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ABSTRACT OF THE DISSERTATION
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INPUT

By XIAO ZHANG

Dissertation Director:

Nan Gao, Ph.D.

Being one important part of the digestive system, the intestine is responsible for
nutrient uptake and for establishing a critical barrier against luminal insults from
harsh chemicals or pathogens. Both functions are vital for the survival of the host.
Strictly defined architecture of intestinal epithelial cells and the gradient of signaling
cues along the villus-crypt axis ensure the maintenance of adult intestinal stem
cells, as well as proper regeneration and differentiation of all intestinal epithelial
cell types. The Rho family small GTPase Cdc42 controls the proper division of
intestinal stem cells and affects subsequent fate-determination of the progenitor
cells. How the intestinal epithelium maintains homeostasis and regenerative
capacity during constant exposure to genotoxic and pathogenic insults is unclear.

We found that ex vivo survival and clonogenicity of intestinal stem cells (ISCs)



strictly required Cdc42-mediated response, and Cdc42-deficient enteroids
underwent rapid apoptosis. Mechanistically, Cdc42 engaged EGFR and enabled
MAPK signaling. Accordingly, mice engineered to have boosted Cdc42-MAPK
signaling in ISCs showed enhanced regeneration and were protected from
epithelial injury. However, mice with Cdc42-deficient epithelium were viable and
maintained functional homeostasis. An ex vivo screen uncovered that a number of
inflammatory cytokines restored growth of Cdc42-deficient enteroids. Indeed,
intestinal regeneration in mice lacking epithelial Cdc42 was compromised when
cytokine-signaling or microbiota sensing was abolished. Antibiotic treatment, |IL-22
deficiency, or Stat3 blockage compromised epithelial survival and injury-induced
regeneration in mice lacking epithelial Cdc42. Data from this thesis shed lights on
how ISC-intrinsic survival programs collaborate with signals from immune and
microbiome compartments to provide non-redundant layers of protection for
epithelial integrity. We conclude that signaling inputs from microbiome and lamina
propria lymphocytes facilitate survival of ISCs with defective survival program.
These results suggest that activation of specific epithelial extrinsic signals may
benefit intestinal mucosal regeneration in hosts with diminished survival program

such as during severe genotoxic or pathogenic injuries.
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CHAPTER 1

INTRODUCTION

Information included in this chapter was partially taken from and had been published in

Zhang et al., Small GTPases. 2016 Apr-Jun; 7(2): 59-64.



1.1 The structure and composition of intestinal epithelium

The mammalian intestinal mucosa is composed of the epithelium, luminal
microbiota, and underlying lamina propria that consists of resident immune cells
and a variety of mesenchymal cells. The epithelial cells make direct contact with
nutrients and microbiota and are responsible for nutrient uptake and for
establishing a critical barrier against luminal insults from harsh chemicals or
pathogens. Both functions are vital for the survival of the host (Okumura and

Takeda, 2017).

Architecture of the intestine epithelium

The intestinal tract is covered by a single sheet of epithelial cells that is folded
into millions of finger-like protrusions, known as the villi, facing towards the lumen.
At the root of each villus, there is an invaginated crypt compartment embedded
and surrounded by the lamina propria cells. The villus epithelial cells are composed
of mature cell types with the majority being enterocytes, cells that are responsible
for nutrient absorption. Additional villus epithelial cell types include goblet cells,
enteroendocrine cells, and tuft cells. All these mature villus epithelial cells are
progenies of transient amplifying (TA) cells that migrate upwards out from crypt
and move upwards to villus where they undergo several rounds of division before
terminally differentiating and moving into the villus. These TA cells are direct
descendants of the crypt based columnar (CBC) stem cells. In contrast to villus-
localized mature epithelial cells, Paneth cells are uniquely situated at the base of

the crypts, where they immediately juxtaposed to intestinal stem cells (ISCs).



Intestinal homeostasis

The intestine epithelium is the most rapidly renewed tissue in the body of adult
mammals. The entire epithelial sheet is replaced every 3-5 days. There is a
constant loss of mature epithelial cells at the villus tip. This massive cell loss is
efficiently balanced by daily cell regeneration from the crypt-localized ISCs. At
steady state, such robust capacity of regeneration of intestinal epithelia ensures
an intact barrier function that separates luminal microbiota and host tissue
(Peterson and Artis, 2014). This feature also allows the intestinal epithelia to
rapidly respond to injuries (e.g., mechanical, pathogenic, chemical, etc.), by
launching reparative activities to the damaged tissues. Under certain pathological
conditions, when cell regeneration cannot compensate cell loss, the intestinal
barrier function is impaired leading to bacterial endotoxin leaking across the
epithelium into blood stream causing systemic inflammation or sepsis (Chelakkot
et al., 2018). Alternatively, when excessive stem cell proliferation fails to be
balanced by proper differentiation and cell death, intestinal tumors arise. Thus, it
became increasingly appreciated that a proper functioning of intestinal epithelial
cells (IECs) relies on a signaling network that sustains a balanced cell production
and differentiation (van der Heijden and Vermeulen, 2019). The intra-cellular
machinery and inter-cellular signaling pathways that maintain this crucial balance
remains to be an active field of investigation and also the central theme of this

thesis.



Enterocytes

Enterocytes are specialized epithelial cells with millions of microvilli densely
packed at the apical side of the plasma membrane. Enterocytes have three major
functions corresponding to their cellular structural features: nutrient absorption,
barrier function and antigen uptake (Snoeck et al., 2005). The so-called brush
border structure in enterocyte is built with actin bundles at the core of each
microvillus, whose assembly is assisted by actin-interacting proteins Villin, Espin
and Fimbrin (Crawley et al., 2014). The stabilization of apical membrane with
microvilli is achieved by unconventional myosins (e.g., myosin1, 6) and ERM (ezrin,
radixin, moesin) family proteins, which anchor the plasma membrane to the
underlying actin cytoskeleton (Crawley et al., 2014). During the process of
cytoskeletal assembly and membrane polarizations, small GTPases of the Rho
subfamily are indispensable (Crawley et al., 2014). The purpose of having microvilli
is to maximize the surface area where the enterocytes can be in contact with
luminal contents.

Genetic abnormalities that impair the proper formation of microvilli have been
associated with severe malabsorptive intestinal disorders (Muller et al., 2008;
Wiegerinck et al., 2014a). One of these disorders, known as Microvillus Inclusion
Disease (MVID), has received increasingly intense attentions in recent years due
to the identifications of several disease-related mutations. MVIDs are rare yet
serious congenital intestinal enteropathy characterized by a severe loss of apical
microvilli, accumulation of intracellular vesicles and microvillus inclusion bodies,

as well as a mis-localization of apical and basolateral proteins. Patients of MVIDs



completely lose the ability to absorb nutrients in the intestine (Cutz et al., 1989;
Davidson et al., 1978). Two genetic mutations have so far been isolated from MVID
patients: MYOSB (Erickson et al., 2008; Muller et al., 2008), encoding a motor
protein MYOSIN 5B, and STX3 (Wiegerinck et al., 2014a), encoding an apical
SNARE protein SYNTAXIN 3. However, long before the isolation of MYO5B
mutations, the potential link of a Rab small GTPase, Rab8a, to MVID pathogenesis
had been suspected owing to the observation that Rab8a homozygous knockout
mice developed typical microvillus inclusion bodies in the cytoplasm of affected
enterocytes, although no RAB8A mutation has been isolated from MVID patients
to date (Sato et al., 2007). This first MVID mouse model developed by Harada
group illustrated clear defects of apical cargo transport in Rab8a-deficient
enterocytes (Sato et al., 2007). Prior to identification of MYOS5B mutation, it had
also been demonstrated that MYOSB interacts with both RAB8A and RAB11A to
facilitate the apical transport of cargos along cytoskeleton tracks to plasma
membrane (Knowles et al., 2014; Roland et al., 2011). These studies collectively
suggest that essential apical transport cellular machinery consisting RABS8A,
RAB11A and MYOSB may contribute to the proper microvillus morphogenesis,
whereas improper functioning of this machinery may cause defective delivery of
apical cargos, such as STXS3, leading to abnormal microvillus formation and
function. This model has received further support from additional mouse genetic
studies, in which intestinal epithelial cell specific ablation of either Myosin 5b
(Carton-Garcia et al., 2015; Schneeberger et al., 2015) or Rab11a (Knowles et al.,

2015 ; Sobajima et al., 2014) leads to defective Syntaxin 3 trafficking and MVID-



like phenotypes in mutant enterocytes. A recent study demonstrated Myo5B and
Stx3 coordinates with Rab8 and Rab11 during apical cargo exocytosis by using
CRISPR editing to introduce a Myo5B patient mutation in a human epithelial cell

line (Vogel et al., 2015).

Paneth cells

Paneth cells are specialized secretory epithelial cells that first migrate into the
transit amplifying zone and the during differentiation migrate back into crypts. This
unique crypt-positioning appeared to be controlled by signals involving
Ephrin/EphB at the cell membrane. Being a fully mature epithelial cell type, Paneth
cells produce a number of growth factors, antimicrobial peptides, cytokines, and
chemokines. Paneth cells execute important functionalities to not only support
intestinal stem cells (ISC), but defend against pathogens and potentially regulate
the mucosal immune responses (Clevers and Bevins, 2013). For example, Paneth
cells produce key stem cell niche factors including EGF, Wnt3, and the Notch
ligand. Delta-like 4 (Dll4) (Sato et al., 2011b). Among the many antimicrobial
proteins that are produced by Paneth cells, defensins are a family of bactericidal
small peptides secreted into the lumen to regulate the microbiota community.
Because of the crucial role of Paneth cells in regulating gut microbiota and
intestinal mucosal immune responses, misfunctioning of these processes were
considered to be related to the pathogenesis of Crohn’s disease, a devastating
form of inflammatory bowel disease (IBD) (Bevins and Salzman, 2011). In addition,

a C-type lysozyme is another important anti-microbial product of Paneth cells.



Abnormal secretion of Paneth cell specific lysozyme, the product of Lyz1 gene in
mice, was linked to a changed gut microbiota landscape and an altered

susceptibility to experimental colitis in mice (Yu et al., 2017).

Tuft cells

Tuft cells are also known as brush cells. They are found mostly in the respiratory
and digestive systems (Sbarbati and Osculati, 2005). Tuft cells constitute 0.4% of
the entire intestinal epithelial cell population, and can be morphologically
distinguished by their long and blunt microvilli with prominent actin rootlets and
tubulovesicular system in the supranuclear cytoplasm (Sato, 2007). Tuft cells have
high expression levels of cytokeratin18, tubulin, and ankyrin indicating a possible
mechanical sensing role by these cells (Hofer and Drenckhahn, 1996).
Doublecortin-like Kinase 1 (Dclk1) is a specific marker for Tuft cells (Gerbe et al.,
2009; Leppanen et al., 2016), and was proposed to coordinate protein trafficking
along microtubules (Gerbe et al., 2011; Lipka et al., 2016). Studies focusing on Tuft
cell fate commitment reached controversial opinions regarding whether or not Tuft
cell differentiation required Atonal Homolog 1 (Atoh1) (Bjerknes et al., 2012; Gerbe
et al., 2011), a transcription factor that is responsible for the fate commitment
between absorptive and secretory lineages in the intestinal epithelium. In one study,
upon induced Atoh1 deletion by gavages of tamoxifen, Tuft cells remained
(Bjerknes et al., 2012). In another study, deletion of Atoh1 in intestinal epithelia
cells (IECs) via intraperitoneal injection of tamoxifen impaired the differentiation of

all 3 major secretory cell types including Tuft cells (Shroyer et al., 2007).



Delta/Notch signaling promotes differentiation of the absorptive lineage by
suppressing Atoh1 in undifferentiated precursor cells (VanDussen et al., 2012).
However, whether Cdc42 modulates Atoh1 expression or Delta/Notch signaling to
affect secretory cell differentiation, especially Tuft cell differentiation is unknown.
Tuft cells are also involved in intestinal carcinogenesis (Carstens et al., 1976), and
were detected in the human colorectal cancer cell line LIM1863 (Barkla et al.,

1988).

Goblet cells

Goblet cells are another secretory cell type primarily residing in villus epithelium.
They are also considered as an essential part of epithelial defense mechanism
against luminal pathogens. When Notch signaling was blocked by y-secretase
inhibitors, the Notch cytoplasmic component no longer entered the nucleus,
resulting in an enhanced secretory lineage differentiation at the expense of
enterocyte production (Clevers, 2013a). Mature goblet cells are the primary
producers of intestinal mucus, which is made from the MUC2, FCGBP, CLCA1,
ZG16, and AGR2, etc (Birchenough et al., 2015). Goblet cell derived mucin serve
as the frontline of anti-pathogen firewall that diminishes any unwanted microbial
invasion towards the epithelium (Birchenough et al., 2015). Under certain microbial
insults, goblet cells respond by undergoing expansion as exemplified in parasitic
helminth infections. In this scenario, IL-4Ra and IL13Ra1 receptors on goblet cell
surface sense and transmit type 2 cytokine signals (e.g., IL.-4 and IL-13) in

response to infection, leading to massive goblet cell propagation (Marillier et al.,



2008) (Oeser et al., 2015) (Steenwinckel et al., 2009). Another example of how
goblet cells may coordinate with mucosal immune signaling was the demonstration
that Th17 cells produced IL-22 to regulate goblet cell differentiation and mucin
production by synergizing the hyperplasia effect induced by type 2 cytokines
(Turner et al.,, 2013). These studies placed the goblet cell population as
participating in integration/interpretation of multiple important immune cell derived

signaling cues.

Enteroendocrine cells

Being only 1% of intestinal epithelium, enteroendocrine cells are differentiated
from the common secretory precursors when a transient expression of
Neurogenin3 (Neurog3) is switched on (Jenny et al., 2002), along with micro-RNA-
375 (Knudsen et al., 2015), followed by a variety of transcription factors, including
Neurogenic differentiation 1 (Neurod1), Paired box (Pax) 4/6, Insulin gene
enhancer protein (Isl1), pancreatic and duodenal homeobox 1 (Pdx1), Nkx6-1, and
Nkx2-2. Enteroendocrine cells further mature into distinct subgroups (Worthington
et al., 2018), depending on their expression of distinct transcription factors such as
Pdx1, caudal type homeobox 2 (Cdx-2), Gata4, Gata-5, Gata6, Hepatocyte nuclear
factor-1a (Hnf-1a), Hnf-13, or CCAAT-displacement protein (Cdp). Although
enteroendocrine cells represent a tiny fraction of epithelium, these cells have
indispensable functions in hormone-producing, metabolite-sensing, and bowel
movement (Gribble and Reimann, 2019). In addition, enteroendocrine cells are

also considered a part of the entirety of mucosal immune system as they not only
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produce cytokines or cytokine-like peptides but communicate with immune cells
about the gut microbial status. Using toll-like receptors (TLRs), enteroendocrine
cells were shown to sense microbial stimuli, resulting in activated NF-k3 and MAPK
signaling, as well as increased Ca2+ flux that promoted the release of TNFa, TGF[(3,
macrophage inflammatory protein-2, CXCL1/3, IL32, etc (Bogunovic et al., 2007;

Palazzo et al., 2007) (Selleri et al., 2008).

1.2 Biology of ISCs

The fast-cycling ISCs reside in the crypt bottom, self-renew on a daily basis, and
give rise to all mature epithelial cell types described above. The ISC “niche” refers
to the crypt cells and the stromal cells that are surrounding the ISCs. In the crypt,
Paneth cells intermingle with ISCs, and were proposed to be crucial for ISC
renewal through chemical and mechanical support to the ISCs (van der Flier and
Clevers, 2009). Canonical Wnt and EGF signaling are two major growth pathways
for intestinal stem cell (ISC) survival and renewal (Basak et al., 2017; Gregorieff
and Clevers, 2005; Krausova and Korinek, 2014; Schepers and Clevers, 2012),
while BMP pathway drives formation of differentiated villus epithelia (He et al.,

2004; Qi et al., 2017).

Canonical Wnt signaling and ISC homeostasis

Canonical Wnt signaling is one of the master regulatory pathways for embryo
development and is engaged in the maintenance of adult intestinal homeostasis

(Clevers, 2006). In the intestine, Wnt ligands are produced and secreted mostly by
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Paneth cells and subepithelial mesenchymal cells, providing a gradient of Wnt
ligand along the villus-crypt axis. High Wnt abundance at crypt maintains a high
cellular proliferation activity while reduced Wnt abundance at the villus-crypt
boundary allows terminal differentiation to occur. Wnt signaling promotes the
expression of a network of target genes through stabilizing beta-catenin from the
APC/Axin/CK1/GSK3 destructing machinery and transcriptional activation via TCF
factors (Schuijers et al., 2014). Knockout of mouse TCF4 resulted in a deformation
of crypt structure as well as a loss of stem cells in neonatal mice (van Es et al.,
2012) (Korinek et al., 1998). On the other hand, transgenic expression of Dkk-1,
an endogenous inhibitor of Wnt signaling in adult mice led to complete disruption
of crypts (Pinto et al., 2003).

R-Spondins (RSPOs) potentiate Wnt signaling (Kim et al., 2005) by binding to
leucine-rich repeat containing, G protein-coupled receptors 4, 5 and 6 (LGR4/5/6),
leading to removal of two cell surface E3 ubiquitin ligases RNF43 and ZNRF3,
which target Wnt receptors for degradation (Nagano, 2019). The synergistic effect
of Wnt and R-Spondin on beta-catenin activation and ISC homeostasis were best
illustrated by the ex vivo model of intestinal organoid culture. With Wnt proteins
only, the transcription activity of beta-catenin was increased 4-fold compared to
untreated organoids; adding both Wnt and R-Spondin increased this activation by
400 times. However, binding of R-Spondin to its membrane receptor Lgr5 (Peng
et al., 2013) was also proposed to potentiate TGF-B signaling (Zhou et al., 2017).
Given the prompt and strong pro-survival and pro-proliferation effects of Wnt

signaling, aberrant regulation of this pathway as exemplified by APC loss-of-
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function represented the major cause of colorectal cancers (Clevers, 2006).

Paneth cells are component of ISC niche compartment

Paneth cells produce Wnt3, EGF and TGFa, and were proposed to be an
indispensable niche component for stem cell renewal (Sato et al., 2011b). The fate
of intestinal stem cells is determined at least in part by their relative localization to
Paneth cells. This was illustrated in a model of natural competition among stem
cells that can either remain as stem cell or adopt a TA cell fate thereby contributing
to differentiated lineages (Snippert et al., 2010). Thus, various ISC niche growth
factors including EGF, TGFa, Wnt3, Notch ligands DII1 and DIl4 (Paneth cell
products), and HGF (from mesenchymal cells) coordinate to regulate ISC
homeostasis (Barker et al., 2010). It becomes increasingly appreciated that a
synthetic interplay of these pathways ensure a homeostasis, where crypt-based
ISCs self-renew and produce various lineages of progenitors that, upon transit
amplification, differentiate into mature IECs to offset programmed cell death

(Clevers, 2013b; Gehart and Clevers, 2019).

Markers of ISCs

Widely considered as the maker of rapid cycling stem cells in multiple organs
(Barker et al., 2010), Leucine-rich repeat-containing G-protein coupled receptor 5
(Lgrd) is the well-studied ISC marker (Barker and Clevers, 2007). Lgr5 was also
identified as one of the target genes of canonical Wnt signaling (Van der Flier et

al., 2007). Lgr5 is a co-receptor of R-Spondin that enhances canonical Wnt
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signaling (Schuijers and Clevers, 2012). In addition to serving as ISC marker in
normal intestinal epithelium, Lgr5 also marks the colorectal cancer stem cells
(Hirsch et al., 2014)}. When mutant APC was introduced to intestinal Lgr5+ cells,
adenoma formed in a short period of time in these mice, arguing that Lgr5+ cells
acted as cell-of-origin of colon cancer (Barker et al., 2009). Other markers for
active proliferating stem cells include OIfm4 (van der Flier et al., 2009), Ascl2
(Schuijers et al., 2015), ALCAM (Levin et al., 2010) MSI1 (O'Brien et al., 2007) etc.
The so-called “quiescent stem cells” or "label retention stem cells” have been
proposed to be reserve stem cells when Lgr5+ stem cells are lost, and these cells
are marked by Bmi1 (Yan et al., 2012), Hopx (Takeda et al., 2011), Tert1 (Suh et

al., 2017), DCLK1 (May et al., 2008), and Lrig1 (Powell et al., 2012).

Enteroid model and clonogenicity of ISC

The intestinal enteroid culture model developed by Sato et al. (2009a) has
greatly contributed to the ISC research field. The original report showed that a
single Lgr5 stem cell isolated from mouse intestines could be cultured in a specially
formulated medium and develop into a mini-gut structure containing all known
intestinal epithelial cell types. Such culture could be indefinitely maintained and
passaged for numerous generations with few or no mutations acquired in the cells.
Specifically, in this culture system, mouse small intestinal crypts were isolated and
embedded in Matrigel as a 3D organotypic culture in DMEM/F12 media that was
supplemented by EGF, Noggin and R-Spondin (also known as ENR) (Sato et al.,

2009a). Through this culture system, indispensability of Wnt, EGF, and BMP
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pathways for ISC function was unequivocally demonstrated: the indefinite ISC
renewal and proliferation were sustained by Wnt and EGF agonists, while the
differentiation was suppressed by BMP pathway inhibitor, Noggin (Barker et al.,
2010; Radtke and Clevers, 2005; Sato et al., 2009b).

Similar organoid methods were then modified and developed to culture human
colon, adenoma, adenocarcinoma, and Barrett’s epithelium, etc (Sato et al., 2011a).
The absolute requirement of “ENR” was later tested by replacement of Wnt
pathway activators and BMP pathway inhibitors, further supporting the necessity
of previously demonstrated ISC niche signaling (Li et al., 2018). To date, intestinal
organoid culture has been modified and utilized in settings to meet the requirement
and demand of investigating intricate ISC regulatory mechanisms across various
disciplines including dietary metabolites, gut microbiota, immune and stromal cell
signaling, in the context of both physiology and disease (Nigro et al., 2019) (Min et
al., 2020). From a translational perspective, since the organoid culture method now
allowed a rapid and efficient expansion of primary tissues, this technique opened
a door for high throughput drug screening and precision medicine for the search
of cure of certain diseases such as IBD and cancer (Liebau et al., 2019; Schulte

etal., 2019).

Injury-induced ISC regeneration

Although the intestinal epithelium constantly encounters environmental challenges,
severe insultations caused by pathogens, chemicals, or irradiation may lead to

drastic epithelial damages. For example, ionizing radiation, which some cancer
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patients have to go through, specifically targets proliferating cells for rapid
apoptosis. One to two days after radiation, there is a drastic decline in numbers of
Lgr5+ ISCs and TA cells. This quantitative loss of ISCs was postulated to activate
the so-called “quiescent” ISCs, in mechanism still poorly understood, to replace
the lost ISCs and contribute to epithelial repopulation after injury (Kim et al., 2017Db).
Work in the recent decade documented the remarkable plasticity of intestinal
epithelia in intact animals. A body of literature demonstrated the injury-induced
stemness acquisition by not only quiescent ISCs, but by mature cell types in
response to ISC loss (Basak et al., 2017; Gerbe et al., 2009; May et al., 2014;
Schmitt et al., 2018; Sei et al., 2018; Tetteh et al., 2016; Westphalen et al., 2014;
Yan et al.,, 2017; Yi et al., 2018; Yu et al.,, 2018) (Yu, 2013). The interactive
complexity of intrinsic and non-intrinsic epithelial signaling that confers remarkable
tissue plasticity remains poorly defined and is an important area of exploration by

this thesis work through biomedical and genetic approaches.

1.3 Cdc42 and intestinal homeostasis

How small GTPases works?

Rho GTPases belong to the Ras superfamily, with the primary family members
being Cdc42, Rho and Rac. As usually occurring to all small GTPases, a guanine
nucleotide exchange factor (GEF) binds to the GDP-bound Rho GTPases through
Dbl homology-pleckstrin homology (DH-PH) domain or Dock homology region-1
(DHR1) domain, stimulating the replacement of GDP by GTP. GTPase-activating

proteins (GAPs) binds to GTP-bond GTPases and activates GTPase activity that
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hydrolyzes GTP into GDP, resulting in an “inactive” GTPase. Sometimes, GEFs
may also bind to the GTP form of GTPases to promote the positive feedback signal
(Sinha and Yang, 2008). Inactive forms of GEFs can be due to the autoinhibitory
binding between their PH and DH domains, which blocks binding between GEF
and GTPases. In order to activate a GEF, the following conditions need to be met:
the GEF is in close proximity with a GTPase; the GEF is released from its auto-
inhibitory conformation; and there is an induction of allosteric changes in the
catalytic domain (Bos et al., 2007). Rho GTPases usually exert their functions
through downstream effector proteins. The effectors of Rho-GTPases are proteins
that typically contain a Cdc42-Rac interactive binding (CRIB), p21-binding domain

(PBD), or GTPase-binding domain (GBD) domains.

Cdc42 is a small GTPase of the Rho subfamily

Cdc42, as a Rho subfamily small GTPase, is activated by extracellular growth
factors, cytokines, as well as signals emitted from integrin, proteoglycans and G-
protein coupled receptor (GPCR) ligands. The activity of Cdc42 is controlled by its
GTP/GDP-binding states as well as by its anchorage at distinct intracellular
membrane compartments (e.g., plasma membrane or golgi apparatus). In order to
recruit its downstream effectors, Cdc42 needs to be localized to the plasma
membrane, where Cdc42-specific GEFs or effectors accumulate in response to
the upstream stimuli. Specific binding between GEFs and Cdc42 was dependent
on agonist stimulations (Calvo et al., 2011). For example, the PH domain of Vav1

interacts with two lipid products of phosphatidylinositol 3-kinase (PI3K) to further
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regulate Vav1. Phosphatidylinositol 4,5-biphosphosphate (PIP2) inhibits Vav1
activation while phosphatidylinositol facilitates activation, suggesting that the
particular upstream stimulating cues are determinants for the specificity and
perhaps amplitude of subsequent signaling pathways.

Cdc42 is involved in a wide variety of cellular functions such as polarity
establishment, vesicular trafficking, cell cycle, and even transcriptional dynamics
in the nucleus (Johnson and Pringle, 1990) (Hall, 2012). Using affinity
chromatography and yeast two-hybrid system, studies had identified at least 23
proteins as potential Cdc42 effectors. A partial list includes p70-S6K; MLK2/3;
MEKK1/4; PAK1/2/3/4; MRCKa/B; ACK1/2; PI3K; PLD; PLCbeta2; WASP, N-
WASP; MSE55 and BORGs; IQGAP1/2; and CIP-4 etc. (Bishop and Hall, 2000).
The functional categories of these effectors range from protein kinases, lipid
kinases, hydrolases, phosphatases, actin-binding proteins, vesicle coating
proteins, to adaptor proteins. However, with regard to Cdc42, the effectors have
similar binding affinity to it, and they can be activated without bias if there is no
specific direction from upstream signaling. Overexpression or hyperactivation of
Rho-family small GTPase was a hallmark of multiple cancer types, including
colorectal cancer (CRC), leukemia, breast cancer, prostate cancer, etc (Karlsson

et al., 2009).

Splicing variants of Cdc42

Cdc42 has two alternative mRNA splicing variants. Variant 1, referred to as

Cdc42-V1, is universally expressed, and Variant 2, or Cdc42-V2 had initially
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reported to be brain enriched (Wirth et al., 2013). The major distinction between
the two variants are the last ten amino acids at the C-terminus. Cdc42-V1 carries
a single Cysteine at 188 that can be lipid-modified as prenylation, whereas Cdc42-
V2 harbors two Cysteines at a.a. 188 and 199 that can be prenylated and
palmitoylated, respectively (Wirth et al., 2013b; Yap et al., 2016) (Nishimura and
Linder, 2013) (Mukai et al., 2015) (Kang et al., 2008) (Lee et al., 2018a). The
differential and dynamic localizations of Cdc42 is believed to be controlled by
lipidation status (palmitoylation and/or prenylation) of its C-terminal domain
(Johnson et al., 2012; Wirth et al., 2013b). Palmitoylation was reported to prevent
Cdc42 from binding with RhoGDI, a Cdc42 inhibitor that sequesters Cdc42 from
membrane while stabilizing the cytoplasm-localized Cdc42 (Nomanbhoy et al.,
1999) (Nishimura and Linder, 2013). Whether palmitoylated Cdc42 has a strong
signaling capacity and how it may influence stem cell behavior in vivo are currently

unknown, due to a lack of a model dedicated to the variant of Cdc42-V2.

Cdc42 maintains intestinal epithelial homeostasis

Our laboratory has extensively documented the essential contribution of Cdc42
to intestinal homeostasis and the progression of incipient intestinal tumor cells.
Using IEC-specific Cdc42 knockout (KO) mice, we and others had reported that
mouse intestinal epithelium lacking Cdc42 developed a typical phenotype
resembling the human MVID (Michaux et al., 2016; Sakamori et al., 2012b; Zhang
and Gao, 2016). MVID is rare, yet devastating congenital enteropathy

characterized by a severe loss of apical microvilli in enterocytes, accumulation of
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intracellular vesicles, development of typical microvillus inclusion bodies, as well
as mis-localization of apical and basolateral proteins (Ruemmele et al., 2006).

In addition to enterocyte, loss of Cdc42 also impacted the proper division of ISCs
and localization of Paneth cells (Akcora et al., 2013; Melendez et al., 2013;
Sakamori et al., 2012b; Zhang and Gao, 2016). When Cdc42 was specifically
deleted from ISCs in Cdc42% | gr5ECFP-IRES-CreER mice, Cdc42-deficient 1SCs
exhibited an impaired division and lineage-tracing into villus compartment,
suggesting that Cdc42 is required for ISC homeostasis (Sakamori et al., 2012).
Increased Cdc42 levels may participate in intestinal tissue repair in damaged
mucosa induced by mesenteric ischemia/reperfusion in the small intestine and by
dextran sulfate sodium in the colon. (Liu et al., 2017). In aggregate, these in vitro
and in vivo studies clearly demonstrated the impact of Cdc42 on epithelial cell
barrier function (Schlegel et al., 2011), survival and proliferation (Sakamori et al.,
2012; Sakamori et al., 2014), differentiation (Bruurs et al., 2017), and migration
(Babbin et al., 2007; Lowe and Moseley, 2013; Melendez et al., 2013). In other
tissue sites, Cdc42 was reported to control the balance of aging and rejuvenation
of hematopoietic stem cells (Florian et al., 2012). However, it remained unclear
how Cdc42 regulates pro-survival pathways at a mechanistic level that contribute

to stem cell homeostasis and regeneration.

Cdc42 and Colorectal Cancer

Elevated Cdc42 levels had been reported in human CRCs (Al-Tassan et al.,

2015; Cardoso et al., 2014), and most importantly was proposed as an indicator
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for highly metastatic CRCs (Stengel and Zheng, 2011). GWAS and meta-analysis
with 1000 Genomes found Cdc42 gene implicated in the inherited genetic
susceptibility to CRC (Al-Tassan et al., 2015). In mice, genetic or pharmacological
inhibition of Cdc42 suppressed the progression of intestinal tumorigenesis
(Humphreys et al., 2014; Ke et al., 2014; Sakamori et al., 2014Db).

Along the same line, downstream effectors of Cdc42, such as IQGAP and PAK,
were found highly expressed in CRC tissues and correlated with higher malignancy
(Carter et al.,, 2004) (Gong et al., 2009) (White et al.,, 2009). Ectopic
overexpression of a constitutively active Cdc42(Q61L) in human colorectal cancer
SW480 cells enhanced cell migration and invasion (Gao et al., 2013). Furthermore,
fast cycling Cdc42 mutant F28L augmented the pro-survival signaling and
transformation of NIH3T3 cells (Lin et al., 2003) . Taken together, literature robustly
supported a pro-survival and -growth role of Cdc42 in the intestinal tissues, yet the

specific pathways mediating these phenotypes are less well understood.

1.4 EGF-EGFR-MAPK pathway

Epidermal growth factor (EGF) is an indispensable ISC niche factor

EGF superfamily of growth factors include EGF, transforming growth factor-a
(TGF-a), Amphiregulin (AR), Epiregulin (EPR), Epigen, Betacellulin (BTC),
Neuregulins, etc. The EGF-EGFR-MAPK pathway is one of the most versatile
pathways in regulating cellular functions. EGF family proteins bind to ErbB family
receptors (ErbB2/HER-2, ErbB3/HER-3, and ErbB4/HER-4) of the Receptor

Tyrosine Kinase superfamily. EGF ligands bind the extracellular domain of EGFR
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causing a dimerization between the cell surface receptors. The dimerization
triggers an autophosphorylation of tyrosine residues within the C-terminal of the
receptor proteins (Hubbard, 2005). Cytoplasmic proteins containing Src Homology
2 (SH2) domains are then recruited to ErbB receptors leading to a signaling
cascade involving Ras/Raf/mitogen-activated protein kinase pathway (MAPK),
Phosphatidylinositol 3-kinase (PI3K)/AKT pathway, Phospholipase C pathway,
Signal Transducers and Activators of Transcription (STAT) pathway, Src kinase
pathways, etc (Yarden and Sliwkowski, 2001). In terms of activation of MAPK
pathway, adaptor proteins Grb2, Shc and Sos bind to the phosphorylated tyrosine
cites on ErbB (Batzer et al., 1994), resulting in the recruitment and activation of
Ras that in turn activates Raf-1 and MAPK cascade (Hallberg et al., 1994). EGF is
one of the indispensable components that define the “ENR” media used in enteroid

culture, indicating the crucial role of the pathway in ISC survival and differentiation.

EGFR and ISC Homeostasis

ISC proliferation and regeneration support not only the development and
maturation of the tissue, but also the life-long maintenance of this homeostasis
after tissue injuries caused by pathogens, chemicals, and genotoxic damages.
EGF signaling is one of the most conserved pathways that critically regulate the
survival and regeneration of ISCs (Cordero et al., 2014; Liang et al., 2017; Suzuki
et al.,, 2010; Yang et al.,, 2017). In Drosophila, EGFR signaling controls gut
development and adult midgut progenitor proliferation (Buchon et al., 2010; Jiang

and Edgar, 2009; Jiang et al., 2011; Jiang et al., 2016; Jin et al., 2015; Pyo et al.,
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2018; Xu et al., 2011). These functions of EGFR signaling in gastrointestinal tract
are conserved in other species (Mytych et al., 2018; Satora et al., 2018). In addition,
proper localizations of EGFR within epithelial cells appeared to determine cell type
specific functions (Ungewiss et al., 2018). Consistent with a largely pro-
proliferation activity, elevated expression of phosphorylated EGFR positively
correlated with mouse and human adenocarcinomas (Cordero et al., 2012; Wang
etal., 2015a; Wang et al., 2015b). The total EGFR level was also linked to intestinal
epithelial aging and development of CRC (Levi et al., 2009; Nautiyal et al., 2012;
Patel et al., 2009). Moreover, the significance of EGFR signaling was particularly
highlighted in studies of injury-induced epithelial regeneration and YAP-driven

carcinogenesis (Gregorieff et al., 2015; Ren et al., 2010).

MAPK and intestinal epithelial homeostasis

In mice, the EGFR-MAPK pathway was required to keep Lgr5+ ISCs
constitutively active in the intestine (Basak et al., 2017). This pathway was also
shown to prevent cell shedding from intestinal epithelium (Miguel et al., 2017).
Together, the EGF-EGFR-MAPK signaling plays a central role in the maintenance
of ISC and the homeostasis of the intestinal epithelium. p38 mediates intestinal
stem cell aging downstream of mTOR (He et al., 2020). In Drosophila, Jun N-
terminal kinase (JNK) pathway promotes ISC proliferation in response to stress
(Biteau and Jasper, 2011), while p38 mediates age related ISC homeostasis (Park

et al.,, 2009). Shp2/ERK signaling controls goblet/paneth cell fate decisions by

regulating Wnt/B-catenin signaling on the posttranslational level in the intestine
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(Heuberger et al.,, 2014a). Interestingly, Wnt signaling suppresses the ERK

pathway to maintain crypt base ISCs (Kabiri et al., 2018).

1.5 Components of intestinal lamina propria

Intestinal lamina propria refers to the underlying mucosal tissue layer that joins
the epithelium with the outer wall of muscularis. In addition to mesenchymal cells,
including myofibroblasts, fibroblasts, mural cells (pericytes) of the vasculature,
bone marrow—derived stromal stem cells, smooth muscle of the muscularis
mucosae, and smooth muscle surrounding the lymphatic lacteals (Powell et al.,
2011). Lamina propria also contains a variety of professional and innate immune
cells, such as innate lymphocytes (ILCs), macrophages, neutrophils, and dendritic
cells, etc. The lamina propria also plays a role in supporting the villus structure and
in holding numerous capillaries and lacteals towards the villus tip. Part of the
lamina propria cell population may serve as the ISC niche by providing signaling
factors such as Wnts (Gregorieff et al., 2005), BMPs (Zhang and Li, 2005), RSPO
(Chen et al., 2017), and epimorphin (Shaker et al., 2010). Stromal cells
(myofibroblasts, fibroblasts, and probably pericytes) were also shown to secrete
chemokines under pathological or other types of insults (Pinchuk et al., 2007) (Vogel
et al., 2004). Some myofibroblasts and fibroblasts express TLRs and may serve
as antigen presenting cells to mediate responses of professional immune cells
(Otte et al., 2003) (Walton et al., 2009). Innate lymphocytes express pattern
recognition receptors (PRR) to recognize microbial-associated molecular patterns

(MAMP), and to respond through secreting pro-inflammatory cytokines or
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producing anti-pathogen molecules. Macrophages and dendritic cells may sense
pathogens and present antigens to professional T cells. Lastly, activated T cells
differentiate into specific subsets, including Th1, Th2, Th17, or Treg to regulate

local and systemic inflammation.

Lamina propria derived cytokines and ISC homeostasis

The mucosal resident immune cells not only take actions on pathogens, but also
closely modulate epithelial homeostasis and functionality through distinct cytokine
signaling. The aforementioned expansions of Tuft and goblet cells upon parasitic
infection, epithelial cells express surface receptors for specific cytokines that
mediate the crosstalk between immune cells and IECs (Onyiah and Colgan, 2016).
Cytokines such as IFNy, TNFa, IL-13, IL-10, IL-6, IL-22, IL-4, IL-13, IL-25 and IL-
8 may regulate epithelial barrier function, leucocyte recruitment, antigen
presentation, proinflammatory response, and metabolite transportation, etc
(Andrews et al., 2018). Interestingly, recent studies suggested that ISCs may rely
on distinct immune cell signals for renewal and differentiation. Some innate
immune cells were shown to promote epithelial regeneration (Lindemans et al.,
2015) (Saha et al., 2016). T cytotoxic cells eliminated Lgr5+ ISCs via MHC class |
(Agudo et al., 2018), while following infection, ISCs interacted with T helper cells
via MHCII machinery for their fate decision. Specifically, IL10 secreted from T-Reg
cells promoted ISC renewal whereas IFNy, IL-17, and IL-13 from T helper cells

induced ISC differentiation into mature lineages (Biton et al., 2018b).
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IL22-STAT3 and ISC biology

IL22 belongs to the IL10 superfamily of cytokine, is constantly produced in
intestinal mucosa, and maintains epithelial barrier function and regeneration. 1L22
was also shown to modulate inflammatory response during the pathogenesis of
several gastrointestinal diseases, including graft-versus-host disease (GVHD)
(Munneke et al., 2014), Crohn's disease (Schmechel et al., 2008), ulcerative colitis,
the experimental colitis in mice (Sugimoto et al., 2008), as well as acute sepsis
(Weber et al., 2007).

Various immune cell types express IL22, including T helper cells (Th1, Th17 and
Th22) (Trifari et al., 2009), intraepithelial lymphocytes (IEL), in particular the yd T
cells (Mabuchi et al., 2011), ILCs (Eberl et al., 2015), and Natural Killer T (NKT)
cells (Raifer et al., 2012). Of particular interest is ILCs that sense and respond to
invading pathogen or pathogenic molecules leak across the epithelium. There are
three groups of ILCs: 1) ILC1 cells express the transcription factor T-bet and are
characterized by secretion of IFNy; 2) ILC2 cells are GATA3+ and secrete IL-5 and
IL-13; 3) ILC3 cells express RORyt, and secrete IL17 and IL22 (Geremia and
Arancibia-Carcamo, 2017). As the primary producers of IL22, ILC3 cells can be
activated by cytokines such as IL23 and IL1-beta.

IL-22 binds to the heterodimer of IL22RA1 and IL-10R2 on receiving cells
(Kotenko et al., 2001), triggers activation of Janus kinase 1 (Jak1) and non-
receptor protein tyrosine kinase 2 (Tyk2), leading to activation of STAT3. Although
STAT1, STAT5 and MAPK pathways may also be activated by IL22 (Sekikawa et

al., 2010) (Lejeune et al., 2002). IL22RA1 is absent from Immune cells including T
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cells, B cells, monocytes, NK cells, etc. (Wolk et al., 2004). Instead in the
epithelium, only primarily expressed in subgroups of ISCs and TA cells (Zwarycz
et al., 2019), indicating IL22 signaling is considered essential to ISCs. Activities of
STAT3 are usually induced by cytokines and growth factors to engage the target
cells in damage repair, pathogen defense, and cell differentiation/proliferation
(Schindler and Darnell, 1995) (Zhong et al., 1994). STAT3 activity was considered
absolutely required for the ISC survival (Matthews et al., 2011), as deletion of Stat3
in mouse CBC cells or long-term label-retaining cells increased ISC apoptosis and
rapid clearance from the crypts. During tissue regeneration after irradiation, STAT3
was also shown to be indispensable, yet STAT3 did not appear to take part in Wnt-
driven intestinal tumorigenesis (Oshima et al., 2019). Rather, STAT3 may play a

role in preventing tumor progression (Musteanu et al., 2010).

Role of Prolactin in the intestine

Prolactin is a polypeptide hormone found in anterior pituitary gland that
promotes lactation. However, prolactin is also expressed in central nervous system,
the immune system, the uterus, the mammary gland, skin and the sweat gland
(Ben-Jonathan et al., 1996). The release of prolactin from the nervous system can
be induced by various kind of stimuli, such as light, audition, olfaction, and stress.
In human, prolactin transcript first is translated into a prohormone of 227 amino
acids and matures into prolactin of 199 amino acids by cleaving the signal peptide.
Prolactin belongs to the prolactin/growth hormone/placental lactogen family.

Inhibition of circulating prolactin resulted in immune dysfunction and death (Nagy
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and Berczi, 1991).

Prolactin (Prl) binds to the Prl receptor (Prlr) on the resoinding cells. Depending
on the tissue specificity, prolactin may function in autocrine or paracrine manners,
as growth factor, neurotransmitter, or immunomodulator (Bole-Feysot et al., 1998).
Prir belongs to class 1 cytokine receptor superfamily that includes receptors for a
number of interleukins, granulocyte-colony stimulating factor (G-CSF), granulocyte
macrophage-colony stimulating factor (GM-CSF), leukemia inhibitory factor (LIF),
Oncostatin M (OM), erythropoietin (EPO), thrombopoietin (TPO), gp130, and
leptin, etc (Wells and de Vos, 1996).

The Prl/Prlr signaling may be influenced by JAK-STAT , Ras/MAPK, PI3K, PLCy
or G-proteins (Radhakrishnan et al., 2012) to control reproduction,
water/electrolyte balance, body growth, tissue development, endocrinology and
metabolism, immune-responses, and neurological behaviors. PRL also induces
immune response. Specifically, it may up-regulate immunity in target immune cells
and organs by promoting lymphocyte proliferation, cytokine production, receptor
expression, etc. (Freeman et al., 2000). Interestingly, with regards to IL22/STAT3
signaling, Prolactin showed a positive regulatory effect in the skin (Hau et al., 2014)
but a negative effect in the bone (Ledesma-Colunga et al., 2017).

PRLR is expressed in cells along the entire gastrointestinal track in rat (Ouhtit
et al., 1994). The fact that either lactating or injecting prolactin caused an increase
in mucosa mass and intestinal length in rats suggested a potential role of prolactin
in regulating IEC cell production (Bates et al., 1963; Muller and Dowling, 1981)

(Elias and Dowling, 1976). Other studies suggested that prolactin promoted
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calcium absorption and ion transport in the intestine with unclear mechanism
(Charoenphandhu and Krishnamra, 2007) (Seale et al., 2014) (Ferlazzo et al.,
2012). Nonetheless, how prolactin orchestrates intestinal mucosal homeostasis is

unknown.

1.6 Intestinal microbiome in regulating epithelial stem cells

Bacterial molecular patterns requlate ISCs via pattern recognition receptors and

MyD88

The intestinal microbiome contains a spectrum of micro-organisms including
bacteria, archaea, fungi, protozoa, and viruses. A broad variety of host
physiologies, e.g., tissue metabolism, epithelial homeostasis, immune response,
disease pathogenesis, and systematic neuro-behavioral process etc., are directly
or indirectly influenced by the gut microbial composition and activity (Shreiner et
al., 2015). Usually Toll-like receptors (TLRs) and NOD (nucleotide-binding
oligomerization domains)-like receptors (NLRs) of epithelium sense pathogens to
induce immune responses (Baumler and Sperandio, 2016; Fukata et al., 2009;
Moossavi et al., 2013; Nigro et al., 2014). Activated TLRs recruit cytosolic Myd88
adaptor protein to convey signal for immune responses against infection (Blasius
and Beutler, 2010). In the Drosophila midgut, response to both infectious and
indigenous bacteria, enterocytes produce cytokines which activate the JAK-STAT
pathway in stem cells thus promotes proliferation (Buchon et al., 2009) (Jiang et
al., 2009). In mouse, TLR2/4 and Myd88 mediated microbiota sensing is essential

for protecting intestinal homeostasis against DSS-induced injury (Rakoff-Nahoum
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et al.,, 2004). A recent study showed that Paneth cells in germ-free and
conventionally raised mice had different features that were not dependent on ISCs
(Schoenborn et al., 2018). Intriguingly, non-pathogenic E. coli invoked host cell
tumorigenic stemness (Sahu et al., 2017). Another in vitro study suggested
commensals induced p-ERK signaling in host cells via generation of reactive
oxygen species (ROS) (Wentworth et al., 2011; Wentworth et al., 2010). This
interplay between the intestinal epithelium and microbiome (Jones, 2016; Wang
and Huycke, 2015) suggested currently unknown mechanisms underlying

microbiome mediated stem cell regulation and tissue homeostasis.

Bacterial metabolites requlate ISC homeostasis

Bacterial metabolites can be sensed by the mucosa and lead to regulation of
both epithelium and immune cells. Muramyl-dipeptide (MDP), a peptidoglycan
motif common to all bacteria, stimulates Nod2 and protects stem cell from oxidative
stress-mediated cell death (Nigro et al., 2014). Other commonly found metabolites
are the short-chain fatty acids (SCFAs), produced primarily in the colon through
the fermentation of dietary fibers. SCFA butyrate suppressed colonic stem cell
proliferation through regulating transcription factor Foxo3, while nicotinic acid have

promotes proliferation of colonic stem cells (Kaiko et al., 2016).
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Cell lines and cell culture

Culture of Hela, HEK293T and CacoZ2 cell lines have been described previously
(Sakamori et al., 2012a; Sun et al., 2017). Briefly, cells were grown in a Dulbecco's
Modification of Eagle’s Medium (DMEM, Fisher, MT10013CM) containing 10 %
fetal bovine serum (Sigma, F2442) and 1 % Penicillin/Streptomycin solution
(Gibco,15070063), and were passaged with Trypsin-Ethylene-Diamine-Tetra-
acetic-Acid (Trypsin-EDTA, Gibco™ Fisher 25-200-072) digestion every three
days. 1x108 cells were then seeded into a 60 mm cell culture dish (Thermo
Scientific Nunc, Catalog No. 12-565-97) containing 4 mL of fresh complete culture
medium and were grown overnight to a complete confluent monolayer. All cell
culture experiments have been repeated for at least 3 times unless specified

otherwise in the figure legend.

Small molecular chemicals and growth factors

The sources and working concentrations of chemical and growth factors used
in this study are: Dynasore (Sigma, D7693) at 80 ug/mL, and Ciliobrevin (Tocris
4529) at 100 pM, Filipin (Sigma, F4767) at 2 ug/mL, Chlorpromazine hydrochloride
(Sigma, C8138) at 50 pg/mL, MBCD (Sigma, C4555) at 5 mM, EGF (Life
Technologies, PMG8043) at 100 ng/mL, and recombinant mouse Wnt3a (R&D
Systems) at 100 ng/mL, CHIR99021 (Sigma, SML1046-5MG) at 5 uM, Stattic
(Santa Cruz, sc-202818) and WP1066 (Santa Cruz, sc-203282) IL1RN (Novus
Biologicals, NBP2-35105) at 1 ug/ml, Prolactin (Novus Biologicals, NBP2-35120 )

at 500 ng/ml, CXCL1(Peprotech, 250-11) at 500 ng/ml, CXCL2 (Peprotech, 250-
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15) at 500 ng/ml, IL33 (Peprotech, 210-33) at 100 ng/ml.

Plasmids

Plasmid from Addgene include: pcDNAGA-EGFR WT (#42665), pcDNAGA-
EGFR ICD (645-1186) (#42667), pcDNAGA-EGFR ECD (1-644) (#42666), and
CAG-lox-CAT-lox-unique Bam cloning site-bGH polyA (Clone 17) (#53959).

Plasmid CAG-3xFlag-Cdc42 V2 for developing the transgenic mice was

constructed by inserting the 3xFlag-V2 DNA into the CAG-lox-CAT-lox-unique Bam
cloning site-bGH polyA (Clone 17) vector at the BamH]I site. DNA for three copies
of Flag sequence (DYKDDDDK) were inserted into the Notl/Agel sites of pQCXIP
vector (Clontech) as N-terminal tags, referred to as pQCXIP-3xFlag vectors.
PQCXIP-3xFlag-Cdc42V1, PQCXIP-3xFlag-Cdc42V2, PQCXIP-3xFlag-
Cdc42V2-K185R were constructed by inserting DNA of 3XFlag-Cdc42V1, 3xFlag-
Cdc42V2, or 3xFlag-Cdc42V2-K185R into the Notl/EcoRlI sites. Human V2-K185R

mutant DNA was obtained from human colorectal cancer cell line LIM1215.

Cdc42 GLISA assay

Caco?2 cells were serum starved overnight and then treated with EGF (50 ng/ml,
#315-09 B, Peprotech), Wnt3a (100 ng/ml, #315-20, Peprotech), TGFa (50 ng/ml,
#T7924, Sigma), Noggin (100 ng/ml, #250-38, Peprotech), and R-Spondin (1 ug/ml,
#3474-RS-050, R&D Systems), respectively. CDC42 activity was determined
before and after treatment by CDC42-specific GLISA assay (#BK127,

Cytoskeleton) performed according to the manufacturer's instructions.
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Lentivirus-mediated Cdc42 knockdown

To stably knockdown Cdc42 in Caco2 cells, human Cdc42-specific lentiviral
transduction particles (#TRCN0000047628, Sigma-Aldrich) was added to cells at
1/5 multiplicity of infection with 8 pg/ml Polybrene. Cells infected by non-Target
shRNA Control Transduction Particles (#SHC203V, Sigma-Aldrich) were used as
control. Infected cells were selected by 10 ug/ml puromycin for 2 weeks. To induce
MAPK activation, 100 ng/ml human EGF or 100 ng/ml mouse recombinant Wnt3a
was added to serum starved (12 hrs) cells for indicated time before cells were

harvested for pErk1/2 detection.

Atomic force microscope (AFM) analysis

A commercial atomic force microscope system (Dimension ICON, by Bruker-
Nano Inc., Santa Barbara, CA) was used to measure all the cellular surface plasma
membrane properties. As previously published (Zhang et al., 2018), a MLCT-C
cantilever was used to measure the Young’s modulus of cells, with a spring
constant at 0.01 N/m calibrated via the thermal tune method (Bruker-Nano Inc.).
To avoid the substrate effect and keep consistency of the measurement conditions,
all of the measurements were performed at the top of the cell over the cell nucleus.
The probe radius was calibrated by using a tip-radius calibration sample, and a
silicon sample was used as the hard reference sample for all the indentation
measurements. To minimize the cantilever drift due to the temperature fluctuation

caused by the heating of the laser, the system was thermally equilibrated at 37°C
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for 40 min before the measurements.

Transfection of HEK293 cells

HEK293 cells were prepared to reach 70-90% confluent at the time of
transfection. 2 pg plasmid DNA was transfected using Lipofectamin 3000
(#L3000008, Invitrogen). Forty-eight hours after transfection, cell lysate was made

for further experiments.

Proteomic analysis with mass spectrometry

HEK293T cells were transfected with empty pQCXIP-3xFlag vector, pQCXIP-
3xFlag-Cdc42-V1 or pQCXIP-3xFlag-Cdc42-V2. Cell lysates were subjected to
immunoprecipitation using a Flag antibody (FLAGIPT1, Sigma-Aldrich). Immuno-
precipitates were resolved by NUPAGE™ 4-12% Bis-Tris Protein Gels (NP0335,
Thermo Scientific), fixed for 1 hour with fixative containing 50% methanol and 10%
acetic acid. After staining with Ruby Red, protein bands were cut for mass
spectrometry analysis at Center for Advanced Proteomics Research of Rutgers
University. Data was analyzed with Scaffold 4 software, DAVID Bioinformatics

Resources 6.8, Excel 3D Scatter Plot v2.1, and esyN (Bean et al., 2014)

Phospho-kinase array analysis
Lysates from HEK293T cells transfected with empty vector, Cdc42-V1 or Cdc42-
V2 were subjected to a kinase array analysis using the Proteome Profiler Human

Phospho-Kinase Array (#ARY003B, R&D Systems) according to the
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manufacturer's instructions.

Optiprep gradient cellular fractionation

HEK293T cells were lysed with buffer composed of 150 mM NaCl, 50 mM Tris-
HCI pH 8.0, 5 mM EDTA and 0.5% Triton-X100, supplemented with protease and
phosphatase inhibitors. After solubilization for 20 min at 4°C, 300 pl of lysates were
combined with 600 ul of 60% Optiprep solution to yield a 900 pl 40% Optiprep-
Lysate mixture. After loading this mixture to the bottom of a Beckman
ultracentrifuge tube, 3 ml of 30% Optiprep solution (in lysis buffer) and 750 pl of
15% Optiprep solution was overlaid sequentially, followed by 500 ul of pure lysis
buffer on the top. Samples were centrifuged at 50,000 rpm for 3.5 hrs in rotor
SW41Ti at 4°C. After taking two 800 pl fractions from the top, seven 0.5 ml fractions
were collected until the bottom of the tube and used for western blot. Lysates
collected at the interface of 15% and 30% were referred to as detergent-resistant

fraction (or lipid raft). The rest of fractions were referred to as detergent soluble.

Western blots

Cells or fresh intestinal tissue lysates were prepared in lysis buffer containing
50 mM Tris (pH 7.5), 150 mM NaCl, 10 mM EDTA, 0.02% NaN3, 50 mM NaF, 1
mM Na3VO4, 1% NP40, 1 mM PMSF, and protease inhibitors (Sigma). Lysates
were heated at 95°C for 5 min in 1x LDS buffer (Invitrogen) and loaded on 8% or
10% SDS-PAGE (Invitrogen). Proteins were transferred to PVDF membranes

(Invitrogen). Primary antibodies were added to the membrane for overnight
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incubation at 4°C and washed 3 times 5min each with PBS. Secondary antibody
was incubated at room temperature for 1-2 hours before development. Membranes
were stripped in western stripping buffer (Pierce) and re-probed sequentially with

corresponding antibodies.

Dextran uptake assay, immunofluorescence, and confocal microscopy

For dextran uptake, cells with or without treatment were incubated with 100
pug/mL Dextran-568, or Dextran-488 (10,000 MW, Anionic, Fixable, ThermoFisher
Scientific) for 30 min at 37°C. After washing with PBS, cells were fixed with 4%
paraformaldehyde (PFA), washed with PBS, and stained for actin with Phalloidin-
488 (ThermoFisher Scientific, A12379), for 20 min at room temperature. After
washing with PBS for three times, cells were dried in dark, and mounted with
ProLong® Gold Antifade Mountant (ThermoFisher, P36930) before imaging with
Zeiss LSM confocal microscope.

Immunofluorescent analysis has been previously described by us (Das et al.,
2015; Yu et al., 2014a; Yu et al., 2014b). Briefly, cells with or without treatment
were washed with PBS twice and fixed with 4% PFA at room temperature for 15
min. Cells were then washed with PBS and blocked with 10% donkey serum in
PBS with 0.1% Triton X-100 for 1 hr at room temperature. Cells were incubated
with EEA1 antibody (Cell Signaling, #3288), at 1:200 dilution in blocking buffer
over-night at 4°C. Cells were washed with PBS and incubated with Alexa-555
conjugated anti-rabbit secondary antibody (1:500) and Phalloidin-Alexa-488

(1:3000) at room temperature for 1 hr before washing and mounting.
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Mice

The Cdc42 flox (Wu et al., 2006), emEGFR (Yang et al., 2017), IL22Cre knock-
out/in (Ahlfors et al., 2014), Myd88 flox (Hou et al., 2008), Villin-Cre (Madison et
al., 2002), Villin-CreER (El Marjou et al., 2004), LgroEGFP-IRES-CreER (Barker
et al., 2007), and Rosa26R-ZsGreen mice (Madisen et al., 2010) have been
previously described.

A conditional Cdc42-V2T9 mouse allele was established by inserting the 3XFlag-
Cdc42-V2 coding sequence downstream of a chick actin (CAG) promoter and a
lox-CAT-lox cassette, at the unique BamH1 restriction site, followed by a bGH poly-
A sequence. All mice were maintained on a 12-hour light/dark cycle and provided
with food and water ad libitum in individually ventilated cages under specific-
pathogen-free (SPF) conditions at Rutgers University-Newark animal facility.
Experimental procedures in this study were approved by the Institutional Animal
Care and Use Committee of Rutgers University. Experimental comparisons were
strictly made among littermates. All mouse analysis in this thesis were repeated
with at least 3 mice of each genotype in every experimental condition, otherwise

will be specified in figure legends.

Tamoxifen administration
1 mg tamoxifen in corn oil was injected to mice of 8-12 weeks of age
intraperitoneally on certain days determined by the experimental scheme. Usually

7 days after tamoxifen administration, intestinal tissues were collected for analysis.
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Enteroid culture, 4-OH-Tamoxifen administration, propidium iodide staining,
and cell titer-Glo 3D cell viability assay

Enteroid cultures from Cdc42-deficient or Cdc42-WT mice were conducted
based on previously described method (Gregorieff and Clevers, 2010). After
dissecting out the small intestinal tissue, it was cut open longitudinally and then
into fragments (about 2cm). Small intestinal fragments were washed with cold PBS
until the supernatant was clear. Then the tissue fragments were incubated in 2
mmol/L EDTA/PBS buffer for 40 minutes on ice. Next, tissue fragments were
vigorously shaken in cold EDTA/PBS buffer in a 50mL tube to isolate intestinal
crypts. The supernatant was filtered using 70um cell strainer. The flow-through
containing crypts were collected in 50 mL Falcon tube and centrifuged with 300 g
for 5 mins at 4°C. After discarding the supernatant, crypts were washed with cold
PBS buffer, and centrifuged again. After counting the number of crypts for each
sample, they were seeded into 48well plate by mixing with Matrigel and supplied
with “ENR?” crypt culture media. To induce Cdc42 deletion in iKO enteroids, 100-
200 wild type or Cdc42-iKO crypts were seeded in Matrigel with ENR media and
allowed to develop for 3 days. On day 4, 500 nM 4-OHT was added to the enteroids
for 24 hrs. Viable enteroids were counted under a bright field microscope 1-7 days
after 4-OHT treatment. For propidium iodide staining, enteroids were incubated
with 500 nM propidium iodide (P4170, Sigma) in PBS solution at 37°C for 10 min
and washed with PBS before imaging. For 3D cell viability assay, 100 organoids

were seeded in each well on a 96 well-plate and cultured in ENR media for 4 days
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before addition of 4-OHT. Cell viability was determined typically at time points
indicated in each figure after 4-OHT treatment using the Cell Titer-Glo 3D Cell

Viability Assay (G9681, Promega) by Glomax system (E9032, Promega).

Enteroid growth rescuing assay

Cdc42 iKO crypts were seeded at a concentration of 100/well in 96-well plate
and allowed to develop for 3 days. The following recombinant cytokines or growth
factors were individually added to enteroids at the time when 4-OHT was added:
murine cytokines including IL33 (100 ng/ml, Peprotech), 1L22 (50 ng/ml,
Peprotech), IL12 (50 ng/ml, Peprotech), Cxcl1 (50 ng/ml, Peprotech), Cxcl2 (100
ng/ml, Peprotech), Cxcl6 (50 ng/ml, Peprotech) and growth factors including
Wnt3a (100 ng/ml, PeproTech), TGFa (50 ng/ml, Sigma), HGF (50 ng/ml, Sigma)
and Amphiregulin (100 ng/ml, R&D). Viable or dead enteroids were counted using
bright field microscope, propidium iodide staining, and 3D cell viability assays.
Duplicates were carried out for each condition in each experiment, and

independent experiments were repeated using different Cdc42 iKO animals.

Embedding enteroids for histological analysis

To dissolve Matrigel containing enteroids, medium was removed from wells and
treated with 500 pl of Corning Recovery Solution (354253, Corning) on ice for 10
minutes. A p1000 pipette was then used to dissolve remaining Matrigel. Two to
three wells of enteroids were combined in a microcentrifuge tube and centrifuged

at 200 x g for 5 minutes. Ice cold PBS was used to wash the pellet. After a 2-minute
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centrifugation at 200 x g, PBS was removed, and enteroids were resuspended in
4% paraformaldehyde for 10-15 minutes. After fixation, enteroids were centrifuged
at 200 x g for 5 minutes and washed 3 times in cold PBS. After removing the last
PBS wash, 10-20 ul of Matrigel was added to form clump of enteroids and left at
37°C to solidify. Once solid, 70% ethanol was added and stored at 4°C until paraffin

embedding at the Histology Core of Rutgers New Jersey Medical School.

Total-body vy irradiation
Animals were subjected to total body irradiation using a Caesium-137 irradiator
calibrated to a dose of 12 Gy. All procedures follow the biosafety guidelines of

Rutgers-New Jersey Medical School.

Antibiotic treatment

Mice were administrated with antibiotic cocktail (1 mg/ml of Ampicillin,
Vancomycin, Neomycin, Cefoperazone, and Metronidazole in autoclaved water)
for 7 days for most experiments. Depending on experimental schemes, mice were

provided with regular sterile water afterwards or continued on antibiotic water.

Administration of EGF to mice

Recombinant mEGF (315-09 B, Peprotech) was injected intraperitoneally at a

concentration of 1 ug per gram body weight, 30 mins prior to tissue collection.

Administration of STAT3 inhibitors to mice
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Stattic and WP1066 were dissolved in PBS containing 10% DMSO and 10%
Tween 20 to a final concentration of 5 mg/ml. Inhibitors were intraperitoneally
injected to mice at 20 pg/g of body weight every other day for a total 3 injections.
In irradiation experiments, WP1066 were injected for two sequential days after

irradiation.

EdU and BrdU incorporation in mice

Mice were intraperitoneally injected with BrdU labeling reagent (00-0103,
Invitrogen) at 10 pl/g body weight 30 mins before tissue collection. EdU was
injected intraperitoneally into mice at 100 mg/kg for 2, 6 or 24 hrs before tissue
collection. Intestinal tissue was embedded in either paraffin or OTC for sectioning.
BrdU was detected by BrdU antibody and secondary fluorescent anti-Rat antibody.

EdU was detected by a Click-iT EdU Imaging Kit (C10338, Invitrogen).

Immunofluorescence and immunohistochemistry

Intestinal tissues were collected and fixed in 4% paraformaldehyde or 10%
neutral formalin buffer and embedded in paraffin. 5 ym sections were sliced,
dewaxed, and subjected to antigen retrieval (0.1 M citric acid, pH 6.0 for most of
the antibodies except phospho-STAT3 using DAKO Target Retrieval Solution and
Signal Stain EDTA Unmasking Solution respectively). Slides were immersed into
antigen retrieval buffer at a sub-boiling temperature for 15 minutes. After incubation
with 3% H202 in methanol for 10 minutes, sections were then blocked in PBS

containing 0.1% Triton-X100, 2% BSA and 2% normal serum for at least one hour
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at room temperature, and then probed with indicated antibodies at 4 °C overnight.
Next morning, slides were washed in PBS three times and probed with biotinylated
secondary antibody (for IHC) or fluorescence-conjugated secondary antibodies
(for immunofluorescence). After one-hour incubation at room temperature, slides
were washed three times. For IHC, slides were incubated with streptavidin-
conjugated horseradish peroxidase (HRP) for an hour at room temperature. DAB
HRP substrate kit was used for development. For immunofluorescence, slides
were washed with PBS three times and subsequently subjected to DAPI counter-
staining, before being air-dried and mounted with Prolong Gold antifade medium.
Immunofluorescent images were collected by LSM 510 Laser Scanning
Microscope and analyzed by AIM software (version 4.2) or Fiji software

(https://fiji.sc).

Realtime PCR

Total MRNAs were extracted using QIAGEN RNeasy mini Kit from scraped
epithelia. cDNA synthesis was performed using Thermo Scientific Maxima H Minus
First Strand cDNA Synthesis Kit. Real-Time PCR reactions were assembled using
the SYBR Green Real-Time PCR Master Mixes (Thermo Fisher). Reactions were
run in replicates by a Roche Light cycler 480. The PCR cycling conditions were 10
min pre-heating at 95°C followed by 45 cycles of denaturing (95°C for 10 s),
annealing (60°C for 10 s) and extension (72°C for 10 s). Fluorescent signal was
acquired during the extension phase. Melting curves were analyzed to ensure PCR

specificities. House-keeping genes (such as HPRT) were used as internal
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references.

Bulk RNA-sequencing and gene set enrichment analysis (GSEA)

RNA seq data was deposited at NCBI BioProject with access number
GSE124848. GSEA (Mootha et al., 2003; Subramanian et al., 2005), pre-ranked
files of differentially expressed genes calculated by the rank metric = -log (p-value)
* SIGN (logFC) (Jia et al., 2015). GSEA was performed on intestinal stem cell gene
signatures (Munoz et al., 2012). Normalized enrichment scores (NES) and p-
values were documented (K-S Test). Heatmaps of select EGF receptor and
cytokine genes were generated by plotting z-scores of fpkm normalized RNA-Seq

data of individual replicates.

16S fecal DNA sequencing

Mouse fecal samples were longitudinally collected before and 7, 8, 9 and 10
days after antibiotics treatment. Fresh samples were snap frozen. From all
samples, DNA was extracted using DNeasy PowerSoil Kit (Qiagen) according to
the manufacturer’s protocol. The hypervariable V4 region of the 16S rRNA gene
was amplified using 515 forward primer and 806 reverse barcoded primer
(Caporaso et al., 2010) with MyFi Bioline DNA polymerase Master Mix in the final
volume of 40 uL. Amplicons were quantified using Quant-It PicoGreen dsDNA
Assay kit (Invitrogen) according to the manufacturer’s protocol. 240ng of
amplicons from each sample were pooled and cleaned using UltraClean PCR

Clean-Up Kit (MoBio). Pooled amplicons were diluted, denatured and 7nM of the
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pooled library was sequenced on MiSeq platform (lllumina) using custom primers
(Caporaso et al., 2010). Due to the limited sequence diversity among 16S rRNA
amplicons, 5% of the PhiX control library (lllumina) made from phiX174, was added
to the run. The pooled 16S rRNA library was subjected to paired-end sequencing
using 2 x 150bp MiSeq Reagent Kit V2 (lllumina), fastq files were generated, and
Qiime2 (www.giime2.org) pipeline was employed for data analysis. Denoising was
done using dada2 plug-in (Callahan et al., 2016) and richness (alpha diversity) was
calculated as a measure of antibiotic efficacy. For all groups (pairwise) stats were

calculated.

Intestinal epithelial cell isolation, lamina propria cell isolation and IL22
measurement by ELISA

Mouse distal ileum was harvested and placed on an ice-cold petri dish with
commercial 1X PBS. Then the tissue was cut open longitudinally to clear the
luminal contents, followed by cutting the tissue into sections of smaller pieces (2-
3 cm) and washing the pieces by inverting 10-15 times in a falcon tube with 30mL
ice-cold PBS. After repeating the washing for 3 times, the intestine pieces were
added to 30mL of crypt isolation buffer and shaken in a 37°C incubator for 15 mins,
followed by vortexing and passing the solution through a tea mesh. The flow
through contains IECs and IELs. Repeat shaking the tissues in 30ml crypt isolation
buffer for another 15 mins at 37°C, vortex and discard the solution. Then incubate
the tissues in 40ml DMEM/ RPMI-1640 for 10 mins at 37 °C on a shaker. After

discarding the solution, the intestine was minced to smaller pieces and shaken at
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225rpm in 8ml of digestion buffer at 37°C for 30 mins. Digested cells were spin
down at 200g for 5 mins. The isolated cells were washed once with PBS and then
transferred to RPMI-1640 with 10%FBS, P/S, and 20mM HEPES.

IL-22 level in LP cells with or without chemokine treatments (IL1RN-1ug/ml,
Prolactin-500ng/ml, CXCL1-500ng/ml, CXCL2-500ng/ml, 1L33-100ng/ml) were
measured using commercially available enzyme-linked immunosorbent assay

(ELISA) kits (BioLegend) according to the manufacturer's instructions.

QUANTIFICATION AND STATISTICAL ANALYSES

Statistical and graphic data analysis was conducted using Prism GraphPad 7.04
(https://www.graphpad.com) and Microsoft Excel 2016. The data were presented
as mean = S.E.M. in bar graphs or in box-whiskers plots. The histology and
immunostaining results were reported from 3 to 20 sections of a total of at least 3
mice in each experiment unless stated differently. To quantify immunostaining
results, Image J (1.6.0_24 version) IHC toolbox package

(https://imagej.nih.gov/ij/plugins /ihc-toolbox/index.html), was used to determine

signals within a crypt or a crypt-villus unit depending on the specific antigen and
experiment elaborated in figure legends. At least 20 crypt or villus units were
analyzed from each section. Animal numbers used in each experiment were
detailed in figure legend. Paired student t-test was used for most analysis unless

stated otherwise.
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CHAPTER 3

ELEVATING INTESTINAL STEM CELL EGFR-MAPK PROGRAM BY A NON-

CONVENTIONAL CDC42 ENHANCED REGENERATION
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INTRODUCTION

The intestinal epithelia are essential for nutrient absorption and survival of the
host. Proper functioning of intestinal epithelial cells (IECs) relies on a signaling
network that sustains continued cell production while simultaneously maintaining
tissue integrity and retaining the crucial balance among progenitor and
differentiated cell populations. Canonical Wnt and EGF signaling are two major
growth pathways for intestinal stem cell (ISC) survival and renewal (Basak et al.,
2017; Gregorieff and Clevers, 2005; Krausova and Korinek, 2014; Schepers and
Clevers, 2012), while BMP pathway drives formation of differentiated villus
epithelia (He et al., 2004; Qi et al., 2017). It becomes increasingly evident that
synthetic interplay of these pathways ensure a homeostasis balance, where crypt-
based ISCs self-renew and produce various lineages of progenitors that, upon
transit amplification, differentiate into mature IECs to offset programmed cell death
(Clevers, 2013b; Gehart and Clevers, 2019). Indispensability of Wnt, EGF, and
BMP pathways for ISC function are unequivocally demonstrated in enteroid culture
system, in which an indefinite ISC renewal is sustained by Wnt and EGF pathway
agonists along with BMP pathway inhibitor, Noggin (Barker et al., 2010; Radtke
and Clevers, 2005; Sato et al., 2009b). Surprisingly, in contrast to enteroid models,
intestinal epithelia in intact animals demonstrate remarkable plasticity displayed by
stemness acquisition by quiescent and mature cell populations in response to
injury-induced ISC loss (Basak et al., 2017; Gerbe et al., 2009; May et al., 2014;
Schmitt et al., 2018; Sei et al., 2018; Tetteh et al., 2016; Westphalen et al., 2014,

Yan et al.,, 2017; Yi et al., 2018; Yu et al., 2018) (Yu, 2013). The interactive
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complexity of intrinsic and non-intrinsic epithelial signaling that confers remarkable
tissue plasticity remains both poorly defined and is of important biomedical impact.

The cell division control 42 (Cdc42) is an important Rho subfamily small
GTPase with pleiotropic functions in cytoskeleton organization, cell polarity, and
cell migration across eukaryotic species (Al-Tassan et al., 2015; Cardoso et al.,
2014; Johnson, 1999b). Previously, we reported that elevated Cdc42 level was
observed in human and mouse intestinal tumors (Sakamori et al., 2014b). Genome
wide association study identified a single nucleotide polymorphism in CDC42
linked to Irritable Bowel Syndrome (Wouters et al., 2014). Genetic ablation of
Cdc42 in mouse IECs resulted in enteropathy resembling a lethal form of the
pediatric disorder, Microvillus Inclusion Disease (Michaux et al., 2016; Sakamori
et al., 2012b; Wiegerinck et al., 2014b; Zhang and Gao, 2016). The initial link
between Cdc42 and ISC homeostasis was made based on the observation of
abnormal organization of intestinal crypts in mice lacking epithelial Cdc42
(Sakamori et al., 2012b). It remains unclear how Cdc42 controls ISC renewal and
regeneration, and whether modulating Cdc42 program may enhance ISC function.

Using proteomics and kinase assay screening, we identified the involvement of
Cdc42 in endocytosis associated EGF-EGFR-MAPK signaling. Elimination of
Cdc42 in enteroids resulted in rapid apoptosis, coincident with lost EGF-stimulated
EGFR vesicular traffic. We found that a native Cdc42 splice variant 2 (V2) (Kang
et al., 2008; Lee et al., 2018a; Mukai et al., 2015; Nishimura and Linder, 2013;
Wirth et al., 2013a; Yap et al., 2016) has enhanced EGFR engagement and MAPK-

activating capacity. Mice engineered to produce Cdc42-V2 in intestinal epithelia
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exhibited robust regenerative capability and mitigated injury-induced damage.
These results shed fresh lights on the role of epithelial intrinsic survival program in

mediating protection from stem cell injury.

RESULTS

Cdc42 is indispensable for enteroid survival

Cdc42FF:Villin-Cre (Cdc424EC) mice with constitutive IEC-specific Cdc42
ablation via Villin-Cre were viable but developmentally retarded (Sakamori et al.,
2012b). Histological analysis of Cdc42-defiicent intestine epithelium revealed a
dramatic dislocation of Paneth cells from crypts to villi (Fig. 1A). This epithelial
defect was accompanied by an increase in apoptotic cells in the crypts as
illustrated by TUNEL staining (Fig. 1B).

Although Cdc424EC mice were viable and the overall intestinal crypt-villus
structures were maintained, crypts isolated from Cdc424/E¢ mice failed to develop
into enteroids in EGF, Noggin, and R-Spondin (ENR)-containing medium. Within
24 hrs after seeding, all Cdc424/EC crypts were growth-arrested (Fig. 2A). As this
growth deficit could be secondary to abnormal development by Cdc424EC intestinal
epithelia, we used Villin-CreER to delete Cdc42 from mature Cdc42F; Villin-
CreER (Cdc42K°) enteroids. Forty-eight hours after 4-hydroxytamoxifen (4-OHT)
addition, the epithelial buds in over 60% of Cdc42K° enteroids regressed with cell
death and cellular debris (Fig. 2B). After 72 hrs, 95% of Cdc42-iKO enteroids
accumulated significant amounts of propidium iodide indicative of massive cell

death (Fig. 2C, D), which was further corroborated by elevated numbers of cleaved
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caspase 3-positive cells (Fig. 2E) and a loss of over 90% live enteroid cells
quantified by the cell titer-Glo 3D viability assay (Fig. 2F). Viable enteroid were not
detected at 5 days after Cdc42 deletion and the growth of wild type (WT) enteroids
was not affected by 4-OHT over this time period (Fig. 2D). Thus, maintenance of
enteroid growth in ENR medium absolutely was dependent upon Cdc42

expression.

Cdc42 is required for and sufficient to promote EGF-MAPK signaling ex vivo

As Cdc42 was required for enteroid survival that requires EGF, Wnt/R-Spondin,
and Noggin, we tested Cdc42 activity in response to these growth factors in vitro.

Treating serum-starved-human Caco?2 cells with EGF ligands (EGF and TGFa),

canonical Wnt ligand (Wnt3a), or Noggin all increased Cdc42 GTPase activity
within minutes (Fig. 3A), suggesting that these ISC growth factors might act
through Cdc42.

When we used a GSK3-beta inhibitor (CHIR99021) to enhance Wnt signaling
in Cdc42-deficient enteroids ex vivo, we did not detect a rescuing effect on enteroid
survival (Fig. 3B), suggesting that loss of Cdc42 might not primarily affect the
canonical Wnt signaling. We thus conducted an unbiased proteomic search for
Cdc42-regulated survival signaling. Parallel mass spectrometry was done on
canonical Cdc42 (V1) and its splicing variant (V2), both of which were 3xFlag-
tagged and transfected to HEK293 cells. Proteomic analysis of Cdc42 V1- and V2
immuno-precipitates identified an overlapped interactome of 910 proteins, where

the 5 top functional clusters mapped to cell cycle, cell division, clathrin-coated
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endocytosis, mitosis, and MAPK cascade components (p<0.001, Fig. 4A, B).
Notably, the proteins found to mediate clathrin endocytosis, regulate actin
organization, and affect MAPK signaling (Fig. 4C) are essential components for
EGFR signalosomes.

The identification of a clathrin and MAPK interactome components suggested
that Cdc42 may control MAPK activation through clathrin-dependent endocytic
EGF receptor signaling (Goh et al., 2010; Henriksen et al., 2013; Huang et al.,
2004; Sigismund et al., 2008; Vehlow et al., 2013). EGF stimulates rapid receptor-
mediated endocytosis that generates changes in plasma membrane elasticity
measurable by atomic force microscope (Zhang et al., 2018) (Detailed in Chapter
5). Within 30 seconds of EGF loading, there was a robust increase in
nanomechanical stiffness on the surface of control Caco2 cells (blue line, Fig. 5A).
This response was abolished in cells pretreated with the endocytosis inhibitor
dynasore (green line, Fig. 5A) (Macia et al., 2006). Cdc42-knockdown cells
produced a much diminished (89% reduction in stiffness) and a delayed (by 10
mins) response to EGF ligands (pink line, Fig. 5A). This impaired nanomechanical
response to EGF coincided with reduced intracellular pERK1/2 levels in Cdc42-
knockdown cells (Fig. 5B), illustrating Cdc42’s requirement for EGF-MAPK
activation.

To further dissect signaling cascades downstream of Cdc42, we examined 43
major intracellular kinase targets (Fig. 6A) in HEK293 cells overexpressing either
Cdc42 V1 or V2 (Fig. 6B). Compared with cells expressing empty vector,

phosphorylation levels of 3 major MAPK components, ERK1/2, ¢c-Jun, and p38,
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were elevated in Cdc42-overexpressing cells, especially in V2-overexpressing
cells (Fig. 6C).

We validated this above finding in a time course experiment, in which
overexpressing Cdc42 in HEK293 cells resulted in a 5-fold increase in pERK1/2
(V2 shown in Fig. 7A). In addition to EGFs, canonical Wnt has also been shown
to trans-activate ERK (Yun et al., 2005). In the presence of Wnt3a, an ISC growth
factor, Cdc42-V2 robustly elevated pERK1/2 (Fig. 7A). A side-by-side comparison
of ERK-activating capabilities of the two variants showed that V2’s strength was
230% of V1 (Fig. 7B).

Cdc42 V1 and V2 differ in the last 10 amino acids. Mutation of V2-specific lysine
185 (K185R) within the C-terminus poly-lysine region reported to be essential for
membrane attachment (Davis et al., 1998; Johnson, 1999a; Johnson et al., 2012),
led to a markedly reduction in pERK1/2 levels (Fig. 7C), suggesting that Cdc42’s
MAPK-stimulating activity requires membrane association. The stronger MAPK-
activating capabilities by V2 were not due to different binding to the Cdc42 effector

PAK1, which equally associated to both variants (Fig. 7D).
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A Control Cdc424aEC

Control Cdc424aEC
TUNEL TUNEL

Figure 1. Deletion of Cdc42 in mouse intestine epithelium causes changes
in the crypt (Sakamori et al., 2012b) .

(A) Immunofluorescence staining for lysozyme (red) and E-cadherin (green).
Nuclei were labeled with DAPI (blue). (B) TUNEL staining. Crypts are indicated by

dotted lines.
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Figure 2. Loss of Cdc42 causes cell death in enteroid culture.

(A) Bright field images of representative of WT and Cdc424/EC enteroids of 5 days’
culture. (B) Bright field images of representative of WT and Cdc42-iKO enteroids
48hrs after 4-OHT addition. (C) Propidium iodide staining showed massive cell
death 72 hrs after 4-OHT treatment in Cdc42-iKO enteroids. (D) Viable enteroids
were counted 2, 3 and 5 days after 4-OHT treatment. The data represents 3
independent experiments each containing 2 replicates per genotype. (E) Cleaved
Caspase 3 staining for enteroid sections detected increased apoptosis in 4-OHT
treated iKO. Images shown were enteroids 72 hrs after treatment. (F)
Quantification of cell viability by 3D-Glo luminescent assays showed significant
reduction of live iKO enteroid cells 72 hrs after 4-OHT treatment. Data represents

two independent experiments each containing 2 replicates per genotype.
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Figure 3. Although Cdc42 is activated by niche factors in vitro, inhibition of
GSK3beta does not rescue cell death in Cdc424EC enteroids

(A) Cdc42 GLISA assay based on OD490 luminescence showed that Cdc42
activity was increased with different intensities in serum starved Caco2 cells by

EGF, TGFa, Wnt3a, Noggin, R-spondin, or a combination of Wnt3a and EGF.

Reading of OD490 were collected at 0 min (without growth factors), 1.5 min, 3 min,
6 min and 12 min after addition of growth factor. (B) Representative bright field
images of day1 WT and Cdc424/EC enteroids in culture with or without GSK3beta

inhibitor, CHIR99021.
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Human Cdc42 Interactome
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Figure 4. Mass spectrometry analysis of Flag-Cdc42 immuno-precipitates.

(A) HEK293 cells were transfected with Flag-tagged Cdc42 V1 or V2. Mass
spectrometry analysis of Flag-Cdc42 immuno-precipitates identified variant-
specific interactome. Venn diagram reveals 910 shared interactors. Functional
annotation identified 5 most enriched clusters ranked by p value by NIH DAVID.
(B) 3D representation of Flag-Cdc42 V1 and V2 interactomes identified in the
proteomic analysis. Purple and red dots represent V1- and V2-specific interactor,
while gray dots are proteins associated with both. Note that a single dot might
represent multiple proteins having identical numbers of peptide spectrum. (C) List
of Cdc42-assocated proteins, detected by proteomic analysis, which are known to
mediate clathrin endocytosis, regulate actin organization, and affect MAPK

signaling.



59

A —shControl+EGF
—shCdc42+EGF
—shControl(Dynasore)

shControl(Dynasore)+EGF

o
(9]
(=]

EGF

(5]
(=
(=]

1501

100 -

[
(=]

Young's Modulus (kPa)

0 200 400 600 800 1000 1200 1400 1600
Time (sec)

‘2 g
6“01‘\060'" 1.0+ PERK

p-ERK1/2 (= -]
ERK1/2 [ == ==
Cdc42 =

B-actin E

0.5

Relative Protein Level

S @

Figure 5. Cdc42 is required in both EGFR response to EGF and activation
of ERK.

(A) Serum-starved Caco2 control and Cdc42 knockdown cells were analyzed by
atomic force microscope. EGF was added to cells 300 sec after recording of each
sample. Young’s modulus (kPa) indicated EGF-induced nanomechanical changes
on control CacoZ2 cell surface, diminished responses in control cells pre-incubated
with dynasore or in Cdc42 knockdown cells. Graphs are representative of 4
independent experiments. (B) Western blots showed decreased p-ERK1/2 levels
in Cdc42 knockdown Caco?2 cells compared to controls. Data were quantified from

2 independent experiments.
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Figure 6. Phospho-kinase array was used to search for functional pathways

downstream of Cdc42.

(A) Position and name of 43 kinase targets in the phospho-kinase array analysis

(B) Expression level of 43 kinase targets in Cdc42-V1 or V2 overexpressing

HEK293T cells compared to empty vector transfected cells. (C) Among 43 kinase

targets, overexpressing Cdc42 in HEK293 cells increased levels of phosphorylated

ERK1/2, p38 and c-Jun, especially in V2-expressing cells compared to empty

vector controls. Graph shows the mean values from 2 replicates.
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Figure 7. Time course activation of ERK by overexpression of Cdc42

(A) Time course experiments were used to determine change of p-ERK1/2 levels
in serum-starved control and Cdc42-V2 expressing cells, following the addition of
Whnt3a (100ng/ml), an ISC niche factor shown to activate MAPK. (B) A side-by-
side comparison of V1 vs. V2 showed stronger MAPK-activating capabilities by V2
shown by western blot of p-ERK. (C) Mutant V2X'8R showed a reduced MAPK-
activating capability compared to WT V2 by western blot. (D) Co
immunoprecipitation using HEK293T cell lysates overexpressing empty vector,
Flag-V1 or Flag-V2 showed that PAK1 bound equally to both Cdc42 variants in

soluble cellular fractions. R, detergent-resistant; S, soluble.
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Cdc42 engaqges EGF receptor and facilitates MAPK signaling

To examine the intrinsic impact of loss of Cdc42 on EGFR endocytic
signalosome in the intestinal epithelium, Cdc42 was inducibly knocked-out in
mature Cdc42/0 enteroids. Cells with delocalized EGFR appeared as early as 8
hrs following 4-OHT treatment, a time point before any apoptosis occurred (Fig.
8A). At 40 hrs, more cells with delocalized EGFR appeared along with apoptosis
(Fig. 8B). At 48 hrs, Cdc42KO enteroid cells showed a noticeable loss of polarized
intracellular EGFR distribution and a reduction in pHH3* mitotic activity (Fig. 8C).

To directly visualize EGFR vesicular trafficking in vivo, Cdc42K° mice were
crossed to a CRISPR-CAS9 engineered emEGFR mouse allele (Yang et al., 2017).
Administration of a pulse of EGF to WT mice elicited a marked induction, within 30
mins, of emEGFR vesicles as well as emEGFR-EEA" endocytic vesicles, which
were diminished in Cdc42KO crypt cells (Fig. 9A). This reduction of EGF-stimulated
“signalosomes” in Cdc42/XC crypt cells echoed a slight decrease in levels of
pErbB1(Y1068) and pErbB2 (Y1221/1222), active forms of major EGF receptors
in Cdc42K° |[ECs (Fig. 9B). Of note, total levels of both receptors were increased
and there were residual amounts of pErbB1, pErbB2, pERK1/2 in Cdc42K° |ECs
(Fig. 9B). These data suggested a major change of EGFR compartmentalization
and activation in Cdc42/0 IECs in vivo.

Co-immunoprecipitation (co-IP) analysis indicated that both V1 and V2
associated with EGFR through binding to the receptor’s intracellular domain (ICD)
(Fig. 10A, see IP Flag panel). Ligand-stimulated EGF receptors are associated

with lipid rafts that are internalized to transduce MAPK signaling (Hofman et al.,
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2008; Irwin et al., 2011; Patra, 2008; Pike et al., 2005; Puri et al., 2005). When lipid
rafts were extracted from V2-overexpressing cells using Optiprep gradient cellular
fractionation (Bruckner et al., 1999), a pool of V2 co-sedimented with the lipid raft
proteins Flotillin (Salzer and Prohaska, 2001) and Caveolin-1 (Rothberg et al.,
1992) along with, EGFR, tyrosine receptor Fyn (Pereira and Chao, 2007),
Phosphoinositide 3-kinases (PI3K) (Gao et al., 2011), and Whnt-activated pLrp6
(Bilic et al., 2007; Yamamoto et al., 2006) (Fig. 10B). This suggests the possibility
that Cdc42V2 is actively involved in the signaling hubs at lipid rafts together with
membrane receptors. The interaction of Cdc42 with EGFR was further validated
for endogenous EGFR and Cdc42 variants (Fig. 10C). Compared to Cdc42 VA1,
the V2-variant exhibited a stronger association towards both EGFR and clathrin
(Fig. 10C), consistent with V2’'s demonstrated stronger MAPK-activating capability
(Fig. 7B). A further examination of Cdc42 interactomes showed numerous
structural and signaling components reported to be involved in EGFR endocytosis
and MAPK cascade (see the proposed model in Fig. 11A; network view of these

proteins in Fig. 11B). Thus, Cdc42 directly engaged EGFR-MAPK signaling.
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Figure 8. Cdc42 is required for EGFR localization.

(A) Immunofluorescence staining of EGFR in enteroid sections after 4-OHT
treatment. White arrows pointing at delocalized EGFR. (B) Immunohistochemistry
staining of cleaved-caspase3d in enteroid sections after 4-OHT treatment. Red
arrow pointing at cleaved-caspase3+ cells. (C) Immunofluorescence staining
showed the primarily apical localization of EGFR observed in WT enteroid cells
was clearly altered in iKO cells 48 hrs after 4-OHT treatment. pHH3+ cell number

was diminished in iKO organoids.
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Figure 9. Loss of Cdc42 impaired EGF-stimulated EGFR endocytic vesicles
EGFR.

(A) Cdc42KO mice were crossed to a CRISPR-CAS9 engineered emEGFR mouse
allele to visualize EGF-induced EGFR vesicular trafficking. 30-min after EGF
injection, Emerald-EGFR vesicles (green, white arrows) were seen in Cdc42-WT
mouse crypt cells, whereas barely detected in iKO crypt cells. Paneth cells are
circled by yellow lines while CBCs are by red lines. Double fluorescent analysis for
EEA1 (red) and emerald-EGFR (green) detected endocytic EGFR in WT crypt cells
but not Cdc42K© cells 30 min after EGF injection. EEA1+/EGFR+ puncta per crypt
were quantified from 4 mice in 2 independent experiments. (B) Western blots
showed slight reductions in Cdc42 KO IECs of endogenous pErbB1 (Y1068),
pErbB2 (Y1221/1222), and p-ERK1/2, which were restored to WT levels in Cdc42

KO; V2Tg mice. Note total ErbB1 and ErbB2 levels were increased in KOs.
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Figure 10. Cdc42 V2 co-fractionations with EGFR at lipid rafts, and
associates with EGFR and Clathrin stronger than V1

(A) Flag-tagged Cdc42 variants showed co-immunoprecipitation with full length
EGFR and the receptor’s intracellular domain (ICD), but not the extracellular
domain (ECD) in HEK293 cells. (B) Optiprep gradient cellular fractionation of
HEK?293 cells showed co-sedimentation of Cdc42-V2 with EGFR, p-LRP6, and
PI3K-P110 in lipid raft fractions marked Fyn, Cav1, and Flotillin. Calnexin is an ER
marker. Data represents 3 independent experiments (C) A side-by-side
comparison of V1 and V2 showed stronger V2 interactions with endogenous EGFR

and clathrin in HEK293 cells by immunoprecipitation.
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Figure 11 Schematic diagram proposing Cdc42 engagement in EGFR
signalosome.

(A) A diagram illustrates structural and functional protein components identified in
Cdc42 proteomics (identified Cdc42 interacting proteins are in violet; with
peptide counts from 90 to 1) that were known to involve in clathrin-mediated
trafficking, EGFR endocytosis, and MAPK cascade. Full data list shown in the
APPENDIX. (B) EasN analysis of Cdc42 interactomes showed protein networks

known to involve in EGFR endocytosis and MAPK signaling.
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IEC specific Cdc42-V2 expression impacts epithelial differentiation in Cdc424/EC

mice

To date, study of Cdc42 has been hampered by the absence of a gain-of-
function in vivo model. We found that, in contrast to the ubiquitous expression of
Cdc42 V1, expression of V2 could be detected in mouse enteroids (Fig. 12A) and
fetal intestines, while its level was reduced in adult intestines (Fig. 12B). V2 mRNA
is also higher expressed in patient tumor tissue compared with adjacent non-tumor
tissue (Fig. 12C).

Based on V2’s stronger MAPK-activating capacity, we sought to determine if
elevating Cdc42 activity in adult IECs by overexpressing V2-variant (a naturally
expressed protein) might enhance ISC function in vivo. We thus established an
inducible mouse allele (referred to as V279), which allowed a Cre-activated cell-
specific production of a Flag-tagged Cdc42-V2 (Fig. 13A). We validated IEC-
specific Cdc42-V2 production in small intestinal and colonic epithelia of
independent V279 founders crossed to Villin-Cre or Villin-CreER drivers by western
blot (Fig. 13B) and by immunohistochemistry (Fig. 13C). A V279 founder producing
V2 at approximately 40% of endogenous Cdc42 was selected for further
experiments (Fig. 13D). Villin-Cre; V2'9 intestines (referred to as V2’9 mice
hereafter) had longer villi, more crypts (Fig. 13E).

Examination of IEC cell types revealed that V279 intestine had a reduction of
Tuft cells by 80% while Cdc424/FC intestines showed a complete loss of Tuft cells
(Fig. 14A, B). V279 intestine showed no change in goblet cells (Fig. 14C), while

Cdc424EC intestines had an 30% increase in goblet cells (Fig. 14C. Interestingly,
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expressing V279 in Cdc424EC intestinal epithelium significantly restored the Paneth
cell defect (Fig. 15A, B) and microvillus inclusion phenotype (Fig. 15C, D)
previously reported in Cdc424EC intestines (Sakamori et al., 2012b). These data
functionally validated this newly developed V2’9 mouse allele and revealed an

unknown impact of Cdc42-V2 on Tuft cell differentiation.
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Figure 12. Cdc42 V2 is expressed in developing mouse intestine and
enteroids, as well as in human colorectal cancer.

(A) RT-PCR detection of mRNAs of both Cdc42 variants in mouse enteroids. (B)
Cdc42 V2 specific antibody detected V2 expression in fetal mouse intestines. The
expression level reduced in adult intestinal tissue. HEK239T cells overexpressing
V2 was used as a positive control. (C) Level of Cdc42 V1 and V2 mRNA in patient

tumor tissue and adjacent non-tumor tissue detected by real-time PCR.
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Figure 13. Overexpressing Cdc42 V2 in mouse intestinal epithelium.

(A) A schematic diagram shows the development of a new Cdc42 gain-of-function
mouse model V279, which expresses a Flag-tagged V2 in Cre-dependent manner.
A loxP-stop-loxP-3xFlag-V2-bGHpolyA cassette was inserted downstream of a
CAG promoter. (B) Western blots detected Flag-V2 expression in duodenum,
jejunum, ileum, and colon of V279 driven by VilCre. HEK293 cells expressing Flag-
V2 was used as positive control. (C) Immunohistochemistry detected Flag
expression in V2™ mouse IECs. Images are representative of 3 independent mice
per genotype. (D) Cdc42 antibody detected both V2 expression (upper band) at
the level of approximately 40% of endogenous Cdc42 (empty arrowhead) in V279
mice. (E) H&E staining of mouse intestine. V279 small intestines showed longer villi

and more crypts; KO showed blunted villi as well as fewer crypts.



78

Tuft Cells

o 0

gl Q QS O«.\\ ot

2|3 S R . :

dE = 5l SO
4 S & Q o o

: _ , : : _$ T T T T _§ O

O ® © < N O ©® e ¥ s

jun /JequinN
[19D +9n|g ue|y

Hun /sIie +1x09

N, . \M;

vy i ﬂv.. .t@.w\% m

4 giﬁ.@.c‘.\\ e
R e AT 1A

g \ wu. ....\.,-\n_.. A,E‘?

KO
3
iKO

V279
V279

pt L e P

){as}‘.}\ﬁ o - 2
Pl :?ﬁs%... hy RO T XX
o v 4 B

A by .‘-\..

¥ wove %»!;%.\
‘4,

WT

on|g uep|y



79

Figure 14. Examination of differentiated linages in V2™ mice.

(A) Immuno-histochemistry of Cox1+ cells, with red arrowhead pointing at Cox1+
cells; quantification of Cox1+ cell number per crypt-villus unit. (B)
Immunohistochemistry for DCLK1+ Tuft cells and quantification from 3 animals per
genotype. Quantification of intestinal villus length and crypt number from 3 animals

per genotype. (C) Alcian Blue staining and quantification of Goblet cells.
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Figure 15. Re-expressing V2 in Cdc42 iKO epithelium mitigates Paneth cell
dislocation and AP+ inclusion.

(A) Immunofluorescent staining for Lyz1+ Paneth cells (red), E-cad (green), and
DAPI (blue). (B) Quantification of mis-localized Paneth cells. (C) Quantification of
AP+ inclusion bodies showed a rescue by V2 expression in iKO IECs. (D) Alkaline
phosphatase (AP) staining showed representative AP+ inclusion bodies (arrows)

in iKO IECs.
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Cdc42-V2 robustly elevates ISC function in vivo

Inhibition of MAPK by EGFR inhibitor in enteroid culture was shown to promote
Tuft cell differentiation (Basak et al., 2017). The observed loss of Tuft cell
differentiation in both gain- and loss-of-Cdc42 function prompted us to examine
the impact of Cdc42 on ISC functions. Quantitative RT-PCR detected a 5-fold
increase in Cdc42 mRNA level in ISC-enriched enteroids treated with CHIR99021
and valproic acid (Kishida et al., 2017; Yin et al., 2014) as compared to enteroids
typically grown in ENR medium (Fig. 16A). Bulk RNA-seq of Cdc424/EC intestines
affirmed a transcriptomic reduction of Lgr5 ISC gene signature (p=0.007, Fig. 16B).

Intestinal length was shown to positively correlate with ISC function (Riehl et
al., 2012; Weaver et al., 1991). Cdc424£¢ mice had shorter intestines (73% of WT
littermates, Fig. 17A), while Villin-Cre; V29 mice with elevated Cdc42-V2 in IECs
had longer intestines, 112% of WT mice (Fig. 17A),. V279 intestines had increased
levels of Olfm4, an ISC marker, in crypts (Fig. 17B), along with elevated levels of
markers of both fast-cycling and “quiescent” ISCs, in particular Bmi1 (Fig. 17C).

Importantly, we observed a pronounced expansion of pERK1/2" active cell
population to the villus region in V279 intestines (Fig. 18A). By contrast, pERK1/2*
cells in WT mice were restricted to crypt and transit amplifying compartments as
previously reported (Geske et al., 2008; Heuberger et al., 2014b). Scattered
pERK1/2* cells were present throughout Cdc424EC villus epithelium. We also
detected elevated a beta-catenin level in V279 intestine (Fig. 18B), in overall
agreement with an enhanced ISC function in homeostasis. We established

Cdc424EC; V279 mice where deletion of endogenous Cdc42 and production of the
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V2 transgene were driven by Cre in same IECs. Cdc424EC; V279 mice showed
largely restored IEC phenotypes compared to Cdc4245¢ mice (Fig. 17-18). These
phenotypic restorations were accompanied by restoration of pErbB1, pErbB2, and
PERK1/2 levels in Cdc424EC; V29 mouse intestines (Fig. 9B).

Ex vivo, V279 enteroids exhibited a much more robust epithelial budding (Fig.
18C, D), larger sizes (Fig. 18C, D), and increased proliferation activities (Fig.18E).
Thus, elevating epithelial Cdc42-V2 autonomously enhanced ISC function at

steady state.
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Figure 16. Enrichment of Cdc42 expression in ISCs coordinates with reduced
ISC marker level in Cdc42 KO intestine.

(A) Bright field images of a typical and an ISC enriched enteroid treated by
CHIR99021 and valproic acid. Quantification RT-PCR detected higher Cdc42
MRNA in ISC enteroids. (B) Gene set enrichment analysis (GSEA) of bulk RNA-
seq showed a significantly reduced Lgr5 ISC gene signature (p=0.007) in iKO

compared to WT IECs.
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Figure 17. Intestine gross morphology and Evaluation of stem cells in V279
mice.

(A) Representative gross morphology of WT, V279, KO and KO; V27 mouse
intestines. Note V279 intestine is noticeably longer than littermate WT. (B)
Immunohistochemistry for Olfm4 showed increased crypt base ISCs in V279
intestines and decreased ISCs in KO intestines. Average Olfm4 protein level within
crypt were quantified from multiple intestinal sections of a total of 3 animals per
genotype. (C) gRT-PCR for ISC markers in V279 mice relative to WT mice showed

significant increase of Bmi1, Hopx and Lgr5. N=3 for each genotype.
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Figure 18. Increased pERK and B-catenin level in V279 mice; Enhanced
growth of enteroids from V2™ mice

(A) Compared to WT mice, pERK1/2+ cells were expanded in V279 intestines and
became scattered in KO intestines. Average pERK1/2 level within a crypt-villus unit
were quantified from multiple intestinal sections of a total of 3 animals per genotype.
(B) Immunohistochemistry for B-catenin showed increased nuclear B-catenin in
V279 crypt cells. N=2 for each genotype. (C) Representative enteriods of
designated genotypes. (D) The average number of epithelial buds per enteroid and
the average size of enteroid were quantified from 3 animals per genotype. (E)
Immunofluorescent staining of enteroid sections showed increased Ki67+ cells in

epithelial buds of V279 enteroids.
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Cdc42-V2 mitigates injury-induced epithelial damage

Prompted by above results, the impact of V2 expression on epithelial
regeneration after injury was examined. ISCs are sensitive to irradiation (Potten,
1977) with fast-cycling ISCs dying within 2 days after irradiation (Gong et al., 2016;
Kim et al., 2017a; Metcalfe et al., 2014). Mice were exposed to 12 Gy total-body
irradiation (Fig. 19A). Compared to WT littermates, Cdc424'£¢ mice lost nearly 25%
of body weight 4 days after irradiation (green line, Fig. 19B). This was
accompanied by declining body conditions and 25% post-irradiation mortality of
Cdc424EC mice within a week. All WT, V279, and Cdc424EC; V279 mice survived the
experimental duration. V279 mice were resistant to body weight loss and exhibited
an earlier weight recovery (red line, Fig. 19B), while Cdc424/¢; V279 mice showed
improved body weight and health condition compared to Cdc424¢ mice (purple
line, Fig. 19B). Examination of intestines revealed that Cdc424EC intestines were
24% shorter than WTs (Fig. 19C), with reduced numbers of regenerative crypts
(Fig. 19D).

At mRNA level, both proliferating and quiescent stem cell genes Olfm4 and
HopX were elevated in V279 mice post irradiation (Fig. 20A). Consistent with the
elevation of stem cell marker mRNA level, more OIfm4* crypts were detected in
V279 mice (Fig. 20B).

Furthermore, 24-hr EdU labeling (red) followed by a 30-min BrdU labeling
(green) before sacrifice (Fig. 19A) indicated that Cdc424EC¢ mice had reduced
cycling cells as well as cell-cycle re-entry indicated by EdU*/BrdU™ cells (Fig. 21A,

B). Cdc42'E¢ mice also had reduced numbers of cells migrating into villus epithelia
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(arrows in Fig. 21A, C). V2 expression enhanced IEC proliferation, migration and
restored above-illustrated phenotypic defects in Cdc424EC; V279 mice (Fig. 21A-

C).

Elevating ISC-specific Cdc42 enhances regeneration after irradiation-induced

The above experiments used pan-IEC Cre drivers and thus limited insights
about role of Cdc42 specific to ISCs. To offset this limitation, V279 was specifically
targeted to Lgr5 ISCs and tested to determine if this would be sufficient to enhance
their regeneration after injury. Lineage-tracing of Lgr5* ISCs was conducted in 12
Gy irradiated Lgr5C¢meER-IRES-EGFP - RoGRzsGreen- \/219 mice, where V2 production was
restricted to Lgr5 I1SCs. Compared to Cdc42-WT mice, Lgr5CeERIRES-EGFP.
R26R?s6reen: 279 mice showed significantly more lineage tracing events
(illustrated by ratio of green stripes / green crypts) with elevated mitosis in traced
crypts (Fig. 21D-F). In contrast, Cdc42F/fL; | gr5CreER-IRES-EGFP: RDBERZsGreen mijce
lacking Cdc42 in ISCs showed drastically reduced lineage tracing events
accompanied by reduced mitosis (Fig. 21D-F). Thus, Cdc42 is an ISC-
autonomous machinery and elevating Cdc42-V2 was sufficient to mitigate

epithelial damage after injury.
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Figure 19. Elevating epithelial Cdc42 reduces body weight loss, increases
gut length and mitigates mucosal damage.

A) Schematic diagram shows that mice received 12 Gy total body irradiation and
were sacrificed 7 days after irradiation. Labeling of cycling IECs that re-entered
cell-cycle was accomplished by sequential injection of EdU (1 day) and BrdU (30
min) before sacrifice. (B) Body weight changes after irradiation are presented as
percentage of initial body weight of individual mice. Eight mice per genotype were
subjected to irradiation. Note there was a loss of KO animals during the experiment
following irradiation. (C) Representative images and quantifications showing the
gross intestinal morphology of designated genotypes 7 days after irradiation. Note
a clear elongation of V279 gut length and a severe shortening of KO gut. (D) Images
of post-irradiation ileal sections of designated genotypes 3 days after irradiation.
Average numbers of regenerative crypts per mm were quantified from multiple ileal
sections of 2 post-irradiation animals per genotype. They were increased in V279

intestines and decreased in KO intestines.



93

Olfm4-Irr.
= Hopx-Irr.
‘@ 31P=0.0156 S
e |T L 2 301 p=g.0447 PO0218
i) P=0.0032 s | T3
d 20
s <
ha z
E 1 E 10
[}
: I ]
Saoa® Fef g
© R S
K R J v
© Noh

V2T KO KO V2T

‘\ (r\ M BEAAY LA “’ . . A »
s Gukalna O
~ "A“\u”‘h“‘ﬂ 4 ]MM!“& S R v S5 ; ! % A s
S :
Tl (g L - P

SRS ‘-’}w 7
gor R L5 iy i

gosT W PRGN L /Al B
8 1 FETY % P ’4‘

rigls ne s ot ikl ook iy

200'Eﬂf S W g

P=0.0
£ 25+ P=0.014 r—
E 5o P=0.031
'.CQ L) 53 A
Q g vV
5 15 :
; 10' - A ;
g 5. AAA
0 ry : . -
,\O O ,\0
Q R & R



94

Figure 20. Elevating epithelial Cdc42 increases Olfm4 expression during
injury-induced repair.

(A) gRT-PCR for ISC markers in V279 mice relative to WT mice showed significant
increase of OIfm4 and Hopx after irradiation. N=3 for each genotype. (B)
Representative images of crypts containing Olfm4+ cells. Quantified from multiple

ileal sections of 2 post-irradiation animals per genotype.
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Figure 21. Elevating epithelial Cdc42 enhances proliferation, migration and
ISC lineage tracing after irradiation.

(A) EdU (Red) and BrdU (Green) staining of mouse intestines 3 days after
irradiation. Dashed lines indicate crypts; white arrows point to EdU+/BrdU+ |IECs
migrating to villi. Nucleus is counterstained with DAPI (Blue). (B) Average numbers
of EdU or/and BrdU labeled IECs per crypt-villus unit were quantified from multiple
sections of 3 post-irradiation animals per genotype. (C) Average numbers of only
EdU-labeled IECs in upper crypt and villus region were quantified from multiple
sections of 3 post-irradiation animals per genotype. (D) Lineage tracing of Lgr5
ISCs of distinct (Cdc42-WT, V279, or KO) genotypes 7 days after irradiation using
a R26RZsGreen reporter. EAU was injected 6 hrs before sacrifice to identify cycling
ISC descendants. (E) Lineage tracing events are presented as percentage of
observed green stripes out of total number of green crypts within the same field.
Data represent multiple sections of 2 post-irradiation animals. Note that V279 and
KO ISCs showed increased and diminished lineage tracing events. (F) The
average numbers of EdU+ cells per green crypt were quantified from multiple

sections of 2 post-irradiation animals.
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DISCUSSION

Current data provides molecular, genetic, and cell biological insight into
underlying mechanism that provide intestinal epithelial tissue with extraordinary
regenerative capacity in response to injury. Our molecular and genetic experiments
produced new insights into how exactly Cdc42 regulates MAPK and potentially
other signaling pathways related to ISC survival. Based on atomic force
microscopic study, proteomics, and kinase array analysis, we demonstrated at
molecular and nanomechanical levels that Cdc42 is required for ligand-stimulated
EGFR endocytosis and MAPK signaling. Cdc42-deficient IECs lost responses to
both EGF and Wnt ligands that activate MAPK.

EGFR signaling possesses a foundationally conserved role in regulating gut
development and cell proliferation in lower (Buchon et al., 2010; Jiang and Edgar,
2009; Jiang et al., 2011; Jiang et al., 2016; Jin et al., 2015; Pyo et al., 2018; Xu et
al., 2011) and higher eukaryotic species (Mytych et al., 2018; Satora et al., 2018).
The requirement of EGF initiated signaling for epithelial survival and renewal is
extensively documented (Cordero et al., 2014; Liang et al., 2017; Suzuki et al.,
2010; Takeda and Kiyokawa, 2017; Yang et al., 2017), and is proposed to keep
Lgr5* ISCs in a constitutively active state (Basak et al., 2017). EGFR-MAPK
signaling may enhance intestinal epithelial survival by preventing cell shedding
(Miguel et al., 2017). Proper intraepithelial EGFR localization has also been shown
to define cell-type specific functions (Ungewiss et al., 2018). These studies and
the reported contribution of EGFR signaling to injury-induced tissue regeneration

(Gregorieff et al., 2015; Ren et al., 2010) were consistent with our observed impact
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of Cdc42 on EGFR-MAPK cascade and cell survival in vitro and in vivo.

Cdc42 has 2 physiologically transcribed isoforms with one being universally
expressed (V1) while the other (V2) was initially found to be enriched in neuronal
tissues. The major distinction between them was a selective splicing into a distinct
last exon that encodes for the very C-terminal 10 amino acids. While both variants
can be prenylated, only V2 can be palmitoylated at a unique C-terminal cysteine
residue that was absent from the conventional Cdc42 (V1) (Nishimura and Linder,
2013). Studies in neuronal cells had suggested Cdc42-V2's stronger incorporation
into lipid rafts (Kang et al., 2008; Kim et al., 2014; Moutin et al., 2017; Mukai et al.,
2008; Nishimura and Linder, 2013; Wirth et al., 2013a), which was proposed as a
potential mechanism for its greater traffic and concentration in the dendritic spines
(Mukai et al., 2015; Wirth et al., 2013a) . It was postulated that Cdc42-V2 acted to
promote the formation of subcellular post-synaptic structures, leading to a greater
synaptic plasticity during brain activity (Kang et al., 2008),, whereas the canonical
Cdc42 aided axonogenesis (Lee et al.,, 2018a; Yap et al., 2016). Our data
suggested that the stronger MAPK-activating capability by Cdc42-V2 was likely
mediated by its enhanced affiliation with lipid compartments.

MAPK signaling plays multiple roles in the intestinal epithelia. Other than
maintaining intestinal stem cells, it also engages in the differentiation of mature cell
types (Tong et al., 2017): deficient MAPK signaling through blocking the Shp2-
Mek1 pathway promotes Paneth cell differentiation while activating MAPK expands
the Goblet cell population (Heuberger et al., 2014a). In contrast to these in vivo

results, study with Caco2 cells suggested activation of the MAPK pathway by
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FGFR-3 is required for Paneth cell differentiation (Brodrick et al., 2011).

The newly engineered Cdc42 V279 mice allowed a direct demonstration of a
robust impact of Cdc42 gain-of-function on MAPK activation and ISC regeneration.
The Cdc42 splice variant V2, which is physiologically expressed in intestinal cells
at lower levels, provided a molecular tool to enhance Cdc42 function and target
MAPK activity. Our data suggested the stronger MAPK-activating capability by
Cdc42-V2 was likely mediated by its enhanced affiliation with lipid compartments.
Indeed, this splicing variant possesses a unique C-terminal cysteine residue (C189)
that was absent from the conventional Cdc42 (V1). Studies in neuronal cells had
suggested Cdc42-V2's stronger incorporation into lipid rafts (Kang et al., 2008; Kim
et al., 2014; Moutin et al., 2017; Mukai et al., 2008; Nishimura and Linder, 2013;
Wirth et al.,, 2013a). The cell-autonomous effects of Cdc42-V2 on epithelial
regeneration have important implication for mitigating gastrointestinal pathologies
that require an enhanced tissue repair program.

As Cdc42 also associates other signaling components that utilize the endocytic
pathways, such as Wnt and PI3K cascades, loss or gain of Cdc42 is likely to impact
non-EGF-MAPK pathways as well. For example, within the lipid raft compartment,
we also detected the presence of the active form of Wnt receptor, the
phosphorylated Lrp6, as well as PI3K (Fig. 10). These data suggest that Cdc42 is
likely exerting a pleiotropic influence on multiple pro-survival signaling for intestinal
stem cell survival. Nevertheless, our data supported a more consistent impact of
Cdc42 on MAPK signaling rather than other pathways. However, current study

cannot rule out Cdc42’s collateral effects on major stem cell signaling especially
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Whnt-catetin pathway.

Our studies heavily certered around stem cell survival signaling pathways.
Given Cdc42’s function in regulating general cell polarity and cytoskeleton, it is
almost certain that Cdc42-mediated cellular structural regulations are strongly
associated with cellular responses to extracellular signals such as EGF. First,
Cdc42 deletion could disrupt apical and basolateral cell polarity leading to
misallocalization of membrane proteins, such as EGFR. Second, Cdc42
abnormality could affect intercellular junctions thereby impacting Hippo signaling,
whose activation relies on junctional integrity. Third, our study implied an impact of
Cdc42 on the juxtocrine Ephrin-EphB3 signaling that has been shown to regulate
Paneth cell positioning at crypts. Furthermore, the formation of microvillus
inclusion in Cdc42-deficient enterocytes reflect a robust dysregulation of cortical
actins in these cells. Thus, these defects demonstrate a structure-dependent
signaling activity regulated by the epithelial intrinsic Cdc42 machinery.

The exact physiological function of V2 in intestinal epithelium has not been
resolved at this moment. When comparing Cdc42 V1 and V2 in promoting
intracellular kinases, we noticed some fundamental distinctions between the two
variants in a non-neuronal cells. For example, WNK1 phosphorylation was down
regulated in Hek293T cells overexpressing Cdc42 V1, while WNK1 was
upregulated in V2 overexpressing cells. Future studies are needed to investigate
the mechanism of such completely opposite signaling efficacy by the two Cdc42
variants. In particular, we speculate that activation of WNK1 may require a

palmitoylated Cdc42 V2 that mediates better association with plasma membrane.
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Future studies are necessary to further delineate the spatial and temporal
expression or activation of Cdc42 V2 under physiological and pathological

conditions, such as during aging, pathogen infection, injury, and tumor progression.

SUMMARY OF CHAPTER 3

How the intestinal epithelium maintains homeostasis and regenerative capacity
during constant exposure to environmental insults are unclear. Ex vivo survival
and clonogenicity of intestinal stem cells (ISCs) strictly required Cdc42-mediated
response and Cdc42-deficient enteroids underwent rapid apoptosis.
Mechanistically, Cdc42 engaged EGFR, was required for EGF-stimulated receptor
endocytosis and sufficient to promote MAPK signaling. Proteomics and kinase
analysis revealed that a physiological but non-conventionally spliced Cdc42
variant exhibited stronger MAPK-activating capability. Accordingly, mice
engineered to express this Cdc42 variant showed elevated MAPK signaling,
enhanced epithelial regeneration, and a mitigated mucosal damage in response to
injury induced ISC attrition. Furthermore, boosting Cdc42-MAPK program
specifically in mouse ISCs enhanced intestinal regeneration following epithelial
injury. Thus, the ISC intrinsic Cdc42-MAPK program is required for intestinal
epithelial regeneration while elevating this signaling cascade mediates a protection

from genotoxic injury.
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CHAPTER 4

GUT MICROBIOTA AND LAMINA PROPRIA IL22-STAT3 INTERSECT

EPITHELIAL CDC42-MAPK SIGNALING FOR STEM CELL SURVIVAL
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INTRODUCTION

Increasing evidences suggest that intestinal epithelium is under constant
regulation from the gut microbiome and the lamina propria cells. Goblet cells in
both small intestine and colon produce mucus to separate the epithelium from
commensal bacteria and pathogens (Birchenough et al., 2015). Nonetheless,
communication between the microbiome and epithelium appears to be constant,
as microbial metabolites can get through the mucus. In addition, some microbes
such as the segmented filamentous bacterium (SFB) are able to directly attach to
epithelium (lvanov et al., 2009). Intestinal mucosal-microbial interaction led to
signaling cascades initiated by numerous sensors, such as microbial pattern
receptors, on the apical membrane of the epithelial cells (Baumler and Sperandio,
2016; Fukata et al., 2009; Moossavi et al., 2013; Nigro et al., 2014). Activation of
these pathways change the behaviors of epithelial cells, including the most well
characterized alteration of epithelial secretions of antimicrobial peptides,
hormones, chemokines or cytokines (Blasius and Beutler, 2010). Some of the
microbial antigens may be presented by epithelial cells towards immune cells from
the basal side of the epithelium in the lamina propria. At steady state, healthy
mucosal immune system tolerates the commensal bacteria and their production of
antigen.

Innate immune response represents the frontline reaction to microbial signals
through detection of microbial-associated molecular patterns (MAMP) by pattern
recognition receptors (PRR) on innate Iymphocytes (ILC). ILCs secret

antimicrobial cytokines or protective cytokines to regulate mucosal homeostasis.
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On the other hand, epithelial cells together with myofibroblasts and fibroblasts can
also present microbial antigens to professional immune cells (Otte et al., 2003)
(Walton et al., 2009) to initiate adaptive immune response.

Immune cells especially tissue resident innate immune cells orchestrate the
mucosa health through a variety of cytokines. Among these ILCs, ILC1 cells
resemble T helper type 1 (Th1) cells with a weaker cytotoxic ability; ILC2 cells can
be activated by IL25 or IL33 that are usually secreted by epithelium during
Helminths infection; and ILC3 cells are non-cytotoxic cells, which secret IL22 and
IL17 under homeostasis or pathological conditions (Spits and Cupedo, 2012).

IL22 can be secreted by several types of immune cells in the intestine tissue in
addition to ILC3 cells, for example cells expressing natural killer cell cytotoxicity

receptor Nkp44+, CD4+/CD8+af T-cells (Dumoutier et al., 2000) (Liu et al., 2011;

Wolk et al., 2002), yd T-cells (Ness-Schwickerath and Morita, 2011), NKT cells
(Moreira-Teixeira et al., 2011), NK cells (Kumar et al., 2013), Mast cells (Mashiko
et al., 2015), and Neutrophils (Zindl et al., 2013). Despite of differential cell types,

some IL22 producing cells share the feature of expressing RORyT(Montaldo et al.,

2014). The expression of IL22 receptor, IL22RA1, in subgroups of ISCs and TA
cells (Zwarycz et al., 2019) suggested that the IL22 signaling may affect biology of
ISCs.

Our study in Chapter 3 demonstrated the indispensability of Cdc42 for enteroid
survival ex vivo; however the intact mice lacking Cdc42 in IECs were viable,
suggesting the existence of compensatory signals in the intact intestinal mucosa.

As intestinal epithelium communicates with luminal microbiome as well as the
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lamina propria cells, our next overarching goal is to identify the how Cdc42-
deficient intestinal epithelia survive in vivo in the absence of such an important
intrinsic factor. We specifically investigated the potential cytokine signals from
immune cells as well as microbial signals in Cdc42 KO mice. Our data identified
specific cytokine signaling cascade, IL22-Stat3, which was originated from
immune cells and contributed to the survival of Cdc42-deficient IECs by
intersecting MAPK signaling. In addition, our studies suggested that the Cdc42-
deficient IECs may communicate to lamina propria cells through production of
prolactin, and that the microbiota in Cdc42 KO mice also played a role in supporting

epithelial survival.

RESULTS

Cdc42-deficent IECs receive survival signals from immune compartment in vivo

While we observed strong ISC dependence on Cdc42 expression for survival
and renewal ex vivo, it was noted that Cdc424EC intestines maintained IEC
homeostasis in intact mice. Bulk RNA-seq of Cdc424EC intestines revealed
transcriptional upregulations of EGFR as well as several EGF ligands (Areg, TGFa,
Ereg) (Fig. 22A), in agreement with elevated EGFR levels detected by Western
blots in CHAPTER 3 (Fig. 9B). Thus, ISC defects were not due to lack of either
EGF or EGFR components. Interestingly, we also noted a robust alteration of
mucosal immune system, exemplified by alterations of cytokine signaling network

genes (Fig. 22B, C). And gene ontology analysis suggested significant activations
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of pathways related with inflammation, cytokine stimulus, leukocyte migration, and
JAK-STAT cascade (p<0.001, Fig. 22D).

Paracrine cytokines were recently shown to affect ISC function (Biton et al.,
2018a). We postulated that paracrine cytokines secreted from non-epithelial tissue,
such as immune compartments, which were absent in enteroid culture, might have
promoted Cdc424EC epithelial survival in vivo. To test if particular paracrine
cytokines indicated in transcriptomic analysis may contribute to Cdc424EC cell
survival, we performed an unbiased growth rescue screening assay using
Cdc42K° enteroids in ENR medium supplemented with distinct recombinant
proteins (Fig. 23A). Surprisingly, IL22, IL12, IL34, CXCL1, or CXCL2, when
applied individually, were able to noticeably restore Cdc42%C enteroid growth (Fig.

23B), while canonical Wnts, EGF ligands (Areg, TGFa), and a number of other

cytokines had no detectable effect (Fig. 23C, E). Among the cytokines tested, IL22
consistently showed the strongest pro-survival and anti-apoptotic effects (Fig. 23B,
D, F).

IL22 signals through STAT3 for transcriptional regulation of its targets
(Nagalakshmi et al., 2004; Radaeva et al., 2004). Chemical inhibitors of STATS,
Stattic (Schust et al., 2006) or WP1066 (Horiguchi et al., 2010) suppressed the
rescuing effects of IL22 and several other cytokines (Fig. 24). These data
suggested that STAT3 axis might be employed by several paracrine cytokines in
Cdc424EC mucosa as a compensatory survival pathway.

String analysis of upregulated genes indicated enhanced IL22-STAT3 and Tir4

signaling (Fig. 25A). Quantitative RT-PCR detected significant elevations of /IL22
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and STAT3 pathway targets in Cdc424EC intestines, most notably c-Myc, a pro-
survival factor of transit amplifying cells (Fig. 25B). Immunohistochemistry
revealed more pSTAT3* cells in Cdc424EC intestines at homeostasis (Fig. 26A)
and upon irradiation (Fig. 26B).

Loss of Cdc42 in enteroids recapitulated the in vivo observation that ERK
pathway was blocked without Cdc42 (Fig. 27A). In order to test whether IL22 may
activate MAPK to promote stem cell survival in Cdc42K© epithelium, we add U0126,
a specific MEK inhibitor, to Cdc42° enteroid with the presence of IL22. Inhibition
of MEK abolished the effect of IL22 on enteroid survival (Fig. 27B-C), reflected by
loss of pERK (Fig. 27D). This suggested that IL22 signaling promoted cell survival

in Cdc42%0 enteroids through ERK activation.
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Figure 22. Bulk RNA-seq analysis of Cdc42*° mucosa

(A) Heatmap shows multiple EGF ligands and EGFR were increased in Cdc42/0.
(B) Meanwhile, cytokine and their receptor signaling networks were altered in
Cdc42° mucosa. (C) List of selected cytokines/chemokines upregulated in
Cdc42K° mucosa, with fold change and P value. (D) ShinyGo analysis of
upregulated transcriptome in Cdc42¥°© mucosa showed enrichment of gene sets

related to inflammatory, defense, cytokine responses, etc.
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Figure 23. Effect of selected cytokines on Cdc42K0 enteroids

(A) Schematic diagram shows strategy of Cdc42X© enteroid rescuing experiments
using various recombinant cytokines, growth factors, and pathway inhibitors. (B)
Representative propidium iodide-stained Cdc42K° enteroids in the presence of
exogenous cytokines or growth factors. 1L22, IL12, Cxcl1 and Cxcl2 rescued
growth of Cdc42K° enteroids, while Wnt3a, Areg, Cxcl6 or IL33 failed. (C) Bright
field images of Cdc42K° enteroids after addition of 4-OHT with Wnt3a, HGF, or

TGFa. No growth restoration was found. (D) Representative bright field images of

enteroids of Cdc42C enteroids with or without IL22 48 hrs after 4-OHT treatment.
Images represent two independent experiments with replicates of each condition.
(E-F) Percentages of viable enteroids were analyzed from 2 independent

experiments with 2 replicates per condition in each experiment.
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Figure 24. Inhibition of STAT3 activity disrupts effect of cytokines in

promoting the survival of Cdc42° enteroids.
PI staining showed the rescuing effects by 1L22, IL22, and CXCL2 were abolished
by STAT3 inhibitors (Stattic or WP1066), which did not inhibit enteroid growth on

their own before 4-OHT addition. Data represent 2 replicates for each condition.



114

Apoptosis

Bcl2112

TLR4
@Gﬁ“’ Response
o

Ociad1

e

IL-22 iINOS
% 207 P=0.028 _ P=0.021
2 P oy T
210 . 150
. <
g 8 . Z 100
E 6 €
[} . T E
= 4 ° [E 2 50
% 2 a® % °
m o L™ m 0
WT KO WT KO
c-Myc Mmp9
— g P=0.016 — 5, P=0.029
gop P g o R
3 . - 4-
Z 41 :* 2
: :
3 3
4 4




115

Figure 25. IL22/STAT3 genes are upregulated in Cdc42%° mucosa.

(A) String analysis suggested enhanced signaling pathways of TLR4 related
immune response, IL22 signaling, STAT3 pathway in Cdc42K° intestines. (B)
Relative mRNA levels of IL22, and IL22-STAT3 targets iNOS, c-Myc and Mmp9
were increased in Cdc424EC intestinal mucosa compared to WT detected by
realtime-PCR. Data were plotted 4-6 animals per genotype including technical

replicates.
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Figure 26. STAT3 activation in Cdc424E¢ mice.
(A) Immunohistochemistry showed increased pSTAT3+ cells in KO intestines in
homeostasis. (B) Immunohistochemistry showed increased pSTAT3+ cells in KO,

but not in KO; V279 mouse intestines 7 days after irradiation.



117

Erk1/2

B-actin

' 'yentivs

A B
iKO 1501
4-OHT (hrs) - 24 48 72 _ P-0005  P<0.001
- & 100+ .
p-ERK1/2| BB S = = = \lj%qu%e
T_EU
B-actin | v - o - 0-
24hr 48hr
C
iIKO+IL22
Vehicle ,g f‘ @ &‘e&
R ;
vot26| % - . g
P Al :
24hrs 48hrs Passage 1
D
iIKO+IL22
iIKO+IL22 +U0126
4-OHT (hrs) - 24 48 - 24 48
ooz [



118

Figure 27. IL22 signaling promotes cell survival in Cdc42K° enteroids
through ERK activation.

(A) Western blot of lysates from Cdc42K° enteroid before and after 4-OHT
treatment showed progressive loss of p-ERK. (B-C) IL22 supplement in Cdc42K0
enteroid was not able to support cell survival when U0126 was added to inhibit
MAPK activity. 95% loss of live cells was observed 48hrs after U0126 addition.
Passaged clones from these enteroids showed continued effect. Data represent 2
replicates for each condition. (D) Detection of p-ERK in enteroid lysate from 1L22
treated Cdc42'C with or without U0126 by western blot. ERK activity sustained in

Cdc42K° by 1L22 at 24 and 48hrs after 4-OHT treatment was abolished by U0126.
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Lamina propria immune cell IL22/STAT3/MAPK signal is essential for Cdc424EC

epithelial survival

Enteroid experiments indicated that the IL22-STAT3/MAPK pathway can
promote Cdc420 cell survival (Fig. 24, 27). To examine the in vivo contribution of
this pathway, we genetically ablated 1L22 in Cdc42X° mice. We firstly tested
Cdc42° as we found it difficult to obtain viable double knockouts using Vil-Cre
driver. Remarkably, upon tamoxifen administration, IL227"; Cdc42X° mice, showed
a more pronounced body weight loss compared to single knockout (Cdc42X° or
IL227) littermates (Fig. 28A). Strikingly, tamoxifen administration, within 10 days,
induced a 15% reduction in intestinal lengths in IL227; Cdc42K° mice compared
to Cdc42° mice (Fig. 28B), with further reduction in crypt base ISCs (Fig. 28C),
pERK1/2 (Fig. 28D), and Survivin (Fig. 28E). When we finally got the VilCre driven
IL227-; Cdc42%'EC, we found removing 1L22 from Cdc424/EC mice lead to death as
early as at 2-month-old (Fig. 29A). In the alive DKO mice, reduced Olfm4 and
pERK level were also observed (Fig. 29B).

More importantly, /L227 mice did not show higher susceptibility to irradiation
compared to WT littermates, indicating redundancy of ligands/pathways within the
animal to ensure the commitment of pro-survival programs post injury. However,
IL22 showed strong indispensability for Cdc42-deficient IECs when compared to
WT. Exacerbated body weight loss (Fig. 30A, B) and epithelial damages (Fig. 30C)
were exhibited in IL227; Cdc42K° (DKO) mice. There was a 42% reduction of
OIfm4* crypt ISCs in DKO mice following irradiation (Fig. 30D).

STAT3 inhibitor (WP-1066), when administrated to Cdc424E¢ mice, led to an
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even more pronounced intestinal shortening up to 20% (Fig. 31A), and reduction
of Olfm4 and pERK1/2 levels (Fig. 31B) Thus, enhanced signaling from immune
cells were critical to maintain a level of homeostasis in Cdc424£C¢ |ECs. Above
results suggest that STAT3 blockage possibly impinged on signal inputs from
multiple cytokines including but not limited to IL22, consistent with reports that
several cytokines co-stimulate STAT3 and MAPK pathways (Fukui et al., 2014;
Lejeune et al., 2002; Lindemans et al., 2015; Sugimoto et al., 2008)

Similar to steady state, WP-1066 induced shortening of the intestinal length
compared to control Cdc42'*° mice 3 days after irradiation (Fig. 32A-B). Further,
Cdc42K° mice pre-treated with WP-1066 exhibited the most severe post-
irradiation epithelial damage, with 45% reduction in regenerating crypts and Olfm4*
crypt cells compared to vehicle-treated Cdc42K° mice (Fig. 32C-D). Importantly,
neither IL22 loss nor WP1066 had noticeable impact on mice carrying intact Cdc42
(Fig. 28-32). Thus, the protective effects IL22-STAT3 signaling were especially

pronounced in hosts lacking IEC intrinsic Cdc42 survival program.
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Figure 28. IL22-Stat3 signaling mediate IEC survival in Cdc420 intestines

(A) Body weight changes were measured daily for WT (n=2), IL227 (n=2),
Cdc42K° (n=3) and IL227; Cdc42%° (n=8) mice after tamoxifen injection. (B)
Representative images and quantification of intestinal length of WT, IL227,
Cdc42K° and IL227; Cdc42*° mice. (C) Representative images of OIlfm4
immunohistochemistry on ileal epithelia of designated genotype and treatment.
Average levels of OIfm4 within a crypt were quantified from multiple sections of 2-
3 animals per genotype in 2 independent experiments. (D) Immunohistochemistry
for pERK1/2 in WT, IL227, Cdc42K° and IL227-; Cdc42K° smalll intestines. Average
levels of pERK within a crypt were quantified from multiple sections of 2-3 animals
per genotype in 2 independent experiments. (E) Relative mRNA expression of
Survivin in WT, IL227, Cdc42K° and IL227; Cdc42%° small intestines was

detected by realtime-PCR.
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Figure 29. Removing IL22 from Cdc424E¢ mice further lead to death and
reduced Olfm4 and pERK level.

(A) Survival rate evaluated based on a threshhold of 3 month. 40% of IL227;
Cdc424'EC mice die with in 3 month. (B) Immunohistochemistry for pERK1/2 and
Olfm4 in Cdc424/EC and IL227; Cdc42*'EC small intestines. Average levels of pERK
and OIlfm4 within a crypt were quantified from multiple sections of 2-3 animals per

genotype in 2 independent experiments.
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Figure 30. Evaluation of IL22-/-; Cdc42™%° mice under irradiation.

(A) Schematic showing of WT, IL227, Cdc42K°, and IL227; Cdc42K° mice that
were subjected to 12 Gy total body irradiation 1 day after tamoxifen administration.
(B) Body weight changes before and 3 days after irradiation suggested a protection
by 1L22 for mice lacking Cdc42 in IECs. (C) H&E staining showed in IL227;
Cdc42K° mice there was further reduced number of regenerative crypts in
response to irradiation. (D) Immunohistochemistry for Olfm4 showed in IL227;

Cdc42KO intestine further reduced numbers of Olfm4 crypts.
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Figure 31. Inhibition of STAT3 activity shortens the intestine and further
reduces pERK and OIfm4 in Cdc424EC mice.

(A) Representative images and quantification of intestinal lengths WT and
Cdc424EC mice with or without WP1066 treatment. (B) Immunohistochemistry for
pERK1/2 and Olfm4 in WT and Cdc4245¢ mice with or without WP1066 treatment.
Average levels of p-ERK and OIlfm4 within a crypt were quantified from multiple
sections of WT (n=2), WP1066-treated WT (n=3), KO (n=3), and WP 1066-treated

KO mice (n=2).
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Figure 32. Inhibition of STAT3 activity further reduces regenerative crypts
and OIfm4 level in Cdc42K° mice after irradiation.

(A) Schematic showing of Cdc42K° mice that were subjected to 12 Gy total body
irradiation 1 day after tamoxifen administration. Half of the mice received WP1066
injections on day 1 and 2 after irradiation. (B) Representative images of intestines
of Cdc42° mice with or without WP1066 treatment 3 days after irradiation. (C-D)
Representative ileal histology and OIfm4 immunohistochemistry images of
irradiated Cdc42X° mice with or without WP1066 treatment. In response to
irradiation, WP1066 injected Cdc42*° mice showed further reduction of

regenerative crypts and Olfm4 crypt cells compared to untreated Cdc42° mice.
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Prolactin produced by Cdc424EC epithelium induces IL22 release from LP cells

Production of chemokines and cytokines are elevated in Cdc4245¢ mucosa. Some
of them were increased more than 100fold than that in WT. To better understand
how LPLs sense and respond to epithelial genetic deficiency such as in Cdc424/E¢
mice, we wonder are there chemokines and cytokines produced by the genetically
deficient epithelium, and whether they work on IL22-secreting LPLs to promote
survival signaling in Cdc424¢ mucosa. Indeed, at lleum where the mucosal
immunity is the most active, elevated expression of Prl2c-2, Cxcl1/2/3/5, IL1rn,
TNFrsf11b was observed (Fig. 33), showing agreement with the Bulk RNA seq
data on Cdc42%° mucosa (Fig. 22B). To the contrast, cytokines known usually
secreted by LPLs, IL12a and IL22 were only detected at low level in the overall
epithelium samples. Even lower expression of these cytokines was observed in
Cdc424EC epithelium as compared with WT epithelium (Fig. 33). Unlike the lack of
IL22 expression in the epithelium, IL22 produced by cultured Cdc424EC LP cells
was as 4 times much as that in the WT LP cells (Fig. 34A, B). Induction of IL22 by
recombinant Prolactin is significant at 6hr from Cdc424EC€ LPLs, although the same
trend is also seen in 20hrs and WT LPLs (Fig. 34C). Collected LP cell supernatant
was able to improve the viability of Cdc42 enteroids significantly (Fig. 35A), with
the sustained pERK level (Fig. 35B). Together, the data suggests epithelial factors
such as Prolactin in response to the genetic deficiency is essential for epitheliual
cells to communicate with immune cells and call for compensating survival

signaling.
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Figure 33. Loss of Cdc42 lead to production of gut hormones and
chemokines from epithelium.
Realtime-PCR detected increased Prl2c-2, Cxcl1/2/3/5, IL1rn, TNFrsf11b mRNA

level specially at the lleum, no change of IL33 mRNA level and decreased 1L22,

IL12a level in isolated epithelial cells from Cdc424E¢ mice.
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Figure 34. Prolactin induces production of IL22 from isolated mouse
intestinal LPLs.

(A) Bright field image shows isolated LPL from Cdc424E¢ mice. (B) ELISA of IL22
showed LPLs isolated from Cdc424EC mice produced more IL22 at both a 6hrs or
20 hrs time period compared to WT LPLs. (C) ELISA detected that prolactin
induced IL22 production in LPL isolated from Cdc424/£¢ mice after 6hrs stimulation
but not in LPLs from WT mice; IL1RN suppressed IL22 production in both WT and

Cdc424EC|PLs at 6hrs.
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Figure 35. Cultured LPL supernatant enhances Cdc42° enteroid viability
and sustains the pERK level.

(A) Representative images of WT and Cdc42X° enteroids with or without LPL
supernatant at 24 or 48 hrs after 4-OHT induced Cdc42 deletion. Quantification
represents 2 replicates for each condition. (B) Western blot detected pERK1/2 in
lysate from Cdc42K° enteroids supplemented without or with LPL supernatant for

indicated time points.
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Cdc424EC epithelial survival requires a microbial component in homeostasis and

after injury

TIr4 agonists were known to activate I1L22 and IL12 (Pickert et al., 2009;
Tominaga et al., 2013) (Kobayashi et al., 2003), and transcriptomic analysis
indicated a potential involvement of microbiome and bacterial sensing in Cdc424/E¢
intestines (Fig. 22). To assess the contribution of microbiota, we administrated a
drinking water cocktail of antibiotics (abx) (Rey et al., 2018) to Cdc424E¢ mice
through drinking water. Surprisingly, Cdc424£¢ mice on abx drinking water
displayed a pronounced loss of body weight (up to 30%) within 9 days, compared
to Cdc424'EC mice on regular water (Fig. 36A). Because Cdc424EC mice develop
epithelial defects due to loss-of-Cdc42 prior to adulthood, we examined the effect
of microbial impact in adult Cdc42¥° mice that were functionally wild type before
tamoxifen administration (Fig. 36B). Adult Cdc42K° mice were given abx for a
week (Fig. 36B) followed by genomic sequencing of bacterial 16S DNA to validate
microbial depletion in fecal samples (Fig. 36C). Abx had no effect on Cdc42k°
mice before tamoxifen injection. However, upon tamoxifen administration, abx-
treated Cdc42%° mice showed a pronounced body weight loss compared to
Cdc42K° mice drinking regular water (p=0.001, Fig. 36B), with significant
reductions in STAT3 signaling targets, c-Myc, Mmp9 (Fig. 36D) compared to non-
abx treated Cdc42%° mice.

Histopathological assessment of abx-treated Cdc42X° mice revealed severe
villus blunting and loss of normal-appearing crypts (Fig. 37A), and reduced Olfm4*

(Fig. 37B) or pERK1/2" |IECs (Fig. 37C). Meanwhile, Survivin an anti-apoptosis
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protein and STAT3 downstream target, was further reduce too in abx-treated
Cdc42K° mice (Fig. 37D).

We further attempted to abrogate the major bacterial sensing adaptor Myd88
(downstream of TIr4) in Cdc424EC mice by establishing Cdc427/F:Myd88™F: Villin-
Cre double knockouts. Only 3 double knockouts were obtained from over 100
progenies over 1-year of breeding indicating early lethality. The surviving Cdc427/F;
Myd88F"F! Viillin-Cre pups showed early onset of rectal prolapse (Fig. 38A), were
runt with 40% less body weight (Fig. 38B), and had distorted villi (Fig. 38C), and
reduced OIfm4* cells at steady states (Fig. 38C). Loss of Myd88 from Cdc424/EC¢
mice shut down the production of CXCL2,3,5 but not IL1rn or TNFrsf11b (Fig. 38D),
suggesting CXCL expression is sensitively subject to the microbial cues, especially
those signals sensed through the epithelial membrane where Myd88 is involved.
These data suggested that intact gut microbiota and bacterial sensing by Cdc42-
deficent IECs were protective for the hosts.

We next investigated, to what extend the microbial signals were protective
against epithelial injury in the context of an intact versus Cdc42-deficient hosts.
We found that abx treatment (Fig. 39A) further diminished injury-induced
regenerative capacity in Cdc4245¢ mice with regard to loss of regenerating crypts
(Fig. 39B) and crypt base ISCs (Fig. 39C).

In all, signaling inputs from microbiome and lamina propria lymphocytes
compensated for the diminished canonical ISC signature and modified Cdc42-
EGFR survival program leading to renewal and regeneration of intestinal epithelia.

These results shed new light on the activation of epithelial extrinsic signals during
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injury to promote epithelial survival and regeneration in hosts with diminished

and/or defective survival program.
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Figure 36. Ablation of microbiome caused significant body weight loss of
Cdc42"EC¢ and Cdc42™° mice.

(A) Cdc42*EC mice (n=5), treated by antibiotics in drinking water, showed a
significant body weight loss compared to Cdc42*E€ mice (n=2) on regular drinking
water. (B) Cdc42X° mice, before tamoxifen injection, were treated with antibiotics
for a week followed by tamoxifen injection. Body weight changes were measured
daily after tamoxifen administration. Compared to Cdc42¥° mice on regular water,
Cdc42K° mice on antibiotics showed significant body weight loss (n=3 for each
condition). (C) Alpha diversity analysis of the microbiome in Cdc42%° mice before
and after antibiotic administration confirmed microbial ablation. (D) The elevated
mRNA levels of c-Myc and Mmp9 in Cdc42° mice were reduced in Cdc42K° mice
treated by antibiotics, detected using real-time PCR. Data were plotted from 3

animals each group including technical replicates.
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Figure 37. Depletion of microbiota lead to further damage of mucosa in
Cdc42¥° mice and reduced STAT3 target gene expression.

(A) Representative ileal epithelia of iKO mice on regular water or antibiotics water.
(B) Representative immunohistochemistry for Olfm4 and pERK1/2 in Cdc42K°
mice on regular water versus on antibiotics. (C) Average p-ERK1/2 protein levels
within a crypt-villus unit were quantified from multiple sections of 3 animals each
condition. (D) qRT-PCR showed that the increased level of Survivin, an IL22-

STAT3 target, in Cdc42C intestines were decreased by antibiotics treatment.
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Figure 38. Removal of Myd88 from Cdc42 KO mice further disrupted the
homeostasis.

(A) Representative images of Myd88FI/FI; Vil-Cre and Cdc42FI/FI; Myd88FI/FI; Vil-
Cre littermates. Note Cdc42FI/FI; Myd88FI/FI; Vil-Cre mice had early prolapse
formation, and shortened intestine length. (B) Body weight percentage of WT(n=3),
Myd88FI/FI; Vil-Cre (n=1) and DKO (n=2) mice. (C) Histology and Olfm4 staining
of Myd88FI/FI; Vil-Cre and Cdc42FI/FI; Myd88FI/FI; Vil-Cre mouse intestines. (D)
Realtime-PCR mRNA level of CXCL2,3,5, IL1RN, TNFrsf11b in isolated epithelial
cells from the lleum of WT, Cdc42 KO, Myd88FI/FI; Vil-Cre and Cdc42FI/FI;

Myd88FI/FI; Vil-Cre mice.
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Figure 39. Microbiome and immune cell signals are required for regeneration
of Cdc42-deficient IECs.

(A) Cdc42*EC and littermate WT mice were treated with antibiotics for one day then
subjected to 12 Gy total body irradiation. Mice remained on antibiotics and were
sacrificed 3 days after irradiation. (B) Average numbers of regenerative crypts per
mm and levels of Olfm4 within a crypt were quantified from multiple sections of WT
(n=3) and Cdc42*E¢ (n=3) mice on regular water, WT (n=3) and Cdc42*EC (n=4)
mice on antibiotics. (C) Representative ileal histology and OIfm4 immuno-
histochemistry of mice with designated genotype and treatment. Note a further
reduction of regenerating crypts and OIfm4+ crypt cells in antibiotics-treated

Cdc42"EC mice.
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WT ISC Cdc42 KO ISC

Lamina propria immune cells

Figure 40. Graphic model.
A graphic model showing that microbiome and immune signals became essential

for the renewal of ISCs lacking intrinsic Cdc42-MAPK survival program.
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DISCUSSION

This chapter provides molecular, genetic, and cell biological insight into
underlying mechanism that provide intestinal epithelial tissue with extraordinary
regenerative capacity and cellular plasticity in response to injury. Additionally,
when combined, the totality of the data provides a novel framework that links
microbiome and immune cell derived paracrine signals into the regenerative and
plasticity cascade of ISCs. In particular, extrinsic signals that appear dispensable
in wild type hosts contribute critical functionality for tissue regeneration in hosts
with intrinsic ISC defects (Fig. 40). Together, this chapter provided evidence to
support the essential involvement of extrinsic growth signals in hosts with an
impaired ISC intrinsic survival program.

A provocative question initially arising with Cdc424E€ mice was how ISCs lacking
Cdc42 were capable of sustaining a level of homeostasis in vivo whereas their
clonogenicities were totally lost ex vivo. Since enteroids grow in an environment
lacking microbiome and niche-supporting lamina propria components such as
fibroblasts (Kabiri et al., 2014), telocytes (Aoki et al., 2016; Shoshkes-Carmel et
al., 2018), and immune cells (Biton et al., 2018a), we searched for signals from
extraepithelial sources that might have contributed to the regenerative activities in
Cdc424EC mice. Unbiased transcriptomic and enteroid rescue experiments
uncovered, surprisingly, that multiple inflammatory cytokines were able to restore
the growth of Cdc42-deficient enteroids, while canonical Wnt and EGF ligands
failed to do so. Of note, 1L22, IL12, IL34 and CXCL2 rescuing cytokines are

primarily produced by innate or adaptive immune cells (Hasegawa et al., 2011;
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Parks et al., 2016; Rigby et al., 2005), and Cdc424E¢ intestinal mucosa produced
elevated amounts of these cytokines. It is important to note in our study that
abrogating I1L22 did not impair ISC renewal or irradiation-induced regeneration in
animals carrying wild type Cdc42. These data strongly support the notion that
enhanced cytokine signaling from immune cells may be fundamental in supporting
ISC functions especially in the context of reduced epithelial intrinsic survivability.
Gronke and colleagues recently showed that IL22, produced by group 3 innate
lymphoid cells and yd T cells, is an important regulator of the DNA damage
response machinery and protects intestinal epithelial stem cells against genotoxic
stress (Gronke et al., 2019).

The identification of anatomically distinct mucosal cell populations that activate
survival pathways and crosstalk (i.e., EGFR-MAPK vs. [L22-STAT/MAPK) is
important for our understanding of how epithelial plasticity is both generated and
maintained in response to injuries. Paracrine cytokines such as IL22 and others
bind to cell surface receptors to recruit and activate Jak-Stat (Commins et al., 2008;
Pickert et al., 2009). a mechanism that is initially distinct from EGF-induced
receptor endocytosis and MAPK signaling. Importantly, mice with normal epithelial
Cdc42-EGFR survival program appear tolerant to IL22 loss at steady states and
after irradiation challenge. This suggest IL22/MAPK signal might be only allowed
when EGFR/MAPK is compromised. As a result, removing IL22 or blocking STAT3
from hosts that lack Cdc42/EGFR/MAPK severely exacerbated disease
manifestations in homeostasis and after injury. These results collectively suggest

that the paracrine cytokines and STAT3 axis were protective for Cdc42-deficient
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IECs probably as a compensatory survival mechanism.

Gut microbiome interact with the intestine tissue and induce epithelial responses
as well as immune responses. The host also affects its own microbiome in many
ways. Genetics, in addition to environmental factors such as diet and founder effect,
determines and gardens microbiota of an individual (Goodrich et al., 2014)
(Goodrich et al., 2017; Tierney et al., 2019). We mapped out stool microbiome
changes at family level induced by Cdc42 deletion in the epithelium. The altered
microbiome resulted from Cdc42 loss at the intestinal mucosa might be a
corresponding reorganization of bacteria favored by current mucosa condition.
After Cdc42 deletion, we have characterized a series of modified features of the
intestinal tissue, including Paneth cell dislocation, stem cell reduction and
dysfunction, increase of Goblet cells, delocalization of apical proteins, and
abnormality of cell division, et al. Whether and how these changes in Cdc42 KO
epithelium contribute to modification of the microbiota is not clear. Besides, Cdc42
has been shown to mediate the pathogen transfer of SFB through endocytosis in
the intestinal epithelium, while Cdc42 deletion reduces Th17 cell differentiation
(Ladinsky et al., 2019a). These indirect changes in immune cells might be potential
mechanism for both microbiome gardening and stem cell maintenance regulated

by Cdc42 as well.

SUMMARY OF CHAPTER4
How the intestinal epithelium maintains homeostasis and regenerative capacity

during constant exposure to genotoxic and pathogenic insults is unclear. Ex
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vivo survival and clonogenicity of ISCs strictly required Cdc42-mediated MAPK
signaling and Cdc42-deficient enteroids underwent rapid apoptosis. However,
mice with Cdc42-deficient epithelium were viable and maintained functional
homeostasis. An ex vivo screen demonstrated that a number of inflammatory
cytokines restored growth of Cdc42-deficient enteroids. Indeed, IL22 signal
through both STAT3 and MAPK to support the survival of Cdc42-deficient
enteroids. A special hormone Prolactin was secreted by Cdc42-deficient
epithelium to activate IL22 production from lamina propria cells. Antibiotic
treatment, IL-22 deficiency, or STAT3 blockage compromised epithelial survival
and injury-induced regeneration in mice lacking epithelial Cdc42. Our results show
that ISC-intrinsic survival programs and signals from immune and microbiome

compartments provide non-redundant layers of protection for epithelial integrity.
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CHAPTER 5
RECEPTOR-MEDIATED ENDOCYTOSIS GENERATES NANOMECHANICAL

FORCE REFLECTIVE OF LIGAND IDENTITY AND CELLULAR PROPERTY

Information included in this chapter was partially taken from and had been published in

Zhang et al., Journal of Cellular Physiology (2017); 10.1002/jcp.26400
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INTRODUCTION

The mammalian cell plasma membrane is a lipid bilayer separating extra- and
intra-cellular components. It functionally transduces environmental signals via a
diverse array of membrane-bound proteins. Chemical or thermal signals induce
dynamic organization of lipids and proteins in the plasma membrane (Bernardino
de la Serna et al., 2016). Whether these extracellular stimuli generate quantifiable,
nanoscale, mechano-physical features in the plasma membrane has not been well
studied. Specifically, it is not clear whether biochemical alterations in the plasma
membrane will lead to substantial changes in the mechanical properties of the
membrane. Assessment of such biophysical properties of the plasma membrane
may provide important insights about the membrane evolutions at subcellular level,
potentially shedding lights on key cellular events related to responding to
environmental stimuli.

One of the fundamental cellular processes that involve active plasma membrane
reorganization is endocytosis. During endocytosis, macromolecules are
internalized by cells through small double-membrane vesicles emerged from
plasma membrane. The formation of these endocytic vesicles employs strategies
that most notably utilize clathrin- or caveolae-dependent pathways. In clathrin-
dependent pathway, the coat protein clathrins are recruited to the cargo-
concentrated membrane microdomains bound by clathrin adaptor proteins (APs)
(Conner and Schmid, 2003) (Touz et al., 2004) (Gupta et al., 2006) (Kirchhausen
et al., 2014) (Owen et al., 2004) (Traub and Bonifacino, 2013) (Kural et al., 2012).

Clathrin-independent endocytic pathway is mediated by caveolin family proteins at
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cholesterol and glycosphingolipid enriched membrane microdomains, also known
as lipid rafts (Razani et al., 2002) (Lajoie and Nabi, 2010; Simons and Toomre,
2000) (Simons and Ehehalt, 2002). Insertion of caveolin into these microdomains
drives the formation of flask-shaped membrane invaginations (Anderson, 1998)
(Parton and Simons, 2007). In both pathways, the recruitment of a key small
GTPase, dynamin, by a variety of accessory proteins, to the pinching site of the
membrane enables scission and release of vesicles into the cell. This process
exclusively depends on the hydrolysis of GTP by dynamin (Marsh and McMahon,
1999) (Praefcke and McMahon, 2004). Once internalized, the cargos travel to
membrane-bound early endosomes, where they are further sorted to recycling
endosome, late endosome, or lysosome for signaling or degradation (Sorkin and
Von Zastrow, 2009) (Wolfe and Trejo, 2007). The trafficking of endocytic vesicles
critically relies on a cytoplasmic ATPase motor, dynein, which dictates the
retrograde vesicular movement along the microtubules. Small chemical molecules
that inhibit dynamin or dynein activities are effective blockers of endocytosis
(Firestone et al., 2012) (Roossien et al., 2015) (Kirchhausen et al., 2008) (Macia
et al., 2006) (Hill et al., 2005). Likewise, small molecules that disrupt clathrin
function or lipid raft organization have been shown to impact endocytosis (von
Kleist et al., 2011) (Ros-Baro et al., 2001) (Auriac et al., 2010) (Allen et al., 2005)
(Sarnataro et al., 2009) (Ares and Ortiz, 2012).

Ligand-induced receptor-mediated endocytosis is a particularly important
cellular event initiated by extracellular ligands, such as growth factors, at plasma

(Sorkin and Von Zastrow, 2009). During this process, ligand engagement of the
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plasma membrane-localized receptors triggers an internalization of the ligand-
receptor complex through clathrin-dependent or -independent pathways (Marsh
and McMahon, 1999) (Rappoport, 2008). Key stem cell growth factors, such as
the epidermal growth factor (EGF) and the Wnt proteins, have been demonstrated
to induce receptor-mediated endocytosis to transduce, maintain, or terminate
corresponding cellular signaling.

Atomic force microscope (AFM) technologies have been developed and utilized
to interrogate and/or manipulate live cellular and subcellular structures in a
biologically-friendly aqueous environment (Dufrene et al., 2017) (Kasas et al.,
2017). Both morphological and/or mechanical properties of a live cell or subcellular
compartment can be examined with nanoscale spatial and force resolutions. AFM
measurement of mechanical properties (e.g., elasticity) of live cells (Butt et al.,
2005), however, has been hampered by the difficulty in accounting for the effects
of the cantilever motion and the associated hydrodynamic force on the mechanical
measurement (Ren et al., 2013b). These challenges have been addressed in our
recently developed control-based AFM nanomechanical measurement protocol
(Ren et al.,, 2013b) (Cinar and Sahin, 2014). Our methods enabled a fast,
noninvasive, broadband measurement of the real-time changes of plasma
membrane elasticity in live mammalian cells (Ren et al., 2013a; Ren et al., 2013b)
(Yu et al., 2015) (Yu et al., 2016)

Here, we utilized this nanomechanical protocol to monitor in real-time the
variations of the elasticity in live mammalian cells. We hypothesize that the

dynamic organization of plasma membrane during ligand-stimulated endocytosis,
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e.g. processes such as the formation of membrane curvature, membrane
invagination and fission, generates significant alternation in the mechanical
behaviors of plasma membrane. We demonstrate that the changes of the plasma
membrane elasticity in live cells sensitively correlate with the membrane status in
response to thermal, chemical, and growth factor stimuli known to influence
endocytosis. We further show that different ligands induce distinguishable nano-
mechanical alterations, whereas cells with a single genetic manipulation produce

distinct force signatures at plasma membrane in response to identical ligands.

RESULTS

Temperature alteration and endocytic inhibitors alter membrane elasticity at atomic

level

Elasticity of cell membrane is one of the most fundamental and important
mechanical characteristics of live mammalian cells. Using AFM, the elasticity of
cell membrane can be quantified by applying an excitation force of known profile
(amplitude as a function of time) from the cantilever probe to the cell (Fig. 41 A,
B), measuring the indentation generated, and then computing the Young’'s
modulus (i.e., elastic modulus) from a chosen probe-sample contact mechanics
model (Butt et al., 2005). Endocytosis is a temperature-dependent process
(Punnonen et al., 1998) (Tomoda et al., 1989) (Weigel and Oka, 1981). We first
assessed the Young’s modulus of the plasma membrane of HelLa cells incubated
at various temperatures. We detected a temperature-dependent difference in

membrane elastic modulus, with an 11 (+/- 0.85) kPa Young’s modulus at 37°C
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compared to a 5 (+/- 0.3) kPa at 4°C (Fig. 41C). Intermediate membrane elastic
modulus was detected at 25°C. To monitor in real-time the evolution of the
mechanical behavior (Young’s modulus) of cell membrane in response to altered
temperatures, we performed continuous measurement on Young’'s modulus in live
cells that underwent a dynamic temperature alteration. As cells were gradually
warmed up from 4°C to 25°C, we observed a steady increase in membrane tension,
which stabilized around 10 (+/- 0.76) kPa when the temperature reached 25°C (Fig.
41D). Conversely, when temperature was slowly decreased from 37°C to 25°C,
cells exhibited a gradual reduction of Young’s modulus, which ultimately stabilized
around 10 kPa. Interestingly, we were able to detect a wider fluctuation in Young’s
modulus at higher temperatures (e.g., 25°C and 37°C) that were likely attributable
to the enhanced membrane activities, as they were absent from cells at 4°C when
only static membrane activity was observed (compare 1-200 s versus 800-1000 s,
green line, Fig. 41D). Since endocytic rate normally reduces to negligible level
below 10°C (Tomoda et al., 1989) , our results of plasma membrane mechano-
physical properties suggested that the cell surface elasticity reflected as Young’s
modulus positively correlated with cellular endocytosis activity.

To examine the above correlation in a more specific manner, we tested plasma
membrane elasticity in live cells in response to a potent endocytosis inhibitor
dynasore. Dynasore is a membrane permeable reversible noncompetitive small
molecular inhibitor for dynamin, which is required for membrane fission and vesicle
release in both clathrin-dependent and caveolae-dependent endocytosis (Henley

et al., 1999) (Henley et al., 1998). We used two cell biology methods, dextran
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uptake and EEA1 staining, to assess endocytosis in parallel to AFM analysis on
cells under treatment. Compared to vehicle-treated cells, cells pre-incubated in
dynasore-containing medium for 2hrs demonstrated a reduced endocytic uptake
of dextran (Fig. 41F) and a decreased number of early endosomes marked by
EEA1 (Fig. 41G). AFM examination of live cells that were pre-incubated with
dynasore revealed a consistent reduction of Young’s modulus (Fig. 41D, E). The
lowest detected elastic modulus dropped by over two folds to around 5 kPa (Fig.
41D), a value similar to cells that were measured at 4°C. As dynasore was shown
to block clathrin-dependent vesicle formation and endocytic pathway within
seconds (Macia et al., 2006), we also examined the acute effect of dynasore on
cellular membrane tension immediately following 80 uM of dynasore addition to
the medium. Within 900 s, the Young’s modulus decreased to approximately 5 kPa,
strongly suggesting that the reduction of membrane indentation highly correlates
with a reduced dynamin-mediated endocytosis (Fig. 41H).

We then tested the effect of a different endocytosis inhibitor, ciliobrevin, which
specifically blocks dynein-mediate retrograde movement of endocytic vesicles
along microtubules (Fig. 42A) (Le Droguen et al., 2015) (Day et al., 2015). Cells
pretreated with ciliobrevin A (CBVA) for 1 hr showed a slight reduction in dextran
uptake and in the number of early endosomes (Fig. 42B). AFM analysis of CBVA-
treated live cells exhibited a drastically lower elastic modulus than vehicle-treated
cells, suggesting that blockage of dynein-mediated retrograde transport of
endocytic vesicles from the plasma membrane by CBVA reduced membrane

elasticity, consistent with an inhibited endocytosis (Fig. 42C).
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Figure 41. AFM detects thermal and chemical effects on nanomechanical
membrane elasticity.

(A) Schematic diagram showing the setup of AFM and the vertical movement of
the cell-contacting probe that applies force on plasma membrane of a live cell in
medium. (B) An AFM scanning image of live HelLa cells. (C) AFM detected different
Young's modulus of HelLa cells at 37 °C (blue), 4 °C (green), and 25 °C (red). (D)
Real-time measurement by AFM on cells in medium with temperature changes
from 4 °C to 25 °C (green) and from 25 °C to 4 °C (blue). Cells pre-treated with
Dynasore showed an overall decreased Young's modulus (red line). (E) Dynasore
pretreatment reduced membrane elasticity by half. (F and G) Dynasore treatment
reduced dextran uptake and EEA1 positive early endosomes. (H) Schematic
diagram illustrating the blockage of endocytosis by Dynasore may alter the plasma

membrane mechanical property
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The cell surface nanomechanical property reflects plasma membrane composition

and orqganization.

We reasoned that as here the elasticity was measured by exerting an external
force to the outer surface of cellular plasma membrane, the change of Young’s
modulus likely reflected the fluidity or rigidity of the membrane, which is often
influenced by the composition and configuration of lipids. We then employed small
molecules known to perturb the lipid bilayer composition or organization and asked
whether they would induce detectable elastic alterations by AFM. Chlorpromazine
(CPZ) usually inserts its hydrophobic cationic portion in the lipid bilayer of cell
membrane by binding to poly-phosphoinositides (Fig. 42A, E). By abrogating the
Pl4,5P2-dependent membrane recruitment of AP2 adaptor, CPZ has been shown
to block clathrin-mediated endocytosis (Sofer and Futerman, 1995). The literature
also suggested a tendency for CPZ to suppress clathrin-independent endocytosis
(Vercauteren et al., 2010). Cells treated with CPZ for 2 hrs showed a reduced
uptake of dextran into small vesicular puncta, which was accompanied by a clear
reduction of EEA1 positive early endosomes (Fig. 42D). However, in contrast to
the effects of dynasore and ciliobrevin, CPZ treatment almost doubled the elastic
modulus in live HelLa cells up to 22 kPa (red line, Fig. 42E), indicating that the
Young's modulus here reflected an increased membrane rigidity upon CPZ
anchoring to the lipid bilayer. This notion was also supported by treating cells with
Filipin, a small molecule that binds with high affinity to cholesterols in plasma
membranes, forms globular deposits, and disrupts the planar organization of the

membrane (Fig. 42H). Filipin-treated cells exhibited even stiffer membrane with
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the Young’s modulus quadrupled to nearly 50 kPa (yellow line, Fig. 42E), an effect
that was in agreement with the reported cellular plasma membrane viscosity and
rigidity in Filipin-treated cells (Bonneau et al., 2010). Filipin treatment also inhibited
dextran uptake into small vesicles as well as reduced the number of early
endosome (Fig. 42G), consistent with its reported blockage on non-coated
endocytosis (Schnitzer et al., 1994) (Orlandi and Fishman, 1998). Thus, the
increased membrane tension in CPZ- or Filipin-treated cells was not reflective of
endocytic rate in these cells; instead it indicated the membrane rigidity.

We further tested the effects of MBCD, a small molecule that extracts cholesterol
from cellular membranes (Vercauteren et al., 2010) (Fig. 42J). Strikingly, addition
of MBCD led to an initial fluctuation of membrane elasticity in the first 200 s,
followed by a rapid decrease of elastic modulus around 300 s (Fig. 42J). The
Young’'s modulus became stabilized around 2 kPa that likely represented the
minimal membrane elasticity in these cells. MBCD-treated cells showed a reduced
dextran uptake and decreased number of early endosomes (Fig. 42l), consistent
with its reported inhibition on endocytosis in various cell lines (Vercauteren et al.,
2010). Taken together, although CPZ, Filipin, and MBCD have similarly inhibitory
effects on endocytosis, these pharmacological molecules elicited mechanistically
distinct nanoscale elasticity profiles at plasma membrane, which should reflect

their different actions on membrane configuration and composition.



163

A B Dextran Phalloidin EEA1 Phalloidin C
Clathrin mediated endocytosis

o0 CPZ =2, ,,'.-o.-“..ﬂ--u-n.

. wee ee & vewososLosIven

Control

us (kPa)

Young's Mod

0 100 200 300 400 500 600
Time/sec

Ciliobrevin - 10.6m

O
m

"/ Dextran Phalloidin EEA1 Phalloidin e - cpz
~e: CPZ = CPZ™ CPZ~~ 3
s — in e il
A
S, CcPz
Pres
Slvvciaviie””
Early endosome —Control
—CPZ
Fillipin
QO‘N/\M'/\/
i e Time (seC) g
. . P . g 200 400 60C
Caveolae mediated endocytosis Dextran Phalloidin EEA1 Phalloidin Time (sec)

ecossocscsces poooesesssscescccece

cesessssssonny 't { ',.........,......._

Filipin

§ [veee]

Dextran Phalloidin EEA1 Phalloidin Pererertrter cor ertrallreros srenelfrererene

cvo, L es s e bovei®ebob Lol oreieses

R[] - [we]
MBCD é

A .
6 VA : :

\
\

©
o
<

\ Control
e MBCD

e
@ cargo AP2 Lipid Bilayer IMicrotubuIe

—( Clathrin g Dynamin > Cholesterol x Dynein \\“"\W

1 0 —
quf Caveolin PI(4,5)P2 0 200 400 600 800 1000 1200
o :
Time (sec)



164

Figure 42. The AFM elasticity property reflects the composition and
organization of plasma membrane.

(A) Schematic diagram illustrating clathrin-mediated endocytosis and the
molecular targets of Ciliobrevin A (CVBA) and CPZ. (B) CVBA treatment reduced
dextran uptake and EEA1 endosome. (C) AFM detected a clear decrease in
Young's modulus in CVBA-treated cells. The diagram above illustrates the blocked
Dynein-dependent retrograde movement of vesicles. (D) CPZ treatment inhibited
dextran uptake and EEA1 endosome. The diagram illustrates that CPZ binding to
P14,5P2 lipids on membrane potentially rigidifies the membrane. (E) AFM detected
increased Young's modulus in CPZ- and Filipin-treated cells. (F) A diagram
illustrating caveolae mediated endocytosis. (G) Filipin treatment decreased
dextran uptake and EEA1 endosomes. (H) A diagram illustrating that anchoring of
Filipin to cholesterol bends and stiffens the membrane. (1) MBCD treatment of cells
reduced dextran uptake and EEA1 endosomes. (J) AFM detected a rapid decrease
of elasticity following an initial fluctuation of modulus in response to addition of
MBCD. A diagram above shows the extraction of cholesterol from cellular plasma

membrane, potentially contributing to the decreased membrane stiffness.



165

AFM detects ligand-dependent nanomechanical profiles during receptor-mediated

endocytosis

Above chemical molecules are potent membrane disruptors, the effects of which
are not physiologically relevant for normal cellular activities. We next asked
whether our AFM analysis could detect mechanical alterations in receptor-
mediated endocytosis triggered by endogenously expressed ligands. EGF has
been well studied for its effect on receptor-mediated clathrin-dependent
endocytosis (Vieira et al., 1996). HeLa cells that were serum-starved for 30 mins
showed an enhanced uptake of dextran at 2 hrs after EGF addition. This effect was
blocked by dynasore (Fig. 43A, B), consistent with the notion that EGF stimulates
receptor endocytosis. We performed AFM measurement on serum-starved live
cells receiving a single addition of EGF. Remarkably, AFM detected an almost
immediate surge of the Young’'s modulus upon EGF addition to the culture medium
(red line in Fig. 43C). It took less than 60 s for the Young’'s modulus to reach the
peak, which was followed by a wide range of oscillation between 14 and 17.5 kPa
in the next 10 mins. The modulus returned to baseline after approximately 15 mins,
reflecting an overall rapid but transient EGF effect on the plasma membrane
elasticity. This robust EGF-induced surge of Young’'s modulus was blocked by pre-
incubating cells with dynasore for 2 hrs (green line in Fig. 43C), strongly
suggesting that the detected EGF-triggered membrane tension was endocytosis-
related. Interestingly, cells treated with dynasore alone, starting at 0 sec, showed
a gradual decline of Young’s modulus, whereas EGF treatment (in the presence of

dynasore) appeared to antagonize the inhibitory effect of dynasore (compare
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green versus purple lines, Fig. 43C). These results suggested that EGF rapidly
stimulated receptor-mediated endocytosis, which was blocked by dynasore. In the
presence of dynasore, there remained some EGF-receptor engagements at cell
surface.

We then postulated whether the AFM-detected EGF effects could be seen for
other growth factors that also stimulate receptor endocytosis. We thus tested the
effect of Wnt3a, which represents another important extracellular factor required
for stem cell renewal and adult tissue homeostasis. Wnt binds its receptor Frizzled
and co-receptor LRP6 on plasma membrane. The formation of Wnt/Frizzled/LRP6
tertiary complex triggers an endocytic internalization via clathrin- or caveolae-
mediated pathways (Feng and Gao, 2015). Similar to EGF treatment, Wnt3a
addition to live serum-starved Hela cells increased Young’s modulus to a peak
value around 17 kPa (yellow line in Fig. 43D). Interestingly, even though both
Wnt3a and EGF elicited similar maximal amplitudes (Fig. 43E), in comparison to
EGF, the effect of Wnt3a was almost five times slower lasted over two times longer
(Fig. 43D, F, G). It took an approximately 300 s to reach maximal Young’s modulus
upon Wnt3a addition (Fig. 43D, F), as opposed to less than 60 s for EGF (Fig.
43C, F). However, Wnt3a-induced oscillation of membrane elasticity at an elevated
modulus was sustained for more than 30 min. Just like EGF, the detected
membrane effect of Wnt3a was reflective of receptor endocytosis as it was blunted
by either dynasore treatment (orange line in Fig. 43D), or by lowering the cellular
temperature to 4°C (purple line in Fig. 43D). When cells gradually warmed up from

4°C to 25°C, this inhibitory effect was released, revealing the membrane effect
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elicited by Wnt3a (1200-1600 s, purple line in Fig. 43D). These results collectively
suggested that Young’s modulus was capable not only to detect receptor
endocytosis but also to reveal distinct membrane effects elicited by different

ligands.
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Figure 43. AFM detects ligand-dependent changes in elastic modulus during
receptor-mediated endocytosis.

(A and B) Dextran uptake was stimulated in serum starved HelLa cells by EGF. This
effect was blocked by dynasore. (C) Upon addition of EGF to the medium, AFM
detected an immediate surge of Young's modulus (compare red to blue line). This
effect of EGF was completely blocked by dynasore treatment (green line). Fresh
addition of dynasore alone gradually decreased Young's modulus to 5 kPa during
a time course of 800 s (purple line). (D) Similar effects were observed after addition
of Wnt3a however the response was slower and the duration of response was
longer (compare yellow to blue line). This Wnt3a-induced increase in Young's
modulus was blocked by dynasore treatment (orange line) or by lowering the
temperature (purple line). (E) The effect of EGF on the magnitude of Young's
modulus was similar to the effect of Wnt3a. (F and G) EGF elicits a much rapid

increase of Young's modulus than Wnt3a.
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Single genetic manipulation changes membrane nanomechanics during receptor

endocytosis

We next postulated whether the growth factor effects seen in HelLa cells could
be reproduced in other cell lines. We chose the CacoZ2 cells, a colonic epithelial
cell line, and performed EGF-stimulated endocytosis experiments. EGF elicited a
largely similar change in the membrane elasticity in Caco2 cells (Fig. 44A),
suggesting that EGF induced similar nanoscale changes in plasma membranes of
both cell types. We then sought to investigate whether our AFM measurement was
capable of identifying the nanomechanical differences in receptor endocytosis
profile from cells with a genetic alteration in the membrane trafficking machinery.
For this purpose, we selectively depleted the small GTPase Cdc42, which plays
critical roles in the organization of actin cytoskeleton and in the regulation of
vesicular trafficking. We have recently shown that Cdc42 contributes to adult stem
cell renewal (Sakamori et al., 2012a) and colonic tumor progression (Sakamori et
al., 2014a). However, it was not clear whether Cdc42 is involved in EGF-stimulated
receptor endocytosis. We first derived a stable Cdc42-deficient CacoZ2 cell line by
knocking down the endogenous gene via lentiviral expression of Cdc42 specific
siRNA (Fig. 44B). Remarkably, when serum starved live Cdc42-deficient cells
were stimulated with EGF, there was a drastic delay in the response to EGF
stimulation by approximately 15 mins, compared to the control scramble
knockdown cells, as reflected by the increase of Young’s modulus (Fig. 44A).
Cdc42 deficiency diminished both the rate of increase in Young’s modulus by 22-

fold, and the amplitude of Young’s modulus by over 3-fold (Fig. 44A, C). The slow
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increase of Young’s modulus at a rate of 0.06 kPa/s to a maximum of 57.5 kPa in
Cdc42-deficient Caco2 cells (as opposed to 1.3 kPa/s in control cells to a
maximum of 219.4 kPa) suggested that there was some remaining but weak
cellular response to EGF in the absence of Cdc42, even though the overall
response was significantly dampened in the knockdown cells. Taken together,
AFM-mediated real-time measurement of Young’s modulus was capable to
quantitatively assess the ligand-specific receptor endocytosis in genetically

manipulated cells.
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Figure 44. AFM detects changes in elastic modulus in cells with a genetic
alteration.

(A) AFM detected EGF-stimulated Young's modulus increase, at a rate of 1.3 kPal/s,
in control Caco2 cells (red line). In CDC42-knockdown (KD) cells, there was a rate
of 0.06 kPa/s increase in Young's modulus. No significant difference between
serum starved control and CDC42-KD cells was observed under unstimulated
condition. (B) Western blot analysis for CDC42 confirmed stable knockdown of this
gene in CDC42-KD cells. (C) AFM detected a nearly 5-time higher in the EGF-

stimulated amplitude of Young's modulus in control cells than CDC42-KD cells
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DISCUSSION

To our knowledge, this is the first study utilizing AFM to quantitatively assess
nanomechanical property at plasma membrane during receptor endocytosis in live
mammalian cells. Most of existing AFM studies of the endocytosis process have
been focused on the morphological changes of live cells. For example, high-speed
AFM has been used in combination with optical microscopy to elegantly capture
the morphogenesis such as filopodia, membrane ruffles, pit formation, and
endocytosis in COS-7, HelLa cells and hippocampal neurons (Shibata et al., 2015;
Shibata et al., 2017). Time-resolved images of chemical-induced lamellar bodies
of living alveolar type Il cells was captured by low-force contact mode AFM,
although with limited resolution on live specimens (Hecht et al., 2011). In addition,
AFM imaging captured the uptake of liposomes on human coronary artery
endothelial cells (HCAECs) (Zaske et al., 2013). Scanning raised domains at the
inner cell plasma membrane and co-identifying of cargo-receptors and clathrin by
using a combination of AFM and fluorescent microscopy predicted the potential
occurrence of signaling and endocytosis in fixed RBL-2H3 mast cells (Frankel et
al., 2006). Our work contrasted with above studies by revealing the mechanical
evolution of cell membrane and the underneath biological pathways during
endocytosis. By utilizing the control-based nanomechanical protocol developed
by us (see Methods below) (Ren et al., 2013b) (Ren et al., 2013a), we were able
to reliably quantify the nanomechanical properties (Young’'s modulus) of the cells
over a large range of force spectrum, which allowed us to quantitatively monitor in

real-time the nanomechanical evolution of the cell membrane during endocytosis,
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with or without genetic alternations and/or biochemical modifications.

At a global scale, the rate of cellular endocytosis is influenced by environmental
temperature and nutrient abundance (Etxeberria et al., 2005) (Grahammer et al.,
2017) (Punnonen et al., 1998). During our early AFM instrumental development
and study, we reported a decreased Young’s modulus in serum-starved Hel a cells,
which likely reflected a decreased endocytosis rate(Ren et al., 2013b). In this study,
the dynamic changes in cellular plasma membrane, such as the alteration of basal
rate of endocytosis at different temperatures, or the membrane compositions
altered by various pharmacological molecules, were sensitively reflected in the
elastic modules detected by AFM. It is important to note that despite of being
inhibitory to endocytosis for various small chemical molecules, AFM was capable
of revealing their distinct mechanistic actions on membrane properties. In general,
our data suggest that higher membrane tension appears to be associated with
enhanced endocytic rate induced by stimulative ligands at steady states. The
enhanced tension could be a result from a reduction of plasma membrane from
endocytosis or a cytoskeletal reorganization at the cortical membrane. For
instance, the clathrin-dependent endocytosis requires reorganization of the
cytoskeleton network at the membrane-cortex region. The reorganization of actin
into comet-like tails is important for micropinocytosis (Merrifield, 1999) while
remodeling of membrane-associated actin on endosomes may be generally
important for membrane budding (Harder et al., 1997; Lamaze et al., 1997). Thus,
in addition to a loss of surface membrane during endocytosis, cytoskeleton tension

generated at plasma membrane is likely an important contributor to the detected
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nanomechanical alteration and fluctuation. In addition, the potential alteration of
membrane lipid composition following endocytosis may be another contributing
factor to the elasticity change. This notion was supported by our results on CPZ or
Filipin treated membranes, where anchoring of these amphipathic molecules to the
phospholipid or cholesterol led to a stiffening of the membrane. At this moment,
we do not have evidence to suggest that the observed elastic changes are
predominantly determined by any single parameter of the above factors. We
tentatively conclude that the plasma membrane elasticity change may result from
multiple factors at steady states. Furthermore, change in cellular membrane
tension can in turn affect cellular trafficking. It has been shown that high membrane
tension tends to drive exocytotic membrane traffic to increase plasma membrane
area and lower tension while low membrane tension favoring endocytosis; mitotic
cells have high membrane tension and a nearly terminated endocytosis (Raucher
and Sheetz, 1999). Overall, our AFM platform was sensitive enough to discern the
changes in live cells, when their membrane homeostasis was perturbed by
physiologic or chemical stimuli that affect endocytosis.

One of the most interesting findings from this study was the capability of our
AFM to identify differences in mechanical force profiles from two different growth
factors, namely EGF and Wnt3a, in terms of their demonstrated influences, e.g.,
rapidness, duration, and amplitude, on membrane elasticity. The observed rapid
effect of EGF as well as the relatively slow but sustained effects of Wnt3a are in
good agreement with cell biology studies that assessed the endocytic vesicle

formation at plasma membrane (Carmon et al., 2012) (Sigismund et al., 2008). The
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uncovering of a blunted EGF response in Cdc42-deficient cells by our AFM
analysis is conceptually novel and important, which suggested that loss of Cdc42
may impair the cellular response to EGF, a critical growth factor that promotes cell
growth and survival in the adult stem cell niche. We have previously reported that
Cdc42-deficient mouse intestinal stem cells were outcompeted by wild type stem
cells in vivo (Sakamori et al., 2012a), and Cdc42-deficient organoids failed to
propagate in vitro (Sakamori et al., 2014a). These new AFM data pointed to a
potentially important mechanism that may contribute to the reduced self-renewal
capacity of Cdc42-deficient stem cells. The involvement of Cdc42 in EGF-induced
endocytosis and signal transduction has not been formally examined and is
important for further investigation at molecular levels. Overall, our study
demonstrated the capacity of AFM in determining real-time alteration of
mechanical properties at live cell plasma membrane. Future coupling of AFM
nanomechanical analysis with morphological and molecular studies is anticipated
to gain insights into membrane dynamics and cellular response to environmental

signals.

SUMMARY OF CHAPTER 5

Whether environmental (thermal, chemical, and nutrient) signals generate
quantifiable, nanoscale, mechanophysical changes in the cellular plasma
membrane has not been well elucidated. Assessment of such mechanophysical
properties of plasma membrane may shed lights on fundamental cellular process.

Atomic force microscopic (AFM) measurement of the mechanical properties of live
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cells was hampered by the difficulty in accounting for the effects of the cantilever
motion and the associated hydrodynamic force on the mechanical measurement.
These challenges have been addressed in our recently developed control-based
AFM nanomechanical measurement protocol, which enables a fast, noninvasive,
broadband measurement of the real-time changes in plasma membrane elasticity
in live cells. Here we show using this newly developed AFM platform that the
plasma membrane of live mammalian cells exhibits a constant and quantifiable
nanomechanical property, the membrane elasticity. This mechanical property
sensitively changes in response to environmental factors, such as the thermal,
chemical, and growth factor stimuli. We demonstrate that different chemical
inhibitors of endocytosis elicit distinct changes in plasma membrane elastic
modulus reflecting their specific molecular actions on the lipid configuration or the
endocytic machinery. Interestingly, two different growth factors, EGF and Wnt3a,
elicited distinct elastic force profiles revealed by AFM at the plasma membrane
during receptor-mediated endocytosis. By applying this platform to genetically
modified cells, we uncovered a previously unknown contribution of Cdc42, a key
component of the cellular trafficking network, to EGF-stimulated endocytosis at
plasma membrane. Together, this nanomechanical AFM study establishes an
important foundation that is expandable and adaptable for investigation of cellular

membrane evolution in response to various key extracellular signals.
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CHAPTER 6

FUTURE DIRECTIONS
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Cdc42 requlated Paneth cell localization

Bulk RNA seq analysis the Cdc42K° mouse intestinal epithelium showed a loss
of expression of Defensins and Sox9, signature genes of Paneth cells. GSEA
analysis revealed the significant reduction of Paneth cell signature (Fig. 45A).
Consistently, lysozyme staining showed that iKO enteroids had diminished Paneth
cells while iKO;V2™ enteroids developed Paneth cells (Fig. 45B), suggesting that
Paneth cell differentiation was dependent on Cdc42. As shown in Fig. 1 and Fig.
15A in CHAPTER 1, lysozyme-positive Paneth cells Cdc42-deficient epithelium
delocalized from crypt bottom to villi. This phenotype persisted even in newly
generated epithelia 7 days after irradiation in Cdc42-deficient mice (Fig. 45C).
Being another Rho subfamily member, Rac shared many functionalities of Cdc42.
Constant activity of Rac led to precocious Paneth cell formation during late-stage
embryogenesis (Stappenbeck and Gordon, 2000). These and our observations
might shed light on some complementary and distinct roles of Cdc42 and Rac in
regulating Paneth cell maturation and maintenance.

The function of EphrinB/EphB signaling in the intestines was proposed to
enforce the precise positioning of proliferative and differentiated cells (Batlle et al.,
2002). Ephrin-B1 and its receptors, EphB2 and EphB3, are involved in inter-cellular
signaling. Usually when EphrinB on the membrane of one cell recognizes the EphB
receptor on the other cell, signaling generated in both cells result in repulsive
movement between these two cells. Rho GTPases are involved in these
movements of the cell (Pitulescu and Adams, 2010). Paneth cell positioning were

shown to depend on EphB3 signaling (Batlle et al., 2002). The Ephrin-The
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expression of EphrinB1 and its receptors is negatively regulated by 3-catenin /TCF
(Batlle et al., 2002). Disruption of this signaling pathway led to delocalization of
both proliferative cells and Paneth cells from the crypts.

Based on our bulk RNA-seq, EphB3 level in Cdc42X° mucosa was 25% less
than in WT. In studies of neuronal dendritic spine formation, EphBs mediate actin
reorganization through activation of Rho-GTPases including Cdc42. The Cdc42
specific GEFs, Intersectins associate with EphB by binding to the endocytosis
adapter Numb, activating Cdc42 for neuronal spine growth. We postulated that
EphB-Intersectin-Cdc42 signaling axis might be employed during Paneth cell
positioning.

To test this hypothesis, we have investigated intestines of Intersectin1/2 double
knockout (DKO) mice. Although Intersectin DKO intestines did not show overall
abnormalities (Fig. 46A), Paneth cells were mispositioned (Fig. 46B), a phenotype
similar to Cdc42 KO intestine. This suggested that Cdc42 activation by Intersectin
is involved in Paneth cell positioning. Since EphB3 was found to be expressed by
Paneth cells, future studies will test if deleting Cdc42 specifically in Paneth cells
may cell-autonomously misposition Paneth cells. We have already established
Paneth cell specific Cdc42 knockout mice. In terms of the mechanism of signaling,
we specifically ask whether Intersectin and Cdc42 associate with EphB3 in IECs.
We will test this by using co-immunoprecipitation assays using mouse intestinal

tissues and human Caco?2 cells.
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Figure 45. Differentiation and position of Paneth cells depend on Cdc42.

(A) Gene set enrichment analysis (GSEA) of bulk RNA-seq showed a significantly
reduced Paneth cell gene signature (p=0.0) in /KO compared to WT IECs. (B)
Immunofluorescence staining of Lysozyme (red), E-cad (green) and DAPI (Blue)
in WT, Cdc42iKO and iKO;V2™9 enteroids. (C) Immunofluorescence staining of
Lysozyme (red), E-cad (green) and DAPI (Blue) in WT, Cdc42iKO and iKO;V2'9

intestine 7 days after irradiation.
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Figure 46. Intersectin1/2 DKO mice showed mispositioning of Paneth cells in
intestines.

(A) H&E and Immunohistochemistry staining of Olfm4 of WT and Intersection1/2
KO intestine. (B) Immunofluorescence staining of Lysozyme (red), EGFR (green)

and DAPI (Blue) in WT, Cdc42iKO and iKO; V29 mice.
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Cdc42 suppresses formation of microvillus inclusion

Intestinal epithelial cell specific ablation of Cdc42 also leads to typical microvillus
inclusions in Cdc42-deficient enterocytes (Sakamori et al., 2012b), whose
abnormalities highly resemble Rab8a-deficient intestinal microvillus phenotype
(Sato et al., 2007). Previous studies were done in Cdc42 constitutive KO
enterocytes. Here, we further characterized this phenotype by induced Cdc42
deletion in /KO mice using a time course (Fig. 47A, B). Transmission electron
microscopy showed that membranes are not well organized around the microvillus
inclusion bodies (Fig. 47C).

We also analyzed iKO; V2’9 mouse enterocytes (Fig. 47D). Future studies will

examine how Cdc42-V2 influences the formation of microvillus inclusion body.
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Figure 47. Electronic Microscopy showed microvillus inclusion bodies in
Cdc420 intestine 4days after tamoxifen injection.

(A-B) Formed and initiated microvillus inclusion bodies from the apical of the iKO
epithelium. Rad arrows pointing at the microvillus inclusion bodies. (C) A
microvillus inclusion body in higher magnification. (D) Fewer microvillus inclusion

body was seen in iKO; V279 mice.
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Role of Cdc42 V2 in intestinal tumorigenesis

Cdc42 V2 was detected in developing mouse tissue (Fig. 12B).and found to be
elevated in human colorectal cancer tissues compared to adjacent normal tissues
(Fig. 12C). We tested the role of Cdc42 V2 in intestinal tumorigenesis by
generating APCM*: \/2T9 mice. We observed pronounced adenoma formations in
APCMin’*: \/2T9 mice than in APCM"* mice at 6-month of age (Fig. 48). This was in
agreement with our previous report that Cdc42 deletion suppressed tumorigenesis
in the intestines (Sakamori et al., 2014b). Future studies will carefully characterize
the pathology of these tumors, identify signs of invasiveness, and investigate how
Cdc42-V2 may enhance the cancer progression.

There are multiple possible mechanisms. First of all, direct or indirect
interactions between Cdc42 and APC during directed cell migration were reported.
Two pools of APC form complex with different interacting components: lower
molecular weight APC complex contained beta-catenin degradation machinery;
and the larger APC complex associated with cytoskeleton filaments at the cellular
migrating fronts (Mahadevaiyer et al., 2007). Co-localization of activated Cdc42
and APC was observed at the front edge of polarized migrating cells (Osmani et
al., 2006; Yamana et al., 2006) Thus, it is plausible that Cdc42-V2 had increased
engagement with APC.

By yeast two-hybrid screening, FRET and GST pull-down assay, Cdc42 was
found directly interacting with APC at the armadillo repeats (Sudhaharan et al.,
2011). The Dbl family GEF of Cdc42, ASEF (Kawasaki et al., 2000) (Kawasaki et

al., 2007), bind and is activated by APC. APC opens the closed auto-inhibitory
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conformation of ASEF (Mitin et al., 2007; Zhang et al., 2012). Activated ASEF then
increased cell motility by reducing the accumulation of E-cadherin and beta-
catenin at cell-cell contacts. This migration promoting mechanism was especially
utilized by CRC cells expressing truncated forms of APC, those that lost binding
sites for microtubules, EB1, hDLG, beta-catenin, and Axin (Kawasaki et al., 2003).
ASEF was confirmed to be required for adenoma formation in APCM"* mice
(Kawasaki et al., 2010). IQGAP1, the effector of Rac1 and Cdc42, also interacted
with APC to regulate cytoskeleton dynamics (Mahadevaiyer et al., 2007; Noritake
et al., 2005; Watanabe et al., 2005; Watanabe et al., 2004). ASEF was not only
activated by APC but also by phosphorylation via tyrosine kinases such as Src
under growth factor stimulation (ltoh et al., 2008). A study further explored the
regulatory role of HGF-induced ASEF/IQGAP complex in endothelial cells (Tian et
al., 2015). It is plausible that Cdc42-V2 was more susceptible to ASEF localization
due to its uniquely palmitoylated C-terminal tail. These can be tested in future

studies.
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APCmin/+

Figure 48. Cdc42-V2 overexpression in APCY"* mice promoted
tumorigenesis.

H&E staining of APCM™* and APCM"*;\/279 intestine of mice at 6-month of age.
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Microbiome and IL22 signaling in promoting Cdc42-deficient epithelial survival

A number of outstanding questions remained in this project including: (1) what
are the lamina propria cell sources of 1L227 (2) how this particular lamina propria
IL22-producing cell population responded to Cdc42-deficiency in IECs? (3) what
signals are used by Cdc42-deficient IECs to communicate to lamina propria to
regulate cytokine production? (4) what epithelial cell type(s) produce 100-fold more
of prolactin in Cdc42-deficient IECs? (5) how prolactin affects IL22 production at a
mechanistic level? (6) how the altered gut microbiota influences the expression
and production of cytokines (such as 1L22) and prolactin?

Future studies will require single cell RNA-seq to identify the IL22-producing
sources in KO ileal tissues. We will use enteroids, co-culture, cytokine/prolactin
treatments to investigate the causalities described above and validate via gqPCR
the transcriptional regulation between IECs and lamina propria cell types. We will
also use antibodies against prolactin and its receptors to identify the precise
producers and receivers of this hormone and use ELISA to investigate how its
production was regulated. We will use antibiotics and bacterial association studies
to examine impacts of Cdc42 KO gut microbiota.

Ongoing investigation suggested that Cdc4245¢ mice had an
overrepresentation of Lactobacillus (Fig. 49). Members of Clostridia have been
shown to induce IL22 (Stefka et al., 2014), and Lactobacillus activates 1L22
production from gut innate lymphoid cells (Nakamoto et al., 2017). Ablating
microbiota by antibiotics or abrogating bacterial sensing in Cdc42-deficient IECs

provoked further attenuation of ISC function, collectively suggesting that the
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microbiota might be causal for the cytokine reprograming in Cdc424/£¢ gut. Microbe
derived agonists and metabolites, including those from Lactobacillus have been
shown to modulate ISC homeostasis (Ilvanov and Honda, 2012; Kaiko et al., 2016;
Lee et al.,, 2018b; Silva et al., 2015). Cdc42 was recently shown to mediate
transcytosis of commensal bacterial antigens in enterocytes to regulate mucosal
immune response (Ladinsky et al., 2019b). Future studies will identify microbial

signals that elicit the signaling rewiring in Cdc424£¢ gut mucosa.
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List of proteins in Cdc42 proteomics that involve in clathrin-mediated trafficking.

Spectra Spectra
counts counts
(Cdc42v1) | (Cdc42v2)

Actin, cytoplasmic 1 89 49 1 1
Actin, cytoplasmic 2 89 49 19 16
Actin, alpha skeletal muscle 41 0 1 0
[Myosin-9 32 13 27 12
IMitogen-activated protein kinase kinase kinase 7 17
Clathrin heavy chain 1 14
|Myosin light polypeptide 6 10
[Myosin-10
IMitogen-activated protein kinase 1
|Myosin-4
'Myosin-G

Ras-related protein Rab-5C

|Myosin regulatory light chain 12A

Dynactin subunit 2

Serine/threonine-protein kinase PAK 4

Growth factor receptor-bound protein 2

IAP-2 complex subunit alpha-1

EH domain-containing protein 4

Actin-related protein 2/3 complex subunit 2

Actin-related protein 2/3 complex subunit 4

|Mitogen-activated protein kinase 3

AP-2 complex subunit beta

Phosphatidylinositol 5-phosphate 4-kinase type-2 alpha

Endophilin-B1

[Myosin light chain 1/3, skeletal muscle isoform

Dynactin subunit 1

|Mitogen-activated protein kinase 9

Dynamin-1-like protein

Dynamin-3

IAP-2 complex subunit sigma

Clathrin interactor 1

IADP-ribosylation factor 6

Endophilin-A2

[Myosin regulatory light chain 2, skeletal muscle isoform

Actin-related protein 2/3 complex subunit 3

Actin-related protein 3

Actin-related protein 6

Dynein light chain 1, cytoplasmic
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ShinyGo analysis of upregulated genes in Cdc42-iKO mucosa.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Rabbit anti-p-ERK Cell Signaling 9101s
Rabbit anti-ERK Cell Signaling 4695s
Mouse anti-B-Catenin g::c)Jsciences 610153
Rabbit anti-p-Lrp6 Cell Signaling 2568s
Rabbit anti-Lrp6 Cell Signaling 33958
Mouse anti-B-actin Santa Cruz sc-4778
Rabbit anti-Clathrin Cell Signaling 4796p
Mouse anti-a-Tubulin Sigma-Aldrich | T6199
Rabbit anti-EGFR Santa Cruz sc-03
Rabbit anti-Cdc42 abcam ab64533
Rabbit anti-p-EGFRY1068 Cell Signaling | 2234s
Rabbit anti-PAK1 Cell Signaling 2602s
Rabbit anti-Fyn Cell Signaling 4023
Mouse anti-Flotillin1 D s | 610820
Rabbit anti-Caveolin1 Cell Signaling 3267s
Rabbit anti-Calnexin cell signaling 2433
Rabbit anti-PI3K-P110 Cell Signaling 4255
Rabbit anti-p-ERBB2Y1221/1222 Cell Signaling | 2243T
Rabbit anti-ERBB2 Cell Signaling 4290T
Goat Anti-DDDDK tag abcam ab95045
Mouse anti-pHH3 Cell Signaling 9706s
Rabbit anti-Cdc42V2 El-Husseini, A. | (Kang et al., 2008)
Rabbit anti-Cdc42V2 orespan | Ls-Cc153281
Rabbit anti-EEA1 Cell Signaling 3288s
Rabbit anti-EGFR Cell Signaling 4267p
Mouse anti-Flag Sigma-Aldrich | f1804
Rabbit anti-Ki67 abcam ab16637
Goat anti-Lysozyme C Santa Cruz sc-27958
Goat anti-GFP abcam ab6673
Rabbit anti-Cleaved Caspase3 Cell Signaling 9664s
Mouse anti-E-Cadherin (clone 36) ggsciences 610182
Rabbit anti-Olfm4 (clone D6Y5A) Cell Signaling 39141
Rabbit anti-lysozyme Biogenex AR024-10R
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Accurate

Rat anti-BrdU : OBT0030G
Chemical

Rabbit anti-pStat3Y7% Cell Signaling | 9145

. . Thermo Fisher
Donkey anti-Rabbit, Alexa Fluor 488 Scientific A-21206

. . Thermo Fisher
Donkey anti-Rabbit, Alexa Fluor 546 Scientific A10040

. Thermo Fisher
Donkey anti-Goat, Alexa Fluor 488 Scientific A-11055

. Thermo Fisher
Donkey anti-Goat, Alexa Fluor 555 Scientific A-21432

. Thermo Fisher
Donkey anti-Rat, Alexa Fluor 488 Scientific A-21208

. Thermo Fisher
Donkey anti-Mouse, Alexa Fluor 555 Scientific A-31570

. Thermo Fisher
Donkey anti-Mouse, Alexa Fluor 647 Scientific A-31571

- : . Vector
Biotinylated Horse Anti-Rabbit IgG Laboratories BA-1100
Chemicals and Recombinant Proteins
propidium iodide Sigma-Aldrich P4170
Corn oil Sigma-Aldrich | C8267
Tamoxifen Sigma-Aldrich | T5648
Citric acid Sigma-Aldrich | 251275
Ampicillin sodium salt Sigma-Aldrich | A9518
Alfa Aesar™ Vancomycin .
hydrochloride, Molecular Biology Th?rm.o. Fisher AAJB279006SDS
Scientific
Grade
Neomycin Sulfate Life 21810-031
y Technologies
Cefoperazone sodium salt Sigma-Aldrich | C4292-5G
Metronidazole Sigma-Aldrich M3761-25G
STAT3 inhibitor V, stattic Santa Cruz sc-202818
WP-1066 Santa Cruz sc-203282
Donkey serum Sigma-Aldrich | D9663
Bovine Serum Sigma-Aldrich | A3294
- Thermo Fisher

EdU (5-ethynyl-20-deoxyuridine) Scientific A10044
CHIR99021 Sigma-Aldrich | SML1046-5MG
BrdU Invitrogen 00-0103
Recombinant Murine Wnt-3a Peprotech 315-20
Recombinant Murine EGF Peprotech 315-09 B
Recombinant Murine Noggin Peprotech 250-38
Recombinant Murine R-spondin R&D 3474-RS-050
Recombinant Murine HGF Sigma-Aldrich H5791-10UG
Recombinant Murine TGFa Sigma-Aldrich | T7924-.1MG
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Recombinant Murine 1L22 Peprotech 212-12
Recombinant Murine IL-12 p70 Peprotech 210-12
Recombinant Murine MIP-2 (CXCL2) Peprotech 250-15
Recombinant Murine KC (CXCL1) Peprotech 250-11
Recombinant Murine LIX (CXCL6) Peprotech 250-17
Recombinant Murine IL-33 Peprotech 210-33
Recombinant Mouse Prolactin Protein N.OVUS. NBP2-35120-10ug
Biologicals
Recombinant Mouse IL-1ra/IL-1F3/ Novus
IL1RN Protein Biologicals NBP2-35105-20ug

Critical Commercial Assays

CDCA42-specific GLISA assay Cytoskeleton BK127

Maxima Universal First Strand cDNA | Thermo Fisher K1671

Synthesis Kit Scientific

Cell Titer-Glo 3D Cell Viability Assay Promega G9681

Flag Immunoprecipitation Kit Sigma-Aldrich | FLAGIPT1

GoTaq Probe gPCR Master Mix Promega A6101/2

Advanced DMEM/F12 medium Thermo Fisher | 15634028
Scientific

Corning Recovery Solution Corning 354253

, L . Thermo Fisher

4’,6-Diamidino-2-Phenylindole (DAPI) Scientific D1306

SignalStain EDTA Unmasking Solution | Cell Signaling 14747

DAKO Target Retrieval Solution Agilent S1699

: . Thermo Fisher

Prolong Gold antifade medium Scientific P36930

VECTASTAIN Elite ABC HRP Kit | Vector PK-6100

(Peroxidase, Standard) Laboratories

RNeasy Plus Micro kit QIAGEN 74034

DAB Peroxidase (HRP) Substrate Kit | Vector SK-4100

(with Nickel), 3,30 -diaminobenzidine Laboratories

C]lck-lT EdU Alexa Fluor 555 Imaging Thfarm.o_ Fisher C10338

Kit Scientific

Experimental Models, Cell lines

Cdc42 flox

Brakebusch, C.

(Wu et al., 2006)

Cdc42 V29 This study

Villin-CreER Robine, S. (El Marjou et al., 2004)
Rosa-ZsGreen Jackson Lab 007906
C57BL/6-'-22tm11(icre)Stck/ j Jackson Lab 027524

emEGFR Coffey, R. (Yang et al., 2017)
Myd88 flox Jackson Lab 008888
B6.129P2-Lgr5tm1(cre/ERT2)Cle Jackson Lab 008875

Human HEK293 ATCC CRL-1573
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Human Caco2 ‘ ATCC HTB-37
Software and Algorithms

Prism GraphPad Eftsgzs%éccv;/\r/\é\;vbgr;irsarg/hpad.com/scientifi
Fiji software ;??gig;jg)lin et https:/ffiji.sc
Recombinant DNAs

pcDNAGA-EGFR WT Addgene #42665
pcDNAGBA-EGFR ICD (645-1186) Addgene #42667
pcDNAGA-EGFR ECD (1-644) Addgene #42666
CAG-3xFlag-Cdc42 V2 This study
PQCXIP-3xFlag-Cdc42V2-K185R This study
PQCXIP-3xFlag-Cdc42V1 This study
PQCXIP-3xFlag-Cdc42V2 This study

e mace Bam €979 | paggane | 5205
PQCXIP-3xFlag This study




PCR and RT-PCR primers used in this study.
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Primer Sequence

PCR--mouse cdc42 V1-F TATGTATAGTCAGCGCGTGCCCCTGT
PCR--mouse cdc42 V1-R CCACAGGCTGTCCTATGGTT
PCR--mouse cdc42 V2-F GCGGAGAAGCTGAGGACAAGAT
PCR--mouse cdc42 V2-R AAGAAGACGCAGAGGCTTTCA

Realtime PCR--mouse cdc42 V1/2-F

CACTCCAGAGACTGCTGAAAAGC

Realtime PCR--mouse cdc42 V1-R

TCATAGCAGCACACACCTGCG

Realtime PCR--mouse cdc42 V2-R

TGGGTTGAGTTTCCGGAGGC

Realtime PCR--mouse ZDHHCS8-F

GTGCCCTATCAGTACAGAGGAC

Realtime PCR--mouse ZDHHC8-R

GGTGCTGTCATCTGCCAGAGTA

Realtime PCR--mouse LRIG1-F AAGGGAACTCAACTTGGCGAG
Realtime PCR--mouse LRIG1-R ACGTGAGGCCTTCAATCAGC
Realtime PCR--mouse LGR5-F ACCCGCCAGTCTCCTACATC
Realtime PCR--mouse LGR5-R GCATCTAGGCGCAGGGATTG
Realtime PCR--mouse Bmi1-F GGAGAAGAAATGGCCCACTACC
Realtime PCR--mouse Bmi1-R TTGGCCTTGTCACTCCCAGA
Realtime PCR--mouse HopX-F CATCCTTAGTCAGACGCGCA
Realtime PCR--mouse HopX-R AGGCAAGCCTTCTGACCGC
Realtime PCR--mouse OIfm4-F TGGCCCTTGGAAGCTGTAGT
Realtime PCR--mouse OIfm4-R ACCTCCTTGGCCATAGCGAA
Realtime PCR--mouse IL22-F GTGACGACCAGAACATCCAGA
Realtime PCR--mouse IL22-R AAACAGCAGGTCCAGTTCCC

Realtime PCR--mouse BCL2-F

GTCCCGCCTCTTCACCTTTCAG

Realtime PCR--mouse BCL2-R

GATTCTGGTGTTTCCCCGTTGG

Realtime PCR--mouse Survivin-F

TCATCCACTGCCCTACCGAGAAC

Realtime PCR--mouse Survivin-R

TCTATCGGGTTGTCATCGGGTTC

Realtime PCR--mouse cMyc-F GTGCTGCATGAGGAGACACC
Realtime PCR--mouse cMyc-R CAGGGGTTTGCCTCTTCTCC
Realtime PCR--mouse Hprt-F TCCCTGGTTAAGCAGTACAGC
Realtime PCR—mouse Hprt-R TCCAACAAAGTCTGGCCTGT
Realtime PCR—mouse PRL2C2 F CAGGCTCACACACTATTCAG

Realtime PCR—mouse PRL2C2 R

CTGTGGCTTTGGAGATGATTA

Realtime PCR—mouse CXCL3 F

TGAGACCATCCAGAGCTTGAGG

Realtime PCR—mouse CXCL3 R

CCTTGGGGGTTGAGGCAAACTT

Realtime PCR—mouse TNFrsf11b F

CGGAAACAGAGAAGCCACGCAA
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Realtime PCR—mouse NFrsf11b R

CTGTCCACCAAAACACTCAGCC

Realtime PCR—mouse IL1rn F

GCTCATTGCTGGGTACTTACAA

Realtime PCR—mouse IL1rn R

CCAGACTTGGCACAAGACAGG

Realtime PCR—mouse CXCL5 F

GCATTTCTGTTGCTGTTCACGCTG

Realtime PCR—mouse CXCL5 R

CCTCCTTCTGGTTTTTCAGTTTAGC

Realtime PCR—mouse CXCL1 F

TGAGCTGCGCTGTCAGTGCCT

Realtime PCR—mouse CXCL1 R

AGAAGCCAGCGTTCACCAGA

Realtime PCR—mouse CXCL2 F

GAGCTTGAGTGTGACGCCCCCAGG

Realtime PCR—mouse CXCL2 R

GTTAGCCTTGCCTTTGTTCAGTATC






