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Abstract
Cellular plasticity is integral for restoring tissue homeostasis following damages. Studies on the
intra-epithelial mechanisms of tissue regeneration were greatly facilitated by the in vitro culture
of mouse and human 3-dimensional intestinal organoids. However, organoids are typically grown
in a reductionistic approach in the reconstituted hydrogel matrices that do not recapitulate the
complexity of the native environment. Moreover, epithelial repair in vivo involves many
extracellular matrix components and inputs from the mesenchyme.
In this dissertation work, epithelial regeneration is modeled by re-epithelializing decellularized
small intestinal matrix (iECM) ex vivo. iECM is a bare extracellular matrix of the small intestine
with distinct crypt and villi structures resembling native small intestinal architecture.
Interestingly, epithelial cells seeded on iECM displayed Tgfb pathway-dependent activation of the
fetal-like state, a pro-regenerative program necessary for tissue regeneration in vivo – suggesting
that the epithelial growth on iECM recapitulates the early epithelial response during tissue
regeneration. Furthermore, we identify Asporin (Aspn), an ECM-bound proteoglycan, as a critical
mediator of such injury-induced cellular reprogramming. Aspn is produced by the mesenchyme,
and we show that its effect on epithelial Tgfb-signaling via CD44 is critical for fetal-like
conversion. Furthermore, we demonstrate that Aspn is transiently increased upon chemotherapyinduced damage and is pivotal for a timely induction of the fetal-like state and tissue regeneration.
In contrast to young, persistently high level of Aspn in the old intestine stagnates damaged
epithelium in the fetal-like state, thereby compromising tissue repair. In addition, the aged ECM
microenvironment reduces the regenerative capacity of young intestinal epithelium by
suppressing intestinal stem cells (ISCs) ex vivo– underscoring the role of the ECM
microenvironment in epithelial aging. In summary, we establish a simple platform for modeling
epithelial injury responses ex vivo and show that the mesenchymal Aspn-producing niche controls
tissue repair by regulating epithelial fetal-like reprogramming.
This dissertation work further demonstrates intraepithelial mechanisms of the declined
regenerative capacity of the old intestinal epithelium. We show that the regenerative capacity of
the old intestinal epithelium is reduced due to the defects both in intestinal stem cells and altered
communication between ISCs and their Paneth cell niche. We demonstrate that excessive level of
Notum, an extracellular Wnt inhibitor – produced by the Paneth cell niche, contributes to the
decline of the regenerative capacity of ISCs during aging. Part of this dissertation work also
identifies smooth muscle-derived factors as modulators of intestinal stem cells at homeostasis and
regeneration. Mechanistically, smooth muscle-produced membrane-tethered matrix
metalloproteinase MMP17-mediated enzymatic cleavage of the diffusible factors, such as
Periostin, is necessary for ISCs during homeostasis and regeneration.
In summary, this dissertation work unfolds the dynamic nature and paracrine regulation of
intestinal stem cells by their mesenchymal and epithelial niche during homeostasis, regeneration,
and aging. These findings may enable designing therapeutics for promoting intestinal
regeneration and repair in chemotherapy recipient old humans.
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Literature review

1. Literature review
1.1 Stem cell niche
Adult stem cells maintain tissue function and repair. However, stem cells themselves are
maintained and regulated by their local microenvironment, aka the ‘niche.’ This concept of the
niche was originally proposed by Schofield, who suggested that stem cells reside in a fixed
specialized microenvironment – supportive to the stem cell functions (Schofield, 1978).
Subsequently, the essence of the stem cell niche was further elucidated, and broadly, the stem cell
niche components were categorized into the following six groups: (i) resident cellular
components, (ii) secreted factors, (iii) extracellular matrix including the basement membrane, (iv)
physical factors such as stiffness and topography, (v) hypoxia and metabolism, and (vi)
immunosurveillance (Fig. 1)(Lane et al., 2014). Essential components of a stem cell niche, with
the particular focus on small intestinal stem cell niche, are discussed below Resident cellular components: Heterotypic cell interactions and their bidirectional crosstalk are
essential for any stem cell niches. For example, in the small intestine, ISCs are juxtaposed by the
Paneth cells, which support the ISCs by providing essential ligands, including Wnt family member
3 (Wnt3), Delta-like canonical notch ligands (DLLs), and Epidermal growth factor receptor (EGF).
Accordingly, ISCs, which are marked by Leucine Rich Repeat Containing G Protein-Coupled
Receptor 5 (Lgr5) expression (Barker et al., 2007), possess their corresponding receptors,
including Frizzled-Lrp5/6, Notch, and EGFR, respectively (Clevers, 2013; Clevers and Bevins,
2013). Lgr5 encodes a serpentine receptor and is a part of a Wnt receptor complex. Intestinal
epithelial Lgr5, and its homolog Lgr4, act as receptors for the secreted Wnt agonists Rspondins
(Clevers, 2013; Clevers and Bevins, 2013). In the small intestine, Rspondin 1 and Rspondin 3 are
shown to be produced by the pericryptal mesenchymal niche such as Platelet-derived growth
factor receptor alpha (Pdgfra)low Fibroblast growth factor receptor 2 (Fgfr2)+ Vascular cell
adhesion molecule 1 (Vcam1)hig (Roulis et al., 2020) and Forkhead box L1 (Foxl1)+ Pdgfra+
(Shoshkes-Carmel et al., 2018) cells, respectively. Jointly, heterotypic cellular components such
as ISCs, with their Paneth cell and different mesenchymal cell types collectively constitute a
prototypical adult intestinal stem cell niche.
Secreted factors: Secreted factors are core for regulating stem cells’ self-renewal, differentiation,
and polarity (Barker et al., 2007; Mendez-Ferrer et al., 2008; Reya and Clevers, 2005; van Es et
al., 2012). In the small intestine, key signaling molecules including Wnts, Rspondins, extracellular
Wnt inhibitor Notum, EGF, Bone morphogenetic protein (Bmp), and Transforming growth factor
b (Tgfb) ligands are secreted (Clevers, 2013; Shoshkes-Carmel et al., 2018). A delicate balance
between secreted growth-promoting and growth-inhibitory factors is essential to the maintenance
of the stem cell niche.
Extracellular matrix: ECM molecules are critical components of the stem cell niche. ECM
proteins create a conducive microenvironment for the stem cell niche in a variety of ways. ECM
provides structural support, and cues via presenting ligands to their corresponding integrin
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receptors on stem cells, sequesters growth factors and releases the growth factors on-demand as
needed, and undergoes remodeling for promoting regeneration and restoring homeostasis postinjury (Williams et al., 1991; Yui et al., 2018).

Figure 1: Composition of the niche. Stem cell niches are constituted of heterotypic tissueresident cells, their secreted factors, immunosurveillance, extracellular matrix, physical factors,
and metabolic control (Lane et al., 2014) (Figure re-used with permission from Professor Fiona
Watt).
Physical factors: Physical factors such as geometry, shear stress, stiffness modulate stem cells’
self-renewal and differentiation (Gilbert et al., 2010; Holst et al., 2010; McBeath et al., 2004) and
constitute an essential part of the stem cell niche. For example, while high stiffness was shown to
increase the expansion of ISCs via yes-associated protein 1 (Yap1), soft matrix promoted
differentiation of ISCs (Gjorevski et al., 2016) – highlighting a crucial role of the physical factors
for maintaining self-renewal and differentiation of ISCs.
Hypoxia and metabolism: Adult stem cell niches often have altered environmental parameters
such as hypoxia and require a tightly controlled metabolic state for maintaining a long-term
quiescence and stem cell’s self-renewal (Lane et al., 2014). For example, hair follicle stem cells are
maintained in a hypoxic condition, and fate reversal of the progenitor cells to hair follicle stem
cells are dependent on mTORC2-driven reduction of glutamine metabolism and return to hypoxic
state (Kim et al., 2020). This highlights the interplay between hypoxia and metabolism in
maintaining stem cell state and cell fate conversion.
Inflammation and scarring: During damage-induced inflammation, immune cells dynamically
regulate stem cell niche and promote the restoration of tissue homeostasis (Fujisaki et al., 2011;
Jaiswal et al., 2009). For instance, prostaglandin E2 (PGE2) receptor PTGER4-expressing
macrophages support intestinal stem cell niche and promote epithelial regeneration upon damage
(Na et al., 2021).
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1.2 Small intestine
Small intestinal epithelium renews in 3-5 days, making it one of the fastest renewing tissues
(Barker et al., 2007; Cheng and Leblond, 1974; Clevers, 2013). Simultaneously, high cellular
turnover also makes the small intestine a prototypical organ for assessing tissue regeneration
post-injury. The small intestinal epithelium is composed of crypt-villus units (Fig. 2). Finger-like
projections called villi are covered with postmitotic intestinal cell types. Capillaries and lymph
vessels underneath of villus epithelium mediate transport of the absorbed nutrients into the body.
The base of each villus is covered with multiple epithelial invaginations known as crypts of
Lieberkühn, named after the discoverer Jonathan Nathanael Lieberkühn (1711-1756) (Fig. 2).
Crypts are home to vigorously proliferating epithelial cells, which drive the active renewal of the
intestinal epithelium.
Single cell RNAseq was widely applied to uncover the remarkable heterogeneity and subtypes of
individual cell types during homeostasis and regeneration (Glass et al., 2017; Grun et al., 2015;
Haber et al., 2017; Herring et al., 2018; Kolodziejczyk et al., 2015; Yan et al., 2017). However, there
are six major differentiated cell types have long been identified to constitute the small intestinal
epithelium (van der Flier et al., 2009b). Highly polarized columnar absorptive enterocytes, which
are characterized by luminal brush border, constitute the majority of the villus epithelium
(Clevers, 2013). Secretory goblet cells and enteroendocrine cells found both in crypts and villi
secrete mucus and a variety of hormones, respectively. Tuft cells may sense luminal contents and
reside randomly across the crypt-villus axis (Clevers, 2013). Paneth cell, named after its
discoverer Joseph Paneth (1857-1890), resides at the crypt bases and has long been recognized to
secrete bactericidal products such as lysozyme and defensins. Microfold (M) cells overlie on
Peyer’s patches, lymphoid accumulations, that may serve as sensing luminal antigens and play
critical roles in mucosal immunity (Clevers, 2013). Differentiated cell types are generated by the
crypt base columnar cells, which are later recognized as the intestinal stem cells, housed at the
base of the crypts.

1.2.1 Crypt base columnar cell
By using radioactive tracing via incorporation of 3H-thymidine, Cheng and Leblond first reported
that mitotically active diminutive slender Crypt Base Columnar (CBC) cells are intercalated
between the post-mitotic Paneth cells at the crypt base (Cheng and Leblond, 1974). Chemical
mutagenesis-based lineage tracing studies further elucidated that differentiated lineages derive
from CBC cells, which together with Paneth cells co-exist in a stem cell-permissive environment
(Bjerknes and Cheng, 1999; Winton et al., 1988). Thus, based on these earlier studies, a concept
of ‘stem cell zone’ was established. The daughter cells that exit the stem cell zone pass through
position 5 (Fig.3), which is one cell diameter away from the uppermost Paneth cell – a position
referred to as ‘common origin of differentiation’(Clevers, 2013). At this position 5, daughter cells
lose their direct contact with Paneth cells, commit toward individual lineages, and move upward,
except for maturing Paneth cell progenitors that migrate downward from position 5, leading
supposedly to the ‘oldest’ Paneth cells residing closest to the crypt base (Bjerknes and Cheng, 1981;
Clevers, 2013).
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1.2.2 Identification of small intestinal stem cells
The first indication of a Wnt-pathway dependent shared genetic program between colorectal
cancers and crypts was revealed in 2002, when Lgr5 was identified as one of the top enriched
genes (van de Wetering et al., 2002). Consequently, Lgr5 EGFP-IRES-CreERT2 mouse model first
showed the expression of Lgr5 in CBC cells and identified around 15 cycling Lgr5GFP+ cells, which
were intercalated between the Paneth cells in each crypt (Barker et al., 2007). Lineage tracing in
Lgr5 EGFP-IRES-CreERT2; Rosa26LacZ mice demonstrated the daughter cells from Lgr5+ cells are
marked with LacZ for the lifetime of the mice – affirming the Lgr5+ stem cell’s self-renewal and
differentiation capability (Barker et al., 2007). Subsequently, single Lgr5-EGFP cells were FACSsorted and cultured as ever-expanding self-organized ‘mini-guts’ or organoids (Sato et al., 2009).
Furthermore, fluorescence-activated cell-sorting (FACS) of Lgr5GFP+ cells unveiled the additional
stem cell signature genes (Munoz et al., 2012; Van der Flier et al., 2007). Thus, a number of other
stem cell markers such as Ascl2 (van der Flier et al., 2009b) and OlfM4 (van der Flier et al., 2009a)
were identified and functionally validated. In addition, Musashi-1 (Potten et al., 2003), Prominin
1/CD133 (Zhu et al., 2009) and CD44 (Gracz et al., 2013) were shown to mark both stem and
progenitor cells.

Figure 2: Composition of small intestinal stem cell niche.
While the stem cells (green) intercalated with the post-mitotic Paneth cell (red) niche at the crypt
base, differentiated cells are largely located across the crypt-villus axis. Correspondingly,
growth factors favoring the stemness, such as canonical Wnt ligands produced both by epithelial
and mesenchymal niches are asymmetrically distributed around the crypt base, and growth
factors promoting differentiation such as Tgfb and Bmp ligands are largely located, with the
increasing gradient, along the crypt-villus axis. Although the stem cells divide once in 24 hours,
transit amplifying cells (TA) are thought to divide in 12-16 hours. Increasing cell pool generated
in the highly proliferative crypt compartment pushes differentiated cells (except the Paneth cells)
up to the villi tip, where they shed off – albeit recent report also demonstrated enterocytes could
actively migrate towards villi tip.
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1.2.3 Reserve stem cells
Some rare cells located at the +4 region of the crypt (Fig. 3) were shown to be activated upon
injury and take part in tissue regeneration. Proposed quiescent ‘+4’ reserve stem cell markers were
Bmi1 (Sangiorgi and Capecchi, 2008), mTert (Montgomery et al., 2011), Hopx (Takeda et al.,
2011) and Lrig1 (Powell et al., 2012) (Fig. 3). However, further studies revealed that expressions
of Bmi1, Hopx, and Lrig1 were not restricted to +4 cells (Munoz et al., 2012). In fact, these markers
were also found to be robustly expressed by CBC cells (Munoz et al., 2012), confounding the earlier
findings. For example, lineage tracing studies based on the Bmi1-expression demonstrated that
Bmi1+ cells occur specifically at +4 cells (Sangiorgi and Capecchi, 2008), but Lgr5+ cells were
shown to have elevated levels of Bmi1 (van der Flier et al., 2009b). In addition, Bmi1 transcripts
were shown to be expressed in all crypt cells (Itzkovitz et al., 2011). Another lineage tracing study
from Bmi1-locus also revealed a broad expression pattern of Bmi1 (Tian et al., 2011). Furthermore,
Lrig1, which was initially thought to be a marker of reserve stem cells localized at +4 position, was
also shown to have high expression in CBC cells (Wong et al., 2012). Additionally, Mex3aexpressing a sub-population of Lgr5+ stem cells, largely located at +3 and +4 position of the
crypts, was shown to mark reserve-like stem cells, that can promote epithelial regeneration upon
chemotherapy (Barriga et al., 2017).
Based on all these contrasting pieces of evidence, it was concluded that Lgr5 marks the primary
stem cells for constant renewal of the intestinal epithelium, with a pool of quiescent ‘reserve’ stem
cells that may exist above the crypt base (Li and Clevers, 2010).

Figure 3: Putative location of the reserve stem cells.
Reserve stem cells are supposedly located at the +4 position, above the uppermost Paneth cells
of the crypt. The +5 position, where cells are no longer in contact with Paneth cells, is known as
the common origin of differentiation.

1.2.4 CD44 as a marker of stem and progenitor cells
CD44 marks intestinal stem and progenitor cells (Gracz et al., 2013). CD44 is a multi-structural
and multifunctional transmembrane glycoprotein and a recognized receptor for many ligands,
including Asporin (Wang et al., 2017) and hyaluronic acid (Turley et al., 2002). Alternative
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splicing of CD44 transcript yields in multiple isoforms such as CD44 standard isoform (CD44s)
and CD44 variant isoforms (CD44v) (Fig.4) (Erb et al., 2014; Guo and Frenette, 2014; Jordan et
al., 2015). CD44 has been implicated in a plethora of biological events such as cellular adhesion,
angiogenesis, inflammation, migration, tumorigenesis (Jang et al., 2011; Nagano and Saya, 2004).

Figure 4: Schematic of the different isoforms of CD44 gene and pre-mRNAs.
Transmembrane domain (TM); Intracellular cytoplasmic domain (ICD); Untranslated region
(UTR). Adapted from Bourguignon, 2019.
CD44 is a Wnt target gene (Schmitt et al., 2015) and enriched in the mouse and human intestinal
stem cells and progenitor cells (Gracz et al., 2013; Munoz et al., 2012) providing relevance to the
pathways related to CD44-binding ligands to stem cell functions and maintenance. Additionally,
CD44 was demonstrated to be critically important for epithelial-mesenchymal transition and a
recognized marker for a variety of cancer stem cells (Xu et al., 2015) indicating a broader role of
CD44 in tumorigenesis.
CD44 modulates multiple pathways, including Tgfb signaling pathway (Xu et al., 2015).
Interestingly, cytoplasmic domains of CD44 and TgfbRI receptors were shown to be physically
connected and reported to activate Tgfb signaling upon binding with hyaluronic acid, bypassing
Tgfb ligands-mediated classical route of Tgfb activation (Fig. 5) (Bourguignon et al., 2002).
Studies further elucidated Tgfb-mediated regulation of CD44 expression in different cancer cell
lines. For example, Tgfb1 was demonstrated to upregulate CD44 expression in the prostate cancer
cell lines (Shang et al., 2015), hepatocellular carcinoma, and oral cancer (Fernando et al., 2015;
Kinugasa et al., 2015). In addition, CD44 was also reported to phosphorylate STAT3 and activate
hTERT by interacting with NF-kB in the nucleus. This signaling axis was further shown to increase
CD44 expression (Chung et al., 2013).
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Figure 5: Hyaluronic acid mediated activation of canonical Tgfb signaling.
CD44 is physically connected to TgfbRI and can activate canonical Tgfb signaling upon binding
to its ligand Hyaluronic acid (HA) via Tgfb ligand-independent mechanism. Adapted from
Bourguignon et al., 2002.

In addition to modulating Tgfb and NF-kB pathways, CD44 regulates Epithelial Mesenchymal
Transition (EMT) (Xu et al., 2015). EMT is a tightly regulated and highly conserved biological
program (Zhang and Weinberg, 2018), which plays a critical role in tissue regeneration (Kalluri,
2009). Epithelial cells adapt EMT to change their identities and acquire mesenchymal-like
properties (Zhang and Weinberg, 2018). EMT plays critical roles in development, regeneration,
and cancer progression (Kalluri, 2009; Zhang and Weinberg, 2018). EMT increases the expression
of CD44. For example, expression of EMT-related genes such as TWIST1, SNAI1, ZEB1, and SLUG
was positively correlated with CD44 expression (Xu et al., 2015). Likewise, CD44 was also shown
to promote EMT in a diverse set of cancers, including colorectal cancer and gastric cancer (Xu et
al., 2015). Also, CD44 was also reported to play an important role in tissue regeneration (BertauxSkeirik et al., 2017; Kikuchi et al., 2005). Recent findings demonstrate that, in response to
irradiation-induced injury, the CD44+ population was expanded in the regenerating intestine
(Nusse et al., 2018) – indicating a potential role of CD44 and CD44-regulated pathways such as
Tgfb and EMT pathways in intestinal regeneration. In sum, CD44 regulates multiple pathways
such as Tgfb and NF-kB pathways, and EMT program with broad roles in development,
regeneration, and tumorigenesis.

1.2.5 Growth factors’ compartmentalization
The small intestine is a highly compartmentalized organ with different cell types, and growth
factors with both growth-promoting and inhibitory functions are localized to their specific
positions across the crypt-villus axis (Fig. 2-3) (Bahar Halpern et al., 2020; Sumigray et al., 2018).
While the stem cells, their progenitors, and differentiated Paneth cells are localized within the
crypt, other differentiated cell types such as goblet cells and enterocytes are largely localized to
the villus axis. Correspondingly, signaling factors permissive for stemness are restricted to the
crypt base, and molecules that favor or maintain differentiation are preferentially localized to the
villus compartments. Although it was previously known that positions of enterocytes across the
villus axis are proportional to the age of the enterocytes (Moor and Itzkovitz, 2017) and exposure
to the morphogen gradient and hypoxia (Crosnier et al., 2006), spatial transcriptomic revealed
broad zonation of the epithelial gene expression along the villus axis (Moor et al., 2018). For
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example, enterocytes positioned at the villi bottom express Reg family members, such as Reg3b
and Reg3g, and other peptides that were shown to be involved in the host-microbial interactions
such as enterocyte inflammasome Nlrp6 (Elinav et al., 2011), Il18 (Nowarski et al., 2015),
suggesting a protective layer of the defensive zone above the crypt base to safeguard the intestinal
stem cell niche from pathogenic microbial exposure (Moor et al., 2018). In addition, enterocytesmediated nutrient transporters are also functionally compartmentalized across the villi axis.
While amino acid and carbohydrate transporters are enriched at the mid-villi region, peptides and
cholesterol transporters and lipoprotein biosynthetic machinery are preferentially positioned at
the top of the villi (Moor et al., 2018). Lgr5+ villus telocytes were shown to regulate the spatial
transcriptomic program of the villus enterocytes by Bmp morphogens and non-canonical wnt
ligand Wnt5a (Bahar Halpern et al., 2020). Hormone expression of the enteroendocrine cells is
changed along with the change of the Bmp signaling gradient along the crypt-villus axis (Beumer
et al., 2018). Collectively, these findings demonstrate the intricate yet highly ordered
compartmentalization of different subtypes of epithelial and mesenchymal cells, each dedicated
with specialized functions along the line of the crypt-villus axis.

1.2.6 Intestinal stem cell niche
The Discovery of CBC cells as Lgr5+ intestinal stem cells (Barker et al., 2007) led to the
understanding of how stem cells are maintained within the niche. Initial findings revealed that
Paneth cells are likely to serve as stem cell niches (Clevers and Bevins, 2013; Sato et al., 2011b).
However, later findings revealed that Paneth cells are dispensable (Kim et al., 2012), which
spurred investigation for finding an extra-epithelial source of niche signals. Subsequently, the
indispensable role of the intestinal mesenchymal population was reported for the maintenance of
intestinal stem cells (Shoshkes-Carmel et al., 2018). The composition of both epithelial and extraepithelial niches is described below -

1.2.6.1 Epithelial niche for ISCs
Stem cell niches are defined by their local microenvironments that provide physical supports
and/or molecular signals necessary for the self-renewal and differentiation of the stem cells and
progenitor cells. Wnt signaling was demonstrated as a cardinal signaling pathway required for the
maintenance and proliferation of stem and progenitor cells – as evident by a loss of proliferation
when Wnt inhibitor Dickkopf-1 is overexpressed in the intestinal epithelium (Kuhnert et al., 2004;
Pinto et al., 2003). Consequently, Paneth cell was shown to constitute the niche for Lgr5+
intestinal stem as evidenced by the findings of the Paneth cell’s ability to support intestinal stem
cell functions by providing Wnt3, EGF, and Notch ligands Dll1 and Dll4 – constituting at least
part of the niche (Sato et al., 2011b; Sato et al., 2009). Using the Lgr5 EGFP-IRES-CreERT2; Rosa26Confetti
mouse, it was shown that intestinal stem cells divide symmetrically and compete for their niche
signals, that is, for being directly in contact with the Paneth cells (Sato et al., 2011b; Snippert et
al., 2010). Correspondingly, cells that lose contact with the Paneth cells may receive reduced niche
support and lose stemness and differentiate into transit amplifying cells (Clevers, 2013).
Furthermore, Paneth cells were also demonstrated to increase the Lgr5+ cell’s organoid formation
capacity in vitro (Sato et al., 2011b; Yilmaz et al., 2012).

8

Literature review

Despite having this robust evidence on the critical roles as a stem cell niche, Paneth cells were
found dispensable in the maintenance of the intestinal stem cells – as shown by the complete loss
of Paneth cells in vivo by targeting transcription factor Math1/Atoh1 (Durand et al., 2012; Kim et
al., 2012). In fact, even a decade before the discovery of the identity of the intestinal stem cells,
the dispensable role of Paneth cells in maintaining the putative stem cell compartment in the
intestinal crypt was revealed (Garabedian et al., 1997). In addition, epithelial-specific deletion of
Wnt3 (Farin et al., 2012) or depletion of Wnt processing protein Porcupine (Kabiri et al., 2014;
San Roman et al., 2014) did not affect intestinal stem cell maintenance, further justifying that
Paneth cell is not a quintessential niche for the intestinal stem cells in vivo. Jointly, these findings
substantiated the existence of the extraepithelial Wnt sources in the maintenance of intestinal
stem cells in vivo (Aoki et al., 2016).

1.2.6.2 Mesenchymal niche for ISCs
The intestinal epithelium is associated in close proximity of sub-micrometer distances with the
mesenchyme (Shoshkes-Carmel et al., 2018). Intestinal mesenchyme is composed of diverse yet
poorly defined mesenchymal cell types (Kinchen et al., 2018). Recent studies attempted to address
the heterogeneity of intestinal mesenchyme by performing single-cell RNA-sequencing
(Degirmenci et al., 2018; McCarthy et al., 2020; Roulis et al., 2020). Roulis and colleagues
categorized intestinal mesenchymal cell population into four distinct fibroblasts groups with all
expressing different levels of Pdgfra: Group 1 (enriched with Cd34 and Has1); Group 2 (enriched
with Cd34 and Fgfr2 with four different subgroups); Group 3 (enriched with Cajal-cell marker
Ano2) and Group 4 (enriched with myofibroblasts marker Acta2) (Roulis et al., 2020). While
Pdgfrahigh cells were restricted to early villus formation, Pdgfralow cells were found to be localized
to the rest of the mesenchyme (Roulis et al., 2020). Further studies revealed that Bmp signaling
gradient, being at a lower level in the crypt base and higher at the villus tip, was regulated by
Pdgfralow CD81high trophocytes at the crypt base (McCarthy et al., 2020). Additionally, CD34+
Gp38+ mesenchymal cells were reported to promote tissue regeneration upon Dextran Sodium
Sulfate (DSS)-induced colitis model (Stzepourginski et al., 2017). The essential roles of different
types of mesenchymal cells in homeostasis, regeneration, and diseases are further discussed below
-

Foxl1+ mesenchymal cells
Forkhead box l1 (Foxl1) mesenchymal cells were shown to be an integral part of the intestinal stem
cell niche (Aoki et al., 2016; Shoshkes-Carmel et al., 2018). Foxl1 is expressed at a low level in the
adult stomach and intestine and in the mesodermal layer surrounding the primitive fetal gut tube
(Aoki et al., 2016). Foxl1+ telocytes are large and flat mesenchymal cells with over 100 µm
cytoplasmic processes/telopodes encompassing the adult intestinal epithelium (Shoshkes-Carmel
et al., 2018). After administering diphtheria toxin in a transgenic mice line harboring human
Diptheria Toxin Receptor (hDTR) in Foxl1-expressing cells, length of the small intestine and colon
was reduced, indicating reduced regeneration caused by the depletion of Foxl1+ cells (Aoki et al.,
2016). Foxl1+ mesenchymal cells are distinct from a-smooth muscle actin (a-SMA) and Myh11
expressing mesenchymal cells (Aoki et al., 2016). Intestinal telocytes also express Pdgfra, which
marks undifferentiated mesenchymal cells (Morikawa et al., 2009). Foxl1+ Pdgfra+ telocytes form
a continuous plexus underneath the epithelial sheath and support the entire epithelium
(Shoshkes-Carmel et al., 2018) – from the crypt base to the villus tip, suggesting possible
differential roles of the Foxl1+ Pdgfra+ cells depending on their positions across the crypt-villus
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axis. Indeed, Foxl1+ Pdgfra+ telocytes were shown to produce growth factors – both activators and
repressors of the major signaling pathways, notably, Wnt, Shh, Bmp, and Tgfb pathways, in a
compartmentalized manner. While telocytes near the crypt base were shown to have enriched
Wnt2b (Valenta et al., 2016), an activator of canonical Wnt signaling and Wnt5a, which acts via
planar cell polarity pathway, was enriched at the crypt-villus junction, expression of R-spondin3,
a Wnt agonist, was restricted the near the pericryptal region (Shoshkes-Carmel et al., 2018).
Likewise, expression of Sfrp1, which encodes a secreted frizzled protein, a decoy receptor to limit
the Wnt signaling, was increased at the crypt-villus junctions. In line with this, expression of Dkk3,
an inhibitor of Wnt signaling and BMP ligand, Bmp5, was higher at the crypt-villus junctions than
the crypt base (Shoshkes-Carmel et al., 2018). Of note, R-spondin3 was produced by both Foxl1+
Pdgfra+ and Foxl1- Pdgfra+ population (Shoshkes-Carmel et al., 2018). Jointly, these findings
highlight an important role of Foxl1+ mesenchymal cells in maintaining intestinal epithelial
homeostasis and regeneration.
However, it remains to be explored how Foxl1+ Pdgfra+ telocytes maintain and co-ordinate the
activators and repressors of the same signaling pathways and how those factors are
compartmentalized in homeostasis, and particularly, during injury-induced regeneration and
diseases. It also remains to be uncovered whether those telocytes are mobilized underneath the
crypt-villus in response to injury and other diseases. Interestingly, recent findings demonstrated
compartmentalization of the Wnt and nuclear Yap signaling were perturbed during injury and
subsequently restored upon completion of the regeneration (Guillermin et al., 2021), suggesting
that compartmentalized growth factors maintain homeostasis and possibly, protect from
uncontrolled epithelial proliferation post tissue restitution.

Gli1+ mesenchymal cells
Intestinal Gli1+ mesenchymal cells were shown to be long-lived, have an overlapping expression
pattern as Pdgfra-expressing cells and be able to differentiate in vitro to smooth muscle,
osteoblasts, and adipocytes (Kramann et al., 2015). Single cell RNAseq study unraveled that
colonic mesenchyme produces Wnt2, Wnt2b, and Wnt4 ligands and constitutes an essential niche
for the colonic stem cells (Degirmenci et al., 2018). Specifically, Gli1+ mesenchymal cells were
demonstrated as an essential Wnt producing niche for colonic stem cells and a reserve niche for
the small intestinal stem cells (Degirmenci et al., 2018). Gli1+ mesenchymal cells are important
for the regeneration of the colonic epithelium in a DSS-induced colitis model (Degirmenci et al.,
2018).

Aspn+ mesenchymal cells
Asporin (Aspn) is a stromally produced secreted class I Short Leucine Rich Repeat Proteoglycans
(SLRP) (Maris et al., 2015), and a ligand for CD44 transmembrane receptor (Satoyoshi et al., 2015;
Wang et al., 2017). Aspn was reported to physically bind to CD44 and activate inflammation via
the Nf-kB pathway and EMT (Satoyoshi et al., 2015; Wang et al., 2017).
The mechanistic link between Aspn and activation/inhibition of Tgfb signaling is confounding.
For example, Aspn was shown to be both activator and inhibitor of Tgfb signaling. Extracellular
Aspn was reported to inhibit Tgfb signaling by binding to the Tgfb ligands, thereby reducing the
available pool of extracellular Tgfb ligands for the activation of canonical Tgfb signaling (Maris et
al., 2015; Nakajima et al., 2007). Curiously, however, intracellular Aspn was shown to promote
Tgfb signaling by physically interacting with Smad2/3 and promoting their nuclear translocation
(Li et al., 2019). Furthermore, recent findings indicated that ASPN is an activator of canonical

10

Literature review

Tgfb signaling in gastric tumor (Basak et al., 2021). Moreover, Aspn was further demonstrated to
promote canonical Tgfb signaling by recycling Tgfb Type I receptor in lung myoblasts
differentiation (Huang et al., 2021). Thus, opposite roles of Aspn – either as Tgfb activator or
inhibitor – is, perhaps, determined in a context-dependent manner. Also, the available pool of its
interacting ligands (such as Tgfbs) or its receptor (such as CD44) in a specific cell type might set
the mode of its functionality in different cell types.
The role of Aspn was explored in greater detail in tumorigenesis. Aspn is overexpressed in the
reactive stromal cells, including in cancer-associated fibroblasts and tumor microenvironment of
the prostate (Hurley et al., 2016; Orr et al., 2012; Rochette et al., 2017), breast (Castellana et al.,
2012), scirrhous gastric (Satoyoshi et al., 2015) and pancreatic cancers (Wang et al., 2017).
Compared to the adjacent benign tissue, ASPN was reported to be enriched in gastric cancer, and
its expression was positively correlated with EMT markers and recognized as a prognostic marker
for gastric cancer (Basak et al., 2021). Similar conclusions were drawn by Ding and colleagues,
who demonstrated that ASPN is overexpressed in carcinoma tissues, and it plays an oncogenic
role in gastric cancer progression and metastasis, partly by modulating EGFR signaling (Ding et
al., 2015). Interestingly, Aspn expression was significantly increased in the fetal prostate
mesenchyme, indicating an important role of Aspn during development (Orr et al., 2012;
Schaeffer et al., 2008). In line with this, ASPN was shown to be necessary for mesenchymal
stromal cell self-renewal and prevent differentiation, and the tumor microenvironment is
enriched with ASPN(Hughes et al., 2019). Furthermore, prostate tumor allografts transplanted in
Aspn-null mice demonstrated tumor-associated mesenchymal stromal cells, diminished cancer
stem cells, declined tumor vasculature, and notably, robust impairment of lung metastasis
(Hughes et al., 2019). Jointly, these findings highlight a major role of mesenchymal Aspn in
tumorigenesis in a variety of tissues.
In addition to its role in tumorigenesis, Aspn was demonstrated to be de-regulated upon aging.
For example, Aspn level was increased in the aging brain (Kalamakis et al., 2019) and plasma
(Lehallier et al., 2019). Aspn was also associated with age-related degenerative diseases such as
lumbar-disc degeneration (Gruber et al., 2009; Loughlin, 2011). In summary, although previous
findings demonstrate the role of Aspn in tumorigenesis, and indicate its association in aging, the
potential role of Aspn in CD44+ intestinal stem cell maintenance during homeostasis,
regeneration, and aging remains unexplored.

Smooth muscle cells
Smooth muscle cells are positionally restricted both in ‘muscularis mucosae’, as a single layer
underneath the lamina propria, and outside of the mucosa in the ‘muscularis propria’ in two thick
layers, constituting circular and longitudinal muscle (Fig. 6). Smooth muscle cells express SMA
and Desmin (Pinchuk et al., 2010; Powell et al., 2011; Roulis and Flavell, 2016).
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Figure 6: Simplified schematic of the muscularis mucosa and muscularis
propria.
The composition of the muscularis propria (orange) and muscularis mucosa (pink) is shown.
Circular muscle, myenteric plexus, and longitudinal muscle constitute muscularis propria.

Previous findings demonstrate that smooth-muscle specific deletion of tumor suppressor genes
can result in altered epithelial growth, highlighting the role of smooth muscle in maintaining
tissue homeostasis (Katajisto et al., 2008). Interestingly, in response to injury, smooth muscle
cells were reported to be mobilized to mucosa to facilitate tissue repair (Chivukula et al., 2014).
However, it remains largely unclear whether smooth muscle cells can act as a niche to modulate
ISC functions during homeostasis and regeneration.

1.3 Major Signaling pathways in the intestine
1.3.1 Wnt signaling
1.3.1.1 Wnt signaling as a driving force for intestinal stem cells
The Wnt signaling pathway was originally described as one of the crucial developmental pathways
in both vertebrates and invertebrates (Cadigan and Nusse, 1997). However, the first indication for
the role of Wnt signaling in the adult tissues came from Tcf-4 (Tcf7L2) knockout mice, which
demonstrated a lack of proliferation in the crypt epithelium (Korinek et al., 1998). Subsequently,
by genetic deletion of b-catenin, or inhibiting Wnt signaling by recombinant Dkk1, a major role of
Wnt signaling was shown in maintaining the crypts in homeostasis (Kuhnert et al., 2004; Pinto et
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al., 2003). Later, the role of Wnt signaling was further established in other stem cell
compartments, such as in skin and bone marrow (Reya and Clevers, 2005).
Wnt signaling was shown to exist in a gradient manner along the crypt axis, as this was initially
recognized from the highest nuclear b-catenin level at the crypt base (Kongkanuntn et al., 1999;
van de Wetering et al., 2002). Such Wnt gradient putatively regulates the positional context of the
crypt cells. For example, cell sorting receptors such as EphB2 and EphB3 are Wnt target genes
and were shown to present in a gradient manner – being highest at the crypt base, mirroring the
Wnt gradient (Schepers and Clevers, 2012).
Lgr5, a Wnt target gene, and marker of small intestinal stem cells is a member of a serpentine
family of receptors that are characterized by a ligand-binding large extracellular domain(Barker
et al., 2007; Clevers, 2013). Although Lgr5-deficient mice die one day after birth (Morita et al.,
2004), conditional deletion of Lgr5 does not exhibit any obvious phenotype in the intestine (de
Lau et al., 2011). Lgr5 is co-expressed with Lgr4 in the crypt epithelium (de Lau et al., 2011). Lgr4
supposedly acts agonistically with Lgr5 in the Wnt signaling (Schepers and Clevers, 2012).
R-spondins are small, secreted proteins reported to activate b-catenin signaling (Kazanskaya et
al., 2004; Kim et al., 2005). Overexpression of R-spondin1 or injection of recombinant R-spondin1
was shown to expand crypt epithelium (Kim et al., 2005). In line with this, R-spondin1 was
demonstrated to increase regeneration in radiation-challenged mice (Bhanja et al., 2009;
Takashima et al., 2011). There are four isoforms of R-spondins (R-spondin1, R-spondin2, Rspondin3, and R-spondin4). All isoforms were reported to bind leucine-rich domains of Lgr4,
Lgr5, and Lgr6 (Carmon et al., 2011; de Lau et al., 2011). However, Lgr proteins in the
Frizzled/Lrp5-6 complexes were found to be facultative. In support of this, Lgr4 depletion,
although abolished the R-spondin1 effect – Wnt3a-mediated effect, was found unaltered (Carmon
2011, de Lau 2011). Jointly, R-spondin/Lgr5 interaction, together with Frizzled/Lrp5-6
complexes, facilitates the propagation of the canonical Wnt signaling and maintenance of the
small intestinal stem cells.

1.3.1.2 Activated Wnt signaling in intestinal cancer
Adenomatous Polyposis Coli (APC) is mutated in the majority of sporadic colorectal cancer
(Kinzler and Vogelstein, 1996). Additionally, in sporadic colorectal cancers, where APC is not
mutated, mutation in Wnt target gene Axin2 or activating mutation in b-catenin destruction
complex was found (Morin et al., 1997), suggesting that Wnt signaling is deregulated in a very
large share of the sporadic colorectal cancers. Although overactivated Wnt signaling drives
polyposis, other mutations such as activating mutations in RAS or inactivating mutation of P53,
SMAD4, and PTEN were found to be required later stages during adenoma progression (Fearon
and Vogelstein, 1990; Janssen et al., 2006; Luo et al., 2009; Marsh et al., 2008).

1.3.1.3 Deregulated Wnt signaling in intestinal aging
Even before the discovery of the identity of ISCs, age-associated alterations such as delayed
proliferation and increased apoptosis were observed in the crypt compartment (Martin et al.,
1998a; Martin et al., 1998b). Subsequently, an age-associated decline in the regenerative ability
of the intestinal epithelium was ascribed to the DNA damage induced by short telomeres and
reactive oxygen species(Jurk et al., 2014; Nalapareddy et al., 2010). Recent findings demonstrated
that secretory cell types such as goblet cells and Paneth cells were induced in the small intestine
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upon aging (Nalapareddy et al., 2017). Additionally, intestinal stem cell function was found to be
declined upon aging due to the reduced canonical Wnt signaling (Nalapareddy et al., 2017).
Furthermore, dampened function of intestinal stem cells was further ameliorated both in the
mouse and human intestinal organoids by the supplementation of recombinant Wnt ligand,
Wnt3a, suggesting age-associated functional impairment of intestinal stem cells can be reversed
(Nalapareddy et al., 2017). Jointly, these findings highlight the role of the de-regulated Wnt
signaling as an underlying reason for the age-associated functional impairment of the stem cells
and raise the possibility of the functional rejuvenation of the aged stem cells via restoration of the
Wnt signaling in the old mice.
However, age-induced de-regulated Wnt signaling also raises the possibility of whether the
intercellular communication between Paneth cells and stem cells are altered upon aging, as
Paneth cells are only epithelial cell types that produce Wnt3 ligand and stem cells’ express its
corresponding receptor (Clevers, 2013; Clevers and Bevins, 2013).

1.3.2 Tgfb signaling
Tgfb1-3 ligands are secreted and recognized as exerting pleiotropic and contextual roles
depending on the cell types, ligand expressions, and doses – eventually mounting effects in a
plethora of biological events, including proliferation, differentiation, migration, invasion, and cell
death (Oshimori and Fuchs, 2012). A large number of extracellular agonists and antagonists of
the Tgfb superfamily further regulate the ligand-receptors interactions to limit or facilitate the
pathway activation, thus, bringing in extraordinary complexity in Tgfb biology. Interestingly, the
prodomains (latency-associated proteins or LAPs) of these Tgfb ligands can render them inactive
and regulate their association with latent Tgfb binding proteins (LTBPs) (Oshimori and Fuchs,
2012). LTBPs facilitate the association of the ligands to ECM components (Munger and Sheppard,
2011) suggesting an intricate regulation of Tgfb signaling in extracellular space.
Among the other Tgfb ligands (Tgfb1 and Tgfb2), Tgfb1 has been used predominantly in
biochemical studies for studying the role of Tgfb signaling. Tgfb signaling activation occurs
primarily in a paracrine manner and confined to the sites, where Tgfb1 was shown to be released
from latency (Oshimori and Fuchs, 2012). A multitude of factors is reported to regulate Tgfb1
activation. For example, matrix metalloproteinases, thrombospondin-1, pH, reactive oxygen
species, and certain integrins that can bind to RGD motif within LAPs were demonstrated to
modulate Tgfb1 activation (Annes et al., 2003; Munger et al., 1999; Shi et al., 2011).
Binding of Tgfb1 ligand to its receptor TgfbRII results in forming a heterotetrameric complex with
receptor TgfbRI (Derynck, 1994; Schmierer and Hill, 2007). Thus, TgfbRII phosphorylates TgfbRI
propagating the signals to the downstream intracellular substrates. The primary effectors are
regulatory (R)-Smads 1,2,3,5, and 8. TgfbRI that consists of a group of seven Activin-receptor like
kinases, ALK1-7. While ALK4/5/7 phosphorylates Smad2/3 upon Tgfb signaling, Nodal or Activin
signaling – ALK1/2/3/6 phosphorylates Smad1/5/7 upon BMP or GDF signaling, except for GDF8
and GDF11 (Schmierer and Hill, 2007). Inhibitory Smads, I-Smad6-7, can block the downstream
signaling of R-Smads. Once the R-Smads are phosphorylated, they form a complex with the CoSmad, Smad4, translocate into the nucleus, and activate or repress transcription (Schmierer and

14

Literature review

Hill, 2007). Smads are thought to affect the transcription by chromatin modifications (Ross et al.,
2006).

1.3.2.1 Tgfb signaling in the homeostatic small intestine
Tgfb is a classical negative regulator of epithelial proliferation (Kubiczkova et al., 2012). In line
with this, a previous study demonstrated that Tgfb signaling is present in gradient manner in the
small intestine –lower at the highly proliferative crypt base and higher at the villus epithelium
(Mishra et al., 2005). Also, intestinal homeostasis is shown to remain unaffected upon
inactivation of Tgfb signaling either via genetic deletion of Tgfb receptors or Smad4 (Kim et al.,
2006; Munoz et al., 2006). In support of this notion, upon deletion of TgfbRI in VilCreER TgfbRIfl/fl
mice or Smad4 deletion in VilCreERSmad4fl/fl mice demonstrated no changes in BrdU+ proliferative
cells in the crypt epithelium (Cammareri et al., 2017), indicating that Tgfb signaling in the small
intestine is, perhaps, dispensable at homeostasis.

1.3.2.2 Tgfb signaling in aging
Tgfb signaling regulates myriad cellular processes with influences in development, regeneration,
aging, and tumorigenesis. Growth inhibitory functions of Tgfb signaling were associated with
aging and senescence and age-related pathologies, including Alzheimer’s disease, muscle atrophy,
and obesity (Tominaga and Suzuki, 2019).
Accumulation of senescent cells is thought to be a hallmark of aging and age-related pathologies
(Tominaga and Suzuki, 2019). Tgfb was shown to promote cellular senescence in diverse cell
types, including fibroblasts, bronchial epithelial cells, and cancer cells (Debacq-Chainiaux et al.,
2005; Minagawa et al., 2011; Senturk et al., 2010). Tgfb mediated accumulation of senescent cells
was linked to idiopathic pulmonary fibrosis (Minagawa et al., 2011) . In addition, Tgfb was shown
to promote Senescent Associated Secretory Phenotype (SASP), a state where, following cellular
damages, senescent cells secrete a plethora of cytokines, chemokines, ECM molecules, and ECM
regulators. Interestingly, SASP yields Tgfb, which in turn can induce and maintain SASP
(Tominaga and Suzuki, 2019). Thus, Tgfb can promote senescent and age-related pathological
conditions via autocrine and paracrine mechanisms. In addition, Plasminogen Activator 1 (Pai1),
a well-reported Tgfb target gene, is also a vital player in senescence and aging (Vaughan et al.,
2017). Collectively, de-regulated Tgfb signaling can contribute to cellular degeneration, tissue
fibrosis, decreased stem cell capacity, and altered metabolic functions (Tominaga and Suzuki,
2019).

1.3.2.3 Tgfb signaling in regeneration
Although Tgfb is a negative regulator of epithelial growth (Kubiczkova et al., 2012), the role of
Tgfb signaling in intestinal regeneration has been recognized for decades. Hahm and colleagues
reported that the dominant-negative mutant form of TgfbRII under mouse intestinal trefoil
peptide/TFF3 promoter led to the spontaneous development of colitis characterized by diarrhea
(Hahm et al., 2001). In addition, DSS-fed TgfbRII mutant mice exhibited increased susceptibility
to inflammatory bowel diseases (Hahm et al., 2001) suggesting a vital role of Tgfb signaling in
intestinal pathogenesis. Similarly, transgenic mice harboring a dominant-negative mutation in
TgfbRII exhibited impaired recovery following colonic injury in DSS-fed mice (Beck et al., 2003).

15

Literature review

Furthermore, DSS fed injury led to transient activation of Tgfb signaling, potentiated by Wnt5a
from colonic mesenchymal niche was demonstrated to be required for colonic epithelial
regeneration (Miyoshi et al., 2012). Additionally, single cell lineage tracing data revealed that
TgfbRII mutation mediated loss of Tgfb signaling increases clonal survival, while lengthening
times to monoclonality, suggesting that Tgfb regulates both clonal extinction and expansion
(Fischer et al., 2016). Also, irradiation challenged mice harboring TgfbRII mutation resulted in
declined Paneth cell differentiation, impaired crypt fission, eventually culminating in impeded
intestinal regeneration (Fischer et al., 2016). In support of the notion of critical roles of Tgfb
signaling in tissue regeneration, Ben-Lulu and colleagues showed that dietary supplementation of
Tgfb2 ameliorates intestinal regeneration and recovery of the methotrexate-challenged rat (BenLulu et al., 2012). In addition, the essential roles of Tgfb in tissue regeneration also was ascribed
in CCl4-injured rat livers (Armendariz-Borunda et al., 1993). Collectively, these findings
demonstrate an important role of Tgfb signaling in tissue regeneration.

1.3.3 Yap/Taz signaling
Yap and Taz are two highly related transcriptional activators (Piccolo et al., 2014). Emerging
evidence indicates that Yap and Taz are primary sensors for maintaining cell polarity and
integrating mechanical cues from the cellular microenvironment (Piccolo et al., 2014). Robust
findings exist for the roles of Yap/Taz in maintaining stem cells. For example, Panciera and
colleagues demonstrated that activation of Yap/Taz in vitro was sufficient to dedifferentiate
lineage-committed cells back to progenitor and stem cell states (Panciera et al., 2016).
Interestingly, Yap/Taz was found to be dispensable in intestinal epithelium in homeostasis
(Azzolin et al., 2014; Barry et al., 2013; Cai et al., 2010). However, Yap was shown to be important
for intestinal regeneration (Cai et al., 2010). More recently, injury-induced ECM remodeling and
increased FAK/Src signaling were shown to activate Yap/Taz signaling in the colonic epithelium
(Yui et al., 2018). Activated Yap/Taz was demonstrated to be necessary for cellular
reprogramming into the fetal state during colonic injury and tissue repair (Yui et al., 2018). In line
with this, loss of Yap in a conditionally knocked out intestine was shown to reduce cell
proliferation during regeneration, and gain of Yap by Lats1/2 conditional knockout was
demonstrated to drive crypt hyperproliferation (Guillermin et al., 2021). Mechanistically, Wnt
signaling acts transcriptionally to induce Yap and TEAD1/2/4 expression in crypt base columnar
stem cells (Guillermin et al., 2021). However, most epithelial cells in the injury-induced
regenerating crypts have activated Yap, which mirrors the elongated and flattened Wnt gradient
(Guillermin et al., 2021). Jointly, these findings highlight a major role of the Yap/Taz pathway in
injury-induced intestinal regeneration.

1.3.3.1 Crosstalk between Yap/Taz and Tgfb signaling
As discussed above, canonical Tgfb signaling leads to the phosphorylation and activation of Smad2
and Smad3, which then form complexes with Smad4, is transported to the nucleus, and initiate
Tgfb-mediated transcriptional activity. This mechanism indicates that shuttling into the nucleus
and nuclear retention of the Smad complexes are critical for initiating the Tgfb-mediated
downstream signaling. Indeed, kinetics analysis of the Smad complexes revealed that Tgfbsignaling strongly declines the rate of nuclear export, rather than increasing nuclear imports of
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the Smad complexes (Nicolas et al., 2004; Schmierer and Hill, 2005) – suggesting that nuclear
retention of the Smad complexes is critical for Tgfb-dependent transcriptional activity (Labibi et
al., 2020).

Figure 7: Simplified model of Tgfb-modulated nucleocytoplasmic shuttling of
Smad2/3-Smad4 and transcriptional activation by Taz/Wwtr1.
Regulatory Smads (R-Smads; Smad1,2,3,5 &8) bind to co-Smad (Smad4) and enter into the
nucleus where the R-Smad/Smad4 complex associates with Taz. Taz retains the complex within
the nucleus. Taz acts as scaffolding the R-Smad/Smad4 complex with transcriptional machinery
for regulating Tgfb-dependent transcription. Smads are then dephosphorylated, leading to the
dissociation of the Smad complexes and recycling back to the pathway. Other signaling
pathways may dampen Tgfb signaling by Taz phosphorylation that drives the cytoplasmic
accumulation of Taz through interaction with 14-3-3, and prevent the Smad complexes from
nuclear translocation. TF=transcription factor. Adapted from Varelas et al., 2008.
Interestingly, Tgfb stimulation was shown to promote transcriptional regulator Taz binding to
heteromeric Smad2/3-4 complexes and further recruitment to Tgfb response elements (Fig. 7)
(Varelas et al., 2008). In the absence of Taz, nuclear accumulation of Smad2/3-4 complex and
downstream Tgfb transcriptional activity was blunted (Varelas et al., 2008), suggesting the
dependency of Tgfb-mediated transcriptional activity on transcriptional regulator Taz. Similarly,
upon siRNAs mediated knocking down of Yap/Taz, Tgfb-induced expression of Pai1 was found to
be declined in mammary epithelial cells (Labibi et al., 2020). Both of these studies concluded that
Yap/Taz-mediated nuclear retention of the pSmad2/3-4 complex was a critical determinant of
Tgfb activation, further highlighting that activation of canonical Tgfb signaling requires
cooperation from Yap/Taz signaling pathway. Moreover, soft matrix led to the sequestration of
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Yap/Taz in the cytosol in the cultured fibroblasts and declined Tgfb-induced Smad2/3 nuclear
accumulation and transcriptional activity (Szeto et al., 2016). Likewise, inhibiting Yap/Taz with
verteporfin also decreased Tgfb-induced Smad2/3 nuclear accumulation (Szeto et al., 2016) –
further indicating the role of Taz in the activation of the canonical Tgfb-signaling. In line with
these, recent findings demonstrated that Tgfb and Yap signaling co-operate in inducing and
maintaining fetal-like reversion in the colorectal cancer cells harboring oncogenic mutations (Han
et al., 2020). Specifically, rTgfb1 was shown to induce a fetal-like state which was further
maintained by Yap signaling (Han et al., 2020). Collectively, these findings highlight the
convergence of two major signaling pathways – Yap/Taz and Tgfb in regulating Tgfb-mediated
transcriptional activity.

1.3.4 Notch signaling
Notch receptors (Notch1 and Notch2) are co-expressed by the stem cells and transit amplifying
cells (Clevers, 2013). Upon interaction of notch receptors with cell-bound notch ligands (such as
Dll1 or Dll4), notch intracellular domain (NICD) is proteolytically cleaved by g-secretase. Then,
NICD enters into the nucleus, and binds to transcription factor CSL, and activates transcriptions
of notch target genes (Clevers, 2013). Notch signaling, provided by the Paneth cells, is critically
important for maintaining the undifferentiated state of the stem cells at the crypt base (Clevers
and Bevins, 2013). Inhibition of notch signaling leads to the inhibition of proliferation and
differentiation of the Lgr5+ stem cells into secretory lineages (Riccio et al., 2008; van Es et al.,
2005a). Conditional deletion of Notch-repressed target gene Math1/ATOH1 led to the elimination
of Paneth cells, which did not affect the stem cells’ proliferation and uncoupled the dependence of
stem cells on Paneth cells for notch signaling in vivo (Durand et al., 2012; Kim et al., 2012).
Inhibition of notch signaling (conditional deletion of CSL or pharmacological inhibition of gsecretase) leads to the conversion of all proliferative cells into goblet cells (Milano et al., 2004;
van Es et al., 2005b). Consistently, reversion of such phenotype could be achieved by expression
of NICD (Fre et al., 2005), suggesting that notch signaling plays an important role in cell fate
specifications. At the crypt base, Dll1+Dll4+ Paneth cells act Notch1/Notch2 receptors on stem cells
– thus, suppressing the expression of Math1 and preventing the conversion of stem cells into
secretory lineages at the crypt base. However, such notch ligand-receptor interaction at the cell
surface no longer takes place when lgr5+ stem cells exit the Paneth cell niche area and move up to
the common origin of differentiation at +5 position (Fig.2) – a classic paradigm of Notch lateral
inhibition (Clevers, 2013).

1.4 Extracellular matrix in homeostasis, regeneration, and
aging
ECM is a 3D non-cellular dynamic structure that is ubiquitous in all tissues. In mammals, >300
ECM proteins are annotated as core matrisome proteins, which include collagens, proteoglycans,
and glycoproteins (Naba et al., 2016). Based on the location and composition, ECM is primarily
characterized as 1) interstitial connective tissue matrix surrounding the cells and contributes to
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the architecture of the tissue, and 2) basement membrane matrix, a mesh of ECM proteins that
bridges between epithelium and mesenchyme (Bonnans et al., 2014). ECM components, as
ligands, dynamically interact with the epithelial cells via cell surface receptors such as integrins,
and thus, modulate a myriad of cellular processes, including cell attachment, adhesion, migration,
invasion, proliferation, apoptosis and differentiation (Bonnans et al., 2014; Hynes, 2009; Lane et
al., 2014).
ECM is a fundamental part of the stem cell niche (Fig.1). ECM creates a favorable
microenvironment for the stem cells by providing physical support with the optimal geometry and
stiffness, retaining and releasing diverse growth factors (including Tgfbs, Wnts, EG,F, and FGF),
promoting ligand-receptor interactions, and remodeling the microenvironment during injury
(Gattazzo et al., 2014; Hynes, 2009; Lane et al., 2014). ECM plays a critical role in tissue
morphogenesis and is de-regulated upon aging and age-related diseases such as cancer (Bonnans
et al., 2014). For example, Laminins are an integral part of the basement membrane. Deletion of
laminin alpha 5 (Lama5) in the small intestine led to the compensatory deposition of laminin 111
and laminin 411 that are enriched in the colon and resulted in small intestinal epithelial
architecture resembling the colonic epithelium without proper villi architectures (Mahoney et al.,
2008). This suggests a role for basement membrane constituent laminin alpha 5 in tissue
morphogenesis and also highlights its contribution to the maintenance of tissue identity. For
example, Lama5 was shown to be necessary for mammary gland remodeling and luminal
differentiation during puberty and pregnancy (Englund et al., 2021). Additionally, aberrant ECM
deposition and stiffness have often been linked to cancer (Frantz et al., 2010), and excessive ECM
deposition has been reported to degenerating diseases such as osteoarthritis (Zhen and Cao,
2014).
ECM is predominantly produced by mesenchyme (Tschumperlin, 2015) and mesenchyme is a
critical regulator of the small intestinal stem cell niche (Greicius and Virshup, 2019; McCarthy et
al., 2020; Shoshkes-Carmel et al., 2018). Previous studies demonstrated that mesenchyme is
altered upon aging (Krtolica and Campisi, 2002; Parrinello et al., 2005). Both mesenchyme and
ECM are core components of stem cell niche (Bissell and Hines, 2011; Li and Xie, 2005; Nelson
and Bissell, 2006; Watt and Hogan, 2000), and alternations of the stem cell
niche/microenvironment can significantly contribute to the age-associated decline of stem cell
function (Bonnans et al., 2014; Jones and Wagers, 2008). Although it has been recognized that
ECM composition is altered during aging (Bartling et al., 2009; Krtolica and Campisi, 2002; Kurtz
and Oh, 2012), it is unclear how such alterations impact age-associated decline of stem cell
functions. Consequently, studies investigating how ECM is altered during aging and how such
changes impact stem cell functions are warranted.

1.4.1 Matrix metalloproteinases (MMPs)
During homeostasis, regeneration, and diseases, ECM undergoes continuous remodeling through
specific enzymes known as matrix metalloproteinases (MMPs). MMPs remain as either soluble or
membrane-bound proteinases and cleave substrates with specificities (Bonnans et al., 2014). Most
of the MMPs are recognized as zymogens, which are activated primarily either via proteolytic
cleavages or thiol group modification in extracellular space(Bonnans et al., 2014). MMPs,
collectively, can degrade all the ECM (Lu et al., 2011) suggesting that MMPs are the major
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regulators of ECM with the relevance of diverse cellular processes. For example, ECM remodeling
was demonstrated to be crucial for the morphogenesis of multiple organs, including the small
intestine (Mahoney et al., 2008). An elevated ECM remodeling was particularly noted during
development and regeneration (Bonnans et al., 2014), where, cell-ECM bidirectional crosstalk is
imperative for building or re-building tissues. For example, large scale ECM remodeling has been
ascribed to injury-induced regeneration or inflammatory diseases (Kinchen et al., 2018; Yui et al.,
2018) highlighting the crucial role of ECM, its remodeling, and indicating a necessity of the matrix
metalloproteinases during those tissue remodeling, repair, and restoration of homeostasis.

1.5 Cellular plasticity during development and proregenerative programs
1.5.1 Plasticity during development
Cellular plasticity is at the core of development, regeneration, and diseases (Spatz et al., 2021).
While adult intestinal epithelium has at least five transcriptionally distinct populations
corresponding to different cell types (Moor et al., 2018), cells from the fetal intestinal epithelium
are primarily clustered into two distinct populations (Guiu et al., 2019). Unlike the adult intestine,
where proliferative cells are restricted to the crypt – in the developing intestine, proliferative cells
were found primarily at the intervillous area, a region that was shown to give rise to crypts
postnatally (Sumigray et al., 2018). In addition, in contrast to the adult intestine, non-Lgr5+ cells
with differentiated marker gene expressions were also found to be proliferative (Guiu et al., 2019).
In line with this, single cell RNA-sequencing from E16.5 epithelium revealed around 49% of the
K19+ (K19 is expressed ubiquitously) cells are proliferative, suggesting that developing intestinal
epithelium is highly plastic (Guiu et al., 2019). Further studies of lineage tracing and biophysical
modeling demonstrated that developing intestine undergoes fission, and all the cells of the fetal
gut epithelium are equipotent – regardless of location, and such equipotent cells can give rise to
adult intestinal stem cell pool (Guiu et al., 2019). Thus, large-scale remodeling of the intestinal
wall and cell fate determination was shown to be interlinked (Guiu et al., 2019). This, perhaps,
explains the observed injury-induced cellular plasticity and reprogramming when the intestinal
landscape is damaged and re-built (Buczacki et al., 2013; Nusse et al., 2018; Tetteh et al., 2016;
van Es et al., 2012; Yui et al., 2018).

1.5.2 Reserve stem cells in plasticity and tissue regeneration
The small intestinal epithelium is one of the fastest renewing tissues with a turnover of 3-5 days
(Cheng and Leblond, 1974; Clevers, 2013). Since the cellular turnover is high, intestinal
epithelium possesses extraordinary plasticity and capability to repair and restore homeostasis
upon tissue damages. For example, lineage tracing studies in Dll1 GFP-ires-CreERT2 knock-in mice
showed that upon damage Dll1high secretory progenitors could revert to Lgr5+ intestinal cells and
contribute to the reconstitution of the entire intestinal epithelium (van Es et al., 2012). Atoh1 is a
master transcription factor for secretory lineage differentiation. Lineage tracing reveals that
Atoh+ cells can maintain stem cell population both in homeostatic and tumorigenesis
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(azoxymethane-DSS model) in the colonic epithelium (Ishibashi et al., 2018), further
demonstrating the high plasticity of the intestinal epithelium. Similarly, Atoh1+ secretory
progenitors were reported to the epithelial repair in response to an injury, independent of Lgr5+
stem cells (Castillo-Azofeifa et al., 2019).
By using the Cyp1a1-H2B-YFP mouse line, label-retaining/slow-cycling cells – with the
characteristics of secretory and stem-cell signature – were revealed to contribute to the depletion
of the adult intestinal stem cell pool (Buczacki et al., 2013). Upon depletion of the Lgr5+ stem
cells by the introduction of the diphtheria toxin in Bmi1CreER; R26R;Lgr5DTR/+ , Bmi1-expressing
slowly cycling cells stem cells are demonstrated to replenish the Lgr5+ stem cells indicating that
Bmi1+ cells might act as reserve stem cells (Tian et al., 2011). Similar conclusions were drawn
from another study, where Bmi1+ cells, which are quiescent in homeostasis, but shown to be
dramatically increased proliferation upon injury. Thus, the authors proposed the existence of two
distinct populations of stem cells: Lgr5+ stem cells maintain homeostasis and Bmi1+ reserve stem
cells partake in tissue regeneration (Tian et al., 2011). Additionally, a sub-population of Lgr5+
intestinal stem cells express Mex3a, which marks slowly cycling cells and is integral to
regeneration following chemotherapy (Barriga et al., 2017), indicating that Mex3a marks a
reserve-like stem cell pool.
In response to an injury, genetic fate mapping of Alpi+ enterocyte progenitors in Alpi-IRESCreERT2 mouse line demonstrated that short-lived enterocyte precursors at the crypt, but not
Alpi+ enterocytes at villi, can dedifferentiate into Lgr5+ stem cells (Tetteh et al., 2016). Additional
studies demonstrated that although depletion of Lgr5+ cells has a negligible effect on
homeostasis, depletion of Lgr5+ cells upon injury severely declines tissue regeneration (Metcalfe
et al., 2014). However, upon co-depletion of Lgr5+ stem cells and Apc, or DSS-induced colitis in
Lgr5 depleted epithelium, crypt epithelium was shown to be still capable of undergoing
hyperplastic/regenerative phenotype, suggesting the role for Lgr5- population in premalignant
growth or pro-regenerative functions (Metcalfe et al., 2014).
Furthermore, lineage tracing from the Lyz1 locus in post-mitotic Paneth cells displayed that
Paneth cells acquire multipotency induced by Notch activation followed by tissue injury (Yu et al.,
2018). Similarly, Lineage tracing studies in Defa4Cre; Rosa26tdTomato uncovered that terminally
differentiated Paneth cells, that stay as intermingled with columnar stem cells at the crypt base,
dedifferentiate into multipotent stem cells and contribute to tissue regeneration (Jones et al.,
2019). In addition, a lineage training study revealed that Prox1+ enteroendocrine cells could give
rise to stable clones both in homeostasis and regeneration, suggesting that enteroendocrine
lineages including mature enteroendocrine cells serve as a reservoir of homeostatic and injuryinducible intestinal stem cells (Yan et al., 2017). Also, Krt19+ cells were demonstrated to be longlived, radio-resistant, and can replenish Lgr5+ cells in the small intestine and colon (Asfaha et al.,
2015), providing further clarifications for Lgr5- stem cell pools in the intestines. Moreover, Krt15+
crypt cells were shown to be radio-resistant and contribute to regeneration and tumor initiation
(Giroux et al., 2018). Collectively, these findings demonstrate remarkable plasticity of the
intestinal epithelium in activating pro-regenerative programs from the post-mitotic cells,
replenishing the adult stem cell pool, thereby restoring tissue integrity and homeostasis.
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1.5.3 Transient developmental reversion as a mode of injury repair
Recent findings demonstrate that adult intestinal epithelium transiently adopts a fetal-like
developmental program to regenerate and repair. First, evidence of such developmental reversion
in gastrointestinal (GI) organs was noted in the gastric epithelium. Fernandez Vallone and
colleagues demonstrated that Trop2+ cells, which are rare at homeostasis but display
characteristics of gastric embryonic Trop2+ cells, were transiently induced upon depletion of
Lgr5+ cells or following indomethacin-induced injury in the gastric glands (Fernandez Vallone et
al., 2016). This suggests that adult gastric epithelium transiently adopts a primitive fetal-like
program for gastric epithelial regeneration (Giroux et al., 2018). Following the DSS-induced
injury model of disruption of mucosal barrier and integrity, regeneration in the colonic epithelium
was also facilitated by cellular reprogramming into a fetal-like state orchestrated by the ECM
remodeling via Yap/Taz dependent manner (Yui et al., 2018). Similarly, Helminth infectioninduced inflammatory milieu was shown to activate the fetal-like program (Nusse et al., 2018).
Such tissue insults that entail large-scale tissue remodeling require the recruitment of the highly
proliferative Sca1+ fetal-like progenitors (Nusse et al., 2018; Yui et al., 2018). These Sca1+ cells
lack markers of secretory lineages and intestinal stem cells such as Lgr5 and Lrig1 (Munoz et al.,
2012; Yui et al., 2018). Instead, Sca1+ progenitors were reported to express a set of other fetal
markers, including Clu, Msln, Il1rn, and Anxa1 (Yui et al., 2018). In line with this, crypt epithelium
juxtaposed to helminth larvae-associated granuloma lacks Lgr5 but expresses Sca1 (Nusse et al.,
2018). Similarly, diphtheria toxin-mediated depletion of Lgr5+ cells or radiation-induced injury
results in deploying the fetal-like program for tissue regeneration (Nusse et al., 2018). Such
remarkable findings highlight how adult tissues transiently adopt a developmental program and
indicate primitive state reversion as a possible common mechanism for adult tissue repair –
regardless of the mode of injury.
By using single cell RNA-seq in the regenerating intestine, Ayyaz and colleagues discovered a
quiescent population termed as ‘revival stem cells’ that, upon injury, can reconstitute the entire
intestinal epithelium, including the Lgr5+ adult stem cell pool in a Yap1-dependent manner
(Ayyaz et al., 2019). Revival stem cells were marked with elevated expression of Clu, Anxa1, Cxadr,
and Basp1. Interestingly, these marker genes of revival stem cells were largely overlapped with
injury-induced fetal-like state or in radiation-induced Sca1+ fetal progenitors (Ayyaz et al., 2019)
– raising the possibility of having a common denominator between fetal-like state and revival
stem cells for tissue regeneration.
While Sca1 is absent in the human genome, ANXA1 is abundantly expressed in the inflamed
ulcerative colitis region, signifying the relevance of the fetal-like state to human diseases (Yui et
al., 2018). A recent study further illuminated underlying signaling mechanisms involving multiple
pathways coordinating fetal-like states in colorectal cancer cells. Transient induction of Tgfb in
the tumor organoids harboring oncogenic Ptprk-Rspo3 fusions, KrasG12D or BrafV600E and loss of
functions mutations in the tumor suppressor genes p53 and Smad4 was reported to be a prerequisite step for the acquisition of the Wnt independency (Han et al., 2020). Consequently, such
an induced fetal-like state was further maintained by the Yap/Taz pathway (Han et al., 2020)
raising the possibility of the coordination of the multiple developmental pathways in
inducing/maintaining a fetal-like state in pro-regenerative events.
Some of the signature genes that mark the fetal-like state are described below:
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Trop2: Transmembrane glycoprotein Trop2 is a marker of fetal intestinal progenitor cells
(Fernandez Vallone et al., 2016). Fetal spheroids derived from Trop2-expressing cells and gastric
fetal spheroids demonstrate distinct organ-specific transcriptional signatures (Fernandez Vallone
et al., 2016). Although Trop2+ cells transiently emerge during glandular stomach development,
they are lost upon the completion of the gland development. Similarly, Trop2+ cells were shown
to re-emerge upon ablation of Lgr5+ expressing cells or post indomethacin-induced injury and
disappear upon regeneration (Fernandez Vallone et al., 2016). Trop2 is a tumor-associated
calcium signal transducer (Guo et al., 2017), implicating the importance of calcium signaling in
intestinal development, regeneration, and its dysregulation in tumorigenesis.
Clusterin/ApoJ: Clusterin (Clu) is a disulfide-linked heterodimeric glycoprotein, and divergent
roles of Clu have been reported previously. Clu was previously shown to be accumulated in the
injured tissue (Silkensen et al., 1994). Clu was previously found to be associated with antiapoptotic roles, and targeting Clu increased chemo-sensitization in multiple cancer cell types
(Cheng et al., 2012; Zellweger et al., 2001). Additionally, a previous study demonstrates that Clu
binds to the accumulated histone-containing blebs at the cell surface of the late apoptotic cells,
and thus, facilitates the phagocytosis and clearance of the apoptotic cells by macrophages (Cunin
et al., 2016). Interestingly, Clu is an extracellular chaperone with the features of soluble innate
immunity receptors, as shown by its ability to bind some bacterial strains such as Staphylococcus
aureus, Staphylococcus epidermidis, and bacterial proteins such as with Streptococcal inhibitor
of complement (SIC), an extracellular protein of Streptococcus pyogenes. Moreover, Intercellular
Clu was shown to modulate the expression of DNA damage repair proteins. Similarly, Clu knockout mice were more susceptible to DNA damage, declined DNA repair, and elevated cellular
senescence (Habiel et al., 2017).
Recent findings demonstrated that Clu+ cells are rare but multipotent under steady-state
conditions (Ayyaz et al., 2019). Clu expression was induced upon injury and can reconstitute the
entire epithelium (Ayyaz et al., 2019). Clu was shown to regulate glucose metabolism and insulin
sensitivity via lipoprotein receptor-related protein 2 (LRP2) in the muscle (Seo et al., 2020),
implicating the cell-type-specific alternations of glucose metabolism in the activation of
quiescence stem cells during regeneration, aging, and tumor initiation.

Msln: Mesothelin (Msln) is a glycoprotein, and its expression is restricted to the mesothelial layer
in the intestine during homeostasis. The biological functions of Msln remain largely unexplored.
However, expression of Msln was enriched in the fetal intestinal epithelium (Mustata et al., 2013),
during injury (Ayyaz et al., 2019) and tumor initiation (Roulis et al., 2020). Msln is a potential
marker of ovarian carcinoma (Huang et al., 2006), and antibody targeting Msln was shown as a
therapeutic intervention for mesothelin-expressing tumors (Hassan et al., 2007a; Hassan et al.,
2007b).
Sca1/Ly6a: Sca1 encodes a glycosylphosphatidylinositol (GPI)-an anchored protein that enriches
hematopoietic stem cells (Morrison et al., 1995) and marks gastric cancer stem cells (Park et al.,
2016). Cell surface proteins of the LY6 superfamily were induced upon injury (Flanagan et al.,
2008) – implicating the role of LY6 family members in tissue regeneration. Although
overexpression of Sca1 was restricting tumor formation at the initial stage, Sca1 overexpression
was shown to promote tumor formation and promotion (Christensen et al., 2017). In line with
this, the Sca1 level was shown to be increased upon the cytotoxic effect of mammary carcinoma
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cells, and Sca1+ cells were marked with increased migratory and metastatic potential (Gong et al.,
2018).
Interestingly, upon infection of Heligmosomoides polygyrus, co-evolved pathosymbiont of mice
perturbs duodenal mucosal integrity and activates IFNg-dependent fetal-like transcriptional
program– marked by Sca1 expression (Nusse et al., 2018). Sca1 was also found to be induced upon
ablating Lgr5+ cells with diphtheria toxin, irradiation, and DSS-induced colitis (Nusse et al.,
2018; Yui et al., 2018) – suggesting a role of Sca1 in intestinal regeneration.

1.5.4 Apoptosis induced compensatory proliferation
Injury response is a complex process followed by the recovery phase with cell proliferation, cell
fate specification, cell differentiation, and tissue patterning (Bergmann and Steller, 2010). Upon
tissue damages, cells can undergo apoptosis, a programmed cell death. Apoptosis is reportedly a
quality control mechanism in which the system purges out cells which would potentially be
detrimental for the system (Bergmann & Steller, 2010). This raises the possibility that apoptosis
may be one of the first cues, which lead the regeneration to begin. In fact, apoptosis-induced
mitogenic signals were recognized for initiating stem cell and progenitor cell proliferation in
Drosophila, Hydra, Xenopus, and mouse (Bergmann and Steller, 2010). In support of this notion,
inhibition of initiator/executor caspases post-injury led to the impairment of tissue regeneration
in Xenopus tadpole (Tseng et al., 2007). Similarly, mice lacking certain caspases such as
executioner caspases (caspase-3 and caspase-7) were shown to impair liver regeneration postinjury (Li et al., 2010) – highlighting the need for apoptosis as a trigger for initiating regeneration.
Additionally, spatiotemporal orchestration of apoptosis was reasoned for avoiding uncontrolled
cell proliferation and for directing localized compensatory proliferation (Bergmann and Steller,
2010), indicating that apoptosis plays an important role in controlled regeneration.
Multiple signaling pathways were attributed to the injury-induced compensatory proliferation.
For example, Wnt, p53, and JNK pathways have been ascribed to injury/apoptosis-induced
compensatory proliferation and regeneration (Bosch et al., 2005; Galko and Krasnow, 2004; Ryoo
et al., 2004; Wells et al., 2006). In addition, injury-induced cytokines and inflammatory milieu,
such as IL-6 released from the dying enterocytes, were demonstrated to activate compensatory
proliferation in the intestinal stem cells via the Jak-STAT pathway (Biteau et al., 2008; Buchon et
al., 2009; Jiang et al., 2009).

1.5.5 Reparative inflammation for restoring tissue homeostasis
Although inflammation underlies chronic and degenerative diseases, inflammation is also
critically important for protection from microbial infections, clearance of dead/damaged cells,
and promoting tissue regeneration (Fig. 8) (Karin and Clevers, 2016). Previous findings indicate
while insufficient inflammation can impair tissue regeneration, excessive unremitting
inflammation can lead to fibrosis or cancer formation (Grivennikov et al., 2010; Stramer et al.,
2007; West et al., 2015), suggesting a delicate balance of inflammation and its remission post-
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recovery is required for proper regeneration. In fact, damage-induced inflammation-driven
regeneration is an evolutionarily conserved process (Karin and Clevers, 2016). Evolutionarily
conserved mammalian inflammatory responses were reported to be mediated through NF-kB,
STAT, and AP-1 transcription factors (Buchon et al., 2014).
Previous reports indicate the inflammation-driven compensatory proliferation for tissue
regeneration. For example, injury-induced reactive oxygen species link inflammation and
intestinal stem cell proliferation by activating Jun N-terminal kinases (JNK), which further
activates Fos (AP-1) in the fly gut (Ayyaz and Jasper, 2013). Additionally, the JNK pathway was
shown to promote tissue regeneration by facilitating epithelial sheet movement – a major step
forward for wound healing initiation (Karin and Clevers, 2016). Recent findings also highlight the
connection between inflammation and Wnt signaling. For example, in response to intestinal
damages caused by the ingested Pseudomonas entomophila or DSS, differentiated enteroblasts
were shown to express Wingless and promote proliferation in the intestinal stem cells in
Drosophila (Cordero et al., 2012)

Figure 8: Mechanistic insights of infection and injury-induced activation of proregenerative inflammatory responses.
Pathogen Associated Molecular Patterns (PAMPs), Damage-Associated Molecular Patterns
(DAMPs), Reactive oxygen species (ROS). Adapted from Karin and Clevers, 2016.

1.5.6 Tumorigenesis, a maladaptation of the regenerative program
Developmental programs are often adopted during tumorigenesis. For example, EMT– a plastic
state that is essentially important for the development and wound-healing responses– was also
shown implicated in tumor initiation, invasion, and metastasis (Varga and Greten, 2017).In
addition, the tumor was considered to appear to the host in the guise of a wound– preemptively
hijacking the host’s wound healing responses protractedly – as a parallel to an unending wound
(Dvorak, 1986). Indeed, tumorigenesis marshals the host’s pro-regenerative responses. Injury
induced Yap-mediated epithelial cellular plasticity and reprogramming – similar to the fetal-like
state, was marked by enriched expression of Sca1, Clu, Il1rn, Msln (Nusse, Savage et al. 2018, Yui,
Azzolin et al. 2018, Ayyaz, Kumar et al. 2019) – were also demonstrated to orchestrate intestinal
tumorigenesis (Ayyaz et al., 2019; Nusse et al., 2018; Roulis et al., 2020; Yui et al., 2018).
Consequently, while Yap overactivation was shown to increase intestinal regeneration in the DSSinduced colitis model, Yap-overactivation simultaneously makes the mice susceptible to colitisassociated cancer (Deng et al., 2018). This suggests a shared circuitry between wound-healing or

25

Literature review

pro-regenerative program and tumorigenesis – and indicates dysregulation of the proregenerative machinery such as unresolved or overactivated fetal-like state may lead to
tumorigenesis.

1.5.7 Mesenchyme-mediated cellular plasticity in epithelial tumorigenesis
Although epithelial somatic mutations can lead to cancer development, malignant tumorigenesis
requires a permissive tissue microenvironment, in which a potential cancer-promoting mutation
can progress into full malignancy(Bissell and Hines, 2011); (Bissell and Radisky, 2001; DePinho,
2000; Krtolica and Campisi, 2002). Recent findings highlight that mesenchyme plays an
important role in maintaining epithelial stem cell niche (Degirmenci et al., 2018; Greicius and
Virshup, 2019; McCarthy et al., 2020; Shoshkes-Carmel et al., 2018). It is therefore important to
understand how the mesenchymal niche regulates epithelial tumorigenesis. In fact, recent
findings highlight the roles of some mesenchymal cell populations in intestinal tumorigenesis.
Although COX2 was implicated in human colorectal adenomas and carcinomas decades ago
(Eberhart et al., 1994), Roulis and colleagues recently demonstrated Cox2/Ptgs2-expressing
fibroblasts could initiate tumor initiation in vivo by processing arachidonic acid into
prostaglandin E2 (PGE2), a highly bioactive lipid mediator with autocrine and paracrine functions
(Roulis et al., 2020). PGE2 was further demonstrated to expand Sca1+ reserve-like stem cells,
which in turn orchestrate a Yap-dependent robust reparative/tumorigenic program (Roulis et al.,
2020). Ptgs2/Cox-2 was predominantly found to be expressed by Cajal cells and Pdgfralow Fgfr2+
Vcam1high cells. Interestingly, Lama1, a constituent of the basement membrane – and Rspo1, a
Wnt-agonist supplemented in the organoid culture media (Sato et al., 2009)– were expressed by
the rare Pdgfralow Fgfr2+ Vcam1high cells at the crypt base (Roulis et al., 2020).
Co-culture of primary fibroblasts and isolated crypts resulted in spheroids – a state which is
associated with increased stemness and poor differentiation (Roulis et al., 2020) – indicating the
role of the fibroblasts-mediated cross-communication in maintaining epithelial stem cell
functions and differentiation in vivo. Based on the single cell RNA-sequencing obtained from the
co-culture of intestinal organoids and fibroblasts, fibroblasts-directed PGE2-Ptger2 signaling axis
was shown to prevent terminal differentiation of enterocytes – but not goblet or Paneth cell
differentiation (Roulis et al., 2020) . Additionally, the PGE2-Ptger2 signaling axis was shown to
expand a non-cycling population with an intermediate transcriptional profile of stem and tuft
cells. Interestingly, that intermediate transcriptional profile is highly similar to reserve stem cells
(Ayyaz et al., 2019), with enrichment of marker genes such as Sca1, Clu, Msln, and Il1rn. This
finding suggests a PGE2-Ptger2 signaling pathway plays an important role in cellular plasticity
and fetal-like reversion. These genes are reported to be the signature genes of the Yap
transcriptional program (Gregorieff et al., 2015). Previously, it was shown that the Yap pathway
plays a crucial role in maintaining stemness in homeostasis, regeneration, and cancer (Hong et
al., 2016). Additionally, the Yap pathway was shown to be a key driver for reserve stem cell
functions (Ayyaz et al., 2019).
Interestingly, tumorigenesis driven by Apc-deficient stem cells was shown to be governed by the
Yap pathway (Cai et al., 2015; Gregorieff et al., 2015). This was further corroborated by the
significant overlapping genes between Apcmin/+ tumorigenesis and the Yap program, which was
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also similar to the signature genes of the reserve stem cells. Sca1, a Yap target gene, and reserve
stem cell marker, is rarely detected in the homeostatic epithelium – but Sca1 was enriched in the
microadenomas of five-week-old Apcmin/+ mice (Roulis et al., 2020). The number of Sca1+ areas
in the microadenoma in ApcMin/+ Yap-/- mice was significantly decreased in ApcMin/+ Yapfl/fl
littermates. Likewise, five-week-old ApcMin/+ Ptger4-/- mice had a significantly low number of
Sca1+ epithelium in the microadenoma compared to ApcMin/+ Ptger4fl/fl littermates (Roulis et al.,
2020). In sum, these findings indicate a co-operation of the Wnt and Yap pathway in intestinal
tumorigenesis by harnessing tissue’s primitive regenerative program. Collectively, these findings
highlight the major role of mesenchyme in regulating epithelial fetal state and tumorigenesis.

1.6 Aging
1.6.1 Hallmarks of aging
Aging is a progressive degeneration of physiological integrity and organ and tissue functions,
which collectively and ultimately culminate in organismal deaths (Lopez-Otin et al., 2013). Our
understanding of molecular mechanisms of aging is rapidly expanding. A set of hallmarks of aging,
covering the recent progress in the aging field, has been proposed (Fig.9). All the hallmarks
selected based on their manifestations upon aging and their experimental manipulations– either
aggravations or ameliorations are reported to accelerate or slow aging, respectively (Lopez-Otin
et al., 2013). These hallmarks have helped to conceptualize the essence of aging and its underlying
molecular mechanisms.
Stem cell exhaustion: Decline of tissues’ regenerative capacity is one of the most prominent
manifestations of aging. For example, functional declines of stem cells have been ascribed to
nearly all the adult stem cell types, including the forebrain (Molofsky et al., 2006), the bone
(Gruber et al., 2006) or the muscle fibers (Conboy et al., 2005). The manifestation of the
functional impairments of stem cells might be an integrative consequence of multiple aberrations.
For example, age-associated reduced cell cycle activity of hematopoietic stem cells, thus reduced
hematopoiesis in the old, was shown to be correlated with the accumulation of DNA damage
(Rossi et al., 2007) an elevated level of cell cycle inhibitor proteins such as P16INK4a (Janzen et al.,
2006). Additionally, telomere shortening also has been attributed to the attrition of stem cell
functions (Flores and Blasco, 2010; Sharpless and DePinho, 2007). Furthermore, loss of stem cell
quiescence – and thus, excessive proliferation of the stem cells has been recognized to the
depletion of stem cell pool and premature aging (Rera et al., 2011).
Apart from such stem cell-specific intrinsic alterations, aberrant changes to the
microenvironment or stem cell niche have also been shown to cause a decline of stem cell
functions. Correspondingly, manipulations of the cell-extrinsic states in the old have been
demonstrated to increase stem cell functions. For example, dietary restrictions led to the
rejuvenation of the functions via cell-extrinsic mechanisms in the intestinal (Yilmaz et al., 2012)
and muscle stem cells (Cerletti et al., 2012). Additionally, rejuvenation and life-span extension in
the progeroid mice were achieved via transplantation of the muscle-derived young stem cells to
the progeroid mice, highlighting the possibility of the stem cell-derived secreted factors in
systemic rejuvenation in the old (Lavasani et al., 2012). Furthermore, young blood-borne factors
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were demonstrated to rejuvenate neural and muscle stem cells in the old in a heterochronic
parabiosis experiment (Conboy et al., 2005; Villeda et al., 2011; Villeda et al., 2014) – suggesting
the functional improvements of the old stem cells via cell-extrinsic mechanisms.
Altered intercellular communication: Along with the cell-intrinsic changes, communications
between the cells are also de-regulated upon aging. In line with this, intercellular communication
mediated via endocrine, neuroendocrine or neuronal signaling was also recognized to be altered
upon aging (Laplante and Sabatini, 2012; Rando and Chang, 2012; Russell and Kahn, 2007; Zhang
et al., 2013) – leading to the dampened immunosurveillance against pathogens and pre-malignant
cells, and altered peri-and extracellular environment (Lopez-Otin et al., 2013). Inflammaging – a
chronic low-grade inflammation – exerted by the pro-inflammatory damages or by naturally
occurring senescent cells, can inflame the neighboring cells with the pro-inflammatory cytokines
(Salminen et al., 2012). This might lead to the decline of stem cell functions (Doles et al., 2012)
and other age-associated pathologies such as atherosclerosis (Tabas, 2010).

Figure 9: The hallmarks of aging.
Illustration of the nine hallmarks of aging: genomic instability, telomere attrition, epigenetic
alterations, loss of proteostasis, deregulated nutrient-sensing, mitochondrial dysfunction,
cellular senescence, stem cell exhaustion, and altered intercellular communication(Lopez-Otin
et al., 2013) (Figure re-used with the permission from Professor Manuel Serrano).

Age-associated defective intercellular communications may be restored by genetic,
pharmaceutical, or dietary interventions. For example, a dietary restriction was shown to extend
lifespan (Piper et al., 2011; Sanchez-Roman et al., 2012), and rejuvenation to the parabioticallypaired old animals was achieved by the blood-borne factors circulated from the young animals
(Conboy et al., 2005; Villeda et al., 2011; Villeda et al., 2014).
Deregulated nutrient-sensing: Pathways responsible for nutrient-sensing and energy metabolism
were frequently altered upon aging. Insulin and IGF-1 signaling (IIS) pathway, and its targets
FOXO family of transcription factors, and mTOR complexes are evolutionarily conserved and
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ascribed to aging (Barzilai et al., 2012; Fontana et al., 2010; Kenyon, 2010). Correspondingly,
genetic mutations that decline the functions of the pathway (such as IGF-1 receptor or insulin
receptor) or downstream effectors (such as AKT, mTOR, and FOXO) were demonstrated to
increase longevity (Barzilai et al., 2012; Fontana et al., 2010; Kenyon, 2010). In support, a dietary
restriction was shown to increase lifespan and health span in all tested eukaryotes (Colman et al.,
2009; Fontana et al., 2010; Mattison et al., 2012).
mTOR kinase is constituted of mTORC1 and mTORC2 complexes, which essentially modulate all
aspects of anabolic metabolism (Laplante 2012). Dietary restriction-mediated augmentation of
stem cell functions via Paneth cells can be mimicked with the treatment of rapamycin, a mTORC1
inhibitor – suggesting that rejuvenating benefits of mTORC1 inhibition phenocopies dietary
restriction (Yilmaz et al., 2012). Genetic deletion of mTORC1 in yeast, worms, and flies (Johnson
et al., 2013) – or pharmacologic inhibition of mTORC1 by rapamycin in mammals increases
longevity (Harrison et al., 2009). Similarly, genetic deletion of S6K1, a major substrate for
mTORC1, increases longevity in mice (Selman et al., 2009), highlighting the role of the
mTORC1/S6K1 signaling axis in aging and longevity.
In the interests of brevity and relevance of this dissertation work, other hallmarks of aging,
namely, epigenetic alterations, cellular senescence, mitochondrial dysfunction, loss of
proteostasis, telomere attrition, and genomic instability, are not discussed in this literature
review.

1.6.2 Inflammaging
Aging is a complex temporal process that results from concerted impacts from environmental,
genetic, and epigenetic factors (Sanada et al., 2018). Aging is characterized by chronic
inflammation (Bektas et al., 2018; Chung et al., 2019; Ferrucci and Fabbri, 2018; Franceschi et
al., 2018). Inflammaging is a potentially major risk factor for age-related diseases such as cancer,
diabetes, hypertension, atherosclerosis etc, and for the morbidity and mortality of the elderly
(Franceschi and Campisi, 2014; Sanada et al., 2018). While aging/inflammaging promotes
diseases– diseases, themselves, can also promote aging/inflammaging (Kennedy et al., 2014). For
instance, chemotherapy-treated children often demonstrate accelerated aging phenotypes later in
their life(Robison and Hudson, 2014). In line with this, protracted cytomegalovirus infection can
lead to chronic inflammation, deplete immune responses, and develop accelerated age-related
symptoms (Pawelec et al., 2012). Jointly, these findings demonstrate how aging/Inflammaging
can promote age-related diseases and vice versa in a positive feedback loop (Fig. 10).

Figure 10: Inflammaging is at the core of aging and age-related pathologies.
Inflammaging is a critical mediator of aging and many age-related chronic diseases, which, in
turn, increases the rate of aging. Adapted from Franceschi et al., 2018.
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1.6.3 Evolutionary theories of aging: convergence of development and
aging
Aging is characterized as a progressive decline of physiological functions over time. According to
the antagonistic pleiotropy theory proposed (Williams, 1957) – aging is defined as a progressive
decline of natural selection(Fabian and Flatt, 2011) (Fig.11), where genetic features that are
beneficial at the development – become deleterious at the advanced age and promote aging. Thus,
aging can be viewed as a maladaptive byproduct of natural selection and reproductive fitness at
an early age (Fabian and Flatt, 2011). Cellular senescence is an example of antagonistic pleiotropy.
Although senescent cells help limit cancer at an early age – accumulated senescent cells can be
cancer-promoting at an advanced age (Campisi, 2003; DePinho, 2000). Similarly, TOR pathway
is arguably a classic example of antagonistic pleiotropy, where TOR drives the developmental
programs in early life and balances anabolic reactions with the availability of nutrients later in
adult life but can become deregulated at an advanced age and drive age-related diseases
(Blagosklonny, 2010).

Figure 11: Natural selection as a function of age.
The strength of natural selection on survival and/or reproduction declines as a function of age.
The declining force of natural selection in the advanced age is at the core of the evolutionary
theories of aging. Adapted from Fabian and Flatt, 2011.

1.6.4 Aging as a predisposition factor for tumorigenesis: shared origins
of aging and cancer
Broadly, cancer can be considered because of abnormal gain of cellular fitness, while aging can be
ascribed to the loss or decline of cellular fitness (Lopez-Otin et al., 2013). Seemingly, aging and
cancer are two exactly opposite processes. However, they may share common origins (Lopez-Otin
et al., 2013). Aging is generally regarded as a time-dependent acquisition and accumulation of
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cellular damages leading to declined physiological functions (Kirkwood, 2005; Vijg and Campisi,
2008); (Gems and Partridge, 2013). However, such cellular damages sometimes can provide
competitive advantages to some cells leading to the aberrant gain of fitness, culminating
formation of cancer (Lopez-Otin et al., 2013). Thus, the same underlying process, ‘cellular
damage,’ might lead to the manifestations of aging and cancer (Lopez-Otin et al., 2013). In
addition, several age-related degenerative pathologies such as atherosclerosis and inflammation
are marked with uncontrolled overgrowth (Blagosklonny, 2008) (aka. increased cellular fitness)
– a key aspect of cancer development. Collectively, it is plausible that the intersection of aging and
cancer might have a common origin (accumulated cellular damages) – which, depending on the
context (gain or loss of fitness), leads to a manifestation of either one or another (Lopez-Otin et
al., 2013).

1.7 Culture of intestinal stem cells
1.7.1 Matrigel and synthetic hydrogel-based systems
Intestinal stem cells are typically cultured as organoids in the Matrigel (Sato et al., 2009) and
other synthetic hydrogel matrices (Gjorevski et al., 2016). The culture of intestinal organoids is a
prototypical system for modeling intra-epithelial mechanisms of development and diseases
(Clevers, 2016). However, Matrigel and other hydrogel systems are based on an amorphous gel,
and unlike to homogenous sizes and shapes of the intestinal crypts in vivo, cultured organoids
have aberrant morphology with irregular shapes and sizes – impeding the phenotypic screenings
(Chen et al., 2019; Fatehullah et al., 2016). Since Matrigel is derived from tumor cells, it does not
include the native ECM components (Fatehullah et al., 2016), in appropriate ratios and spatial
contexts that are found across the crypt-villus axis (Beaulieu and Vachon, 1994). Similarly,
synthetic matrices (Gjorevski et al., 2016) or collagen-based systems (Yui et al., 2018) lack native
ECM composition. Since ECM is predominantly produced by the mesenchyme (Tschumperlin,
2015), such hydrogel-based systems also preclude studying the role of mesenchymal components
on intestinal stem cell maintenance and functions in vitro (Guiu and Jensen, 2021).
The luminal surface of the intestinal epithelium is covered by the differentiated intestinal cell
types, predominantly by the absorptive enterocytes and secretory goblet cells, and
enteroendocrine cells. Unlike such orientation of the luminal side of the differentiated epithelium
in vivo, the luminal side of the differentiated epithelium in the organoids is closed and inaccessible
in vitro– thus, potentially impeding drug screening, host-microbial interactions, and responses
of the different metabolites. Since the epithelium is spontaneously assorted into a closed structure
with crypt-villus units, organoids need to break up and passage to maintain cultures for the long
term. Thus, these systems preclude performing experiments that would require a setup of
continuous un-passaged maintenance for a long time, such as lineage tracing in vitro.
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1.7.2 Synthetic scaffold
In contrast to the self-organized crypt-villus domains in a closed architecture of organoids,
epithelial cell culture on open tubular-shaped synthetic scaffold increased the duration of the
uninterrupted epithelial culture up to several weeks (Nikolaev et al., 2020). Since the lumen was
accessible, host-microbial interactions can be modeled on such open tubular-shaped synthetic
scaffolds (Nikolaev et al., 2020). Additionally, such a culture set-up facilitated the attainment of
physiologically relevant shapes, sizes, and functions of the intestinal epithelia. Clearly, synthetic
scaffolds have some added advantages over organoid culture systems. However, such a scaffold
system utilizes a hybrid mixture of type-I collagen and Matrigel – thus, precludes native ECM
composition and mesenchymally produced factors (Chen et al., 2016; Fatehullah et al., 2016; Guiu
and Jensen, 2021). Moreover, the uniform presence of all the factors in the synthetic scaffold may
not necessarily recapitulate their functions in vivo as the signaling molecules are present in a
compartmentalized manner (Bahar Halpern et al., 2020; McCarthy et al., 2020; Shoshkes-Carmel
et al., 2018).

1.7.3 Potential of tissue’s native ECM for culturing intestinal stem cells ex
vivo
ECM proteins are integral for determining stem cells’ fate specifications and behaviors in vitro
and in vivo (Gattazzo et al., 2014; Guilak et al., 2009; Hynes, 2009; Jabaji et al., 2014). Major
ECM proteins include laminins, collagens, glycoproteins, and proteoglycans. For growing cells in
matrices that would include all major ECM proteins, ECM proteins are extracted from the living
cells. Matrigel is one of such widely used commercialized cell culture matrices extracted from the
Englebreth-Holm-Swarm tumors in mice (Kleinman and Martin, 2005; Orkin et al., 1977).
Matrigel is predominantly composed of laminins and Collagen IV – with the consideration of
Matrigel being a mixture of reconstituted basement membrane proteins (Hughes et al., 2010).
However, based on the detection of the several growth factors such as fibroblast growth factor,
epidermal growth factor, insulin-like growth factor 1, Tgfbs and PDGFs – a caution was drawn in
interpreting the results obtained by using Matrigel as a cell culture matrices (Vukicevic et al.,
1992). This concern has been abated – to some extent – by using the ‘growth factor reduced’
version of Matrigel. Consequently, Matrigel has been extensively used for maintaining selfrenewal and guiding the differentiation of embryonic and adult stem cells (Hughes et al., 2010).
Additionally, human diseases that are difficult to model in animals can be studied by using
patient-derived organoid systems (Fatehullah et al., 2016).
Although Matrigel, synthetic hydrogels, and synthetic scaffold-based systems essentially allow to
culture intestinal stem cells and study their functions in vitro, current systems do not completely
recapitulate all the aspects of epithelial growth dynamics, epithelial morphogenesis, and
regeneration (Chen et al., 2019; Fatehullah et al., 2016; Guiu and Jensen, 2021). For example,
current culture systems lack mesenchyme – a predominant producer of ECM (Tschumperlin,
2015), and a fundamental part of the stem cell niche (McCarthy et al., 2020; Shoshkes-Carmel et
al., 2018). These limitations warrant the use of a system where native ECM is harvested from the
organ – in a manner retaining mesenchyme-deposited factors allowing investigations on their
impacts in epithelial cells in vitro.
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Tissue decellularization has been previously used to isolate various tissue’s native ECM and
repopulate them with the organs’ various resident cell types (Fu et al., 2014). Decellularized
intestines were also used as a substrate for tissue engineering (Badylak, 2014). However, to
overcome some of the limitations, and to complement the current culture systems, the potential
use of such native ECM as a matrix for culturing intestinal stem cells ex vivo was not available at
the beginning of this study.
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2. Aims of the study
Epithelial regeneration declines upon aging. However, molecular, and cellular mechanisms
behind the age-associated decline in tissue stem cell function were largely unknown. Interestingly,
restoration of epithelial integrity was recently shown to involve an injury-induced transient
developmental reversion. Although mesenchyme and ECM play critical roles in intestinal
epithelial homeostasis and regeneration, how mesenchymal factors contribute to the injuryinduced cellular plasticity or aging was not clear.
Therefore, the aims of the thesis work were:
1. To investigate the mechanistic insights of age-related functional decline of ISCs.
2. To address the role of mesenchyme in injury-induced cellular plasticity in regenerating young
and old intestines.
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3. Materials and Methods
Materials and methods used in the manuscripts (III, IV, and V) are described here. Other
materials and methods are included in the corresponding articles (I and II).

Isolation of mouse small intestinal and colonic crypts
Mouse small intestinal crypts were isolated using a previously published protocol(Yilmaz et al.,
2012), with some changes. In short, cut intestinal fragments were passed through 70 µm nylon
filter. Filtered crypts were further collected by centrifugation (5 min at 300g) at +4°C and washed
at least once with ice-cold PBS by centrifugation. For downstream transcriptomic analysis,
washed crypts were then dissolved in 500 -1000 µl of Trizol (Sigma), processed immediately or
snap-frozen, and stored at -80°C. For culturing the isolated crypts as organoids, crypts were
plated in 60% Matrigel (the rest 40% constitutes resuspended crypts in culture media) and
allowed to polymerize at 37°C for 30 min. Once the Matrigel dome is polymerized 350 µl of ENR
media (Sato et al., 2009) was overlaid on the solidified dome of Matrigel (BD Biosciences). 10 µM
Rho-associated kinase (ROCK) inhibitor Y-27632 (BD Biosciences) was used for the first two days.
Media was changed every other day.

Isolation of human small intestinal crypts
For isolating human small intestinal crypts, fat and thick muscle layers were cut to separate
mucosa from the obtained pieces of human small intestinal biopsies on Petri dishes in ice-cold
PBS. Mucosal samples were then cut into smaller pieces with a sharp razor and incubated in 10
mM EDTA (30-40 ml) in PBS for 2 hours on the ice, with vigorous shaking and buffer changes
every 15 min for the first one hour. The supernatant of the samples was intermittently examined
under a brightfield microscope. Dissociated crypts were then filtered through a 70 µm filter,
centrifuged (5 min at 300g) at +4°C, washed at least once with cold PBS, and cultured in 60%
Matrigel according to the protocol published previously (Sato et al., 2011a).

Organoid culture
Before plating, isolated crypts were counted under a bright field microscope. Approximately 200400 isolated crypts were plated as 20µl drops of 60% Matrigel (with 40% ENR media as crypt
resuspension) on the wells of 48 well plates and incubated at 37°C for 30 min for Matrigel
polymerization. Upon solidification of the Matrigel drops, 350 µl ENR media per well was added.
PBS or MQ water was added to the adjacent empty wells to moisturize the plate chamber. ENR
media composition for mouse small intestinal organoids (Sato et al., 2009): (DMEM/F12 (Gibco),
1x Glutamax (Gibco), 100 U/ml of Penicillin and Streptomycin, 10 mM Hepes, 50 ng/ml of mouse
EGF (RnD), 100 ng/ml noggin (Peprotech), 500 ng/ml of RSpondin-1 (RnD), 1 µM N-Acetyl-Lcysteine (NAC) (Sigma-Aldrich). 10 µM Y-27632 (Sigma) was added for the first two days of
culture in the media. Starting frequency (survival frequency) of the plated crypts was examined
and quantified following three days of culture. Disintegrated yet crypt-shaped like non-viable cell
mass with dark granules (lysosomal granules of Paneth cells) was considered as a crypt that failed
to succeed as organoid. Primary organoids were cultured for 5-6 days, after which regenerative
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growth (number of de novo crypt domains per organoid) was quantified, and if required,
organoids were passaged. Quantification was done blindly, whenever possible. The secondary
culture was performed by disrupting organoids via repeatedly pipetting (20-50x using 200 µl
pipette tip) to mostly single crypt fragments. Then, crypt fragments were examined under
brightfield microscope and then further re-plated (1:3 to 1:6 depending on the organoids amount)
to fresh Matrigel according to the protocol and media composition (except for no addition Y27632) as stated above. Secondary cultures were further confirmed to start from a single crypt
domain by microscopic examination, and their de novo crypt number was quantified 2 days after
re-plating. Organoids, which started from bigger fragments (>1 crypt domain per fragment), were
marked after plating and excluded from the analysis.
For culturing human small intestinal crypts, ENR was supplemented with 10 nM Gastrin (SigmaAldrich), 100 ng/ml Wnt3A (RnD), 1 mM Nicotinamide (Sigma-Aldrich), and 10 µM SB202190
(Sigma-Aldrich) (Sato et al., 2011a). Human small intestinal organoid starting frequency (survival
frequency) was counted under a brightfield microscope at day 4 post-plating.
When indicated, ENR media was supplemented with 0.1 ng/ml rTgfb1 (RnD), 500 nM TgfbRI
inhibitor A8301 (Sigma-Aldrich) or equal amount of its DMSO control, 500 ng/ml rAspn and 1
µg/ml of ultra-LEAFTM CD44 function-blocking antibody (Clone IM7; Low-endotoxin, azide free;
Biolegend) or equal amount of isotype control IgG2b kappa (Clone RTK4533; Low-endotoxin,
azide free; Biolegend). For analyzing the blunting of fetal program by CD44 function-blocking
antibody, isolated crypts were soaked with ultra-LEAFTM CD44 function blocking antibody or
control isotype IgG2b kappa in the ENR resuspended crypts for 30 min on ice before plating in
Matrigel. Then, rAspn was first supplemented into media 3 hours after plating the organoids with
ENR media. Considering the rapid turnover of the intestinal stem and progenitor cells(Clevers,
2013), Ultra-LEAFTM CD44 function-blocking antibody or control isotype IgG2b kappa was
supplemented into media every 8 hours for collecting samples for downstream transcriptomic
analysis or for assessing crypt bud/organoid (regenerative growth).

Decellularization
The step-by-step protocol of the tissue decellularization protocol is described elsewhere
(manuscript IV). In short, small intestinal ECM (iECM) was prepared by decellularizing 10 cm of
the distal ileum from the mouse small intestine. In brief, ileal pieces were flushed through cold
MQ water using oral gavage. Next, fat and mesentery attached to the serosa were removed before
incubating with 50 ml MQ water in a falcon on a shaker (10-20 rpm) overnight at +4°C. Following
overnight incubation, osmotically lysed cell fragments in the hypotonic water were cleared by
flushing the intestinal pieces with ice-cold MQ water (3x). The remaining fat parts were cut using
a fine scissor (Fine Science Tools) on the plastic dish, kept on top of a black background. Intestinal
pieces were then further cut into ~1 cm piece and incubated with 1% (unless otherwise indicated)
Sodium Deoxycholate (SDC) in the 15 ml falcons on a shaker (10-20 rpm) at room temperature
for 3 hours. Then, intestinal pieces were washed with MQ water (15 min, at RT on a shaker) and
further incubated with NaCl (1M) and DNaseI (1 U/10 µl) (2 hrs at RT on shaker). Finally, freshly
prepared iECMs were washed with PBS, stored at +4°C (short-term: <7 days) or at -80°C (longterm: >1 year). Intestinal pieces were maintained as hollow tube-shaped structures throughout
the decellularization process for efficient access of the reagents and washing. Wrinkled/collapsed
pieces were not used for re-epithelialization with the intestinal epithelium.
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Crypt culture on iECM
Detailed protocol for intestinal epithelial culture on iECM is reported in Manuscript IV. Briefly,
to wash away Matrigel, cultured intestinal organoids (2-3 days old culture or broken crypt
domains from passaged organoids) were washed (3x) carefully with cold advanced DMEM/F12
(150x g for 1.5 min at +4°C). Then the organoids were resuspended in ENR media, plated on the
lumenal side of the open iECM. Standard ENR media was overlaid intermittently on iECM to
avoid drying at the cell culture incubator. After 1 hr of incubation, ENR media was added to the
final volume of 350 µl. After overnight culture, the number of adhered organoids were counted
and used as starting frequency for de novo crypt quantification, and iECM was led to be floated
off to glass using a fine tweezer. ENR media was changed every day, and crypts were counted at
days 6-7 post-plating for regeneration assay. When indicated, ENR media was supplemented with
500 ng/ml rAspn and 1 µg/ml of ultra-LEAFTM CD44 function-blocking antibody (Clone IM7;
Biolegend) or an equal amount of isotype control IgG2b kappa (Clone RTK4533; Biolegend).

Single cell sorting
For sorting single cells, isolated crypts were disintegrated by using TrypLE Express (Gibco) with
1000 U/ml of DNaseI (Roche) at +32°C for 80-90 seconds. Dissociated cells were further
triturated (8-10 times) to disintegrate the cell clumps, washed SMEM media (Sigma), centrifuged
(300g, 5 min at +4°C), and stained with antibodies (on ice, 30 min): anti-CD31-PE (Biolegend,
Mec13.3), anti-CD45-PE (eBioscience, 30-F11), anti-Ter119-PE (Biolegend, Ter119), anti-EpCAMAPC (eBioscience, G8.8) and anti-CD24-Pacific Blue (Biolegend, M1/69). Stained cells were
washed (300g, 5 min at +4°C) with SMEM media (Sigma). Washed cells were resuspended with
SMEM media (500-1000 µl depending on the number of cells) and 7-AAD (10 µM, Life) was added
for live cell gating. Finally, cells were sorted using FACSAria II (BD Biosciences), and data were
analyzed using FlowJo software (FlowJo, LLC). Intestinal stem cells were isolated as Lgr5-EGFPhi;
Epcam+; CD24lo/−; CD31−; Ter119−; CD45−; 7-AAD−. Lgr5hi cells were cultured with standard ENR
media supplemented with an additional 500 µg/ml of Rspondin-1 (to yield a final concentration
of 1µg/ml) and 100 ng/ml Wnt3a for the first 6 days. 10 µM Y-27632 was added to the media for
the first two days. Media was changed every other day. When indicated, rAspn was added (500
ng/ml). Single cell starting frequency and clonogenic growth of primary organoids were analyzed
at days 6-7. For flow cytometric analysis of Sca1+ cells, cells were stained with antibodies antiCD31-PerCP.Cy5.5 (Biolegend, Mec13.3), anti-CD45- PerCP.Cy5.5, (eBioscience, 30-F11), antiEpCAM-BV786 (BDBiosciences, G8.8) and anti-CD24-Pacific Blue (Biolegend, M1/69), antiSca1-PE (Biolegend, D7), and 10 µM 7-AAD (Life). Sca1+ cells were isolated and analyzed from
the vehicle/5-FU treated (200 mg/Kg body weight) age-and sex-matched young and old
intestines, as Sca1+; Epcam+; CD31-; CD45-;7-AAD-. Timepoints for sacrificing mice postvehicle/5-FU injections were indicated in the respective figure legends.

Real-time qPCR
Total RNA from mouse small intestinal crypts and cultured organoids were isolated by Trizol
purification according to the manufacturer’s instructions (Life). Total RNA from whole tissues
was isolated first by homogenizing a piece of tissue in 1 ml Trizol with tissue homogenizer
(Precellys 24) according to the manufacturer’s instructions. Isolated total RNA was digested with
DNasI enzyme (ThermoFisher Scientific) and transcribed with cDNA synthesis kit using
Oligo(dT)18 primers (Molecular probes). qPCR amplification was detected using the SYBRGreen
(2xSYBRGreen mix, Applied biosciences) method. Samples were run as triplicates, and genes of
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interest were normalized to Actin/Rpl13a. Following primers (5’-3’) were used for qPCRActin_F:CCTCTATGCCAACACAGTGC
Actin_R:CCTGCTTGCTGATCCACATC
Aspn_F:CAACGGGATAGAACCAGGGG
Aspn_R:TGTTTCCAAGACCCAGCCTT
Rpl13a_F:GTGGTCCCTGCTGCTCTCAAG
Rpl13a_R:CGATAGTGCATCTTGGCCTTTT
Ly6a/Sca1_F:GAGGCAGCAGTTATTGTGGAT
Ly6a/Sca1_R:CGTTGACCTTAGTACCCAGGA
Clusterin_F:AGCAGGAGGTCTCTGACAATG
Clusterin_R:GGCTTCCTCTAAACTGTTGAGC
Msln_F:CTTGGGTGGATACCACGTCTG
Msln_R:CTTCTGTCTTACAGCCATAGCC
Il1rn_F:GCTCATTGCTGGGTACTTACAA
Il1rn_R:CCAGACTTGGCACAAGACAGG
Tgfb1_F:TGTCCAAACTAAGGCTCGCC
Tgfb1_R:ACCTCTTTAGCATAGTAGTCCGC
Pai1_F: GGTCTTCTCTCCCTATGGCG
Pai1_R: CTCATTCTTGTTCCACGGCC

RNA sequencing and data processing
According to the manufacturer's instructions, total RNA was isolated by using RNeasy Mini Kit
(Qiagen) for RNA sequencing. On-Column DNase (Qiagen) digestion was performed. For
RNAseq analysis from intestinal organoids, an Ovation Universal RNA-Seq System kit was used
for Illumina library preparations (NuGEN Technologies Inc., CA, USA). Purified total RNA (8.5100 ng) was used, and primers for ribosomal removal were designed and used as outlined in the
kit manual. Libraries were purified with AMPure XP beads (Beckman Coulter Inc., MA, USA),
quantified, and run on a NextSeq 500 sequencer using 75b single read kits (Illumina, CA, USA).
The read quality was examined with Fastqc 0.11.8
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/), which then were mapped with
STAR 2.5.3a (Dobin et al., 2013) to the Gencode version M16 primary genome assembly with the
corresponding annotation. The genome fasta and gtf files were downloaded from
www.gencodegenes.org. Post-mapping quality control and gene quantification was performed
with QoRTs 1.3.0(Hartley and Mullikin, 2015). R 3.6.2 (https://www.r-project.org/) was used
for downstream analysis. Differential expression analysis was performed with DESeq2
1.24.0(Love et al., 2014), gene set enrichment analysis with camera from the package limma
3.40.2(Ritchie et al., 2015). A rank-based test of enrichment was performed with camera using
voom-transformed normalized counts. Hallmark and C2 gene sets from MSigDB (Liberzon et al.,
2011) were collected with the R package msigdbr 7.0.1 (https://cran.rproject.org/web/packages/msigdbr/index.html).

Immunoblotting
For immunoblotting from whole tissues, ileal samples were homogenized (Precellys) in RIPA
buffer with 1xHalt Protease inhibitor (ThermoFisher Scientific) and 1xPhosStop (Roche)
phosphatase inhibitors. Then, samples were centrifuged (15 000g for 10 min at 4°C), and clear
supernatants were collected in fresh tubes. For immunoblotting from HCT-116 cells, samples were

38

Materials and Methods

processed as above but without homogenization. Protein concentrations of cleared lysates were
measured by DC Protein Assay kit (Bio-Rad). Samples were kept at -80°C for long-term storage.
For immunoblot analysis, samples were run on 4-12% Bis-Tris protein gels (Life) and blotted on
nitrocellulose membranes. Membranes were incubated with primary antibodies: Aspn (1/1000;
Sigma, SAB2500127), pSmad3 (Ser423/425) (1/1500; CST, C25A9), Smad3 (1/1500; CST,
C67H9), Beta-Actin (1/5000; CST, 4967), Alpha-Tubulin (1/3000; CST, 2144) at +4°C followed
by incubating with HRP conjugated anti-rabbit (Sigma-Aldrich) or anti-mouse (CST) or anti-goat
(Dako) for 1 hr RT. Signal was detected using ECL reagent (ThermoFisher Scientific).

Immunofluorescence and immunohistochemistry
Tissues samples were fixed in 4% Paraformaldehyde (PFA), processed (Leica ASP200; Routine
Program), paraffin-embedded, and sectioned (section thickness: 5-8 µm). For the paraffinembedded sections, antigen retrieval was performed by slowly boiling the samples in pH6 Citrate
buffer (Sigma-Aldrich) for 20 min. Following antibodies were used: E-cadherin (1/500; BD,
610181), pSmad2 (1/500; Abcam, ab188334), Sca1 (1/500; Biolegend, D7), CD44 (1/500;
ThermoFisher, IM7) and Yap1 (1/500; Abcam, ab205270). After antigen retrieval, 0.5% TritonX100 (Sigma) was used for permeabilizing the cells. If the mice had been injected with 5-ethynyl2’-deoxyuridine (EdU), then, EdU incorporation was followed by EdU Click-IT chemistry
according to the manufacturer’s instructions (ThermoFisher Scientific).
For staining the re-epithelialized iECM, samples were fixed with 4% PFA for 20 min at RT.
Following fixation, samples were washed with PBS and incubated with blocking buffer (5% Goat
serum, 0.2% BSA, and 0.3% Triton X-100 in PBS) for 30min RT and washed twice with PBS. The
following antibodies were used for staining with the primary antibodies: pan-laminin antibody
(1/300; Abcam, ab11575) and E-cadherin (1/500; BD, 610181). Antibodies were diluted with
blocking buffer and incubated at +4°C overnight on a shaker at 10rpm. iECM was washed three
times with PBS and incubated with the appropriate secondary antibody for 1h at RT. After washing
with PBS, samples were imaged using a spinning disc confocal. Primary antibodies were detected
with biotin-conjugated secondary antibodies. Alexa-488, Alexa-594, Alexa-633 and Alexa-647
conjugated anti-rabbit or anti-mouse secondary (Life) were used for immunofluorescence. Nuclei
were co-stained with DAPI (Life) or Hoechst 33342 (Life).
For staining the re-epithelialized iECM with Sca1, live cells were stained with anti-Sca1-PE (1:500;
Biolegend, D7), anti-EpCAM-APC (BDBiosciences, G8.8) and co-stained with Hoechst 33342
(Life) for 1 hr at 37°C in ENR media. Samples were then fixed with 4% PFA for 20 min at RT,
followed by washing with PBS (3x), and imaged using Leica TCS SP8 STED 3x CW 3D.

Quantification of nuclear pSmad2 and EdU+ and villus cellular density
ImageJ was used for quantifying nuclear pSmad2 signal intensity. Signal intensity was normalized
with DAPI staining. Blinded investigators measured pSmad2 mean fluorescent intensity from
nuclear ROIs of cells from the nucleus of CBC and Paneth cells (identified by nuclear morphology
and cellular shape) of the crypts (>20 crypts/mouse). Background subtraction was carried out
based on non-nuclear pSmad2 stained area of the crypts. EdU+ cells were quantified using
CaseViewer (3DHISTECH). Ileal villus cellular density (nuclei per µm) and villus:crypt ratio were
quantified using CaseViewer (3DHISTECH).
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RNA in situ hybridization
RNA in situ hybridization for mouse Aspn was performed with RNAScopeâ 2.5HD Assay-Brown
according to manufacturer’s protocol (RNAScopeâ ACDBio). The probe used: Mouse Aspn: MmAspn 300031. Paraffin-embedded tissue sections from young (2-6 months) and old (³24 months)
mice were used for in situ hybridization. Samples were further counter-stained with hematoxylin.
Stained slides were scanned with PANNORAMIC Digital Slide Scanners (3DHISTECH Ltd.). Aspn
mRNA dots in the mesenchymal cells were quantified from the pericryptal region.

Cell culture
Colorectal cancer cells HCT-116 were cultured in RPMI-1640 media (Sigma) supplemented with
10% FCS (Gibco), 100 U/ml of Penicillin/Streptomycin (Orion/Sigma) and 2 mM L-glutamine
(Sigma). Cells were passaged upon reaching >90% confluence level. For collecting protein
samples, cells were cultured in 6 well plates.

rAspn production and purification
Recombinant mouse Aspn (rAspn) was produced in Chinese Hamster Ovary (CHO) cells. Mouse
Aspn expressing CHO cells were cultured in Alpha MEM (Gibco) medium, supplemented with
10% Dialyzed serum (Sigma), 100 U/ml of Penicillin/Streptomycin (Orion/Sigma), 2 mM Lglutamine (Sigma), and 75 ug/ml of Zeocin (Sigma). Upon reaching the cell confluence level
>80%, regular media was replaced with media without Zeocin for 3 days in alpha MEM medium
supplemented with 2 mM Glutamine, 100 U/ml of Penicillin/Streptomycin (Orion/Sigma) and
1% FCS (Gibco). Following 3 days of culture, media supernatant containing secreted Aspn from
the cultured CHO cells was collected, centrifuged, and stored at -80°C. Finally, rAspn was purified
from the supernatant using a standard purification procedure at the Meilahti Clinical Proteomics
Core Facility and Jeltsch Lab, Viikki, Helsinki University.

Mass spectrometry
Proteomic samples from old iECM are prepared in 6M Urea and analyzed similarly as published
(Ohman et al., 2018) before. MaxQuant (1.6.10.43) database search was used for peptide and
corresponding protein identifications (Manuscript III, Data S2). For tissue mass spectrometry
analysis, pieces of intestinal tissue from the jejunum of young (2-3 months old), old (18 months
old), and geriatric (≥ 26 months old) C57Bl6J mice were collected from the jejunum after cleaning
the intestines with PBS. Intestine pieces were homogenized in PBS, boiled for 10min with 0.2vol
10% SDC and lysed with 10M Urea in 250mM ammonium bicarbonate by sonication for 10 cycles
(1min on, 30s off) in a Bioruptor PlusTM (Diagenode). Lysates were clarified by centrifugation for
5min at 20800xg. Protein lysates were further processed for LC-MS/MS analysis using the
standard protocol at Leibniz Institute on Aging-Fritz Lipmann Institute, Jena, Germany.

Statistical analysis
For analysis of in vitro organoid culture, crypt culture on iECM, and histological quantification,
investigators were blinded when possible. Microsoft Excel and Graphpad Prism were used for
statistical analysis and data visualization. Data obtained from flow cytometric analysis was
visualized and plotted with FlowJO. All data were analyzed by a two-tailed Student’s t-test. Paired
t-test was applied when appropriate and noted in the figure legends.
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Human Biopsy samples
Human jejunal samples were obtained from patients undergoing Roux en-Y gastric bypass
surgery. The tissue samples used for organoid functional assay were stored in normal saline on
ice until crypt isolation. The study regarding relevant samples was approved by Helsinki
University Hospital. Written and informed consent was obtained before enrolment.

Animals
Lgr5-EGFP-IRES-CreERT2(Barker et al., 2007), PGK-Cre; Aspnfl/fl; R26R-CreERT2; Aspnfl/fl,
Twist2-Cre;Aspnfl/fl, Twist2-Cre; R26RLSL-tdtomato/+ mice were kept in C57BL/6 background. 5Fluorouracil (Sigma) was reconstituted in DMSO (100 mg/ml), and a single intraperitoneal
injection was given to the mice with a dose of 200 mg/Kg body weight. Tamoxifen was dissolved
in corn oil and injected (5 mg/mouse) in R26R-CreERT2; Aspnfl/fl mice intraperitoneally seven
days before injecting with 5-FU. Young (3-6 months) and old (21-26 months) were used for all
the experiments. Whenever possible, age- and sex-matched mice were grouped between Twist2Cre; Aspn+/+ and Twist2-Cre; Aspn-l-, and equally distributed between Vehicle (DMSO) and 5FU group. The average body weights of the mice were measured daily post-treatment (DMSO/5FU). For in vivo proliferation assessment, EdU (20 mg/Kg) in PBS was injected intraperitoneally
2 hours before sacrificing the mice. Genotyping of the mice was carried out with described primers
(III, Table-2). Animal housing and all animal experiments were approved and carried out in
accordance with the regulations of the Finnish national animal experimentation board.

Electron Microscopy
iECM (with or without re-epithelialization) was fixed with 2% Glutaraldehyde in 100 mM NaCacodylate (NaCac) buffer (pH 7.4) for 1h at room temperature. Samples were further osmicated
with 1% OsO4 in 0.1M NaCac followed by several washings with 0.1M NaCac and dH2O before the
samples were dehydrated and dried overnight. Samples were then platinum coated, and scanning
electron micrographs were obtained using FEI Quanta 250 Field Emission Gun SEM.
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4. Results and discussion
4.1 Aged-induced deregulation of Wnt signaling in Paneth
cell niche impairs intestinal regeneration (I)
Aging is inevitable in mammals and marked with progressive degeneration of physiological
integrity, organ, and tissue functions, and declined regenerative capacity (Conboy and Rando,
2012; Lopez-Otin et al., 2013; Molofsky et al., 2006; Rossi et al., 2007). Intestinal stem cells
can be cultured in vitro as 3D organoids for the long term without losing their self-renewal
capacity (Sato et al., 2009). Previous studies demonstrated the age-related alterations in
gastrointestinal organs (Feibusch and Holt, 1982; Feldman et al., 1996; Warren et al., 1978),
and declined regeneration in the old intestine (Potten et al., 2001), indicating the impaired
regenerative potential of stem cells. In agreement with this, the organoid formation ability of
the colonic crypts isolated from biopsied healthy older human donors was reduced (I, Fig. 1a).
Similarly, when compared to young, small intestinal crypts isolated from old mice showed
declined regeneration in 3D organoid assays (I, Fig. 1b and Extended Data Fig. 1b, c),
suggesting that age-induced declined intestinal epithelial regenerative capacity is conserved
in mice and human.
Flow cytometric analysis of intestinal epithelium isolated from Lgr5-EGFP-IRES-creERT2
reporter mice (Barker et al., 2007) revealed a significant drop in the frequency of Lgr5hi ISCs,
along with a concomitant increase of Paneth cells in the old intestine (I, Fig. 1c). Since the
Paneth cell niche was shown to regulate the number and functions of stem cells in young mice
(Sato et al., 2011b; Yilmaz et al., 2012), possible altered communication between ISC and its
Paneth cell niche was further investigated in aging. When FACS-sorted Lgr5hi and Paneth cells
isolated from young and old mice were co-cultured in all four combinations, old ISCs and
Paneth showed cell-type specific age-induced effects culminating in reduced organoid
formation (I, Fig. 1d). Curiously, while young Paneth cells partially rescued the organoid
formation capacity of old ISCs, old Paneth cells countered the increased organoid formation
capacity of young ISCs. These findings highlighted both stem cell-intrinsic and extrinsic
epithelial factors underpinning the declined regeneration potential of the aged intestinal
epithelium.
Our RNA sequencing revealed that old Paneth cells express increased extracellular Wnt
inhibitor Notum (I, Fig. 2b), and – correspondingly, old stem cells showed declined
expression of Wnt-target genes (I, Fig. 2c). Notum is a secreted Wnt deacylase that uncouples
Wnt ligands from LRP5/6-Frizzled receptors and reduces Wnt activity locally during
development (Giraldez et al., 2002; Kakugawa et al., 2015). In the small intestine, Wnt
ligands are produced by the pericryptal mesenchymal cells (Degirmenci et al., 2018;
Shoshkes-Carmel et al., 2018), and Paneth cells (Farin et al., 2012; Sato et al., 2011b). To probe
the effect of Notum on the functions of stem cells, FACS-sorted ISCs were treated with
biologically active recombinant Notum. Interestingly, Notum declined the regenerative
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capacity of young ISCs (I, Fig. 2d and Extended Data Fig. 3a, b) – indicating the Notum
deactivated the membrane-bound Wnts on ISCs isolated from a young mouse. In contrast,
colony formation by old ISCs was not further reduced upon Notum treatment. In agreement,
supplementation of exogenous Wnt ligands increased the regenerative capacity of old crypts
(I, Extended Data Fig. 3c, d). Jointly, these data indicate that Paneth-produced Notum might
underlie the declined Wnt and regenerative capacity of the aged intestinal epithelium.
Our GSEA analysis revealed that old Paneth cells had increased expression of mTORC1 target
genes. Correspondingly, mTORTC1 activation by epithelial-specific knock out of Tsc1 resulted
in increased Notum expression in Paneth cells, coupled with the declined epithelial
regeneration (I, Extended Data Fig. 5k-m). Collectively, these data indicate that age-induced
increase of cell-autonomous mTORC1 in Paneth cells increases Notum expression and
declines old intestinal epithelial regeneration.
Our GSEA analysis of old Paneth cells further revealed significant downregulation of
Peroxisome Proliferator Activated Receptor alpha (PPARa) (I, Extended Data Fig. 6a).
Interestingly, mTORTC1 inhibits PPARa (Yilmaz et al., 2012), which also has a putative
binding site for Notum gene (I, Extended Data Fig. 6b). Correspondingly, chemical inhibition
of PPARa with PPARa antagonist (GW6471) increased Notum expression, decreased
regenerative growth, and declined ISCs: Paneth cell ratio (I, Fig. 2f, g and Extended Data Fig.
6c). Furthermore, the aging mimicking effect of PPARa inhibition was further blunted with
exogenous Wnt supplementation (I, Fig. 2g and Extended Data Fig. 6d). Jointly, these data
establish mTORC1-PPARa-Notum signaling axis in Paneth cell niche in impairing intestinal
epithelial regeneration upon aging.
Finally, pharmacological inhibition of Notum by a small molecule inhibitor (ABC99) (Suciu
et al., 2018) blunted the effect of exogenous Notum in vitro (I, Extended Data Fig. 8a,b).
Moreover, upon intraperitoneal injection of ABC99 in old mice, isolated old stem cells showed
comparable organoid formation capacity as untreated young (I, Fig. 3c), restored Wnt activity
in old ISCs (I, Fig. 3d and Extended Data Fig. 8f), and promoted intestinal regeneration in
chemotherapy challenged old mice (I, Fig. 3f-g and Extended Data Fig. 9b). Jointly, these data
show that ISCs niche Paneth cell-produced Notum attenuates old intestinal epithelial
regeneration by reducing Wnt activity in stem cells.
Although Paneth cell niche is a source for canonical Wnt signaling molecules (Sato et al.,
2011b) and critical for supporting intestinal stem cells in vitro and plays a vital role in
intestinal aging, previous findings demonstrated that Paneth cell loss and elimination of
epithelial Wnt signaling does not compromise the epithelial integrity in young mice (Kim et
al., 2012; van Es et al., 2019). Correspondingly, mesenchyme constitutes an integral part of
the intestinal stem cell niche at homeostasis and regeneration (McCarthy et al., 2020;
Shoshkes-Carmel et al., 2018).
Although Matrigel or other hydrogel-based systems revolutionized our understandings in
intestinal stem cell biology, they lack mesenchyme, native ECM, and tissue architectures
(Chen et al., 2016; Fatehullah et al., 2016; Guiu and Jensen, 2021). Thus, development of a
more inclusive and complementary platform is warranted, where the effects of native
mesenchyme-derived factors could be studied for intestinal stem cell functions in tissue
regeneration and aging ex vivo.
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4.2 A hydrogel complementary platform for investigating
the role of extra-epithelial factors in intestinal epithelial
regeneration ex vivo (III)
Hydrogel-derived organoids are perhaps the most characterized systems for modeling intraepithelial mechanisms of development and diseases (Clevers, 2016). However, organoid
culture systems have certain limitations, such as heterogeneous sizes and shapes of the crypts
in the organoids (Chen et al., 2019; Fatehullah et al., 2016) and lack of native ECM
composition (Chen et al., 2016; Fatehullah et al., 2016; Guiu and Jensen, 2021). Organoid
culture systems either use a tumor-derived complex mixture of ECM components as
substrates (Sato et al., 2009) or use chemically defined matrices (Gjorevski et al., 2016; Yui et
al., 2018). Furthermore, in contrast to the orientation of the luminal side of the differentiated
epithelium in vivo, the luminal side of the differentiated epithelium is closed inside the
organoid and inaccessible in vitro – thus, potentially impeding drug screening, host-microbial
interactions, and responses of the different metabolites. Since the epithelium is spontaneously
assorted into a closed structure with crypt-villus units, organoids need to passage for
maintaining cultures for the long term. Thus, these systems preclude performing experiments
that would require an ideal set up of continuous un-passaged maintenance for a long time,
such as for lineage tracing in vitro. Epithelial cell culture on an open tubular-shaped synthetic
scaffold addressed some of the limitations of the organoids, such as an uninterrupted culture
for up to several weeks (Nikolaev et al., 2020). However, even the most sophisticated synthetic
approaches fail to mimic the multiscale complexities of the native ECM components (Wong
and Griffiths, 2014). For example, a synthetic scaffold system utilizes a hybrid mixture of typeI collagen and Matrigel. Thus, synthetic scaffold does not constitute native ECM composition
found across the crypt-villus axis and mesenchymally produced factors deposited onto ECM.
Consequently, such hydrogel-based systems pose limitations for investigating how such
native ECM-bound factors modulate the functions of stem cells, for example, during
regeneration in vitro.
Considering these limitations of the current systems, intestinal epithelial regeneration was
modeled ex vivo on decellularized small intestinal ECM (iECM). Our optimized
decellularization retained the ECM architecture of the intact crypt and villus (III, Fig. 1a and
Ext. Data Fig. 1b) and a large number of tissue’s native ECM proteins. On iECM, stem cells
and Paneth cells reside at the crypt base, and proliferation is restricted to the crypt epithelium
(III, Fig. 1b, Ext. Data Fig. 1c-d). Unlike Matrigel-cultured organoids, epithelial cells are grown
as an open monolayer, apoptotic cells are shed off in the medium, and dead cells can be
removed by changing medium – allowing the uninterrupted long-term growth of the epithelial
cells without passaging. Thus, this system enables intestinal epithelial growth in a
physiologically relevant setting and can be extrapolated to investigate the impact of the
mesenchymal-derived factors bound to ECM on intestinal epithelial regeneration.
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4.3 Critical role of smooth muscle-specific membranetethered MMP17 in intestinal regeneration (II)
MMPs remain either soluble or membrane-bound proteinases and cleave substrates with
specificities (Bonnans et al., 2014). MMPs are master regulators of ECM, with the relevance
of various cellular processes – as evident from their ability to degrade all the ECM (Lu et al.,
2011). ECM provides physical support in maintaining tissue integrity and elasticity and is
essential for tissue morphogenesis (Bonnans et al., 2014; Mahoney et al., 2008). Interestingly,
large-scale ECM and structural remodeling have been ascribed to injury-induced regeneration
or inflammatory diseases (Kinchen et al., 2018; Yui et al., 2018). This indicates the crucial role
of ECM and its remodeling during regeneration and diseases. This also implies the potential
role of matrix metalloproteinases during tissue remodeling, repair, restoration of
morphogenesis, and homeostasis – and their dysregulations in diseased states. However, the
role of MMP17s in maintaining the intestinal stem cell niche during homeostasis and
regeneration is largely unexplored. Our findings uncovered that MMP17, a membrane-bound
MMP, is specifically produced by smooth muscle cells and plays a significant role in intestinal
epithelial homeostasis and regeneration.
RNA sequencing from isolated intestinal smooth muscle cells revealed that smooth muscle
cells predominantly produce Bmp antagonists such as Grem1, Grem2, and Chrdnl1 (II, Fig.
1b and S1b). Fluorescent in situ hybridization further confirmed the smooth muscle-specific
expression of Bmp antagonists (II, Fig. 1c). In line with this, the culture of intestinal organoids
with muscle explants (muscle-SN) lacking mucosal part rendered the epithelial growth
Noggin (a BMP inhibitor) independent (II, Fig. 1d-e). In addition, indicating the critical role
in tissue regeneration, muscle-derived factors rendered intestinal epithelium reparative (II,
Fig. 1f-g). Jointly, these findings further provide relevance and indicate the potential role of
smooth muscle-derived factors in intestinal epithelial homeostasis and regeneration.
Further investigations revealed that smooth muscle cell-produced MMP17 regulates epithelial
Bmp signaling (II, Fig. 3d-e). Bmp signaling restricts the stemness of Lgr5+ intestinal stem
cells (Qi et al., 2017). Correspondingly, telocytes at the villus stroma were shown to produce
a large amount of Bmp ligands and maintain the epithelial spatial gene expression programs
across differentiated villus epithelium (Bahar Halpern et al., 2020). In line with the role of
Bmp signaling in countering the signature genes of intestinal stem cells (He et al., 2004; Qi et
al., 2017), crypts isolated from the intestine of Mmp17-/- mice showed reduced stem cell
marker gene expression such as Lgr5 and OlfM4 (II, Fig. 4a-b) coupled with the declined
organoid formation in the 3D organoid assay (II, Fig. 4c, S5).
Since MMPs are master regulators of ECM (Lu et al., 2011), the potential role of ECM, isolated
from Mmp1+/+ and Mmp17-/- intestines, was investigated by using a newly developed iECMbased regenerative assay (III, Fig. 1). Strikingly, iECM obtained from Mmp17-/- intestine
demonstrated a robust decline of wild type epithelial regeneration (II, Fig. 4e-g),
Corroborating these in vitro (organoid assay) and ex vivo (iECM assay) findings, impaired
intestinal regeneration was observed in vivo in DSS- (II, Fig. 5a-h) and radiation-induced (II;
Fig. 5j-l) mice model. Jointly, these findings highlight the major role of smooth musclederived membrane-bound MMP17 in intestinal epithelial regeneration.
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Then, it was further investigated how a membrane-bound MMP17 from muscularis mucosae
and muscularis propria contribute to epithelial tissue regeneration located at the distant
mucosa. Since MMPs are known to cleave substrates with specificities (Bonnans et al., 2014),
possible diffusible factors with the potential of being proteolytically cleaved and activated by
MMP17, were examined. Interestingly, mass spectrometry data on muscle-SN identified
Periostin (Postn) as one of the putative candidates’ substrates for MMP17. Because of the
previously reported functions of Postn as a Yap activator (Khurana et al., 2016; Ma et al.,
2020) and a sequester of BMP ligands in ECM (Maruhashi et al., 2010) – substrate specificity
of MMP17 in proteolytic cleavage of Postn was further investigated. Indeed, MMP17 was
found to proteolytically cleave Postn in vitro (II, Fig. 8c), and such proteolytic cleavage of
Postn is impaired in muscle-SN isolated from Mmp17-/- intestine (II, Fig. 8d) – highlighting
the role of MMP17 in proteolytic cleavage of Postn in vivo. Interestingly, reduced regeneration
on iECM isolated from Mmp17-/- mice can be further ameliorated ex vivo by supplementing
either with muscle-SN or rMMP17 (II, Fig. 7e) – underscoring the critical role of MMP17 in
maintaining permissive ECM microenvironment for epithelial regeneration. In summary, our
findings establish a paracrine regulation of intestinal stem cells by smooth muscle cells via the
MMP17-Postn-Yap signaling axis during homeostasis and regeneration.

4.4 Mesenchymal Aspn regulates fetal-like reversion and
regeneration (III)
Organoid culture systems greatly advanced in-depth understandings in intestinal biology.
However, Matrigel-based intestinal epithelial culture likely represents a reductionistic cell
culture model, which might not always follow in vivo processes (Guiu and Jensen, 2021). For
example, a variety of different cell types such as fibroblasts, myofibroblasts, smooth muscle
cells, enteric neurons, immune cells and commensal microbiota – and the factors produced
by the tissue resident cells, constitute a permissive environment for supporting epithelial
growth during homeostasis and tissue remodeling in regeneration, which are quite complex
to model in organoid culture systems (Guiu and Jensen, 2021). In addition, a multitude of
factors such as extracellular matrix, growth factors, stiffness, and geometry of the
microenvironment cannot be accounted for static organoid culture system (Chen et al., 2016;
Fatehullah et al., 2016; Guiu and Jensen, 2021). To establish a complementary platform to
the organoid culture systems, the mouse small intestine was decellularized to remove all live
cells – yet maintaining the matrix-bound factors and tissue skeleton of acellular ECM intact
(III, Fig. 1a and Ext. Data Fig. 1b). The potential of denuded ECM as a native scaffold for
serving as a regenerative cue for the intestinal epithelium ex vivo and its relevance in guiding
intestinal epithelial regeneration in vivo was further investigated.

4.4.1 Activation of Tgfb-dependent fetal-like program on iECM ex vivo
Cellular plasticity is core to tissue regeneration. Upon injury, adult intestinal epithelium
undergoes cellular reprogramming via transient adoption of the primitive fetal-like
program, marked by Sca1 (Yui et al., 2018) and Clu (Ayyaz et al., 2019). As the epithelial
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growth on iECM was guided by its intact yet denuded ECM – whether re-epithelialization
of the empty iECM ex vivo recapitulates aspects of in vivo re-epithelization following
damage was investigated. Indeed, epithelial cells seeded on iECM displayed a profound
upregulation of fetal markers Sca1 and Clu (III, Fig. 1f-g and Ext. Data Fig. 2b), which
were consequently subsided upon a more matured state of re-epithelialization. This
suggests that epithelial growth on iECM transiently undergoes major cellular
reprogramming and recapitulates the epithelial response during tissue regeneration in
vivo.
Tgfb signaling is a critically important pathway for epithelial homeostasis (Oshimori and
Fuchs, 2012) and regeneration (Beck et al., 2003; Hahm et al., 2001; Miyoshi et al., 2012)
and its transient induction was shown to initiate developmental reversion in cancer cells
(Han et al., 2020). Interestingly, a robust induction of Tgfb signaling was observed in
intestinal epithelium cultured on iECM – but not in Matrigel, indicating that Tgfb is
necessary for re-epithelialization on iECM (III, Ext. Data Fig. 2b). To probe the
importance of Tgfb signaling in re-epithelization of the iECM – and in the conversion
from a homeostatic to a regenerative phenotype, Tgfb Type I receptor (TgfbRI) kinase
inhibitor A8301 (Ogunjimi et al., 2012) was used in the epithelial culture on iECM.
Interestingly, robust induction of fetal markers was completely blunted upon inhibiting
TgfbRI (III, Fig. 1f-h and Ext. Data Fig. 2b), justifying the cardinal role of Tgfb pathway
in cell fate conversion during regenerative responses ex vivo.
Although our data identified Tgfb-dependent cellular reprogramming ex vivo, previous
reports highlight injury-induced such cellular plasticity is orchestrated by Yap/Taz
signaling pathway (Ayyaz et al., 2019; Roulis et al., 2020; Yui et al., 2018). The markers
(Sca1 and Clu, among others) that we used to assess the Tgfb-driven fetal-like reversion,
were also used to justify the Yap/Taz-mediated injury-induced cellular reprogramming
(Ayyaz et al., 2019; Roulis et al., 2020; Yui et al., 2018). Curiously, transient induction of
Sca1 was restricted to the very border cells at the periphery of the expanding epithelium
(III, Fig. 1g). Since Sca1 is a recognized target gene of Yap signaling, a major mechanosensing pathway (Yui et al., 2018) – leading cells at the periphery are likely to sense
differential mechanical cues than the trailing cells. Thus, this differential mechanosensing may provide relevance to the possible heterogenous Yap status based on the
cellular localization of the repairing epithelium at the site of injury in vivo. Thus, it is
plausible that Tgfb and Yap/Taz signaling pathway converge to orchestrate injury induced
cellular reprogramming and cell-fate conversions. Indeed, activation of canonical Tgfb
signaling was found to be Taz-dependent (Varelas et al., 2008) – highlighting the
dependence of Tgfb signaling on Yap signaling and interplay between these
developmentally important pathways in injury-induced cellular reprogramming in the
regenerating intestine. However, whether inhibition of Yap/Taz signaling would counter
the Tgfb-driven fetal-like state in the regenerating intestinal epithelium remains to be
further investigated.

47

Results and discussion

4.4.2 Fetal-like reversion is transiently activated during reepithelialization on denuded iECM ex vivo
Since the fetal-like state was induced on iECM, some constituents of iECM – deposited by
the tissue-resident cells – were hypothesized to underlie the Tgfb pathway-dependent
induction of the fetal-like program ex vivo. Interestingly, mass spectrometric analysis of
iECM revealed a set of Tgfb pathway modulating short leucine-rich repeat proteoglycans
(SLRPs) – Decorin, Biglycan, and Asporin (III, Data S2). Indicating the effective
decellularization process, a majority (15/20) of the identified most abundant proteins on
iECM were annotated to ECM database (matrisome database (Hynes and Naba, 2012)).
Of note, the decellularization process cannot remove all the intracellular proteins
(Badylak, 2014)– especially the proteins that mediate cell-ECM bidirectional contacts.
To test the functional effects of the identified SLRPs, a Matrigel-based intestinal organoid
assay was used. Interestingly, in contrast to recombinant Decorin (1 µg/ml) and Biglycan
(1 µg/ml) – Asporin (500 ng/ml) robustly induced Tgfb-signature genes in the intestinal
epithelium (III, Fig. 2a-b and Ext. Data Fig. 3). Furthermore, in situ hybridization analysis
revealed that Aspn expression was restricted to the pericryptal mesenchymal cells (III,
Fig. 2c), which was reported to produce a plethora of ligands and receptors for Tgfb, Bmp,
Yap and Wnt signaling – and demonstrated to modulate epithelial homeostasis and
regeneration (McCarthy et al., 2020; Roulis et al., 2020; Shoshkes-Carmel et al., 2018).
In agreement with this, by re-analyzing the publicly available data, high Aspn expression
in Pdgfralow population around the crypt base near stem cell compartment was found
(McCarthy et al., 2020) (III, Ext. Data Fig. 4b).
Extracellular Aspn was demonstrated to inhibit Tgfb signaling by sequestering Tgfb
ligands – and thereby reducing the available pool of the ligands for binding to TgfbRI for
activating canonical Tgfb signaling (Maris et al., 2015; Nakajima et al., 2007). Curiously,
intracellular Aspn was shown to promote Tgfb signaling (Li et al., 2019). Since Aspn is
produced by mesenchymal cells only, we ruled out the possibility of intracellular Aspnmediated Tgfb induction in the wild type intestinal epithelial cells. Moreover, correlative
evidence indicated that Aspn might induce canonical Tgfb signaling in gastric tumor
(Basak et al., 2021). More recently, Aspn was ascribed to promote canonical Tgfb signaling
by recycling Tgfb Type I receptor in lung myoblasts differentiation (Huang et al., 2021).
Mechanistically, Aspn was shown to promote Tgfb signaling by recycling TgfbRI via
interacting with Ras-related GTPase, Rab11+ vesicles (Huang et al., 2021). Thus, it is
likely that role of Aspn – either as Tgfb activator or inhibitor – is, perhaps, determined by
the neighboring cell types and context-dependent manner. The available pool of
interacting ligands such as Tgfbs or its receptor such as CD44 (Satoyoshi et al., 2015;
Wang et al., 2017) might determine its functional outcome.
CD44 marks the intestinal stem and progenitor cells (Gracz et al., 2013), and the CD44+
population was shown to be expanded in the regenerating intestine (Nusse et al., 2018).
Interestingly, Aspn was shown to activate epithelial-mesenchymal transition and
inflammatory NF-kB pathway (Wang et al., 2017). Curiously, CD44 was shown to
physically interact with TgfbRI, and upon binding with its ligand such as hyaluronan –
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CD44 was shown to activate canonical Tgfb signaling via bypassing Tgfb ligand-mediated
classical route of Tgfb induction (Bourguignon et al., 2002). GSEA analysis from rAspntreated intestinal organoids showed that Aspn induces signature genes of CD44downstream pathways including Tgfb (III, Fig 2b), EMT, Stat3 and NF-kB(Bourguignon
et al., 2002; Xu et al., 2015) (III, Ext. Data Fig. 5a-c). These findings indicated that Aspn
might promote Tgfb signaling via binding to its CD44 transmembrane receptor. In
support, a function-blocking antibody for CD44, which blocks all the isoforms of CD44
(Wiranowska et al., 2010; Zheng et al., 1995), blunted the rAspn-mediated Tgfb induction
– further indicating Aspn-CD44 interaction in Tgfb activation in the intestinal epithelium
(III, Fig. 2d).
Since Aspn was abundantly present in iECM, and rAspn promotes Tgfb signaling in the
intestinal epithelium, the role of rAspn in driving cellular plasticity into a primitive fetallike state was further investigated. To test this, the intestinal epithelium was treated with
rAspn in Matrigel-based organoid culture setting as Matrigel does not contain any Aspn
(Hughes et al., 2010). Excitingly, rAspn was found to revert a significant fraction of the
growing organoids into fetal-like spheroids (III, Fig. 3a). Furthermore, a robust
transcriptional overlapping between the rAspn-treated adult intestinal epithelium and
fetal intestinal organoids was found (III, Fig. 3b)– further supporting the notion that
mesenchymal Aspn can drive fetal-like reversion in the adult intestinal epithelium.
Furthermore, upon withdrawal of rAspn treatment (i.e., transient treatment of rAspn for
48 hours) – curiously, rAspn-induced fetal-like spheroids were resolved into budding
organoids, and crypt formation in organoids was increased via CD44-dependent manner
(III, Fig. 3). Jointly, these findings highlighted the role of Aspn- Tgfb-CD44 signaling axis
in inducing fetal-like state in the intestinal epithelium in vitro.
Moreover, to test whether Aspn-CD44- Tgfb signaling axis activates fetal-like state in the
adult intestinal epithelium, expression of the marker genes of fetal-like state in rAspn
and/or CD44 function-blocking antibody-treated intestinal epithelium was investigated.
Compared to isotype control, CD44 function-blocking antibody declined rAspn-induced
expression of Sca1 and Clu (III, Fig 3f and Ext. Data Fig. 8a), suggesting that Aspn-CD44Tgfb signaling axis mediated cellular reprogramming into the fetal-like state.
Interestingly, while the fetal-like program was partially blocked by CD44 functionblocking antibody, inhibition of Tgfb Type I receptor completely blocked the fetal-like
program (III, Fig. 3g, and Ext. Data Fig. 8b-d). Shorter division time of the intestinal stem
(~24 hours) and progenitor cells (~12 hours) (Clevers, 2013) might lead to incomplete
blockade of CD44 by a function-blocking antibody. Incomplete blockade of CD44 may
lead rAspn to induce the expression of Tgfb1 ligand (III, Fig. 2a), which can further
activate and propagate canonical Tgfb signaling and induce fetal-like state. In support, we
show that a low dose of rTgfb1 (0.1 ng/ml) can robustly induce a fetal-like state in the
intestinal organoids (III, Ext. Data Fig. 9a-c) – demonstrating the canonical Tgfb
signaling, mediated via its classical Tgfb ligands-receptors interactions, is also a potent
inducer of fetal-like state in the intestinal epithelium.
Partial blunting of the fetal-like program by CD44 function-blocking antibody could also
be explained in the light of a recently proposed mechanism of canonical Tgfb induction
by Aspn via recycling Tgfb Type I receptor in the lung myoblasts (Huang et al., 2021). In
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that case, Aspn may still induce a fetal-like program to some extent via recycling Tgfb
Type I receptor to the differentiated CD44- population, which would not be blunted by
CD44 function-blocking antibody. However, it is not proven whether Aspn can
dedifferentiate CD44- cells into fetal-like progenitors. To this end, our data showed that
while CD44 blocking for the induction of fetal-like program was incomplete, inhibition of
Tgfb Type I receptor completely blunted the activation of fetal-like state (III, Fig. 3f, and
Ext. Data Fig. 8b-d). However, it remains to be further validated whether the proposed
mechanism of Tgfb Type I receptor recycling can indeed occur in a paracrine fashion in
the intestinal epithelium that doesn’t express Aspn– unlike to the lung myoblasts, where
it was shown to occur in an autocrine manner (Huang et al., 2021).
It is unclear how Aspn- or Tgfb ligand-induced activation of canonical Tgfb signaling
mediates such cellular plasticity of adult state to primitive fetal-like state in the intestinal
epithelium. The previous report indicated that Tgfb-mediated induction of Ctgf – one of
the fetal marker genes (Mustata et al., 2013) – is completely blunted upon depletion of
Brg1 – a core subunit of the ATP-dependent chromatin remodeler SWI/SNF complex (Xi
et al., 2008). In addition, most of the Tgfb target genes were reported to be Brg1 function
dependent in human epithelial cells (Xi et al., 2008) – raising the possibility that Tgfbmediated fetal-like reprogramming is, perhaps, dependent on SWI/SNF complex.
However, it remains to be further investigated whether SWI/SNF mediated chromatin
remodeling is required for cellular reprogramming into the fetal-like state in the
regenerating adult intestine.

4.5 Aspn drives the fetal-like reversion in the regenerating
adult intestine (III and supplemental data)
To further probe the role of Aspn in tissue regeneration in vivo, young wild type mice were injected
with first-line chemotherapeutic drug 5-FluoroUracil (5-FU), which kills the cycling or rapidly
dividing cells by incorporating a nucleoside analog (Longley et al., 2003). 5-FU provides a fast and
trackable system to follow tissue damage and recovery within a timescale of 5 days (I). Upon
chemotherapy challenges, young mice lose their body weights most at day 2-3 post-injection, due
to reduced water intake and nutrient absorption (Song et al., 2013) . Mice then start recovering
and regaining their body weights from day 3 onwards – reaching to a near completion of tissue
regeneration and restoring their incipient body weights at day 5 post 5-FU injection.
Interestingly, induction of Aspn expression was observed upon 5-FU injection day 3 post, which
was subsequently subsided upon tissue regeneration at day 5 post 5FU – indicating a potential
role of Aspn in the regenerating intestine. To probe the role of mesenchymal Aspn, a conditional
knock-out mouse line Twist2-Cre; Aspn -/-(AspnSKO) was generated, where Aspn was deleted from
Twist2-expressing mesenchymal cells. AspnSKO mice were fertile and developed normally (Ext.
Data Fig. 10). To probe the role of tissue regeneration, wild type (AspnWT) and knock out (AspnSKO)
mice were injected with 5-FU. Upon such chemotherapeutic challenge (200 mg/Kg body weight)
– compared to age-and sex-matched AspnWT counterpart, length of the small intestine was
significantly shortened in AspnSKO mice, at day 4 post 5-FU injection (Data Fig. 1a). This timepoint
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likely represents an initiation of tissue recovery followed by a peak of the intestinal damage, as
evident from the lowest bodyweight reduction at day 3 post 5-FU injection (I).
Interestingly, in response to injury, shrinkage of intestinal size was also previously reported (Aoki
et al., 2016). Previous findings reported that Diptheria toxin-induced ablation of mesenchymal
Foxl1-expressing cells led to the shorter intestines – indicating an essential role of Foxl1 in
intestinal homeostasis (Aoki et al., 2016). In addition, injury-induced cellular plasticity and
reprogramming were shown to be attributed to cell fate specifications and large-scale intestinal
wall remodeling and collectively regulating tissue regeneration (Guiu et al., 2019). Inability to
regenerate and restore the lost cycling stem and progenitor cells mediated by 5-FU might reduce
the epithelial mass of the tissue and result in possible shrinkage of the organ size. Thus, shrinkage
of the small intestine in the 5-FU challenged AspnSKO mice was possibly due to the reduced ability
of the organ to recover the full mass of the lost epithelial cells. Therefore, the shorter small
intestine in the 5-FU challenged AspnSKO mice indicated the role of mesenchymal Aspn in
intestinal regeneration. In line with this, isolated crypts from the intestine of the 5-FU challenged
mice (day 5 post 5FU) demonstrated reduced starting frequency and crypt bud formation in the
organoid assay (Data Fig. 1b).

Data Figure 1: 5-FU causes shrinkage of the small intestine in AspnSKO mice.
(a) Lengths of the small intestines in response to 5-FU. Age-and sex-matched AspnWT and
AspnSKO mice (3-4 mice per group) were injected with vehicle (DMSO) or 5-FU (200 mg/Kg body
weight) intraperitoneally, and intestinal lengths were measured at day 4 post 5-FU injections.
(b) Representative organoids of the intestinal epithelium (at day 3 and 5 in culture) isolated from
5-FU challenged AspnWT and AspnSKO mice at day 5 post injections. Green arrows denote de novo
crypt formation.
To further probe the role of Aspn in intestinal regeneration, systematic characterization of the
changes of the bodyweight post-chemotherapy, injury-induced compensatory proliferation, villus
cellular density, and villus/crypt ratio were conducted in the regenerating young (3-6 months)
AspnWT and AspnSKO mice. Upon 5-FU injection (200 mg/kg body weight), initial body weight
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losses (day 2-3) were similar to both AspnWT and AspnSKO mice (III, Fig. 4b) – indicating that both
wild type and knock out mice experienced equal degrees of tissue damages. However, unlike
AspnWT mice, AspnSKO mice did not recover fully at day 5 (III, Fig. 4b) – suggesting an impaired
tissue regeneration in the Aspn depleted mice.
Absorbing nutrients is one of the major functions of the small intestine, and absorptive
enterocytes constitute a majority (>80%) of the intestinal epithelial cell types (Tumer et al., 2013;
van der Flier and Clevers, 2009). Inability to regain the incipient body weights of the 5-FU
challenged mice in the standard timescale (within 5 days after 5-FU) may indicate the poor
nutrient absorption mediated by the insufficient number of enterocytes generated from the
reduced proliferative crypt compartment. In agreement with this notion, reduced villus cellular
density was found in AspnSKO mice (III, Fig. 4c). In line with the unrecovered body weights and
impaired regeneration, AspnSKO mice demonstrated expanded crypt epithelium, yet shorter villi
as reflected in villus/crypt ratios (III, Ext. Data Fig. 11).
Upon damage-induced loss of cells, tissues activate a compensatory proliferative program to
replenish the loss of cells and restore homeostasis (Ryoo et al., 2004; Wells et al., 2006). The
compensatory proliferation program follows the activation pattern of hyperproliferation –
followed by reversion to a normal state of proliferation (Yui et al., 2018) (III, Ext. Data Fig. 12).
Since AspnSKO mice demonstrated impaired regeneration, activation of the proliferation dynamics
was further analyzed at the timepoints of peak damage (day 3 post 5-FU) and recovery (day 5 post
5-FU). Interestingly, in contrast to the hyperproliferative crypts in AspnWT mice, crypts in AspnSKO
mice showed minimal activation of the proliferative program at the peak of the damage (III, Fig.
4d). Correspondingly, when the hyperproliferative crypts in AspnWT mice reverted to a
homeostatic state of proliferation at day 5 post 5-FU, crypts in AspnSKO showed hyperproliferation
(III, Fig. 4e) – suggesting a slower engagement of the compensatory proliferative program and
impaired regeneration in mice with depleted mesenchymal Aspn. Collectively, data obtained from
body weights, villus cellular density, villus:crypt ratios, cell proliferation from regenerating
intestine re-enforces the critical role of mesenchymal Aspn in intestinal regeneration. To probe
the role of mesenchymal Aspn in fetal-like state activation in vivo, flow cytometric analysis of the
Sca1+ fetal-like progenitors was conducted in the regenerating intestine (day 3 post 5-FU). In
agreement with the reduced regeneration, a declined activation of the fetal-like program in
AspnSKO mice was observed – further highlighting the role of Aspn-mediated activation of the
fetal-like program in adult intestinal regeneration.
However, it is subject to future investigations – why the basal level of Aspn in the homeostatic
intestine does not elicit a fetal-like state in vivo. Injury-induced apoptosis was shown to activate
controlled compensatory proliferation to regenerate and restore tissue homeostasis (Ryoo et al.,
2004; Wells et al., 2006). Interestingly, some of the apoptosis marker genes such as Anxa5
(Koopman et al., 1994; Vermes et al., 1995) and Anxa1 (Arur et al., 2003; Scannell et al., 2007)
are also enriched in the fetal state (Mustata et al., 2013) and in the rAspn-induced fetal-like proregenerative program activation (Data Fig. 2). Therefore, it remains to be further investigated
whether the apoptosis-mediated release of inflammatory and mitogenic signals (Bergmann and
Steller, 2010) serves as a first cue to initiate the fetal-like pro-regenerative program, and whether
increased Aspn expression post-damage further facilitates the propagation of the compensatory
pro-regenerative program.
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Data Figure 2: GSEA analysis of the rAspn-treated small intestinal organoids.
GSEA plot shows the enrichment of the apoptosis-related genes in the small intestinal organoids
upon treatment with rAspn . Organoids were treated with rAspn (500 ng/ml) for 48 hours. False
discovery rate is shown.

Interestingly, Aspn expression was low and was not required during unperturbed intestinal
homeostasis, but the iECMs prepared from unchallenged mice induced the fetal-like program.
This raises the possibility that either decellularization renders Aspn more available or that
epithelium itself facilitates the effects of Aspn when exposed to bare ECM. CD44+ population was
shown to be increased upon radiation-induced damage in the regenerating intestine (Nusse et al.,
2018). Thus, it remains to be investigated whether CD44+ population is also enriched during reepithelialization on bare iECM – leading to the possible increased likelihood of CD44 mediated
interaction with even low level, yet accessible Aspn, on bare ECM. Since apoptosis can trigger
compensatory proliferation and initiate a reparative program (Bergmann and Steller, 2010), it
remains to be addressed whether apoptosis serves as a potential first cue for initiating the fetalprogram activation on iECM ex vivo.

4.6 Blocking of CD44 impedes intestinal regeneration in
vivo (supplemental data)
Intestinal epithelial proliferation is restricted to the stem and progenitor cells (Clevers, 2013).
Since 5-FU kills the proliferative cells and CD44 marks the small intestinal stem and progenitor
cells – it is likely that 5-FU would quickly deplete the pool of CD44+ cycling stem and progenitor
cells at the crypt compartment. Since CD44 is a transmembrane receptor for Aspn (Satoyoshi et
al., 2015; Wang et al., 2017), fast replenishment of CD44+ is essential for Aspn to act on CD44+
cells and facilitate tissue regeneration.
Previous findings also demonstrated that upon radiation-induced injury, CD44+ cells were
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increased (Nusse et al., 2018), suggesting their potential role in tissue regeneration. Interestingly,
upon injury, expression of Aspn was increased in vivo (III, Fig. 4a), and our RNAseq data revealed
that rAspn treatment leads to the increase of CD44 expression in vitro (Data Fig. 3a) – raising the
possibility that injury induced increased Aspn might lead to the enrichment of CD44+ intestinal
epithelial cells. Additionally, Aspn-CD44 signaling crosstalk was found to be regulating epithelial
regeneration in the organoid formation assay (III, Fig. 3c). Therefore, in vivo validation of AspnCD44 signaling axis in regulating intestinal regeneration was further investigated.

Data Figure 3: rAspn induces the expression of CD44 in vitro, and CD44 functionblocking antibody binds to crypt epithelium in vivo.
(a) Relative expression of CD44 in the small intestinal organoids upon treatment with rAspn. n
= 3 mice for each control and rAspn treatment (500 ng/ml). (b) Wild type mice were injected
with Vehicle (DMSO) or 5-FU, in conjunction with CD44 function-blocking antibody (CD44APC) at day 1 and 2 post 5-FU injections. Samples were analyzed at day 3 post 5-FU injection.
White dotted lines demarcate crypt epithelium. Red (CD44).

To probe the role of CD44 in the regenerating intestine, intestinal epithelium-specific binding of
CD44 function-blocking antibody was tested. Interestingly, when injected intraperitoneally, APC
conjugated CD44 antibody was found to be on the cell surface of the crypt epithelium, both at
damaged and regenerating intestine (Data Fig. 3b)– suggesting the specificity of the CD44
function-blocking antibody in vivo. Although cycling cells are killed by 5-FU, most of the crypt
epithelial cells, at day 3 post 5-FU, were CD44+ (Data Fig. 3b) –raising the possibility that
differentiated CD44- population perhaps dedifferentiated into CD44+ cells upon injury.
Then, to test the effect of CD44 function-blocking antibody in intestinal regeneration – 5-FU, in
combination with CD44 function-blocking antibody (in total, 60 µg/mouse) or control isotype
IgG2b k (in total, 60 µg/mouse) was intraperitoneally injected (at day 1 and day 3 post 5-FU) in
AspnWT and AspnSKO mice. Interestingly, in contrast to the 5-FU & IgG2b k injected mice, 5-FU &
CD44 Ab administered AspnWT mice reduced their body weights significantly (p value = 0.0003
of the average body weights between 5-FU+ IgG2b k and 5-FU + CD44 Ab -treated AspnWT mice)
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(Data Fig. 4a-b) – suggesting that blocking CD44 impedes intestinal regeneration in the wild type
mice. Compared to AspnWT mice, AspnSKO mice demonstrated reduced regeneration upon 5-FU
induced injury (III, Fig. 4b). Curiously, however, in contrast to the AspnWT mice, body weights of
the 5-FU treated AspnSKO mice was not further reduced when they were injected with CD44 Ab (p
value = 0.87 of the average body weights between 5-FU+ IgG2b k and 5-FU + CD44 Ab -treated
AspnSKO mice) (Data Fig. 4a-b), suggesting that blocking CD44 in vivo does not further exacerbate
intestinal regeneration – when mesenchymal Aspn, a ligand of CD44, is depleted. In agreement
with this, an observed difference of body weight regains between 5-FU treated AspnWT and
AspnSKO mice were blunted, when mice were additionally administered CD44 Ab (p value = 0.44
of the average body weights between 5-FU+ CD44 Ab -treated AspnWT and AspnSKO mice) (Data
Fig. 4a-b) – further demonstrating the minimal or no changes of CD44 Ab administration in the
regenerating AspnSKO mice. Jointly, these findings re-enforce the role of CD44 as a receptor for
Aspn in the intestine and provide in vivo evidence for the CD44-Aspn signaling axis in intestinal
regeneration.
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Data Figure 4: Mesenchymal Aspn regulates intestinal regeneration via its
CD44 transmembrane receptor in the intestinal epithelium.
(a) Schematic of the proposed Aspn-CD44-Tgfb signaling axis (top left) and the
treatment regime of 5-FU/Veh. (DMSO) and CD44 function-blocking antibody/IgG 2b
k (top right). Relative body weight loss of 5-FU challenged young AspnWT and AspnSKO
mice (n=4-7 mice per group). Blocking Aspn receptor CD44 in vivo, by intraperitoneal
injection of CD44 function-blocking antibody (60 µg/mouse) impairs intestinal
regeneration in 5-FU challenged (200 mg/Kg body weight) AspnWT mice (p =5.6 x 10-6
at day 5 post injections between AspnWT+ IgG 2b k and AspnWT+CD44 Ab groups).
However, blocking CD44 in AspnSKO mice, where mesenchymal Aspn is conditionally
deleted by Twist2-Cre – doesn’t further decline intestinal regeneration (p=0.83 at day 5
post injections for AspnSKO+ IgG 2b k and AspnSKO+CD44 Ab groups). Daily data points
represent the median and interquartile range (dashed line). Student’s unpaired t-test.
P-values were calculated from the data point obtained on day 5. Representative
immunofluorescent images of CD44 stained stem and progenitor cells in the small
intestinal crypts (bottom left). (b) Average body weight change post 5-FU (days 1-5) is
shown for all groups. Mean +/- s.d. Student’s unpaired t-test.

As discussed previously, in response to 5-FU, unlike to AspnSKO mice, epithelial
hyperproliferation is reverted to the homeostatic level of proliferation in AspnSKO mice
(III, Ext. Data Fig. 12) – implying the delayed engagement of the injury-induced
compensatory proliferation in the Aspn-depleted mice. To further investigate the
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intestine-specific phenotypes of CD44 blocking in the regenerating intestines of AspnWT
and AspnSKO mice, epithelial proliferation was examined at day 5 post 5-FU – a time point
when the hyperproliferation is normalized, and regeneration is completed in the wild type
mice (III, Ext. Data Fig. 12). Interestingly, as opposed to 5-FU, joint administration of 5FU and CD44 Ab in AspnWT mice maintained epithelial hyperproliferation at day 5 (p
value = 0.01 of the average body weights between 5-FU+ IgG2b k and 5-FU + CD44 Ab
-treated AspnWT mice) – indicating the delayed onset of proliferation and slower
engagement of the regenerative program in the wild type mice. Furthermore, in
agreement with the unchanged body weights between 5-FU+ IgG2b k and 5-FU + CD44
Ab -injected AspnSKO mice (Data Fig.4)– a hyperproliferation state was found to be
unaltered between those groups as well (Data Fig. 5a-b). Similarly, in consistence with the
similar body weight changes between AspnWT and AspnSKO mice in the 5-FU + CD44 Ab treatment regime (Data Fig. 5a-b), hyperproliferative status also remained similar–
suggesting the equally impaired regeneration regardless of the genotypes, when CD44
function-blocking antibody is administered. Collectively, these data highlight a major role
of CD44 in the regenerating intestines. These data further indicate that the Aspnmediated engagement of the regenerative program is mediated via its CD44
transmembrane receptor in vivo.
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Data Figure 5: Epithelial hyperproliferation remains similar in CD44blocked regenerating intestines of AspnWT and AspnSKO mice.
(a) Schematic of the treatment regime of intraperitoneal injections of 5-FU (200 mg/Kg
body weight), followed by IgG2b k (total 60µg/mouse) or CD44 function-blocking
antibody (total 60µg/mouse) (top). Representative immunofluorescent images of IgG2b
k or CD44 Ab injected 5-FU challenged regenerating intestines. Red (EdU), White
(DNA), Cyan (E-Cad). (b) Left (gray background): Schematic of 5-FU or Vehicle
(DMSO) injection (top). Quantification of EdU+ proliferative epithelial cells in AspnWT
and AspnSKO mice 5 days after vehicle or 5-FU injections (n=4-5 mice/group). Right
(golden background): Schematic of 5-FU injection with or without IgG2b k or CD44
function-blocking antibody. Quantification of EdU+ proliferative epithelial cells in
AspnWT and AspnSKO mice 5 days after 5-FU injections with or without IgG2b k or CD44
function-blocking antibody (n=3-6 mice/group). Mean +/- s.d. Student’s unpaired t-test.
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4.7 An unresolved fetal-like state is counterproductive in
the old regenerating intestine (IV)
Injury-induced transient fetal-like reversion and its resolution post-recovery are integral to adult
tissue repair (Nusse et al., 2018; Yui et al., 2018). Although regenerative capability is declined
upon aging (I) – it is unclear whether the dysregulation of fetal-like state underlies the
compromised tissue regeneration in aging. Our findings revealed that in contrast to young, injury
induces a robust but unresolved fetal state in the regenerating old intestine (IV, Fig. 1).
Interestingly, tissue mass spectrometric showed a chronically high level of Aspn in the old (IV,
Fig. 2a-c), and such protracted maintenance of fetal-like state was demonstrated to be enriched
with Tgfb signaling (IV, Fig. 2d)– a pathway for orchestrating injury-induced fetal state (III).
These findings demonstrated that injury-induced transient adoption of the developmental
program was beneficial to the young but became a defective program exerting excessive
regenerative pressure. Our results indicate that injury-assisted deregulation of the developmental
drift converges with declined regeneration outcomes in the old intestine. This phenomenon is in
line with the antagonistic pleiotropic theory of aging (Williams, 1957), where, activation of the
developmental program upon aging was postulated to be counterproductive. These findings also
indicate that resolution of the fetal-like state might increase epithelial regeneration in the old.
Nearly 40 years ago, Dvorak concluded that a tumor is a wound with continued reparative
pressure that never heals (Dvorak, 1986). In agreement with this, recently, the pro-regenerative
fetal-like state and tumorigenesis were reported to have similar transcriptional programs (Roulis
et al., 2020). This raises the possibility of whether an injury-induced unresolved fetal-like state
with continued regenerative pressure will provide a permissive microenvironment for
tumorigenesis. In line with this, a fetal-like state is implicated in colitis-associated cancer (Yui et
al., 2018). It remains to be further investigated whether counterproductive sustained injury
response is a common mode for predisposing old tissues to increased tumorigenesis. Thus,
addressing the mechanisms of the protracted developmental reversion in the regenerating aged
intestine may uncover a common signaling program between regeneration, tumor initiation, and
aging.

4.8 Aged ECM microenvironment declines epithelial
regeneration (V)
Alterations in the tissue maintaining adult stem cells contribute to the age-associated decline in
tissue function and repair capacity (Ito et al., 2004; Janzen et al., 2006; Lopez-Otin et al., 2013;
Rossi et al., 2007). In addition to stem cell-intrinsic alterations, age-associated changes in the
stem cell niche can impair stem cell functions (I). As an essential component of the niche, ECM
regulates stem cell functions by providing support and spatial context and by sequestering and
releasing growth factors (Discher et al., 2009; Engler et al., 2006; Hynes, 2009; Roberts et al.,
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1988). While ECM composition is reported to change during aging (Kurtz and Oh, 2012), the lack
of suitable study systems, where cell-ECM interactions could be addressed on a native ECM-based
platform, has restricted analysis of how such changes impact stem cell function. Consequently,
the role of ECM in age-associated tissue decline remains poorly understood. Therefore, to
investigate how possible aging-associated changes in the ECM, or in the mesenchymally produced
factors bound to it, may impact the regenerative capacity of stem cells – iECMs from young (3-6
months) and old (24-25 months) mice were generated, and respective epithelium was cultured on
them in all combinations (V, Fig. 2a-b). Interestingly, old iECM was found to attenuate the
capacity of young epithelium to repopulate empty crypt pits – suggesting that extra-epithelial
changes contribute to the age-associated reduction in regenerative capacity. Reflecting the ageinduced changes intrinsic to the epithelium (Mihaylova et al., 2018; Nalapareddy et al., 2017),
young ECM increased the regenerative capacity of old epithelium only partially (V, Fig. 2b).
Furthermore, transcriptomic profiling suggested that nearly 30% of in vivo age-related deregulated genes were similarly altered when young epithelium was cultured on old iECM ex vivo
(V, Fig. 2d) – suggesting a major role of ECM in intestinal epithelial aging. Interestingly, declined
regeneration of young intestinal epithelium was coupled with the suppression of expression of
adult stem cells signature genes such as Lgr5 (Barker et al., 2007) and Olfm4 (van der Flier et al.,
2009a) (V, Fig. 2e-f), along with a chronically high level of mesenchymal Aspn (IV, Fig. 2a).
Collectively, these findings highlight a primary role of the ECM microenvironment in the impeded
intestinal epithelial regeneration upon aging ex vivo.

4.9 Studying intestinal tumorigenesis ex vivo (V)
Small intestine is a highly plastic and compartmentalized organ, with the defined localization of
different epithelial and mesenchymal cell types, and the signaling molecules produced by them to
the specific positions across the crypt-villus axis (Bahar Halpern et al., 2020; Sumigray et al.,
2018). For example, pericryptal mesenchymal cells support ISCs, located at the crypt base, by
producing Wnt2b (Valenta et al., 2016), Wnt agonist Rspo1 (Roulis et al., 2020) and Rspo3
(Shoshkes-Carmel et al., 2018). On the contrary, Tgfb and Bmp signaling molecules are enriched
higher at the crypt-villus junction to villus area (Bahar Halpern et al., 2020; McCarthy et al., 2020;
Miyoshi et al., 2012; Shoshkes-Carmel et al., 2018). Jointly, these findings support the notion that
spatial distribution of growth factors and, thus, positional confinement of stem cells at the crypt
base tightly maintain tissue homeostasis. However, during tumorigenesis, stem cells are not found
to be positionally restricted. For example, upon loss of Apc, a frequently mutated (>80%) tumor
suppressor in sporadic colorectal cancers (Aoki and Taketo, 2007; Kinzler and Vogelstein, 1996;
Markowitz and Bertagnolli, 2009), stem cells acquire high Wnt activity and become niche
independent (Barker et al., 2009) – leading to the aberrant localization of stem cells and along
with their Paneth cell niche (V, Fig. 3a).
We previously showed that the position of stem cells is restricted to the crypt base on iECM (III).
Interestingly, recent findings indicate that Wnt ligands are associated with ECM (Naba et al.,
2016), and heparan sulfate proteoglycans function as co-receptors for Wnt agonist Rspo3 (Dubey
et al., 2020) – indicating their possible role in the retention of positional information of stem cells
on iECM. As the Apc mutant organoids grow as closed spheroids, which is quite distinct on how
Apc -/- epithelium grow in vivo (V, Fig. 3b) – we tested whether epithelial open culture on iECM
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ex vivo could recapitulate early aspects of epithelial tumorigenesis in vivo. Interestingly, unlike
wild type epithelium, upon loss of Apc in Lgr5+ cells, stem cells and with their Paneth cell niche
were found to be aberrantly localized both in crypts and villus epithelium (V, Fig. 3b-c) – similar
to the mislocalization of stem cells and Paneth cells in vivo upon acquiring tumorigenic mutation
(V, Fig. 3a). In addition, whereas a subset of wild type epithelium may adopt the spheroidal
appearance (like organoids from Apc -/- epithelium) due to the change of media composition (III,
3a) phenotype of Apc -/- epithelium on iECM was strikingly different from normal morphology of
wild type epithelium. Thus, jointly these findings highlight the suitability of iECM, as a
complementary tool to current state-of-art Matrigel-based organoids, for studying intestinal
epithelial tumorigenesis ex vivo.
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5. Conclusions
In response to injury, epithelium uses a primitive fetal program to regenerate in vivo in multiple
organs (Fernandez Vallone et al., 2016; Nusse et al., 2018; Yui et al., 2018). Although the
mesenchyme and the extracellular matrix (ECM) play critical roles in tissue homeostasis and
regeneration (Degirmenci et al., 2018; McCarthy et al., 2020; Shoshkes-Carmel et al., 2018; Yui
et al., 2018), their role in harnessing such primitive developmental state in tissue regeneration
remains unclear. Taking the leverage of the intestine’s native ECM (iECM) as an interface for
culturing intestinal stem cells (III and V), this dissertation work unfolds that intestinal epithelium
promptly adopts Tgfb-dependent pro-regenerative fetal program during re-epithelialization of the
exposed iECM ex vivo (III, Fig. 1). Mechanistically, mesenchyme-produced intestinal niche factor
Asporin, which upon tissue damage induces a transient fetal-like change in the epithelial cell state
and thereby coordinates tissue repair (III, Fig. 4). Indicating the involvement of additional factors
during damage, age-induced Asporin expression does not alone evoke the reversion in epithelial
state in homeostasis. However, during damage, the defective Aspn regulation in the old intestine
may arrest epithelium into the fetal-like regenerative state and disrupts normal recovery (IV). This
dissertation work highlights the dynamic nature and importance of crosstalk between
mesenchymal and epithelial cells during aging and regeneration and suggests that the AspnCD44-Tgfb signaling axis has evolved to allow temporal control over tissues repair programs. This
data provide evidence that mesenchyme acts as a reserve force in homeostasis but gets activated
to re-enforce cellular regeneration during an injury – when the cycling stem cell pool is depleted.
The Aspn-mediated regulation of epithelial cell-state may also provide new opportunities to target
epithelial tumor initiation (Roulis et al., 2020) and ulcerative colitis (Yui et al., 2018) – where the
drift of developmental programs is implicated.
Upon aging, the regenerative capacity of the small intestinal epithelium is declined, partly due to
the attenuated canonical Wnt signaling in the intestinal stem cells (Nalapareddy et al., 2017). Part
of this dissertation work unveils that declined Wnt signaling in the old stem cells is due to the
increased production of the secreted Wnt inhibitor, Notum, in the Paneth cell niche of the old
intestine (I). Pharmacological inhibition of Notum elicits improved regeneration and restores
epithelial integrity in the chemotherapy-challenged old mice (I) – raising the possibility of
translating these findings into the clinic for increasing regenerative capability of the
chemotherapy-treated old individuals.
Large-scale ECM remodeling has been reported in development, regeneration, and diseases
(Bonnans et al., 2014; Kinchen et al., 2018; Lu et al., 2011; Yui et al., 2018). Interestingly,
collectively, all the matrix metalloproteinases can degrade and remodel all the ECM – suggesting
that MMPs are the master regulator of ECM – with the broader implications on the diverse cellular
processes (Lu et al., 2011). Furthermore, part of this study reports that enzymatic activity of
muscle-derived MMP17 is required for remodeling ECM for maintaining intestinal stem cell niche
and promoting intestinal epithelial regeneration (II), suggesting that smooth muscle is an active
modulator of epithelial regeneration.
In summary, this dissertation work reveals epithelium and mesenchyme-mediated paracrine
orchestrations of intestinal stem cells during homeostasis and aging. Additionally, this study
highlights the critical role of mesenchyme-mediated epithelial plasticity and reprogramming for
the restoration of epithelial integrity and the promotion of tissue regeneration.
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6. Future perspectives
Cellular plasticity at the nexus of tissue regeneration and tumorigenesis
This study demonstrates that in response to 5-FU induced injury, adult intestinal epithelium
swiftly adopts a pro-regenerative fetal-like program and regenerates the damaged epithelium in
vivo. In ex vivo, the fetal-like program is also activated when the epithelium re-epithelializes the
exposed iECM (III). These findings show that mesenchymal Aspn regulates such a proregenerative program by activating Tgfb signaling via binding to its receptor CD44. CD44 marks
mouse and human intestinal stem cells and progenitors (Gracz et al., 2013). Interestingly, CD44+
stem and progenitor cell population are increased upon injury (Nusse et al., 2018) suggesting the
association of the CD44+ cell population in tissue regeneration. However, it remains to be
uncovered whether intestinal stem cells (at the crypt base) or progenitors (at the transitamplifying zone) or both cell types adopt a fetal-like program or whether newly emerged CD44+
cell population (possible dedifferentiation from CD44- cell population in response to injury)
equally contribute to tissue regeneration. Previous findings indicate that, although Sca1+ reservelike stem cells are rare in the adult intestine, elimination of Lgr5+ adult stem cells can quickly give
rise to Sca1+ fetal-like progenitors (Nusse et al., 2018)– raising the possibility that fetal-like
program is likely activated in the remaining Lgr5- CD44+ intestinal progenitor cells for restoring
the depleted Lgr5+ stem cell pool and re-establishing tissue homeostasis. Upon restoration of
Lgr5+ cells – when such pro-regenerative program is no longer warranted, Sca1+ cells/fetal-like
program is diminished(Nusse et al., 2018) indicating a possibly mutually exclusive relationship
between the signaling circuitry regulating activation/maintenance of the fetal-like program and
adult intestinal stem cell pool.
Although implicated in the previously reported findings (Nusse et al., 2018; Yui et al., 2018), it is
not known how precisely Sca1+ cells replenish the adult stem cell pool. Additionally, it remains to
be uncovered what happens when the fetal program is not resolved and persistently maintained
(aka. sustained activation of the pro-regenerative/pro-tumorigenic program) – as this was evident
in the regenerating old intestines (IV, Fig. 1). Since tumorigenesis was postulated as an
analogous state to an unhealing wound (Dvorak, 1986), would this persistent maintenance of
the unresolved fetal program indicate why age is a major predisposition factor for tumor
formation? As both CD44 and its ligand Aspn were reported to be highly expressed in a plethora
of cancers (Zoller, 2011), cancer-associated fibroblasts (Ding et al., 2015; Rochette et al., 2017),
respectively – would this imply that such persistent activation of the fetal program via AspnCD44-Tgfb signaling axis drive tumorigenesis? Since activation of the fetal-like program can be
modeled on iECM ex vivo, these questions of fetal-like state activation and its resolution in the
context of regeneration and tumorigenesis can partly, be addressed by using the tool developed in
this study. As the dynamics of the robust fetal program activation (at the beginning of reepithelialization) and its remission (after re-epithelialization) on iECM is defined, this study
system might allow investigating cell fate conversion between the adult epithelial cells to fetal-like
progenitors and vice versa.
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Thus, further investigation on fetal program activation/remission on iECM may hold promises for
detailed understanding of intestinal cellular plasticity in epithelial regeneration and is possibly
useful for recapitulating the early state of tumorigenesis – as the fetal program transcriptionally
resembles to pro-tumorigenic program (Roulis et al., 2020). However, the distinction between
pro-regenerative and pro-tumorigenic outcomes perhaps arises from the combination of
secondary events such as an oncogenic mutation in vivo (Ge et al., 2017) or sustained
maintenance of fetal-like program as reported in colitis-associated cancer (Yui et al., 2018), in
addition to the activation of the primary event (fetal-program activation). Unlike to traditional
organoid culture system, intestinal epithelial culture on iECM can be continually maintained >3
weeks – thus, potentially allowing this system to introduce secondary mutations to recapitulate
early states of tumorigenesis in a series of events via step-by-step processes ex vivo.

Investigating fetal-state resolution for improving the regenerative capacity
of the old
This dissertation work shows that in response to injury, the mesenchymal niche produces Aspn,
which orchestrates intestinal repair by controlled induction of a fetal-like epithelial state.
However, persistently high-level Aspn of the old intestine may stagnate injured epithelium to a
state of developmental reversion and becomes counterproductive at the advanced age (V) – a
finding in line with the antagonistic pleiotropy theory of aging (Williams, 1957). In the
‘antagonistic pleiotropic theory’, aging was explained as a declining force of a natural selection
(Fig. 11) – where, the same molecular mechanisms that benefit the organogenesis and
morphogenesis during development were postulated to be deleterious – ultimately culminating
in aging. A prime example of such doctrine might be Tgfb pathway, which is critically important
during the development, but was shown to be de-regulated in aging, and age-related diseases
(Kubiczkova et al., 2012; Tominaga and Suzuki, 2019; Wu and Hill, 2009). Here, this study
identifies Aspn, a mesenchyme-produced ECM molecule, which, in response to injury, transiently
activates a pro-regenerative fetal-like state in the young intestine. However, the old intestine,
marked with a high level of Aspn, experiences persistent and counterproductive activation of fetallike state post-injury and compromises tissue repair. Thus, the developmental program becomes
beneficial in the young when activated in a transient and timely manner. However, such injuryinduced persistently maintained developmental program is associated with compromised
regeneration in the old – in line with the antagonistic pleiotropy theory of aging, at least, in the
context of regenerating old intestine.
However, it is critically important to understand how fetal program remains persistently activated
in the regenerating old intestine. Is the sustained maintenance of the fetal program due to the
continuous need for regeneration or intrinsic to the developmental program that leads to the
inability to shut down the program even when the maintenance of the fetal program is not
required? Previous findings demonstrated that Yap/Taz signaling regulates the activation of the
fetal program (Yui et al., 2018). More recent findings show that the initial transient induction of
Tgfb is a requirement for the activation of the fetal program, which is further maintained by
Yap/Taz signaling in colonic epithelium harboring tumorigenic mutations (Han et al., 2020). This
raises the possibility of crosstalk between several developmental pathways such as Tgfb and
Yap/Taz pathways for the induction and maintenance of the fetal-like program during injury and
tumorigenesis. Systematic investigations would be needed to unveil further the role of Tgfb and
Yap/Taz pathways in sustained maintenance of fetal-like state in tissue regeneration and
tumorigenesis.
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