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ABSTRACT

The gastrointestinal epithelium is one of the most proliferative tissues within the
body and consistently undergoes complete cellular turnover. This renewal is fueled by
resident populations of adult stem cells which asymmetrically divide to establish
differentiated cells that carry out functions required for digestion, absorption, and barrier
integrity. Wnt signaling is an essential pathway regulating stem cell identity throughout
the gastrointestinal tract, and its dysregulation rapidly leads to disease. Interestingly,
there appear to be regional differences in Wnt function along the gastrointestinal tract,
including between the proximal corpus and distal antral regions of the human stomach.
Despite similar gradients of Wnt signaling throughout each region, the corpus and
antrum have strikingly different glandular architectures and proliferative zones.
Furthermore, while Wnt target genes label active antral progenitors as demonstrated in
the intestines, these markers localize to differentiated cells within the corpus. Currently,
little is known about the role of Wnt signaling in regulating corpus epithelial cell
homeostasis.

Gastric Wnt regionality is further suggested by the pathogenesis of Wnt
activation diseases such as familial adenomatous polyposis (FAP). FAP is caused by
germline loss-of-function mutation to APC, a negative regulator of the Wnt pathway.
These patients develop abundant yet benign fundic gland polyps (FGPs) within the

corpus but experience little polyp burden in the antrum. It remains poorly understood

Xiv



how activation of Wnt signaling underscores FGP formation, why they are regionally
restricted, and what mechanisms underly their benign nature. In this thesis, | sought to
investigate the mechanisms through which activation of Wnt signaling regulates the
human corpus epithelium to understand the role of Wnt during homeostasis and
disease. Throughout my studies, | utilized cultures of three-dimensional, self-renewing
organoids derived from primary human tissue.

Through comparative experiments, | demonstrated that peak growth of corpus
organoids was induced by a lower concentration of GSK3[3 inhibitor and Wnt pathway
activator CHIR99021 than in patient-matched antral organoids. In-depth analysis
revealed region-specific, Wnt-dependent regulation of proliferation and that
supramaximal CHIR99021 dose-dependently suppressed corpus organoid growth.
Further, Wnt signaling regulated a bimodal axis of differentiation within corpus
organoids, with activation promoting deep glandular cell differentiation. Paradoxically,
deep glandular-enriched, slow-growing organoids established new organoids at
enhanced rates. My findings suggest that high Wnt induces differentiated, quiescent
cells that are poised to function as proliferative progenitors upon Wnt reduction.

To investigate the role of Wnt signaling activation in gastric disease, our lab
established a biobank of patient-matched FGP and surrounding non-polyp sample pairs
from FAP patients. | determined that FGP biopsies and organoids were associated with
increased levels of Wnt signaling yet exhibited reduced tolerance for additional pathway
upregulation. This aligns with a theory established to explain the association of specific
APC mutations with the development of colon cancer, termed the ‘just-right’ hypothesis.

Genomic sequencing demonstrated that in contrast to colon polyposis, second-hit

XV



somatic APC mutations were infrequent in FGPs, indicating that most polyps arose
without the need for loss-of-heterozygosity. Ultimately, these findings were translated
into Apc-deficient mouse models where heterozygous deletion of Apc increased corpus
proliferation, while homozygous deletion was required for antral hyperproliferation.

In conclusion, this work elucidates a role for Wnt signaling to drive growth and
differentiation within the human gastric corpus. These studies provide translatable
findings to the clinical manifestations of disease and offer insight for the continued study

of human tissue in ex vivo systems.

Xvi



CHAPTERI

Introduction

The gastrointestinal epithelium from the proximal stomach to the distal rectum is
comprised of a continuous monolayer of columnar cells. Throughout the gastrointestinal
tract, the epithelium is compartmentalized into submucosal invaginations known either
as glands within the stomach or as crypts within the intestine. This architecture enables
the distinct compartmentalization of various specialized cell types involved in critical
processes of gastrointestinal function during homeostasis such as digestion, absorption,
barrier integrity, microbial protection, and tissue renewal.

Renewal within the gastrointestinal epithelium occurs at an incredible rate,
making it one of the most proliferative organs in the human body. Luminal facing
foveolar (surface) cells in the stomach or enterocytes in the intestine are turned over
every few days to maintain essential tissue functions and barrier integrity (1). This
property makes the gastrointestinal tract an important target for studying the various
pathways and mechanisms that drive progenitor cell function within adult tissues.
Furthermore, stem or progenitor cells are also known to be the cells-of-origin for many
human diseases, including cancer, as dysregulation of these pathways confers aberrant
proliferation and cell identity which breaks down the typical mucosal cellular structure

(2, 3).



Central to the regulation of gastrointestinal stemness is the highly conserved Wnt
signaling pathway. Stem cells of the distal stomach, small intestine, and colon have all
been shown to rely on Wnt signaling, with activation of the pathway conferring stemness
and maintenance of homeostatic proliferation. In the proximal stomach, however, the
role of Wnt signaling remains unclear. Despite the long-held belief that Wnt signaling
was dispensable or even absent from corpus, recent studies have begun to
demonstrate a role for Wnt in regulating epithelial cell proliferation and differentiation in
unique ways compared to more distal regions. Activation of Wnt signaling through
pathway gene mutations predisposes the corpus to abundant yet benign polyposis
syndromes, therefore suggesting a role for Wnt underlying gastric hyperproliferative
diseases. These mechanisms regulating homeostasis and disease however appear to
be unique to the corpus, which contains differentiated cell types and mucosal
architecture that is distinct from the antrum. Furthermore, most studies to date have
focused on studying gastric homeostasis within mouse models, and therefore little is
known regarding the role of Wnt or other pathways within human gastric tissue.

In this chapter, | discuss the current understanding of gastric corpus epithelial
homeostasis and disease in mice and humans, including recent insights observed in the
role of Wnt signaling in regulating these functions. First, | begin by providing an
overview the anatomy of the human stomach, including highlighting the distinct features
that comprise the corpus and antrum. Next, | review gastric corpus stem cells including
their known markers and the pathways that regulate their identity and differentiation.
This then leads to a discussion of organoid models as an experimental model to study

human progenitor function in vitro. Following, | discuss the Wnt signaling pathway as a



master regulator of gastrointestinal stem cell function and examine emerging studies
demonstrating its potential to regulate corpus epithelial homeostasis. Finally, | highlight
the Wnt activation disease familial adenomatous polyposis (FAP), the pathogenesis of
regional gastric polyps clinically observed within these patients, and a principle of Wnt
signaling which may underly regional disease manifestation known as the ‘just-right’

hypothesis.

1.1 Overview of the Human Gastric Epithelium

Anatomy of the Human Stomach

The human stomach is divided into two major anatomical units: the proximal
body, also known as the corpus, and the distal pylorus, or antrum (Figure 1.1). Rodent
stomachs are slightly more complex than human stomachs as they contain an additional
enlarged, peri-esophageal proximal compartment comprised of squamous tissue
resembling the esophageal epithelium (4). The corpus and antrum are both lined with a
monolayer epithelium connected by a transition zone containing characteristic features
of both regions. Relative to antral glands, glands in the gastric corpus are elongated and
contain populations of oxyntic parietal cells which are responsible for secreting acid to
maintain acidity within the lumen. Gastric corpus versus antral specification occurs
during development, with the transcription factor PDX1 implicated as a key regulator of
antral identity (5). As such, deletion of Pdx1 in mice leads to a failure in antral

development (6).
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Figure 1.1: Corpus and antral epithelium

The human stomach is divided into two major anatomical compartments: the corpus and antrum.
The corpus comprises most of the stomach and contains elongated glands containing acid
secreting parietal cells and zymogenic chief cells secreting digestive enzymes. Undifferentiated
progenitor cells of the corpus reside in the mid-gland region known as the isthmus and
bidirectionally differentiate towards mucous-producing surface cells or towards deep glandular
cell lineages. Corpus glands also possess a population of necks cells which intercalate between
parietal cells, as well as endocrine cells secreting peptide hormones and biogenic amines
(serotonin, somatostatin, histamine). Antral glands are shorter and more closely resemble crypts
of the intestine. A resident population of active stem cells marked by LGR5 exists at the base of
glands and primarily gives rise to differentiated cells through a population of transit amplifying
cells located in the isthmus. Mucous cells are located at the surface and in the base along with
scattered endocrine cell populations expressing gastrin.

Corpus Glandular Architecture



Epithelial glands of the corpus are elongated invaginations containing
compartmentalized pools of specialized cells that play integral roles in digestion and
barrier protection within the stomach (Figure 1.1). The architecture of corpus glands can
be further broken down into the surface, isthmus, neck, and base regions in order from
most luminal to the deepest part of the mucosa. The luminal surface of the corpus gland
contains mucus-secreting foveolar (also known as pit or surface) cells, which are the
primary cells in contact with the caustic gastric lumen (7). They produce hallmark
secretory proteins, the glycoprotein Mucin 5AC (MUCS5AC) and lectin Trefoil factor 1
(TFF1). These cells are considered to be terminally differentiated and are constantly
replenished through rapid cellular turnover from undifferentiated progenitor pools to
maintain homeostasis and barrier integrity.

The isthmus of the corpus is in the upper middle region of the gland and is the
primary proliferative compartment during homeostasis. Early high resolution microscopy
of the corpus epithelium localized granule-free undifferentiated progenitor cells to this
region (1). These cells give rise to differentiated cells that migrate towards the surface
or towards the neck region. While a definitive, specific marker for isthmus progenitors
remains elusive, lineage tracing studies in mice have shown that Sox2, Lrig1, Stmn1,
Bmi1, and Runx1 all label progenitor cells with the capacity to give rise to clonal
expansions of differentiated cells and self-renew in vivo (8-12).

Below the isthmus is the neck region of the gland. This is the primary location for
acid-secreting parietal cells, although these cells can be found throughout the gland
aside from the most luminal surface. Their primary role is to maintain the acidic

environment of the stomach through the secretion of hydrochloric acid into the lumen,



which is accomplished by H/K ATPase activity composed of two subunits, ATP4A and
ATP4B. Parietal cells in humans are also the source of gastric intrinsic factor (GIF),
which is essential for Vitamin B12 absorption (13). Intercalating between parietal cells
are mucous-secreting neck cells labeled by their hallmark secretory product Mucin 6
(MUCS).

Finally, at the base of glands reside zymogenic chief cells whose primary function
is to secrete digestive enzymes such as the protease precursor pepsinogen. These
cells are thereby commonly marked by pepsinogen C (PGC), although single cell RNA-
sequencing studies have shown that PGC localizes to a wider range of cells, including
chief cell precursors and neck cells (14). Other prominent markers for chief cells include
the digestive enzymes lipase F (LIPF) and chitinase acidic (CHIA), the cytokine receptor
TROY (encoded by TNFRSF19), and transcription factor class A basic helix-loop-helix
protein 15 (BHLHA15), also known as MIST1. Interestingly, while GIF is localized to
parietal cells in humans, GIF is localized to chief cells in mice (13).

The final major differentiated cell type of the gastric corpus is enteroendocrine
cells which represent a broad class of scattered cells releasing various hormones and
biogenic amines. The most prominent corpus-specific enteroendocrine cell, the X/A cell,
releases the hormone Ghrelin (GHREL), which stimulates the hunger response (15). In
the human corpus, endocrine cells have also been demonstrated to produce
somatostatin (D cells), serotonin/5-HT (EC cells), and histidine decarboxylase (ECL
cells) (4). Cells expressing these hormones appear to be distinct from one another,
contrary to the intestine where there is significant colocalization of multiple hormones

within a single cell (15). Interestingly, while intestinal enteroendocrine development



relies on the transcription factor NEUROG3, EC, ECL, and X/A cells of the corpus
appear to be NEUROG3 independent (16). Another transcription factor, NEUROD, has
also been implicated in enteroendocrine development, however only a portion of

endocrine cells arise from NeuroD-expressing progenitors in mice (17).

Antral Glandular Architecture

Relative to those in the corpus, antral glands have a more classic architecture
that closely resembles what is observed throughout the remainder of the intestinal tract.
These glands are shorter, lack parietal cells, and contain populations of endocrine cells
secreting the hormone gastrin (GAST) (4, 6). There is overlap in the differentiated cell
types found within the corpus and antrum with the presence of MUC5AC-secreting
surface cells. While in mice there is a definitive lack of chief cells within the antrum, in
humans there are rare glands that contain scattered chief cells throughout this gastric
region (4). Instead, the base of antral glands is comprised of large, mucous-secreting
cells labeled by MUCG6 and trefoil factor 2 (TFF2).

Cells of the isthmus, neck, and base region of the antral gland are clustered
together in the deepest region of the gland, resulting in a smaller base compartment
relative to the corpus (Figure 1.1). A definitive stem cell population resides within the
base of antral glands that is marked by the Wnt target genes LGRS and AXINZ2 (3, 18).
These cells give rise to transit amplifying cells of the gastric isthmus which ultimately
differentiate to the various specialized lineages comprising the antral gland (19). This
pattern of proliferation of stem/progenitor cells is consolidated to the base which

contrasts to the mid-gland localization of progenitor cells in the corpus.



1.2 Gastric Stem Cells and Differentiation

Adult stem cells along the length of the gastrointestinal tract are responsible for giving
rise to differentiated cell lineages (1, 20, 21). Normal turnover of stem cells is essential
to maintaining proper tissue function, and dysregulation of niche signaling pathways
regulating turnover can lead to gastrointestinal dysfunction and disease. Furthermore,
their undifferentiated status and proliferative potential make them typical cells-of-origin
for gastrointestinal cancer (2). Therefore, the study of adult stem cell populations is
essential to understanding the molecular pathways underpinning both homeostasis and

tumorigenesis.

Gastric Corpus Stem Cells

The first identification of gastric corpus stem cells was in 1948 when Leblond et
al. used P radiolabeling to observe DNA synthesis in the nuclei of cells within the
isthmus region of gastric glands in mice (22). Continued work demonstrated pools of
granule-free undifferentiated progenitor cells existing within the isthmus region that
bidirectionally gave rise to differentiated cells at the surface or deep glandular regions
(1, 23, 24).

Today, it is well described that the isthmus is home to the actively proliferating
progenitor population within the adult corpus gland. However, a definitive specific
molecular identity for the corpus isthmus stem cell remains elusive. The most widely
used way to identify stem cell pools in vivo is through use of genetic mouse models to

lineage trace progeny to observe clonal expansion from a specific labeled cell (25). This
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analysis is commonly done using the Cre-Lox system driven by the promoter of a cell
type-specific marker gene. A reporter gene, such as LacZ or fluorescent GFP, is
inserted into the locus of a ubiquitously expressed gene (typically Rosa26) along with a
transcriptional stop codon flanked by two loxP sites. As a result, Cre-recombinase
activity within the candidate cell will excise the stop codon, leading to irreversible
expression of the reporter. This genomic change will be carried through any subsequent
progeny of the cell, thus specifically marking clonality and cell fate originating from the
cell-of-origin.

In the corpus, one of the major confounding issues remains that a specific
marker for isthmus progenitor cells has not been identified, which contrasts with stem
cells in the intestine and antrum. In 2007, Barker et al. demonstrated that Lgr5 labels
intestinal stem cells which clonally expand to all differentiated cell types (21). This
marker was also shown to mark stem cells in the antrum; however, Lgr5 cells were
surprisingly absent from the corpus epithelium (3). Additional intestinal stem cell
markers such as Olfm4 and Axin2 have also fallen short in labeling corpus stem cells

(18, 26).

Genetic Markers of Gastric Stem Cells

Overtime, numerous studies have identified cellular markers in mice that label
lineage tracing stem/progenitor cells, although no consensus has been reached on
identification of a marker. Thus far, Sox2, Lrig1, Runx1, Bmi1, Stmn1, and Troy have

been demonstrated to label populations of cells with the capacity to clonally give rise to



all differentiated corpus cell types over time. However, in addition to labeling self-
renewing progenitors, these drivers also mark differentiated cell types.

Sry-related high-mobility-box 2, or SOX2, is a transcription factor typically
implicated in development and early cell fate determination of pluripotent embryonic
stem cells (27). It is also considered critical for the development of anterior foregut
endoderm, which eventually gives rise to the stomach (28). Arnold et al. demonstrated
Sox2 expression throughout the adult glandular stomach that labeled isolated isthmus
and base cells of both the antrum and corpus epithelium (8). Lineage tracing studies
from these cells demonstrate the generation of long-lasting clones encompassing full
epithelial glands over time, thus marking them as stem cells. Importantly, Sox2
expression is absent from the intestine, making the tamoxifen-responsive Sox2-CreERT?
driver a unique tool to study gastric epithelium while sparing the intestines from genetic
manipulation.

Leucine-rich repeats and immunoglobulin-like domains protein 1 (LRIG1) was
initially identified as a marker of intestinal stem cells using lineage tracing techniques
(29). LRIG1 is a pan-ErbB negative regulator that functions as a tumor suppressor (30).
Initial studies showed that Lrig7+ cells lineage traced as progenitors within the corpus
and antrum, although the function of these gastric progenitor cells was not expanded
upon (29). Eventually, Choi et al. confirmed the identity of Lrig7+ cells as progenitor
cells within the corpus by demonstrating that Lrig7-YFP-marked cells induced by a
Lrig1-CreER™2;Rosa-LSL-YFP transgenic mouse model gave rise to all gastric epithelial

lineages (9).

10



Runx1, and its enhancer element eR1, was first discovered as a regulator of
hematopoietic stem cells (31). Later, its expression was found in epithelial cells across a
variety of other self-renewing tissue types, prompting its study within gastric tissue (11,
32). Matsuo et al. demonstrated that Runx1+ cells were predominately located in the
isthmus, as well as more sparsely in the base, and lineage-traced to all gastric lineages
(33). Furthermore, single eR1"d" cells generated organoids containing markers for the
various differentiated gastric lineages. RUNX transcription factors may have a functional
role as well within gastric stem cells as a R122C point mutation in RUNX3 leads to a
precancerous phenotype including hyperplasia and lack of differentiation in isthmus
progenitors in mice (34).

The polycomb group protein BMI1 has traditionally been used to label facultative
stem cells in the intestine which activate to replace stem cells following injury (35).
Recently, Yoshioka et al. observed that Bmi1 also labels progenitor cells within both the
gastric antrum and corpus (12). As has been observed with most of the other markers,
Bmi1-expressing cells can also restore the epithelial following injury by high-dose
tamoxifen, irradiation, or acetic acid.

The most recent progenitor cell marker to be identified is Stathmin1 (Stmn7).
Stmn1 was identified by Han et al. through bulk RNA-seq analysis of fluorescent-sorted
proliferating cells to find candidate markers (10). Subsequent lineage tracing from
Stmn1-p2A-eGFP-IRES-CreERTZ2 mice demonstrated that Stmn1+ cells can lineage
trace throughout the surface-isthmus-neck compartment in the corpus. Unlike the other
described markers, they show that Stmn1 appears to specifically label isthmus

progenitors without overlapping with the base chief cell compartment.
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While lineage tracing studies can be used to study stem cells in animal models,
identification of stem cell pools in humans is challenging. Single-cell RNA sequencing
(scRNAseq) has emerged as a powerful tool to identify potential marker genes of
progenitor populations within the human epithelium; however, follow-up confirmation of
any expected markers would need to be conducted either in vitro, ex vivo, or within
animals. A recent study by Busslinger et al. conducted scRNAseq on human and mouse
gastric epithelium to identify expression patterns of specific cell types as well as
differences in expression between the two species (14). Using the previously discussed
bank of candidate marker genes, STMN1 expression appears to label proliferating
(MKI67+) human corpus isthmus progenitor cells most appropriately within their data
set. The rest of the putative stem cell markers appear to label both progenitor and
differentiated populations in humans and mice, although there is some cell-type
specificity. SOX2 localizes predominately to chief cells and zygomatic precursors,
although it is expressed widespread throughout the gland. LRIG1 on the other hand is
most abundant within neck cells, especially in mice. RUNX71 and BMI1 are diffusely
distributed amongst all cell types. The broad expression pattern of these various
identified progenitor cell markers makes them poor markers for precisely following
progenitor cell function within the gastric corpus. Therefore, there is a key need within
the field for the development of novel, specific markers in both mice and humans to
continue building on the current understanding of gastric corpus progenitor cell
physiology.

The tissue necrosis factor (TNF) receptor superfamily member, TROY (encoded

by Tnfrsf19), has also been demonstrated to label cell populations capable of driving
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renewal within the corpus. Troy was initially identified to follow the expression pattern of
Lgrb+ stem cells in intestinal crypts and Troy+ cells clonally expanded throughout the
crypt-villus axis (36). In searching for new corpus stem cell markers, Stange et al.
demonstrated that Troy+ at the gland base had reserve stem cell capacity and, over
long periods of time (3 mo — 1.5+ yrs), can generate clones encompassing all lineages
(37). However, rather than labeling isthmus progenitors, Troy-expression marked
differentiated chief cells. They also demonstrated that Troy+ chief cells have the
capacity to establish organoids in culture, a hallmark of stem cell function. Despite low
rates of basal turnover, they did note increased tracing following injury, therefore
labeling Troy+ cells as reserve stem cells akin to facultative stem cells of the intestine.
Thus, while normal turnover is orchestrated by isthmus progenitors, differentiated cells
types such as chief cells retain plasticity to act as a pool of reserve stem cells capable

of dedifferentiating restoring glands following injury.

The Stem Cell Niche

Stem cells reside in a specialized microenvironment of signaling factors that
support stem cell function known as the stem cell niche. Understanding the molecular
underpinnings of stem cell maintenance and the niche will help elucidate the
mechanisms underscoring epithelial cell homeostasis and identify potential drivers of
tumorigenesis and disease. The glands and crypts of the gastrointestinal tract represent
prototypical stem cell niches as their architecture enables distinct gradients of signals to
be established along the mucosal axis (Figure 1.2) (38). This leads to a concentration of

stem cell-supporting niche factors typically localized to the base, with pathways inducing
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differentiation more concentrated towards the luminal surface. Several pathways have
been identified to play key roles in maintaining gastric stem cell function, including
Notch, bone morphogenetic protein (BMP), EGFR signaling, and, notably, Wnt (Figure
1.2).

The Wnt signaling pathway is considered a hallmark pathway governing
stemness within the intestinal tract (39). However, its role is poorly understood within
the gastric corpus, and has previously been assumed to be dispensable for normal
homeostasis (40). More recent studies have demonstrated an important role for Wnt
signaling in directing corpus cellular proliferation and differentiation in a unique manner
from the rest of the distal columnar gastrointestinal epithelium. The primary goal of this
thesis is to expand upon these recent findings and establish Wnt as a key pathway
regulating corpus epithelial homeostasis in the human stomach. Before going into detail
on Wnt, | will first discuss the other pathways that are important regulators of corpus
stemness, function, and differentiation. Subsequently, the remainder of this thesis will be
dedicated to an in-depth discussion on the mechanisms of Wnt signaling, the current
understanding of Wnt-regulated gastric homeostasis, and its role in gastrointestinal

disease.

Notch Signaling Regulation of Gastric Stem Cells

The Notch signaling pathway is a highly conserved cellular process that has
been demonstrated to regulate proliferation and differentiation in many tissues,
including the gastrointestinal tract (41). Briefly, Notch signaling occurs through

juxtacrine signaling, with Notch ligands (Delta-like 1, 3, 4, and Jagged 1, 2) interacting
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Figure 1.2: Pathways regulating gastric corpus stem cell function and differentiation.

Corpus gland homeostasis is regulated by paracrine, autocrine, and juxtacrine signaling
pathways, including EGFR, BMP, Notch, and Wnt. Defined signaling gradients pattern epithelial
glands to compartmentalize signaling and define the active stem cell niche. A Wnt signaling
gradient is constructed through secretion of RSPO ligands (primarily RSPO3) by sub-epithelial
stromal cells at the gland base, leading to high Wnt tone at the base and low Wnt tone at the
surface. An inverse gradient of BMP signaling is established by expression of BMP2 and BMP4
within epithelial and stromal cells, respectively, as well as secretion of BMP inhibitors NOG and
GREM1 by stromal cells at the gland base. EGFR signaling is also predominately localized
towards the lumen as activation leads to surface cell development, although ligands for EGFR
can be found throughout the gland. Notch ligands have been localized in mice to cells of the
isthmus, indicating a role for Notch within the stem cell niche to regulate proliferation.
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with Notch receptors (Notch1-4) on adjacent cells (42). This stimulates receptor
cleavage and internalization of the Notch receptor intracellular domain (NICD) within
receptor-expressing cells and subsequent activation of target genes. Notch target
gene OIfm4 is a specific marker for active stem cells in the intestinal tract where Notch
signaling has been demonstrated to play an integral role in modulating proliferation and
differentiation (26, 43). While OIfm4+ cells are not present in the gastric epithelium,
Notch has still been demonstrated to be a key regulator of proliferation in both the
antrum and corpus (44-46). Demitrack et al. demonstrated in adult mice that expression
of NOTCH1 and NOTCH2, the dominant Notch receptors in the corpus, colocalized with
EdU+ proliferating cells within the corpus isthmus, suggesting that progenitors are
Notch-signaling cells (45). Inhibition of NOTCH1 and NOTCH2 resulted in reduced
proliferation in vivo using mouse genetic and pharmacologic models, and in vitro using
corpus-derived organoids from both mouse and human (45). On the contrary, activation
of Notch through NICD overexpression led to hyperplasia and expansion of the
undifferentiated progenitor zone. Thus, Notch signaling plays a key role in regulating
gastric stem cell function through juxtacrine signaling and helps define the actively

proliferating compartment of the stem cell niche.

BMP Signaling Regulation of Gastric Stem Cells

The BMP signaling pathway involves secretion of BMP ligands, which are
members of the transforming growth factor beta superfamily, into the surrounding
microenvironment and is considered to have anti-proliferative, pro-differentiation effects

in the gastrointestinal tract (47-50). Initially it was proposed through studies of intestinal
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stem cells in mice that BMP signaling suppressed stem cell identity through direct
suppression of Wnt/B-catenin signaling, and additional studies suggest crosstalk
between the BMP and Wnt pathway throughout the gastrointestinal tract (51, 52). More
recently, BMP signaling has been demonstrated to restrict function of intestinal stem
cells in a Wnt-independent manner with no impact upon expression of Wnt target genes
or B-catenin nuclear localization (53). However, the authors noted that Smad proteins,
the primary targets of BMP signaling, can bind to the promoter region of Lgr5 and
therefore they cannot exclude the possibility that BMP signaling can indirectly
downregulate Wnt signaling through this mechanism.

BMP ligands are expressed by both stromal and epithelial cells throughout the
gastric gland, with in situ hybridization localizing expression predominantly within the
surface and isthmus regions (52, 54, 55). Over 20 BMPs have been identified, however
the most prominent BMPs within the gastrointestinal tract are BMP4 (expressed by
stromal cells), BMP2 (expressed by surface cells), and BMP7 (52, 55-58). BMP
signaling is further structured by the expression of BMP antagonists, including NOG and
GREM1, which primarily localize to stromal cells at the base of glands and contribute to
the stem cell niche by inhibiting BMP signaling within stem cells (56, 59). Interestingly,
NOG is expressed in the human stomach but is absent from gastric tissue in mice (52,
55). The localization of these ligands thus defines the stem cell niche by creating high
BMP signaling within the surface and isthmus regions, associated with cellular
differentiation, and low BMP signaling at the gland base to support stem/progenitor cell

function.
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BMP signaling has been demonstrated in mice to regulate proliferation within the
stomach. Kapalcznska et al. recently demonstrated that loss of BMP receptor 1a
(Bmpr1a) in Axin2+ antral stem cells using a transgenic mouse model led to
hyperproliferation within glands (55). In the corpus, Shinohara et al. demonstrated that
inducing Nog expression in parietal cells of transgenic mice to suppress BMP led to
corpus hyperplasia and an induction of metaplastic cells that co-expressed markers of
mucous neck and chief cells (60). Interestingly, two independent studies have also
demonstrated that BMP regulates gastric epithelial homeostasis through a stromal axis.
Transgenic mouse models constitutively deleting Bmpria in mesenchymal cells led to
corpus hyperplasia, the formation of spontaneous polyps, and the emergence of
metaplastic lineages (61, 62). Thus, active BMP signaling is necessary within both
epithelial and stromal compartments to pattern zones of epithelial cell proliferation within

the corpus.

1.3 Gastric Epithelial Cell Differentiation during Homeostasis and Injury

Outside of the stem cell niche, progenitor cells are rapidly exposed to various
signaling factors that direct and influence cellular identity towards a differentiated state.
The earliest studies observing cellular differentiation within the gastric corpus identified
a bimodal axis of differentiation projecting outward from undifferentiated isthmus
progenitor cells (1). This proliferative zone within the corpus exists closer to the lumen
than in glands or crypts of the distal gastrointestinal tract thus leading to an expanded

deep glandular region and a shorter surface zone exposed to the luminal interior. As a
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result of this patterning, there is asymmetry in cellular turnover between the two
compartments. Corpus surface cells turnover every few days, while parietal cell and

chief cell lifespan is several months (7, 63).

Surface Cell Differentiation

Due to their rapid turnover, surface cells are the dominant cell fate resulting from
isthmus progenitors. An analysis of proliferating isthmus cells in the murine gastric
corpus identified 76% of those cells as MUCS5AC-positive, confirming that cell renewal
during homeostasis is heavily skewed towards a surface cell lineage (33). The
expression of transcription factor Foxq1 within progenitor cells has been implicated to
drive differentiation of MUC5AC-positive surface cells (64). Numerous pathways have
been implicated in directing surface cell differentiation within the stomach, and
dysregulation of these pathways can lead to disease such as atrophic gastritis and
cancer.

In the antrum, inhibition of Notch signaling through gamma secretase inhibitor
dibenzazepine (DBZ) or aN1+aN2 inhibitory antibody treatment leads to a significant
increase in surface cell differentiation (44, 46). However, in the corpus similar
treatments resulted in no observed significant difference in surface cell differentiation
(45). Of importance, these experiments may have been limited by the short duration of
inhibition. Thus, while Notch signaling does play a key role in regulating the rate of
proliferation within the isthmus progenitor zone, it remains unclear whether Notch plays

a role in surface cell differentiation as well.
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Numerous studies have demonstrated that the predominant pathway which
regulates surface cell differentiation is likely EGF/EGFR signaling. EGFR is a receptor
tyrosine kinase involved in the signal transduction of numerous pathways which play
key roles in growth and cell function such as RAS-RAF-MEK-ERK, PI3K-AKT-mTOR,
and JAK-STAT signaling (65). Aside from epidermal growth factor (EGF), EGFR
signaling can be induced through binding with various other growth factors such as
transforming growth factor alpha (TGFa), amphiregulin (AR), and epiregulin (EPR),
among others (66). Within the human stomach, EGF ligands have been localized
predominately to cells at the luminal surface; however, expression does also appear to
be present within cells at the gland base as well (52).

Activation of EGFR and its downstream pathways has been demonstrated to be
a dominant force in directing surface cell differentiation. Studies using transgenic MT-
TGFA mice to overexpress TGFa within the gastric epithelium showed altered
differentiation towards predominately surface mucous cells within the corpus (67). This
aligns with findings of Ménétrier's disease, which is caused by pathologic
overexpression of TGFa leading to overactivation of EGFR signaling (68). These
patients exhibit significant surface cell hyperplasia, glandular atrophy, and
overproduction of mucus (68). Treatment with EGFR inhibitors has been demonstrated
to reduce surface cell hyperplasia and re-establish lost populations of parietal and chief
cells within the corpus (69-71).

The observations that increased EGFR signaling directs preferential surface cell
differentiation have also been confirmed through mechanistic studies. /n vivo, Choi et al.

demonstrated using transgenic mice that activation of KRAS, which is downstream of
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EGFR, in Lrig1+ progenitor cells (Lrig1CreER2;Kras®'2P) leads to hyperplastic glands
with an expanded surface cell compartment (72). In vitro studies of human gastric
corpus cells have further demonstrated the essential role of EGFR signaling in directing
surface cell differentiation. Using two-dimensional monolayers termed mucosoids,
Wolffling et al. recently demonstrated that either withdrawal of EGF from culture media
or treatment with MEK inhibitor PD0325901 prevented surface cell differentiation (52).
While they demonstrated that activation of BMP signaling through withdrawal of NOG
also led to surface cell differentiation, loss of EGFR signaling superseded this, thus
demonstrating EGFR activation as a necessary signal directing surface cell
differentiation.

The authors also note a role for EGF/EGFR in underscoring atrophic gastritis, a
chronic precancerous inflammatory condition induced by H pylori infection. Glands in
patients with atrophic gastritis have markedly reduced chief and parietal cells but
maintain a large surface cell compartment, therefore suggesting altered differentiation.
They observed remarkable EGF overexpression within these glands, which aligns with
other reports of EGFR ligand overexpression in atrophic gastritis and cancer (52, 73). H
pylori has also been demonstrated to activate EGFR signaling within gastric epithelial
cells, which may stimulate a wound healing response (74-76). EGFR activation further
plays a critical role in gastric ulcer healing which requires mucus and bicarbonate
produced by surface cells to protect ulcers from the acidic luminal environment (66).
Thus, in numerous different disease contexts EGFR signaling underscores preferential
differentiation towards surface cells and appears to be essential for surface cell

development.
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Suppression of Wnt signaling has also been implicated in directing surface cell
differentiation from an undifferentiated progenitor. These studies will be discussed at
length in a dedicated section later within this chapter and are further expanded upon by

my studies discussed in Chapter 2.

Parietal Cell Differentiation

The aforementioned mucosoid study by Wolffling et al. also demonstrated that
BMP signaling directs parietal cell differentiation (52). They observed that BMP
signaling, activated through the withholding of the inhibitor Noggin or supplementation
of BMP4 in media, led to the development of parietal cells in the absence of EGF
signaling. This finding is remarkable as parietal cells are typically missing from normal
organoid cultures, although standard culture conditions require both the presence of
EGF and inhibition of BMP to drive organoid formation and growth (77). Two
independent studies that co-cultured mesenchymal cells with organoids formed either
from adult tissue or from pluripotent stem cells (PSCs) were able to demonstrate
improved parietal cell differentiation and function, potentially further implicating stromal
factors in driving their fate (78, 79). Whether BMP was a key stromal factor remains to
be determined. Early in vitro studies using isolated canine parietal cells also
demonstrated that BMP4 promoted maintenance of a differentiated parietal cell
phenotype (80).

BMP signaling has also been implicated in vivo in driving parietal cell
differentiation from isthmus progenitors. Studies by Takabayashi and Shinohara et al.

used a H*/K*-ATPase subunit beta promotor to drive expression of Noggin in parietal
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cells of transgenic mice to inhibit BMP signaling (56, 60). These studies observed that
inhibition of BMP signaling throughout the gland axis suppressed parietal cell
differentiation and led to parietal cell atrophy throughout the corpus. Interestingly,
infection with H pylori has recently been demonstrated to disrupt BMP signaling in the
gastric antrum through manipulation of IFN-y, although a connection to H pylori-induced
oxyntic atrophy in the corpus has not been established (55). Therefore, numerous
studies have demonstrated that activation of BMP signaling is necessary to direct

parietal cell fate determination within isthmus progenitor cells.

Neck Cell Differentiation

Little is known about the regulation of neck cell differentiation aside from the fact
that they originate from isthmus progenitors. Speer et al. demonstrated that while Fgf10
is dispensable for normal gastric proliferation, overexpression of this ligand led to an
expansion of mucous neck cells in favor of other deep glandular lineages (81). While
typically this phenotype is seen as a hallmark of a metaplastic injury response, they did
not observe evidence of metaplasia, thus indicating altered differentiation originating
from an isthmus progenitor.

A few studies have also demonstrated that BMP signaling may suppress neck
cell differentiation in favor of a parietal cell fate. Maloum et al. demonstrated that
deletion of Bmpr1a in the foregut endoderm using a Foxa3Cre mouse model led to an
adult phenotype with increased mucous neck cells and decreased surface and parietal
cells (54). In the study by Shinohara et al. that used a transgenic mouse model to drive

Noggin expression in parietal cells, they noted a significant expansion of neck cells (60).
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Furthermore, MUCG6+ cells are maintained in culture using traditional media inhibiting
BMP signaling, however differentiation to surface or parietal cells can be induced
through activating the BMP pathway (52). Thus, low levels of BMP signaling likely

influence neck cell fate determination within isthmus progenitors.

Chief Cell Differentiation

It has long been believed that chief cells arise over time from lineage committed
neck cells arising themselves from undifferentiated isthmus progenitors (Figure 1.3) (63,
82, 83). This therefore connects cells at the base of glands to cellular renewal occurring
within the isthmus region of the corpus epithelium. Initial studies have pinned
transcription factor MIST1 as the key factor regulating epithelial transition from a neck to
a chief cell (84). However, two recent studies have injected controversy into this
assumption by suggesting that chief cells at the base of corpus glands self-renew with
minimal input from renewal occurring within the isthmus region (Figure 1.3). Using a
Rosa26-LSL-Confetti reporter and a ubiquitously expressed CreER'2 allele, Han et al.
demonstrated that overtime (up to 1.5 years) clonal expansion within glands either
arose rapidly from the isthmus or more slowly from the base (10). Interestingly, there
was minimal intermixing between clonal expansions from these two regions, therefore
defining the surface-isthmus-neck and base regions as two distinct self-renewing
compartments during homeostasis. This was expanded upon by a later study by Burclaff
et al, who used continuous BrdU labeling to follow the dynamics of chief and neck cell
differentiation during homeostasis and injury (85). They demonstrated that there was not

the expected association of BrdU incorporation in neck and chief cells that would label
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Figure 1.3: Epithelial renewal during homeostasis and injury

Isthmus progenitor cells give rise to differentiated cells bidirectionally during homeostasis. The
classic model of glandular renewal proposes that isthmus progenitors give rise to all cell types,
including neck cells that further differentiate to chief cells as they transition to the gland base.
Recent studies however have suggested that the chief cell compartment is predominately self-
maintained through low levels of chief cell turnover with only minor input by neck cells. Injury to
the gland which induces SPEM, such as H pylori infection, high dose tamoxifen, or protonophore
treatment, leads to oxyntic atrophy. Chief cells then transdifferentiate to a proliferative metaplastic
SPEM cell expressing features of antral mucous cells (TFF2, GKN3) to repair the epithelium.
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neck cells as zymogenic precursors, and therefore concluded that chief cell
maintenance must be a consequence of low levels of turnover at the base independent
from the isthmus. Although this paradigm of chief cell self-renewal remains
controversial, it represents a significant shift in the understanding of gastric corpus
physiology and may tie into the reported reserve stem cell function exhibited by chief
cells.

The pathways regulating chief cell differentiation and maintenance remain
unclear. Recent studies have shown that Wnt signaling may play a prominent role in
defining the chief cell base, however it is poorly understood how this relates to their
differentiation. These studies will be discussed further within the dedicated section on
Whnt signaling later in within this chapter, and later expanded upon by my studies

discussed in Chapter 2.

Role of Chief Cells in the Injury Response

While chief cells undergo low levels of turnover during homeostasis, a consensus
has been reached in the field that chief cells possess facultative progenitor cell potential
that can be activated in response to glandular injury (Figure 1.3). The most prominent
form of injury response in the corpus is known as spasmolytic polypeptide-expressing
metaplasia, or SPEM. SPEM is defined by a rapid induction of metaplastic antral-like
cells resembling deep mucous cells expressing TFF2, with chronic SPEM proposed to
act as a precursor to gastric dysplasia and eventually cancer (86). SPEM was first
identified in mice infected with H felis, and then subsequently associated with equivalent

human infection by H pylori (87). Since then, numerous models of injury have been
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demonstrated to induce SPEM in mice such as treatment with high-dose tamoxifen,
protonophore DMP-777, and structurally related protonophore L-635, with the common
pathogenic hallmark of these treatments being oxyntic (parietal cell) atrophy (88-90).

Despite the well described emergence of SPEM, it long remained unclear which
cells were responsible for giving rise to this metaplastic lineage. In 2010, Nam et al.
demonstrated for the first-time using lineage mapping from a Mist1CreER* mouse model
that SPEM arises predominately from transdifferentiation of chief cells (88). Since then,
many studies have come to the same conclusion that mature chief cells are the primary
cell of origin for this metaplasia and further demonstrated that remodeled chief cells can
function as regenerative cells to give rise to cells of all lineages to repair glandular injury
(85, 91-95). Thus, chief cells are thought to be facultative stem cells within the corpus
epithelium despite their highly differentiated and quiescent state. Stange et al.
demonstrated that Troy+ chief cells share many markers with stem cells of the antrum
and intestine and could on rare occasions be observed to clonally expand throughout
the entire gland under homeostasis (37). They also demonstrated that FACS-isolated
Troy-GFP+ cells could establish organoids in vitro, which is typically a hallmark of
progenitor cell function.

The factors that regulate chief cell quiescence during homeostasis and
progenitor function after tissue injury remain unclear. Notably, the columnar epithelium
of the more distal regions of the gastrointestinal tract (antrum, intestine, colon) has a
distinct cellular structure with proliferating stem/progenitor cells at the glands/crypt base.
Therefore, the localization of differentiated, quiescence cells residing at the base of the

corpus represents an anomaly in cellular identity. A recent mouse study by Lee et al.
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identified the G1-S cell cycle regulator p57(Kip2) (CDKN1C) as a key protein involved in
retaining chief cell quiescence during homeostasis (96). They demonstrated in mouse
models that p57 expression was localized to chief cells during homeostasis but lost
upon metaplastic transformation to SPEM. Overexpression of p57 using a stomach
specific Anxa10-CreER2,R26loxpTA-p57¢% transgenic mouse model prevented chief
cell activation in response to injury, therefore pinning it as a key regulator of chief cell
quiescence. Single-cell studies of the human gastric epithelium have also localized
CDKN1C predominately to chief cells, and its expression is negatively correlated with
gastric cancer prognosis (14, 97). Interestingly, p57 also appears to be a regulator of
cellular quiescence in other tissue systems, namely within hematopoietic stem cells (98-
100). Therefore, chief cell quiescence may be maintained within the pro-proliferative
environment at the base of glands through a unique mechanism of cell cycle regulation

which preserves progenitor potential in case of injury.

1.4 Gastric Organoids

Most mechanistic studies within the gastrointestinal tract have focused
predominately on mouse genetic models; however, these lack the same translatable
impact of directly studying human tissue. Over the past decade, organoids have
emerged as an in vitro model to directly study organized human gastric tissue. The high
rate of cellular turnover and general plasticity of the gastrointestinal tract enable
establishment of organoids from either pluripotent stem cells or adult tissues.

Organoids are three-dimensional cysts of cells that self-organize into a monolayer and
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polarize to develop a defined, apical lumen when grown in an extracellular matrix such
as Matrigel (Figure 1.4). To grow, epithelial organoids require niche signaling factors
typically supplied by the surrounding stroma to be included within growth media. Once
established, organoids can grow almost indefinitely with regular media renewal and
subculture.

A seminal study by Sato et al. described for the first time the establishment of
organoids from adult mouse tissue by demonstrating that single Lgr5+ intestinal stem
cells can form long lived “mini gut” cultures in vitro (101). This was later translated into
the antrum, where Barker et al. demonstrated that Lgr5+ antral stem cells could likewise
establish long-lived antral organoid cultures (3). In developing optimal conditions for
organoid establishment and growth, they determined that Wnt regulated cellular
differentiation, showing that an absence of Wnt leads to surface cell differentiation.
However, the development of corpus organoids from these mice was hampered by the
absence of Lgr5+ corpus cells observed within these initial mouse studies. Later,
Stange et al. demonstrated that isolated Troy+ chief cells could establish long-lived
corpus organoids in culture (37). Since, continued study has enabled establishment of

long-lived cultures of corpus organoids from adult tissue for targeted in vitro analysis.

Development of Human Gastric Organoids

Organoids derived from human biopsies can be used to study epithelial cell
growth, proliferation, differentiation, and stem cell function following targeted pathway
manipulation. The use of adult human tissue-derived organoids provides translatable

results and actionable insights into how these pathways regulate epithelial homeostasis
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Figure 1.4: Gastric organoids

Gastric organoid establishment involves dissociation and purification of epithelial glands from
tissue samples. Glands are suspended within a three-dimensional extracellular matrix, such as
Matrigel, for culture. Over time epithelial growth transforms into spheroids of polarized cells known
as organoids. Organoids require media rich in pro-proliferative, anti-differentiation factors such as
WNT, RSPO, and NOG (WRN) for long-term maintenance. Differentiated surface, neck, and chief
cells have been identified in culture, but not parietal cells. As an alternative approach to
establishment, minced full thickness tissue can be embedded within Matrigel. Epithelial outgrowth
rapidly occurs within culture, but not from stromal cells. Serial passages select for epithelial cells,

thus resulting in pure cultures of epithelial organoids.
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in the human stomach. However, while organoid models are currently the gold
standard for human gastrointestinal work, they are still relatively new, and lack
hierarchical structure that would enable studying cellular compartmentalization in
response to signaling microenvironments. My studies have helped to define the cellular
consequences of Wnt signaling on human gastric organoid growth, proliferation, and
differentiation.

The original development of human gastric organoids focused on generating
gastric tissue from pluripotent stem cells (PSCs). McCracken et al. first reported the de
novo generation of gastric organoids in vitro from PSCs; however, these tissue
structures were predominately antral-like (102). Continued work by the same group
eventually established a protocol for the development of corpus-specific human
organoids from PSCs (103). They determined that additional exposure to FGF10 and
stimulation of Wnt signaling using CHIR99021 guided development towards a corpus
fate rather than an antral fate. Interestingly, the addition of BMP4 and the MEK inhibitor
PD0325901 for 48 hours induced parietal cell differentiation in vitro within their system,
which aligns with more recent studies that have further explored the mechanisms
underpinning parietal cell differentiation (52).

Continued advances in human gastric organoids have enabled establishment
directly from patient tissue. These patient-derived organoids can then be used in the
context of personalized medicine to screen drugs and devise targeted therapies for
specific disease states, or to study fundamental mechanisms of proliferation and

differentiation. Applications of human organoids include studying factors involved during
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normal homeostasis, in the context of infection (such as H pylori), and in modeling
diseases including with the use of CRISPR (104-106).

Bartfeld et al. demonstrated that corpus organoids could be derived from isolated
glands of primary human tissue samples and defined media components necessary to
support long-term growth (77). Ultimately, they determined that WNT, RSPO, NOG, and
EGF were essential factors in the establishment and maintenance of human corpus
organoids. Removal of any of these factors rapidly led to deterioration of the cultures.
Interestingly, they also noted that TGF@ inhibitors were required for human corpus
organoid establishment, but dispensable for human antral organoids. Gastrin and
FGF10 also increased organoid lifespan within culture, but to a lesser extent than the
previously mentioned factors.

Human epithelial organoids can also be grown from full-thickness tissue rather
than from isolated glands or stem cells to speed up growth and ease the technical
burden of tissue processing. Tsai et al. demonstrated this technique from both gastric
and colonic tissue, and further showed that full thickness tissue can be frozen using
conventional LN2 cryopreservation techniques for later organoid retrieval with minimal
impact upon cellular identity (107). Subsequent passaging enables the removal of

stroma to eventually obtain purified epithelial cultures (Figure 1.4).

Novel Culture Models
As the use of organoids in studying human gastric physiology continues to grow,
novel techniques are being developed to more accurately recapitulate the in vivo

physiological environment. While in vitro epithelial organoids are typically suspended in
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a homogenous medium of pro-proliferative factors, the in vivo mucosa exists within a
complex environment of signaling gradients and contributions from non-epithelial niche
cells to direct function. Mouse studies have demonstrated the potentially unappreciated
importance of stromal cell contribution by describing parietal cell emergence with the
inclusion of mesenchymal cells in organoid cultures (78, 79). Bioengineered systems
which can recreate the in vivo mucosal architecture of glands could therefore unlock a
new wave of insights into human physiology.

One such example of this has been developed specifically for the colonic
epithelium. Hinman et al. demonstrated that scaffolds resembling the crypt architecture
can be seeded with single colonic stem cells, expanded, and then polarized with
exposure to signaling gradients to develop distinct compartmentalization of cellular
subtypes (108). While this research has predominantly been focused on intestinal
tissue, the same principles could be transferred to the gastric epithelium to create ex
vivo patient-derived glands for study of human gastric homeostasis and diseases such
as metaplasia.

Polarized monolayers of epithelium have also emerged as an important approach
to study human gastric physiology. While traditional two-dimensional monolayers lack
organization, Boccellato et al. demonstrated that subjecting antral epithelial monolayers
to a transient air-liquid interface, as would be observed within the gastric lumen,
resulted in the establishment of polarized mucous-secreting cells, which they termed
mucosoid (109). More recently, the same group demonstrated that similar mucosoids
could be developed using human corpus tissue where it proved to be a powerful tool to

identify factors regulating corpus differentiation (52).
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Overall, the emergence of organoids has opened a new door into the study of
human gastric physiology. Advancements in organoid technology, through the use of
new scaffolds, mixed cultures, bioengineered extracellular matrices, and novel
techniques, could better our understanding of stem cell physiology, homeostasis, and
the manifestation of disease to help drive the next generation of therapeutic

interventions.

1.5 The Wnt Signaling Pathway

Thus far, | have discussed the current understanding of the gastric corpus
epithelium, the tools used to study cellular physiology, and the various pathways shown
to regulate epithelial homeostasis that are independent of Wnt signaling. The rest of the
work presented within this thesis will focus on describing the important functions for Wnt
within the corpus, with a goal to elucidate the complex mechanisms of this signaling
pathway in regulating corpus homeostasis and disease.

The Wnt signaling pathway is a highly conserved signaling pathway that
regulates cellular identity, proliferation, and stemness in various tissue types. In the
gastrointestinal tract, Wnt signaling has emerged as an essential component of the
stem cell niche. From the earliest studies, loss of Wnt was shown to disrupt stem cell
function, while hyperactivation of the pathway rapidly leads to tumorigenesis. However,
while Wnt has clear and profound effects upon the intestine and antrum, the role of Wnt

signaling within the gastric corpus is poorly understood.
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Overview of Wnt Signaling

Whnt signaling was initially discovered from studies in Drosophila and murine
breast cancer. Baker first identified the gene wingless as a regulator of segment polarity
in Drosophila and demonstrated its requirement for the generation of adult wings (110).
The gene was subsequently determined to be a homolog of the murine mammary
oncogene int-1, which led to the naming of Wnt when a similar homolog was found in
humans (111).

The Wnt signaling pathway (Figure 1.5) is regulated by secreted ligands (WNT
proteins) which signal to receptor-expressing cells to elicit an autocrine or paracrine
response. In humans, there are 19 different WNT ligands, with specific ligands of
interest in the gastrointestinal tract being WNT2B, WNT3A, and WNT5A (112).
Secretion of ligands from cells requires a specialized lipid modification within the Golgi
known as palmitoylation (112). Modification and secretion of WNT ligands is regulated
by the proteins porcupine (PORCN) and wntless (WLS), making them popular targets
for genetic or pharmacologic manipulation in Wnt inhibition studies (113-115).

Secreted WNT ligands then bind to a Wnt receptor complex composed of
Frizzled (FZD), a seven-transmembrane receptor protein, and lipoprotein receptor-
related proteins 5 and 6 (LRP5/6) (116, 117). Wnt signaling activates a canonical or
non-canonical response, with many WNT ligands having functional roles in both
pathways. The non-canonical Wnt pathway can influence functions such as cell polarity

or calcium signaling (117). The canonical pathway, also known as Wnt/B-catenin

signaling, is responsible for inducing stemness, proliferation, and identity within various
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Figure 1.5: The canonical Wnt signaling pathway

The canonical Wnt signaling pathway is activated through autocrine or paracrine secretion of
WNT ligands. Secretion of WNT ligands requires palmitoylation by PORCN in the endoplasmic
reticulum and transport by WLS from the Golgi. In the absence of WNT ligands, the
transmembrane E3 ubiquitin ligases ring finger 43 (RNF43) and zinc and ring finger 3 (ZNRF3)
ubiquitinate the frizzled (FZD) and lipoprotein receptor related protein (LRP) receptor complex. A
B-catenin destruction complex composed of axis inhibition protein (AXIN), adenomatous polyposis
coli (APC), glycogen synthase kinase 3 (GSK3), and casein kinase 1 (CK1) cytosolically degrades
B-catenin through GSK3-mediated phosphorylation. Binding of secreted WNT to the FZD/LRP
complex recruits AXIN to the membrane and leads to dissociation of the B-catenin destruction
complex. Simultaneous binding of RSPO ligands to leucine-rich G-protein coupled receptors
(LGRA4/5/6) potentiates WNT signaling by preventing RNF43/ZNRF3 mediated destruction of
FZD/LRP. Destruction complex dissociation enables translocation of B-catenin to the nucleus
where it interacts with TCF/LEF to drive transcription of Wnt target genes.
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tissue systems, including the gastrointestinal tract, and is therefore the focus for
studying the role of Wnt in homeostasis and disease (118).

The goal of canonical Wnt signaling is to induce B-catenin translocation to the
nucleus where it can act as a transcription factor to upregulate genes involved in
proliferation and stemness. In the absence of Wnt, a B-catenin destruction complex
comprising of axis inhibition protein (AXIN), adenomatous polyposis coli (APC),
glycogen synthase kinase 3 (GSK3), and casein kinase 1 (CK1) phosphorylates
cytosolic B-catenin, therefore leading to its degradation and preventing its nuclear
activity (117, 119). Upon activation of FZD and LRP5/6 receptors by WNT ligands, the
destruction complex is recruited to the cell membrane where AXIN binds to LRP and the
destruction complex dissociates. This frees B-catenin to actively shuttle to the nucleus
where it interacts with TCF/LEF to drive transcription of target genes (120, 121). These
target genes are involved in pathways regulating self-renewal, metabolism, survival, and

proliferation, hence the pathway’s function in regulating the stem cell niche (122, 123).

R-spondin and additional regulators of Wnt signaling

R-spondins (RSPOs) are another group of ligands that play an essential role in
the Wnt/B-catenin signaling pathway. Signaling by RSPO through its receptors, leucine-
rich repeat-containing G-protein coupled receptor 4, 5, or 6 (LGR4-6), acts as a potent
activator of Wnt signaling and plays a key role in defining the Wnt signaling niche within
the gastrointestinal tract, including the stomach (18, 124, 125). There are four different

R-spondins (RSPO1-4) which can all bind each of the three LGRs; however RSPO3,
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and to a lesser extent RSPO1, appear to be the dominant R-spondins within the
gastrointestinal tract (124). In the absence of R-spondin signaling, the transmembrane
E3 ubiquitin ligase proteins ring finger 43 (RNF43) and zinc and ring finger 3 (ZNRF3)
ubiquitinate the FZD/LRP receptor complex to negatively regulate Wnt signaling (124,
126, 127). Both RNF43 and ZNRF3 are Wnt/B-catenin target genes, therefore
constructing a negative feedback loop to regulate signaling. R-spondins bind to RNF43
and ZNRF3 in addition to LGRs to inhibit ubiquitinase activity, therefore stabilizing the
Whnt receptor complex and potentiating Wnt signaling. Studies of Rnf43 and Znf3
knockout mice have demonstrated potentiation of Wnt signaling in their absence,
however WNT ligand itself is still necessary for activating the pathway (126, 127). The
critical role of R-spondins in activating Wnt/B-catenin signaling within gastrointestinal
stem cells is demonstrated by the expression of LGRS, also a Wnt target gene, to
faithfully label active stem cells in the antrum, small intestine, and colon (3, 21). In
further demonstration of the role of R-spondin signaling in promoting proliferation,
chromosomal rearrangements that result in RSPO fusion proteins have been shown to
drive colorectal cancer, with RSPO2/RSPOa3 fusions being identified in 10% of colon
tumors of one study (128). A recent study has also implicated LGR4 as a key RSPO
receptor within Axin2+/Lgr5- progenitor cells of the mouse antrum, however a role for
LGR4 has not yet been demonstrated within the corpus (129).

There are also many secreted negative regulators of Wnt/B-catenin signaling that
confine the stem cell niche. Secreted frizzled-related proteins (sFRPs) were one of the
first classes of Wnt antagonists to be discovered, and they function by binding WNT

ligands using a FZD-like cysteine-rich binding domain to prevent activity (130, 131). The
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secreted protein Dickkopf1 (DKK1) competitively binds with LRPs to inhibit Wnt
signaling, and two independent studies have demonstrated that ectopic expression
within the intestine suppresses Wnt-dependent proliferation (132-134). Additional
antagonists of the pathway include sclerostin domain containing 1 (SOST), Wnt
inhibitory factor 1 (WIF1), and insulin growth factor binding protein 4 (IGFBP-4) (135-
137). Although DKK homolog expression has been demonstrated within the gastric
antrum, no studies have analyzed the role of any of these secreted Wnt inhibitors in

regulating gastric epithelial homeostasis (18).

Localization of WNT and RSPO Ligands

The key Wnt and R-spondin signaling cells of the gastrointestinal tract have long
been debated, although recent studies have highlighted subepithelial stromal cells as
the major source of WNT ligands to comprise the Wnt stem cell niche. A seminal paper
by Farin et al. first demonstrated in mice that non-epithelial cells support stem cell
function in the small intestine in the absence of epithelial WNT provided by Paneth cells
expressing WNT3 at the base of crypts (138). Paneth cells, however, are unique to the
small intestine, and therefore it follows that additional cells more consistently distributed
across the gastrointestinal tract would provide essential sources of WNT.

Building on initial studies that showed epithelial Wnt was dispensable for stem
cell function in the intestine, Kabiri et al. observed that stromal cells could support
intestinal organoids in culture without supplementation of WNT or RSPO (113). While

Paneth cells can support the stem cell niche in vitro through expression of WNT3, R-
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spondins, considered essential for organoid growth, are solely expressed in stromal
populations (139).

Additional studies continued to provide support for subepithelial stromal cell
populations as key sources of WNT and RSPOs for the stem cell niche and began to
define markers to label these cells. While it is clearly established that stromal cells are
essential niche cells supporting Wnt signaling, there has been significant controversy
identifying this cell population. In mice, canonical WNT and RSPO ligands have been
localized to stromal cells expressing Fox!1, Gli1, Pdgfra, Acta2, Myh11, Cd34, Grem1,
and Cd817 (140-145). Foxl1+ pericryptal mesenchymal cells were one of the first labeled
populations identified as the key sources of Wnt for epithelial cells, and these cells were
determined to be distinct from myofibroblasts (143). These cells were later named
telocytes for their elongated appearance, and they appeared to form a close network
surrounding intestinal crypts and villi (146). Later studies built off this idea but identified
telocytes as a distinct subset of stromal cells that contributed to epithelial function within
the intestine. In a study by McCarty et al., canonical WNT, such as WNT2B, and RSPOs
were instead localized to Pdgfra’®v, Cd34+ subepithelial cells distinctly located at the
gland base to a cell population which they labeled as trophocytes (144). They noted that
telocytes, which expressed Fox/1 and were Pdgfra"sh, expressed WNT4/5A/5B but also
higher amounts of BMPs, and were incapable of supporting epithelial cultures without in
vitro supplementation with recombinant RSPO1 and NOG.

Significantly less work has been conducted to identify the key WNT/RSPO-
expressing cells of the stomach, although, as in the intestine, it is believed that stromal

cells comprise the key Wnt niche cells. Importantly, gastric epithelial cultures require
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WNT supplementation in vitro, indicating that there is likely no Paneth-like epithelial cell
which supplies WNT to the stem cell niche (77). Sigal et al. first demonstrated in the
antrum that Rspo3 localizes to subepithelial stromal myofibroblasts (Myh11+, Acta2+) at
the gland base (18). In co-culture experiments, these cells could support antral
organoids, therefore demonstrating their function as niche cells. These findings have
recently been translated into the corpus, where RSPO3, the dominant gastric R-
spondin, is localized to MYH11+ cells at the gland base in both mouse and humans
(147). A broader study by Kim et al. conducted single cell analyses on stroma from both
gastric and intestinal mouse tissue and found conserved populations of cells in each
region (148). Thus, cell populations that have been demonstrated to support the stem
cell niche in the intestines likely also exist in the stomach. Using the previously defined
genetic mouse models targeting intestinal stromal populations could therefore translate
to the stomach and help improve understanding of various niche pathways and stromal
regulation of gastric epithelial stem cell function.

The localization of RSPO3 ligands to cells at the gland base constructs a Wnt
signaling gradient along the base-lumen axis of gastric glands, with signaling
concentrated at the base of glands and diminishing upwards towards the luminal
surface. This leads Wnt signaling and target gene expression to be induced in epithelial
cells at the gland or crypt base. Typically, these cells are considered to be active
stem/progenitors cells which constantly divide to drive epithelial turnover. However, the
cellular architecture is different in the corpus relative to the antrum and intestines, with
stem/progenitor cell population residing in the mid-gland isthmus while chief cells are in

the gland base.
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Barker et al. identified the Wnt target gene Lgr5 as the first definitive marker for
active epithelial stem cells within the small intestine and colon, while also labeling cells
at the base in the antrum (21). Continued work led to Lgr5+ cells, and eventually also
Axin2+ cells, of the antrum being identified as stem cells as well (3, 18). Interestingly, in
these studies Lgr5+ cells were notably absent from the corpus aside from rare instances
along the lesser curvature. This long casted doubt regarding the role of Wnt within the
gastric corpus as there was no clear Wnt signaling stem cell pool despite the presence
of WNT and RSPO ligands within the mucosal environment. However, one of the
original markers for chief cells, Troy, is also a Wnt target gene. Early studies observing
Troy+ chief cell function identified that these cells also possessed Wnt target gene
characteristics (Lgr5+, Axin2+) that were reminiscent of stem cells in the antrum and
intestine (37). It wasn’t until more recently though that Leushacke et al. used a new
mouse model to demonstrate that the Wnt target gene and stem cell marker Lgr5
labeled Gif+ chief cells at the gland base (91). This study also mapped LGR5 mRNA to
chief cells of the human stomach. However, in contrast to the antrum and intestine
where LGRS marks active stem cells, these LGRS+ cells in the corpus are quiescent,

differentiated cells.

The Role of Wnt Signaling within the Corpus

The role of Wnt signaling within the corpus epithelium is poorly understood. The
expression of Wnt target genes in mature chief cells rather than stem/progenitor cells is
in stark contrast to the rest of the gastrointestinal tract where active progenitor cells are

high Wnt signaling. The presence of Wnt in mature, quiescent cells combined with the
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absence of Wnt in active isthmus progenitors therefore suggests a different role for Wnt
signaling in maintaining epithelial homeostasis within the corpus, with normal adult
corpus stem/progenitor proliferation potentially being Wnt independent (40).

The first evidence for regionality in how Wnt may differentially regulate human
corpus epithelial homeostasis emerges from developmental studies. Disruption of
Whnt/B-catenin signaling in mouse embryos promoted an antral phenotype and absence
of corpus epithelium (103). Furthermore, to generate differentiated gastric corpus
organoids from human PSCs, McCracken et al. demonstrated that activation of Wnt
signaling through addition of the GSK3p inhibitor CHIR99021 led to corpus specification,
while disruption of Wnt signaling resulted in antral organoids (103, 149). Thus, high
levels of Wnt signaling may underscore region-specific gastric determination and
indicates that the corpus mucosa may be a high Wnt signaling environment relative to
the antrum.

In mature corpus tissue the role of Wnt remains unclear, although recent studies
have begun to demonstrate a role for Wnt in regulating cell fate. In defining the optimal
media conditions for human-derived corpus organoids, Bartfeld et al. determined that
WNT and RSPO were necessary for organoid formation and also regulated cellular
differentiation (77). High WNT/RSPO media resulted in the presence of all differentiated
subtypes (aside from parietal cells), while complete WNT/RSPO withdrawal rapidly led
to surface cells becoming dominant. This was the first indication that Wnt regulates
corpus epithelial differentiation and that it logically follows the Wnt gradient observed in
vivo. In a more recent study, Fischer et al. investigated how overexpression or knockout

of Rspo3 in transgenic mouse models would alter homeostasis in vivo (147). They
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observed that overexpression of Rspo3 in Myh11+ mesenchymal cells at the base of
glands increased corpus proliferation, gland size, and led to a massive expansion of the
Gif+ chief cell compartment. On the contrary, Rspo3 knockout in Myh11+ cells shrunk
the Gif+ compartment, but interestingly did not have any impact upon proliferation or
gland height. Thus, Wnt signaling appears to be essential for promoting chief cell
differentiation and/or maintenance. However, in light of recent studies suggesting
compartmentalization of renewal within the corpus epithelium, it is unknown whether
chief cell expansion after Rspo3 overexpression occurs via increased chief cell self-
renewal, or through directing fate determination from an isthmus progenitor.

Beyond differentiation, there is a potential role for Wnt signaling in regulating the
injury response, although the specific mechanism remains unclear. In the same Fischer
et al. study, it was demonstrated that high-dose tamoxifen and chief cell ablation both
led to increased Rspo3 expression in mice and that Rspo3 expression promoted
glandular regeneration (147). Infection with H pylori, which induces SPEM, has also
been demonstrated to activate Wnt signaling through increased R-spondin expression
in both the corpus and antrum (18, 147, 150).

There is also increased expression of the Wnt target gene and cell-surface
adhesion molecule CD44 during SPEM, with expression colocalizing with TFF2+
metaplastic cells (151). In the antrum and intestines, CD44 is abundantly expressed and
labels both active and facultative stem cells within the high Wnt base (152, 153). A
functional role for CD44 has been established during SPEM as two independent
knockout studies have demonstrated that ablation perturbs SPEM development

following injury (153, 154). Interestingly, during homeostasis there is low expression of
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Cd44+ cells within the isthmus region, although single cell studies have localized
transcripts primarily to neck cells (14, 153). Sox9, another Wnt target gene, has also
recently been implicated in neck cell development in mice as well as during SPEM,
therefore further highlighting a potential role for Wnt signaling in regulating the gastric
injury response (155).

Thus far, Wnt signaling has predominately been demonstrated to regulate basal
chief cells within the corpus. Injury studies suggest that \Wnt signaling may underscore
chief cell progenitor function and the overall injury response, however this has not been
definitively proven. Furthermore, it remains unclear how activation of Wnt signaling
regulates progenitor cells within the isthmus. The work within my thesis focuses on
exploring these concepts and establishing a role for Wnt in regulating human corpus

epithelial proliferation, differentiation, and stem cell function.

1.6 Wnt in Gastrointestinal Disease

Dysregulated Wnt signaling has been implicated in driving disease across most
tissue systems (123). Hyperactivation of the pathway, which can be caused by loss-of-
function mutations in regulator genes or gain-of-function mutations to CTNNB1
(encoding B-catenin), has been connected to the emergence of cancer throughout the
body including breast cancer, hepatocellular carcinoma, lung cancer, pancreatic cancer,

prostate cancer, colorectal cancer, and gastric cancer (156-160).
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Adenomatous Polyposis Coli (APC) Function

The critical role of Wnt signaling in driving epithelial proliferation and stemness
within the gastrointestinal tract makes it a common driver of tumorigenesis in the
presence of oncogenic mutation. This is most notable within the colon, where 93% of
colorectal cancers have been shown to carry a Wnt activating mutation (161). Somatic
and germline mutations in many of the pathway’s complex regulatory elements have
been identified as key drivers for such diseases through predisposing tissue to acquiring
further oncogenic mutation. Most prevalent among these mutations with respect to the
gastrointestinal tract is loss-of-function mutations to APC.

APC, located on chromosome 5921, encodes a large (310 kDa), multifunctional
tumor suppressor protein that contains numerous binding regions that interact with
various pathways to regulate cellular function. These include pathways involving
cytoskeletal organization, adhesion, and migration (162). Most notably among its
functions is to act as a scaffolding protein within the B-catenin destruction complex to
enable efficient cytosolic degradation to negatively regulate Wnt/B-catenin signaling in
the absence of WNT ligand. This is primarily accomplished by three 15 amino acid
repeats (AARs) between codons 1021-1170 and seven 20 AARs between codons 1265-
2035 that specifically bind B-catenin (163). Loss-of-function APC mutations prevents
proper assembly of the B-catenin destruction complex, thereby suppressing efficient
cytosolic degradation and enabling B-catenin translocation into the nucleus even in the
absence of WNT ligand (Figure 1.6) (164). APC truncating mutations within colorectal
tumors are most frequently described within the 20 AAR region between codons 1282-

1581 as these mutations prevent its proper function within the Wnt signaling pathway
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(163). While APC mutations have long been connected to tumorigenesis within the
gastrointestinal tract, Barker et al. first demonstrated in mice that homozygous loss of
Apc in intestinal stem cells was sufficient to drive colonic intestinal neoplasia and

adenomatous transformation (2).

Familial Adenomatous Polyposis (FAP)

People who inherit a single copy of mutated APC are naturally predisposed to
developing significant disease burden throughout their gastrointestinal tract. This
condition is known as familial adenomatous polyposis (FAP), and is an autosomal
dominant disorder characterized by the emergence of numerous adenomatous lesions
within the colon (Figure 1.6) (165). The incidence of FAP is approximately 1 in 7,000 to
1 in 30,000 with equal distribution amongst men and women (165, 166). Interestingly,
while most cases of FAP arise with familial history, approximately 20%-30% of new
diagnoses are made without family history, thus indicating de novo germline acquisition
of mutated APC (167). As a result of this mutation, patients have an effective 100%
chance to develop colorectal adenomas and ultimately colorectal cancer, with cancer
generally emerging between 35-45 years old (165, 168, 169).

In the stomach, mutations to APC have been reported in 7-34% of sporadic
gastric cancers (170-172). Beyond somatic loss-of-function mutations, Ksiaa et al.
demonstrated that APC is also commonly hypermethylated in gastric cancer as these
epigenetic changes were observed in 52.9% of gastric cancer samples versus in 37.7%

of healthy tissue (173). Interestingly, the rate of gastric cancer in FAP patients is
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Figure 1.6: Familial adenomatous polyposis and fundic gland polyps

Patients with familial adenomatous polyposis develop gastrointestinal disease. The most severe
phenotype occurs in the colon where patients develop colorectal adenocarcinoma. In the
stomach, patients develop abundant yet benign polyposis within the corpus in the form of fundic
gland polyps (FGPs). FGPs are defined by cystically dilated glands, increased proliferation, and
a common presence of low-grade dysplasia. However, high-grade dysplasia and precancerous
adenomatous change rarely arise. Polyps in the antrum are rare, but typically exhibit increased
risk for cancer.



shockingly low relative to colorectal cancer, with a lifetime risk for FAP patients to
develop gastric cancer only reported to be 0.5-1.3% (174, 175). However, FAP patients
are at a heightened risk of developing gastric polyps in the form of benign neoplasms
known as fundic gland polyps (FGPs).

FGPs are sessile, benign polyps characterized by cystically dilated glands
(Figure 1.6). These dilations are typically lined with differentiated cells, including
predominately chief, mucous neck, and attenuated parietal cells (176, 177). Fundic
gland polyps have been described to occur in anywhere from 30-88% of FAP patients,
with equal incidence in men and women (178-180). The frequency of emergence is also
variable with patients manifesting 100’s to even 1000’s of FGPs, sometimes leading to
complete carpeting of the gastric corpus mucosa (181).

Despite their name, FGPs are not solely localized to the fundus but are found
throughout the corpus of the stomach (175). Interestingly, FGPs are notably absent from
the antrum. However, although less common, FAP-associated antral polyps which do
emerge have a significantly higher incidence of exhibiting adenomatous change (175).
In the corpus, FGPs rarely exhibit adenomatous change or high-grade dysplasia,
although low-grade dysplasia has been identified in approximately 50% of FAP-
associated FGPs (181).

Therefore, there are stark regional differences in manifestation of polyps within
the stomach. These regional differences highlight differences in sensitivity to activation
of Wnt signaling between the corpus and antrum to underscore regional patterns of
disease. Furthermore, the low risk of cancer progression directly contradicts

observations in the colon, thus suggesting either a novel role for Wnt signaling in the
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gastric corpus versus colon, or a different threshold for tumorigenesis. Throughout my
dissertation, | explore how Wnt may differentially regulate proliferation and identity in the
corpus versus antrum to provide insight on the clinical manifestations of FGPs resulting

from Wnt activation disease.

Etiology of Fundic Gland Polyps

The etiology of FGPs, especially with respect to Wnt signaling, remains unclear.
There is some evidence that suggests their emergence may be linked with parietal cell
malfunction. In large part this is due to their association with long-term proton-pump
inhibitor use to reduce the acidity of the gastric lumen (182-184). These sporadic FGPs
regress when treatment is ended, therefore demonstrating the transient nature of this
pathology (183, 185). Early studies surmised that polyp development in these patients
could be due to increased gastrin production stimulated by the reduction in luminal
acidity (186). Accordingly, Franic et al. demonstrated that while mice lacking H*/K*-
ATPase Subunit B (encoded by Afp4b) experienced mucosal hypertrophy within the
corpus, loss of gastrin negated these phenotypic effects (186). Additional studies have
also demonstrated that H*/K*-ATPase malfunction due to Afp4a deletion in mice leads
to an FGP-like phenotype within the corpus (187, 188). In humans however, while acid
suppression therapy does appear to increase gastrin production, there has not been an
established association between hypergastrinemia and the emergence of FGPs (189,
190).

It is unknown how, or if, sporadic FGPs in patients with acid suppressing therapy

follow a similar etiological manifestation to Wnt-related FGPs in patients with FAP as it
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is mostly unknown how Wnt regulates parietal cell differentiation. A recent mouse study
by Fischer et al. using Rspo3-knockout or Rspo3-knock-in in Myh11+ stromal cells
demonstrated that while loss of Rspo3 had no impact on parietal cell numbers, Rspo3
overexpression did lead to an absolute increase in parietal cells. However, parietal cells
remained equally distributed throughout the expanded glands, indicating that this may
have been a function of an overall increase in epithelial cell numbers rather than a direct
effect on parietal cell differentiation (147).

Other Wnt activation mouse models have produced variable effects within the
proximal stomach, therefore leading to further uncertainty regarding the Wnt-dependent
etiology of FGPs. Using an AhCre mouse model to broadly target gastric epithelial cells,
Radulescu et al. induced Wnt activation through conditional deletion of either Apc or
Gsk3 (alpha and beta), or through oncogenic activation of beta-catenin (Ctnnb1) (191).
They observed that all Wnt activation models rapidly induced adenomatous changes
within the antrum. In the corpus, they observed FGP development typically after 1 week,
with all mice developing both FGPs and adenomatous change by Day 12. Using
immunohistochemistry, they showed that parietal cells were rapidly lost, therefore
demonstrating that activation of Wnt signaling reduced parietal cell differentiation.
However, this study used tamoxifen to induce Cre recombination, which is known to
cause oxyntic atrophy and lead to a metaplasia injury response. Thus, additional studies
with other models would be required to conclude the causal relationship they observe
between Wnt activation and parietal cell loss.

While the study by Radulescu et al. showed a distinct link between Wnt activation

and the emergence of an FGP phenotype, similar studies from other groups have failed
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to support this mechanism. Two independent studies using chief cell specific Cre
drivers, Pgc-CreER'? and Mist1-CreERT2, observed that homozygous deletion of Apc
failed to promote corpus hyperplasia or any form of phenotypic change (192, 193).
However, successive oncogenic activation through combination with a Kras¢’2P
mutation was successful in driving tumorigenesis, therefore confirming the oncogenic
potential of those cells. A study by Powell et al. took a different approach where they
induced heterozygous loss of Apc in progenitors throughout the Gl tract using a Lrig1-
CreERT2; Apcfl* mouse model, and monitored tumor formation over an extended period
of time (100+ days) (194). They noted surface cell hyperplasia and a dramatic increase
in proliferation in the corpus of mice at day 100 post-injection, although the glands did
not exhibit the typical cystic dilation associated with fundic gland polyps. Altogether,
these studies suggest that while homozygous loss of Apc does induce phenotypic
change within the corpus, heterozygous loss of Apc may be sufficient to drive
hyperplasia. In this dissertation, | continue to explore the consequences of Apc deletion
within the gastric epithelium of mice and present rationale highlighting key regional
differences within the stomach that shed light on the patterns of disease and Wnt-
regulated cellular differentiation.

Wht signaling is a clear driver for FGP emergence in humans. While syndromic
FGPs are associated with familial conditions such as FAP with germline APC mutation,
sporadic FGPs are also linked with activating mutations in CTNNB1, which encodes (3-
catenin (195, 196). Interestingly, sporadic FGPs are negatively correlated with H pylori
infection, which may result in increased FGP prevalence in Western countries as H

pylori infection rates are lowered (197, 198). There are typically no major phenotypic
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differences between familial and sporadic FGPs, however APC-linked FGPs have been
reported to have higher rates of dysplasia, perhaps because Wnt signaling is
constitutively increased throughout life (181, 199-201).

Despite the prevalence of FGPs in FAP patients, the mutational landscape
underscoring their emergence has been scarcely studied. One potential reason for this
is that FGPs have a low rate of tumor progression. Compared to the distal Gl tract
where FAP patients have a near 100% incidence of developing colorectal cancer,
gastric cancer risk is only modestly increased with a prevalence of 0.5-1.3% (174, 175).
Although FGPs are benign neoplasms, FAP patients regularly undergo gastric

endoscopy to monitor polyp progression in the adverse event of tumorigenesis.

The “Two-Hit” Hypothesis

Typically, polyp formation within the gastrointestinal tract of FAP patients is
thought to depend on a second-hit mutation to APC to induce loss-of-heterozygosity.
Knudson’s “two-hit” hypothesis was, in part, based these observations within the colon
where loss of the functional allele was necessary to initiate adenomatous change and
the mutational cascade ultimately leading to colorectal cancer (202). In mice,
homozygous Apc deletion drives immediate adenoma formation within the intestines
while conditional loss of a single Apc allele only drives phenotypic change when mice
are followed for multiple months and after loss of the remaining allele (203). Therefore,
it would be expected that FAP patients would require a similar second hit to form an

FGP. In one of the few studies analyzing the mutational state of FGPs from FAP

patients, Abraham et al. observed somatic APC alterations in 21 out of 41 polyps (51%)
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(204). They identified 15 of these cases to be due to somatic loss-of-function mutations
and the remaining six to be due to allelic loss leading to loss-of-heterozygosity.
Therefore, they were unable to demonstrate APC loss-of-heterozygosity within the
remaining 20 polyps, thus demonstrating variability in the mutational landscape
underscoring polyp formation. Interestingly, they did not observe a connection between
loss-of-heterozygosity and grade of dysplasia within their sample set. In Chapter 3 of
this dissertation, | further explore the mutational etiology of fundic gland polyp formation
within the proximal stomachs of FAP patients through the use of genomic sequencing in

patient-matched polyp and non-polyp sample pairs.

The “Just-Right” Hypothesis of Wnt Signaling

Traditionally, the Wnt signaling pathway could be thought of as a simple ON/OFF
switch that promotes proliferation and stemness in the presence of ligand and induces
differentiation in the absence of ligand. According to this and Knudson’s ‘two-hit’
hypothesis, any two random mutations that lead to APC loss-of-function should result in
upregulation of signaling and ultimately tumorigenesis (202). Most studies investigating
this paradigm have focused on the intestine where APC loss-of-heterozygosity is
thought to initiate polyp formation and eventual development of adenocarcinoma (164,
168, 169, 202). Early studies investigating the mutational landscape of APC within
colorectal tumors demonstrated that APC mutations were not random (205). Analysis of
colorectal tumor biopsies from FAP patients showed that somatic second-hit mutations
within APC were highly dependent upon the nature of the germline mutation of the
patient. Albuquerque et al. expanded upon these original findings and demonstrated
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that within colorectal adenomas there was a coordination of loss-of-function mutations
in the 20-amino-acid repeat regions responsible for downregulating B-catenin (206). In
short, they determined that the two independent mutations (germline and somatic)
combined to retain a few of these 20-amino-acid repeats, but complete loss of all
repeats was never observed. Therefore, they concluded that selection of mutations in
adenomas was titrated for an optimal level of Wnt signaling that retained some B-
catenin regulating activity in a manner they termed the ‘just-right’ hypothesis.

This signaling paradigm describes a Goldilocks zone of Wnt signaling that leads
to proliferation and stemness (Figure 1.7). Too little Wnt signaling improperly regulates
stemness and ultimately leads to the initiation of differentiation. Too much Wnt signaling
on the other hand is not tolerated, and those cells either no longer contribute to normal
epithelial turnover or are lost through induction of apoptosis. Proper stem cell function
and proliferation therefore occurs when Wnt signaling is ‘just-right.’

Additional studies have added credence to this idea by demonstrating that high
Whnt, but not excessive Wnt, is essential for gastrointestinal tumorigenesis. Using two
distinct Apc knockout mouse models, Lewis et al. demonstrated that mutational severity
and phenotypic severity did not correlate within the intestine (207). They found that
while an ApcR&%X (ApcMin) knockout model led to enhanced nuclear localization of B-
catenin, a more distal Apc'3??T knockout model led to a more severe tumorigenic
phenotype that favored stemness and stem cell function. Therefore, they concluded that
an excess in Wnt signaling can actually suppress tumor growth in accordance with the

‘just-right’ hypothesis. In a more recent study, Lahde et al. demonstrated that induction
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Figure 1.7: The ‘Just-Right’ Hypothesis

The ‘just-right’ hypothesis describes an optimal range of Wnt signaling which induces growth,
proliferation, and renewal within a cell. Too low Wnt signaling leads to loss of stem cell character
and induction of differentiation, such as towards terminally differentiated surface cells. Too high
Whnt signaling suppresses proliferation of cells and potentially induces apoptosis. ‘Just-Right’
levels of signaling optimally maintain stemness and induce proliferation and self-renewal. Wnt
activating mutations leading to cancer require pathway activation that drives signaling within this
range to ectopically drive stemness and hyperproliferation. In the case of APC mutations,
proliferation is optimally driven when only a few B-catenin binding sites are retained.
Hyperactivation of the pathway beyond this level, such as a complete loss of all B-catenin binding
activity in both APC alleles, poorly drives tumorigenesis within the colon.
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of Wnt through overexpression of RSPO1 in mice can suppress intestinal adenoma
formation driven by the ApcVi allele (208). Upon injection with RSPO1, intestinal
adenomas formed within ApcMn* mice via second-hit mutations experienced increased
apoptosis and reduced proliferation, ultimately resulting in fewer tumors and prolonged
survival. A similar effect has been observed by Langlands et al. within ApcM"* intestinal
organoids in which excess Wnt in media, through addition of Wnt activator CHIR99021,
suppressed ApcMin’Min organoid growth and instead favored organoids which retained a
functional wild-type allele (ApcMir*) (209).

The concept that excess Wnt can be deleterious to proliferation has also been
described in homeostasis. In mouse experiments, Yan et al. observed that adenoviral
overexpression of RSPO1 or RSPOZ led to an expansion of Lgr6+ stem cells within the
small intestine (210). However, these Lgrb5+ cells were “trapped” at the base of crypts
and no longer lineage traced to other regions of the crypt-villus axis, thus demonstrating
that excess Wnt confined these cells to a stem cell identity while simultaneously
suppressing their proliferation. A study by Sigal et al. within the gastric antrum showed a
strikingly similar phenotype in which overexpression of Rspo1 or Rspo3in Myh11+ cells
led to a suppression of lineage tracing from Lgr5+ stem cells and demonstrated that
they instead remined confined to the base of crypts (18). In both studies, the major
proliferative pool following Rspo overexpression were Lgr5- cells; transit amplifying cells
within the intestine and Axin2+/Lgr5- cells within the antrum. Overall, these studies
demonstrate that Wnt signaling dose-dependently regulates proliferation and stemness
of Wnt-responsive (Lgr5+) progenitors, with excessive Wnt being prohibitive towards

normal proliferation and instead locking cells within a stem-like state.
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The ‘just-right’ hypothesis has also been expanded through continued
independent studies to describe the patterns of tumorigenesis throughout the
gastrointestinal tract. Interestingly, mice are predisposed to develop small intestinal
lesions in response to loss of Apc, while in humans, tumors predominately arise in the
colon while the small intestine is mostly spared (211). Continued work by Albuquerque
et al. demonstrated that there were distinct types of APC mutations underscoring
tumorigenesis within the proximal versus the distal intestinal tract (212). Later, Leedham
et al. investigated Wnt signaling levels of the intestinal tracts of both mice and humans
and surmised that these patterns of polyp emergence were due to regional differences
in basal Wnt sensitivity and signaling (211). Therefore, the appropriate Goldilocks zone
of Wnt signaling which initiates adenoma formation is regionally dependent and relies
on a combination of the cell-extrinsic environment as well as cell-intrinsic signaling tone.

The consequences of activation of Wnt signaling within the corpus stomach and
how it relates to the ‘just-right’ hypothesis remains unclear. Using normal and FGP-
derived human organoid lines, | explore within this thesis how Wnt signaling regulates
cellular function within the corpus and provide novel insight into the Wnt-dependent

manifestation of FGPs.

1.7 Dissertation Summary

The Wnt signaling pathway plays an essential role in regulating many of the
facets necessary for adult gastrointestinal epithelial stem cell function including

proliferative potential, cellular identity, and fate determination. Furthermore, it plays a
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central role in disease manifestation, especially in the distal gastrointestinal tract where
hyperactivation of the pathway through mutation confers adenomatous change and a
significant risk for carcinogenesis. Interestingly, the epithelium of the gastric corpus
appears to have a distinct response to Wnt signaling relative to the rest of the columnar
epithelium in the antrum and intestines. Active progenitors of the corpus are not labeled
by the typical Wnt target genes present in the antrum or intestines. Rather, Wnt targets
localize to basal chief cells which are differentiated cells that play a critical role in
digestion. However, chief cells also potentially undergo low levels of self-maintaining
baseline turnover restricted to the gland base and demonstrate facultative progenitor
potential in response to glandular injury.

Although it is clinically well documented that activation of Wnt signaling through
mutations in APC and CTNNB1 can lead to FGPs, the mechanism underlying this has
remained elusive as a distinct role for Wnt signaling in regulating homeostasis is not
clear. Further understanding the role of pathways such as Wnt signaling in regulating
adult stem cell function within the corpus will enable the development of novel platforms
to study tissue function ex vivo and help unlock the next generation of therapeutics
targeting gastric disease.

The goal of my thesis research has been to elucidate how Wnt signaling
regulates the human gastric corpus epithelium. This work broke down into two
overlapping projects to investigate how activation of Wnt signaling regulates human
corpus epithelial function during homeostasis (Chapter 2) and how activation of the

pathway leads to disease in the form of fundic gland polyps (Chapter 3). Throughout my
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studies, | directly studied human tissue using epithelial organoids derived from primary
biopsies to provide translatable insights into human gastric physiology.

In Chapter 2, | use human epithelial organoids derived from genetically normal
gastric tissue to characterize how Wnt signaling differentially regulates growth,
proliferation, and differentiation in the corpus versus antrum. Using the pharmacologic
Whnt activator and GSK3p antagonist CHIR99021 (CHIR), | subjected patient-matched
corpus- and antral-derived organoids to varying levels of Wnt signaling and
demonstrated that progenitor cells from each region have differential thresholds for Wnt
signaling to induce optimal growth. Across three independent patient sample sets, |
show that corpus organoids have a reduced threshold for Wnt signaling and reach
optimal growth rates at lower concentrations of CHIR relative to their patient-matched
antral organoids. Furthermore, | demonstrate that these findings are a function of
proliferation with supramaximal CHIR rapidly conferring reduced corpus organoid size
and EdU incorporation but not an increase in apoptosis. These findings lead to a more
in-depth investigation of how Wnt signaling influences corpus progenitor cell function
and identity. | show that Wnt signaling distinctly regulates a bimodal axis of
differentiation within the corpus, with high levels of signaling leading to deep glandular
chief and neck cells, while low levels allow differentiation towards surface cells. Despite
high CHIR inducing low rates of proliferation, | demonstrate that these cells establish
organoids at more efficient rates, as cells are paused in a quiescent yet primed G1 cell
cycle state. Ultimately, | show that the impact of high Wnt signaling on differentiation
and growth are transient, and upon return to normal Wnt conditions, organoids regain

typical growth rates, morphology, and patterns of differentiation.
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In Chapter 3, | characterized gastric organoids derived from patients with familial
adenomatous polyposis (FAP) to investigate how APC mutations and activation of Wnt
signaling lead to the emergence of disease in the form of FGPs within the corpus. |
utilize an extensive biobank of patient matched tissue derived from FGPs and
surrounding non-polyp regions of these patients to conduct comparative experiments
assaying Wnt tone and sensitivity to varying levels of Wnt signaling. | demonstrate that
Whnt target genes are upregulated in FGP biopsies as well as within a subset of polyp-
derived organoids, confirming that upregulation of Wnt signaling is an underlying driver
of FGP manifestation. | next carry out several experiments to investigate Wnt tone and
sensitivity within FGP-derived organoids and ultimately demonstrate that the principles
of the ‘just-right’ hypothesis faithfully model organoid responses to induction of Wnt
signaling. Using targeted genomic sequencing, | show that despite upregulated
signaling, additional somatic APC mutation is rare in FGPs, indicating that most polyps
emerge without APC loss-of-heterozygosity. This represents a stark contrast from the
traditional understanding of adenomatous antral and colorectal lesions and suggests
that APC loss-of-heterozygosity may not be tolerated within the corpus. Finally, |
transition to a gastric specific Apc-knockout mouse model to determine the
consequences of heterozygous and homozygous Apc loss of gastric homeostasis. |
demonstrate that while heterozygous Apc deletion drives increased corpus proliferation,
cells with homozygous Apc loss are not retained long-term. On the contrary, we
observed no phenotypic change upon heterozygous Apc deletion in the antrum, but

homozygous loss confers hyperplasia. These findings suggest that regional differences
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in Wnt sensitivity underscore the emergence of different polyp types within the corpus
and antrum.

Finally, in Chapter 4 | summarize my findings in the context of the current
understanding of human corpus homeostasis and disease progression. | pose potential
questions which arise from my work and present future directions for continued study of

Wnt-dependent mechanisms of human corpus epithelial function.
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CHAPTERIII

Differential Sensitivity to Wnt Signaling Gradients in Human Gastric Organoids

Derived from Corpus and Antrum

This chapter is adapted from the following published manuscript:
McGowan, KM, Delgado, E, Hibdon, ES, Samuelson, LC. Differential sensitivity to Wnt signaling gradients in human

gastric organoids derived from corpus and antrum. Am J Physiol Gastrointest Liver Physiol 325: G0-GO0, 2023

2.1 Summary
Whnt signaling regulates gastric stem cell proliferation and differentiation. While

similar Wnt gradients exist within the corpus and antrum of the human stomach, there
are striking differences in gland architecture and disease manifestation that suggest
Wnt may differentially regulate progenitor cell function in each compartment. In this
study we tested sensitivities to Wnt activation in human gastric corpus and antral
organoids to determine whether progenitor cells have region-specific differences in Wnt
responsiveness. Human patient-matched corpus and antral organoids were grown in
the presence of varying concentrations of the Wnt pathway activator CHIR99021 to
assess regional sensitivity to Wnt signaling on growth and proliferation. Corpus
organoids were further studied to understand how high Wnt affected cellular
differentiation and progenitor cell function. A lower concentration of CHIR99021
stimulated peak growth in corpus organoids compared to patient-matched antral

organoids. Supramaximal Wnt signaling levels in corpus organoids suppressed
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proliferation, altered morphology, reduced surface cell differentiation, and increased
differentiation of deep glandular neck and chief cells. Surprisingly, corpus organoids
grown in high CHIR99021 had enhanced organoid forming potential, indicating that
progenitor cell function was maintained in these non-proliferative, deep glandular cell-
enriched organoids. Passaging high-Wnt quiescent organoids into low Wnt rescued
normal growth, morphology, and surface cell differentiation. Our findings suggest that
human corpus progenitor cells have a lower threshold for optimal Wnt signaling than
antral progenitor cells. We demonstrate that Wnt signaling in the corpus regulates a
bimodal axis of differentiation, with high Wnt promoting deep glandular cell
differentiation and suppressing proliferation while simultaneously promoting progenitor

cell function.

2.2 Introduction

The human glandular stomach is separated into two anatomically and
physiologically distinct regions. The proximal region, termed the corpus or body, is
defined by elongated epithelial glands containing acid-secreting parietal cells and
protease-secreting chief cells. The distal region, the antrum or pylorus, has shorter
epithelial glands composed primarily of alkaline mucous-producing cells and a unique
population of endocrine cells secreting the hormone gastrin (1). In adults, local
populations of progenitor cells fuel constant epithelial cell turnover and renewal to
maintain tissue homeostasis. This orchestrated equilibrium of self-renewal and
differentiation is tightly regulated by a specialized microenvironment of signaling factors
and cell-to-cell interactions known as the stem cell niche (2). Studies in mouse models

have identified key niche signaling pathways that regulate gastric epithelial homeostasis
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for corpus and antral compartments, including Notch, BMP, mTOR, and Wnt (3-11).
However, few studies have examined how these basic developmental pathways
regulate human gastric epithelial cell homeostasis and disease.

The canonical Wnt signaling pathway regulates gastrointestinal stem cell function
through controlling translocation of the transcriptional activator 3-catenin into the
nucleus (12). In the presence of Wnt ligand, nuclear B-catenin activates target genes
involved in growth, proliferation, and stemness. Notably, Wnt/B-catenin signaling is
enhanced by secreted proteins called R-spondins (Rspo) which stabilize Wnt receptors
(13). In the absence of Wnt ligand, a destruction complex suppresses B-catenin levels
through phosphorylation-mediated ubiquitination and cytosolic degradation. Inhibition or
mutation of the major destruction complex component APC leads to aberrant activation
of the pathway, resulting in hyperproliferative gastrointestinal disease, including cancer
(12, 14).

Evidence for intragastric regionality in Wnt signaling appears during stomach
development. Wnt drives early corpus specification in mice, and addition of the small
molecule Wnt pathway activator and GSK3[ inhibitor CHIR99021 (CHIR) pushes
human induced pluripotent stem cells towards gastric corpus versus antral organoid
identity (15, 16). Furthermore, the disease familial adenomatous polyposis (FAP), which
is caused by Wnt-activating loss-of-function mutations to APC, results in abundant yet
benign gastric polyposis. Interestingly, these polyps, called fundic gland polyps (FGPs),
are generally restricted to the corpus while the antrum is largely spared (17-19).

Therefore, there is clear evidence of a region-specific role for Wnt signaling in the
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stomach, and further work is needed to elucidate why Wnt has a different effect on
epithelial cells of the gastric corpus compared to the antrum.

Studies in adult mouse stomach have shown that WNT and RSPO ligands are
primarily supplied by submucosal stromal cell populations at the gastric gland base (7,
13, 20). This localization establishes a Wnt signaling gradient along the basal-luminal
gland axis, with the highest Wnt signaling present at the base and diminishing towards
the luminal surface. Despite having similar Wnt gradients, the corpus and antrum have
strikingly different gland architecture that suggests regional differences in progenitor cell
Wht sensitivity (Figure 2.1A). The structure of antral glands mimics that of the intestine
with self-renewing stem cells residing at the base where Wnt signaling and proliferation
are the highest (3, 21). The first marker identified for self-renewing antral stem cells was
Lgr5, a Wnt target gene encoding a receptor that binds RSPO ligands (3). In contrast,
the zone of proliferation in the corpus is closer to the lumen, distant from the maximal
Whnt signaling zone (1, 22). Recent work has demonstrated that expression of Wnt
target genes Lgr5, Axin2, and Tnfrsf19 (Troy) are expressed in mature chief cells
located in the high Wnt zone at the gland base (7, 23-25). This suggests that, in
contrast to the antrum, Wnt signaling in the corpus is highest in non-proliferating
differentiated cell types.

Despite their identity as zymogenic cells secreting digestive enzymes, studies
suggest that chief cells at the gland base possess facultative stem cell capability.
Although quiescent during homeostasis, long-term lineage tracing studies using Cre-
LoxP mouse models demonstrated low-level turnover and generation of local pools of

chief cell-derived epithelial cell clones in the gland base (26, 27). Importantly, upon
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gastric epithelial injury, chief cells can remodel to a metaplastic lineage known as
spasmolytic polypeptide-expressing metaplasia (SPEM) (27-29). Furthermore, single
Troy-expressing mouse chief cells have been shown to generate long-lived gastric
organoids in culture (23). However, it is unknown what role Wnt signaling plays in
maintaining chief cell identity during homeostasis or in enabling metaplastic
transformation during SPEM.

In mice, a bipotential axis of differentiation has been defined during homeostasis
in which undifferentiated gastric corpus isthmus progenitors can differentiate towards a
luminal surface cell lineage or, alternatively, towards deep glandular neck and chief cells
(22). However, it is poorly understood what key signaling pathways direct fate
determination along this axis in humans. Given the position of chief cells and neck cells
at the highest end of the Wnt gradient, Wnt signaling likely plays a key role in directing
deep glandular cell type differentiation. This mechanism is supported by a recent study
demonstrating that human organoids grown in WNT/RSPO-rich media consist of
populations of deep glandular neck and chief cells, while Wnt withdrawal leads to rapid
surface cell differentiation (30, 31).

In this study, we investigated how activation of Wnt signaling in human gastric
organoids regionally regulates epithelial cell proliferation, differentiation, and progenitor
cell maintenance. Our findings show that corpus-derived organoids have a lower
threshold for Wnt signaling to induce peak growth than patient-matched antral
organoids. Increased Wnt signaling beyond peak growth-inducing conditions
suppressed proliferation of corpus organoids and pushed cellular differentiation towards

a deep glandular neck and chief cell fate as opposed to a surface cell fate. Despite this,
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high Wnt growth conditions promoted stemness as cells are maintained in a quiescent
yet primed state with increased organoid establishment efficiency observed upon return
to moderate Wnt levels, as well as a resumption of normal organoid growth and surface

cell differentiation.

2.3 Results
Corpus-derived human organoids have a lower threshold for optimal Wnt than antral
organoids

The proximal and distal stomach have differing gland architecture and
localization of proliferating progenitor cells relative to the basal-luminal Wnt gradient,
suggesting different Wnt signaling sensitivity and threshold for progenitor cell
proliferation between gastric corpus and antrum (Figure 2.1A). To test how Wnt
signaling regulates human corpus and antral progenitor cells, we used organoids
derived from patients with no known underlying gastric disease. From each individual
patient (H58, H59, and H109), independent corpus and antral-derived organoid lines
were established from primary biopsy tissue and cultured for at least three passages in
growth media containing WNT, RSPO, and Noggin (WRN media) before analysis. We
measured the impact of variable Wnt signaling on the growth of each organoid line to
determine if progenitor cells from the two gastric compartments have different
thresholds for optimal growth. Established human organoid lines were passaged into
WNT/RSPO depleted media containing recombinant Noggin and varying concentrations
of the Wnt activator CHIR (CN media) (Figure 2.1B). CHIR promotes canonical Wnt
signaling by inhibiting GSK3p mediated phosphorylation and destruction of B-catenin.

Organoids demonstrated a stepwise increase in mMRNA abundance of the Wnt target
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Figure 2.1: Human corpus organoids have a reduced optimal level of Wnt signaling than
patient-matched antral organoids.

(A) Glands in the corpus and antrum have unique architectures, progenitor zones (labeled in
green), and cellular compositions in relation to the basal-luminal Wnt gradient created by R-
spondin secreted by stromal cells at the gland base. (B) Corpus and antral organoids from three
patients (H58, H59 and H109) were grown in CN Media containing recombinant Noggin and
various concentrations of CHIR99021 (CHIR), and growth was measured through ATP-
dependent luminescence on Day 5. (C) mRNA abundance of the Wnt target gene LGRS was
measured 48 hours after growth in CN media by qRT-PCR. Gene expression was normalized to
HPRT and shown as fold change relative to 0 uM CHIR (mean = SD; n = 3 wells/condition;
*p<0.05, **p<0.005). (D-I) Relative growth of corpus and antral organoid cultures after 5 days
growth in various CHIR concentrations. Growth rates were normalized to the maximal growth
rate observed for each line and data are presented as mean + SD (n = 3 wells/condition;
*p<0.05, **p<0.005, ***p<0.001 between corpus and antrum at each respective concentration).
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gene LGRS in response to increasing CHIR, confirming that CHIR dose-dependently

regulates Wnt signaling in human gastric organoid cultures (Figure 2.1C).

We initially measured human gastric organoid growth in a wide range of CHIR

concentrations, from 0 to 10 yM, in 1 uM increments. In each patient organoid pair, we

than in matched antral organoids (Figure 2.1D-F). To define optimal CHIR
concentrations more precisely, we repeated the growth analysis with a narrower range
of CHIR covering the growth peaks (grey shading) in 0.25 yM increments (Figure 2.1G-
). The analysis confirmed our initial findings and established that corpus organoids
reached maximal growth on average in 0.67 + 0.24 yM lower CHIR than the
concentration needed for peak growth in antral organoids. Interestingly, although corpus
lines uniformly had peak growth at lower CHIR concentrations than matched antral
lines, there was patient-to-patient variation in optimal CHIR conditions, with H58C

peaking at 3.25 yM, H59C peaking at 3.00 uM, and H109C peaking at 3.75 uM.

To further understand differences in Wnt-regulated organoid growth, we
assessed organoid morphology and measured cellular proliferation 48 hours after
renewal with CN media containing 1-5 yM CHIR (Figure 2.2A). Unlike the previously
described experiments, organoids were initially seeded with standardized WRN media
to enable controlled establishment and growth of organoids prior to transition at day 4.
At this time, organoids are still within a growth phase, which allowed analysis of acute
effects of different CHIR concentrations on growth and proliferation.

After two days in CN media, organoid morphology showed dynamic CHIR

concentration-dependent changes, particularly in corpus organoids. Corpus organoids
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Figure 2.2: Increased Wnt suppresses corpus organoid growth and proliferation without
inducing apoptosis.

(A) Paired organoid lines H58C/A and H59C/A were grown in WRN media for four days, then
transitioned to CN media for two days before measuring growth, proliferation, and apoptosis. (B)
Representative images of H59C and H59A organoids after culture for 48 hours in CN media
containing indicated CHIR concentrations (size bars = 200 ym). (C, E) Organoid size at Day 6 in
respective CHIR concentrations. Size in pixels is shown as mean + SEM (n = 250
organoids/condition; *p<0.05, ***p<0.001 compared to organoid line size at 1 uM; #p<0.05
between patient-matched corpus and antral organoids at each concentration). (D, F)
Percentage of EdU+ cells in each organoid culture as determined by flow cytometry (n =3
independent wells pooled per concentration, approx. 50k-100k cells). (G-H) Apoptosis was
measured in organoid cultures 24- or 48-hours post-transition into CN media by caspase 3/7-
dependent luminescence. Data are shown as mean + SD (n = 3 individual wells/condition;
*p<0.05, ***p<0.001 compared to 2.5 uM).
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transitioned from a cystic morphology with an open lumen to a closed morphology with
increasing Wnt signaling (Figure 2.2B). Measurement of organoid size in two
independent patients showed a significant reduction in corpus organoid size at CHIR
concentrations 22 yM, while paired antral lines required higher CHIR concentrations (>3
MM) to see a size reduction (Figure 2.2C, E). Measurement of proliferation by flow
cytometric analysis of EAU incorporation showed a similar profile. Proliferation in corpus
organoids decreased with CHIR concentrations =22 yM, while antral proliferation
remained stable and began to decline only at the highest concentrations (Figure 2.2D,
F).

To ensure that changes to organoid size and proliferation were not a
consequence of cell death, we measured apoptosis 24 and 48 hours after transition
from WRN media to CN media containing 2.5 or 5.0 yM CHIR in H58 and H59 patient
organoid lines (Figure 2.2G, H). This analysis showed that apoptosis was not induced
by high CHIR concentration, suggesting that organoids remained viable even when Wnt
signaling levels exceeded that required for the maximal growth response, and that the

reduced organoid size was driven by changes to proliferation and/or differentiation.

High Wnt signaling promotes deep glandular cell differentiation in corpus organoids
Given that high CHIR reduced corpus organoid proliferation and size, we next
examined how increasing Wnt signaling affected cellular differentiation in corpus
organoids. Established human corpus organoids from a fourth patient, H60C, were
cultured in WRN media for one day and then transitioned for 6 additional days to CN

media containing 2.5 yM (Moderate), 5 uM (High), 7.5 uM (Very High), or 10 yM
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Figure 2.3: High Wnt signaling leads to reduced growth and abnormal corpus organoid

morphology.

(A) Normal human corpus-derived organoids (line H60C) were established for one day in WRN
media, then transferred to CN media with varying CHIR for six days. Organoids were analyzed
at Day 7. (B) Representative images of corpus organoids grown in different CHIR
concentrations (size bars = 200 um). (C) Organoid size was quantified using Imaged (n = 500
organoids/condition; ***p<0.001 compared to 2.5 uM). (D) mRNA abundance of Wnt target
genes for Day 7 organoids, represented as fold change to 2.5 yM (n = 3 individual

wells/condition; *p<0.05, **p<0.005, ***p<0.001).
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(Extreme) CHIR (Figure 2.3A). Similar to our previous findings, corpus organoids grown
in higher levels of CHIR (5, 7.5, and 10 yM) did not exhibit normal cystic morphology but
were organized as cell clusters with a reduced lumen (Figure 2.3B). Increasing CHIR
concentrations directly led to a stepwise decrease in organoid size, consistent with our
previous finding of reduced proliferation (Figure 2.3C). Gene expression analysis
demonstrated a dose-dependent increase in the abundance of Wnt targets LGRS,
AXINZ2, and SP$, indicating that high CHIR concentrations successfully induced
elevated Wnt signaling (Figure 2.3D).

We tested how varying Wnt signaling levels affected cellular differentiation
through analysis of gastric cell type specific markers. mRNA abundance of surface
mucous cell-specific transcripts MUCSAC, TFF1, and TFF2, as well as the lineage-
driving transcription factor FOXQ1, were dependent on CHIR dose, with reduced
surface cell marker expression observed in organoids grown in increasing Wnt levels
(Figure 2.4A). Immunohistochemical analysis of MUCSAC protein in whole-mount
organoid preparations confirmed that expression of this surface cell marker was
reduced in high-Wnt organoids (Figure 2.4B).

Having observed that increasing Wnt signaling reduced differentiation towards
the luminal surface cell lineage, we next tested differentiation to deep glandular mucous
neck and chief cells. We found that mMRNA abundance of the neck cell markers MUCS6,
CD44, and AQPS was significantly increased in organoids grown in increasing
concentrations of CHIR (Figure 2.5A). Immunohistochemical staining of organoids
confirmed that high Wnt conditions induced expression of MUC6 and CD44, with most

cells appearing to be CD44+ in 7.5 yM CHIR (Figure 2.5B). Expression of the chief cell

92



A Surface Cell

MUCSAC

£ HEE g

25 5 75 10

CHIR (uM)
2
.0
.8
0.10 ok
o.osi ‘ | |f|
*kk Sk
0.00
2.5 5 7.5 10

CHIR (ul;'l)

TFF1

[
k'S

mRNA Abundance

2.5 UM

DAPI MUC5AC

Figure 2.4: Increasing Wnt signaling in human
marker expression.

FOXQ1

-
L]

-
=)

*E ek *k

mRNA Abundance
o
n

=
o

25 5 75 10
CHIR (uM)

TFF2

bundance
o a o
Ko N B
Ll

mRNA Al
cocooo
o=y
aoomo

i

3 Jedkek
go.
. E L L,
0.00

25 5 75 10
CHIR (uM)

7.5 uM

corpus organoids reduces surface cell

(A) mRNA abundance of surface cell marker genes in H60C organoids grown for 6 days in

different CHIR concentrations (Figure 2.3A). Data
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Immunostaining of whole-mount organoids for MUC5AC (green) and DAPI (blue) (size bars =
80 um). Insets represent high-power images of corpus organoids grown for 6 days in different

CHIR concentrations (size bars = 100 ym).
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markers LIPF, PGC, and TNFRSF19 was also significantly increased in high-Wnt
organoids (Figure 2.5C).

Overall, the data revealed a Wnt-dependent bi-modal axis of differentiation in
human corpus organoids, with surface cell differentiation occurring in low Wnt
conditions while neck and chief cell differentiation was promoted by high Wnt
conditions. This axis follows the cellular architecture of the corpus gland relative to the
Whnt gradient, where chief and neck cells reside at the gland base where Wnt signaling
is the highest, while surface cells are in the lowest Wnt zone along the gland axis
(Figure 2.1A).

We also examined parietal cell and endocrine cell marker expression to
determine if Wnt directly impacted their development and differentiation in human
corpus organoids. Interestingly, we observed significantly elevated expression of
parietal cell markers ATP4A and GIF in high-Wnt conditions (Figure 2.6A). This follows
the normal localization of most parietal cells in an intermediate Wnt signaling region
below the proliferating progenitors (Figure 2.1A). However, mRNA abundance,
especially for ATP4A, was very low, consistent with previous observations that parietal
cells are typically absent in corpus organoids grown in normal culture conditions (23,
30). We saw no change in the expression of endocrine markers CHGA and GHRL,

which were also expressed at very low levels in the corpus organoids (Figure 2.6B).
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Figure 2.5: Increasing Wnt signaling in human corpus organoids promotes deep
glandular neck and chief cell marker expression.

(A) mRNA abundance of neck cell marker genes in H60C organoids grown for 6 days in
different CHIR concentrations (Figure 2.3A). Data are shown as mean + SD fold change relative
to 2.5 yM CHIR (n =3 individual wells/condition; *p<0.05, **p<0.005, ***p<0.001). (B)
Immunostaining of whole-mount organoids for neck cell markers MUCG6 (yellow) or CD44 (red),
and DAPI (blue) (size bars = 80 ym). (C) mRNA abundance of chief cell marker genes in corpus
organoids grown for 6 days in different CHIR concentrations. Data are shown as mean + SD
fold change relative to 2.5 yuM CHIR (n = 3 individual wells/condition; *p<0.05, **p<0.005,

***1<0.001).



High Wnt conditions enhance stemness despite reduced growth and proliferation

Whnt signaling is known to maintain stemness and self-renewal of gastrointestinal
progenitor cells (32). We tested for stem/progenitor cell activity in organoids cultured in
different CHIR concentrations by measuring organoid forming efficiency after passage
into WRN media. Corpus organoids cultured in CN media containing 2.5 uyM, 5 yM, or
7.5 uM CHIR for 6 days were dispersed to single cells and plated in WRN media at
identical densities (Figure 2.7A). Organoid numbers were counted after 6 days of
growth in WRN media and plating efficiency was calculated (Figure 2.7B). Surprisingly,
organoids grown in High (5 uM) and Very High (7.5 yM) CHIR had on average an 82%
increase in organoid-forming ability compared to organoids grown in Moderate Wnt
levels (2.5 yM CHIR). This finding suggests a dynamic response to Wnt signaling in
which activation of Wnt signaling maintains and enhances stem/progenitor cell potential
while simultaneously suppressing proliferation and inducing deep glandular cell
differentiation. Interestingly, the organoid formation efficiency of organoids grown in 5
MM and 7.5 uM CHIR was strikingly similar (37%), indicating a threshold Wnt signaling
level for increasing stemness.

Increased organoid formation efficiency from organoids with reduced proliferation
suggests that cells were held in a quiescent yet primed state (G1) rather than removed
from the cell cycle (GO0), which is normally associated with cellular differentiation. To test
this, we measured cell cycle status by staining cells with Hoechst 33342 (DNA) and
Pyronin Y (RNA) to distinguish between these two states, as G1 cells have increased

RNA content relative to GO (33). We measured the proportion of cells in GO, G1, S, and
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Figure 2.6: Increasing Wnt signaling promotes parietal cell marker expression but not
endocrine cell marker expression.
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G2 by flow cytometry in corpus organoids cultured for 6 days in CN media containing
2.5 uM, 5 yM, or 7.5 yM CHIR (Figure 2.7A). This analysis showed that organoids
grown in higher Wnt conditions increased the proportion of cells in G1, with a
corresponding decrease in G2 cells (Figure 2.7C). In the 5.0 uM CHIR cell population
58% of cells were in G1 (Hoechst-¥:Pyronin YHis") a 20% increase from the 2.5 yM
CHIR cell population with 48% of cells in G1. Cells grown in 7.5 yM CHIR had an even
greater increase with 65% of the population in G1. This increase came predominately at
the expense of the G2 population which measured 26%, 21%, and 13% of cells grown
in 2.5 yM, 5.0 uM, and 7.5 uM CHIR, respectively. The percentage of cells in GO (16%,
14%, and 13%) remained stable across all three populations. These findings provide
evidence that high-Wnt induced G1 arrest rather than cell cycle exit.

The cyclin-dependent kinase inhibitor p57 (CDKN1C) regulates cell cycle
progression at the G1-S transition. In mouse stomach, p57 is expressed in chief cells at
homeostasis where it functions as a molecular break to regulate proliferative responses
to SPEM-inducing injury (34). Expression of COKN1C has also been mapped to chief
cells in the human stomach, and low expression is associated with poor prognosis of
gastric cancer (35, 36). To test whether CDKN1C expression was upregulated in high-
Whnt organoids, we measured mRNA abundance in corpus organoids grown in various
CHIR concentrations for 6 days. We observed that organoids grown in High (5 uM) or
Very High (7.5 uM) CHIR had increased expression of COKN1C (Figure 2.7D),

suggesting a possible mechanism for increased cell numbers in the G1 population.
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Figure 2.7: Enhanced stemness and alterations in cell cycle in high-Wnt organoids.

(A) HB0C organoids grown for 6 days in different CHIR concentrations were analyzed for
organoid initiation efficiency, cell cycle status, and expression of the cell cycle inhibitor
CDKN1C. (B) Organoid formation efficiency was measured by plating 150 cells per well and
counting organoid numbers after growth in WRN media for 6 days. The proportion of cells from
the different CHIR growth conditions that formed organoids is shown as mean + SD (n =4
wells/condition; *p<0.05, **p<0.005 relative to 2.5 yM CHIR). (C) Cell cycle status of HG0C
organoids grown for 6 days in different CHIR concentrations was measured by flow cytometry
analysis of single cells stained with Hoechst 33342 and Pyronin Y as described in Methods. (D)
mRNA abundance of p57 (CDKN1C) in Day 7 organoids is shown as mean + SD fold change
relative to 2.5 yM (n = 3 individual wells/condition; *p<0.05)
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High-Wnt organoids re-establish normal growth and cellular differentiation after passage
into low Wnt conditions

Given that high-Wnt organoids were viable and formed new organoids at
increased rates, we tested whether they were committed to the deep glandular cell fate
or if they retained plasticity to transition to a surface cell phenotype after passaging into
low Wnt conditions. Organoids grown for 6 days in 2.5 yM, 5.0 yM, 7.5 yM, or 10 yM
were passaged, plated into WRN media for one day, and cultured for six days in CN
media with 2.5 yM CHIR (Figure 2.8A). We observed that all organoids, regardless of
their initial CHIR concentration, regained normal cystic morphology (Figure 2.8B). In
accordance with our previous finding that organoids grown in High and Very High CHIR
levels exhibited increased organoid initiation efficiency, we observed increased numbers
of organoids in those cultures as all cultures were plated with identical starting cell
numbers. Despite the marked organoid size difference before passage (Figure 2.3C),
there was no difference in organoid size once they re-established into Moderate CHIR,
indicating similar growth rates across all conditions (Figure 2.8C). Comparison of mRNA
abundance of Wnt target genes from pre-passage to the conclusion of 6 days of growth
in Moderate CHIR showed loss of the enhanced Wnt signaling that was induced by the
previous high CHIR concentrations (Figure 2.8D).

With normal organoid growth and morphology restored after transition to
Moderate CHIR, we tested whether this restored surface cell differentiation.
Remarkably, we observed that organoids derived from high-Wnt conditions regained
expression of surface cell markers MUCS5AC, FOXQ1, TFF1, and TFF2 after passage

into culture conditions stimulating moderate Wnt signaling (Figure 2.9A). Whole mount
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Figure 2.8: Normal organoid growth and morphology are restored after high-Wnt
organoids are transitioned to moderate Wnt conditions.

(A) H60C organoids grown in 2.5 uM, 5.0 uyM, 7.5 uM, or 10 uM CHIR were passaged to WRN
Media for one day and then transitioned to CN media with 2.5 yM CHIR for six additional days.
(B) Representative images of organoids grown in different CHIR concentrations after recovery
growth in 2.5 yM CHIR (size bars = 200 pm). (C) Organoid size at the end of the recovery
growth in 2.5 yM CHIR is shown (n = 500 organoids/condition). (D) mRNA abundance of Wnt
target genes after 6 days growth in different concentrations of CHIR and then after passage and
recovery growth in 2.5 yM CHIR. Data are shown as mean % SD fold change relative to gene
expression for organoids grown in 2.5 yM CHIR for 6 days (n = 3 wells/condition).
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immunostaining confirmed widespread expression of the surface marker MUCS5AC
(Figure 2.9B). Analysis of deep glandular cell markers showed that high-Wnt organoids
(5 yM and 7.5 yM) had reduced expression of neck cell markers MUC6, CD44, and
AQPS after growth in moderate CHIR (2.5 pM) (Figure 2.9C). Similarly, the abundance
of chief cell markers LIPF, PGC, and TNFRSF19 was also reduced after transition into
Moderate Wnt (Figure 2.9D). Overall, we demonstrate a dynamic and plastic response
of human corpus organoids transitioning into different Wnt signaling environments, with
differentiation towards surface cells versus deep glandular cells determined by the level

of Wnt signaling.
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Figure 2.9: Transition of high Wnt organoids into moderate Wnt conditions causes loss
of the deep-glandular phenotype in favor of enhanced surface cell differentiation.

mRNA abundance for (A) surface cell markers, (C) neck cell markers, and (D) chief cell markers
in HB0C organoids harvested at Day 7 (the end of 6 days growth in 2.5 yM, 5.0 uM, 7.5 uM, or
10 uM CHIR) or Day 14 (the end of recovery growth in 2.5 yM CHIR), as shown in Figure 2.8A.
Data are shown as mean + SD fold change relative to the measured abundance at Day 7 for
organoids grown in 2.5 yM CHIR (n = 3 wells/condition). (B) Immunostaining of whole-mount
organoids for MUC5AC (green) and DAPI (blue) (size bars = 80 um).

103



2.4 Discussion

This study tested how the Wnt signaling gradient along the gastric gland axis affects
proliferation and differentiation of human stem/progenitor cells. Like the intestinal crypt-
villus axis, a basal-luminal Wnt signaling gradient is created by secretion of RSPOs
from the underlying mesenchyme at the gland base (7, 13, 20). The stark difference in
the location of proliferating progenitors in the corpus compared to the antrum suggests
regional differences in the sensitivity of stem/progenitor cells to Wnt levels (Figure
2.1A). We used patient-matched corpus-antrum organoid lines established from human
gastric tissue biopsies and tested their responses to a wide range of Wnt levels by using
different concentrations of the Wnt pathway activator CHIR. This analysis demonstrated
that the maximal growth and proliferation rate of corpus organoids occurs at lower Wnt
signaling levels than in patient-matched antral organoids. This observation follows the in
vivo architecture of corpus versus antral glands, mirroring the relationship of the location
of the primary zones of proliferation to the Wnt signaling gradient.

The difference in gastric stem/progenitor cell responses to Wnt becomes
clinically relevant with disease-associated Wnt activating mutations. Familial
adenomatous polyposis (FAP) is a genetic disease resulting from loss-of-function
mutations in the APC gene which leads to hyperactivation of the Wnt signaling pathway.
FAP patients are burdened with polyp growth throughout the gastrointestinal tract.
Outside of the colon, which exhibits the most serious disease manifestations with the
development of cancer, FAP patients also commonly exhibit gastric polyposis. However,
in contrast to aggressive, pre-cancerous colorectal polyps, the gastric fundic gland
polyps (FGPs) which emerge are abundant, yet typically sessile, benign, and rarely

progress into cancer (17, 37). Remarkably, FAP gastric polyposis is primarily restricted
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to the corpus while the antrum is mostly spared. The rare polyps that do emerge in the
antrum are often adenomatous and carry a higher cancer risk than FGPs indicating a
more severe mutational landscape underscoring their formation. Interestingly, sporadic
FGPs have also been associated with increased Wnt signaling due to activating
mutations in the CTNNB1 gene, which encodes 3-catenin (38). Furthermore, FGPs
have also been linked with H pylori infection, which has been demonstrated to increase
Whnt signaling through induced expression of Rspo (7, 39). Therefore, activation of Wnt
signaling has a clear association with hyperproliferation in the corpus epithelium, and
the regionality of these polyps suggests that the corpus and antrum have different
sensitivities and/or thresholds for Wnt signaling to promote proliferation.

Previous studies have explored the association of Wnt tone with the regional
patterns of polyp development in the intestine and proposed a Goldilocks zone of Wnt
signaling that fuels polyposis in a region-specific manner in a model dubbed the ‘Just-
Right’ Hypothesis (40-42). Here, we demonstrate intragastric regionality that suggests
corpus and antral cells have different intrinsic Wnt sensitivities that may shift their
respective Goldilocks zone for optimal growth and proliferation. Our findings also
contextualize the patterns of gastric polyp manifestation within FAP patients, and
ongoing work in our lab is being conducted to further understand the etiology of gastric
polyp formation in these patients.

The other major finding of our study is that Wnt signaling regulated the axis of
cellular differentiation in human corpus organoids, consistent with cell type location
along the base-lumen gland axis (Figure 2.1A). Low Wnt signaling promoted surface

mucous cell differentiation, while high Wnt conditions enriched for deep glandular cell

105



types, including neck and chief cells, while simultaneously depleting surface cells. Our
observations align with a recent mouse study showing that subepithelial Rspo regulated
corpus epithelial cell differentiation. Loss of Rspo3 enhanced surface cell differentiation
and Rspo3 overexpression shifted differentiation towards chief and parietal cells (31).
Further, this study showed that mouse corpus organoid cultures supplemented with
WNT and RSPO promoted chief and neck cell character, while withdrawal stimulated
surface cell expression. Another study which focused on defining ideal growth
conditions for human corpus organoids discovered that Wnt signaling was essential to
maintain chief and neck cell lineages, while Wnt withdrawal promoted surface cell
marker expression (30). Our work corroborates and expands upon these findings,
showing that Wnt levels direct human corpus differentiation in a dose-dependent
manner and contextualizes how Wnt activation rather than silencing impacts
differentiation. Interestingly, high Wnt signaling in the human corpus drives
differentiation rather than promoting progenitor cell proliferation. This association has
also been demonstrated in the hematopoietic stem cell (HSC) system, where the
dosage of canonical Wnt signaling tightly regulates cell identity and high Wnt conditions
can lead to loss of hematopoietic stemness (43-45).

Remarkably, despite enhanced deep gland cell differentiation, slow growth, and
altered morphology of corpus organoids grown in high Wnt conditions, they effectively
establish new organoids when passaged, suggesting enhanced stem cell function. It is
unknown which specific cells in the high-Wnt organoids (i.e., chief, neck, or other) were
primarily responsible for the establishment of new organoids following passaging.

Notably, chief cells have been demonstrated to possess ‘reserve’ stem cell capability.
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Single chief cells derived from mouse stomach based on expression of the cell-specific
marker and Wnt target gene Troy have been shown to form long-lived organoids (23,
27). Perhaps the human chief cells formed in the high-Wnt corpus organoids exhibit
similar reserve stem cell activity.

Once high-Wnt organoids were passaged into moderate Wnt growth conditions
they resumed a normal cystic morphology and growth rate observed in organoids
maintained in moderate Wnt, suggesting that high-Wnt induced a quiescent yet primed
state that enabled cells to re-initiate active cycling. This result bares striking similarity to
observations from a study of mouse small intestine which demonstrated that
overexpression of Rspo led to reduced lineage tracing and crypt-trapping of Lgr5+ stem
cells (46). Accordingly, we showed that high Wnt organoids did not exit the cell cycle,
but instead increased the proportion of cells in G1. The high-Wnt organoids also
showed higher expression of COKN1C, which inhibits G1 cyclin-CDK complexes to
arrest the cell cycle in the G1 phase. Interestingly, p57 was recently shown in mice to
play an essential role in regulating the activation of chief cell proliferation in response to
injury (34). After gastric tissue injury, chief cells rapidly remodel to form a proliferating
metaplastic lineage, termed spasmolytic peptide-expressing metaplasia (SPEM) (25,
47). SPEM appears to function as a regenerative lineage to repair the epithelium and
re-establish cellular homeostasis. Post-injury, chief cells have been shown to lineage
trace into different corpus cell types, including actively cycling progenitor cells, thus
exhibiting features of reserve stem cells. Importantly, post-injury, chief cells rapidly lose
p57 before they start proliferating (34). Furthermore, this study showed that mice

engineered to overexpress p57 exhibited impaired chief cell responses to injury. The
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data suggest that p57 acts as a molecular switch to maintain quiescence during
homeostasis, with injury-induced p57 loss responsible for activation of proliferation.

Basal expression of p57 in chief cells suggests that they exist in a non-
proliferative G1 state, poised to rapidly respond to injury. Interestingly, p57 has also
been demonstrated to play an important role in maintaining quiescence and self-
renewal capacity in HSCs (48, 49). Like chief cells, HSCs have a low basal rate of
proliferation but can enter the cell cycle in response to stress or injury (50). Transcript
profiling of murine chief cells after SPEM-inducing injury showed decreased expression
of genes commonly upregulated in quiescent HSCs, including p57 (34). However, it
remains unclear if p57, or other cell cycle checkpoint regulators, are directly regulated
by Wnt signaling.

Although we confirm that CHIR dose-dependently activates Wnt signaling in
gastric organoid cultures, we cannot rule out potential confounding effects of GSK3p
inhibition. GSK3 has broader kinase activity in pathways including glycogen synthase,
NFkB, AP-1, and CREB (51). Despite this, CHIR has been extensively used in in vitro
models to activate Wnt signaling in a variety of applications within dose ranges similar
to the ones described within this study (16, 42, 52, 53). Furthermore, our observations
on inducing differentiation with CHIR follow the current body of literature demonstrated
within the proximal stomach, therefore providing confidence that Wnt is the primary
force influencing cellular changes within our system.

To conclude, our study highlights the key role Wnt signaling plays in defining
human gastric progenitor cell function and cellular homeostasis. We suggest that Wnt is

a key regulator of differentiation, and that activation of this signaling pathway in
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progenitor cells leads to the formation of deep glandular neck and chief cells while
simultaneously arresting cell cycle at the G1 checkpoint. Active Wnt signaling is
essential to maintain these lineages in organoid models, and there are dose-dependent
thresholds that dictate cellular identity. The role of Wnt signaling in fate determination in
the corpus contrasts with the gastric antrum which does not contain an expansive sub-
progenitor differentiated cell compartment. Furthermore, the gland architecture is
consistent with our observation of different thresholds for Wnt signaling in corpus versus
antral progenitor cells which provides perspective for gastric epithelial cell fate and the

manifestation of Wnt-activation diseases that affect the stomach.

2.5 Materials and Methods
Establishment of human gastric organoids.

Human gastric tissue biopsies were collected from patients undergoing
endoscopy under Institutional Review Board-approved protocols at the University of
Michigan. Biopsies were placed in 15 mL conical tubes containing 5 mL of ice-cold
DPBS (Gibco, 14190144) with Antibiotic-Antimycotic (100 U/mL Pen/Strep + 250 ng/mL
Amphotericin B, Gibco, 15240062) for transport to the research lab. Biopsies were
minced into small fragments (~1mm), transferred to 5 mL of ice-cold DPBS + Antibiotic-
Antimycotic in 15 mL conical tubes, and rocked in the cold room for 1 hour. Organoids
were established from either isolated epithelium or directly from minced tissue that was
embedded in Matrigel (Corning, 354234). For the isolated epithelium approach, 15 mM
EDTA (Invitrogen, 15575038) was included during rocking. Tissue fragments were
transferred to a new 15 mL conical containing 8 mL of ice-cold DPBS and gastric

glandular epithelium was released by vortexing at maximum speed for 2 minutes. The
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suspended epithelial glands were transferred to a new 15 mL conical tube, taking care
to avoid remaining tissue fragments. Glands were pelleted at 600xg for 5 minutes at
4°C. The supernatant was aspirated, and glands were resuspended in Matrigel for
plating. For the minced tissue approach, tissue was directly embedded within Matrigel.
Epithelial outgrowth emerged from minced tissue fragments within 2-3 days of plating.
All organoids were grown for at least three passages prior to experimentation in order to

remove stromal contamination and obtain pure epithelial cultures.

Human gastric organoid culture.
Organoids were maintained in WRN (WNT, RSPO, Noggin) media or CN

(CHIR99021, Noggin) media as specified. 50 mL of WRN media was generated with 20
mL (40%) L-WRN conditioned media (University of Michigan Translational Tissue
Modeling Laboratory), 6 mL Fetal Bovine Serum (20% v/v including contribution from L-
WRN media) (Sigma, F0926), 22.5 mL DMEM/F12 (Gibco, 12634010), 500 uL
GlutaMAX (2 mM, Gibco, 35050061), 500 uL Antibiotic-Antimycotic (100 U/mL
Pen/Strep + 250 ng/mL Amphotericin B, Gibco, 15240062), 500 yL HEPES (10 mM,
Gibco, 15630080), 10 uM Y-27632 (Tocris, 1254), 10 yM SB431542 (Tocris, 1614), and
50 pg/mL Gentamycin (Gibco, 15750060). 50 mL of CN Media consisted of 10 mL Fetal
Bovine Serum (20%), 37.5 mL DMEM/F12, GlutaMAX, Antibiotic-Antimycotic, HEPES,
Y-27632, SB431532, and Gentamycin in the same concentrations as above, and was
supplemented with 100 nM recombinant Noggin (R&D, 6057-NG) and CHIR99021
(CHIR, Tocris, 4423) as specified. DMSO added through stock solutions of CHIR and

SB431542 was maintained at a final concentration of 0.3% in CN Media.
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Organoid cultures were maintained by replenishing with fresh media every two
days and passaging every six days. To passage organoids, media was aspirated from
wells and Matrigel patties containing mature organoids were overlaid with 500 pL of cold
PBS. Patties were mechanically disrupted through scraping with a P1000 pipet tip, and
then transferred to a 1.5 mL Eppendorf tube. Organoids were centrifuged at 250xg for 5
minutes at 4°C, the supernatant was aspirated, and the pellet was resuspended in 500
WL of TrypLE Express (Gibco, 12604013), and incubated in a 37°C water bath for 10
minutes. Using a P1000, organoids were vigorously pipetted approximately 40 times to
mechanically break organoids down into single cells. 700 pL of cold DPBS was added,
and cells were spun at 250xg for 5 minutes at 4°C to pellet. The supernatant was
aspirated, and cells were resuspended in 30-100 yL of DMEM and cell concentration
was quantified using a hemocytometer. For all experiments, cells were plated at a
density of 300 cells/uL of Matrigel patty. Matrigel patties were given 30-45 minutes to

solidify at 37°C, then overlayed with the appropriate warmed media.

RNA extraction from organoids and qPCR analysis.

Organoids were dispersed to single cells using TrypLE, washed, pelleted, and
RNA was isolated using the Qiagen Mini Kit (Qiagen, 74106) according to the
manufacturer’s instructions. The cell pellet was resuspended in RLT Buffer + 1% BME
and vortexed at max speed for 30 seconds before RNA extraction. cONA was
synthesized from 250ng of RNA using the iScript™ cDNA Synthesis Kit (BioRad,
1708891). gPCR reactions used the iTag™ Universal SYBR Green Supermix (BioRad,

1725124) and respective primers (Table 1). qRT-PCR was performed with samples in
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triplicates, and average cycle threshold values were quantified relative to the reference

MRNA HPRT using the AACT method to determine mRNA abundance.

Analysis of organoid growth, apoptosis, and establishment efficiency.
Organoids were dispersed to single cells and plated into a 96-well round-bottom

plate in 5 yL patties of Matrigel at a density of 1,500 cells/well. For measurement of
growth, media was aspirated and 150 pL of a room temperature 50:50 mixture of DMEM
(75 pL) and CellTiter-Glo 3D (75 pL) (Promega, G9681) was added to each well. Plates
were incubated for 30 minutes at room temperature in the dark, the Matrigel patty was
broken down by rapid pipetting, and the total contents of each well were transferred to
individual wells of a white, opaque 96-well plate. Luminescence was measured using a

plate reader with an integration time of 500ms.

For measurement of apoptosis, wells were washed with 200 uL of warm DPBS to
remove residual media as FBS contains low baseline activity that results in a high
background signal. The DPBS was aspirated, and 200 pL of room temperature 50:50
DMEM (100 pL) and CaspaseGlo 3/7 3D reagent (100 pL) (Promega, G8981) was
added to each well. Plates were incubated at room temperature in the dark for one hour,
the Matrigel patty was broken down by rapid pipetting, and the total contents of each
well were transferred to individual wells of a white, opaque 96-well plate. Luminescence

was measured using a plate reader with an integration time of 500ms.

For measurement of organoid formation efficiency, organoids were dispersed to
single cells and plated at concentrations of 150 single cells in 5 uL Matrigel patties in a

96-well plate. Media was replenished every two days. On day 6, the number of formed
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organoids was counted in each well. A formed organoid was counted as a cell cluster
with a defined luminal interior to account for growth and exclude single cells. Percent
organoid formation efficiency was determined by dividing the number of formed

organoids by the 150 cell starting quantity.

Flow cytometric analysis of proliferation and cell cycle.
The Click-iT™ EdU Flow Cytometry Assay Kit (Invitrogen, C10419) was used to

measure proliferation. EAU (provided in kit) was added to each well from 10mM stock
solutions to a final concentration of 10 uM. After culturing for 30 minutes at 37°C,
organoids were dispersed into single cells, washed in PBS + 1% BSA, pelleted, and
single cells were resuspended in 100 pL of Click-iT™ fixative. Cells were incubated for
15 minutes at room temperature in the dark to fix. After fixation, 1 mL of PBS + 1% BSA
was added, cells were pelleted at 500xg for 5 minutes at 4°C, washed with cold PBS,
resuspended in 100 pL of saponin-based permeabilization buffer (provided in kit), and
incubated for 15 minutes at room temperature. 500 pL of Click-iT™ cocktail was added,
mixed, and incubated for 30 minutes at room temperature in the dark. Cells were spun
at 500xg for 5 minutes, washed with 1X permeabilization buffer, pelleted, resuspended
in 500 pL of 1X permeabilization buffer containing DAPI (0.5 pg/mL, Invitrogen, D1306),
and filtered through a 40 uM filter. Single cells were analyzed via flow cytometry on a
Sony MA900 Multi-Application Cell Sorter in the University of Michigan Flow Cytometry

Core Facility.

For cell cycle analysis, cells were fixed and permeabilized as above. Following

permeabilization, cells were suspended in 500 L of 4 ug/mL Hoechst 33342
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(Invitrogen, H3570) in 1X permeabilization buffer and incubated for 15 minutes at room
temperature. 500 pL of 8 pyg/mL Pyronin Y (Sigma, P9172) in 1X permeabilization buffer
was then added, resulting in a final concentration of 2 pg/mL Hoechst 33342 and 4
pug/mL Pyronin Y. Cells were incubated for 30 minutes, washed twice in 1X
permeabilization buffer, resuspended in 1X permeabilization buffer, filtered through a 40
pum filter, and analyzed by flow cytometry. Cells were analyzed on a Sony MA900 Multi-

Application Cell Sorter in the University of Michigan Flow Cytometry Core Facility.

Organoid immunostaining.

Culture media was aspirated, and wells were overlayed with ice-cold DPBS.
Matrigel patties containing organoids were transferred to 1.5 mL Eppendorf tubes with a
P1000 and broken down with gentle pipetting. Organoids were incubated on ice for 15
minutes, pelleted at 250xg, and washed four times in ice-cold DPBS to remove the
Matrigel. After the fourth wash, organoids were resuspended in 200 yL of 4%
paraformaldehyde in PBS (PFA). After incubation for 30 minutes at room temperature,
organoids were washed with ice-cold PBS three times to remove PFA and stored in

PBS at 4°C for up to one month prior to staining.

For whole-mount staining, fixed organoids were pelleted at 250xg and
resuspended in blocking solution (10% BSA and 10% Goat Serum (Sigma, G9023)) in
PBS containing 0.3% TritonX-100, incubated for 2 hours at room temperature, followed
by pelleting and resuspended in blocking solution containing primary antibody: anti-
MUCSAC (1:50, Invitrogen, mouse monoclonal, MA1-35707), anti-MUCG6 (1:50, Vector

Labs, mouse monoclonal, VP-M658), CD44 (1:50, Thermo Scientific, rat monoclonal,
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MA1-10229). After overnight incubation, organoids were washed and resuspended in
blocking solution containing conjugated secondary antibody, Goat-anti-Mouse Alexa 488
(1:1000, Invitrogen, A-10680) or Goat-anti-Mouse Alexa 555 (1:1000, Invitrogen, A-
21137). Organoids were incubated for 1 hour at room temperature, washed three times
in PBS, resuspended in PBS containing DAPI (0.5 ug/mL, Invitrogen, D1306), washed,
pelleted, resuspended in 50 L of PBS, and transferred to a slide in a single droplet.
The organoid droplet was circled with ProLong™ Gold Antifade Mountant (Invitrogen,
P36930) and cover-slipped for microscopy. Images were captured on a Nikon ES800
(Tokyo, Japan) microscope with Olympus DP (Tokyo, Japan) controller software. Image
analysis and processing was performed using Image J (National Institutes of Health,

Bethesda, MD), and any processing was equally applied to all images.

Statistical analysis.
GraphPad Prism (version 9.0, Software, San Diego, CA) was used for statistical

analysis. Student’s f test was used to compare two groups. For comparison of three or
more conditions within one organoid line, a 1-way analysis of variance (ANOVA) was
used with a Dunnett’s post-hoc analysis. For comparison of corpus versus antral
organoids grown across multiple similar conditions, a two-way analysis of variance
(ANOVA) was used with a Sidak’s post-hoc analysis. *p<0.05, #p<0.05, **p<0.005, and
***p<0.001 were used to denote significance. All authors had access to the study data

and had reviewed and approved the final manuscript.
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Table 2.1: Oligonucleotide primer sequences used for qRT-PCR gene expression analysis.

Gene Amplicon | Forward Primer (5’ — 3’) Reverse Primer (5’ — 3’)

size (bp)
HPRT 131 CCTGGCGTCGTGATTAGTGAT AGACGTTCAGTCCTGTCCATAA
AQP5 139 TACGGTGTGGCACCGCTCAATG AGTCAGTGGAGGCGAAGATGCA
AXIN2 103 CTGGTGCAAAGACATAGCCA AGTGTGAGGTCCACGGAAAC
CD44 151 CCAGAAGGAACAGTGGTTTGGC ACTGTCCTCTGGGCTTGGTGTT
CHGA 117 GGTTCTTGAGAACCAGAGCAGC GCTTCACCACTTTTCTCTGCCTC
FOXQ1 159 ATTTCTTGCTATTGACCGATGC CCCAAGGAGACCACAGTTAGAG
GHRL 256 CTGAGCCCTGAACACCAGAG CCTCTTTGGCCTCTTCCCAG
GIF 150 TGCCCCAGGTCACTTGTAGT TGGTCTCGTTGAAGAGCAGC
ATP4A 265 ACAGATTGGTCAACGAGCCC TGGCACACCTCAATGCTGAT
LGR5 159 CCTATCGTCCAACCTCCTGTCG GCACAGCACTGGTAAGCATAAGG
LIPF 127 TGACCTTCCAGCCACAATCGAC TTTAGCCAGGCTGGGATTGGTG
MUCS5AC 103 GGAACTGTGGGGACAGCTCTT GTCACATTCCTCAGCGAGGTC
MUC6 122 GGACTGTGAGTGTCTGTGCGAT GCGTGTTGTAGAAGCCGCAGTA
CDKN1C 138 AGATCAGCGCCTGAGAAGTCGT TCGGGGCTCTTTGGGCTCTAAA
PGC 128 ACCTACTCCACCAATGGGCAG TCACTCAAGCCGAACTCCTGGT
SP5 147 CTCGCTGCAGGCCTTTCT TAGGGCACCTGCAGGAAGT
TFF1 179 CCCAGTGTGCAAATAAGGGC GCTCTGGGACTAATCACCGT
TFF2 228 GACAATGGATGCTGTTTCG GTAATGGCAGTCTTCCACAGA
TNFRSF19 | 114 CAGGCATCTGAAAACTCGCCAC GGTGCATTCTGCAGCCAGTCTT
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CHAPTERIII
Region-Specific Wnt Signaling Responses Promote Gastric Polyp Formation in

Familial Adenomatous Polyposis Patients

This chapter is adapted from the following manuscript in preparation:
McGowan, KM, Delgado, E, Keeley TM, Hibdon, ES, Turgeon DK, Stoffel E, Samuelson, LC. Region-specific Wnt

signaling responses promote gastric polyp formation in familial adenomatous polyposis patients. 2023

3.1 Summary

Germline APC mutation in familial adenomatous polyposis (FAP) patients
promotes gastrointestinal polyposis, including the formation of frequent gastric fundic
gland polyps (FGPs). In this study, we investigated how dysregulated Wnt signaling
promotes FGPs and why they localize to the corpus region of the stomach. We
developed a biobank of FGP and surrounding non-polyp corpus biopsies and organoids
from FAP patients for comparative studies. Polyp biopsies and polyp-derived organoids
exhibited enhanced Wnt target gene expression. Polyp-derived organoids with intrinsic
upregulated Wnt signaling showed poor tolerance to further induction, suggesting that
high Wnt restricts growth. Targeted genomic sequencing revealed that most gastric
polyps did not arise via APC loss-of-heterozygosity. Studies in genetic mouse models
demonstrated that heterozygous Apc loss increased epithelial cell proliferation in the
corpus but not the antrum, while homozygous Apc loss was not maintained in the
corpus yet induced hyperproliferation in antrum. Our findings suggest that heterozygous
APC mutation in FAP patients may be sufficient to drive polyp formation in the corpus
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region while subsequent loss-of-heterozygosity to further enhance Wnt signaling is not
tolerated. This finding contextualizes the abundant yet benign nature of gastric polyps in

FAP patient corpus compared to the rare, yet adenomatous polyps in the antrum.

3.2 Introduction

Familial adenomatous polyposis (FAP) is an autosomal dominant disease
resulting from an inherited loss-of-function mutation to the tumor suppressor
adenomatous polyposis coli (APC). APC mutation leads to activation of the Wnt
signaling pathway, and thus FAP patients are predisposed to developing disease in
numerous tissues (1, 2). The most significant disease burden occurs within the
gastrointestinal tract where, in the absence of endoscopic or surgical intervention, FAP
patients have a >90% effective risk of developing colorectal cancer throughout their
lifetime (2-4).

FAP patients are also at an increased risk for polyposis within the stomach. The
abundance of gastric polyps within FAP patients varies, with some patients developing
100 to 1000’s of lesions and often leading to carpeting of the gastric corpus (5). These
polyps predominately arise as fundic gland polyps (FGPs) which are sessile lesions
characterized by cystically dilated glands (6-9). FGPs in FAP patients sometimes
present with features of low-grade dysplasia, but rarely demonstrate high-grade
dysplasia and are typically considered benign (5, 10-12). These polyps are also
regionally restricted to the corpus, with gastric polyps in FAP patients only rarely found

within the antral region. The rare antral polyps that emerge typically exhibit
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adenomatous change and have increased potential to progress to cancer in line with
colorectal polyps (13).

The mechanisms through which Wnt signaling underscores FGP emergence
remain unclear as little is known about how Wnt regulates corpus epithelial homeostasis
in humans. Furthermore, it is unknown why FGPs rarely progress to cancer while
colorectal cancer in these patients is so prevalent. Although APC mutations have been
detected in 7-34% of gastric cancer, FAP patients are only at a 0.5-1.3% lifetime risk of
developing gastric cancer (13-17). The mechanism of polyp emergence within the colon
would suggest that additional somatic hits to APC, including loss-of-heterozygosity,
initiates formation; however, few studies have investigated the mutational landscape of
FGPs in FAP patients (18).

The ‘just-right’ hypothesis describes an optimal range of Wnt signaling to drive
cellular growth and proliferation in the context of polyposis. This principle has been used
to describe regional distribution of cancer throughout the colon but has not been
explored within the stomach (19-23). We have recently demonstrated that human
corpus organoids have a lower threshold for Wnt signaling to drive optimal growth
relative to patient-matched antral organoids (24). This finding predicts that corpus
stem/progenitor cells may be more susceptible to develop hyperplasia upon Wnt
activation compared to antral stem cells, but this concept and the subsequent
application of the ‘just-right’ hypothesis underscoring FGP development has not been
defined.

In this study, we investigated the etiology of FGP formation resulting from

germline APC mutations in FAP patients. We established a biobank of patient-matched
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FGP and surrounding non-polyp samples to conduct comparative analyses of genomic
DNA sequencing, mRNA expression analysis, and in vitro organoid growth experiments.
We demonstrate that FGPs have increased expression of Wnt target genes relative to
their patient-matched non-polyp samples, indicating upregulation of the Wnt signaling
pathway. However, additional somatic alterations to APC indicating loss-of-
heterozygosity were infrequent, demonstrating that this mechanism does not
underscore enhanced Wnt signaling and is not required for polyp emergence.
Ultimately, we demonstrate through human FAP organoids and genetic mouse models
that heterozygous loss of APC optimally drives corpus proliferation while homozygous

loss is not tolerated.

3.3 Results
Enhanced Wnt target gene expression in FAP-associated fundic gland polyps

APC mutation activates Wnt signaling through unregulated translocation of 3-
catenin to the nucleus resulting from compromised function of the destruction complex
(Figure 3.1A). To investigate the molecular and cellular etiology of gastric FGP formation
in FAP patients, we established a biobank of patient-paired FGP (P) and surrounding
non-polyp (NP) gastric corpus tissue samples (Figure 3.1B). From biopsy sample pairs,
we extracted genomic DNA, RNA, and/or developed paired organoid cultures for further
analyses. Our biobank consisted of samples from 34 individual FAP patients across a
spectrum of germline APC mutations (Figure 3.1C, Table 1).

We first analyzed the gene expression profile of patient-matched P versus NP

biopsies to determine whether upregulated Wnt signaling underscored FGP emergence.
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Figure 3.1: Fundic gland polyp biopsy samples from FAP patients have increased Wnt
target gene expression.

A) Schematic of Wnt signaling in Wnt OFF, Wnt ON, and in FAP patients with mutated APC
(APC*) demonstrating nuclear localization of B-catenin in the absence of Wnt ligand. B) Biopsies
from paired fundic gland polyps (P) and surrounding non-polyp (NP) corpus tissue were
collected to establish an FAP patient biobank of RNA, DNA, and organoids. C) Schematic of the
APC protein labeled with specific familial mutation sites for the patients in our biobank. Patients
with established polyp and non-polyp organoids are designated. Only patients with known
germline mutations are included on this schematic (Table 1). D) Relative mRNA abundance of
select genes in FAP patient biopsies. qRT-PCR analysis of Wnt target, cell marker, and
inflammation-related transcripts, with HPRT used as an internal reference transcript. Data are
displayed as Log(2) fold change relative to patient-matched non-polyp tissue (Nnon-polyp = 27
biopsies, npoiyp = 30 biopsies; *p<0.05, **p<0.005, ***p<0.001 by unpaired parametric t test).
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gPCR analysis of transcript abundance revealed that Wnt target genes LGRS, AXINZ2,
and CD44 were upregulated in FGP biopsies relative to patient-matched non-polyp
tissue (Figure 3.1D, 3.2A). Analysis of differentiated cell markers showed that FGP
biopsies were deficient in markers for surface cells, which is consistent with studies
showing that upregulation of Wnt signaling alters corpus epithelial cell differentiation
(Figure 3.1D, 3.2B) (24-26). FGP biopsies also showed markedly reduced expression of
chief cell markers LIPF, CHIA, PGC, and TNFRSF19 along with a more subdued
decrease in the mucous neck cell marker MUCG6 (Figure 3.1D, 3.2D-E). It is unknown
whether these changes in cell marker expression are a consequence of biopsy
extraction or due to altered stem/progenitor cell differentiation secondary to Wnt
activation in FGPs. Notably, parietal cell markers G/IF and H/K ATPase subunit ATP4A
were unchanged (Figure 3.1D, 3.2C). Analysis of inflammatory markers showed a
surprising reduction in CD45, suggesting that FGP formation was not associated with
inflammatory cell influx, although some polyps exhibited a pro-inflammatory

environment suggested by increased expression of /L8 (Figure 3.1D, 3.2F).

Whnt tone is intrinsically elevated in high Wnt FGP-derived organoids

Given our observations that Wnt target gene expression was upregulated in
FGPs, we tested whether Wnt signaling is intrinsically elevated in corpus progenitors by
generating P- and NP-derived organoids. We passaged FAP patient-derived organoids
at least three times before analysis to remove non-epithelial cells and to establish stable
self-renewing cultures. Wnt target gene expression was measured in nine patient-

matched organoid pairs after growth in normal media containing exogenous Wnt
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Figure 3.2: mRNA expression analysis of primary FGP and surrounding non-polyp
biopsies from FAP patients.

A-F) Relative mRNA abundance of (A) Wnt target genes, (B) surface mucous cell markers, (C)
parietal cell markers, (D) mucous neck cell markers, (E) chief cell markers, and (F) immune
cells/inflammatory markers was measured by gRT-PCR analysis of polyp (P) and non-polyp
(NP) biopsies from 10 FAP patients. mMRNA abundance was calculated as fold-change relative
to the mean patient-matched non-polyp mRNA abundance and normalized within each patient
data set, with HPRT used for a reference. Data are shown as mean £ SD (Nnon-polyp = 27
biopsies, nyoyp = 30 biopsies; *p<0.05, **p<0.005, ***p<0.001 by unpaired parametric t test).
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signaling ligands (WNT, RSPO; WR media) and following transition into WNT/RSPO
depleted media (WR-Free) (Figure 3.3A). Comparison of LGR5 mRNA abundance in
FAP patient-matched P- and NP-derived organoids revealed variability in intrinsic Wnt
tone, with polyp organoids falling into two subgroups (Figure 3.3B). In some patient
pairs, such as H62 and H71, we noted either no difference in LGRS expression between
P and NP organoids, or even decreased LGRS in P organoids grown in WR media
(Figure 3.3B). Other patients, such as H72 and H73, demonstrated enhanced LGRS
expression in P organoids. In all lines, we observed that LGRS expression was
drastically reduced following acute WNT/RSPO withdrawal, thus demonstrating that all
lines remained sensitive to exogenous Wnt. Broadening our analysis to include AXIN2
and SP5 demonstrated consistent trends in Wnt target gene expression (Figure 3.3C).
Based on this analysis, we sub-grouped the organoids into High Wnt polyps with
enhanced Wnt target gene expression relative to patient-matched non-polyp organoids
(H72, H73, H61, H87), and Low Wnt polyps with similar or reduced target gene
expression (H76, H71, H62, H82, H75) (Figure 3.3D).

We further assessed intrinsic Wnt tone by growing organoids for two passages in
WR-Free media. Consistent with previous studies reporting that corpus organoids
require both exogenous WNT and RSPO to be maintained over time, none of the non-
polyp or Low Wnt polyp lines were capable of sustained growth in Wnt-depleted media
(25). In contrast, all four High Wnt polyp lines grew long-term in WR-Free media, thus

demonstrating long-term Wnt independent growth (Figure 3.3E). Therefore, enhanced
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Figure 3.3: Enhanced Wnt signaling in a subset of FAP gastric polyp-derived organoids.

A) Wnt target gene expression was measured in patient-matched polyp (P)/non-polyp (NP)
organoid pairs following six days of growth in WR media, or following four days of growth in WR
and two days of growth in WR-Free media. B) LGR5 mRNA abundance of FAP organoids grown
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in WR or WR-Free media. Data are shown as mean £+ SD mRNA abundance relative to the
reference gene ACTB (n = 3 individual wells; *p<0.05, **p<0.005, ***p<0.001 by one-way
ANOVA with Tukey’s multiple-comparison test). C) Heatmap of relative Wnt target gene
expression in polyp organoids. Data are shown as mean fold-change relative to the expression
of each target gene in matched non-polyp organoids grown in WR media for six days. D)
Heatmap of LGR5 mRNA expression in polyp organoids, shown as mean fold-change relative to
patient-matched non-polyp organoids and ordered from highest to lowest expression. High Wnt
and Low Wnt denote the classification of polyp-derived lines with increased or similar/decreased
Whnt target gene expression. E) Images of polyp organoids grown for two passages (12 days) in
WR-Free media, demonstrating Wnt-independent growth (size bars = 100 um). F) Growth of
organoids cultured for 12 days in 100% or 60% WR media was measured through ATP-
dependent luminescence. G) Images of H87 organoids at day 12 following growth in 100% or
60% WR (size bars = 200 ym). H) Relative growth of non-polyp and polyp organoids clustered
by Wnt target gene expression characteristics (High Wnt and Low Wnt) in 60% compared to
100% WR media. Each point represents an individual organoid line shown as the average of
triplicate wells. Each bar graph shows the average + SD of the organoids in that group (n=4-9
individual organoid lines; *p<0.05, **p<0.005 by one-way ANOVA with Tukey’s multiple-
comparison test).
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Whnt target gene expression and growth in Wnt-depleted media suggests an intrinsic
increase in Wnt signaling in these FAP polyps.

To test whether High Wnt polyp organoids grow in WR-Free media because they
secrete endogenous WNT ligand, we measured growth after treatment with the PORCN
inhibitor LGK974, which suppresses Wnt ligand secretion (Figure 3.4A). We observed
that LGK974 treatment had no impact on growth of High Wnt polyp lines H72P, H73P, or
H87P (Figure 3.4B-C). We further observed that neither co-culture of High Wnt
organoids growing in WR-Free media with non-polyp organoids, nor feeding non-polyp
organoids with conditioned media from these High Wnt lines could rescue non-polyp
organoid growth in the absence of exogenous WNT/RSPO (Figure 3.4D-G). Therefore,
we demonstrate through both pharmacologic inhibition and co-culture experiments that
High Wnt polyp organoids are sustained long-term in WR-Free media through an
intrinsic signaling mechanism rather than by secreting Wnt or other growth factors into

their environment.

Increased growth of High Wnt FGP-derived organoids in reduced Wnt media

Whnt signaling in the gastrointestinal tract has been proposed to follow a principle
known as the ‘just-right’ hypothesis where excessive growth leading to polyposis is
driven by an optimal level of Wnt. While too little Wnt signaling induces differentiation,
hypermorphic upregulation of Wnt signaling, such as through total loss of APC function,
can also be prohibitive to growth. This principle has previously been demonstrated to
underscore regional patterns of colorectal cancer emergence in FAP patients where

second-hit mutations to APC leading to further dysregulation of Wnt signaling are
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Figure 3.4: High Wnt FAP organoids are not sustained through secreted ligands.

A) High Wnt polyp organoids demonstrating long-term Wnt independent growth in WR-Free
media were treated with the porcupine inhibitor LGK974 (250 nM) or DMSO (Vehicle). Growth
was measured through ATP-dependent luminescence on day 6. B) Representative images of
H87P organoids grown in WR-Free media on day 6 following treatment with Vehicle or LGK974
(size bars = 200 um). C) Relative growth of Vehicle- or LGK974-treated H72P, H73P, or H87P
organoids (n = 3 triplicate wells). D) Schematic of co-culture experiment of non-polyp organoids
within the same well as polyp organoids from High Wnt lines that had been growing for several
passages in WR-Free media. E) Representative images of H87P and H87NP organoids after six
days of co-culture in WR-Free media (size bars = 100 pm). F) Schematic demonstrating
treatment of non-polyp organoids with conditioned media derived from High Wnt polyp
organoids grown six days in WR-Free media. G) Representative images of H87P and H87NP
organoids following growth for six days in High Wnt polyp conditioned media (size bars = 100

pm).
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selected to preserve some residual APC function (20-23, 27). We were interested in
whether this principle also holds true for growth of FAP gastric polyp organoids. We
hypothesized that High Wnt polyp organoids would have a reduced tolerance for
extrinsic Wnt due to elevated intrinsic Wnt signaling, and therefore would exhibit
maximal growth at lower concentrations of exogenous Wnt than non-polyp or Low Wnt
polyp organoids. To test sensitivity to extrinsic Wnt, we grew organoids over two
passages (12 days total) in either normal (100%) WR or reduced (60%) WR media to
define the optimal Wnt environment for growth for each organoid line (Figure 3.3F). At
day 12, organoids were imaged to assess overall appearance, and growth was
measured using an ATP-dependent cell viability assay.

Using organoids from patient H87 as an example, we observed that non-polyp
organoids grew at similar densities in 100% and 60% WR media (Figure 3.3G). In
contrast, H87 polyp organoids, which are in the High Wnt subgroup, grew denser in
60% WR. Extending this analysis to all nine patient lines, we observed that non-polyp
organoids exhibited similar growth in 60% WR media as they did in 100% WR (Figure
3.3H). While Low Wnt polyp-derived organoids had, on average, no change in growth
between the two conditions, polyp organoids from the High Wnt group exhibited
significantly enhanced growth in 60% WR. These results align with the ‘just-right’
hypothesis and demonstrates an interplay between intrinsic Wnt tone and extrinsic Wnt

signaling for optimal growth.
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Figure 3.5: Intrinsic Wnt tone patterns intra-patient FGP variability.

A) Polyp (P) and non-polyp (NP) biopsies were harvested to analyze multiple polyps from each
FAP patient. B) Established patient-matched organoids were grown in CN Media containing
recombinant noggin and varying concentrations of CHIR99021 (CHIR) and growth was
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measured through ATP-dependent luminescence on day 5. C) Representative images of
H102NPa and H102Py following culture in 0-3 uM CHIR (size bars = 100 um). D) Relative
growth of all H102 organoid lines plotted as a function of CHIR concentration. Growth rates
were normalized to the maximal growth rate observed for each line and data are presented as
mean + SD of triplicate wells for each line. E-G) Relative growth of FAP organoid lines from 12
FAP patients plotted as a function of CHIR concentration. Individual organoid lines are shown in
grey, and the average of all lines is shown in color. E) FAP non-polyp organoid lines (blue, n =
23 lines). F) FAP polyp organoid lines demonstrating normal-like growth (pink, n = 14 lines). G)
FAP polyp organoid lines demonstrating enhanced Wnt-independent growth (purple, n = 21
lines). H) Relative growth of H102 organoid lines after five days growth in 0 yM CHIR (WR-Free
media) versus LGR5 mRNA abundance after six days growth in 60% WR media. The trendline
was calculated via linear regression analysis. |) Relative mRNA abundance of Wnt target genes
in FAP organoids after six days growth in 60% WR media. Data are shown as mean + SD fold
change relative to patient-matched non-polyp. HPRT was used as an internal reference
transcript. NP = non-polyp (n = 19); P-N = polyp normal-like (n = 11); P-E = polyp, enhanced (n
= 13) (*p<0.05, **p<0.005 by one-way ANOVA with Tukey’s multiple-comparison test). J)
Average NP, P-N, or P-E organoid thickness (in pixels) after six days growth in 60% WR
(***p<0.001). K) Representative images of organoid from non-polyp group (H110NPB), normal-
like polyp group (H105Pa), and enhanced polyp group (H102Py) after six days growth in 60%
WR (size bars = 50 uym).
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Intra-patient variability in FGP-derived organoid growth

We sought to further investigate the relationship between intrinsic Wnt tone and
Whnt sensitivity through an analysis of additional FAP patient-derived organoids. We
were also interested in whether individual polyps from the same patient would exhibit
polyp-to-polyp variability or similar characteristics, which might suggest genotype-
dependent mechanisms. To study this, we expanded our organoid biobank to include
multiple independent polyp and non-polyp samples from 17 additional patients (Figure
3.5A, Figure 3.1C, Table 1). Organoids were established by directly embedding minced
biopsy tissue in Matrigel, which improved establishment efficiency compared to our
previous gland isolation approach. Based on our growth analysis, we established these
organoids in 60% WR media to prevent selection bias or suppression of growth in lines
with elevated Wnt tone. Epithelial outgrowth was observed after 2-4 days in culture, and
subsequent passaging resulted in purification of epithelial organoids (Figure 3.6A). We
noted that most polyp-derived biopsies developed organoids at faster rates than non-
polyp biopsies, suggesting that polyps had increased progenitor potential (Figure 3.6B-
C). Organoids were passaged at least three times before analysis to establish pure
epithelial cultures.

We evaluated Wnt sensitivity by passaging these FAP organoids into media
containing the pharmacologic Wnt activator CHIR99021 (CHIR) to dose-dependently
activate Wnt signaling in the absence of exogenous WNT/RSPO ligands (Figure 3.5B)
(24). Organoids were cultured for five days in media with 0 — 3 yM CHIR, as well as
equal concentrations of recombinant Noggin (CN Media), to assess Wnt-dependent

growth.
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A H105 Polyp Biopsy

Day 0

H105NP C H114NP H114P

¥

Day 12 (p.1)

Figure 3.6: Establishment of human FAP gastric organoids from biopsies.

FAP patient biopsies were minced, embedded in Matrigel and cultured in 60% WR media. A)
Representative images of epithelial outgrowth from primary FGP biopsy from patient H105
embedded in Matrigel (size bars = 100 um). B) Representative images of epithelial outgrowth
from non-polyp (H105NP) and polyp (H105P) biopsies six days after initial embedding in
Matrigel (size bars = 100 um). C) Representative images of epithelial outgrowth from non-polyp
(H114NP) and polyp (H114P) biopsies six days after the first passage (12 days from initial
seeding) (size bars = 100 um).
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In each patient sample set, we observed polyp-to-polyp variability in Wnt
sensitivity (Figure 3.5, Figure 3.7). For example, from patient H102 we established
organoids from six unique fundic gland polyps and three distinct non-polyp regions.
Images taken on day 5 of CN media showed that while non-polyp line H102NPa has a
positive growth response to increasing Wnt, polyp line H102Py is Wnt-averse, with
reduced growth in response to increased CHIR (Figure 3.5C). While all H102 non-polyp
lines followed the growth patterns of H102NPa, we observed that some polyp lines,
including PR, Py, and Pg, showed enhanced Wnt-independent growth and reduced
growth with increased Wnt signaling (Figure 3.5D). In contrast, increased CHIR
stimulated growth in lines Pa, Pd, and P, similar to non-polyp lines.

This CHIR growth analysis stratified the expanded patient organoids into two
subgroups. Regardless of patient, we found that all non-polyp organoids followed a near
identical dose-response pattern with growth peaking at ~3 uM CHIR (Figure 3.5E). One
subgroup of polyp organoids (termed Normal-Like or P-N) had a similar growth pattern
with increased CHIR leading to increased growth (Figure 3.5F). The second subgroup
(Enhanced or P-E) demonstrated Wnt independence and high sensitivity to increased
CHIR (Figure 3.5G). From 35 polyp lines, 14 (40%) were P-N and 21 (60%) were P-E.
While some patients’ polyps exhibited either P-N or P-E growth characteristics, others
exhibited both types (Figure 3.7). This variability suggests that polyp growth
characteristics are not strictly genotype determined, although the small numbers of
polyps analyzed from each patient makes it difficult to reach conclusions.

To determine if P-E organoids had higher Wnt signaling tone, we cultured

organoids for six days in 60% WR media and measured Wnt target gene expression
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Figure 3.7: Polyp-derived FAP organoids exhibit significant intra-patient variability in Wnt

dependence.

Relative growth of established polyp and non-polyp organoid lines from respective FAP patients

measured on day 5 after growth in CHIR99021 (experimental design shown in Figure 3B).

Growth rates were normalized to the maximum observed growth rate observed for each

individual line. Data are presented as mean * SD of triplicate wells for each line. Blue lines

represent non-polyp organoids. Red lines represent polyp organoids. These data complement
the summary data shown in Figure 3.
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(Figure 3.5H-I, 3.8A). Using H102 organoids as an example, we determined that
LGRS expression was positively correlated with enhanced Wnt-independent growth,
suggesting that upregulated Wnt tone corresponded with increased Wnt sensitivity
(Figure 3.5H). Expanding this analysis showed that P-E organoids significantly
upregulated Wnt target genes relative to paired non-polyp and P-N organoids,
consistent with our previous findings and the ‘just-right’ hypothesis (Figure 3.51).

We also analyzed cell differentiation markers in these three organoid types
(Figure 3.8B-E). We and others have shown that Wnt regulates a bimodal axis of
differentiation in human and mouse corpus organoids, with low Wnt promoting surface
mucous cell differentiation and high Wnt promoting neck and chief cell differentiation
(24-26). Analysis of cell marker expression showed that P-E organoids had the lowest
expression of surface cell markers MUCSAC, TFF1, and TFF2, consistent with
enhanced Wnt signaling (Figure 3.8B). This finding also aligns with our analysis of gene
expression in primary biopsy samples (Figure 3.1D). Interestingly, while our biopsy
analysis showed a decrease in chief cell markers, analysis of P-E organoids
demonstrated increased expression of some (L/PF and TRFRSF19) but not all (PGC)
chief cell markers (Figure 3.8D). However, PGC can also localize to human gastric neck
cells, and we did not observe alterations in neck cell marker expression (Figure 3.8C)
(28). The organoid types also exhibited morphological differences. While non-polyp and
normal-like polyp organoids were similar, P-E organoids were significantly thinner
(Figure 3.5, K). We speculate that this may be due to the altered differentiation

characteristics.
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Figure 3.8: Gene expression in FAP organoids.

A) RNA was extracted from established polyp and non-polyp FAP organoids following six days
growth in 60% WR media. Organoids were categorized as non-polyp (NP, n = 19); normal-like
polyp (P-N, n = 11), and enhanced polyp (P-E, n = 13) as described in the text and Figure 3. B-
D) Relative mRNA abundance of (B) surface, (C) neck, and (D) chief cell markers. Data are
shown as mean + SD fold change relative to patient-matched non-polyp organoids and
normalized across all lines, with HPRT used as a reference. (*p<0.05, ***p<0.001 by one-way
ANOVA with Tukey’s multiple-comparison test). E) Heatmap of mMRNA expression for individual
polyp organoid lines. Data are presented as Log(2) fold-change expression in polyp organoids
relative to average of non-polyp organoids from the same patient. Lines outlined in pink (left
box) are normal-like polyps (P-N). Lines outlined in purple (right box) are enhanced polyps (P-
E).
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FAP fundic gland polyps develop without requirement for APC loss-of-heterozygosity
We sought to understand the mutational landscape that led to enhanced Wnt
signaling in biopsies and organoids that may underscore FGP formation. One likely
mechanism would be somatic APC mutation leading to loss-of-heterozygosity and
further dysregulation of the Wnt signaling pathway, as this underscores FAP polyp
emergence in the colon. DNA was extracted from our initial 19 patient biopsies or
organoids for genomic analysis of tumor suppressors and oncogenes using a Qiagen
Comprehensive Cancer Gene Panel, which included APC (Table 2). In each paired
patient set (P vs. NP) we confirmed the familial APC mutation. Our analysis revealed
that only one patient of the 19 studied (H85) had a novel somatic loss-of-function APC
mutation (Figure 3.9A, Table 2). Further intra-patient comparisons revealed that about a
third (6/19) of polyp samples harbored APC-specific copy number variations, although
sequencing did not provide insight into whether the mutant or functional (normal) allele
was affected (Figure 3.9B, Table 2). Looking broadly at the mutational landscape, we
also observed chromosomal changes ranging from no observed copy number variations

to extensive (50+) incidences in polyps (Figure 3.9C, Table 2).

A low Wnt environment selects for Wnt-activating mutations to sustain organoid growth
We tested whether there was transcriptional silencing of the wild-type APC allele
during polyp organoid culture as another mechanism to enhance Wnt tone. APC is
commonly hypermethylated in gastric cancer (52.9%) relative to normal tissue (37.7%)
(29). Although High Wnt polyp organoids from H72, H73, and H87 demonstrated few

genomic mutations or copy-number variations, transcriptional silencing of the wild-type
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Figure 3.9: Infrequent somatic APC mutation in FAP patient FGPs.

A) Targeted sequencing of 19 FAP patient polyp and non-polyp samples using a Qiagen
Comprehensive Target Cancer Panel detected one patient (H85) polyp with a novel somatic
APC loss-of-function mutation. B) Six patients, including H85, demonstrated APC specific copy
number variation (duplication or deletion) in their sequenced polyp DNA. C) Copy number
variations detected through sequencing across the panel of 283 target genes by patient: None =
0 CNVs (4/19), Few = 1-4 (9/19), Moderate = 5-25 (3/19), Extensive = >26+ (4/19). D) APC
MRNA sequence of normal and mutant allele in patients H72 and H73 at the familial mutation
site (c.5826_5829). The highlighted CAGA sequence is deleted in the germline mutant APC
allele. E) Chromatogram of sequenced APC cDNA harvested from H72 polyp organoids grown
in 100% WR media, H72 polyp organoids grown for 2+ passages in WR-Free media, and H73
polyp organoids grown for 3+ passages in WR-Free media, depicting 7 bp 5’ of the mutation site
and 6 bp 3’ of the mutation site. The blue underlined sequence aligned with the wild-type
sequence. The red underlined sequence aligned with the mutant sequence. F) APC mRNA
sequence of the wild-type and mutant allele in patient H87 at the familial mutation site
(c.4782_4785). The highlighted AGCC sequence is deleted in the germline mutant APC allele.
G) Chromatogram of sequenced APC cDNA harvested from H87 polyp organoids grown either
in WR media or for 2+ passages in WR-Free media. The blue underlined sequence aligned with
the wild-type sequence. The red underlined sequence aligned with the mutant sequence.
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allele could explain their elevated Wnt tone. We tested whether High Wnt organoids
grown in WR or WR-Free media exhibited loss of the wild-type APC transcript by
sequencing mMRNA harvested from these three organoid lines at their respective APC
familial mutation.

Patients H72 and H73, a parent-child pair sharing a common familial mutation,
and patient H87 had inherited four base-pair deletions at ¢.5826 5829 and
c.4782_4785, respectively (Figure 3.9D, F). Sequencing APC mRNA at the familial
mutation site for H72 polyp-derived organoids grown in WR culture conditions confirmed
transcription of both normal and mutant alleles (Figure 3.9E). This was determined by
bifurcation of sequencing products 3’ to the mutation site. However, after growth for
three passages in WR-Free media, H72P and H73P organoids only expressed the
mutant allele (Figure 3.9E). In contrast, H87P organoids retained the wild-type APC
transcript in both growth conditions (Figure 3.9G).

To further understand the dynamics of loss of wildtype APC in H73P organoids
grown in WR-Free media, we utilized organoids from the earliest available passage post
initial biopsy seeding to minimize the influence of genetic drift in culture. H73P organoid
RNA was harvested at passage 2 in WR media, and then at passage 3 after six days
growth in 100%, 50%, or 0% WR media (Figure 3.10A). As before, we detected both
wild-type and mutant transcripts in WR conditions (Figure 3.10B). However, after
passage, while organoids grown in 100% or 50% WR media maintained expression of
both alleles (Figure 3.10C), growth in WR-Free conditions rapidly led to loss of the wild-
type transcript. Thus, growth in a WR-Free environment can select for loss of

expression of the wildtype APC allele.
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Figure 3.10: WR-Free media selects for organoids with transcriptional loss of wildtype
APC expression.

A) H73 polyp organoids (passage 2) were grown from initial in vitro establishment in 100% WR,
then transitioned to 100%, 50%, or 0% WR media during passage 3. mRNA was harvested at
the conclusion of passage 2, or on day 6 of passage 3. B) Chromatogram of sequenced APC
cDNA harvested from H73 polyp organoids at the conclusion of passage 2. The blue underlined
sequence aligned with the normal sequence. The red underline sequence aligned with the
mutant sequence. C) Chromatogram of sequenced APC cDNA harvested from H73 polyp
organoids following growth for passage 3 in 100%, 50%, or 0% WR. The sequence shown
includes the 10 base pairs immediately downstream of the familial mutation site (see Figure
3.9D). The blue underlined sequence aligned with the normal sequence. The red underlined
sequence aligned with the mutant sequence. D) H72, H73, and H87 polyp organoids were
grown for 3+ passages in WR-Free media to establish long-term Wnt independent growth, then
grown for 12 days in 100%, 60%, 20%, or 0% WR. Values are polyp organoid growth at day 12
in 60%, 20%, or 0% WR relative to growth in 100% WR, following the same procedure outlined
in Figure 3.3F. E) Schematic of relationship between intrinsic Wnt characteristics and extrinsic
Whnt ligand in driving growth in accordance with the ‘just-right’ hypothesis.



Following the ‘just-right’ hypothesis, we hypothesized that the optimal growth of
WR-Free polyp organoids would occur in media with minimal exogenous Wnt. We
titrated each of the WR-Free lines to their optimal Wnt signaling environment and
determined that optimal growth occurred in 20% WR media (Figure 3.10D). Ultimately,
this establishes a relationship between extrinsic and intrinsic Wnt in accordance with the
just-right’ hypothesis for gastric corpus organoids. As intrinsic Wnt tone is increased

through mutation or otherwise, tolerance to extrinsic Wnt is reduced (Figure 3.10E).

Mice demonstrate region-specific gastric proliferation in response to Apc mutation

Our data suggests that genomic APC loss-of-heterozygosity is not required for
FAP polyp emergence. Further, FAP organoid growth suggests that polyp organoids do
not tolerate high levels of extrinsic or pharmacologic Wnt activation in accordance with
the ‘just-right’ hypothesis. These findings, in combination with the low clinical prevalence
of cancer progression from FAP polyps, suggest that additional somatic mutations to
APC, such as APC-null, may not be tolerated within the corpus epithelium. Rather, in
the corpus, the APC heterozygous state may be sufficient to promote growth. We
sought to test these concepts in vivo in a mouse FAP model to determine the effect of
genomic Apc loss on corpus epithelial cell proliferation compared to the antrum where,
in FAP patients, infrequent polyps are typically adenomatous.

Apcmice with loxP sites surrounding exon 14 were crossed to Sox2-CreERT?
mice. Apc mutation was induced in adults by treatment with tamoxifen and gastric tissue
was harvested from control (Apc™* or Apc™f), heterozygous (Sox2CreER'2; Apc™*), and

homozygous (Sox2CreER™2; Apc™) mice one month later (Figure 3.11A). We confirmed
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Figure 3.11: Gastric region-specific proliferation in FAP mouse model.

A) Adult Sox2CreER™: Apc™* (heterozygous), Sox2CreER™; Apc™ (homozygous), and control
(Apc™ or Apc™) mice were treated with tamoxifen (TX) to delete Apc exon 14, and tissue was
harvested one month later. B) Agarose gel showing PCR products amplified from genomic DNA
with primers flanking a loxP site in the Apc gene to identify either the unrecombined allele (fl,
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314bp) or recombined allele (A, 258 bp). DNA was isolated from full thickness corpus (C) or
antral (A) tissue from control (Apc™) mice one-month post-TX, or from homozygous
Sox2CreER™; Apc™ mice 48 hours or one-month post-TX. C, E) Representative images of
control, Sox2CreER™; Apc™*, and Sox2CreER™; Apc™ mice one-month post-TX corpus (C) and
antral (E) tissue stained for EdU (green) to mark proliferating cells (size bar = 100 um). D, F)
Morphometric quantification of proliferating EAU* cells per um of corpus (D) or antral (F) tissue
in control, heterozygous (fl/+), and homozygous (fl/fl) mice at one-month post-TX. Data are
presented as mean + SEM (n=3-9 mice per group, ***p<0.001 by one-way ANOVA with Tukey’s
multiple comparison test). G, H) Size and representative images of corpus (G) or antrum (H)
organoids derived from control (Sox2CreER'?), heterozygous (fl/+), and homozygous (fl/fl) mice.
Data are presented as mean = SEM (n=171-278 organoids; **p<0.05, ***p<0.005 by one-way
ANOVA with Tukey’s multiple-comparison test). Growth analysis: Sox2CreER™ (n= 3 mice, 208
corpus organoids; 217 antrum organoids), Sox2-CreERT2; Apc™* (n=3 mice, 171 corpus
organoids; 256 antrum organoids) and Sox2-CreERT2; Apc™ (n=3 mice, 218 corpus organoids;

278 antrum organoids).
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Apc exon 14 deletion in DNA isolated from corpus and antrum by PCR amplification 48
hours post-tamoxifen (Figure 3.11B). Further analysis demonstrated that heterozygous
Apc deletion was maintained one-month post deletion in both corpus and antrum, while
homozygous deletion of Apc was poorly maintained in the corpus (Figure 3.11B, 3.12).
Analysis of proliferation showed stark differences in response to Apc mutation in
the corpus and antrum. Corpus tissue at one-month post-tamoxifen revealed no change
in tissue morphology or proliferation after Apc homozygous deletion (Figure 3.11C-D).
However, we observed a significant (~4x) increase in corpus epithelial proliferation in
heterozygous mice. In contrast, there was no observed change in antral proliferation in
heterozygous Apc mice, while complete loss of Apc in homozygotes resulted in
profound hyperproliferation and the formation of polyp-like structures (Figure 3.11E-F).
We further tested the effect of Apc mutation on mouse gastric organoid growth.
Organoids were initiated from gastric glands isolated from control, heterozygous, and
homozygous Apc mutant mice 48 hours post-tamoxifen treatment, and organoid size
was measured four days later. Consistent with the in vivo findings, heterozygous Apc
mutant corpus organoids (Sox2CreER™2; Apc™*) grew larger than control, with
homozygous Apc organoids (Sox2CreER2; Apc™) exhibiting diminished growth (Figure
3.11G). In contrast, antral organoids demonstrated a stepwise growth advantage in

response to heterozygous and homozygous Apc deletion (Figure 3.11H).
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Figure 3.12: Heterozygous loss of Apc is maintained long-term within the corpus
epithelium.

Agarose gel showing PCR products for the recombined Apc” allele (258 bp) at 48 hours (48H)
and one month (1M) post-tamoxifen. DNA was isolated from full-thickness corpus (C) or antrum
(A) of Apc™ (control), Sox2CreER'™?; Apc™* (heterozygous), or Sox2CreER™; Apc™
(homozygous) mice.
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3.4 Discussion

This study investigated how dysregulation of Wnt signaling in FAP patients leads
to abundant yet benign FGPs in the gastric corpus. We initially hypothesized that polyp
emergence in the FAP patient corpus was due to somatic mutation resulting in APC
loss-of-heterozygosity. This would align with the general understanding of colorectal
polyposis in which a second hit to APC is considered a requirement and the first step in
the mutational cascade inevitably leading to colorectal cancer (18, 30). Surprisingly, we
determined that APC loss-of-heterozygosity is not a requirement for gastric FGP
formation within FAP patients as underlying somatic APC alteration was rare. There
have been few comparative studies observing the mutational landscape underscoring
FGP formation from FAP patients. One study demonstrated that 51% (21/41) of FAP-
associated polyps obtained from 17 patients had acquired a somatic APC gene
alteration through either a loss-of-function mutation (15/41) or allelic loss (6/41) resulting
in loss-of-heterozygosity (31). While this study did demonstrate a higher proportion of
FGPs arising from somatic APC gene alterations than ours, it confirms our finding that
APC loss-of-heterozygosity is not a requirement for their emergence.

Despite an absence of second-hit somatic APC alteration within our FAP patient
biobank, we observed that Wnt signaling was generally upregulated in FGP biopsy
samples as well as within a subset of our polyp-derived organoids. This underscores the
role of Wnt activation in driving polyp formation and that other second-hit mutations in
the form of subtle genetic or epigenetic changes may have occurred to increase Wnt
signaling. Studies have shown that sporadic FGPs in otherwise healthy patients often

contain activating mutations in CTNNB1, encoding beta-catenin, which would increase
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Wht signaling (32, 33). Despite the difference in underlying genetic mutation between
sporadic and FAP FGPs, there is no apparent histopathological difference between the
two subtypes (34). Although, APC-associated FGPs have a greater tendency to present
with low-grade dysplasia, as well as high-grade dysplasia in rare cases (5, 10-12). This
commonly occurs with features of surface cell dysplasia, which could relate to elevated
Whnt tone. We did note features of altered differentiation, such as low expression of
surface cell markers, within some of our polyp biopsies as well as within corresponding
polyp-derived organoids.

A remaining subset of polyp-derived organoids across our FAP biobank did not
demonstrate increased Wnt signaling, but instead demonstrated similar expression and
Whnt tolerance as non-polyp organoids. This subgroup was observed across our patient
set without a clear genotype-phenotype association. It is plausible that outgrowth of
cells with more normal-like Wnt characteristics could be selected for because all
organoids were established in media containing WNT/RSPO. However, primary
biopsies also demonstrated heterogeneity in Wnt target gene expression as well as a
lack of somatic APC alteration, suggesting that selection in culture does not necessarily
underly this subgroup. Therefore, additional Wnt-independent mechanisms, such as
environmental factors or upregulation of other pathways, could also underscore FGP
emergence in FAP patients.

Studies in colorectal cancer cell lines have demonstrated that loss of APC
function leads to chromosomal instability (35). We observed copy number variation in
our targeted genomic analysis and speculate that heterozygous loss of APC may also

confer instability that could sensitize tissue to polyposis in lieu of a second-hit APC
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mutation. Notably, FGP biopsies established organoids at faster rates than non-polyp
biopsies, indicating enhanced progenitor cell function. However, it remains unclear how
upregulated Wnt in the APC heterozygous mutant corpus leads to robust polyp
formation while the antrum is spared, despite having the same underlying germline
mutation.

A recent study from our lab demonstrated that human corpus-derived organoids
generated from patients without underlying disease have a reduced threshold for Wnt to
induce growth compared to patient-matched antral organoids (24). Combined with the
present study, our findings suggest that corpus polyposis in FAP patients may result
from an intrinsic heightened sensitivity for Wnt to drive proliferation in corpus progenitor
cells. That is, the familial, heterozygous APC mutation may prime corpus progenitors to
hyperproliferate, while antral progenitors require further second-hit APC mutations to
induce proliferation, thus underscoring the increased risk of adenoma. This aligns with
the abundance of FGPs (100’s to 1000’s of lesions) in some FAP patients as there
would be no requirement for the rare genomic occurrence of a second hit. This theory
was supported by analysis of an FAP mouse model, where we showed stark differences
in response to Apc mutation in the corpus and antrum. We observed that the murine
stomach displayed a similar regional pattern to human FAP, with heterozygous Apc
mutation (Apc*-) promoting corpus proliferation and homozygous deletion (Apc”)
promoting profound antral hyperplasia while the corpus is spared; thus, demonstrating
that loss-of-heterozygosity is not tolerated in the corpus.

Previous studies in mouse also showed that homozygous deletion of Apc in

differentiated chief cells did not promote corpus hyperplasia (36, 37). Our study
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contextualizes these findings by demonstrating that Apc” cells are either not retained in
the corpus epithelium long term or do not contribute to cellular turnover. Conversely,
Apc*- cells are maintained and contribute to enhanced corpus proliferation. Importantly,
another study of heterozygous Apc mutant mice (Lrig7CreER™2;Apc™*) showed
evidence of hyperplasia and increased proliferation in the corpus and antrum 100+ days
following recombination (38). Overall, the body of available literature in combination with
our results suggest that heterozygous loss of Apc in mice mimicking the FAP condition
promotes a favorable environment for corpus hyperplasia while additional Apc gene
mutation is not tolerated unless combined with additional oncogenic mutations.

Our findings align with a principle of Wnt signaling known as the ‘just-right’
hypothesis which describes a Goldilocks zone of signaling tone to drive excessive
growth in the context of FAP polyposis. Studies exploring this concept have
demonstrated that there are regional differences in Wnt signaling tone throughout the
small intestine and colon that contribute to region-specific Wnt sensitivity and
tumorigenesis (20, 23, 27, 39). We have now expanded this understanding to the
stomach by demonstrating that regional differences in Wnt signaling in the corpus
versus the antrum may contribute to the emergence of polyps.

On the other extreme, the ‘just-right’ hypothesis predicts an upper limit to Wnt
signaling that becomes growth prohibitive (22, 40). An intermediate level of Wnt
signaling therefore best promotes hyperproliferation and tumorigenesis, with the optimal
level differing along the Gl tract (20, 22, 40). Our study confirms these findings in polyp
organoids and demonstrates that increased intrinsic Wnt signaling sensitizes organoids

to additional upregulation of the Wnt pathway. This, again, suggests that somatic APC
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mutation may not be tolerated in vivo as Wnt signaling would be elevated beyond an
upper threshold of tolerability. Furthermore, these principles would underscore the
benign nature of FGPs relative to polyps of the antrum and colon.

In conclusion, our study translates the ‘just-right’ hypothesis of Wnt signaling to
the clinical manifestation of gastric disease caused by pathway dysregulation and
develops two unique conclusions related to FGP emergence and pathogenesis in FAP
patients. First, we demonstrate that Wnt signaling is predominately upregulated in polyp
tissues as well as polyp-derived organoids and therefore confirm that enhanced intrinsic
Whnt signaling is a key characteristic of FGPs. The lack of requirement for a second hit
to APC may explain the abundant nature through which FGPs emerge. Second, we
establish a definitive relationship between intrinsic and extrinsic Wnt signaling in gastric
corpus organoids and demonstrate that additional Wnt signaling in cells with intrinsically
upregulated Wnt tone prohibits growth. The corpus environment may therefore
selectively prohibit high intrinsic Wnt signaling, such as through APC loss-of-
heterozygosity. These thresholds may therefore underscore the benign nature of fundic

gland polyps as well as the regionality of their emergence.

3.5 Materials and Methods

FAP patient biopsy collection and processing
Human gastric tissue biopsies were collected from patients undergoing
endoscopy at Michigan Medicine. Biopsies were placed in 15 mL conical tubes

containing 5 mL of ice-cold DPBS (Gibco, 14190144) with antibiotic-antimycotic (100
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U/mL Pen/Strep + 250 ng/mL Amphotericin B, Gibco, 15240062) for transport to the
research lab.

Biopsies were minced into small fragments (~1mm) and divided for nucleotide
(DNA or RNA) extraction or organoid formation. Fragments set aside for nucleotide
extraction were placed into 1.5 mL Eppendorf tubes and snap-frozen in liquid N2.
Fragments for organoid formation were transferred to 5 mL ice-cold DPBS + antibiotic-
antimycotic for subsequent processing. In some instances, minced biopsies were frozen
for later organoid development by resuspending in DMEM/F12 (Gibco, 12634010) with
10% DMSO and 10% Fetal Bovine Serum (Sigma, F0926) and frozen in cryovials for

long-term storage in liquid N2 (41).

Establishment and culture of human gastric organoids

Organoids were established from either isolated gastric glands or directly from
minced tissue that was embedded in 40 yL Matrigel (Corning, 354234). For the isolated
glands approach, 15 mM EDTA (Invitrogen, 15575038) was added to minced biopsies in
5 mL DPBS + antibiotic-antimycotic in 15 mL conical tubes and rocked at 4°C for 1 hour.
Tissue fragments were transferred to a new tube containing 8 mL of ice-cold DPBS and
gastric glands were released by vortexing at maximum speed for 2 minutes. The
suspended gastric glands were transferred to a new tube, pelleted at 600xg for 5
minutes at 4°C, and resuspended in Matrigel for plating. Alternatively, minced tissue
was directly embedded in Matrigel, with epithelial outgrowths emerging within 2-3 days
of plating (Figure 3.6). Organoid lines were established by passaging at least three

times before analysis.
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Organoids were maintained in WR (WNT, RSPO, Noggin), WR-Free (Noggin), or
CN (CHIR99021, Noggin) media as specified. 100% WR media was generated with
50% L-WRN conditioned media (University of Michigan Translational Tissue Modeling
Laboratory), 10% Fetal Bovine Serum (Sigma, F0926), 37% DMEM/F12 (Gibco,
12634010), 2mM GlutaMAX (Gibco, 35050061), Antibiotic-Antimycotic (100 U/mL
Pen/Strep + 250 ng/mL Amphotericin B, Gibco, 15240062), 10 uM Y-27632 (Tocris,
1254), 10 uM SB431542 (Tocris, 1614), and 50 ug/mL Gentamycin (Gibco, 15750060).
WR-Free media consisted of 20% Fetal Bovine Serum, 77% DMEM/F12, GlutaMAX,
Antibiotic-Antimycotic, Y-27632, SB431532, and Gentamycin in the same
concentrations as above, and was supplemented with 100 nM recombinant Noggin
(R&D, 6057-NG). For WR media formulations, normal (100%) WR and WR-Free media
were mixed at appropriate ratios to obtain the desired final WR concentration. For CN
media, CHIR99021 (CHIR, Tocris, 4423) was added to WR-Free media to obtain the
final concentration as specified. DMSO added through stock solutions of CHIR and
SB431542 was maintained at a final concentration of 0.3% in CN Media.

Organoid cultures were maintained by replenishing with fresh media every two
days and passaging every six days. To passage organoids, media was aspirated and
Matrigel patties containing organoids were overlaid with 500 uL of cold DPBS,
mechanically disrupted through scraping with a P1000 pipet tip and transferred to a 1.5
mL Eppendorf tube. Organoids were pelleted at 250xg for 5 minutes at 4°C,
resuspended in 500 pL of TrypLE Express (Gibco, 12604013), and incubated at 37°C
for 10 minutes. Organoids were vigorously pipetted approximately 40 times with a

P1000 to dissociate into single cells. 700 pL of cold DPBS was added, cells were
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pelleted at 250xg for 5 minutes at 4°C, resuspended in 30-100 yL of DMEM, and cell
concentration was quantified using a hemocytometer. For all experiments, cells were
plated at a density of 300 cells/uL of Matrigel patty. Matrigel patties were given 30-45

minutes to solidify at 37°C, then overlayed with the appropriate warmed media.

DNA Library Preparation

DNA was extracted from FAP patient biopsies using the Qiagen Blood & Tissue
DNA kit (Qiagen #69504), with the following modification: samples were eluted in 100-
200 pL Buffer TE. For DNA extraction from paired non-polyp and polyp organoid
samples, culture media was aspirated from each Matrigel patty (3 wells pooled/sample),
organoids were suspended in DPBS, pelleted at 300xg for 5 min, resuspended in 200
uL DPBS, and DNA extracted.

For preparation of DNA libraries, genomic DNA samples were indexed using the
QlAseq 96-Index | Set A kit (Qiagen #333727) and libraries were constructed for
sequencing using the QIAseq targeted Human Comprehensive Cancer Panel (Qiagen
#333515, catalog #DHS-35012-96). NextGen DNA sequencing was performed using a
HiSeq 4000 (lllumina), with sequencing and analysis conducted in collaboration with the

University of Michigan Advanced Genomics Core.

RNA extraction, gPCR analysis, and mRNA sequencing
RNA was isolated using the Qiagen Mini Kit (Qiagen, 74106) according to the
manufacturer’s instructions. Frozen minced tissue from biopsies was transferred to RLT

Buffer + 1% BME and homogenized, and centrifuged at 14,000xg for 3 minutes to pellet
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particulates. Supernatant was collected, transferred to a new tube, and mixed with an
equal volume of 70% EtOH. For organoid RNA extraction, organoids were dispersed to
single cells using TrypLE, washed, resuspended in RLT Buffer + 1% BME and vortexed
at max speed for 30 seconds before RNA extraction.

cDNA was synthesized from 250ng RNA using the iScript™ cDNA Synthesis Kit
(BioRad, 1708891). gPCR reactions used the iTag™ Universal SYBR Green Supermix
(BioRad, 1725124) and respective primers (Supplementary Table 1). qRT-PCR was
performed with samples in triplicates, and average cycle threshold values were
quantified relative to the reference mRNA ACTB or HPRT using the AACT method to
determine mRNA abundance.

For APC mRNA sequencing, RNA was extracted from organoids, cDNA was
synthesized, and gPCR reactions were performed using primers encompassing the
APC mutation site (Supplementary Table 2). PCR products were purified using the
QlAquick PCR Purification Kit according to the manufacturer’s instructions, sent to
Eurofins Genomics (Louisville, KY) for sequencing, and sequences were analyzed using

SnapGene (San Diego, CA) software.

Co-culture and conditioned media experiments

Polyp organoids from lines H72, H73, and H87, as well as non-polyp organoids
from H87, were dispersed to single cells. For co-culture experiments, single cells from
polyp and non-polyp organoids were plated in independent 10 uL patties of Matrigel at a
density of 3,000 cells/patty within the same well of a 24-well plate, taking care to ensure

patties did not touch. For conditioned media experiments, the three high Wnt organoid
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lines were each plated in independent 10 uL patties of Matrigel at a density of 3,000
cells/patty within the same well of a 24-well plate. Cells were overlayed with WR-Free
media. On day 4, media from High Wnt polyp organoids was transferred to patties
containing freshly passaged single cells from non-polyp organoids. WR-Free media was

replenished, and this was repeated every two days for a total of six days.

Human organoid growth experiments

For Wnt titration experiments, organoids were dispersed to single cells, plated
into triplicate wells of a 24-well plate in 40 pL patties of Matrigel at a density of 12,000
cells/well, and overlayed with the appropriate media. On day 6, triplicate wells of each
media condition were consolidated, organoids were dispersed to single cells, and cells
were resuspended at the same split ratio across all conditions. The concentration of
cells in 100% WR was calculated, and cells from each condition were plated at the split
ratio calculated to reach 12,000 cells/well in 40 yL Matrigel patties for the 100% WR
condition. For measurement of growth, media was aspirated, and patties were
overlayed with a room temperature 50:50 mixture of DMEM (200 pL) and Cell-Titer-Glo
3D (200 pL) (Promega, G9681). Plates were incubated for 30 minutes at room
temperature in the dark, the Matrigel patty was broken down by rapid pipetting, and the
total contents of each well were transferred to individual wells of a white, opaque 96-
well plate. Luminescence was measured using a plate reader with an integration time of
500ms.

For CHIR growth experiments, organoids were dispersed to single cells and

plated into a 96-well round-bottom plate in 5 yL patties of Matrigel at a density of 1,500
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cells/well. For measurement of growth, media was aspirated and 150 pL of a room
temperature 50:50 mixture of DMEM (75 pL) and CellTiter-Glo 3D (75 pL) (Promega,
G9681) was added to each well. Plates were incubated for 30 minutes at room
temperature in the dark, the Matrigel patty was broken down by rapid pipetting, and the
total contents of each well were transferred to individual wells of a white, opaque 96-
well plate. Luminescence was measured using a plate reader with an integration time of

500ms.

Mouse Experiments

Adult mice of both sexes 2-3 months old were housed under specific pathogen-
free conditions. Sox2-CreERT? (Jackson Labs #017593) (42) and Apc580" (Apc) (43)
mice have been previously described. Apc” mice contain a floxed exon 14, which upon
Cre-mediated deletion encodes an APC protein truncated at codon 580. Apc mice were
on a 129/SvJae background and Sox2-CreER'2? mice were on a mixed C57BL/6 x
129/SvJae background. Sox2-CreER'? and Apc” mice were bred to generate the
following genotypes: Sox2CreER'2; Apc™* (heterozygous), Sox2CreER'2; Apc
(homozygous), and control (Apc™*and Apc).

To induce Cre-mediated recombination of the floxed Apc allele, mice were
treated with 100 mg/kg tamoxifen (TX) via intraperitoneal injection once daily for 5 days.
For analysis of Apc recombination, full thickness tissue was homogenized, and DNA
was isolated using the DNeasy Blood & Tissue Kit (Qiagen, 69504) per the
manufacturer’s instructions. Recombination was analyzed via PCR amplification using

the following primers (43): P3: 5-GTT CTG TAT CAT GGAAAG ATA GGT GGT C-3’, P4:

163



5-CAC TCAAAACGC TTT TGAGGG TTG ATT C-3', P5: 5-GAG TAC GGG GTC TCT
GTC TCA GTG AA-3'. P3 and P4 generate a 314 bp product encompassing the
unrecombined loxP site, while P3 and P5 generate a 258 bp product encompassing the
recombined region.

For analysis of proliferation, mice were injected with 5-ethynyl-2’-deoxyuridine
(EdU, 25 mg/kg, Invitrogen, A10044) two hours prior to tissue collection. For
morphometric quantification of EdU incorporation, the entire length of the corpus and
antrum for each animal was imaged (n = 3—9 animals per group) and blinded cell counts
were normalized to epithelial length (um) using ImageJ software (National Institutes of

Health, Bethesda, MD).

Analysis of murine gastric organoids

Mouse gastric organoids were established from corpus and antrum tissue
collected from Sox2-CreER'? (control), Sox2-CreER'?; Apc™*(heterozygous), and Sox2-
CreERT2; Apc™ (homozygous) mice 48 hours post final TX injection. Gastric tissue was
washed in ice-cold DPBS and minced into 2-3 mm fragments. Tissue fragments were
transferred to DPBS containing 8 mM EDTA and rocked at 4 °C for 1 hour. To isolate
glands, tissue fragments were transferred to a fresh DPBS solution containing 10 mM
EDTA (Invitrogen, 15575038) and rocked at 4 °C for 2 hours. During the last 10 minutes
of incubation, samples were placed on ice to allow glands to settle, and the EDTA-
DPBS solution was replaced with DPBS and gently mixed 3-5 times using an FBS-
coated p1000 tip with the opening enlarged to prevent breaking or sticking of isolated

glands. Once the mixture was cloudy, glands were transferred to a 1.5 mL Eppendorf
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tube and centrifuged at 150xg for 10 minutes at 4°C. After aspirating the supernatant,
glands were resuspended in 40 pL Matrigel (Corning, 354234) and plated. Murine
gastric organoids were maintained in culture using the same procedures outlined for
human organoid growth, but without TGF- inhibitor SB431542.

For size measurement, mouse organoids were imaged at day 4 of culture using
an Olympus Stereomicroscope at 1.7X magnification. The area of growth was
calculated from digital images using the Orgaquant software (44). Three technical
replicates were used for each group and were pooled for analysis, with >170 organoids

measured from each condition.

Statistics

GraphPad Prism (version 9.0, Software, San Diego, CA) was used for statistical
analysis. Student’s ¢ test was used to compare two groups. For comparison of 3 or more
groups, a One-Way Analysis of Variance (ANOVA) was used followed by a Turkey post-

hoc test. *p<0.05, **p<0.005, and ***p<0.001 were used to denote significance.

Study Approval

Collection of human tissue was conducted under Institutional Review Board-approved
protocol (HUM00102771) at the University of Michigan. Written informed consent was
provided by individual patients prior to collection of biopsies. Mouse studies were
conducted under University of Michigan Institutional Animal Care & Use Committee

(IACUC) approved protocols (PRO00010803).
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Table 3.1: FAP Patient Biobank

Organoids
Patient Familial APC Mutation Age** | Sex Ethnicity P 5
H61 Deletion Promotor 1B 70 F White, Non-Hispanic 1 1
H62 C.426 427delAT, p.L143AfsX4 50 F White, Non-Hispanic 1 1
H66 exon 15 ¢.3668C>T, p.Q1230X 40 F White, Non-Hispanic
H69 c.1417C>T, p.Q473X 40 F White, Non-Hispanic
H71 €.3439dupT; p.Tyr1147LeufsX3 60 F White, Non-Hispanic 1 1
3 H72 c.5826 _5829delCAGA; p.D1942EfsX27 50 M White, Non-Hispanic 1 1
lé H73 c.5826_5829delCAGA; p.D1942EfsX27 20 M White, Non-Hispanic 1 1
g, H75 c.3183_3187delACAAA,; p.Lys1061_GIn1062insTer 50 M African American 1 1
o | H76 Possibly: ¢.3921_3925delAAAAG; p.Glu1309fs 70 F White, Non-Hispanic 1 1
< | H77 c.3260 _3261delTC; p.L1087QfsX31 30 F White, Non-Hispanic
& [ H78 C.3472A>T; p.R1158X 70 M | White, Non-Hispanic
2 | H80 €.694C>T; p.R232X 40 F White, Non-Hispanic
g H81 ¢.3183_3187delACAAA; p.GIn1062X 30 F White, Non-Hispanic
8 H82 No germline mutations 50 F White, Non-Hispanic 1 1
H84 €.426_427delAT; p.Leu143fs 50 F White, Non-Hispanic
H85 c.1458T>G; p.Tyr486Ter 50 F White, Non-Hispanic
H87 c.4782_4785delAGCC; p.Ala1595Argfs 30 F White, Non-Hispanic 1 1
H89 c.3183_3187delACAAA; p.Q1062X 50 M White, Non-Hispanic
H92 deletion of exons 11-13 30 F White, Non-Hispanic
H93 Same as H73* 20 M White, Non-Hispanic
H98 | c.4046delA; p.His1439ProfsX66 4 | F Unknown 3 |3
H99 c.118_119insSVA (SVA retrotransposon) 50 F White, Non-Hispanic 3
H100 Unknown 70 M White, unknown
H101 | c.1866C>G;p.Tyr622X 50 F | Korean, Non-Hispanic | 2 2
§ H102 c.426_427delAT, p.L143AfsX4 70 M White, Non-Hispanic 3 6
% H103 Deletion Exons 3-4 20 F White, Non-Hispanic 2 2
2| H104 c.4782_4785delAGCC; p.Ala1595Argfs 50 F White, Non-Hispanic 2 2
2 H105 €.3927_3931delAAAGA; p.Glu1309AspfsX4 30 M White, Non-Hispanic 3 3
s | H106 No germline mutations 50 F White, Non-Hispanic 3 3
S | H107 c.4705_4706delGA 70 F White, Non-Hispanic 1 1
= | H108 | Same as H102* 70 M | White, Non-Hispanic | 1 2
; H110 Unknown 70 F White, Non-Hispanic 3 2
2 H111 c.3472A>T; p.R1158X 40 F White, Non-Hispanic 2 3
H112 €.426_427delAT, p.L143AfsX4 31 F White, Non-Hispanic 3
H113 c.426_427delAT, p.L143AfsX4 60 F White, Non-Hispanic
H114 Unknown 30 M White, Non-Hispanic 2 3
H115 Same as H104* 50 F White, Non-Hispanic 3

* Repeat sample collection from indicated patient

** Age listed to nearest decade
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Table 3.2: Qiagen Comprehensive Cancer Panel sequencing results

Patient | Tissue Sequenced | Somatic APC Mutation | APC CNV Total CNVs
H61 Organoids - - 2
H62 Organoids - - 3
H66 Biopsy - - 58
H69 Biopsy - Deletion 23
H71 Organoids - - 0
H72 Organoids - - 25
H73 Organoids - - 0
H75 Organoids - Deletion 36
H76 Organoids - - 8
H77 Biopsy - Duplication 47
H78 Biopsy - - 1
H80 Biopsy - Deletion 3
H81 Biopsy - - 1
H82 Organoids - - 1
H84 Biopsy - - 1
H85 Biopsy €.263delG; p.Ser89fs Duplication 160
H87 Organoids - - 0
H89 Biopsy - Deletion 16
H92 Biopsy - - 0
H93 Biopsy - - 3

-: not detected
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Table 3.3: Oligonucleotide primer sequences used for gRT-PCR gene expression

analysis.

Gene Amplicon | Forward Primer (5’ - 3’) Reverse Primer (5’ — 3’)
size (bp)

HPRT 131 CCTGGCGTCGTGATTAGTGAT AGACGTTCAGTCCTGTCCATAA
AQP5 139 TACGGTGTGGCACCGCTCAATG AGTCAGTGGAGGCGAAGATGCA
ATP4A 265 ACAGATTGGTCAACGAGCCC TGGCACACCTCAATGCTGAT
AXIN2 103 CTGGTGCAAAGACATAGCCA AGTGTGAGGTCCACGGAAAC
CD44 151 CCAGAAGGAACAGTGGTTTGGC ACTGTCCTCTGGGCTTGGTGTT
CD45 126 ACCACAAGTTTACTAACGCAAGT TTTGAGGGGGATTCCAGGTAAT
CDKN1C 138 AGATCAGCGCCTGAGAAGTCGT TCGGGGCTCTTTGGGCTCTAAA
CHIA 143 AAGGCTACACTGGAGAGAACAG GGTAGGGAATCCAACGATGAGC
IL-1B 159 ATTTCTTGCTATTGACCGATGC CCCAAGGAGACCACAGTTAGAG
IL-8 256 CTGAGCCCTGAACACCAGAG CCTCTTTGGCCTCTTCCCAG
GIF 150 TGCCCCAGGTCACTTGTAGT TGGTCTCGTTGAAGAGCAGC
LGR5 159 CCTATCGTCCAACCTCCTGTCG GCACAGCACTGGTAAGCATAAGG
LIPF 127 TGACCTTCCAGCCACAATCGAC TTTAGCCAGGCTGGGATTGGTG
MUC5AC 103 GGAACTGTGGGGACAGCTCTT GTCACATTCCTCAGCGAGGTC
MUC6 122 GGACTGTGAGTGTCTGTGCGAT GCGTGTTGTAGAAGCCGCAGTA
PGC 128 ACCTACTCCACCAATGGGCAG TCACTCAAGCCGAACTCCTGGT
SP5 147 CTCGCTGCAGGCCTTTCT TAGGGCACCTGCAGGAAGT
SOX9 116 TGCAGGAGGAGAAGAGAAGG GTGGCCAGTTCACAGCTGC
TFF1 179 CCCAGTGTGCAAATAAGGGC GCTCTGGGACTAATCACCGT
TFF2 228 GACAATGGATGCTGTTTCG GTAATGGCAGTCTTCCACAGA
TNFRSF19 | 114 CAGGCATCTGAAAACTCGCCAC GGTGCATTCTGCAGCCAGTCTT
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Table 3.4: Oligonucleotide sequences for APC mRNA amplification

APC Mutation Site

Patients

Amplicon size (bp)

Sequence (5' - 3’)

D1942

H72, H73

279

F: AACCTCCAACCAACAATCAGC

R: GGGGGCTCAGTCTCTTTGATAG

A1585

H87

295

F: TGAAAACCAAGAGAAAGAGGCAG

R: AACACAATACACCCGTGGCA
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3.8 Appendix
Mutational Landscape of Sequenced Polyps

H61

[Copy Number Variations

Chr R e [Fationt  Tissue/orgs | Ciiical utation _[rvpe Frasent? _[CNV_APC _Somatic  Vallazahep TyrdgeTer ]
2LRP1B.L Duplication |He1 Organoids | Del 18 Promotor | Yes |
13 BRCA2 Duplication
Additional Rare APC Germline Mutations ]
[None [ |
Somatic Mutations
wA e
sFaB1 "35.54%  2:198260895 T A Missense  NM_012433.2 NM_012433.2:c.3424A5T NP_036565.2:p.Asn1142Tyr
FANCD2 50% 310081677 A - Other NM_033084.3 NM_033084.3:¢.695+148delA
2020% 2139775625 G A Missense  NM_001136154.1 NM_001136154.1:c.416C>T NP_001129626.1:p.Thr139Met
Loss of
A e
(GENL 71.03%  'B420% 247050421 AC - Other NM_182625.3  NM_182625.3:c.1264+91 1264+92delAC
MSH2 681% 247709704 T c Other NM_000251.2  NM_0002512:c.2635-214T>C
MSHe S397%  7907% 24808479 G T Other NM_000179.2  NM_000179.2:c.457+217G>T
ATR 2962%  17.27% 3142250707 A - Other NM_0011843  NM_001184.3:c.3581+39delT
BCLs 2245% 0% 3187440506 C A Other NM_0017064  NM_001706.4:c.1978-11765T
TERT 56.52%  90.91% 51282319 C A Other NM_198253.2 NM_198253.2:c.1769+225G>T
aK2 51.00%  76% 95055015 € T Other NM_004972.3 NM_004972.3:c.936+131C>T
GNAQ 2.86%  '88.89% 9:80409138 C G Other NM_002072.3 NM_002072.3:¢.735+241G>C.
Germline Mutation VA Location
[Aec Missense _ Tolerated | o6 M901%  |simiere T A
[Total Germline Mutations E
i 25 Tolerated Mutations 59)
[Copy Number Variations
Chr VsA vsC [Patient Tissue/Orgs | Clinical Mutation _[Type Present? |CNV-APC__Somatic __ Vall822Asp _TyrdB6Ter |
21RP1B.1/2 | Deletion |He2 Organoids _|c.426_427delAT, p.L Yes | |
257381 Deletion
13 BRCA2 Deletion [ APC Germline Mutations |
[None [ I ]
Somatic Mutations
A e
MITF "38.46% 3:69986098 C T Other NM_000248.3 NM_000248.3:c.33+192C>T
KkMT2C "60% 7:151084708 T - Other NM_170606.2 NM_170606.2:c.2532+279delA
PAK3 "26.99% X:110366605 G A Other NM_001128168.1 NM_001128168.1:c.175+99G>A
Loss of Heterozygosity
wA we
IACVR1B  74.15% '83.19% 12:52345498 GCG - Other NM_020328.3 NM_020328.3:c.-30_-28delGCG
coKa 2286% 0% 12:58145508 C A Other NM_000075.3 NM_000075.3:¢.-19-79G>T
BRCAL  5assx  75.47% 17:41251646 T A Other NM_007294.3  NM_007294.3:c.547+146A5T
kmt2s  27.79% 0% 19:36215884 C T Other NM_014727.1  NM_014727.1:¢.3430-6C5T
|ARAF o7.65%  '89.13% X47430615 T G Other NM_001256196.1 NM_001256196.1:c.1696-107T>G
ARAF 56.76%  BL25% X47430617 T G Other NM_001256196.1 NM_001256196.1:c.1696-105T>G
Germline Mutation I VsA [ vsC Location
[apc LoF Damaging | 4657%  48.25% | [s:112111320 AT -
[Total Germiine Mutations o7

Mutati
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H66

Copy Number Variations

Chr vsA vs C [atient Tissue/Orgs | Clinical Mutation __|Type Present? [CNV-APC _Somatic __Val1822Asp Tyr486Ter |
1 MTOR+ANGH Deletion  Deletion [Hes Tissue __|exon 15 ¢.3668CT, p.Q12[stop Yes [ Yes Yes |
1NOTCH2 | Duplication Duplication
1 DDR2 Duplication [ ‘Additional Rare APC Germline Mutations |
2 XPO1 Deletion  Deletion | missense_va c.5009C>T; p.Ala1670Val | |
2 5381 Deletion  Deletion
2 IRP1B.1/2 | Duplication Duplication
2€RBB42 | Duplication
2€RBBA.1 | Duplication Somatic Mutations
3 FANCD2/VHI| Deletion  Deletion VA 5C
3 SETD2 Deletion  Deletion XpPO1 "21.67% 158% 261713321 T - Other NM_003400.3  NM_003400.3:c.2314-224delA
3 cBLB Duplication MLH1 "37.5% 3:37067097 ATA - Other NM_000249.3  NM_000249.3:c.1039-31_1039-29delATA
3 EPHA3 Duplication Duplication FGFR1 20.83% 37.5% 8:38208004 TT - Other NM_001174067.1 NM_001174067.1:c.191-10629_191-10628delAA
4 PRKDC 29.41% 8:48808624 A - Other NM_006904.6  NM_006904.6:c.1279-164delT
a Duplication 1AK2 "69.23% 9:5080892 C T Other NM_004972.3 NM_004972.3:c.2434+209C>T
5 Deletion CD79A 20% 19:42383918 G T Other NM_001783.3 NM_001783.3:c.498+195G>T
6 Duplication MAPKL "42.86% 22:22142389A < Other NM_002745.4 NM_002745.4:.856+157delT
7 p Duplication BCR 22:23614057T - Other NM_004327.3  NM_004327.3:c.1921+278delT
7 MET Duplication  Duplication
7 EGFR Duplication  Duplication
7 HGF Duplication  Duplication
7 KMT2C+XRC( Duplication  Duplication Loss of
7 Ez2 Duplication ~ Duplication A ve
7 IKzF1 Duplication  Duplication CSF3R 66.67%  1:36935128 G A Other NM_156039.3  NM_156039.3:c.1474+125CT
7 INHBA Duplication PDGFRB "35.29%  5:149501803C T Other NM_002609.3
7 BRAF Duplication IKzF1 "68.97% 7:50455346 C T Other NM_006060.4 :
9 NOTCH1 Deletion  Deletion 1DH2 "35.71% 15:90632237 C G Other NM_002168.2  NM_002168.2:c.374-2586>C
o NTRK2 Duplication
11 KMT2A Deletion
12 ERBB3 Deletion
12 KMT2D.2 | Deletion
12 POLE Deletion
13 FLT3 Deletion
14 HSPo0AAL | Deletion  Deletion
15 BLM Deletion  Deletion Germline Mutation A wsC Location
15 NTRK3 Duplication [apc LoF Damaging "50.43%  50.79% ’52.43%  50.79% T G
16 CTCF Deletion apc LoF Damaging ’50.60% __'50.96% [47.5% "50.96% c T
16 FANCA Deletion  Deletion ApC Missense  Tolerated 50.23%  51.07% 3 T
16 PALB2 Deletion  Deletion apc Missense _ Tolerated "100% "100% T A
16 COHL Deletion  Deletion
16 TsC2 Deletion
16 CREBBP Deletion
17 NF1/EVI2A | Duplication Duplication
17 RNF43 Duplication ~ Duplication
17 BRIP1 Duplication ~ Duplication
17 MAP2K4 | Duplication
17 AXINZ Duplication
19 KEAPL Deletion
19 cBLC
19 DNM2 Deletion
19 TcF3 Deletion
19 DOTIL Deletion
19 JAK3 Deletion
19 NOTCH3 Deletion
19 SMARCAS Deletion
22 EP300 Deletion
22 BCR Deletion
X AR Duplication
X PAKS Duplication
Total Garmline Mutations
Damaging Mutations 31 Tolerated Mutations 67,
[Copy Number Variations
Chr vsA vsC [Patient Tissue/Orgs | Clinical Mutation _|Type Present? |CNV-APC |Somatic __ Val1822Asp _Tyrd86Ter |
257381 Deletion  Deletion =) Tissue __|c14170T, Q473X [stop Yes [Deletion [ Yes, two copicYes ]
2AK Duplication
2xPO1 Del [ APC Germline Mutations |
2 LRP1BA Deletion [Nome T T ]
3 ATRX Deletion
5 APC Deletion
5FLTA Duplication
8 PRKDC Deletion
9 NOTCH1 Duplication A ve
10 SMC3 Deletion |ARID1B 26.67% 6157150706 T - Other NM_0207323  NM_020732.3:c.1737+151delT
11 CHEK1, Deletion FGFRL 33.33% 33.33%  samesoss TT - Other NM _001174067.1 NM_001174067.1:¢.191-10629_191-10628celAA
11ATM Deletion PRKDC "a0% 848869537 C - Other NM_006904.6  NM_006904.6:c.324+194delG
12 POLE Duplication PRKDC "50% 848869538 CAA - Other NM_006904.6 NM_006904.6:c.324+191_324+193delTTG
13 BRCA2 Deletion coH1 %62.5% 16:68863862 C - her NM_004360.3  NM_004360.3:c.2439+162delC
13 FLT3 Deletion MAP2KA 27.27% 17:11999213 - T6T6 Other NM_001281435.1 NM_001281435.1:c.546+201_546+202insTGTG
14 AKTL Duplication INOTCH3 0% 19:15273584 T G Other NM_000435.2  NM_000435.2:c.5816-211A5C
16GRIN2A | Duplication ERG 27.27% 2139870560 T - Other NM _001136154.1 NM _001136154.1:c.40-53016delA
16TsC2 Duplication cRLF2 2667%  x1327866 A - Other NM 0221482 NM 022148.2:c.182+233delT
16 FANCA Duplication AR 23.91% _ x66766357 - GGC Missense _NM 000044.3 _NM _000044.3:c.1368 1369insGGC NP_000035.2:p.Gly473 Glu474insGly
19 1AK3 Deletion
19 DOTIL Duplication Loss of
20 GNAS Duplication A vie
X ATRX Deletion FAMA6C 58.82%  7.69% 1:118166900 AT = Other NM_017709.3  NM_017709.3:c.*234_*235delAT
FAMAGC 62.5% "10% 11118166902 G T Other NM_017709.3  NM_017709.3:c.*236G>T
FAMA( %25%  1L11% 1118166505 CT - Other NM_017709.3  NM_017709.3:.*239_*240delCT
RAC1 W7.06%  11.11% 7:6414585 C T Other NM_018890.3 NM_018890.3:¢.35+144C>T
Intergenic 728.41% 11.25% 7:50048182 T = Other
ee0 3680%  7692% 1185979270 T G Other NM_003797.3  NM_003797.3:.861-228T>G
BIRC3 20.20%  2.7% 11:102207319A E Other NM_001165.4  NM_001165.4:c.1580-172delA
KRAS a40%  '8571%  3636%  85.71% 1225362552 A c Other NM_033360.2  NM_033360.2:c.*298T>G
BRCAL 50% 1054% 1741210858 T - Other NM_007294.3  NM_007294.3:c.4987-142delA
mEp12  So.02%  785% 66.67% _78.5% X70352516 A [ Other NM_005120.2 __NM_005120.2:c.4415+128A56
Germline Mutation VA vsC I Location
[apC LoF Damaging 52.45% 4877%  4821% 5112162813 3 T
AP Lof Damaging 58.85% 58.84% 6125 51112162854 T 3
[apc Missense _Tolerated "100% '90.08% __'99.69% 5112176756 T A
Total Germline Mutations 106
27 Tolerated Mutations 79
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H71

[Copy Number Variations

Chr VsA vsC [Patient Tissue/Orgs | Clinical Mutation __[Type Present? |CNV-APC__ Somatic __Val1822Asp Tyrd86Ter
None [ Organoids |<3439dupT,; p.TyrL147Lel frameshic Ves, two copieYes
[ ‘Additional Rare APC Germline Mutations
[None I
Somatic Mutations
wA we
seTD2 " 3:47088350 T - Other NM_014159.6 NM_014159.6:¢.6964-239delA
GATAS 3333% 108106274 C - Other
BCR 21.05% 3634615 T - Other NM_004327.3 NM_004327.3:¢.2783-113delT
MED12 2642%  x70353187 T - Other NM_0051202  NM_005120.2:c.4617+125delT
Loss of Heterozygosity
wA we
(GEN1. 2174% 0% 217959526 - 6 Other NM_1826253  NM_182625.3:c.1264+195_1264+196InsCG
LRP18 "20% ’83.33% 214181234 C T Other NM_018557.2  NM_018557.2:c.1552+251G>A
PDGFRA 2239%  '0.18% 455155218 G A Other NM_006206.4 .
PIK3R1 "25% 11% 567589576 - A LoF NM_1815232  NM_181523.2:c.1338_1339insA
Germline Mutation vsA vsC. | Location
APC LoF Damaging 5358%  S081% 5112162854 T G
Apc LoF Damaging 50.28% _ '47.68% 5112174729 -
APC Missense _Tolerated "99.83% __100% 5112176756 T A
Total Germline Mutations 9
i i 29 Tolerated Mutations 62
(Copy Number Variations
chr vsA vsC [Patient Tissue/Orgs | Clinical Mutation __[Type. Present? [CNV-APC__Somatic __ Vall822Asp _Tyrdg6Ter |
1 FUBPL Duplication [H72 Organoids _|c.5826_5829delCAGA; p.D{frameshift _ Yes | Yes |
2 DNMT3A Deletion
2LRP1B.1/2 Duplication [ ‘Additional Rare APC Germline Mutations ]
2 MsHs Duplication [5_prime_UTR NM_001127dintron_varian'NM_000038]] | varian'NM_000038]3 prime_UTR NM_000038.5:c.*86C>A
2pMs1 Duplication
38APL Deletion
3cBLB Duplication
4 FGFR3 Deletion Somatic Mutations
5 CSFIR+PDGFRB Deletion A v
7 HGF Duplication ARIDIA 25% 127087178 A - Other NM_006015.4  NM_006015.4:c.1921-169delA
9 NOTCH1 Deletion BLM 2258% 1501205011 T - Other NM_000057.2  NM_000057.2:c.959+235delT
9 JAK2 Duplication ZRSR2 "25% X:15822073 A - Other NM_005089.3 NM_005089.3:c.312+154delA
11 ATM Duplication
12 KMT20.1/2 Deletion
12 POLE Deletion
13 BRCAZ Duplication
16 TsC2 Deletion
19 DOTIL Deletion
19 JAK3 Deletion
19 POLD1 Deletion
19 SMARCAY Deletion Loss of
19.cic Deletion A e
19 NOTCH3 Deletion ATR 2807% 8BS 31142279407 T - Other NM_0011843  NM_001184.3:c.1350-111delA
20 PLCG1. Deletion SD1 2043%  1622% 5176636530 A - Other NM_022455.4  NM_022455.4:c.1237-107delA
X ATRX Duplication cARD11 2132%  0.a5% 72068200 G A Other NM_0324154  NM_032415.4:c.1692C>T NP_1157913:p.=
KAT6A 25% "100% 8:41906694 A T Other NM_0067663  NM_006766.3:c.-199T>A
GNAS 283% 0% 2057420286 C T Missense  NM_080425.2  NM_080425.2:c. NP_536350.2:p.
CRLF2 38.24%  '82.61% 1321079 G c Other NM_022148.2 NM_022148.2:.483+193C>G.
[ Germline Mutation | vsA vsC | Location |
[apc LoF Damaging | 46.52% _'48.25% |5:112177113 CAGA - |
[avoc Missense Tolerated Graiw  Asas% |saine T A |

[Total Germline Mutations

66|

177




H73

[Patient Tissue/orgs | Tryee

Clinical Mutation Present? |CNV-APC_ Somatic __ Val1822Asp Tyrd86Ter |
None [H73 Organoids _|c.5826_5829deICAGA; p.D|frameshift _Yes Yes |
[ Additional Rare APC Germline Mutations ]
[5_prime_UTR NM_001127¢intron_varian' NM_000038]3_prime_UTR NM_000038.5:c.*86C>A |
Somatic Mutations.
A sC
SETD2 3077% 347088350 T 5 Other NM_0141596  NM_014159.6:c.6964-239delA
CSFIR 2005%  5:149457462 A c Other NM_0052113  NM_0052113:c.729+213T>6
smcs 23.44% 10:112358165T - Other
KMT2A "3333% 11118372186 - Other
BRIP1 "29.41% 17:59926838 - T Other
EP300 23.81% 22:41548520 T - Other NM_001429.3 NM_001429.3:c.3142+166delT
Intergenic 50% X:1331700 - ACAC Other
R "33.33% 3333%  x39930431 TGG - Other NM_001123385.1 NM_001123385.1:¢.3052-21_3052-19eICCA
Loss of
A we
csFIR - s833%  '100% 5149439044 C T Other NM_0052113  NM_005211.3:c2132+219G>A
NPML 57.69%  '16% 5:170837734 T - Other NM_002520.6 NM_002520.6:c.*165delT
IGFIR 23.48%  7727%  15:90a78a51 C G Other NM_0008753  NM_000875.3:c3187-94C>G
NFL B133%  1351%  17:29563076 T - Other NM_0010424922  NM_001042492.2:¢.3974+37delT
[ Germline Mutation | vsA vsC [ Location
[apc LoF Damaging | 748.64% '47.22% 45.88% _ '47.22% __|5:112177113 CAGA -
[Total Germiine Mutations
i 23 Tolerated Mutations 79
[Copy Number Variations
Chr VsA vsC [Patient Tissue/Orgs | Clinical Mutation | Type Present? |CNV-APC |Somatic _ Val1822Asp _TyrdgeTer |
1 SH2D2A/INSH Duplication [n75. Organoids _|c.3183_3187delACAAA; p.|stop Yes [Deletion | Yes |
1CDC73+B3GA  Deletion
1EX01 Deletion  Deletion [ ‘Additional Rare APC Germline Mutations |
21RP1B.1/2 | Deletion  Deletion [None T [ T |
257381 Deletion
2 ERBBA Deletion  Deletion
3cai8 Deletion
3ATR Deletion Somatic Mutations
3 PIK3CA Deletion VA e
4TET2 Deletion  Deletion FAMA6C "21.05% - Other NM_0177093  NM_017709.3:c.*121delT
4 FGFR3 Duplication FBXW7 33.33% - Other NM_0336323  NM_033632.3:¢.1419-104delA
4 EPHAS Deletion (CARD11 29.86% 29.86% T Other NM_032415.4  NM_032415.4:c.864+26G>A
PC Deletion PTCHL 33.33% 33.33% c Other NM_000264.3 NM_000264.3:¢.2251-137A>G
5 CSFIR+PDGF| Duplication ZNF276,FANCA "25% c Other NM_000135.2,NM_{NM_000135.2:¢.*133A>G,NM_001113525.1:c.*222T>C
5 FLT4 Duplication "35.09% "35.00% A LoF. NM_001042492.2  NM_001042492.2:.3975-1G>A
5 ROS1 Deletion NF1 "36.68% "36.68% T Missense  NM_001042492.2 NM_001042492.2:c.4328C>T NP_001035957.1:p.Ser1443Leu
7 KMT2C+XRC( Deletion STAT3 28.57% - Other NM_1392762  NM_139276.2:c.2145-59_2145-57delTTT
7 HGF Deletion BRCAL 33.33% - Other NM_0072943  NM_007294.3:c.670+242delT
9NOTCHL | Duplication Duplication [smARcB1 23.33% Other NM_0030733 __ NM_003073.3:c.362+90A>C
11 ATM Deletion
12 ARID2 Deletion Loss of Heterozygosity
12 KMT20.1/2 | Duplication A e
13 BRCA2 Deletion DNMT3A  60% n333%  63.16%  13.33% 225097685 - c Other NM_022552.4 NM_022552.4:.639+125_639+126insG
14 AKT1 Duplication FANCD2,FANCD20S n778% 0 3:10143061 C T Other NM_001018115.1,N NM_001018115.1:c.*115C>T,NM_173472.1:c.*4342821G>A
16 TSC2 Duplication PIK3R1 "21.43% 0% 67500848 T A Other NM_181523.2 NM_181523.2:¢.1569-128T>A
CYKD Deletion FLT4 3333%  '88.89% 5:180058011 A G Other NM_182925.4 NM_182925.4:¢.156-212T>C
17 NF1/EVI12A | Deletion NFL "60% 7.69% c A Other NM_001042492.2  NM_001042492.2:C.289-225C>A
17 BRCAL Duplication
19 SMARCAS | Duplication
19 NOTCH3 | D
19 DOTIL Duplication
19 Cic Duplication
X STAG2
X KDM6A [ Germline Mutation | vsA [ vsC [ Location
X MED12 P [apc LoF Damaging 7.98%53.32% _ 4534% | 538%5072% _ '4534% _|s1zizaaz AARAC -
X ATRX Deletion [apc Missense _ Tolerated | 5131% %7.68% | "52.22% %7.68% _|5:112176756 T A
[Total Germline Mutations 150
Damaging Mutations 43 Tolerated Mutations %2
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[Copy Number Variations

Chr VsA vsC [Patient Tissue/Orgs | linical Mutation __[Type Present? |CNV-APC__ Somatic __ Val1822Asp _Tyrd86Ter
5 RADSO Duplication [H76. Organoids _|Possibly: c.3921_3925delA|frameshift__Yes | Yes, two copit Yes, two copies |
7 MET Duplication
8 PRKDC Duplication [ ‘Additional Rare APC Germline Mutations
9 NOTCHL Deletion [5_prime_uth NM_001127dintron_varian'NM, Tintron_varian' NM_000038]
Duplication
13 RBI+LPARG Duplication
Deletion
X BCORLL Deletion Somatic Mutations.
A ve
FGFRA 3333% 576523877 TCC - Other NM_0020113  NM_002011.3:c.2153+135_2153+137delTCC
sTK11 20% 19:1206807 C - Other NM_000455.4  NM_000455.4:c.-106delC
Loss of Heterozygosity
A ve
ARID1A 27.49%  0.18% T LoF NM_0060154  NM_006015.4:c.4003C>T NP_006006.3:p.Arg1335Ter
TNFAIP3. B8a2%  0.65% c Other NM_006290.3  NM_006290.3:.486+10T>C
NOTCH1 5862%  18.52% T Other NM_0176173  NM_017617.3:.2740+210G>A
ATM 27.78% AC Other NM_000051.3 NM_000051.3:¢.8786+190_8786+191insAC
POLE W3.48% 5% T Other NM_006231.2 NM_006231.2:c.63-223G>A
BLM Usas%  476% - Other NM_000057.2  NM_000057.2:c.3020-219delA
INOTCH3 W11%  76.19% 19:15278374 - 76 Other NM_000435.2 NM_000435.2:c.5200-155_5200-152dupCAAA
AURKA 3077% 0 20:54959533 G A Other NM_003600.2 NM_003600.2:¢.320-153C>T
Germline Mutation VA vsC Location
APC LoF Damaging 992%  988%%  |s:112162854 T G
ApC LoF Damaging "aa.49% __"44.93% 1121 ARAAG -
APC Missense_Tolerated 100% %9.75% 1112176756 T A
Total Germline Mutations %
|amaging Mutations 25 Tolerated Mutations 62
Copy Number Variations
Chr sA vs C [Patient Tissue/Orgs | Clinical Mutation __|Type Present? |CNV-APC_|Somatic __ Val1822Asp__ Tyrd86Ter |
1 MTOR+ANGR Deletion | Deletion |H77 Tissue |c.3260_3261delTC; p.L108 Yes |Duplication | Yes |
1NOTCH2 | Duplication
1 FUBP1 [ Addrional Rare APC ]
21RP1B.1/2 | Duplication [None | | |
2 ERBB4.1/2 | Duplication
2 Pms1 Duplication
3 FANCD2/VHL Deletion
3 SETD2 Deletion Somatic Mutations
3 PBRM1 Deletion wa we
3 CBLB Duplication PMS1 "4.00% 2190720063 T S Other NM_000534.4 NM_000534.4:¢.1856+209del T
3 EPHA3 Duplication INTRK3 30.77% 15:88450541 A G Other NM_001012338.2 NM_001012338.2:c.2133+12881T>C
3 ATRX Duplication MAPK1 "38.46% 22:22150929 - A Other NM_002745.4 NM_002745.4:.492+210dupT
3 PIK3CA Duplication MAPKL 38.46% 22:22150929 A - Other NM_002745.4  NM_002745.4:c.492+210dlelT
4 KOR Duplication BCORLL 22.22% X:120162012 T G Other NM_021946.4 NM_021946.4:.4305+76T>G.
4 TET2 Duplication
4 EPHAS Duplication
5 FGFRA+NSD1 Deletion | Deletion
5 AT Deletion
5 APC Duplication
6 ROSL Duplication
7 PMS2 Deletion | Deletion Loss of
7 EGFR Duplication wA we
7 HGF Duplication cuxt 27.27%  "100% 7101838533 T - Other NM_001202543.1  NM_001202543.1:¢.1159-254delT
9 NOTCH1 Deletion SMCIA  2632%  78.57% xs3a21574  CT - Other NM_006306.3 NM_006306.3:.2973+123_2073+124delAG
9 NTRK2 Duplication
11 KMT28 Deletion | Deletion
11 ATM Duplication
12 POLE Deletion | Deletion
16 COH1 Deletion
16 FANCA Deletion | Deletion
16 T5C2 Deletion
16 CREBBP Deletion
17 BRCAL Deletion | Deletion
17 CDK12 Deletion | Deletion [ Germline Mutation | vsA I vs C Location
17 ERBB2/KZF4 Deletion [roc Lo Damaging | oo 3% | Sos2%  2233%  saiivass o
18 SETBPL Duplication [apc Missense _Tolerated | 9.54%  5185% | 51.04%  51.85%  sui2176756 T A
19 NOTCH3 | Deletion | Deletion
19 JAK3 Deletion | Deletion
19 SMARCA4 | Deletion | Deletion
19 CBLC Deletion
19 TvF3 Deletion
19 POLDL Deletion
20 PLCG1 Duplication
22 €300 Deletion | Deletion
22 BCR Deletion
X ATRX Duplication
X STAG2 icati
Total Germline Mutations 97
i i 23 Tolerated Mutations 66
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H78

[Copy Number Variations

[Patient Tissue/Orgs | [Type JeNv-APC

VsA vsC Clinical Mutation Present? Somatic __ Val1822Asp _Tyrd86Ter |
13 BRCA2 Duplication (78 Tissue __|c.3472A5T; pRIISBX _|stop Yes | Yes Yes |
Additional Rare APC Germiine l‘wumnons }
Somatic Mutations
A v
EPASL 20% 24660177 T - Other NM_001430.4  NM_001430.4:c.1034+201delT
RADS0 "25% 5:131031606 T - Other NM_005732.3 NM_005732.3:¢.2207+194delT
cux1 55.17% 7:101740990 C < Other NM_001202543.1 NM_001202543.1:.439+209delC
RB1 37.5% 1348954008 A - Other NM_000321.2 NM_000321.2:¢.1390-95delA
Loss of Heterozygosity
A v
GENL B36a% 0% a286% 0% 217959525 - ACAT Other NM_1826253  NM_182625.3:c.1264+194_1264+195insACAT
BCLG. "25% '87.5% 3187447926 C T Other NM_001706.4 NM_001706.4:¢.384-117G>A
NPM1 2879%  13.07% 5:170818201 T = Other NM_002520.6 NM_002520.6:¢.139-18delT
E2H2 2851% 0% 17:148504717 G A Other NM_004456.4  NM_004456.4:c.*21C>T
RET "50% "83.33% 10:43610366 G A Other NM_020975.4 NM_020975.4:¢.2136+182G>A
INOTCH3 "20% '91.67% 19:15285383 TTTT - Other NM_000435.2 IM_000435.2:c.4404-175_4404-172delAAAA
CHEK2 Q286%  7857% 22129108229 A G Other NM_001005735.1  NM_001005735.1:¢.813-224T>C
Germline Mutation vsA vsC Location
[APC LoF Damaging S465%  50.08% S119%  5004%  |s:112162854 T G
lapc LoF Damaging "a6.76% __'49.76% 112174763 A T
[apc Missense _Tolerated 4961% _ 538% 112176756 T A
Total Germline Mutations 15
i i 30 Tolerated Mutations 74
[Copy Number Variations
chr vsA vsC [Pa Tissue/Orgs | Clinical Mutation [ Type Present? |CNV-APC |Somatic _ Val1822Asp Tyrds6Ter |
5 APC Deletion  Deletion [Heo Tissue c.694C>T; p.R232* [intron variant 2 Deletion Yes, two copic Yes |
5 RADS0 Deletion
5 LRRTM2+CTN  Deletion ‘Additional Rare APC Germiine Mut
M
Somatic Mutations.
A we
MSH2 33.33% 247641747 T - Other NM_000251.2 NM_000251.2:¢.942+190delT
Loss of
A ve
Intergenic 76.15%  10.71% 7:50444182 T = Other
a.40% % 806989 A - Other NM_0067663  NM_006766.3:c.1599-108delT
HRAS 7188%  '89.53%  1us34a10  CCCAGC - Other NM_0053432  NM_005343.2:c.-53-40_-53-350elGCTGGG
AURKC 25% 0% 7745123 T - Other NM_001C15878.1 NM_001015878.1:c.584+147delT
Germiine Mutation T e Tocation
of Damaging | 4758% _ 43.53% _|s112160854 T G
APC Missense _Tolerated [ 99.67% _ 99.61% _|sd12176756 T A

[Total Germline Mutations

24 Tolerated Mutations

d

180




H81

[Copy Number Variations

vsA vsC [Patient Tissue/Orgs | Clinical Mutation _|Type Present? |CNV-APC Somatic __ Val1822Asp _Tyrdg6Ter |
13 BRCAZ Deletion  Deletion [Ha1 Tissue c.3183_3187delACAAA; p [stop Yes [ Yes |
[ ‘Additional Rare APC Germine Mutations |
[None [ I l
Somatic Mutations.
wA we
DDR2 "3.75% 1162750211 TT - Other NM_006182.2 NM_006182.2:c.*175_*176delTT
GATA3 "41.67% 108106275 TT - Other NM_001002295.1 NM_001002295.1:c.924+174_924+175delTT
MDM2 "27.78% 27.78%  12:69230723 C T Other NM_0023925  NM_002392.5:c.918+194C>T
CREBBP 37.5% 16:3788316 - A Other NM_004380.2 NM_004380.2:¢.4394+244dupT
Loss of Heterozygosity
wA ve
XPO1 "50% "80.95% 261727215 G A Other NM_003400.3 NM_003400.3:¢.409-186C>T
TET2 54.55%  "100% 55.56%  '100% 2:106103588 A G Other NM_001127208.2 NM_001127208.2:c.4183-133A>G
FLT4 5455%  7.14% 5180051228 T - Other NM_182925.4  NM_182925.4:c.1422-167delA
|ABLL 2.86%  '78.26% 133711139 TTTCTC  Other NM_007313.2 NM_007313.2:c.137-18313_137-18312insTTTCTC
ASXLL 222% 0% 20:30946480 C < Other NM_015338.5 NM_015338.5:c.-99delC
|ARAF 73.9% '82.3% X:47430621 T G Other NM_001256196.1 NM_001256196.1:c.1696-101T>G
KDMS¢ 2397%  113% X:53222044 - c Other NM_004187.3 NM_004187.3:c.*105dupG
[ Germiine Mutation T S T e Tocation
[P LoF Damaging_| Tu8.29% _ a66% | Ti5.64% __'46.6% si112174471 ARAAC
[apc Missense _Tolerated | "46.1% 48.71% | 52.72% __48.71% 5112176756 T
[Total Germline Mutations 97
i i 24 Tolerated Mutations 66
Copy Number Variations
chr VsA vsC [Patient Tissue/Orgs | Clinical Mutation [ Type Present? |[CNV-APC _ Somatic __ Vall822Asp _Tyrds6Ter |
14 DICERL Deletion |Hsz Organoids _|No germline mutations |
‘Additional Rare APC Germline Mutations |
[None |
WA we
None
Loss
A v
KAT6A 23.08% 0% 841801609 TTCCTTCC - Other NM_0067663  NM_006766.3:c.1997-119_1997-112delGGAAGGAA
KMT20 "20% 75% 1249421027 G A Other NM_0034823  NM_003482.3:c.14643+159C>T
Germline Mutation | vsA [ vsC Location
[None I [
%
2 60
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H84

Copy Nurmber Variatons
ch

" A e [Patient Tissue/Orps Clinical Mul | Fresent?  [CHV - APC  Somuic  vallszodsp TyrdeeTer
ZIRPIBLZ | Duplication [Hea Tissue 476 227delAT, o Lewld frameshift _Yes
[ Adeitional Rare APG Germi ne Matations
[none
Somate Mutations
T we
IGFLR "23.08% L15:00459991 T - Other Nh_DO0875.3. NM_000875 3:c.1996+131d=T
CBLC "irs 1845287708 & s Other M 0121153 M 01211632, 136241 /1A
Los of Hemeraygasty
A we
AT A7.5% "B1.62% 841835907 G A Other NM_006765.3, NM_006 766,32, 1083+ 73305
RET G lmoam A Other NW_D20975.4  NM_020975.4: 16481 84G5A
ReT Gazew  M622% Other INM_020975.4 NM_020975.4:c. 1648+88deiC
[ Germline Mutation | vsh | vsC | Losation
[Hane | | |
Tatal Germline Mutations a1
it i 26 Tolerated Mutations 57|
[Copy Number varitions
3 WA sl [patient TissuefOrgs | Clinical Mutation | Type Present? JCNV-APC | Somatic. Juatiezaesn TyréBeTer
1 MTOR+ANG] Deletion  Deletion Has Tissue . 1458T~G; p.Tyr486Ter [stop Yes |oupiication | ¢ 262046, o.Sergsts Yes
1Mo Daletan  Deletion
1 MDMa Deletion  Deletion res [ ]
1NOTCH2 | Duplication Duplication [intron_variaiNM 0000885:c. 1743+ 7806 | I [ |
1 DoRz Duplication  Duplication
14aK1 Duplication Duplication
1 ARID1A Deletion
1RM Deletion Somatic Mutations.
1MYaL Deletion wA
1 MUTYH Deletion larc "1.38% = LoF NM_DDOO3ES ~ NM_DOOO3E.5:c.263del NP_000029.2:p Seradfs
1 ATE Duplication PRIDC 30.77% Other NM_0D5904.5 X 6:c.A571+17delA.
1FH Duplication BRCAZ - Other NM_000055.3 NM_000058.3:¢.682-262delT
2 xpo1 Deletan  Deletion <Tata 17:4047668¢ G a Other  NM 1392762 NM_139276.2:¢.1600+35CsT
2 57381 Deletion  Deletion
2 M5HG Deletion Deletion
2 M Deletion  Deletion
21RPIB.2 | Dupiication Duplication
2 ALK Duplication Duplication
2IRPIB1 | Duplication Duplication
2 epasy Duplication  Duplication
2ERBBL2 | Duplieation Duplication Loss of
2 ERBBA. | Duplication Duplication A
2 GenL Duplication ERBBA a Other  NM_ODS235.2  NM_005235.2:0.1489+18205T
2 PMSL Duplication RET Other NM_020975.4  NM_D20975.4:c.74-568015
3 FANCDZ/VH] Deletion  Deletion ETVE Bo.77%  Haeew T Other NM_ODISEZ.4  NM_DO1987.¢
2 FBRML Deleton  Deletion L 1738527253 T Other  NM_DDI0$2432.2 NM_001082492.2:c 8BS-190_§89-13insT
3 SETD2 Deletion  Deletion
3 RAFL Deletion  Deletion
ERTEY Duplication Duplication
3CTNNEL | Duplication Duplication
3 EPHA3 Duplieation  Duplication
3 MITF Duplication Duplication
3 806 Duplication Duplication
3 ATR Duplication [ | WC Location
3 PIKICA Duplication [arc Lof Damaging_| WE.81%  deags | W6.42%  46.49% |5 iizicoasa T G
3 TGFBRZ Duplication
4 Famazsa | Deletion 11 cal [ Deletion  Deletion 13 DNMZ Deletion  Deletion
A TETZ Duplication  Duplication 11 MENL Deletion 19 SMARCA | Daletion  Daletion
akT Duplication Duplication 11 KMT24 Deletion 19 POLDL Deletion  Deletion
4 FBXW7 | Duplication Duplication 11 ATM Duplication 19 MOTCH3 | Deletion  Deletion
4 EPHAS ouplication  Duplication 11 MREILA Duplication 19 MEF28 peistion  Daleticn
4 FGFR3 u| n 12 PTPNIL Deletion Deletion 15 CALC Deletion Deletion
4 KDR Duplication Duplication 12 MDM2 Deletion 1% CONEL Deletion  Deletion
2 wHscl Deletion 12 PoLE Deletion 19 CALR ietion  Delstion
5 FGFR4+NSD] Deletion  Deletion 12 HNF1A Deletion 15 PIK3R2 Deletion  Deletion
12 ERBE3 Deletion 15 TCE Deletion  Deletion
Duplication 12 ARID2 Duplication 15 DOTIL Deletion
5 AT4 Dupiication 13AT | Deletion  Deletion 19 KMT28 Delation
5MaPIKL | Duplication Cuplication 13 RBL+LPARS plication 19 MaP2z Dalation
5 PIKIRL ication Duplication 14 HSP304A1 | Deletion  Deletion 13 GNALL Deletion
5 aeC Duplication 14DICERL | Duglication Duplication 19 AKT2 Deletion
507 Duplication 18 M0z |Duplication Duplication 19 7KL Deletion
6 ROS Duplication Duplication 14 TSR Duplication 20 ZNF217 Deletion
6 ARIDIB.2 | Duplication Duplication 15 BLM Deletion  Deletion 20 PLCGL Duplication Duplication|
6 THFAIPZ | Duplication Duplication 15 RADS1 Deletion  Deletion 20 GNAS Duplication
6 IRF Duplication 15 IGFIR Duplication Duplication 2LERG Duplication Duplication|
& PIML Deletion 15 NTRK3 Duplication Duplication 21 RUNXL Duplication
6 FANCE Deletion 16 CTCF Deletion  Deletion 22 CHECK2 Deletion  Deletion
6 DK Deletion 16 PALBZ Deletion  Deletion 22 EF300 peistion  Daletion
& PRO1 Duplication 16 CDH1 Deletion  Deletion 22 SMARCET Dalation
6 EsA1 Duplication 16 FAMCA Deletion  Deletion 22 MaAPK1 Deletion
7 Pmsz Deletan  Deletion 16GRINZA | Duplication. Duplication X BCORLL peistion  Daleticn
7 cuxa Deletion  Deletion 16 w1 Deletion ¥ SMC1A Deletion  Deletion
7 RACL Deletion 16 CREBED Deletion X ATRK Deletion  Duplication|
7 KMT2C Duplication Duplication 16 TSC2 Deletion X MED12 Deletion
7 MET Duplcation Duplication 16 CND Duplication X AMERL | Duplication Duplication|
7 EGFR Duplication  Duplication 17 50212 Deletion  Deletion X ARIDIB.Z | Duplication Duplication)
7 HGF tion  Duplication 17 CDK12 Deletion Deletion X PAK3 Duplication  Duplication
7 IkzFL Duplication Duplication 17 BRCAL Deletion ~ Deletion X STAGR Duplication
7 sma Deletion 17 sTAT3 Deletion  Deletion X KDMBA, Duplication
7 CARD11 Deletion 17 PPMI1D Deletion Deletion
7 INHBA. Duplication 17 Tes3 Deletion  Deletion
7 PRSS1 Duplication 17 nFLjEVIZA | Duplication Duplication
8 PRKDC Deletion  Deletion 17 509 Duplication Duplication
B RAD21 Duplication 17 ERBB2/IKZF3 Deletion
S NOTCH1 | Duplication  Deletion 17 FLCN Deletion
8 PTCHL Duplication  Duplication 17 MAP2KA Duplication
1ax2 Duplication  Duplication 185ETBP1 | Duplication Dupleation
5 COKNZALCD| Duplication 18 SMAD2 jplication
5 NTRKZ Duplication 19 KEAPL | Deletion Deletion
10 RET Dupicstion_Duplieation 19 wa Deletion __Deletion

Total Germiine Mutation:
|Damaging Mutations

26 Tolerated Mutations
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[Copy Number Variations.

chr vsA
None

Tissue/Orgs | Clinical Mutation __[Type Present? |CNV-APC _Somatic

Val1822sp _TyrdgeTer

[patient
[ns7 Organoids _|c.4782_4785delAGCC; p.A|frameshift__ Yes |

Yes, two copies

Additional Rare APC Germline Mutations

[intron_varian NM_000038.5:¢.136-537>C [ [
Somatic Mutations
A ve
FLTa "2286% 5180051228 T - Other NM_1829254  NM_182925.4:c.1422-167delA
ERG 37.5% 21:39870560 T - Other NM_001136154.1 NM_001136154.1:C.40-53016delA
Loss of Heterozygosity
A 3
GEN1 "45.45% '93.33% Other NM_182625.3 NM_182625.3.¢.526-223G>A
BCL6 2156%  6.29% Other NM_0017064  NM_001706.4:c.1839+45_1839+61delCGGGCAGGCGAGCGGAG
ERBB3 "30.74 77.78% Other NM_001982.3 NM_001982.3:c.2616+156T>G
Germline Mutation vsA [ vsC [ Location |
|apc LoF Damaging | | "8.79%  46.01% _ 5:112176060 AGCC - |
lapc Missense _Tolerated '99.79% 100% 5:112176756 T A
Total Germline Mutations 97
i i 27 Tolerated Mutations 62
[Copy Number Variations.
Chr VsA vsC [Patient Tissue/Orgs | __Clinical Mutation __|Type Present? _|CNV-APC__Somatic __ Val1822Asp _Tyrdg6Ter ]
21RP1B.1/2 | Deletion |Hs9 Tissue |c.3183_3187delACAAA:; p.{stop Yes |Deletion Yes, two copicYes, two copies |
4 FBXW7
Deletion [ ‘Additional Rare APC Germline Mutations 1
5 CSF1R+PDGF| Duplication [None |
6 ROSL Deletion
7 HGF Deletion
7 MET Deletion
8 RAD21 Del Somatic Mutations
9IAK2 Deletion VA e
9NOTCH1 | Duplication  Deletion INOTCH2 6364% 1120611715 A 9 Other NM_0244083  NM_024408.3:c.73+233T>C
11ATM Deletion NPM1 0% s:170819501 TTT - Other NM_0025206  NM_002520.6:c.353-123_353-121delTTT
12 KMT2D.1/2 | Duplication GNAQ 37.5% 04 - 6 Other NM_0020723  NM_002072.3:c.136+211_136+212dupCA
13 BRCA2 Deletion BLM 23.53% 1337178 A - Other NM_000057.2  NM_000057.2:c.3020-219delA
16 TsC2 Duplication caLC 21.74% 5284852 A G Other NM_O121163  NM_0121163:657+23245G
17 NFI/EVI2A | Del
19 DOTIL Duplication
Loss of Heterozygosity
wA e
PMS2 53.57%  '87.5% 7:6045385 T c Other NM_000535.5 NM_000535.5:c.163+138A5G.
RACL 81.25% 2156 C A Other NM_0188903  NM_018890.3:c.*79C>A
BCL2L1 W3.75%  75% 0309262 G = Other NM_138578.1 NM_138578.1:c.564+196deIC
Germline Mutation vsA vsC Location
APC Damaging 90.74%  09.24% 99.14%  99.24% T G
APC LoF Damaging ’5026%  38.9% a6.48% __48.9% 112174471 AAAAC -
APC Missense _Tolerated 99.69% __'99.83% 99.8% 99.83% 1112176756 T A
Total Germline Mutations 108
[Damaging Mutat 30 Tolerated Mutations 7
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H92

[Copy Number Variations

Chr. vsA vsC [Patient Tissue/Orgs | ¢l [Type Present? |CNV-APC__Somatic __ Vall822Asp _Tyrdg6Ter |
None [Ho2 Tissue |deletion of exons 11-13_| Yes, two copicYes, two copies |
[ ‘Additional Rare APC Germline Mutations ]
N
Somatic Mutations
A e
FANCD2 38.89% 310083527 T - Other NM_033084.3
oTiL 35.71% - Other NM_032482.2
NOTCH3 62.5% - Other NM_000435.2
BCR 23.53% 2223634615 T - Other NM_004327.3
Loss of Heterozygosity
A we
ML BLo%  15% 625% 1% 337000274 C T Other NM_0002493  NM_000249.3:¢.1990-121C>T
PDGFRB 7412%  '89.71% 5:149497107 G A Other NM_002609.3 NM_002609.3:c.3137+74C>T
GATA3 "50% 0% 108106277 T c Other NM_001002295.1  NM_001002295.1:c.924+176T>C
BRIPL 7143%  12.5% 17:59761706 A G Other NM_0320432  NM_032043.2:c.2906-205T>C
Germline Mutation | vsA T vsC [ Location
[apc LoF. Damaging | ’97.81% '98.59% '99.69% 9% 5112162854 T G
|apc Missense _ Tolerated | '90.84% 100% '99.85% "100% 5:112176756 T A
Total Germline Mutations 101
Damaging Mutations 2 7
(Copy Number Variations
Cchr vsA vsC [Patient Tissue/Orgs | __Clinical Mutation | Type Present? [CNV-APC__ Somatic __ Val1822Asp _Tyrds6Ter |
12 ATRX Deletion H93 (H73) Tissue |c.5826_5829deICAGA; p.Dlframeshift__Yes | Yes |
13 BRCA2 Deletion
X KMT20.1 Duplication [ ‘Additional Rare APC Germline Mutations |
Somatic Mutations.
A e
NOTCHL "52% 9:139400836 A - Other NM_0176173  NM_017617.3:c.4014+143delT
[STAT3 "35.71% 17:40891111 T - Other NM_139276.2 NM_139276.2:¢.468+221delA
SMARCA4 "24% 19:11168783 A - Other NM_001128849.1 NM_001128849.1:c.4521-148delA
Loss of Heterozygosity
A e
FANCD2  29.38%  21.03% 310103032 T - Other NM_0330843  NM_033084.3:c.1827+37delT
[ Germline Mutation | vsA [ vsC Location
[apc LoF Damaging | 45.96%  4837% | 44.83%  4837% 5112177113 CAGA
[apc Missense _ Tolerated | 52.2% 50.87% | '47.88% 50.87% 5:112176756 A
[Total Germline Mutations 108
i i 23 Tolerated Mutations 73
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CHAPTER IV

Conclusions and Perspectives

The role of Wnt signaling in regulating the corpus epithelium has long remained
unclear. The earliest studies on mouse models utilizing Wnt target gene Lgr5 as a
marker for intestinal and antral stem cells failed to identify Lgr5+ stem cells within the
adult gastric corpus. This led to the belief that Wnt signaling may be dispensable for
normal corpus epithelial turnover and homeostasis. However, we now know that chief
cells are Wnt signaling cells in the corpus, and activation of Wnt signaling has been
implicated in the clinical manifestation of gastric hyperproliferative disease and in tissue
renewal following injury. Most studies of the gastric corpus thus far have focused on
mouse models to identify the mechanisms through which various pathways, such as
Whnt signaling, orchestrate gastric homeostasis. In my studies, | sought to expand upon
these findings and establish a role for Wnt signaling in regulating epithelial homeostasis
and disease manifestation within the human gastric corpus.

In this dissertation, | used human corpus epithelial organoids to demonstrate that
Whnt signaling regulates proliferation, differentiation, and stem cell renewal.
Furthermore, | show that there are regional differences in Wnt signaling between the
gastric corpus and antrum that underscore the abundant yet benign manifestation of
polyps in Wnt activation diseases. Throughout this chapter, | comment on some of the

key findings of my studies, put them in perspective of currently published literature, and
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suggest future experiments to continue investigating the role of Wnt in regulating corpus

epithelial cell function.

4.1 Regional Wnt Signaling Tone

Increased Whnt sensitivity in corpus epithelial cells

One of the key findings of my studies was that patient-matched corpus and antral
organoids have different thresholds for Wnt signaling to drive optimal growth (Figure
4.1). We demonstrate in vitro that corpus organoids from three independent patients
reach optimal growth rates at a lower concentration of Wnt pathway activator
CHIR99021 relative to patient-matched antral organoids. This indicates that the corpus
epithelium may intrinsically be more sensitive than the antral epithelium to Wnt
activation. These studies were conducted using pure epithelial organoid cultures,
therefore eliminating the presence of an in vivo signaling microenvironment that may
influence cellular identity and behavior. As a result, the findings of our studies reflect cell
intrinsic qualities that are specific to the region from which the organoids are derived.

The mechanism through which the corpus epithelium has increased Wnt
sensitivity remains unclear. However, this property makes sense physiologically in the
context of the corpus epithelial architecture as the main proliferative compartment within
the corpus is further from the high Wnt base than in the antrum or intestines. Therefore,
these progenitors are likely to reside in a comparatively reduced Wnt niche, and thus

may have heightened sensitivity to pathway activation.
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Figure 4.1: Wnt signaling sensitivity in the gastric corpus versus antrum.

Conclusions based on human organoid studies from Chapter 2. Human corpus
organoids have a reduced threshold for Wnt to drive proliferation and organoid growth.
Paradoxically, high levels of Wnt signaling rapidly reduces organoid corpus organoid
growth. Patient-matched antral organoid growth is optimally driven by higher levels of
Whnt signaling. These findings potentially translate to the manifestation of gastric
disease in FAP patients as increased Wnt sensitivity may drive FGP development but
not permit additional loss of APC. On the other hand, the increased Wnt tolerance of the
antrum permits APC loss-of-heterozygosity and enables adenomatous change with
increased potential for cancer.
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One possible mechanism underscoring this is that the corpus epithelium may
have elevated expression of Wnt pathway components, such as FZD receptors. Single
cell studies have demonstrated that FZD proteins are expressed throughout the corpus
epithelium, however expression levels between gastric regions have not been evaluated
(1). FZD7 has been studied in mouse stomach to show that its expression is required
for gastric tumorigenesis irrespective of Apc mutation status (2). RSPO ligands and their
LGR receptors also play a key role in regulating Wnt signaling through preventing Wnt
receptor recycling and could be involved in heightened Wnt sensitivity as well (3-5). In
this regard, the Samuelson laboratory has unpublished gPCR data showing elevated
expression of Rspo ligands in mouse corpus compared to antrum and intestine (Figure
4.2).

However, my experiments in human organoids were conducted by manipulating
Whnt signaling in the absence of exogenous WNT/RSPO through use of a GSK3p
inhibitor to pharmacologically induce B-catenin nuclear translocation downstream of
receptor activity. As commented on in the discussion of Chapter 2, although we confirm
that CHIR99021 dose-dependently activates Wnt signaling in gastric organoid cultures,
we cannot rule out Wnt-independent effects of GSK3p inhibition within other pathways
such as glycogen synthase or NFkB. Despite this, CHIR99021 has been extensively
used as an activator of Wnt signaling in in vitro models within dose ranges similar to the
ones described within my study. Furthermore, our observations align with current
literature regarding Wnt-dependent regulation of differentiation and growth, therefore
providing confidence that Wnt is the primary force influencing cellular changes within

our system. While the use of exogenous WNT and RSPO ligands would be another
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approach to test Wnt sensitivity, the interplay between WNT and RSPO ligands in
regulating Wnt tone has been poorly explored and would lead to potentially confounding
variables in describing a dose-response. Furthermore, as APC mutations inflict cell-
intrinsic changes to Wnt pathway activation, it becomes appropriate to utilize a cell-
intrinsic mechanism of pathway activation to explore regional responses.

The results of my studies using CHIR99021 suggest that regional differences in
Whnt sensitivity are driven by intrinsic Wnt tone. Therefore, while we cannot rule out
FZD, RSPO, or LGRs as a contributing factor in vivo, our results demonstrate that
increased Wnt sensitivity occurs independent of receptor activity and instead reflects a
different mechanism of cell intrinsic regulation. This could include potential changes to
APC expression, such as epigenetic transcriptional regulation, or in various additional
elements of the Wnt signaling pathway such as regulation of 3-catenin.

Beyond Wnt signaling, B-catenin has additional functions at adherens junctions,
where it interacts with a-catenin to modulate the actin cytoskeleton, and the centrosome
(72). Therefore, free B-catenin is regulated by these interactions as well as the interplay
between transcription, synthesis, and destruction complex activity. It is plausible that
cell-specific differences in B-catenin regulation through any of these mechanisms could
impact intrinsic Wnt sensitivity.

Within the nucleus, B-catenin relies on interactions with TCF/Lef as well as
various transcriptional co-activators to RNA polymerase II, such as CBP, SWI, MED12,
and Paf-1, to drive Wnt target gene expression (72, 73). Therefore, sensitivity to Wnt
signaling may also be conferred through expression of these terminal regulators of [3-

catenin function. Future studies exploring cell-specific Wnt sensitivity could focus on
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Figure 4.2: Expression of Rspo7-4 in full thickness mouse gastric tissue.

MRNA expression of Rspo1-4 from full thickness wild-type mouse corpus, antrum, and
duodenum demonstrates enhanced expression of Rspo1, 3, and 4 in the corpus
potentially underscoring a high Wnt signaling environment. Stromal markers ActaZ,
Postn, and Vim are similar within the corpus and antrum, thus indicating that Rspo
expression is enhanced within consistent populations of cells.
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these various mechanisms of downstream (3-catenin regulation by exploring how
pathway activation drives nuclear import, and by analyzing nuclear -catenin affinity for

transcriptional regulators to drive target gene expression.

Fundic gland polyp emergence and the ‘Just-Right’ Hypothesis

The differences in Wnt signaling tone between the corpus and antrum likely
relate to the regional patterns of disease manifestation to increased Wnt signaling tone
within the stomach. Fundic gland polyps in FAP patients appear predominately within
the corpus of the stomach while the antrum remains spared. Importantly, the rare antral
polyps that do emerge typically harbor adenomatous change, indicating a more severe
mutational background (such as APC loss-of-heterozygosity) and increased cancer
potential. Notably, the rarity of antral polyps coupled with their potential pathological
significance limited our access to FAP antral tissue samples to address this question.

My studies showed that despite increased expression of Wnt target genes in
primary FGP-derived biopsies, APC mutations leading to loss-of-heterozygosity are
infrequent and not-required for their emergence. Altogether, my observations from
Chapter 2 and 3 suggest that the increased Wnt sensitivity within the corpus may
predispose epithelial cells to hyperproliferation in the presence of minor signaling
increases. Therefore, a heterozygous APC genotype, as is inherited by FAP patients,
would prime the cells to more easily drive optimal growth within the corpus and lead to
the abundant nature of FGPs while sparing the antrum.

While increased Wnt sensitivity of the corpus epithelium may enable abundant

polyp formation, an important question remains as to why FGPs don’t develop loss-of-
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heterozygosity to further drive proliferation and eventually cancer. Our studies
demonstrate that Wnt tone within organoids is regulated by cell intrinsic qualities (the
mutational status of cells) and extrinsic qualities (the signaling environment). Previous
studies have explored Wnt tone throughout the small intestine and colon and concluded
that regional signaling environments may underscore patterns of APC-related cancer in
mice and humans (6-10). While no previous studies have analyzed Wnt tone in the
corpus versus the antrum, there is some evidence that suggests the corpus mucosa is a
high Wnt signaling environment.

Whnt signaling is essential during corpus development, and suppression of the
canonical signaling pathway leads to antral tissue specification rather than corpus (11).
Additionally, studies generating corpus organoids from pluripotent stem cells
demonstrated that increased Wnt signaling through the addition of CHIR99021 was
necessary to drive corpus specification over an antral phenotype (11, 12). In further
support of an elevated Wnt signaling environment within the corpus, unpublished data
from our lab showed that expression of Rspo? and Rspo3 is significantly higher in full
thickness mouse corpus tissue relative to the antrum and duodenum (Figure 4.2).
Stromal markers of cells which release RSPOs, such as POSTN, ACTAZ2, and VIM,
were similar between the corpus and antrum, therefore indicating elevated expression
within consistent populations of cells. Altogether, this suggests that high Wnt signaling
may be a characteristic of the corpus and could define regionality in Wnt tone and polyp
etiology within the stomach.

In Chapter 3, | demonstrate that polyp organoids with elevated intrinsic Wnt

signaling are averse to further upregulation of the pathway through either the presence
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of exogenous Wnt or through the addition of Wnt pathway activator CHIR99021. A high
Whnt signaling environment within the corpus mucosa would therefore contextualize the
clinical manifestation of FGPs in FAP patients in line with the ‘just-right’ hypothesis. APC
loss-of-heterozygosity within the corpus may not be tolerated as the combination of
extrinsic and intrinsic Wnt tone would activate the pathway beyond a tolerable
threshold. We observed this in adult mice, where corpus cells with homozygous deletion
of Apc are lost by one-month post-recombination (Figure 3.11). This is further supported
by published mouse studies using PgcCreER' and Mist1CreER™ drivers to
conditionally delete Apc failing to drive corpus hyperplasia unless combined with
additional oncogenic mutation (13, 14). On the contrary, in the antrum, homozygous
deletion of Apc is tolerated, and these cells hyperproliferate to rapidly drive
tumorigenesis.

These observations further align with the benign phenotype of FGPs noted within
FAP patients. FAP patients have an effective 100% chance of developing colorectal
cancer within their lifetime (15-17). This is often triggered by a somatic second hit
mutation to APC followed by a mutational cascade leading to adenocarcinoma ( (18).
On the other hand, despite the abundance of FGPs in some patients, gastric cancer,
although elevated, is still rare in FAP patients with only a lifetime risk of 0.5-1.3% (19,
20). Furthermore, while low-grade dysplasia is common in APC-associated FGPs, high
grade dysplasia and adenomatous change are unlikely, indicating a lack of disease
progression (21).

Our findings suggest that this benign nature may be due to second-hit somatic

APC mutations generally not being tolerated within the corpus. Studies in the colon
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have demonstrated that loss of APC leads to chromosomal instability and predisposes
cells to additional mutation (22). By not tolerating complete APC loss, FGPs would
therefore not be predisposed to the same level of additional mutational challenge which
may enable progression to cancer. Our sequencing data supports this notion as
analysis of somatic mutation and copy number variation across all assayed cancer-
related genes demonstrated that most polyps were genetically similar to non-polyp
regions. The one polyp that did have an APC somatic mutation (H85) had 160 copy-
number variations detected, by far the most in the data set, as well as a somatic
mutation to NF1, which is commonly associated with cancer (23) (Table 3.1).

Overall, my studies propose a relationship between Wnt signaling and the corpus
epithelium to define the etiology of FGP formation in FAP patients (Figure 4.3).
Increased Wnt sensitivity in corpus cells enables abundant polyp formation without a
requirement for APC loss-of-heterozygosity. However, increased intrinsic sensitivity, and
potentially an increased extrinsic signaling environment, reduces the tolerance of
corpus cells to further upregulation of the pathway. Therefore, APC loss-of-
heterozygosity somatic mutations are infrequent as those cells will not contribute to
renewal or are lost. This also likely limits the viability of cells with carcinogenic mutations
within FGPs to maintain their benign nature. On the contrary, the antrum does permit

APC loss-of-heterozygosity and leads to rarer polyps with a higher risk for cancer.

Future Studies
Future studies on the physiologic differences in Wnt tone between the corpus and

antrum could focus more precisely on the consequences of Wnt activation within a
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specific cell. This could be accomplished in mice through lineage tracing cells with
homozygous or heterozygous deletion. These models would also help identify the cell-of-
origin for FGP emergence and determine which cells primarily respond to Apc loss to
drive hyperproliferation.

Unfortunately, no good mouse models to study APC-associated FGPs exist. While
we demonstrate that an Apc heterozygous deletion drives increased proliferation, we
don’t observe cystically dilated glands within the corpus. Powell et al. demonstrated that
an Lrig1CreERT™2; Apc™* mouse model exhibits corpus hyperplasia, but the histological
images they show don’t appear to demonstrate features of FGPs either (24). It is possible
that the inability of Apc-deficient mouse models to demonstrate FGP-like features could
be due to the different thresholds of Wnt sensitivity between the human and mouse
stomach. In Wnt activation mouse models, such as conditional deletion of Apc, the
predominant disease burden occurs within the small intestine. However, FAP patients
rarely develop small intestinal lesions, thus demonstrating species-specific regional
differences in Wnt tone and the required fjust-right’ levels of signaling to induce
hyperproliferation (10). This concept may also pattern differences between the human
and mouse stomach and limit the ability for genetic models to faithfully recapitulate a
human clinical phenotype.

To analyze this concept, the CHIR growth experiments discussed within Chapter 2

could be repeated to compare human and mouse corpus organoids. Furthermore, mouse
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Figure 4.3: Manifestation of gastric disease by APC genotype.

Proposed model of disease manifestation within gastric tissue arising from heterozygous or
homozygous loss of APC. In the corpus, heterozygous loss of APC (the FAP condition) permits
increased proliferation and leads to FGPs with a potential for low grade dysplasia, but low risk for
progression to cancer. Cells which lose the second APC allele following somatic alteration are
lost as the corpus epithelium does not tolerate that level of Wnt upregulation. In the antrum,
heterozygous loss of APC does not lead to any major phenotypic change. However, second-hit
mutations to APC are tolerated and drive adenomatous change leading the formation of
adenocarcinoma.
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studies could be readily expanded to observe organoids derived from the intestines as
well to assess Wnt tone across the entirety of the gastrointestinal tract. However, as
previously mentioned, these experiments only analyze cell-intrinsic Wnt sensitivity and
are unable to assay differences in the signaling microenvironment that may also
contribute to regional signaling tone.

One mouse model that does demonstrate an FGP-like phenotype are H/K ATPase-
deficient mice (25, 26). While the mechanism of FGP formation in these mice was not
clarified in these studies, it was proposed that glandular cysts form due to a build-up of
glandular secretions caused by blockage of glandular outflow by eosinophilic granules
likely derived from anucleated parietal cells. These mice, or models with similar
functionality, could be utilized alongside lineage tracing models and/or Wnt activation
models to determine how FGPs develop on a cellular level. For example, Apc®* mice
could be given a proton-pump inhibitor or DMP-777 to mimic H/K ATPase loss and
determine if this converts hyperplasia into a FGP phenotype.

Furthermore, to test the hypothesis that a high Wnt signaling environment
precludes acquisition of APC loss-of-heterozygosity within the corpus, Apc-KO studies
could be done in combination with WNT or RSPO inhibition/deletion. Our studies
suggest that cells with complete APC loss may be retained in the corpus epithelium
within a reduced Wnt environment and could potentially contribute to the formation of

neoplasia.
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4.2 \Wnt Requlation of Isthmus Progenitors

Early studies of the gastric corpus epithelium observed a bidirectional pattern of
differentiation originating from the undifferentiated isthmus progenitors (27).
Investigating the pathways regulating this outflow is critical to understanding
mechanisms of gastric disease affecting epithelial cell census, such as atrophic
gastritis, H pylori infection, and cancer. We demonstrated using human organoids that
Whnt signaling plays a key role in directing cell fate (Figure 4.4). While low Wnt signaling
induces surface cell differentiation, activation of the pathway leads to the establishment
of deep glandular neck and chief cells. While it has been demonstrated that Wnt
signaling regulates the chief cell compartment in vivo as well, the specific
consequences of Wnt activation within an isthmus progenitor remain unclear.

Isthmus corpus progenitors in mice and humans don’t express known Wnt target
genes and don’t appear to have a proliferative response to either Rspo3 knockout or
knock-in in Myh11+ cells at the gland base (28). However, unpublished data from the
Samuelson laboratory shows that acute inhibition of Wnt signaling in adult mice using
the PORCN inhibitor C59 reduces isthmus proliferation, suggesting that isthmus
progenitors are regulated by Wnt. The studies detailed in this thesis, as well as from
other published work, clearly demonstrate that Wnt signaling plays a key role in fate
determination in vitro. Furthermore, our organoid growth studies indicate that corpus
proliferation, which primarily occurs within the isthmus compartment in vivo, is Wnt
dependent. Finally, my studies in mouse transgenic models showed that corpus
progenitors are sensitive to moderate but not high increases in intrinsic Wnt signaling,

with increased proliferation observed in Apc+/- but not Apc-/~- stomach (Figure 3.11).

198



Therefore, it is likely that isthmus progenitors are regulated by Wnt in the adult stomach;
however, this may occur through a different mechanism, signaling threshold, or receptor

apparatus than in active stem cells of the antrum and intestines.

Potential mechanism for isthmus cell response to Wnt

While LGR5 has long been considered the major RSPO receptor modulating Wnt
signaling in stem cells of the gastrointestinal tract, recent studies in mice have
implicated LGR4 as another key receptor in homeostasis and injury. These studies
showed that LGR4 labeled a broad category of antral cells including base mucous cells,
isthmus cells, and mature pit cells (5). Interestingly, Lgr4+/Lgr5- cells of the antrum
appear to be rapidly cycling and more sensitive to RSPO3-induced proliferation
following pathologic induction of RSPO3 with H pylori infection (29). Thus, Wnt signaling
can regulate proliferation and stemness within cells outside of the traditional Lgr5+ stem
cell pool.

While these studies were focused on the antrum, the role of LGR4 in regulating
Whnt within the corpus remains unexplored. It is plausible that isthmus progenitors of the
corpus also respond to RSPO in an LGR4-dependent manner. scRNAseq studies of the
murine corpus demonstrated expression of Lgr4 within surface cells and co-localized
expression with Stmn1+ isthmus cells (30). Human single cell RNAseq studies have
confirmed a similar expression pattern as in mice by localizing LGR4 primarily to
isthmus and surface cells throughout the stomach (1). However, this study combined
corpus and antral epithelial cells for their analysis, so it is unknown how LGR4

expression is specifically patterned within the human corpus. A potential future
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Figure 4.4: Wnt signaling regulation of differentiation

Proposed model of Wnt signaling regulation of differentiation in the human gastric
corpus. In organoids, low Wnt signaling induces surface cell differentiation along with
high rates of turnover driving organoid growth. High levels of Wnt signaling induce deep
glandular neck, parietal, and chief cell differentiation, reduce cell turnover, but increase
progenitor potential (stemness). This would suggest that in vivo, Wnt signaling directs
the bimodal axis of differentiation towards either surface cells or deep glandular

lineages.
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approach to test the role of LGR4 in the stomach would be to analyze the
consequences of gene knockout within the mouse corpus using a Stmn1-CreER’? driver
along with the published Lgr4”" mouse model (29). If the RSPO-LGR4 axis is essential
to regulating isthmus progenitor cells, then | would expect loss of LGR4 to lead to
reduced proliferation and preferential lineage tracing towards surface cells. Importantly,
Lgr4-cKO cells may only be transiently maintained within the epithelium as these cells
would potential differentiate towards surface cells and be turned over after a few days.
Therefore, early lineage tracing would be essential to defining this mechanism of
regulation.

Additional future experiments could focus on lineage tracing isthmus cells
following either Wnt activation or depletion in vivo to determine the role of Wnt in
regulating this proliferative compartment. However, lineage tracing studies from isthmus
progenitors in the corpus have long been difficult as there are no distinct markers for
this population. While Sox2, Runx1, Lrig1, and Bmi1 have all been localized to cells with
progenitor potential, none of these markers appear to be faithful to an undifferentiated
isthmus cell type (1, 31-34). A recent study however has identified Stmn1 as a cellular
marker distinctly labeling proliferating cells of the isthmus, and its expression has been
confirmed within single cell studies in mice and humans (35). Wnt activation studies
using this new mouse model could provide novel insights into isthmus cell response to
Whnt signaling and determine whether the patterns of differentiation we observe in vitro

are observed in vivo.
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Opportunities for single cell studies

A limitation of our human organoid studies is that our findings focus on wholistic
changes in cell identity and behavior but do not account for cell specific changes.
Organoids lack compartmentalization as they are suspended within a 3D pro-
proliferative environment, so morphological changes provide less understanding than in
vivo. While immunohistochemistry can provide insight into the presence of various
differentiated lineages, this only provides a snapshot of activity and identity. mMRNA
analysis can also demonstrate changes in identity and overall expression profile but
cannot determine the precise quantity or status of cell types within our human
organoids. This is especially true for undifferentiated progenitors within organoids as
few markers exist for them. Therefore, although we can assay for markers of isthmus
cells such as STMN1, we cannot confirm that the progenitor cells within our organoids
are similar to the isthmus progenitors in vivo.

Single cell RNAseq could be a powerful tool to further study the cellular identity
of our organoids. This would enable us to confirm the identity of each differentiated cell
type compared to published in vivo data, and also track how cell identity changes as a
result of increased Wnt signaling. This would be especially insightful to determine how
Whnt influences cell fate. Bioinformatic velocity analysis would help understand lineage
relationships between different cells types and analysis of different time points could
demonstrate how differentiated lineages arise over time.

Single cell studies could also help determine the progenitor potential of various
cell types within our corpus organoids. We showed that single cells derived from high

Wnt organoids establish new organoids at an increased efficiency (Figure 2.7). This
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finding indicates that high Wnt induced increased stemness and progenitor potential
within our deep glandular cell enriched organoids. However, we were not able to
determine which cells were primarily responsible for establishing new organoids.
Undifferentiated isthmus progenitor-like cells are a likely source as progenitors in the
intestine have the highest rates of organoid formation efficiency. However, chief cells
have also been demonstrated to contain organoid formation potential and can establish
organoids comprised of all differentiated lineages (36).

Single cell lineage tracing studies could be conducted to determine which cells
are primarily responsible for this formation potential. These studies might be more
suited for mouse organoids as genetic labeling techniques, such as with a GFP reporter
(e.g. Gif-GFP), could label cells in vitro. Labeled cells from high Wnt organoids could be
sorted and replated to determine the formation potential of each specific cell type
following growth in various Wnt conditions. Mature organoids derived from these cells
could also be measured for differentiation to assay how specific cell types may
contribute to reconstituting various differentiated lineages upon return to a moderate
Whnt environment.

In human organoids, such experiments would be more difficult as cells wouldn’t
be able to be labeled genetically unless they were virally transfected or genetically
engineered via CRISPR/Cas9, which has been effectively demonstrated within human
organoids (37). These techniques could enable cellular barcoding, which is a method to
genetically label individual cells with unique nucleic acid sequences and lineage trace
cells over time (38). The use of barcoding would then utilize single cell sequencing to

construct fate maps and determine how lineages arose over time. Still, that technique
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would occur downstream of initial seeding, and would not be able to identify the
specifics of the initial plated cell. The use of a constitutive Cre driver, such as PGC-
CreER'2, could label cells that were at one point mature chief cells. Further, a
fluorescent marker, such as PGC-GFP, could also be inserted via CRISPR techniques
to label a specific population of differentiated cells. Labeled cells could then be sorted to
determine how each population contributes to maintenance and differentiation within
organoid cultures. Additional sorting strategies utilizing cell antigens, such as from the
cluster of differentiation (CD) group, could also help differentiate the various groups.
Single cell sequencing would thus be a powerful tool to use in combination to determine

the most representative markers for sorting surface, isthmus, neck, and chief cells.

4.3 Wnt Requlation of Chief Cells

Chief cells being the predominant Wnt signaling cell within the corpus epithelium
is a conundrum. Throughout the antrum, small intestine, and colon, cells expressing
Whnt target genes are typically active progenitors undergoing regular turnover to renew
differentiated lineages (5, 39, 40). Chief cells, on the other hand, are quiescent during
homeostasis and only undergo rare instances of turnover. However, in response to
injury, chief cells can dedifferentiate and give rise to metaplastic cell lineages, thus
demonstrating their innate progenitor potential (28, 41-44). It has been unclear how Wnt
directs chief cell differentiation and maintenance, as well as whether Wnt regulates their

progenitor potential.
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Traditionally it has been believed that chief cells primarily arise from
transdifferentiating mucous neck cells. This would connect the chief cell pool to the
isthmus compartment and establish a continual outflow of cells originating from isthmus
progenitors. Following our studies, this would suggest activation of Wnt signaling as a
key signal leading to the fate decision of an isthmus progenitor to a neck and then chief
cell. Few studies have been successful in demonstrating this concept in vivo as Wnt
activation models in the corpus typically fail to demonstrate phenotypic changes.
Recently, Fischer et al. showed in mice that Rspo3 expression by Myh11+ cells at the
base of glands regulates the chief cell compartment (45). Overexpression of Rspo3in
transgenic mice led to a significant expansion of the Gif+ chief cell compartment, while
knock-out reduced the number of Gif+ chief cells. This aligns with our in vitro findings
where we demonstrated that subjecting organoids to high levels of Wnt signaling led to
a chief cell phenotype through significantly increased expression of LIPF, PGC, and
TNFRSF19, which itself is a Wnt target gene. Overall, this establishes that Wnt
signaling regulates the chief cell compartment at the base of glands. However, neither
our study nor the study by Fischer et al. define where chief cells arise from in the
presence of increased Wnt signaling.

Recent studies have suggested that the gastric corpus epithelium is comprised of
two distinct self-renewing compartments with only minor overlap (35, 46). While isthmus
progenitors definitively give rise to surface, neck, and parietal cells, chief cells may self-
maintain at the base of glands. Although this remains controversial, it would establish a
new paradigm for how epithelial renewal occurs within the corpus epithelium. Adding

lineage tracing to the Fischer et al. Rspo3 expression experiments could help determine
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whether the expanded chief cell compartment arises from isthmus progenitors or from
chief cells themselves (Figure 4.5). It would furthermore be interesting to determine
whether loss of Wnt signaling causes chief cells to differentiate in vivo, as is suggested
by our organoid experiments where high Wnt organoids passaged into low Wnt

conditions had restored patterns of differentiation.

Whnt regulation of chief cell proliferation and stemness

The identity of chief cells as a quiescent differentiated cell with high Wnt target
gene expression potentially ties into the role of Wnt signaling in regulating stemness
and proliferation throughout the gastrointestinal tract. While LGR5+ cells are the source
of renewal within the antrum and intestines, the highest rates of proliferation occur
within transit amplifying cells which exist just outside of the base region (Figure 4.6).
Therefore, a high proliferative index appears to be conferred by transitioning from a high
to a lower Wnt environment. This has previously been demonstrated in the intestine in
vivo where loss of Wnt signaling leads to a burst of proliferation as stem cells enter a
transit amplifying phenotype (47). However, this is rapidly followed by deterioration of
the crypt stem cell compartment and epithelial collapse as cells with proliferative
potential are lost. Anecdotally, | have also observed that removal of WNT/RSPO from
culture media leads to rapid yet short-lived growth of organoids.

These observations align with the findings described in Chapter 2 where | show
that in human corpus organoids high Wnt signaling induces low proliferation rate and
slow organoid growth (Figure 2.2, 2.3). Instead, the maximal proliferation occurred in

organoids maintained within low to moderate Wnt conditions. However, surprisingly,
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Figure 4.5: Potential mechanisms of Wnt regulation of chief cells

Whnt signaling has been demonstrated to regulate the chief cell compartment within mice
through RSPO3-deletion or overexpression (45). Low of chief cells in a low WNT/RSPO
environment may be due to a reduced contribution from isthmus progenitor cells or a
reduced rate of chief cell self-renewal at the gland base. The expanded chief cell
compartment following RSPO3 overexpression may be due to increased differentiation
arising from isthmus progenitors or increased chief cell self-renewal.
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single cells derived from high Wnt organoids established new organoids at enhanced
rates (Figure 2.7). Altogether, these findings suggest that Wnt signaling is primarily
responsible for inducing stemness and proliferative potential within a cell but does not
necessarily drive active proliferation. A few studies have suggested a similar relationship
between high Wnt signaling and reduced proliferation in vivo. In the antrum and
intestine, overexpression of R-spondin ligands leads to Lgr5+ stem cells becoming
lineage trapped at the gland/crypt base (5, 48). In the intestinal study, Yan et al.
conversely demonstrate that LGRS ECD treatment, which inhibits Wnt signaling by
ectopically trapping RSPO ligands, leads to premature lineage tracing of LGR5+ cells,
indicating that loss of Wnt induced proliferation and an exit from a stem cell state (48).
Therefore, in multiple independent contexts, high levels of Wnt signaling induced by
high levels of RSPO leads to a quiescent stem cell population, while loss of Wnt
signaling causes stem cells to actively proliferate and lose their stemness. It is possible
that this mechanism exists to preserve stem cells pools within the mucosal base,
although no studies have explored this concept.

In the corpus, LGRS+ chief cells appear to follow a similar pattern of lineage
trapping with high extrinsic Wnt. My studies suggest that Wnt signaling may be
responsible for this patterning as high Wnt, low proliferating organoids are enriched for
chief cells. This was also demonstrated by the aforementioned Fischer et al. study
where high Wnt signaling leads to an enlarged chief cell compartment at the gland base
in vivo (28). To maintain the presence of quiescent cells at the base of glands where
active progenitors typically reside, the corpus mucosa would have to be a high Wnt

signaling environment. As previously discussed, there is evidence for high Wnt signaling
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Wnt Signaling Regulation of Proliferation

WNT Proliferation

High RSPO = High Wnt Signaling Low RSPO = Moderate Wnt Signaling

Figure 4.6: Wnt signaling regulation of epithelial zones of proliferation

The corpus and antrum epithelium have defined Wnt signaling gradients constructed by
RSPO3 expression by stromal cells at the base of glands. The highest rates of
proliferation within each compartment do not align with the highest level of Wnt
signaling; rather, proliferation is greatest in transit isthmus progenitors of the corpus and
transit amplifying cells of the antrum within transition zone between high and low Wnt
tone. High expression of RSPO within the corpus could underscore the enlarged,
quiescent base compartment relative to the antrum where RSPO expression is lower.
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within the corpus as the murine corpus has high expression of Rspo?1 and Rspo3
ligands relative to more distal regions of the Gl tract, and with the observation that
corpus specification requires enhanced Wnt/B-catenin signaling (11, 12). Thus,
increased Wnt signaling may induce the chief cell trapping at the gland base while
retaining their progenitor potential.

As an alternative hypothesis, chief cells may possess unique qualities relative to
other progenitor cells which enable them to maintain quiescence in a high Wnt
environment. A recent study has identified the G1-S cell cycle regulator p57ki2
(CDKN1C) as a key protein inducing cell cycle arrest within chief cells during
homeostasis (49). Lee et al. demonstrate that upon gastric injury, p57 loss enables chief
cells to re-enter the cell cycle. On the other hand, overexpression of p57 maintains chief
cell cycle arrest and prevents this action. Organoid studies demonstrated that p57 is
distinctly suited to regulate progenitor cell potential, as overexpression of other cell
cycle inhibitors, including p16, p19, p21, and p28 led to poor stem cell maintenance,
differentiation, or even organoid death (49). Altogether, these findings suggest that chief
cells are maintained in a primed, G1 cell cycle state through induction of p57 during
homeostasis, which allows them to respond rapidly to activate proliferation upon tissue
injury.

A similar mechanism of cell cycle regulation by p57 is observed within the
hematopoietic stem cell (HSC) system. Wnt dose-dependently regulates HSC identity,
and p57 has been shown to be essential to maintain stemness (50-53). Furthermore,
p57 has recently been demonstrated to be expressed in mice within Bmi1+ facultative

stem cells of the intestinal crypt (54). Therefore, p57 expression may be a conserved
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mechanism to maintain quiescence within pro-proliferative environments, and thus
enables cells to maintain progenitor potential as a differentiated cell type through
inducing cell cycle arrest at the G1 checkpoint.

We observed that activation of Wnt signaling induces a similar phenotype of
quiescence within human corpus organoids. Activation of Wnt signaling dose-
dependently induced G1 cell cycle arrest, leading to lower rates of proliferation while
maintaining progenitor potential (Figure 2.7). Furthermore, CDKN1C expression was
upregulated in high Wnt organoids, therefore proposing a mechanism through which G1
arrest occurred. However, it is unknown whether Wnt signaling directly regulates
CDKN1C or if this is a consequence of altered differentiation towards chief cells which
specifically express this protein. Future studies could focus on identifying whether Wnt
induces this expression profile, or if there is a different underlying mechanism. This
could potentially being accomplished utilizing assays such as ATAC-seq to determine if
high Wnt signaling increases chromatin accessibility for p57 transcription, or through
determining whether Wnt transcription factor (TCF/LEF) binding domains exist near the
promoter regions for p57. The p57-knockout study also demonstrated that p57 loss led
to rapid organoid growth (49). Combination of these p57 depleted organoids with high
Whnt conditions could help elucidate if Wnt-dependent regulation of proliferation or

stemness could be p57 dependent, or if a separate mechanism exists.

Chief cell histology within FGPs
Following the observation that Wnt signaling regulates chief cell differentiation, we might

expect high Wnt FGPs in FAP patients to be enriched for chief cells. Histological
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analysis of FGPs demonstrated that chief cells are present within cystically dilated
glands, although no studies have conducted morphometrics to assess the quantity or
expression profile of these cells (55-57). Surprisingly, we observed that polyp biopsies
demonstrated remarkably low expression of chief cell markers LIPF, CHIA, PGC, and
TNFRSF19 relative to non-polyp regions (Figure 3.2). However, we cannot rule out
technical limitations involving differences in biopsy extraction between non-polyp and
polyp regions. This result was surprising as our observations from Chapter 2 would
suggest that increased Wnt signaling should direct chief cell differentiation (Figure 2.5).
Accordingly, we observe that polyp-derived organoids with increased Wnt signaling do
have increased expression of chief cell markers in vitro (Figure 3.8). Therefore, there is
a potential discrepancy between the axis of differentiation in vivo and in vitro (Figure
4.7). Future analysis of FGPs could focus on histologically identifying the presence of
chief cells within patient tissue. Previously discussed mouse models

leading to a FGP phenotype could also provide further insights into how chief cells may

contribute to polyposis through the use of lineage tracing studies.

4.4 \Wnt Requlation of Parietal Cells

Another important question remains how Wnt signaling influences parietal cell
function and differentiation. Parietal cell function in humans is definitively tied to FGP
emergence in the oxyntic mucosa as polyposis is associated with acid suppression
therapy such as proton pump inhibitors (58, 59). Given that sporadic proton pump

inhibitor-associated FGPs have a similar histology to FAP patient FGPs, there may be a
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Figure 4.7: Relative mRNA expression of polyp biopsies versus matched organoids.

MRNA expression of Wnt target genes and differentiated markers of individual primary
biopsies and the corresponding organoid lines, relative to patient-matched non-polyp
samples. Expression of chief cell markers LIPF, PGC, and TNFRSF19 was significantly
reduced in polyp biopsies relative to non-polyp biopsies, but significantly increased in
polyp organoids relative to non-polyp organoids.
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similar mechanism rooted in parietal cell development or maturity that underscores both
types. Parietal cells are present within the cystically dilated glands of fundic gland
polyps; however, they are often attenuated in appearance (55-57, 60). When | analyzed
MRNA expression of non-polyp and polyp primary biopsies, | did not note any change in
expression of parietal cell marker genes ATP4A and GIF indicating that their
differentiation was not significantly altered (Figure 3.2).

This falls in line with in vivo mouse studies which have failed to show that
activation of Wnt signaling directly alters parietal cell development. Radulescu et al.
demonstrated that Wnt activation via loss of Apc or Gsk3 led to rapid parietal cell loss;
however, in this study, there was a potential confounding effect of tamoxifen
administration, which itself leads to oxyntic atrophy (61, 62). Numerous other studies,
including our own with a Sox2CreER'2; APC" mouse model, have failed to
demonstrate a similar phenotype following homozygous Apc deletion within the corpus
epithelium unless challenged with additional oncogenic mutations (13, 14). Using a
different Wnt activation approach with Rspo3 overexpression in vivo, Fischer et al.
demonstrated that Wnt activation increased parietal cell numbers (28). However,
parietal cells remained equally distributed throughout the expanded glands, and
therefore this increase could have been due to an overall increase in cell number rather
than increased parietal cell differentiation. Therefore, a consensus has not been

reached on how activation of Wnt signaling affects parietal cell development or maturity.
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In vitro parietal cell analysis

The lack of parietal cells within typical organoid cultures is another confounding
variable preventing study of mechanisms regulating their development. This
phenomenon has been well documented since the first attempts to establish human
corpus organoids and remains true within our cultures as well (63). Interestingly, when |
subjected normal human organoids to high concentrations of CHIR99021, | did observe
an increase in the expression of both ATP4A and GIF relative to moderate Wnt (Figure
2.6). This observation aligns with the findings of Fischer et al. where parietal cell
number was increased following Rspo3 overexpression (28). However, transcript
abundance was remarkably low relative to what is observed in vivo. In my studies of
marker gene expression in patient samples, | observed an approximate 2,000- to
30,000-fold reduction in mRNA abundance of G/F in organoids relative to full thickness
biopsies. While ATP4A abundance was similar to G/F in full thickness human biopsy
tissue, it was typically not detected within \ standard organoid cultures. My observation
of increased ATP4A and GIF expression in high Wnt organoids does however present a
possible mechanism through which Wnt positively regulates parietal cell development.

The ability to generate in vitro models with parietal cells could help elucidate the
mechanisms underscoring various types of disease in the corpus such as FGPs.
Numerous studies have demonstrated that BMP signaling appears to be a dominant
force governing parietal cell development as overexpression of BMP inhibitor noggin
(NOG) or epithelial deletion of Bmpr1a lead to oxyntic atrophy within the mouse
stomach (64-66). However, organoids require supplementation with NOG for proper

maintenance and growth over time (63). Therefore, it is possible that the addition of

215



NOG and subsequent inhibition of the BMP signaling pathway inhibits parietal cell
development within culture. Future studies could expand upon these mechanisms to
develop conditions which enable enrichment of parietal cells. Combination with our Wnt
studies could thus help determine in vitro whether Wnt regulates parietal cell function or

identity.

4.5 Summary of Future Directions

Throughout this chapter, | presented potential future directions for the continued
study of Wnt signaling regulation of the human gastric corpus epithelium. Below are
several highlighted studies with available models that | believe would encompass the
next steps for this research.

| would utilize lineage tracing techniques to observe cell fate following conditional
heterozygous or homozygous deletion of Apc within corpus and antral progenitors, as
well as within chief cells of the corpus. This could be accomplished by an Lrig1-
CreER™2;Apc™:R26-LSL-tdTomato mouse model to target antral and corpus isthmus
progenitors, and a Gif-CreER2;,Apc;R26-LSL-tdTomato mouse model to target chief
cells (33, 41). Alternatively, a Stmn1CreER'? driver could be utilized for corpus isthmus
progenitors (35). | would expect heterozygous loss of Apc to induce lineage tracing from
progenitors to all differentiated cell types in the corpus and antrum. However, this may
be more skewed towards deep glandular neck cells in the corpus in line with heightened
Whnt sensitivity. Following homozygous deletion of Apc, | would expect cells within the

corpus to either be rapidly lost (~24 hours following recombination), or to differentiate
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towards a chief/neck lineage and no longer contribute to clonal expansion. | would
expect chief cells with heterozygous loss of Apc to maintain their quiescence, but to be
lost following homozygous Apc deletion.

Furthermore, | would combine Wnt activation models (Apc-cKO) with Wnt
inhibition models (Rspo3 inhibition) to determine if the high Wnt signaling environment
of the corpus precludes the inability to tolerate homozygous loss of Apc within mouse
tissue. As a dual genetic model would be technically difficult, the aforementioned
Stmn1-CreER'2;Apc™ could be treated with LGR5 ECD, as described by Yan et al., to
pharmacologically inhibit RSPO signaling and therefore reduce the Wnt signaling
environment (48). If Apc” cells were retained within this model and led to neoplasia, this
would indicate that the signaling environment plays a major role in underscoring the
regional differences between the corpus and the antrum.

To assay potential differences in Wnt sensitivity between the corpus epithelium of
mice and humans, | would conduct CHIR growth experiments using corpus organoids
derived from each species, as outlined in Chapter 2 (Figure 2.1). This could also be
expanded to additional regions of the gastrointestinal tract, such as small intestinal
organoids where there are known differences in Wnt tolerance and disease
manifestation. This could also be expanded to include antral polyps from FAP patients
which are more likely to carry adenomatous change, however the rarity and pathologic
danger of these polyps make acquisition for research purposes difficult.

| would also focus on developing an accurate mouse model of FGPs. Thus far,
only deletion of H*/K*-ATPase subunits have been demonstrated to lead to an FGP-like

phenotype with cystically dilated glands (25, 26). Lineage tracing within these models,
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such as with a Stmn1-CreERT2 driver for isthmus cells and Gif-CreER'2 driver for chief
cells in a Cre+;R26-LSL-tdTomato;Atp4b”- mouse, would provide interesting
perspectives on the cells-of-origin for these FGPs (25). Although this model better
reflects sporadic polyposis arising from chronic use of PPls, this model could still
provide insight into Wnt-dependent FGPs. Additionally, Stmn1/Gif-CreER™2;Apc™*;R26-
LSL-tdTomato mice could be given a proton-pump inhibitor or DMP-777 to add
additional challenge following Apc loss. This could potentially convert the observed
hyperplasia phenotype into an FGP phenotype, although that mechanism is unproven.
To investigate how Wnt regulates isthmus progenitor cells in vivo, | would use an
Lrig1-CreER™2;R26-LSL-tdTomato or Stmn1CreER™2;R26-LSL-tdTomato mouse model
to lineage trace progenitor cell fate following Wnt activation. | would activate Wnt
signaling using Adenovirus to express RSPO3, as demonstrated in the intestinal study
by Yan et al. (48). | would prefer Adenovirus over a genetic overexpression model using
Myh11CreERT2 driver as such lineage tracing studies would require two independent
Cre drivers leading to an overly complex genetic model. | would expect this model to
demonstrate enhanced lineage tracing towards neck and chief cells as our in vitro
models suggest. These experiments could also be conducted in Lrig1/Stmn1-
CreER'2;R26-L SL-tdTomato,Lgr4™" models to test the hypothesis that LGR4 might
regulate Wnt sensitivity in isthmus progenitors (29). If LGR4 plays a role in regulating
Whnt sensitivity in isthmus progenitors, then | would expect loss of LGR4 to either
desensitize isthmus proliferation to RSPO3 overexpression or induce rapid surface cell

differentiation.
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To investigate Wnt regulation of chief cells, a Mist1-CreER'2;R26-L SL-td Tomato
or Gif-CreER™2;R26-LSL-tdTomato mouse model could be used in combination with
Adenoviral RSPO3 overexpression (67). These experiments would differ from the
studies by Fischer et al. as they would investigate the origin of chief cells in the
expanded base compartment induced by high Wnt signaling (28). The percentage of
Tomato+ chief cells after RSPO3 induction would determine if activation of Wnt
signaling induces chief cell renewal, influences isthmus progenitor cell differentiation
towards a chief cell fate, or both. | would also utilize LGRS ECD as a mechanism for
lineage tracing chief cells following Wnt inhibition, as described by Yan et al. (48).
Alternatively, PORCN inhibitor C59 could be utilized to reduce Wnt signaling as our lab
has prior experience with this drug. These experiments would determine whether the
noted reduction in chief cells by Fischer et al. is due to chief cell dedifferentiation or
reduced chief cell self-renewal (28).

To investigate how Wnt regulates parietal cell differentiation, | would attempt to
grow organoids without NOG or with recombinant BMP4. | would likely induce BMP
signaling once organoids are matured (Day 6) to prevent premature differentiation
leading to cultures crashing. The first step would be to determine whether this induced
proper parietal cell differentiation through immunohistochemistry and gPCR for G/F and
ATP4A/B. Following, | would repeat these experiments in low and high Wnt
environments to determine how activation of Wnt signaling influenced parietal cell
differentiation. For in vivo analysis, it is possible that the aforementioned lineage tracing
studies in combination with Wnt activation and/or inhibition would provide insight into

these mechanisms.
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Finally, | would conduct single cell analyses on high Wnt organoids. Single cell
sequencing after growth in low and high Wnt signaling conditions could provide further
insight into distinct populations of cells which exist within each culture. This would also
provide insight into the percentage of cells which have a differentiated phenotype
versus an undifferentiated, progenitor-like phenotype at this timepoint. Serial analysis of
high Wnt organoids, namely from the 5 yM CHIR99021 condition, could also be
conducted to observe differentiation over time. Bioinformatics analysis would therefore
allow lineage mapping to determine how neck, chief, and potentially parietal cells arise
over time in the presence of high Wnt signaling.

Another important question remaining from these experiments is which cells are
responsible for demonstrating progenitor potential and giving rise to new organoids
following passage. | would first utilize mouse organoids derived from a Stmn71-GFP or a
Gif-GFP model to explore this concept (28, 35). GFP+ and GFP- cells from either model
could be sorted after 6 days growth in low or high CHIR and then replated as single
cells. Organoid formation efficiency from each population would provide insight into how
Whnt regulates cell-specific progenitor potential. Furthermore, mature organoids
originating from each pool could be assayed for mRNA expression in order to determine
how chief cells versus isthmus cells give rise to differentiated cells following Wnt
reduction. It is possible that these experiments could be repeated within human
organoids; however, this would require the use of CRISPR or viral transfection to induce

genetic change such as GFP expression.
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4.6 Moving Beyond Traditional Organoid Models

Organoids have long been considered the gold standard for studying human
gastrointestinal epithelial tissue as they are easily generated and maintained over long
periods of time. However, while the in vivo epithelium is patterned by complex basal-
luminal gradients of signaling factors, current organoid techniques require suspended
growth in a homogenous pro-proliferative, anti-differentiation medium. This leads to
organoids lacking any definitive architecture or cellular organization that would enable
studying complex features of homeostasis and disease progression. The lack of parietal
cells in corpus organoids represents an additional critical flaw in their design and
demonstrates a need for improved systems to study human tissue in vitro.

Emerging platforms are being developed to produce in vitro or ex vivo models
that closely mirror the architecture and environment that is present within tissue
systems in vivo. Work by Boccellato and Wolffling et al. have established 2D polarized
mucusoids through the use of an air-liquid interface as an approach to study pathways
regulating differentiation in the antrum and corpus (66, 68). Hinman et al. have created
3D structures to grow colonic epithelium which leads to compartmentalization of cell
types upon exposure to various chemical gradients (69). Growing human organoids in
the presence of stroma also may lead to improved models as two independent studies
have demonstrated that stromal cells can increase the number of parietal cells in vitro
(70, 71).

The creation of these platforms will enable more precise study of human
epithelial physiology and eventually could lead to phasing out traditional animal models

as technology continues to advance. Furthermore, they could carry significant clinical
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importance as primary patient tissue could be grown and used for personalized
medicine applications. The development of these platforms however requires intimate
knowledge and understanding of the key mechanisms which regulate cell function and
identity. My work on Wnt signaling not only provides insights that will enable us to
improve upon our current organoid models but will also help develop the next

generation of research tools.

4.7 Conclusion

In conclusion, the work within this thesis describes a role for Wnt signaling in
regulating homeostasis and disease progression within the human gastric corpus. Wnt
signaling is distinctly associated with disease throughout the gastrointestinal epithelium,
so understanding the mechanisms through which Wnt regulates cellular function and
identity could impact the development of new therapies for patients. Through using
primary tissue biopsies derived from patients, my work directly translates to our

understanding of human gastric physiology.
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