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Chapter 1: LGR protein family members as
stem cells markers
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LGR protein family members as stem cells markers

Wouter R. Karthaus and Hans C. Clevers
Hubrecht Institute, KNAW and University Medical Center Utrecht,
Uppsalalaan 8, 3584 CT Utrecht, The Netherlands

Adult stem cells drive homeostasis of self-renewing tissues and mediate
tissue repair upon damage. It is believed that each organ contains one
or more unique classes of stem cells. In this review, we describe the
identification of Leucine-Rich G-protein coupled (LGR) receptor family
members as molecular markers of adult stem cells. Using lineage tracing
as a strategy, Lgr family members have been identified on novel stem
cell types of the intestine, colon, stomach, liver and skin. We discuss the
function of Lgr proteins in stem cell biology and the advances that have
been made in understanding biology of Lgr stem cells after their original
discovery.

Introduction

In 1908, the Russian histologist Aleksandr Maximow first used the term ‘stem
cell” in his Unitarian theory of hematopoiesis to describe the cell, which
gives rise to all other blood cells. It is believed that tissue homeostasis and
regeneration of all organs relies on dedicated, organ-specific stem cells.
However, with the notable exception of the hematopoietic system, identifying
stem cells and unraveling their characteristics has proven to be challenging.

The minimal definition of a stem cell is 1) a stem cell has the capacity to self-
renew i.e. upon mitosis at least one of the daughter cells remains as a stem
cell, and 2) a stem cell is multipotent i.e. it possesses the capacity to give rise
to every cell type of the corresponding tissue. Other characteristics of stem
cells are heavily debated, including the mode of mitosis and quiescence.

During mitosis, stem cells either divide symmetrically, i.e. both daughter cells
areintrinsicallyequaltoeach otherandtheirfatesare stochasticallydetermined
post mitosis. Alternatively, stem cells divide asymmetrically, where a pre-
mitotic decision of cell fate has been made either by cell intrinsic asymmetric
distribution of stemness signals ' or by extrinsic regulation in which during



mitosisonedaughtercellispredeterminedtobeforcedoutofthestemcellniche?.

It is often assumed that stem cells are invariably quiescent, i.e that stem cells
divide infrequently. Itis also generally believed that stem cells always divide
asymmetrically, giving rise to one stem cell and one rapidly dividing transit-
amplifying (TA) cell. The TA cell subsequently differentiates into the various
specialized cell types. There is indeed good evidence for quiescent stem cell
pools, for instance in the hair follicle *and the bone marrow. Additionally,
quiescent and actively cycling stem cells may co-exist in in the same tissue
. A special case of asymmetric stem cell division was postulated as the
‘immortal strand hypothesis’ by Cairns in 1975°. He hypothesized that stem
cells would segregate their genome asymmetrically, retaining an “immortal
strand” to protect genomic integrity, while distributing the newly synthesized
DNA strands to the daughter cells. Although some stem cell populations
are indeed found to be label-retaining because of asymmetric DNA strand
segregation ¢, in other well-described stem cell systems such DNA label
retention is not an intrinsic feature of stem cells 8. Of note, post-mitotic
differentiated cells also retain DNA labels, complicating data interpretation.

Several assays have been developed to identify stem cells. Isolation of
cell populations using molecular markers like CD133, CD117, Nestin and/
or CD34, followed by transplantation into immune-deficient animals or
by analysis in cell culture, has been widely applied. However, in these
experiments the stem cells as well as their natural environment, the
niche, are manipulated significantly, complicating interpretation. The
most powerful strategy for stem cell identification is to genetically label
putative stem cells and visually follow their progeny over time in vivo, a
strategy known as lineage tracing. The sole requirement for lineage tracing
is a single molecular marker that allows specific marking of stem cells.

Using this lineage tracing strategy, two members of the leucine-rich repeat-
containing G-protein-coupled receptor (Lgr) family have been identified
as stem cell markers. Several recent studies have provide a theoretical
underpinning for the stem cell-specificity of the Lgr molecules, as it turns
out that the Lgr genes encode the receptors for Roof plate specific (R)-
spondins, Wnt pathway agonists that are potent stem cell growth factors *'.
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Figure 1: Lgr5+ve stem cells give rise to all cells in the intestine.

A: Lineage tracing strategy from Lgr5+ve cells. eGFP and CreERT2 are specifically expressed in
Lgr5+ve stem cells. Upon tamoxifen induction the CreERT2 is activated and the roadblock sequence
is removed from the Rosa26 Cre reporter allele resulting the expressing of lacZ (Blue). B: At day
0 post injection (Pl) single lacZ expressing Lgr5+ve stem cells are found in the crypt. Overtime
lacZ expressing cells migrate towards the villus, forming a blue ribbon of lacZ expressing cells
derived from Lgr5+ve stem cells. LacZ-labeled cells are found 2 years Pl C: schematic overview
of the lineage hierarchy and cell types generated by Lgr5+ve stem cells in the small intestine
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Identification of Lgr5 as a stem cell marker in the small intestine & colon
The small intestinal epithelium is composed of numerous protrusions in the
lumen named villi and small invaginations at the base of the villi termed the
crypts of Lieberkihn (Figure 1b). Driven by rapid proliferation, the intestinal
epithelium is completely renewed within 4-5 days™. All proliferation takes
place in the crypts, where stem cells give rise to rapidly dividing TA cells. TA
cells move up toward the villus domain where they eventually terminally
differentiate. The rapid proliferation in the crypts is dependent on several
signaling pathways, the most prominent being the canonical Wnt signaling
pathway. Wnt signaling is activated upon binding of Wnt ligands to their
Lrp5/6-Frizzled receptor complexes at the cell surface. Subsequently,
Lrp5/6 is phosphorylated, and in turn the key regulated component of the
pathway, B-catenin, is stabilized. The accumulated -catenin translocates to
the nucleus where it complexes with a member of the Tcf/Lef transcription
factor family and subsequently activates transcription of Tcf target genes.
(For an extensive review on Wnt signaling, readers are referred to Nusse and
Clevers 2012 Cell). Hyperactivation of the Wnt Pathway (by loss of function
mutations of the tumor suppressors Apc and Axin2 or by activating point
mutations in §-catenin that prevent its degradation) leads to the formation
of adenomas in the intestine '®'8, In the healthy adult gut, abrogating
Wnt signaling by expressing the Wnt inhibitor Dickkopf1 or deletion of
B-catenin of Tcf4 leads to a complete stop in proliferation 2!, Thus, the
Wnt pathway is essential for physiological self-renewal of the intestinal
epithelium, while its inappropriate activation causes intestinal cancer.

By microarraying, the Wnt-driven target gene program in human colon
cancer was determined and was found to closely resemble the normal
gene program of proliferative crypt progenitor cells #. Further studies
revealed that this Wnt signaling module consists of approximately 80 genes
2, which can roughly be divided into 3 groups: genes expressed in post-
mitotic Paneth cells; genes expressed in the proliferative TA compartment;
and genes of which the expression is restricted to the crypt bottom in so
called crypt base columnar cells (CBC cells). This cell type identified by
Leblond and colleagues over 4 decades ago **. CBC cells are slender cells
located at the base of the crypt and are intermingled with Paneth cells.
One of the genes with restricted expression in CBC cells is Lgr5/Gpr49.

The Lgr5 gene encodes a 7-transmembrane G-protein coupled
receptor and has two close homologs, Lgr4 and Lgr6. The closest
relatives of the Lgr receptors in the large 7 transmembrane G-protein
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coupled receptors are the thyroid-stimulating hormone (TSH) follicle-
stimulating hormone (FSH) and luteinizing hormone (LH) receptors .

To enable lineage tracing from Lgr5 positive (Lgr5+ve) cells, Barker and
colleagues generated a mice where Green Fluorescent Protein (GFP) followed
by an internal ribosomal entry site (IRES) and a tamoxifen inducible variant of
the Cre recombinase enzyme (CreERT2) (Lgr5 GFPIRESCreERT2) \was knocked into
the Lgr5 locus?. In mice harboring the Lgr56fIRESCreERT2 3] lele, Lgr5-expressing
(Lgr5+ve) cells are recognized by GFP expression. CreERT2 expression enables
genetic labeling of Lgr5+ve cells when Lgr5 CGFPIRESCreERT2 mijce are crossed
to mice harboring the Rosa26-LacZ reporter allele. In the Rosa26 allele, a
transcriptional roadblock sequence flanked by loxP sites is followed by a lacZ
coding sequence %8, Upon tamoxifen injection in these compound mice, the
CreERT2 protein is activated and Lgr5+ve cells are genetically marked by the
expression of lacZ (Figure 1A). Cells expressing the lacZ reporter gene, i.e.
Lgr5 progeny, can be stained blue, allowing lineage tracing (Figure 1B).

These mice showed that, in the small intestine and colon, Lgr5+ve cells are
actively cycling and give rise to all different cell types: including Paneth cells,
Goblet cells, Enteroendocrine cells, absorptive enterocytes *Tuft cells ?and M
cells*(figure 1C). Moreover, lineage tracing from Lgr5+ve cells was maintained
for over 2 years, thus Lgr5 marks long-lived multipotent stem cells in the small
intestine and the colon 3. It has been reported by several groups that Lgr5+ve
ISC randomly segregate their genome, and are not label-retaining 3**3. Using
the Confetti multicolor lineage tracing allele, Snippert and colleagues showed
that Lgr5+ve ISC divide symmetrically and are subject to neutral drift i.e. cell
fate is stochastically determined post-mitosis 3%,

Using a similar lineage tracing approach, Bmil, Hopx, mTERT, and Lrig have
been proposed to mark an alternative, quiescent stem cell population in the
small intestine 3¢%,, the +4 stem cell originally proposed by Chris Potten .
Cells marked by either of these markers show roughly the same kinetics of
lineage tracing as Lgr5+ve cells. It is also shown for the markers Lrig and Hopx
that the +4 and CBC stem cell populations are interconnected 34%*, Detailed
expression analysis of Lgr5+ve cells implies that these four proposed stem
cell markers are robustly expressed in Lgr5+ve cells, suggesting that +4 cells
and CBC cells may represent overlapping -if not identical- populations of
stem cells *'. In a mouse model generated by Tian and colleagues, expression
of the diphtheria toxin receptor (DTR) is controlled by the Lgr5 promoter *2. By
feeding mice with diphtheria toxin (DT), all Lgr5-expressing stem cells were



killed, yet the crypts remained functional. The authors were able to initiate
lineage tracing from Bmil expressing (Bmil+ve) cells in mice in which the
Lgr5+ cells were killed. Upon DT withdrawal, Lgr5+ cells reappeared, and
lineage tracing demonstrated that they were derived from Bmil+ve cells,
indicative of stem cell plasticity in the crypt.

Recently Buczacki and colleagues show that within the Lgr5+ve stem cells a
label retaining quiescent population exists**. Under homeostatic conditions
these cells differentiatie into secretory lineage. However when the intestine is
injured these label retaining can revert back to actively cycling state and give
rise to all cell types. Showing that both actively cycling and quiescent stem
cells reside in the crypt.

Paneth cells constitute part of the intestinal stem cell niche

Paneth cells are mainly known for their antimicrobial function *, but also
closely associate with CBC cells. Ablation of Paneth cells, either by deletion
of Gfi1 *,or Sox9 *¢ or expression of DTR under a Paneth cell specific promoter
“leads to a significant decrease in stem cell number and proliferation %. In
an in vitro ‘mini-gut’ culture system (described later in this review) Lgr5+ve
cells are strongly dependent on Paneth cells . Analysis of the Paneth cell
transcriptome revealed expression of putative niche factors such as Tgfa and
Egf, Wnt3 and Notch ligands DIl1 and -4, signals that also are key constituents
of the ‘mini-gut’ culture system. Indeed, in vitro deletion of Wnt3 from Paneth
cells blocks the proliferation of the mini-gut stem cells *.

Notch signaling plays a crucial role in specialization and differentiation in
the intestine. Inhibition of notch signaling drives all cells towards a secretory
fate*®, whereas deletion of the key target gene of Notch signaling, Math1/
Atoh1, turns all cells to the opposite fate, the enterocyte. Indeed, mice lacking
epithelial Math T have no Paneth cells. Surprisingly ISCin these mice proliferate
normally °'. This might be due to the fact that the loss of Math1 makes stem
cells refractory to the loss of Notch signaling 2

Lgr5+ve cells serve as cancer-initiating cells and cancer stem cells

Stem cells are likely candidates for cancer-initiating cells (CIC). Deleting the
tumor suppressor Apc specifically in Lgr5+ve ISC led to adenoma formation
in the small intestine and colon within 3-5 weeks *. Deleting Apc in non-
stem cells using another Cre protocol, did not lead to progressively growing
adenomas. Transformed villus cells were lost in 4-5 days. Transformed crypt
cells were capable of forming microadenomas but these did not progress.
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Zhu and colleagues obtained similar results with another CBC specific Cre
driver CD133 *4,

Despite the hyperactivation of the Wnt-pathway in all cells in APC-mutant
adenomas, ithas appeared thata cellular hierarchy is maintained. Inadenomas
in mouse smallintestine, Lgr5 expression s restricted to a small cell population
at the base of the adenomas. These Lgr5+ cells alternate with APC-mutant
Paneth cells, much like the situation of a normal crypt. Multicolor lineage
tracing within established adenomas revealed that Lgr5+ve cells were able
to give rise to all cell types in the adenoma, implying that Lgr5 marks cancer
stem cells >>. A similar anatomy has been observed in full-blown human colon
cancers ¢,

Lgr5 marks other cell stem cell populations

Following the discovery of Lgr5 as an ISC marker, restricted populations of
Lgr5+ve cells have been identified in other tissues where Wnt signaling is
active. The murine pylorus, the caudal part of the stomach, is composed of
glands. At the base of these glands, a restricted cell population was found
that expresses Lgr5. Resembling Lgr5+ve ISC, pyloric Lgr5+ve cells are actively
cycling and are capable of self-renewal and differentiating to all different
cell types. Thus Lgr5+ve cells represent the stem cells of the pylorus of the
stomach .

Hair growth is mediated by Wnt-signaling 78, Lgr5 marks a restricted,
actively cycling cell population in the hair follicle capable of generating hairs
throughout life *°. Lgr5+ve cells represent a subset of CD34 cells, a previously
proposed stem cell marker. In a hair transplantation assay, sorted Lgr5+ cells
are transplanted to immunocompromised mice and can give rise to hairs. In
this assay, Lgr5+ve cell outperformed CD34+ve cells. As for other Lgr5+ve
stem cells, Lgr5+ve cells in the hair follicle are rapidly cycling, especially in
anagen (the growth phase of hairs).

Lgré6, an Lgr5 relative, marks stem cells in the skin

Lgr6, like Lgr5, is expressed in rare cell populations in various tissues. In
the skin, Lgr6 is expressed in the isthmus of the hair follicle. These cells are
distinct from the Lgr5+ve cells of the hair follicle . Lineage tracing initiated at
e17.5 showed that Lgr6 positive (Lgr6+ve) cells contribute to the sebaceous
gland, epidermis and the hair. In adults, when lineage tracing was initiated
before wounding, Lgr6+ve cells were able to contribute to newly generated



epidermis as well as newly formed hair follicles. Thus, Lgré marks a population
of primitive stem cells in the skin.

Function of Lgr receptors: Mouse Genetics

Using a mouse modelin which a LacZ/placental alkaline phosphatase cassette
is inserted in the Lgr4 locus, Van Schoore et al. found a broad expression
pattern of Lgr4, with strong expression in the heart, kidneys, reproductive
tracts, nervous system cells, cartilage and hairfollicles ®'. Also, Lgr4 is expressed
broadly in several proliferative compartments including the adult small
intestinal crypt 2. Thus, Lgr4 is not restricted to stem cell compartments.

Analysis of a Lgr4 knock out mouse model, in which LacZ was knocked in the
Lgr4 locus, showed that only 40% of Lgr4-null mice are born. Several organs
were growth-retarded in utero, including kidneys and liver, leading to prenatal
death €. In a different genetic background (CD1) Lgr4-null mice were capable
of surviving to adulthood. However, these mice displayed severe defectsin the
male reproductivetract.®. These effects were ascribed to loss of Lgr4 regulation
ofcAMP-dependentestrogenreceptoractivity®.Lgr4-nullmicealsohavesevere
defects in the anterior segment of the eye %and display abnormal definitive
erythropoiesis ¢’and a delay in osteoblast differentiation and mineralization .

For a hypomorphic allele generated by Hoshii et al®, Lgr4 mRNA
levels are approximately 10% of normal. 60% of these mice develop to
adulthood. Defects similar to the Lgr4-null mice were found in the male
reproductive tract. Furthermore, hypomorphic embryos develop a gall
bladder bud, but from mid gestation are unable to develop a gall bladder
or cystic duct. No effects on pancreas or liver were observed in these mice.

Nishimori and colleagues created an inducible allele of Lgr4, which enables
deletion of the exon encoding the 7TM domain °. Embryonic deletion of
Lgr4 by crossing to mice ubiquitously expressing Cre, leads to embryonic/
perinatal lethality. Lgr4-null mice showed renal hypoplasia with a notable
decrease in numbers of glomeruli. Also, these mice are born with open
eyes, possibly a result of decreased keratinocyte motility. This hypothesis
was later confirmed using a skin-specific Cre line (Keratin5 Cre) 7'. Taken
together, Lgr4 plays a pleiotropic role in the development of various tissues.

Little was known about Lgr5 before its discovery as a stem cell marker.
Lgr5 is a Wnt target ?* and is upregulated in tumors of the colon,
ovary and liver, which often have mutations in the Wnt pathway 774
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Morita et al. generated an Lgr5-null allele via insertion of a lacZ reporter
allele N-terminal of the transmembrane domain ”>. Homozygous disruption
of Lgr5 results in neonatal lethality. Lgr5-null mice suffer from a condition
named ankyloglossia i.e. a fusion of the tongue to the floor of the oral
cavity in newborns, which results in ingestion of air at birth, dilation of the
gastrointestinal tract and absence of milk in the stomach. Interestingly,
accelerated Paneth cell maturation has been observed in the developing
intestine of these Lgr5 null embryos 6.

In the adult intestine deletion of Lgr4 leads to a 50% decrease in proliferation
in the crypts, moreover in these mice differentiation towards Paneth cell
lineage was strongly decreased . In recent studies, the role of Lgr5 in adults
has been addressed using a floxed allele. Deletion of Lgr5 in the small intestinal
epithelium using a specific Cre did not yield on obvious phenotype. Combined
deletion of Lgr4 and -5 aggravated the proliferation phenotype observed in
Lgr4 knock out mice process, leading to complete loss of proliferative crypts
and death of the animal °. Lgr6 knockout mice are viable and do not have any
notable developmental defects .

Function of Lgr Receptors: Molecular function

Lgr4,-5and-6 are part of a large family of 7 transmembrane G-protein coupled
receptors and are closely related to TSH-, FSH- and LH- receptors ?°.The
ectodomains of Lgr receptors consist of multiple leucine-rich repeats that are
flanked by cysteine-rich regions on the C-terminal side. The protein sequence
connecting the ectodomain to the first transmembrane domain is highly
conserved suggesting a functional role ’".The ligands and the downstream
signaling pathway of Lgr4, 5 and 6 were unknown until recently. G-protein
coupled receptors often signal through cAMP and/or calcium pathways.

In humans, the R-spondin family consists of 4 paralogs. All members contain
a leader peptide, two cysteine-rich furin-like domains and a thrombospondin
type 1 domain (More extensively reviewed by de Lau & Clevers ’®). In Xenopus,
R-spondins act as activators of canonical Wnt signaling and play a pivotal
role in Wnt-dependent myogenesis 7°. Indeed, all members of the R-spondin
family synergize with secreted Wnts to increase downstream signaling %'
Transgenic overexpression of human R-spondin1 led to hyper proliferation
of the intestinal epithelium. Similar results were obtained with systemic
administration of R-spondin '°._

Several independent studies reported that the Lgr receptors bind to members



of the Roof plate specific Spondins (R-spondin) family and synergize with
the Wnt pathway receptors (Figure 2). By immunoprecipitating a tagged
version of Lgr4 and Lgr5 from stably expressing cells, de Lau and colleagues
showed that Lgr4 and Lgr5 are associated with the Lrp5/6-Frizzled complex,
the membrane receptors for Wnt ligands. Next, by immunoprecipitating a
tagged version of human R-spondin1 bound to HEK293 cells followed by
mass-spectrometry of associated membrane proteins, it was shown that Lgr
receptors bind R-spondin. Close relatives Lgr1, Lgr7 and Lgr8 were also tested
and found to not interact with R-spondin. Using a TOPFLASH Wnt reporter
assay, it was shown that Wnt3a and R-Spondin/Lgr synergize in activating
the Wnt-pathway, confirming the interaction. Similar results were found by
Carmon and colleagues and # later by Niehrs and colleagues®.

A Lrp5/6

Frizzled

Lrp5/6

Frizzled

Figure 2: Lgr5 receptor associates with a Lrp-Frizzled complex.

A model for the interaction between Lgr5 and Frizzled-Lrp proteins that synergizes downstream Wnt
activation. Wnt ligands bind to a Frizzled-Lrp5/6 protein complex on the cell membrane., activating
downstream Wnt signaling. Upon binding of R-spondin by Lgr5, an interaction is established between
the Lgr5-R-spondin complex and the Wnt-Frizzled-Lrp complex, boosting downstream signaling.
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Organoids: Promise for regenerative medicine

Lgr5+ve cells can by isolated on the basis of GFP expression using FACS
sorting. Single sorted Lgr5+ve cells of the intestine are capable of forming
mini-guts or organoids in a matrigel-based 3-Dimensional culture system.
Organoids can grow indefinitely in serum-free defined medium containing
Epidermal Growth Factor (EGF), the Bmp inhibitor Noggin and R-spondin sato
4. Small intestinal organoids are composed of small buds, which represent
proliferative crypt compartments, and flank a central lumen, which is lined by
a differentiated villus compartment. In Sl organoids, all cell types are present
and the epithelial cells are properly polarized and can fully differentiate.
The organization in the crypt structures resembles the in vivo situation,
Lgr5+ve cells are wedged between Paneth cells and a rapidly proliferating
TA-compartment fills the remainder of these buds(Figure 3A).

Based on this discovery, culture conditions have been developed for murine
colon, liver and stomach ""'3, Also epithelium of human small intestine and
colon can be cultured in a similar fashion with the addition of nicotinamide,
Prostaglandin E2, Wnt3a, Alk4/5/7 inhibitor (a83-01) and a p38 inhibitor
(SB202190) 3.

In en effort to apply these cultures to regenerative medicine, murine colonic
organoids, derived from a single Lgr5+ve cell, were transplanted into
immunocompromised mice (Rag2-null) in which the colonic epithelium was
damaged by dextran sodium sulphate 8. The clonal colon organoids were
capable of engraftment and aided in the regeneration of the damaged colon
(Figure 3B). 25 weeks post engraftment cells were still contributing to the
epithelial layer and showed no signs of (adenomatous) change.

Discussion

Intensive study of the Wnt signaling pathway has led to the identification of
Lgr5 and its family members as stem cell markers. Using the Lgr family as tools,
several novel stem cell populations have been identified and new insights
into stem cell biology have been obtained. Most notably, stem cells can be
proliferative throughout life, they do not have to divide asymmetrically or
retain DNA labels, and they can be readily expanded in vitro while remaining
fully functional.

The recently uncovered molecular function of the Lgr receptors can be
exploited for regenerative medicine purposes. Indeed, with development
of the organoid culture system and the successful transplantation of colonic



organoids cultures, the first exciting steps have been made towards a
regenerative medicine-based application of these insights. In all, Lgr family
members play a central role in the biology of multiple adult stem cells. The
developed tools and technology are expected to lead to novel insights in
stem cell biology and to clinical applications.

Figure 3: Organoids functionally engraft in vivo.

A: Schematic view of a small intestinal organoid showing distinct crypt and villus regions and
containing all celltypes found in vivo. B: Schematic overview of organoid engraftment in DSS
injured tissue. 1) Healthy epithelium, 2) DSS treatment damages the epithelial integrity, leaving
holes in the epithelium 3) Organoids migrate towards the damage site and 4) engraft in the holes,
restoring the epithelial function and contribute over a prolonged period of time to the epithelium
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Outline of this thesis

The work summarized in this thesis is focused on the understanding of stem
cell function during homeostasis, cancer and regeneration in the intestine
and the prostate.

Following the identification of the intestinal epithelium stem cell (ISC) Barker
etal. 2007 by Lgr5, the transcriptome of the ISC was defined using microarray
technology. One of the genes specifically expressed by ISC's is Nr2e3. Originally
Nr2e3 was identified as a retinal specific gene, where it fulfills a crucial function
in cone and rod photoreceptor progenitor cells. We postulated that Nr2e3
might mark novel stem cell populations in different organs and has a function
in stem cell maintenance. Therefore we generated a mouse model were eGFP
and the recombinase CreERT2 are controlled by endogenous DNA sequences
of Nr2e3 (Nr2e3). The Nr2e3X mouse model allows detection and isolation
of Nr2e3+ve cells by eGFP expression, and enabled us to perform lineage-
tracing studies when crossed with a Cre reporter line (Chapter 2). Analysis of
eGFP expression revealed restricted Nr2e3+ve cell populations in a variety of
organs, including the Small intestine, lung, eye and stomach. Lineage tracing
revealed that none of the novel Nr2e3+ve populations represent stem cells.
Moreover we show Nr2e3 is indispensible for retinal progenitor cells.

How disturbances in the intestinal milieu i.e. commensal bacteria influence
Lgr5+ve stem cells function is not well understood. In chapter 3 we describe
the generation of a mouse model where the whole regenerating gene family
is knocked-out. The regenerating (Reg) gene family, is composed of highly
homologous, secreted proteins containing a c-type lectin binding domain
and are known to have a bactericidal function. Several members of the
regenerating gene family are expressed in the small intestine. Future studies
will elucidate the role of these proteins in the intestine and their influence of
homeostasis and stem cell function.

Based on the requirements of Lgr5+ve ISC, a novel culture method for
intestinal epithelium was developed by Sato et al. called organoid culture.
In organoid culture the small intestinal epithelium is composed of a defined
crypt and villus region and contains all intestinal epithelial celltypes that
exist in vivo (Stem cells, Paneth cells, Goblet cells, Enteroendocrine cells and
tuft cells). This system allows for the study of the epithelium in an isolated
fashion, which could lead to novel insights into diseases with a complex
etiology like inflammatory bowel disease. In chapter 4 we study the effects
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of a key inflammatory factor interferon gamma (Ifny) on the intestinal
epithelium using the organoid culture. We found that Ifny uniquely acts as
a degranulation agent for Paneth cells in the intestine. In contrast to prior
findings we find that pathogen associated molecular patterns (PAMPs) do not
induce Paneth cell degranulation. We find that PAMP activated immune cells
act as a critical mediator in Ifny induced degranulation of Paneth cells.

Based on the small intestinal organoid system, similar culture methods were
developed for other gastrointestinal organs. In chapter 5 we describe the
development of the first non-gastrointestinal organoid culture, one of the
prostate. Organoids derived from the murine prostate can be cultured in
the presence or androgens and are composed of the two distinct epithelial
lineages, luminal and basal, that are also present in vivo. Moreover murine
organoids mimicked in vivo phenotypes of murine models of prostate cancer
(PCa) and are easily manipulated with chemical compounds and lentivirusses,
enabling future studies for novel PCa genes. Next we developed a culture
system that allows for the growth for human prostate epithelium. Human
prostate organoids are also composed of distinct luminal and basal epithelial
cells.

We show that prostate organoids are responsive to clinically approved
anti-androgens, Casodex and Enzalutamide. Surprisingly we find that in
the absence of androgens, anti-androgen treatment still was effective on
organoids, suggesting a ligand independent function of the Androgen
Receptor.

Next we tried to identify stem cell populations in the prostate (Chapter 6).
From the transcriptome of Lgr5+ve ISC, Tnfrsf19 was found to be expressed
specifically by ISC. Using the Tnfrsf19¥ mouse generated by Stange et al., were
eGFP and CreERT2 are controlled by endogenous Tnfrsf19 DNA sequences,
we defined the expression pattern of Tnfrsf19 in the murine prostate. Tnfrsf19
is expressed in distinct luminal and basal cell populations. By crossing the
Tnfrsf19¥ mouse with a Cre reporter line, we show that in vivo luminal
Tnfrsf19+ve serve as unipotent progenitor cells for the luminal lineage. But
when single luminal Tnfrsf19+ve cells are bipotent (i.e. capable of generating
both luminal and basal lineage) when placed in organoid culture conditions.
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Chapter 2: Generation and characterization of
Nr2e3 eGFP/CreERT2 reporter mice.

Wouter R. Karthaus, Johan H. van Es, Maaike van den Born and Hans C. Clevers.
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Generation and characterization of Nr2e3 eGFP/
CreERT2 reporter mice.

Wouter R. Karthaus, Johan H. van Es, Maaike van den Born and Hans C.
Clevers.
Hubrecht Institute, Royal Netherlands Academy of Arts and Sciences &
University Medical Center Utrecht, 3584 CT, Utrecht!

Abstract:

Identification and study of adult stem cells is crucial to understand how
tissues are maintained during homeostasis. Recently we have shown that Lgr5
marks the stem cells of the intestine, stomach, skin and liver. Using microarray
profiling we found that Nr2e3 is specifically expressed in the Lgr5+ve stem
cells of the small intestine. Nr2e3 was originally identified as an essential
transcription factor in cone and rod progenitors in the retina. To investigate
whether Nr2e3 might mark novel stem cell populations we generated an
Nr2e3“ mouse, where GFP and CreERT2 were inserted into the Nr2e3 genomic
locus by homologous recombination. Using the Nr2e3X mouse we found
that GFP-reporter expression marks several restricted cell populations in a
variety of tissues, including lung, small intestine and stomach. Cre mediated
lineage tracing however, revealed that none of these cells represent novel
stem cell populations during homeostasis. In the stomach the neck mucus
cells are labeled, and we find that the lifespan of these cells is 2-4 weeks.
Moreover we find that Nr2e3 is only indispensible for the function of retinal
progenitors. In all we conclude that the Nr2e3" mouse is a model for studying
the dynamics of the neck mucus cells and Nr2e3 function in the retina.

Introduction:

Tissue homeostasis and regeneration are dependent on resident stem cells.
In various organs Wnt signaling has been associated closely with stem cell
function . In the small intestine disruption of Wnt signaling pathway,
either by genetic ablation of the final effector Tcf7I12 ' or of the essential
cofactor B-Catenin (Ctnnb1) ¢ results in a complete proliferation stop in the
intestinal epithelium. Conversely hyperactivation of the Wnt-pathway, by
deletion of the tumor suppressors Apc 7, Axin2 ® or by expressing a mutated
form of [3-Catenin °, results in accumulation of B-Catenin in the nucleus
and leads to intestinal hyperplasia and eventually adenoma formation.

Detailed study of the Wnt signaling transcriptome in the intestine resulted
in the identification of various Wnt target genes . Analysis of the Wnt
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transcriptome in the crypt revealed that one gene Lgr5 was expressed
specifically in the crypt base columnar cells, slender cells wedged
between the Paneth cells in at the base of the crypts. Cheng and Leblond
suggested CBC'’s to be the stem cells of the small intestine in the 1970’s 1213,

Using a mouse model where an eGFP and the recombinase CreERT2 are
placed under the control of the endogenous Lgr5 promoter. Analysis of
eGFP expression revealed that Lgr5 expression was localized in CBC cells
4, By crossing Lgr5Ki mice with Rosa26 lacZ reporter mice, it was shown
via lineage tracing that Lgr5 marks stem cells of the small intestine and the
colon ™. In following studies it was shown that Lgr5 also marks stem cells
of the hair follicle ', stomach 2and recently the liver 3. By analyzing the
transcriptome of the various Lgr5+ve stem cell populations we identified
multiple stem cell specific genes. One of these genes is Nr2e3. Here we use a
novel mouse model for Nr2e3 to study the contribution of Nr2e3 expressing
cells during homeostasis and study the function of Nr2e3 in these cells.

Results:

Generation of Nr2e3-KIl mouse (figure 1)

Following the identification of Lgr5 as stem cell marker for the small intestine,
colon ™, skin > and stomach 2, we subsequently identified transcriptional
profiles of all stem cell populations >*'6, In the small intestine expression
of, Nuclear receptor, class 2, subfamily E, member 3 (Nr2e3) also known
as photoreceptor-specific nuclear receptor (PNR) closely followed the
expression pattern of Lgr5 with restricted expression in the crypt base
columnar cells (Figure 1). Moreover we found that Nr2e3 was expressed
broadly in the small intestine at E16.5 as was described previously .

Originally the orphan nuclear receptor Nr2e3 has been identified in the retina,
with its expression restricted to the outer neuroblast layer (ONBL) '8, the
progenitor pool for cones and rods. Given the restricted expression of Nr2e3 in
the ISC stem cell compartment and the retinal progenitors we hypothesized
that Nr2e3 might mark novel stem cell populations. To identify further Nr2e3
positive cells in various tissues and simultaneously allow lineage tracing
from Nr2e3+ve cells we generated mice, where the expression of eGFP and
CreERT2 was inserted into the Start codon of the Nr2e3 gene (Nr2e3¥)(Figure
1). This strategy introduces a Stop codon 5’ thus representing a null allele.
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Figure 1: Generation of Nr2e3KI mouse.

A: In situ hybridization of Nr2e3 and Lgr5 showing restricted expression in CBC's of the small
intestine in adult mice. Broader expression of Nr2e3 is detected in the intestine at E16 B:
Schematic overview of targetting strategy for the Nr2e3 locus C: Southernblot of targetted ES-cells
showing specific homologous recombination in the Nr2e3 locus. All scale bars represent 50 uM

Nr2e3 expressing cells identified by eGFP.

Using the Nr2e3“ mouse model we screened for eGFP expression in a variety
of tissues. As expected we found restricted expression of eGFP in the CBC
cells of the small intestine as well as in the ONBL in the retina (Figure 2).
Moreover we found eGFP expression in restricted cell populations in the
lung and stomach (Figure 2). In the lung eGFP expression was confined to
dome-shaped cells in the bronchioles, that might represent Clara or club
cells (Figure 2). Clara cells are known to contribute during homeostasis
and the regeneration of the bronchiole epithelium. %, In the stomach we
found restricted eGFP expression at the base of the glands in the corpus
and pylorus (Figure 2). Recently we identified stem cell populations in the
gland base in both the corpus and the pylorus. Could Nr2e3 mark these cells?
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Small intestine

Figure 2: Restricted cell popuations expressing eGFP in the Nr2e3KI

mouse.

In the lung eGFP expression was observed in dome-shaped Clara cells in the bronchioles.
In the stomach eGFP expression was observed in single cells at the base of the glands. In
the small intestine restricted eGFP expression was observed in the crypts. In the retina
eGFP expression was observed in the outer neuroblast layer. All scale bars represent 50 uM

Lineage tracing from Nr2e3/GFP+ve cells.

To examine the contribution of the eGFP+ve/Nr2e3 expressing cells during
homeostasis in the various tissues, we crossed the Nr2e3¥ mouse with the
Rosa26lacZ Cre reporter mouse ?'. In the Rosa26lacZ mice, a transcriptional
roadblock flanked by loxP sites precedes the coding sequence of
B-galactosidase (lacZ) (Figure 3). Upon tamoxifen induction of Cre activity,
B-galactosidase expression is stably induced in Nr2e3 expressing cells. Thus
Nr2e3 expressing cells and their progeny are genetically labeled and can
be visualized by (-galactosidase staining. CreERT2 recombinase activity
was induced by 5 consecutive injections with 5mg/kg tamoxifen. At 1-day
post injection (Day 6) Nr2e3 expressing cells were observed in the base
and pit of the glands in the corpus. We found at 7 and 14 days PI that LacZ
positive cells remained as single cells in the base (Figure 3). 1-month Pl we
did not detect any remaining [3-galactosidase activity in the corpus glands
(Figure 3). Thus Nr2e3 expressing cells to not represent the stem cells of
the stomach epithelium. Recently we observed that tumor necrosis factor
receptor super family member 19 (Tnfrsf19) also marks cells in the base
of the corpus glands that were identified as both parietal and chief cells
(Stange et al. unpublished data). Tnfrsf19+ve parietal cells were able to act
as facultative stem cells of the corpus. Therefore we postulated that the
B-galactosidase expressing cells in Nr2e3 mice might represent the chief
cells or neck mucus cells cell types found in the base. Co-staining of lacZ
positive cells with trefoil factor 2 (Tff2) revealed that Nr2e3 expressing/
recombined cells represent the neck mucus cells. We found no overlap with
markers of Chief cells (H-K-ATPase) and parietal cells (pepsinogen). From our
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data we conclude that Nr2e3 specifically labels pit mucus cells and that this
cell type in the stomach epithelium is short lived (> 1 month) and does not
contribute to self-renewal during homeostasis. Unfortunately we did not
find any recombination events in other eGFP positive domains in the small
intestine, lung and retina arguing that the Nr2e3 promoter activity is too
low to drive sufficient levels of CreErt2 expression (Supplementary figure 3).

A B

1 week PI 2 weeks Pl 1 month PI

+Tamoxifen

Figure 3: Lineage tracing of Nr2e3+ve cells in the stomach.

A: Schematic overview of lineage tracing strategy from Nr2e3+ve cells. Upon Tamoxifen injection
CreERT2 removed the roadblock sequence from the R26 allele, allowing expression of lacZ and
lineage tracing. B: In the stomach blue lacZ expressing cells in the glandbase are observed 1
week and 2 weeks post tamoxifen induction, but are absent after 1 month. C: LacZ+ve cells stain
negative for the parietal cell marker pepsinogen and the chief cell marker H-K-ATPase, but positive
for Tff2 revealing that lacZ+ve cells represent neck mucus cells. All scale bars represent 50 uM

Nr2e3 is only essential for retinal progenitors.

In humans, mutations in Nr2e3 coding sequence have been associated
with Enhanced S-Cone Sensitivity Syndrome (ESCS), Goldmann-Favre
Syndrome (GFS), Clumped Pigmentary Retinal Degeneration (CPRD) and
Retinitis Pigmentosa (RP) #>%. There are several mice models mimicking
retinal degeneration (RD). In the rd7/rd7 mouse model the expression of
Nr2e3 is disrupted by insertion of a long interspaced nuclear element (LINE)
retrotransposon after exon 5 22, In rd7/rd7 mice mRNA splicing efficiency is
greatly reduced, resulting in strongly diminished protein levels **’. However,
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the development of RD is dependent on the genetic background and only fully
penetrates in C57BL/6 mice and not on a mixed genetic background, 24262,
In contrast to the rd7 allele homozygous mice carrying the Nr2e3" null allele
developed RD also on a mixed IB10/0la - C57BL/6 background, demonstrating
a dose sensitivity of phenotype manifestation (Figure 4). We found that the
pathology developedinasimilarfashion as the rd7/rd7 mice, with the presence
of distinct waves in the ONBL at 4 weeks of age and signs of severe retinal
degeneration in adults (Figure 4). We found no phenotypes in other Nr2e3+ve
tissues (Supplementary Figure 2) demonstrating that Nr2e3 expression
is dispensable for normal homeostasis of stomach, lung and intestine.

A

HOM HET

GL S i S8 e G 8
B s p s Al T

4 weeks

Figure 4: Nr2e3 is indispensible for retinal development.

A: In the retina of 4-week old Nr2e3¥ mice distinct wave like patterns are observed. Nr2e3/* is shown
as a control. In retina of 8-week old (adult) Nr2e3“X mice retinal degeneration is observed, but the
distinct wavelike patterns are lost. Nr2e3* is shown as a control. All scale bars represent 50 uM

Discussion:

Using a novel mouse model, the Nr2e3* allele, we show that the retinal specific
marker Nr2e3 marks a several restricted cell populations in a variety of organs
including, Clara cells in the lung, CBC’s in the intestine and neck mucus cells in
the stomach. Using lineage tracing we show that Nr2e3 specifically labels neck
mucus cells in the stomach epithelium. We have found that these cells have a
turnover of 2-4 weeks and do not form other cell types during homeostasis.
In future experiments Nr2e3" mice can be used for specific deletions in neck

35

o
=
(]
P}
Q
©

L=
v




(o]
=
[
=
Q
]

<
[©)

mucus cells and add to the understanding of neck mucus cell function.
In other organs Nr2e3-+ve cell populations did not undergo CreERT2 mediated
recombination. Most likely this is due to the low expression level of Nr2e3 in
the cell populations.

Homozygous Nr2e3" mice are a model for Retinal Degeneration, with distinct
waves in the retina at 4 weeks of age and signs of degeneration of the retina.
In contrast to the rd7/rd7 mice, where RD only fully penetrates in a C57BI/6
background?®, Nr2e3¥ mice develop RD in a mixed genetic background. Given
the increased Nr2e3 mRNA expression levels in the rd7/rd7 mouse %% it is
likely that it is a hypomorph, whereas the Nr2e3" represents a full knock out.

Therefore we conclude that the Nr2e3¥ mouse is a model for studying
the dynamics of the neck mucus cells and Nr2e3 function in the retina.

Materials & Methods:

Generation and treatments of mice:

All mice work was done in accordance with rules and regulations of the Dutch
animal welfare laws of the Netherlands and was approved by the animal
welfare committee of the royal Dutch academy of sciences. Nr2e3 ¢crPIRES-CreERT2
mice (Nr2e3 -KI) were generated using the Kl construct depicted in figure
1. All DNA fragments were sequence verified. 100 pg of targeting construct
was linearized and electroporated (800V, 3 uF) in male 129/0la-derived IB-10
embryonic stem cells. Recombined ES-cell clones expressing the neomycin
resistance gene were selected with G418 (200 pug/ml). Clones were screened
for homologous recombination by Southern blotting. The sequences of
all oligonucleotides used are given in Supplementary Table 1. Positive
clones were injected in C57BI/6 blastocysts using standard procedures.

By crossing Nr2e3" mice with the PGK-Cre mouse strain *° Neomycin resistance
cassette was excised. Subsequently Nr2e3" mice were crossed with Rosa26-
LacZ Cre reporter mice ?'. 8 week and older mice were analyzed for GFP
expression and or injected intraperitoneal with 200 ul Tamoxifen in sunflower
oil at 5 mg/ml. Mice were sacrificed using standard CO,/O,-CO, asphyxiation.

Immunohistochemistry, In situ Hybridization and B-galactosidase assay
Murine tissues were fixed using 4% Paraformaldehyde at 4°C, paraffin
embedded and sectioned at 4-10 um. Mouse ESTs were obtained from
imaGenes, berlin, Germany. 0.5 kB Nr2e3 ISH probe was generated from
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BC017521 (cDNA clone MGC:27652 IMAGE:4512088, Imagenes) by Kpnl
digest. Lgr5 probe was generated as described previously *. Probe synthesis
was and in situ hybridization was performed as described previously*'.In short
slides were deparaffinized, rehydrated, proteinase K digested and blocked
using hybridization mix. Hybridization was performed at 65°C degrees in
blocking buffer for 72 hours. Slides were washed at 65°C in 50% formamide/
2x SSC and incubated with anti-digoxenin antibody overnight at 4°C. Probes
were visualized using NBT/BCIP precipitation reaction. Immunohistochemical
staining of eGFP was performed as described previously 2.

H-K-ATPase was stained using anti H-K-ATPase antibody (1:1000, MBL) for
48 hours at 4 °C degrees. Pepsinogen was stained using anti-Pepsinogen
antibody (1:50000, Abcam) for 48 hours at 4°C degrees. Treefoil factor 2 or
SP19 was stained overnight using Goat-anti-SP (P-19) antibody (1:750, Santa
Cruz) at 4°C degrees. Stainings were visualized using standard DAB solution.
LacZ staining was performed as described previously ™. In short, Tissues were
fixed for 2 hours in ice in 1% PFA, 0,2% Glutaraldehyde and 0,02% NP-40 in
PBSO0. Subsequently tissues were washed twice in PBSO and stained overnight
in 5 mM K3Fe(CN)6, 5 mM K4Fe(CN)6 3 H20, 2 mM MgCl2, 0.02% NP-40, 0.1%
sodium deoxycholate and 1 mg/ml X-Gal in PBSO. The next day tissues were
washed using PBSO and fixed overnight in 4% PFA overnight. Tissues were
processed using standard histological techniques. 4 uM slides of LacZ stained
tissue were counterstained using neutral red. At least 2 mice were analyzed
per time point.
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Supplementary Figure S1:

No recombination events were found in other the Nr2e3+ve cell populations in the retina, lung and
small intestine. All scale bars represent 50 uM

intestine

Supplementary Figure S2:
No abnormalities were found in other tissues with Nr2e3+ve cell populations.
All scale bars represent 50 uM
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Supplementary table 1

Oligo name Oligo sequence

Nr2e35armforl ATCTCGAGACGCCCCATGGGGAAGGGATTGC
Nr2e35armrevl ATCTCGAGCGGATATGGATGGTCCTAAGGG
Nr2e35armintrevl GGGCCTGAAGGACATAGCCTGG
Nr2e35armintFor2 CGGGGCATAGATCTTAGGTG
Nr2e35armintFor3 GGGACAGGAAAGGATGTTCC
Nr2e35armintFor4 GTGAACAAGCAACAGAGGCAG
Nr2e35armintFor5 GCTGTGCTGGCAGAAGTCTG

Nr2e33armforl TTGCGGCCGCCTACAGTGGCTGCCTCCACTATG
Nr2e33armrevl TTGCGGCCGCCTGTGATCAGAGAGGGCTCAAG
Nr2e33armintrevl GCTCAAGCTCGCTCGTGGCTC
Nr2e33armintfor2 GGCAGATCTAGTTTGAGGAACG
Nr2e33armintfor3 GTGCTTACAAGCAGGCATGAAC
Nr2e33armintfor4 GACCCCGAGTTCCCCGCATCC
Nr2e33armintfor5 AAGGAAGTGGTTGACTGTGAG
nr2e3southern5forward CTAGCACGCACTAGATTTCATTC
nr2e3southern5reverse GAACAGTGCATGCAGCACTGC

Nr2e3ssouthern3forward

CCACTGCTGGCACCACCTGAG

nr2e3southern3reverse

GTAGCCAGGCTGTCCTTGAAC

Nr2e3southernint5

ACCCCCCACAAAGTCAAAATG

Nr2e3southernint3

GCCTGAAGGATCCTGAGCACG
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Role of the regenerating gene family in the intestine
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Abstract:

The regenerating (Reg) gene family is composed of highly homologous,
secreted proteins containing a c-type lectin-binding domain. With
the exception of Reg4, all Reg genes are located within a single locus.
Several members of the regenerating gene family are expressed in the
small intestine. In the intestine, the bactericidal Reg3g protein plays
a role in innate immunity. To study the function of the Reg family, we
generated a mouse model where the entire Reg locus is flanked by loxP
sites (Reg™), allowing Cre-mediated DNA recombination. A Reg4 allele
where exon2 is flanked by loxP sites was generated independently. By
crossing the Reg™™ and Reg4'>®?>® mice with PGK-Cre mice and Villin-
Cre, we will delete the complete Reg family and study their exact function.

Introduction

The regenerating (Reg) gene family encompasses a group of highly
homologous secreted proteins, containing a C-type lectin-binding domain.
In humans, five Reg genes are identified and in mouse seven, which are
further subdivided into subclasses I, II, lll and IV '. In both human and mice,
the Reg genes are clustered in one locus 23, with the exception of Reg4.
During homeostasis, the Reg genes are expressed predominantly
in the pancreas and small intestine. However, in several pathologies
such as cancer and inflammatory bowel disease *°, as well as during
regeneration of various tissues, Reg genes are often strongly upregulated'®.

The first member of the Reg family, Reg1, was identified from a regenerating
islet-derived cDNA library screen in rats ’. Reg genes were thought to play
a role during regeneration. Single knockout mice have been generated
for Regl1, Reg3b and Reg3g with only mild somatic phenotypes &7°.

Surprisingly, it was shown by Cash et al. that the Reg3b and Reg3g have

bactericidal properties ', that are dependent on the c-type lectin domain
2. In a recent study, it was shown that the spatial segregation of the
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commensal bacteria and the intestinal epithelium is dependent on Reg3g
' The role of the other Reg family members is unclear, but is probably
similar. To study the function of the complete Reg gene family in the
intestine, we decided to generate an inducible knockout mouse model
for the entire Reg gene family. We generated two alleles, one where the
whole cluster is flanked by loxP sites and a separate floxed Reg4 allele.

Results:

Reg family member expression patterns in the intestine and pancreas

To study the Reg expression patternin the smallintestine, we performed in situ
hybridization on APC™"intestines and pancreas. Reg1 is expressed at the crypt-
villus junction in the duodenum of the intestine (Figure 1A). In the pancreas,
Reg1 is expressed in the acinar cells (Figure 1B). Reg2 expression pattern is
similar in the pancreas, whereas the intestine is negative for Reg2 (Figure 1C-
D). Reg3a is expressed at low levels in the crypts and acinar cells (Figure 1E-
F). In the intestine, Reg3b expression is strong at the crypt-villus junction, in
the pancreas, expression is confined to the acinar cells (Figure 1G-H). Reg3d
expression was absent in the small intestine and found at low levels in the
pancreas (Figure 1I-J). Reg3g expression was similartothat of Reg3b, with strong
expression atthe crypt-villus junction, butalso expressionin Paneth cells, albeit
at lower levels (Figure 1K). In the pancreas, Reg3g is absent (Figure 1L). In the
intestine Reg4 expression is confined to the Paneth cells and enteroendocrine
cells (Figure TM). Reg4 is also the only member expressed in the colon (Figure
10). In the pancreas, Reg4 is absent (Figure 1N). Results were verified by
analysis of Reg expression in freshly isolated crypts from the duodenum,
jejunum, ileum and colon using RT-PCR. Interestingly, Regl expression is
strongest in the duodenum. The expression of other Reg family members
was not significantly different among different intestinal regions (Figure 10).
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Figure 1: Expression patter;\ of the Reg gene family in the intestine &

Pancreas.

A, B: Reg1 is expressed at the crypt/villus junction in the small intestine and in the acinar cells of
the pancreas C, D: Reg2 is not expressed in the small intestine, but strongly in the acinar cells of the
pancreas E, F: Reg3a expression is expressed in the crypts of the small intestine and the acinar cells of
the pancreas G, H: Reg3b is expressed at the crypt/villus junction in the small intestine and in the acinar
cells of the pancreas |, J: Reg3d is not expressed in the small intestine and at low levels in the pancreas
K, L:Reg3g is expressed at the crypt/villus junction in the small intestine but not in the pancreas M, N, O:
Reg4 is expressed by single cells at the bottom of the crypts of the small intestine and colon and in the
small intestine sporadic cells on the villus. Reg4 expression is absent in the pancreas. P: Confirmation
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of the Reg expression patterns in the intestine via RT-PCR. Reg1 is predominantly expressed in the
duodenum, whereas expression of the remainder of the reg family is not significantly different among
intestinal regions. Reg4 is the only family member expressed in the colon. Scale bars represent 100 puM.

Generation of Reg™" conditional allele:

In mice, six of the seven Reg family members are located on a 100 kB
locus on chromosome 6° (Figure 2A). To generate a full knock out for
the Reg family (Reg™), we introduced two loxP sites in the outermost
Reg genes in the locus by successive homologous recombination.

One of the flanking genes is Reg3b. Via homologous recombination, we
replaced exon2 by a CreERT and a loxP site. For selection of recombined
ES-Cells a Hygromycin resistance cassette was introduced. Via southern
blotting homologous recombination was confirmed (Figure 2B).
Subsequently, a second loxP site was introduced at the opposing end of
the Reg cluster. Via homologous recombination a neomycin resistance
cassette flanked by loxP sites was introduced into the Reg3g locus (Figure 2C).
Homologous recombination was confirmed by southern blotting (Figure 2B-C).

After dual targeting, two outcomes are possible 1) Both homologous
recombinations occurred on the same chromosome copy (Cis) 2) Homologous
recombination occurred on different chromosome copies (Trans) (Figure 3A).

To distinguish Cis and Trans recombination, double-targeted ES-
cells were transfected with a Cre expressing plasmid, allowing
transient expression of Cre-recombinase. When recombination
takes place in Cis, the entire Reg™ locus will be deleted (Figure 3B).

2 days post-transfection, DNA was isolated from ES-cells and was analyzed
via PCR for a recombined allele. Non-transfected clones were used as a
control. We found that 4 clones harbored a recombined allele (Figure 3C).
We interpreted that in these clones homologous recombination took
place in Cis. Chimearic mice were generated from a Cis Reg™" clone 1.
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Figure 2: Reg3b & Reg3b targetting strategies.

A:Genomic organization of the Reg family locus on chromosome 6 B: Targetting strategy for the Reg3b
locus. C: Targetting strategy for the Reg3b locus. Homologous recombination was confirmed with
Southern blotting
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Figure 3: Cis & Trans recombination of the Reg™" locus.

A: Schematic overview of the possible homologous recombinations in the Reg locus. In Cis both
recombination events took place on the same chromosome copy. During trans recombination both
events occured on different chromosome copies. B: Schematic overview of Cre mediated deletion of
the Reg locus. PCR strategies is based on the deleted Reg locus C: QPCR analysis of the double targetted
ES-cell clones reveal that 4 clones are in Cis. Results are presented as mean + standard deviation.
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Reg4 is dispensable for epithelial function

For Reg4, a separate targeting strategy was designed. Via homologous
recombination two loxP were introduced around the second exon, allowing
Cre-mediated recombination. A neomycin flanked by Frt sites was introduced
for selection. Homologous recombination was confirmed via Southern
blot (Figure 4). After removal of the Neomycin® cassette by crossing with a
FLPeR deleter strain '3, Reg4'>®'>* mice were crossed to a mouse harboring
the PGKCre allele ™. In the PGKCre strain, the Cre recombination takes place
in the zygote, creating a null mouse. We found that Reg4/d developed
normally and in the adult we found no epithelial phenotype (Figure 4).
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Figure 4: Generation of the Reg4 conditional allele.

A: Targetting strategy for the Reg4 locus. B: Homologous recombination of the Reg4
locus was confirmed with Southernblotting C:  When crossed to a PGKcre deleter mouse
line, no phenotype was observed in the small intestine and colon of the Reg4dd mice.
Scalebars represent 100um.
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Discussion:

Duringhomeostasis, the Reg genesare expressedin theintestine and pancreas.
Reg genes are commonly upregulated in pathologies and during regeneration.
Originally, Regs were thought to be involved in regenerative processes, but
recent evidence revealed a role for Reg3g in innate immunity of the small
intestine, its bactericidal properties dependent on a c-type lectin-binding
domain "2 To address the role of the Reg gene family, we will cross the Reg49e”
del PGKcre mice with the Reg™™ to create a full Reg™" ,Reg49d knockout.
Moreover, we will cross the Reg™" mice to mice harboring a villin Cre. In these
mice the Cre recombinase is specifically expressed in the intestinal epithelium,
deleting the Reg family specifically in the intestine. Subsequently we will
analyzethebacterial compositionintheintestine. Analysis of these animals will
most likely lead to novel insights into the role of the Reg family in the intestine.

Materials & Methods:

Immunohistochemistry and In situ hybridizations:

Murine tissues were fixed using 4% Paraformaldehyde at 4°C, paraffin
embedded and sectioned at 4-10 pm. In vitro transcription and In situ
hybridization was performed as described previously ™. For in vitro
transcription orthologues of murine Reg mRNA transcripts were obtained
from the IMAGE consortium.

Cryptisolation:

Cryptisolation was performed as described previously .

RNA isolation cDNA synthesis & qPCR:

RNA was isolated using RNeasy mini kit (Qiagen) according to manufacturers
protocol. cDNA synthesis was performed with 50-1000 ng RNA using
GoScript (Promega) according to manufacturers protocol. gPCR was
performed using Sybr green (Bio-Rad) according to manufacturers protocol
with primers listed in supplementary table 1.

Generation and treatment of Reg™" and Reg4'>**">** mice

All mice work was done in accordance with rules and regulations of the
Dutch animal welfare laws of the Netherlands. Reg3b and Reg3g constructs
were cloned into the polylinker of pBLeuscript SK+ (Stratagene). Reg4
construct was cloned into pl451 vector. 100 pg of targeting construct was
linearized and electroporated (800V, 3 pF) in male 129/0Ola-derived IB-10
embryonic stem cells. Recombined ES-cell clones expressing the neomycin
resistance gene were selected with G418 (200 pg/ml) or Hygromycin B (150
pg/ml). Recombination was confirmed by Souternblotting.

In Reg4 mice Frt flanked neomycin was excised in vivo by crossing with
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the FLPeR delete strain. Reg49?' mice were created by crossing with the
general Cre-rebominase expressing PGKCre mouse line .
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ABSTRACT

In the intestine, Paneth cells are terminally differentiated, highly specialized
secretory epithelial cells located at the base of the crypts of Lieberkihn.
Besides their antimicrobial function, Paneth cells serve as a component
of the intestinal stem cell niche. By secretion of granules containing
bactericidal proteins like defensins/cryptdins and lysozyme, Paneth cells
regulate the microbiome of the gut. The mechanisms that control Paneth
cell degranulation are not well characterized. Here we show using the small
intestinal organoid culture system that Paneth cell degranulation does not
directly occur upon stimulation with bacterial fragments or inactivated
bacteria. In contrast, we find that the pro-inflammatory cytokine Interferon
y (IFN-y) induces complete epithelial degranulation. Using life cell imaging,
we show that this secretion event occurs rapidly and in an ‘all-or-nothing’
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fashion. IFN-y containing supernatants from in vitro stimulated iNKT cells
mediate degranulation in an IFN-y-dependent manner. Furthermore, we
show in vivo (using the anti-CD3 antibody injection model) that endogenous
IFN-y mediates Paneth and also Goblet cell degranulation. Our identification
of IFN-y as a potent secretagogue of Paneth cells describes a novel effector
mechanism by which immune responses may regulate the gut microbiome.

INTRODUCTION

Homeostasis of the intestine depends on a complex interplay between the
gut microbiota, the intestinal epithelium and immune cells (Duerkop et al.,
2009).The intestinal epithelium serves as a physical barrier to separate luminal
microbes from the bodies’ interior milieu. Innate and adaptive immune
responses limit bacterial invasion after barrier dysfunction. Besides its passive
role as physical barrier the epithelium also actively secretes antimicrobial
proteins into the gut lumen (Mukherjee et al., 2008). In the small intestine
Paneth cells (PCs) — highly specialized, terminally differentiated cells located at
the bottom of the crypts of Lieberkiihn — play a key role by releasing granules
containing antimicrobial proteins like lysozyme and a-defensins (also called
cryptdins) (Clevers and Bevins, 2012). PCs act as niche cells for intestinal stem
cells by providing Wnt, Notch and EGF signals (Sato et al., 2011) and their
maturation dependsonWntsignaling (VanEsetal., 2005; Wehkamp etal.2007).

The presence of functional PCs is essential for resistance against several
enteric bacterial pathogens such as Salmonella and Shigella (Wilson et al.,
1999; Fernandez et al., 2008) and to maintain a normal composition of the
gut microbiota (Salzman et al., 2010). Infection with Toxoplasmosis gondii,
which causes IFN-y dependent loss of PCs results in bacterial dysbiosis that
was identified as a disease-mediating factor (Raetz et al., 2013). A number
of gene mutations associated with human Crohn’s disease affect PC function
(Barrett et al., 2008; Wehkamp and Stange, 2010). Of note, allelic variants
of NOD2 that encodes an intracellular receptor of the bacterial cell wall
component muramyl dipeptide are associated with decreased expression of
defensins in humans and mice (Wehkamp et al., 2004; Kobayashi et al., 2005).
Another risk gene, ATGL1611, encodes a protein involved in autophagy. Mice
with hypomorphic Atgl16/1 mutations show PC defects, which is dependent
on simultaneous infection with norovirus (Cadwell et al. 2008; Cadwell et al.,
2010). PCs are also sensitive to endoplasmatic reticulum stress, as identified
by mutations in the transcription factor gene XBP1 (Kaser et al., 2008).
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Given the central role for PCs in gut mucosal immunity, it is crucial to
understand the mechanisms that control secretion of antimicrobial proteins.
While granule release into the lumen may occur continuously at a low rate,
diverse stimuli are known to trigger collective discharge of PCs (Ayabe
et al., 2000). In particular, neurotransmitters that activate muscarinergic
acetylcholine receptors are potent inducers of PC degranulation (Satoh et al.,
1992). In germ-free mice, recolonization of the intestine by bacteria results in
rapid degranulation that is completely blocked by muscarinergic antagonists
(Satoh, 1988). These observations indicate that acetylcholine releasing
enteric neurons act as a stimulus. On the other hand PCs respond to bacterial
presence in a Myd88/Toll like receptor (TLR) dependent fashion (Brandl
et al,, 2007; Vaishnava et al., 2008). Both oral administration of TLR ligands
in vivo (Rumio et al 2011), as well as stimulation of isolated murine crypts
with bacterial ligands (Ayabe et al., 2000) have been described. In addition,
acute intestinal damage e.g. after ischemia/reperfusion, (Lee et al., 2013)
as well as activation of iNKT cells induces PC degranulation (Nieuwenhuis
et al., 2009), suggesting a role for unknown immune cell derived factors.

Clearly, PCdegranulation underlies complex control butidentification of direct
stimuli has been challenged by intrinsic crosstalk between the different tissue
compartments in vivo. Here we have set out to characterize PC degranulation
directly using the purely epithelial ‘organoid’ model (Sato et al., 2009). In 3D
matrigel, organoids can be generated from single Lgr5-positive intestinal
stem cells. The organoids recapitulate normal crypt-villus architecture and
undergo homeostatic self-renewal. These ‘mini guts’ are closed structures,
consisting of a single lining of epithelial cells, polarized with their apical brush
border facing the lumen and budding protrusions that reflect the basolateral
side of crypts. PCs can be readily identified in the crypt equivalents using
light microscopy or by marker expression. PCs, present in each budding crypt
have been demonstrated to play a critical role as stem cell niche by secretion
of factors like Wnt3 (Sato et al,, 2011a; Farin et al., 2012). Here we use this
unique cellular model system to address which primary signals can induce PC
degranulation. We report a differential sensitivity of PCs for bacterial ligands,
cytokines and muscarinergic stimulation and identify IFN-y as a critical
immune mediator for the secretion of antimicrobial factors into the gut lumen.
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RESULTS

Isolated Paneth cells are refractory to bacterial stimulation.

To test if PC degranulation is induced in direct response to bacterial
stimulation, we studied the effect of bacterial antigens that were added to the
culture medium of small intestinal organoids. Twelve hours after addition of
muramyl dipeptide (MDP), lipopolysaccharide (LPS), flagellin, peptidoglycan
(PGN), or heat inactivated E. coli PC granules were visualized using UEA-1
(Ulex europaeus agglutinin 1) lectin staining (Fig. 1A). We observed no change
in organoid morphology and normal PC granules under all conditions tested.
As a positive control cholinergic stimulation with Carbamylcholine (Cch)
caused the complete loss of epithelial granules demonstrating physiologic
competence of cultured PCs similar to their counterparts in vivo (Satoh et al.,
1992). The striking absence of any PC secretory response to bacterial stimuli
was quantified by Western blot analysis of lysozyme content in organoids
that were mechanically sheared and extensively washed to separate the pool
of intracellular lysozyme from the pool that had been secreted into the crypt
lumen (Fig. 1BQ).

Addition of the various agents through the culture medium results in
basolateral exposure to bacterial antigens, similar to disruption of the
epithelial barrier in vivo. We next explored the effects of exposure on both
the apical and basal sites. For this, we generated organoid fragments by
mechanical shearing. These were resuspended in culture medium containing
the panel of bacterial agents. Lysozyme content was quantified after 2 hours
at 37°C — an experimental setting analogous to the stimulation of freshly
isolated crypts used previously (Ayabe et al., 2000). No significant decrease
of the epithelial lysozyme content was measured for any of the bacterial
stimuli, while controls using Cch again resulted a complete discharge of PCs
(Fig. 1BC). We conclude that bacterial stimulation from both basolateral and
apical epithelial sides represents no direct trigger for PC degranulation in our
system.

By RT-PCR analysis we found that the expression of microbial pattern
receptors (TIr2,3,7,8,9, MD-2 and Cd14) is maintained in organoids compared
to freshly isolated crypts (Fig. 1D), arguing against non-responsiveness due
to transcriptional down-regulation. Western Blot analysis of TNF-a stimulated
organoids showed strong induction of IkBa phosphorylation (Fig. 1E).
Inducibility of NFkB-pathway activity suggests that upstream events in the
TLR signaling mediate refractoriness to bacterial stimuli.
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Figure 1: Paneth cell degranulation in intestinal epithelial cultures after
muscarinergic but not after bacterial stimulation.

A UEA-1 lectin staining of small intestinal organoids 12 hours after addition of diverse bacterial
agents to the culture medium. Maintenance of PC granules (blue arrowheads) in the presence of
100 pg/ml muramyl dipeptide (MDP), 1 pug/ml Lipopolysaccharide (LPS), 0.1 ug/ml Flagellin, 10 pg/
ml Peptidoglycan (PGN), or heat inactivated E. coli bacteria (h.i. E. coli). Carbamylcholine (Cch, 25 pM)
caused release of PC granules into the crypt lumen (blue arrow). Whole organoids and magnified
crypts are shown. Scale bars 100 um. B Western Blot analysis of epithelial lysozyme content. Basolateral
stimulation of intact organoids in matrigel for 12 hours (top), or fragmented organoids in suspension
for 2 hours (apical and basal stimulation, bottom). Cells were washed to separate luminal lysozyme.
Tubulin was probed for normalization. Experiments were performed in three independent wells. C
Quantification of epithelial lysozyme content from Western Blot data shown in B. Densitometric analysis
of lysozyme signals normalized to Tubulin expression. Error bars show standard deviation. Significant
changes compared to controls are found after Cch treatment only (** : P < 0.01; t-test). D Expression of
microbial pattern receptors; RT-PCR analysis using cDNA from isolated crypts and cultured organoids.
Hprt was analyzed for normalization. E NFkB signaling in organoids after TNF-a stimulation (5 ng/ml).
Time coarse experiment: Western Blot shows decrease of total IkBa levels and induction of Phospho-
IkBa. Tubulin was probed for normalization.

59

<
—
(]
=
Q
©

e
v




<
—
(]
—
Q
©

4=
v

%)
et
a
e
G
=
7
5]
—_
e

organoid

C D control  2d IFN-y
Lyz we—

Tp T ——

E  control 2d IFN-y

Lyz UEA-1 TO-PRO
PAS

AP

Figure 2: IFN-y induced Paneth cell degranulation.

A Presence of leukocytes as shown by RT-PCR analysis of Cd3e (T-cells) and Cd45 (leukocytes) in freshly
isolated crypts but not in organoids from small intestine. Hprt expression was used for normalization.
B Morphological effects of cytokines on PCs. Small intestinal organoids 2 days after addition of mouse
recombinant TNF-q, IL-1b, IL-6 or IL-22 (all at 20 ng/ml) or IFN-y (5 ng/ml) to the culture medium. PCs
were observed in all cultures (blue arrowheads) except in IFN-y treated organoids. C IFN-y treatment (2
days; 5 ng/ml) causes loss of lysozyme immunostaining in PCs (red) and accumulation of UEA-1 positive
mucus (green) in the crypt lumen (blue arrow). 3D projected confocal images, nuclei (grey) stained
with TO-PRO3. D Western Blot quantification of epithelial lysozyme content 2 days after stimulation
using 1 ng/nl IFN-y (performed in triplicates as in Fig. 1B). E Histological analysis after IFN-y treatment (2
days; 5 ng/ml). PAS staining shows loss of mucus-filled Goblet cells (black arrow) and AP staining shows
reduced differentiation of enterocyte brush border. All scale bars 50 um.
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A direct role for IFN-y in loss of Paneth cells granules.

We hypothesized that PC degranulation observed in freshly isolated intestinal
crypts (Ayabe et al., 2000) might depend on bacterial sensing by co-isolated
leukocytes. Using RT-PCR analysis we indeed found that Cd3e and Cd45
expressing immune cells were present in primary crypt preparations but not
in established organoid cultures (Fig. 2A). We subsequently aimed to identify
immune cell mediators that mightindirectly cause PC degranulation following
bacterial stimulation by testing the activity of a number of (pro-inflammatory)
cytokines. We found that 2 day treatment with 1 ng/ml IFN-y caused complete
loss of PC granules as observed by morphology, lysozyme immunostaining
and measurement of epithelial lysozyme content (Fig. 2B-D). In contrast, PCs
were morphologically unaffected in the presence of recombinant TNF-q, IL-
1b, IL-6 or IL-22 (all at 20 ng/ml; 2 days; Fig. 2A). Histologically, IFN-y treated
organoids were characterized by a loss of mucus-containing goblet cells
(Periodic acid-Schiff [PAS] staining) and mature enterocytes (as observed by
alkaline phosphatase [AP] staining) (Fig. 2E), demonstrating a direct effect of
this cytokine also on the other differentiated cell lineages.

Maintenance of Paneth cells after IFN-y induced degranulation.

Recent experiments have shown that prolonged IFN-y exposure in vivo
during T. gondii infection results in a complex intestinal pathology that
is characterized but also caused by the loss of PCs (Raetz et al., 2013). The
directness of this phenotype, however, was not addressed. We therefore
tested the consequences of IFN-y exposure during several organoid passages
and found a successive and dose-dependent reduction in organoid number
(Fig. 3A). By FACS analysis of cleaved-Caspase3 stained cells revealed a strong
apoptotic response 24 hours after addition of IFN-y (Fig. 3B). Together these
data show that IFN-y directly affects epithelial homeostasis by induction of
programmed cell death. Next we performed immunostainings using CD24
and DII1 as membrane markers to trace PCs and their secretory precursors
(Sato et al., 2011a; van Es et al.,, 2012). Despite the absence of granules we
found clear immunoreactivity for both markers 2 days after IFN-y treatment
(Fig. 3C compare Fig. 2). In addition, the preserved mRNA expression of
Defab at the budding-tips of treated organoids (Fig. 3D) showed that during
the initial response to IFN-y, PCs are preserved from apoptosis and thus
massively degranulate. Expression of the intestinal stem cell marker Olfm4
(Van der Flier et al. 2009) showed that discharged PCs could still provide the
obligatory stem cell niche signals (Fig. 3D). 4 days after withdrawal of IFN-y
from the culture medium the organoid morphology had normalized and
granules were restored suggesting a recharging of PCs granules (Fig. 3E).
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Figure 3: Reduced organoid growth but maintenance of Paneth cells
after IFN-y.

A Growth curve shows reduced expansion in the presence of IFN-y. Mean organoid number of n =
3 independent wells + standard deviation. IFN-y at all concentrations tested caused a significantly
reduced number compared to controls (passage 1: P < 0.05 and passage 2: P < 0.001, respectively, as
determined by t-test). B Quantification of apoptosis by FACS analysis. Cleaved Caspase3 immunostaining
(plotted vs. forward scatter, FSC) shows increased number of apoptotic cells 1 day after IFN-y treatment
(5 ng/ml). C Immunostaining of the membrane markers DII1 and CD24 shows maintenance of PCs 2
days after stimulation with 5 ng/ml IFN-y. PE conjugated antibodies were used. D In situ hybridization
analysis shows maintained expression of the PC marker Defa6 and the stem cell marker Olfm4 after
IFN-y treatment (5 ng/ml for 2 days). E PC granules reform after 1 day treatment with 5 ng/ml IFN-y
and subsequent culture for 4 days in normal medium. Morphology images, blue arrowheads show PC
granules. All scale bars 50 um.
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IFN-y triggers rapid and collective exocytosis of Paneth cells.

To study the kinetics of the degranulation process in more detail we used
time-lapse imaging. PC granules were labeled with ZP-1, a fluorescent
and membrane permeable Zn*" chelator (Giblin et al., 2005). Organoid
morphology and marker distribution was followed after IFN-y addition using
confocal microscopy (Fig. 4A and Supplemental Movies 1-3). We found that
degranulation was not synchronous within a given crypt, but that individual
PCs one by one extruded their fluorescent label. We observed the collective
extrusion of all cellular granules rather than a continuous exocytosis of
individual vesicles. On a cellular level this process was completed within
several minutes and occurred in an‘all-or-nothing’ fashion. Between different
organoids, the onset and completion of degranulation was variable, but
clearly dependent on the IFN-y concentration (6-12 hours at 5 ng/ml and 4-8
hours with 20 ng/ml IFN-y).

Transmission electron microscopy showed a collective extrusion of PC
granules (Fig. 4B, 6 hour time point, 5 ng/ml IFN-y). Here, generation of large
apical vacuoles was observed, reminiscent of the ultrastructural changes after
muscarinergic stimulation in vivo (Satoh et al., 1992). After secretion into the
crypt lumen the electron-dense granules dissolved and the ZP-1 fluorescent
signal rapidly dispersed (Fig. 4B, Supplemental Movies 2,3). Twelve hours after
treatment (20 ng/ml IFN-y), the crypts showed maintenance of discharged PCs
that were identified by the presence of small residual electron dense granules
and their localization at the crypt bottom adjacent to stem cells. We found no
indication of PC mitochondrial damage that has been observed by electron
microscopy after IFN-y exposure during T. gondii infection (Raetz et al., 2013),
arguing that longer exposure to IFN-y and/or additional factors are required
to induce elimination of PCs. Together, our observations demonstrate that
antimicrobial PC products can be rapidly mobilized by animmune alert signal.
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Figure 4:All-or-nothing’ degranulation after IFN-y treatment.

A Time-lapse analysis of PC degranulation (still images of Supplemental movies 1-3). Granules were
labeled with the fluorescent Zn?** chelator ZP-1 and followed by life microscopy. Time after addition
of IFN-y is indicated on top (hours:min). Control cultures (top row) maintain granulated PCs (blue
arrowheads). 5 ng/mlIFN-y causes extrusion of granules to the crypt lumen (asterisks; middle row). Black
arrowheads mark individual PCs that release their entire granules during the nextimaging interval. Note
that the fluorescent signal decreases due to bleaching. High dose IFN-y (20 ng/ml; bottom row) leads
to more rapid granule loss. Scale bar 50 um. B Ultrastructural analysis of PC degranulation. Transmission
electron microscopic images of control cultures with intact electron-dense secretory granules (blue
arrow; left panels). 6 hours after addition of 5 ng/ml IFN-y PC are observed that extrude their entire
granules (blue arrow; middle panels). Formation of large apical vacuoles is observed (V). After 12 hours
(20 ng/ml IFN-y; right panels) PCs contain few granules of reduced size (white arrow). PC membranes
were labeled with hatched lines. Magnified regions (red boxes) are shown below. Scale bars 5 um.
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IFN-y-mediated PC degranulation in response to stimulated iNKT cells.
Next we studied if endogenous cytokine levels that are released from
stimulated leukocytes are sufficient to induce PC degranulation. We used
the mouse invariant natural killer T (iNKT) hybridoma line DN32.D3 that
secretes IFN-y and other immune mediators upon CD1D-dependent antigen
presentation of the lipid antigen a-galactosylceramide (a-GC) (Nieuwenhuis
et al., 2009). Conditioned cell culture supernatants (SNs) of control iNKT cells
and after a-GC stimulation in the presence or absence of CD1D expressing
Hela cells were produced and transferred to organoids (see scheme in Fig. 5A).
Stimulation of iNKT cells caused a pronounced release of IFN-y as observed by
ELISA (Fig. 5B). Two days after addition of SNs, PC degranulation was analyzed
using UEA-1 lectin staining and Western blot quantification of residual
epithelial lysozyme. We found strong degranulation that was dependent on
both the bacterial stimulus and antigen presentation (Fig. 5C-E). Pretreatment
with a neutralizing anti-IFN-y antibody efficiently blocked activity in SNs from
activated iNKT cells (Fig. 5F) and also neutralized the effect of recombinant
IFN-y. These results show that IFN-y (at physiologic levels) represents the main
soluble mediator of PC degranulation from iNKT cells.
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Figure 5: Lipid antigen stimulation of iNKT cells triggers Paneth cell
degranulation in an IFN-y dependent manner.

A Experimental strategy. Cell culture supernatants (SNs) were collected from activated iNKT cells and
transferred to the culture medium of small intestinal organoids. iINKT cell activation in the presence
of the lipid antigen a-galactosylceramide (a-GC) and Hela-CD1D antigen presentation. SNs were pre-
incubated with neutralizing anti-IFN-y antibody or control IgG. B ELISA quantification of IFN-y secretion
in SNs from control and a-GC stimulated iNKT cells (both in presence of Hela-CD1D cells). Average
concentration of quadruplicate measurements is shown (£ SD; *** : P < 10% t-test). C UEA-1 lectin
staining of small intestinal organoids 2 days after addition iINKT SNs. PC granules (blue arrowheads)
are discharged to the crypt lumen (blue arrows) after iNKT stimulation. Anti-IFN-y treatment blocks the
activity of SNs and recombinant IFN-y. Scale bars 100 um. D Western Blot analysis of epithelial lysozyme
content; conditions as in B. Organoids were fragmented and washed to separate luminal lysozyme.
Tubulin was probed for normalization. Experiments performed in three independent culture wells.
E F Quantification of epithelial lysozyme content of experiments shown in D. Densitometric analysis
of Western Blot signals that were normalized to tubulin expression levels. Error bars show standard
deviation of triplicate cultures. Significant changes were labeled (* : P < 0.05; *** : P < 0.001; t-test).
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IFN-y acts as a potent intestinal secretagogue following T cell activation
in vivo.

Acute T cell stimulation using anti-CD3 injection in vivo causes a severe but
transient intestinal pathology that is characterized by epithelial apoptosis
and massive villus blunting (Merger et al., 2001; Miura et al., 2005). However,
it is unclear which of these effects can be attributed to IFN-y and whether
PC granules are released upon immune activation in vivo. We addressed
these questions genetically by intraperitoneal injection of anti-CD3 antibody
in C57BL/6 wild-type and IFN-y mutant mice. Intestines were collected for
lysozyme immunohistochemistry 24 hours later. In wild-type mice, anti-CD3
injection caused a marked reduction of the number of lysozyme-positive
PCs that were counted per crypt section (Fig. 6A), confirming our in vitro
observation that PC granules are rapidly mobilized after immune stimulation.
This effect was highly significant and strongest in the proximal intestine
(duodenum), where the number of stained PCs was reduced by half (Fig. 6B; n
=7;P < 10%).In homozygous IFN-y mutant mice, however, lysozyme-positive
PCs were maintained in all regions of the intestine, demonstrating that IFN-y
is specifically required for granule loss. Induction of apoptosis was quantified
by counting the number of cleaved Caspase3-positive crypts cells and was
unaffected in IFN-y mutant intestines, arguing that anti-CD3 treatment causes
a strong cytotoxic T cell response in both genotypes (Fig. 6CD). The severe
villus damage that was most apparent in distal regions of the intestine (ileum)
was ameliorated in IFN-y mutant mice (Fig. 6E). Moreover, PAS staining showed
an IFN-y dependent release of Goblet cell mucus of the colonic epithelium
(Fig. 6E). In colon organoids extrusion of Goblet cell mucus was recapitulated
after IFN-y treatment (Fig. 6F), demonstrating a more general role of this
cytokine as a direct intestinal secretagogue for both Paneth and Goblet cells.
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Figure 6: IFN-y acts as potent Paneth and Goblet cell secretagogue after
T cell activation in vivo.

A Lysozyme immunostaining of PC granules in control mice (C57BL/6; PBS injected; left) or 24 hours
after T-cell activation by intraperitoneal injection of anti-CD3 (50 pg/mouse; middle). Marked reduction
of lysozyme in proximal/middle regions (duodenum/ileum) and weaker in distal regions (ileum) of the
small intestine. In IFN-y mutant mice PC granules are unaffected (right). B Quantification of lysozyme
positive cells (as in A). PCs counted per crypt section in n = 7 animals per condition (45 crypts/animal/
region). Mean PC number + SD is shown. *: P < 0.05; **: P < 0.01; ***: P < 10% t-test compared to control-
injected mice. C Cleaved Caspase3 immunostaining of apoptotic cells on intestinal sections 24 hours
after anti-CD3 stimulation. Pronounced inflammatory response in wild-type and IFN-y mutant mice
with similar induction of apoptosis in crypts. D Quantification of cleaved Caspase3 positive cells (as in
Q). Counted in n = 7 animals per condition (45 crypts/animal/region). Mean cell number + SD is shown.
**% . P < 10 t-test compared to control-injected mice. E PAS staining shows widespread extrusion of
Goblet cell mucus (black arrows) in wild-types but not IFN-y mutants. In the ileum (top row) Goblet cells
on one villus were labeled with black arrowheads. Note the IFN-y dependent villus damage. In the colon
magnified regions (middle) and overview images (bottom row) are shown. F Secretion of Goblet cell
mucus in colon organoids upon IFN-y treatment (arrows; 24 hours after addition of 5 ng/ml IFN-y). Top:
UEA-1-Alexa488 lectin staining and bottom: PAS staining. Scale bars 100 pm in A, C, F and 200 um in E.
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DISCUSSION

Gut mucosal immunity is controlled by complex interactions amongst
epithelium, microbiota and the immune system, which complicates the
dissection of signaling mechanisms. Here we show using pure epithelial
cultures, that release of antimicrobial PC products is directly controlled
by immune signals. IFN-y was identified as the main mediator of PC
degranulation after CD1D dependent stimulation of iNKT cells (Nieuwenhuis
et al., 2009) and after anti-CD3 stimulation of T cells in vivo. We propose that
the pro-inflammatory cytokine may represent a‘danger signal’ that allows PCs
to react on microbial challenges. The exact cellular source of IFN-y — most
likely — depends on the physiological situation. Activation of intra-epithelial
lymphocytes could represent one paracrine source of IFN-y (Guy-Grand et al.,
1998; Cheroutre et al,, 2011).

Organoid cultures have allowed us to visualize the rapid and complete
discharging of PCs. The same was also achieved by muscarinergic stimulation,
but cultured PCs were insensitive to a broad spectrum of microbe-associated
molecular patterns, in contrast to previous data obtained using freshly isolated
crypts (Ayabe et al., 2000). While evidence suggests that microbial patterns
can directly trigger PC function in vivo (Rumio et al., 2011; Brandl et al., 2007;
Vaishnava et al. 2008), lack of epithelial TIr4 and Tir5 expression indicates an
indirect effect after stimulation of primary crypts with the cognate ligands
LPS and flagellin (Ayabe et al., 2000). Also the fact that degranulation after
bacterial inoculation of germ-free mice is inhibited by atropine favors an
indirect mechanism, such as involvement of acetylcholine secreting enteric
neurons (Satoh, 1988). Interestingly, bacterial colonization was required for PC
loss after T. gondii infection (Raetz et., 2013). Here however, bacterial sensing
(and Myd88 expression) by T cells was required and not in the epithelium,
demonstrating that continuous immune stimuli act on PCs in this model.
Given the broad distribution of bacterial antigens within the gut lumen non-
responsiveness to microbial patterns could be beneficial to avoid continuous
stimulation by commensals.

Our study shows that organoid cultures represent a useful model to address
PC function: 1) The use of ‘pure’ epithelium prevents indirect effects of co-
isolated (intraepithelial) leukocytes that are unavoidable in primary material.
2) Organoids, even ex matrigel, are less fragile than fresh crypts; the latter
start to degenerate instantly after isolation and allow short stimulations only
(max. 1 hour). 3) Related to this, organoids offer a more sensitive system as full
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PC discharging can be achieved, while maximal secretion using fresh tissue
never exceeds more than 20-30% under the conditions used (Ayabe et al.,
2000).

We found that IFN-y acts as a potent intestinal secretagogue both on Paneth
and Goblet cells. Goblet cell mucus serves as matrix to retain and concentrate
antimicrobial PC products (Meyer-Hoffert et al., 2008). The concerted secretion
of these two cell types could therefore synergize to form an efficient buffer
zone against bacteria. Given that T cell activation can cause strong damage
to the intestine such as apoptosis and disruption of the intestinal barrier
(Merger et al., 2002; Miura et al., 2005) this massive release of antimicrobial
factors might help to limit bacterial entry. However, inappropriate IFN-y
stimuli such as present chronic norovirus infections in Atg16L1 mice or during
toxoplasmosis can cause granule defects or PC loss (Cadwell et al., 2010; Raetz
et al,, 2013), arguing that a proper balance of inflammatory signals is crucial.
Future studies should address if PC dysfunction and associated changes of the
gut flora are causally involved in other IFN-y driven IBD models (Kontoyiannis
et al., 2002; Saha et al,, 2010). IFN-y dependent pathologies such as graft
vs. host disease, and celiac disease have been associated with reduced PC
granules previously (Nilsen et al., 1998; Di Sabatino et al., 2008; Erigucchi et al.,
2012). Given that organoid cultures can be established from human biopsies
(Sato et al.,, 2011b), the phenotypic characterization of PC function in vitro
could provide an important diagnostic tool to dissect disease mechanisms in
these patients. The pharmacologic modulation of IFN-y signaling to control
PC function and survival could allow a new strategy to improve host defense.
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METHODS

Organoid culture

Small intestinal and were established from wild-type C57BL/6 mice, cultured
as described previously (Sato et al. 2009; Farin et al., 2012) and passaged
weekly at a 1:5 split ratio. Organoids were stimulated for the indicated times
by addition of recombinant murine IFN-y (1 to 20 ng/ml; R&D Systems),
MTNF-a (Peprotech), miL-1b (Sigma-Aldrich), mIL-6 (eBioscience), miL-22
(R&D Systems; all at 20 ng/ml) or Cch (25 pM, Sigma-Aldrich). Bacterial stimuli
were muramyl dipeptide (100 pg/ml; Invivogen), lipopolysaccharide (1 pg/
ml: Sigma-Aldrich from E. coli 026:B7), flagellin (0.1 pug/ml; Invivogen from S.
typhimurium) and peptidoglycan (10 pg/ml; Invivogen from S. aureus). Log
phase E. coli bacteria (strain K-12) were heat inactivated for 10 min at 98°C;
per organoid cell 100 bacteria were added. Mouse colon organoids were
cultured as described previously for human colon cultures (Sato et al., 2011b).
Colon organoids were differentiated towards Goblet cells by addition of
y-secretase inhibitor DAPT (10 uM; Sigma) for 5 days prior to IFN-y treatment.
For stimulation of fragmented epithelia, organoids were collected in cold
medium, mechanically sheared using glass Pasteur pipettes. Separation of
crypts was confirmed by light microscopy and 100 crypts each were stimulated
for 2 hours at 37°C, 5% CO,,.

RT-PCR analysis
DNAse treated RNA was used for RT-PCR analysis as described (Farin et al.,
2012). For a list of primers used see Supplemental Table 1.

Lysozyme quantification and Western blotting

Organoids were collected in cold medium, sheared by pipetting to generate
epithelial fragments that were subsequently washed twice in ice-cold
medium to separate cells from debris and lysozyme secreted into the crypt
lumen. Samples were lysed using RIPA buffer (50 mM Tris-HCl pH 8.0; 150 mM
NaCl; 0.1% SDS; 0,5% Na-Deoxycholate; 1% NP-40) containing Complete™
protease and phosphatase inhibitors (Roche). Protein content was quantified
using standard Bradford assay. 10 pg of protein was run on a 14% SDS page
and subsequently transferred to a PVDF membrane and probed with rabbit-
anti-lysozyme (Dako; 1:10000 in TBS-T 5% milk) and for normalization mouse-
anti-a-tubulin (Sigma-Aldrich; 1:3000). Following washes membranes were
incubated with secondary HRP conjugated antibodies (goat anti-rabbit HRP
1:20000 and rabbit anti-mouse 1:6000 both G&E healthcare) and exposed to
X-ray films using ECL reagents (G&E Healthcare) and signals were quantified
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using ImagelJ software. Other antibodies used were mouse-anti IkBa (clone
L35A5) and mouse-anti-Phospho-IkBa (Ser32/36; clone 5A5; both from Cell
Signaling Technology).

Organoid stainings, life microscopy and transmission electron
microscopy

Whole-mount organoid immunofluorescence and immunohistochemistry,
histologicalstainingsandinsituhybridizationonformalinfixed paraffinsections
organoids were performed as described (Farin et al., 2012). Antibodies used
were rabbit-anti-lysozyme (Dako; 1:500) and rabbit-anti-cleaved Caspase-3
(Cell Signaling). For lectin staining organoids were fixed in matrigel (2% PFA;
o/n at 4°C). After permeabilization using 0.2 % Triton X 100 organoids were
stained by addition of FITC-coupled Ulex europaeus lectin (UAE-1-FITC; Sigma
Aldrich; 5 ug/ml, 1 hour at RT), washed and documented on an EVOS flinverse
fluorescence microscope (Advanced Microscopy Group). For membrane
stainings organoids were collected in cold medium and incubated (unfixed)
with PE conjugated monoclonal antibodies anti-CD24 (clone M1/69) or anti-
DII1-PE (clone HMD1-5; both from eBioscience; final concentration of 1 pg/
ml) for 1 hour on ice, following washes and documentation on an EVOS f
microscope.

For life cell imaging organoids were seeded on glass-bottom plates in drops
of 50 % matrigel/ 50% medium to facilitate dye penetration. After 3 days of
culture PC granules were labeled by addition 10 uM ZP-1 (Santa Cruz Biotech.)
to the culture medium 16 hours, before the cultures were washed twice with
Co, equilibrated warm medium and transferred to the culture chamber (37°C;
5% CO,; 20% O,) of a Leica SP5 confocal microscope. Images acquired 15 min
intervals using low laser power to avoid bleaching.

Transmission electron microscopy was done as described previously (Sato et
al. 2009).

Flow cytometry

Organoids were collected in in TrypLE™ solution (Life Technologies) and
single cell suspensions were obtained after 2 cycles of mechanic break-up
(using narrow-tipped pulled glass pasteur pipettes) and incubation at 37
°C (5 min). Cells were washed twice in PBS 1% BSA, and resuspended at RT
in 500 ul PBS including 1 % BSA and 2000 U/ml DNAsel (Roche). Cells were
fixed by addition of an equal volume of 4 % Paraformaldehyde (in PBS) for
15 min at RT, before washing, permeabilization using 0.1% Triton X100 and
antibody incubation (all in PBS 1 % BSA) using rabbit-anti-cleaved Caspase-3
(as above; 1:20 dilution; 1 hour at RT). After washes cells were incubated with
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Alexa-488 coupled secondary antibody (from Molecular probes; 1:50 dilution;
30 minutes at RT) before washes, filtering (40 um mesh) and measurement
on a FACSCalibur (BD). Single cells were gated using FSC and SSC parameters.

iNKT conditioned medium

Hela cellswith orwithoutstable overexpression of hCD1D weregrownin DMEM
supplemented with 10% heat inactivated bovine calf serum, 1 X Glutamax,
1 X penicillin/streptomycin (all from life technologies) and incubated with
100 ng/ml a-Galactosylceramide (a-GC) for 24 hours. Subsequently, iINKT
DN32.D3 hybridoma cells (Bendelac et al., 1995) were incubated with Hela
and Hela-CD1D cells for another 24 hours in serum free advanced DMEM/F12
medium supplemented with 1 X L-Glutamine, 1 X penicillin/streptomycin (life
technologies), and rhIL-2 (10 U/ml; Proleukin; Novartis). Supernatants were
centrifuged for cell depletion and included into the regular organoid medium
as 40 % (v/v). IFN-y levels were measured with a commercially available Elisa
kit from BD Biosciences. A standard curve was recorded using recombinant
mouse IFN-y protein. In some experiments SNs were treated with functional
grade anti-mouse IFN-y monoclonal (clone XMG1.2) or rat IgG1 K isotype
control (clone eBRG1; both from eBioscience; final concentrations 0.5 pg/ml)
30 minutes prior to addition to the organoids.

Mouse experiments and anti-CD3 injections

All procedures were performed in compliance with local animal welfare
laws, guidelines and policies. IFN-y knockout (Dalton et al., 1993) and sex/
age matched wild-type C57BL/6 mice were obtained from the Jackson
Laboratory. 8-week-old wild-type and knock-out mice were injected with
functional grade anti-mouse CD3e antibody (50 pg per animal; clone 145-
2C11; eBioscience), or carrier alone (PBS). Mice were sacrificed 24 hours post
injection and the intestine was processed for histology as described (van
Es et al., 2005). For quantification of lysozyme and anti-cleaved Caspase-3
positive cells (antibodies as above) in each segment of the intestine 3 times
15 adjacent crypts were examined (45 crypts/animal/segment).
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SUPPLEMENTAL DATA

SupplementalMovies 1-3Time-lapseanalysisof Paneth celldegranulation
after IFN-y exposure.

Images were acquired in 15 minute intervals. Confocal signals of single
Z-planes are shown and overlaid to bright field signals.

Supplemental Movie 1 Control small intestinal organoid were followed for
12 hours after labeling of PC granules with the fluorescent dye ZP-1. Note that
the fluorescent signal decreases due to bleaching, but that PC granules are
unaffected during the culture period.

Supplemental Movie 2 Addition of 5 ng/ml IFN-y causes a progressive and
complete PC degranulation within 12 hours. Note that individual PCs one by
one extruding their entire granules into the crypt lumen. A rapid process that
occurs in a‘all or nothing’ fashion.

Supplemental Movie 3 High dose IFN-y treatment 20 ng/ml causes a more
rapid discharging of PCs (within 8 hours).

Supplemental Table 1 Primer sequences used for RT-PCR analysis

gene product
name  target mRNA primer sense primer antisense size (bp)
TIr1 NM_030682.2 TGGTTTTAATGAGTGTTTGTGAA ATGGCCATAGACATTCCTGA 143
TIr2 NM_011905 GTGTCCGCAATCATAGTTTC CTCTGAGATTTGACGCTTTG 232
TIr3 NM_126166 CCCATAATCTGGGCTGAATC TCTTCTGAGTTGGTTGTGAG 218
Tir4 NM_021297 ATCCCTGCATAGAGGTAGTT CAAGTTTGAGAGGTGGTGTA 242
TIr5 NM_016928 ATTTCAACCAGAGATCTGCC ATTGAGGATCCAGGGAATCTG 270
TIr6 NM_011604 CAGTGCTGGAAATAGAGCTTG GTTCATTAGAGAACGGGGTC 173
TIr7 NM_133211 TGAAAATGGTGTTTTCGATGTG GGAATCTGGAGAGATGCTTG 259
TIr8 NM_133212 TATAGAACATGGAAAACATGCCC TTTGGCATTGTGGTTCAGAT 305
TIr9 NM_031178 CAACATGGTTCTCCGTCG TGGATACGGTTGGAGATCA 231
MD-2 NM_016923 GCTGCTTTCTCCCATATTGA AGTTTCCTCTTGGAATGAAC 185
CD14 NM_009841 AGAATCTACCGACCATGGAGC GTACAATTCCACATCTGCCG 182
CD3e NM_007648.4 CACTCTGGGCTTGCTGATGG TTGCGGATGGGCTCATAGTC 159
CD45 NM_001111316.2 ACACCCAGTGATGAACTGAGC AGCAGCGTGGATAACACACC 161
Hprt NM_013556.2 AAGCTTGCTGGTGAAAAGGA TTGCGCTCATCTTAGGCTTT 186

All primer pairs either target an exon-exon junction or span a large intron to allow discrimination
between cDNA and genomic DNA.
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A novel epithelial culture system reveals ligand-
independent Androgen Receptor signaling in the
prostate

Wouter R. Karthaus’, Phil J. laquinta?®, Ana Gracanin', Jarno Drost’,
John Whongyvipat?, Vivian S.W. Li', Norman Sachs’', Yu Chen?”, Robert
G.J. Vries, Charles L. Sawyers** %" and Hans C. Clevers'’
Hubrecht Institute, Royal Netherlands Academy of Arts and Sciences &
University Medical Center Utrecht, 3584 CT, Utrecht!

Human Oncology and Pathogenesis Program?, Department of Medicine,
Howard Hughes Medical Institute®, Memorial Sloan Kettering Cancer Center,
New York, NY 10065, USA”

Prostate cancer (PCa) is one of the most common cancers in the western
world. A limiting factor for the study of PCa has been the lack of suitable in
vitro models. Particularly, whereas prostate epithelium is dependent on AR
signaling in vivo, to date no cell culture system exists that reliably recapitulates
this dependency in vitro. Here we describe a novel long-term 3D culture
system for mouse and human primary prostate epithelium. In the absence of
androgens, the organoids are composed of two layers: CK5* basal and CK8*
luminal cells. Androgen addition has dual effects; as it leads to a 3-fold increase
ingrowth rate, while simultaneously inducing differentiation, size increase and
polarization of the luminal cells. Tumor organoids that recapitulate the disease
phenotype can be grown efficiently from several murine models of PCa and
from primary human PCa cases and are suitable for functional studies using a
range of standard experimental manipulations. With this serum-free system,
we demonstrate a possible ligand-independent growth inhibitory effect of
anti-androgen drugs, thereby providing the first evidence that the androgen
receptor (AR) can function independent of ligand in PCa. This technology has
potential to substantially impact future PCa drug development.

Introduction

The prostate is a secretory gland that plays a pivotal role in the male
reproductive system. Its development and adult function is dependent on
androgens '. Prostate cancer (PCa) is one of the most common malignancies
in the western world, with over 200.000 new cases annually in the US 2
The Androgen Receptor (AR) represents an important target for treatment
of PCa, either indirectly by surgical or chemical castration, or directly by
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administration of AR inhibitors 3. Unfortunately, treatment commonly
results in the development of resistance against inhibition of AR activity,
a state also known as castration resistance * The pathogenesis of prostate
cancer and the development of castration resistance are poorly understood,
in part by the lack of suitable model systems to study the disease ex vivo.

Only a handful of PCa cell lines exist, as it has proven exceedingly hard to
establish such cell lines from primary PCa tissue. Moreover, the available
prostate cancer cell lines grow independently of AR signaling, making these
lines poor models for the study of PCa pathogenesis and therapy resistance *°.

The urogenital sinus mesenchyme (UGSM) recombination model
represents a useful in vivo tool to study prostate cancer 72, In this model,
prostate epithelial cells are combined with mesenchyme derived from
the urogenital sinus of murine embryos, transplanted under the kidney
capsule and allowed to grow. Other approaches involve in vitro culture
methods of primary prostate epithelium *'* However, none of these systems
generates tissues that resemble the in vivo composition of the prostate
gland or contain androgens at physiological levels ™. Most importantly,
none of these methods allow longer-term propagation of the cells.
We have previously described 3D culture conditions that allow long-term
expansion of primary mouse and human epithelial organoids from small
intestine ', colon ' and stomach ' and liver '°. These cultures can be started
from single Lgr5+ stem cells and are based on the addition of the Lgr5 ligand
Rspondin1%,apotentWnt pathwayagonist??'22Organoids remain genetically
and phenotypically stable over many months in culture, as exemplified by
pathology-free transplantation of multiple mice with the organoid offspring
of single Lgr5+ cells from colon % or liver '°. Here we describe the development
and use of an Rspondini-based 3D culture method that allows long-term
propagation of normaland malignant murine and human prostate epithelium.

Results

Establishment of murine prostate organoid cultures

Small fragments of murine prostate epithelium were embedded in matrigel
and cultured in the ‘generic’ stem cell expansion medium containing the
growth factors EGF, Noggin, and R-spondin1 (ENR;'¢). Because the murine
prostate is composed of histologically distinct lobes #*, we separately
cultured the anterior prostate (AP), dorsolateral prostate (DLP) and ventral
prostate (VP) epithelium (Figure 1A). Under standard conditions, only
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the dorsolateral prostate was capable of growth (Supplementary figure
1A). We then tested additional culture components. In the presence of
the TGF-f3 receptor inhibitor a83-01 at 200 nM, epithelial fragments of all
lobes yielded expanding organoids at plating efficiencies of close to 100%
(Supplementary figure 1A). Prostate epithelium from all lobes formed
cystic structures composed of two layers under these ENR+A83 conditions
(Figure 1F). Prostate organoids could be cultured indefinitely at a split ratio
of 1:3 (1.5 years at time of writing), while retaining a stable karyotype. We
detected no changes in organoid morphology during this culture period.

The basal (outer) layer expressed typical basal prostate markers such as
Cytokeratin (Ck) 5 and p63 (Figure 1C,-E-F). The luminal (inner layer) expressed
the luminal marker Cytokeratin 8 (figure 1C, 1E - 1F), thus demonstrating that
the in vitro expanded organoids retain an architecture that resembles the in
vivo composition. Importantly, the majority of cells expressed the androgen
receptor and the prostate-specific transcription factor Nkx3.7 2>(Figure 1C-1F).

As expression of the AR was maintained in culture, we studied the effects
of androgens on the organoids by adding the prototypic AR ligand
Dihydrotestosterone (DHT) to established organoid cultures. Of note, AR
signaling is believed to act as a differentiation factor "'0'2 In the presence of
1nM DHT, the AR translocated to the nucleus, indicative of an intact signaling
pathway (Figure 1F). Within 72 hours upon DHT addition, the CK8+ve luminal
cells became strongly polarized and increased in size (Figure 1F), while the
organoids filled up with secreted material (Supplementary figure 1C). The
CK5+ve basal cells remained morphologically unaffected. Gene expression
studies in the absence and presence of DHT (0.1nM to 100 nM) by RT-PCR,
revealed discovered strong upregulation of the AR target genes Fkbp5 and
Psca (figure 1D, Supplementary figure 1C). Moreover, decreased amounts of
EGF in the medium (50, 5, 0.5 & 0 ng/ml) further increased the expression
of AR target genes (Supplementary Figure 1C), confirming the previously
demonstrated reciprocal interaction between the PI3 kinase pathway and
AR shown by others ?°. No proliferation was seen upon withdrawal of EGF.

We found that R-spondin increases overall number of organoids formed
during establishment. Noggin withdrawal had similar results (Figure 1E).

Surprisingly, we observed that addition of DHT did not only induce

differentiation of the luminal epithelium of the organoids, but it also
robustly enhanced the growth rate of the organoids, allowing weekly split
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ratios of 1:5 rather than 1:3. When the prostate organoids were subjected
to multiple cycles of DHT addition and withdrawal, switching between
the two epithelial phenotypes occurred faithfully at each cycle, as a model
for castration/regeneration effects in vitro (Supplementary Figure 1D).

To further document the stability of prostate organoids, we performed
the UGSM recombination experiments with passage 8-organoids derived
from the AP, DLP and VP. Approximately 50.000 epithelial cells were
combined with mesenchymal cells and placed under the kidney capsule
as described previously & Organoid/UGSM transplants were harvested 2
months after transplantation. Histological analysis showed that organoids
derived from different lobes formed glandular structures (Supplementary
figure 1F), thus supporting the phenotypic stability of the organoids.
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Figure 1: Establishment of murine prostate cultures.

A: Schematic overview of organoids establishment. Lobes were isolated seperately, enzymatically
digested to single cells and plated in matrigel B: Karyotyping of passage organoids 52 weeks (1 year)
showing 40 chromosomes C: RT-PCR analysis of prostate organoids show that both luminal and basal
markers are expressed D: Quantatative RT-PCR of AR targets Psca and Fkbp5 in the presence of DHT
(TnM) and in castrate conditions. In the presence of DHT Fkbp5 and Psca are strongly upregulated.
Results are presented as mean tstandard deviation E: Immunofluorescent staining of Cytokeratin 5
and Cytokeratin 8 in a DHT treated organoid showing distinct luminal and basal cell populations F:
Immunohistochemical analysis of murine organoids in the presence of DHT (1nM) and in castrate
conditions. Brigthfield image (I-1l) H&E staining (lll-1V), showing distinct folding in Prostate organoids
treated with 1 nM DHT. Cytokeratin 8 (V-VI) showing luminal localization and strong polarization in DHT
treated organoids. p63 (VII-VIIl) with a basal staining pattern. Androgen receptor (IX-X) with strong
nuclear staining in DHT treated samples indicating an activated AR signaling pathway. Scale bars
represent 50 uM.
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Murine Prostate organoids as a tool for cancer research

As a first step towards the establishment of prostate organoid technology as
a tool for studying PCa, we established organoids from the different lobes
of: 1) wild type mice (WT); 2) mice carrying the PBCre transgene and that
were homozygous for a floxed Pten allele (Pten'™®) 27 3 tumor suppressor
gene often deleted or mutated in prostate cancer ?3'; 3) mice expressing
CRE recombinase under the prostate-specific composite promoter ARR,BP
(PBCre) 3? crossed with mice conditionally overexpressing ERG from the
ROSA locus 33, Rosa 'oxP/stop/loxP ERG - This mouse will be described in detail
elsewhere) and is designed to result in prostate-specific overexpression
of ERG, as a model for the TMPRSS2:ERG gene fusion commonly found in
prostate cancer 3 4) mice carrying the PBCre transgene, the Rosa'®/stop/lox? ERG
allele, while being homozygous for the floxed Pten allele (Figure 2A).

Cultures carrying the prostate-specific Pten deletion initially formed organoids
containing a lumen, but within a week the organoids were composed of
multiple layers of stratified epithelium, eventually forming an essentially solid
3D structure (Figure 2B, Supplementary figure 2). Histologically, the PBCre
Pten'>®® grganoid resembled in vivo phenotypes observed previously 263,
ERG overexpression in the PBCre ERG cultures did not result in any obvious
histological signs of hyperplasia (Figure 2B). The combination of Pten deletion
and ERG overexpression resulted in the same hyperplastic phenotype seen
for Pten deletion alone (Figure 2B, Supplementary figure 2), resembling the
results observed by others 3¢%. Interestingly, the organoids overexpressing
ERG in a Pten-mutant background showed signs of invasive behavior, with
“fingers” protruding into the matrigel (Figure 2B). All organoids expressed
the basal marker Ck5 and the luminal marker Ck8 (Supplementary figure
2) and responded strongly to DHT withdrawal (Supplementary figure 2B).

As a final validation, we performed UGSM recombination experiments with
passage 8-organoids derived from the DLP from WT, PBCre and PBCre Pten
mice. Approximately 50.000 organoid cells (passage 8) were combined with
mesenchymal cells and placed under the kidney capsule. Organoid/UGSM
transplants were harvested 2 months after transplantation. Histological
analysis showed that organoids derived from different genotypes faithfully
recapitulated the known histopathology (Supplementary figure 2A).

Independently, we blocked Pten expression by shRNA-mediated knock-
down in Pten-WT organoids. We retrovirally introduced Pten- and control
shRNA viruses into WT and PBCre ERG organoids. 24 hours post infection;
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we applied Puromycin selection for 2 days to ensure that only infected
organoids remained. We detected an 80-90% decrease in Pten expression
levels 7 days post infection (Figure 2D; Supplementary figure 2C). This was
accompanied by increased phosphorylation of AKT and Ribosomal protein
s6 (Figure 2E, supplementary figure 2D), presumably resulting from increased
activation of the PI3 kinase pathway following a decrease in expression of
the Pten phosphatase. Indeed, the shPTEN-infected organoids resembled
the ‘hyperplastic’ PBCre PTEN'>*>® organoids. No sign of such hyperplasia
was observed in shSCR infected organoids (Figure 2F). In accordance with
previous observations by Carver et al.?, we found that the hyper-activation of
the P13 Kinase pathway decreased the transcriptional output of the AR targets
Psca and Fkbp5 (Figure 2D, Supplementary Figure 2B).

Finally, we performed UGSM recombination with 50.000 cells derived
from experiments with shPTEN- and shSCR-infected PBCre ERG organoids.
Indeed, the glandular tissue derived from shPTEN-infected organoids was
strongly hyperplastic, whereas the structures derived from shSCR-infected
organoids showed no signs of hyperplasia (Figure 2C). In all, these results
demonstrated that in vitro organoid phenotypes mimicked the in vivo
phenotypes, and that retroviral expression/knockdown of genes can be used
to identify and study genes involved in prostate cancer with this technology.

Human healthy and cancerous prostate organoids

From our previous experience on translating organoid culture conditions from
mouse to human gastrointestinal epithelium '/, we anticipated that human
prostate organoidswould demonstrate additional growth factorrequirements.
To the ENR+A83+DHT media, we added Fibroblast growth factor (FGF) -10, -2,
andprostaglandinE2(PGE2).Thesefactorswerepreviouslydescribedtosupport
proliferation of prostate and/or colon epithelium 13839 |n addition, we added
two factors that we had previously identified as being essential for human
small intestinal cultures, i.e. nicotinamide, and the p38 inhibitor SB202190.

Using these conditions, we were able to expand human prostate epithelium
for >12 months while remaining phenotypically unchanged and retaining
a stable karyotype (Figure 3a). Initially, human prostate organoids
formed solid spherical structures of stratified epithelium, that developed
pronounced lumens after 2-3 weeks (Figure 3F). Such prostate organoids
were composed of single-layered epithelium, but also contained areas
with a double-layered epithelium. The majority of cells were positive for
the luminal epithelial markers CK8 and AR (Figure 3E-F). Cells positive
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Figure 2: Genetic models of PCa recapitulate in vivo phenotypes.

A: Schemetic overview of genetic mouse models used in experiments: Pten'o®1o®  Rosg 'oxp-stop-loxp ERG
and the prostate specific deletion strain PBCre. B: Phenotypical analysis of organoids derived from
genetic mouse models of prostate cancer brightfield and H&E images of Wildtype (WT) (I-1l), PBCre
Pten'o®oxe (]1]-V) that form solid balls due to hyperplasticity. PBCre Rosa 'ostop-lox ERG (\-\/]) showing
no signs of hyperplasticity and PBCre Pten'>®/ o Rosa loxe-stoploxp ERG (V] |-V/]]]) showing hyperplasticity and
fingerlike protrusions in the matrigel. C: Schematic overview of experimental setup of viral infection. D:
Quantative RT-PCR analysis of Pten,and the AR targets Fkpb5 and Psca expression in shPten and shScr
infected organoids. Pten expression is strongly diminished (10%) in shPten infected organoids showing
efficient knockdown. Fkbp5 ans Psca expression downregulated twofold in shPten infected organoids.
Results are presented as mean + standard deviation E: Westernblot analysis of PI3-Kinase pathway
components Akt and ribosomal protein S-6 in shPten and ShScr infected organoids. Phophorylation of
Akt and p-S6 are increased in shPten infected organoids. Gapdh was probed as a control. F: Brightfield
image and fluorescence of shPten-RFP shScr-RFP infected PBCre ERG organoids (I-IV) H&E staining of
shPten/shScr organoid-UGSM recombinations (Il & VI) showing hyperplasticity in the shPten infected
organoids and UGSM recombinations. RFP was coinfected with the shVector showing high transduction
efficiency (Il & V) . Scale bars represent 50 or 100 uM.

89

N
=
[}
=
Q
©

d=
o)




N
=
[}
=
Q
©

e
o)

for basal markers p63 and CK5 were always located in the outer layer of
organoids (Figure 3E-3F). Ki67 staining revealed that organoids actively
cycle in the presence and absences androgens (Supplementary Figure 3B).

As for the mouse organoids, the human organoids expressed prostate-specific
genes such as Prostate specific antigen (PSA) and the homeobox gene NKX3.1
(figure 3C-D) Additionally, the human prostate organoids strongly responded
to DHT (0.1-100 nM) in terms of expression of AR targets. Indeed, the AR-target
genesPSAandNKX3.1weremarkedlydecreaseduponwithdrawal of DHT (Figure
3D). Asforthe mouse organoids, we found that titration of EGF (50, 5,0.5&0ng/
ml)increased AR target gene expression. Similar to the mouse organoids EGF is
the essential factor driving organoid proliferation. (Supplementary figure 3C).

Moreover we found that PGE2 (1-10nM) and FGF2 (10 ng/ml) was
essential for sustain organoid growth as well as A83-01 and Nicotinamide
(Supplementary figure 3C). Removal of SB202190 lead to keratinization
of the organoids indicative of stress (Supplementary figure 3C).

Although proliferation rate was not affected by the removal of FGF10,
Noggin and R-spondin we found that removal these factors strongly
decreased AR expression levels, suggesting a role of these pathways in the
maintenance and differentiation of luminal cells. (Supplementary figure 3C).
A very important tool for the study of prostate cancer
would be the easy generation of organoids from individual
prostate  cancer patients, independent of tumor genotype.
We have established pairs of normal and tumor tissue from prostates of 10
patients undergoing radical prostatectomy with an efficiency of >95%. We
did not note major differences in organoid morphologies between normal
and tumor organoids (Figure 4A). When we probed for expression of the
TMPRSS2:ERG fusion transcript, we found four weeks post establishment
samples were still expressing the TMPRSS2:ERG fusion gene whereas control
benign tissue from the same patient did not express the fusion gene (Figure
4B). When we analyzed organoids for the presence of basal cells, the loss
of basal cells is a hallmark of PCa, we found p63-genative organoids are
present among the bulk of the culture (Figure 4C). However we could not
exclude the growth of benign epithelium in these cultures. To determine
whether fusion negative samples were also tumor, we karyotyped several
tumor organoids. We found only one tumor culture with 40% aneuploid cells,
suggesting a mixed population of healthy and tumor cells (Figure 4D). In all
other samples we did not find signs of tumor cells, most likely normal cells co-
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isolated from the biopsy outcompete tumor cells, as was described before™.

To test whether prostate organoids retain the capacity of forming glandular
tissue in vivo we performed UGSM recombination experiments with passage
8-cultures from both benign and tumor tissue from the same patient.
Approximately 50.000 cells derived from organoids were combined with
mesenchyme and placed under the kidney capsule as described previously?.
Organoid/UGSM recombinations were harvested after 8 weeks of growth.
Histologicalanalysisshowedthatprostateorganoidsderivedfrombenigntissue
formed normal glands. Organoids derived from tumor tissue from the same
patient formed both hyperplastic glands and normal gland (Supplementary
Figure 3), again indicating a mixture of benign and cancer organoids.
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Figure 3: Establishment of human prostate organoids.

A: Schematic overview of human prostate organoid establishment. Areas designated benign and tumor
were isolated seperately, enzymatically digested to single cells and plated in matrigel. B: Karyotyping of
passage 20 organoids (6 months) showing 46 chromosomes C: RT-PCR analysis of prostate organoids
show that both luminal and basal markers are expressed D: Quantatative RT-PCR of AR targets NKX3.7
and PSAin the presence of DHT (1nM) and in castrate conditions. In the presence of DHT NKX3.7 and PSA
are strongly upregulated. Results are presented as mean tstandard deviation E: Immunofluorescent
staining of Cytokeratin 5 and Cytokeratin 8 of a DHT treated organoid showing distinct luminal and
basal cell populations F: Immunohistochemical analysis of human prostate organoids in the presence
of DHT (1nM) and in castrate conditions. Brigthfield image (I-ll) H&E staining (lll-IV), showing no
morphological differences in between treatments. p63 (V-VI) with a basal staining pattern. Cytokeratin
8 (VII-VII) showing luminal localization. Androgen receptor (IX-X) with strong nuclear staining in DHT
treated samples indicating an activated signaling pathway. Scale bars represent 50 pM.
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A: (I-lI) H&E staining of primary prostate cancer & benign control from one patient (lll-IV) ERG
staining of primary prostate cancer, showing clear nuclear signal in the prostate tumor (V-
V1) brightfield image organoids derived from normal and tumor tissue show no differences in
morphology B: RT-PCR analysis of TMPRSS2:ERG fusion transcript in normal and tumor derived
organoids 4 weeks post establishment. Fusion transcript is exclusively detected in the tumor
organoids. C: Immunhistochemical analysis of Tumor derived organoids. () H&E staining (ll) p63
negative organoids are present among the bulk (Ill) CK8 staining (IV)AR staining, showing nuclear
localization indicating an intact signaling pathway D: Karyotyping of a second prostate tumor.
30% of nuclei analyzed are aneuploid. Indicating a mixed population of tumor and healthy cells.
Scale bars represent 100 uM.
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Murine Prostate organoids respond to clinically approved drugs

Finally, we tested whether prostate organoids respond to clinically approved
anti-androgen drugs in vitro. We analyzed the genetic mouse models of
PCa to ensure that we have a homogeneous organoid population. First we
optimized concentrations for the first generation anti-androgen Casodex/
bicalutamide (IC50 160 nM) and the second-generation anti-androgens
MDV3100/Enzalutamide (IC50 36 nM) *° and ARN509 (IC50 16 nM) *' by
analysis of AR target gene expression in the presence of DHT. We found that
PSA expression was comparable to castrate levels when organoids were
treated with TuM - 10 uM Casodex, 100- nM - T uM MDV3100 and 100 nM
-1 UM ARN-509 (Figure 5A). These effective concentrations were considerably
lower than effective serum levels in patients or effective compound
concentrations as determined in conventional fetal calf serum-containing cell
culture methods “°. Most likely, serum proteins sequester active compounds.

Murine prostate cancer organoids were cultured with AR inhibitors in the
absence or presence of DHT. We seeded 2000 single cells to ensure equal
starting conditions and measured organoid size using cellular imaging
software (CellProfiler). After fourteen days, organoids that were grown in the
combined presence of DHT and anti-androgens (100 nM ARN-509, 100 nM
MDV3100or 1 uMof Casodex) had developed to a size comparable or smallerto
that obtained under castrate (i.e. no DHT) conditions (Figure 5, supplementary
figure 5). Surprisingly, we found that AR inhibition under “castrate” conditions
displayed further growth inhibition (Figure 5, supplementary figure 5)
We hypothesized that the AR remains active in the absence of a ligand, as
suggested elsewhere *** %), For this, we had to exclude that an alternative
source ofandrogenswas presentin the serum-free culture.Toonly non-defined
component in our culture system was Matrigel®. Prostate organoids may be
capable of generating their own androgens 8, To exclude this, we treated
organoids with the 17 a-hydroxylase/C17,20 lyase inhibitor Abiraterone *.
Treatment at 100 nM (IC50 1nm) did not influence the base-line expression
of AR target genes (Supplementary Figure 5). We therefore concluded that
androgens endogenously produced, were absent from our cultures under
“castrate” conditions. To address if unspecified, off-target effects were causing
the growth-inhibitory effects, we tested the inhibitors on mouse smallintestine
(SI) organoids, which are grown in comparable media'®. We found that none
of the inhibitors influenced the growth of the mouse Sl organoids (Figure
5). These data agreed with the notion that the effects on prostate organoids
were ‘on-target; i.e. blocking the transcriptional effect of AR. The data implied
that these (clinically approved) AR inhibitors suppress prostate tumor
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growth through inhibition of the AR in an androgen-independent manner.

A e—
) Control

R
— . - Size analysis

Organoid Dissociat

culture N C}_) R

Seed 2000 Treated
single cells

B Mouse Prostate PTEN/ERG organoid Mouse Small intestine Organoid

1200000 - 120009

Size in pixel/mm2
SERE
I
—
|
b
:

Size in pixel/mm?2

¥ 8088 8
3
3

S & F & P S PO
o V§¥ ‘pl\"’\ 0:9& (Ju":‘k & GS’;\ o & ‘3-‘\‘ ‘@\{b O&P
DHT Castrate
Control ARNSQ9 MDV3100 Casodex
@
; &
B o
o
3 N B o0
»
u
SN %
wi D —
15 5 - 8
o CN ) : e
S

Figure 5 :Treatment of murine organoids with Clinically approved
inhibitors.

A: Schematic overview of experimental setup. 2000 single cells were plated and subsequently treated
with the AR inhibitors ARN-509, MDV3100 and Casodex for 2 weeks B: Quantification of organoid size 14
days after inhibitor treatment. Left: Murine PBCre Pten'>®/1oP Rosg loxp-stop-loxp ERG hrostate tumor organoids
treated with 100 nM ARN-509, 10 nM MDV3100, 1 uM Casodex in the presence and absence of DHT (1
nM). Mean organoid size is reduced in the treated organoids. Under castrate conditions AR inhibitor
treatment decreased mean organoid size further Right: As a control murine small intestinal organoids
treated with 100 nM ARN-509, 100 nM MDV3100, 1 uM Casodex in absence of DHT and with DHT(1 nM).
No reduction on overal organoid size is observed. Results are presented as pixel/mm2 mean +standard

error of the mean C: Representative brightfield images of prostate organoids 14 days post treatment.
Scale bars represent 50 uM.
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Discussion

Based on our previous experience with organoid cultures, we have devised a
culturesystemthatallowslong-term expansion of murine prostatic epithelium.
Murine prostate organoids faithfully recapitulate in vivo phenotypes known
from genetic models for prostate cancer. Moreover, the murine prostate
organoids are easily manipulated with inhibitors and retroviruses, offering a
new tool for the discovery and study of PCa. To our knowledge, we report the
first culture system that allows long-term expansion of untransformed human
prostate epithelium and, moreover, maintains androgen-responsiveness
in culture. The culture conditions also allow in part propagation of human
prostate cancer-derived organoids, however from most biopsies only benign
organoids were derived. It is likely that benign cells outcompete the tumor
cells as is observed by others'. Possibly this can be overcome by isolation of
tumor cells from the bulk before seeding.Then possibly technology may fill the
void that currently exists between the large-scale, genome-wide sequencing
efforts of human cancers and the clinical data of individual patients.

Recently large scale genome-wide sequencing data has become available of
primary PCa ?%3° and castration resistance prostate cancer (CRPC) *°. Using the
murine organoids one could study the influence of the genes on functional
in vitro parameters such as growth, invasive behavior, drug-sensitivity or
genome instability. Organoid culture may represent a straightforward,
cheap and robust alternative to xenografting 8. As a case in point, we have
demonstrated that prostate organoids respond to the AR inhibitors Casodex,
ARN509 and MDV3100 in terms of growth and gene expression signatures.

It appears of interest that the AR inhibitors suppress organoid growth
even in the absence of androgens in the medium, indicative of a ligand-
independent role of the AR. Several mechanisms for such a phenomenon
have been suggested. Transcript variants of the AR are known, which lack
the ligand-binding domain (LBD) coding exons 4-8, and are constitutively
active (**°'%2, Such variants require the co-expression of full-length AR and
the activity can be blocked with anti-androgen treatments *. However, the
absolute expression levels of these variants are low®:. Alternatively, it has been
proposed that the AR can be activated in the absence of an androgen ligand
by stimulation of the Her2/neu receptor *. However, removal of EGF from the
mediumresultsinanincrease of AR target expression in organoids, suggesting
an alternative mechanism. The simplest explanation of our observations
might rest in a baseline activity of the AR that does not require ligand.
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In this culture system, DHT/AR signaling acts as a growth factor, but
simultaneously induces luminal differentiation. In vivo the androgen receptor
has also been shown to play dual roles in prostate. In mice epithelial specific
deletion of the androgen receptor leads to dedifferentiation and increased
number of proliferating cells **. However forced overexpression of the AR
results in intraepithelial neoplasia in adult mice >, In prostate cancer lines
the Janus-face of the AR is also observed *’. In CRPC the transcriptional
program regulated by the AR is significantly different compared to
primary prostate cancer *. However the AR locus is commonly amplified
or mutated in CRPC *°%, Possibly organoids could provide novel insights
into these complex AR signaling events in both homeostasis and cancer.

A tantalizing hypothesis is that the AR plays these different roles in different
cells types. Terminally differentiated luminal cells and a transit amplifying cells
are positive for AR expression '2 However there is evidence that rare prostate
stem/progenitor cells express AR and therefore are DHT responsive *%°. Under
castrate conditions theligand AR functioninthese progenitors would be active
and blocking with anti-androgen treatment would target stem cells directly.
However also a fraction of Trop2Hi, AR-negative fraction basal cells have
shown act as stem cells®. In this scenario, stem cells would remain unaffected.
However it is not excluded that AR expressing cells play a vital role in stem
cell niche and therefore targeting AR would still be a bona fide treatment.

In all prostate organoids offer a novel model to study prostate development,
homeostasis and cancer.

Materials & Methods:

Isolation & culture of prostate epithelial cells

Murine prostates were isolated from Wildtype C57BI/6, Rosalo/stop/loxP ERG
Pten!®1o® mice, Pten!o®1o® RosaloP/stor/loxPERG _A[| lines were crossbred to C57bl/6
background. Murine prostates were divided into three lobe pairs, the Anterior
Prostate (AP), Dorsolateral Prostate (DLP) and Ventral Prostate ©'. Subsequently
the each lobe was placed in 5-mg/ml collagenase type Il (Gibco) in advanced
DMEM/F12 and digested for 1 to 2 hours at 37’C. Glandular structures were
washed with ADMEM/F12 and centrifuged at 100*G. Subsequently structures
were digested in 5ml Tripled (Gibco) with the addition Y-27632 10 uM (Sigma)
for 15 min at 37'C. Trypsinized cells were washed and seeded in growth
factor reduced matrigel (BD biosciences). Murine prostate epithelial cells
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were cultures in ADMEM/F12 containing growth factors EGF 5-50 ng ml”’
(Peprotech), R-spondin 1 conditioned medium or 500 ng ml" recombinant
R-spondin 1, Noggin conditioned medium or 100 ng ml' recombinant
Noggin (Peprotech) and the tgf-beta/alk inhibitor a83-01 (Tocris) to
Dihydrotestosterone (Sigma) was added at 0.1-1 nM final concentration.
Murine prostate organoids were passaged either via trituration with a glass
Pasteur pipet or trypsinization with TryplE for 5 min at 37 ‘C. Passage was
performed every week with either a 1:3 (castrate conditions) or a 1:5 (+DHT
conditions) ratio. Human prostate samples were obtained from patients
undergoing radical prostatectomy according guidelines from the UMC
Utrecht. Prostate pieces designated “normal” and “tumor” were minced and
digested in 5 ml of 5 mg/ml collagenase type Il (Gibco) in complete prostate
medium (described below) and digested for 14-16 hours at 37’Cgently shaking.
.Subsequently structures were digested in 5ml TryplE (Gibco) with addition of
Y-27632 10 uM (Sigma) for 15 min at 37'C. Trypsinized cells were washed and
seeded in growth factor reduced matrigel (BD biosciences). Human prostate
organoids (benign & tumor) were cultures in ADMEM/F12 containing growth
factors EGF 5-50 ng ml" (Peprotech), R-spondin 1 conditioned medium
(Reference ABO) or 500 ng ml”' recombinant R-spondin 1, Noggin conditioned
medium or 100 ng ml”" recombinant Noggin (Peprotech), 10 ng ml" FGF10
(Peprotech), 5 ng ml" FGF2 (Peprotech), 10 nM Prostaglandin E, (Tocris),
the tgf-beta/alk inhibitor a83-01 (Tocris), SB12021 (Sigma-Aldrich), and 100
mM Nicotinamide (Sigma-Aldrich) and Dihydrotestosterone (Sigma-Aldrich)
was added at 0.1-1 nM final concentration. Human prostate organoids were
passaged either via trituration with a glass Pasteur pipet or trypsinization
with TryplE for 5 min at 37 ‘C. Passage was performed weekly with a 1:2 ratio.
Murine small intestinal organoids were cultured as described previously '°.

Growth curves organoids

Organoids cultured under standard conditions were trypsinized using
TryplE and passed through a strainer with a pore size of 40 um to obtain a
single cell solution. 2000 single cells were plated in 20 ul 3:7 ADMEM/F12:
matrigel mix (48 well plate). Cells were treated with either T nm to 1 uM
MDV3100 (Sawyers lab), T nM - 1 uM ARN-509 (Sawyers lab), T nM - 10 uM
Casodex (Sigma) in the absence or presence of TnM DHT. Organoid number
was counted at 14 days post seeding and size was quantified by analyzing
phase contrast pictures using cellular imaging software (CellProfiler).
Experiment was done in triplicate and 3 pictures were taken per well at
40x for size analysis. Average organoid size is expressed as pixel/mm2.
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UGSM essay
UGSM recombination essay was performed as described previously .

Karyotyping

Karyotyping was performed as described previously'®. In short, organoids
were treated with Colcemid (Gibco) for 16 hours. Cells were trypsinized,
washed and fixed using MeOH: acetic acid 1:1. Cells were washed 3x with
MeOH: acetic acid 1:1. Cells were plated from height on glass slides and
metaphase spreads were visualized using DAPI. Slides were mounted with
vectashield and analyzed on a DM6000 Leica microscope.

Immunohistochemistry and Immunofluorescence

Organoids were fixed using 4 Paraformaldehyde on 4 ‘C overnight. Fixed
organoids were washed and transferred to paraffin according to standard
techniques. Immunohistochemistry was performed as described previously.
In short, antigen retrieval was performed by boiling samples for 10 minutes
with either sodium citrate or EDTA buffers. Blocking was performed using 1%
BSA in PBSO for 30 minutes at room temperature. Following antibodies were
used for staining on murine and human prostate organoids AR (1:1000, N-20,
Santa Cruz) Ck5 (1:1000, AF-138, Covance), Ck8 (1:1000, C-51, Santa Cruz), PSA
(1:1000,Dako), p63 (1:1000, 4A4, Millipore), ki67 (1:2000, Dako) ERG (1:500,
EP111, Epitomics). Stainings were visualized using bright vision (Dako).

For immunofluorescent stainings organoids were fixed washed using
ADMEM/F12 to remove matrigel. Subsequently organoids were fixed using
4% PFA in PBS for 1 hour on ice, followed by permeabilization/blocking with
1% BSA, 1% Triton X-100 in PBSO for 30 min on Ice. Stainings were performed
in 0.05% BSA 0.1% Triton X-100 in PBSO overnight at 4'C. Organoids were
stained using the following antibodies AR (1:200, N-20, Santa Cruz) Ck5
(1:500, AF-138, Covance), Ck8 (1:500, C-51, Santa Cruz). Subsequently
organoids were washed with PBSO, 3x 10 minutes and subsequently
stained with alexa-fluor (-488, -568, -647) conjugated antibodies in 0.05%
BSA 0.1% triton X-100 in PBSO for 1 hour in the dark at Room temperature.
DNA was stained using DAPI or Topro3 during 2ndary antibody step.

RNA isolation, cDNA preparation, qPCR

RNA was isolated from organoids using Qiagen RNeasy kits according
to manufacturers protocol. 100-1000 ng RNA was reversetrancribed
to cDNA using GoScript reverse transcriptase (Promega) according
to manufacturers protocol. Quantative RT-PCR was performed using
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IQ™ SYBR green mix (Bio-Rad) according to manufacturers protocol.
QPCR was performed using primers from supplementary table 1.

Westernblot

Samples were lysed using RIPA buffer (50 mM Tris-HCL pH 8.0, 150 mM
NaCL, 0.1% SDS, 0,5% Na-Deoxycholate, 1% NP-40) containing Complete™
protease and phosphatase inhibitors (Roche). Protein content was
quantified using standard Bradford assay. 10 uG of protein was loaded
on gradient polyacrylamide gels (4-12%) and subsequently transferred
to a PVDF membrane. Membranes were probed with antibodies directed
against AR (1:000, N-20, Santa Cruz), Gapdh (1:2000 Abcam) Akt (1:1000 Cell
signalling), phosphorylated-Akt (1:1000 cell signaling), Phosphorylated-S6
(1:1000, cell signaling). Following washes membranes were incubated
with secondary HRP conjugated antibodies (goat anti-Rabbit HRP 1:2000,
anti goat HRP 1:2000 and Rabbit anti-mouse 1:2000 all GE healthcare).
ECL (G&E healthcare) Signal was detected using LAS 5000 (GE healthcare).
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Supplementary figure 1:

A: Brigthfield pictures showing establishment of murine organoids from different lobes in the
presence and absence of 200nM a83-001 B: Immunohistochemical analysis of murine organoids
under DHT and Castrate conditions. I-Il ki67 lll-IV Cytokeartin 5 C: Quantative RT-PCR Analysis of AR
target Fkbp5 after DHT withdrawal from the medium (I), showing 24 hours of continued signalling.
24 hours after DHT stimulation titration (0 nM - 100 nM) (Il), showing maximal stimulation from
concentrations of 0.1 nM and up. 24 hours with increasing Egf concentrations (50 ng/ml - 0 ng/
ml) (Ill) showing a strong increase in Fkbp5 expression. Results are presented as mean +standard
deviation D: Representative brightfield images of organoids undergoing cycles of DHT (1 nM)
addition and withdrawal, showing distinct foldinds in DHT treated organoids E: Organoid forming
efficiency of 2000 single cells is decreased absence of Noggin, R-spondin or DHT (1nM) F: left:
Schematic overview of Organoid-UGSM recombination experimental setup right: H&E staining
of murine prostate lobes, organoids derived of their respective lobes and UGSM recombinations.
Showing no abnormalities are found. Scale bars represent 50 uM.
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Supplementary figure 2:

A: H&E staining of organoids derived from the dorsolateral lobe of wildtype, PBCre Rosa 'op-stop-loxrERG gnd
PBCre Pten'o®/loxr Rpsg loxp-stop-loxp ERG mjce and organoids-UGSM recombiation. In PBCre Pten'™®/P Rosa o
stoploxp ERG grganoids and UGSM recombinations hyperplasticity is observed B: Quantative RT-PCR analysis
of Psca expression in organoids derived form all prostate lobes from all genotypes in the presence of
DHT (1nM) and in castrate conditions. All organoids derived from different lobes and genotypes are DHT
responsive.Results are presented as mean + standard deviation C: Quantative RT-PCR analysis of Pten and
Psca expression in shPten and shScr infected organoids derived from all lobes from Wildtype and PBCre
Rosa 'oxpstorlow ERS myjce, Pten and Psca expression is reduced in all shPten infected organoids. Results are
presented as mean + standard deviation D: Westernblot analysis of PI3-Kinase pathway components Akt
and ribosomal protein S-6 in shPten and ShScr infected infected organoids derived from all lobes from
Wildtype and PBCre mice. Phophorylation of Akt and p-S6 are increased in shPten infected organoids.
Gapdh was probed as a control. Scale bars represent 50 uM.
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Supplementary figure 3:

A: left: Schematic overview of Organoid-UGSM recombination experimental setup. 8 week old
organoids were enzymatically digested to single cells. 50.000 single cells were recombined with UGSM
and placed under the kidney capsule. Right: H&E staining of primary normal and tumor tissue (I & IV),
bright field image of the organoids (Il &) and UGSM-recombinations (lll & V1) B: Immunohistochemical
analysis of ki67 in DHT and Castrate conditions. C: Passage number of the organoids in the absence of
single components. Nicotimanid, EGF, A83 PGE2 and FGF2 are essential for organoid proliferation. D:
Keratinization observed in the absence of p38 inhibitor SB202190. E: Absence of R-spondin, Noggin,
FGF10 or Nicotinamide strongly reduces AR expression in the organoids. Results are presented as mean
+standard deviation. F: Quantative RT-PCR Analysis of AR target PSA 24 hours after DHT stimulation,
titration (0 nM - 100 nM) (I) 24 hours with titrated Egf (50 ng/ml -0 ng/ml) (lll). PSA is upregulated in the
absence of EGF. Results are presented as mean tstandard deviation.
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Supplementary Figure 5:

A: Quantative RT-PCR Analysis of AR target PSA 24 hours after addition of AR inhibitors ARN-509 (1nM
- TuM), MDV3100 (1nM - TuM) and Casodex (10nM - 10uM) in the presence of DHT (1nM), PSA levels
are comparable to castrate at in the presence of 100 nM (ARN-509 & MDV3100) and 1 uM Casodex B:
Quantification of WT organoid size 14 days after inhibitortreatment ARN-509 (100 nM), MDV3100(100nM)
and Casodex (1puM) in absence and in the presence of DHT(1 nM). ean organoid size is reduced in treated
organoids. Under castrate conditions AR inhibitor treatment decreased mean organoid size further.
(N=3 wells) Results are presented as mean tstandard error of the mean C: Quantative RT-PCR Analysis
of AR target Nkx3.1 of organoids cultured in Matrigel 24 hours after addition of Abiratetone (100 nM).
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Species
Mouse

Mouse

Mouse

Mouse

Mouse

Mouse

Mouse

Mouse

Human

Human

Human

Human

Human

Human

Human

Human

Human

Gene
AR

Ck8

Ck18

k5

Ck14

p63

Probasin

Nkx3.1

CK8

CK18

CK5

CK14

p63 (tv4-5-6)

PSA

AR

NKX3.1

TMPRSS2:ERG

Sequence (5'->3')
Forward primer
Reverse primer
Product length
Forward primer
Reverse primer
Product length
Forward primer
Reverse primer
Product length
Forward primer
Reverse primer
Product length
Forward primer
Reverse primer
Product length
Forward primer
Reverse primer
Product length
Forward primer
Reverse primer
Product length
Forward primer
Reverse primer
Product length
Forward primer
Reverse primer
Product length
Forward primer
Reverse primer
Product length
Forward primer
Reverse primer
Product length
Forward primer
Reverse primer
Product length
Forward primer
Reverse primer
Product length
Forward primer
Reverse primer
Product length
Forward primer
Reverse primer
Product length
Forward primer
Reverse primer
Product length
Forward primer
Reverse primer

Template strand
GCCAGGAGTGGTGTGTGCCG
AAGTTGCGGAAGCCAGGCAAGG
141

AGCTCGCTCTCGAACCTCCGT
GCTCCAGGAAGCGCACCTTGTC
412
ACCTGAGGGCTCAGATCTTTGCGA
AGGGTGCGTCTCAGCTCCGT

505

GTGGGGGCAGCCGCTCTTTC
TCCAGGAACCGCACCTTGTCG
520

GCTGCCGCTTCCAGAGTTCCT
GCTCTGCACTCTTGGTCTGGAACC
879
AGCAGAAAAGAGGAGAGCAGC
GGTTCGTGTACTGTGGCTCAC

250

TGACGGGCCTTGGCAAACAA
TGCTTGGACAGTTGTCCGTGTCC
434

ACGCAGTCCAAGCGGCTCAC
TGTGCATCAGACTCGGGTTCAGTC
224
ACCTGCAGGAAGGGATCTCCG
AGGCCACCGCGAAAGTTGCT

208

TGCCAGCTCTGGGTTGACCG
TGTGGTGCTCTCCTCAATCTGCTG
157
CGAGGAATGCAGACTCAGTGGAGA
GCTTCCACTGCTACCTCCGGC

166
TCCAGAGATGTGACCTCCTCCAGC
ATTGCCAGGAGGGGGTGAGGG
234
CCTGGAGCCAGAAGAAAGGACAGC
CAGGTTCGTGTACTGTGGCTCACT
109

TGGGGACCACCTGCTACGCC
TCGGTGATCAGAATGACCCACGAG
208
GGCGGGCCAGGAAAGCGACT
TCCCTGGCAGTCTCCAAACGCAT
165

CGTCCAAGCCGCTCACGTCC
CCCAAGTGCCTTTCTGGCTCGG
235

CAGGAGGCGGAGGCGGA
GGCGTTGTAGCTGGGGGTGAG
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Tnfrsf19 marks luminal progenitor cells in the
prostate

Wouter R. Karthaus, Jarno Drost, Marc L. van de Wetering, Daniel E.
Stange Johan H. van Es, Maaike van den Born and Hans C. Clevers.
Hubrecht Institute, Royal Netherlands Academy of Arts and Sciences &

University Medical Center Utrecht, 3584 CT, Utrecht!

Abstract:

The prostate is composed of multiple ducts that are lined with pseudo-
stratified epithelium. The prostate epithelium is composed of luminal and
basal cells, which can be distinguished by specific lineage markers. Lineage
tracing experiments suggest that unipotent stem cells exist in both the
luminal and basal lineage. Using the Tnfrsf19¢ mouse model we show that
in the murine prostatic epithelium two distinct populations of luminal and
basal cells express Tnfrsf19. Using lineage tracing we show that Tnfrsf19+
luminal cells are unipotent progenitor cells and contribute to the luminal
lineage during homeostasis and regeneration of the prostate in vivo. In vitro,
Tnfrsr19*¢ luminal cells display bipotentiality generating prostate organoid
structures composed of both luminal and basal cells. Therefore, we conclude
that Tnfrsf19 marks luminal progenitor cells in the prostate.

Introduction:
The prostate is a male sex organ located at the base of the bladder surrounding
the urethra, and produces approximately 30% of the seminal fluid.

The human prostate is composed of a single gland that is subdivided into
three zones (central, transition and peripheral)!, whereas the murine prostate
is subdivided into three histologically distinct lobes, the anterior Prostate
(AP), Dorsolateral Prostate (DLP) and Ventral Prostate (VP) 2. Prostatic
ducts are lined by a pseudo-stratified epithelium in both species "2 Three
epithelial cell types are identified in the adult prostate: 1) basal cells, marked
by Cytokeratin (Ck) 5, Ck14 and p63 2) Luminal cells, marked by Ck8, Ck18,
Androgen receptor (Ar) and secretory proteins like Prostate specific antigen
(PSA) 3) Neuroendocrine cells, marked by Chromogranin A and Synaptofysin
3. In both the adult and developing prostate, intermediate cells expressing
both basal and luminal markers have been identified **, but their identity and
function remain unclear.
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A hallmark of Prostate cancer (PCa) is the absence of the basal cell lineage.
Interestingly, basal cells have often been implied as a cell of origin for cancer
8, as deletion of the tumor suppressor Pten in basal cells results in a tumor
with a luminal phenotype. However, deletion of Pten in luminal cells also leads
to prostatic intraepithelial hyperplasia (PIN) with a similar phenotype °'.

In several other somatic tissues, stem cells have been shown to represent
the cells-of-origin of cancer ™. In the adult prostate epithelium, a stem cell
marker has not been reported. Pioneering lineage-tracing studies from basal
Ck5+ve and luminal Ck8+ve cells have shown that in adult mice both lineages
harbor unipotent stem cells '*'*, However using the classic urogenital sinus
mesenchyme (UGSM) recombination essay ', it has been show that single
Sca-1+, CD133+, CD44+, CD177+ cells, which are predominantly basal in
mice and exclusively basal in human, can generate complete prostatic ducts
1>, Additional proof has come from a basal cell population that was identified
by high Trop2 expression and was shown to have bipotential capacity '°.
Moreover, lineage tracings from Ck5+ve cells in 4-week-old mice show that
basal cells are bipotential during postnatal development '. In a recent study
by Wang and colleagues lineage tracing from Ck5+ve cells revealed that basal
cells at a low degree are bipotential in the adult prostate . In the same study,
it is shown that 25% of basal cells are capable of forming spheres in an in vitro
colony-forming essay, suggesting alarge degree of plasticity among basal cells,

Lineage tracing from Ck8+ve and Ck18+ve cells suggest unipotency in
the luminal lineage '°'3. After castration (resulting in a strong reduction of
serum androgen levels), approximately 90% of all luminal cells die within
3 weeks . Within the luminal population, a subset of cells retains the
expression of the homeobox gene Nkx3.1. These are known as castration
resistant Nkx3.1 positive cells or CARNs °. During regeneration of the
prostate by exogenous androgens, CARNs contribute to both luminal
and basal lineages, as evidence of the existence of bipotential cells in the
luminal lineage. However, it remains unclear how CARNs are identified pre-
castration and thus there is no possibility to isolate CARNs from prostates.

Previously, we have described a quiescent stem cell of the stomach corpus
epithelium marked by the expression of the tumor necrosis factor receptor
super family member 19 (Tnfrsf19)(Stange et al. Unpublished data). Tnfrsf19
is also expressed specifically in the Lgr5+ve stem cells of the intestine. In
this study, we describe both a basal and luminal cell population marked by
Tnfrsf19 expression. Both are capable of forming prostate organoids in our
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novel culture method (Karthaus et al. Chapter 5). Moreover, we show that
luminal Tnfrsf19+ve luminal cells contribute to the tissue during homeostasis,
survive castration and contribute to the regeneration of the prostate.

Results:

Expression of Tnfsrf19 in the prostate:

We examined the expression of Tnfrsf19 in the murine prostate using the
Tnfrsf19¥ mouse. In the Tnfrsf19 mouse model, eGFP and CreERT2 are under
the control of endogenous Tnfrsf19 regulatory sequences (Stange et al.
unpublished data). Therefore, eGFP expression recapitulates the endogenous
Tnfrsf19 expression. We found that the majority of basal cells are Tnfrsf19
positive (Tnfrsf19+ve) (Figure 1B). In the luminal cells, Tnfrsf19 expression was
restricted to a population proximal to the urethrain all lobes (Figure 1C). In this
area, labelretaining luminal cells are known to remain during multiple cycles of
castration regeneration, thus being castration resistant '°. We verified the eGFP
expression patternusinginsituhybridization (Figure 1D).Interestingly wefound
that Tnfrsf19 expressing luminal cells remain present in the murine prostate
3 weeks after castration, suggesting that either Tnfrsf19 expressing luminal
cells survive castration or that Tnfrsf19 expression is induced after castration.

Lineage tracing from Tnfrsf19+ve cells

To analyze the contribution of Tnfrsf19+ve cells during homeostasis, Tnfrsf194
mice were crossed to the Rosa26YFP Cre reporter mice %° to allow lineage
tracing. In Rosa26YFP mice an YFP coding sequence is preceded by roadblock
sequence that is flanked by loxP sites. Upon tamoxifen injection, the CreERT2
recombinaseis activated and removes the roadblock. This results in expression
of YFP allowing visualization of genetically marked Tnfrsf19+ve cells and their
progeny (Figure 2A). To activate the CreERT2 recombinase, Tnfrsf19KI mice
were injected tamoxifen (Figure 2B). One day post injection, we found single
labeled YFP cells in both the basal and luminal lineage exclusively in the
proximal regionin the AP, DLP and VP (Figure 2C). Given the long turnover time
of the prostatic epithelium we followed lineage tracing for up to one year. One
year postinjection, we found multiple YFP positive clones of with sizes varying
from 5 to 20 cells that stained positive for luminal markers CD24 and Ar and
negative for basal markers Ck5 and CD49f. Thus the YFP+ve cells represent
luminal cells. In the proximal region, we found several ribbons of YFP+ve
cells among luminal Tnfrsf19+ve cells. Interestingly distal YFP+ve clones of
Tnfrsf19 negative luminal cells were found, suggesting that YFP labeled cell
migrate from proximal to distal. No YFP+ve positive basal clones were found.

114



AEEEEEEEEEEEEENE Distal

.

Proximal

DAPI
Ck5

Distal

C Proximal Distal Castrate

P 8
(2 s N

5 e

e

-
3 o e T

o

Troy ISH

ii@ ::

Figure 1: Tnfrsf19 expression pattern in the murine prostate.

A: Schematic overview of the murine prostate, showing different lobes Anterior Prostate (AP),
Dorsolateral Prostate (DLP) and Ventral Prostate (VP) and proximal and distal regions of the prostate.
B: Expression pattern of eGFP in the Tnfrsf19X mouse model. In the proximal region both luminal
(white arrow) and Ck5+ve basal cells (Magenta, orange arrow) express eGFP. In distal regions
eGFP expression is confined to Ck5+ve basal cells. Anterior Prostate is shown. C: Verification of
the eGFP expression pattern via ISH with Tnfrsf19 specific probe. In the proximal region Tnfrsf19
MRNA was detected in luminal and basal cells. Distal basal cells express Tnfrsf19 at lower levels. In
a castrated prostate Tnfrsf19 expressing luminal cells are detected. Scale bars represent 50 uM.
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Given the proximal location of Tnfrsf19+ve luminal cells, we hypothesized
that Tnfrsf19+ve luminal cells are castration-resistant and could contribute to
the regeneration of the prostate. Upon castration, the prostate undergoes
a process called involution. In this proces 90% of luminal cells die whereas
only a small fraction of basal cells are killed '”. When testosterone serum levels
are restored, the prostate regenerates to its original size. To test whether
Tnfrsf19+ve cells survive castration, mice were injected with tamoxifen and
subsequently castrated. Approximately 3 weeks post castration, the prostate
became completely involuted and a testosterone-filled osmotic pump was
placedsubcutaneouslytofunctionasanexogenousandrogensource, restoring
serum levels to pre-crastate levels?'. Prostates were allowed to regenerate for 3
weeks before isolation (Figure 3A). After castration single luminal YFP-labelled
Tnfrsf19+ve cells are found in the prostate (Figure 3C). Similar to the long-term
tracing, YFP+ve clones stained positive for AR and CD24 and negative for the
basal marker Ck5, thus representing luminal cells (Figure 3C-D). YFP+ve clones
were predominantly found in the distal regions of the prostatic lobes (Figure 3).
In conclusion, Tnfrsf19+ve luminal cells are castration-resistantand are capable
of contributing to the luminal lineage during homeostasis and regeneration.

Tnfrsf19+ve cells display in vitro stemness potential

Because several studies indicate that sub-populations of prostate epithelial
cells are bipotent ex vivo ?'"62223 we postulated that Tnfrsf19+ve luminal cells
might be bipotential in vitro, thus capable of generating all prostate lineages.

To assess the bipotentiallity of Tnfrsf19+ve cells we performed an organoid
formation essay using our novel prostate culture method (Karthaus et al.,
Chapter 5). Tnfrsf19+ve cells were isolated from all prostate lobes using FACS
sorting based on eGFP expression. About 20% of all cells appeared to be
Tnfrsf19+ve (Figure 4). To distinguish between luminal and basal epithelial
lineage, cells were stained with a luminal specific (CD24) and basal specific
(CD49f) antibody (Figure 4). Expression of luminal (Nkx3.7 and Probasin) and
basal (Ck5, p63) lineage markers was analyzed using qPCR, confirming that
CD24+ve cells are of luminal origin and that CD49f+ve cells are of basal origin.
Among the Tnfrsf19+ve cells, we found 3 subpopulations; 1) CD24+ve Cd49f-
lo, 2) CD49f-hi CD24 negative (-ve) and 3) double negative. 200 Single cells
per population were seeded under standard prostate organoid culture
conditions (Egf, Noggin, R-spondin, a83-01, Dihydrotestosterone and Rho
kinase inhibitor Y-27632). The total number of organoids was counted 14
days post seeding. We found that -on the whole- 3% of luminal cells were
capable of forming an organoid structure, whereas 15% of CD49f-hi cells
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Figure 2: Long term tracing from Tnfrsf19+ve cells.

A: Schematic overview of Tnfrsf19% and Rosa26YFP alleles used for lineage tracing experiments.
Upon Tamoxifen injection CreERT2 removed the roadblock sequence from the R26 allele, allowing
expression of YFP and lineage tracing.  B: Induction scheme for long term lineage tracing C: 1
day post induction (Pl) single Tnfrsf19+ve labeled basal (orange arrow) and luminal cells (white
arrow) are observed in the prostate D: 1 year Pl YFP labeled clones stain negative for basal markers
(Ck5) and positive for luminal cell markers (CD24, Ar). Indicating long term lineage tracing occurred
exclusively in the luminal cells. 3 mice were analyzed per timepoint. Scale bars represent 50 uM.
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were capable of forming an organoid (Figure 4). The organoid forming
capacities of the GFP+ve populations was not significantly different among
lobes (Supplementary figure 2). CD24 and CD49f negative GFP+ve cells
and GFP negative cells did not form any organoids (Figure2, Supplementary
figure 2). Interestingly both Cd24+ and CD49f+ Tnfrsf19+ derived
organoids were composed of basal and luminal cells. Our data shows that
both luminal and basal Tnfrsf19+ve populations are bipotential in vitro.

Discussion

Here we identify a luminal Tnfrsf19+ve cell population that contributes
to the luminal lineage of the prostatic epithelium during homeostasis and
regeneration. Moreover, we show that luminal Tnfrsf19+ve cells are unipotent
invivoandtherefore concludethatTnfrsf19marks progenitorcellsofthe luminal
lineage. The castration resistant Nkx3.1 positive cell population (CARNs) was
previously shown to host a stem cell of luminal origin®. However, due to the
broad expression pattern of Nkx3.1 in an intact prostate, the identification
of CARNSs is impossible. The fact that Tnfrsf19+ve luminal cells are castration
resistant makes it plausible that they represent CARNs during homeostasis.
In contrast to CARNs, we found no bipotentiality of Tnfrsf19+ve luminal cells
in vivo. However in vitro Tnfrsf19+ve luminal cells were capable of forming all
lineages. This is in agreement with several other studies. Mammary stem cells,
for example, have also been shown to be unipotent within their respective
lineages in vivo, that can be bipotent ex vivo and upon transplantation

Tnfrsf19+ve basal cells are more potent in organoid formation than are
luminal cells. This high degree of sphere forming capacity of basal cells has
been previously observed by others "', suggesting high plasticity of basal
cells. Remarkably, we did not observe any tracings from basal Tnfrsf19+ve
cells. This is most likely due to low recombination efficiencies in basal cells.
What regulates this switch from unipotency to bipotency remains unclear.
Whether luminal Tnfrsf19+ve cells represent the cells-of-origin for
prostate cancer remains to be determined. Several studies have shown
that both basal and luminal cells are capable of initiating cancer ¢,
Moreover, in other tissues, stem/progenitor cells have been shown to
be the cell of origin in tumor formation '%This makes it plausible that
also Tnfrsf19+ve cells could function as a cell of origin in prostate cancer.
In conclusion, Tnfrsf19 marks a subset of luminal cells with stem/progenitor cell
propertiesintheprostate.Furtherresearchofthiscellpopulationcouldyield vital
insights into homeostasis, regeneration and cancer initiation of the prostate.
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Figure 4: Luminal and basal Tnfrsf19+ve cells both have organoid
forming capacity.

A: Representative FACS profiles of eGFP cells from the murine prostate. Tnfrsf19+ve Luminal and
basal cells were separated on the basis of CD24 (luminal) and CD49f (Basal) expression B: Analysis
of luminal and basal expression markers via gPCR shows strong expression of luminal markers Nkx3.1
and Probasin in the CD24+ve eGFP population and strong expression of basal markers Ck5 and p63
CD49f+ve eGFP verifying cellular identity of sorted populations. Results are present as mean + standard
deviation C: Total percentage of eGFP+ve cells in the prostate and percentage of subpopulations of
eGFP cells. Results are present as mean * standard deviation. D: Organoid forming capacity from
single cells from eGFP+ve subpopulations. 2 weeks post seeding of 100 single cells total number
of organoids was counted. CD49f+ve population displays high organoid forming capacity (15%).
CD24+ve population has organoid forming capacity but at reduced levels (3%). CD24, CD49f negative
Tnfrsf19+ve cells do not form organoids. (N=3) Results are presented as mean + standard deviation
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Figure 5: Luminal and basal Tnfrsf19+ve cells are bipotential in vitro.
ImmunohistochemicalanalysisoforganoidsformedbyCD24+veluminaland Cd49f+ve basal, Tnfrsf19+ve
cellsshowsthatboth CK8+veluminaland p63+vebasallineagesareformedinorganoid cultureconditions.
Moreover in both organoids nuclear Ar staining is observed indicating an intact signaling pathway.
Showing both CD24+ve and CD49f+ve Tnfrsf19+ve cells are bipotent in culture. Scale bars represent 50
pUM (IHC) or 100 uM (Brightfield).

Materials & Methods:

Mouse work:

All mice work was done in accordance with rules and regulations of the
animal welfare laws of the Netherlands. Tnfrsf19¢ mice were crossed to
Rosa26YFP Cre reporter strain in a C57BL/6 background. To active the CreERT2
recombinase mice were injected 5 times using 5mg/kg tamoxifen. Castration/
Regeneration assay was performed as described previously?'. In short, mice
were castrated using standard techniques and left for 3 weeks for complete
involution of prostate. Prostates were regenerated for 3 weeks by implantation
of Alzet minipumps containing 7.5 mg/ml testosterone in PEG-400 (Diluted
from 25 mg/ml stock in ethanol), releasing 1,875 pg testosterone / hour
resulting in serum testosterone levels that resemble physiological levels 2'.

IHC & IF:

Prostates were isolated from mice and fixed with 4% PFA for one hour on ice.
For IHC prostates were embedded into paraffin using standard techniques.
IFwas performed on 90 picron sections oftissueembeddedinlow melting point
agarose onvibratrome sections, which were generated as described previously
5, Sections were blocked and permeabilized using 2% BSA and 1% Triton X-100
in PBS for 10 minutes at RT. Stainings were performed in 0.05% BSA 0.3% Triton
X-100 overnight at 4 °C using the following antibodies Ck5 (1:500 AF-138
Covance),CD24(1:200,30-F1,eBioscience),Cd49f (1:250,GoH3,BD bioscience),
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AR (1:200, N-20 Santa Cruz). Secondary antibodies used were Donkey anti
mouse IgG and Donkey anti Rabbit IgG conjugated with alexa fluor 568 or 647
(Invitrogen). Stainings were analyzed using a Leica SP5 confocal microscope.

FACS sorting:

Prostates were isolated from Tnfrsf19“ mice, subdivided in three lobe
pairs (Anterior Prostate, Dorsolateral Prostate and Ventral Prostate) and
subsequently digested in 5 mg/ml collagenase type Il (Gibco) in ADMEM/
F12 for 60-90 minutes at 37 ‘C. Digested tissue was washed once using cold
ADMEM/F12 and trypsizined for 10-15 minutes. Cells were washed and
cells were forced over 42 picron filter to ensure a single cell suspension.
Cells were blocked for 10 min with 2% FCS in ADMEM/F12 and stained
using Cd49f-PE conjugated antibody (1:200, GoH3, BD Biosciences)
and CD24-alexa 647 conjugated antibody (1:200, 30-F1, eBioscience)
in 0.05% FCS in ADMEM/F12. Cells were sorted using MoFlo (Dako).

RNA, cDNA, PCR:

RNA was isolated using RNeasy minikit (Qiagen) according to
manufacturers protocol. ¢DNA synthesis was performed with 50-
1000 ng RNA using GoScript (Promega) according to manufacturers
protocol. gPCR was performed using Sybr green (Bio-Rad) according to
manufacturers protocol with primers listed in supplementary table 1.

Cell culture:

Organoid culture was performed as described previously (Karthaus et
al.) In short Murine prostate epithelial cells were cultures in ADMEM/
F12 containing growth factors EGF 5-50 ng ml" (Peprotech), R-spondin
1 conditioned medium (Reference ABO) or 500 ng ml' recombinant
R-spondin 1, Noggin conditioned medium or 100 ng ml' recombinant
Noggin (Peprotech) and the tgf-beta/alk inhibitor a83-01 (Tocris) to
Dihydrotestosterone (Sigma) was added at 0.1-1 nM final concentration.
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Supplementary Table S1
Species Gene Sequence (5'->3') Template strand
Mouse Ck5 Forward primer GTGGGGGCAGCCGCTCTTTC
Reverse primer TCCAGGAACCGCACCTTGTCG
Product length 520
Mouse p63 Forward primer AGCAGAAAAGAGGAGAGCAGC
© Reverse primer GGTTCGTGTACTGTGGCTCAC
o) Product length 250
E Mouse Probasin Forward primer TGACGGGCCTTGGCAAACAA
= Reverse primer TGCTTGGACAGTTGTCCGTGTCC
Product length 434
Mouse Nkx3.1 Forward primer ACGCAGTCCAAGCGGCTCAC
Reverse primer TGTGCATCAGACTCGGGTTCAGTC
Product length 661
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Supplementary figure 4: Luminal and basal Tnfrsf19+ve cells both have
organoid forming capacity.

A: FACS profiles of the AP, DLP and VP showing similar populations of eGFP cells and subpopulations
in the lobes. B: Total number of eGFP+ve cells is higher in the AP compared to the DLP and VP. (C)
eGFP subpopulations from different lobes are similar. (N=3) Results are presented as mean + standard
deviation. D: Only Tnfrsf19+ve/eGFP+ve cells are capable of organoid formation. (N=3) Results are
presented as mean = standard deviation. E: Organoids forming capacities of eGFP subpopulations
from different lobes are similar. (N=3) Results are presented as mean + standard deviation.
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Summarizing discussion:
Wouter R. Karthaus

In adult tissues homeostasis and regeneration are dependent on resident
stem cells. Moreover stem cells have also been implied as the initiating
cells of diseases like cancer. Therefore insight in stem cell biology is crucial.

The two key-defining features of a stem cell are 1) pluripotency, i.e. the
capacity of giving rise to all cell types and 2) longevity. The gold standard for
experimentally identifying stem cells in vivo makes use of these properties and
is named lineage tracing. During lineage tracing a cell is genetically marked
and followed over time. If a genetically marked stem cell divides, two daughter
cells are also genetically labeled, enabling tracing of the offspring. If overtime
allcelltypesare geneticallylabeled, it means thefirst genetically labeled cellisa
stem cell. For genetic labeling the Cre-loxP system is commonly used. The Cre-
recombinase enzyme recognizes a defined DNA sequence, the loxP site, which
is cleaved and subsequently the DNA is recombined, thus genetically labeled.

Using a mouse model where eGFP and CreERT2 (an inducible form of Cre-
Recombinase) are knocked in the Lgr5 genomic locus by homologous
recombination, Barker et al. showed that Lgr5 expressing (Lgr5+ve) cells
in the small intestinal- and colonic epithelium are long-lived and give
rise to all cell types in the intestinal epithelium (Stem cells, Paneth cells,
Goblet cells, Enteroendocrine cells and tuft cells) 2 Thus Lgr5 marks
the stem cells of the intestine. In follow-up studies Lgr5 was found to
mark stem cell populations in the hair follicle, stomach and liver 3°.

Following the identification of Lgr5 as a stem cell marker, transcriptional
profiles were established using microarray technology. The expression of the
nuclear receptor, Nr2e3 was found to be specific in the ISC. Originally Nr2e3
expression was thought to be exclusive in the retina ¢, where it functions
in specification of cone and rod photoreceptor- progenitors. Mutations in
the Nr2e3 locus are responsible several congenital disorders of the retina ’.
Therefore we postulated that Nr2e3 might mark novel stem cell populations
in different organs and play a role in stem cell maintenance. In chapter 2 we
describe a mouse model to study the function of Nr2e3, where eGFP and
the recombinase CreERT2 are knocked in the locus of Nr2e3 by homologous
recombination. This allows for the detection of Nr2e3+ve cells by the
expression of eGFP and the CreERT2 allows lineage-tracing studies cells
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when crossed with a Rosa26LacZ Cre reporter mouse. In contrast to prior
reports we found several restricted eGFP/Nr2e3+ve cell populations in a
variety of organs, including the retina, small intestine, stomach and lung.
Lineage tracing revealed that none of the novel Nr2e3+ve populations
represent a stem cell population during homeostasis. However we show
that in the stomach Nr2e3 expression was confined to neck mucus cells.
We show via lineage tracing that these cells have a lifespan of 2-4 weeks.

Stem cells are also influenced by extrinsic factors. Therefore insight into the
stem cell niche or milieu is a vital for understanding stem cells. In chapter 3
we describe the generation of a mouse model where the whole regenerating
gene family is knocked-out. The regenerating (Reg) gene family is composed
of highly homologous, secreted proteins that contain a c-type lectin-binding
domain. We show that several members of the regenerating gene family are
expressed in the small intestine. One of the members, Reg3g plays a role in
innate immunity of the small intestine '°. Future studies of the complete Reg
knockout mice will add to the understanding of the role of these proteins
in the intestine and their influence on homeostasis and stem cell function.

With the knowledge attained from Lgr5+ve ISC, an in vitro culture system
of the small intestine called organoid culture was developed "'. In a protein
gel (Matrigel’) single ISC are able to form mini-guts, which are composed
of a defined crypt and villus region and contain all intestinal epithelial cell
types that exist in vivo (Stem cells, Paneth cells, Goblet cells, Enteroendocrine
cells and tuft cells). The absence of other cell lineages, allows for the study
if the epithelium in an isolated fashion, which could lead to novel insights
into diseases with a complex etiology like inflammatory bowel disease. In
chapter 4 we study the effects of a key inflammatory cytokine interferon
gamma (Ifny) on the intestinal epithelium. We find that Ifny acts as a potent
degranulation agent for the Paneth cells. Paneth cells are loaded with anti-
microbial proteins, and play a vital role in intestinal homeostasis '>. We
postulate that Ifny-induced degranulation during an inflammatory situation
might serve as a defense strategy to limit microbial growth. Interestingly
we find that Paneth cell degranulation is not induced by recognition of
pathogen associated molecular patterns (PAMPs). We show that recognition
of PAMPs by immune cells and subsequent production of Ifny is critical
for Paneth cell degranulation. Moreover we show that in Ifny-knockout
mice no Paneth cell degranulation is seen upon activation of CD3+ve
T-cells confirming our in vitro observations with the organoid culture.
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Based on the small intestinal organoid system, similar culture methods
have been developed for the epithelium other gastrointestinal
organs*>'3, In chapter 5 the development of an organoid culture
for both murine and human prostatic epithelium is described.

The prostate is composed of a pseudo-stratified epithelium. Within the
epithelium there are 3 lineages recognized 1) Luminal epithelium 2) Basal
epithelium and 3) Rare Neuroendocrine cells . The prostate is heavily
dependent on androgens and the androgen receptor for its development and
function "7, Moreover the treatment of choice of prostate cancer (PCa) is anti-
androgen therapy, suggesting a pivotal role of androgens in cancer survival
1819, Strangely none of the other culture methods that have been developed for
the primary prostate epithelium 2> contain androgens at physiological levels
24, In contrast prostate organoid cultures do contain androgens, allowing full
differentiation to all epithelial lineages and function of the prostate organoids.
This system allows the murine genetic models of PCa, which resemble in vivo
phenotypes. Moreover easy genetic manipulation of prostate organoids,
allows quick and efficient study of genes involved in PCa. Finally we show that
prostate organoids can be treated with clinically approved anti-androgens.
Considering almost 100% of patients treated with anti-androgen relapse and
develop androgenindependent disease or castration resistant prostate cancer
(CRPQ)*, prostate organoids might offer a platform to study the development
of CRPC and eventually lead to the development of novel therapies.

As proof that organoids can lead to novel insights into biology we find
that in the absence of androgens, anti-androgen treatment still had a
growth inhibitory effect, suggesting a ligand independent function of
the Androgen Receptor. How the AR functions without a ligand and
in which cell type this function is fulfilled remains to be determined.

Possibly the ligand independent function of the androgen receptor is in the
progenitor cells of the prostate. In chapter 6 we describe the identification
of a luminal progenitor cell via the marker Tnfrsf19. Tnfrsf19 expression
is specific to Lgr5+ve intestinal stem cells but not other Lgr5+ve stem cell
populations, therefore we postulated that Tnfrsf19 might mark other stem
cell populations. Using the Tnfrsf19¥ mouse model, where eGFP and CreERT2
are knocked in the locus of Tnfrsf19, we found both luminal and basal
Tnfrsf19+ve populations in the prostate. We show via lineage tracing that
luminal Tnfrsf19+ve cells function as progenitor cells of the luminal lineage
during homeostasis and regeneration. Interestingly when placed in organoid
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culture conditions both luminal and basal Tnfrsf19+ve cells are bipotent (i.e.
capable of generating both luminal and basal lineage), showing a degree
of plasticity in the Tnfrsf19+ve populations. What regulates this switch from
unipotency invivo to bipotency in vitro remains undetermined. Interestingly in
hyperactivation of the PI3-Kinase pathway in basal cells results in hyperplasia
of cells with a luminal phenotype %%, Possibly the processes regulating
this unipotent-bipotent switch, overlap with the processes initiating PCa.
The organoid system could play a vital role in unraveling these processes.
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Addendum



Samenvatting:

Organen zijn opgebouwd uit individuele cellen, die elk hun eigen
functie vervullen binnen het weefsel. In volwassenen zijn homeostase
(natuurlijk evenwicht) en regeneratie van cellen/organen afhankelijk
van weefsel specifieke stamcellen. Bovendien zijn ontregelde
stamcellen geimpliceerd als beginpunt van verscheidene ziekten zoals
kanker. Daarom is inzicht in het functioneren van stamcellen cruciaal.

De definitie van een stamcel is 1) pluripotentie, wat betekent dat een
cel de capaciteit heeft om alle celtypen te maken, en 2) onsterfelijkheid.
Van deze twee eigenschappen wordt gebruik gemaakt om stamcellen
experimenteel aan te tonen. Een van deze technieken islineage tracing.
Voor lineage tracing wordt dikwijls het zogenaamde Cre-loxP
systeem gebruikt. Cre is een eiwit wat DNA kan knippen op specifieke
locaties, de loxP-sequentie. DNA codeert het erfelijk materiaal. Na het
knippen is het DNA van de cel veranderd, dus ook de erfelijke code.
Hierdoor is een cel waar Cre het DNA heeft geknipt herkenbaar ten
opzichte van andere cellen, de cel heeft een soort moleculaire vlag.
Door het Cre eiwit specifiek in stamcellen tot expressie te laten komen, is
het mogelijk om stamcellen te voorzien van een moleculaire vlag. Als een
stamcel deelt, wordt de dochtercel ook voorzien van dezelfde moleculaire
vlag. Als in de loop van de tijd alle cellen en celtypes dezelfde moleculaire
vlag hebben, kan men concluderen dat de eerste cel een stamcel was.

Met behulp van een muismodel waar een groen fluorsecent eiwit (Green
Fluorescent Protein ,GFP), een groen eiwit waarmee cellen herkenbaar
zijn, en het Cre eiwit specifiek aanstaan in Lgr5 (Lgr5+ve) cellen , is
eerder aangetoond door middel van lineage tracing dat Lgr5+ve cellen
de stamcellen zijn van het epitheel (de functionele deklaag) van de
dunne darm en dikke darm. In vervolgstudies is aangetoond dat ook
de stamcellen van de haren, maag en lever Lgr5 tot expressie brengen.

Na de identificatie van de Lgr5+ve stamcellen is met behulp
van moleculaire technieken bepaald welke genen specifiek tot
expressie  komen in deze verschillende Lgr5+ve stamcellen.
Een van de genen die specifiek tot expressie komtin stamcellen van de dunne
darm is Nr2e3. Dit gen was eerst ontdekt in het oog, waar het een essentiéle
rol speelt in de stamcellen het netvlies. Mutaties in het Nr2e3 gen hebben tot
gevolg dat het netvlies zich niet goed ontwikkelt wat resulteert in blindheid.
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Omdat Nr2e3 specifiek tot expressie komt in twee onafhankelijke stamcel
populaties stelden wij de hypothese dat Nr2e3 nieuwe stamcel populaties
zou markeren in andere organen. Hiervoor hebben wij een muismodel
gegenereerd waar GFP en het Cre eiwit specifiek tot expressie komt in cellen
die Nr2e3 tot expressie brengen (Nr2e3+ve cellen), de resultaten worden
beschreven in hoofdstuk 2. Met behulp van dit muismodel hebben we
verscheidene Nr2e3+ve celpopulaties gevonden, onder andere in de dunne
darm, het netvlies, maag enlong.De analyse van de lineage tracing toonde aan
dat geen van deze Nr2e3+ve celpopulaties stamcellen vertegenwoordigen.
Echter tonen wij wel aan dat de Nr2e3+ve cellen in de maag, zogeheten
neck mucus cells zijn en dat deze een levensspanne van 2-4 weken hebben.

Stamcellen worden ook beinvloedt door extrinsieke factoren, daarom is
inzicht in de niche of milieu van de stamcel ook van belang. In hoofdstuk
3 beschrijven wij een muis model, waarbij de eiwit familie van de
Reg proteinen is uitgeschakeld. Reg proteinen hebben antibacteriéle
kwaliteiten, die van belang zijn om de bacteriegroei in de darm te
beheersen. Toekomstige studies van dit muismodel zal de functie van deze
eiwit familie in de darm en de invloed op stamcellen verder ontrafelen.

Recentelijk is er een kweeksysteem ontwikkeld voor het epitheel van de
dunne darm, genaamd de organoid cultuur. In een petrischaal worden
alle celtypes van het darmepitheel gemaakt door de Lgr5+ve stamcellen.
Deze kweekmethode biedt een nieuw platform voor het onderzoek
naar de darm en zou nieuwe inzichten kunnen geven in complexe
ziekten van de darm, waar veel verschillende celtypes betrokken zijn.

In ontstekingsziekten van de darm, zoals de ziekte van Crohn en ulcerative
colitis zijn naast het darmepitheel ook immuun/afweercellen betrokken, deze
communiceren door midddel van een grote verscheidenheid proteinen met
elkaar.Inhoofdstuk4bestuderenwijdeinvloedvaneen proteine uitgescheiden
door immuuncellen, interferon gamma (Ifny), op het darmepitheel.
Verassend genoeg heeft Ifny sterke effecten op Paneth cellen, een
gespecialiseerd celtype in het darmepitheel. Paneth cellen zijn gevuld
met antibacteriele eiwitten, die onder invloed van Ifny allemaal
worden uitgescheiden. Vervolgens laten wij zien dat als wij in een muis
afweercellen activeren zodat deze Ifny aanmaken, de Paneth cellen
ook de antibacteriéle proteinen uitscheiden, als bewijs dat organoid
cultuur vertaald kan worden naar processen in een levend individu.
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Gebaseerd op dit kweeksysteem van de dunne darm zijn er andere
kweeksystemen ontwikkeld voor verteringsorganen zoals de lever, maag
en alvleesklier. In hoofdstuk 5 beschrijven we een organoid cultuur
voor het prostaatepitheel, de functionele deklaag van de prostaat. In
het prostaat epitheel worden 3 celtypen onderscheiden 1) basaal
epitheel, 2) luminaal epitheel en 3) zeldzame neuroendocriene cellen.
Het prostaat epitheel is voor zijn functie en overleving sterk afhankelijk
van het hormoon testosteron en de testosteron/androgeen receptor of AR.
Prostaatkanker, wat ontstaat in het epitheel, is tevens sterk afhankelijk van
testosteron voor de overleving. De behandeling van prostaatkanker is dan
ook gericht op het inhiberen van testosteron signalering, door het verlagen
van de testosteronspiegel in het bloed en het blokkeren van de AR functie.

Alhoewel er al kweeksystemen zijn ontwikkeld voor het prostaatepitheel,
is in geen van deze testosteron aanwezig, waardoor deze niet de
functionele prostaat nabootsen. Het systeem wat wij hebben ontwikkeld
bevat wel testosteron. Hierdoor ontwikkelen in onze kweekmethode
prostaatorganoids zich tot volwaardige miniprostaatjes. Bovendien laat
deze kweekmethode het toe om voor het eerst prostaatkanker te kweken.
Ook kunnen prostaatorganoids behandeld worden met
chemokuren die ook in de kliniek worden toegepast.
Wanneer men in acht neemt dat in bijna 100% van alle
prostaatkankerpatienten de kanker resistent wordt voor de therapie, dan
zouden prostaatorganoids nieuwe inzichten kunnen geven in deze resistentie.

Als bewijs dat prostaatorganoids ook nieuwe inzichten kunnen geven in
de biologie, laten wij zien dat de AR ook zonder testosteron actief kan zijn.
Hoe de AR deze functie wordt vervuld en in welk celtype is nog onduidelijk.

Mogelijkwordtdezefunctievervuldindestamcellenvandeprostaat.Deidentiteit
vandestamcellenvande prostaatisechteronbekend.Erwordtgedachtdatde2
verschillende celtypes, de basale celenluminale celhuneigen stamcelhebben.

In hoofdstuk 6 beschrijven wij met behulp van een muismodel, de
Tnfrsf19KI muis, een luminale stamcel gemarkeerd door expressie van
het gen Tnfrsf19, die in vivo (in het levende wezen) exclusief luminale
cellen maakt. Echter wanneer deze luminale cellen in de organoid kweek
worden geplaatst, kunnen deze cellen luminale en basale cellen maken.
Wanneer basale cellen in de organoid culture worden geplaatst, kunnen
deze ook basale en luminale cellen maken. Hoe deze wissel van unipotent
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(de capaciteit om maar een celtype te maken) naar multipotentie (de
capaciteit om meerdere cellen te maken) werkt is nog onduidelijk.
Interessant genoeg gebeurt er ook een soortgelijk proces van luminale cel
generatie, bij de initatie van kanker. Als er in een basale cel een tumor mutatie
ontstaat, resulteerd dit in een overgroei van luminale cellen. Mogelijk is een
overlap tussen de processen die kankerinitiatie reguleren en degene die
organoidformatie reguleren. De organoidkweken zouden een belangrijke rol
kunnen spelen bij het ontrafelen van de ze processen.
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