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ScienceDirect
The intestine is a vital organ mediating absorption of nutrients

and water. Following tissue damage, the intestine mounts a

remarkable regenerative response by reprogramming cellular

identity to facilitate reinstatement of homeostasis. Here we

review recent advances within intestinal regenerative biology

and the emerging concept of fetal-like reprogramming, in which

the adult intestinal epithelium transiently enters a repair-

associated state reminiscent of ontologically pre-existing

stages. We focus on molecular mechanisms governing

reprogramming of cellular identity via epithelial-mesenchymal

crosstalk, and how novel approaches in organoid technologies

enable identification and characterisation of cell-autonomous

repair responses within epithelial cells. Transitioning from the

single-cell level to tissue scale, we discuss clonal selection

following regeneration and associated pathological

repurcussions such as cancer and chronic inflammatory

diseases.
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Introduction
The adult mammalian intestine is composed of two

physiologically and morphologically distinct segments,

the small intestine and the colon (Figure 1a). In the small

intestine, intestinal stem cells (ISCs) are interspersed

between Paneth cells at the bottom of the crypts of

Lieberkühn — epithelial invaginations into the surround-

ing mesenchyme. Here, ISCs proliferate and give rise to
Current Opinion in Genetics & Development 2021, 70:40–47 
the full repertoire of mature cell types in the small

intestine comprising absorptive enterocytes, secretory

goblet and Paneth cells, tuft cells, as wells as enteroendo-

crine cells (Figure 1b). The colonic epithelium is hierar-

chically organised into the same major cell lineages as the

small intestine, with the notable absence of Paneth cells,

as alternative secretory cells are situated at the bottom of

colonic crypts. Through a combination of mitotic pressure

and active migration stem cell progeny is evicted from the

stem cell niche, facilitating differentiation and acquitis-

tion of cell type specific functions [1]. In the small

intestine, stem cell progeny move along the crypt-villus

axis and are eventually exfoliated at the villus tip,

whereas cellular extrusion occurs at the junction between

individual crypt-supported domains on the smooth

colonic luminal surface. The dynamic equilibrium

between cell loss and gain ensures continuous replenish-

ment of the intestinal epithelium and maintenance of the

barrier function during tissue homeostasis. In the event of

tissue damage, this homeostatic equilibrium is transiently

disrupted, as the intestinal epithelium mounts a remark-

able regenerative response to reinstate homeostasis. This

review mainly focuses on research emerging over the past

two years as significant advances has been made in

understanding the processes of intestinal regeneration

in this time span. As the processes of intestinal regenera-

tion are associated with significant alterations in cellular

identity, we will utilise the comprehensive term

‘reprogramming’ to encompass any change in cellular

identity following tissue injury, in line with a recent

commentary on nomenclature within cellular plasticity

across fields [2].

Programming intestinal identity during
development
In the context of reprogramming, regeneration and repair,

the shared prefix embracing all three terms traditionally

refers to the reinstatement of a pre-existing homeostatic

state before an injury-inducing insult. However, recently

it has become apparent that this prefix should also encom-

pass features of a transient return to ontologically pre-

existing and more primitive stages, namely those associ-

ated with the developing fetus. Such injury-associated

cellular reprogramming involving repression of transcrip-

tional programmes governing mature adult functions and

induction of fetal markers has been reported across a

number of tissues including liver [3], stomach [4], and the

intestine [5��,6��]. Importantly, transcriptional pro-

grammes in development are also associated with cellular

identity in disease [7–9]. Collectively, this supports that
www.sciencedirect.com
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Figure 1
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Organization of the intestinal epithelium.

(a) The adult small intestinal epithelium (top) and the adult colonic epithelium (bottom) is derived from an immature fetal stage largely devoid of

specified stem cells and defined lineage hierarchies. Through progressive tissue remodelling, the intestinal epithelium acquires its adult

architecture and the establishment of defined niches enables stem cell specification and implementation of cellular hierarchies. (b) Schematic

outline of the cellular hierarchy in the adult intestinal epithelium. Intestinal stem cells give rise to transit-amplifying cells and secretory precursors

which differentiate into the range of functional differentiated cell types found in the intestinal epithelium facilitating nutrient absorption and barrier

function maintenance. Illustrations were created using BioRender.com.
reprogramming of cellular identity is likely to be a com-

mon phenomenon associated with pathology.

The repurposing of developmental programmes during

injury-associated reprogramming underscores the impor-

tance of uncovering how the intestinal epithelium is

endogenously programmed through gene regulatory net-

works to obtain its adult state. It consequently holds

important implications for understanding the mecha-

nisms reactivated during adult intestinal repair, which

could offer opportunities to stimulate regeneration. It is

here important to point out that significant progress has

been made into understanding the relationship between

cells in the fetal and adult intestinal epithelium. This

covers cellular behaviour, morphological tissue remodel-

ling and elucidation of the transcriptional and epigenetic

basis for intestinal development and acquisition of tissue

identity and functionality. Elegant studies have
www.sciencedirect.com 
demonstrated that polycomb activity is important for

the transition into and maintenance of adult cellular

identity [10], and that the master regulator of posterior

endoderm identity, CDX2, navigates accessible chroma-

tin to activate expression of the intestinal specifier Hnf4a
and its paralog Hnf4g [11–13]. HNF4a/g subsequently

drives the progressive maturation of the intestinal epi-

thelium and ensures establishment and maintenance of

the enterocyte lineage during homeostatic turnover

[12,14]. Curiously, Cdx2 and Hnf4a were both part of a

cocktail of four transcription factors that enable the direct

reprogramming of mouse and human fetal fibroblasts

towards mature intestinal organoids [15], emphasising

the role of these factors in the induction of intestinal

identity. Beyond elucidating the transcriptional and epi-

genetic changes associated with the formation of a func-

tional adult epithelium, it is evident that cells in the fetal

intestinal epithelium are substantially different from their
Current Opinion in Genetics & Development 2021, 70:40–47
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Figure 2

Regenerating  
epithelium 

Dying stem cell 

Diphteria toxin 

y-irradiation 

Mesenchymal cell 

Secreted factors 

Collagen-enriched  
ECM 

Granuloma 

Injured adult small intestine 

Injured adult colon 

(a) (b)

Current Opinion in Genetics & Development

Schematics of injury models and repair mechanisms in the adult intestine.

(a) In the small intestine (top), g-irradiation and diphteria toxin treatment in combination with genetically modified animal expressing the diphteria

toxin receptor in ISCs have been employed to ablate adult stem cells, stimulating reprogramming of diverse cell types towards re-entering a stem-

like state mediated by epithelial-mesenchymal crosstalk and epithelial YAP1 activation. Similarly, helminth infections and associated granuloma

formation has been demonstrated to induce fetal-like reprogramming of the intestinal epithelium. In the adult colon (bottom), dextran sulfate

sodium (DSS) treatment induces severe damage through ablation of the colonic epithelium, stimulating vigorous regeneration and tissue

remodelling. Alterations in the repair-associated ECM stimulates YAP1 activation while mesenchymal secretion of a range of factors similarly

induce the repair-associated reprogramming. (b) Proposed model of fetal-like reprogramming of diverse adult epithelial cell types. Tissue injury

induces a transient state reminiscent of the immature fetal epithelium to facilitate tissue repair by stimulating proliferation and cellular plasticity.

Illustrations were created using BioRender.com.
adult counterparts. Here, quantitative lineage tracing has

demonstrated that the fetal epithelium consists of equi-

potent progenitors, all having the same intrinsic probabil-

ity of becoming adult stem cells. The transition into the

adult stem cell state is driven by tissue remodelling

bringing epithelial cells into proximity of the site of

the future stem cell niche, highlighting the inherent

plasticity of cells in the fetal state [16��]. This opens

up obvious questions regarding the instructive capacity of

the surrounding stroma and the nature of the developing

stem cell niche. Further unravelling the relationship

between gene regulatory networks, tissue morphogenesis

and evolving mesenchymal niches will advance our

understanding of how cellular identity and functionality

is coordinated during tissue growth. Here, emerging

characterisation of tissues from both development and

disease by single-cell expression analysis is likely to
Current Opinion in Genetics & Development 2021, 70:40–47 
provide instrumental insights into the mechanisms that

drive changes in cellular identity [17–19].

Reprogramming cellular identity during
intestinal repair
Intriguingly, recent evidence suggests that during injury

of the adult intestinal system, the epithelium transiently

reprograms to a more primitive fetal-like state repurpos-

ing the plasticity and mechanisms that instruct the devel-

oping intestine (Figure 2). Two complementary studies

reported that the adult epithelium of the colon and the

small intestine undergoes such transient fetal-like repro-

gramming following tissue injury [5��,6��]. In an experi-

mental colitis injury model, it was demonstrated that

changes in the composition of the extracellular matrix

(ECM) induces reprogramming of the colonic epithelium

to a fetal-like state via FAK/SRC-mediated activation of a
www.sciencedirect.com
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YAP1/TAZ-dependent transcriptional programme [5��].
Similarly, a comprehensive analysis of a series of injury

models in the small intestine revealed transient repro-

gramming to a fetal-like state [6��]. As observed in the

colon [5��], regeneration following g-irradiation-induced
injury also depends on YAP1 in the small intestine, where

genetic lineage tracing was employed to demonstrate that

reprogrammed cells expressing fetal-like markers actively

contribute to tissue regeneration [20]. It does however

remain unresolved whether the majority of cells undergo

transient reprogramming following damage or whether a

small subset of reserve stem cells are responsible for

tissue regeneration. Intriguingly, markers of the develop-

ing fetal intestine have been detected in the inflamed

epithelium in patients suffering from paediatric Crohn’s

disease and ulcerative colitis, suggesting that cellular

reprogramming is clinically relevant [18,19].

The extent to which cellular reprogramming plays a role

in tissue regeneration has become increasingly apparent

in recent years. Elegant studies have demonstrated that

ISCs are not required for tissue regeneration [21,22] and

that essentially all cell types found in the small intestine

and colon can contribute to restoration of tissue integrity

following damage. This includes Paneth cells [23–25],

terminally differentiated colonic epithelial cells expres-

sing Keratin20 [26] and Atoh1-expressing secretory cells

[27,28] (see also Ref. [29]). Yet, the relative importance of

each of these populations in tissue repair have remained

unclear. Interestingly, the introduction of a mutated

version of ATOH1 that cannot be phosphorylated by

cyclin dependent kinases severely compromises tissue

regeneration, suggesting that secretory cells play an

essential role during repair [27]. In addition to such

posttranslational control mechanisms, the reprogramming

process has been demonstrated to involve changes in

chromatin accessibility as secretory precursors re-enter

a stem-like state following injury [30], highlighting the

multi-level reorganisation required to enable cellular

reprogramming spanning transcriptional, epigenetic and

posttranslational alterations. Interestingly, another key

determinant of cellular identity in the intestine, ASCL2,

was identified as an essential regulator for restoring the

stem cell compartment following damage, albeit in a

process that does not involve reprogramming to a fetal-

like state [31]. Consequently, it appears that there are

multiple paths for resolving tissue damage, and it will be

important to outline how different types and severities of

injury influences specific cellular responses (Table 1).

Unravelling molecular mechanisms of
reprogramming
As the cellular sources mediating tissue regeneration and

the transient cell states associated with this process are

starting to unfold, it is pertinent to explore the molecular

mechanisms responsible for inducing identity reprogram-

ming. From the in vivo studies discussed above, YAP1
www.sciencedirect.com 
stands out as an essential relay hub for the activation of

the fetal-like injury response [5��,20]. The central role of

YAP1 and mechano-sensing in tissue regeneration and

cellular reprogramming is emphasised by evidence dem-

onstrating that YAP1 expression is sufficient to activate

the regenerative programme in the intestine [5��,32], and

even activate self-renewal mechanisms in differentiated

cell populations in a number of other tissue types [33].

Activation of the YAP1-driven response in the intestinal

epithelium has been reported to occur through changes in

the ECM composition [5��] and through stromal-derived

prostaglandin E2 (PGE2)-signalling [34,35]. PGE2 has

furthermore been suggested to promote intestinal repair

[36], although PGE2 has also been linked with context-

dependent effects that might not support tissue regener-

ation [37]. Careful characterisation of the stroma has

furthermore identified Wnt components as upregulated

during tissue regeneration [17] and the Wnt-agonist R-

spondin3 (RSPO3) as essential for tissue regeneration

[26,38]. Similarly, mesenchymal production of the epi-

dermal growth factor (EGF) family member neuregulin 1

(NRG1) stimulates epithelial proliferation following irra-

diation-induced intestinal injury [39]. These studies

highlight the intricate interactions between the epithe-

lium and the stroma in adult intestinal injury-associated

regeneration (Table 1). The recent surge in single-cell

transcriptome profiling techniques and the curation of

ligand-receptor interaction databases is likely to further

help elucidate time-resolved insight into stroma-paren-

chyma interactions during injury and repair, to expand on

recent advances in profiling mesenchymal populations in

development and disease [17,40]. Along similar lines and

refined by spatial resolution, single-cell technologies pro-

vide an attractive tool to shed light on the mechanisms

involved in the transient repair-associated reprogram-

ming of the intestinal epithelium along with mesenchy-

mal niches stimulating the different phases of intestinal

regeneration.

While the crosstalk between the repairing epithelium and

the supporting stroma seems vital for proper regeneration,

the complex cellular interactions in vivo complicate deci-

phering cell-autonomous versus non-cell autonomous

requirements for cellular reprogramming. The ability to

grow intestinal epithelial cells as organoids in a defined

medium composition without the addition of mesenchy-

mal cells represents a unique opportunity for disentan-

gling how cell fate is intrinsically regulated [41]. Follow-

ing the advent of the organoid technology, it has been

debated whether cells cultured as organoids represent a

homeostatic or a regenerative state. Evidently, changing

the matrix composition from basement membrane

extracts to match the collagen types produced by epithe-

lial cells during tissue regeneration evokes a transcrip-

tional state reminiscent of that of tissue regeneration via a

YAP1-dependent mechanism [5��]. This suggests that

organoid cultures represent a valuable model to study
Current Opinion in Genetics & Development 2021, 70:40–47
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Table 1

Molecular mechanisms of tissue repair in models of intestinal regeneration

In vivo

Organ Injury model Mechanism Reference

Colon

Dextran sulfate sodium

ECM-YAP1/TAZ [5��]
RSPO3 [26,38]

ATOH1 [27,28]

PGE2 [35]

Punch wound PGE2 [36]

Small intestine Helminth infection IFN-y [6��]
Diphteria toxin ASCL2 [31]

g-irradiation

ND [6��]
YAP1 [20]

ASCL2 [31]

NRG1 [39]

T-cell receptor activation ND [6��]
ND = not described

In vitro

System Approach Mechanism Reference

3D small intestinal organoids Collagen 3D matrix YAP1 [5��]
3D small intestinal organoids SCA1+ sorted cells following injury IFN-y [6��]
3D small intestinal organoids Single-cell dissociation YAP1 [42�]
3D small intestinal organoids Single-cell dissociation + drug screen Retinoic acid [43]

3D small intestinal organoids Drug treatment LSD1 [44]

2D colonic monolayer Air–liquid interface alteration HIF1 [46]
cell autonomous effects on cellular identity (Table 1).

Building upon these initial observations, temporal studies

of how organoids grow from single cells illustrated that

epithelial cells in the initial organoid-forming phase tran-

siently enter a repair-like state characterised by high

nuclear levels of YAP1 [42�], again highlighting YAP1

as a central signal-integrating hub in the multifaceted

reprogramming process. Combining this approach with a

drug-screen identified a number of compounds that drive

repair-like states, including an inhibitor of retinoic acid

receptor signalling that supports the regenerative state in
vitro [43]. Similar focused drug-screens investigating the

presence or absence of specific secretory lineages have

elucidated that lysine-specific demethylase 1 (LSD1) is

required for Paneth cell specification and its inhibition or

knock-out captures the intestinal epithelium in a fetal-

like repair-primed state [44,45]. As an alternative to

organoid cultures, epithelial cells cultured in a two-

dimensional air–liquid interface system was shown to

alternate between homeostatic and repair conditions sim-

ply by transitioning between the air or liquid interfaces,

respectively, in a hypoxia inducible factor 1a (HIF1a)-

dependent manner [46].

Emerging strategies for assessing cellular
reprogramming
As indicated above, studies of organoids derived from

adult tissues have provided valuable insight into how cells

transition between states. However, the observation that
Current Opinion in Genetics & Development 2021, 70:40–47 
cells reacquire fetal-like characteristics during tissue

regeneration has invigorated renewed interest into under-

standing the principles of normal intestinal development

given that understanding how the tissue forms can pro-

vide insight into regeneration following injury. The

implementation of culture techniques for stably main-

taining progenitors of the intestinal epithelium in their

immature state, resembling the state observed during

regeneration, is in this regard likely to complement

studies of adult organoids and facilitate insights into gene

regulatory networks involved in the transition from a

fetal-like regenerative state towards a homeostatic state

[47,48]. Moreover, the establishment of perfusable scaf-

fold-guided mini-intestines supporting long term cultures

of intestinal epithelial cells opens up new possibilities for

modelling the injury-repair process [49�]. This could be

performed in a reductionistic approach by epithelial

culture alone, or through the co-culture with a diverse

array of mesenchymal or immune cells, in order to start

disentangling the complex interplay between the diverse

components of the intestine during tissue regeneration.

Thus, the continuous refinement and characterisation of

in vitro cell culture methods are providing new tools for

assessing cell fate and behaviour relevant for tissue

regeneration.

Compositional consequences of regeneration
In addition to the above insights gained into understand-

ing the molecular drivers of transient injury-associated
www.sciencedirect.com



Regeneration induced reprogramming Larsen and Jensen 45
reprogramming at the cellular level, recent data has

started to unravel how tissue regeneration imposes selec-

tive pressure on mutation-carrying cells, leading to

changes in the clonal composition of the intestinal epi-

thelium at the tissue level. Excitingly, three complement-

ing papers have exquisitely demonstrated the positive

selection of cells harbouring mutations in the interleukin

(Il)-17 signalling pathway in ulcerative colitis, putatively

lending protection against the otherwise pro-apoptotic

IL-17 pathway induced during tissue injury [50–52].

Curiously, these mutations are rarely detected in colonic

cancer suggesting a negative selection of such clones in

the process of epithelial transformation. This discrepancy

between cellular fitness in diverse settings of pathology

along with the profiling of the somatic mutational land-

scape in normal colorectal epithelium [53] and insights

into age-associated mutational fixation and spread in the

colonic epithelial [54] will help uncovering the peculiar

discrepancies between mutational profiles in sporadic

versus colitis-associated colon cancer [55]. Insight from

these studies of mutational selection can hence be used to

infer signaling pathways and processes activated during

regeneration and in the progression towards malignant

transformation.

Conclusions and perspectives
The studies presented above highlights the wealth of

insight gained in the recent years leading to a significant

advancement in our understanding of the processes gov-

erning cellular reprogramming during intestinal regener-

ation. Emerging from these studies is the concept of fetal-

like reprogramming, in which the adult intestinal epithe-

lium transiently adopts characteristics of more primitive

stages of intestinal ontogeny following injury. With an

expanding list of cells capable of contributing to tissue

regeneration, cellular reprogramming seems a common

process that can be elicited in diverse cell types upon

multi-level integration of instructive signals. Enabled by

the development of new advances within single-cell

profiling technologies, organoid culture and genome engi-

neering, the field of intestinal regenerative biology is

entering an exciting era where it will be possible to

decipher whether the diverse array of reprogramming-

competent cells utilise convergent pathways to facilitate

the re-entry into the stem cell state, and how these

processes are molecularly orchestrated. With a current

epithelial-centric view of fetal-like reprogramming, it will

be interesting to expand the concepts of this transient

return to more primitive stages to uncover whether fetal-

like reprogramming is a phenomenon employed at mul-

tiple levels to also encompass reacquisition of the mor-

phological remodelling driving normal tissue develop-

ment in the epithelium as well as in the stroma. The

field of intestinal regenerative biology has so far primarily

studied the induction phases of tissue regeneration, and

consequently the process of resolution of the repair-

response allowing return to epithelial homeostasis
www.sciencedirect.com 
remains an enigma. Here it will be interesting to investi-

gate how occupancy of vacant stem cell niches might

drive resolution of repair, and how reinstatement of

proper tissue architecture following severe tissue destruc-

tion is coordinated with resolution of the reprogrammed

state. Given the role of YAP1 in activating fetal-like

reprogramming, and the well-established role of YAP1/

TAZ as sensors of mechanical cues and cell crowding, it

seems plausible that the increasing cell density following

wound closure at least partly forces exit from the repro-

grammed state. Gaining a deeper understanding of regen-

eration resolution could offer possibilities for controlling

this phase of the injury response, putatively preventing

the transition from acute to chronic inflammation and

hence preventing occurrence of tissue fibrosis and other

symptoms associated with this debilitating persistent

pathological state. By advancing our understanding of

these pertinent questions, the field of regenerative intes-

tinal biology moves closer towards realising the promise

of translating findings from basic science to the clinic,

benefitting the increasing number of patients suffering

from inflammatory bowel diseases.
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