Sigrid Hoel

Matrix Metalloproteinase (MMP)-
17 Regulates Intestinal
Regeneration after Irradiation

%] D5
<. z-9 June 2019
o ZES
T o <
o S O
o 2
D'U
c C
o @©
RS )
[CENE)
E::
c o
Z Q&

Faculty of Medicine and Health Sciences

Department of Clinical and Molecular Medicine

\/

@NTNU @NTNU

Norwegian University of Norwegian University of
Science and Technology Science and Technology






@NTNU

Norwegian University of
Science and Technology

Matrix Metalloproteinase (MMP)-17
Regulates Intestinal Regeneration after
Irradiation

Molecular Medicine

Submission date: June 2019
Supervisor: Menno OQudhoff
Co-supervisor: ~ Mara Martin Alonso

Norwegian University of Science and Technology
Department of Clinical and Molecular Medicine









Abstract

The intestinal epithelium is a multitasking tissue and has a large flexibility to adapt to different
types of insults. This is mostly due to the proliferative intestinal stem cells (ISCs) at the bottom
of the intestinal crypt, which are highly dependent on cues and signals from surrounding cells.
The smooth muscle cells (SMCs) of the muscle layers in the intestine have recently been
suggested to act as a possible regulator of 1SCs. The SMCs have further been identified to
specifically express Matrix Metalloproteinase (MMP)-17, a protease which has been shown to
be involved in several diseases and pathologies. However, the role of SMCs and MMP17 in the
intestine remains unknown. Here we demonstrate a function of MMP17 during the repair
process following the loss of ISCs, caused by radiation exposure. We found that the lack of
MMP17 caused impaired regeneration through sustained damaged and structural alterations in
the ileum 3 and 6 days after irradiation. We in addition observed a potential decrease of
proliferative cells at the bottom of intestinal crypts 6 days after irradiation in mice lacking
MMP17. Furthermore, we found that the lack of MMP17 led to a decreased expression of an
ISCs marker under homeostatic conditions. With this, our results demonstrate a role for MMP17
in both homeostasis and regeneration following radiation exposure. Furthermore, since the
irradiation induces a low inflammatory response, the possibility of MMP17 cleaving substrates
important for regulation of the inflammatory response to injury can be rejected. However,
further work is needed to specify the substrates and signaling pathways in which this protease
interacts. The characterization of MMP17 in the intestine is of high interest, as it could be used

as a therapeutic target in gastrointestinal diseases and cancers.
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1 Introduction

1.1 The intestine

The human intestine contains the second largest epithelium in the human body and it is a true
multitasking tissue. It must simultaneously achieve efficient digestion and absorption of
nutrients and water from foods and liquids, while providing an effective barrier against the
harsh environment present in the intestinal lumen. These features of the intestine are possible

because of its distinct organization and structure.

The mucosa in the intestine consist of a single layer of epithelium, the underlying connective
tissue called lamina propria and lastly the muscularis mucosae. The mucosa has three main
functions; absorption, secretion and protection (Rao & Wang, 2010). The lamina propria is
underneath the epithelium and consists of immune cells, mesenchymal-, endothelial- and nerve
cells. The muscularis mucosae is composed of a layer of smooth muscle cells (SMCs) and the
exact function of this muscle layer is uncertain, but it has been assumed to exclusively provide
contractile functions during digestion (Chivukula et al., 2014). The submucosa is underneath
the mucosa and is a dense layer of connective tissue (Ross & Pawlina, 2016). Under the
submucosa is the muscularis externa, which contains two thick layers of smooth muscle and its
contraction determine the intestinal movement of segmentation and peristalsis (Ross &
Pawlina, 2016). The intestine also contains a branching network of nerves, called nervous
plexus, one in the submucosa and one between the muscles in the muscularis externa (Ross &

Pawlina, 2016). The different layers in the intestine are illustrated in Figure 1-1.

Throughout the intestine the mucosa creates a barrier between the exterior and the interior
through the single-layer of epithelial cells. The epithelial lining structure varies throughout the
different parts of the gastrointestinal tract. The small intestine, making up the first part of the
digestive tract after the stomach, is divided into the duodenum, jejunum and ileum (Rao &
Wang, 2010; Ross & Pawlina, 2016). The main task of the small intestine is to digest food and
to mediate the absorption of the products from digestion. Here, the epithelium forms finger-like
projections into the intestinal lumen, called villi (Ross & Pawlina, 2016). These structures
greatly increase the absorptive surface and thereby the absorptive ability of the small intestine.
Each villus is enriched in tubular invaginations of the epithelium (Rao & Wang, 2010; Ross &
Pawlina, 2016). These structures are referred to as intestinal crypts, crypts of Lieberkihn,

intestinal glands or just crypts. The large intestine is the distal part of the gastrointestinal tract



and is composed of the cecum, the colon, the rectum and the anal canal (Rao & Wang, 2010;
Ross & Pawlina, 2016). The colon is the largest portion, so the large intestine is often referred
to as the colon and vice versa. In humans it is divided into the proximal (ascending) part and
the distal (descending) part (Rao & Wang, 2010). The large intestine is responsible for the
reabsorption of electrolytes and water and the elimination of undigested food and waste. The
epithelial lining of the colon is completely “smooth”, due to the absence of villi, and here the
epithelium is only organized into crypts (Ross & Pawlina, 2016). The organization of the small-

and the large intestine is illustrated in Figure 1-1.
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Figure 1-1: Organization of the intestinal epithelium. The epithelium in the small intestine is
organized into crypt-villus structures. The epithelium in the colon is organized into a flat structure
enriched in crypts. The epithelium in both parts of the intestine is supported by underlying structures;
lamina propria, muscularis mucosa, submucosa and muscularis externa. (Images retrieved from Servier
Medical Art).

1.2 The intestinal crypt

As mentioned earlier, the intestinal crypts are invaginations of the epithelial monolayer into the
lamina propria and down close to the muscularis mucosae. An illustration of the intestinal crypt
in the small intestine is shown in Figure 1-2. At the bottom of the crypt, well protected from
the hazardous contents of the lumen, is where the intestinal stem cells (1SCs) reside. These ISCs
are characterized by their ability to self-renew and the ability to generate all differentiated cell
linages; the two characteristics that are necessary for being classified as an adult somatic stem
cell (Wagers & Weissman, 2004). A population of ISCs occupying the far bottom of the crypt,
called crypt base columnar (CBC) cells, was identified in 1974 (Cheng & Leblond, 1974). They

were described as undifferentiated, mitotically active and phagocytotic cells back then, but they



failed to gain full acceptance as an adult stem cell. This changed in 2007 when the Wingless-
type MMTYV integration site family member (WNT) target gene Leucine-rich repeat-containing
G-protein coupled receptor 5 (Lgr5) was identified as a genetic marker for this type of stem
cell, allowing further characterization of these ISCs and classifying them as active somatic stem

cells (Barker et al., 2007). For the rest of this text, ISCs will refer to proliferative and active
CBC cells.
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Figure 1-2: Overview of the intestinal crypt in the small intestine. Intestinal stem cells (1ISCs) reside
at the bottom of the crypt, interspaced between Paneth cells. They divide giving rise to transit-amplifying
(TA) daughter cells that differentiate to the distinct epithelial cell linages; enteroendocrine-, enterocyte-
, Paneth- and goblet cells. The epithelial and surrounding cells make up the microenvironment around
the ISCs. The surrounding cells in the lamina propria are myofibroblast/fibroblasts and smooth muscle
cells (SMCs) of the muscularis mucosae. These cells are responsible for producing and reorganizing the
extracellular matrix (ECM) in the lamina propria. (Images retrieved from Servier Medical Art).

ISCs are continuously dividing, giving rise to transit amplifying (TA) daughter cells. While
migrating up along the crypt away from the stem cell zone, the TA cells differentiate into the

different epithelial lineages found in the intestinal epithelium; the secretory linage and the
absorptive linage.

The secretory linage includes goblet-, Paneth- and enteroendocrine cells. Goblet cells are
responsible for secreting mucins, which forms a protective coat of mucus along the epithelium
(Milano et al., 2004; van Es et al., 2005; VanDussen & Samuelson, 2010). In contrast to the
other epithelial cells, Paneth cells are only present in the small intestine and they are the only

epithelial cells that move downwards, towards the ISCs, during differentiation (Batlle et al.,



2002; Genander et al., 2009). Here they are interspaced between ISCs and provide necessary
signals and growth factors for the ISCs (Farin et al., 2012; Sato et al., 2010). This will be
discussed in further detail in section 1.2.1. In addition, Paneth cells produce a wide variety of
antimicrobial products, that together with the mucus from goblet cells, form a part of the
mucosal immunity along the epithelium (Allaire et al., 2018). Enteroendocrine cells produce
and release several paracrine and endocrine hormones upon stimulation and are divided into

several subtypes based on the specific hormones they secrete (Gehart & Clevers, 2019).

The absorptive lineage is only composed of one cell type, the enterocyte. It is one of the most
abundant cell types in the intestinal epithelium. They are responsible for the uptake of ions,
water, carbohydrates, peptides and lipids from the intestinal lumen and transport of these into

the circulatory system (Gehart & Clevers, 2019).

As the epithelial cells divide, excluding the Paneth cells, they are pushed up towards the top of
the crypt in the colon or the villus tip in the small intestine. Here, they eventually go through a
type of programmed cell death, called anoikis, where they are detached from the surrounding
extracellular matrix (ECM) and shed into the lumen (Barker, 2014). This process takes between
3-5 days and makes sure that only post-mitotic epithelial cells are exposed to the hazardous
environment of the intestinal lumen, since the epithelial population is consistently replenished
by the dividing ISCs at the bottom of the crypt (Barker, 2014). The crypt is therefore a highly
dynamic structure, where there is a constant need of surrounding cells to supply necessary
signals and factors to maintain and tightly regulate the 1SCs, making up the ISC niche (see
section 1.2.1)

Another subtype of the ISC population have been described, called +4 cells. The “+4” describes
the cells location, 4 cells above the bottom crypt cell and just above the upper Paneth cell. It
was identified by Chris Potten (Potten et al., 1978; Potten et al., 2002) and later research have
identified several genetic markers for this population; Bmil (Sangiorgi & Capecchi, 2008), Tert
(Breault et al., 2008; Montgomery et al., 2011), Hopx (Takeda et al., 2011) and Lgrl (Powell
et al., 2012). There is still much controversy and debate surrounding +4 cells’ role as a stem
cell in intestinal homeostasis, but its role in regeneration has been well documented (Breault et
al., 2008; Montgomery et al., 2011; Powell et al., 2012; Sangiorgi & Capecchi, 2008; Takeda
etal., 2011). It has been considered to function as a “reserve” stem cell with high resistance to
radiation due to their slow-cycling nature and that they are able restore the pool of bottom I1SCs

when needed (Tian et al., 2011), but its radiation sensitivity has been debated (Metcalfe et al.,
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2014). Furthermore, research focusing on regeneration and plasticity of the intestinal
epithelium places the existence of a specific reserve stem cell into question. It is debated that
the regeneration of the epithelium is far more dynamic and that other epithelial cells can de-
differentiate and replenish the ISCs pool under certain circumstances (Asfaha et al., 2015;
Buczacki et al., 2013; Schmitt et al., 2018; Tetteh et al., 2016; van Es et al., 2012; Yu et al.,
2018).

1.2.1 The intestinal stem cell niches

A niche can be defined as a specialized instructive microenvironment necessary to maintain
and regulate stem cell self-renewal and proliferation (Barker, 2014). The niches in the crypt can
be divided into two distinct parts. First, the cellular niche, which contains the cells in the stromal
microenvironment around the ISCs and the epithelial cells. Second, the physical niche, which

refers to the ECM, a network of fibrous structural proteins created by surrounding cells.

There are several main niche factors that are highly important for proper ISC function and one
of them are WNT ligands. The WNT pathway plays a crucial role in development and
maintaining the proliferative capacity of the ISCs (Nusse & Clevers, 2017). A second main
niche component is epidermal growth factors (EGFs), which binds to EGF receptors expressed
on ISCs and helps to control their division rate (Sato et al., 2010). Notch ligands in the intestinal
niche are responsible for inhibiting and blocking differentiation of ISCs into the secretory
lineage (Sancho et al., 2015). Lastly, bone morphogenetic proteins (BMP) are a group of growth
factors that belong to the transforming growth factor-p (TGF-B) superfamily, that promotes
differentiation of ISCs (He et al., 2004). A gradient of these main niche factors assures high
proliferative activity at the bottom of the crypt and aids differentiation of cells towards the top
of the crypt and villus.

As mentioned, Paneth cells are found interspaced between ISCs at the bottom of the crypt. They
provide important niche signals through secreting soluble factors and membrane-anchored
factors. They secrete WNT3, which is the main WNT ligand regulating ISC self-renewal and
proliferation. (Alexandre et al., 2014). Paneth cells also secretes EGFs (Sato et al., 2010) and
Notch ligands (Sancho et al., 2015).

Paneth cells are not the only cell contributing to the ISCs niche, other growth factors responsible

for ISC regulation are produced by mesenchymal cells. The term “mesenchymal cells” refers



to cells of the intestinal lamina propria that are non-hematopoietic, non-epithelial and non-
endothelial, like intestinal fibroblasts, myofibroblasts, pericytes, smooth muscle cells of the
muscularis mucosae and mesenchymal stromal/stem cells. Fibroblasts and myofibroblasts are
the major two cell types in the lamina propria in the intestine. Fibroblasts are in part responsible
for synthesizing the ECM and collagen, contributing to the structural framework in tissues and
they have been shown to play a critical role in wound healing. During wound healing fibroblasts
can differentiate into myofibroblasts, an intermediate cell between fibroblasts and SMCs
(Desmouliere et al., 2005). In addition, it has been shown that mesenchymal cells in the small
intestinal villi and the sub-epithelial mesenchyme in colon express non-canonical WNT
molecules (WNT2B, WNT4, WNT5A and WNT5B) (Gregorieff et al., 2005). Pericryptal
myofibroblasts also support the ISCs niche, producing different factors such as WNT ligands
and BMP antagonists (Meran et al., 2017). And although SMCs have not been considered as
contributing members to the ISC niche, research shows that they express BMP antagonists
Germlin 1, Gremlin 2 and Chordin-like 1 in the human colon (Kosinski et al., 2007). BMP
antagonists bind and block different members of the BMP family, important in maintaining the
highly proliferative, self-renewal activity of ISCs at the bottom of the crypt (He et al., 2004;
Kosinski et al., 2007; Stzepourginski et al., 2017).

Other cell types have also been shown to contribute to the cellular niche. Neural cells are the
main component of the nervous tissue and have been shown to be important in intestinal
epithelial growth (Bjerknes & Cheng, 2001) and to exert protective functions during
inflammation and injury by secretion of EGF and TGF-f isoforms (Neunlist et al., 2007; Van
Landeghem et al., 2011). Endothelial cells line the interior surface of blood- and lymphatic
vessels. It appears that the endothelial cells present in the intestinal lamina propria are important
in maintaining epithelial homeostasis, because radiation-induced injury triggers rapid

endothelial loss prior to epithelial death (Owens & Simmons, 2013; Paris et al., 2001).

The ECM, making up the physical niche, mainly acts as a scaffold to maintain the three-
dimensional shape of tissues, but it is extremely versatile and performs many other functions.
As a major part of the microenvironment of cells, the ECM can influence many cellular
behaviors, including migration, growth, differentiation and cell death. The lamina propria
around the crypts has been reported to be enriched in different ECM components, like
fibronectins, laminins, collagens, glycosaminoglycans and integrins, suggesting that these

components have a potential role in ISC regulation (Meran et al., 2017).



The biomechanical role of the ECM is thought to influence a wide range of cellular activities.
The biomechanical factors include cell shape and ECM stiffness. The cells are able to sense
and regulate the ECM mechanics through mostly integrins, that mediate the signaling between
the intracellular cytoskeleton and the surrounding ECM structures (Humphrey et al., 2014).
Fibroblasts, smooth muscle cells and epithelial cells are very sensitive to mechanical stimuli
and can induce matrix stiffness (Chiquet et al., 2009; Peyton & Putnam, 2005). Matrix stiffness
is important because it has been shown to influence and regulate cell migration (Pelham &
Wang, 1997; Plotnikov et al., 2012), cell cycle progression (Klein et al., 2009), gene expression
and cell fate (Engler et al., 2006). Additionally, it has been shown that the ECM can reprogram
ISCs after damage, via activation of Hippo transducers Yap/Taz through ECM remodeling (Yui
et al., 2018).

In addition, the ECM can act as a ligand “reservoir”, through binding of several different growth
factors and limit or modify their diffusive range and accessibility. The ECM has been shown to
be important in creating concentration gradients of BMP, WNTs and TGF-f3 (Hynes, 2009;
Rozario & DeSimone, 2010). The effectiveness of the ECM, in context of cellular response to

injury, is dependent on degradation and remodeling of its structural components.
1.3 Intestinal homeostasis and regeneration after injury

One of the main functions of the intestinal epithelium is to provide protection from commensal
and pathogenic microorganisms to the underlying tissues. The key factor to maintaining tissue
homeostasis is how the epithelial layer senses and responds to microbial stimuli, reinforcing
the physical and biochemical barriers and activating the appropriate immune responses
(Peterson & Artis, 2014). The disruption of this barrier, exposes the underlying tissues to these
microorganisms, leading to exacerbated mucosal immune responses. There has been an
increasing recognition of an association between disrupted intestinal barrier function and the
development of autoimmune and inflammatory diseases, including inflammatory bowel disease
(IBD) (Heyman, 2005; Heyman & Desjeux, 2000; Mankertz & Schulzke, 2007; Takeuchi et
al., 2004). IBD comprises to major phenotypes, Crohns disease and ulcerative colitis, that both
are characterized by a continuous cycle of mucosal injury, with an exacerbated mucosal

immune response to microbial factors (Clayburgh et al., 2004).



1.3.1 Models of intestinal damage

One of the most widely used animal models to study intestinal damage is the administration of
dextran sodium sulfate (DSS) to mice. DSS only affects the colon in mice by not fully
understood mechanisms. As mentioned, IBD, which comprises ulcerative colitis and Crohn’s
disease, are characterized by both acute and chronic inflammation of the intestine with
multifactorial etiology (Xavier & Podolsky, 2007). The most severe murine colitis, from
administration of DSS (40-50kDA) in drinking water, most closely resembles human ulcerative
colitis (Okayasu et al., 1990). The exact mechanisms behind DSS inducing intestinal
inflammation are unclear, but it is most likely due to damage of the colonic epithelial
monolayer, allowing the dissemination of proinflammatory intestinal contents into the
underlying tissue. Acute, chronic and relapsing models of intestinal inflammation can be
achieved by modifying the concentration of DSS in the drinking water and the frequency of

administration (Chassaing et al., 2014).

A second injury model of intestinal damage is the use of ionizing irradiation in mice, which is
used to target mitotically active cells, like ISCs and their dividing progenitor cells (Blanpain et
al., 2011; Hendry & Potten, 1974; Potten, 1977). This occurs through DNA damage induced by
free radicals causing double-strand breaks (Lewanski & Gullick, 2001). This injury model
allows us to study the intestinal capacity for repair after the loss of ISCs. Surprisingly, it has
been demonstrated that the gut can recover from doses of radiation that eliminates the
proliferative cells in the intestinal crypt (Potten, 1977). The irradiation model also allows us to
study how the loss of ISCs at the bottom of the crypts are replenished by other cellular types,
as previously mentioned (Asfaha et al., 2015; Buczacki et al., 2013; Schmitt et al., 2018; Tetteh
etal., 2016; van Es et al., 2012; Yu et al., 2018).

While both the small and large intestine have similar organization and underlying mechanisms,
the colonic ISCs have unexpectedly been shown to beq more resistant to ionizing radiation. It
has been reported that colonic ISCs survived an exposure of 30 Gray (Gy), while ISCs in the
small intestine were completely depleted after 15 Gy (Hua et al., 2017). However, both in the
small intestine and the colon, the regenerative response after radiation exposure can be divided
into the three distinct phases. The first phase is an injury phase that occurs within hours after
radiation exposure and lasts around 48 hours (Kim et al., 2017). During this phase the ISCs die
and as a result, irradiated intestine shows crypt loss, shrinkage in crypt size, apoptotic cells at
the bottom of the crypts and shortening of the villi (Booth et al., 2012; Merritt et al., 1994). The
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shortening of the villi, also called villus blunting, is a non-specific reaction of the mucosae,
which can occur under various insults. It is due to the hyper-elongation or hypo-regeneration
of crypts (Serra & Jani, 2006). During the injury phase the ECM goes through degradation and
reorganization. The next phase, known as the regenerative phase, occurs two to four days post-
radiation (Kim et al., 2017). During this phase the surviving crypt cells generates new crypts
through crypt fission and proliferate to restore the pool of Lgr5* ISCs, which is described in
more detail in the next section (1.3.2). The number of crypts is decreased, and crypts are
enlarged in length due to the increased proliferation occurring in this phase (Kim et al., 2017).
This elongation of the crypt will also reduce the crypt to villus ratio (Serra & Jani, 2006). Also,
the ECM suffers changes and remodeling to complete mucosal healing. In the last
“normalizing” phase, the size of the crypt and the length of the villi are restored to values similar
to homeostatic conditions (Withers et al., 1970; Withers & Elkind, 1970). The three phases after

irradiation injury are shown in Figure 1-3.
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Figure 1-3: The phases after radiation damage in the intestine. Immediately after irradiation the
crypt enters an injury phase that lasts for up to 48 hours, where highly dividing cells go through apoptosis
and the crypt and villus shrinks in size. Also, in this phase the extracellular matrix (ECM) will be
degraded and reorganized. Two to four days post-irradiation the crypt enters a regeneration phase. Here
the crypts are enlarged, due to a boost in proliferation of the surviving cells. Eventually, the crypt will
regenerate completely and enter a homeostatic phase. (Images retrieved from Servier Medical Art).

1.3.2 Regeneration after injury
The intestinal mucosa can be damaged by mechanical, toxic and/or microbiological insults, as

described by the injury models above. The reestablishment of homeostasis and healthy mucosa

depends on the crypt cells ability to regenerate and achieve normal architecture after the



damage. The regenerative process after injury is mainly mediated by continuous cell

proliferation within the crypt and crypt fission (Bloemendaal et al., 2016; Kim et al., 2017).

As described earlier, the continuous cell proliferation within the crypt is due to the rapidly
dividing ISCs at the bottom of the crypt, specifically marked by the gene Lgr5. When damage
occurs, the proliferative activity boosts in the crypt, reestablishing the continuity of the
epithelium by the migration of adjacent and newly divided epithelial cells, keeping the
epithelial barrier intact (Kim et al., 2017). The crypt is a dynamic compartment, illustrated by
the fact that ablation of Lgr5* ISCs does not disrupt intestinal homeostasis (Tian et al., 2011),
further demonstrating the plasticity existing within the crypt compartment. As discussed earlier,
several cells have been identified to have the ability to replenish the ISC pool after various
insults (Asfaha et al., 2015; Buczacki et al., 2013; Schmitt et al., 2018; Tetteh et al., 2016; van
Es et al.,, 2012; Yu et al., 2018).This highlights that plasticity within the crypt is a key
mechanism in the intestinal epithelium, making it able to cope with the insults that compromise

the ISC compartment.

Crypt fission also contributes to restore tissue homeostasis after injury through the generation
of new crypts (Withers & Elkind, 1970). The process was described and identified in more
detail in the paper by Miyoshi et al (Miyoshi et al., 2012). After mucosal damage, a layer of
non-proliferative epithelial cells (wound-associated epithelial cell) migrates from intact
adjacent crypts and floods over the wound-bed surface. Thereafter, adjacent crypts to the
wound-bed starts forming an array of channel like structures, which contain highly proliferative
cells, from which new crypts arise (Miyoshi et al., 2012) It was also identified that this was a
WNT5B dependent process, expressed by mesenchymal cells associated with the wound

channels, and necessary to activate TGF-f signaling (Miyoshi et al., 2012).

The processes of increased cell proliferation and crypt fission after intestinal injury are highly
dependent on the dynamic interactions in the mucosa, between the I1SCs, the epithelial cells and
the surrounding cells in the lamina propria. Studies have highlighted the importance of
mesenchymal cells in regeneration; CD34* gp38* cells in the mesenchyme were identified to
be major sources of GREMLIN1, R-SPONDIN1 and WNT2B, as well as secreting chemokines,
cytokines and growth factors, all playing essential roles in gut inflammation and repair
(Stzepourginski et al., 2017). In addition, these cells remained associated with the crypts after
DSS treatment, indicating their importance in regulation of the ISC niche during repair.

Another study demonstrated that SMCs and myofibroblasts could contribute to the injury
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response. In this study the lack of miR-143/145 expression by SMCs and myofibroblasts,
causing their dysfunction, dramatically impaired the epithelial regeneration after DSS induced
injury (Chivukula et al., 2014). This was due to impaired release of growth factors by these
cells after DSS. These studies demonstrate the importance of the cross-talk between the

mesenchyme and the cells within the crypt during regeneration and repair.
1.4 Matrix metalloproteinases

As mentioned earlier, the ECM is degraded and reorganized as part of the response to damage
and injury. The Matrix Metalloproteinase (MMP) family is collectively capable of cleaving all
kinds of ECM proteins, contributing to their remodeling and degradation. This family of
calcium-dependent zinc-containing endopeptidases includes more than 20 members and the
founding member of the family, collagenase, was already identified in 1962 (Gross & Lapiere,
1962).

The MMP family is normally divided into two distinct groups; the group of soluble MMPs
(MMP1, -2, -3, -7, -8, -9, -10, -11, -12, -13, -19. -20, -21, -22, -27 and 28) and the group of
membrane-type MMPs (MT-MMP). MT-MMPs are divided into the ones bound to the
membrane by a transmembrane domain (MMP14, -15, -16 and -24) and the ones attached to
the plasma membrane by a GPI anchor (MMP17 and -25) (Yip et al., 2019).

The metalloproteinase part of the MMP name is due to the presence of a zinc cation on their
catalytic domain. In general, all of them act as endopeptidases and share a conserved domain
structure, consisting of at least a catalytic domain, a signal peptide and an autoinhibitory pro-
domain, which interacts with a zinc ion on the catalytic domain (Yip et al., 2019). MMPs are
synthesized as these inactive zymogens and requires proteolytic cleavage of their pro-domain
to become active (Sternlicht & Werb, 2001). This cleavage of the pro-domain can occur
extracellularly, by other MMPs or could be mediated by several serine proteinases (Nagase &
Woessner, 1999), or intracellularly, usually by furin (Pei & Weiss, 1995). Most MMPs also
contain a hemopexin domain, connected to their catalytic domain by a flexible hinge region,
which is important in protein-protein interactions and mediates proper substrate recognition and

localization, internalization and degradation (Overall, 2002; Page-McCaw et al., 2007).

MMPs functions were thought to only involve degradation of structural components of the
ECM; therefore, they have been classified on the basis of their specificity for these ECM
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components in collagenases, elastases et cetera (Page-McCaw et al., 2007; Verma & Hansch,
2007). However, the function of MMPs is not only limited to degradation of the ECM, they
can also cleave other proteins such as membrane receptors, signaling molecules, growth factors,
other MMPs and proteases (Page-McCaw et al., 2007). This wide array of substrates reflect the
biological processes MMPs can regulate, like cell migration, regulation of tissue architecture

and numerous signaling pathways (Sternlicht & Werb, 2001).

MMPs have since their discovery gained a lot of interest due to their upregulation in several
human diseases, including cancers and inflammatory diseases like rheumatoid arthritis
(Brinckerhoff & Matrisian, 2002; Chabottaux & Noel, 2007). Different therapies have been
developed to target MMP activity, including both natural and synthetic inhibitors (Coussens et
al., 2002; Whittaker et al., 1999). However, no one has so far found a good way to produce and
use a chemical that specifically blocks MMPs and that at the same time gives a clinical benefit
without any adverse side effects (Cathcart et al., 2015). The lack of knowledge about the
different MMPs, their expression, functions and substrates, are the main reasons why no
efficient therapies have emerged. In addition, the role MMPs play in pathologies can be
dynamic and complex; for example, increased activity of MMP can enhance tumor progression
or it can inhibit it, depending on the substrate specificity/location or cell type expression (Lu et
al., 2011).

The development of genetic knockout mouse models of MMPs (Mmp~) has opened a valuable
opportunity to identify the essential functions and substrates of different MMPs. Surprisingly,
all knockout models have shown subtle phenotypes, with all models surviving birth (Page-
McCaw et al., 2007). Possible explanations for these subtle phenotypes of the MMP knockout
models are enzymatic redundancy, compensation and adaptive development or that MMPs are
not necessary until after embryonic development (Page-McCaw et al., 2007). With the
development of Mmp”- models, it has been possible to study the role of these proteins in
intestinal homeostasis and pathologies. For example, MMP15 was identified as a regulator of
apical junction signaling and epithelial cell homeostasis through cleaving E-cadherin (Gomez-
Escudero et al., 2017). MMP7 have also shown to be secreted by Paneth cells and capable of
activating a-defensins in the intestine (Ayabe et al., 2002). In a number of IBD studies, an
upregulation of several different MMPs have been detected, including MMP2, -3. -7 and -9
(Jakubowska et al., 2016; Silosi et al., 2014), indicating the importance of these proteins in

intestinal pathologies, which needs to be further analyzed.
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1.4.1 Membrane type 4-matrix metalloproteinase

MMP17, also known as MT-MMP 4, was originally discovered in human breast carcinoma
(Puente et al., 1996). Since then several studies have shown MMP17 connection to other
pathological conditions, however there is still a lack of knowledge concerning MMP17
compared to other MMPs (Sohail et al., 2008).

MMP17 contains the common structures of the MMP family; a signal peptide (also called pre-
domain), which drives MMP to the endoplasmic reticulum, a pro-domain, a catalytic domain
and a hemopexin domain with a hinge region. In addition, MMP17 contains a GPI anchor and
a furin site (R-X-K/R-R) (Yip et al., 2019). The GPI anchor, also present in MMP25, facilitates
membrane attachment (Sohail et al., 2008). The structure of the MMP17 protein is shown in
Figure 1-4. MMP17’s catalytic domain displays less than 40% amino acid sequence identity
to the other MMPs, which makes it a distant member of the MMP family (Itoh et al., 1999).

Furin site

Catalytic

domain Pro domain

Hinge region Signal peptide

Hemopexin
domian

GPI anchor

Figure 1-4: Structural domains of MMP17. MMP17 shows structural similarities to the other MMPs
by its signal peptide, pro-domain, catalytic domain and hemopexin domain. The presence of the GPI
anchor and furin site separates it from most of the other MMPs. (Adapted from (Yip et al., 2019)).

In contrast to other MMPs, MMP17 has a small substrate repertoire among the ECM
components and this lack of specificity makes it hard to investigate its functionality (Truong et
al., 2016). However, MMP17 shows weak cleaving capacities against fibrinogen, fibrin and
gelatin (English et al., 2000; Wang et al., 1999). In addition, some non-ECM substrates have
been identified for MMP17; a-2-macroglobulin (English et al., 2000), low density lipoprotein

receptor-related protein (Rozanov et al., 2004), proTNF (English et al., 2000), ADAMTS4
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(Clements et al., 2011), osteopontin (Martin-Alonso et al.,, 2015) and alphaM integrin
(Clemente et al., 2018).

As with the other MMPs, the previous lack of knowledge around MMP17’s biological function
was mostly due to the lack of a sensitive system for monitoring and tracking its expression in
vivo. However, Dr Seiki’s group established an Mmpl7-deficient mouse strain in 2007
(Rikimaru et al., 2007). In this mouse model, illustrated in Figure 1-5, the genomic sequence
of Mmp17 containing the initiation exon and part of the first intron, was replaced with a DNA
cassette containing LacZ and a nuclear localization signal (NLS). This resulted in a loss of
Mmpl7 expression and at the same time the ability to track its expression by active f-

galactosidase (Rikimaru et al., 2007).

Mmp17 genomic sequence > Ay Exon 1 7 Exon2f-------
\ /
\ /
\ /
Targeting vector % NLS-LacZ %
5’homology arm 3’homology arm

Mutant allele |:>—{ NLS-LacZ  ——— BExon2 |- - - —— - - -

Figure 1-5: Schematic illustration of the Mmp17-deficient mouse model. A genomic sequence,
containing the initiation exon and part of the first intron, in the Mmp17 gene was substituted with a LacZ
cassette encoding the reporter gene S-galactosidase. The resulting mutant allele express the LacZ
cassette under the control of the Mmpl7 promoter (yellow arrow), allowing tracking of Mmpl7
expression. (Adapted from (Rikimaru et al., 2007) (Martin-Alonso, 2016)).

The adult Mmp17-- mice showed normal appearance, behavior, life span and fertility with no
major differences detected between the Mmp17+/* and Mmp17- strains (Rikimaru et al., 2007).
Mmpl7 and LacZ mRNA was observed at various levels in several organs and a correlation
was found between Mmpl7 expression and smooth muscle actin transcripts in the lung,
stomach, intestine, testis, ovary and uterus (Rikimaru et al., 2007). Even though Mmp17 is
highly expressed in tissues during several physiological processes, its role in some of these
processes has not been described in detail so far. However, it has been suggested to modulate
thirst (Srichai et al., 2011), and has been shown to be expressed in murine embryonic
development (Blanco et al., 2017). It has also been shown that the lack of MMP17 caused a
defect in maturation of vascular SMCs, in addition to altered cell orientation in the tissue and

affected ECM connections (Martin-Alonso et al., 2015).

In contrast to the investigation of MMP17 and its physiological function, more research has

been done on its function in pathological processes. The function of MMP17 in pathologies is
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not only related to its proteolytic function, but also to its non-proteolytic functions (Yip et al.,
2019). MMP17 activity has been suggested to be involved in several diseases; breast cancer
(Chabottaux et al., 2006), colon cancer (Nimri et al., 2013), head and neck cancer (Huang et
al., 2009), osteoarthritis (Clements et al., 2011; Gao et al., 2004; Patwari et al., 2005), thoracic
aortic aneurysms and dissections (Martin-Alonso et al., 2015; Papke et al., 2015) and

atherosclerosis (Clemente et al., 2018).

The intestine is a highly dynamic structure containing proliferative ISCs, which are highly
dependent on appropriate signals and factors from its surroundings during both homeostasis
and regeneration after injury. As described, the members of the MMP family play an important
role in the regulation of the structural niche in the intestine, by degrading and reorganizing the
ECM. SMCs are responsible for producing some of these ECM components, in addition to
secreting niche factors. Newer research has suggested a regulatory role of SMCs in the intestinal
response and regeneration process after injury. SMCs of the intestine specifically express
MMP17, which further have been identified to control SMCs phenotype in vascular tissue. We
propose that it is therefore plausible that MMP17 might impact other SMCs, as the intestinal
SMCs. Unpublished data from our group shows in fact that the lack of MMP17 does not cause
an altered phenotype under homeostatic conditions in the intestine. However, Mmp17-deficient
mice show impaired regeneration after an acute inflammatory injury caused by DSS treatment.
Therefore, we want to further establish the role of MMP17 during the regenerative process in
the intestine after injury, with an alternative injury model causing a lower inflammatory
response. Finally, determination of MMP17’s role in regeneration and response to injury makes
this protease of special interest in the future, since it could be a possible therapeutic target in

gastrointestinal diseases and cancers.
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2 Objective

MMP17 shows distinct features compared to other members in its family, indicating unique
functions and possible implications in different pathologies. In the intestine, MMP17 has been
demonstrated to be specifically expressed in SMCs of the muscularis mucosae and muscularis
externa, with unknown functions and substrates. Unpublished data from our group indicates
that lack of MMP17 leads to impaired regeneration in mice after an acute inflammatory injury
induced by a DSS treatment. We therefore wanted to further investigate if MMP17 could impact
the regeneration response using a different injury model, such as radiation exposure, which

causes a lower inflammatory response.
The main objective purposed for this study is:

- Determine if MMP17 plays a role in the regenerative response to the intestinal injury

produced by radiation exposure.
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3 Methodology

3.1 Mouse model

The Mmp17-- mouse model has been described previously (see section 1.4.1 and Figure 1-5)
(Rikimaru et al., 2007). All mice were kept in sterile conditions in accordance to guidelines set
by the Comparative Medicine Core facility at NTNU. All experiments preformed on mice were

ethically approved and evaluated by the Norwegian Food and Safety Authorities (FOTS).
3.2 lIrradiation of mice

Mmp17+* and Mmp17-- mice were anesthetized using Ket/Xyl (ketamine 50 mg/ml, xylazine
20 mg/ml in water, mixed 1:0,25:3,75 (volume)). Mice were irradiated with photon-radiation
with an energy of 6MV from a Versa HD Linear Accelerator (Elektra Instrument AB,
Stockholm, Sweden).

The mice were placed in a perspex box on top of a radiation table, composed of 1 cm plate of
solid water. The table was adjusted so that the horizontal isocenter plane (100 cm from the
source) was centered on the mice. They were irradiated from underneath with a radiation field
of 35 x 35 cm in the isocenter plane. The mice were exposed to 10 Gy of whole-body radiation
in one fraction. Mice were monitored for optimal recovery (antisedan was injected) after

irradiation.

Mice were euthanized 1 day, 3 days or 6 days after irradiation, in addition to un-irradiated mice.
The mice were weighed before irradiation and daily until euthanized. After euthanization, the

small intestine and the colon were harvested, and the length was measured.
3.3 Tissue fixation and processing

Living tissues from an organism will quickly alter after harvesting, so fixation is a way to
preserve the tissues in a life-like condition for further analysis and research. This is normally
achieved through immersing the tissue in a fixative solution, often using formaldehyde, that
acts as an enzyme blocker (Cook & Warren, 2015; Kim et al., 2016). When formaldehyde
polymerizes it forms paraformaldehyde (PFA) and this is often used instead of formaldehyde

since it is more reliable and purer (Cook & Warren, 2015).
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After fixation, the tissue needs extra support, which is achieved through embedding in paraffin
wax. Paraffin wax is molten at 60°C, but it is solid at room temperature. However, tissues
cannot simply be embedded in paraffin in one single step, since the tissue contains water, which
is immiscible with wax (Cook & Warren, 2015). The water in the tissue is replaced with wax
in several intermediate steps and this is called processing. This happens in two stages; first
dehydration, which removes the water, and clearing, which replaces the dehydrating agent with
a reagent that is miscible with wax. The tissues are then impregnated with wax, placed in a
mold and the wax is solidified. (Cook & Warren, 2015)

3.3.1 Experimental procedure

After measuring the length, the small intestine was approximately separated into the duodenum,
jejunum and ileum. The distinct parts of the small intestine and the colon were cleaned with
phosphate-buffered saline (PBS) and rolled into swiss rolls. This was done by cutting the tissues
longitudinally and rolling them with the luminal side facing up, onto wooden sticks
(Moolenbeek & Ruitenberg, 1981). The tissues were then fixated with 4% PFA overnight and
processed automatically by a Lecia ASP300S tissue processor the following day. After
processing, the tissues were embedded in paraffin, cut into 4 um thick sections using a

microtome and attached to glass slides.
3.4 Hematoxylin and eosin staining

Hematoxylin and eosin (H&E) staining is one of the principal stainings in histology.
Hematoxylin is not a dye in itself and needs to be oxidized to hematein combined with a
mordant (usually aluminum salts) (Cook & Warren, 2015; Fischer et al., 2008). This creates a
basic and positively charged solution that stains acidic and negative structures, mostly DNA
and RNA, that will turn the nucleus of the cell violet/blue. Eosin is often used to counterstain
with hematoxylin and is a variety of related acidic and negative dyes. It will stain basic and
positive structures in various shades of pink and red, and these include most of the structures
in the cytoplasm and connective tissue (Cook & Warren, 2015; Fischer et al., 2008). Before any
staining can occur, the paraffin wax needs to be removed tissue and the tissue needs to be
rehydrated. This is because of the aqueous solutions used in the staining techniques, which is
immiscible with wax (Cook & Warren, 2015).
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3.4.1 Experimental procedure

Before staining the paraffin wax must be removed and the tissue rehydrated. The tissue sections
were heated in an oven at 60°C for 20-30 minutes, prior to being placed in neo-clear (a less
toxic version of xylene) for 2 x 5 minutes. Then the sections were rehydrated utilizing a transfer
through graded alcohols (100%, 96% and 70%) for approximately 1 minute each, before finally
being placed in water. The tissue sections were then stained with hematoxylin for
approximately 30 seconds and washed in warm water. The sections were then stained with eosin
for approximately 3 minutes and washed in warm water. The glass sections were rehydrated
through a series of alcohols (80%, 96% and 100%) and placed in neo-clear. The slides were

then mounted using aqueous mounting medium and coverslips were added.

After H&E staining, the tissue sections were imaged and further analyzed (see section 3.7).

3.5 Immunofluorescence

Immunofluorescence (IF) is a staining technique were antibodies are used to detect and localize
target proteins (antigens), using the principle that antibodies bind specifically to antigens in
biological tissues. In IF the antibody is tagged with a fluorochrome and can be visualized with
a fluorescent microscope (Cook & Warren, 2015). The labelling of a target protein can be done
by a direct technique, using only a fluorochrome-conjugated primary antibody, or by an indirect
technique, using a primary antibody and a secondary antibody that is specific to the primary
antibody. The indirect way has the advantage that it amplifies the signal, which is important if

the target protein is not highly expressed in the tissue. (Cook & Warren, 2015)

Before staining can occur, restoring full immunoreactivity of the sections is required, as fixation
and processing often can alter the antigens. The unmasking of the antigen occurs through a
technique called antigen retrieval and is usually performed either through the use of enzymes
or heat (Chen et al., 2010). In heat retrieval the sections are usually in an antigen retrieval
solution and heated with a microwave. The power and time of the heating depends on the
antigens to be unmasked and the fixation of the tissue (Chen et al., 2010; Cook & Warren,
2015).

Before incubation with primary antibodies, all potential nonspecific binding sites in the tissue

section needs to be blocked, to prevent nonspecific antibody binding. Blocking solutions often
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contain natural host serum, because it carries antibodies that bind to reactive sites and prevent
nonspecific binding of the secondary antibodies used in the assay (Cook & Warren, 2015). The
critical factor is to use serum from the source species of the secondary antibody. Besides host
serum, blocking solutions often contain bovine serum albumin (BSA), which also binds to
nonspecific sites in the tissue sample (Chen et al., 2010). Lastly, reagents that allow
permeabilization are often added to the solution. This allows intracellular structures to become
accessible to the antibodies used. Classical detergents like Triton X-100 and NP-40 are often
used, in addition to Tween 20, saponin and digitonin (Chenetal., 2010; Cook & Warren, 2015).
Furthermore, the primary- and secondary antibodies are diluted in a buffer before application,
which often contains some of the same components as the blocking solution. This aids the
stability of the antibody, proper diffusion into the tissue and prevents further nonspecific
binding (Kim et al., 2016).

3.5.1 Experimental procedure

The tissues were deparaffinized by heating them in an oven at 60°C for 20-30 minutes and
transferred into neo-clear twice for 5 minutes each. Then the slides were rehydrated by moving
them through dishes containing gradually decreasing concentrations of ethanol (100%, 95%
and 70%) and placed in water for 3 minutes. For antigen retrieval, the slides were covered in
citrate buffer pH 6 and placed in a microwave. The tissue slides were heated at 800W until the
buffer was boiling, and then at 90W for 15 min. The slides were then cooled in the buffer for

20 minutes.

Tissue slides were then washed in water for 1-2 minutes and dried off. The sections were
marked with a hydrophobic pen, to ensure that they did not dry out during the incubation period.
A blocking buffer containing 2% normal goat serum (NGS), 1% BSA, 0.2% Triton X-100 and
0.05% Tween 20 in 1X PBS was added to each tissue section and incubated in a humid chamber
under a lid for 1 hour. The blocking buffer was also used as a dilutant for both primary- and
secondary antibody solutions. The blocking buffer was removed after 1 hour and a primary
antibody solution was added; Ki67 (ThermoFisher Scientific, #62249) in a 1:250 dilution. The

slides incubated over-night in a staining box with a lid at 4°C.

The next day the tissue slides were washed 3 times with Tris-buffered saline and Tween (TBST)
for 5 minutes. The secondary antibodies, Goat anti-Rabbit IgG Alexa Fluor 488 (Invitrogen,
#A-11034) in a 1:500 dilution, Ulex Europaeus Agglutinin 1 (UEA-1) (Vector Laboratories,
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#RL1062) in a 1:500 dilution and Hoechst (ThermoFisher Scientific, #62249) in a 1:5000
dilution, were added to the slides and incubated for 1 hour in room temperature. The slides were
then washed 3 times with TBST for 5 minutes and then in water 2 times for 2-3 minutes each.
The slides were mounted with Fluoromount-G™ (Invitrogen, #00-4958-02) and coverslips

were added. The slides were stored in a staining box in a cold room (4 °C).

The immunofluorescent staining using Cleaved Caspase-3 (CAS3) was performed using the
same protocol as with the Ki67 staining, but there were a few alterations to optimize the
staining. Antigen retrieval was performed in EDTA buffer with a pH of 9. Slides were then
cooled in the buffer for 2 hours after the antigen retrieval. The components in the blocking
buffer had different concentrations; 5% NGS, 5% BSA, 0.3% Tx-100 and 0.05% Tween 20.
The primary antibodies used were Cleaved Caspase-3 (Cell Signaling Technology, #9661S) in
a 1:200 dilution and B-catenin (Santa Cruz, #130917) ina 1:200 dilution. In addition, the slides
were incubated with the secondary antibodies; Goat anti-Rabbit IgG Alexa Fluor 488
(Invitrogen, #A-11034) in a 1:500 dilution, Goat anti-Mouse 1gG Alexa Fluor 647 (Invitrogen,
#A-21236) in a 1:500 dilution, UEA-1 (Vector Laboratories, #RL1062) in a 1:500 dilution and
Hoecst (ThermoFisher Scientific, #62249) in a 1:5000 dilution, for 2 hours.

After Ki67 and CAS3 IF staining, the tissue slides were imaged (see section 3.7).
3.6 In situ hybridization

In situ hybridization (ISH) is a detection method that uses labelled probes to identify and
localize specific strands of DNA or RNA in a tissue section. The probes are complementary
strands to the target DNA or RNA and can be labelled in several different ways (Cook &
Warren, 2015; Nouri-Aria, 2008). The methodology for ISH is quite variable, since this needs
to be optimized for the particular probes and tissues used. However, there are some general
steps. First, if the tissue is embedded in wax, this needs to be removed and the tissue needs to
be rehydrated. Then the tissue is normally digested with a proteinase (to help free DNA or RNA
from its binding to proteins) (Cook & Warren, 2015). If the target sequence is DNA, this needs
to be separated before adding the probe, and later annealed back together (Cook & Warren,
2015). Then the tissue is incubated with probe(s), where it will hybridize to its target sequence.
There can be several amplification steps following this hybridization, to strengthen the signal
of the probe. Lastly, the tissue is dehydrated and mounted (Cook & Warren, 2015).
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3.6.1 Experimental procedure

The ISH was performed using RNAscope 2.5 HD Detection Reagents-BROWN (ACD Bio,
#322310), RNAscope H202 & Protease Plus reagents (ACD Bio, #322330) and the probe
against Olfactomedin-4 (Olfm4) (ACD Bio, #311831). The ISH was preformed according to
the manufactures protocol.

After ISH the tissues were imaged and further analyzed (see section 3.7).
3.7 Microscopy and image analysis

Light microscopes use a system of lenses and visible light to magnify small objects (Thorn,
2016). Together, a lighting system and a condenser lens focuses the light onto the specimen,
which is picked up by the above objective lens. This light is then focused on the focal plane of
the objective lens and this together with the ocular lens (eyepiece) creates a magnified image
of the specimen (Cook & Warren, 2015; Lodish et al., 2000).

Fluorescence microscopes are often used in histology to image sections that are stained with
fluorescent probes (Cook & Warren, 2015). This type microscope consists of two filters, one
below the specimen and one above the specimen. The filter below absorbs all of the long-
wavelengths, so the specimenis illuminated only by short wavelengths. The second filter blocks
out this short-wavelength light, leaving a black background (Cook & Warren, 2015; Thorn,
2016). Confocal is a form of fluorescence microscope which uses a very small aperture
(pinhole) at the back of the focal plane of the objective to restrict flare from out-of-focus light.
This produces a very thin depth of field but requires the specimen to be scanned with
illuminating light, rather than the whole of the specimen being illuminated. This usually
involves a laser in combination with a dichroic mirror (Cook & Warren, 2015; Thorn, 2016).
The image is created by reconstruction of the specimen using digital technology. If the
specimen is thick, it is possible to give series of aligned optical slices through the whole
sections, making a three-dimensional structure and which is called a Z-stack (Cook & Warren,
2015).

3.7.1 Experimental procedure

Images from the H&E staining and ISH were obtained using EVOS FL Auto 2 Cell Imaging
System (Thermo Fisher, Norway) with an EVOS™ 10x Objective (Achromat) or an Olympus
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20x Objective (Super-Apochromat). The length of the crypts and villi were measured using
the image analysis software Fiji (Schindelin et al., 2012). The blind injury score was assessed
using the following criteria; the length of the crypts and villi, loss of crypts and villi, presence
of immune infiltrate and villus blunting. The score was performed by a researcher blind for
the sample genotype. The positive staining in ISH Olfm4 was quantified using Fiji
(Schindelin et al., 2012).

Images from Ki67 and CAS3 stainings were obtained from Zeiss LSM 5 Live and Zeiss 880
Airyscan Fast using a Zeiss 20x objective (Plan-Apochromat 20x/0.8). The images were

captured using Z-stack and presented as maximal projections.
3.8 Statistical analysis

To check for significance a one-way or two-way ANOVA followed by Bonferroni’s multiple
comparisons test, a Mann-Whitney test or an unpaired t-test was performed using GraphPad
Prism 5.00 (GraphPad Software, La Jolla California, USA). The statistical analyses performed
in each experiment are explained in detail in the corresponding figure legend. Data are
presented as mean + standard error of the mean (SEM) and the differences were considered

statistically significant at p < 0.05; *p-value < 0.05, **p-value < 0.01 and ***p-value < 0.001.
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4 Results

4.1 Irradiation set up and phenotypical evaluation shows efficient

intestinal damage

The mouse intestinal epithelium is capable of regenerating when it is exposed to radiation doses
below 14 Gy (Metcalfe et al., 2014). It was decided to collect tissues 1, 3 and 6 days after
irradiation of Mmp17+* and Mmp17-- mice. Day 1 was used as a control for equal damage
between the two genotypes, while tissues from day 3 and day 6 were picked to study the
regeneration process back to homeostatic conditions. Un-irradiated tissues from Mmp17+/* and
Mmp17-- were also included as a control for undamaged tissue. Doses over 14 Gy can cause an
acute radiation syndrome, where loss of body weight is a common clinical manifestation of the
progressive form. Even though the mice in this study only received a dose of 10 Gy, body
weight is a good indication of the overall effect of the radiation. 1 day post-irradiation both
Mmp17+* and Mmp17-- mice showed a 5% loss of body weight (Figure 4-1 A). We presume
that this is due to the anesthetics, which have been reported to cause a loss of body weight in
rodents (Blaha & Leon, 2008; Dholakia et al., 2017; Welberg et al., 2006). 6 days after radiation
exposure both Mmp17+* and Mmp17-- showed a loss of weight between 10-15%, but there was
no difference between the two genotypes at any time points evaluated after irradiation. The
effect of irradiation was also assessed by measuring the length of the small intestine and the
colon, since shrinkage of the intestine is a common feature after injury. There was no difference
between the length of the small intestine or the colon between Mmp17+/* and Mmp17-- mice at
the various time points (Figure 4-1 B and Figure 4-1 C). These results demonstrate that both
mouse strains had similar responses to the radiation exposure in the terms of body weight and

length of intestine.
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Figure 4-1: No difference in weight or length of intestine between Mmp17** and Mmp17” after
irradiation. (A) % of weight loss in Mmp17*"* and Mmp177 mice after irradiation from 0 to 6 days..
(B) Length of small intestine between Mmp17+* and Mmp177 mice 1, 3 or 6 days after irradiation. (C)
Length of the colon Mmp17*"* and Mmp17” mice 1, 3 or 6 days after irradiation. For (A-C) at least a n
= 4 per genotype were analyzed per time point. Error bars in (A-C) present mean + SEM and data were
analyzed in (A) by two-way ANOVA followed by Bonferroni’s posttest and (B-C) by one-way ANOVA
followed by Bonferroni’s multiple comparison test.

To validate if the irradiation was effective, we analyzed apoptosis of stem cells in both the small
intestine and the colon. An IF staining with CAS3 was performed in control and day 1 sections
of small intestine (ileum) and colon. Throughout all experiments, it was decided to focus on the
ileum from the small intestine and this because it is closer in both structure and proximity to
the colon. This would make the comparison with the previous DSS experiment easier, as the
colon was the tissue effected by the DSS administration. CAS3 specifically marks cells that are
going through apoptosis. The un-irradiated control tissues contained no positive cells at the
bottom of the crypt in either ileum or colon, indicative of no apoptosis during homeostasis
(Figure 4-2). At day 1 both tissues contained CAS3 positive cells at the bottom of the crypts
and there was no difference between Mmpl7+* and Mmpl7/ mice (Figure 4-2). This
demonstrates that irradiation induces cell death in actively cycling ISC at the same levels in
both tissues and genotypes. In addition, it is normal to observe positive CAS3 cells at the top

of the villus in the small intestine or at the top of the epithelium in the colon at any time point.
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This is due to the fact that the epithelial cells go through anoikis and are shed into the intestinal

lumen.

lleum Colon

Control Da 1 ‘ ontrol

Figure 4-2: Irradiation caused cellular apoptosis at the bottom of crypts in both small ileum and
colon at 1 day post-irradiation. Representative confocal microscopy images of Cleaved Caspase-3
(CAS3) stained sections from Mmp17** and Mmp177in both ileum and colon, control and 1 day post-
irradiation. The nuclei are stained blue (Hoechst) and glycoproteins and glycolipids in red (UEA-1).
Images are representative of at least a n = 3 per genotype at every time point. The scale bar indicates 50
um and 25 pm in insets.

4.2 Intestinal injury is sustained in ileum in Mmp177 mice after irradiation

After exposure to radiation the epithelium in the intestine goes through structural changes. First
because of the damage caused by the loss of ISCs and then later to heal the damage (Withers et
al., 1970; Withers & Elkind, 1970). To determine the changes in tissue architecture after
radiation exposure in the ileum, H&E stainings of ileum sections were performed. There was a
clear reduction in the size of both crypts and villi at day 1 in the ileum, but there was no obvious
difference between Mmpl17+* and Mmpl77 mice (Figure 4-3). This indicates that both
genotypes display the same level of injury after irradiation. However, during the regeneration
phase, at day 3, the crypt length was expected to be enlarged due to the increased proliferation
of the surviving cells. This structural feature was present in the H&E stainings, but the Mmp17-
" 'mice appeared to have even longer crypts than the Mmp17*/* mice (Figure 4-3). In addition,
we observed more crypt loss and villus blunting in the Mmp17-- genotype. These observations
are similar 6 days after irradiation, where the Mmp17-- had noticeable longer crypts and shorter

and wider villi (Figure 4-3). The observations made in the H&E stainings were further
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confirmed by a blind injury score, which were performed by a second researcher. This method
was based on assigning the tissues a score between 0-2, dependent on level of damage. The
criteria evaluated in this score model were: the level of inflammatory cell infiltrates and changes
in the epithelium, including increased crypt and villus length, crypt and villus loss and villus
blunting. The chosen criteria for this score was based on previously reported features after
irradiation (Metcalfe et al., 2014) and also scoring standards after damage in inflammatory mice
models (Erben et al., 2014). Both genotypes had a low injury score 1 day after radiation, while
they both got higher scores 3 days after (Figure 4-4 A and B). 3 days post-irradiation, the
Mmp17-- mice got a statistically significant higher score compared to the Mmp17+* mice. The
difference in the injury level was still present 6 days post-irradiation, where Mmp17-- mice
showed a high injury score, while Mmp17+'* were close to 0, indicative of mucosal healing
(Figure 4-4 C).

Control

Figure 4-3: Mmp17-- ileum shows more changes in mucosal architecture and no repair compared
to Mmp17+*. (A) Representative H&E stained sections from Mmp17** and Mmp177 ileum, control
and 1, 3, and 6 days post-irradiation. Images are representative of at least a n = 3 per genotype per time
point. The scale bar indicates 100 um and 50 um in insets.
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Figure 4-4: Mmp177 shows sustained damage after irradiation. (A-C) Blind injury score in
Mmp17*"*and Mmp177 ileum 1, 3 and 6 days post-irradiation, presented as the total percentage of mice
within a given score. At least a n = 4 was scored per genotype per time point. Data were analyzed by a
non-parametric Mann-Whitney test (p* < 0.05).

To check some the parameters assessed by the blind injury score, the length of crypts and villi
were measured. The lengths of villi and crypts showed a decrease 1 day after irradiation, with
equal levels in both genotypes, indicating the occurrence of a similar injury level (Figure 4-5 A
and B). 3 days-post radiation exposure, the Mmp17-- mice had noteworthy longer crypts and
shorter villi than the Mmp17+/* mice, confirming the sustained damage in the Mmp17-- at this
timepoint (Figure 4-5 C). Crypts and villi length were not significantly different at day 6, but
there was still a trend of shorter villi in the Mmp17-- mice. Since blunted villi were observed at
a higher frequency in the Mmp17-- mice in the H&E staining at day 3, we also measured the
width of the villi at this timepoint. There was a trend that Mmp17-- overall had wider villi than
the mice expressing Mmp17, but it was not significant. Together, the H&E stainings, the blind
injury score and the measurements of crypt and villus length indicate that mice lacking the
expression of Mmpl7 have impaired regeneration compared to mice expressing Mmpl7 after

irradiation.
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Figure 4-5: Elongated crypts and shorted villi indicative of sustained damage in Mmpl7"
irradiated ileum. (A-E) Average crypt and villus length in Mmp17** and Mmp177 ileum control and
1, 3 and 6 days after irradiation. At least n = 4 were measured per genotype per time point and
approximately 20-30 crypts and villi were measured per mouse. (E) Average villus width in Mmp17+/*
and Mmp177 ileum 3 days post-irradiation. At least n = 4 were measured per genotype per time point
and approximately 20-30 villi were measured per mouse. Error bars in (A-E) present mean = SEM and
data in (A-D) were analyzed with one-way ANOVA followed by Bonferroni’s multiple comparisons
test (p* < 0.05, p** < 0.01) and in (E) by a non-parametric Mann-Whitney test.

Irradiation induced I1SC apoptosis 24 hours after injury (Figure 2-2) in both colon and small
intestine. As with the ileum, structural alterations were addressed through performing a H&E
staining on tissue sections from the colon. 1 day after radiation exposure the crypts seemed to
be shorter in size in the colon in both Mmp17+* and Mmp17-- mice (Figure 4-6). In addition,
it was identified a presence of edema in the submucosa 1 and 3 days after irradiation in colon
tissues. Edema is characterized by accumulation of fluid and is associated with damage,
occurring in diseases like IBD (Moore-Olufemi et al., 2009; Young et al., 2014). Besides this,
the colon showed no extensive signs of damage and no difference in tissue structure were
identified between Mmp17-/- and Mmp17*+* mice. As with the ileum, a blind injury score was
performed to verify the observations from the H&E staining. The injury score was carried out
the same way as previously mentioned, following the same criteria. The score in both Mmp17+/+*
and Mmp17-- was low at both at 1 day, 3 days and 6 days after irradiation, and there was no

difference between the two genotypes (Figure 4-7).

32



Figure 4-6: No structural significant differences in colon after irradiation. Representative H&E
stained sections from Mmp17** and Mmp177 colon, control and 1, 3, and 6 days post-irradiation.
Images are representative of at least a n = 4 per genotype per time point. The scale bar indicates 100

pm.
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Figure 4-7: No difference in level of damage and repair in irradiated colon. (A-C) Blind injury
score in Mmp17** and Mmp17- colon 1, 3 and 6 days post-irradiation. At least a n = 4 was scored per
genotype per time point. Data were analyzed by a non-parametric Mann-Whitney test.
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To check some of the parameters assessed by the blind injury score, the length of crypts was
measured in the colon. 1 day post-radiation exposure the crypts showed a decreased length
compared to the ones in the control sections (Figure 4-8 A and B). This confirms the observation
made in the H&E staining. Apart from this, there were no changes in the length or differences
between the crypts in Mmp17+* and Mmp17-- mice (Figure 4-8 C and D). Collectively, these
data demonstrate that the colon does not display any drastic signs of damage after radiation

exposure, except for a small decrease in crypt length and the presence of edema.
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Figure 4-8: Colon crypt length is not different after irradiation in Mmp17** and Mmp177 mice.
(A-D) Average crypt length in Mmp17** and Mmp177 colon, control and 1, 3 and 6 days after
irradiation. At least n = 4 were measured per genotype per time point and approximately 30-50 crypts
were measured per mouse, from both the distal part and proximal part of the colon. Data were analyzed
by a non-parametric Mann-Whitney test.

4.3 Confirmation study in small intestine shows impaired regeneration

To verify and provide evidence of reproducibility of previous results, irradiation of Mmp17+/*
and Mmp17-- mice were repeated. The mice were euthanized 3 days after exposure and the
ileum was harvested, since the previous results were most significant at this time point and in
this tissue. A H&E staining and blind injury score was performed (Figure 4-9 A and B). We
observed a trend to more damage in the Mmp17- 3 days after irradiation, even though not

statistically significant (Figure 4-8 A). It was observed a presence of significantly shorter and
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thicker villi in the Mmp17-- mice (Figure 4-8 B and C), which points to a higher number of
blunted villi, indicative of increased damage in Mmp17-- mice 3 days post radiation.
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Figure 4-9: Repetition of irradiation shows same increased features of injury in Mmp177/ mice.
(A) Blind injury score in Mmp17** and Mmp177 ileum 3 days post-irradiation. (B) Average crypt and
villus length in Mmp17** and Mmp17-- ileum 3 days post-irradiation. Approximately 20-30 crypts and
villi were measured per mouse. (C) Average villus width in Mmp17** and Mmp177 ileum 3 days post-
irradiation. Approximately 20-30 villi were measured per mouse. In (A-C) a n = 4 were analyzed per
genotype per time point. Data were analyzed in (A) by non-parametric Mann-Whitney (p>0.05), in (B)
by one-way ANOVA followed by a Bonferroni’s multiple comparisons test (p** < 0.01) and in (C) by
a non-parametric Mann-Whitney test (p* < 0.05). Error bars in (B-C) mean + SEM.

A combination of the two performed experiments were conducted in order to increase the
sample size, so it would more reliably reflect the population. The data from both irradiation
procedures were combined for statistical analysis at day 3. Even though the injury score in the
second irradiation experiment did not prove to be statistically different, joining the two
experiments showed that mice lacking MMP17 had a statistically significant higher injury score
than the Mmp17+/* mice (Figure 4-10 A). The length of the crypts was not obviously different
when joining the two radiation experiments, but the villi was still significantly shorter in the
Mmp17-- mice (Figure 4-10 B). This was also demonstrated by the two radiation experiments
on their own. The combined villus width demonstrated that the Mmp17-- mice had substantially
wider villi (Figure 4-10 C). These statistical analyses show that there is a difference between
the Mmp17+* and Mmp17- mice, further indicating an impaired regeneration response in the

mice lacking Mmp17 expression.
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Figure 4-10: Mmp17-7 shows significant impaired regeneration when combining both experiments.
(A) Blind injury score in Mmp17*"* and Mmp17” ileum 3 days post-irradiation. (B) Average crypt and
villus length in Mmp17** and Mmp177 ileum 3 days post-irradiation. Approximately 20-30 crypts and
villi were measured per mouse. (C) Average villus width in Mmp17+* and Mmp177 ileum 3 days post-
irradiation. Approximately 20-30 villi were measured per mouse. In (A-C) a n = 8 were analyzed per
genotype per time point. Data were analyzed in (A) by unpaired t-test (p** < 0.01), in (B) by one-way
ANOVA followed by a Bonferroni’s multiple comparisons test (p** < 0.01) and in (C) by unpaired t-
test (p** < 0.01). Error bars in (B-C) mean + SEM.

4.4 Mmp17” mice displays a potential decrease in proliferation at the

bottom of the crypts after radiation exposure

As described earlier, radiation targets the actively dividing cells in a tissue and induce a
regenerative process that triggers proliferation. To asses proliferation we stained tissue sections
from Mmp17+* and Mmp17-- with Ki67, a marker for proliferating cells, at the different time
points. It is described that right after irradiation (day 1) cells do not proliferate and a wave of
proliferation is induced to aid mucosal healing during a regenerative phase (day 3 and day 6)
(Withers & Elkind, 1970). After Ki67 staining we observed almost no Ki67 positive cells in the
ileum 1 day after radiation exposure in both Mmp17+/* and Mmp17-- mice (Figure 4-11). Both
genotypes displayed an increase of Ki67 positive cells at day 3, indicating that the surviving
cell were proliferating. These proliferative cells were localized along the sides of the crypt and
almost no proliferation was observed at the bottom at this point. At day 6 post-irradiation,

proliferative cells were located at the bottom of the crypt, however Mmp17-- showed in general
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to have less Ki67 positive cells at the bottom of the crypts. These observations need to be

confirmed by a quantitative analysis, that at this moment is still pending.

Control Day 1 Day 3

Figure 4-11: Mmp17”- mice display a potential decrease in number of proliferative cells at the
bottom of the crypts after irradiation in ileum. Representative maximal projections of confocal
microscopy images of Ki67 stained ileum sections from Mmp17*/* and Mmp177-in control, day 1, 3 and
6 after irradiation. The nuclei in blue (Hoechst) and glycoproteins and glycolipids in red (UEA-1).
Images are representative of at least a n = 3 per genotype at every time point. The scale bar indicates
100 umand 25 pum in insets.

The colon had a similar pattern of Ki67 staining as to the one observed in the ileum. There were
only a few positive Ki67 cells present 1 day after irradiation (Figure 4-12). At day 3 post-
radiation exposure, there was a clear increase in the proliferation and only occurring on the
sides of the crypt. This pattern of Ki67 positive cells on the side of the crypts was clearer in the
colon than in the ileum. 6 days after irradiation exposure the proliferation increased. However,
the same observation was made in the colon as in the ileum, were it seemed that Mmp17- had
a lower number of proliferating cells at the bottom of the crypt, which needs to be confirmed

by a pending quantitative analysis.
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Control Day 1 Day 3 Day 6

Mmp17--

Figure 4-12: Mmp17” mice display a potential decrease in number of proliferative cells at the
bottom of the crypts after irradiation in colon. Representative maximal projections of confocal
microscopy images of Ki67 stained colon sections from Mmp17+* and Mmp177in control, day 1, 3 and
6 after irradiation. The nuclei in blue (Hoechst) and glycoproteins and glycolipids in red (UEA-1).
Images are representative of at least a n = 3 per genotype at every time point. The scale bar indicates
100 pm and 50 pum in insets.

4.5 No difference in apoptosis after irradiation

As shown previously in Figure 4-2, both the ileum and colon showed positive CAS3 cells at
the bottom of the crypt, indicating that the actively cycling ISCs are going through apoptosis.
However, we wanted to explore if the lack of MMP17 could affect the apoptotic response at
the various time points. CAS3 staining showed positive cells in both the ileum and the colon.
In both tissues, CAS3 positive cells were only found at the bottom of the crypt at day 1 after
radiation exposure, indicating that MMP17 does not affect the apoptotic response. (Figure 4-
13 for ileum and Figure 4-14 for colon). However, these observations need to be validated by

a quantitative analysis, which is still pending
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Control

Figure 4-13: Same amount of apoptotic cells were observed 1 day after irradiation in Mmp17**
and Mmp17-7 in ileum. Representative maximal projections of confocal microscopy images of Cleaved
Caspase-3 (CAS3) stained ileum sections from Mmp17+* and Mmp177in control, day 1, 3 and 6 after
irradiation. The nuclei in blue (Hoechst), glycoproteins and glycolipids in red (UEA-1) and B-catenin in
white. Images are representative of at least a n = 3 per genotype at every time point. The scale bar
indicates 50 um and 25 pum in insets.

Control Day 1 Day 6

f-catenin

Figure 4-14: Same amount of apoptotic cells were observed 1 day after irradiation in Mmp17+*
and Mmp17-7 in colon. Representative maximal projections of confocal microscopy images of Cleaved
Caspase-3 (CAS3) stained colon sections from Mmp17*"* and Mmp17~ in control, day 1, 3 and 6 after
irradiation. The nuclei in blue (Hoechst), glycoproteins and glycolipids in red (UEA-1) and 3-catenin in
white. Images are representative of at least a n = 3 per genotype at every time point. The scale bar
indicates 50 um and 25 pum in insets.
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4.6 The lack of MMP17 alters the expression of ISC marker Olfm4

As highlighted earlier, irradiation will damage the ISCs at the bottom of the crypt. It was
therefore essential to look into the changes in the levels of the ISCs after irradiation and to
investigate if mice lacking MMP17 had altered levels of ISCs. This was done by using ISH
with an Olfm4 probe. Oflm4 is a specific marker for the active stem cells in the crypt in the
small intestine. At homeostatic conditions in the control, there was a noticeable difference in
the levels of positive Olfm4 expression (corroborating previous unpublished results of the
group) (Figure 4-15 A). The positive Olfm4 staining area was then quantified, and showed no
significant difference in control, but it was a clear trend of lower Olfm4 levels in Mmp17-- mice
(Figure 4-15 B). After irradiation, almost all Olfm4 expression was lost, indicative of ISCs
death induced by irradiation (Figure 4-15 A and B). At day 3 post-irradiation there was a small
recovery in the levels of Olfm4 expression, but due to technical difficulties, onlyan=2and n
=1 were analyzed at this timepoint. 6 days after radiation exposure, both Mmp17+/* and Mmp17-
"' mice showed an increase in the levels of Olfm4, that even seemed to exceed the initial levels.
(Figure 4-15 B).
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Figure 4-15: Stem cell marker Olfm4 shows reduced ISCs after irradiation and a possible decrease
in ISC number in Mmp17” mice. (A) Representative images of ISH Olfm4 stained sections from
Mmp17** and Mmp177in ileum control and 1, 3 and 6 days after irradiation. The Olfm4 is shown in
brown and the nuclei in blue. Images are representative for at least a n = 1 per genotype per time point.
The scale bar indicates 100 um. (B) Average area of positive Olfm4 particles from Mmp17+* and
Mmp177 in ileum, prior to irradiation and 1, 2 and 6 days after irradiation. Data were normalized to the
length of the area quantified. At least a n = 1 were quantified per genotype per time point. Error bars in
(B) present mean £ SEM and data were analyzed by a one-way ANOVA followed by Bonferroni’s
multiple comparisons test.
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5 Discussion

The development of the Mmp17-" strain (Rikimaru et al., 2007) enabled us to study the function
of this protein in vivo in the intestine. Our data demonstrated that mice lacking Mmp17
expression showed altered tissue architecture and more damage in the ileum 3 and 6 days after
irradiation, compared to mice expressing Mmpl17. In addition, it was observed a potential
altered proliferation pattern 6 days after radiation in both ileum and colon and a trend of lower

expression of an 1ISC marker in ileum during homeostasis in Mmp17-- mice.

MMPs play an important role in degradation and remodeling of the ECM, which in the intestine
makes up the structural niche around ISCs. The structural niche is produced by surrounding
cells in the lamina propria, including the SMCs of the muscularis mucosae. These SMCs,
together with the SMCs of the muscularis externa, specifically express MMP17, a protease
identified to be involved in several pathologies and cancers. Due to the close proximity of the
muscularis mucosae to the intestinal crypt, it is easy to hypothesize that this protein may impact
the ISC niche and thereby their function. Earlier unpublished work from our group did not
detect any structural or cellular differences in homeostasis in Mmp17-- mice, except for
decreased staining of two ISC markers. This illustrates that under homeostatic conditions, the
intestine is able to cope with the loss of ISCs, which have been demonstrated by another study
aswell (Tian et al., 2011). It is therefore necessary to challenge the homeostatic conditions with
induction of an injury to evaluate the effect of less ISCs. Our group decided to challenge the
system through a DSS injury model, which causes an acute inflammatory injury in the colon.
After DSS the Mmp17-”- mice displayed impaired epithelial regeneration and proliferation

compared to Mmp17** mice (unpublished data).

This study further demonstrates the possible role of MMP17 in the regeneration process after
intestinal injury caused by irradiation. The ileum in Mmp17-- mice displayed sustained damage
3 and 6 days post-irradiation, in addition to wider and longer villi. This indicates that mice
lacking MMP17 are unable to regenerate properly. Since it has been reported that the colon is
more resistant to radiation induced damage (Hua et al., 2017), it was expected to find lower
levels of structural alterations and damage in this tissue, which proved to be the case in our
study. Increasing the radiation dose might have caused a stronger phenotype in the colon and
highlighted the possible role of MMP17. However, this is not very plausible as a higher

radiation dose would have induced an acute irradiation syndrome and led to major organ failure.
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However, the colon was in some way affected by the irradiation, clearly shown by the reduction
of Ki67* cells in the crypt. Furthermore, 6 days after irradiation in both the ileum and colon,
Mmp17-- mice displayed what looked like a decreased number of Ki67* cells at the bottom of
the crypt compared to the crypts of Mmp17+* mice. The number of proliferative cells and their
pattern need to be verified in both ileum and colon, through further quantifications and analysis.
However, this might indicate a possible role of MMP17 in regulation of proliferation at the

bottom of the crypt after radiation exposure.

Our study suggests an additional role of MMP17 in the regulation of ISCs during homeostasis,
where mice lacking MMP17 showed a trend of lower levels of the ISC marker Olfm4 in the
small intestine. These data are supported by earlier unpublished data in our group, where
Mmp17-- mice showed lower levels of Lgr5* in small intestine and colon and lower levels of
Olfm4 in the small intestine. However, it is important to notice that the quantification in this
study measured the positive area of Olfm4 staining. Therefore, the lower levels in Mmp17--
mice can be caused by two scenarios; it contains less ISCs or it contains the same amount of

ISCs, but it expresses a lower amount of Olfm4 mRNA.

Considering the difference in Olfm4 expression during homeostasis, it was expected that this
difference would remain after irradiation, however this was not the case. For day 3 it was
impossible to determine a difference between Mmp17+* and Mmp17-/ mice, due to a low
sample size as a result of technical difficulties. Surprisingly, 6 days after radiation exposure the
OIfm4 expression drastically increased in both genotypes compared to initial levels. A possible
explanation for this could be that the ISCs at day 6 have originated from other epithelial cells
in the crypt and that these are independent on the presence of MMP17. This is supported by the
fact that epithelial cells have shown to be able to de-differentiate and replenish the ISCs pool
under various circumstances (Asfaha et al., 2015; Buczacki et al., 2013; Schmitt et al., 2018;
Tetteh et al., 2016; van Es et al., 2012; Yu et al., 2018).

MMP17 has been identified to be involved in several pathologies and cancers. However, newer
research has also identified alteration in tissue structure and function with the lack of MMP17
in homeostasis. In a study investigating MMP17 and its role in thoracic aortic aneurysms and
dissections, they found that the lack of MMP17 lead to changes in vascular SMCs morphology,
proliferation and impaired SMC maturation (Martin-Alonso et al., 2015). This study also
discovered several other features in vascular tissues, like altered response to injury and changes

in ECM structure and composition in the absence of Mmp17 expression (Martin-Alonso et al.,
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2015). It further has been identified a role of SMCs during regeneration in the intestine and it
has been proposed that myofibroblasts, which are important in tissue repair, could originate
from these SMCs in the muscularis mucosae (Chivukula et al., 2014). This highlights the
importance of proper SMCs function during the repair processes in the intestine following
injury. It might be possible that MMP17 is involved in the SMCs function and their role in
tissue repair, similar to what was reposted in vascular SMCs. MMP17 could also be responsible
for cleaving substrates at the smooth muscle tissue, important for proper ISCs function. An
early hypothesis by our group was that MMP17 could cleave substrates responsible for the
regulation of the immune response during inflammation. However, this study puts this
hypothesis into question, as mice lacking MMP17 still showed impaired regeneration after an
injury that did not cause high levels of inflammation. This is further supported by unpublished
data from our group, which demonstrated no difference in genes related to the immune system
between Mmp17+* and Mmp17-- mice.

However, the hypothesis that MMP17 might cleave substrates that acts as paracrine regulators
of 1ISCs remains promising. SMCs and myofibroblasts have been shown to express the BMP
antagonist Gremlin 1, Gremlin 2 and Chordin-like 1 (Kosinski et al., 2007). These are crucial
niche factors in the stem cell niche, as they oppose the BMP signaling and thereby promotes
further proliferation in the crypt. A possibility is that the lack of MMP17 causes immature
intestinal SMCs, which then do not provide proper expression and function of these BMP
antagonists. A second possibility is that MMP17 cleaves one of these BMP antagonists and that
the loss of this protease will lead altered BMP signaling in the crypt. Both possibilities will
cause a disruption in the finetuned balance between proliferation and differentiation in the
cryptand this disruption might explain the impaired regeneration and the altered expression of

the ISC marker shown in this study.

As mentioned, the exact role of SMCs and MMP17 in the intestine under homeostatic
conditions and in the repair process after damage remains unidentified. Future work in relation
to MMP17 in the intestine should focus on identifying possible substrates and possible
interactions in signaling pathways. A method for further investigation of MMP17 is to do RNA-
sequencing followed by a gene-enrichment analysis from mucosal- and muscle tissues from
Mmp17+* and Mmp17-- mice. This will give us an idea about altered genes in both tissues and
difference between the Mmpl17+* and Mmpl77 mice. The RNA-sequencing data might
highlight alterations in certain signaling pathways or expression of specific proteins. The up-

45



and downregulation of certain genes can be further validated at protein level by performing
western blots with antibodies against the proteins of interest. It is further possible to cultivate
intestinal organoids, which are miniature three-dimensional structures of intestinal epithelial
cells, that resemble the in vivo organization (Sato et al., 2009), and co-culture these organoids
with muscle cells. This will make it possible to decipher the different factors the muscle cells
release in the ISCs niche, which can together with the RNA sequencing data give a clearer
picture of possible signaling pathways and substrates for MMP17.

Most of the methodology in this study is based on histological techniques, which provide an
accurate visible description of structures and chemistry in living tissues from an organism.
However, this method is a subject to human errors during both preparation and analysis of tissue
slides. Because of this, certain precautions were taken; all IF stainings included negative
controls, to eliminate the possibility of unspecific binding by the secondary antibodies applied.
The assessment of damage was performed and scored blind, by a second researcher, to exclude
the possibility of human bias. In addition, several parameters in the injury score were measured
to validate the results, including the length of crypts and length and width of villi. Besides this,
the main limitation of this investigation was the lack of time, which hindered the scope of
analyzes and repetition of certain experiments. To strengthen the observed phenotype in
Mmp17-- ileum, it would have been useful to check the same parameters in the duodenum and
jejunum of the small intestine. Under optimal circumstances, the ISH would be repeated for all
time points with an increased sample size, to determine if there are any significant differences
between Olfm4 expression in Mmp17** and Mmp17-- mice. In addition, it would be ideal to
include the ISCs marker Lgr5™, since this is a marker expressed by both the small intestine and
colon. It should be mentioned that there was performed an additional Olfm4 IF staining to
confirm and validate the findings in the ISH, but due to time constrictions this staining was not
analyzed and therefore not included. As previously mentioned, quantifications of both Ki67
and CAS3 should be completed to make sure validated conclusions can be made upon these

different stainings.
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6 Conclusion

We have demonstrated in this study a role of MMP17 in intestinal regeneration following the
loss of ISCs caused by radiation exposure. This was shown through impaired regeneration, in
the form of sustained damage and alterations in tissue architecture, in mice lacking MMP17. It
was further suggested a possible role for MMP17 in the regulation of proliferation during
regeneration and also in regulation of ISCs during homeostasis. However, these data need to be
further validated. Furthermore, since the irradiation injury used in this study causes less
inflammation, the possibility of MMP17 cleaving factors important for regulation of the
immune system following injury can be dismissed. However further work is needed to pinpoint
the role of MMP17 in the intestine, and future work should focus on identifying its substrates
and which signaling pathways it might regulate. A better understanding of MMP17 is important,

as this protease can be a promising target in gastrointestinal diseases and cancers.
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