(cluster 3) clusters (Figure 5E). Likewise, the villus-top enterocyte cluster could be further
re-clustered into two distinct Clan4-expressing clusters, one corresponding to £npp3*Ada*
homeostatic villus-top enterocytes (cluster 7a) and the other to //33*Suox* atrophy-induced
enterocytes (cluster 7b) (Figure 5F).

Dev Cell. Author manuscript; available in PMC 2023 January 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ohara et al.

Page 8

Homing in on the clusters representing stem/progenitor cells (cluster 1) and fetal program-
enriched IECs (clusters 3 and 7b), we performed comparative analysis between Yap™"
and YapAEC cells for each cluster. Reduction of the YAP program was greatest in atrophy-
induced enterocytes (Figure 5G and S5H). /n situ hybridization validated the loss of Msin
and Cluexpression in aVECs in Yao2E€ mice (Figure 5H). Interestingly, the expression of
Aregwas not affected despite being a YAP target gene in regenerating crypts (Figure S5I;
Gregorieff et al., 2015). Top pathways impacted by Yap deletion included cell-cell adhesion,
cell migration, actin cytoskeleton, and focal adhesion, similar to those regulated by YAP in
intestinal organoids (Figure 51 and S5J). Reconstruction of single cells along a pseudotime
trajectory confirmed the requirement for YAP in invoking the adaptive differentiation
program (Figure 5J and S5K). Together, these data establish a critical role for YAP in
maintaining epithelial barrier integrity.

Upon damage to ISCs, YAP inhibits Wnt signaling, leading to loss of canonical ISC
markers, in order to prevent excessive Paneth cell differentiation (Gregorieff et al., 2015).
While we observed a minor increase in the expression of Wnt, stem cell, and Paneth cell
genes upon Yap deletion, this was not unique to the stem/progenitor cell cluster (Figure
S5L). Quantification of ISCs and Paneth cell numbers by immunostaining revealed no
difference between Yao™" and YapA/EC crypts during villus atrophy (Figure S5M). The
number of Ki-67* proliferating crypt cells also did not significantly differ (Figure S5N).
These results are consistent with the lack of ISC damage in our model and the primary role
of YAP in mediating adaptive differentiation.

YAP deficiency impairs villus regeneration

Given the mechanistic link between YAP activation and the fetal-like epithelial conversion
seen in DSS-induced colitis (Yui et al., 2018), we examined the extent to which YAP
controls the aVEC state. In determining which of the fetal (Mustata et al., 2013) and YAP
signature (Gregorieff et al., 2015) genes were aVEC-specific and/or YAP-dependent in the
poly(l:C) injury model, we discovered that many of the overlapping genes between the
two datasets were uniquely expressed by aVECSs. Importantly, only ~40% of these aVEC
markers were impacted by Yap deletion (Figure S6A,; Table S2). These findings reinforce
the idea that YAP serves to positively modulate aVEC function rather than acting as a
reprogramming factor.

To assess the consequence of having dysfunctional aVECs in the setting of Yap deficiency,
we examined the regenerative capacity of villi following injury. Notably, compared to
yap™f controls, villus regeneration was hampered in Ya02/£C mice at 48 and 72 HPI.

This was accompanied by compensatory expansion of the crypt at 72 HPI (Figure 6A).
Histological analysis at 48 HPI during the regenerative phase revealed striking aggregates
of fused and stunted villi in Ya0A’£€ mice (Figure 6B). Whole mount imaging and spatial
distribution analysis showed that villus regeneration occurred in a more clustered pattern in
the absence of Yapat 48 HPI (Figure 6C and 6D). While our collective data position YAP’s
activity primarily in the villus compartment in our model, we were unable to specifically
delete Yap in differentiated cells using Krt20<"¢ER/yap™ mice to confirm this (Figure
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S6B). This is likely because YAP is produced in the crypt and the protein persists in the
villus epithelium (Camargo et al., 2007).

Further characterization of the stunted Yap2/EC villi showed that the epithelium was in a
persistent maladapted aVEC state (Figure S6C). Differentiation was impaired with reduced
ACE2* enterocytes and abnormal-appearing goblet cells on regenerating villi (Figure 6E, 6F,
and S6D). By 72 HPI, YapA’EC villi continued to show impaired recovery with diminished
ACE?2 expression, and the crypts at this time point were hyperproliferative (Figure 6G and
6H). By one-week post-injury, YaoA’EC mice had largely restored their villus architecture
with signs of normal epithelial differentiation (Figure S6E and S6F). In addition to the
elevated crypt response, compensatory stromal responses may aid with villus regeneration
as demonstrated by the heightened Ereg expression in YapA/EC mice (Figure S6G and S6H:;
Gregorieff et al., 2015). Thus, YAP’s early role in villus repair can profoundly impact the
regenerative outcome of villi.

Discussion

Severe tissue injury triggers unique cellular states not observed under normal physiological
conditions. Here, we adopted a poly(l:C) injury mouse model to delineate the steps involved
in repairing the villus structure. We found that following villus injury, TA cells rapidly
covered the surface of atrophic villi and transiently differentiated into aVECs—a post-
mitotic, lineage-committed cell state with a fetal-like transcriptional program. Functionally,
aVECs were important for re-establishing the intestinal barrier through activation of the
Hippo signaling regulator YAP, which was previously shown to promote wound healing
behaviors in other cell types through modification of cell mechanics, cell adhesion, and actin
cytoskeleton (Calvo et al., 2013; Nardone et al., 2017; Neto et al., 2018). Restoration of

the epithelial barrier was followed by crypt expansion, villus regeneration, and return of a
normal differentiation program.

Historically, rapid resealing of the mucosal barrier after disruption of the gastrointestinal
tract has been referred to as “restitution” (Lacy, 1988; Sturm and Dignass, 2008). The

term was first used to describe the repair of the amphibian gastric lining after severe
hypertonic chemical injury (Svanes et al., 1982). Work that followed recognized that the
repairing epithelium went through a phase where the cell shape changed dramatically,
implying that tissue repair did not simply involve the production of new fully differentiated
cells. In addition, restitution was initially thought to involve a partial dedifferentiation step
(Sturm and Dignass, 2008); however, the molecular features of these injury-induced changes
remained largely uncharacterized. Using a biopsy injury system, we previously described

a colonic WAE cell population that repairs wounds after extensive crypt loss (Miyoshi et
al., 2017; Seno et al., 2009). However, the paucity of these cells in this model, the severe
disruption of mucosal architecture caused by the injury, and the lack of high-resolution
transcriptomic analysis limited our ability to define the lineage properties of WAE cells and
the mechanisms responsible for their barrier function.

Using a small intestine injury model, we defined an aVEC population that repairs injured
villi. Morphologically, aVECs were distinct from mature IECs. They were primitive in
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their appearance with a short cuboidal morphology and diminished brush border, and they
resembled surface epithelial cells associated with intestinal disease (Kent and Moon, 1973;
Kerzner et al., 1977; Schuffler and Chaffee, 1979). By transcriptomics, we identified the
presence of aVEC-like cells in Crohn’s and celiac disease samples, further highlighting the
relevance of our study.

Along with recently identified regenerative stem cells (Ayyaz et al., 2019; Wang et al.,
2019), aVECs are another population of cells in the gut that possess a fetal-like, YAP-
activated profile. While studies so far associate this damage-induced state with stemness and
regeneration (Beumer and Clevers, 2021; Nusse et al., 2018; Sprangers et al., 2021), our
data suggest that it can also be observed under certain contexts of epithelial differentiation.
It is therefore likely that proximity to niche factors in the crypt is crucial for determining
stem cell function (Fuchs et al., 2004; Gehart and Clevers, 2019). However, no current
models of repair adequately explain the mechanism for aVEC formation. While fetal-like

or YAP-dependent reprogramming of IECs occurs in various crypt injury models, these
settings appear to involve a cell type conversion—that is, loss of stem cell and differentiation
features and gain of fetal characteristics (Gregorieff et al., 2015; Nusse et al., 2018; Yui

et al., 2018). In contrast, aVECs are differentiated with identifiable lineage properties, but
they fail to fully mature into IECs and instead acquire a fetal-like program. Therefore,

a delicate balance exists between cell maturation and repair in the setting of injury. We
propose “adaptive differentiation” to describe how cell differentiation can be adaptive and
meet novel needs in order to cope with adverse conditions. This paradigm may be conserved
in other organs with high cell turnover rates.

Several mechanisms have been proposed for YAP’s regenerative function in the gut (Ayyaz
etal., 2019; Gregorieff et al., 2015; Yui et al., 2018). As crypt-based cells are pliable to cell
fate changes, depletion or overexpression of YAP induces profound cellular remodeling,
including alteration of ISC identity, unintended lineage skewing, and loss or gain of
proliferative activity. The action of YAP on other signaling pathways in the crypt likely
explains a large portion of these effects. In the poly(l:C) injury model, we examined the
function of YAP outside of the crypt niche. In doing so, we established a proliferation- and
reprogramming-independent function of YAP during adaptive differentiation. In support of
this, deletion of YAP did not block aVEC formation. Instead, YAP-deficient aVECs did
not properly restore the villus barrier after injury. The two main markers of aVECs, the
pro-invasion gene Ms/nand pro-survival gene C/u, may in fact be key functional targets

of YAP necessary for repair (Chen et al., 2013; Trougakos et al., 2009). Thus, our data
uncover a requirement for YAP in carefully tuning the function of aVECs. Interestingly,
overexpression of YAP in ISCs leads to the formation of villi covered with epithelial

cells that morphologically and transcriptionally resemble aVECs (Cheung et al., 2020),
suggesting that YAP activation may be sufficient to trigger these unique repair cells.

An unresolved question stemming from our work is how and when YAP is induced
following injury. Recent work using LGR5-DTR mice found minimal activation of YAP
and fetal markers following 1SC-specific ablation (Murata et al., 2020), indicating that stem
cell loss alone and injury-induced dedifferentiation do not trigger YAP activation. To induce
YAP activity, there is a threshold of damage that likely needs to be surpassed, coupled
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with an appropriate microenvironment (Romera-Hernandez et al., 2020; Taniguchi et al.,
2015; Xu et al., 2020; Yui et al., 2018). Our study suggests that recovery from severe

injury involves a transient intermediate step that is tailored to meet the demands of the
repairing tissue prior to entering a pro-regenerative state. This has important implications
for conditions such as Crohn’s disease, in which YAP is upregulated in the epithelium

in ~60% of patients (Taniguchi et al., 2015; Yu et al., 2018). Furthermore, villus atrophy
caused by small bowel injury is observed in a variety of enteropathies (Jansson-Knodell et
al., 2018). Therapies designed around enhancing endogenous mechanisms of villus recovery
(i.e., adaptive differentiation) may provide clinical benefit for patients with impaired healing
capacity. While these adaptive responses appear to be beneficial for tissue repair, it will be
important to determine whether maladaptive differentiation could potentially be a driver of
pathology in settings of chronic inflammation and tumorigenesis.

Limitations of the study

Although our results support TA cells as the major source of aVECSs, we cannot rule

out the possible contribution of other intestinal cell types to the generation of aVECs,
including CLU™ revSCs and pre-injury (homeostatic) villus cells. Though we found that
BMI1* cells did not expand after villus injury and contributed very little to aVEC formation,
the relationship between BMI1* and CLU™ cells is unknown. While the majority of villus
cells are lost to poly(l:C)-induced injury, we were not able to confidently assess whether
pre-injury villus cells can adapt to the aVEC state using Krt20°ER/R26RMTOMal0 mjce
given that both pre- and post-injury villus cells express KRT20. Creation of additional
mouse strains encoding Cre drivers expressed only in the homeostatic intestine should
further clarify the exact origins of aVECs in lineage tracing experiments. Finally, our study
also highlights that YAP is a critical regulator of aVEC function, but the mechanism behind
YAP’s actions and the relevant upstream inducers of YAP expressed in the lamina propria
remain unclear. It will be important in future studies to establish what drives the aVEC state
and what downstream targets of YAP are necessary for efficient repair.

RESOURCE AVAILABILITY

Lead Contact

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Thaddeus S. Stappenbeck (stappet@ccf.org).

Materials Availability

This study did not generate new unique reagents.

Data and Code Availability

Sequencing data have been deposited at GEO under the accession codes GSE168439 (LCM-
microarray) and GSE169718 (scRNA-seq).
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

In vivo animal studies

C57BL/6J, Krt20-T2A-CreERT2, Lgr5-EGFP-IRES-CreERTZ2, Bmil-CreER, Rosa-LSL -
tdTomato, Vil1-Cre, Vil1-CreERTZ, and Yap™™X mice were obtained from the Jackson
Laboratory. Yap™™X mice were further backcrossed to the C57BL/6J strain for more than

4 generations. Experiments that called for only wild-type mice used 8-week-old C57BL/6J
male mice. Pregnant C57BL/6J female mice were used to obtain embryos. All other
experiments involving specific genetic strains used 7- to 10-week-old male and female

mice with appropriate littermate controls. Mice were housed under specific-pathogen-free
conditions and were maintained on a 12 h light/dark cycle. All animal studies were
conducted in compliance with protocols approved by the Washington University Institutional
Animal Care and Use Committee.

METHOD DETAILS

Animal procedures

For intraperitoneal injections, the following reagents were prepared and administered at
the indicated dose. 1mg/mL poly(l:C) HMW (InvivoGen) was made according to the
manufacturer’s instructions and 20mg/kg was injected. Tamoxifen (Sigma) was dissolved
in corn oil to make 20mg/mL and 75mg/kg was injected. 10mg/mL CldU (Sigma) and
10mg/mL 1dU (Sigma) dissolved in saline were injected at 42.5mg/kg and 57.5mg/kg,
respectively. For intestinal permeability studies, mice were subjected to a 4 h fast during
which food, water, and bedding were withdrawn from the cage. 4-kDa FITC-dextran
(Sigma) was dissolved in PBS to make 100mg/mL, and 44mg/100g was delivered by oral
gavage. 3 h after gavage, blood was collected by cardiac puncture, and serum was obtained
in Microtainer tubes (BD). FITC-dextran levels were measured based on a standard curve
on the Cytation 5 instrument (BioTek). For colonic biopsy injury, mucosal wounds were
generated in the distal colon using biopsy forceps guided by a high-resolution miniaturized
colonoscope as previously described (Seno et al., 2009).

Histology and immunostaining

Proximal small intestine (poly(l:C) injury) or distal colon (biopsy wounds) tissues were
pinned out and fixed in 10% neutral buffered formalin overnight at 4°C. Fixed samples were
washed in 70% ethanol three times and embedded in 2% agar (Sigma). This was followed by
paraffin embedding, sectioning, and hematoxylin-eosin staining. For transmission electron
microscopy, tissues were fixed in 2% paraformaldehyde/2.5% glutaraldehyde in 100mM
cacodylate buffer and subsequently processed and imaged as previously described (Miyoshi
etal., 2017).

Paraffin sections were de-paraffinized in xylene and rehydrated in isopropanol three times
each. Antigen retrieval was performed in Trilogy solution (Sigma) for 20 min under

boiling water. For immunohistochemistry (IHC), sections were additionally treated with

3% H,0, in methanol to quench endogenous peroxidase activity. Slides were incubated in
blocking solution (1% BSA/PBS containing 0.1% Triton X-100) for 1 h at room temperature
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before overnight treatment with primary antibodies diluted in blocking solution at 4°C.
Slides were then treated with secondary antibodies diluted in blocking solution for 1

h at room temperature. For immunofluorescence (IF), sections were counterstained with
Hoechst 33258 (Invitrogen) for 15 min and mounted in Fluoromount medium (Sigma). For
IHC, sections were treated with VECTASTAIN Elite ABC-HRP Kit (Vector Laboratories),
developed with DAB Peroxidase Substrate Kit (\Vector Laboratories), counterstained with
CAT hematoxylin (Biocare), and mounted in Cytoseal XYL solution (Thermo Fisher).
Washes were performed in PBS.

RNAscope in situ hybridization

Intestinal tissues were pinned out and fixed in 4% paraformaldehyde overnight at 4°C.
Fixed samples were incubated in 20% sucrose/PBS at 4°C for at least 8 h. Tissues

were cryo-embedded in O.C.T. compound (Fisher Scientific) and sectioned at 7um on a
cryotome. /n situhybridization was performed on frozen sections using the RNAscope

2.5 HD Assay-RED Kit (ACDBIo0) according to the manufacturer’s instructions. Sections
were mounted in EcoMount solution (Biocare). For co-staining with fluorescent antibodies,
sections were treated with the appropriate antibodies using the IF protocol above following
/n situ hybridization staining.

Imaging and quantification

Bright-field images were acquired with an Olympus BX51 microscope. Fluorescent images
were acquired with a Zeiss Axiovert 200M inverted microscope and a Zeiss Axio Imager
M2 Plus wide field fluorescent microscope. Whole mount images were acquired with

an Olympus SZX12 stereo dissection microscope. Live spheroid images were acquired
with a Zeiss Cell Observer inverted microscope with color camera. The lengths of well-
oriented villi/crypts/epithelial cells were measured using the cellSens software (Olympus).
For histology-based quantifications, each data point represents an average value across 30—
50 well-oriented villi/crypts in the proximal small intestine per animal (exact number is
indicated in the figure legends). Nearest neighbor distances (NNDs) were quantified based
on whole mount images using the NND plugin on Fiji (Schindelin et al., 2012). Images were
processed with Adobe Photoshop CC.

LCM-microarray

Intestinal tissues were fixed in methacarn (60% methanol, 30% chloroform, 10% glacial
acetic acid) for 4 h at room temperature and processed for paraffin embedding. Paraffin
blocks were sectioned at 7um on a microtome. Sections were de-paraffinized in xylene,
rehydrated in a series of ethanol washes (70/95/100%), and briefly stained with methyl
green (Vector Laboratories). Laser capture microdissection (LCM) was performed using
CapSure LCM MicroCaps (Applied Biosystems) on the Arcuturus PixCell lle system with
an Olympus 1X51 microscope base. RNA extraction and cDNA synthesis/amplification
were carried out using the Arcturus PicoPure RNA Isolation Kit (Applied Biosystems)
and Complete Whole Transcriptome Amplification Kit (WTA2, Sigma) according to the
manufacturer’s instructions. Amplified cDNA products were purified with the QIAquick
PCR Purification Kit (QIAGEN), and quality was assessed with the Agilent 2100
Bioanalyzer. Agilent mouse 8x60K v2 microarray chips (Agilent-074809) were used
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for hybridization. Microarray data from colonic WAE cells was previously reported

and deposited (ArrayExpress E-MTAB-1175; Miyoshi et al., 2012). Data normalization,
principal component analysis (PCA), and differential gene expression analysis were
performed on the Partek software and visualized with Graphpad Prism 9. WAE and

aVEC datasets were superimposed using Microsoft Excel and Prism 9. Gene ontology
(GO) analysis and transcription factor motif enrichment of signature genes were pulled
from ToppGene Suite (Chen et al., 2009) and Enrichr (Kuleshov et al., 2016). Gene set
enrichment analysis (GSEA) of the Wnt signaling pathway (KEGG mmu04310), Crohn’s
disease (Haberman et al., 2014), celiac disease (Dotsenko et al., 2021; Loberman-Nachum et
al., 2019), fetal spheroid (Mustata et al., 2013) and YAP (Gregorieff et al., 2015) signatures
(entire gene list or the top 300 genes in respective studies) were conducted using the GSEA
v4 software (Subramanian et al., 2005). Normalized enrichment scores (NES) and false
discovery rates (FDR g-value) are displayed.

Intestinal tissues (<1 cm) were placed in Lysing Matrix D tubes (MP Biomedicals)
containing RIPA buffer (Sigma) and protease/phosphatase inhibitors (Thermo Fisher) and
lysed using the FastPrep-24 5G homogenizer (MP Biomedicals). Lysates were centrifuged
for 10 min and supernatants were collected. Protein concentration was measured with the
Pierce BCA Protein Assay Kit (Thermo Fisher). After normalization, PGE; levels were
measured using a Monoclonal PGE, ELISA Kit (Cayman Chemical) according to the
manufacturer’s instructions.

A standardized protocol for the isolation, dissociation, and sorting of IECs was previously
described (Magness et al., 2013). The first 5 cm of the proximal small intestine was used
for cell isolation. For downstream gRT-PCR analysis, poly(l:C)-damaged tissues from at
least 2 mice were pooled together. Briefly, intestinal tissues were incubated in 30mM
EDTA, first on ice for 20 min with 1.5mM DTT and second at 37°C for 10 min without
DTT, and then shaken to lift the epithelium. After removal of the muscle layer, single cell
dissociation was performed using an enzymatic cocktail containing 1mg/mL Collagenase/
Dispase (Roche) and 0.2mg/mL DNase I (Roche) at 37°C for 10 min with intermittent
shaking. The cell suspension was additionally subjected to vigorous pipetting and filtered
through 70pum and 40um strainers. Cells were washed in 10% FBS/PBS and resuspended in
FACS buffer containing 2% BSA, 2mM EDTA, and 25mM HEPES in PBS. 10uM Y-27632
(ROCK inhibitor, R&D Systems) was added to every solution throughout the experiment.
SYTOX-Red (Invitrogen) was used to assess cell viability. Flow cytometry and cell sorting
were carried out on the Beckman Coulter MoFlo instrument.

Intestinal tissues (<5 mg) were homogenized in Buffer RLT Plus containing p-
mercaptoethanol using the FastPrep system. 50,000 KRT20-tdT* and 50,000 KRT20-td T~
cells from Krt20°reER /R 26RMT0mato mice were sorted into Buffer RLT Plus containing
B-mercaptoethanol. Total RNA was isolated using the RNeasy Plus Micro Kit (QIAGEN).
cDNA was synthesized with iScript Reverse Transcription Supermix reagents (Bio-Rad).
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gRT-PCR was performed with iTaq Universal SYBR Green Supermix reagents (Bio-Rad)
on a StepOne Real-Time PCR System (Applied Biosystems). Expression levels were
normalized to B2m. Relative expression was calculated using the AACt method. Primers
used in this study are listed in Table S3.

Single-cell spheroid growth assay

Generation of 50% L-WRN conditioned media for intestinal spheroid culture was previously
described (Miyoshi and Stappenbeck, 2013). 10,000 KRT20-tdT* and 10,000 KRT20-td T~
cells from Krt20TeER /R26RITomat0 mice were sorted into 50% L-WRN media, spun down,
and resuspended in 40uL Matrigel (Corning). Cells were cultured in 50% L-WRN media
containing 10uM ROCK inhibitor for 6 days. Media was changed once on day 3. Spheroid
efficiency was calculated as the number of spheroids on day 6 over the number of seeded
cells (10,000).

scRNA-seq and analysis

FACS purified IECs were resuspended in 10% FBS in DMEM/F12 (Sigma) for single-cell
capture and sequencing. Single-cell libraries were constructed using Chromium Single Cell
3’ v3 reagents (10x Genomics) and sequenced on a NovaSeq6000 S4 system (Illumina) with
around 50,000 reads per cell. Demultiplexing, alignment, and unique molecular identifier
(UMI) counting were performed with Cell Ranger v4.0. For downstream analysis, filtered
gene-barcode matrices generated by Cell Ranger were read into the Seurat package (v3.2.2)
or Monocle 3 package (v2.3.0) on R (v4.0.2)/RStudio (v1.3.1056) (Butler et al., 2018; Cao
etal., 2019; Trapnell et al., 2014). Single-cell transcriptomes from pediatric Crohn’s disease
patients and healthy controls were obtained from the Gut Cell Survey (Elmentaite et al.,
2020) and analyzed in Seurat. Plots generated from RStudio were adjusted with ggplot2 and
processed with Adobe Illustrator CC.

In Seurat, low-quality cells with high (>9,000) and low (<500) unique gene counts and high
mitochondrial counts (>20%) were first filtered out. The resulting data was log-normalized,
and paired samples were integrated. PCA scores were computed on scaled data based on
2,000 of the most highly variable features. The first 15 PCs were used for graph-based
clustering (resolution = 0.2-0.3), which was visualized with UMAP-based dimensional
reduction (Becht et al., 2018). FindMarkers was used to identify cell types as well as to
determine differentially expressed genes between Yap™fand YapA/EC cells. Immune cells
(<1% of total cells) were removed from analysis. Gene expression levels were plotted with
FeaturePlot, VVInPlot, and Dotplot functions. Enrichment of the fetal spheroid, YAP, and
aVEC signatures were determined with the AddModuleScore function. GO analysis was
performed with Enrichr.

In Monocle 3, the standard PCA method with 100 PCs was adopted to normalize the
data and remove batch effects. Dimensionality reduction was conducted with UMAP, and
cells were clustered based on community detection (resolution = 0.5). Cell types were
identified with top_markers and plot_cells functions. After learning the trajectory graph
(learn_graph), cells were ordered in pseudotime (order_cells) and the root node was
selected according to where ISC markers (i.e., O/fm4) were most highly expressed. The
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plot_genes_in_pseudotime function (minimum expression = 0.5) was used to visualize gene
expression as a function of pseudotime.

Statistics and reproducibility

Statistical analyses were performed in GraphPad Prism 9. P-values are indicated in the
plots or figure legends with p < 0.05 denoted as significant. Data are expressed as mean *
standard deviation (SD). An unpaired two-tailed Student’s #test was used when comparing
two groups; a one-way ANOVA was used when comparing three or more groups; and a two-
way ANOVA was used when comparing groups with two experimental variables. Data from
independent experiments were pooled when possible. Otherwise, data are representative of
at least two independent experiments. All images are representative of at least 3 animals.
The investigators were not blinded during the study. Animals that had near 0% weight loss
one day after poly(l:C) injection (<10% of mice) were excluded from the study as they did
not exhibit intestinal damage. Further statistical details and quantification methods can be
found in the figure legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Villusinjury induces a disease-associated epithelial cell type
(A and B) Immunohistochemistry (IHC) for cleaved-caspase 3 (cCCASP3) (brown) at the

indicated hours post-injection (HPI) of poly(I:C) (A). Average number of cCASP3* cells
across 50 villi/crypts was plotted (B). n=4 mice/group.

(C) Average villus/crypt length across 50 villi/crypts at the indicated time points based on
H&E images was plotted. n=4 mice/group.

(D and E) Immunofluorescence (IF) for EpCAM (green) and ACE2 (red) at the indicated
time points (D). Average number of ACE2™" cells across 30 villi was plotted (E). n=5 mice/
group.

(F) RNAscope /n situhybridization for AceZin a representative villus at the indicated time
points. Each red dot represents a single mRNA molecule.

(G) Schematic of laser-capture microdissection (LCM)-microarray experiment. Villus
epithelial cells (VECs) from 4 mice/group were collected.

(H) Gene ontology (GO) analysis of the top 500 upregulated and downregulates genes in
atrophy-induced VECs (aVECs) compared with homeostatic VECs.

(1) Ultrastructure of homeostatic VECs and aVECs. Dashed white line represents the
epithelial-stromal border. aVECs possess shorter microvilli (inset) and contain many lipid
droplets (arrowheads).

(J and K) Gene set enrichment analysis (GSEA) of genes upregulated or downregulated in
Crohn’s disease (J) and celiac disease (K) in aVECs compared with homeostatic VECs.
Normalized enrichment scores (NES) and false discovery rates (FDR) are shown.
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All values in (B), (C), and (E) are displayed as mean = SD. Two-way ANOVA and Sidak’s
multiple comparisons test in (B). One-way ANOVA and Tukey’s multiple comparison test
in (E). Bars: (A and D) 100um; (F) 25um; (1) 5um. IHC, IF, RNAscope, and electron
microscopy images are representative of at least 3 animals. See also Figure S1.
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Figure 2. aVECs acquire a fetal-like transcriptional program
(A) Heatmap of select fetal markers from the aVEC LCM-microarray dataset. Values were

row normalized.

(B and C) RNAscope for Ms/n (B) and C/u (C) in the homeostatic and atrophic intestine.
Bars: 100pm.

(D) UMAP visualization of intestinal epithelial cells (IECs) from the homeostatic (4,892
cells) and atrophic (3,650 cells) intestine colored by sample (left) and cell type (right).
Clusters were annotated based on expression of known and top marker genes.

(E) Expression of select fetal markers was overlaid on the UMAP plot. Highest expressors
were concentrated in a subset of villus-top enterocytes (cluster 7, dashed circle).

(F and G) Enrichment analysis of a fetal signature separated by cluster (F) and sample in
cluster 7 (G). Each black dot represents one cell.

(H) IF for 1L-33 (red) in the homeostatic and atrophic intestine. Bar: 100um.

() UMAP visualization of villus-top enterocyte (cluster 7) sub-clusters colored by cell type
(left). Expression of villus tip (Clan4), cell lineage (Alpi, Muc2), and fetal (Ly6a, Msin, Clu)
markers in each sub-cluster (right).

(J) Dot plot of enterocyte zonation markers from the villus-bottom to villus-top. Cell-
adhesion, extracellular matrix, and fetal genes expressed by aVECs (atrophy-top cells) are
shown.
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(K) UMAP visualization of IECs from healthy control (4,630 cells) and pediatric Crohn’s
disease (3,545 cells) patients obtained from the Gut Cell Survey. Clusters were annotated
based on expression of known and top marker genes.

(L) Expression of select aVEC markers was overlaid on the UMAP plot. Highest expressors
were concentrated in DUOXZ" enterocytes and goblet cells.

RNAscope and IF images are representative of at least 3 animals. See also Figure S2.
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Figure 3. aVECsare short-lived differentiated cells
(A) IF/RNAscope for MUC2 (green) and Alp/ (red) in the homeostatic and atrophic

intestine.

(B) Expression of Krt20, an intestinal differentiation marker, was overlaid on the UMAP
plot. Villus-top enterocytes (dashed circle) express Krt20.

(C) IF/RNAscope for KRT20 (green) and Ms/nor Clu(red) in the atrophic intestine.

(D) Validation of tamoxifen-mediated fluorescent labeling of KRT20* cells in Krt20<"ER/
R26RMTomato mice during homeostasis and atrophy. Labeled cells express tdTomato (tdT).
(E) Flow cytometry analysis of KRT20-tdT* and KRT20-tdT~ cells during homeostasis and
atrophy. Representative plots (left) and relative percentage of each population (right). n=4
mice/group.

(F) gPCR analysis of indicated transcripts in sorted KRT20-tdT* and KRT20-tdT~ cells
during homeostasis and atrophy. Values were normalized to the lowest expressing sample.
n=3 samples/group.

(G and H) Sorted KRT20-tdT* and KRT20-tdT~ cells were cultured in Matrigel with 50%
L-WRN conditioned media. Bright-field images of spheroids were taken on day 6 after
plating (G). Insets were enhanced for contrast. Spheroid formation efficiency = number of
spheroids on day 6 over number of seeded cells on day 0 (H). n=7 mice/group.
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(1) Assessment of epithelial turnover dynamics. CldU was injected 1 h prior to poly(l:C)
injection, and 1dU was injected at 24 HPI. IF for CIdU (green) and IdU (red) at the indicated
time points.

(J) Transiently labeled tdT* cells from Krt20CTER/R26RIATomal0 and [ gr5CTeERy
R26RMATomato mice were examined 3 weeks post-injury (left). Percent of ribbons across 50
crypt-villus units was quantified and plotted as a box-whisker plot (right). n=5 mice/group.
(K) RNAscope for Msinat the indicated time points.

All values in (E), (F), and (H) are displayed as mean + SD. Two-way ANOVA and Sidak’s
multiple comparisons test in (F) and (H). Unpaired #test in (J). Bars: (A, C, D, and K)
100pm; (G) 1000um; (I and J) 200pum. IF and RNAscope images are representative of at
least 3 animals. See also Figure S3.
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Figure4. YAP isactivated in aVECsduring barrier re-establishment
(A) Schematic of FITC-dextran permeability assay (left). FITC-dextran was gavaged and

serum was obtained 3 h later. Serum FITC-dextran levels were measured and plotted as
mean + SD (right). n=5 mice/group. Significance was determined by one-way ANOVA and
Tukey’s multiple comparison test.

(B) Fold change values for each gene from the aVEC and wound-associated epithelial
(WAE) cell LCM-microarray datasets were plotted. Differentially expressed genes in only
the aVEC dataset were colored green, in only the WAE dataset were colored blue, and in
both datasets were colored red. 87 mRNAs were commonly enriched in both aVECs and
WAE cells.

(C and D) Pathway analysis (C) and transcription factor motif analysis (D) of the aVEC-
WAE shared gene set.

(E) IHC for YAP (brown) in the homeostatic and atrophic intestine. Bar: 100um.

(F) Percent of epithelial cells with predominantly nuclear (N>C), equally nuclear and
cytoplasmic (N=C), or predominantly cytoplastic (N<C) localization of YAP was quantified
across 30 villi/crypts based on IF images and plotted as mean = SD. n=5 mice/group.

(G) Expression of a YAP signature was overlaid on the UMAP plot (left) and enrichment
scores were plotted for each cell in cluster 7 separated by sample (right).

(H and 1) Pseudotime analysis of IECs during villus atrophy based on single cell
transcriptomes. Cells were colored by progression through a pseudotime differentiation
trajectory (H). Black dashed arrow indicates direction of fate progression. Single cells
were plotted according to their pseudotime position and their expression level of stem cell
(OIfm4), proliferation (Mki67), differentiation (Krt20), and YAP target genes (1).

See also Figure S4 and Table S1.
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Figure5. YAP iscritical for barrier function and epithelial integrity
(A) FITC-dextran was gavaged at 24 HPI and serum was obtained 3 h later from Yap™#

and Ya02EC mice. Serum FITC-dextran levels were measured and plotted as mean + SD
(right). Control (cntrl) were Yap™ mice without poly(l:C) injection. n=4-8 mice/group.
Significance was determined by one-way ANOVA and Tukey’s multiple comparison test.

(B and C) IF for EpCAM (green) and KRT20 (red) in the atrophic intestine from Yap™and
YapEC mice (B). Bar: 100um. Percent of atrophic villi that were fused to other villi was
quantified across 50 villi and plotted as mean + SD (C). n=6-7 mice/group. Significance was
determined by unpaired £test.

(D) UMAP visualization of IECs from Yao (3,571 cells) and YapA/EC (4,013 cells) mice
colored by cell type. Clusters were annotated based on expression of known and top marker
genes.

(E) Expression of a fetal signature was overlaid on the UMAP plot (left) and enrichment
scores were plotted for each cell separated by cluster (right).

(F) UMAP visualization of villus-top enterocyte (cluster 7) sub-clusters colored by cell type
(left top) and relative Cldn4 expression (left bottom). Expression of villus-top (Enpp3, Ada)
and fetal (//33, Suox) markers in each sub-cluster (right).

(G) Dot plot of YAP target genes in stem/progenitor cells (cluster 1), goblet cells (cluster 3),
and atrophy-induced enterocytes (cluster 7b) separated by genotype.

(H) RNAscope for Ms/nand Cluin the atrophic intestine from Yap™f and YapA/EC mice.
Bar: 100pm.

(1) GO analysis of downregulated genes in Yao2/EC cells compared with Yo" cells.
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() Single Yap™ cells (blue) and YapA/EC cells (orange) were plotted according to their
pseudotime position and their expression level of proliferation (Mki67), differentiation
(Krt20), and YAP target genes.

IF and RNAscope images are representative of at least 3 animals. See also Figure S5.
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Figure 6. YAP deficiency impairsvillus regeneration
(A) Average villus/crypt length across 50 villi/crypts for each time point based on H&E

images was plotted. n=6-8 mice/group. ****p < 0.0001.

(B) H&E images of the regenerating intestine at 48 HPI from Yao™" and YapAEC mice.

(C and D) Whole mount luminal view of regenerating villi at 48 HP1 from Yap™" and
YapA’EC mice (C). White dots represent individual villus tips. The distance between a villus
and its closest neighboring villus (nearest neighbor distance, NND) was calculated based on
the whole-mount images, and the average value was plotted (D). n=7-8 mice/group.

(E-H) IF for Ki-67 (green) and ACE2 (red) in the regenerating intestine at 48 HPI (E) and 72
HPI (G) from Yap™and YapAEC mice. Average number of Ki-67* and ACE2* cells across
30 villi/crypts at 48 HPI (F) and 72 HPI (H) was plotted. n=6 mice/group.

All values in (A), (D), (F), and (H) are displayed as mean + SD. Unpaired #test with
Welch’s correction in (A). Unpaired #test in (D). Two-way ANOVA and Sidak’s multiple
comparisons test in (F) and (H). Bars: (B) 200pum; (C) 500um; (E and G) 100pm. H&E,
whole mount, and IF images are representative of at least 3 animals. See also Figure S6.
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