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General introduction



Chapter 1

General background of cancer

Cancer is one of the leading causes of death worldwide. In 2018, it was estimated to be
18.1 million new cases and 9.6 million deaths of 36 cancer types combined in 185 coun-
tries globally [1]. The term cancer represents a collection of diseases which may affect
any part of the body. They have different names on the basis of the affected organ and the
main feature. Accordingly, the clinical manifestation is varying for diverse tumor types,
or even within the same type, patients may have distinct outcome. For this reason, hun-
dreds of thousands of researchers are engaged in cancer research, trying to understand
more about the process of tumorigenesis and to find ways to block or inhibit tumor pro-
gression.

Although cancers show a diversity of features, they also have some in common. Hanahan
and Weinberg have summarized eight hallmarks of cancer for the shared characteristics
[2,3]:

1) Cell growth and division with self-sufficiency of signals;

2) Uncontrolled growth and division regardless of antigrowth signals;
3) Avoidance of programmed cell death;

4) Limitless cell mitogenesis;

5) Inducing new blood vessel construction;

6) Tissue invasion and formation of metastases;

7) Metabolic reprogramming;

8) Evasion of the immune system.

In this thesis we described our work which correlated with several of the above hallmarks.
It is simple to consider these hallmarks as individual processes, supposing oncogenic
agents and signaling pathways have a one-to-one relationship with these events. In fact,
cancer itself is a complicated, coordinated, organic entity. One oncogenic agent always
influences several events through different signaling pathways. For instance, distinct p53
activities can regulate DNA damage responses and tumor suppression [4, 5], repress epi-
thelial-mesenchymal transition and stem cell properties [6, 7], and inhibit angiogenesis
through regulating proangiogenic and antiangiogenic factors [8-10]. Hypoxia is a situ-
ation with a lack of oxygen supply in tissues. This hypoxic condition could: 1) promote
cell mobility and migration by inducing epithelial-mesenchymal transition [11]; 2) cause
metabolic reprogramming to adapt to the restricted condition and reduce cell death [12,
13]; 3) induce cell cycle arrest resulting in chemoresistance because rapid mitotic cells are
the target of some anti-tumor drugs [14]. The immune system contributes to recognizing
and eliminating incipient cancer cells. However, there is increasing evidence to show the
tumor-promoting effect of immune cells. Inflammation can contribute to several tumor
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progressing events by providing bioactive molecules to tumor microenvironment. So
many findings suggest that the cancer phenotype is the outcome of a combination of
stimuli, inducers and suppressors, signal transduction pathways, and the resulting events,
interweaving a function network. Taken this into account, research of tumorigenesis
mechanism will be held under a wide perspective, resulting in a better translation from
bench to bedside.Abnormal tumor cell growth and cell death

Normal cell growth is controlled by precisely programmed cell cycle to maintain homeo-
stasis, which is not the case for cancer cells. They are capable of sustaining growth factors,
which are produced by stromal cells and cancer cells themselves, to keep continuous
proliferation [15-18]. Growth factor receptors at cell surface may be overexpressed,
activated or structurally altered, making cells hyper-responsive to growth factor ligands
[19]. Receptors react with ligands operating distinct downstream pathways, leading to
crucial cellular activities like cell proliferation, survival and differentiation (Figure 1). Ras
GTPase, in the center of its tumorigenic web, is involved in two independent pathways
of proliferation: one is MAPK/ERK and PI3K/AKT/mTOR; the other includes activation
of YAPI and c-Myc [20-22]. Ras is often activated by ras gene missense mutation, dis-
rupting the natural negative-feedback loop for excessive cell proliferation. In addition to
activating pro-proliferative pathways, inactivation of tumor suppressor genes also plays a
central role in tumor growth. Rb and TP53 have long been known as potent tumor sup-
pressors. Retinoblastoma (Rb) protein, encoded by RB gene, is commonly inactivated in
several tumor types. The defective RB pathway in cancer cells lack the gatekeeper of cell
cycle process, resulting in persistent cell proliferation [23, 24]. The TP53 gene has almost
the highest mutation frequency in human cancer [25]. The majority of TP53 alterations
are missense mutations causing the production of mutant p53 protein. p53 is sensitive
to stresses and abnormality sensors intracellularly, and responds by pausing cell cycle or
even triggering apoptosis [26, 27].

Apoptosis, defined as programmed cell death, is the intrinsic barrier to prevent limitless
tumor expansion [28]. The two well-known apoptosis cascades are the mitochondrial
pathway and the extrinsic pathway. Requiring external stimulation, the extrinsic pathway
is activated by death receptor family members, namely tumor necrosis factor receptor 1,
FAS, tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) receptor 1 and
2. After binding with ligands, the death receptor activates caspases, inducing extensive
cleavage of caspase substrates and swift cell death [29]. The mitochondrial pathway, also
known as intrinsic pathway, is triggered by intracellular stimuli such as DNA damage,
endoplasmic reticulum stress and cytokine deprivation [30]. These apoptotic stimuli lead
to increasing mitochondrial outer membrane permeabilization (MOMP), followed with
caspase activation via the apoptosome [31].
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Figure 1. Receptor tyrosine kinase signaling in cell growth. Growth factors bind to receptor tyrosine kinases
to activate them through dimerization and phosphorylation at the intracellular part. Further, several down-
stream signaling pathways can be triggered, leading to regulation of a series of cellular processes including
cell proliferation, survival and differentiation.

The tumor growth is the result of dynamic equilibrium between cell division and cell
death. Cancer cells have various ways to surpass the apoptotic process [28, 32]. In spite
of downregulating and inactivating the tumor suppressors like p53, many tumors may
upregulate anti-apoptotic proteins (Bcl-2) or downregulate pro-apoptotic proteins (BAX
and BAK) to inhibit apoptotic cascade activation. While tumor cells try to evade apopto-
sis, we can also reversely use this mechanism to kill tumors. Many drugs have been devel-
oped to target both the extrinsic and intrinsic pathways [33-35]. The treatment targets
include the Bcl-2 family anti-apoptotic proteins [36, 37], X-linked inhibitor of apoptosis
protein (XIAP) [38], survivin [39] and other inhibitors of apoptosis.

Angiogenesis in tumors

As tumor cells grow rapidly, there is not enough oxygen and nutrients supply in local
areas over 1~2 mm?® [40]. Tumors need vasculature to transport “food” supply and met-
abolic waste to sustain their expansion. Angiogenesis is a process of new blood vessel
formation from preexistent vessels. It occurs in normal physiological events including
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vasculature development during embryogenesis, wound healing, chronic inflammation
and the reproductive cycle in females [41, 42]. In these events angiogenesis is transiently
switched on, but most of the time it remains quiescent. However during tumor progres-
sion, the “angiogenic switch” can be activated continuously to grow vessels for tumor cell
metabolism [43-45].

Angiogenesis occurs in two ways: sprouting or splitting. Sprouting angiogenesis is fea-
tured by recruiting cells to form sprouts on preexisting vessels for new vessel formation
(Figure 2). Pro-angiogenic growth factors activate endothelial cells to release proteases
for basement membrane degradation. Next, the endothelial cells proliferate and migrate
in surrounding matrix to form sprouts and grow to a mature vessel lumen. Unlike sprout-
ing angiogenesis to form an entirely new vessel, splitting angiogenesis uses the existing
vessel and divided it into two. The main mechanism is to reorganize basic structures so
that growth factors can penetrate into the lumen for further cell recruitment and lumen
growth. In both ways pro-angiogenic factors play a key role in stimulating cells to grow
a vessel.

Pro-angiogenic factors can be produced by tumor cells or many tumor-associated stro-
mal cells. Infiltrating leukocytes and tissue-resident cells including endothelial cells (EC),
pericytes, fibroblasts and adipocytes are recruited to form a tumor microenvironment
together with the extracellular matrix they are embedded in [46]. Macrophages are found
associated with elevated vascular density in some tumor types [47-49]. Tumor-associated
macrophages can produce growth factors and cytokines, including vascular endothelial
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Figure 2. Schematic diagram of the sprouting angiogenic process.
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growth factor A (VEGFA), placental growth factor (PIGF), tumor necrosis factor (TNF),
fibroblast growth factor 2 (FGF2), interleukin-1p (IL-1f), IL-6 and IL-8, to support
angiogenic process by inducing endothelial cell proliferation and survival [50-53]. The
contribution of neutrophils in the early stages of tumor was highlighted in a mouse
model through MMP9 mediating angiogenesis switch [54, 55]. B cells promote tumor
angiogenesis by expressing pro-angiogenic mediators regulated by signal transducer and
activator of transcription 3 (STAT3) [56]. Pericytes derived angiopoietin 1 (ANGPT1)
binds to TIE2 on ECs to tighten EC junctions and stabilize new vessels [57, 58]. Pericytes
can also express NG2 proteoglycan and neural cell adhesion molecule 1 (NCAM]1) to
induce pericyte recruitment for vasculature maturation [59, 60]. Although cancer asso-
ciated fibroblasts are the main source of VEGFA, they can also produce platelet-derived
growth factor C (PDGFC) to stimulate secretion of pro-angiogenic FGF2 and osteopon-
tin [61-63].

As a result of prolonged pro-angiogenic signaling, the tumor vasculature has aberrant
characteristics with multi-layered endothelial, redundant branching, loose cellular junc-
tions and pericyte coverage. All these features lead to vascular immaturity, dysfunction
and incoherent tumor perfusion [64-67]. The limited blood flow resulting in hypoxic
and acidosis areas, which may obstruct therapeutic effectiveness and cause resistance to
conventional therapies.

Tumor metastatic cascade

The main feature to distinguish benign and malignant tumor is metastasis. Malignant
cells gain capability to invade adjacent tissue, transfer through circulation and seed in
distant sites for a secondary growth (Figure 3). Metastasis is the major cause of tumor
patient death, but current therapeutic strategies are not effective for most metastatic dis-
eases. Therefore, determining cellular and molecular features of metastatic tumor cells is
very important.

Epithelial cells, either normal or neoplastic, lack movement and often adhere to each
other or extracellular matrix (ECM). To conquer this obstacle for invasion and meta-
static dissemination, the epithelial-mesenchymal transition (EMT) occurs, remarkably
increasing cell motility, invasiveness and the ability to degrade ECM components [68,
69]. EMT used to be considered as a complete transition between two cell states. How-
ever, the perspective has been expanded nowadays, with the introduction of partial EMT
representing an intermediate phenotype of epithelial and mesenchymal hybrid [70-72].
Classical EMT regulation centers on suppression of E-cadherin transcription [73]. This
process is triggered by a series of master EMT transcription factors including Twist, Snail,
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Slug and Zeb [73, 74]. The transcripts are processed by multiple miRNAs (e.g. miR-200
and miR-34) or alternative splicing [75-77].

Migrating cells have a leading edge polarized in the direction of movement. At the leading
edge, different plasma membrane protrusions were observed together with the dynamics
of actin filaments [78]. The formation of actin filaments in the front is considered to
provide the main motile forces for cell migration, based on the fact that actin filaments
connect adhesions and cell membrane. Besides, microtubules also contribute to the for-
mation and maintenance of membrane protrusions through their ability to resist high
compressive loads and generate pushing forces [79]. Importantly, microtubules provide
an intracellular transport network for the transport of membrane vesicles, signaling mol-
ecules and other cytoskeletal components, which are essential to maintain polarity and
directional persistence of cell migration.

Tumor cells show a great diversity of migration morphologies and modes in vivo [80].
Motile tumor cells can migrate individually, either in an amoeboid-like way or as mesen-
chymal phenotype depending on cell contractility regulated by the Rho signaling pathway
[81, 82]. Other cells may migrate as loosely attached stream following the same paths,

Metastatic
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Figure 3. Main steps of the tumor metastatic process. Primary tumor cells invade basement membrane and
extracellular matrix for migrating. Some cells further pass through vascular wall (intravasation) and travel
with blood flow to a distant site where cells may extravasate. If local microenvironment is appropriate,
tumor cells can grow to form a metastatic tumor.
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or move as a cluster with cells attaching to each other. The collectively migrating cells
have enhanced cell-cell interaction through cadherins and cell-ECM binding through
integrins [83]. The mode of cell migration is not always fixed, which in some cases, can be
changed. Treating MDCK epithelial cells with hepatocyte growth factor induces a tran-
sition from individual to collective migration through upregulation of N-cadherin [84].
In epithelial cancers invasive cells tend to migrate collectively and form scattered clusters
[85, 86]. This may cause the presence of circulating tumor cell clusters rather than single
cells [87, 88]. Instead of aggregating after intravasation, the clusters were found before
entry of vessels and they are much easier to form colonies at secondary sites than single
circulating tumor cells [89].

Two tumor types to study cancer hallmarks

To delineate the process of malignancy affected by intrinsic modulators and events, we
performed biological studies in melanoma and colorectal carcinoma. Here we described
the development and biology of these two tumor types.

Melanoma pathogenesis and biology

Melanoma derives from melanocytes which can produce the pigment melanin. The main
location of malignancy occurrence is skin, but it can also be found in other tissues that
contain melanocytes, e.g. eyes and intestines. According to clinical and epidemiologic
evidence, people frequently exposed to intense or intermittent sunlight have a higher
risk of melanoma [90]. This risk is much influenced by skin color. Populations with dark
skin have a lower incidence than populations with light skin even exposed to equivalent
amount of sunlight [91]. Although the mechanism by which ultraviolet (UV) induces
melanoma occurrence is not fully delineated, the role of UV as the main mutagen in
cutaneous melanoma is corroborated by genomic studies. Next generation sequencing
shows increasing somatic mutation burdens in patients with UV exposure [92].

In general, the progression model follows a linear path from melanocytes, nevus, dysplas-
tic nevus, melanoma in situ, to invasive melanoma. However, multiple melanoma types
may not pass through all steps and only be linked with some of the precursor lesions [93].
The BRAFV®E mutation exists as early in nevi without other pathogenic mutations found,
suggesting a single pathogenic mutation is ample for nevus formation [94, 95]. Dysplas-
tic nevi most likely occur de novo rather than from preexistent nevi according to histo-
logical observations [96]. Among them syndromic dysplastic nevi tend to have a high
penetrance of melanoma with germline variants like cyclin-dependent kinase 4 (CDK4),
protection of telomeres 1 (POT1), cyclin-dependent kinase inhibitor 2A (CDKN2A) and

14



General introduction

telomerase reverse transcriptase (TERT); whereas sporadic dysplastic nevi are enriched
with NRAS and BRAF™"V*F mutations, both differing from typical nevi mutation [94,
97-99]. As to form a melanoma at the end, in situ or metastatic, the heterogeneous nature
makes it complex featured by genomic instability, epigenomic alterations and epigenetic
dysregulation [100]. The driver mutations, BRAE, NRAS and neurofibromatosis type 1
(NF1), activate the mitogen-activated protein kinase (MAPK) signaling pathway which
controls cell cycle, proliferation, differentiation and transcription [101]. Unlike in pre-
cursor lesions, loss or inactivation of CDKN2A is found frequently in melanoma [102].
The CDKN2A locus encodes p16™4 and p144** two tumor suppressors with function of
arresting cell cycle. To this end, inactivation or deletion of CDKN2A conduce to uncon-
trolled cell proliferation. At late stage of melanoma progression, mutations of TP53 and
phosphatase and tensin homolog (PTEN) arise, leading to further malignant properties
[103, 104].

Colorectal carcinoma malignant development

Colorectal carcinoma (CRC) is the 2" most common cancer in women and 3" most in
men, accounting for 10% of the cancer deaths worldwide [1]. Lifestyle risk factors and
hereditary factors contribute in part to CRC development. People with long-term inflam-
matory bowel diseases like ulcerative colitis and Crohn’s disease have increasing risk for
CRC [105, 106]. Currently CRC is presumed to be originated from stem cells or cells
with stemness. These cells are found to possess genetic and epigenetic alterations which
activate oncogenes and inhibit tumor suppressors for a progressive activity [107, 108].
Although the molecular characterization of CRC is complex with remarkable genetic
heterogeneity, they have some features in common.

Three main histopathological trajectories are involved in the development of CRC,
with various genetic and epigenetic events in a relatively sequential order [109]. First,
the conventional adenoma-carcinoma pathway contributes to a big portion of CRC. It
is typically initiated by adenomatous polyposis coli (APC) mutation, followed by RAS
activation, SMAD deactivation or TP53 dysfunction. The APC protein usually prevents
B-catenin accumulation. When APC alters genetically, B-catenin accumulates and trans-
locates into the nucleus, activating the transcription of proto-oncogenes [110]. Another
cascade referred to as serrated neoplasia pathway is correlated with BRAF mutation and
that the CpG island methylation phenotype (CIMP). CIMP is characterized by global
hypermethylation of CpG island sites in the promoter region, causing the inactivation
of several tumor suppressor genes or other tumor-related genes [111]. CRC matching
serrated lesions show a poor outcome compared to adenoma-carcinoma pathway related
CRC [112]. Not limited to one phenotype, CIMP can also occurred in microsatellite
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instability (MSI) pathway. MSI results from the inactivation of mismatch repair (MMR)
genes, which is critical in genetic stability maintenance by repairing DNA replication
and recombination errors, and responding to DNA damage. MSI tumors usually have
abundant tumor-infiltrating T cells and result in a favorable patient outcome [113]. The
detection of different precursor phenotypes and developing trajectories guide following
intervention, which provides a promising strategy to prevent malignant transformation.

To standardize CRC classification based on clinical and molecular characteristics for
more precise treatment, Guinney et al analyzed data from 4151 patients and categorized
four consensus molecular subtypes (CMS) [114]. CMS1 (MSI immune) is characterized
by high MSI, high CIMP, hypermutation, immune activation and worse prognosis. CMS2
(canonical) accounts for 37%, the biggest proportion of all subtypes. This type has epithe-
lial features, high somatic copy number alterations (SCNA) together with Wnt and Myc
signaling activation. CMS3 (metabolic) has mixed MSI status and evident metabolic dys-
regulation. CMS4 (mesenchymal) is featured by high TGFp signaling activation, stromal
infiltration and angiogenesis. A fifth subtype was also found with mixed features of the
above four types. It may represent a transition phenotype or intratumoral heterogeneity.
The molecular classification of CRC may be the foundation of disease stratification and
subtype-based targeted therapy.

Aims and scope of this thesis

The tumorigenesis and progression of malignancy is intricate with composition of var-
ious genetic alterations and pathways regulating cell growth and death, differentiation,
migration, invasion and interaction with tumor microenvironment. The objective of this
thesis is to link phenotypic features with genetic modulators in melanoma and colorectal
carcinoma to find potential intrinsic drivers of tumor progression, which may serve as a
target or inspire further development of therapeutic strategies in melanoma and colorec-
tal carcinoma.

In Chapter 2, a microcarrier-based spheroid invasion assay is introduced to explore
the dynamics of adherent cell behaviors including cell invasion in a three-dimensional
model. This assay is described in detail and reckoned to be a fast and highly reproducible
method for guidance of cell biology studies.

In Chapter 3, we elucidated the role of the oncoprotein CREPT in positive regulation of
melanoma cell proliferation, migration and invasion in vitro. Its function in malignant
process appears to be associated with RhoA-induced actin organization and focal adhe-
sion assembly.
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In Chapter 4, we evaluated the melanoma angiogenic potential through the effect of mel-
anoma cell productions on promoting pericytes survival under hypoxia and migration
in vitro.

In Chapter 5, we investigated the function of HOXA9 in colorectal cancer. The close
correlation with adenoma growth and reduction in migration suggests that HOXA9 is a
marker and driver of premalignant polyp growth.

In Chapter 6, the results of above chapters are discussed comprehensively together with
future perspectives.
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ABSTRACT

Background: Cell invasion through extracellular matrix (ECM) is a critical step in tumor
metastasis. To study cell invasion in vitro, the internal microenvironment can be simu-
lated via the application of 3D models.

Results: This study presents a method for 3D invasion examination using microcarri-
er-based spheroids. Cell invasiveness can be evaluated by quantifying cell dispersion in
matrices or tracking cell movement through time-lapse imaging. It allows measuring
of cell invasion and monitoring of dynamic cell behavior in three dimensions. Here we
show different invasive capacities of several cell types using this method. The content and
concentration of matrices can influence cell invasion, which should be optimized before
large scale experiments. We also introduce further analysis methods of this 3D invasion
assay, including manual measurements and homemade semi-automatic quantification.
Finally, our results indicate that the position of spheroids in a matrix has a strong impact
on cell moving paths, which may be easily overlooked by researchers and may generate

false invasion results.

Conclusions: In all, the microcarrier-based spheroids 3D model allows exploration of
adherent cell invasion in a fast and highly reproducible way, and provides informative
results on dynamic cell behavior in vitro.

Keywords: cell invasion, 3D, microcarrier beads, spheroids, time-lapse microscopy,
quantification
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INTRODUCTION

Malignant tumors have the potential to metastasize from the original tissue to a distant
site, which is the main cause of morbidity and mortality in tumor patients. During this
process, the basic but decisive step is migration of tumor cells through the extracellular
matrix (ECM) either towards lymph and blood vessels, or to a secondary site after sur-
vival in circulation [1]. To disseminate in tissue, cells require adhesion, proteolysis of
ECM components and migration, which also occurs in normal physiological processes
like embryonic morphogenesis and wound healing [2]. There is a diversity of strategies
for cells movement, either individually (e.g. amoeboid or mesenchymal migration) or
collectively (multicellular streaming, cluster, strand or sheet), which are based on cell-cell
adhesion and cell-matrix interaction [3-5]. This activity can be simulated and observed by
in vitro models and optical imaging to study cellular and molecular mechanisms. Unlike
2D migration, a 3D matrix provides both a substructure and obstacles to all surfaces
of cells during movement through the surroundings, which simulates cell movement
through tissues. Importantly, 3D models provide more information on the process of
cell migration and invasion, including cell morphological alterations, cell-cell interac-
tion, cell-matrix interaction, and matrix remodeling. Therefore, 3D models can serve as a
supplement or an advanced alternative to 2D assays.

To examine cell invasive potential, a variety of in vitro assays are developed in a 3D
format. Among them the Transwell invasion assay, or Boyden chamber assay, is widely
used. Basically, it includes seeding cells on a layer of ECM gel pre-coated on top of a
porous membrane, and assessing cell invasion by measuring the number of cells passing
through the ECM gel. The chamber invasion assay is straightforward to quantify invading
cells induced by chemoattractants [6] or internal gene regulation [7]. Despite the advan-
tages, this assay counts vertically invading cell numbers at the endpoint but neglects
the whole invasion process. How cells move in matrix and interact with surroundings
remains unclear. As a substitute, a matrix embedding cell culture offers more possibilities.
Cell aggregates, such as multicellular spheroids, can be embedded in a 3D matrix and
cells moving away from spheroids into the matrix are monitored by microscopy. This
approach allows cells migrating in any direction and many migratory parameters can
be detected, including cell trajectories, migration distance, and velocity. However, estab-
lishing spheroids has met with challenges such as absence of formation, lack of size and
uniformity control, difficulty in manipulation, requirements of special equipment and
training, and is time consuming [8, 9]. Most importantly, not all cells are capable to form
tight and regular-shaped spheroids, but some end up as friable and loose aggregates, or
aggregation does not occur at all, which complicates manipulation and use in an invasion
assay [10-12]. Therefore, we choose microcarriers as a core to grow spheroids and to stan-
dardize the invasion assay in a simple and highly reproducible way. Adherent cells which
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do not aggregate spontaneously, can attach to microcarriers and thus form spheroids.
Interestingly, introduction of carriers also enables co-culture of different cell types in
close proximity [13]. Although microcarrier-based spheroids, because of the core, do not
mimic fully the in vivo situation of solid tumors, they are faster to establish and stabilize
experimental conditions allowing easy duplication compared to cell-only spheroids. In
this study, we describe a microcarrier-based spheroid model to investigate dynamic cell

behavior in three dimensional matrices.

RESULTS

In this study we present a method for 3D invasion examination and introduce various
measurements according to different experimental settings and requirements. The whole

workflow and schematic diagram are shown in Fig. 1.

(30 min)

\

(1-24d)

(1.5-2h)

(variable)

(variable)

Single cell population
Dual cell population | = g7

Cells attach to beads
Cells grow to cover beads

Collagen type |
Matrigel
Combination of ECM
components

Time-lapse imaging
Manually imaging

Maximum distance
Migration index
Cell trajectories
Migration velocity

Fig. 1 Workflow diagram of the whole assay with schematic drawings and example results.
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Different cell dispersions in matrix show invasiveness

This method can be used to monitor invasiveness of adherent cells in vitro. Here we per-
formed the 3D invasion assay with melanoma cell lines (BLM, M14 and MEL57) and col-
orectal cancer cell lines (SW480 and CACO?2) in 1.6 mg/ml collagen I gel. These cell lines
were chosen because of difference in cell dispersion in the matrix allowing us show typ-
ical invasiveness patterns which may be visible. Images of cell dispersion were obtained
every day and the maximum migration distances were measured. Within 4 days BLM
cells migrated 285 pm away from the microcarrier core. M14 and MEL57 cells migrated
slower than BLM cells, with dispersion of 270 pm and 110 pum in 6 days respectively. All
melanoma cells moved collectively in the matrix, but single cells were visible in the front
of migrating cells. In comparison, colorectal cancer cells SW480 show less invasive and
remained more connected than melanoma cell lines. CACO?2 cells grew around the core
to multi-layers without any sign of migration into matrices (Fig. 2). The results indicate
that this 3D assay can be used to examine cell invasive capacity and the way cells move.

The content and concentration of matrix influence cell invasion

To investigate the effect of matrix composition on cell invasion, we tried three different
types of matrices. Here we use LLC cells because of the individual movement these cells
show in collagen. Collagen type I and reconstituted basement membrane (Matrigel) are
most commonly used matrices for 3D culture. Agar is a mixture of polysaccharides and
can solidify at 32~40 °C for biological use. Fluorescently labeled LLC cells disperse col-
lectively in Matrigel, spread individually in collagen, while no migration was observed in
agar (Fig. 3a). Further, to test if the concentration of matrix would influence cell invasion,
we used M14 cells in a gradient of collagen matrices and monitored cell invasion in 6
days. We selected M14 cells for the moderate migration speed this cell line shows; not
too fast like LLC and BLM, which would move out of the imaging field, or too slow like
MEL57, SW480 and CACO2 which demand long culture time causing cell proliferation
to affect the migration. The results show a visible descending of migration distances in 4
to 6 days when collagen concentration was increased (Fig. 3b,c). These data demonstrate
that different content and concentration of matrix influence cell invasion, so matrix can
be adjusted for different experimental design.
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BLM M14 MEL57 Sw480  CACO2

Day 3 Day 2 Day 1

Day 4

éay 6 Day 5

| Invasiveness decreases

300+
= BLM
- M14
-~ SW480
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1004

Migratory distance (um)

Time (days)

Fig. 2 Cell invasion/dispersion in collagen I. Melanoma cells (BLM, M14 and MEL57) and colorectal cancer
cells (SW480 and CACO2) were cultured on microcarrier beads and embedded in collagen | gel (1.6 mg/ml).
Cell invasion was monitored and recorded daily, and three independent experiments were performed. This
assay lasted for 6 days and was ended when cells started to move out of frame. (a) Representative pictures
of cell invasion of each cell line. All three melanoma cell lines displayed invasive behavior at different levels,
while two colorectal cancer cell lines appeared less invasive, especially CACO2, which showed non-invasive
growth. Scale bar, 100 um. (b) Line graphs show maximum migration distances measured every day of each
cell line.
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Fig. 3 Content and concentration
of matrices influence cell invasion.
(a) Lewis lung carcinoma (LLC) cells
were red fluorescently labeled in
cytoplasm and green fluorescently
labeled in nucleus. Cell coated
microcarrier beads were embedded
in 5 mg/ml growth factor reduced
(GFR) Matrigel, 1.6 mg/ml collagen
| or 0.3% agar respectively, and pic-
tures were taken 56 hours later. Scale
bars, 100 pm. (b) Melanoma cell line
M14 were grown on beads and cell
invasion was monitored in a series
of concentrations of collagen | gel.
Five spheroids were recorded for
each individual assay and migratory
distance was measured in three
independent experiments. Error bars
represent standard deviation. (c) Rep-
resentative pictures of M14 invasion
in different concentration of collagen
| for 6 days. Scale bar, 100 um.
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Evaluating the effect of treatment on cell invasion using the migration index

To study the effect of a certain treatment on cell invasion, we added extra 10% FBS to a
final concentration of 20% in culture medium as treatment, while using DMEM supple-
mented with 10%FBS as control. To reduce the interference factor of cell division, instead
of using collectively migrating cells, we fluorescently labeled LLC cells, which move indi-
vidually, for confocal time-lapse imaging in three dimensions. Because LLC cells move
individually and are scattered in collagen, measuring maximum migration distance, i.e.
the distance travelled by one cell furthest from the bead, may exaggerate the real inva-
siveness and may cause deviation in the data analysis. Therefore we defined a migration
index considering the weights of all fast and slowly migrating cells. The migration index
is calculated as the sum of all migrating cells multiplied with the distance from the bead.
In this setting, fast migrating cells add more values than slowly migrating cells to the
migration index, which shows the invasive capacity of the cells together. The cell number
is difficult to obtain from images, so cell areas are used to represent cell numbers. Here we
used homemade macros (Supplementary File 1) in Fiji to measure migrating cell areas at
every 10 um away from the core. In Fig. 4a, the red circle shows the microcarrier core and
green areas indicate migrating cells included in data analysis. At 72 hours, cells with 20%
FBS supplemented in medium seem to have larger migration areas at all distance ranges
than cells in 10% medium, while the maximum distances in both groups are very close,
around 350 um (Fig. 4b). This result indicates the necessity of introducing the migration
index. After computing the migration index of all time points, we found no significant
difference between 10% and 20% medium, although an increasing trend was observed
in 20% medium (Fig. 4c). The data reveal that the migration index calculation may be
affected by increased cell proliferation, and reducing nutrients in the medium will make
results of cell invasion more convincing.

The position of spheroids in 3D matrix influences cell invasion

During experiments using this 3D assay, we observed that spheroids might settle at the
bottom of the culture plate because of the softness of the gel. When spheroids touch the
bottom, most cells prefer migrating along the bottom instead of invading the collagen
scaffold (Fig. 5a). This is possibly due to the low resistance in the interface between gel
and bottom surface. The spheroids at the bottom cannot be included in data analysis
because of exaggerated cell migration distances. If this settlement of beads at the bottom
of the well occurs to most spheroids, the matrix concentration might be too low. Nor-
mally, increasing the concentration by 0.1~0.2 mg/ml can improve the viscosity of matrix
during gel preparation but not reduce migration distance too much (Fig. 3b). In order
to avoid beads to settle at the bottom, and to keep the matrix concentration as low as
required, we tried to make a sandwich gel consisting of a bottom gel without spheroids
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Fig. 4 Migration index shows cell invasive capacity. Fluorescently labeled LLC cells were used for invasion
test in this 3D assay to compare the effect of 20% FBS vs. 10% FBS. (a) Representative pictures of LLC cell
dispersion at 72 hours. Cell were color coded for analysis after running additional macros in Fiji. Red circles
show microcarrier beads in spheroids, and green areas show distribution of migrating cells at 72 hours. (b)
Line graph shows migration area changes based on the distance to core at T = 72 hours. (c) Calculation of
migration index using data of each time point. Data represent mean + standard deviation (N=3). NS, not
significant.
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and a top gel with spheroids. Interestingly, spheroids could be found in the interface
between the two layers of gel and most cells appeared to move in this interface (Fig.
5b). A possible solution could be inverting the culture plate for 1-2 min at room tem-
perature (Fig. 5¢), which can, however, only be applied to 96-well format as the well is
small enough to retain the viscous liquid. Making use of fluidity of the gel at a certain
temperature is another solution. When a low matrix concentration is used, the gel mixed
with the cell-coated beads may be pipetted carefully at room temperature to keep the
beads in the gel by increasing the viscosity. A proper position of spheroids in the matrix
will allow cells to migrate evenly to all directions (Fig. 5d), which shows the innate cell
invasion capacity in matrix. Here we show incorrect positions of spheroids in matrices
and possible solutions to obtain proper positions for good experiments.

Y T \
0 Ngive

Fig. 5 Positions of spheroids in matrices and subsequent cell migration. Schematic diagrams on the left
panel indicate corresponding spheroids position of the fluorescent image on the right panel. The images
show an x-z view of LLC cells migrating in collagen . (a) Spheroids sediment at the bottom in matrix and
cells tend to follow the interface between gel and bottom surface. (b) A bottom layer of gel was made in the
culture plate before adding matrix with spheroids. Most cells move along the interface between the two
layers of gel. (c) To prevent spheroids settling, 96-well plate was inverted for 1-2 min at room temperature
and spheroids may stay in matrix or near to top. (d) A representative picture of cell dispersing when spher-
oids are in a proper position of a homogenous collagen | gel.
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DISCUSSION

This microcarrier-based spheroid invasion assay provides a powerful approach to assess
cell biological behavior in a 3D format, including motility, invasion, angiogenesis, mor-
phological changes, and cell-cell interaction. This method has been used to study the
effect of specific gene on cell migration and invasion [14, 15]. It can also be adapted to
investigate endothelial cells sprouting and vessel formation [16-18]. After microscopy the
gel with invading cells can be fixed for immunofluorescence staining, or can be degraded
to isolate cells for further analysis.

The application of microcarrier beads is a fast and highly reproducible way to make
spheroids. It allows adherent cells, especially cells which cannot form aggregates with
regular shape, to be embedded in matrix as spheroids for invasion study. The microcar-
rier beads we used in this assay are made of cross-linked dextran coated with a thin layer
of denatured collagen. The coating provides a good culture surface for cells to attach and
grow. Considering different cell types, beads can be coated with other attachment factors
to fit demanding culture conditions.

The matrix selection may lead to different results of cell invasion. Collagen I is the main
component of ECM and forms fibrillary networks to withstand stretching. Matrigel is
extracted from Engelbreth-Holm-Swarm murine sarcoma and consists of laminin, colla-
gen IV, heparin sulfate proteoglycans, entactin and a few growth factors, which simulates
the ECM complex [19]. Here we used growth factor reduced Matrigel so as to decrease
the impact of these factors on cell proliferation and invasion. To examine cell invasiveness
both of the matrices mentioned above can be used in this method. Importantly, other
types of matrices extracted from animal or human tissues can be used as an alternative
as long as the matrix can solidify at 37°C [20]. Moreover, modification of the matrix by
adding ECM components enables fine tuning of the conditions in which the cells reside.
Our results indicate that the content and concentration of matrix will affect cell per-
formance and therefore results. For appropriate use of this method we recommend to
choose or modify the matrix according to the experimental design, and to try different

concentrations or compositions if necessary.

In this study we dilute matrix with serum-free medium to generate a determined concen-
tration. On top of the gel culture medium is added to maintain cell growth and prevent
gel from drying out. To examine if agents added to the culture medium would influence
cell behavior, we compared cell invasion when exposed to 10 or 20% serum. Although a
higher serum concentration did not increase the outcome significantly, a positive trend
was observed because of enhanced cell proliferation with or without migration. Cell pro-
liferation is inevitable but can be reduced by decreasing the concentration of serum or
other growth promoting supplements. Our results indicate that nutrients or treatments in
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the medium can penetrate into the gel and act on the cells. So, to test different treatments
in this 3D invasion assay, growth factors, inhibitors or drugs can be supplemented either
in the medium or directly in the gel.

Another interesting finding is that the position of a spheroid in the matrix has an impact
on cell moving paths. When spheroids sediment at the bottom of a culture vessel, most
cells move along the interface between culture vessel and matrix; while if spheroids are in
the middle of two gel layers as a “sandwich”, most cells move between these two gel layers.
These observations demonstrate that cells tend to migrate along the path of the least
resistance, and researchers need to pay attention to this issue when using this method or
similar 3D settings.

Although the microcarrier-based 3D invasion assay has a broad application, the presence
of a carrier limits the use to study tumor cell behavior in a spheroid with an anoxic core.
Moreover, to study infiltration of tumor cells into a spheroid of normal cells, or to study
infiltration of immune cells into a tumor cell spheroid, the assay needs to be extended. A
multilayer spheroid can be created over time for this purpose by adjusting the matrix to
inhibit migration away from the bead but allow growth. Notably, the described microcar-
rier-based method cannot be applied to non-adherent cells.

CONCLUSIONS

This study displays a highly reproducible and less time-consuming 3D invasion assay
together with practical quantifications and data analysis. Introducing microcarriers to
generation of spheroids contributes to uniformity control, short experimental period and
the use of a broad range of cell types. We also show time-lapse imaging of cell movement
in 3D, which allows visualization of the whole process and advanced analysis. In conclu-
sion, this microcarrier-based 3D invasion assay is a powerful tool to study cell invasion
in vitro.

MATERIALS AND METHODS

Reagents

Dulbecco’s modified Eagle’s medium (DMEM, D0819, Sigma); Trypsin-EDTA (BE-17-
161E, Lonza); Dulbecco’s Phosphate Buffered Saline (PBS, Ca**and Mg** free, D8537, Sig-
ma-Aldrich); Fetal bovine serum (FBS, F7524, Sigma); Collagen type I, rat tail (08-115;
Millipore); Matrigel Growth factor reduced (356231, Coring); Agar (A1296, Sigma-Al-
drich); Sodium bicarbonate (11810-017, Life technologies).
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Imaging system and climate control configuration

As time-lapse imaging may take hours to days, a screening system, e.g. confocal micro-
scope, integrated with a cell incubation setup is indispensable. Here we show our imaging
workspace setup as an example (Fig. 6). A sealed Perspex box was built on the microscope
to maintain temperature. The box is heated by a heating unit through a ventilation duct. A
sensor in the box is connected to the temperature controller normally set to 37 °C. A 5%
CO2/air mixture is supplied through a gas wash bottle for humidification, and the flow
goes directly to the cell culture plate. Medium evaporation needs to be tested to optimize
air flow before experiment. Since cells move in three dimensions in matrices, the micro-
scope with z stacks scanning is recommended for continuous screening with the climate
control system. A standard microscope can be used for manual image acquisition as the
focus needs to be adjusted over time.

Confined space
for air heating

Heating unit

Temperature
controller

Fig. 6 Climate controlled confocal microscopy configuration for time-lapse imaging. (a) Temperature con-
troller. (b) Heating unit. (c) Gas wash bottle. (d) Motorized stage with an experimental plate on top. A tube
with humidified airflow containing 5% CO, is connected to the plate.
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Preparation of microcarrier beads

Cytodex Microcarrier beads (C3275, Sigma-Aldrich) were hydrated in PBS for at least 3 h
at room temperature. After beads settlement, discard the supernatant and add fresh Ca?*
and Mg** free PBS to a stock concentration of 50 ml/g. The beads in PBS are sterilized by
autoclaving at 120°C for 20 min and can be stored at 4°C. Upon use, mix bead suspension
in stock thoroughly and pipette 1 ml to a 15 ml Falcon tube. Centrifuge the mixture at 400
g for 5 min and aspirate the supernatant carefully. Re-suspend beads in a volume of 10 ml
culture medium to make the final suspension.

Cell culture

Human melanoma cell lines (BLM, M 14 and Mel57), colorectal cancer cell lines (SW480
and CACO2) and mouse Lewis lung carcinoma (LLC) cells were maintained in Dulbec-
cos modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS)
under conditions of 5% CO, at 37 °C.

Preparation of cell spheroids with microcarrier beads

Cells were suspended in culture medium at a density of 2~5 x 10° cells/ml. Add 1 ml cell
suspension and 1 ml bead suspension to a round bottom tube with snap cap (352059,
Corning). Place the tube in a 37°C incubator with 5% CO?2 for 6 hours and gently shake
the tube manually every two hours to allows cells to evenly distribute on the beads.
Manually shaking cannot be replaced by a shaker as most cells will not adhere under
continuous shaking. After 6 hours of incubation, transfer the mixture (2 ml) to a 6-well
plate or a 35 mm petri dish and incubate for 1 to 2 days until most beads are fully covered
with cells. Gently clap the culture plate to let spheroids detached for further use. The cell
number required to obtain a confluent coverage of beads vary for different cell lines, and
should be tested beforehand.

Embedding spheroids into matrix gel

Spheroid suspension was transferred to a Falcon tube and left for 5 min allowing spher-
oids to settle. Aspirate all culture medium carefully and add the same amount (2 ml) of
DMEM to re-suspend spheroids. Prepare a certain concentration of matrix with collagen
(option A), Matrigel (option B) or agar (option C). The recommended concentration
of collagen type I is 1.4-2.3 mg/ml according to the quantity of collagen I in human
fresh tissue [21]. For Matrigel, the concentration that forms a solid gel and allows cells
to invade properly in 2 to 3 days (e.g. 4-5 mg/ml) should be determined in pilot assays
before further experimentation, as it may vary between companies and batches. Here we
show the volume of reagents for duplicates preparation in a 24-well format.
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(A) Collagen gel formulation for cell invasion

(i)

(ii)
(iii)

(iv)

Keep collagen on ice. Pre-chill pipette tips and Eppendorf tubes used for matrix
preparation.

Mix 340 ul DMEM and 27 ul 7.5% (w/v) NaHCO, in a sterile Eppendorf tube.
Add 100 ul spheroid suspension to the Eppendorf tube. Slowly add 533
ul collagen (3mg/ml) and gently pipette up and down to mix well. The final
concentration of collagen is 1.6 mg/ml. Dispense 400 pl mixture in each well
without air bubbles and incubate the plate at 37°C for at least 30 min until a
solid gel formed.

Add 500 pl warm (37°C) culture medium carefully along the side wall onto the
gel. To investigate treatment effects, agents can be mixed in the culture medium
before adding to the gel.

(B) Matrigel formulation for cell invasion

(i)

(ii)
(iii)

(iv)

Keep Matrigel on ice. Pre-chill pipette tips and Eppendorf tubes used for matrix
preparation.

Add 440 ul DMEM and 100 pl spheroid suspension to a sterile Eppendorf tube.
Slowly add 460 pl Matrigel GFR (10.9 mg/ml) and gently pipette up and down
to mix well. The final concentration of Matrigel is 5 mg/ml. Dispense 400 ul
mixture in each well without air bubbles and incubate the plate at 37°C for at
least 30 min until a solid gel formed.

Add 500 ul warm (37°C) culture medium carefully along the side wall onto the
gel. To investigate treatment effects, agents can be mixed in the culture medium
before adding to the gel.

(C) Agar formulation for cell invasion

@

(ii)
(iii)

(iv)

Sterilize 0.6% (w/v) agar by autoclaving at 120°C for 20 min and store at 4°C.
Before use agar should be completely boiled in a microwave and mixed well.
Keep agar in a 42°C water bath to prevent solidification.

Mix 375 ul DMEM and 25 ul 7.5% NaHCO, in a sterile Eppendorf tube.

Add 100 pl spheroids suspension to the Eppendorf tube. Slowly add 500 pl 0.6%
agar and gently pipette up and down to mix well. The final concentration of agar
is 0.3%. Dispense 400 pl of the mixture in each well without air bubbles and
incubate the plate at room temperature for 20-30 min until a solid gel formed.
Add 500 pl warm (37°C) culture medium carefully along the side wall onto the
gel. To investigate treatment effects, agents can be mixed in the culture medium
before adding to the gel.
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Imaging cell invasion in matrix

Cell invasion can be monitored by time-lapse microscopy (option A) for several days.
It requires a climate control system to keep cells alive during imaging. Here we use a
confocal microscope installed with a cell culture box. A sealed Perspex box is built on the
microscope to maintain temperature. Assemble the heating unit to warm the air inside
the Perspex box and the motorized stage where culture plate is placed. A 5% CO,/air mix-
ture is supplied through a heated gas wash bottle for humidification, and it goes directly
to the cell culture plate or chamber on the motorized stage (Fig. 6). The flow rate needs
to be low to prevent evaporation of medium in the plate, and it can be adjusted based on
the frequency of air bubbles in the gas wash bottle. In the absence of a climate-controlled
configuration, it is also possible to image cell dispersion and invasion manually (option
B). Image acquisition in bright field or fluorescence can be done in this setting, and sev-
eral time points were recorded.

(A) Time-lapse imaging

(i)  Switch heating unit on and set it to 37°C before imaging to ensure the heating
is stable.

(ii) Place the experimental plate or cell chamber on the stage of the confocal
microscope and let temperature, CO, and humidity stabilize.

(iii) Turn on and configure the confocal imaging software to appropriate settings
(e.g. lasers, channels, scan parameters). Apply the same configuration when
repeating experiments.

(iv) Browse spheroid distribution in matrix with a 10x 0.3NA Plan-Neofluar
objective lens. Choose a spheroid which is fully covered with cells and far
enough from other spheroids. Adjust the position to center the spheroid of
interest in the middle of the image and save this position in the location list.
Repeat this step to find other spheroids and save their coordinates.

(v)  Set z stack interval and range. The interval is determined by the pinhole. The
range is usually set to ~200 um and can be adjusted for different cells.

(vi) Determine the time interval and repetitions which vary depending on cell
invasion ability. Usually we set the time interval to 30 min and the duration to
2-3 days.

(vii) Start imaging and check if the setup runs well during imaging acquisition.
In particular check above mentioned environmental settings and whether
evaporation of medium occurs.

(B) Imaging cell dispersion manually

(i) Place the multi-well plate or culture chamber on the stage of a standard
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microscope.

(ii)  Turn on the imaging software connected to the microscope and set up for image
acquisition in bright-field or fluorescence. The software needs to display x and
y coordinates.

(iii) Make a mark with a pen on the upper left corner of the plate and set this mark
to 0 position manually. Browse spheroids distribution in matrix under a 10x
objective lens. Choose spheroids which are fully covered with cells and far
enough from other spheroids. Adjust the position to center the spheroid of
interest in the middle of the image, save this position in the location list and take
a picture as T=0. Repeat this for other spheroids of interest. After photographing
all the selected spheroids, put the plate back in the incubator.

(iv) Pictures of the same spheroids can be taken every 12 or 24 hours until cells
spread out of frame or at a desired end point of this experiment. At every time
point, reset the mark at the 0 position before taking pictures to avoid shifting
of position.

Quantification of migratory parameters and data analysis

Several methods can be performed to quantify migratory parameters under different
conditions. The maximum migrating distance (option A) or the average of maximum
migrating distance (option B) is applied when cells migrate cohesively and very few cells
move far away from the cell cluster (Fig. 7a,b). Here we use the AxioVision image analysis
module as an example to measure these parameters which can alternatively be done in
Fiji [22] or similar software. Some cell lines move individually or follow a path created by
front cells, thus show spotted or radiating/sprouting dispersion respectively. In this case a
migration index (option C) can be applied to determine cell invasion characteristics. The
migration index is defined as the sum of all migrating cells multiplied with the distance
from the bead. If time-lapse imaging is conducted, moving trajectories of individual cells
can be tracked manually or with tracking software from which migration distances and
velocity are calculated (option D).

(A) Measuring maximum migrating distance

(i) Open file at a time point in AxioVision. Under “Measure” menu select the
“Circle” tool.

(i) Draw a circle matching the bead to measure size of bead (Fig. 7a, red circle).
From the center draw another circle involving all migrating cells (Fig. 7a, white
circle).

(iii) ~Calculate maximum migrating distance at this time point. Max migrating
distance (um)= radius of migrating front circle - radius of bead circle
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(B) Measuring average of maximum migrating distance

(i)
(ii)

(iii)

(iv)

Open file at a time point in AxioVision.

Under “Measure” menu select the “Circle” tool. Draw a circle matching the bead
to measure size of bead (Fig. 7b, red circle).

Under “Measure” menu select the “Curve” tool. Draw a curve along the
migrating front to generate a convex polygon (Fig. 7b, yellow curve) to measure
the perimeter. Only the perimeter of convex polygon can be used to calculate
the radius with this formula [23]. A concave polygon extends the perimeter
which causes incorrect result.

Calculate average of maximum migrating distance at this time point (Fig. 7b,
white circle). Avg. max migrating distance (um)= (perimeter of the polygon/2m)
- radius of bead circle

(C) Computing migration index
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(ii)

(iii)

(iv)

(v)

(vi)

Open file with z stack at a selected time point in Fiji.

Find the contours of the bead in the spheroid by browsing through the z stack
and draw a circle (Circle0) matching the biggest bead diameter. Record this
instruction in the macro recorder.

Make a z projection of the original file. Set threshold to include all cells. Recreate
Circle0 by running the recorded macro. Measure the area of the circle (Area0).

Draw Circlel with the same center as Circle0 and radius 10 pm larger than
Circle0. Areal = area of Circlel - Area0. Each time draw a circle 10 um larger
than the previous one and measure the area until the circle reaches the edge of
image (Fig. 7c). The whole automated image processing macros can be found in
Additional File 1.

Export results to Excel. Calculate the increasing area of each circle. Area(i) =
area of Circle(i) — area of Circle(i-1) where i = 1, 2, 3, ... max number of circles.
A graph can be drawn to display distribution of cells around the bead at this
time point, in which x axis represents distance to bead and y axis represents
migration area (Fig. 4b).

If we assume every cell has the same size, then the area is proportional to cell
numbers. The migration index can be calculated using the equation:

n
Migration index = Z 10 x i x Area(i)
i=1

where n is the maximum number of circles. This formula is adapted from Jozaki,
K. et al [24].
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(D) Cell trajectory and velocity

(i)  Open the time-lapse sequence of each selected position in Fiji.

(i) Make a z-projection and adjust brightness and color to make cells easily
recognized.

(iii) Use “Manual tracking” plug-in to track individual cells (Fig. 7d). Results will
show distance and velocity between every two slices. Export results in Excel
and calculate the migration distance and velocity. Other automated tracking

methods are available for analysis [25, 26].

Fig. 7 Quantification of migratory parameters. (a) Maximum migrating distance measured when cells
evenly distributed in all directions. White circle, cell migration front. Red circle, size of bead. (b) Average
of maximum migrating distance applied when cells showed uneven distribution in a shape of a polygon
rather than a sphere. Yellow curve, cell migration front. White circle, calculated average of maximum dis-
tance. Light blue circle, maximum of cell migration front. Red circle, size of bead. (c) Schematic diagram to
show the principle of computing migration area on the basis of the distance to the core. Cells are selected
and filled with green. Light blue represents cells out of range. Red core is where the bead resides. Yellow
concentric circles with radius difference of 10 um are drawn to measure the migration area of increasing
distance to beads. In this schematic the yellow circles do not have a radius difference of exact 10 um but
were only drawn to illustrate this quantification method. (d) Cell trajectories in collagen | between 55 to 70
hours, tracked manually. Panels a-b show representative images of M14 cells, and panels c-d show exam-
ples of quantification on LLC cell images.
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List of abbreviations

ECM: extracellular matrix; 3D: three dimensions; 2D: two dimensions; DMEM: Dulbec-
cos modified Eagle’s medium; PBS: phosphate buffered saline; FBS: fetal bovine serum;
GFR: growth factor reduced; LLC: Lewis lung carcinoma; NS: not significant.
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SUPPLEMENTARY MATERIALS

Supplementary File 1: Homemade macros to quantify migrating cell areas of each dis-
tance range in Fiji.

Threshold = 10; // threshold used to segment cells from background

IncreaseRadius = 10; // increase in diameter in micrometer

X =223;y=220;d=77 //makeOval(x, y, d, d); numbers need to match the location of beads
r=d/2

run(“Clear Results”);
roiManager(“Reset”);

list = getList(“window.titles”);
for (i=0; i<list.length; i++) {
if (list[i]=="Results”) {
selectWindow(“Results”);
run(“Close”);
}
if (list[i]=="Summary of StackCircles”) {
selectWindow(“Summary of StackCircles”);
run(“Close”);
}
}

list = getList(“image.titles”);

for (i=0; i<list.length; i++) {
if (list[i]=="MaxProjection”) {
selectWindow(“MaxProjection”);
run(“Close”);
}
if (list[i]=="StackCircles”) {
selectWindow(“StackCircles”);
run(“Close”);
}
if (list[i]=="temp”) {
selectWindow(“temp”);
run(“Close”);
}

}

run(“Duplicate..”, “title=temp duplicate channels=2");
run(“Median.., “radius=1 stack”);

run(“Z Project..”, “projection=[Max Intensity]”);
rename(“MaxProjection”);

getDimensions(width, height, channels, slices, frames);

run(“Duplicate..”, “title=ColorCoded”);

run(“RGB Color”);

selectWindow(“MaxProjection”);
setThreshold(Threshold, 255);

run(“Analyze Particles..”, “size=100-Infinity add stack”);
selectWindow(“ColorCoded”);

roiManager(“OR”);

run(“Clear Outside”);
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setForegroundColor(0, 255, 0);
run(“Fill”);

roiManager(“Reset”);
selectWindow(“MaxProjection”);
setThreshold(Threshold, 255);
selectWindow(“ColorCoded”);
makeOval(x, y, d, d);
roiManager(“Add”);
setForegroundColor(255, 0, 0);
run(“Fill”);

run(“Split Channels”);

selectWindow(“ColorCoded (red)”);
roiManager(“Select’, 0);

OldArea = getResult(“Area’0);
run(“Set Measurements..”, “center”);
roiManager(“Measure”);
CenterOfMass_X = getResult(“XM’0);
toUnscaled(CenterOfMass_X);
CenterOfMass_Y = getResult(“YM”0);
toUnscaled(CenterOfMass_Y);
selectWindow(“Results”);
run(“Close”);

roiManager(“Reset”);

//Calculate center of circles and max number of circles
if (CenterOfMass_X <= width/2) {
DistanceToEdge_X = CenterOfMass_X;
}
else {
DistanceToEdge_X = width - CenterOfMass_X;
}
if (CenterOfMass_Y <= height/2) {
DistanceToEdge_Y = CenterOfMass_Y;
}
else {
DistanceToEdge_Y = height - CenterOfMass_Y;
}
if (DistanceToEdge_X <= DistanceToEdge_Y) {
MaxDistanceToCenter = DistanceToEdge_X;
}
else {
MaxDistanceToCenter = DistanceToEdge_Y;
}

toScaled(MaxDistanceToCenter);

NrOfCircles = floor((MaxDistanceToCenter-d)/IncreaseRadius)+1;

run(“Set Measurements.., “area limit display redirect=None decimal=0");

/1 Fill Arrays: DistanceToCore, AreaTotal, Arealncrease ----------=----=-=---ooommmomomoo o
selectWindow(“ColorCoded (red)”);

run(“Select None”);

for(i=1; i<=NrOfCircles; i++){
toUnscaled(IncreaseRadius);
makeOval(CenterOfMass_X-(IncreaseRadius*i)-r,CenterOfMass_Y-(IncreaseRadius*i)-r,
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2*IncreaseRadius*i+d, 2*IncreaseRadius*i+d);
setThreshold(0, 255);
run(“Measure”);
toScaled(IncreaseRadius);
}

resetThreshold();

DistanceToCore=newArray(NrOfCircles);
AreaTotal=newArray(NrOfCircles);
Arealncrease=newArray(NrOfCircles);
ThresholdedArealncrease=newArray(NrOfCircles);
Core_Area=newArray(NrOfCircles);
Migration_Area=newArray(NrOfCircles);

for(i=1; i<=NrOfCircles; i++) {
DistanceToCore[i-1] =i * IncreaseRadius;
AreaTotal[i-1] = getResult(“Area’i-1);
Arealncrease[i-1] = AreaTotal[i-1] - OldArea;
OldArea = AreaTotal[i-1];

}

selectWindow(“Results”);

run(“Close”);

selectWindow(“ColorCoded (green)”);
run(“Select None”);
run(“Duplicate.., “title=tempGr”);
for(i=1; i<=NrOfCircles; i++){
toUnscaled(IncreaseRadius);
makeOval(CenterOfMass_X-(IncreaseRadius*i)-r,CenterOfMass_Y-(IncreaseRadius*i)-r,
2*IncreaseRadius*i+d, 2*IncreaseRadius*i+d);
setThreshold(Threshold, 255);
run(“Measure”);

run(“Clear”, “slice”);
toScaled(IncreaseRadius);

ThresholdedArealncrease[i-1] = getResult(“Area’i-1);
Migration_Area[i-1] = ThresholdedArealncrease[i-1] ;
}

selectWindow(“tempGr”);
run(“Make Inverse”);
run(“Cut”);
selectWindow(“ColorCoded (blue)”);
run(“Paste”);

run(“Select None”);
selectWindow(“tempGr”);
run(“Close”);
selectWindow(“MaxProjection”);
run(“Close”);
selectWindow(“temp”);
run(“Close”);
selectWindow(“Results”);
run(“Close”);

run(“Merge Channels..”, “c1=[ColorCoded (red)] c2=[ColorCoded (green)] c3=[ColorCoded (blue)] create”);

run(“RGB Color”);
Array.show(“Results”, DistanceToCore, Migration_Area);
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ABSTRACT

Melanoma is one of the most aggressive cancers, and patients with distant metastases
have dire outcomes. We observed previously that melanoma progression is driven by a
high migratory potential of melanoma cells, which survive and proliferate under harsh
environmental conditions. In this study, we report that CREPT (cell-cycle related and
expression-elevated protein in tumor), an oncoprotein highly expressed in other can-
cers, is overexpressed in melanoma cells but not melanocytes. Overexpression of CREPT
stimulates cell proliferation, migration, and invasion in several melanoma cell lines. Fur-
ther, we show that CREPT enhances melanoma progression through upregulating and
activating Ras homolog family member A (RhoA)-induced actin organization and focal
adhesion assembly. Our study reveals a novel role of CREPT in promoting melanoma
progression. Targeting CREPT may be a promising strategy for melanoma treatment.

Keywords: melanoma; CREPT; proliferation and migration; cytoskeleton organization;
RhoA activation
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INTRODUCTION

Malignant melanoma, which derives from melanocytes and mostly arises in the skin, is
characterized as a highly metastatic tumor. In the past 30 years, the incidence of cutaneous
melanoma has grown rapidly [1]. Around 300,000 new cases of melanoma were reported
worldwide in 2018, and the incidence of melanoma was ranked fifth of all cancers in the
United States [1, 2]. Due to the rapid progression and metastasis, ~5% of patients pres-
ent distant metastasis at the initial diagnosis [3]. Although immunotherapy or targeted
therapy drugs yield notable clinical benefits, increasing five-year overall survival to 35%
to 50%, a great proportion of metastatic melanoma patients remain unresponsive to treat-
ments [4-6]. For this reason, finding the cause of melanoma progression remains crucial
to further improve therapeutic strategies.

Metastases, in which tumor cells disseminate to a distant site, are the main cause of
cancer deaths [7]. Several steps can be identified during the metastatic process, which
demands certain cell characteristics. Tumor cells dissociating from primary sites must
have the ability to migrate and invade through the basement membrane and extracel-
lular matrix (ECM). To pass through tissues, tumor cells change their morphology and
stiffness to fit in and interact with surrounding ECM structures [8]. These morphological
changes, like cell polarization and formation of membrane extensions, are inseparable
with filamentous actin and related cell-matrix attachments [9-11]. Integrins, which are
transmembrane receptors and couple the cell to ECM components, regulate focal contact
assembly and cell migration in melanoma [12]. Rho GTPase signaling contributes to cell
movement by influencing cytoskeleton reorganization [13, 14]. After the process of intra-
vasation and extravasation, metastatic tumor cells travel to a secondary site, adapt to the
local microenvironment for survival, proliferate, and develop a vasculature to establish
a new tumor [15, 16]. Melanoma cells are also able to sustain the survival of endothelial
cells under restrictive conditions [17]. The strong angiogenic potential contributes to fast

metastasis of melanoma.

Regulation of nuclear pre-mRNA domain-containing (RPRD) proteins are identified
as novel RNA polymerase II (RNAPII)-interacting proteins, which are evolutionarily
conserved and ubiquitously expressed in human tissues. All three RPRDs (includ-
ing RPRD1A, RPRD1B, and RPRD2) contain C-terminal domain (CTD) interaction
domains. RPRD1A and RPRD1B associate with RNAPII phosphatase directly and inter-
act with CTD heptapeptide repeats to recruit RNAPII for dephosphorylation of phos-
phor-S5 [18, 19] Recently, an enhanced expression of CREPT, also known as RPRD1B
or C200rf77, is reported in many human tumors, including gastric cancer, endometrial
cancer, and colorectal cancer [20]. CREPT promotes cell proliferation and tumorigene-
sis by regulating the cell cycle process by enhancing transcription of Cyclin D1, Cyclin

53



Chapter 3

B1, Cyclin-dependent kinase 4 and 6 (CDK4 and CDK6) [20-22]. CREPT also shows an
oncogenic potential as a transcription co-activator of the B-catenin-TCF4 (transcription
factor 4) complex to promote the transcriptional activity of the Wnt signaling pathway
[23]. Besides, it is reported that a new CREPT/c-myc/CDC25A pathway may result in
cell growth and migration promotion [24]. While the function of CREPT has been char-
acterized to some degree in several cancers, the role in cell migration and invasion is
less known, and the contribution of CREPT in melanoma tumorigenesis has not been
studied.

Here, we show the differential expression of CREPT in melanoma cells and melanocytes,
and evaluate the oncogenic potential by assessing the association with cell proliferation,
migration, and invasion. Moreover, we find that CREPT influences cell migration by reg-
ulating RhoA-related actin filaments’ polymerization and focal adhesion formation. Our
results demonstrate that CREPT functions as an oncoprotein in melanoma and modu-

lates cell migration and invasion.

RESULTS

Differential Expression of CREPT in Melanoma Cells and Melanocytes

To investigate whether CREPT plays a role in melanoma, the expression in different
cell lines was examined at both the mRNA and protein level. PCR, qPCR, and western

BLM M14 Mel57 1F6 530 hmel NHEM
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Figure 1. CREPT is highly expressed in melanoma cells compared to melanocytes. (a) Representative pic-
tures of RT-PCR to show CREPT expression in all cell lines. (b) Quantitative PCR is displayed as mean + SEM
and statistical analysis was conducted with hmel as the control group. (c) Representative pictures of west-
ern blotting showing endogenous CREPT protein expression in all cell lines. Beta-actin (ACTB) is used as a
loading control. Numbers under the bands show the mean of the intensity ratios standardized to hmel. ***
p < 0.001. All experiments were repeated at least three times.

54



CREPT promotes melanoma progression

blotting results show high expression of CREPT in all five melanoma cell lines (BLM,
M14, Mel57, 1F6, 530) and low or absent expression in two melanocyte lines (hmel and
NHEM) (Figure 1). These results suggest that CREPT is elevated in melanoma but is low
in normal melanocytes.

Depleted or Enforced Expression of CREPT Influences Melanoma Cell Prolifera-
tive Capacity

To reveal the function of CREPT in melanoma, BLM cells were stably transfected with
CREPT coding sequence plasmid and empty vector (shown as “CREPT” and “Con-
trol”, respectively, in Figures 2-7) for enhanced expression, and with plasmids inserted
with short hairpin RNA (shRNA) against CREPT and scrambled shRNA (shown as
“shCREPT” and “shNC” respectively, in Figures 2-7) for depleted expression (Figure
S1). We performed SRB assays to evaluate cell proliferation rates. The results show that
depletion of CREPT led to a decreased growth rate, and reciprocally, overexpression of
CREPT promoted cell proliferation significantly (Figure 2a,b). To verify CREPT func-
tions in other melanoma cells, we also selected M14 cells for CREPT overexpression and
MEL57 cells for CREPT depletion because M14 had a relatively low endogenous CREPT
level and MEL57 had a high level (Figure 1 and S1). SRB assays show similar trends
of CREPT-regulated cell growth rates to BLM cells (Figure S2a). To address the role of
CREPT in the malignant feature of melanoma, we examined the colony formation ability
of CREPT-modified BLM cells. The results show that colonies of CREPT-depleted cells
were reduced to 54.0 + 4.4 per well as compared to 112.5 + 16.2 per well for non-depleted
cells (p < 0.05) while CREPT-overexpressed cells formed more colonies than control cells
(162.3 + 4.9 vs. 116.8 £ 9.9 per well, p < 0.01) (Figure 2c-f). The tumor growth was sig-
nificantly increased with CREPT overexpression (vs. control, p < 0.01), and mice injected
with CREPT depleted cells did not grow visible tumor within 40 days (Figure 3). These
results suggest that proliferative and tumorigenic potentials of melanoma cells are, at least
in part, dependent on CREPT expression.
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Figure 2. Depletion or overexpression of CREPT affects BLM cell proliferation. Knockdown of CREPT
(shCREPT) is compared with control (shNC), and overexpression of CREPT (CREPT) is compared with control
(Control). (a,b) In vitro cell growth rates of BLM cells with different CREPT expressions are shown as mean
+ SEM of three independent experiments. (c,d) Representative pictures of the colony formation status in
cell lines with distinct CREPT expression. (e,f) Colony numbers were measured in Fiji and data are shown as
mean + SEM of four independent experiments. * p < 0.05, ** p < 0.01.

CREPT Promotes Melanoma Cell Migration and Invasion in Vitro

To address the effect of CREPT on cell migration, migratory profiles of melanoma cells
were evaluated by a ring-barrier migration assay. Cell movement was monitored in
reduced-serum media (DMEM supplemented with 1% FBS) to diminish the impact of
cell proliferation. We followed cell trajectories for 24 h and measured total and directional
distances. Total migration indicates the capacity of cell motility, and effective migration
shows net displacement, implying persistent directionality of cell migration. BLM cells
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Figure 3. Effect of CREPT expression on tumor growth. Since two control cells (control to overexpression
and control to depletion) had no significant on tumor growth, we combined these two groups into one,
showed in red line. The BLM with CREPT overexpression was showed in blue line, and CREPT depletion in
green. Data represent mean + SD of 7 mice per group.

with CREPT depletion (BLM-shCREPT) show significantly reduced total migration
distances and net displacement (Figure 4a,c) while overexpression of CREPT increased
the total migration and effective migration (p < 0.01) (Figure 4b,d). Similar results were
observed in MEL57 and M14 cells (Figure S2b). These results demonstrate that CREPT
facilitates melanoma cell motility and migration.

The migration potential in two dimensions was tested with cells attached to a surface,
where cells can only have contact with the extracellular matrix (ECM) on the surface side.
To investigate the effect of CREPT on three-dimensional migration or invasion capacity,
we used microcarrier beads as supporting cores to grow spheroids and monitor cell inva-
sion by embedding spheroids into a 3D matrix. This assay enables cell-ECM interaction
on all sides of the cell during movement, resembling a more realistic microenvironment.
In 5 days, BLM-shCREPT cells displayed a decreased invasive distance (148.7 + 4.1 pm)
in comparison to BLM-shNC cells (212.7 £+ 5.3 pm, p < 0.01) (Figure 5a,c). On the con-
trary, overexpression of CREPT led to an faster invasion into the matrix than control
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Figure 4. Effect of CREPT expression on BLM cell migration. Knockdown of CREPT (shCREPT) is compared
with control (shNC), and overexpression of CREPT (CREPT) is compared with control (Control). (a,b) Rep-
resentative pictures of cell trajectories in 24 h. Dotted white lines indicate the migration front att =0, red
crosses indicate cells selected for tracking, and yellow lines represent single cell trajectories representing
the total migration. (c,d) Migratory parameters were quantified and calculated of 30 cells in each individual
experiment. Total migration (um) is the total distance every cell moves in 24 h. Effective migration (um) is
the net displacement from 0 to 24 h. Data represent mean + SEM of three independent experiments. * p <
0.05, ** p < 0.01, *** p < 0.001.

BLM cells (255.0 £ 7.7 um vs. 198.1 + 7.1 um, p < 0.001) (Figure 5b,c). The results were
confirmed with MEL57 and M14 cells (Figure S2c). These data illustrate that CREPT
stimulates the invasive process of melanoma cells in the 3D collagen matrix.

Global Gene Expression Profiling Based on CREPT Expression Modification

To understand the molecular mechanisms of CREPT-induced changes in cell behavior,
we performed whole transcriptome sequencing using BLM-shCREPT cells and BLM-
shNC cells. In total, 366 downregulated and 524 upregulated transcripts were obtained
when comparing BLM-shCREPT to BLM-shNC samples (Figure 6a). Gene molecular and
cellular function analysis indicated that these genes were enriched in functions “cellular
movement’, “cellular assembly and organization’, and “cellular growth and proliferation”
(Figure 6b). Further, to visualize gene changes in categories, we clustered significantly
altered genes and showed the results in heat maps. In correlation with our experimen-
tal observations on CREPT-regulated cell proliferative and migratory capacity, we first
checked GO:0030334 “regulation of cell migration” and GO:0042127 “regulation of cell
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Figure 5. The invasive capacity of BLM cells is affected by modified CREPT expression. Microcarrier beads
covered with cells were embedded in collagen gel and cell dispersion into the matrix was photographed
every day for evaluation. In total, 10 to 15 beads per group were included in each independent experiment,
and dispersion distances were quantified and analyzed as shown in panels (a,b). Data is depicted as mean
+ SEM of three independent experiments. ** p < 0.01, *** p < 0.001. (c) Representative pictures of cell
dispersion over time for different cell lines. Scale bars, 100 um.

population proliferation”, which represent the process modulating the frequency, rate,
or extent of cell migration and cell proliferation, respectively. Genes involved in positive
regulation of cell migration and proliferation were mostly downregulated (23/32, 72% in
migration; 23/35, 66% in proliferation) in BLM-shCREPT samples while genes involved
in negative regulation of cell migration and proliferation were mainly upregulated (13/17,
76% in migration; 28/35, 80% in proliferation) (Figure 6¢,d). The results support the biol-
ogy profiling that CREPT improved melanoma cell proliferation and migration. Apart
from the functions we observed in the experiments, the gene expression profiling also
showed a link between CREPT expression and actin cytoskeleton organization, which
is essential for cell migration. To maintain the actin skeleton structure, globular actins
firstly polymerize to filaments. Actin filaments together with myosin IT and other cyto-
skeletal proteins assemble to form stress fibers working as contractile structures. These
actin bundles terminate at the cell surface, where focal adhesion assemblies anchor the
cell to the extracellular matrix [25]. Therefore, we zoomed in on the expression profile
of genes involved in focal adhesion, actin polymerization, and stress fiber assembly. The
RNA-Seq data show that the major cluster of genes in BLM-shCREPT samples are down-
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Figure 6. Global gene changes in melanoma cells with differential CREPT expression in BLM cells. (a) The pie
chart shows the global up- and downregulated transcript numbers. (b) The top 10 most correlated molec-
ular and cellular functions. The x-axis displays the -log of significance. (c-g) Heat maps of gene ontology
(GO) classification in which genes are significantly changed according to the depletion of CREPT. Samples
are displayed in the order of BLM-shCREPT (n =3, left) and BLM-shNC (n = 3, right). Heat maps were made
based on z-scores, which indicate the data dispersion from the mean. (c) Altered genes in the GO term “reg-
ulation of cell migration”. The majority of the downregulated genes involved in positive regulation of cell
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migration and most upregulated genes in the negative effect were observed in CREPT-depleted samples.
Similar observations were made in the “regulation of cell proliferation” (d), GO:0005925“focal adhesion” (e),
“actin filament polymerization” (f), and “stress fiber assembly” (g).

regulated in “focal adhesion” (12/17, 71%), “positive regulation of actin polymerization”
(8/10, 80%), and “positive regulation of stress fiber assembly” (7/8, 88%) (Figure 6e-g).
Taken together, the gene profiling confirms the experimental results that CREPT pro-
motes cell proliferation and migration, and gives directions for further examination of
molecular mechanisms.

CREPT Regulates Actin Filament Polymerization and Focal Adhesion Formation

According to global gene expression profiling, we identified the effect of CREPT on the
actin cytoskeleton and focal adhesion-related biological processes. To visualize actin
filaments and focal adhesions at the cellular level, immunofluorescence staining was
performed against F-actin and vinculin (Figure 7a). The quantified data show signifi-
cantly shorter lengths of filaments and fewer focal adhesion numbers in BLM-shCREPT
cells than those in BLM-shNC cells (Figure 7b,e). On the contrary, BLM-CREPT cells
demonstrated more filaments and focal adhesions than control cells (p < 0.001) (Figure
7¢,f). In addition to focal adhesion numbers, we also quantified the mean size of focal
adhesions but found no significant changes in size based on CREPT differential expres-
sion (Figure 7g). Measurements of the mean florescence intensity of focal adhesions
indicated the vinculin expression level as a component of the focal adhesion complex.
We detected a decrease of vinculin in low CREPT-expressing cells and an increase of
vinculin in high CREPT-expressing cells (Figure 7d). These results illustrate that CREPT
promotes actin filament polymerization and focal adhesion formation in melanoma cells.
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Figure 7. Fluorescent staining to visualize F-actin and focal adhesions in BLM cells. (a) Representative
pictures of non-transfected BLM, BLM with low CREPT levels (BLM-shCREPT), and BLM with high CREPT
levels (BLM-CREPT). Images in dotted squares are magnified to see focal adhesions at the end of actin
filaments. Scale bar in large images, 50 um; scale bar in zoomed in panels, 5 um. After image processing and
quantification, the total length of actin filaments and focal adhesion numbers in each cell were measured.
To eliminate bias against different cell sizes, data were standardized by the area unit and are shown in
boxplots. (b,c) The total length (um) of actin filaments per area (um?). (d) Mean florescence intensity of
focal adhesions in individual cells. (e,f) Focal adhesion numbers per 100-um? area. (g) Average size of focal
adhesions in individual cells. Data in panels (b-g) represent 40 cells/measurements in three independent
experiments. ** p < 0.01, *** p < 0.001; ns, not significant.
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CREPT Influences Focal Adhesion Signaling-Related Molecules

To interpret the difference in actin filament polymerization and focal adhesion formation,
gene expression was examined on the protein level by western blotting. CREPT protein
was detected to show an eflicacy of depletion and overexpression. For BLM-CREPT cells,
exogenous CREPT protein was labelled with an HA (hemagglutinin)-tag, which made
the protein size approximately 36 to 37 kDa, showing a band above endogenous CREPT
in western blotting. We observed that expression of actin polymerization-related genes
(RhoA, mDial) and focal adhesion-related genes (FilaminA, FAK, Talin-1, Paxillin,
Tensin 2) correlates with the expression of CREPT (Figure 8a, S3.1 and S3.2). We verified
with the small GTPase activation assay that activation of RhoA is regulated by CREPT
(Figure 8b). These results demonstrate that CREPT activates the RhoA/mDial axis and
increases the expression of focal adhesion-related proteins.

The Role of RhoA on Actin Filaments and Cell Migration

To decipher whether the influence of CREPT on cell migration and formation of actin fil-
aments/focal adhesions correlated with RhoA activation, we inactivated Rho proteins in
BLM cells using C3 transferase. The results show that C3 transferase inhibited Rho activ-
ity to 50% at a dosage of 1 to 2 pug/mL (Figure 9a). As the high dosage did not increase the
efficiency, we treated cells with 1 pg/mL C3 transferase to observe actin filament forma-
tion and evaluate cell migration ability. The immunofluorescence staining results show a
significant decrease of the total length and focal adhesion numbers of actin filaments in
Rho-inhibited cells (Figure 9b,c). Intriguingly, cell migratory capacity in 2D was signifi-
cantly inhibited by Rho inactivation (Figure 9d). These results link the CREPT-regulated
phenotype with RhoA activation, and demonstrate that CREPT influences cell migration,
and actin filaments/focal adhesion formation, through RhoA activation.
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Figure 8. CREPT expression influences actin filament/focal adhesion formation-related signaling molecules
in BLM cells. (a) Western blotting was performed to evaluate expression of RhoA, Diaphanous related Formin
1 (mDia1), FilaminA, focal adhesion kinase (FAK), Talin-1, Paxillin, Tensin 2. Beta-actin (ACTB) was used as the
loading control. Representative results are shown followed by mean protein expression values from four
independent experiments. (b) Activated RhoA levels were quantified with small GTPase activation assay,

and relative values are shown as mean + SEM of three independent experiments. ** p < 0.01, *** p < 0.001.
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Figure 9. The effect of Rho inhibition on actin filaments, focal adhesion, and cell migration in BLM cells. (a)
Cell-permeable C3 transferase was used in serum-free medium to inhibit Rho activation. BLM cells were
treated with different conditions for 2 h and lysates were collected for RhoA activation assay. Standardized
activation levels are shown as mean + SEM of three independent experiments. Immunofluorescence stain-
ing was performed to evaluate changes in actin filaments (b) and focal adhesions (c). Data of 16 cells were
measured and statistically analyzed from three independent experiments. (b) Total length (um) of actin
filaments of per cell area (um2). (c) Focal adhesion numbers of per cell area (100 um?2). (d) Cell migration
was determined by ring-barrier migration assay. BLM cells were treated with serum-free DMEM as a control
and 1 pg/mL C3 transferase in DMEM for Rho inhibition. After the 2-h treatment, medium was refreshed
with DMEM + 1% FBS and time-lapse imaging was performed for 24 h. Data represent mean + SEM of three
independent experiments. * p < 0.05, ** p < 0.01, *** p < 0.001.
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DISCUSSION

Cell migration and metastases formation are crucial for malignant progression, which
leads to increased mortality in cancer patients. Recent studies revealed the oncogenic
potential of CREPT expression in multiple cancer types, including correlation with poor
prognosis, induction of cell proliferation in vitro, and tumorigenesis in vivo [26-28].
Knockdown of RPRD1B increased cell sensitivity to treatment in endometrial adenocar-
cinoma, which suggests a therapeutic potential for targeting CREPT [21]. However, the
role of CREPT in regulating cell migration and invasion is rarely discussed. As melanoma
is known for high aggressiveness and strong potential of metastasis, in this study, we
examined the contribution of CREPT on the migration and motility in melanoma cells.
PCR and western blotting data show high transcription and protein level of CREPT in
melanoma cells, and low or absent expression in human melanocytes. Melanocytes were
immortalized for in vitro culture and served as the non-tumor control here. The find-
ings demonstrate a differential expression of CREPT in melanoma and non-tumor cells,
indicating that CREPT may function as an oncogene and may contribute to melanoma
progression.

Enhanced cell growth is a typical feature of cancer. A previous study showed that CREPT
promotes cell growth by regulating cell cycle-related cyclins and kinases [20]. It was also
reported that CREPT regulates colorectal cancer cell proliferation and tumorigenesis
through Wnt/p-catenin signaling [29]. In addition to improving proliferation, CREPT
also reduces cell apoptosis by regulating the ROS/p53 pathway, and thus increases tumor
growth [30]. Consistent with the published data, our results indicate that a high level of
CREPT facilitates cell division and tumorigenesis in melanoma. Another feature of cancer
is metastasis. Increasing cell motility provides more possibilities for tumor metastasis.
A study in gastric cancers revealed that CREPT increases cell migration by regulating
E-cadherin, vimentin, N-cadherin, and matrix metalloproteinase 1 (MMP-1) expressions
[30]. To assess the effect of CREPT on cell motility, we examined cell migration in 2D
conditions and invasive capacity in 3D matrices, which mimiced an in vivo environment.
Since maintaining living cells inevitably causes cell division during migration assays, we
tracked single cell movement to reveal cell motility. 2D and 3D migration results indicate
that CREPT induces melanoma cell motility, migration, and invasion. The low expression
level of CREPT in melanocytes provides an interesting possibility to study whether forced
expression of CREPT in these cells would inflict a malignant transformation, which is
currently under investigation in our group. Taken together, our findings show evidence
at the cellular level that CREPT promotes tumorigenesis-related biological processes,
suggesting a non-negligible role of CREPT in the progression of melanoma.
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Migrating cells have a polarized morphology with protrusions like lamellipodia and
filopodia, which are the leading part in the direction of movement. These protrusions
are driven by actin polymerization and filament assembly [31]. Focal adhesions connect
actin cytoskeleton and extracellular matrix at the cell membrane, allowing actin net-
works to pull the cell forward [32]. The transcriptome sequencing analysis indicates that
genes involved in the processes of “focal adhesion”, “actin polymerization”, and “stress
fiber assembly” are regulated by CREPT. Further, immunofluorescence staining shows
a CREPT-related enhancement of actin filaments and focal adhesion formation, which
gives a subcellular interpretation of CREPT-regulated migration. Assembly and disas-
sembly of focal adhesions dynamically occur during cell migration but are regulated by
different mechanisms. Integrins aggregate and recruit adaptor proteins, like talin, tensin,
and paxillin, to form adhesions connecting ECM structures and actin filaments. On
the other hand, the disassembly process is triggered by microtubule extensions to focal
adhesions [33]. In our study, the result of the dynamic equilibrium of focal adhesion
formation. Focal adhesion protein levels and size were reported to be closely related to
cell migration [34] while in this study, we did not observe a significant change in the
mean size of focal adhesions with respect to CREPT differential expression. This result
may be explained by the biphasic relationship between focal adhesion size and cell migra-
tion speed. It is reported that the mean size of focal adhesions is highly predictive of
cell migration speed, however, the correlation is non-linear. Increased migration speed is
accompanied by an increase in focal adhesion size until it plateaus, after which growing
focal adhesions are associated with reduced migration speed. [35]. This phenomenon
is also related to adhesion maturation and turnover. How and to what extent CREPT
influences the focal adhesion dynamic process is still under investigation in our group.

Small GTPase protein RhoA is involved in the focal adhesion signaling pathway (KEG-
G:hsa04510) and regulates actin cytoskeleton organization. RhoA can activate Rho
effector mDial, which binds directly to the fast-growing barbed end of actin filaments
and facilitates actin nucleation and elongation [36, 37]. In this study, we observed that
CREPT upregulates RhoA activation and mDial expression. The results indicate a
CREPT-RhoA-mDial signaling axis, which leads to actin organization regulation. One
limitation is that we show an indirect interaction of CREPT and RhoA. How CREPT acti-
vates RhoA remains unknown, which would be an interesting question to study. To verify
the role of RhoA in CREPT-induced cellular processes, we inhibited RhoA activation and
consequently, actin filament/focal adhesion formation was reduced, and cell migration
restrained. According to these findings, we conclude that CREPT promotes melanoma
cell migration and actin filament/focal adhesion formation through RhoA activation.
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CONCLUSIONS

This study demonstrated the oncogenic role of CREPT in melanoma by promoting cell
proliferation, migration, and invasion. This phenomenon is dependent on the upregu-
lation and activation of RhoA-induced actin organization and focal adhesion assembly.
Our findings contribute to a better understanding of melanoma progression, and provide
a potential therapeutic target for melanoma treatment.

MATERIALS AND METHODS

Antibodies and Plasmids

Anti-RhoA (2117), anti-mDial (5486), anti-FilaminA (4762), anti-FAK (3285), anti-
Talin-1 (4021), anti-Paxillin (12065), and anti-Tensin 2 (11990) monoclonal antibodies
were purchased from Cell Signaling Technology Europe B.V. (Leiden, Rotterdam, Neth-
erlands). Anti-ACTB antibodies (A2066 and A5441) were from Sigma-Aldrich Chemie
N.V. (Zwijndrecht, South Holland, Netherlands). Anti-CREPT monoclonal antibody
and plasmids (pcDNA3.1-HA-CREPT, pLL3.7-shRNA-CREPT) were kindly provided by
Zhijie Chang (Tsinghua University, Beijing, China) [38].

Cell Lines and Culture Conditions

Human melanoma cell lines BLM, M 14, Mel57, 1F6, and 530 were maintained in Dul-
becco’s modified eagle’s medium (DMEM) supplemented with 10% fetal bovine serum
(FBS). Normal human epidermal neonatal melanocytes (NHEMs) were cultured with
Melanocyte Growth Medium-4 BulletKit (Lonza Benelux BV, Breda, Netherlands). All
cell lines above were routinely maintained in 5% CO, at 37 °C. Immortalized human
melanocytes (hmels) were grown in RPMI medium supplemented with 10% FBS, tetra-
decanoyl phorbol acetate (TPA, 200 nM), cholera toxin (200 pM), human stem cell factor
(SCE 10 ng/mL), and endothelin 1 (10 nM), and cultured under conditions of 10% CO,
at 37 °C.

Reverse Transcription Polymerase Chain Reaction (RT-PCR) and Quantitative
PCR

Total RNA was extracted with TRIzol reagent (Invitrogen, Carlsbad, CA, USA).
Reverse transcription was performed with 1 pg of total RNA using the Super-
script III First-Strand Synthesis System (Invitrogen). In total, 50 ng of cDNA
were used for each reaction. The sequences of PCR primers were as follows:
CREPT forward: 5-TAT AGG TAC CAT GTC CTC CTT CTC TGA G-3;
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CREPT reverse: 5-TAT ACT CGA GCT AGT CAG TTG AAA ACA GGT C-3}
ACTB forward: 5- GTC ATT CCA AAT ATG AGA TGC GT-3,
ACTB reverse: 5- AAT GCT ATC ACC TCC CCT GT-3’ Quantitative PCR was per-
formed in duplicate, using the iCycler iQ5 platform (Bio-Rad Laboratories, Munich, Ger-
many) with specific TagMan Gene Expression assays (Applied Biosystems, Foster City,
CA, USA). Gene expression levels are presented as relative ratio.

Western Blotting

Cells were washed with ice-cold phosphate-buffered saline (PBS) and lysed in lysis buffer
(50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1 mM ethylenediaminetetraacetic acid (EDTA),
1% NP-40, protease inhibitor cocktail and phosphatase inhibitor cocktail) for 30 min
on ice. Lysates were cleared by centrifugation at 12,000 x g for 10 min at 4 °C. Samples
were electrophoresed and transferred to polyvinylidene difluoride (PVDF) membranes.
Blocking was conducted in Odyssey blocking buffer (LI-COR Biosciences, Lincoln, NE,
USA) for 1 h at room temperature, followed by overnight incubation of diluted primary
antibodies. Membranes were further incubated with IRDye-labeled secondary antibodies
(LI-COR) for 1 h at room temperature and scanned using Odyssey Infrared Imaging
System (LI-COR).

Cell Transfection

The transfection was performed with DharmaFECT kb DNA transfection reagent (Hori-
zon Discovery Group, Waterbeach, United Kingdom) according to the manufacturer’s
instructions. Melanoma cells were transfected with pcDNA3.1-HA-CREPT for CREPT
overexpression and pcDNA3.1-HA as the control. Stable clones were selected using 600
pg/mL G418 (Thermo Fisher Scientific, Waltham, MA, USA) and maintained in culture
medium with 300 pg/mL G418. CREPT-depleted cells were generated by transfection
with plasmids (pLL3.7-shRNA-CREPT: pLKO.1-puro = 10:1) and control cells were
transfected with plasmids (pLL3.7-shRNA-control: pLKO.1-puro = 10:1). Stable cells
were selected based on florescence and maintained in culture medium with 1 pug/mL
puromycin (Thermo Fisher Scientific, Waltham, MA, USA). Western blotting was per-
formed to detect the transfection efficiency. BLM cells with stable transfection were used
in the following experiments.

Cell Proliferation Assay

Transfected cells were seeded in a 96-well plate at a density of 2000 cells/well and allowed
to attach for 6 h. After attachment, cells were fixed with 10% trichloroacetic acid at 0, 24,
48, 72, and 96 h, followed by staining with sulphophodamine B (SRB) as described [39].
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The absorbance was measured at 510 nm using a microplate reader (Victor 1420, Wallac,
Turku, Finland). All proliferation data were normalized to the 0-h time point and showed
as the percentage growth rate.

Colony Formation Assay

A total of 500 cells/well were seeded in a 6-well plate with culture medium. After 10 to 14
days, cells were fixed with methanol for 15 min and stained with 0.1% crystal violet for 20
min. Plates were washed and air-dried. Three independent experiments were performed
in 6-well plates. Colonies counting was performed by Image] with a minimum size of a
10-pixel area.

Tumor Growth In Mice

NMRI nude mice were obtained from Envigo (Huntingdon, United Kingdom). Upon
eight weeks old, mice were subcutaneously inoculated 1 x 10° cells with serum-free
DMEM on the right flank. The tumor was measured with three dimensions: length (L),
width (W) and depth (D). Tumor volumes were calculated with the formula /6 x L x
W x D. Mice were sacrificed with one of the endpoints: tumor volume over 1800 mm?
tumor with large ulceration or necrosis; other regular human endpoints.

Ring-Barrier Migration Assay

Cell migration was observed using the ring-barrier migration assay as previously
described [40]. Briefly, 3 x 10° cells were seeded on fibronectin (10 ug/mL, Sigma-Al-
drich, St. Louis, MO, USA)-coated coverslips in an Attofluor Cell Chamber (Invitrogen,
Carlsbad, CA, USA) and migration was monitored for 24 h in DMEM medium supple-
mented with 1% FBS. Time-lapse imaging was conducted on an Axiovert 100 M inverted
microscope (Carl Zeiss B.V., Sliedrecht, Netherlands). Parameters of cell migration were
obtained from the acquired sequence using AxioVision SE64 Rel.4.9.1 software (Carl
Zeiss, Oberkochen, Germany). Three independent experiments were performed in trip-
licates, and from each replicate, 10 cells’ trajectories were obtained.

3D Invasion Assay

Cytodex-3 microcarrier beads (Sigma-Aldrich, St. Louis, MO, USA) were mixed with 5
x 10° cells in a falcon tube and incubated at 37 °C for 6 h with gentle mixing to ensure
complete coverage of the beads. Next, the suspension was transferred to a 25-cm culture
flask and incubated overnight to remove unattached cells. The cell coated beads were
embedded in 1.6 mg/mL collagen gel in a 24-well plate. Post-polymerization at 37 °C for
30 min, the gel was covered with 500 pL of culture medium. Cell invasion was followed
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for up to 5 days with a 10x (NA 0.30) objective lens on an Axiovert 100 M microscope
(Carl Zeiss, Oberkochen, Germany). Image acquisition and analysis were conducted with
AxioVision software (Carl Zeiss, Oberkochen, Germany). For each cell line, images of
10 to 15 beads were captured to measure the dispersion distance and the assay was per-
formed three times independently.

Gene Expression Profiling

RNAs isolated from cell lines were processed with the Illumina TruSeq Stranded mRNA
Library Prep Kit (Illumina, San Diego, CA, USA). The resulting indexed DNA libraries
were pooled and sequenced according to the Illumina TruSeq Rapi v2 protocol on an Illu-
mina HiSeq2500 sequencer using 50 base-pair reads. Adapter sequences were trimmed
off, and resulting sequences were mapped against the GRCh38 human reference sequence
using HiSat2 (version 2.1.0). Transcripts were quantified using htseq-count (version
0.9.1). Differential gene expression was performed based on the cutoff criteria of a 1.5-
fold change and p-value < 0.01. Gene ontology and pathway analysis were performed with
Ingenuity Pathway Analysis (IPA, Qiagen, Hilden, Germany) and DAVID bioinformatics
resources 6.8 [41]. Heat maps were created by Heatmapper [42] with variance stabilizing
transformed values from DESeq2 package.

Fluorescent Staining

Cells were cultured on fibronectin (10 pg/mL)-coated 12-mm glass coverslips in 24-well
plates. After incubation overnight, cells were fixed with 4% paraformaldehyde in PBS
for 15 min, and permeabilized with PBS/0.1% Triton X-100 for 5 min. After being
blocked with 1% BSA for 1 h at room temperature, cells were incubated with Rhodamine
Phalloidin (Cytoskeleton Inc, Denver, CO, USA) and Anti-Vinculin Alexa Fluor 488
(Invitrogen, Carlsbad, CA, USA) for 1 h at room temperature. Nuclei were stained with
46-diamidino-2-phenylindole (DAPI, Invitrogen, Carlsbad, CA, USA). Fluorescent
images were acquired using a Zeiss LSM 510 META microscope with a 63x lens (NA 1.40,
Carl Zeiss, Oberkochen, Germany). F-actin quantification was performed using LPIXEL
Image] Plugins (LPIXEL Inc, Tokyo, Japan), and focal contacts were quantified in Fiji as
described [43, 44].

Small GTPase Activation Assay

The RhoA activation level of each cell line was evaluated using the RhoA G-LISA Acti-
vation Assay kit (Cytoskeleton Inc, Denver, CO, USA) according to the manufacturer’s
instructions.
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Inactivation of Rho

BLM cells were grown to 30% to 50% confluence in 25 cm?2 flasks under normal culture
conditions. Culture medium was aspirated, and cells were treated with 1 pg/mL C3 trans-
ferase (Cytoskeleton Inc, Denver, CO, USA) diluted in serum-free DMEM. After incu-
bating for 2 h at 37 °C, the inactivation efficiency was measured using the small GTPase
activation assay. Treated cells were fixed for immunofluorescence staining or collected for
migration assay as mentioned above.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism version 5.01 (GraphPad Soft-
ware, San Diego, CA, USA). Multiple groups were compared using one-way ANOVA
followed with Dunnett’s multiple comparison test. For the comparison of two groups,
student’s t-test was performed for normally distributed data sets; otherwise, the Mann-
Whitney test was executed. Time-varying covariates comparisons were evaluated by two-
way ANOVA. A significant difference was considered when p < 0.05.
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SUPPLEMENTARY MATERIALS
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Figure S1: CREPT expression examined by western blotting. : ACTB; : CREPT. (a) CREPT in melanoma cells
and melanocytes. M: marker; 1: BLM; 2: M14; 3: MEL57; 4: 1F6; 5: 530; 6: hmel; 7: NHEM. (b) BLM cells were
transfected with shRNAs to knockdown CREPT expression. M: marker; 1: scrambled shRNA; 2: shRNA-1; 3:
shRNA-2; 4: shRNA-3; 5: shRNA-4; 6: BLM. (c) CREPT knockdown and overexpression in BLM cells used in
the main text. M: marker; 1: shRNA-1; 2: scrambled shRNA; 3: empty vector; 4: vector + CREPT. (d) CREPT
was overexpressed in M14 cells. M: marker; 1: empty vector; 2: vector + CREPT; 3: M14. (e) MEL57 cells were
transfected with shRNAs to knockdown CREPT expression. M: marker; 1: scrambled RNA; 2: shRNA-1; 3:
shRNA-2; 4: shRNA-3; 5: shRNA-4; 6: MEL57.
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Figure S2: CREPT affects M14 and MEL57 proliferation, migration and invasion. CREPT was overexpressed
in M14 cells and knocked down in MEL57 cells. (a) Cell growth rate was examined by SRB assay and stan-
dardized to the first time point. (b) Migratory parameters was obtained from ring-barrier migration assay
by tracking at least thirty cells. (c) Cell invasive capacity was evaluated through microcarrier based spheroid
3D invasion assay. Cell dispersion distances were measured over time. Data represent mean + SEM of three
independent experiments * p < 0.05, ** p < 0.01, *** p < 0.001. ns: not significant.
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Figure S3.1: Protein expression of RhoA, mDia1, FilaminA and FAK by western blotting in CREPT modified
BLM cells. Red bands show ACTB as loading control. Intensity ratios of each band is displayed in tables next
to the images. The ratios were calculated on the basis of the sample with the ratio of 1.

78



CREPT promotes melanoma progression

=

250 -

150 -
100 -

75 -

250 -
150 -

100 -
75 -

50 -
37 -

25-
20 -

250 -
150 -

100 -
75 -
50 -
37 -

M 123435

M 123456

1 2 3 4
BLM-
BLM- ShCRE BLM- BLM-
shNC PT Control CREPT
Talin-1
(270kDa) 1 0.68 1.07 1.63
1 2 3 4 5
BLM- BLM-
BLM- BLM-
BLM Control | crepT | SONC | shCRE
PT
(Zgi'g';‘) 1 0.91 1.31 1.11 0.57
1 2 3 4 5 6
BLM- BLM-
BLM- shCRE | shCRE BLM- BLM- MEL57
shNC PT-d1 PT-d2 Control CREPT
Tensin2
(140kDa) 1 0.61 0.52 0.89 1.23 0.55

Figure S3.2: Protein expression of Talin-1, Paxillin and Tensin2 by western blotting in CREPT modified BLM

cells. Red bands show ACTB as loading control. Intensity ratios of each band is displayed in tables next to

the images. The ratios were calculated on the basis of the sample with the ratio of 1.
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Chapter 5

ABSTRACT

The transformation of normal colonic epithelium to colorectal cancer (CRC) involves
a relatively ordered progression, and understanding the molecular alterations involved
may aid rational design of strategies aimed at preventing or counteracting disease.
Homeobox A9 (HOXA9) is an oncogene in leukemia and has been implicated in CRC
pathology, although its role in disease etiology remains obscure at best. We observe that
HOXAY expression is increased in colonic adenomas compared with location-matched
healthy colon epithelium. Its forced expression results in dramatic genetic and signaling
changes, with increased expression of growth factors IGF1 and FLT3, super-activity of the
AKT survival pathway and a concomitant increase in compartment size. Furthermore, a
reduced mRNA expression of the epithelial to mesenchymal transition marker N-cad-
herin as well as reduced activity of the actin cytoskeletal mediator PAK was seen, which is
in apparent agreement with an observed reduced migratory response in HOXA9-overex-
pressing cells. Thus, HOXA9 appears closely linked with adenoma growth while impair-
ing migration and metastasis and hence is both a marker and driver of premalignant
polyp growth. Colonic polyps grow but remain premalignant for up to decades. Here, we
show that HOXA9 drives growth in premalignant polyps, but simultaneously prevents

further transformation.
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INTRODUCTION

Colorectal cancer (CRC) is the second most common cancer in men and the third in
women (1). Its incidence has slightly risen in The Netherlands over the past decades while
prognosis improved (2). In Europe, high CRC prevalence has resulted in the initiation of
many national CRC screening programs (3). These programs are continuously evaluated
and improved (4, 5). In Europe, incidence rates are declining, probably due to changes in
life style and more intensive screening. However, CRC is still the second leading cause of
cancer death in Europe (6). Obviously, better understanding of the molecular pathways
that mediate progression from normal colonic epithelium to invasive carcinoma would
aid efforts aimed at improving prevention and treatment of CRC.

Better definition of molecular markers that relate to the natural history of early CRC
would prove exceedingly useful. About 30 years ago, Vogelstein et al. described the
importance of premalignant lesions and their role in the adenoma-carcinoma sequence
(7). The prevalence of these premalignant lesions is considered to be 25% at the age of
50 years and increases up to 50% at the age of 70 (8-11). The mechanisms driving pre-
malignant lesions growth remain poorly understood. Also, it is not practical currently to
distinguish truly benign premalignant lesions from those at risk to undergo micro-me-
tastasis. Identifying the involved molecular determinants defines a major question in
contemporary preclinical cancer research.

Molecular pathways that underlie carcinogenesis are often aberrations of normal cellular
physiology. Carcinogenesis can be seen as an aberrant form of organogenesis (12-14).
Homeobox genes, which include the HOX gene clusters, regulate important pathways
with relation to both embryogenesis and carcinogenesis (15). The evolutionary well-con-
served mammalian HOX genes encode for transcription factors regulating the formation
of tissues, structures and organs along the longitudinal body axis during embryology
(15-17). Thus far, 39 HOX genes have been identified in humans, which are organized in
four clusters (A to D) on separate chromosomes (7, 17, 12, and 2, respectively). During
embryogenesis, the different HOX clusters are expressed with temporal and spatial col-
linearity (18). The nested pattern of HOX genes along the length of the human body’s
axis is most clearly observed in segmented structures like the vertebrae, branchial arches
and limbs (19-21). However, position-specific expression of HOX genes is also present
in discreet organs, including the human gut (22, 23). However, the specific functional-
ity of expression of single HOX genes in gastrointestinal pathophysiology remains to be
established.

As HOX genes are important regulators of tissue growth and differentiation, it is conceiv-
able that they also play a role in malignant transformation. This has led to an increasing
interest in HOX expression patterns in different forms of cancer (24-30). Interestingly,
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when screening for the expression of HOX family members in gastrointestinal patho-
physiology, we observed markedly high expression of HOXA9 in esophageal adenomas
when compared with normal esophagus (unpublished data). HOXA9 overexpression
as a result of the NUP98-HOXA9 translocation-derived fusion gene is seen in patients
with the premalignant myelodysplastic syndrome (MDS) as well as overt myeloid leuke-
mia (31). In MDS, in particular patients with refractory anemia with excess of blasts in
transformation (REAB-t) show HOXA9 fusion genes (32). In line with the fact that the
NUP98/HOXAS9 fusion transcript has been shown to induce hematopoietic hyperpro-
liferation (33), this suggests that it drives the transformation process of MDS to acute
myeloid leukemia (AML). HOXA9 overexpression was also shown to be the strongest
factor associated with poor prognosis in AML (34). In addition to hematopoietic malig-
nancies, HOXA9 has a pro-oncogenic effect in epithelial ovarian cancer, osteosarcoma,
breast and oral squamous cell cancer (35-37). Moreover, an upregulation of HOXA9 has
been described in CRC (38-41). However, it is as yet unclear whether this upregula-
tion of HOXAJ is already present in premalignant colonic tissues. Furthermore, to what
extent aberrant HOXA9 expression may drive oncogenic hallmarks is unknown. The
above-mentioned considerations prompted us to compare HOXA9 expression between
adenoma tissue and location-matched healthy colon epithelium and to investigate the
role of HOXA9 in oncological transformation of colonic epithelial cells. We observe that
HOXADY is overexpressed in colonic adenomas and drives compartment expansion but
concomitantly counteracts metastasis. Thus, HOXA9 expression emerges as a molecular
determinant for pre-micrometastatic colonic adenomas and may be a marker for benign
polyp growth in the colon.

MATERIALS AND METHODS

Sample collection and preparation

Participants were recruited at the Havenziekenhuis (Rotterdam, The Netherlands) in the
context of the nationwide screening for CRC. Asymptomatic patients, aged between 55
and 75 years, with a positive immunologic fecal occult blood test (iFOBT) were referred
to this hospital for colonoscopy. If during colonoscopy a premalignant lesion was found,
biopsies were taken; one from the center of the premalignant lesion and another from
healthy mucosa located in the vicinity of the lesion. Biopsies were immediately stored in
RNAlaterTM (Qiagen, Germany) at 4°C and stored at —80°C within 24 h until RNA was
extracted. After the biopsy was taken, the remainder of the colonic polyp was resected
and examined by a pathologist. Only biopsies from lesions classified as tubular adenoma
with low-grade dysplasia were included for further examination. Thus, only early stages
in the adenoma-carcinoma sequence were studied (7). The biopsies were collected as part
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of the ‘biobank for premalignant colonic lesions’ and material collection was approved
by the medical ethical committee of both the Erasmus Medical Center (Rotterdam, The
Netherlands; MEC-2015-199) and the Havenziekenhuis. Written informed consent was
obtained from all participants.

Transduction

A GeneArt bacterial plasmid (Thermo Fisher Scientific, Waltham, MA) containing
the HOXA9 gene and a kanamycin-resistance gene were used for the construction of
the lentiviral vector. Firstly, the HOXA9 gene was cloned into the pEN_TmiRc3 plasmid,
which was a kind gift from Iain Fraser (California Institute of Technology, CA). Subse-
quently, the HOXA9 insert was transferred into a pSLIK-Hygro plasmid, also received
from Iain Fraser (plasmid #25737; Addgene, USA), using a Gateway reaction. The same
procedure was followed to create a control plasmid, lacking the HOXA9 insert. All cre-
ated plasmids were sequenced by LGC Genomics (LGC Genomics GmbH, Germany)
and were confirmed to be sequence correct. The pSLIK-Hygro plasmid was transiently
transfected in HEK293T cells together with three packaging plasmids (VSV-G, MD and
REV). After 2 days, the medium was harvested and viral particles were collected by ultra-
centrifugation. Caco-2 cells were transduced with the concentrated virus, after 1 day the
transduced cells were selected by adding hygromycin B (Thermo Fisher Scientific, The
Netherlands) (400 ug/mL) for a period of 1 week. Expression of HOXA9 was confirmed
after stimulation doxycycline hyclate by qRT-PCR (Supplementary Figure 1).

Cell culture

The monthly short tandem repeat identity-verified (verification commercially performed
by the molecular pathology department of the Erasmus MC) and American Type Culture
Collection (ATCC, Manassas, VA)-obtained mycoplasma-free (monthly commercially
checked by GATC Biotech, Konstanz, Germany) human CRC cell line Caco-2 was cul-
tured at 37°C in a 5% CO, incubator using Dulbecco’s modified Eagle’s medium (DMEM;
Lonza, Basel, Switzerland) containing 10% fetal calf serum (FCS; Sigma-Aldrich) and
1% Penicillin/Streptomycin (antibiotics) (P/S; Gibco, USA). The cells were routinely
confirmed to be mycoplasma-free using the LookOut Mycoplasma PCR Detection Kit
(Sigma-Aldrich). Before performing experiments, HOXA9 expression in transduced
Caco-2 cells was induced by culturing in the presence of 0.5 ng/ml doxycycline hyclate
(Sigma-Aldrich) and 200 pg/ml hygromycin B for up to 3 days.

RNA isolation, cDNA synthesis and PCR array/qRT-PCR

Total RNA was extracted with the NucleoSpin® RNA kit (Machery-Nagel, Germany).
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For cDNA preparation, the reverse transcription system from TAKARA (TAKARA BIO
INC) was used according to the manufactures manual. A cDNA concentration of 10
ng/ul for patient material and 30 ng/pl for Caco-2 cells was used for quantitative poly-
merase chain reaction (QPCR). The commercially available RT2 ProfilerTM PCR Array
(PAHS-033ZC-2, Qiagen, Germany) was used. This array focuses on genes important in
human cancer. Gene expression in HOXA9-overexpressing cells were expressed when
compared with control cells by AACT method, using ACTB, B2M, GAPDH, HPRT1,
and RPLPO represented on the plate as housekeeping controls. In addition, potential
interesting candidates as derived from the array as well as HOXA9 targets identified in
literature but not present in the array were tested separately (for primers and conditions,
see Supplementary Table 1) in three independent experiments. Quantitative PCR was
performed with SYBR Green (Applied Biosystems, USA) in an IQ5 PCR machine (Bio-
Rad, Hercules, CA). To establish a loading control, TPT1, UBC, and GAPDH were used
as reference genes (42). The AACT method was used to calculate expression values.

(Phospho)protein profiling

Caco-2 control and HOXA9-transduced cell lines were seeded in a Petri dish (60 cm) at
500 000 cells/dish and treated with 0.5 ng/ml doxycycline hyclate. After 72 h, proteins
were extracted in 500 pl Laemmli Buffer [SDS 4%, glycerol 20%, Tris-CI (pH 6.8) 120 mM,
bromophenol blue 0.02% (wt/vol) and DTT 0.1 M] and the protein concentrations were
determined using a commercial kit (RC DC Protein Assay-Bio Rad). Western blotting
was performed as described (43, 44). In short, 40 pg protein was resolved by SDS-PAGE
and blotted onto Immobilon FL. PVDF membranes (Millipore, Bedford, MA). Mem-
branes were blocked in Odyssey Blocking Bufter (PBS) and incubated overnight at 4°C
with appropriate primary antibody (Supplementary Table 2), followed by the appropriate
Alexa-linked secondary antibodies, at 1:5000 dilution, in Odyssey Blocking Buffer for 1
h. The fluorescent bands were detected using fluorescent Odyssey Imaging System and
densitometric analysis was performed with Image] (45). All blots were reprobed for actin
to control for equal loading and normalized results are represented as ratios of protein of
interest over actin levels per lane. Three independent experiments were performed, run
together on one blot, and heat maps of the phospho-protein profile (46) in the six samples
were constructed with CIMminer (Genomics and Bioinformatics Group, Laboratory of
Molecular Pharmacology, Center for Cancer Research, National Cancer Institute) (47).

Cell count and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
assay

For these experiments, 4 x 10° cells of the HOXA9-transduced and control-transduced
cell lines were seeded and cultured for 6 days in separate T75 Cellstar culture flasks. After
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6 days of culturing, the number of cells in both flasks was measured using a Cellome-
ter'TM Auto T4 cell counter (Nexcelom Bioscience LLC, USA). After 6 days of stimu-
lation, the total number of HOXA9-overexpressing cells in the T75 flask was calculated
relative to the number of cells in the control cell line. This experiment was repeated four
times. MTT assays were performed as described previously (48). Transduced Caco-2 cells
were seeded in a 96 well plate, each well containing 1 000 cells. After 24, 48, 72 and 96
h, cell metabolic activity and viable cells were detected by firstly adding 10 pl 5mg/ml
MTT to 100 ul DMEM, followed by 3 h incubation at 37°C and replacing the DMEM by
dimethyl sulfoxide (DMSO; Sigma-Aldrich). Intensity of color was measured in a Model
680 XR microplate reader (Bio-Rad, USA). This experiment was repeated eight times.

3D Spheroid-based cell expansion assay

Cytodex-3 microcarrier beads (Sigma-Aldrich) were mixed with 5 x 10° Caco-2 HOXA9
overexpression and control cell suspensions, at a density of 40 cells per bead and incu-
bated at 37°C for 6 h with gentle mixing. The suspension was transferred to 25 cm2 flasks
and incubated for 48 h. Coated beads were embedded in 1.6 mg/ml collagen gel (colla-
gen: modified Eagle’s medium: 7.5% wt/vol NaHCO3 in the ratio 11:8:1), put in plates,
incubated at 37°C for 2 h to polymerize and covered with 500 ul DMEM, 10% FBS, 1%
p/s and 5 ng/ml doxycycline. Spheroid growth was measured by quantifying the cell layer
extending from the surface of the bead. Ten coated beads were photographed every 24 h
with a 10x objective. All measurements were performed using AxioVision 4.5 software
and assays were performed three times independently. Data were statistically analyzed by
two-way ANOVA.

Migration assay

Migration assays were performed as described (49). Briefly, a barrier is inserted in a cul-
ture chamber and this prevents cells from entering a defined area occupied by the barrier.
Cells were seeded around this barrier to form a monolayer, the barrier is removed, and
migration into the defined cell-free area is measured.

cBioportal query

We performed a query on 15 April 2018 on http://www.cbioportal.org (50, 51). We
selected all eight studies from the category ‘bowel’ including a total of 3 473 cases. This
included four published studies (52-55), and ‘colorectal adenocarcinoma (TGCA, Pro-
visional)}, ‘Colorectal adenocarcinoma (TCGA, PanCancer Atlas)’, ‘Rectum adenocarci-
noma (TGCA, PanCancer Atlas)’ and ‘Targeted sewuencing of 1134 samples from meta-
static colorectal cancer samples (MSK, Cancer Cell 2018)’
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Statistics

Relative expression of potential target genes was calculated comparing the transduced
cell line overexpressing HOXA9 to the control cell line. The one-sample t-test was used
to test for statistical significance. The Komogorov-Smirnov test, the D’Agostino and
Pearson omnibus normality test and the Shapiro-Wilk normality test were used for each
target gene to see if the results came from a Gaussian distribution. If this assumption
was violated, the relative expression of the target gene was displayed using the median
and the interquartile range. In those cases, the Wilcoxon Signed-Rank Test was used to
test for the difference in expression. The Student’s t-test was used to test for statistical
significance in phospho-protein profile. To test for significance of the observed difference
in cell number after 6 days of stimulation, the paired t-test was used (Graphpad Prism 5;
GraphPad Software, Inc., USA). A two-way analysis of variance (ANOVA) was used to
test for significant difference at each time point in the MTT assay. P values < 0.05 were
considered to be statistically significant. Given that the biological significance of a given
fold-change probably depends on the gene and on the experimental context, no fixed fold
change cut-oft was employed in this study.

RESULTS

HOXAS9 is overexpressed in colonic adenomas

HOX genes have been linked to cancer development and especially HOXA9 is interest-
ing in this respect as it functions as an oncogene in various hematological malignancies
(56). It has been reported that HOXA9 contributes to self-renewal and overpopulation of
cancer stem cells in CRC (57). Thus, we decided to investigate whether HOXA9 mRNA
expression is deregulated in colonic premalignant tissue. To this end, we collected
27 biopsies from colonic adenomas and location-matched healthy tissue and deter-
mined HOXA9 expression by qPCR. A direct comparison between the paired adenoma
and healthy tissues demonstrates significantly increased HOXA9 mRNA expression levels
in the adenoma samples [fold change (FC) 1.95; P < 1.0 x 10% Figure 1]. Of note, five
patients did not adhere to this trend of upregulated HOXA9 in their adenomatous tissue;
however, no differences in clinical parameters (age, gender, ethnicity or type of polyp)
could be detected and no follow-up data were available to assess long-term consequences
of differences in HOXA9 between patient groups. We concluded that pre-malignant
colonic polyps are characterized by an abundance of HOXA9 expression when compared
with healthy colonic tissue.
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*p<0.0001

HOXA9 mRNA expression
HOXA9 mRNA expression

control adenoma control adenoma

Figure 1. mRNA expression of HOXA9 in colonic adenoma tissue and matched healthy control tissue. Paired
tissue samples were taken and analyzed for HOXA9 expression by RT-gPCR. In the left panel (A) mean
expression levels with standard error of the mean (SEM) are depicted. In the right panel (B) the pairs are
linked and the result of a paired sample t-test is shown (P < 0.0001).

HOXA9 overexpression substantially alters the oncogenic mRNA profile

Having shown that HOXA9 upregulation is an early event during colonic carcinogen-
esis, we next investigated the molecular consequences of this upregulation by over-
expressing HOXA9 in the CRC model cell lines. Transduction of such cells with an
inducible HOXAY lentiviral vector results in a = 30-70 fold increase in HOXA9 mRNA
expression upon doxycycline induction, when compared with cells transduced with a
control plasmid (Supplementary Figure 1). Next, the effect of HOXA9 overexpression on
potential target genes was examined. To identify potentially interesting HOXA9 targets,
we employed the Cancer Pathway Finder RT? Profiler PCR Array (Figure 2A). Intrigu-
ingly, analysis of the differentially expressed genes showed that the most drastically
downregulated gene was CCL2, which encodes for the chemokine MCP-1, and is a well-
known mediator of tumor metastasis. Indeed, high levels of CCL2 are associated with
poor outcome in CRC patients due to high incidence of metastasis (58, 59). Thus, this
result implies that HOXA9 expression might be specific to pre-metastatic lesions.
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Figure 2. Effect of HOXA9 overexpression on target genes. (A) The RT2 ProfilerTM PCR Array was used to
detect differential expression profiles between HOXA9-overexpressing cells and control cells. Depicted
are the mRNA levels quantified in a single experiment. mRNAs in red are downregulated upon HOXA9
overexpression compared with a control transduced Caco-2 cell line, conversely, mRNAs in green are
upregulated. See scale bar in the right upper corner for the magnitude of the fold changes. (B) The over-
expression of HOXA9 is depicted in this panel. RT-qPCR was performed on 25 mRNA targets identified
to be modulated by HOXA9 in literature (Supplementary Supplementary Table 2). Of these, six were not
detectable by qPCR, the expression of the remainder of mRNAs (19) are shown as a fold chance compared
with control cells. Expression data of mRNAs that did not meet the assumption of Gaussian distribution,
according to both the Komogorov-Smirnov test, the D’Agostino and Pearson omnibus normality test and
the Shapiro-Wilk normality test were indicated with an * next to their name on the x-axis. Expression data
of mRNAs that did not meet assumption of Gaussian distribution are presented as medians +IQR. *P <
0.05; **P < 0.01; ***P < 0.001. For the genes that did meet the assumption of Gaussian distribution, results
presented as means + SEM.
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Other downregulated genes included the metabolism genes ACLY and ACSL4 and the
apoptosis genes CASP2 and CASP7. Among the most prominently upregulated genes
were the cell cycle genes CCND2, CCND3, SKP2 and MKI67 and the growth factor FGF2,
suggesting that HOXA9 overexpression provokes a proliferative phenotype. Another
highly upregulated gene is the insulin growth factor binding protein 7 (IGFBP7). This
gene is part of the category of IGF1 signaling modulating genes, and while often consid-
ered tumor suppressive, has also been shown to be upregulated in some cancers, and may
have growth-stimulatory effects in CRC (60-62). HOXA9 overexpression led to over-
expression of the HMG-box gene SOX10. This gene is best known for its role in neural
crest differentiation during embryogenesis, but its ectopic expression in tumors has also
been shown to confer tumor aggressiveness in some tumor types (63-66), although a
tumor-suppressive role has also been reported (67). In conjunction, these results are best
interpreted as indicating that HOXA9 expression may stimulate adenoma growth and
is responsible for compartment expansion but concomitantly would be associated with
non-metaplastic behavior.

Taken together, this exploratory analysis suggests a decreased migratory phenotype, with
reduced apoptosis, and increased proliferation markers. Next, we expanded on these
findings by designing qPCR primers for a range of target genes not included in the array,
but with specific connection to HOXA9 as identified in literature search including all
tissues and model systems (Supplementary Table 1) (68-72). In addition, we also veri-
fied the main interesting finding of the Cancer Pathway Finder array, CCL2 expression
using alternative primers. The statistically significantly regulated genes with the highest
upregulation were FLT3 (mean FC = 3.8), IGF1 (mean FC = 2.8), PTGS2 (mean FC =2.4)
and WNT5a (mean FC = 1.8). FLT3, IGF1 and WNT5a are all associated with compart-
ment expansion (Figure 2B). FLT3 is a tyrosine kinase receptor, IGF is a growth factor
which stimulates phosphorylation-dependent kinase cascades via the IGF-receptor and
WNT5a activates intracellular signaling through ligation to the Ror2/Frizzled receptors.
Overexpression of PTGS2 (better known as COX2) has been associated with adeno-
matous changes and its inhibition is well-established to counteract colorectal polyp for-
mation (73, 74). The genes with the highest relative downregulation were CYBB (mean
FC = 0.2), encoding for the NADPH oxidase complex protein NOX2 and CCL2 (mean
FC =0.2). Interestingly, a switch in expression from NOX1 to NOX2 induced a migratory
invasive phenotype in CRC cells (75), which, together with the decreased CCL2 expres-
sion, suggests that HOXA9 overexpression decreases CRC migratory behavior. Genes
associated with epithelial to mesenchymal transition (EMT) (BMP1, BMPR2, KRT19, VI
M and ZEB) measured in this study showed little to no difference in expression as a result
of HOXA9 overexpression. Overall, a picture emerges that HOXA9 is associated with
polyp formation but also counteracts malignant progression.
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Changes in cellular phosphoprofile support a role for HOXA9 in polyp growth
but not malignant expansion

As HOXA9 overexpression modulates genetic transcription patterns towards an early
proliferative phenotype, we next sought to determine to what extent HOXA9-induced
changes are translated to altered signal transduction patterns. We performed extensive
(phospho) protein profiling to quantify the expression and activation status of several
important signal transduction molecules (Supplementary Table 2). Analysis of constitu-
tive expression of signaling molecules did not reveal significantly discriminative patterns
between HOXA9 overexpressing and mock-transduced cell pools (Supplementary Figure
2A and B). However, a distinct phosphoprofile upon HOXA9 overexpression was seen, as
evidenced by the clustering of control and overexpression samples (Figure 3).
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The most discriminate findings were a clustering of downregulated p-S6 (FC = 0.50, P <
1.0-10™*) and p-PDK1 (FC = 0.45, P = 5.9-10-3) upon HOXA9 overexpression (see Figure
4 for individual analyses). Canonical signaling dictates that activity of PDKI1 results in
phosphorylation of the Thr308 residue of AKT, a survival protein, whereas phosphor-
ylation of this protein on its Ser473 residue is dependent on the mammalian target of
rapamycin (mTOR) when in association with Rictor in the so-called mTORC2 complex
(Figure 5A). Fully activated AKT in turn is known to activate the mTOR/Raptor com-
plex (mTORC1), which results in phosphorylation both the ribosomal S6 kinase and
the translation factor 4E-BP regulating cell size and protein synthesis, respectively (76).
However, our results indicate an uncoupling with canonical mTOR signaling in cells
overexpressing HOXA9: (i) the decreased PDK activity was not accompanied by reduced
AKT-thr308 phosphorylation, but corresponded closely to decreased S6 phosphoryla-
tion. (ii) Although there was a trend towards lower mT'OR phosphorylation, this was not
significant, suggesting that the phosphorylation of S6 upon HOXA9Y is not a direct effect
of reduced mTOR signaling. (iii) 4E-BP phosphorylation was significantly increased (FC
= 1.21, P = 2.0-10-3), rather than decreased HOXA9-overexpressing cells. Uncoupling
between mTOR and its downstream targets is not unprecedented, as a direct activation of
S6 via PDK1 has also been described (77, 78), and 4E-BP1 signaling can be independent
of mTOR activity in CRC (79). However, this begs the question as to what activates 4E-BP,
if not mTOR. Based on our data set, it is tempting to speculate that AKT activity (FC
= 1.6, P = 2.12.E-2) may bypass mTOR in the phosphorylation of 4E-BP (Figure 5B).
Adding a further layer of complexity, it was previously shown that knockdown of Rictor
promotes AKT phosphorylation, and it is conceivable that HOXA9 modulates part of the
mTORC2 complex rather than mTOR per se (80).
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Figure 4. HOXA9 induces differential protein expression. (A) Western blots of the five proteins for which the
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HOXA9 overexpression stimulates adenoma growth

Taken together, our mRNA and protein analyses of forced HOXA9 expression indi-
cate that this gene provokes increased growth-factor (IGF1, FLT3, WNT5a) action and
enhances survival (pAKT) signaling and protein synthesis (phosphorylation of p-4E-BP1)
which relieves its suppressive action on the translation-initiation factor eIF4E, resulting
in increased translational activity (83). We next sought to validate whether these molec-
ular consequences of HOXA9 overexpression translate into cellular phenotypic changes.
Therefore, we compared the cell pool growth of both the HOXA9 overexpressing and
control cell lines. Starting with equal cell numbers, 70% more cells were seen after 6 days
of culture in cell cultures of HOXA9-overexpressing cells when compared with controls
(P < 4.0-107% Figure 6A), suggesting that HOXA9 confers a growth advantage to cells.
To confirm this, the cell pool size was measured daily for four consecutive days. Figure
6B shows that HOXA9-overexpressing cells have a significantly increased growth rate
compared with control cell cultures (day 2, P < 0.05; day 3, P <1 .0-10-3 and day 4, P <
1.0-10-3; Figure 6B). We further confirmed these data by culturing cells in a 3D spher-
oid-based model, which again indicated that HOXA9-overexpressing cells grow faster
in 3D when compared with control cells (P = 0.0272; Figure 6, C1 for quantified results
and C2 for illustrations of cells on the beads). Hence, increased HOXA9 expression may
be directly related to the compartment size expansion that characterizes the adenomatous
epithelium.
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Figure 6. HOXA9 overexpression results in increased growth of the cell pool. (A) Cell count after 6 days
stimulation with doxycycline. Amount of control cells after 6 days is the reference value. (B) MTT assay
measuring viable cells in HOXA9 and control transduced Caco-2 cells. Results are represented as mean +
SEM of three independent experiments. *P < 0.05, ***P < 0.001 compared with control by Student’s T-test.
(C1) 3D-migration assay, quantified results of one representative experiment (out of three) with data of ten
coated beads. (C2) Photographs of control and HOXA9-overexpressing cells on beads in gelatin at days 1, 2,
3,4, and 7.'d’ = day. Data were statistically analyzed by two-way ANOVA. Scale bar: 100 pm.

HOXA9 overexpression inhibits cellular migration suggesting that its expres-
sion is specific for the adenoma stage in CRC progression

The reduced expression of chemokines (CCL2) and cytoskeletal modulators (pPAK)
suggests that motility of cells might be affected upon overexpression of HOXA9 (84, 85).
Therefore, we investigated migratory ability of these cells using 2D ring-barrier assays
which, unlike conventional scratch assays, are not influenced by proliferative capacity of
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cell cultures but use time-lapse microscopy to track individual cell movement. Results
show that HOXA9 overexpression leads to a significant reduction in individual cell
migration, compromising the total and effective migration after 3 days, as well as in the
efficiency and speed of cellular migration (Figure 7).
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Figure 7. HOXA9 overexpression inhibits cellular migration. Individual cells were tracked in time laps
microscopy of cellular migration for control cells (A) and HOXA9-overexpressing cells (B). A minimum of
10 cells were traced for each condition per experiment, and total migration (C), effective migration (D),
efficiency (E) and velocity (F) of migration were calculated. Results are represented as mean * standard

error of the mean (SEM) of three independent experiments.

Tubular adenoma is the precursor to full blown CRC but is considered to have no met-
astatic potential. The present study shows that HOXAY is highly expressed in colonic
tubular adenomas and this expression can drive compartment expansion in a preclinical
model. However, forced expression of HOXA9 also counteracts CCL2 and metastasis. In
conjunction, these findings suggest that HOXA?9 is a defining molecular marker of specif-
ically the tubular adenoma stage in CRC development. This would fit a recent report that
showed that in full blown CRC, tumors are characterized by increased HOXA9 expres-
sion but that such expression does not correlate with clinical outcome (41). Here, we
show that this increase is particularly manifest at the adenoma stage, but our mechanistic
studies also reveal that for successful metastasis, HOXA9 expression is inhibitory. Thus,
increased HOXA9 expression has a specific pro-oncogenic functionality only at early
stage of the CRC process and can be considered a marker of these early stages.
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DISCUSSION

CRC remains a major health problem. Better definition of molecular markers that relate
to the natural history of early CRC would prove exceedingly useful. In this study, we com-
pared HOXA9 expression between adenoma tissue and location-matched healthy colon
epithelium and we subsequently decided to investigate the role of HOXA9 in oncological
transformation of colonic epithelial cells. We observe that HOXA9 is overexpressed in
colonic adenomas and drives compartment expansion but concomitantly counteracts
metastasis. Thus, HOXA9 expression emerges as a molecular determinant for pre-mi-
crometastatic colonic adenomas and may support benign polyp growth in the colon.

Potential mechanisms mediating increased HOXA9 expression in adenoma

Based on the data from the publically available cBioPortal (Supplementary Figure 3), gene
amplification appears not to be involved in the increase of HOXA9 levels in CRC (50) (not
shown). Given that gene amplifications are rare in colonic adenomas, this is in line with
our findings. Also chromosomal translocation, which can drive altered HOXA9 expres-
sion in hematological malignancies, does not appear an important factor in this respect
(not shown). Furthermore, HOXA9 was not found to be differentially methylated in CRC
(86). Bhatlekar et al. found that HOXA4 and HOXA9 are up-regulated in CRC stem cells
(57). Their data indicate that HOXA9 aids self-renewal and overpopulation of stem cells
in CRC. Multiple reports have described HOXAY as a pro-oncogenic factor in other solid
tumors (87). Hence, increased HOXA9 expression may well be driven by selection of
clones that have a competitive advantage because of relatively high HOXA9 expression
and the resulting outcompeting of cells not having such high expression. In line with
this train of thought is that B-catenin signaling, activated upon WNT5A ligation to its
receptor, is required for HoxA9-mediated transformation in the hematopoietic system
(88). Additionally, colonic adenomas are almost universally characterized by high levels
of B-catenin signaling (89). However, further experimentation is obviously necessary to
substantiate this notion.
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CONCLUSION

In conclusion, HOXAY is overexpressed in colonic adenomas. It inhibits cellular migra-
tion which appears to be mediated by effects on PAK activity. Strikingly, the pro-on-
cogenic phenotype of HOXAY alteration in hematologic malignancies was also found
in this study as HOXA9 stimulates cell growth. This phenotype appears to be mediated
through increased IGF1, FLT3, PTGS2 and p-AKT and p-4E-BP1. This is the first mech-
anistic study into the effect of HOXA9 in a premalignant lesion.

List of abbreviations

CRC  colorectal cancer
DMEM Dulbeccos modified Eagle’s medium

qPCR  quantitative polymerase chain reaction
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SUPPLEMENTARY MATERIALS
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Supplementary Figure 1. Forced HOXA9 overexpression in Caco-2 cells. HOXA9 mRNA expression in
Caco-2 cell lines after stimulation with decreasing concentrations of doxycycline. Con: controle cells,
untreated with doxyclycline. D: day. Maximal HOXA9 expression was observed after two days of docycy-
cline treatment, in order for HOXA9 to mediate its full effects, all functional experiments were performed

after 3 days of doxycycline treatment.
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Supplementary Figure 2. Heat maps of the protein profile constructed with CIMminer. Increased protein
levels or phosphorylation of proteins is depicted in red, conversely decreased phosphorylation is depicted
in blue. See scale bar in the top left corner for magnitude of the phosphorylation. Euclidian distance
between the samples is depicted on top. For the phosphorylation status of the various signaling proteins
Euclidian distance is depicted to the left. A) Total protein levels. B) All total and phosphoprotein levels.
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Altered in 4 (0.2%) of 2291 sequenced cases/patients (2291 total)

Study of origin

HOXA9

Study of origin

HOXA9

Genetic Alteration

Study of origin
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# Missense Mutation (unknown significance) || Amplification | No atterations

l Colorectal Adenocarcinoma (DFCI, Cell Reports 2016) | Colorectal Adenocarcinoma (Genentech, Nature 2012)
I Colorectal Adenocarcinoma (TCGA, Nature 2012) I Colorectal Adenocarcinoma (TCGA, Provisional)
I Colorectal Adenocarcinoma Triplets (MSKCC, Genome Biol 2014)

I Targeted sequencing of 1134 samples from metastatic colorectal cancer samples (MSK, Cancer Cell 2018)

Supplementary Figure 3. Visual representation of the cBioportal analysis of potential HOXA9 mutations,
amplifications, and chromosomal translocations. A) All cases visualized with their study of origin, indicated
in the legend. B) The magnification shows the individual cases with alterations, indicated in the legend.
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General discussion

Throughout our lifetime, most healthy cells in the body periodically divide and substitute
themselves in a controlled manner. When this process gets out of control, abnormal cells
accumulate to a mass, or what we usually call, a tumor. The noncancerous ones may stay
quiet for along time, neither invade nearby tissues nor spread to form new tumors in other
parts of the body. On the contrary, malignant tumors can expand secretly, dispatch one
“soldier” or “an army” through “underpasses’, and establish their “colonies” in the body.
To this end, this thesis focused on the three fundamental features of tumors — growth,
angiogenesis and metastasis. The characterization of the biological processes in cellular
and molecular level may lead to new perspectives of tumor screening and treatment.

HOXA9 in premalignant lesions

Premalignant lesions are diseases or conditions with a risk of cancer development, a step
before malignancy. Pathologically, premalignant lesions can be benign neoplasms, which
do not invade normal tissues or disseminate to distant organs; it can be dysplasia, which
is atypical growth of abnormal cells; sometimes it is even used for tumor in situ, as some
will not progress to an invasive stage like other premalignant conditions. For example,
colon polyps (colorectal adenomas) may develop to colorectal carcinoma (CRC); cervical
dysplasia may develop to cervical cancer; monoclonal gammopathy of undetermined
significance (MGUS) may develop to multiple myeloma or myelodysplastic syndrome
(MDS) which possibly progress into leukemia.

Homeobox genes, which include the HOX gene clusters, regulate important pathways
with relation to both embryogenesis and carcinogenesis [1]. Thus far, 39 HOX genes
organized in four clusters (A to D) have been identified in humans. The evolutionary
well-conserved mammalian HOX genes encode for transcription factors regulating
the formation of tissues, structures and organs along the longitudinal body axis during
embryology [1-3]. The role of HOX genes in malignant transformation was also explored
in different forms of cancer [4-8]. HOXA9 overexpression as a result of the NUP98-
HOXAY translocation-derived fusion gene is detected in patients with the premalignant
MDS as well as overt myeloid leukemia [9]. The NUP98/HOXA9 fusion transcript was
reported to induce hematopoietic hyperproliferation as well as associated with poor
prognosis in acute myeloid leukemia (AML), suggesting that it contributes to the trans-
formation process of MDS to AML [10]. Our collaborating group has observed markedly
high expression of HOXA9 in esophageal adenomas compared with normal esophagus
when screening for the expression of HOX family members in gastrointestinal patho-
physiology (unpublished data). In addition, HOXA9 also shows a pro-oncogenic effect
in epithelial ovarian cancer, osteosarcoma, breast and oral squamous cell cancer [11-13].
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The transformation of normal colonic epithelium to CRC follows a relatively ordered
progression. The importance of premalignant lesions and their role in the adenoma-
carcinoma sequence was described 30 years ago [14]. We found an elevated expression
of HOXA9 in colorectal adenomas in comparison with healthy colonic tissue (Chapter
5). Moreover, an upregulation of HOXA9 has been described in CRC and it contributes
to self-renewal and overpopulation of cancer stem cells [15-18]. We show that HOXA9
improves CRC cell proliferation and spheroid growth but inhibits cell migration. The
following investigation of molecular consequences of HOXA 9 overexpression supports
the phenotype changes. Forced HOXA9 expression increased growth-factor (IGF1, FLT3,
WNT5a) action. IGF1 stimulates phosphorylation-dependent kinase cascades via the
IGF-receptor, and the upregulation is found in CRC with growth-stimulatory effects [19].
HOXAY induced upregulation of PTGS2 which is associated with adenomatous changes
and its inhibition is well-established to counteract colorectal polyp formation [20, 21].
Genes associated with epithelial to mesenchymal transition (EMT) measured in this
study showed little to no difference in expression as a result of HOXA9 overexpression,
suggesting that HOXAJ9 is not involved in EMT induced migration in CRC. The reduced
expression of the chemokine ligand 2 (CCL2) suggests the negative regulation effect of
HOXA9 on CRC metastasis, as high levels of CCL2 are associated with high incidence
of metastasis and poor outcome in CRC patients [22, 23]. Taken together, the upregula-
tion of HOXAJY in colorectal adenoma show characteristics of promoting cell growth but
inhibiting cell migration, indicating that its pro-oncogenic functionality only manifests at
early stage of the CRC process and can be considered a marker of early stages.

Delineation of angiogenic effectors in melanoma

Solid tumors rely on vasculature to maintain growth of the original tumor and metasta-
ses. This is due to the requirement of nutrients and oxygen transferred from the vascular
system for tumor cells survival. The angiogenesis process is a complex containing inter-
actions between several cell types and extracellular matrix, as well as the participation
of stimuli like cytokines and growth factors [24, 25]. This process keeps quiescent until
transiently switched on in several physiological and pathological events like wound heal-
ing, chronic inflammation, etc. As for special cases like tumorigenesis, angiogenesis can
be constantly activated to form vasculature for tumor progression, regulated by pro-an-
giogenic and anti-angiogenic factors [26-28].

Melanoma is malignant transformation of melanocytes and is characterized by rapid pro-
gression and early metastasis. Our previous study has reported that melanoma promotes
endothelial cell survival under hypoxia through AKT/MAPK/ERK signaling [29]; more-
over, our group also elucidated in melanoma an intrinsic anti-angiogenic regulator TIMP3

146



General discussion

which inhibited directional endothelial cell migration [30]. Hypoxia is often a driver of
tumor angiogenesis. Cells respond to hypoxic conditions by activating hypoxia-inducible
factors (HIF) followed with vascular endothelial growth factor A (VEGFA) [31]. VEGFA
is a pro-angiogenic factor guiding endothelial cells to avascular regions and promote
mitogenesis [32, 33]. Endothelial cells have long been used in angiogenesis studies pos-
sibly because of the main function of sprouting and forming tubules for neovasculature.
Pericytes, well known as supporting cells lying around endothelial tubes, are important
in stabilizing endothelial cells and mediate maturation of microvessels [34]. Pericytes
may also cooperate with endothelial cells to disassemble basement membrane through
MMP2 for sprouting [35]. We found pericytes responding to melanoma conditioned
medium with enhanced surviving and migrating capacity (Chapter 4). Even though the
three melanoma cell lines we used have different growth, migration and invasion proper-
ties, they all displayed a similar effect on promoting pericyte survival and migration. The
growth rate of pericytes was increased 10~50% by melanoma conditioned medium (CM),
whereas the survival rate was 2~4 times higher with CM than with control medium. This
contrast indicates that the survival effect was not only due to enhanced proliferation but
more because of inhibited cell death (necrosis or apoptosis or both). The survival effect
under hypoxia also existed with absence of serum in medium, demonstrating that some
components produced by melanoma cells in CM sustained pericyte survival. These find-
ings suggest that melanoma may be capable of communicating unilaterally with pericytes
to promote angiogenesis, which is, if convinced, a step forward to the understanding of
melanoma induced angiogenesis.

As the phenotype changes were observed, to further explore how and why, RNA sequenc-
ing was introduced to this study. The function clustering of differentially expressed genes
demonstrates that cell movement, cell survival and death were among the most signifi-
cantly involved biological processes in response to melanoma CM. The result explains
the enhanced effect of survival and migration we observed in a molecular level, and will
help on finding related downstream signaling pathways. According to gene expression
change status, all three melanoma CM treated groups show a relative consistency of gene
change directions in spite of different inherent properties of cell lines. This observation
inspires us that melanoma cells may share one or several signaling pathways leading to
the effect on pericytes. In other words, melanoma cells in general may produce one or
several dominant determinants acting on pericytes. One interesting question would be:
what is the effective factors in CM responsible for the phenotype?

To give an answer to this question, we found a series of upstream regulators predicted
to be up-regulated based on measurements from our dataset and observations from the
literature. Transforming growth factor-betal (TGFB1) was reported to remodel stroma
for a positive simulation of tumor growth and survival [36]. Also belonging to the TGF
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beta superfamily ligands, bone morphogenetic protein 4 (BMP4) induced differentiation
and migration of endothelial cells and vessel formation [37, 38]. C-X-C motif chemokine
ligand (CXCL) family show pro-angiogenic or anti-angiogenic functions according to
small differences in protein sequence of family members [39]. CXCL6 and CXCL8 have
pro-angiogenic properties playing a role in several types of tumor progression [40-43].
However these four genes displayed a lower expression level in melanoma cells than peri-
cytes in our results. As pericytes could produce a relatively high amount of these factors
by themselves, the hypothesis that these factors are modulators of pericyte effect may
be invalid. A previous study reported that pericytes responded to oncostatin M (OSM)
through activation of JAK/STAT signaling resulting in aggravating endothelial cell bar-
rier dysfunction [44]. In our data a higher OSM expression was found in 1F6 than that in
pericytes. A following western blotting and ELISA could be performed to verify the pro-
tein concentration in 1F6 CM. Although the high expression was not found in the other
two melanoma cell lines BLM and MEL57, it is still worth testing if 1F6 produces enough
OSM to make pericytes respond for an effect. Once the correlation was confirmed, we
could next try some other melanoma cells. Fibroblast Growth Factor 1 (FGF1) is also one
of the predicted upstream regulators, but unfortunately the secreted protein in melanoma
CM was below detectable amount of ELISA. In this case FGF1 may be not the factor we
are looking for.

A second solution to find dominant markers in CM is to fractionate CM components
based on molecular weight. For pericyte survival under hypoxia, full fractions had a little
improvement compared with small molecule fractions, whereas all fractions dramatically
increased the survival in contrast with control medium. The findings point to a direction
of seeking potential markers with molecular weight mainly below 10 kDa or possibly
above 30 kDa. All CM including fractions produced from different melanoma cells had
a similar effect on promoting pericyte survival, suggesting the three melanoma cell lines
may secret the same one or more components acting on pericytes. With respect to the
effect on pericyte migration, the deviation between different melanoma CM appeared.
Considering all three together, the most possible range with dominant markers may be
below 30 kDa. For future plans mass spectrometry need to be performed to explore the
exact molecules which pericytes respond to.

In this study we did not dig deeply in to the sequencing dataset for the downstream
signaling pathways, but focused on finding the effective markers in conditioned medium.
The further study plan will be to specify the principal signaling leading to observations
of current experiments, and continue working on verification of potential markers using
other techniques. As the anti-angiogenic therapy in tumors did not receive expected
favorable outcome in certain cancers, finding other pro-angiogenic markers and blocking
them effectively will be a promising direction for therapeutic development [45-48].
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CREPT regulates melanoma migration and tumorigenesis

Metastases, in which tumor cells disseminate to a distant site, are crucial for malignant
progression and the main cause of cancer deaths [49]. Tumor cells dissociating from
primary sites must have the ability to migrate and invade through the basement mem-
brane and extracellular matrix (ECM). To pass through tissues, tumor cells change their
morphology and stiffness to fit in and interact with surrounding ECM structures [50].
These morphological changes, like cell polarization and formation of membrane exten-
sions, are inseparable with filamentous actin and related cell-matrix attachments [51-53].
Integrins, which are transmembrane receptors and couple the cell to ECM components,
regulate focal contact assembly and cell migration in melanoma [54]. Rho GTPase sig-
naling contributes to cell movement by influencing cytoskeleton reorganization [55, 56].
After extravasation, metastatic tumor cells travel to a secondary site, adapt to the local
microenvironment for survival, proliferate, and develop a vasculature to establish a new
tumor [57, 58].

Regulation of nuclear pre-mRNA domain-containing (RPRD) proteins are identified
as novel RNA polymerase II (RNAPII)-interacting proteins, which are evolutionarily
conserved and ubiquitously expressed in human tissues. All three RPRDs (including
RPRDI1A, RPRDI1B, and RPRD2) contain C-terminal domain (CTD) interaction domains.
RPRDIA and RPRD1B associate with RNAPII phosphatase directly and interact with
CTD heptapeptide repeats to recruit RNAPII for dephosphorylation of phosphor-S5 [59,
60] Recently, an enhanced expression of RPRD1B (also referred to as CREPT) is reported
in many human tumors, including gastric cancer, endometrial cancer, and colorectal
cancer [61]. Data suggest that a new CREPT/c-myc/CDC25A pathway may result in cell
growth and migration promotion [62]. In our study with melanoma cells and melano-
cytes, CREPT was found highly expressed in malignant cells compared to normal cells,
indicating its oncogenic potential in melanoma (Chapter 3).

Increasing cell motility provides more possibilities for tumor metastasis. A study in
gastric cancers revealed that CREPT increases cell migration by regulating E-cadherin,
vimentin, N-cadherin, and matrix metalloproteinase 1 (MMP-1) expressions [63]. To
assess the effect of CREPT on cell motility, we examined cell migration in 2D conditions
and invasive capacity in 3D matrices, which mimics an in vivo environment. Since main-
taining living cells inevitably causes cell division during migration assays, we tracked
single cell movement to reveal cell motility. 2D and 3D migration results indicate that
CREPT induces melanoma cell motility, migration, and invasion. The low expression
level of CREPT in melanocytes provides an interesting possibility to study whether forced
expression of CREPT in these cells would inflict a malignant transformation, which is
currently under investigation in our group. Taken together, our findings show evidence
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at the cellular level that CREPT promotes tumorigenesis-related biological processes,
suggesting a non-negligible role of CREPT in the progression of melanoma.

Migrating cells have a polarized morphology with protrusions like lamellipodia and
filopodia, which are the leading part in the direction of movement. These protrusions
are driven by actin polymerization and filament assembly [64]. Focal adhesions connect
actin cytoskeleton and extracellular matrix at the cell membrane, allowing actin net-
works to pull the cell forward [65]. The transcriptome sequencing analysis indicates that
genes involved in the processes of “focal adhesion”, “actin polymerization”, and “stress
fiber assembly” are regulated by CREPT. Further, immunofluorescence staining shows
a CREPT-related enhancement of actin filaments and focal adhesion formation, which
gives a subcellular interpretation of CREPT-regulated migration. Assembly and disas-
sembly of focal adhesions dynamically occur during cell migration but are regulated by
different mechanisms. Integrins aggregate and recruit adaptor proteins, like talin, tensin,
and paxillin, to form adhesions connecting ECM structures and actin filaments. On
the other hand, the disassembly process is triggered by microtubule extensions to focal
adhesions [66]. In our study, the result of the dynamic equilibrium of focal adhesion
formation. Focal adhesion protein levels and size were reported to be closely related to
cell migration [67] while in this study, we did not observe a significant change in the
mean size of focal adhesions with respect to CREPT differential expression. This result
may be explained by the biphasic relationship between focal adhesion size and cell migra-
tion speed. It is reported that the mean size of focal adhesions is highly predictive of
cell migration speed, however, the correlation is non-linear. Increased migration speed is
accompanied by an increase in focal adhesion size until it plateaus, after which growing
focal adhesions are associated with reduced migration speed. [68]. This phenomenon
is also related to adhesion maturation and turnover. How and to what extent CREPT
influences the focal adhesion dynamic process is still under investigation in our group.

Small GTPase protein RhoA is involved in the focal adhesion signaling pathway (KEGG:
hsa04510) and regulates actin cytoskeleton organization. RhoA can activate Rho effector
mDial, which binds directly to the fast-growing barbed end of actin filaments and facil-
itates actin nucleation and elongation [69, 70]. In this study, we observed that CREPT
upregulates RhoA activation and mDial expression. The results indicate a CREPT-
RhoA-mDial signaling axis, which leads to actin organization regulation. One limita-
tion is that we show an indirect interaction of CREPT and RhoA. How CREPT activates
RhoA remains unknown, which would be an interesting question to study. To verify the
role of RhoA in CREPT-induced cellular processes, we inhibited RhoA activation and
consequently, actin filament/focal adhesion formation was reduced, and cell migration
restrained. According to these findings, we conclude that CREPT promotes melanoma
cell migration and actin filament/focal adhesion formation through RhoA activation.
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CREPT stands for cell-cycle related and expression-elevated protein in tumor. As the
name suggests, the function of modulating cell cycle has been verified in several tumor
types, as well as the correlation with poor prognosis and the induction of tumorigenesis
[71-73]. The effect of CREPT promoting cell growth is closely related to regulation of
cell cycle related cyclins and kinases like Cyclin D1, Cyclin B1, Cyclin-dependent kinase
4 and 6 (CDK4 and CDKG®) [61, 74, 75]. It is also indicated to be an upstream regulator
of Wnt signaling pathway, acting as a transcription co-activator of the p-catenin-TCF4
(transcription factor 4) complex [76, 77]. In addition to improving proliferation, CREPT
also reduces cell apoptosis by regulating the ROS/p53 pathway, and thus increases
tumor growth [63]. Consistent with the published data, our results demonstrate that a
high level of CREPT facilitates cell division and tumorigenesis in melanoma. The global
gene expression profiling shows that CREPT-induced alterations of gene transcription is
enriched in cellular growth and proliferation. Based on the literature and what we found
in the current study, we summarized how CREPT functions in cell proliferation, apopto-
sis, actin polymerization and focal adhesion (Figure 1). A further study of examining the
downstream signaling will extend the understanding of CREPT function in tumorigene-
sis. Promisingly, knockdown of CREPT increased cell sensitivity to treatment in endome-
trial adenocarcinoma, which suggests a therapeutic potential for targeting CREPT [74].

Novel tools in cell migration

During the process of tumor metastasis, the basic but decisive step is migration of tumor
cells through the extracellular matrix (ECM) either towards lymph and blood vessels, or
to a secondary site after survival in circulation [58]. To disseminate in tissue, cells require
adhesion, proteolysis of ECM components and migration, which also occurs in normal
physiological processes like embryonic morphogenesis and wound healing [78]. There
are a diversity of strategies for cells movement, either individually (e.g. amoeboid or mes-
enchymal migration) or collectively (multicellular streaming, cluster, strand or sheet),
which are based on cell-cell adhesion and cell-matrix interaction [79-81]. This activity
can be simulated and observed by in vitro models and optical imaging to study cellular
and molecular mechanisms.

Our group has previously established a ring-barrier assay to evaluate cell migration at two
dimensions, which is a fast way to preliminarily assess cell motility and migration per-
sistency [82]. To further delineate multiple aspects of migration including cell morpho-
logical alterations, cell-cell interaction, cell-matrix interaction, and matrix remodeling at
three dimensions, we developed a microcarrier-based spheroid invasion assay (Chapter
2). Unlike conventional Transwell invasion assay or Boyden chamber assay
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Figure 1. Summary of the function of CREPT in tumorigenesis.

which only record vertical invasions and are obscured in the whole invasive process, this
method allows cells migrating in any direction and several migratory parameters can be
detected. The application of microcarriers in spheroid generation overcome issues like
cells do not aggregates or cells aggregate loosely [83-85]. Instead, microcarriers provide a
support for adherent cells to make spheroids. Interestingly, introduction of carriers also
enables co-culture of different cell types in close proximity [86]. This method has been
used to study the effect of specific gene on cell migration and invasion [87-89]. It can also
be adapted to investigate endothelial cells sprouting and vessel formation [90-92].

Although the microcarrier-based 3D invasion assay has a broad application, the presence
of a carrier limits the use to study tumor cell behavior in a spheroid with an anoxic core.
Moreover, to study infiltration of tumor cells into a spheroid of normal cells, or to study
infiltration of immune cells into a tumor cell spheroid, the assay needs to be extended. A
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multilayer spheroid can be created over time for this purpose by adjusting the matrix to
inhibit migration away from the bead but allow growth. Notably, the described microcar-
rier-based method cannot be applied to non-adherent cells.

CONCLUSIONS

This thesis delineated the effects of intrinsic modulators and events during the process of
malignancy, which may be associated with further development of therapeutic strategies.
We highlighted the pro-oncogenic function of HOXA9 upregulation at the early stage of
the CRC process — colorectal adenoma. The finding that HOX A9 drives adenoma growth
but prevents further metastasis suggesting the role as a marker of premalignant lesion
growth in CRC. To characterize core mediators of tumor angiogenesis, we determined
the capacity of melanoma derived molecules to promote long-term survival of pericytes
under hypoxic conditions and accelerate pericyte migration in vitro. We also identified
the practicable range of effective components in melanoma conditioned medium, with
molecular weight below 10 kDa for pericyte survival and below 30 kDa for pericyte
migration. Further characterization and validation of specific molecules resulting in sur-
vival and/or migration could facilitate the development of treatment targeting pro-angio-
genic markers for malignant melanoma. Moreover, we identified CREPT as a dominant
regulator of the malignant progression in melanoma, providing a potential therapeutic
target for melanoma treatment. The oncogenic role of CREPT in promoting cell migra-
tion, and invasion is dependent on the upregulation and activation of RhoA-induced
actin organization and focal adhesion assembly. In addition, we described a powerful
tool for cell invasion study, which enables quantitative evaluation of multiple aspects of
cell invasion in 3D matrix. In all, this thesis identified pathophysiological determinants
in the malignant process of colorectal cancer and melanoma. These novel mechanistic
insights may guide further discovery of new rationales in tumorigenesis, and promote
development for new therapeutic targets and strategies.
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Summary

SUMMARY

In general, cancer is an accumulation of abnormal cells with uncontrolled physiological
behaviors, which causes millions of deaths worldwide. The cancer phenotype is the out-
come of a combination of stimuli, inducers and suppressors, signal transduction path-
ways, and the resulting events, interweaving a function network. To this end, discovering
more about the process of tumorigenesis and finding ways to block or inhibit tumor
progression are, and will be, active research areas for a long time.

The tumorigenesis and progression of malignancy is intricate with composition of var-
ious genetic alterations and pathways regulating cell growth and death, differentiation,
migration, invasion and interaction with tumor microenvironment. In Chapter 1, we
briefly summarize the hallmarks in cancer and review several crucial features during
tumorigenesis. The pathogenesis and development of melanoma and colorectal cancer
are also outlined as two tumor models used in this thesis.

In Chapter 2, we describe a novel tool to explore the dynamics of adherent cells, includ-
ing cell invasion in a three-dimensional model. This microcarrier-based 3D invasion
assay enables quantitative evaluation of multiple aspects of cell invasion and is reckoned
to be a fast and highly reproducible method helpful in cell biology studies.

In Chapter 3, we elucidated the oncogenic role of CREPT in positive regulation of mela-
noma cell proliferation, migration and invasion in vitro, providing a potential therapeutic
target for melanoma treatment. The function in malignant processes is associated with
RhoA-induced actin organization and focal adhesion assembly.

To characterize core mediators of tumor angiogenesis, we determined the capacity of
melanoma derived molecules to promote long-term survival of pericytes under hypoxic
conditions and accelerate pericyte migration in vitro in Chapter 4. We also identified the
weight range of effective components in melanoma conditioned medium, with molecu-
lar weight below 10 kDa for pericyte survival and below 30 kDa for pericyte migration.
Further characterization and validation of specific molecules promoting survival and/or
migration could facilitate the development of treatment targeting pro-angiogenic mark-
ers for malignant melanoma.

In Chapter 5, we investigated the pro-oncogenic function of HOXA9 upregulation at the
early stage of colorectal cancer transformation (colorectal adenoma). The close correla-
tion with adenoma growth and reduction in migration suggests that HOXA9 is a marker
and driver of premalignant lesion growth.
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In Chapter 6, the significance and implications of the results in above chapters are dis-
cussed comprehensively together with future perspectives on how these findings contrib-
ute to further development of therapeutic strategies.
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SAMENVATTING

Kanker, een opeenhoping van abnormale cellen met een ongecontroleerd fysiologisch
gedrag, veroorzaakt wereldwijd miljoenen sterfgevallen. Het kankerfenotype is het
resultaat van een combinatie van stimuli, inducerende en onderdrukkende factoren,
signaaltransductieroutes en de daaruit voortvloeiende gebeurtenissen die een functie-
netwerk vormen. Daarom zal nog langdurig onderzoek nodig zijn om meer te weten
komen over het ontstaan en de ontwikkeling van tumoren en om manieren te vinden om

tumorprogressie te blokkeren of te remmen.

Het ontstaan en progressie van maligniteit is ingewikkeld door de combinatie van verschil-
lende genetische veranderingen en routes die celgroei en -sterfte, differentiatie, migratie,
invasie en interactie met de micro-omgeving van tumoren reguleren. In Hoofdstuk 1
hebben we de kenmerken van kanker kort samengevat en bespreken we de verschillende
cruciale kenmerken tijdens tumorontwikkeling. De pathogenese en ontwikkeling van het
melanoom en colorectale kanker zijn ook beschreven als de twee tumormodellen die in
dit proefschrift beschreven onderzoek werden gebruikt.

In Hoofdstuk 2 hebben we een nieuw hulpmiddel beschreven om de dynamiek van hech-
tende cellen te onderzoeken, inclusief celinvasie in een driedimensionaal model. Deze
op microcarrier gebaseerde 3D-invasietest maakt kwantitatieve evaluatie van meerdere
aspecten van celinvasie mogelijk en wordt beschouwd als een snelle en zeer reproduceer-
bare methode voor de ondersteuning van celbiologische studies.

In Hoofdstuk 3 hebben we de rol van het oncogen CREPT in positieve regulatie van
celproliferatie, migratie en invasie van melanoomcellen in vitro opgehelderd, wat een
potentieel therapeutisch doelwit vormt voor behandeling. De functie van CREPT in
tumoren is geassocieerd met RhoA-geinduceerde actine-organisatie en focale adhesie-as-
semblage.

Om kernmediatoren van tumorontwikkeling te karakteriseren, bepaalden we in Hoofd-
stuk 4 het vermogen van melanoom afgeleide moleculen om de overleving van pericyten,
op lange termijn onder hypoxische omstandigheden, te bevorderen en pericytmigratie in
vitro te stimuleren. We identificeerde een fractie met een molecuulgewicht van minder
dan 10 kDa voor overleven van pericyte en minder dan 30 kDa voor migratie van per-
icyte. Verdere karakterisering en validatie van specifiecke moleculen die overleving en/
of migratie stimuleren zou de ontwikkeling van behandeling gericht op pro-angiogene
markers voor kwaadaardig melanoom kunnen vergemakkelijken.

In Hoofdstuk 5 hebben we de pro-oncogene functie van HOXA9-upregulatie in het
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vroege stadium van de transformatie van colorectale kanker (colorectaal adenoom)
onderzocht. De nauwe correlatie met tumorgroei en vermindering van migratie sugger-
eert dat HOXA9 een marker en promotor van premaligne laesiegroei is.

In Hoofdstuk 6 worden de betekenis en implicaties van de resultaten beschreven in
bovenstaande hoofdstukken uitgebreid besproken samen met toekomstperspectieven
die aangeven hoe deze bevindingen bijdragen aan de verdere ontwikkeling van thera-
peutische strategieén.
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Abbreviations

LIST OF ABBREVIATIONS
2D two-dimensional
3D three-dimensional
ACTB Beta-actin
AML Acute myeloid leukemia
ANGPT1 angiopoietin 1
ANOVA Analysis of variance
APC adenomatous polyposis coli
BMP4 bone morphogenetic protein 4
CCL chemokine ligand
CDK cyclin-dependent kinase
CDKN2A cyclin-dependent kinase inhibitor 2A
CIMP CpG island methylation phenotype
CM conditioned medium
CRC Colorectal carcinoma
CREPT Cell-cycle related and expression-elevated protein in tumor
CTD C-terminal domain
CXCL C-X-C motif chemokine ligand
DMEM Dulbecco’s modified Eagle’s medium
DNA Deoxyribonucleic acid
EC Endothelial cell
ECM extracellular matrix
EDTA ethylenediaminetetraacetic acid
ELISA enzyme-linked immunosorbent assay
EMT epithelial-mesenchymal transition
FAK focal adhesion kinase
FBS fetal bovine serum
FGF1 Fibroblast growth factor 1
FGF2 fibroblast growth factor 2
GFR growth factor reduced
GO Gene ontology
HOX Homeobox
IGF1 Insulin-like growth factor 1
KEGG Kyoto Encyclopedia of Genes and Genomes
LLC Lewis lung carcinoma
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MAPK
MDCK
MDS
miRNA/miR
MMP
MMR
MOMP
MSI
mTOR
MTT
NC
NCAM1
NF1
NG2
NHEM
NS
OSM
PBS

PC
PCR
PDGEC
PI3K
PIGF
POT1
PTEN
PTGS2
qPCR
RNA
RPRD
SCF
SEM

SF
shRNA
SRB
STAT3
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mitogen-activated protein kinase
Madin-Darby Canine Kidney
myelodysplastic syndrome

microRNA

matrix metalloproteinase

mismatch repair

mitochondrial outer membrane permeabilization
microsatellite instability

mammalian target of rapamycin
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
Negative control

neural cell adhesion molecule 1
neurofibromatosis type 1

Neural/glial antigen 2

Normal human epidermal melanocytes
not significant

oncostatin M

Phosphate Buffered Saline

Pericyte

Polymerase chain reaction
platelet-derived growth factor C
Phosphoinositide 3-kinase

placental growth factor

protection of telomeres 1

phosphatase and tensin homolog
Prostaglandin-endoperoxide synthase 2
quantitative polymerase chain reaction
Ribonucleic acid

regulation of nuclear pre-mRNA domain-containing protein
stem cell factor

standard error of the mean

serum-free

short hairpin RNA

sulphophodamine B

signal transducer and activator of transcription 3



Abbreviations

TCF4 transcription factor 4

TERT telomerase reverse transcriptase

TGFB1 Transforming growth factor-betal

TNF tumor necrosis factor

TP53 tumor protein p53

TPA tetradecanoyl phorbol acetate

TRAIL tumor necrosis factor-related apoptosis-inducing ligand
uv ultraviolet

VEGFA vascular endothelial growth factor A

XIAP X-linked inhibitor of apoptosis protein
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PHD PORTFOLIO
Name: Hui Liu
PhD period: 2015-2020
Department: Pathology
Research school: Molecular Medicine
Promoter: Prof. dr. Adriaan B. Houtsmuller
Co-promoter: Dr. Timo L.M. ten Hagen
Courses and Workshops Year ECTS
Gene expression data analysis using R: How to make sense out 2019 2.0
of your RNA-Seq / microarray data
Ingenuity Pathway Analysis (IPA) Workshop 2019 0.4
The data analysis in Python 2019 1.7
Basic Course on ‘R 2018 2.0
Basic and Translational Oncology 2017 1.8
The workshop on InDesign CS6 2017 0.3
The workshop on photoshop and Illustrator CS6 2017 0.3
Basic Introduction Course on SPSS 2016 1.0
Introduction to GraphPad Prism 2016 0.3
Scientific Integrity 2016 0.3
Survival Analysis 2016 0.6
Course on Laboratory Animal Science 2016 3.0
Biomedical Scientific English Writing 2016 2.0
Microscopic Image Analysis: From Theory to Practice 2016 0.8
Biomedical Research Techniques 2015 1.5
Conferences, Seminars and Symposiums
Molecular Medicine Day, Rotterdam, NL 2016-2020 3.5
ASCB | EMBO Meeting , San Diego, CA, US 2018 2.0
Daniel den Hoed Day, Rotterdam, NL 2016-2017 2.0
JNI Scientific Meetings, Rotterdam, NL 2016-2019 2.0
Lab Science Day, Rotterdam, NL 2015-2019 1.0
Journal Clubs 2015-2019 1.0
Teaching

Supervising two bachelor students for the 6-month internship 2017-2018 4.0

Supervising new users for migration assays 2017-2019 2.0
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