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Tissue-specific adult stem cells are pivotal in maintaining tissue homeostasis, especially in the rapidly renewing in-
testinal epithelium. At the heart of this process are leucine-rich repeat-containing G protein-coupled receptor S-express-
ing crypt base columnar cells (CBCs) that differentiate into various intestinal epithelial cells. However, while these
CBCs are vital for tissue turnover, they are vulnerable to cytotoxic agents. Recent advances indicate that alternative
stem cell sources drive the epithelial regeneration post-injury. Techniques like lineage tracing and single-cell RNA
sequencing, combined with i vitro organoid systems, highlight the remarkable cellular adaptability of the intestinal
epithelium during repair. These regenerative responses are mediated by the reactivation of conserved stem cells, pre-
dominantly quiescent stem cells and revival stem cells. With focus on these cells, this review unpacks underlying mecha-
nisms governing intestinal regeneration and explores their potential clinical applications.
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Introduction

Tissue homeostasis is maintained throughout an organ-
ism’s lifespan by adult stem cells, whose self-renewal and
differentiation processes are intricately regulated. The steady-
state turnover rate of the intestinal epithelium is remark-
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ably higher than other tissues and leucine-rich repeat-con-
taining G protein-coupled receptor 5 (LGRS)™ crypt base
columnar cells (CBCs) are identified as bona fide intes-
tinal stem cells (ISCs) that replenish the gut epithelial lin-
ing (1, 2). In the mouse small intestine, crypt-bottom re-
siding CBCs give rise to transit-amplifying (TA) cells that
migrate toward the luminal side, where they stochastically
differentiate into either absorptive- or secretory progeni-
tors, leading to the generation of defined intestinal epi-
thelial cells IECs) including enterocytes, Paneth cells, gob-
let cells and enteroendocrine cells (3). Since these matured
cells at the tips of the apical part keep shedding into the
lumen via anoikis, a detachment-associated apoptotic death,
the fine balance between self-renewal potential and the
differentiation capacity of actively cycling CBCs is pivotal
for intestinal integrity. In specific, the stem cell niche,
composed of neighboring Paneth- and stromal cells as well
as the surrounding microenvironment, provides CBCs with
a range of molecules that modulate key signaling involved
in stem cell fate, including the Wnt/R-spondin, Notch,
bone morphogenetic protein (BMP), transforming growth
factor (TGF) /8, and epidermal growth factor (EGF) path-
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ways (4, 5). Furthermore, along the crypt-TA zone-villus
architecture axis, various cell-to-cell interactions between
epithelial- and non-epithelial cells, extracellular matrix (ECM)-
associated features (composition and stiffness), and even
microbiota and their metabolites play crucial roles in regu-
lating intestinal homeostasis (6-8). Building on this knowl-
edge, Sato et al. (9) have reported that crypt bottom re-
gions bearing ISCs and Paneth cells of mouse small intes-
tine can be effectively cultured in vitro with the supple-
ment of stromal niche factors and the ECM analog Matrigel,
leading to the emergence of self-organized three-dimen-
sional (3D) epithelial structures termed intestinal orga-
noids. Currently, organoid culture technologies have been
well-established for various conditions, such as origin (small
intestine vs. colon), cell type (embryonic stem cells vs.
adult ISCs), and species (humans and other animals), to
support the expansion and differentiation of conventional
LGRS" ISCs in vitro.

Up to date, emerging evidence suggests that the rege-
nerative responses upon injury in the intestinal epithe-
lium are distinct from its homeostatic processes. Exposure
to cytotoxic agents including chemicals and inflammatory
cytokines disrupts crypt structure and abolishes LGRS
ISCs in the intestine. CBCs are highly vulnerable to DNA
damage mainly due to their active cell cycle with enhan-
ced Wnt activity (10, 11) and Olfm4, one of the represen-
tative markers for CBCs, is rapidly down-regulated upon
irradiation (10, 12). Moreover, a mouse model with diph-
theria toxin-induced genetic ablation of LGRS stem cells
showed no significant defect in intestinal homeostasis (13).
Given the effective repair of the intestinal epithelium de-
spite the absence of LGR5" ISCs, and their subsequent
resurgence implying the restoration of homeostasis, it is
evident that alternative stem cell pools instead of CBCs drive
the intestinal regenerative process. Lineage tracing of IECs
in transgenic animal models and single-cell RNA sequenc-
ing-based identification of novel cell populations with an
enhanced understanding of cell-cell communications, as
well as mechanistic validation studies using the organoid
system (14, 15), collectively highlight the pronounced cel-
lular plasticity of the damaged intestinal epithelium during
wound healing and regeneration. The core regenerative
mechanisms can be broadly divided into two: (1) reacti-
vation of LGR5 ™ or LGR5""-conserved stem cells and (2)
dedifferentiation of precursors and differentiated IECs in-
to stem cell-like cells. In this review, we predominantly
focus on the former category, particularly label-retaining,
quiescent stem cells and revival stem cells (RSCs), high-
lighting their key characteristics and regulatory mechani-
sms with a brief summary of representative findings based

on animal models and human studies. In addition, this
review will introduce preliminary research on efforts to in-
duce these regenerative-specific ISC populations for po-
tential clinical applications.

Quiescent Stem Cells: Label-Retaining Cells at the
+4 Position

CBCs continuously proliferate and undergo asymmetric
division to differentiate, leading to the formation of crypt-
villus ribbons in clonal labeling experiments (16, 17). In
contrast, Potten et al. (18) reported a subset of cells in the
crypt resided at the +4 position above the Paneth cells,
demonstrating long-term retention of DNA labels. Com-
pared to CBCs, these slow-cycling cells maintain their dor-
mant state in homeostatic conditions, while they reactivate
and exhibit both self-renewal and multipotency to rege-
nerate intestinal epithelium in the absence of CBCs, im-
plying that label-retaining cells (LRCs) represent a ‘reserved’
stem cell population (19). Based on further lineage tracing
results, several candidates have been proposed as LRC mar-
kers including B cell-specific moloney murine leukemia virus
integration site 1 (Bmil), HOP homeobox (Hopx), SRY-
box transcription factor 9 (SOX9), leucine-rich repeats
and immunoglobulin-like domains 1 (Lrigl), mouse telo-
merase reverse transcriptase (mTert) and mex-3 RNA
binding family member A (Table 1) (20-25); however, the
molecular characteristics of reported LRCs might differ
from each other and warrant detailed investigation. In terms
of marker expression, for instance, Bmil and Hopx, ini-
tially identified as a marker for LRCs, are not exclusively
expressed in +4 cells but also found in subpopulation of
CBCs and even differentiated cells (26-28). In the intes-
tinal epithelium of Sox9-eGFP mice, crypt cells could be
categorized into four populations based on Sox9 expre-
ssion level (29). Notably, Sox9™¢" cells that demonstrate
label-retaining capacity and radioresistance exhibited gene
signatures resembling both +4 cells and secretory proge-
nitors. Roth et al. (30) identified Mmp7 and Defal-expre-
ssing long-lived Paneth cells as the LRC population using
an i vivo pulse-chase experiment with H2B-GFP mice for
nuclear labeling. Meanwhile, fluorescence-based reporter
assay revealed that LgrS™" cells exhibited substantial lev-
els of transcripts associated with proposed quiescent cell
markers including Bmil, Hopx, Lrigl, and mTert as com-
parable levels to Hopx- or Bmil expressing cells (26, 31).
Collectively, LRCs are perceived as a slow-cycling hetero-
geneous population predominantly located around the +4
position of the crypt base. They display a range of markers
that overlap with those of CBCs and precursor cells, par-



Su-Jeong Oh, et al: The Role of Quiescent and Revival Stem Cells in Intestinal Regeneration 215

Table 1. Overview of key studies on quiescent stem cells

Contribution

Suggested Used lineage .
k A del Position Reference

markers tracing mode Homeostasis Regeneration (damage type) Tumorigenesis

BmiT Bmi 1= +4, +5 Y Y (rradiation) Y (inducer) (20)
Bmi1°™

Mex3a Mex3a"™ome© +1~+4 Y Y (irradiation, 5-FU) ND (1)

Sox9 Sox9°F +4 N Y (irradiation) ND 22)

Lrig1 Lrig1“< +1~+5 Y Y (irradiation) Y (repressor) (23)

Hopx Hopx"*“ +4 Y ND ND 24)
HOpXmT-mG

mTert mTert®" +4 Y Y (irradiation) ND (25)
mTertLacZ

Bmi1 Bmi1™ +4/+5 Y ND ND (26)
Bm”Confem

Sox9 Sox9%* +4/+5 ND Y (rradiation) ND (29)

Bmi1 Bmi1"™" +4 N Y (irradiation) ND 32)

Prox1 Prox1°7

Bmil H2B" +3~+7 N Y (irradiation) ND 34)

H o pX H ol pXthomato

NeuroD1 NeuroD19™om™ 44 Y Y (irradiation) ND 37)

T ph 1 Tph 1 tdTomato

Hopx HOpXthomato

p57 ps5 7'dTomate +4 ND Y (irradiation, Lgr5 ablation, 5-FU) Y (inducer) (38)

Bmi1 Bmi1°™

Bmil: B cell-specific Moloney murine leukemia virus integration site 1, Mex3a: mex-3 RNA binding family member A, Sox9: SRY-box
transcription factor 9, Lrig1: leucine-rich repeats and immunoglobulin-like domains 1, Hopx: HOP homeobox, mTert: mouse telomerase
reverse transcriptase, Prox1: prospero homeobox 1, NeuroD1: neurogenic differentiation 1, Tph1: tryptophan hydroxylase 1, Y: yes, N:
no, ND: not determined, 5-FU: 5-fluorouracil, Lgr5: leucine-rich repeat-containing G protein-coupled receptor 5.

ticularly those of the secretory lineage.

Despite the ongoing disputes regarding the detailed char-
acteristics, a major criterion for identifying quiescent stem
cells is their capacity to reactivate and lead the regene-
ration process upon injury. Interestingly, they also partici-
pate in maintaining homeostasis. Lineage-tracing experi-
ments under homeostatic conditions have shown that Bmil-
or Hopx expressing cells can generate clonal strips cover-
ing the crypt-villus axis as CBCs (20, 24, 32). Sangiorgi
and Capecchi (20) verified the impact of Bmil™ cell loss
by tamoxifen injection to BmilCre-ERT; Rosa26”™
and found that ablation of Bmil expression in the intes-
tine resulted in marked weight loss and acute death of mice.
In the histological analysis, crypt structures throughout
the intestinal tract were remarkably disoriented and dam-
aged but gradually replaced by intact ones over approx-
imately a year.

In addition, several works suggest that secretory precu-
rsor cells are reserved as LRCs in homeostatic conditions.
A lone-term pulse-chasing study of crypt cells using cyto-
chrome p450 1al-H2B-YFP mice revealed a novel LRC
population that expresses secretory precursor markers ChgA

mice

and ChgB instead of conventional +4 cell markers such
as Lrigl and Hopx (33). Li et al. (34) further demonstra-
ted that LRCs marked by H2B-GFP differ from Hopx-
CreERT?2 expressing quiescence stem cells, although both
exhibit a decreased Wnt signaling activity than CBCs.
H2B-GFP labeling conducted at various periods revealed
two LRC populations: short-term-LRCs with enteroendoc-
rine cell-like features could generate organoids i vitro,
while long-term-LLRCs exhibited Paneth cell traits but lack
organoid-forming capacity. Of note, both ‘secretory” LRCs
are distinctive to Hopx-positive cells, which demonstrate
a profound regenerative potential against radiation da-
mage. On the contrary, the emergence of GFP-labeled cells
at the +4 position in Bmil-GFP mice is dependent on
Atohl expression (35), which is one of the crucial tran-
scription factors in secretory lineage specification. Indeed,
RNA sequencing and trajectory analysis indicated that
Bmil®" cells correlated to enteroendocrine cell signature
and expressed ‘multi-capable’ enteroendocrine cell markers
including prospero homeobox 1 (Prox1) (32, 36). Similar to
Bmil-expressing cells, Proxl* cells were capable of ex-
pansion and reconstruction of the crypt-villi structure of
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homeostatic- and irradiated intestinal epithelium. The LRC-
like properties of the enteroendocrine lineage have been al-
so confirmed in CreERT2 mice targeting neurogenic differ-
entiation 1 (NeuroD1), a basic helix-loop-helix transcri-
ption factor essential for enteroendocrine cell differenti-
ation, or tryptophan hydroxylase 1 (Tphl), a marker gene
for enterochromaffin cells (37). In this work, NeuroD1"
cells co-expressing ChgA or Tphl persisted at the +4 po-
sition for several weeks and occasionally generated differ-
entiated cells or reverted back to CBCs in homeostatic
conditions. The authors further showed that a majority
of these cells were also labeled by Hopx, a representative
marker for +4 cells, and HopX"/Tphl™ cells displayed supe-
rior organoid forming capacity compared to HopX /Tphl™*
or HopX"/Tphl ™~ cells. Meanwhile, Higa et al. (38) indi-
cated that cyclin-dependent kinase inhibitor p57 can label
the quiescent ISC populations at the +4 position, which
also expressed the classical marker Bmil. The p57 deletion
driven by the villin gene promoter reduced the 5-ethynyl-
2-deoxyuridine (EdU)-retention capability of Bmil " cells,
implying its role in the maintenance of dormant stem
cells. According to the single-cell sequencing results, p57hjgh
cells did not express proliferation-associated genes but were
enriched with enteroendocrine cell markers, such as Rfx6
and ChgB, with LRC markers. These p57" cells could
function as an alternative ISC population for postinjury
epithelial regeneration in S-fluorouracil (5-FU)-treated mice.
Shifting the focus to a correlation between LRCs and gob-
let cells, a recent study indicated that Kriippel-like factor
4 (KIf4), typically expressed in differentiated IECs, is also
observed in some Bmil-expressing crypt cells that co-ex-
press goblet cell marker Muc2 (39). The cell-type specific
deletion of Klf4 resulted in increased cell proliferation of
Bmil ™" cells but reduced the number of goblet cells in the
villi. Intestinal organoids derived from single Bmil-YFP"
cells generated Kif4"/Muc2” differentiated cells, while those
from Klf4-deleted Bmil-YFP™ cells demonstrated enhanced
proliferation without Muc2™ cell differentiation. Therefore,
differentiation potential towards goblet cell lineage as well
as the proliferation capacity of Bmil-expressing LRCs
might be regulated by Klf4 during homeostasis.

While accumulated evidence suggests the role of LRCs
in maintaining homeostasis, certain studies contend that,
in the absence of damage, LRCs do not contribute the epi-
thelial cell turnover as conventional ISCs (30, 33), partially
due to their insufficient endogenous Wnt signaling activity
(38). Moreover, when LgrS-expressing CBCs were geneti-
cally ablated in conjunction with intense radiation injury
(over 6 Gy), the recovery of the intestinal epithelium was
significantly impeded (40). This challenges the notions of

radioresistance of +4 cells and the dispensability of Lgrs™*
cells in intestinal regeneration. Hence, to understand the
complex properties of the LRC populations, further studies
are required on their reactions to diverse stimuli and the
underlying mechanisms that drive regeneration. In this re-
gard, a recent work by Chaves-Pérez et al. (41) explored the
protective mechanism of LRCs in overcoming radiation-
mediated gastrointestinal syndrome (GIS). The authors
observed that the endogenous levels of the unconventional
prefoldin RPB5 interactor (URI), a chaperone essential for
maintaining DNA integrity following damage (42), were
altered in the crypt following abdominal irradiation (8 to
14 Gy); URI levels decreased post-irradiation but returned
to normal range during the recovery phase, implying its
role in regeneration. Indeed, villin™ cell-specific overexpre-
ssion of URI levels in Knock-in mice could protect mice
from GIS, while deletion of URI resulted in intestinal fail-
ure resembling GIS even under normal conditions. Inter-
estingly, URI expression was found predominantly at the
upper crypt, especially Lgr5'" cells. Further genetic trac-
ing of URI-expressing cells in URI-YFP mice indicated
that YFP labeled radiotolerant, slow—cycling cells in the
crypt and these URI"™ LRCs exhibited a repopulating ca-
pacity in homeostatic status as well as irradiated epithe-
lium. It was noted that reduced URI expression in LRCs
prompted cell cycle reactivation and proliferation, leading
to increased radiosensitivity and apoptosis. Mechanistically,
URI in LRCs function as a gatekeeper for the Wnt/ S-
catenin signaling, a crucial pathway for self-renewal of CBCs,
by suppressing the nuclear translocation of S -catenin via
direct binding. These findings underscore the pivotal role
of URI in preserving the defining attributes of LRCs, na-
mely quiescence and radioresistance. Another study by Chen
et al. (43) proposes an experimental approach to enhance
the regenerative potential of LgrS LRCs against GIS. To
control the cytotoxic impact of reactive oxygen species (ROS)
during injury, the authors overexpressed one of the ROS
scavengers, TP53-induced glycolysis and apoptosis regu-
lator (TIGAR) (44), in a stem cell-specific manner. Inter-
estingly, TIGAR upregulation in Bmil-expressing cells,
but not in LgrS" cells, significantly improved the survival
of irradiated mice. Followed lineage tracing of TIGAR-over-
expressed Bmil™ cells showed that the proliferation of
these cells was enhanced both iz vivo and in vitro (confir-
med by organoid culture). Transient overexpression of TIGAR
via adenovirus in organoids also promoted the growth in
Bmil " cell-derived organoids following irradiation, whereas
organoids from Lgr5™ cells were not affected by TIGAR ex-
pression level. This beneficial impact of TIGAR was medi-
ated by activating protein 1 (AP-1) activity, considering
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that administration of a specific inhibitor of AP-1, 3-PA,
could reverse the enhanced recovery of Bmil-specific TIGAR-
overexpressed mice. These studies suggest novel insights
into how various innate stress-regulating molecules can mod-
ulate the reactivation and regenerative response of LRCs.

The great advances in genetic engineering technologies
have enabled the development of various mouse models to
study cell type-specific behaviors, thereby facilitating in-
depth investigations into the characteristics of both LgrS™
ISCs and LRCs; however, research regarding human stem
cells has been constrained due to experimental limitations.
To overcome this challenge, Ishikawa et al. (45) conducted
an elegant work exploring the dynamics of human colonic
stem cells (hCoSCs) during homeostasis as well as injury
status with hCoSC-implanted mouse models, generated as
previously reported (46). Single-cell sequencing of human
colonic epithelium revealed both LGRS ™ stem cell and +4
cell-like secretory precursor populations. Notably, the LGR5™
stem cell subpopulation in humans lacks of proliferative
markers, in contrast to that of mice. Visualization of LGRS
mRNA and Ki67 protein displayed Ki67 , slow-cycling
LGRS™ cells were localized mainly at the crypt bottom. Based
on the observation that p27, a negative regulator of the cell
cycle, readily labels these non-dividing LGR5 " CoSCs, ge-
netically engineered human colonoids bearing LGRS5- and
p27 reporters simultaneously were generated. In in vitro or-
ganoid culture, most of the LGRS"/p27" cells were in the
GO status, while LGRS /p27 cells expanded rapidly to
differentiate. Within the orthotopically transplanted human
colonoids, LGRS */p27™" cells were localized at the de-novo
crypt bottom, mirroring their position in human colonic
tissue, and exhibited LRC-like behavior in the in vivo EAU
label retention assay. Moreover, these cells were tolerable to
chemotherapeutic 5-FU treatment; Indeed, 5-FU treatment
ablated murine LGRS CBCs but enriched p27-expressing
cells in human LGRS cells and progeny of LGRS /p27”"
cells generated stirps in 5-FU-treated injured lesion. Ano-
ther intriguing point is the damage-induced dedifferenti-
ation procedure of mature IECs in the presence of LGRS/
p27" hCoSCs, suggesting that LGRS cells drive the re-
generation process in the human intestine. This study sup-
ports previous findings that slow-cycling, quiescent stem
cells contribute to the intestinal regeneration process.
However, by revisiting the role of LGRS " ISCs in this con-
text, it also underscores the need for further research into
pioneering specific markers for quiescent stem cells and
understanding the mechanisms that govern their state of
quiescence and cell cycle dynamics, especially in the light
of interspecies variations.

Revival Stem Cells: Injury-Induced Intestinal Stem
Cells Undergoing a Fetal-Like Transition

Beyond the canonical niche cues, such as Wnt and BMP
signaling cascades, the Hippo-yes-associated protein (YAP)
signaling axis plays a pivotal role in the guidance of in-
testinal physiology from development to homeostasis (47).
Accumulating evidence also suggests that the activation of
the YAP signaling pathway orchestrates cell fate remodeling,
crucial for complete tissue regeneration. YAP activation,
characterized by nuclear translocation of YAP, is apparent
in damaged intestinal epithelium from both mouse models
and human tissues (12, 48-50), and suppression of YAP ac-
tivity either with genetic ablation or inhibitory chemicals
hinders the recovery of injured epithelium (12, 49). Regar-
ding this phenomenon, Gregorieff et al. (12) demonstrated
that rapid but transient activation of YAP signaling occurs
in IECs in response to whole-body irradiation. YAP activa-
tion, in conjunction with EGF receptor signaling, led to a
decline in canonical Wnt signaling, subsequently suppress-
ing the expression of CBC markers LgrS and Olfm4 and
Paneth cell differentiation in the crypt region.

To achieve an in-depth understanding of the regene-
ration-oriented cellular adaptation process regulated by
YAP signaling, single-cell RNA sequencing on the repair-
ing mouse intestine was performed to classify the radiation
injury-affected IEC populations and identify damage-re-
sponsive subsets (51). Transcriptional profiling data of sin-
gle cells showed profound differences in the IEC popula-
tions between normal- and irradiated epithelium, includ-
ing a loss of Lgr5™ CBCs and regional shift in mature cells
to less-differentiated states as previously described. In the
regenerative tissue, the authors identified the distinct and
novel cell populations, characterized by the exclusive ex-
pression of DNA damage response and cell survival markers,
including Clusterin (Clu) and Ly6a/Sca-1. As this subset
of cells did not exhibit the proposed previous ISC markers
associated with +4 cells as well as CBCs, they were des-
ignated as “revival stem cells” or RSCs, with Clu as their de-
fining marker. Using BAC-Clu-GFP transgenic mice which
marked endogenous Clu-expressing cells, authors revealed
that Clu-GFP™ cells constituted a rare (less than 0.1%) pop-
ulation in the crypt, distinct from Lgr5 or Olfm4-expre-
ssing CBCs. Using the TAM-induced Clu'"™™*° mice-based
cell labeling technique, authors proposed that Clu™ cells
were able to contribute to the homeostatic epithelial turn-
over, as evidenced by crypt-villus ribbon formation. Impo-
rtantly, ribbon emergence correlated with the contribution
of CLU" progeny to Lgr5™ CBCs, as well as to differen-
tiated lineages. In addition, the YAP] gene signature was
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markedly enriched in the RSC population, and the emer-
gence of Clu™ cells in the intestinal epithelium is regu-
lated by a YAP1 activity-dependent manner. Moreover, RSCs
exhibited the capability to reconstruct the injured crypt
and compensate for the loss of residual CBCs, thereby re-
plenishing the Crypt-villi structure during epithelial dam-
age; Indeed, in ‘Cluless’ mice, intestine-specific Clu-de-
leted models by Tamoxifen treatment in Clu®™ mice, ex-
posures to irradiation or administration with the coli-
togen, dextran sodium sulfate (DSS), significantly reduced
the length of intestine and crypt numbers due to the im-
paired regenerative capacity compared to controls. This is
the first study to propose that RSCs, driven by YAP sig-
naling, represent a slow-cycling, novel subset of ISCs es-
sential for intestinal regeneration.

Of note, both prolonged activation and inactivation of
YAP impair the growth of intestinal organoids; single-cell
focused imaging and genomic analysis further indicated
that YAP1 activity must exhibit spatial, temporary fluctu-
ations between cells to drive Notch-DLLI interaction-de-
pendent symmetry breaking during normal organoid gen-
eration (52). These findings may also shed light on how
the dynamic transition between regenerative (symmetric)-
and homeostatic (asymmetric) states is regulated in the in-
testinal epithelium. The intervention of niche cellular com-
ponents in this context is investigated in 2020 by Roulis
et al. (53). They focused on the characterization of mesen-
chymal niche cells supporting epithelial homeostasis and
turnover. In specific, rare pericryptal fibroblasts (RPPFs)
expressing cyclooxygenase-2 (Cox-2) encoded by Ptgs2,
named as RPPFs, mediated the adenoma formation in
APC™" mice, implying their potential role in boosting the
stemness of ISCs. Co-culture of organoids with RPPFs or
prostaglandin E; (PGE,), one of the Cox-2-generated pros-
taglandins, led to a transformation of spheroid-like struc-
tures. Interestingly, the budding-free, cyst-like morphology
was a major characteristic of immature intestine-derived
organoids from the embryonic period (54). These organoids
consisted of undifferentiated, Wnt signaling-independent
LgrS™-cells and displayed a primitive fetal gene signature,
including Sca-1 and yap target genes such as Clu, Ctgf,
Ankrdl, and AnxalO (48, 54). It is also reported that epi-
thelial transcriptomes have to be reprogrammed into fetal
colonic epithelial profiles via YAP activation to initiate
the regenerative process (48). Similarly, RPPFs-derived
PGE,; resulted in Sca-1" RSC mobilization in the damaged
epithelium by inducing YAP nuclear translocation. Fur-
thermore, as observed in a YAP-deficient context, deletion
of a PGE; receptor Ptger4 in the epithelium significantly
perturbed the normal repair response against irradiation,

validating the PGE;—Ptger4-Yap signaling axis between in-
testinal epithelial-mesenchymal niche in RSC induction and
regeneration. In addition, TGF /A1 also exert pleiotropic
roles in this regenerative circumstances (55). Following irra-
diation-induced damage, the level of TGF A1 noticeably
surged around the injury site due to the action of dam-
age-responsive macrophage. Surprisingly, addition of TGF
B1 to organoid culture led to fetal-like conversion charac-
terized by RSC gene signature. Utilizing transwell- based
intestinal organoid-stromal cell co-culture system, it is re-
vealed that TGF 81 could activate stromal cells, enhancing
their ability to induce RSC population in organoids. Mec-
hanistically, TGF 81 led to an increase in chromatin acces-
sibility in transcription factor motifs for Sox9, which is in-
volved in YAP pathway. These findings provide a detailed
depiction of how non-epithelial cells respond to intestinal
epithelial injuries and their roles in contributing to re-
generation, in terms of RSC induction.

Ectopic induction of the RSC population can be driven
by an immune reaction against infection. As a murine
patho-symbiont helminth in the intestine, Heligmosomoides
polygyrus disrupts the epithelial barrier upon chronic in-
fection (56), leading to a transformation of infected crypts
into granuloma-associated phenotype (GAC) (57). Notably,
GACs no longer expressed LgrS and Olfm4, suggesting the
depletion of CBCs. Instead, infection with H. polygyrus up-
regulated the interferon (IFN) signaling-associated gene
signature in GACs with the highest transcription of the
Ly6a gene. An increase in IFN- 7, produced by stimulated
T lymphocytes, augmented the Ly6a™ cells within the
crypt while suppressing Lgr5 expression, even in the ab-
sence of infection. In addition, GACs underwent fetal-like
reprogramming and GAC-derived organoids displayed a
hyper-proliferative spheroid formation (54), suggesting that
H. polygyrus infection and subsequent epithelial injury en-
hances the regenerative property of crypt region, marked
by the emergence of RSCs. A similar study by Karo-Atar
et al. (58) further elucidated that conditioned media from
H. polygyrus bakeri (Hpb-CM) can mediate the Clu™ RSC
induction in organoids, partially via the Hippo-YAP ax-
is-dependent manner; however, the authors argued the
role of IFN-7 on supporting the RSC-inducing effect of
Hpb-CM, as the addition of IFN-7 to Hpb-CM-treated or-
ganoids reduced the Clu”™ RSC populations despite the in-
crement of Ly6a transcription. It is also found that the
acquisition of the RSC phenotype following H. polygyrus
infection was simultaneously accompanied by a reduced
differentiation of secretory lineages, goblet cells and tuft
cells, which play a crucial role in defending against hel-
minth invasion. Moreover, type 2 immune response effec-
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tors, interleukin (IL)-4 and I1-13, could counteract the im-
pact of Hpb-CM in RSC regulation. Overall, this study pres-
ents a new perspective on the interactions between in-
fectious injury factors and the subsequent immune reaction
in regulating RSC induction and epithelial reprogramming.

Strategies to Optimize the Induction of
Regenerative Intestinal Stem Cells: A Novel
Approach for Intestinal Restoration

Although the intestinal epithelium is one of the most po-
tent regenerative tissues in the body, transient and/or per-
manent defects in its repairing capacity often lead to detri-
mental outcomes, as observed in chemotherapy-induced di-
arrhea (CID) and radiotherapy-mediated GIS (59, 60).
Given that Lgr5™ CBCs are rapidly depleted following in-
jury, therapeutic strategies targeting alternative ISCs are
imperative to enhance the endogenous regenerative poten-
tial. In this context, reactivation of quiescent stem cells
with cell cycle regulators could be a promising therapeutic
approach. Palbociclib, a U.S. Food and Drug Administration-
approved CDK4/6 inhibitor for treating breast cancer, has
been reported to govern ISC fate, offering protection against
chemotherapy-induced damage and promoting the recovery
of the intestinal epithelium in CID models (60). By block-
ing cell cycle progression, Palbociclib reduced cell proli-
feration of Lgr5-expressing cells and protected them from
5-FU toxicity both in vitro and in vivo. Surprisingly, co-
treatment of 5-FU and Palbociclib unexpectedly activated
the expansion of Bmil ™ quiescent cells at the +4 position,
implying an independent mechanism of action for Palbo-
ciclib based on the cell cycle status.

Enhancement of the RSC induction offers beneficial ef-
fects on intestinal regeneration. A recently reported novel
combination comprises eight components (8C) designed to
mimic the authentic regenerative state of intestinal organo-
ids (61). Compared to the original culture media, 8C led
to a generation of hyper-proliferative organoids enriched
for injury-associated regenerative phenotype. Within the com-
position, the epigenetic modulators, valproic acid (VPA)
and EPZ6438, play critical roles in reprogramming IECs
into RSC-like cells expressing Sca-1, Anxal, Reg3b, and
Clu. It is noted that a combined administration of VPA
(HDAC inhibitor) and EPZ6438 (EZH2 inhibitor) facili-
tated intestinal epithelial healing with enhanced crypt re-
constitution upon irradiation. Mechanistically, these two
chemicals led to a global alteration in epigenetic modifica-
tion patterns in injured IECs, especially inducing a down-
regulation of H3K27me3 at promoter regions of YAP target
genes. Furthermore, a potent YAP pathway inhibitor, verte-

porfin, significantly reverted the phenotype of VPA/EPZ6438-
treated organoids, bringing them back to a normal state
without regenerative signatures. Thus, YAP signaling might
underlie the RSC-inducing capacity of VPA/EPZ6438.
Meanwhile, to unravel the governing mechanisms that or-
chestrate intestinal homeostasis and regeneration, the Libe-
rali group classified single-cell-derived organoids by pheno-
type into seven clusters following the treatment with a che-
mical library (62). Using the image-based organoid screen-
ing platform combined with hierarchical interaction score,
the authors revealed that among various signaling path-
ways, the retinoid X receptor (RXR) pathway controls the
transition between homeostatic- and regenerative status of
IECs in conjunction with the YAP signaling. Treatment of
RXR agonist (all-trans retinoic acid, atRA) or inhibitor
(RXRi) to organoids altered cytoplasmic/nuclear YAP1 lo-
calization and subsequent symmetric breaking. In specific,
RXRi-treated organoids acquired regenerative transcriptome
patterns associated with YAP target genes and a fetal-like
regenerative state, while organoids exposed to atRA under-
went rapid maturation, which primarily consisted of entero-
cytes. Finally, iz vivo administration of RXRi significantly
alleviated the pathologic symptoms of the radiation-medi-
ated colitis model, suggesting RXR antagonists as potent
therapeutics for intestinal regeneration.

Transplantation of intestinal organoids can be beneficial
to reconstitute the damaged intestinal epithelium. Given
the positive role of TGF A1 in RSC induction, Chen et al.
(55) compared the therapeutic impact of TGF 3 1-stimu-
lated organoids to repair DSS-mediated injury with naive
organoids. After transplantation via rectal route, TGF £ 1-
treated organoids led to an improvement in histological-
and pathological features of colitis in comparison to con-
trol organoids. The engraftment capacity of TGF 8 1-treat-
ed organoids was also superior than counterparts in the
co-transplantation assay, emphasizing the usefulness of TGF
A1 pretreatment in organoid-based cell therapy.

In addition to organoids, adult stem cells can be applied
to treat intestinal disorders. In specific, mesenchymal stem
cells (MSCs) serve as a primary source for stem cell therapy
owing to their immunomodulatory functions and tissue-re-
generative capacity. Based on previous works that under-
scored the therapeutic benefits of naive MSCs in the col-
itis model (63-65), several approaches have been explored
to enhance their therapeutic efficacy. In 2021, we utilized
MSC spheroids (MSCsp) for this purpose, given that 3D-
cultured cells exhibit a potent secretory capacity compared
to two-dimensional (2D)-grown counterparts (MSCop) (66).
After confirming the superior therapeutic impacts of MSCsp
compared to MSCyp in alleviating the DSS-induced colitis
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Fig. 1. Various modulators involved in revival stem cell (RSC) induction. Several endogenous (niche-associated)- and exogenous (helminth
infection, chemical stimuli) signals can activate yes-associated protein (YAP)/transcriptional coactivator with PDZ-binding motif (TAZ) path-
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model, we further investigated the phenotypic changes of
IECs induced by MSCs with organoid assay. Interestingly,
organoids cultured with either MSCs or their conditioned
media (CM) underwent dramatic morphological transitions,
shifting from a budding shape to a cystic spheroid, one
of featured phenotypes indicative of fetal-like organoids en-
riched with RSCs. Indeed, these transformed organoids con-
tained more abundant Ly6a ™ cells than control organoids,
and this observation was especially evident in organoids ex-
posed to MSCsp or MSCsp-CM. Given the suspected in-
volvement of paracrine factors in this phenomenon, we fo-
cused on PGE,, one of the major therapeutic mediators
from MSCs (64) as well as a potent inducer of the RSC
population in the intestinal epithelium (53), and measured
its concentration in MSC-CM. It is found that MSCsp
could produce a much higher level of PGE; in comparison
to MSCyp. In addition, blockage of the PGE, action with
chemical inhibitors successfully diminished the RSC-in-
ducing impact of MSCs on organoids. Therefore, this study
elucidates the role of MSCs as a source of the RSC-induc-
ing factor, PGE,, illustrating how MSCs directly contribute
to intestinal epithelial regeneration.

Conclusion and Future Perspectives

In summary, the intestinal epithelium contains a di-
verse and dynamic set of ‘potential’ or ‘reserve’ stem cells
for compensation of homeostatic ISCs. In specific, the re-
cently introduced concept of RSCs, along with their regu-
latory and inductive mechanisms, enriches our understa-
nding of intestinal regeneration (Fig. 1); however, from
both experimental and technical perspectives, numerous
pitfalls exist in understanding the complexities of intes-
tinal plasticity. Genetic differences in reporter alleles used
in lineage labeling often lead to misinterpretations the cell
fate tracing results for injury-specific ISC candidates (34).
The myriad methodological approaches used to induce ep-
ithelial injury (i.e., irradiation, chemotherapeutics, colito-
gen and infectious agents), each with their distinct etiology,
also pose challenges to the integrated understanding of the
subsequent regenerative responses (67). Finally, the prono-
unced cellular plasticity in the IECs during the continuous
regenerative cascade complicates the classification and char-
acterization of individual stem cell populations that drive
intestinal repair. For instance, the characteristics of repo-
rted injury-responsive ISCs often manifest overlapping
features, especially in terms of marker expression (Table
1). In most cases, +4 cells tend to be positive for secretory
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lineage markers (36). When quiescent p57 /Bmil ™ sub-
sets reactivate upon injury, they undergo spatiotemporal
reprogramming and start to express RSC-associated fetal
markers (38). On the contrary, it has been reported that
representative RSC markers, Clu and Ly6a, are differen-
tially regulated among the RSC population (57, 58). Col-
lectively, advanced lineage tracing strategies with specific-
ity and refined genetic ablation techniques are needed for
a comprehensive assessment of candidate markers, aiding
the identification of reliable core markers for each rege-
nerative ISCs.

Although YAP-dependent fetal-like reprogramming is
crucial for cryptic RSC-driven regeneration, it has been al-
so identified as playing an essential role in addressing villi
injury scenarios. A poly(I:C)-mediated damage model in
mice that mimics acute viral gastroenteritis demonstrates
villi-specific loss with severe atrophy without any distur-
bance in the crypt region (68). During the regeneration
of the villi structure, a specialized cell type referred to as
atrophy-induced villus epithelial cells (aVECs) emerged to
cover the atrophic villi lesion before the restoration of bar-
rier junctions. Interestingly, aVECs lost their mature en-
terocyte markers but gained fetal markers Clu and Msln
and expressed nuclear YAP protein, indicating that adap-
tive epithelial differentiation into reparative cells resembles
a major feature of fetal conversion process as suggested
previously (69). Another crucial consideration is the pote-
ntial correlation between the reactivation of quiescent ISCs/
RSCs and tumorigenesis. Indeed, uncontrolled activation
of YAP pathway is regarded as an oncogenic driver (47),
and several studies have reported the possible contribution
of quiescent ISCs/RSCs in tumor initiation (12, 20, 53).
Therefore, the fine balance required in therapeutic induc-
tion of quiescent ISCs/RSCs to avoid adverse effects and
further research is needed on the upstream regulators that
ensure YAP-mediated regenerative responses transition back
to a homeostatic state instead of advancing toward tumo-
rigenesis. Moreover, it offers insights for establishment of
innovative therapeutic strategies to enhance the intrinsic
repairing potential of the intestine.
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