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Abstract
The intestinal epithelium possesses a great capacity of self-renewal under normal homeostatic conditions and of
regeneration upon damages. The renewal and regenerative processes are driven by intestinal stem cells (ISCs),
which reside at the base of crypts and are marked by Lgr5. As Lgr5+ ISCs undergo fast cycling and are vulnerable
to damages, there must be other types of cells that can replenish the lost Lgr5+ ISCs and then regenerate the
damage epithelium. In addition to Lgr5+ ISCs, quiescent ISCs at the + 4 position in the crypt have been proposed
to convert to Lgr5+ ISCs during regeneration. However, this “reserve stem cell” model still remains controversial.
Different from the traditional view of a hierarchical organization of the intestinal epithelium, recent works support
the dynamic “dedifferentiation” model, in which various cell types within the epithelium can de-differentiate to
revert to the stem cell state and then regenerate the epithelium upon tissue injury. Here, we provide an overview
of the cell identity and features of two distinct models and discuss the possible mechanisms underlying the
intestinal epithelial plasticity.
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Background
The intestinal epithelium has three critical functions:
nutrient digestion and absorption, protection and hormone secretion. It consists of nutrient-absorbing enterocytes, mucus-secreting goblet cells, hormone-producing
enteroendocrine cells, defensing Paneth cells, stem cells,
progenitor cells and other function less defined cells
(Clevers 2013; van der Flier and Clevers 2009; Vermeulen and Snippert 2014). The intestinal epithelium is the
fastest self-renewing tissue in mammals and renewed in
4–7 days, except Paneth cells with a life span of about 2
months. In the small intestine, epithelial cells are generated within invaginations of the epithelium called crypts,
migrate toward the surface, and die at the tip of villi in
the small intestine. Actively cycling crypt base-resident
Lgr5-marked intestinal stem cells (ISCs) power this
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rapid cell turnover by generating daughter progenitors
that are capable to undergoing multi-lineage differentiation (Barker 2014; Barker et al. 2007; Vermeulen and
Snippert 2014). Wang and colleagues reported a ground
intestinal stem cell type that highly express Lgr5, Olfm4,
CD133 and Lrig1, and display high clonogenicity and
genome stability after serial passaging in vitro (Wang
et al. 2015). After they pass the crypt-villus boundary,
epithelial cells become post-mitotic and mature to all
functional cell types mentioned above.
In addition to the actively proliferating Lgr5+ ISCs,
also called crypt base columnar (CBC) cells that are required for homeostatic maintenance of the intestinal epithelium, accumulative evidence has been provided for
the existence of quiescent stem cells (also called reserve
stem cells) (Li and Clevers 2010; Montgomery et al.
2011; Powell et al. 2012; Takeda et al. 2011; Tian et al.
2011; Wong et al. 2012; Yan et al. 2012). The intestinal
epithelium constantly faces various injuries, which rapidly destroy the actively proliferating Lgr5+ ISCs. The
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major function of the quiescent stem cells are thought
to play an essential role in regeneration of the injured
intestinal epithelium (Bankaitis et al. 2018), although
they have also been suggested as indispensable stem cells
that can give rise to all intestinal cell lineages during
homeostasis (Gracz and Magness 2014). However, accumulating evidence suggests that progenitor cells or terminally differentiated cells can also re-enter the cell
cycle and regain the stem cell activity to regenerate the
damaged epithelium (Buczacki et al. 2013; de Sousa and
de Sauvage 2019; van Es et al. 2012; Yan et al. 2017; Yu
et al. 2018) (Fig. 1).

Quiescent stem cells
Quiescent stem cells have the properties of self-renewal,
multi-potentiality and long-term label retaining capacity,
but lack cell proliferation markers (Fuchs 2009). PCNA,
Ki67, and phospho-Histone H3 have been widely used as
proliferating cell markers. As quiescent stem cells are
not actively proliferating, they cannot be labeled with
these proliferation markers (Barriga et al. 2017; Buczacki
et al. 2013; Li et al. 2016; Roche et al. 2015; Yu et al.
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2018). Furthermore, these markers can only be labeled
in the fixed cells or tissues, owing to formaldehyde and
permeable treatment.
Several approaches have been employed to identify
quiescent stem cells. A common approach is to label the
cells with nucleotide analogs such as 5-bromo 2′-deoxyuridine (BrdU) and 5-ethynyl-2′-deoxyuridine (EdU)
and then following label retention over the time. A pulse
treatment of BrdU or EdU can efficiently label dividing
cells. Quiescent stem cells could retain the labels for a
long time, while the labels in proliferating cells would be
diluted after each division and disappear eventually
(Roche et al. 2015; Yu et al. 2018). These quiescent cells
are also regarded as “label-retaining cells” (LRCs) (Barriga et al. 2017; Buczacki et al. 2013; Li et al. 2016). A
limitation of the EdU/BrdU label is that these labels can
only be identified after staining with antibody, and living
quiescent stem cells cannot be directly observed. To
overcome this limitation, chromatin labels with histone
2B (H2B) fused with a fluorescent protein (such as GFP
or YFP) were utilized (Buczacki et al. 2013). Similar with
DNA labels, quiescent stem cells retaining H2B-GFP/

Fig. 1 Current models of intestinal epithelium during homeostasis and regeneration. a During homeostasis, multipotent Lgr5+ ISCs maintain
regular epithelial renewal. The base-locate Lgr5+ ISCs generate rapidly proliferating TA cells and further differentiated into the various cell
lineages. b Tissue injury that results in the loss of Lgr5+ ISCs drives a regenerative response to recover the Lgr5+ ISC pool. Left: the reserve stem
cell model: damage-resistant + 4 quiescent stem cells function as the “reserve stem cells” to refill the Lgr5+ pool and restore the epithelial
architecture. Right: the dedifferentiation model: acute damages result in the loss of the Lgr5+ cells and trigger dedifferentiation of progenitors
and mature cells to replenish the Lgr5+ ISC population
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YFP for an extended time could be observed directly
in vivo and allow subsequent characterization of these
cells (Barriga et al. 2017).
Besides DNA labeling and chromatin labeling, lineagetracing has been used to characterize quiescent or slowly
cycling ISCs and verify their self-renewal and multipotentiality (Asfaha et al. 2015; Barriga et al. 2017;
Montgomery et al. 2011; Sangiorgi and Capecchi 2008).
Upon tissue damage, for instance, due to irradiation and
inflammation, quiescent stem cells can be activated and
revert to the actively proliferating Lgr5+ ISCs to reestablish the epithelium architecture. Lineage tracing
can follow up this process in vivo to mark the progenies
derived from labeled quiescent stem cells. Several
markers of quiescent stem cells have been used for
lineage tracing, such as Bmi1 (Sangiorgi and Capecchi
2008; Tian et al. 2011) and Hopx (Takeda et al. 2011).
Recent development of single-cell mRNA-seq (scRNAseq) technology has greatly facilitated the investigation
on cell identity, heterogeneity, lineage hierarchy, and the
identification of prospective stem cell markers (Ayyaz
et al. 2019; Kim et al. 2016; Tetteh et al. 2016). Using
H2B-GFP mouse model in combination with scRNA
profiling, Li et al. found that most LRCs are in the G1
phase and can be divided to short-term LRCs (labelretained 10 days after pulse) with secretory cell markers
and long-term LRCs (label-retained over 1 month after
pulse) with Paneth cell markers, whereas Hopx-marked
reserve ISCs are primarily quiescent in G0 (Li et al.
2016). Although some of the short-term LRCs are also
in G0, but they are enteroendocrine-like and Hopxnegative. Therefore, they concluded that LRCs are distinct from reserve ISCs. Similarly, single-cell transcriptomic profiling has successfully employed to identify
new markers or new types of quiescent ISCs. For instance, Mex3a is shown to mark a subpopulation of
Lgr5+ ISCs that can generate all intestinal lineages
(Barriga et al. 2017); Clusterin marks a class of the
cells that are rare and distinct from Lgr5+ cells, and
these cells are greatly expanded upon injuries via a
YAP-dependent manner and play an essential role in
the epithelial regeneration (Ayyaz et al. 2019). Furthermore, scRNA-seq analysis revealed that Bmi1+
cells are enriched for enteroendocrine markers, while
Prox1 marked both enteroendocrine cells and tuft
cells (Yan et al. 2017). Both Bmi1+ and Prox1+ cells
are capable to convert to the ISC state during
homeostasis and injury-induced regeneration (Yan
et al. 2017). More recently, scRNA-seq-based pseudotime analysis revealed that regenerating Ascl2+ cells
are originated from the absorptive or secretory lineage
and undergo dedifferentiation, eventually gain the ISC
characteristics and regenerate the damaged epithelium
(Murata et al. 2020).

Page 3 of 11

Several markers have been described for quiescent ISCs,
such as Bmi1, Tert, Hopx and Lrig1. The most recognized
quiescent ISCs are + 4 LRCs, which reside at the position
+ 4 from the base of crypts, retain DNA labels for long
time due to their slow cycling activity and are resistant to
high doses of irradiation (Roth and Fodde 2011; Scoville
et al. 2008). However, several other cell types, like Krt19+
cells and Lgr5high cells, have also been suggested to possess quiescent stem cell properties and share the quiescent
stem cell markers (see the following).
Bmi1

The concept of + 4 stem cells came from Hendry and
Potten in 1974 (Hendry and Potten 1974), while the first
identified marker of these cells is Bmi1, a key component of polycomb repressive complex 1. By in situ
hybridization and lineage tracing, the Bmi1 was detected
in the cells located near the bottom of crypts in the
small intestine, predominantly + 4 position from the
base, and could proliferate, expand and give rise to all
cell lineages of intestinal epithelium (Lopez-Arribillaga
et al. 2015; Sangiorgi and Capecchi 2008; Tian et al.
2011). Further studies unraveled that the Bmi1+ cell
population is functionally distinct from Lgr5+ ISCs and
characterized as quiescent ISCs (Tian et al. 2011; Yan
et al. 2012). The results from irradiation or Diphtheria
toxin-mediated depletion of Lgr5+ ISCs support the “reserve stem cell model”, in which Lgr5+ ISCs mediate
homeostatic self-renewal, whereas Bmi1+ + 4 ISCs refill
the Lgr5+ ISC pool and regenerate the damaged epithelium upon injuries (Tian et al. 2011; Yan et al. 2012).
However, later studies revealed that Bmi1 expression
is not restricted to + 4 cells, but also in other crypt cells
and some differentiated cells (Itzkovitz et al. 2011; Jadhav et al. 2017; Lopez-Arribillaga et al. 2015; Munoz
et al. 2012; Yan et al. 2017). For instance, Bmi1 expression was found in Dll1+ secretory progenitors (van Es
et al. 2012). Bmi1-GFP+ cells also express mature enteroendocrine cell markers, including Chga, Neurod1 and
Prox1 (Jadhav et al. 2017; Yan et al. 2017). Collectively,
all these studies indicate that Bmi1 is not a good marker
of reserve ISCs. Mechanistically, Bmi1 is important to
sustain proliferation of the Bmi1+ ISCs and progenitors
in the crypt, likely by repressing the expression of
p16INK4a and p19ARF (Lopez-Arribillaga et al. 2015).
Hopx

The homeodomain transcription factor Hopx was originally proposed to mark + 4 quiescent ISCs by lineage tracing, and it is proposed that the two ISC populations,
active Lgr5+ CBCs and Hopx+ reserve ISCs, can interconvert to each other in the small intestine (Takeda
et al. 2011). Later, Hopx was shown to label a type of
quiescent stem cells, named Hopx+ colitis-associated
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regenerative stem cells (Hopx+ CARSCs) in colon, which
contribute to mucosal regeneration during dextran sulfate sodium (DSS)-induced colitis (Wang et al. 2019).
Interestingly, distinguished from the slow-cycling Hopx+
stem cells that display a constant Hopx expression identified by Takeda et al., Hopx+ CARSCs display a transient discontinuation of Hopx expression upon injury and
then proliferate to reestablish the colon architecture.
The secretory progenitor cells marked by the transcription factor Atoh1 have also been shown to repopulate
the colonic epithelium during DSS-induced colitis (Castillo-Azofeifa et al. 2019; Ishibashi et al. 2018; Tomic
et al. 2018). Therefore, it would be interesting to know if
Atoh1+ progenitors overlap with Hopx+ CARSCs. It is
worth noting that Hopx was reported to express broadly
in all proliferative crypt cells including Lgr5+ ISCs
(Munoz et al. 2012; Powell et al. 2012), suggesting that it
is not a suitable marker for reserve ISCs.
Tert

Telomerase reverse transcriptase (Tert) labels LRCs that
are functionally distinct from Lgr5+ ISCs in the intestinal
epithelium (Breault et al. 2008), suggesting that it can
mark reserve ISC population. Consistently, Tert+ cells
were found to regenerate all types of differentiated cells
as well as Lgr5+ stem cells upon irradiation (Montgomery et al. 2011).
Lrig1

EGF stimulates ISC proliferation via the EGFR/MAPK
pathway (Sato et al. 2009). The transmembrane protein
Lrig1 can interact with the EGFR family members and
recruit the E3 ubiquitin ligase c-CBL to promote EGFR
degradation and thus constrain EGF signaling (Wang
et al. 2013). Lgri1 has been shown to mark a subset of
ISCs that occupy in the crypts base and are relatively
non-cycling under homeostasis, and these cells rapidly
divide to re-establish damaged crypts upon tissue injury
(Powell et al. 2012). However, another study showed that
Lrig is highly expressed in actively proliferating Lgr5+
ISCs (Wong et al. 2012). As Lrig1 expression is induced
by EGF signaling, it is proposed that Lrig1 controls the
size of the stem cell niche in a negative-feedback manner
(Wong et al. 2012).
Mex3a

The RNA-binding protein Mex3a has also been reported
to define LRCs. The Mex3a+ cells are a slowly proliferating subpopulation of Lgr5+ stem cells and occupy the +
3/+ 4 crypt position (Barriga et al. 2017). Using the H2BYFP mouse model and lineage tracing, Barriga et al.
demonstrated that Mex3ahigh cells displayed slowly cycling characteristics and could generate crypt-villus ribbons albeit at an infrequent rate under the homeostatic
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condition. Upon damage by 5-FU treatment or ionizing
radiation, Mex3ahigh Lgr5+ cells are largely reserved, and
can refill the ISC pool and generate the epithelium. Besides, single-cell transcriptomic analysis demonstrated
that two classes of Lgr5high cells, Mex3a+ and Mex3a−,
co-exist in the crypts. In line with the idea that Mex3ahigh
cells are LRCs, they are enriched in BMI1, Lrig1,
Tert and Hopx and display a low proliferation. A recent
study also confirmed the role of Mex3a in the maintenance of the Lgr5+ ISC pool and further showed that it
does so possibly by suppressing PPARγ signaling (Pereira et al. 2020). PPARγ-selective agonists reduce the
number and size more markedly in Mex3a KO organoids
than WT organoids, which are consistent with the observation that Mex3a downregulates PPARγ expression
and high PPARγ signaling impairs Lgr5+ ISCs (Pereira
et al. 2020).
In addition to these markers, other + 4 cell markers
were reported based on their expression in rare subpopulation (Barker et al. 2012), for instance, Pten (Bjerknes
and Cheng 2005; He et al. 2007), Dclk1 (May et al.
2008), and WIP1 (Demidov et al. 2007). However, None
of these markers are specifically restricted in + 4 cells.
For instance, Krt19+ cells are found enriched with the +
4 ISCs markers Bmi1, Hopx and Lrig1, as well as Dll1
(Asfaha et al. 2015). Nearly all Lgr5high cells co-express
high levels of the reserve ISCs markers Bmi1, Lrig1 and
Hopx (Munoz et al. 2012; Roche et al. 2015). Therefore,
although quiescent intestinal stem cells have been described for the past decade, the identity and features of
such cells remain under debate.

Intestinal epithelium plasticity and cell
dedifferentiation
Lgr5+ CBCs are well documented to be responsive for
the homeostatic renewal of the intestinal epithelium
(Clevers 2013), although they have also been shown to
be essential for repair of the irradiation-damaged epithelium (Metcalfe et al. 2014). Nonetheless, the intestinal
epithelium exhibits a great plasticity after the injurymediated elimination of Lgr5+ ISCs. In response to epithelium injuries or perturbations, several types of progenitors and some fully differentiated cells have been
shown to possess the dedifferentiation ability to generate
the actively cycling Lgr5+ stem cells and contribute to
the regeneration of the damaged epithelium (de Sousa
and de Sauvage 2019). These cells include label-retaining
secretory precursors (Buczacki et al. 2013; Li et al.
2016), Alpi+ enterocyte precursors (Tetteh et al. 2016),
Dll1+ progenitors (van Es et al. 2012), Atoh1+ progenitors (Ishibashi et al. 2018; Tomic et al. 2018), enteroendocrine cells (Yan et al. 2017), tuft cells (Westphalen
et al. 2014) and Paneth cells (Schmitt et al. 2018; Yu
et al. 2018). In addition, the intermediate filament
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keratin-19 (Krt19) has been shown to mark long-lived,
radiation-resistant cells at upper crypts, and these cells
can undergo dedifferentiation and regenerate Lgr5+ ISCs
in both the small intestine and colon (Asfaha et al.
2015). However, the Krt19+ cells may be heterogeneous
rather than represent a specific cell population.
Secretory progenitors

Secretory progenitors differentiate to Paneth cells, goblet
cells, enteroendocrine cells and tuft cells. Several studies
have highlighted the plasticity and ISC-oriented dedifferentiation of secretory precursors. The cells marked with
the Notch ligand Dll1 can differentiate to those mature
secretory cells at a low frequency during homeostasis,
but these Dll1+ cells undergo dedifferentiation and refill
the stem cell pool upon irradiation-induced injury (Murata et al. 2020; van Es et al. 2012). Three types of Atoh1+
secretory progenitors, including Atoh1+ Lgr5+ (Kim
et al. 2016), Atoh1+ LRC (Buczacki et al. 2013), and
Atoh1+ Dll1+ (van Es et al. 2012), contribute to multilineage of secretory cells in a higher frequency than Dll1+
cells in the steady state. These Atoh1+ cells can also repair and replenish the colonic epithelium during DSSinduced colitis (Ishibashi et al. 2018; Tomic et al. 2018).
Using H2B-YFP to identify label-retaining cells, Buczacki and colleagues showed that LRCs are located
throughout the crypt base, but not specifically at the
position + 4, and these cells could contribute to the
stem-cell pool and repopulate the epithelium after damage (Buczacki et al. 2013). RNA expression profiling revealed that these non-Paneth LRCs express not only
Lgr5 but also quiescent stem-cell markers Tert, Lrig1
and Hopx, representing a subset of Lgr5+ cells that are
able to differentiate to Paneth and enteroendocrine cells.
In addition, the transcription factor Sox9, which is required for Paneth cell differentiation (Bastide et al.
2007), can also label the reserve ISCs that are resistant
to irradiation and express Bmi1, Lrig1, Hopx and Dll1
(Furuyama et al. 2011; Roche et al. 2015). Interestingly,
these Sox9high cells also express Lgr5 and may represent
secretory progenitors. Of note, although Sox9 ablation in
the intestinal epithelium leads to loss of regenerative
capacity and increased apoptosis after irradiation (Roche
et al. 2015), it is unclear whether the regeneration defect
is due to the loss of reserve ISCs as Sox9 are also
expressed in other types of cells and required for Paneth
cell differentiation. The same concern also applies to
other cases in which a marker is not specific but labels
multi-types of cells.
Absorptive progenitors

By following the fate of the enterocytes labeled by alkaline phosphatase (Alpi), Tetteh et al. observed that some
of Alpi+ enterocytes can display de-differentiation and
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generate the crypt-villus “ribbons” upon Lgr5+ ISC ablation with diphtheria toxin in AlpiCreER;R26RLacZ;
Lgr5DTR-GFP mouse model (Tetteh et al. 2016). The dedifferentiating Alpi+ enterocytes should represent enterocyte progenitors as the Alpi+ cells lose the
dedifferentiation capacity after exit from the crypt. Although the detailed mechanism underlying the dedifferentiation is unclear, sc-RNA profiling uncovered that the
dedifferentiating Alpi+ cells express the genes involved
in proliferation and stemness, and interestingly share
some Paneth cell markers.
Enteroendorine cells

As discussed above, Bmi1 is regarded as a quiescent
stem cell marker previously (Sangiorgi and Capecchi
2008; Tian et al. 2011; Yan et al. 2012), but later bulk
RNA-seq and scRNA-seq unveiled that it is not specifically expressed in quiescent cells (Itzkovitz et al.
2011; Jadhav et al. 2017; Munoz et al. 2012; van Es
et al. 2012; Yan et al. 2017). Instead, Bmi1+ cells display a gene expression signature associated with mature enteroendocrine cells that can revert to Lgr5+
ISCs and regenerate the intestinal epithelium after
ISC loss (Jadhav et al. 2017; Yan et al. 2017). Of note,
Bmi1+ enteroendocrine cells that undergo injuryinduced dedifferentiation are also marked by the transcription factor Prox1 (Yan et al. 2017).
Paneth cells

Differentiated Paneth cells could also provide an alternative for regeneration after injury. Yu et al. demonstrated
that mature Paneth cells, marked by Lyz1+, could reenter the cell cycle to repopulate the epithelium in response to irradiation (Yu et al. 2018). The dedifferentiation process depends on Notch signaling, but not Wnt/
β-catenin signaling. Moreover, mature Paneth cells have
been demonstrated to re-enter the cell cycle and regenerate the whole intestine epithelium upon inflammation
(Schmitt et al. 2018). However, different mechanisms
were proposed – inflammation stimulates the expression
of stem cell factor (SCF) which activates β-catenin via cKit/Akt signaling and then induces the cell cycle reentry of Paneth cells. Therefore, different mechanisms
may account for different stimuli to activate the dedifferentiation processes of even the same type of cells.
Tuft cells

Doublecortin like kinase 1 (Dclk1, also known as doublecortin and CaM kinase-like 1 (DCAMKL-1), was reported as a possible reserve stem cell marker in the
intestine (May et al. 2008; May et al. 2009), but it is also
found enriched in tuft cells in the stomach and intestine
(Gerbe et al. 2009; Saqui-Salces et al. 2011; Westphalen
et al. 2014). Westphalen et al. showed that a small
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population of Dclk1+ cells could display infrequent formation of crypt-villus ribbons under homeostasis (Westphalen et al. 2014). Furthermore, ablation of Dclk1+ tuft
cells revealed that these differentiated cells contribute to
regeneration of the intestinal epithelium upon irradiation or DSS-induced injury. Interestingly, when Dclk1+
tuft cells harbor APC mutation, inflammatory stimulation, these cells display the tumor-initiating ability.
These data together indicate that a subset of Dclk1+ tuft
cells are long-lived, retain the ability to dedifferentiate
and regenerate the intestinal epithelium, or form tumors
in loss of APC function upon injury (Westphalen et al.
2014). Furthermore, in addition to labeling the Bmi1+
cells with a mature enteroendocrine phenotype, Prox1
also marks a subset of tuft cells that can contribute to
intestinal epithelium homeostasis and irradiationinduced regeneration (Yan et al. 2017).
In addition to the cell types discussed above,
CD69+CD274+ goblet cell precursors have been shown
to repopulate the ablated Lgr5+ ISCs and contribute to
epithelial regeneration after injuries (Jadhav et al. 2017).

Regulation of cell plasticity
In the homeostatic intestinal epithelium, the hierarchical
differentiation processes from the stem cells to the mature functional cells are tightly controlled by niche factors (Barker 2014; Clevers 2013; Medema and
Vermeulen 2011; Qi and Chen 2015). Wnt/β-catenin
signaling is essential for the maintenance of ISCs’ selfrenewal and proliferation as well as Paneth cell differentiation (van Es et al. 2012; Yin et al. 2014); BMP/Smad
signaling counteracts Wnt signaling to block ISC stemness and promotes enterocyte differentiation, as well as
inducing cytostatic effects and cell death (Wang and
Chen 2018); EGF/MAPK signaling stimulates ISC proliferation (Sato et al. 2009), although it is dispersible in the
in vitro Lgr5+ stem cell maintenance in the presence of
the GSK3 inhibitor CHIR99021 and the BMP receptor
inhibitor LDN-193189 (Li et al. 2018). Notch signaling
displays a different effect on ISCs – it promotes selfrenewal in the presence of high Wnt signaling activity
while boosting the enterocyte lineage under conditions
of Wnt inhibition (Medema and Vermeulen 2011; Yin
et al. 2014). Conversely, Notch inhibition enhances
secretory lineage specification (Yin et al. 2014). However,
it is less clear what signals modulate the regeneration
processes under injury conditions. Much attention has
been paid to identification of the quiescent stem cells
that are activated upon injuries or the differentiated cells
that undergo dedifferentiation to replenish the damagedepleted stem cell pool and regenerate the epithelium.
Despite it, some of works have shed light on the mechanisms underlying the regeneration process.

Page 6 of 11

Several intrinsic factors have been implicated in cell
plasticity control. ATOH1 marks secretory progenitors
that are able to revert to stem cells upon injuries (Ishibashi et al. 2018; Tomic et al. 2018). Further studies revealed that the cyclin-dependent kinase-mediated
phosphorylation of ATOH1 at multiple sites is required
for the conversion of secretory progenitors to stem cells
and then for epithelial regeneration as knockin of the
phosphorylation-defective mutant Atoh1 promotes
secretory differentiation with the compromised epithelium proliferation and prevents injury-induced regeneration in mice (Tomic et al. 2018). The basic helix-loophelix transcription factor Ascl2 plays a critical role in
regulating of the actively cycling Lgr5+ ISC pool (Schuijers et al. 2015; van der Flier et al. 2009). Recently, Murata et al. showed a critical role of Ascl2 during
regeneration (Murata et al. 2020). Depletion of Lgr5+
ISCs leads to Ascl2 expression in the absorptive and
secretory precursors located in the middle crypts region,
and these cells then dedifferentiate to Lgr5+ ISCs and regenerate the damaged epithelium (Liu, 2020). One of
Ascl2-regulated genes is interleukin (IL) 11 receptor
IL11RA1 that may be involved in the regeneration
process. Although Ascl2 is a Wnt target (van der Flier
et al. 2009), it remains unclear what signals induce its
expression in the absorptive and secretory precursors
upon injuries. Moreover, using the air-liquid interface
2D culture system to mimic the injury-regeneration
process, hypoxia and endoplasmic reticulum stress have
been indicated involved in the Hopx+ CARSCs-mediated
regeneration of the intestinal epithelium upon inflammation (Wang et al. 2019). The RNA-binding protein Msi,
which are expressed throughout the crypts, has been
shown to drive the exit of quiescent stem cells from G0
into the cell cycle upon irradiation (Yousefi et al. 2016).
Chromatin accessibility analysis revealed that chromatin access undergoes a dynamic change in a group
of enhancer regions: they remain open during the differentiation of Lgr5+ ISCs to secretory cells and
quickly close up during the dedifferentiation of Bmi1+
and CD69+CD274+ cells to replenish the Lgr5+ ISC
pool (Jadhav et al. 2017). In line with the chromatin
reorganization to change gene expression profiling,
several studies have uncovered the induction of a fetal
signature in the regenerative colonic crypts with the
DSS mouse model (Nusse et al. 2018; Wang et al.
2019; Yui et al. 2018).
Extrinsic factors produced by the microenvironment
also participate in cell reprogramming and epithelial regeneration. As discussed above, different mechanisms
have been suggested to induce Paneth cell dedifferentiation: β-catenin activation via the SCF/c-Kit/Akt signaling axis is critical for the inflammation-provoked cellcycle re-entry of Paneth cells (Schmitt et al. 2018), while
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Table 1 The intestinal cells capable of self-renewal or de-differentiation
Marker

Lineage

Overlapping
expression

Tissue

Damage model

Mechanism

Reference

Bmi1

+4 reserve
stem cells

Lgr5, Prox1,
mTert, Krt19

Small Intestine

Irradiation, ablation
of Lgr5+ through
Lgr5-DTR mice

Unclear

(Lopez-Arribillaga
et al. 2015; Sangiorgi
and Capecchi 2008;
Tian et al. 2011;
Yan et al. 2012)

Enteroendocrine cells

Prox1

Small Intestine

Irradiation

Open chromatin

(Jadhav et al. 2017;
Yan et al. 2017)

+4 reserve
stem cells

Lgr5, mTert, Krt19

Small Intestine

–

Unclear

(Takeda et al. 2011)

Regenerative
stem cells

ATOH1

Colon

DSS-induced colitis

Oxygen tension

(Wang et al. 2019)

Active ISCs

Lgr5

Small Intestine

–

Negative regulation
of ErbB signaling

(Wong et al. 2012)

+4 reserve
stem cells

Lgr5, Hopx,
mTert, Krt19

Small intestine
and colon

Irradiation

Negative regulation
of ErbB signaling

(Powell et al. 2012)

Tert

+4 reserve
stem cells

Lgr5, Bmi1, Mex3a

Small Intestine

Irradiation

Unclear

(Barriga et al. 2017;
Breault et al. 2008;
Montgomery et al. 2011)

Dclk1

+4 reserve stem cells

Msi1

Small Intestine

Irradiation

Unclear

(May et al. 2008;
Nakanishi et al. 2013)

Tuft cells

–

Small intestine
and colon

Irradiation, DSSinduced colitis

Unclear

(Gerbe et al. 2009;
Westphalen et al. 2014)

Secretory
progenitors
(short-term)

Lgr5, Hopx,
Dll1, ATOH1,
Sox9, Krt19

Small Intestine

Irradiation

Unclear

(Buczacki et al. 2013;
Li et al. 2016; Roche
et al. 2015)

Paneth and
Enteroendocrine
-like cells (long-term)

Lyz1, c-Kit

Small Intestine

Irradiation

Unclear

(Li et al. 2016;
Roche et al. 2015)

Dll1

Secretory progenitors

Sox9, ATOH1, Krt19

Small Intestine

Irradiation

Unclear

(van Es et al. 2012)

ATOH1

Secretory progenitors

Lgr5, Dll1, Hopx

Small intestine
and colon

Irradiation, DSSinduced colitis

Multisite
phosphorylation
of ATOH1

(Ishibashi et al. 2018;
Tomic et al. 2018)

Sox9

LRCs

Lgr5, Bmi1,
Hopx, Lrig1,
Dclk1, Dll1

Small Intestine

Irradiation

Unclear

(Roche et al. 2015)

Krt19

Upper crypts

Lgr5, Bmi1,
Hopx, Lrig1,
mTert, Dll1

Small intestine
and colon

5-FU, ablation of
Lgr5+ through
Lgr5-DTR mice

Unclear

(Asfaha et al. 2015)

Lyz1

Paneth cell

c-Kit

Small Intestine

Irradiation,
inflammation

SCF/c-Kit/Wnt
pathway, forced
activation of
Notch pathway

(Schmitt et al. 2018;
Yu et al. 2018)

Alpi

Enterocyte progenitor

–

Small Intestine

Ablation of Lgr5+
through Lgr5-DTR
mice

Unclear

(Tetteh et al. 2016)

CD69, CD274

Goblet cell progenitor

–

Small Intestine

Ablation of Lgr5+
through Lgr5-DTR
mice

Open chromatin

(Jadhav et al. 2017)

Prox1

Enteroendocrine
cells, tuft cells

Bmi1

Small Intestine

Irradiation

Unclear

(Yan et al. 2017)

Mex3a

Quiescent stem cells

Lgr5

Small Intestine

5-FU, ionizing
radiation

Unclear

(Barriga et al. 2017)

Ascl2

Enterocyte
progenitor and
secretory progenitor

Smoc2, Cdca7

Small intestine
and colon

Ablation of Lgr5+
through Lgr5-DTR
mice

Ascl2 to activate
expression of
its targets such
as Il11ra1

(Murata et al. 2020)

Hopx

Lrig1

LRCsa
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Table 1 The intestinal cells capable of self-renewal or de-differentiation (Continued)
Marker

Lineage

Overlapping
expression

Tissue

Damage model

Mechanism

Reference

Sca1

Repairing
epithelium

Lrig1

Colon

DSS-induced colitis

Reprogram into
fetal-like state by
activation of YAP/
TAZ pathway

(Yui et al. 2018)

Progeny of ISCs

–

Small intestine

Infection by
H.polygyrus,
irradiation, ablation
of Lgr5+ through
Lgr5-DTR mice

IFN-γ-denpendent
fetal-like
transcriptional
program

(Nusse et al. 2018)

LRCs Nucleotide analog label-retaining cells

a

Notch signaling, but not Wnt/β-catenin signaling, is important for Paneth cells to acquire stem cell features
upon irradiation (Yu et al. 2018). YAP/TAZ signaling
was suggested to be important for ISC regeneration
(Gregorieff et al. 2015; Nusse et al. 2018; Yui et al.
2018). Yui et al. have linked the extracellular matrix signals to regulate inflammation-triggered regeneration of
the intestinal epithelium (Yui et al. 2018). Collagen
can activate YAP/TAZ via FAK/Src signaling, and
YAP/TAZ then promotes cell reprogramming and tissue regeneration. This axis may also operate as
mechano-sensing pathway (Yui et al. 2018). Furthermore, Basak et al. showed that inhibition of EGFR/
ERK signaling can convert actively proliferating Lgr5+
ISCs to quiescent Lgr5+ ISCs with the enteroendocrine cell signature (Basak et al. 2017).
Moreover, the non-epithelial niche also contributes to
regeneration. IL-22 produced by innate lymphoid cells
(ILCs) can promote Lgr5+ ISC expansion and epithelial
regeneration (Lindemans et al. 2015). But this observation was challenged by a recent study, which showed
that IL-22 expands TA cell population and meanwhile
reduce Lgr5+ ISCs by inhibiting Wnt signaling and
Notch signaling (Zha et al. 2019). Besides immune cells,
a sub-population of GLI1+ mesenchymal cells are
enriched during regeneration following DSS-induced colonic damage, and these cells may provide R-spondin3
to facilitate epithelial damage repair (Degirmenci et al.
2018). Together, these studies support a crucial role of
the niche near the base of crypts for regenerative potential of the intestine.

Perspectives
The intestinal epithelium is a great system to investigate
homeostatic maintenance due to its fast turnover, relatively simple structure, the identification of Lgr5+ stem
cells and the well-documented differentiation processes
to the known cell lineages. Much evidence also indicates
that the intestinal epithelium has a great regenerative
plasticity to repair the damaged lesions after the normal
Lgr5+ stem cell pool is ablated by injuries. In the past
few years, identification of the cells responsible for

regeneration is under extensive investigation. Labelretaining experiments suggested that the cells at the position 4 of the crypt base are the quiescent stem cells that
are activated upon injuries and responsive for the epithelial regeneration (Roth and Fodde 2011; Scoville et al.
2008). A major challenge in this field is posed by the fact
that expression of the markers traditionally used to label
the quiescent stem cells is not restricted to a given cell
type. In fact, the expression of many proposed markers
are overlapped in actively cycling Lgr5+ ISCs, quiescent
stem cells, progenitors and mature cells (Asfaha et al.
2015; Barriga et al. 2017; Munoz et al. 2012; Powell et al.
2012; Roche et al. 2015; van Es et al. 2012; Yan et al.
2017). This raises a critical question to the “reserve stem
cell” regeneration model. Recently, emerging evidence
supports the “dedifferentiation” model, which suggests
that partially or even fully differentiated cells undergo
dedifferentiation to replenish the Lgr5+ ISC pool and
then drive the intestinal epithelial regeneration.
By far, almost all the lineage progenitors and maturely
differentiated cells have been demonstrated to re-enter
cell cycle, regain stemness and replenish the epithelium
upon injuries (Table 1). Despite the exciting progress,
some key questions remain to be addressed. For instance, the actively cycling Lgr5+ ISCs are most vulnerable to damages and are the first ablated by injuries.
How is their absence sensed to trigger quiescent stem
cell activation or de-differentiation of the committed
progenitors or mature cells into stem cells? What signals
are involved? It has been shown that actively cycling
ISCs and quiescent stem cells can convert to each other
(Barriga et al. 2017; Takeda et al. 2011). Then what controls this conversion? Moreover, three types of mouse
models have been commonly employed to study intestinal epithelial regeneration: DTR-based ablation of
Lgr5+ cells, irradiation and DSS-based inflammation. It
is unclear how these distinct injuries impact on the cell
types to repopulate the Lgr5+ cell pool and the underlying mechanisms. In another word, different types of injury may activate different regeneration mechanisms.
Another important question is whether the mechanisms
found in mice can apply to humans, in particular by
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considering that multiple types of inflammatory bowel
disease are found in humans.
New methodologies to study stem cell quiescence
in vivo need to be developed eagerly. In many studies, the
identification of quiescent ISCs was primarily based on
single biomarkers. However, these markers are broadly
expressed within the crypt, even in the villus (Munoz et al.
2012; Yan et al. 2017), limiting their reliability and the
lineage tracing based on them to define the cell population. Furthermore, various cell isolation methods such as
fluorescent-activated cell sorting (FACS) are used for cell
identity validation and function studies. However, these
methods may impact the cell behavior and their gene expression profile due to cell junction disruption and departure from their niche. Therefore, better strategies that
would avoid additional injuries and are able to acquire
profiling in situ without isolation are badly needed. In
addition, it has become increasingly clear that metabolism,
including oxidative phosphorylation (OXPHOS), glycolysis, fatty acid oxidation, and ketone body signaling, could
affect the fate of stem cells under both physiological and
pathological conditions (Berger et al. 2016; Beyaz et al.
2016; Cheng et al. 2019; Mah et al. 2014; Mihaylova et al.
2018; Rath et al. 2018; Rodriguez-Colman et al. 2017;
Schell et al. 2017; Stine et al. 2019). Fasting also enhances
intestinal stem cell function during homeostasis and
aging, perhaps by activating fatty acid oxidation
(Mihaylova et al. 2018). Furthermore, the dietaryresponsive phospholipid-cholesterol axis regulates ISC
proliferation (Wang et al. 2018). More recently, Morral et al. discovered that zonation of rDNA/protein
synthesis could define a stem cell hierarchy colorectal
cancers (Morral et al. 2020). Quiescent stem cells
have been indicated to be in the minimal metabolic
requirements (Signer et al. 2014; Simsek et al. 2010).
It would be interesting to explore if combining the
above data and proliferation information facilitates
the identification of quiescent stem cells or dedifferentiating cells.
The regeneration capability is essential for maintenance of the homeostatic function of the intestinal epithelium. Deregulation of the regeneration process leads to
gut pathogenesis. Therefore, delineation of the involved
factors/cells would provide a better understanding about
the intestinal regeneration. It will also allow us to
manipulate the stem cell state and explore promising
therapeutic strategies to treat colorectal cancer and inflammatory bowel diseases.
Acknowledgements
We are grateful to Mengxiang Zhang for stimulating discussions and critical
reading.
Authors’ contributions
YL and YGC wrote the paper. The authors read and approved the final
manuscript.

Page 9 of 11

Funding
The research in the Chen’s lab is supported by the grants from the National
Natural Science Foundation of China (31988101 and 31730056) and the
National Key Research and Development Program of China
(2017YFA0103601).
Competing interests
The authors declare that they have no competing interests.
Received: 30 April 2020 Accepted: 1 July 2020

References
Asfaha S, Hayakawa Y, Muley A, Stokes S, Graham TA, Ericksen RE, Westphalen CB,
von Burstin J, Mastracci TL, Worthley DL, et al. Krt19(+)/Lgr5(−) cells are
Radioresistant Cancer-initiating stem cells in the Colon and Intestine. Cell
Stem Cell. 2015;16:627–38.
Ayyaz A, Kumar S, Sangiorgi B, Ghoshal B, Gosio J, Ouladan S, Fink M, Barutcu S,
Trcka D, Shen J, et al. Single-cell transcriptomes of the regenerating intestine
reveal a revival stem cell. Nature. 2019;569:121–5.
Bankaitis ED, Ha A, Kuo CJ, Magness ST. Reserve stem cells in intestinal
homeostasis and injury. Gastroenterology. 2018;155:1348–61.
Barker N. Adult intestinal stem cells: critical drivers of epithelial homeostasis and
regeneration. Nat Rev Mol Cell Biol. 2014;15:19–33.
Barker N, van Es JH, Kuipers J, Kujala P, van den Born M, Cozijnsen M, Haegebarth
A, Korving J, Begthel H, Peters PJ, et al. Identification of stem cells in small
intestine and colon by marker gene Lgr5. Nature. 2007;449:1003–7.
Barker N, van Oudenaarden A, Clevers H. Identifying the stem cell of the
intestinal crypt: strategies and pitfalls. Cell Stem Cell. 2012;11:452–60.
Barriga FM, Montagni E, Mana M, Mendez-Lago M, Hernando-Momblona X,
Sevillano M, Guillaumet-Adkins A, Rodriguez-Esteban G, Buczacki SJA, Gut M,
et al. Mex3a Marks a slowly dividing subpopulation of Lgr5+ intestinal stem
cells. Cell Stem Cell. 2017;20(801–816):e807.
Basak O, Beumer J, Wiebrands K, Seno H, van Oudenaarden A, Clevers H. Induced
quiescence of Lgr5+ stem cells in intestinal Organoids enables differentiation
of hormone-producing Enteroendocrine cells. Cell Stem Cell. 2017;20(177–
190):e174.
Bastide P, Darido C, Pannequin J, Kist R, Robine S, Marty-Double C, Bibeau F,
Scherer G, Joubert D, Hollande F, et al. Sox9 regulates cell proliferation and is
required for Paneth cell differentiation in the intestinal epithelium. J Cell Biol.
2007;178:635–48.
Berger E, Rath E, Yuan D, Waldschmitt N, Khaloian S, Allgauer M, Staszewski O,
Lobner EM, Schottl T, Giesbertz P, et al. Mitochondrial function controls
intestinal epithelial stemness and proliferation. Nat Commun. 2016;7:13171.
Beyaz S, Mana MD, Roper J, Kedrin D, Saadatpour A, Hong SJ, Bauer-Rowe KE,
Xifaras ME, Akkad A, Arias E, et al. High-fat diet enhances stemness and
tumorigenicity of intestinal progenitors. Nature. 2016;531:53–8.
Bjerknes M, Cheng H. Re-examination of P-PTEN staining patterns in the intestinal
crypt. Nat Genet. 2005;37:1016–7 author reply 1017-1018.
Breault DT, Min IM, Carlone DL, Farilla LG, Ambruzs DM, Henderson DE, Algra S,
Montgomery RK, Wagers AJ, Hole N. Generation of mTert-GFP mice as a
model to identify and study tissue progenitor cells. Proc Natl Acad Sci U S A.
2008;105:10420–5.
Buczacki SJ, Zecchini HI, Nicholson AM, Russell R, Vermeulen L, Kemp R, Winton
DJ. Intestinal label-retaining cells are secretory precursors expressing Lgr5.
Nature. 2013;495:65–9.
Castillo-Azofeifa D, Fazio EN, Nattiv R, Good HJ, Wald T, Pest MA, de Sauvage FJ,
Klein OD, Asfaha S. Atoh1(+) secretory progenitors possess renewal capacity
independent of Lgr5(+) cells during colonic regeneration. EMBO J. 2019;38:
e99984.
Cheng CW, Biton M, Haber AL, Gunduz N, Eng G, Gaynor LT, Tripathi S, CalibasiKocal G, Rickelt S, Butty VL, et al. Ketone body signaling mediates intestinal
stem cell homeostasis and adaptation to diet. Cell. 2019;178(1115–1131):
e1115.
Clevers H. The intestinal crypt, a prototype stem cell compartment. Cell. 2013;154:
274–84.
de Sousa EMF, de Sauvage FJ. Cellular plasticity in intestinal homeostasis and
disease. Cell Stem Cell. 2019;24:54–64.
Degirmenci B, Valenta T, Dimitrieva S, Hausmann G, Basler K. GLI1-expressing
mesenchymal cells form the essential Wnt-secreting niche for colon stem
cells. Nature. 2018;558:449–53.

Liu and Chen Cell Regeneration

(2020) 9:14

Demidov ON, Timofeev O, Lwin HN, Kek C, Appella E, Bulavin DV. Wip1
phosphatase regulates p53-dependent apoptosis of stem cells and
tumorigenesis in the mouse intestine. Cell Stem Cell. 2007;1:180–90.
Fuchs E. The tortoise and the hair: slow-cycling cells in the stem cell race. Cell.
2009;137:811–9.
Furuyama K, Kawaguchi Y, Akiyama H, Horiguchi M, Kodama S, Kuhara T,
Hosokawa S, Elbahrawy A, Soeda T, Koizumi M, et al. Continuous cell supply
from a Sox9-expressing progenitor zone in adult liver, exocrine pancreas and
intestine. Nat Genet. 2011;43:34–41.
Gerbe F, Brulin B, Makrini L, Legraverend C, Jay P. DCAMKL-1 expression identifies
tuft cells rather than stem cells in the adult mouse intestinal epithelium.
Gastroenterology. 2009;137:2179–80 author reply 2180-2171.
Gracz AD, Magness ST. Defining hierarchies of stemness in the intestine:
evidence from biomarkers and regulatory pathways. Am J Physiol
Gastrointest Liver Physiol. 2014;307:G260–73.
Gregorieff A, Liu Y, Inanlou MR, Khomchuk Y, Wrana JL. Yap-dependent
reprogramming of Lgr5(+) stem cells drives intestinal regeneration and
cancer. Nature. 2015;526:715–8.
He XC, Yin T, Grindley JC, Tian Q, Sato T, Tao WA, Dirisina R, Porter-Westpfahl KS,
Hembree M, Johnson T, et al. PTEN-deficient intestinal stem cells initiate
intestinal polyposis. Nat Genet. 2007;39:189–98.
Hendry JH, Potten CS. Cryptogenic cells and proliferative cells in intestinal
epithelium. Int J Radiat Biol Relat Stud Phys Chem Med. 1974;25:583–8.
Ishibashi F, Shimizu H, Nakata T, Fujii S, Suzuki K, Kawamoto A, Anzai S, Kuno R,
Nagata S, Ito G, et al. Contribution of ATOH1(+) cells to the homeostasis,
repair, and tumorigenesis of the colonic epithelium. Stem Cell Rep. 2018;10:
27–42.
Itzkovitz S, Lyubimova A, Blat IC, Maynard M, van Es J, Lees J, Jacks T, Clevers H,
van Oudenaarden A. Single-molecule transcript counting of stem-cell
markers in the mouse intestine. Nat Cell Biol. 2011;14:106–14.
Jadhav U, Saxena M, O'Neill NK, Saadatpour A, Yuan GC, Herbert Z, Murata K,
Shivdasani RA. Dynamic reorganization of chromatin accessibility signatures
during dedifferentiation of secretory precursors into Lgr5+ intestinal stem
cells. Cell Stem Cell. 2017;21(65–77):e65.
Kim TH, Saadatpour A, Guo G, Saxena M, Cavazza A, Desai N, Jadhav U, Jiang L,
Rivera MN, Orkin SH, et al. Single-cell transcript profiles reveal multilineage
priming in early progenitors derived from Lgr5(+) intestinal stem cells. Cell
Rep. 2016;16:2053–60.
Li L, Clevers H. Coexistence of quiescent and active adult stem cells in mammals.
Science. 2010;327:542–5.
Li N, Nakauka-Ddamba A, Tobias J, Jensen ST, Lengner CJ. Mouse label-retaining
cells are molecularly and functionally distinct from reserve intestinal stem
cells. Gastroenterology. 2016;151(298–310):e297.
Li Y, Liu Y, Liu B, Wang J, Wei S, Qi Z, Wang S, Fu W, Chen YG. A growth factorfree culture system underscores the coordination between Wnt and BMP
signaling in Lgr5(+) intestinal stem cell maintenance. Cell Discov. 2018;4:49.
Lindemans CA, Calafiore M, Mertelsmann AM, O'Connor MH, Dudakov JA, Jenq
RR, Velardi E, Young LF, Smith OM, Lawrence G, et al. Interleukin-22
promotes intestinal-stem-cell-mediated epithelial regeneration. Nature. 2015;
528:560–4.
Liu Y, Xiong X, Chen YG. Dedifferentiation: the return road to repair the intestinal
epithelium. Cell Regeneration. 2020;9:2.
Lopez-Arribillaga E, Rodilla V, Pellegrinet L, Guiu J, Iglesias M, Roman AC, Gutarra
S, Gonzalez S, Munoz-Canoves P, Fernandez-Salguero P, et al. Bmi1 regulates
murine intestinal stem cell proliferation and self-renewal downstream of
notch. Development. 2015;142:41–50.
Mah AT, Van Landeghem L, Gavin HE, Magness ST, Lund PK. Impact of dietinduced obesity on intestinal stem cells: hyperproliferation but impaired
intrinsic function that requires insulin/IGF1. Endocrinology. 2014;155:3302–14.
May R, Riehl TE, Hunt C, Sureban SM, Anant S, Houchen CW. Identification of a
novel putative gastrointestinal stem cell and adenoma stem cell marker,
doublecortin and CaM kinase-like-1, following radiation injury and in
adenomatous polyposis coli/multiple intestinal neoplasia mice. Stem Cells.
2008;26:630–7.
May R, Sureban SM, Hoang N, Riehl TE, Lightfoot SA, Ramanujam R, Wyche JH,
Anant S, Houchen CW. Doublecortin and CaM kinase-like-1 and leucine-richrepeat-containing G-protein-coupled receptor mark quiescent and cycling
intestinal stem cells, respectively. Stem Cells. 2009;27:2571–9.
Medema JP, Vermeulen L. Microenvironmental regulation of stem cells in
intestinal homeostasis and cancer. Nature. 2011;474:318–26.

Page 10 of 11

Metcalfe C, Kljavin NM, Ybarra R, de Sauvage FJ. Lgr5+ stem cells are
indispensable for radiation-induced intestinal regeneration. Cell Stem Cell.
2014;14:149–59.
Mihaylova MM, Cheng CW, Cao AQ, Tripathi S, Mana MD, Bauer-Rowe KE, AbuRemaileh M, Clavain L, Erdemir A, Lewis CA, et al. Fasting activates fatty acid
oxidation to enhance intestinal stem cell function during homeostasis and
aging. Cell Stem Cell. 2018;22(769–778):e764.
Montgomery RK, Carlone DL, Richmond CA, Farilla L, Kranendonk ME, Henderson
DE, Baffour-Awuah NY, Ambruzs DM, Fogli LK, Algra S, et al. Mouse
telomerase reverse transcriptase (mTert) expression marks slowly cycling
intestinal stem cells. Proc Natl Acad Sci U S A. 2011;108:179–84.
Morral C, Stanisavljevic J, Hernando-Momblona X, Mereu E, Alvarez-Varela A,
Cortina C, Stork D, Slebe F, Turon G, Whissell G, et al. Zonation of ribosomal
DNA transcription defines a stem cell hierarchy in colorectal Cancer. Cell
Stem Cell. 2020;26(845–861):e812.
Munoz J, Stange DE, Schepers AG, van de Wetering M, Koo BK, Itzkovitz S,
Volckmann R, Kung KS, Koster J, Radulescu S, et al. The Lgr5 intestinal stem
cell signature: robust expression of proposed quiescent ‘+4’ cell markers.
EMBO J. 2012;31:3079–91.
Murata K, Jadhav U, Madha S, van Es J, Dean J, Cavazza A, Wucherpfennig K,
Michor F, Clevers H, Shivdasani RA. Ascl2-dependent cell dedifferentiation
drives regeneration of ablated intestinal stem cells. Cell Stem Cell. 2020;
26(377–390):e376.
Nakanishi Y, Seno H, Fukuoka A, Ueo T, Yamaga Y, Maruno T, Nakanishi N, Kanda
K, Komekado H, Kawada M, et al. Dclk1 distinguishes between tumor and
normal stem cells in the intestine. Nat Genet. 2013;45:98–103.
Nusse YM, Savage AK, Marangoni P, Rosendahl-Huber AKM, Landman TA, de
Sauvage FJ, Locksley RM, Klein OD. Parasitic helminths induce fetal-like
reversion in the intestinal stem cell niche. Nature. 2018;559:109–13.
Pereira B, Amaral AL, Dias A, Mendes N, Muncan V, Silva AR, Thibert C, Radu AG,
David L, Maximo V, et al. MEX3A regulates Lgr5(+) stem cell maintenance in
the developing intestinal epithelium. EMBO Rep. 2020;21:e48938.
Powell AE, Wang Y, Li Y, Poulin EJ, Means AL, Washington MK, Higginbotham JN,
Juchheim A, Prasad N, Levy SE, et al. The pan-ErbB negative regulator Lrig1 is
an intestinal stem cell marker that functions as a tumor suppressor. Cell.
2012;149:146–58.
Qi Z, Chen YG. Regulation of intestinal stem cell fate specification. Sci China Life
Sci. 2015;58:570–8.
Rath E, Moschetta A, Haller D. Mitochondrial function - gatekeeper of intestinal
epithelial cell homeostasis. Nat Rev Gastroenterol Hepatol. 2018;15:497–516.
Roche KC, Gracz AD, Liu XF, Newton V, Akiyama H, Magness ST. SOX9 maintains
reserve stem cells and preserves radioresistance in mouse small intestine.
Gastroenterology. 2015;149(1553–1563):e1510.
Rodriguez-Colman MJ, Schewe M, Meerlo M, Stigter E, Gerrits J, Pras-Raves M,
Sacchetti A, Hornsveld M, Oost KC, Snippert HJ, et al. Interplay between
metabolic identities in the intestinal crypt supports stem cell function.
Nature. 2017;543:424–7.
Roth S, Fodde R. Quiescent stem cells in intestinal homeostasis and cancer. Cell
Commun Adhes. 2011;18:33–44.
Sangiorgi E, Capecchi MR. Bmi1 is expressed in vivo in intestinal stem cells. Nat
Genet. 2008;40:915–20.
Saqui-Salces M, Keeley TM, Grosse AS, Qiao XT, El-Zaatari M, Gumucio DL,
Samuelson LC, Merchant JL. Gastric tuft cells express DCLK1 and are
expanded in hyperplasia. Histochem Cell Biol. 2011;136:191–204.
Sato T, Vries RG, Snippert HJ, van de Wetering M, Barker N, Stange DE, van Es JH,
Abo A, Kujala P, Peters PJ, et al. Single Lgr5 stem cells build crypt-villus
structures in vitro without a mesenchymal niche. Nature. 2009;459:262–5.
Schell JC, Wisidagama DR, Bensard C, Zhao H, Wei P, Tanner J, Flores A, Mohlman
J, Sorensen LK, Earl CS, et al. Control of intestinal stem cell function and
proliferation by mitochondrial pyruvate metabolism. Nat Cell Biol. 2017;19:
1027–36.
Schmitt M, Schewe M, Sacchetti A, Feijtel D, van de Geer WS, Teeuwssen M,
Sleddens HF, Joosten R, van Royen ME, van de Werken HJG, et al. Paneth
cells respond to inflammation and contribute to tissue regeneration by
acquiring stem-like features through SCF/c-kit signaling. Cell Rep. 2018;
24(2312–2328):e2317.
Schuijers J, Junker JP, Mokry M, Hatzis P, Koo BK, Sasselli V, van der Flier LG,
Cuppen E, van Oudenaarden A, Clevers H. Ascl2 acts as an R-spondin/Wntresponsive switch to control stemness in intestinal crypts. Cell Stem Cell.
2015;16:158–70.

Liu and Chen Cell Regeneration

(2020) 9:14

Scoville DH, Sato T, He XC, Li L. Current view: intestinal stem cells and signaling.
Gastroenterology. 2008;134:849–64.
Signer RA, Magee JA, Salic A, Morrison SJ. Haematopoietic stem cells require a
highly regulated protein synthesis rate. Nature. 2014;509:49–54.
Simsek T, Kocabas F, Zheng J, Deberardinis RJ, Mahmoud AI, Olson EN, Schneider
JW, Zhang CC, Sadek HA. The distinct metabolic profile of hematopoietic
stem cells reflects their location in a hypoxic niche. Cell Stem Cell. 2010;7:
380–90.
Stine RR, Sakers AP, TeSlaa T, Kissig M, Stine ZE, Kwon CW, Cheng L, Lim HW,
Kaestner KH, Rabinowitz JD, et al. PRDM16 maintains homeostasis of the
intestinal epithelium by controlling region-specific metabolism. Cell Stem
Cell. 2019;25(830–845):e838.
Takeda N, Jain R, LeBoeuf MR, Wang Q, Lu MM, Epstein JA. Interconversion
between intestinal stem cell populations in distinct niches. Science. 2011;334:
1420–4.
Tetteh PW, Basak O, Farin HF, Wiebrands K, Kretzschmar K, Begthel H, van den
Born M, Korving J, de Sauvage F, van Es JH, et al. Replacement of lost Lgr5positive stem cells through plasticity of their enterocyte-lineage daughters.
Cell Stem Cell. 2016;18:203–13.
Tian H, Biehs B, Warming S, Leong KG, Rangell L, Klein OD, de Sauvage FJ. A
reserve stem cell population in small intestine renders Lgr5-positive cells
dispensable. Nature. 2011;478:255–9.
Tomic G, Morrissey E, Kozar S, Ben-Moshe S, Hoyle A, Azzarelli R, Kemp R,
Chilamakuri CSR, Itzkovitz S, Philpott A, et al. Phospho-regulation of ATOH1 is
required for plasticity of secretory progenitors and tissue regeneration. Cell
Stem Cell. 2018;23:436–43.
van der Flier LG, Clevers H. Stem cells, self-renewal, and differentiation in the
intestinal epithelium. Annu Rev Physiol. 2009;71:241–60.
van der Flier LG, van Gijn ME, Hatzis P, Kujala P, Haegebarth A, Stange DE,
Begthel H, van den Born M, Guryev V, Oving I, et al. Transcription factor
achaete scute-like 2 controls intestinal stem cell fate. Cell. 2009;136:903–12.
van Es JH, Sato T, van de Wetering M, Lyubimova A, Yee Nee AN, Gregorieff A,
Sasaki N, Zeinstra L, van den Born M, Korving J, et al. Dll1+ secretory
progenitor cells revert to stem cells upon crypt damage. Nat Cell Biol. 2012;
14:1099–104.
Vermeulen L, Snippert HJ. Stem cell dynamics in homeostasis and cancer of the
intestine. Nat Rev Cancer. 2014;14:468–80.
Wang B, Rong X, Palladino END, Wang J, Fogelman AM, Martin MG, Alrefai WA,
Ford DA, Tontonoz P. Phospholipid remodeling and cholesterol availability
regulate intestinal Stemness and tumorigenesis. Cell Stem Cell. 2018;22(206–
220):e204.
Wang S, Chen YG. BMP signaling in homeostasis, transformation and
inflammatory response of intestinal epithelium. Sci China Life Sci. 2018;61:
800–7.
Wang X, Yamamoto Y, Wilson LH, Zhang T, Howitt BE, Farrow MA, Kern F, Ning
G, Hong Y, Khor CC, et al. Cloning and variation of ground state intestinal
stem cells. Nature. 2015;522:173–8.
Wang Y, Chiang IL, Ohara TE, Fujii S, Cheng J, Muegge BD, Ver Heul A, Han ND,
Lu Q, Xiong S, et al. Long-term culture captures injury-repair cycles of
colonic stem cells. Cell. 2019;179(1144–1159):e1115.
Wang Y, Poulin EJ, Coffey RJ. LRIG1 is a triple threat: ERBB negative regulator,
intestinal stem cell marker and tumour suppressor. Br J Cancer. 2013;108:
1765–70.
Westphalen CB, Asfaha S, Hayakawa Y, Takemoto Y, Lukin DJ, Nuber AH,
Brandtner A, Setlik W, Remotti H, Muley A, et al. Long-lived intestinal tuft
cells serve as colon cancer-initiating cells. J Clin Invest. 2014;124:1283–95.
Wong VW, Stange DE, Page ME, Buczacki S, Wabik A, Itami S, van de Wetering M,
Poulsom R, Wright NA, Trotter MW, et al. Lrig1 controls intestinal stem-cell
homeostasis by negative regulation of ErbB signalling. Nat Cell Biol. 2012;14:
401–8.
Yan KS, Chia LA, Li X, Ootani A, Su J, Lee JY, Su N, Luo Y, Heilshorn SC, Amieva
MR, et al. The intestinal stem cell markers Bmi1 and Lgr5 identify two
functionally distinct populations. Proc Natl Acad Sci U S A. 2012;109:466–71.
Yan KS, Gevaert O, Zheng GXY, Anchang B, Probert CS, Larkin KA, Davies PS,
Cheng ZF, Kaddis JS, Han A, et al. Intestinal Enteroendocrine lineage cells
possess homeostatic and injury-inducible stem cell activity. Cell Stem Cell.
2017;21(78–90):e76.
Yin X, Farin HF, van Es JH, Clevers H, Langer R, Karp JM. Niche-independent highpurity cultures of Lgr5+ intestinal stem cells and their progeny. Nat Methods.
2014;11:106–12.

Page 11 of 11

Yousefi M, Li N, Nakauka-Ddamba A, Wang S, Davidow K, Schoenberger J, Yu Z,
Jensen ST, Kharas MG, Lengner CJ. Msi RNA-binding proteins control reserve
intestinal stem cell quiescence. J Cell Biol. 2016;215:401–13.
Yu S, Tong K, Zhao Y, Balasubramanian I, Yap GS, Ferraris RP, Bonder EM, Verzi
MP, Gao N. Paneth cell multipotency induced by notch activation following
injury. Cell Stem Cell. 2018;23(46–59):e45.
Yui S, Azzolin L, Maimets M, Pedersen MT, Fordham RP, Hansen SL, Larsen HL,
Guiu J, Alves MRP, Rundsten CF, et al. YAP/TAZ-dependent reprogramming
of colonic epithelium links ECM remodeling to tissue regeneration. Cell Stem
Cell. 2018;22(35–49):e37.
Zha JM, Li HS, Lin Q, Kuo WT, Jiang ZH, Tsai PY, Ding N, Wu J, Xu SF, Wang YT,
et al. Interleukin 22 expands transit-amplifying cells while depleting Lgr5(+)
stem cells via inhibition of Wnt and notch signaling. Cell Mol Gastroenterol
Hepatol. 2019;7:255–74.

