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ABSTRACT

The majority of cancer-related deaths are caused by metastases, which are generated by
disseminated metastasis-initiating cells (MICs) exhibiting stem-like properties. However, the
origins of MICs and mechanisms supporting their stem-like properties are poorly understood. We
previously identified L1 cell adhesion molecule (L1CAM) as a functional marker of MICs in many
cancer model systems metastasizing to multiple organs in the body. L1CAM expression emerges
upon the loss of epithelial integrity and is required for growth reinitiation in cancer organoids. The
goals of this study were to describe the extracellular matrix (ECM) ligands of L1CAM in MICs, to
determine at which step of tumorigenesis L1CAM emerges and is necessary for tumor
progression, to identify the developmental trajectory and regenerative characteristics of L1CAM+
MICs, and to investigate whether L1CAM functions via only mechanotransduction pathways in

MICs.

The first chapter of this work delineates the regenerative characteristics and ECM interactions of
the L1CAM+ cell state, demonstrating that L1CAM+ MICs in CRC represent malignant versions

of normal regenerative progenitors.

In the second chapter, using the Kras-S-¢'?P; Trp53Toxfiox: Rosg26-S--Cas9-ECFP (KP) LUAD mouse
model, | first showed that L1CAM is dispensable for carcinoma initiation but provides a growth
advantage in in vitro tumoroid growth and is essential for the ability of KP tumoroids to establish
metastasis in multiple organs after inoculation into athymic mice. Furthermore, | found that
L1CAM is necessary to support the expression of SOX2, a master developmental transcription
factor expressed in the foregut endoderm and early lung epithelial progenitors, in KP tumoroids
and metastases. Knockdown of L1CAM in KP tumoroids downregulated the SOX2 expression
while causing the premature differentiation of LUAD cells into more mature SOX9+ progenitor

stages.



We further investigated the KP and KPL1 primary tumors and tumoroids by single-cell
transcriptomic profiling. L1ICAM+ SOX2+ KP cells form a unique cluster showing enrichment for
the expression of stem cell markers. In addition, L1ICAM and SOX2 expression was closely
associated with the expression of the non-canonical Wnt signaling (planar cell polarity (PCP)) and
cilium assembly genes and with the transcriptional signature of the chromatin remodeler CHD1.
The PCP pathway is known to activate the Jun transcription factor and regulate SOX2 expression.
| demonstrated that L1CAM, is required for the FZD6 expression, a key receptor driving the PCP
pathway and Jun nuclear localization in the KP tumoroids. CHD1 is previously shown to facilitate
open chromatin and mediate self-renewal and pluripotency in embryonic stem cells. In KP
tumoroids, CHD1 knockdown downregulates the SOX2 expression. | propose that SOX2
expression in LUAD MICs is supported by the complementary inputs of the chromatin remodeler

CHD1 and Jun activation by the L1CAM-dependent assembly of PCP-JNK signaling.

Altogether, the study demonstrates that the regenerative characteristics of L1CAM+ MICs
originate from epithelial regenerative and developmental progenitors as shown by the
recapitulation of the SOX2+ early-stage progenitor-like state in LUAD tumoroids and metastasis.
It highlights the essential role of L1CAM in promoting the progenitor-like state during tumoroid
growth and metastatic colonization, and shows that L1CAM facilitates the PCP pathway and
cooperates with chromatin regulation to maintain SOX2 expression. This work expands our
knowledge of the role of L1CAM in the establishment of regenerative stem cell phenotypes co-

opted by the tumors for relapse at distant sites.
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Chapter 1: Introduction

1.1 Metastasis-Initiating Cells

Metastasis is the main cause of cancer-related deaths. Despite recent
developments in therapies, many patients often suffer from metastatic disease,
which is the regrowth of cancer cells at distant sites. The metastatic cascade
begins with the dissemination of cancer cells from the primary tumor to local sites
and distant organs, followed by a dormancy period, and is completed by the
colonization of host tissues. Metastasis requires certain traits to complete each
step of the metastatic cascade, to survive the challenges of the new
microenvironments, lack of attachment, and immune attacks, and to regenerate
tumors at distant sites from scratch. Cancer cells that exhibit adaptability to acquire
the necessary traits to survive the metastatic cascade and successfully colonize

at distant sites are called metastasis-initiating cells (MICs).

1.1.1 The Metastatic Cascade

Cancer cell dissemination and seeding of distant organs may start at the early
stages of tumor development'® and continue until the primary tumor is resected’.
Single or small clusters of disseminated tumor cells (DTCs) are capable of
remodeling the extracellular matrix (ECM) and undergoing epithelial-to-
mesenchymal transition (EMT), which enables migrating and invading the tissue

parenchyma, migrating towards blood and lymphatic vessels, and intravasation*#-
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MICs travel via blood or lymphatic circulation and are also named circulating tumor
cells (CTCs). Because circulation is challenging for most CTCs, their survival and
ability to leave circulation at a distant site depend on cell-intrinsic characteristics
and cell-microenvironment interactions. While the majority of CTCs circulate
singly, some may travel in clusters and may include stromal cells®'"2. Clustering
of CTCs has been shown to induce alterations in DNA methylation that resemble
stem-like epigenomic states and enable metastatic seeding® and to allow growth-
promoting nanolumenal signaling between clustering cells'®. Moreover, platelets
can form a shield surrounding CTCs, which enables immune evasion and provide
protection from the physical stresses of blood circulation®'6. Neutrophils may also
participate in CTC clustering, which prevents leukocyte-mediated killing and

mediate CTC survival'”.

Surviving CTCs are caught in the capillaries and leave blood vessels by migrating
through endothelial cells, a process called extravasation'#. After extravasation,
MICs stay in the vicinity of capillaries and invade the host tissue by migrating along

the capillaries'8-20.

MICs undergo dormancy for extended periods of time to survive the physical,
nutritional, and immune challenges set by the foreign microenvironment of host
tissues*?1-25, Dormant cells may start proliferating and colonizing the distal sites
months to years following the primary tumor treatment?®. Our understanding of how

dormant cells awaken is limited but recent studies have shown that the balance



between growth-promoting and dormancy signals determines when MICs exit from
dormancy?'?’. More work on neutrophil extracellular traps (NETs) also showed
that NETs induced by cancer cells or during inflammation promoted the regrowth

of dormant cancer cells28-30,

After surviving the challenges of the metastatic cascade, MICs display certain traits
to reinitiate growth. MICs disseminated from multiple cancer types including lung,
breast, colorectal, and renal cell carcinomas express L1 cell adhesion molecule
(L1CAM), which facilitates the spreading of MICs on the abluminal surface of the
vasculature, a process called vascular cooption'®3'. L1CAM, in cooperation with
B1 integrins, interacts with the perivascular basement membrane and triggers the
integrin-linked kinase (ILK) and p21-activating kinase (PAK), which activate the
mechanotransduction effectors YAP and MRTF to promote proliferation and
initiate metastatic colonization (Figure 1-1)3'. In line with these findings, actin
remodeling and forming filopodia-like protrusions by integrins, ILK, and B-parvin

have been previously shown to promote stemness and metastatic colonization32-3.

Similar to engagements with laminins in the basement membranes, MICs can
coopt growth-promoting signals of stroma in the host tissues. MICs can invade
stem cell niches found in the bone marrow?*3% or establish stem-like niches by
secreting tenascin C to induce a stem-like phenotype®®. Studies on interactions

with stromal cells also showed that MICs and metastatic progression may benefit



from engagements with astrocytes®”:38, neurons®®, osteoblasts*®, microglia*’,

fibroblasts3¢42, and other cell types*3943,

In addition to activating growth-promoting signals, MICs are able to evade the
immune cell-mediated killing by altering the expression of NK cell and T cell
ligands*4, effectors of signaling pathways that detect cytosolic DNAs*®, and MHC
class | molecules*®#”. Moreover, MICs are able to adapt to the changing metabolic
conditions by activating oxidative phosphorylation*®4°, modifying metabolic
pathways®%-%2, preventing oxidative stress upon changes in the oxygen
levels*85354 and upregulating the fatty acid receptor CD36 to increase lipid uptake

specifically in brain metastases®®-%.

1.1.2 Phenotypic Plasticity of MICs

The long and challenging journey of MICs requires the acquisition of certain traits
to leave the primary tumor, survive and reinitiate growth at secondary sites, and
also show therapy resistance. A subset of these MIC traits might be already
present in tumor-initiating cells, also known as cancer stem cells (CSCs), and
might depend on the oncogenic mutations. However, MICs have been shown to
exhibit further specialized traits, such as motility, reversible dormancy, and the
ability to regenerate a tumor from scratch at a secondary site, unlike both CSCs
and the rest of the cells found in primary tumors. The acquisition of these traits is
determined by the adaptability of MICs, which is driven by phenotypic plasticity and

enables MICs to modify gene expression programs and change cell states under



the changing conditions of the microenvironment during the metastatic cascade®’

59

Multiple studies have searched for genetic alterations specific to metastases in
matched primary tumors and metastases of patients with lung cancer and other
cancer types; however, only a handful of somatic mutations and chromosomal
instability have been identified as metastasis-associated genetic alterations.
Although these genetic alterations are not directly responsible for metastatic traits,
they might contribute to tumor progression and therapy resistance in cancers,
which are associated with metastatic ability*59-64. Notably, the metastatic samples
showed higher tumor metastatic burden®® and increased copy number alterations
associated with a higher risk of lung cancer recurrence®. Nonetheless,
accumulating evidence in the literature suggest that the metastatic traits of MICs
depend on their phenotypic plasticity established by non-genetic alterations
instead of metastasis-specific mutations, which regulate the expression of

metastasis-associated genes*57-74,

A key metastasis-promoting trait of MICs, phenotypic plasticity, enables MICs to
reenact epithelial stem and progenitor cell states for tumor regeneration. Stem and
progenitor cells of epithelial tissues display a fluid stem cell phenotype that enables
transitions between different cell states that mediate maotility, proliferation, ECM
remodeling, or secretion of cytokines depending on the conditions under

homeostasis and tissue injury’>’6. For example, in the intestinal epithelium,



LGR5+ stem cells are responsible for tissue homeostasis’’ but if LGR5+ stem cells
are ablated experimentally or by injury, the LGRS- regenerative progenitors in the
intestine can regenerate the intestinal epithelium and give rise to new LGR5+ cells
in the process’®7879, Recent findings on how intestinal cells regenerate in vitro and
form organoids demonstrated that although both LGR5+ and LGRS5- cells have the
capacity to initiate organoid growth, all cells acquire the LGRS- regenerative state
during organoid growth initiation’88%. In colorectal cancer (CRC), while the LGR5+
stem cells are the CSCs, the majority of MICs in colorectal cancer (CRC) are
LGR5-81. LGR5- MICs are capable of initiating metastasis either by re-expressing

LGR58" or by establishing an LGR5- regenerative state®283,

Recent studies on phenotypic plasticity in metastasis in our lab showed that
L1CAM, the cell adhesion protein that mediates cell-endothelial cell adhesion in
the perivascular niche'®?', is dynamically expressed and mediates a regenerative
phenotype in MICs in CRC®8. L1CAM is a neuronal cell adhesion molecule and its
abnormal upregulation at tumor invasive fronts is associated with poor prognosis
and survival across multiple cancer types, including CRC84. Although L1CAM is
not expressed in the normal intestinal epithelium, its expression is upregulated in
the injured intestinal epithelium and is necessary for restoring epithelial integrity®.
This L1CAM-dependent regenerative phenotype displayed by intestinal progenitor
cells is reenacted by L1CAM+ MICs during CRC organoid formation and

metastasis initiation in CRC?®8,



In sum, there is a growing body of evidence in the literature indicating that MICs
are capable of acquiring certain traits to overcome the challenges of the metastatic
cascade and reinitiate a tumor from scratch at a distant site by mimicking the
regenerative phenotypes of adult stem and progenitor cells. However, the
dynamics and mechanistic foundations of regenerative phenotypes in MICs are
poorly understood. The aim of this thesis is to expand our knowledge of how
regenerative phenotypes emerge and which molecular mechanisms mediate

establishing the regenerative phenotypes in MICs.

1.2 Lung Adenocarcinoma Biology

1.2.1 Lung Cancer Subtype Specification and Targeted Therapies

Lung cancer is the second most frequently diagnosed cancer type and remains the
leading cause of cancer-related deaths worldwide®%#. Lung tumors are classified
based on their clinicopathological characteristics, and approximately 85% of
diagnosed tumors have a histological subtype classified as non-small cell lung
cancer (NSCLC) while the remaining 15% of tumors are SCLC?. The majority
(40%) of NSCLC tumors are further classified as adenocarcinoma while the rest
belong to the squamous-cell carcinoma subtype and others®:2°. Lung cancer
incidence is associated with cigarette smoking because smoking is responsible for
more than 80% of the lung cancer tumors in the United States®>%, and has been

declining since 2009 as more people quit smoking®.



Based on studies on mouse LUAD tumor models, these tumors originate from
alveolar type 2 (AT2) cells®'%2. The most frequent oncogenic mutations in LUAD
are detected in the Kirsten rat sarcoma (KRAS) and epidermal growth factor
receptor (EGFR) genes, which have been considered tumor-initiating mutations
and studied heavily as potential targets to treat LUAD®8%3, Notably, KRAS and
EGFR mutations are mostly mutually exclusive and might be accompanied by
additional mutations in p53 (TP53), BRAF, MET, ERBB2, ALK, RET, and
ROS1%:8 KRAS mutations are detected in approximately 30% of LUAD tumors
but less frequently in squamous carcinoma®. Compared to EGFR, KRAS is more
frequently mutated in smokers than in non-smokers and shows distinct nucleotide
substitutions due to C>A transversions associated with carcinogens in tobacco®*.
While G12C is the most common mutation in KRAS in smokers (41%), G12D is
more frequent in non-smokers (56%)%. KRAS-mutant LUAD tumors have been
associated with high PD-L1 expression, inflammatory stroma, and high mutation
burden, which suggest that the KRAS-mutant LUAD tumors might have a high

response rate to immunotherapy®>-7.

The dependence of lung cancer cells on these oncogenic mutations led to the
development of therapeutic strategies targeting patient-specific mutations®:88, In
addition to surgery and radiotherapy, targeted therapies against oncogenic
mutations in certain proteins such as EGFR, ALK, MET, or BRAF have shown
benefits but patients may show therapy resistance. Recently, immunotherapy has

been applied in combination with chemotherapy for tumors with PD-L1 expression,



which provided additional clinical benefits®. Although KRAS mutations have been
previously considered “undruggable”, recently the KRAS G12C inhibitor sotorasib
has been shown to provide clinical benefit in NSCLC patients with KRAS G12C

mutation®®.

1.2.2 Phenotypic Plasticity in Lung Adenocarcinoma

Despite the recent advances in the standard-of-care regimen for patients®, 30-
55% of NSCLC patients suffer from local and distant recurrence by five years after
the initial diagnosis'%%19', While many studies delineated the biology and order of
genetic changes during tumor development®!1%2  increasing evidence in the
literature demonstrates that metastatic capacity and therapy resistance are driven

by diverse cancer cell states equipped with high phenotypic plasticity*.

Recent studies have been illuminating the importance of phenotypic plasticity in
LUAD and unveiling the mechanisms by which tumor cells adopt phenotypic
plasticity in tumor progression and metastasis. Latency-competent metastatic
cancer cells have been shown to express SOX transcription factors and acquire a
stem-like phenotype which facilitates their reversible quiescence and evasion from
natural killer cell-mediated immunity?'. After extravasation, MICs of LUAD have
also been shown to express the neural cell adhesion protein L1CAM to achieve a
pericyte-like spreading ability to co-opt capillaries and reinitiate growth by

activating mechanotransduction signaling via YAP and MRTF'831,



The use of single-cell transcriptomics in LUAD patient primary tumor and
metastasis samples and in a mouse model of metastatic lung cancer has recently
shown the reenactment of lung epithelial developmental and regenerative
phenotypes in disease'®®. While regenerative cell signatures and cell states from
all stages of lung epithelial development are detected in primary tumor samples,
cell states representing the less differentiated lung epithelial progenitors are
remarkably enriched in metastatic samples, further supporting the acquisition of
developmental and regenerative states during metastasis initiation'®. The
emergence and role of phenotypic plasticity have recently been demonstrated by
the characterization of a highly plastic phenotypic state in mouse LUAD tumor
models using single-cell transcriptomics'®. “The high-plasticity cell state” in LUAD
mouse tumors exhibits both a striking ability for proliferation, differentiation, and
chemoresistance and a strong association with poor survival in multiple cancer
types'94. In line with these findings, single-cell epigenomics in mouse LUAD tumors
delineated epigenomic alterations leading to loss of differentiated cell identity

during tumor progression and metastasis®.

In addition to the dedifferentiated and regenerative cell states, MICs are also
capable of entering cell states that show quiescence?!, express drug efflux
transporters'®®, induce growth upon cytokines released by dying or senescent
cancer cells'%197 exclude immune cells from the tumors to evade from
immunotherapy'®110 and manipulate the tumor microenvironment!!-113,

Therefore, characterizing the phenotypic plasticity and its molecular underpinnings

10



in MICs might be key to understanding why current therapies fail and how new
strategies might be developed to overcome MIC plasticity to prevent and treat

metastatic LUAD.

Collectively, these data provide evidence for the acquisition and role of phenotypic
plasticity in establishing a less differentiated and regenerative phenotype required
for growth reinitiation in vitro and in metastasis. However, there is an immediate
need for understanding the foundations of regenerative phenotypes observed in
LUAD progression and metastasis. This thesis aims to explain how regenerative
phenotypes emerge and the role of L1CAM and cooperating molecular

mechanisms in establishing the regenerative phenotypes in LUAD metastasis.

1.3 L1 Cell Adhesion Molecule in Cancer

1.3.1 L1CAM Expression, Structure, and Function

L1CAM is a single-pass transmembrane glycoprotein with a 200-220 kDa
molecular weight and was identified as a neuronal cell surface protein in
1984114115 The extracellular domain (ECD) of L1CAM is composed of six
immunoglobulin-like (Ig) domains and five fibronectin type Ill repeats whereas the
intracellular domain (ICD) is short but highly conserved''®1'6. L1CAM is crucial for
axon outgrowth, fasciculation, myelination, and neuronal cell adhesion and
migration during neural development''”. Genetic knockout of L1CAM in mice leads
to neurological defects’'8119 and L1CAM mutations in humans are responsible for

neurological disorders'?°. L1CAM is a member of the L1 subfamily of cell adhesion
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molecules, which also includes Close Homolog of L1 (CHL1), NrCAM, and
Neurofascin''’. The other L1 subfamily members exhibit similarities in their
structure and function in neural development with L1CAM; however, their
expression and role in cancer are poorly understood and remain an open
question'7:121.122 The L1CAM ECD can mediate homophilic L1CAM-L1CAM
interactions in trans at cell-cell interfaces. It can also interact with integrins,
neurocan, neuropilin-1, and CD24, epidermal growth factor receptor (EGFR) and
fibroblast growth factor receptor (FGFR) in cis and in trans'16.117.123-125 The L 1CAM
ICD can engage with the cytoskeletal proteins ezrin-radixin-moesin (ERM),
ankyrin, and spectrin'?%127_|n addition to its membrane-bound form, L1CAM ECD
solubilized by ADAM proteinases can interact with integrins in an autocrine
fashion'?8, In addition to the membrane proteins, the membrane-bound L1CAM
ECD can also facilitate interactions between neurons and ECM proteins such as
fibronectin but L1CAM-ECM interactions have been shown to depend on integrins

and the interacting ECM proteins have been poorly studied'"”.

L1CAM expression in adult tissues is restricted to neurons''’, certain myeloid
cells'?®, pericytes®!, and kidney collecting duct epithelium'°. However, aberrant
expression of L1CAM has been reported in many cancer types including colorectal,
lung, breast, pancreatic ductal, renal cell, gastric, prostate, ovarian, endometrioid,
and hepatocellular carcinoma, melanoma, cholangiocarcinoma, glioma, and
neuroblastoma and associated with poor prognosis and short survival®* . Multiple

studies investigating how L1CAM expression is induced found that L1CAM

12



expression is influenced by various pathways in different cancer model systems®+.
L1CAM expression is influenced by the Wnt/B-catenin signaling at the invasive
front of CRC tumors'®'. Studies on endometrial and pancreatic cancer cells
showed that transforming growth factor-betal (TGF-B1) signaling and the
transcription factor SLUG regulated L1CAM expression’32134 Another mechanism
identified in L1CAM gene expression is the neural restrictive silencer factor/RE1
silencing transcription factor (NRSF/REST), which suppresses the neuronal gene
expression in non-neuronal cells™5. Loss of REST expression has been
associated with breast cancer recurrence’3-13 and bad prognosis and induces
L1CAM expression in small cell lung cancer'®. In addition, certain microRNAs'4°-
42 and DNA methylation'#3144 can also influence L1CAM expression in cancer
cells. However, which of these signals impinge directly on L1CAM transcription

and the interaction partners of L1CAM in cancer cells and ECM remain unknown.

1.3.2 Role of L1CAM in Cancer

L1CAM expression has been associated with CSCs and MICs but only a number
of studies have defined its direct role in supporting stem-like traits. Studies on CRC
demonstrated that L1CAM is not expressed in the EpCAM+, CD133+, and CD44+
CSCs but its overexpression promoted metastasis via NF-kB signaling™®. Later,
L1CAM expression has been detected in LGRS+ CSCs and enhanced metastatic
capacity of CRC cells by inducing the clusterin (CLU) expression, independent of
NF-kB signaling™®. More recent studies identified Achete scute-like (ASCL2)'7, a

key transcription factor expressed in LGRS+ cells regulating stemness, and
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phospho-ERK1/2'4® as the downstream effectors of L1CAM in CRC. Recent work
on multiple cancer model systems, including lung, breast, colorectal, and renal cell
carcinoma in the Massagué Lab showed that L1CAM is expressed in MICs and
required for spreading on and migrating along blood capillaries after
extravasation'®3!, and that L1CAM interactions with both 1 integrins in cis and
the vascular basement membrane activate ILK and PAK activate the
mechanotransduction transcription factors YAP and MRTF to induce proliferation

and metastatic colonization (Figure 1-1)3'.

The expression and role of L1CAM in CSCs and MICs raised interest in developing
antibody-based therapies to treat many types of cancer'#®'5'. Neutralizing
monoclonal antibodies and radioimmunoconjugates against L1CAM showed great
potential in preclinical models of ovarian carcinoma and neuroblastoma®1%2, In
addition to L1CAM-targeting therapies, radioimmunoconjugates have been also
used in tumor imaging in mice'?2'53 and in patients'>*. Moreover, studies also
demonstrated that L1CAM-specific chimeric antigen receptor-redirected T (CAR-
T) cells are effective in eliminating cancer cells in vitro'® and in mice'®® and

feasible in neuroblastoma patients'®”.

To sum, there is accumulating clinical and experimental literature on the
expression, role, and therapeutic targeting of L1CAM in many cancer types. The
role of L1CAM in mediating stem-like traits in cancer cells has been solidified over

the last 20 years. Despite its clear mechanism of action in neuronal development,
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studies suggest that the expression, interactions, and downstream effectors of
L1CAM are dynamic and context-dependent in cancer cells and require further
investigation. This thesis aims to clarify how L1CAM expression is induced, which
molecular mechanisms play a role in L1CAM-dependent traits, and which

developmental and regenerative states are reenacted in L1CAM+ MICs.

1.4 Planar Cell Polarity Pathway and Cilium Signaling in Cancer

1.4.1 Planar Cell Polarity Pathway

Cell polarization refers to the asymmetrical organization of molecules and cellular
functions within cells. Synchronized cell polarity across cell layers is highly critical
in establishing specialized tissues and functions in multicellular organisms. The
most prominent example of cell polarity is observed in epithelial tissues, which
exhibit two modes of polarity in space. Apical-basal cell polarity is the asymmetrical
localization of molecular components and functions between the opposite surfaces
along the apical-basal axis of a cell layer whereas planar cell polarity (PCP) refers
to the organization along an axis orthogonal to the apical-basal axis in the plane
of a cell layer'®®. The main function of PCP is to enable cell-cell communication on
polarity information across the tissue plane in development and homeostasis'®.
PCP is established by the organization of key PCP proteins in a mutually exclusive
pattern on opposite sides of a cell, which is repeated in the adjacent cells
generating a consecutive pattern within the cell layer. As initially defined in
Drosophila melanogaster, asymmetric distribution of protein complexes formed by

Frizzled (Fz; FZD in vertebrates), Dishevelled (Dsh; DVL in vertebrates) and Diego
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(Dgo; ANKRDG in vertebrates) at one side of the cell, Van Gogh (Vang; VANGL in
vertebrates) and Prickle (Pk; PRICKLE, PK1 in vertebrates) at the opposite side,
and Flamingo (Fmi; CELSR in vertebrates) localization at both sides, establishes

PCP patterns (Figure 1-2)158160-164

PCP is triggered by asymmetric molecular signals, but it is established and
propagated within the cell layer by intercellular interactions. The seven-pass
atypical cadherin Fmi engages in homophilic interactions at cell-cell junctions and
enables intercellular communications of PCP'6%-168. Homophilic Fmi interactions
connect PCP signaling components in adjacent cells and generate complementary
and repeating polarity complexes across the cell layer'8. While Fmi is essential
on both sides of the cell-cell junction and Fzd is necessary to induce polarity at the
junction, Vang is not necessarily required for initiating polarization but found to be
mediating the polarization of the adjacent cells'®¢:167:1%°_ Upon the engagement of
Fz and Vang, Dsh and Dgo are recruited to Fz and Pk associates with Vang, which

stabilizes and amplifies the PCP signal'7%-171,

The downstream effectors of PCP pathway include small GTPases Rho and Rac,
Rho-associated kinase (ROCK in vertebrates), and c-Jun N-terminal kinase
(JNK)'™®. While ROCK regulate cytoskeletal rearrangements and actomyosin
contractility, JNK stimulates the nuclear accumulation and transcriptional activity
of ¢c-Jun'®172175  PCP pathway is also known as the non-canonical Wnt/PCP

pathway because it signals via Fz receptors and Dvl in a B-catenin-independent
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manner. The role of Wnt in PCP in D. melanogaster is not well understood 165176
but multiple studies showed that Wnts are essential cues to induce PCP in

vertebrate development!”7-179,

Despite being first defined in cilia formation and positioning for wing hair
organization and eye development D. melanogaster'®®'® PCP pathway
components are present in vertebrates and are necessary for tissue polarity in
development and homeostasis. PCP is required for the formation of multiciliated
cells in the airway, central nervous system, ear hair cells, and oviduct'8', and also
for convergent extension'’8182183  neural crest migration'®185  axon
guidance'86.187 and neural migration'88-1%0_ Although the formation and positioning
of cilia are regulated by PCP pathway'®, work on ciliated cells revealed PCP
signaling can be regulated by cilia. Ciliary proteins Inversin and Bardet-Biedl|
syndrome (BBS) protein act as a switch between canonical and non-canonical
Wnt/PCP pathways and are necessary for PCP-dependent development of

epithelial tissues®'-193,

Wnt/PCP pathway proteins are abnormally expressed in multiple cancer types and
have been associated with motility. FZD2/6, DVL1, VANGL1, PK1, and WNT5A/11
are necessary for cell migration in many cancers including breast, lung, and
prostate cancer'®*-1%8_ |n breast cancer cells, FZD6 and DVL1 are localized at the
invading leading edge in response to WNT11 signal and induce polarization and

motility'%. Similarly, PK1 suppresses RhoA GTPase activity at the rear edge of
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migrating cancer cells, which allows the formation of RhoA-mediated focal
adhesions at the leading edge, promoting cell motility’®. Recent work on
melanoma cells revealed that WNT11-FZD7-DAAM1 signaling activates Rho,
ROCK1/2, and Myosin Il, which induce a proliferative and invasive amoeboid cell
state capable of migration, stem-like gene expression profile (SOX2+ and
ALDH1A+), and metastatic colonization?°. Collectively, these findings indicate that

PCP may be utilized by cancer cells for tumor progression and metastasis.

1.4.2 Cilium Signaling

PCP signaling is essential for the polarized positioning of centrioles, which
determines the location and orientation of cilia at the apical surface'®®'8, Cilia are
complex microtubule-based organelles extending from centrioles localized at the
apical membrane into the extracellular space. After cilium formation is complete,
the cilium structure is still dynamic as the tubulin incorporation continues at the
steady-state?°! and ciliary proteins, including membrane proteins, are transported

in and out of the cilium by ciliary trafficking2°2.

Primary cilium (monocilium) in mammalian cells is immotile and acts as a cellular
antenna that detects microenvironmental cues such as light, proteins, or
mechanical signals?3. In addition to sensory capabilities, accumulating evidence
in the literature demonstrate that primary cilia are hubs for multiple signaling
pathways including Hedgehog, Notch, and Wnt signaling?®42%%, In unstimulated

cells, the receptor Ptch1 is localized on the cilium membrane and excludes Smo
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from the cilium membrane?%4. Upon Shh stimulation, Shh-bound Ptch1 leaves the
cilium while Smo enters it, leading to activation of Gli transcription factors?%4. The
co-localization of Notch receptors and Notch-processing enzymes in the ciliary
membrane and positioning of Presenilin in the cilium basal body allows regulation
of Notch signaling by cilia2®5-2%7. Primary cilia are also implicated in canonical Wnt
signaling in vertebrates, but this role is controversial and context-dependent. While
mutations in ciliary trafficking genes in zebrafish and mice showed normal Wnt
signaling?%82%°  loss of the ciliary protein Inversin resulted in Dishevelled
degradation and diminished canonical Wnt signaling’3. On the other hand,
multiple studies demonstrated that ciliary defects cause canonical Wnt
signaling?'%-2'3, In addition to their roles in development, Hedgehog, Notch, and

Wht signaling play essential roles in cancer cell stemness and therapy resistance

214-216

Although primary cilia are involved in growth- and stemness-promoting signaling
pathways in cancer cells, the role of cilia in tumor formation is still debated. While
many studies show that primary cilia are lost at the early steps of
tumorigenesis?'”2'® and that inhibiting ciliogenesis promotes Wnt and Hedgehog
signaling, and malignant traits?'®22°, primary cilia contribute to tumorigenesis in
certain cancer types that heavily depend on Hedgehog signaling, such as
medulloblastoma and basal cell carcinoma??'222, Taken together, cilia formation is

regulated by PCP, but primary cilia can influence PCP as well. In addition, primary
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cilia play a key role in regulating tumor-promoting multiple signaling pathways in a

context-dependent manner.
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Chapter 2: L1CAM Expression in Regenerating Epithelia and Interactions in
Colorectal Cancer

2.1 Introduction

Metastasis is responsible for the majority of cancer deaths. Despite the recent
advances in treatments, many patients often experience a lethal relapse of cancer,
which is initiated by MICs exhibiting stem-like properties and immune evasion
abilities disseminated by tumors'41%, Understanding the molecular mechanisms
that mediate the emergence and persistence of MICs is essential to developing

therapeutic strategies to prevent and treat metastatic cancers.

Tumors seed invasive cancer cells into the circulation starting from the early stages
of tumor development'3. Although a majority of DTCs fail to survive in the
circulation or after exiting from capillaries, a minority may successfully infiltrate
host tissues. After the dissemination phase, DTCs enter a stage of quiescence
driven by the physical, metabolic, and immune challenges present at the host
parenchyma*223. Studies show that DTCs can exit dormancy when the proliferative
signals overcome the antimitotic barriers of the host parenchyma and therapy and
colonize the host tissue*2".27:224_ MICs that can undergo phenotypic plasticity and
acquire certain traits are capable to grow upon exit from dormancy leading to
metastatic outgrowth*. We have identified the cell adhesion molecule L1CAM as a
marker of MICs which provides growth-promoting signals leading to metastatic

colonization in multiple cancer types'®3".
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Although L1CAM is only expressed in neurons, myeloid cells, pericytes, and the
specialized epithelial cells in kidneys and ovaries in homeostasis, its aberrant
expression has been reported in many human cancer types and found to be
associated with poor prognosis®+?25. However, the mechanism of how L1CAM
contributes to tumor development and progression was poorly studied. As
reviewed in Chapter 1, two consecutive studies from our lab showed that L1CAM
enables metastatic cells to spread on blood capillaries at distant sites by interacting
with the vascular basement membrane and this interaction activates the
mechanotransduction transcription factors YAP and MRTF, leading to proliferation
and metastatic growth'®3', These studies highlighted the essential role of L1CAM
in metastatic colonization in many cancer types metastasizing to multiple organs
in the body and pointed out that L1CAM is an actionable target for the treatment

of metastatic cancers.

Understanding the conditions that drive L1CAM expression and the interaction
partners of L1CAM in metastasis is needed to develop therapeutic strategies to
target L1CAM+ MICs. However, our knowledge of how MICs gain L1CAM
expression limited because the regulation of L1CAM expression in cancer has
been poorly studied®. Studies led by Dr. Karuna Ganesh in the Massagué Lab
showed that L1CAM expression in CRC emerges in the invasive front of primary
tumors and is further enriched in metastasis samples. Next, Dr. Ganesh found that
L1CAM-high cancer cells isolated from CRC primary tumors and metastases have

higher organoid generation capacity than L1CAM-low cells, which is a trait of stem-
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like cells and regeneration??6:227 and are not necessarily LGR5+, suggesting that
L1CAM+ MICs and LGR5+ CSC are different subsets of tumor cells®®. These
findings implicated an association between L1CAM expression and tissue
disruption and regrowth. Indeed, more work from Dr. Ganesh showed that L1CAM
expression is upregulated when CRC organoids are dissociated into single cells
by the release of the transcriptional repressor REST from the L1CAM promoter
upon disassembly of E-cadherin adherens junctions®®. Based on these findings,
we hypothesized that induction of L1CAM expression upon loss of tissue integrity

would originate from epithelial regeneration.

At the start of my work to understand whether L1CAM expression was induced
upon disruption of epithelial integrity and whether L1CAM upregulation in cancer
cells is associated with epithelial regeneration, | joined efforts in the Massagué Lab
using a mouse intestinal injury model to study L1CAM expression. Using this
model, we showed that although it is not detected in the homeostatic intestinal
epithelium, L1CAM is expressed in regenerating mouse intestinal epithelium and

is required for intestinal regeneration.

In addition to its transcriptional regulation, L1CAM ligands in cancer have not been
clearly defined®*. | hypothesized that the relevant ECM ligands in metastatic cells
would be a component of vascular basement membrane. To test this hypothesis,
| applied protein-protein interaction and cell adhesion assays using CRC organoids

and recombinant ECM proteins and demonstrated that L1CAM can form direct
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interactions with epithelial and vascular laminin isoforms and facilitates CRC cell
interactions with laminins. Therefore, we propose that MICs can express L1CAM
to engage with the laminins of the perivascular basement membrane and acquire
an L1CAM-dependent regenerative state to survive and proliferate upon the loss

of epithelial integrity.

2.2 Results

2.2.1 L1CAM Is Upregulated and Necessary for Regeneration upon Loss of
Epithelial Integrity

Studies led by Dr. Ganesh showed that in addition to the CRC organoids, L1CAM
was upregulated when normal mouse and human colon epithelial cells are isolated
from colon tissue and grown as organoids in culture although L1CAM is not
expressed in the normal intestinal epithelium®. Therefore, we hypothesized that
normal intestinal tissue would induce L1CAM expression upon tissue damage and

would require L1CAM to regenerate the epithelium.

To determine if L1CAM expression is induced in epithelial regeneration in vivo, we
used the dextran sulfate sodium (DSS)-induced colitis model. In this model, DSS
added to drinking water causes epithelial cell injury and loss of epithelial monolayer
barrier??2. DSS treatment for 9 days induced colitis in C57BL/J mice, indicated by
severe weight loss, diarrhea, and fecal bleeding (Figure 2-1). After reaching
maximal colitis by day 9, the mice were treated with water to allow tissue repair.

Although not detected in the mice treated with water, L1CAM was expressed in
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colon epithelial cells found at wound beds, intermediate epithelial structures that
are called “wound channels"??°, and regenerating crypts (Figure 2-2). Notably, cells
in the wound-channel invaginations showed stronger L1CAM expression,
suggesting a role for L1CAM in the specialization or differentiation of the

intermediate epithelial cells into regenerating crypts.

To test whether L1CAM plays a role in colon epithelial regeneration, Dr. Ganesh
generated conditional L1CAM-knockout mice by crossing L7cam™ mice''® with
Vil1-cre mice?3°, which allows Cre recombinase expression specifically in intestinal
epithelial cells. While the loss of L1CAM in intestinal epithelial cells did not result
in any aberrations in body weight and intestinal morphology during homeostasis,
L1CAM-knockout mice suffered from body weight loss, diarrhea, and fecal
bleeding and failed to recover from colitis after DSS treatment®®. These data show
that L1CAM expression is upregulated upon disruption of epithelial integrity in
intestinal epithelium and required for regeneration in normal colon epithelia and
CRC primary and metastasis tumors and organoids. Therefore, we propose that
during organoid growth and metastatic colonization CRC MICs adopt the L1CAM+

regenerative cell state of the damaged intestinal epithelium.

2.2.2 L1CAM Facilitates CRC Cell Adhesion to Laminins
Cancer cells at the tumor invasive front and disseminated metastatic cells in host
tissues interact with extracellular matrix proteins in the microenvironment. The

Massagué Lab previously demonstrated that L1CAM enables the pericyte-like
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spreading of metastatic cells on endothelial cells, which depends on the
interactions of L1CAM and B1 integrin with vascular basal lamina'®3!. The basal
lamina is composed of collagen IV and laminin isoforms 111, 411,421, 511, and
521 in the vasculature®®' and epithelial tissues??2. Of note, organoid formation

cultures require Matrigel, which contains 60% laminin-111 and 30% collagen 1V2%3.

Although previous studies have reported that L1CAM forms homophilic
interactions between neurons?3* and heterophilic interactions in neurons with
extracellular matrix proteins, such as fibronectin and laminin''7-235. ECM ligands of
L1CAM in cancer cells were not clearly defined. To address this question, | first
confirmed that L1CAM established homophilic interactions and heterophilic
interactions with laminins in cancer cells by using recombinant L1CAM
extracellular domain and extracellular matrix proteins (Figure 2-3a & b). To identify
the ligand of L1CAM, | applied a solid-phase binding assay using recombinant and
purified extracellular matrix proteins. Using the recombinant L1CAM extracellular
domain, | confirmed that L1CAM established homophilic interactions as previously
shown in neurons and heterophilic interactions with collagen IV and laminin

isoforms 111, 411, 421, 511, and 521 (Figure 2-3a & b).

Next, | hypothesized that metastatic CRC cells would utilize L1CAM to adhere to
laminin-rich perivascular basement membrane during metastatic colonization. To
test this hypothesis, | applied a cell adhesion assay using CRC organoid cells and

recombinant ECM proteins. CRC organoid cells lost the capacity to adhere to
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laminin-coated surfaces upon L1CAM knockdown using doxycycline-inducible
shRNAs (Figure 2-4). Collectively, these data show that basement membrane
laminins are the preferential ligands of L1CAM and L1CAM-laminin interactions
are essential for the binding of MICs to basement membranes in the perivascular
niche and in vitro culture, which is necessary for metastatic colonization and

organoid growth.

2.3 Conclusions and Discussion

My findings about L1CAM+ regenerative state and laminins as the preferred
ligands for L1CAM in MICs contribute a key piece of knowledge to our
understanding of the role of L1CAM+ MICs. Cancer cells disseminating from
primary tumors experience loss of epithelial integrity at all steps of the metastatic
cascade, from invading the parenchyma and circulation to surviving at distant sites
after extravasation. Metastases are initiated by the DTCs that can exhibit
phenotypic plasticity and acquire certain traits under the selective pressure of the
metastatic cascade. Our work defined a clear relation between the L1CAM+
regenerative state in MICs and epithelial tissue regeneration by demonstrating that
L1CAM expression is upregulated in response to the loss of epithelial integrity and
required to reinitiate growth in normal intestinal epithelial regeneration after colitis

and in metastasis.

Although L1CAM expression and role in tumor development and metastasis have

been studied by others, the ECM ligands of L1CAM have not been well identified®*.
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My findings showed that L1CAM forms direct interactions with epithelial and
vascular basement membrane laminins. L1CAM mediates both cell adhesion to
the laminins of the perivascular basement membrane and cell-cell adhesions via
homophilic interactions, which overcome the loss of epithelial integrity and lack of
attachment and promotes growth reinitiation in regenerating epithelium and

metastasis.

This work also showed that MICs are not necessarily CSCs. The cell of origin of
CRC tumors is LGR5+ stem cells found in the intestinal crypts?3¢. Oncogenic
mutations in homeostatic LGR5+ stem cells result in uncontrolled cell division and
adenoma initiation?3¢. Studies on intestinal epithelium found that LGR5- cells of the
crypt might also initiate tumorigenesis after acquiring an LGR5+ phenotype’®237-
239 Similar to LGR5+ CRC cells, we found a remarkable ability of some L1CAM-
CRC cells to maintain the phenotypic plasticity required for upregulating L1CAM
and exhibiting a regenerative state following the loss of epithelial integrity,
suggesting a fluid but not a fixed stem-like state®®. Moreover, according to Dr.
Ganesh’s findings, L1CAM+ cells are not always LGR5+ and not necessary for
adenoma initiation but are required for the regrowth of tumor cells as organoids,
transplanted tumors, and metastases®®, which concludes that metastasis initiation
depends on L1CAM+ MICs but not on LGRS+ CSCs. The dynamic emergence of
the L1CAM+ regenerative state is also reminiscent of injury-driven regenerative
stem cells employed in tissue repair. There is abundant evidence that differentiated

epithelial cells act as regenerative stem cells during injury repair in numerous
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tissues, including the intestinal epithelium®78240-242" gnd that the LGR5+
homeostatic stem cell gene signature is downregulated during repair after colitis?43.
Based on these findings, we suggest that MICs are different from CSCs and are
able to reenact a regenerative progenitor-like state which resembles stem cells
emerging after tissue damage, promoting reinitiation of tumor growth at distant

sites.

L1CAM has multiple interaction partners well-defined by studies on neuronal
development. While interactions with the laminins of the basement membrane in
cooperation with integrins trigger mechanotransduction signaling via YAP and
MRTF which promote cell proliferation®', our findings also showed significant
L1CAM expression at cell-cell junctions in metastases, CRC organoids, and
regenerating intestinal epithelium. L1CAM has been previously shown to engage
in homophilic interactions in neurons and cancer cells®*244; however, L1CAM
homophilic interactions have been considered static adhesions rather than motility-
promoting?#4. Little is known about the implications of different L1CAM interactions
on phenotypic states acquired by cancer cells. Clarifying the role of L1CAM
homophilic interactions and the molecular underpinnings of different cell states
mediated by L1CAM became the next objective of my research. Moreover, this
work has been largely confined to investigating the role of L1CAM+ regenerative
state in CRC. L1CAM expression has been associated with poor prognosis in

multiple cancer types® and with metastasis to many organs in the body3'. The role
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and molecular details of L1CAM+ regenerative state in metastasis of other cancer

types require further investigation.

30



Chapter 3: L1CAM and Planar Cell Polarity Maintain the SOX2+ Progenitor-
Like State in Lung Adenocarcinoma Metastasis

3.1 Introduction

To address the questions mentioned above, | focused on the role of L1ICAM in
metastasis initiation in the context of LUAD. Lung cancer is the leading cause of
cancer deaths worldwide®-88, Despite recent advances in targeted therapies, lung
cancer patients suffer from therapy resistance and metastasis®. At the time of
diagnosis, lung tumors may have already shed large numbers of cancer cells into
the circulation*245. Even though a majority of these cancer cells fail to survive in
circulation or after extravasation, a subset infiltrates the host tissues leading to
metastatic colonization. Therefore, understanding the mechanisms and
vulnerabilities of metastasis initiation is crucial to prevent and to treat LUAD

metastasis.

Previous studies have defined the nature and emergence of genetic changes in
tumor development and metastasis®’.19?, but accumulating evidence suggests that
phenotypic plasticity and diverse cell states determine the metastatic capacity of
cancer cells. One such example, L1CAM+ regenerative state in MICs of many
cancer model systems, including lung adenocarcinoma, to multiple organs has
been identified by the Massagué Lab'®3'. Our work demonstrated a key role of
phenotypic plasticity in metastasis by showing that the L1CAM+ regenerative state

in MICs emerges upon loss of epithelial integrity and promotes growth reinitiation
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of organoids and metastasis in CRC by mimicking the regenerative progenitor cells

of intestinal epithelial tissue®®.

A number of traits of tissue regenerative and developmental progenitor cells are
recapitulated in MICs. Recent work on LUAD patient tumors and a mouse model
of metastasis demonstrated that primary tumor cells exhibit regenerative cell
phenotypes and multiple cell phenotypes that include nearly all stages of lung
epithelium development’®. On the other hand, metastasis samples displayed
enrichment for the key lung epithelial progenitor transcription factors (e.g., SOX2)
and resemble a more primitive and stem-like phenotype'®3. SOX2 is expressed by
endoderm and early lung epithelial progenitors in lung development and is
essential for lung tissue formation and epithelial regeneration upon tissue injury?4¢-
248 Moreover, SOX2 expression in LUAD is associated with CSC traits?*°. Given
the role of L1ICAM+ regenerative cell phenotypes during metastasis initiation and
epithelial tissue regeneration in CRC, we hypothesized that L1CAM+ regenerative
state would promote LUAD tumor development and metastasis and recapitulate

lung epithelial progenitor phenotypes in LUAD metastasis.

Our understanding of the L1CAM+ regenerative phenotype has been limited by
the use of patient-derived xenograft models (i.e., cancer cell lines and patient-
derived organoids), which show cell line- and patient-specific differences and lack
the intact mouse immune system. In this chapter, to investigate how L1CAM

expression emerges upon loss of epithelial integrity at the invasion front of primary
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tumors and during tumoroid growth in vitro and metastatic colonization, we used a
mouse LUAD tumor model and tumoroids. We generated a genetic knockout of
L1CAM in the mouse LUAD tumor model and demonstrated that L1CAM is
dispensable for carcinoma initiation in mouse LUAD. However, L1CAM provides a
growth advantage in tumoroid growth in vitro and is required for metastatic
colonization and for acquiring a progenitor-like regenerative state. By applying
single-cell transcriptomic analyses and in vitro perturbation experiments, we define
how L1CAM mediates the activation of the Wnt/PCP pathway and leads to the
reenactment of a progenitor-like regenerative state defined by the expression of

early lung epithelial progenitor transcription factor SOX2.

3.2 Results

3.21 L1CAM Is Expressed in Metastases and Organoids in Lung
Adenocarcinoma

To investigate the expression pattern of L1CAM in LUAD, I, together with Dr. Jin
Suk Park in our lab, analyzed a panel of primary and metastasis tumor samples
from LUAD patients and LUAD patient-derived xenografts (PDX) tumors. Although
L1CAM was expressed in LUAD primary tumors at low levels, it was enriched both
in the metastatic cells locally disseminated into the pleural fluid and lung (pleural
metastasis) and in the metastases in distant organs such as bone, brain, and liver
(Figure 3-1a & b). Moreover, strong L1CAM expression was also detected in PDX
tumors derived from LUAD primary tumors and metastases (Figure 3-1a & b) and

in LUAD PDX organoids (Figure 3-2). Increased L1CAM expression in LUAD cells
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during their regrowth as metastases, PDX tumors, and patient-derived organoids
further supports our previous finding in both intestinal tissue and CRC tumors that
L1CAM is expressed in regenerating cells upon loss of epithelial integrity®® (Figure

3-1c¢).

3.2.2 L1CAM Is Expressed at the Invasive Front of Mouse LUAD Tumors
PDX models are promising tools to study cancer biology but they have critical
limitations, such as patient-specific differences due to mutations and
chemotherapy exposure, and the lack of an intact mouse immune system when
used in xenograft studies. Moreover, because we aimed to determine whether
L1CAM is required for carcinoma initiation and progression using a well-defined
and genetically traceable tumor model system, we decided to continue our study
using the KrastSL-G12Dr+.  Typh3foxfox,  Rosg26-SL-Casd-EGFP (KP) genetically
engineered mouse model (GEMM) of LUAD?%2%'. In the KP model, the Cre
recombinase is introduced to the lungs via intratracheal injection of the Lenti-SPC-
Cre lentivirus and drives the oncogenic KRAS-G12D expression and the
homozygous deletion of the p53 tumor suppressor in AT2 cells of the lung (Figure
3-3)2%0.2%1 " which are the well-known origin of LUAD®"92, This model precisely
recapitulates the molecular and histopathological characteristics of human lung
adenocarcinoma?50-252,

| delivered the lentivirus encoding Cre recombinase to KP mice via intratracheal
instillation and allowed LUAD formation for at least 14 weeks. We monitored tumor

formation and progression by bioluminescence imaging (BLI) and micro-
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computerized tomography (micro-CT) (Figure 3-4). Then, | collected tumor-bearing
lungs from KP mice at the adenoma/adenocarcinoma transition (10-19 weeks post-
initiation) and adenocarcinoma (20+ weeks post-initiation) stages to investigate
L1CAM expression by immunohistochemistry. Although L1CAM was not detected
in normal mouse lungs, it was expressed at the invasive front of KP tumors (Figure
3-5) and significantly increased in the late-stage KP tumors (Figure 3-6), similar to
the L1CAM expression pattern in LUAD patient primary tumors®+253, Furthermore,
L1CAM expression was detected mostly at the cell-cell junctions in addition to the

cell-matrix interface (Figure 3-5).

3.2.3 L1CAM Is Enriched During LUAD Cell Regrowth as Tumor Organoids

| isolated EGFP+ KP tumor cells from the tumor-bearing mouse lungs at the
adenocarcinoma stage by FACS to grow tumor organoids (“‘tumoroids”) in vitro.
Isolated KP tumor cells were grown in Matrigel supplemented with 2% FBS-
containing LUAD tumoroid media'®. While only ~5% of KP primary tumor cells
were L1CAM+ (Figure 3-6), L1ICAM+ cells were enriched in the KP tumoroid
culture and reached to ~20% in 7 days (Figure 3-7). When KP tumoroids were
dissociated into single cells and re-seeded in Matrigel, L1ICAM expression was
sustained in the next passage at similar levels (Figure 3-7). Similar to the KP LUAD
tumors, L1CAM expression in KP LUAD tumoroids was strongly localized at the

cell-cell junctions in addition to the cell-matrix interface (Figure 3-8).
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3.2.4 L1CAM Is Dispensable for KP Primary Tumor Growth

To investigate whether L1CAM was required for carcinoma initiation and
progression, | generated a L1CAM-null KP LUAD tumor model, named KPL1, by
crossing the KP mice with the conditional L1CAM knockout mice (L7camfoX/fox)
(Figure 3-9)'"8. | monitored LUAD tumor growth in KP and KPL1 mice by BLI and
micro-CT after the Lenti-SPC-Cre intratracheal instillation and showed that L1CAM
was not required for the carcinoma initiation and development in mouse LUAD

(Figure 3-10).

| sacrificed the KP and KPL1 mice at the 22-week time point and collected tumor-
bearing lungs to perform histological analyses. KP and KPL1 tumors were both
high-grade and invasive to the adjacent lung parenchyma and exhibited a
combination of tubular and solid growth patterns (Figure 3-11). Both KP and KPL1

carcinoma cells showed round to polygonal morphology (Figure 3-11).

3.2.5 L1CAM+ KP LUAD Cells Have a Growth Advantage as Tumor Organoids
| isolated EGFP+ KP and KPL1 tumor cells from mouse lungs at the 22-week time
point by FACS and generated KP and KPL1 tumoroids cultures (Figure 3-12a).
After 7 days of culture, KP and KPL1 cells showed similar tumoroid growth
capacities as determined by the number of tumoroids generated by KP and KPL1
single cells seeded in vitro (Figure 3-12b). However, when we sorted L1CAM-high
and L1CAM-low cells from KP tumoroids by FACS and seeded them into Matrigel,

we found that L1CAM-high cells had a 4.6-fold higher tumoroid formation capacity
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than L1CAM-low cells (Figure 3-13). These data show that L1CAM-high cells

exhibit superior tumoroid reinitiation capacity.

3.2.6 L1CAM Is Required for KP LUAD Metastasis

To investigate the role of L1ICAM in metastatic colonization by LUAD tumoroids, |
used a series of in vivo metastasis assays in athymic nude mice. | delivered FACS-
sorted L1CAM-high and L1CAM-low KP tumoroid cells, and KPL1 tumoroid cells
into athymic mice via tail vein to model lung colonization (Figure 3-14),
intracardially model multi-organ metastasis (Figure 3-15), or intratracheally (Figure
3-16) to model spread through air spaces in LUAD (STAS)®*. In all three
metastasis assays, L1CAM-high KP tumoroid cells exhibited the highest
colonization capacity while KPL1 tumoroid cells failed to colonize the lung and
other organs in mice. L1CAM-low KP tumoroid cells were also able to colonize the
lung after tail vein injection; however, they trend towards lower metastatic capacity
compared to L1CAM-high KP tumoroid cells after intracardiac and intratracheal
injections. Metastatic lesions formed by the inoculation of L1CAM-low KP tumoroid
cells into the circulation showed abundant L1CAM+ cells. We previously showed
that FACS-sorted L1CAM-low CRC organoid cells were able to re-express L1CAM
in vitro%8. The finding that L1CAM-low tumoroid cells re-expressed L1CAM in vivo
and established L1CAM+ lung colonies after tail vein injection into mice suggests
phenotypic plasticity in L1CAM-low cells (Figure 3-17), which further supports our
previous findings that L1CAM expression is dynamically induced upon loss of

epithelial integrity and during growth reinitiation.
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To test the growth reinitiation capacity of KPL1 tumoroid cells in vivo, we repeated
the tail vein injection of FACS-sorted KP L1CAM-high, KP L1CAM-low, and KPL1
tumoroid cells into athymic mice with 5-times higher number of cells per mouse
(Figure 3-18) than the previous tail vein injection experiment (Figure 3-14). Similar
to the lung colonization experiment in Figure 3-14, the growth reinitiation capacity
of FACS-sorted L1CAM-high and L1CAM-low KP tumoroid cells were comparable
(Figure 3-18). When injected at a high concentration, KPL1 tumoroid cells were
also able to form small colonies in the mouse lungs (Figure 3-18). In addition to
the smaller size, the KPL1 tumoroid-derived colonies were also histologically
different from KP tumoroid-derived colonies. The KP tumoroid-derived colonies
exhibited highly invasive, ECM-rich, and solid growth patterns accompanied by
(under these rapidly growing conditions) hemorrhage in the mouse lungs. In
contrast, the KPL1 tumoroid-derived lung colonies showed more tubular and
differentiated morphology (Figure 3-18c), which is similar to the morphology of KP
and KPL1 primary tumors (Figure 3-11). Taken together, these data showed that
L1CAM is required both for growth reinitiation at distant sites and for the

manifestation of heterogeneity and invasiveness in metastases of KP LUAD.

3.2.7 KP LUAD Metastases Exhibit a SOX2+ Early-Stage Progenitor-Like
State
The striking growth reinitiation capacity of the L1CAM-high KP LUAD cells in vitro

and in vivo led us to investigate the regenerative progenitor phenotype in LUAD
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metastasis. Previously, our lab showed that LUAD patient metastatic samples are
composed of more primitive and less-differentiated cell phenotypes defined by
expression of the early-stage lung epithelial progenitor cell transcription factor
SOX2 whereas primary tumors displayed cell phenotypes from many stages of
lung epithelial development, including more differentiated states defined by the
expression of later stage progenitor factors NKX2-1, FOXA2 and SOX9'%. The
transcription factor SOX2 is crucial both for branching and cell differentiation in
lung epithelial development and for lung epithelial regeneration after injury, and
was shown to be associated with the metastatic phenotype in LUAD by Laughney
et al.’9, To find whether the less differentiated morphology and high metastatic
capacity of KP tumoroid cells are associated with a more primitive cell phenotype,
| investigated the SOX2 expression in KP and KPL1 tumoroid-derived metastatic
colonies. The lung colonies derived from KP and KPL1 tumoroids that exhibited
significant differences in morphology and mesenchymal characteristics also
demonstrated a dramatic difference in SOX2 expression (Figure 3-19a). The KP
tumoroid-derived lung colonies were highly SOX2+ whereas the small colonies
formed by KPL1 tumoroids lacked SOX2 expression (Figure 3-19b) and were
enriched for the later-stage progenitor factor SOX9 (Figure 3-19c¢). These findings
suggest that KP LUAD cells are capable of recapitulating early-stage progenitor
factor SOX2+ cell states whereas KPL1 LUAD cells exhibited more differentiated
cell states in metastasis. Therefore, | hypothesized that the emergence of early-
stage progenitor factor SOX2+ cell states is associated with L1CAM expression in

LUAD.
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3.2.8 L1CAM Maintains the SOX2+ Progenitor-Like State in KP LUAD

Next, to determine the molecular mechanisms that establish and characterize the
progenitor-like and metastatic phenotype in L1CAM+ LUAD cells, |, together with
Dr. Park, performed single-cell RNA sequencing (scRNA-seq) of KP and KPL1
cells freshly isolated from lung tumors, and from tumoroids that were grown for 2
days or 7 days in culture (Day 0: 15044, Day 2: 2406, and Day 7: 15983 cells)
(Figure 3-20a). All scRNA-seq data were merged, processed, and normalized to
generate UMAP clusters corresponding to each time point. Clustering revealed
that KP and KPL1 cells exhibited a transition of cell states during the 7-day culture

(Figure 3-20b).

Next, we focused on finding differentially expressed transcriptional signatures
between KP and KPL1 primary tumors and tumoroids. Intrigued by the differential
expression of SOX2 in lung colonies derived from KP and KPL1 tumoroids (Figure
3-19), we investigated the expression of SOX2 and later-stage progenitor cell
transcription factors NKX2-1, FOXA2, and SOX9 in the single-cell RNA-seq
dataset to identify the association between more primitive cell states'® and

L1CAM expression.

Unsupervised clustering and heatmap analysis of mean gene expression revealed

that multiple clusters expressed L1CAM at all time points (Figure 3-21). While

L1CAM-high and L1CAM-low cells were assembled in multiple clusters and
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exhibited mixed expression of epithelial progenitor markers, we noticed that the
clusters with the highest L1CAM expression were always SOX2-high (Figures 3-
21 and 3-22), In addition to SOX2, L1CAM-high cells also showed expression of
the transcription factors NKX2-1, FOXA2, and SOX9 that specify the later stage
progenitors of the lung epithelial development, and the expression of NKX2-1 and
FOXA2 becomes more enriched in L1CAM+ clusters on days 2 and 7 (Figure 3-
21). Moreover, we observed that the L1CAM+ SOX2+ cells were also enriched for
the expression of the lung and LUAD stem cell marker PROM1 (CD133)°! and the
LUAD stem cell marker ALDH1A12% (Figure 3-22), which indicates that L1CAM+

SOX2+ LUAD cells exhibit a progenitor and stem-like phenotype.

| confirmed the association between L1CAM and SOX2 expression by showing
that SOX2 expression cells are maintained and amplified in KP tumoroids but lost
in KPL1 tumoroids by immunostaining for L1ICAM and SOX2 (Figure 3-23).
Moreover, when KP tumoroids were sorted into L1CAM-high and L1CAM-low
populations by FACS, L1CAM-high KP tumoroid cells showed higher SOX2
expression than L1CAM-low KP tumoroid cells (Figure 3-24), which further

confirms the strong association of LICAM and SOX2 expression in KP LUAD.

In addition to the KP LUAD model, we also noted the association between L1CAM
and SOX2 in the primary and metastatic tumor samples from LUAD patients. SOX2
expression was enriched in the fluid and solid metastatic samples (Figure 3-25a)

and correlated with high L1CAM expression (Figure 3-25b & c). Collectively, these
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data demonstrated that L1CAM+ cells exhibit a SOX2+ early-stage epithelial

progenitor state in mouse and human LUAD primary tumors and metastases.

Next, to determine whether SOX2 expression is dependent on L1CAM in KP
LUAD, | transduced KP tumoroids with lentiviruses that direct doxycycline-
inducible expression of short-hairpin RNAs (shRNAs) targeting L1CAM. Upon
doxycycline treatment, L1CAM knockdown in KP tumoroids decreased the SOX2
expression and promoted SOX9 expression (Figure 3-26). Additionally, when we
overexpressed L1CAM in KP tumoroids, SOX2 expression was upregulated while

SOX9 expression was downregulated (Figure 3-27).

These data showed that L1CAM is required for the maintenance and expansion of
SOX2 expressing LUAD cells and suggested that the SOX2+ progenitor-like state
maintained by L1CAM might be promoting the regenerative phenotype in LUAD
metastasis. Upon loss of L1CAM, LUAD cells lose SOX2 expression and transition

into a more differentiated SOX9+ phenotype.

3.2.9 The Chromatin Remodeler CHD1 Maintains the SOX2+ Progenitor-Like
State in KP LUAD

How might L1CAM mediate SOX2 expression in LUAD cells? L1CAM has a short
cytoplasmic tail that enables interaction with the cytoskeleton, but it is not a signal
transduction molecule®*'"”. L1CAM interactions in cis and in trans with signaling

molecules, such as integrins and FGFR, have often been found to trigger signal
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transduction®'116.244: however, the role of L1CAM in signal transduction pathways
is not well understood??. To find the mechanism of how L1CAM could regulate
SOX2 expression, we investigated the transcriptional regulators that are

specifically active in L1ICAM+;SOX2+ LUAD cells based in our scRNA-seq dataset.

First, we identified the L1CAM+ SOX2+ clusters in all time points (Figure 3-21) and
investigated the differentially expressed genes in these clusters. All three clusters
showed high expression of lung developmental and regenerative stem cell markers
p632%6:257  KRT52%, KRT142%, SLC16A32%%, PLSCR?%, RASSF9%%, LY6D?%,
LYB6A2%8, ITGB42%8, and SOX212%, in addition to the LUAD stem cell markers
PROM1 (Cd133)°" and ALDH1A12% (Figure 3-22), which further supports that
L1CAM+ SOX2+ cells show a progenitor-like transcriptional profile in LUAD

primary tumors and during tumoroid growth.

Next, to find the transcriptional regulatory programs associated with, and
potentially responsible for SOX2 expression in these cells, we analyzed the
differentially upregulated genes of the L1CAM+ SOX2+ clusters using ChEA (ChIP
Enrichment Analysis)?%° and ENCODE (The Encyclopedia of DNA Elements)?8!.
By integrating the results of both analyses, we were able to identify a strong
enrichment for CHD1 and MYC transcriptional signatures in the L1CAM+ SOX2+

clusters (Figure 3-28).
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MYC is a pleiotropic transcriptional regulator and a proto-oncogene?®? and shares
many target genes with SOX2263264  Therefore, the enrichment of MYC
transcriptional signature observed in SOX2+ cells may reflect the functional
overlap of these two transcription factors in early-stage progenitors, rather than a
role of MYC in driving SOX2 expression. However, no such link is known in the
case of CHD1. CHD1 (Chromodomain Helicase DNA Binding Protein 1), is a
chromatin remodeler and a nucleosome assembly factor associated with active
transcription?65-267. CHD1 binding was detected in the Sox2 loci and shown to
promote self-renewal and pluripotency in embryonic stem cells?®”. A recent study
in mesenchymal stromal cells also noted that CHD1 knockdown reduced both
colony-formation capacity and expression of stem cell transcription factors,

including SOX2, OCT4, and NANOG?¢8,

Using publicly available ChIP-seq datasets?%® for CHD1 and ReMap?7°, | identified
three putative CHD1 binding sites in the mouse Sox2 locus?’! and in the distal
enhancer that regulates Sox2 expression in mouse embryonic stem cells?’? (Figure
3-29). Indeed, knocking down CHD1 using independent shRNAs sharply reduced
SOX2 expression in KP tumoroids (Figure 3-30). Taken together, these data

suggest that CHD1 is necessary for SOX2 expression in KP LUAD.

Although CHD1 is required for SOX2 expression in KP tumoroids, its expression

is not restricted to the L1ICAM+ SOX2+ clusters as shown by scRNA-seq (Figure

3-31). However, as the ChEA and ENCODE analyses showed that the
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transcriptional activity of CHD1 is uniquely associated with SOX2 expression, |
hypothesized that CHD1 additionally requires a second input that is specific to
L1CAM+ SOX2+ cells and that the second input either activates or cooperates with

CHD1 in regulating the SOX2 expression in KP LUAD cells.

3.210 L1CAM Maintains SOX2 Expression by Establishing Planar Cell
Polarity Pathway in KP LUAD

Although we identified CHD1 transcriptional activity specifically in association with
the L1CAM+;SOX2+ cells, the expression of CHD1 was not limited to this cluster
(Figure 3-31). Chromatin remodeling in the Sox2 locus might be mediated by
CHD1, but the L1CAM-SOX2 association raises the possibility that SOX2
expression additionally requires a second input that is specific to L1CAM+ cells.
To test this possibility, | decided to investigate the biological processes and
signaling pathways enriched in the L1CAM+ SOX2+ clusters identified in the
scRNA-seq (Figure 3-21). | analyzed the differentially expressed genes of the
clusters of interest using the Gene Ontology (GO) tool?”® and detected distinct

biological processes at all three time points (Figure 3-32).

In KP primary tumors (Day 0), L1CAM+ SOX2+ KP LUAD cells showed significant
enrichment in the GO terms of cilium assembly and movement, mitochondrial ATP
synthesis, and G2/M transition in the cell cycle (Figure 3-32a). Interestingly, this
cluster shows strong enrichment in cilium assembly signature due to the differential

expression of FOXJ1, ARL13B, CEP19, TEKT1, TEKT2, NEK1, TUBA1A,
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DYNC2H1 and other cilium-associated components. The L1CAM+ SOX2+ cluster
of the Day 0 time point is also enriched for the expression of CDKN1A, RB1, and
CHEK?2, suggesting that the cell cycle is negatively regulated. In addition, the
expression of aerobic electron transport chain genes points out that the

mitochondrial electron transport chain might be active in these cells.

After 2 and 7 days of in vitro culture, L1CAM+ SOX2+ cells continued to present
enrichment in the GO terms of cilium assembly and movement and G2/M transition
in the cell cycle but also showed significant enrichment in additional GO terms
including non-canonical Wnt/PCP pathway, regulation of establishment of planar
polarity, homophilic cell adhesion via plasma membrane adhesion molecules, and
hemidesmosome assembly, which suggested that L1CAM+ SOX2+ cells in
growing tumoroids might have established and utilized cell-cell junctions to activate
the Wnt/PCP pathway (Figure 3-32b & c). The cells express the hemidesmosome
components ITGB4 and COL17A1, and homophilic cell adhesion genes CELSR2,
BSG, NPTN, CDH13, NECTIN1, and EMB in addition to L1CAM. The ligands
WNT4, WNT7, and WNT11, the receptors FZD3 and FZD6, and the Wnt/PCP
signaling component DAAM1 were upregulated in the Day 2 and 7 clusters. When
the Wnt/PCP pathway signaling is activated, the downstream effector JNK
phosphorylates and promotes the nuclear translocation of the transcription factor
Jun?™, Interestingly, the Wnt/PCP pathway, JNK, and Jun have been previously
shown to regulate SOX2 expression??%275280 gnd cell migration and

metastasis?®:282 in many cancer model systems. Moreover, activation of the
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Wnt/PCP pathway requires cell-cell adhesion molecules'®®283, Therefore, we
hypothesized that the Wnt/PCP pathway might regulate the SOX2 expression and

SOX2+ cell state in KP LUAD cells in an L1CAM-dependent manner.

Firstly, we showed that the Wnt/PCP components and ciliary gene expression
were enriched in the LICAM+ SOX2+ clusters in the scRNA-seq dataset (Figure
3-33) suggesting that the FZD6-dependent Wnt/PCP pathway and primary cilia
might be established in the L1ICAM+ SOX2+ KP cells. Because we failed to detect
FZD3 expression in the Day 2 dataset, we decided to focus only on FZD6. We
confirmed the presence of primary cilia in L1CAM+ and SOX2+ cells by
immunostaining for the ciliary small GTPase ADP-ribosylation factor-like 13B
(ARL13B) (Figures 34 & 35), which would suggest that L1CAM facilitates cilium
assembly and that these cells are equipped with primary cilia and able to activate
cilia-dependent signaling pathways, such as Hedgehog or Notch pathways, upon
stimulation. While SOX2 expression and cilia are tightly associated on day 2,
ciliated SOX2+ cells become a minority as tumoroids develop (Figure 3-35). The
decrease in ciliated SOX2+ cells in tumoroids could be attributed to the
asymmetrical inheritance of primary cilia?84. Primary cilia are disassembled during
cell division but the mother centriole is endocytosed together with the ciliary
membrane, which persists through the cell division and is inherited by one of the
daughter cells, resulting in asymmetric inheritance of primary cilium in embryonic
stem cells?®4. The daughter cell receiving the mother centriole reassembles the

primary cilium and also retains stem cell phenotype?®4285, Based on this, the early
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progenitor character of ciliated and non-ciliated SOX2+ KP tumoroid cells requires

further investigation.

To determine the association between L1CAM, SOX, and PCP, we first confirmed
the nuclear localization of the effector transcription factor of PCP and FZD6, Jun,
by immunostaining and showed that Jun colocalizes with the L1CAM+;SOX2 KP
tumoroid cells (Figure 3-36). Next, | surveyed the Jun binding sites in the mouse
Sox2 locus?’! and the distal enhancer that regulates Sox2 expression in mouse
embryonic stem cells?’? the PROMO tool?86-2¢7, | found five Jun binding sites in the
Sox Regulatory Regions (SRR1 and SRR2) and six in the Sox2 distal enhancer
(Figure 3-37), which supports our hypothesis that Jun might regulate Sox2

transcription.

Then to find whether the Wnt/PCP pathway depends on L1CAM, we analyzed the
FZD6 expression in KP tumoroids that stably express doxycycline-inducible
shRNAs that target L1CAM. While L1CAM knockdown in KP LUAD tumoroids have
not affected the FZD6 mRNA levels (Figure 3-38), it dramatically reduced the
membrane expression of FZD6 protein (Figure 3-39), which shows that the
establishment of the Wnt/PCP pathway is dependent on L1CAM expression in KP
LUAD tumoroids. Furthermore, L1CAM knockdown using doxycycline-inducible
shRNAs in KP tumoroids reduced the nuclear localization of the transcription factor
Jun (Figure 3-40). These results demonstrated the role of L1ICAM in establishing

and promoting the activation of the Wnt/PCP pathway and Jun nuclear localization
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in KP LUAD tumoroids. Taken together, the evidence suggests that the FZDG6-
directed Wnt/PCP pathway and Jun nuclear localization in KP LUAD cells depend

on L1CAM-mediated cell-cell adhesion and might regulate SOX2 expression.

To determine the role of FZD6 signaling in SOX2 regulation, we transduced KP
tumoroids using lentivirus directing the expression of doxycycline-inducible
shRNAs targeting FZD6 and showed that knocking down FZD6 reduced SOX2
expression in KP tumoroids (Figure 3-41). Next, we treated the KP tumoroids with
the JNK inhibitor (SP600125)?’¢ to inhibit the phosphorylation and nuclear
translocation of Jun. Chemical inhibition of Jun activation reduced SOX2
transcription in KP tumoroids, which demonstrates that SOX2 expression is
regulated by the transcription factor Jun (Figure 3-42). Taken together, these data
demonstrate the key role of L1CAM in promoting the SOX2+ progenitor-like state
by mediating the establishment of the Wnt/PCP pathway and Jun transcriptional

activity.

3.3 Conclusions and Discussion

Our results show that L1CAM expression is essential for metastatic colonization
and for the establishment of a progenitor-like state in LUAD metastasis. L1CAM
expression emerges at the invasive front of primary tumors and is enriched during
regrowth as LUAD tumoroids and metastases. L1ICAM+ cells exhibit superior
growth reinitiation capacity in tumoroid culture and metastatic colonization and

represent an L1CAM-dependent SOX2+ progenitor-like state. In addition to its
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expression at the cell-ECM interface, L1CAM is expressed at cell-cell junctions
and facilitates the activation of the Wnt/PCP pathway and the nuclear localization
of the transcription factor Jun. Jun drives transcription at the Sox2 locus, which is
primed for transcription by the chromatin remodeler CHD1. As a result, L1ICAM+
cells maintain the SOX2+ progenitor-like state and growth reinitiation capabilities

in LUAD tumoroids and metastasis (Figure 3-43).

This work emphasizes both the important roles of phenotypic plasticity and
progenitor-like state in metastasis initiation and the distinction between CSCs and
MICs. The ability to exhibit phenotypic plasticity and to acquire stem and
progenitor-like traits is essential for MICs to reinitiate growth at distant sites and
distinguishes them from CSCs6881.239.288-290 \Whijle CSCs originate from adult
homeostatic stem cells carrying oncogenic mutations and drive tumorigenesis,
both emerging evidence in the literature and our previous work on L1CAM in CRC
show that metastases are not seeded by CSCs but by MICs, which are
phenotypically distinct cancer cell populations and reminiscent of tissue
regenerative stem cells*5881.239 Qur findings in LUAD confirm that L1CAM+ MICs
are not CSCs as they are dispensable for carcinoma initiation. On the other hand,
our study provides further evidence to demonstrate that L1CAM+ progenitor-like
state emerges upon loss of epithelial integrity and promotes growth reinitiation in
LUAD tumoroid culture and metastasis by using a genetically tractable tumor
model. The observation that L1CAM is necessary for the Wnt/PCP signaling, which

regulates SOX2 expression in cooperation with the chromatin modifier CHD1,
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indicates that LUAD MICs acquire metastatic characteristics through non-genetic
modifications. On the contrary, these results suggest the ability of MICs to evolve
under challenging conditions of the metastatic cascade and to acquire
regenerative progenitor-like traits, which molecularly and phenotypically resemble
the regenerative stem cells that emerge upon tissue injury and are employed in

tissue repair in lung?%%-2%” and other tissues*59.78:240-242,

Our results reveal a surprising mechanism for L1CAM in metastatic colonization.
Previously L1CAM has been shown to activate the mechanotransduction
transcription factors YAP and MRTF by interacting with both integrins and vascular
basement membrane during metastasis initiation®' but whether L1CAM functions
only via mechanotransduction signaling and whether L1CAM might be involved in
distinct signaling events when expressed at cell-cell junctions were not clearly
understood. The observation that L1CAM is necessary for the establishment of
Wnt/PCP pathway to maintain the SOX2+ progenitor-like state defined the
molecular foundations of the regenerative capacity of LICAM+ MICs and also
proposed a new role for L1ICAM at cell-cell junctions. Cell adhesion molecules in
homodimers such as Fmi in D. melanogaster and CELSR in mammals expressed
at cell-cell junctions are essential for the formation of the Wnt/PCP complexes
between adjacent cells'®®. Whether L1CAM engages in homophilic interactions to
enable the Wnt/PCP pathway similar to Fmi and CELSR homodimers remains an
important and open question and requires further investigation. Previous studies

have reported that cell adhesion molecules that support Wnt/PCP function
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physically interact with other Wnt/PCP components at the membrane'65.167.169.291-
293 Because we have not found any evidence of L1CAM interaction with the
Wnt/PCP pathway proteins, we attribute the requirement for L1CAM in the
Wnt/PCP pathway to the formation of L1CAM-dependent cell-cell junctions that
crucially favor the assembly of PCP core protein complexes. A more detailed study
of the membrane recruitment of the Wnt/PCP pathway proteins is needed to find

the role of L1CAM in supporting this process.

In addition to L1CAM and the Wnt/PCP pathway, SOX2 expression is also
dependent on the chromatin remodeler CHD1, which indicates that the SOX2+
progenitor-like state is maintained by multiple factors including signal transduction
and chromatin regulation. CHD1 has been previously shown to influence SOX2
expression and self-renewal in stem cells?%72%8 put the mechanism of how CHD1
is regulated is poorly understood. The observation that CHD1 expression was not
unique to the L1ICAM+ SOX2+ cells but its transcriptional activity was specifically
detected in the L1CAM+ SOX2+ cells suggested the presence of an additional
input that activated or cooperated with CHD1 in regulating SOX2 expression,
which was identified as Jun. One possible mechanism for their cooperation may
be the priming of the Sox2 locus by CHD1 and the transcriptional activation by Jun.
Whether the recruitment of Jun to the Sox2 locus depends on CHD1 needs to be

determined.
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Intriguingly, L1CAM+ SOX2+ cells uniquely express the cilium assembly genes
and exhibit primary cilia in tumoroids. The observations on primary cilia in KP
LUAD tumoroids have highlighted interesting and unique characteristics of the
SOX2+ progenitor-like state and raised further questions on the formation and role
of primary cilia. Although many studies show that primary cilia positioning and
assembly depend on the Wnt/PCP pathway'8, it is interesting to note that primary
cilia can also act as a switch between the canonical Wnt and the Wnt/PCP
pathways'®3. In addition, whether the primary cilia-associated signaling pathways,
such as Hedgehog signaling, are active and contribute to SOX2 expression in KP
LUAD is unknown. Therefore, the relation between cilia, L1CAM, Wnt/PCP
pathway, and SOX2 expression in LUAD cells remains to be determined in future

studies.

The main focus of this study has been on the L1CAM+ SOX2+ progenitor-like
state; however, our results show that multiple clusters of KP LUAD cells express
L1CAM and the later-stage progenitor cell markers (e.g., NKX2-1 and FOXAZ2) at
varying levels. Whether L1CAM+ SOX2- LUAD cells also exhibit phenotypic
plasticity and whether L1CAM has a different role in such cells are open and

important questions.

In sum, this study investigated how the L1CAM-dependent regenerative

phenotype emerges in LUAD metastasis and identified a novel mechanism for how

L1CAM promotes the progenitor-like state during tumoroid growth and metastatic
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colonization by facilitating the Wnt/PCP pathway and maintaining the expression
of the early-stage progenitor transcription factor SOX2. The interesting finding that
L1CAM mediates the establishment of the Wnt/PCP pathway emphasizes the
need for more detailed studies on the role of L1CAM both in cell-cell interactions
and in PCP component organization on the cell membrane. Additionally, further
investigation on the formation and function of the primary cilia may give rise to
important insights about its association with L1CAM+ SOX2+ cells and its potential
role in LUAD progression. Altogether, our findings highlight the significance of
phenotypic plasticity in metastatic cells necessary to reenact the developmental
and regenerative progenitor cell states in metastasis. In this regard, further
investigation into the emergence and mediators of such states would unveil the

underlying mechanisms driving metastasis.
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Chapter 4: Materials and Methods

4.1 Molecular and Cell Biology

4.1.1 Isolating Cells from Lung Adenocarcinoma

Cancer cells were isolated from 20-32-week-old lung adenocarcinoma tumors
harvested from 28-42-week-old mice. Mice were euthanized and perfused with
PBS. Tumor-bearing lungs were harvested in ice-cold PBS. Entire lungs were
dissociated into single cells in 1 mg/ml Collagenase IIl (Worthington Biochemical),
1 mg/ml Dispase Il (Sigma-Aldrich), and 100 ug/ml DNase | (EMD Millipore) in
Dulbecco’s Modified Eagle’s Medium (DMEM) at 37°C for 30 min after mechanical
dissociation by using GentleMACS™ C Tubes (Miltenyi Biotec) and GentleMACS
Dissociator (Miltenyi Biotec). The cell suspension was filtered through 70 ym
EASYstrainer (Greiner Bio-one) and spun at 300 g for 5 min at 4°C. The
supernatant was aspirated, and red blood cells were lysed using RBC Lysis Buffer
(eBioscience). The cells were washed with PBS and spun at 300 g for 5 min at
4°C. The supernatant was aspirated, and the cells were resuspended in
Fluorescence-Activated Cell Sorting (FACS) buffer (0.001% FBS (vol/vol) in PBS)

before straining through a 35 um filter and prepared for FACS.

4.1.2. Fluorescence Activated Cell Sorting (FACS)

Single cells resuspended in FACS buffer were stained for 20 min with before
washing twice with FACS buffer. Cells were spun at 300 g for 5 min at 4°C after
washing and resuspended in FACS buffer containing DAPI (final concentration 3

MM, Fisher Scientific) to distinguish dead cells. FACS was performed at the Flow
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Cytometry Core Facility at Sloan Kettering Institute/MSKCC using a BD FACS Aria
Sorter with the “single cell purity” mode. Cancer cells from mouse lungs were
sorted as DAPI/CD45/EGFP* live cells using anti-CD45-PE (Invitrogen). L1CAM-
high KP LUAD cells from single-cell dissociated tumoroids were sorted as DAPI
/CD45/EGFP*/L1CAM?* live cells. L1ICAM-low KP LUAD cells from single-cell

dissociated tumoroids were sorted as DAPI/CD45 /EGFP*/L1CAM- live cells.

4.1.3 Mouse 3-Dimensional Tumoroid Culture

Primary tumoroid cultures were generated from 20-32-week-old lung
adenocarcinoma tumors harvested from 28-42-week-old mice. Cancer cells sorted
from tumor-bearing mouse lungs by FACS were mixed in 50% Matrigel (Corning)
and 50% KP LUAD media and seeded in Matrigel-coated non-tissue culture-
treated plates or glass-bottom plates. Tumoroids were cultured in KP LUAD media
(Advanced DMEM/F-12 (Thermo Fisher Scientific) containing 2% FBS (vol/vol,
Takara Bio), 2 mM GlutaMAX (Thermo Fisher Scientific), 10 mM HEPES, 100 U/ml
Penicillin/Streptomycin (Thermo Fisher Scientific), 2 pg/ml Gentamicin (Gibco)) at

37°C. Fresh media were added every 1-2 days.

4.1.4 Human CRC Organoid Culture

Primary human CRC organoids established in previously described protocol were
seeded in Matrigel in uncoated non-tissue culture-treated 6-well plates and
cultured in HISC medium Advanced DMEM/F12 containing Wnt-3a (conditioned

medium from L-Wnt3A cells (ATCC)), R-Spondin1 (conditioned medium from m-
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RSpo-Fc cells (a kind gift of C. Kuo, Stanford University), 50 ngml~' EGF,
50 ng mI~' Noggin (Peprotech), 10nM gastrin (Sigma), 10 mM nicotinamide
(Sigma), 500nM A8301 (Sigma), 10uyM SB202190, 10 mM HEPES, 2mM
glutamine, 2 mM N-acetylcysteine, 1 yM PGE2 (Sigma), 1:100 N2 (Invitrogen),
1:50 B27 (without vitamin A) and 100 ug mI~' Primocin (InvivoGen)) was added.
Y27632 (10 uM; Sigma) was added for initial organoid generation and for 48 h after

every passage.

4.1.5 Generating Lenti-SPC-Cre Virus

The Lenti-SPC-Cre plasmid was constructed by cloning the SPC promoter
sequence received from Tuomas Tammela (Sloan Kettering Institute/MSKCC) into
the pLL3.7 plasmid (Addgene #11795). Lenti-SPC-Cre virus particles were
generated by using HEK293T cells transfected with 9 pug Lenti-SPC-Cre plasmid,
8 ug pSPAX2, 3 ug pMD2.G using Lipofectamine 3000 diluted in Opti-MEM media
(Thermo Fisher Scientific) overnight. Then, HEK293T cells were cultured in DMEM
containing 10% FBS (vol/vol), 2 mM L-Glutamine (Thermo Fisher Scientific), 100
U/ml Penicillin/Streptomycin (Thermo Fisher Scientific) for 48 hours. Lentivirus-
containing media were collected by spinning at 300 g for 5 min at 4°C and straining
through 0.45 pm Millex-HV filter (EMD Millipore). Lentivirus particles were
concentrated using Amicon Ultra-15 centrifugal filter unit (Sigma Aldrich) according

to the manufacturer’s instructions.
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4.1.6 Immunostaining

Mouse tissues were fixed in 4% paraformaldehyde for 24 hours before paraffin
embedding. Immunohistochemistry staining was performed on 5-um sections with
standardized automated protocols on a Ventana Discovery XT machine using anti-
L1CAM (clone 14.10, Biolegend), anti-SOX2 (clone Btjce, Invitrogen), and anti-
SOX9 (EMD Millipore). Ultra-High-Def Mouse on Mouse (MOM) blocking reagent
(StatLab) was used for L1CAM staining on mouse tissues. Hematoxylin and eosin

staining was performed by Histowiz, Inc (Brooklyn, NY, US).

Mouse tissue sections were deparaffinized using Histoclear (National Diagnostics)
and serial ethanol washes. Antigen retrieval was performed in the Tris-based
antigen unmasking solution (Vector Laboratories) for 20 min in a steamer basket.
After washing with PBS, sections were blocked by 10% normal donkey serum
diluted in PBS-T (0.1% Triton X-100 in PBS) for 1 hour. Sections were incubated
with primary antibodies diluted in the blocking solution overnight at 4°C. Following
three washes with PBS-T, sections were incubated with secondary antibodies in
dark at room temperature for 1 hour. After washing sections with PBS-T three
times, nuclei were stained using 1:10,000 DAPI for 5 min, followed by two washes
in PBS. Sections were air-dried and mounted using ProLong Diamond antifade
mountant (Invitrogen). Images were taken using an Imager.Z1 with Apotome.2
optical sectioning module (Zeiss) or a TCS SP5 confocal microscope (Leica

Microsystems). Captured images were processed and quantified using FIJI.
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Mouse LUAD tumoroids were cultured in Matrigel-coated 8-well chambered slides.
Medium was aspirated and tumoroids were fixed in 4% paraformaldehyde for 20
min at room temperature. After washing with PBS once, tumoroids were
permeabilized in 0.01% Triton X-100 in PBS for 10 min at room temperature. After
washing with PBS once, tumoroids were blocked using 10% normal donkey serum
in PBS for 1 hour at room temperature. Tumoroids were incubated with primary
antibodies diluted in the blocking solution for 2 hours at room temperature and
washed with PBS three times for 10 min each on a shaker. Tumoroids were
incubated with secondary antibodies diluted in the blocking solution for 1 hour in
dark at room temperature and then washed with PBS three times for 10 min each
on a shaker. Nuclei were stained using 1:10,000 DAPI for 5 min, followed by two
washes in PBS. Sections were air-dried and mounted using ProLong Diamond
antifade mountant (Invitrogen). Images were taken using an Imager.Z1 with
Apotome.2 optical sectioning module (Zeiss) or a TCS SP5 confocal microscope

(Leica Microsystems). Captured images were processed and quantified using FIJI.

4.1.7 Knockdown and Overexpression in Mouse Tumoroid Culture

Doxycycline-inducible L1CAM and FZD6 knockdown was generated by lentiviral
shRNAs (Horizon Discovery). Single-cell suspensions of LUAD tumoroids were
mixed with lentivirus, TransDux MAX lentivirus transduction reagent, and
Enhancer according to the manufacturer’s instructions. Transduction mix was spun
in 48-well non-tissue culture-treated plates at 1,500 g at 32°C for 2 hours. After

spinning, cells were collected in centrifuge tubes and spun at 1,500 g for 5 min.

59



The supernatant was removed, and the cell pellet was resuspended in 50%
Matrigel and 50% KP LUAD media to be seeded for puromycin selection (4 pg/ml)

after 2 days for 1 week.

4.1.8 RNA Isolation and Quantitative Real-Time PCR

Mouse tumoroid cultures were incubated in Cell Recovery Solution (Corning) for
30 min at 4°C. After centrifugation at 300 g at 4°C for 5 min, tumoroid pellets were
processed for total RNA isolation using RNeasy Mini kit (Qiagen). Total RNA (200
ng) was used to generate cDNA using the Transcriptor First-Strand cDNA
synthesis kit (Roche). gRT-PCR was performed with TagMan gene expression
assay probes, and expression levels were normalized to the expression of Gapdh

using an ABI Viia7 Real-Time PCR System (Applied Biosystems).

4.1.9 Solid-Phase Binding Assay

Solid-phase L1CAM ligand binding assays used recombinant human L1CAM
(human Fc tag, R&D Systems; His tag, Thermo Fisher Scientific), UltraPure BSA
(Thermo Fisher Scientific), purified mouse laminin-111 (Sigma-Aldrich), purified
mouse collagen IV (Cultrex, R&D Systems), purified human collagen V (Sigma-
Aldrich), recombinant human tenascin C (R&D Systems) and recombinant human
laminin-411, laminin-421, laminin-511 and laminin-521 (Biolamina). 96-well
Maxisorp plates (Nunc) were coated overnight at 4 °C with 30 nM recombinant
protein, washed with PBS and blocked with protein-free blocking buffer (TBS,

Thermo Fisher Scientific) for 2 h at room temperature. Human L1CAM (Fc tag) in
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PBS was added to the wells, and plates were incubated for 1h at room
temperature and washed three times with 0.1% Tween-20 in PBS (PBS-T). HRP-
conjugated anti-human IgG (Thermo Fisher Scientific; 0.5 ugml~' in PBS) was
added to wells for 1 h at room temperature, plates were washed three times in
PBS-T and enzyme activity was measured with 1-Step Ultra TMB ELISA substrate

(Thermo Fisher Scientific) on a Synergy H1 Plate Reader at 450 nm.

4.1.10 Cell Adhesion Assay

To assay the L1CAM dependency of organoid cell adhesion to the basement
membrane, MSK121Li organoids were treated with doxycycline (200 ng mI~") or
left untreated for 48 h, dissociated and incubated for 24 h at 37 °C as single cells.
96-well Maxisorp plates (Nunc) were coated overnight at 4 °C with 30 nM laminins
(purified mouse laminin-111 and recombinant human laminin-411, laminin-421,
laminin-511 and laminin-521) or mouse collagen IV. After washing with sterile PBS
and blocking with 5% (wt/vol) BSA (Fisher Scientific; 1 h at room temperature),
100 pl of cell suspension (3 x 10* cells per ml) in ADF was added to the wells and
cells were allowed to adhere for 1 h at 37 °C. Then, wells were washed three times
with prewarmed ADF and adherent cells were quantified by CellTiter-Glo assay
(Promega), with data normalized to the luminescence detected immediately after

cell seeding to calculate the percentage of adherent cells.
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4.1.11 Single-cell RNA Sequencing and Analysis

Tumor cells from KP and KPL1 mice were isolated and collected as described in
the method. For the tumoroid samples, cells were seeded in Matrigel and cultured
for 2 and 7 days. To collect cells from tumoroids, Matrigel was dissolved by
suspending tumoroids in Cell Recovery Solution (Corning) for at least 30 min at
4°C. Tumoroids were subsequently dissociated with TrypLE for 10 min at 37°C,
and single cells were sorted in 0.04% BSA in PBS by flow cytometry with DAPI as
a viability marker. Single-cell RNA-seq was performed as previously described by
Ganesh et al. (2020). Briefly, single-cell samples were loaded onto the 10x
Genomics Chromium platform as performed by the Single Cell Analytics Innovation
Lab (SAIL). scRNA-seq libraries were prepared based on the manufacturer's
protocol for 3’ end reading. Single cells in gel beads in emulsion were captured
and single-stranded cDNA was amplified and quantified using a SimpliAmp
Thermal Cycler (Thermo Fisher Scientific). The sequencing data were

demultiplexed and generated a molecule count array from raw data.

The sequencing data from day 0, 2 and 7 were concatenated and analyzed using
Scanpy packages. Cells with low-complexity libraries and high mitochondrial
contents were filtered out according to the respective gene readouts per cell
content. A resulting number of cells was 32,266 cells with a library size of 15,217
genes. Data were normalized by median library size followed by a log
transformation before downstream analysis. The phenotype clustering was

calculated by the Leiden algorithm, and the differential gene expression was
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ranked by the Wilcoxon test. The first 30 principal components were used to
construct a Markov transition matrix and the normalized count matrix was further
imputed with the MAGIC algorithm. UMAPs and force-directed layouts were used
to visualize the clustering structures of cells based on the samples. Ranked counts
of genes per cluster were compared to highlight genes closely associated with
L1CAM. Heatmaps showing the scaled expression of L1CAM and developmental

transcription factors were generated based on the imputed count matrix.

4.2 Animal Experiments

4.2.1 Mouse Models

All animal experiments were conducted in accordance with protocols approved by
the MSKCC Institutional Animal Care and Use Committee (IACUC) and the
Research Animal Resource Center (RARC). The mouse strains Kras-S--¢12D
(B6.129S4-Kras'™Mi/J; stock 008179), Trp53"1 (B6.129P2-Trp53tm'BM/J; stock
008462), Rosa26-S--Cas%-ECFP  (BEJ.129(BEN)-Gt(ROSA)26Sortm1(CAG-cas9*,-
EGFP)Fezh/J; stock 026175)?%* were obtained from the Jackson Laboratory.
L1cam™ mice were a gift from Melitta Schachner (Rutgers University)''8. Mice
were inbred on a C57BL/6J background to generate the KP-Cas9 and KPL1-Cas9
mice. To induce tumor formation, 8- to 10-week-old mice were given 2.5 x 10* TU
of Lenti-SPC-Cre diluted in MEM medium (Gibco) via intratracheal instillation.
Tumor formation and development were monitored by monthly bioluminescence
imaging (BLI) by retro-orbital injection of D-luciferin (150 mg kg™') and the IVIS

Spectrum Xenogen instrument (Caliper Life Sciences). Data were analyzed using
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Living Image software v.4.5. Tumor volume was determined by scanning mouse
chest by micro-CT equipment Inveon™ PET/CT (Siemens Medical Solutions,
Knoxville, TN, US) under anesthesia maintained by approximately 1.5%
isoflurane/O2> for mouse hotel scans applied via nose cone. The micro-CT

acquisition consisted of 360 projections and the X-ray tube setting was 70 kV.

4.2.2 Experimental Metastasis Assays

Female athymic nude mice (Envigo, 069) at 4 to 8 weeks of age are used for in
vivo xenograft experiments. For tail vein injections, 2 x 10% or 1 x 10° cells were
delivered in 200 pl of PBS. For intracardiac injections, 5 x 10* cells were delivered
in 200 ul of PBS. For intratracheal injections, 3 x 10 cells were delivered in 100 pl
of S-MEM medium (Gibco Cat: 11380037). Metastatic growth was monitored
weekly by BLI by retro-orbital injection of D-luciferin (150 mg kg™') and the IVIS
Spectrum Xenogen instrument (Caliper Life Sciences). Data were analyzed using
Living Image software v.4.5. For metastasis experiments, animals were
anesthetized with 3% isoflurane/O2 and retro-orbitally injected with D-luciferin.
Isolated lungs, brains, kidneys, and livers were analyzed using IVIS Spectrum

Xenogen instrument and Living Image software v.4.5.

4.2.3 Mouse Colitis Injury Model

8- to 10-week-old C57BL/6J mice were given 3-3.5% (wt/vol) dextran sodium

sulfate (DSS, Affymetrix) in the drinking water ad libitum for 9 days, followed by
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water up to 19 days until euthanasia. Colon paraffin sections were prepared from

mice euthanized at IACUC-approved humane endpoints or on day 28.
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Table 4-1 Antibodies

Antibodies

Reagent Source Identifier

Mouse Anti-Mouse L1CAM Clone 14.10 ,Cat#
Monoclonal Antibody Biolegend 826701

Chicken Anti-GFP Polyclonal Antibody [Aves Labs Cat# GFP-1020
Rat Anti-Mouse CD45 Monoclonal Clone 30-F11,
Antibody, FITC Invitrogen Cat#11-0451-81

Rat Anti-Mouse L1CAM Monoclonal

Clone 555, Cat#

Antibody, APC Miltenyi Biotec 130-102-864

Rat Anti-Human/Mouse SOX2 Clone Btjce, Cat#
Monoclonal Antibody Invitrogen 14-9811-82
Rabbit Anti-Mouse SOX9 Polyclonal

Antibody EMD Millipore Cat# AB5535
Goat Anti-Mouse FZD6 Polyclonal

Antibody R&D Systems Cat# AF1526

Rabbit Anti-Mouse Jun Monoclonal Cell Signaling Clone 60A8, Cat#
Antibody Technology 9165S

Rabbit Anti-Mouse Phospho-Jun Cell Signaling Clone D47G9, Cat#
(Ser73) Monoclonal Antibody Technology 3270S
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Table 4-2 Resources and Reagents

Resources and Reagents

Reagent Source Identifier
Worthington
Collagenase |l Biochemical CLS-3
Dispase Il Sigma-Aldrich D4693-1G
DNase | EMD Millipore 260913
Matrigel Corning 356231
Advanced DMEM/F12 Gibco 12634-010
Penicillin/Streptomycin Gibco 15140163
Gentamicin Gibco 15710064
L-Glutamine Gibco 25030081
FBS Takara 631106
Glutamax Fisher Scientific 35-050-061
TrypLE Gibco 12563011
Cell Recovery Solution Corning 354253
eBioscience RBC Lysis Buffer Invitrogen 00-4300-54
DAPI Fisher Scientific D3571
Ultra-High-Def Mouse on Mouse Blocking P1-MOM-
Reagent StatLabs 10HRP
ProLong Diamond Antifade Mountant Invitrogen P36961
Histo-Clear National Diagnostics |HS-200
16% Paraformaldehyde Fisher Scientific 50-980-488
Tris-Based Antigen Unmasking Solution |Vector Laboratories |H-3301-250
TransDux MAX Lentivirus Transduction
Reagent System Biosciences |LV860A-1
RNeasy Mini kit Qiagen 74106
Transcriptor First-Strand cDNA synthesis
kit Roche 04897030001
Recombinant Human L1CAM R&D Systems 777-NC-100
Thermo Fisher
UltraPure BSA Scientific AM2616
Purified Mouse Laminin-111 Sigma-Aldrich L2020-1MG
Purified Mouse Collagen IV R&D Systems 3410-010-01
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Table 4-3 TagMan Probes

Mouse TagMan
Probes

Reagent Source Identifier
Thermo Fisher Cat# 4331182, Probe ID#
L1cam Scientific MmO00493049 m1
Thermo Fisher Cat# 4331182, Probe ID#
Gapdh Scientific Mm99999915_g2
Thermo Fisher Cat# 4331182, Probe ID#
Sox2 Scientific Mm03053810_s1
Thermo Fisher Cat# 4331182, Probe ID#
Sox9 Scientific MmO00448840 m1
Thermo Fisher Cat# 4331182, Probe ID#
Nkx2-1 Scientific MmO00447558 m1
Thermo Fisher Cat# 4331182, Probe ID#
Foxa2 Scientific MmO01976556_s1
Thermo Fisher Cat# 4331182, Probe ID#
Fzd3 Scientific MmO00445423 m1
Thermo Fisher Cat# 4331182, Probe ID#
Jun Scientific MmO00495062_s1
Thermo Fisher Cat# 4331182, Probe ID#
Aldh1a1 Scientific MmO00657317_m1
Thermo Fisher Cat# 4331182, Probe ID#
Prom1 Scientific MmO01211402_m1
Thermo Fisher Cat# 4331182, Probe ID#
Chd1 Scientific MmO00514308 m1
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Figure 1-1. A model summarizing the molecular mechanism of L1CAM-dependent
spreading of metastatic cancer cells and pericytes on blood vessels. As
metastasis-initiating cells infilirate secondary sites, they interact with the vascular
basal lamina by L1CAM and B1 integrin. This engagement stimulates integrin-
linked kinase (ILK) and p21-activating kinase (PAK) leading to the activation of
YAP and MRTF mechanotransduction effectors. While L1CAM-ILK-dependent
pericyte spreading is necessary for vascular homeostasis, metastatic cancer cells
use L1CAM-ILK-YAP signaling to coopt blood vessels and initiate metastatic
colonization. Adapted from Er et al. (2018). Pericyte-like spreading by
disseminated cancer cells activates YAP and MRTF for metastatic colonization.
Er, E.E. et al. (2018). Pericyte-like spreading by disseminated cancer cells
activates YAP and MRTF for metastatic colonization. Nature Cell Biology 20, 966-
978.
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Vang
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go
Figure 1-2. Planar cell polarity organization in the wings of Drosophila
melanogaster. (a) lllustration of the boxed region in the D. melanogaster wing
shows asymmetrical patterning in the wing epithelium, which determines the
positioning and direction of single actin-based hairs. (b) lllustration of the
organization of the PCP components at intercellular junctions. Asymmetrical
accumulation of Fzd and Vang, and their physical interaction with Fmi homodimers
establish junctional signaling and cell-cell communication on planar polarity. While
the activity of Dsh and Dgo enables the asymmetrical distribution of Fzd and Vang
within the cells, the activity of Pk enhances the formation of Fz-Vang signaling
complexes between adjacent cells. Adapted from Butler, M.T. and Wallingford, J.B.
(2017). Planar cell polarity in development and disease. Nature Reviews Molecular
Cell Biology 18, 375-388.
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Figure 2-1. Change in the body weight of mice treated with dextran sodium sulfate
(DSS) or water. C57BL/J mice were treated with 3-3.5% DSS in drinking water for
9 days, and then were provided with water without DSS for 19 days. N=24 for DSS
and N=3 for water. Data by Yasemin Kaygusuz.
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Figure 2-2. Representative images of L1CAM expression by IHC in the colon
tissues of healthy mice (Day 0) and mice treated with DSS starting at Day 0 for 9

days and sacrificed at indicated time points. Asterisks show wound beds and

arrows show wound-channel invaginations.
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Figure 2-3. Solid-phase binding assay quantifying the dose-dependent binding of
recombinant human L1CAM-Fc to plates pre-coated with (a) the components of
Matrigel and L1CAM extracellular domain (L1CAM-ECD) and (b) the components
of epithelial and vascular basement membrane and L1CAM-ECD at equimolar
concentrations. After washing, horseradish-peroxidase (HRP)-conjugated anti-
human IgG and HRP substrate were added to detect bound L1CAM-Fc by
measuring optical density (OD) at 450 nm using a plate reader (mean + s.e.m.).
N=5 wells per each L1CAM-Fc concentration. Two-tailed Mann-Whitney U test.
Data by Yasemin Kaygusuz.
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Figure 2-4. Change in the adhesion of CRC organoid-derived cells on laminin
isoform-coated plates upon L1CAM knockdown by shRNAs was quantified by
CellTiter-Glo. shL1CAM + Dox CRC organoids were treated with doxycycline 48
hours prior to assay to induce L1CAM knockdown. The percentage of adherent
cells was calculated using the relative luminescence of each well after cell seeding
and without washing. N=10 wells for each condition. Two-tailed Mann-Whitney U

test. Data by Yasemin Kaygusuz.
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Figure 3-1: (a) Representative immunohistochemistry images of L1CAM from the
primary tumor and metastasis samples of lung adenocarcinoma LUAD patients.
Scale bar, 100 um. (b) H-score of L1CAM expression in the samples from LUAD
patients (primary tumor and metastasis) and patient-derived xenograft (PDX)
tumors. Each column represents an independent patient. (c) Quantification of
L1CAM expression in LUAD primary tumor, metastasis, and PDX tumor samples
as determined. Statistical significance was assessed using two-tailed Mann-
Whitney test. Data by Jin Suk Park.
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Figure 3-2: (a) A representative 3D projection and (b) a cross-section of Ru631
PDX organoid after 7 days followed by immunofluorescence staining of L1CAM
and DAPI staining of nuclei. Data by Jin Suk Park.
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Figure 3-3. Experimental overview of the KP LUAD tumor model. (a) KP LUAD
tumor formation is induced in the KrastSt-G12D/*: Trp53foxfox. Rosg26L-St-Cas-EGFP
(KP-Cas9) mice by the intratracheal instillation of the Lenti-SPC-Cre lentivirus. (b)
The Lenti-SPC-Cre lentivirus directs the expression of firefly luciferase (ffLuc) and



Cre recombinase under the control of the Sftpc (SPC) promoter. (c) Timeline of KP
LUAD development after the lentivirus delivery into mice. P2A encodes for the 2A
self-cleaving peptide sequence. LSL: LoxP-STOP-LoxP.
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Figure 3-4. Representative (a) BLI and (b) microCT images of the KP mice injected
with the Lenti-SPC-Cre virus 16 and 22 weeks after the injections, respectively (h:
heart, *: lung tumors).
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Figure 3-5. L1CAM expression in normal mouse lung and KP LUAD tumors from
representative mice at indicated time points post-tumor induction by IHC.
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Figure 3-6. Quantification of L1CAM+ cancer cells in KP tumors harvested at
indicated LUAD time points and stained for L1CAM by IHC (mean + s.e.m.). Two-
tailed Mann-Whitney U test. N=6 and 15, from left to right.
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Figure 3-7. Percentage of L1CAM+ cells in KP LUAD tumoroids cultured for 2 and
7 days from two consecutive passages by flow cytometry (N=4 for each time point).
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Figure 3-8. Representative KP LUAD tumoroid images of L1CAM
immunofluorescence staining (scale bar: 10 ym).
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Figure 3-9: Experimental overview of the LUAD tumor induction and development
in KP and KPL1 mice.

83



Photons s

c
KP KPL1 Tumor Burden

20

Total tumor volume (mm3)

T
KP  KPL1

Figure 3-10: Representative (a) BLI and (b) microCT images of the KP and KPL1
mice injected with the Lenti-SPC-Cre virus 16 and 22 weeks after the injections,
respectively (h: heart, *: lung tumors). (c) Quantification of total tumor volume in
KP and KPL1 mice at the 22-week time point (mean £ s.e.m.). Two-tailed Mann-
Whitney U test (N=9 and 4 mice, respectively).
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Figure 3-11: Representative H&E images of KP and KPL1 LUAD tumors at the
22-week time point.
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Figure 3-12: (a) Representative brightfield images of tumoroids grown from KP
and KPL1 tumor cells isolated from mouse LUAD tumors. (b) The number of
tumoroids established from KP and KPL1 cells per 10,000 cells plated 7 days after
plating. Two-tailed Mann-Whitney U test. N=6 for each group.
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Figure 3-13: (a) Differentiated spheroid growth between L1CAM-low and L1CAM-
high KP cells. Cells were sorted based on their L1CAM expression and cultured in
Matrigel for 7 days. Fluorescent images of viable tumoroids were taken after
staining them with calcein-AM. (b) The cross-section area of tumoroids derived
form L1CAM-low and L1CAM-high cells was quantified. Statistical significance was
assessed using two-tailed Mann-Whitney test. N = 807 tumoroids for L1CAM-low,
477 tumoroids for L1CAM-high. Data by JSP.

87



a Tail-vein b

Lung
0.0078
30— ns p=0.0013
8 =
- 25+ [
N T
'g <—°3) L J y L ] v
® i 20 S %,
x & c
S5 154 -
o2 .
<= 109 st sl Fs

[6)]

1
& & 2x 106 [N M4 x 107
KK < Photons s
& &

Figure 3-14: (a) Quantification and (b) representative images of lung ex vivo
luminescence signal of athymic mice 5 weeks after tail-vein injection of KP
L1CAMMish, KP L1CAM"¥, and KPL1 tumoroid cells (20,000 cells per mouse). Two-
tailed Mann-Whitney U test. N=14 for each group (mean + s.e.m.).
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Figure 3-15: (a) Quantification and (b) representative images of lung and kidney
ex vivo luminescence signal of athymic mice 3 weeks after intracardiac injection of
KP L1CAMMh KP L1CAM"% and KPL1 tumoroid cells (50,000 cells per mouse).
Two-tailed Mann-Whitney U test. N=5, 4, and 5 from left to right (mean £ s.e.m.).
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Figure 3-16: (a) Quantification and (b) representative images of lung and kidney
ex vivo luminescence signal of athymic mice 5 weeks after intratracheal injection
of KP L1CAMPish KP L1CAM"% and KPL1 tumoroid cells (20,000 cells per mouse).
Two-tailed Mann-Whitney U test. N=4, 4, and 6 from left to right (mean £ s.e.m.).
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Figure 3-17: Representative images of L1CAM expression by IHC in lung colonies
derived from KP L1CAMMe" KP L1CAM°¥, and KPL1 tumoroids by tail-vein
injection into athymic mice.
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Figure 3-18: (a) Quantification of areas and (b & c) representative H&E images of
lung colonies derived from KP L1CAM"9", KP L1CAM"", and KPL1 tumoroids by
tail-vein injection into athymic mice (100,000 cells per mouse). Two-tailed Mann-
Whitney U test. N=6, 5, and 5 from left to right (mean £ s.e.m.).
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Figure 3-19: (a) Representative images of H&E and co-IF staining and
quantification of (b) SOX2+ cancer cells and (¢) SOX9+/SOX2- cancer cells in lung
colonies derived from FACS-sorted KP and KPL1 tumoroid cells by tail-vein
injection into athymic mice. Two-tailed unpaired t test. N=5 for each group (mean

+s.e.m.).
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Figure 3-20: Experimental pipeline of single-cell RNA sequencing (scRNA-seq) of
KP and KPL1 tumor cells freshly isolated or cultured as tumoroids in Matrigel. (a)
KP and KPL1 tumor cells were isolated from respective mice after 24—-26-week
post-lentiviral infection. Freshly isolated cells were submitted for scRNA-seq (Day
0) or grown in Matrigel as tumoroids (Days 2 and 7) before performing scRNA-seq.
(b) The force-directed layout of analyzed tumor cells (Day 0, blue; Day 2, orange;
Day 7, green). Data by Yasemin Kaygusuz and Jin Suk Park.
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Figure 3-21: The UMAPs and heatmaps of (a) Day 0, (c) Day 2, and (e) Day 7
show the phenotype clusters calculated by the Leiden algorithm. The heatmaps of
Day 0, Day 2, and Day 7 show the normalized expression of L1CAM and key
transcription factors of lung epithelial development (e.g., SOX2, FOXA2, NKX2-1,
and SOX9) for all individual KP and KPL1 tumor and tumoroid cells, ranked by the
Wilcoxon test. Hierarchical clustering is shown as a dendrogram per heatmap.
Data were normalized by median library size followed by log-transformation. The
expression of each transcription factor is transformed as a standard scale
(dimension between 0 and 1). Data by Yasemin Kaygusuz and Jin Suk Park.
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Figure 3-22: The UMAP layout of all KP and KPL1 cells from three time points
colored by sample type (KP) or mean expression of L1CAM, SOX2, PROM1
(Cd133), and ALDH1A1. The red arrows show the L1ICAM+ SOX2+ clusters at
each time point. Data by Yasemin Kaygusuz and Jin Suk Park.
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Figure 3-23: Representative images of L1CAM and SOX2 immunofluorescence
staining of KP and KPL1 tumoroids at indicated time points (Blue: nuclei, Green:
L1CAM, Magenta: SOX2).
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Figure 3-24: (a) L1cam and (b) Sox2 mRNA expression quantified by qRT-PCR
in two KP tumoroids (KP #1 and #2) sorted by FACS into L1CAMPM¢" and L1CAM"¥
populations and in two L1CAM knockout (KO) tumoroid lines (KPL1 #1 and #2).
Data were normalized to Gapdh mRNA levels and to KP L1CAMPMs", Two-tailed
unpaired t test. N=4 for each group (mean £ s.e.m.).

98



3
|
L1CAM
N
|
',o
[ 4
3
Y

Sox2
Sox9

—
.
o

©

1l
o
o
S
a

Sox2

log(% positive cells + 1)
°

o
°

Sox2+ cells (%)
w
T

Fluids—
Percent positive cells

Primaries—

100% .0./‘:.0.462
50% )
0 1 E
L1CAM
0% log(% positive cells + 1)

Figure 3-25: (a) Percentage of SOX2+ cells in LUAD primary tumors (N = 14
patient samples), and fluidic metastasis (N = 7 patient samples) and solid
metastasis (N = 38 patient samples) by IHC staining. (b) Heatmap of PDX panels
showing the percentage of positive cells for L1CAM, Sox2 and Sox9 expression.
(c) Spearman correlation of Sox2+ PDX panels and L1CAM+ PDX panels. Data
by Jin Suk Park.
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Figure 3-26: (a) L1cam, (b) Sox2, and (c) Sox9 mRNA expression quantified by
gRT-PCR in two KP tumoroids stably expressing the shRNAs in the presence or
absence of doxycycline (Dox) for 2 days before RNA isolation. Data were
normalized to Gapdh mRNA levels and to the corresponding shControl samples.
Two-tailed unpaired t test. N=4 for each group (mean + s.e.m.).
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Figure 3-27: L1CAM, Sox2, FoxA2, and Sox9 immunoblots in KP tumoroids
overexpressing L1CAM (L1CAM OE). B-actin, loading control. Data by and Jin Suk
Park.
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Figure 3-28: Venn diagram showing the transcriptional regulators enriched in the
L1CAM+ SOX2+ clusters of the scRNA-seq dataset analyzed by CHEA (ChIP
Enrichment Analysis) and ENCODE (The Encyclopedia of DNA Elements). Data
by Yasemin Kaygusuz and Jin Suk Park.
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Figure 3-29: Mouse Sox2 locus and the Sox2 distal enhancer shown with the
putative CHD1 binding sites (shown with blue arrowheads) identified by publicly
available ChlP-seq datasets for CHD1 and ReMap (SRR: Sox Regulatory

Regions).
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Figure 3-30: Immunoblot showing CHD1 and SOX2 protein expression in KP
tumoroids stably expressing the indicated shRNAs. 3-actin: loading control. Data
by Jin Suk Park.
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Figure 3-31: Heatmaps show mean L1CAM, SOX2, and CHD1 expression and
mean expression of CHD1 target genes (CHD1 score) in the clusters of all three
time points. Data by Jin Suk Park.

105



a Day 0

Cilium assembly 50.32%

Regulation of cell cycle G2/M phase transition 36.47%

Aerobic electron transport chain—{8 34.29%

r T T T 1
0 20 40 60 80

-Log(adj p value)

Cilium assembly 53.82%

mRNA processing 50.33%
50.34%

57.65%

54.65%

Regulation of G2/M transition of mitotic cell cycle
Wnt signaling pathway, planar cell polarity pathway

Regulation of establishment of planar polarity

I T T T 1
0 10 20 30 40

-Log(adj p value)

Day 7

Aerobic electron transport chain 30.00%

Regulation of mitotic cell cycle phase transition 10.64%
mRNA processing 9.00%
Hemidesmosome assembly 41.67%
Whnt signaling pathway, planar cell polarity pathway 12.94%
Homophilic cell adhesion via plasma membrane adhesion molecules 15.00%
Regulation of establishment of planar polarity 12.50%

T T T T 1
0 2 4 6 8 10

-Log(adj p value)

Figure 3-32: PANTHER Gene Ontology analyses of L1ICAM+ SOX2+ clusters
from the indicated time points of KP LUAD scRNA-seq dataset compared to the
other clusters. Highest-scoring biological processes are shown in an unbiased
manner (adjusted p<0.05). The percentages of the list total are given next to the
corresponding GO annotation terms.
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Figure 3-33: The expression of L1CAM, the lung epithelial progenitor transcription
factors (TFs), the Wnt/PCP pathway components, and the cilium marker of all KP
and KPL1 cells from the three time points in heatmaps colored by mean
expression. Red circles mark the L1ICAM+/SOX2+ clusters at all time points. Data
by Yasemin Kaygusuz and Jin Suk Park.
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Figure 3-34: Representative images of L1CAM and the cilia marker Arl13b
immunofluorescence staining of KP tumoroid (Green: L1CAM, Red: Arl13b, Blue:
nuclei, Red arrowheads: cilia). Insets show higher magnification of boxed areas.
Scale bar: 10 ym. Data by Jin Suk Park.
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Figure 3-35: Representative images of L1CAM, SOX2, and the cilia marker
ARL13B immunofluorescence staining of KP tumoroids cultured in vitro for
indicated time points (Green: L1CAM, Red: ARL13B, Blue: nuclei, Yellow

arrowheads: cilia).
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Figure 3-36: (a) Representative images of L1CAM, p-JUN, and Sox2 expression
in KP tumoroids by immunofluorescence staining. (green: L1CAM, red: p-JUN
(S73), cyan: Sox2, blue: DAPI, nuclei). Scale bar: 10 um. Data by Jin Suk Park.
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Figure 3-37: Mouse Sox2 locus and the Sox2 distal enhancer shown with the

putative CHD1 and Jun binding sites (shown with blue and green arrowheads,

respectively) identified by PROMO (SRR: Sox Regulatory Regions).
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Figure 3-38: Fzd6 mRNA expression quantified by gqRT-PCR in two KP tumoroids
stably expressing the shRNAs in the presence or absence of doxycycline (Dox) for
2 days before RNA isolation. Data were normalized to Gapdh mRNA levels and to
the corresponding shControl samples. Two-tailed unpaired t test. N=3 and 4 for
each group (mean £ s.e.m.).
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Figure 3-39: (a) Representative images of FZD6 expression in KP tumoroids
expressing doxycycline (Dox)-inducible shRNA targeting L1CAM in the presence
and absence of Dox for 2 days before staining (green: FZDG6, blue: DAPI, nuclei).
Data represent 2 Dbiological replicates. (b) Quantification of FZD6
immunofluorescence staining by integrated fluorescence intensity per tumoroid in
KP tumoroids expressing shRNAs with or without Dox treatment. Box plots show
minimum and maximum with all data points (N= 39, 41, 45, 53, 25, 28, 35, and 29
tumoroids from left to right). Two-tailed Mann-Whitney U test.
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Figure 3-40: (a) Representative images of nuclear phospho-Jun (Ser73) in KP
tumoroids expressing doxycycline (Dox)-inducible shRNA targeting L1CAM in the
presence and absence of Dox for 2 days before staining (green: phospho-Jun blue:
DAPI, nuclei). Data represent 2 biological replicates. (b) Quantification of nuclear
phospho-Jun immunofluorescence staining per tumoroid in KP tumoroids
expressing shRNAs with or without Dox treatment. Box plots show minimum and
maximum with all data points (N= 87, 101, 94, 67, 38, 42, 36, and 36 tumoroids
from left to right). Two-tailed Mann-Whitney U test.
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Figure 3-41: (a) Fzd6 and (b) Sox2 mRNA expression quantified by gRT-PCR in
KP tumoroids expressing doxycycline-inducible shRNA targeting FZD6 in the
presence and absence of doxycycline (Dox) for 2 days. Data were normalized to
Gapdh mRNA levels and to the corresponding shControl samples. Two-tailed
Mann-Whitney U test. N=4 for each group (mean + s.e.m.).
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Figure 3-42: (a) Sox2 mRNA expression quantified by qRT-PCR in KP tumoroids
treated with the JNK inhibitor SP600125 (JNKi, 20 uM) or vehicle (DMSO) for 24
hours. Data were normalized to Gapdh mRNA levels and to the corresponding
DMSO samples. Two-tailed unpaired t test. N=3 or 4 for each group (mean *
s.e.m.). Data by Yasemin Kaygusuz. (b) Phospho-JNK, JNK, phospho-Jun, Jun,
and Sox2 immunoblots in KP tumoroids treated with the JNK inhibitor SP600125
(20 pM) or vehicle (DMSO). B-actin, loading control. Data by and Jin Suk Park.
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Figure 3-43: (a) A model summarizing the expression and role of L1CAM both at
the cell-vascular basal lamina interface and the cell-cell interface in metastasis-
initiating cells co-opting blood vessels during metastatic colonization. L1CAM and
B1 integrins mediate adhesion to the laminins in vascular basal lamina and activate
ILK and PAK, which leads to the activation of YAP and MRTF
mechanotransduction transcription factors and metastatic outgrowth. L1CAM
expression detected at the cell-cell junctions in metastatic cell clusters possibly
indicates L1CAM homophilic interactions. (b) A model demonstrating the role of
L1CAM in establishing the SOX2+ progenitor-like state in KP LUAD tumoroids. As
KP LUAD cells are dissociated from primary tumors, L1CAM+ cells show superior
growth reinitiation capacity in both tumoroid culture and metastatic colonization at
distant organ sites. During regrowth as tumoroids and metastases, KP LUAD cells
exhibit the SOX2+ progenitor-like state. L1ICAM expression at cell-cell junctions
promotes the establishment of the WNT/PCP pathway. The activation of the
WNT/PCP pathway drives the nuclear translocation of the transcription factor Jun.
Jun and the chromatin remodeler CHD1 induce SOX2 expression and promote the
SOX2+ progenitor-like state in KP LUAD. Primary cilia are uniquely associated
with LICAM+ SOX2+ cells in KP LUAD tumors and tumoroids; however, whether
primary cilia are involved in regulating the SOX2 expression is not clear.
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