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Abstrakt

Leucine-rich repeat containing G-protein-coupled receptor 4 a piibuzné LGRS a
LGR6 proteiny ptedstavuji B podskupinu transmembranovych proteind patficim k rodiné G-
protein sptazenym receptorim (GPCRs). LGR4 je exprimovan v Sirokém spektru
embryondlnich a dospélych tkani. Na urCitém genetickém pozadi byva absence LGR4
spojovana s embryonalni/perinatalni letalitou. Funkce LGR4 je nejvice svazana se stimulaci
Wnt dréhy po interakci LGR4 se svymi ligandy, R-spondiny. Pro ziskdni nastroje pro
klasifikaci LGR4 specifickych populaci a pro charakterizaci LGR4 interak¢nich partnert,
jsme vytvofili epitopové znacenou LGR4 mys s tripleinfluenza hemagglutininovou znackou

(3HA) vlozenou do N koncové casti proteinu LGR4 (Lgr43HA/3HA). Lgr43HA/3HA

mys je
zivotaschopna a plodna. Imunohistochemie zalozena na pouziti anti-HA protilatky odhalila
podobny expresni vzor v tenkém a tlustém stfevé, jaky byl jiz dfive detekovan pomoci anti-
LGR4 protilatek. V tenkém stfevé byl zpozorovan silny signal v Panethovych buiikéach, v
rychle se délicich bunkach oznaCovanych jako transit amplifying cells a v bunkach
kmenovych. Naopak, v tlustém stfevé byl zaznamenadm nejsilnéjsi signal na vrchni Casti
krypt, ktery slabnul smérem k bazi krypt. Kromé toho jsme sledovali expresi Lgr4 i na Grovni
mRNA. Zatimco v tenkém stfevé byla Lgr4 mRNA pfitomna pfevdzné na dné krypt, v
tlustém stfevé byl signal vice rozptyleny ve stfedni casti krypt. Pouzitim priitokové
cytometrie jsme mohli charakterizovat genovou expresi LGR4 pozitivnich bunék tenkého
stteva. Déle jsme pomoci anti-HA magnetickych kuli¢ek byli schopni imunoprecipitovat

LGR4 protein pro hmotnostni spektrometrii, kterd mtize byt vyuzita pro identifikaci jeho

vazebnych partnerd.

Klicova slova:

Leucine-rich repeat containing G-protein-coupled receptor 4/5 (Lgr4/5), tenké sttevo,
tlusté stievo, immunohistochemie (IHC), western blot (WB), immunoprecipitace (IP),
Fluorescencné aktivovand prutokova cytometrie (FACS), quantitativni real-time
polymerdzova ftetézova reakce (qRT-PCR), geneticky modifikovany mysi model,
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Abstract

Leucine-rich repeat containing G-protein-couple receptor 4 and related LGRS and
LGR6 proteins represents a B subgroup of transmembrane proteins belonging to the G-
protein-coupled receptors (GPCRs) family. LGR4 is expressed in the broad spectrum of
embryonic and adult tissue and at certain backgrounds its deficiency is connected with
embryonal/perinatal lethality. The function of LGR4 is mainly characterised in relation with
promotion of Wnt signalling upon binding its ligands R-spondins. To obtain a tool for
classification of LGR4 specific populations and for characterization LGR4 interaction
partners, we have generated epitope-tagged LGR4 mouse with tripleinfluenza hemagglutinin

3HA/3HA). Lgr43HA/3HA mouse is

tag (3HA) inserted into N terminal part of LGR4 protein (Lgr4
viable and fertile. Anti-HA antibody based immunohistochemistry revealed similar expression
pattern in the small intestine and in the colon, which was previously detected with anti-LGR4
antibodies.In the small intestine, a strong signal was observed in Paneth cells, transit
amplifying cells and in stem cells. Conversely, in the colon the strongest signal was noticed at
the upper part of colonic crypts and it diminished towards crypt base. Besides that, we have
followed Lgr4 expression at the mRNA level. While in the small intestine, Lgr4 mRNA was
presented mostly at the crypt bottom; in the colon, the signal was more dispersed in the
central part of the colonic crypt. Using flow cytometry, we could characterize gene expression
profile LGR4 positive cells from the small intestine. Finally, by anti-HA magnetic beads, we

were able to immunoprecipitate LGR4 protein for mass spectrometry, which can be employed

for identifying its binding partners.
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1 Introduction

Wnt signalling is one of the most important signalling pathways in the maintenance of
intestine homeostasis. Several studies have revealed that mutations in members of this
pathway could cause intestinal crypts demission and excessive cell proliferation. The leucine-
rich repeat-containing G protein-coupled receptor 4 (Lgr4) represents an additional receptor
of Wnt signalling. As ligands for this receptor, R-spondins were identified. It was confirmed
that creation of R-spondin-Lgr4 complex boosts Wnt signalling in many ways. The
expression of Lgr4 was, except for other organs, also detected in the small intestine and
colon. During investigation of Lgr4 functions, mice from several genetic backgrounds were
developed. The results concluded that in some knock-out mice with homozygous deletions of
Lgr4, there were a lot of structural changes in the small intestine, such as lower depth of
crypts together with reduction of epithelial proliferation, mostly associated with Paneth cells.
Deletion of Lgr4 use to be also connected with perinatal mortality. A homologue partner of
Lgr4, Lgr5 was identified among other as a marker of intestinal stem cells. The phenotype of
mice with homozygous deletion in Lgr5 gene also caused mortality in very young mice, like
in some cases of homozygous deletions of gene Lgr4. For better morphological and
functional analyses, our laboratory generated epitope (triple hemagglutinin; 3HA)-tagged

3HA/3HA
4

Lgr4 mouse (Lgr: ). The 3HA tag provides better possibilities to investigate of Lgr4

gene with specific anti-HA antibody.
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2 Aims of the thesis

The aims of my thesis are to clarify Lgr4 expression profile in the small intestine and
colon at different expression levels, to detect co-expression of Lgr4 and Lgr5 in various

intestine cell types.
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3 Literature review

3.1 Intestine

The intestine is created by two major parts, the small intestine and the colon. In the
small intestine, digestive processes are finished and arised nutrients are absorbed. The most
important function of the colon is the absorption of soils and water that helps the creation of
mucus (mucine) and causes the thickening of the intestine content which comes from the
small intestine. The small intestine is divided into three parts: the duodenum, jejunum and
ileum. With the naked eye we can notice bordering on the wall of the intestine which is
formed by permanent transverse circular folds (plicae circulares, Kerckringi), in which the
mucosa (created by epithelial cells, lamina propria and muscularis mucosae) and submucosa
extend. These folds reach their greatest abundance in the duodenum and at the beginning of
the jejunum, but towards the ileum they gradually decrease. Adjacent to the submucosa, there
are two layers of muscularis mucosae (inner circular and outer longitudinal) created by
smooth muscle cells, which are responsible for peristaltic movements. The last layer covering
the outer surface of the intestine is the serosa. The serosa consists of connective tissue binding
the intestine to other organs. The mucosa in the small intestine constitutes finger-like
structures called villi that significantly increase the absorbent surface of the mucosa. The villi
are longest in the duodenum. Sags between the villi create short tubular glands, the crypts
(Lieberkiihn crypts) (Fig. 1A). In contrast to the small intestine, Lieberkiihn crypts in the
colon do not project to the villi (Fig. 1B) (van der Flier and Clevers 2009, Shepers and
Clevers 2012, Barker 2014, Bloemendaal 2016, Miyoshi et al. 2016).

Surface
epithelium

Submucosa

Smooth
muscle

Fig. 1.A Fig. 1.B
Small intestine (Reya and Clevers 2005) Colon (Reya and Clevers 2005)
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The uppermost surface of the villi and the crypts are covered by a simple columnar
epithelium. The cells of the epithelium occur in various types. The most numerous cell types
of the villi are enterocytes. The individual enterocytes are part of the absorption epithelium
and in relation of their content of enzymes, they are responsible for several functions. Among
the enterocytes, there are incorporated goblet cells which are responsible for producing
mucine that is important for creating a protective mucus barrier which protects the mucosa
against pancreatic enzymes and bacteria. The antigen presenting cells of the small intestine
represent M cells. These cells populate in the Peyer’s patches and are typical for their immune
function. The enteroendocrine cells colonize severe parts of the villi as well as the crypts and
their main function is to produce hormones and release them into the lumen. The base of the
crypts is covered by Paneth cells. With their production of antimicrobial protein complexes
(e.g. defensin, fosfolipase A2 and lysosyme) and polysaccharides, they are important to
immune resistance (Sato ef al. 2011). Intestinal stem cells are located at the basal part of the
crypts. In contrary to the small intestine, in the colon there are no Paneth cells (Fig. 2)
(reviewed in Potten et al. 2009, Clevers and Bevins 2013, Du ef al. 2015, Miyoshi 2016).

The epithelium is a very dynamic tissue and has to be frequently renewed because of
exposure to bacteria toxins, digested substances and mechanical stress. During 4 — 7 days, the
old or damaged epithelial cells undergo apoptosis and are shed into the lumen and replaced by
new cells migrating from the crypts up to the top of the villi. During this migration, new cells
undergo differentiation into specific epithelial cell types. The sources of this self-renewal
processes are the stem cells interleaved with Paneth cells, also called the crypt base columnar
cells (CBCs), in the intestinal crypt bases. Stemness of the CBC is closely dependent on
interactions between CBC and its local microenvironment is named niche. Recent studies
noticed that CBCs are responsible for continual renewal processes in the crypts with their
marker gene Leucine-rich repeat containing G protein-coupled receptor 5 (LgrS; Barker ef al.
2007), Troy (Fafilek et al. 2013) and Olfactomedin 4 (Olfm4; van der Flier 2009). CBCs give
rise to their progeny, transit amplifying cells (TA cells) and Paneth cells. Whereas after about
two days TA cells migrate up the crypts, undergo 4-5 divisions and differentiate into the
specialized epithelial cells, Paneth cells migrate to the opposite site (down the crypts, van der
Flier and Clevers 2009).

Besides CBCs, there is another type of the cell which has self-renewal ability, slowly
cycling +4 cells (Potten et al. 1997, Potten et al. 2009, Bloemendaal 2016).

13



This cell is responsible for replenishment of the epithelium after injury. Its typical
marker is polycomb protein lymphoma Mo-MLV insertion region 1 homolog (Bmil;
Sangiorgi and Capecchi 2008; Potten ef al. 2009, Du et al. 2015).

| Panethcells
CBC

Entero-endocrinne cell
Goblet cell

+4 cell

Enterocyte

Progenitor cell

Myofibroblast

Fig. 2.

Architecture of A) small intestine, B) colon. (reviewed in Bloemendaal et al. 2016)

3.2 Regulation of intestinal homeostasis

The homeostasis of the constant renewal intestinal epithelium still has to be sustained
and controlled (Lander et al. 2012). The influences of various signalling pathways are
involved in maintenance of the intestine homeostasis and in its regulation. Bone
morphogenetic protein (BMP), Notch signalling, Hedgehog signalling and Wnt signalling are
the main pathways keeping balance between cell renewal, apoptosis, cell differentiation and

cell migration (Fig. 3).

3.2.1 BMP signalling

Bone morphogenetic proteins are soluble factors belonging to the Transforming
growth factor-p (TGF — B) superfamily and play a critical role during embryonic growth and
differentiation (Mishina 2003).
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BMP signal is transduced through heterocomplex of Ser/Thr kinase transmembrane
receptors type I and II (Bmprl, Bmpr2) that facilitate receptor-mediated phosphorylation of
BMP-specific receptor-regulated Smadl/5/8 transcription factors. These already
phosphorylated transcription factors create a complex with common mediator Smad4. The
complex enters the nucleus and regulates expression of BMR signalling target genes, e.g. Msx
— 1, Msx — 2, c- fos, Egr — 1, c- jun (Hollnagel et al. 1999, Hardwick et al. 2008;).

In some patients suffering from familial Juvenile Polyposis (JP), mutations were found
in these proteins resulting in inhibition of BMP signalling pathway. JP is a rare autosomal
dominant polyposis syndrome of the gastrointestinal tract (Harned et al. 1999, Woodford-
Richens et al. 2000, Waite and Eng 2003). In the intestine, BMP signalling is activated both
in mesenchymal and epithelial cells (Li ef al. 2006, Kosinski ef al. 2007). The BMP pathway
creates a gradient with the lowest activity at the crypt bottom and the highest at the top of the
villi (He et al. 2004, Kosinski 2007). By generating transgenic mice overexpressing the BMP
inhibitor Noggin, Haramis and colleagues observed that this inhibition leads to the formation
of excessive amount of crypt-like structures created by proliferating epithelial cells migrating
from intervillus to villus regions. The extension of these structures resulted into dilated cysts,
typical for JP. Because BMP signalling has an important role during gastrointestinal
development (Haramis et al. 2004), following experiments revealed that BMP signalling has
an influence on crypt fission via inhibition of suppression of stem cell proliferation (He et al.

2004).

3.2.2 NOTCH signalling

Notch signalling is a very important signalling pathway using interactions between
neighbouring cells. Developing individuals of the animal kingdom exert this pathway to
regulate intercellular relations of stem cells (in the stomach and also in the small intestine),
also to influence differentiation and proliferation and to cell survival. Indeed, Notch signalling
is dependent on factors which are specifically produced by certain cells and thus this
signalling is capable to influence many particular processes that are important for cell
differentiation and development (Artavanis-Tsakonas et al. 1999, Mum and Kopan 2000,
Demitrack and Samuelson 2016).

The Notch signalling pathway is mediated by four types of transmembrane receptors
Notch 1-4 and by five types of ligands — Jagged 1 (Jag 1), Jagged 2 (Jag 2), Delta-like 1
(DI1), Delta-like 3 (DI3) and Delta-like 4 (DI4), collectively referred to as DSL (Mumm and
Kopan 2000, Chiba, 2006, Kopan and Ilagan 2009). After creation of a complex ligand-
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receptor, the receptor undergoes intramembrane proteolysis that causes the release of
intracellular domain of Notch receptor (NICD). NICD translocates into the nucleus and
regulates the activation of Recombination Signal Binding protein For Immunoglobulin Kappa
J Region (RBPJ) protein from its repressor form to activator form. The activator enables
transcription of Hairy/Enhance of Split (HES) genes (acting like transcription repressors). In
the non-active state, the RBPJ protein stays in repressor form and blocks the transcription
(Artavanis-Tsakonas et al. 1999, Mumm and Kopan 2000, Baron 2003).

The inhibition of Notch signalling is related to inhibition proliferation and activity of
the stem cells, whereas the activation of this pathway is characterised by increased
proliferation and activation of these cells. It is known that Notch signalling has a key role as a
regulator of self-renewal of stem cells in the gastrointestinal tract (Demitrack and Samuelson
2016) and also controls the fate of small intestinal cells in differentiation either to secretion or

absorption lineages (Vanuytsel et al. 2013).

3.2.3 HEDGEHOG signalling

Hedgehog signalling pathway influences the development of several organ systems
(including organs of the gastrointestinal tract) (Bitgood and McMahon 1995, Ramalho-Santos
et al. 2000, van den Brink, 2007).

In vertebrates, there are three paralogues of the Hh gene, Sonic hedgehog (Shh),
Indian Hedgehog (Ihh) and Desert Hedgehog (Dhh) (Ingham et al. 2011). Patched (Ptch)
transmembrane receptor was identified as the first receptor for Hh proteins (Nakano et al.
1989, Hooper and Scott 1989). In “offstate” (no Hh ligand binding), Ptch receptor itself
affects a transmembrane receptor Smoothened (Smo) by inhibiting its positive role in
activation of relevant transcription factors from the protein family Glioma-associated
oncogene (Gli 1 — 3), major effectors specific for Hh signalling pathway. The “onstate” of Hh
signalling is mediated by binding of Hh ligands on Ptch receptors. When Hh ligands are
present and create complex Hh—Ptch, Smo receptor is released, enabling activation of Gli
transcription factors and thus, transcription of target genes, such as p53, Glil, Bcl-2, Myc, N-
myc, Cyclin D, Hh interacting protein (Hhip) and Bmil (Ferreti et al. 2005, Kolterud and
Tofgard 2007).

In adults, active the Hh pathway manifests its influence on regulation of tissue
homeostasis and its repair and self-renewal, and also on stem cell maintenance (Hooper and

Scott 2005). Kolterud et al. (2009) revealed that in embryonic intestine, this signalling
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pathway is always paracrine, mediated by interaction between ligands produced by an
epithelium and receptors that are located in mesenchyme cells. This paracrine signalling
continues till adult life. After inhibition of Hh signalling (by pan-Hh inhibitor or by knock-out
of Hh ligand secreted by epithelium), there are visible histological changes. In the case of
mesenchyme, there was obvious loss of smooth muscle differentiation. Whereas in
epithelium, a huge epithelial proliferation was observed accompanied with deep crypts and
blunted villi (Zacharias et al. 2010, van Dop et al. 2010). In the case of relationships to other
signalling, this constitutive active epithelial/mesenchyme cross-talk induces Bmp signalling
(Madison et al. 2005, Mao et al. 2010) but, on the other hand, it was discovered that
inhibition of Hedgehog signalling pathway causes elevation of Wnt signalling pathway (van

den Brink ef al. 2004, Madison et al. 2005, Zacharias et al. 2010).

Hh BMP

@ ) cryptbase columnar Lgr5* cell
IS8 Paneth cell

=) +4Bmi1* cell

& ) transit-amplifying cell
Villus @y enterocyte

@& enteroendocrine cell

@) goblet cell
.. myofibroblast

— Crypt

\ vy
a7
BMP
Wnt  Notch antagonists

Fig. 3.
ustration of cell populations creating epithelium of the small intestine (modified from

Krausova and Korinek 2012).
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3.2.4 WNT signalling

Wnt genes represent a part of a large secretory polypeptides family which are
expressed locally and tissue-specifically (Wodarz and Nusse 1998). Secretory proteins from
the Wnt family are crucial members in many biologic processes such as development,
differentiation and proliferation (reviewed in Logan and Nusse 2004, Gregorieff and Clevers
2005, Krausova and Korinek 2014).

Wnt ligands perform 19 secreted glycoprotein morphogens (Papkoff et al. 1987)
which play a key role in Wnt signalling pathways. Like many mature proteins, Wnt proteins
undergo a lot of modifications that are necessary for ligand maturation.The first of these
modifications is palmitoylation which is provided by O-acetyltransferase Porcupine (PORCN)
and is situated in the endoplasmic reticulum (Willert ef al., 2003, Takada et al. 2006). After
palmitoyl modification, Wnt proteins are bonded to a transmembrane protein Wntless (WIs)
which is responsible for the secretion of lipid-modified Wnts (Bénziger et al. 2006). In
dependence on binding Wnt ligands on their receptors, Wnt ligands stimulate B-catenin
dependent (‘‘canonical’’) or B-catenin independent (‘‘non-canonical’’) pathways (Valenta et
al. 2011, Cruciat and Niehrs 2012, Anastas and Moon 2013).

Integration of Wnt ligands to the canonical or non-canonical signalling groups is not
specified exactly. Some of the Wnt ligands, namely Wntl, Wnt3 and Wnt8, were noticed as
the most important members of canonical pathway due to their regulation of Wnt target genes
(in the case of Wnt3a - Bmp2, Lefl or Fgf8) (Shimizu et al. 1997, Kengaku et al. 1998,
Miller et al. 2001, Willert et al., 2003). Others Wnts are connected mostly with non-canonical
signalling like Wnt 4, Wnt5a and Wntl1 (Davis et al. 2008, Komiya and Habas 2008, Nishita
et al. 2010). But some later studies observed that Wnt5SA and Wntl1 could have an influence
on canonical pathways based on receptor context (Tao et al. 2005, Mikels and Nusse 2006,

Ying et al. 2008).

Canonical pathway

The canonical Wnt signalling pathway regulates [B-catenin stabilization and its
subsequent translocation into nucleus. In the presence of Wnt, Frizzled (Fzd) and its co-
receptor Low-density lipoprotein receptor-related protein 5/6 (Lrp5/6) forms a complex with
Wnt ligand. Upon activation Frizzled recruits Dishevelled (Dvl) from cytoplasm to the cell
membrane, Lrp5/6 is phosphorylated by casein kinase 1 a (CKla) and Glycogen synthase
kinase 3 B (GSK-3p). Phosphorylated Lrp5/6 aggregates of several proteins as axis inhibition
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protein Axin, Amerl and Adenomatous polyposis coli (APC).Recruitment of this protein
complex to the cell membrane enables accumulation of B-catenin in the cytoplasm and its
transfer to nucleus. In the nucleus, B-catenin binds by its transactivation domain of the
lymphoid enhancer-binding factor/T-cell factor (LEF/ TCF) family transcription factors
(TCFs) (Bienz and Clevers 2003, Bejsovec 2005, Gordon and Nusse 2006, Tanneberger et al.
2011). TCF/B-catenin promotes transcription of several genes as c-myc (He ef al. 1998),
cyclin D1 (Tetsu and McCormick 1999) and Axin2 (Lustig et al. 2002).

In the absence of Wnt, B-catenin does not accumulate in the cytoplasm. It is bound by
destruction complex consisting of APC, Axinl, Amerl and two serine-threonine kinases
CKla and GSK-3fB. Recruited B-catenin is phosphorylated (He et al. 2004). By this
phosphorylation, the B-catenin is identified and ubiquitinated by F-box-containing beta-
transducin repeat containing (B-TrCP), subunit E3 of ubiquitin ligase, and intended for
degradation through a proteasome (Aberle ef al. 1997). When B-catenin is degraded, there is
no activation of the transcription factor TCF and so TCF is associated with the transcription
repressor Groucho. Hereby, the expression of Wnt-responsive genes is blocked (Roose and
Clevers 1999).

The B-catenin Wnt signalling pathway is critical in regulation of the stem cells in the
process of differentiation and in the maintenance of intestinal crypts (Fevr 2007). There are
two sources of Wnt signalling; the first source is represented by mesenchyme that produces
several Wnt ligands such as Wnt2b, Wnt4 and Wnt5a and the other source is Paneth cells
(review by Clevers 2014). Paneth cells are an important part of the niche, especially because
of their production of Wnt3a (Farin 2012). Wnt3a gradient production correlates with
proliferation and differentiation of different cell types along the crypt and villi. The highest
Wnt activity is at the bottom of the crypts, where stem cells are present. Wnt activity gradually
decreases toward the intestinal lumen which is connected to cell differentiation (van der Flier
et al. 2009, Clevers 2013). Several studies confirmed the essential role of the Wnt pathway in
the preservation of stem cell proliferation. Genetic disruption of Wnt effectors Tcf4 (Korinek
1998) and B-catenin (Ireland et al. 2004, Fevr et al. 2007) leads to intestinal crypts demission.
Contrarily, Wnt pathway over-activations by Wnt agonist R-spondin causes an increased stem

cell number (Kim et al. 2005).
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Noncanonical pathways

Non-canonical Wnt pathways are autonomous on B-catenin signalling. There are two
main branches of B-catenin independent Wnt signalling: Fzd/Planar Cell Polarity (PCP) and
Wnt/Ca®" pathway (reviewed in Schulte 2010, Najdi et al. 2012).

The Fzd/PCP signalling pathway was first identified in Drosophila (Gubb and
Garcia-Bellido 1982). This signalling is mediated by Fzd and Dvl, leading, in this case, to
activation of specific GTPases ras-related C3 botulinum toxin substrate 1 (Racl) and ras
homolog gene family member A (RhoA), resulting in activation of kinases, such as c-Jun-N-
terminal kinase (JNK) and Rho-associated kinase (Rho-kinase). Active PCP pathway
influences cells behaviour, such as their motility, division and rearrangement (Adle, 2002,
Wang and Nathans 2007). Even though Fzd/PCP does not play thus crucial role in intestine
homeostasis as B-catenin pathway, it is important for oriented cell divisions in developing gut
epithelium (Matsuyama et al. 2009).

The Wnt/Ca®" pathway is also one of the major Wnt non-canonical signalling
pathways where Wnt5a is needed (Kohn 2005). In this case, calcium cations are released from
intracellular stores (Slusarski et al. 1997) which afterwards stimulate the next on calcium
dependent cellular processes (Kiihl et al. 2000, Klaus and Birchmeier 2008) and proteins,
calcium/calmodulin-dependent protein kinase II (CaMKII) and protein kinase C (PKC)
(Sheldahl et al. 1999, Kiihl ef al. 2000) influencing inhibition of the canonical Wnt signalling
pathway (Kiihl ef al. 2000).
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3.3 R-spondins (RSPO)

R-spondins (RSPOs) are Wnt pathway activators. There are four R-spondin (RSPO 1-
4) members of a large group of thrombospondin type 1 repeat (TSR-1)-containing proteins.
The increase of phosphorylation of Wnt/Fzd coreceptor LRP6 and nuclear accumulation of -
catenin upon RSPO-mediated Wnt signalling suggested that RSPOs participate in enhancing
Wnt signalling (reviewed in de Lau et al. 2012) (Kazanskaya et al. 2004, Kim et al. 2005). It
was recently disclosed that Leucine-rich repeat-containing G protein-coupled receptors 4 and
5 (Lgr4/5) are receptors for RSPOs and that RSPOs physically interact with extracellular
domains and create complexes with them (Kazanskaya et al. 2004, Carmon et al 2011, de Lau
et al. 2011, Ruftner ef al. 2012,).

Hao and colleagues demonstrated that LGR4 and cell-surface transmembrane E3
ubiquitin ligase zinc and ring finger 3 (ZNRF3) together with its homologue ring finger
(RNF43) creates a complex of receptors for RSPOs (Hao et al. 2012). ZNRF3 and RNF43
ligases represent negative regulators of Wnt signalling. If there are no RSPOs, these ligases
bind and ubiquitylate frizzled receptors, which leads to frizzled and LRP6 degradation, and to
attenuation of Wnt signalling. However, in RSPOs presence, Lgr4/5 and RSPO make a
complex with ZNRF3 and RNF43 which is internalized from the membrane. It leads to an
increase of frizzled and LRP6 levels and enhancement of Wnt signalling (Fig. 4) (Hao et al.
2012, Koo et al. 2012).

As stated above, the interaction of RSPO ligands with an LGR4 receptor participates
in activation of the Wnt/B-catenin signalling pathway. However, according to recent data, the
Wnt activation in the present of RSPO is connected particularly with E3 ubiquitin ligase
internalization, but even stronger Wnt activation comes from the RSPO-LGR4 complex itself.
How the interaction between RSPO-LGR4 complex and Wnt signalosome proceeds was
investigated. By co-immunoprecipitation, two potential candidate genes were identified.
These are IQ motif containing GTPase-activating protein 1 and 3 (IQGAP1 and IQGAP3)
which play roles in intracellular signalling mediation. The interaction of RSPO with LGR4
enhances the affinity of IQGAPI to the cytoplasmic mediator DVL. This stronger affinity
causes the RSPO-Lgr4 to create a supercomplex with the Wnt receptor system resulting in
augmentation of canonical Wnt signalling. The complex RSPO-Lgr4-IQGAP1 also plays an
important role in non-canonical Wnt signalling by regulation of F-actin assembly, which is

responsible for coordination of the cytoskeletal organization (Carmon et al. 2014).
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Fig. 4.
Canonical Wnt signalling. RSPOs enhance Wnt signalling via binding on LGR4/5
and recruiting of ZNRF3 and RNF43 ligases (Krausova and Korinek, 2014).

3.4 LGR proteins

The leucine-rich repeat-containing G protein-coupled receptors (LGRs) represent a
group of receptors characterized by the presence of seven transmembrane configuration
(7TM) large outer domain (ectodomain) with multiple leucine repeats (LRR) and unique
linking region connecting those features together (Hsu et al., 2003). LRR form horseshoe-like
structures and offer themselves as a region for the binding of ligands (Hsu et al. 1998). The
7TM region plays a role in G protein activation and subsequent downstream signalling (Luo
et al. 2005).

Groups of LGR proteins could be divided into three subgroups (groups A, B and C)
(Luo et al. 2005, Barker et al. 2013).

Higher similarity occurs among proteins from group A and C in which the
extracellular domains contain 7 — 9 LRR (group C is typical by its additional presence of on
cystein-rich motif low-density lipoprotein receptor class A). Group A includes receptors
binding glycoprotein hormones — follicle-stimulating hormone receptor (Lgrl), luteinizing
hormone receptor (Lgr2) and thyroid-stimulating hormone receptor (Lgr3). Members of the C
group are Lgr7 and Lgr§ with their ligands — relaxin and insulin — like peptide 3 (INSL3).
(Hsu et al. 2000, Luo et al. 2005).
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In contrast to receptors from A and C groups, receptors from B group contain
ectodomains that are characterised by the presence of 13 — 18 LRR. This group is represented

by three receptors: Lgr4, Lgr5 and Lgr6.

3.4.1 LGR6

The ectodomain of the Lgr6 gene contains only 13 leucine-rich repeats (Hsu et al.
2000).

The receptor Lgr6 was specified like a Wnt signalling independent marker of stem
cells in various organs such as skin (sweat glands and interfollicular epidermis), nails, lungs,
and taste buds (Snippert et al. 2010, Oueztuerk-Wider et al. 2012, Ren et al. 2014, Lehoczky
and Tabin 2015). Stem cell marker LGR6, it plays an important role during wound repair,
development of hair follicle and nail regeneration. But a knock-out mouse of the Lgr6 gene
did not display any defects and those animals were healthy and fertile (Snippert ef al. 2010,
Lehoczky and Tabin 2015). Zhang et al. (2015) generated knock-in mice to investigate the
expression of the Lgré gene. They noticed that Lgré positive cells give rise to hair cells in

vitro and that they are also supposed to be marks of hair progenitors in the Corti organ.

3.4.2 LGRS

The Lgr5 gene represents one of the Wnt target genes. Its expression was noticed in
intestine stem cells which are characterized by active proliferation in the case of an active
Wnt signalling pathway (Barker et al. 2007). LGRS as the stem cell marker was later
identified in other various mice tissues such as stomach, hair follicles, kidney, taste buds,
ovary and mammary glands (Jaks ef al. 2008, Barker et al. 2010b, Barker et al. 2012; Plaks et
al. 2013, Yee et al. 2013, Ng et al. 2014). It was confirmed that LGRS positive intestinal stem
cells are multipotent and actively proliferating, giving rise to all differentiated intestinal cell
types (Barker et al. 2007, Sato et al. 2011).

As a member of Wnt/Tcf4 target genes, expression of Lgr5 was detected in colorectal
cancers (van de Wetering et al. 2002), basal cell carcinomas (Tanese et al. 2008) and its
overexpression was noticed in ovary and liver tumours (McClanahan et al. 2006, Zucman-
Rossi et al. 2007). In mice with homozygous mutation in this gene, neonatal mortality was
discovered. This is caused by ankyloglossia, characterised by fusion of the tongue with the

floor of the oral cavity characterised (Morita et al. 2004). This abnormality is associated with
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Lgr5 gene expression in the tongue epithelium and lower jaw in developing embryos.
Conditional deletion of Lgr5 gene in the small intestine in adult mice did not result in a clear
crypt phenotype (de Lau et al. 2011) which is in contrast to a study where Paneth cells
prematurely differentiated in Lgr5 null neonatal mice (Garcia et al. 2009).

The deletion of the APC gene in LGRS positive intestinal stem cells resulted in
transformation of these cells and subsequent growing of adenomas at the lumen of the small
intestine and colon (Barker et al. 2009). Recently, studies concerned with colorectal cancers
in human reported that high Lgr5 expression occurs mostly in the basal layer of adenoma cells
and that this expression extends in many cell lines of colon cancer in the metastatic stage
(Uchida et al. 2010, Takahashi et al. 2011). LGRS positive tumour cell populations are in
relation with poor prognosis in patients with colorectal carcinomas. It all suggests that LGRS
stem cells represent a predominant cell-of-origin of colorectal cancers (Merlos-Suarez et al.

2011).

343 LGR4

In mice with a marked Lgr4 gene, the expression was manifested in some locations.
Strong expression was detected in cartilage, heart, kidneys, adrenals, salivary glands,
reproductive system, neural system and also in the digestive tract (Van Schoore et al. 2005).
High levels of expression were also noticed in basal and granular cells of the skin, in the
epithelial cells of breast ducts, island cells of the spleen, and also in most cells of a colon
tumour (Y1 et al. 2013). The consequence of phenotype is related to the genetic background
of mice models. One of the models was generated by genetic modification resulting in Lgr4
knock-out mice with characteristic fusion protein formed by extracellular domain of the Lgr4
and intracellular domain of B-galactosidase enzyme. This Lgr4 knock-out mouse is associated
with intrauterine growth retardation. This retardation is associated with high perinatal
mortality. Most of the mice with homologous deletion of the Lgr4 gene and some
heterozygous mice died on the first day after birth (Mazerbourg et al. 2004). In other genetic
background, the homozygous deletion of the Lgr4 gene was not connected with lethality,
however it was associated with abnormal development of the male reproductive tract
(Mendive et al. 2006). Other abnormal phenotypes were noticed like female infertility
(Mazerbourg et al. 2004), impaired prostate development (Luo et al. 2013), insufficient

uterine development (Sone et al. 2013), noneffective erythropoiesis (Song et al. 2008),
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slowdown of differentiation osteoblasts (Luo et al. 2009), kidney hypoplasia (Kato et al.
20006), and insufficient gallbladder development (Yamashita ez al. 2009).

Activation of the Wnt/B-catenin signalling pathway via the interaction of RSPO1 with
LGR4 is critical for small intestinal organoid growth (long-life and self-organizing crypt-
villus and in vitro created structure that grow without non-epithelial niche cells and with the
presence of all differentiated cell types (Sato et al. 2009, Ruffner et al. 2012).

Whereas Lgr5 was identified as the marker of stem cells in the small and large
intestine, stomach and hair follicle (Barker et al. 2010), Lgr4 was rather detected in the
proliferating cells (Van Shoore et al. 2005).

Positivity of Lgr4 at the mRNA and protein level was observed in the small intestinal
crypts, especially up the zone of the Paneth cells, in so-called transit-amplifying cells, next in
crypt basal columnar cells, and as vesicle structures in Paneth cells. On a lesser scale, it was
also noticed that stem cells in the small intestinal crypts show positive staining (Mustata et al.
2011, Yi et al. 2013). Beside the epithelium, Lgr4 is present in a mesenchyme and smooth
muscle region, in myofibroblasts and nerve cells. In other parts of the small intestine the
protein expression was very similar (Mustata et al. 2011).

When the influence of Lgr4 on the development of epithelial cells in the small
intestine was investigated, there was a comparison between mice with homozygous deletion
of the Lgr4 gene (knock-out mice) and mice that had the Lgr4 gene fully functional (wild type
mice). The results showed that knock-out mice (despite the common development of crypts in
time) even had 35% lower depth (on 15thday of postnatal period) and, at the same time, they
had 50% reduction of epithelial proliferation. These changes were not related to the
differentiation stages of cells, such as absorptive cells, enteroendocrine and goblet cells, but
the difference was in Paneth cell differentiation where they showed up to 85% reduction of
their abundance (postnatal day 21) (Mustata ef al. 2011).

In contrast, in mice large intestine the positivity in the cytoplasm of all cells was
remote but on the epithelial surface the positivity was stronger. However, the positivity was
not detected in stem cells of the large intestine. So, it was confirmed that weak reactivity in
stem cells of the large intestine is related to the absence of Paneth cells. In humans, the
expression of Lgr4 in the small intestine was weakly detected in the epithelial cells. In
comparison with Paneth cells, stronger immunoreactivity manifested more in stem cells. In
contrast to mice, no vesicles in the Paneth cells were observed in humans. The

immunoreactivity of the human large intestinal epithelium was not noticed (Yi ef al. 2013).
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3.5 Gene editing technologies

For several reasons, the mouse is the most popular animal model for human diseases.
The whole mice genome is known and it was also found that approximately 99 % of human
genes correspond to genes in mice. The anatomy of a mouse body is very similar to a human,
in consideration of organs, physiology and tissues. Moreover, mice have a short lifespan, high
reproduction rate with short generation time and they are not difficult to breed and house
them together. Later, with the discovery of homologous recombination (HR), the mouse
embryonic stem cells (ESC) proved to be an excellent tool for gene editing (reviewed in
(Wijshake et al. 2014)) (Lin et al. 1985, Doetschman et al. 1987, Mansour et al. 1998).

Origins of studies dealing with gene functions in vivo reach to the second half of the
20" century, when non-targeted genetic modifications in somatic cells were executed by
integration of exogenous DNA with the use of microinjection into fertilized eggs (Brinster et
al., 1981, 1982, Palmiter et al., 1982).Later studies focused on genomic manipulations using
gene targeting in germ line cells (reviewed in Capecchi 2005). The basic of gene editing
manipulations is DNA repair via two systems that initialize repairing after identification of
double strand breaks (DSBs). One of the systems is non-homologous end-joining (NHEJ)
when two broken ends are ligated together. HNEJ is connected with insertions or deletions of
nucleotides (InDels) (Barnes 2001). The second repairing system is homologous
recombination which use the homologous template to renew the DSBs without involuntary
integrated nucleotides (van den Bosch et al. 2002).

HR together with the ability of isolation ESCs facilitated generation of knock-out
mice. In 2007, Marion Capecchi, Martin Evans and Oliver Smithies were awarded by Nobel
Prize in Physiology or Medicine for establishing a first knock-out model of mouse from
isolated embryo-derived stem cells with the use of genetic engineering, in vitro fertilization
and breeding (in 1989) (Vogel 2007). Before this cooperation, these three researchers had
worked in different lines of investigations. Evans was concerned with isolation of embryonic
cell lines which could in vitro differentiate and in vivo create teratocarcinoma (Evans 1972,
1975). Capecchci and Smithies participated in research focused on insertion of specific DNA
into mammalian cells with the use of homologous recombination (Capecchi 1989, Smithies et
al. 1985). Though all these discoveries considerably improved insights into understanding of
gene functions in vivo, the processes of generation transgenic animals were very time-
consuming and work-intensive.

In recent years, nuclease engineering has brought new advantages to gene editing

technologies. In contrast to earlier technologies based on long template homologous
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recombination, genome editing using nucleases enables gene modification in the broad
spectrum of organisms (such as plants (Jiang et al. 2013, Romay and Bragards 2017),
Caenorhabditis elegans (Sugi et al. 2016), Drosophila melanogaster (Bibikova et al. 2002,
Liu et al. 2012, Gratz et al. 2013), zebrafish (Doyon et al. 2008, Sandler ef al. 2011, Xiao et
al. 2013), mouse (Wang et al. 2013, Li et al. 2013, Shen et al. 2013, Zhang et al. 2014) and
rats (Tesson et al. 2011, Li et al. 2013) and cell lines like blood cells (reviewed in (Weiss and
Mullighan 2016)). The next great improvement is a high specificity in gene-target
modifications. In the presence of short homologous template it enables to make delicate
changes as point mutations. Moreover, nuclease engineering reduces time-consuming work,
enables easier design and construction of targeting constructs (reviewed in (Wijshake et al.

2014, Rocha-Martins et al. 2015).

Here I want to report three methods using nucleases that cause DNA double-stranded

breaks at a specific sequence of the gene:

3.5.1 ZFN

Zinc finger nucleases represent the technology of genome editing. This tool consists of
two domains — Zinc finger (ZF) domain and nuclease Fokl. Zinc finger proteins are common
transcription factors in eukaryotes, which are responsible for highly specific recognition and
DNA binding (Wolfe 2000). It was noticed that ZFN with three ZF domains can recognise 9-
18 bp on the target DNA (Miller 1985). The Fokl nuclease creates catalytic domain with
cleavage activity. As noted above, the Fokl nuclease needs to be in dimer status for cleavage
activity. Thus, ZFN activity requires two monomers and each will bind the target sequence on
the DNA at the complementary strands and generate a DSB. The recognition DNA binding
sequence in the Fokl nuclease was replaced by ZFs, which give the binding specificity of

these proteins.

3.5.2 TALEN

Transcription activator-like effector nucleases (TALENS) introduce the next method
which uses targeted DSBs for genome editing. This system comprises a DNA binding domain
and nonspecific nuclease which come from diverse organisms. The DNA binding domain is
derived from ‘‘Transcription activator-like effectors’ (TALEs) which are proteins from

bacteria Xanthomonas binding on promotor regions in host plants and altering host gene
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transcription (Boch et al. 2009, Bogdanove et al 2010). DNA recognition domain Fokl with
cleavage activity was derived from a restriction enzyme in Flavobacterium okeanokoites
(Wah et al. 1998).

TALE DNA binding domain consists of tandem repeats. Each of these repeats
include 33-35 amino acid residues that define the specificity of binding between amino acids
of TALE domain and nucleotides of the target DNA. The binding specificity of these tandem
repeats on the TALE domain is given by an amino acid sequence at positions 12 and 13
(Deng et al. 2012, Mak 2012). The region of polymorphisms at positions 12 and 13 is called
‘‘the repeat-variable diresidue’’ (RVD) (Boch et al. 2009, Moscou et al. 2009). In TALENs
the nuclease Fokl represents the catalytic domain. Because Fokl nucleases can cleave DNA
molecules only after their dimerisation (Bitinaite ez al. 1998), it is important that TALENSs be
in dimer status. After dimerisation, a whole complex of TALENS is able to generate DSBs on
the target DNA sequences (Christian et al. 2010, Miller et al. 2011). Each monomer from this
dimer complex binds one strand of DNA so that the whole dimer generates cleavages on the
complementary strands. Because between binding domains of each monomer inside the
TALEN dimer is a distance of 12-16 nucleotides, the cleavage creates overlaps of four

nucleotides (Urnov et al. 2010).

3.5.3 CRISPR/Cas9 system

Clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-
associated (Cas) is a bacterial and archeal adaptive immune system which helps these
organisms with protection against foreign genetic elements by using RNA-guided nucleases
(Horvath and Barrangou 2010, Bhaya ef al. 2011, Terns and Terns 2011, Wiedenheft et al.
2012). There are three types of CRISPR system (I-III) (Makarova et al. 2006). The
CRISPR/Cas9 system belongs to the type II and is predominantly used in genome
engineering.

Guide-RNA (gRNA) is a complex of CRISPR RNA (crRNA) with trans-activating
crRNA (tractrRNA). crRNA contains ‘‘spacer’” which is a unique target sequence consisting
of 20 base pairs (bp). Primary crRNA arises from its precursor pre-crRNA that contains
nuclease guide sequences (spacers) interspaced by palindromic direct repeats (DRs) and is
coded in the bacterial genome (Deltcheva ef al. 2011). Complex gRNA directs Cas9 nuclease
protein to the target DNA via Watson-Crick base pairing between the spacer on the crRNA

and the ‘‘protospacer’’ that is a complementary sequence to the target DNA. To successful
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match Cas9 to the protospacer on the target DNA, a ‘‘protospacer adjacent motif”” (PAM) is
needed. The PAM sequence varies in different CRISPR systems, but in Streptococcus
pyogenes the PAM sequence was identified as 5'-NGG. After recognition and connection
Cas9 to the target DNA, Cas9 cleaves the target sequence three bp upstream of the PAM
(Jinek et al. 2012).

Even though ZFNs represented a big success in genome editing, later development of
TALENs quickly substituted ZFN technology. In contrast to ZFNs, TALENSs facilitate more
sequence specific cleavage and are also easier to construct (Chen et al. 2013). But in
comparison with TALENSs, the newest CRISPR/Cas9 technology is easier to design, suitable
for simultaneous modifying of genes, and is not dependent on DNA methylation (advantage
in using in targeting to CG-rich regions). But with respect to off-target activity, TALENs are
preferred because of containing 30nt long target sequence which is identical to the genome of
mice. However, CRISPR/Cas9 could cause a high off-target activity, because its guide RNA
tolerates multiple mismatches (Pattanayak et al. 2013, Wefers et al. 2013).

The presented work analysed knocking mouse created by TALEN based technology.
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4 Materials and methods

4.1 Animal model

The genetically modified mice, housed in the animal facility of the Institute of
Molecular Genetics, were recently generated in Dr. Korinek’s lab by microinjection of
mRNAs of transcription activated effector nucleases (TALENs) in C57BL/6J mouse egg
together with template DNA. The template composed of right and left homology arm
spanning 93 nucleotides (nt) coding triple influenza hemagglutinin (3HA) tag. The tag is
localized in N-terminal region next to the signal peptide of Lgr4 receptor. Correct insertion
into the genome was precisely verified by PCRs spanning left and right arm of the
homologous template.

Lgr5-EGFP-IRES-CreERT2 mouse strain was purchased from Jackson laboratory (Bar
Harbor Main, USA).

4.2 DNA isolation, genotyping

The tip of the tails from mice were cut, placed into tubes with lysis buffer (I M Tris
pH 8, 0.5 M EDTA, 10% SDS, 5.0 M NaCl, deionized water) supplemented with Proteinase
K (20 mg/ml; Thermo Scientific) and incubated overnight at 55°C. The tubes were then spun
for 5 minutes (14000g), 400 pl of solute was pipetted out and 400 pl of isopropanol (Penta)
was added, mixed by inverting and spun (5 min, 14000g). After, we added 400 pl of 70%
ethanol (Penta) and spun (5 min, 14000g), pipetted out and repeated. DNA was dried on a
heat block (Thermocell Cooling and Heating Block CHB-202; BIOER) at 55°C, dissolved in
200 pl of tissue water and kept on the heat block at 55°C for 3 hours.

PCR based genotyping was performed from DNA of adult mice, newborns or
embryos. Each reaction tube contained 50% Master mix (Dream Taq Green, PCR Master
Mix; Thermos Scientific), 0.75mM betaine (Sigma-Aldrich), 0.5uM of each primer (Table 1;
Sigma) and DNA. The reaction tubes were placed into cycler T100 Thermo Cycler (BioRad)
and run under conditions listed in Table 2. Then, the samples and ladder were loaded onto
1.5% agarose gel dyed by DNA G strain (Serva). Electrophoresis (Electrophoresis Power
Supply-EPS301) was set up on 120 V and 30 minutes and after, the samples were detected on

UV transilluminator (Major Science).
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Table 1.

Primers for genotyping and qRT-PCR (Primer were designated by Primer3
web tool (http://bioinfo.ut.ee/primer3-0.4.0))

Type of reaction Name of primer Sequence
P2 Lgrd-HA GCACTCACAGTGCTTGGGTGAAGGC
gRT-PCR Lgrd AACCTGGAAACCCTGGACTT
CTCCATCCGGGATAACAGAA
Lgr5 CCTGTCCAGGCTTTCAGAAG
CTGTGGAGTCCATCAAAGCA
Mmp7 GGCCTAGGCGGAGATGCTCACT
AACAGGAAGTTCACTCCTGCGTCC
Def5 TTCTCCAGGTGACCCCCAGCC
GCAGACCCTTCTTGGCCTCCAAAG
Crypt AGGAGCAGCCAGGAGAAG
ATGTTCAGCGACAGCAGAG
Axin2 TAGGCGGAATGAAGATGGAC
CTGGTCACCCAACAAGGAGT
Muc2 GGCCTCACCACCAAGCGTCC
CGAAGGCGTGGCACTGGGAG
Ubiquitin B ATGTGAAGGCCAAGATCCAG
TAATAGCCACCCCTCAGACG
Table 2.
Steps in PCR reaction
Step Temperature Duration
Initial denaturation 95°C 30s
Denaturation 95°C 30s
Annealing 68°C 30s 34x
Amplification 72°C 60 s
Infinitive hold 72°C 300s
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4.3 Immunohistochemistry (IHC)

Separated organs (colon and small intestine) were fixed in 4% formaldehyde (Penta)
overnight, store in 70% ethanol (Penta) and then continued with the dehydratation over
ascending alcohols, xylene and paraffin in a tissue processor (Leica ASP200S) overnight.
Saturated tissues were embedded into paraffin blocks (Leica Paraffin Embedding Station
EGI1150H) and kept in 4°C. Next, the blocks were cut (Leica Microtome RM2255) to 7 um
thick slides. Slides with samples were deparaffinized in Xylene (Lachema) 2x for 8 minutes,
incubated with isopropanol (Lachema) for 5 minutes, 100% ethanol and proceed with
rehydratation to 70% ethanol and deionized water for 3 minutes. Heat induced antigen
retrieval was performed in Tris-EDTA buffer (pH 9). Endogenous peroxidases were blocked
0.3% H,0O, (Sigma) in methanol and unspecific immunoglobulins were eliminated by
incubation in blocking solution; 10% BSA (bovine serum albumin) and 5% goat serum in
TBS (50mM Tris CI, 150mM NaCl, pH 7.6) for 1 hour. Immunostaining was performed by
primary antibodies anti-HA (goat anti-rabbit, diluted 1:100, Cell Signaling) and in blocking
solution at 4°C overnight. The slides were rinsed in TBS + 0.01% TritonX-100 (Fluka) 1x 5
minutes, in TBS 4x 5 minutes, immunolabelled by biotin conjugated goat anti rabbit
secondary antibody (Life Technologies) and again washed just like before. Subsequently, the
detection was provided by treatment with Vecastain ABC kit (Vector) for 30 minutes, staining
with 3, 3’-diaminobenzidine (DAB; 30 mg/100 ml 50 mM Tris pH 7.6, 0.018% H,0,).
Hematoxylin was used for counterstaining. Stained sections underwent dehydration
over ascending alcohols and xylene. Samples were mounted in Solacryl medium. The

visualization of stained tissues was captured by a Leica DM6000B microscope.

4.4 In situ hybridization

To avoid RNAse contamination, all equipment used during in situ hybridization was
baked at 200°C or washed by diethylpyrocarbonate (DEPC)-treated H,O. All solutions were
also prepared from DEPC-treated water. Intestinal tissue underwent the same
deparaffinization process as in immunohistochemistry. Samples were denaturized with 0.2M
HCI for 15 minutes and washed in PBS. For better probe penetration, the samples were
incubated with Proteinase K in PBS (30 pg/ml, room temperature (RT), 15 min). To block the
protease, the tissue was rinsed in 0.2% glycine in PBS. The post-fixation was done with 4%
paraformaldehyde (PFA) for 10 min and rinsed 2x in PBS. To reduce background, the slides

were incubated in acetic solution pH 8 with Triethanolamine for twice 5 min, rinsed 2x in
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PBS and subsequently in 5xSSC pH 4.5. Next, the slides were placed in prehybridization
mixture (2% block solution (Roche), 50% formamide, 5x SSC pH 4.5, 5SmM EDTA, 0.05%
Chaps, 50 pg/ml heparin and 1 pg/ml yeast total RNA and DEPC-treated water) and
incubated at 70°C for 1 hour. After, the prehybridization solution was removed and the slides
were covered with the same mixture containing probe and incubated at 55°C for 36-48 hours.
Probes (Lgr4 sense, Lgr4 anti-sense and anti-HA rabbit antibody) were available in our
laboratory. Post-hybridization wash was first in 1x SSC pH 4.5, 50% formamide, 0.1%
Tween20 (Sigma) (50°C, 30 min); then, 3x in 0.5x SSC pH 4.5 and 0.1% Tween 20 (50°C, 20
min) and the last two washes were in MATB solution (100 mM Maleic acid pH 7.5, 150 mM
NaCl, 0.1% Tween20) (RT, 20 min). To avoid unspecific binding during immunological
detection, samples were incubated in blocking solution (0.5% Blocking powder in MATB,
RT, 30 min). After the blocking step, samples were treated with sheep anti-dioxigenin Fab-Ab
antibody (dilution 1:1000; Roche) in blocking solution (4°C, overnight). Next day, the slides
were washed 5x in MATB at RT for 20 min, 2x in NTM (0.1M Tris pH 9.5, 0.05M MgCl,
0.1M NaCl) and incubated in nitro blue tetrazolium (NTB)/bromo-chloro-indolyl-phosphate
(BCIP) diluted in NTM buffer in the dark. After observation violet staining, samples were

mounted in Mowiol (Calbiochem) and captured using a Leica DM 6000B microscope.

4.5 Fluorescence-activated cell sorting (FACS)

Small intestine and colon were taken out from mouse and washed in PBS. Then they
were longitudinally cut and, in the case of small intestine, the villi were removed using
coverslip. The tissues were vigorously agitated and washed in PBS several times to remove
villi and waste. To release cells of crypts from connective tissue, samples were incubated with
SmM EDTA (4°C, 30 min). Then, the mixture was filtrated with 70pum strainers (Fisher
Scientific), spun down and the pellet was processed for immunostaining or for
immunoblotting/immunoprecipitation.

To obtain single cell suspension for immunostaining, the pellet was shaken with
dispaze (Corning, 18U) in serum free media (37°C, 2x 10 minutes, 800 rpm). Collected
supernatant was spun down and cells were incubated with an anti-HA biotin-conjugated
antibody (monoclonal rabbit antibody, 1:25, Cell Signaling Technology) at 4°C for 15
minutes, washed in 3% foetal bovine serum (FBS; Sigma-Aldrich) in DMEM (Dulbecco’s
Modified Eagle Medium; Thermo Fisher Scientific) and incubated with streptavidin-
allophycocyanin (APC; 1:100; BD Biosciences) secondary antibody at 4°C for 15 minutes.
Washed cells were analyzed by flow cytometry using influx high speed cell sorter (BD
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Sciences) and sorted to RNA lysis buffer (Qiagen). Gated areas were evaluated by FlowJo

software (Tree Star).

4.6 Immunoprecipitation

Isolated cryptic cells were lysed in lysis buffer (50mM Tris pH 7.4, 150mM NaCl,
ImM EDTA, 0.5% NP40) supplemented by protease inhibitor cocktail (Roche, dilution
1:500). The cell lysate was homogenized and spun down (4°C, 20 min, 20 000g). Supernatant
was removed into a new tube and mixed with Laemmi sample buffer (5x Laemmli: 0.5M
Tris-HCl pH 6.8, 45% glycerol, 5% SDS, 0.25% Bromophenom blue, 1.78M pB-
mercaptoethanol) and used as total cell lysate (TCL) in immuniprecipitation. The TCL
samples were boiled (15 min), spun down and used for western blotting.

In the case of immunoprecipitation, supernatant was incubated with magnetic beads
(anti-HA tag) (clone 2-2.2.14, Thermo Fisher Scientific) on a carousel at 4°C for 1 hour. After
incubation, the magnetic beads were washed by inverting the tubes and collected by magnetic
separation rack (3x in lysis buffer, 2x in lysis buffer without detergent), resuspended in 50 ul
of lysis buffer, mixed with Laemmli sample buffer and used for western blotting as an IP

sample.

4.7 Western blot (WB)

The IP and TCL samples were loaded onto 10% denaturation acrylamide gel and
separated by vertical electrophoresis (Mini-Protean Tetra System, BioRad) (150 V, 90 min).
The gel was blotted by semidry blotting to nitrocellulose membrane (Trans-blot SD, Semi-
dry transfer cell, BioRad) (20 V, 30 min). Subsequently, the membrane was blocked in 5%
low fat milk and 0.025% Tween20 in PBS for 1 hour and incubated with primary antibodies
(rabbit anti-HA monoclonal antibody, dilution 1:1000 (Cell Signalling)) or rabbit anti-actin
(whole rabbit serum cat. no. A2668, Sigma-Aldrich) at 4°C overnight. The next day, the
membrane was washed with Tween20 in PBS and incubated with secondary antibodies (goat
anti-rabbit conjugated to peroxidase, dilution 1:1000; Sigmal-Aldrich) in 5% low fat milk
and 0.025% Tween20 in PBS at RT for 1 hour, washed 3x 10 min in 0.025% Tween20 in
PBS, placed into the cassette, incubated for 5 minutes with chemiluminescent substrate for
detecting horseradish peroxidase (Femto or Pico; Thermo Scientific) and immediately

exposed to film. The developing was carried out developing machine Fomei Optimax.
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4.8 RNA isolation and reverse transcription

RNA was isolated with RNeasy Micro Kit according to manufacturer’s instruction.
RNA was eluted in 14 pl nuclease free water. Reverse transcription was performed by
Thermo Scientific Maxima Reverse Transcriptase RNA according to manufacturer’s
instructions. Briefly, RNA was mixed with random primer hexamer (final concentration 7
uM) and ANTP (final concentration 0.5 mM) and incubated at 60°C for 5 min. Then, the
sample was completed with Reverse Transcriptase buffer, RiboLock RNase Inhibitor and
Maxima Reverse Transcriptase and incubated in thermocycler (25°C for 10 min, 50°C for 30

min, 85°C for 5 min).

4.9 Quantitative real-time polymerase chain reaction (QRT-PCR)

cDNA was diluted according to the number of analyzed genes with RNase free water.
Each reaction mixture contained 2.5 pl 2x LightCycler 480 SYBR Green I Master mix
(Roche), 2 ul ¢cDNA and 0.5 pl primer mix (final concentration 0.5 pM each; Table 1). Each
sample was run in duplicate in at least three independent experiments. The mixture was
pipetted in 384-well plate (Roche). The plate was spun down and placed into the LightCycler
480 facility (Roche) where qRT-PCR reaction proceeded (Table 3).

Table 3. Programme of qRT-PCR

Step Temperature Duration
Initial denaturation 95°C 7 min

Denaturation 95°C 14s
Cycling Annealing 61°C 14 s
Amplification 72°C 14 s
95°C 15s
Melting curve 25°C ols
37°C 61s

95°C until end
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S RESULTS

5.1 DNA genotyping

The successful 3HA tag insertion was previously verified by other sets of primers,
priming upstream and inside of the target region and inside and downstream the targeted
region (data not shown). For regular genotyping, the confirmation of epitope-tagged
Lgr43HA/ HA allele was performed by left and right arm PCR with P1 Lgr4-HA and P2 Lgr4-
HA primers (Table 1; Fig. 5). The difference between size of Lgr4WT/ WT allele (252 bp) and
Lgra’M3HA allele (345 bp) is 93 bp which corresponds with the size of inserted 3HA tag.
Importantly, when heterozygotes Lgrd>"~VT were mated, viable and fertile homozygotes were
obtained in expected Mendelian ratio (data from 77 pups; 12 litters: 24.6% Lgr43HA/3HA;
49.4% Lgrd’ HAWT. 26.0% Lgr4WT/ 1), As a “by product” of targetting, Lgr4 knockout (Lgr4-)
alleles were generated on C57BL/6 backgroud. Interestingly, when heterozygotes for
knockout allele (Lgr4”"") were mated, none Lgr4 knockout (Lgrd4™") was born (data from 64
pups; 12 litters: 68.75% Lgr4'/ WT.31.25% Lgr4WT/ “1) (Fig. 6). Absence of Lgr4'/ “animals and
normal viability of Lgr43HA/ 3HA mice made us believe, that presence of 3HA tag should not

affected LGR4 function.

345 bp
252 bp

Fig. 5. Genotyping of tail biopsies
After DNA isolation, PCR was performed and genotypes were visualized

by exposing 1.5% agarose gel with UV transilluminator.
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252bp ——

134bp ——

Fig. 6. Genotyping for presence of knockout allele
WT allele is presented as 252 bp band, Lgr4- allele is indicated as 134 bp band. Note
that homozygote for the knockout allele (Lgr4'/ ) was observed only in embryonic

stages, but not in adult mice.

5.2 Immunohistochemistry, in situ hybridization

The presence of HA epitope in Lgr4’ ™" mouse was observed over the all parts of
the small intestine (duodenum, jejunum, ileum) and the results were consistent with previous
data screening Lgr4 expression in this organ (Mustata et al. 2011, Yi et al. 2013). Very strong
positivity was detected at the crypt bottom, up and at the zone of transit amplifying cells.
Then the strength of signal gradually became weaker along the crypt-villus axis (Fig. 7A,
8A). In contrary to the small intestine, in the colon we noticed a strong positivity rather on the
epithelial cells closest to the colonic lumen and weakest intensity at the bottom of the crypts
(Fig. 7B, 8B), which is in contrast with previous studies based on the mRNA level, where the
signal of Lgr4 was strongest at the bottom of the crypts (Mustata et al. 201, Liu ef al. 2013).
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Lgra3HA/3HA

Fig. 7. HA antigen has the strongest expression at the bottom of the small intestinal
crypts and at the surface of the colon (400x).

A: Immunohistochemical staining in the jejunum. B: Immunohistochemical staining in
the colon. Anti-HA rabbit antibody detects the pattern of Lgrd®™*" As a negative

control we used wild type mouse.
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Lgrd anti-sense Lgrd sense

Anti-HA rabbit antibody

Fig. 8. The expression of Lgr4 is strongest in the central part of the colon and
at the crypts in the jejunum (200x).

A: In situ hybridization in the jejunum. B: In situ hybridization in the colon. Lgr4
sense probe detects Lgr4 expression and anti-HA rabbit antibody detects 3HA-

LGR4 in Lgr4*"*"4 mouse. As a negative control we used Lgr4 anti-sense probe.
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5.3 Fluorescence-activated cell sorting (FACS)

3HA/3HA
4

LGR4 receptor in Lgr: mouse carries a 3HA tag in its extracellular part and

thus the receptor should be detectable by anti-HA antibody on the cell surface. We took the
opportunity that EGFP-IRES-CreERT2 mouse is available in our laboratory. In EGFP-IRES-

CreERT2 mouse, GFP protein expression is driven by Lgr5 promoter (Lgr5®") and makes it

3HA/3HA
4

possible to distinguish intestinal Lgr5+ stem cells as GFP positive. Lgr strain was

crossed with Lgr5°" and we have obtained Lgr4’ HASHA Lgr5%F hybrids. We isolated crypts

43HA/3HA / Lgr5GFP SGFP

from the small intestine Lgr: and Lgr mice. Subsequently, we visualized

HA epitope by biotin conjugated anti-HA antibody together with streptavidin conjugated APC
antibody. The sorted cells were distributed according to the presence of GFP and APC
markers into five populations gated as S1 — S5 (Fig. 9) and collected into separate tubes.

Interestingly, population S1 and S2, which contain Lgr4 positive cells, contained much less

FP 3HA/3HA
56 43HABHA

cells in the sample originated from Lgr than in the sample originated from Lgr

Lgr59*F. This result gives evidence about the specificity of anti-HA/APC staining.
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Fig. 9. Fluorescence-activated cell sorting separated five (S1-S5) populations
according to the positivity of LGR4 and LGRS proteins.
On the left: The intestine cells only from Lgr5°™" mouse. On the right: The intestine

cells from Lgr43HA/ HALgr5"" mouse strain. The numbers next to the frames show

percentage of cells in specific population.
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5.4 Quantitative real-time polymerase chain reaction (QRT-PCR)

In the cells that were sorted into separated tubes during FACS analyses, we next
performed qRT-PCR to measure the RNA expression profile with the use of predominant
markers which are specific for individual small intestine cells (Fig. 10). Single positive Lgr4"
cells defined as S1 population display a high expression of Lgr4/ mRNA and Paneth cells
markers like alfa-defensin 5 (Def5), cryptidin (Crypt) and matrix metallopeptidaseT (Mmp?7).
Elevation of mucin 2 (Muc?2) expression is caused by the presence of goblet cells precursors
(Van Dussen and Samuelson 2010). The S2 population of Lgr4 and Lgr5 double positive cells
represent lineage of cells where the high co-expression of these two homologue genes occurs.
This also indicates high levels of gene Axin2 which is a target gene of Wnt signalling. S3
population is characteristic for its low levels of Lgr4, Lgr5 and also Axin2, but increased
levels of Crypt what could suggested occurrence of secretory precursors above the stem cell
population (Buczacki ef al. 2013). Double negative Lgr4 and Lgr5 cells with high levels of
Muc?2 are typical for goblet cells (Van Dussen and Samuelson 2010) but with respect to the
presence of Mmp7 and Crypt, we cannot exactly confirm which population it is. Also, S5
population is Lgr4 and Lgr5 double negative and because of very low levels of all markers it
was decided that this population could represent enterocytes. The relative expression was

normalized to ubiquitin B (Ubb) expression.

EHEREHED QS

Relative axprassion
—
b

10

Lgrd Lgt DMmpr Deff Ciypt Axin2 MucZ

Fig. 10. qRT-PCR analysis of specific markers of small intestinal cells
S1-S5 populations are illustrated in Fig. 9 performed by FACS analysis

41



5.5 Immunoprecipitation and western blot

With the use of an anti-HA tag-specific antibody, western blotting and

WT/WT 3HA/3HA
4 4

immunoprecipitation analysis was performed on samples from Lgr and Lgr

mice. The signal was revealed in TCL only from Lgr4*"**"* mice but not from samples of

LgraV "™ T mice. We choose actin as a loading control. In the case of IP samples, there was a

3HA/3HA
4

visible arising band in the size around 110 kDa only in samples from Lgr mice but not

4WTWT origin. This result gives evidence that we are able to differentiate

insamples from Lgr
and detect LGR4 protein from Lgr4’ ™" mouse using anti-HA antibody also by

immunoblotting and immunoprecipitation (Fig. 11).

Small intestine Colon

\ \
{ | \

w
&S F & 8
S & & 5
F & & &
Total cell lysate N RN
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Anti-actin M

Small intestine Colon

Immunoprecipitation

Anti-Ha antibody + 130 kDa

1:1000 H
+«—— 100kDa

Fig. 11. Western blot if TCL and IP samples.
The use antibody rabbit anti-Ha monoclonal primary antibody and rabbit anti-

actin antibody
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6 Discussion

The major purpose of the study was characterization of the Lgr4*"*H4

mouse as a
tool for analysis LGR4 expression pattern and determination LGR4 binding partners. The first
aim of our work was analyze if presence of 3HA does not affect normal function of LGR4
protein. We have investigated offsprings of twelve Lgr4" *" breeding pairs and as expected
the pups were born in Mendelian ratio. Moreover breading twelve Lgr4'/ T heterozygotes we
were not able to get any Lgr4'/ "~ animals. These results illustrate that Lgr4'/ " are not viable on
C57BL/6 background at the same time 3HA tag does not affect viability or fertility of
Lgra "43HA mice.

Our next intention was to determine Lgr4 expression in the small intestine. The
expression outline of Lgr4 in the small intestine is well considered at the RNA level and
protein level. The previous studies performed by on in situ hybridization (Mustata et al.
2011), by the B-galactosidase (LacZ) reporter expressed from the Lgr4 locus (de Lau et al.
2011, Mustata et al. 2011) and by immunohistochemistry (Yi et al. 2013) revealed Lgr4
expression all along the small intestine crypts, especially in Paneth cells, CBC cells and above
the Paneth cell zone — in TA cells. Outside the epithelial region, Lgr4 expression was detected
in smooth muscle layers, myofibroblasts and neurons. Similarly, we have disclosed

corresponding expression signs of HA antigen in Lgr4’"*/ 14

mouse during IHC analysis, the
strongest signal was detected at crypt bottom and middle part but no specific staining was
recorded at the intestine villi. Correspondingly, we have disclosed similar expression pattern
on RNA level using in situ hybridization. Conversely, Lgr4 expression pattern in the colon is
not clear. The studies exploring Lgr4 expression at the mRNA level as Lgr4-LacZ reporter
expression (Liu et a, 2013) and in situ hybridization (Mustata et al. 2011) show the strongest
Lgr4 signal at the bottom of the crypts. By contrast, LGR4 protein was shown to be mostly
present at the apical part of the crypts and diminishing to the crypt bottom (Y1 ef al. 2013).
Our data based on IHC show the strongest outline at the crypt part facing to the lumen of the
colon and signal vanishing toward the crypt bottom; those data support expression outline
published by Yi and colleagues. Moreover, our in-situ data shows strongest signal in the
middle part of the crypts. Thus, our results are in the contradiction with results published by
others (Mustata ef al. 201, Liu et al. 2013). The next goal was to confirm, if HA tag enables
specific marking and sorting of Lgr4 expressing cells by Fluorescence-activated cell sorting
analysis and subsequently characterize those cells by quantitative real-time PCR. For the

FACS analysis, we were employing crypts from small intestine of Lgrd>"**H4/gr5GF
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mouse, where promoter for stem cell marker Lgr5 drives GFP protein. We were gated five
cell population. Population S1 (3HA-LGR4 single positive cells) was approved with the
highest Lgr4 expression, because of high abundance of mRNA for Paneth cell markers
(Mmp7, Def5 and Crypt) we confirm Lgr4 expression in Paneth cells. Moreover, increased
expression marker for Goblet cells (Muc-2), suggests certain subpopulation of Lgr4 positive
cells as precursors for goblet cells. The next population S2 (LGR4/5" cells) was disclosed by
gRT-PCR disclosed as stem cell population when stem cell markers as Lgr5 and Axin2 are
highly abundant. Interestingly, S3 population is very small. It displayed low Lgr4 expression
and somewhat reduced levels of Lgr5 and Axin2. Since these cells produce Crypt, it might
represent the secretory precursors localized above the stem cell zone. S4 (LGR4/5 double-
negative) cell population needs to be father characterized. It shows increase expression of
goblet cell marker Muc-2 and positivity for Paneth cell markers Mmp7 and Crypt, but quite
low expression for another Paneth cell marker Def5. S5 population is double negative
(LGR4/5 double-negative). Because of low expression of all investigated markers we suggest
the population represent enterocytes. Similarly, S5 population needs additional analysis for
some specific enterocyte market as intestinal alkaline phosphatase (ALPI).

Our final goal was to analyze if we could reveal LGR4 protein in Lgr4’"4/3HA

mouse
in immunoblotted and immunoprecipitated samples using anti-HA antibody. Western blot
analysis noticed specific signal only in the tissue (the small intestine and the colon) originated
from total cell lysate Lgr43HA/ HA mouse but not from the WT animal. Nevertheless, the signal
was not present as a single band but rather as a smear; its presence only in Lgr4*"43HA
animals confirm its specificity. Moreover, this result is in the line with our IHC data, where
we have noticed HA positive cells both in the small intestine and the colon. Lgr43HA/3HA
samples immunoprecipitation and their subsequent analysis by western blot determined
specific band around 110kDa only in tissue from Lgr43HA/ 3HA mouse but not from WT tissue.
The size of the band corresponds to LGR4 protein (104kDa) with an increased size of triple
hemagglutinin tag (3KDa). We believe that 3HA-LGR4 protein can be used for mass

spectrometry analysis, which can release new LGR4 binding partners.
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7 Conclusion

To conclude, we were able to generate an epitope tagged Lgr43HA/3HA

mouse. The
animals were fertile and viable and LGR4 receptor function was not affected by presence of
triple hemagglutinin tag on its N terminus. We have characterized expression pattern of HA
tag in the small intestine and colon, which corresponded to previously published data. In
addition, we have compared expression outline of HA tagged LGR4 protein with expression
Lgr4 mRNA in the small intestine and the colon. Moreover, by using of fluorescence-
activated cell sorting and quantitative real-time polymerase chain reaction, we measured
mRNA expression in separate small intestine cell populations and we could categorize some
of those cell groups. Finally, we detected 3HA-LGR4 protein by western blot in the total cell
lysate and after immunoprecipitation with anti-HA magnetic beads. In summary, Lgr4’ HA/SHA

mouse represent a new tool for characterization cell population the small intestine and colon

and open the gate for searching for novel LGR4 binding partners.
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