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ABSTRACT

INDUCTION OF PARTIAL EMT WITH NUTRIENT RESTRICTION AND
LYSOSOMAL ALKALINIZATION IN CACO-2
COLORECTAL CANCER CELLS

Hiisniigil, Hepsen Hazal
Doctor of Philosophy, Biology
Supervisor : Prof. Dr. Sreeparna Banerjee

August 2022, 126 pages

Limited availability of nutrients to cancer cells can result in metabolic rewiring,
manifesting in the activation of processes such as autophagy for survival. Our study
shows for the first time that Caco-2 cells incubated in a nutrient-restriction (NR)
medium of low glucose, glutamine and serum for 48h were viable but less
proliferative, demonstrated robust autophagy induction and lower sensitivity to 5-
Fluorouracil. However, the cargo protein p62 was not degraded efficiently,
suggesting a slower autophagic flux. Perturbation of lysosomal acidification with
Bafilomycin Al (Baf) revealed the strong activation of partial epithelial to
mesenchymal transition (EMT) with changes in gene expression and cellular
morphology in NR cells. Different from these observations, post-confluent Caco-2
cells that were spontaneously differentiated, showed autophagy induction with

functional autophagic flux and more epithelial characteristics.

Culture of Caco-2 cells as 3D spheroids revealed that with NR, the spheroids were
loosely formed while addition of Baf led to a complete loss of spheroid formation
with loss of cell-cell adhesion. Our data with early- and late-stage autophagy

inhibitors suggest that rather than autophagy induction itself, the slower autophagic



flux, perhaps via p62 accumulation, could be implicated in the development of partial

EMT and lower drug sensitivity in NR Caco-2 cells.

Overall, our data suggest that low availability of nutrients may lead to the activation

of a partial EMT program, particularly if the lysosomes are less acidic.

Keywords: Colorectal Cancer, Nutrient Restriction, Autophagy, Lysosomal
Alkalinization, Partial EMT
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0z

CACO-2 KOLON KANSERiIi HUCRELERINDE BESIN ACLIGI VE
LiZOZOMAL ALKALIZASYON iLE KISMi EMT iINDUKSIYONU

Hiisntigil, Hepsen Hazal
Doktora, Biyoloji
Tez Yoneticisi: Prof. Dr. Sreeparna Banerjee

Agustos 2022, 126 sayfa

Kisith besin mevcudiyetine maruz kalan kanser hiicrelerinde, hayatta kalmak icin
otofaji gibi siireglerin aktivasyonu ile kendini gosteren metabolik yeniden
yapilandirmalar gergeklesmektedir. Calismamiz ilk kez, 48 saat boyunca kisitlt
glikoz, glutamin ve serumdan olusan bir besin agligi (NR) ortaminda inkiibe edilen
Caco-2 hiicrelerinin hayatta kaldigin1 ancak daha az proliferatif oldugunu, giiglii
otofaji indiiksiyonu ile birlikte 5-Fluorourasil'e karsi daha direngli oldugunu
gostermektedir. Bununla birlikte, besin agliginda kargo proteini p62 seviyesinin
beklenildigi sekilde azalmadig1 ve otofajik akista yavaslama oldugunu gosterdik.
Ayrica Bafilomycin Al (Baf) ile lizozomal asiditenin bozulmasi, NR hiicrelerinde
gen ekspresyonu ve hiicresel morfolojideki degisikliklerle kismi epitelyalden
mezenkimal ge¢is (EMT) aktivasyonu gerceklestigini ortaya c¢ikardi. Bu
gozlemlerden farkli olarak, konfliiensiye bagli kendiliginden farklilagan Caco-2
hiicreleri, otofaji indiiksiyonu, fonksiyonel otofajik akis ve daha fazla epitelyal

ozellik gosterdi.

Caco-2 hiicrelerinin 3D sferoid kiiltiiri, NR muamelesi sonucunda siki olmayan
sferoidlerin olustugunu, Baf ilavesinin hiicre adezyon kaybiyla birlikte sferoid

olusumunun tamamen kaybina yol agtigini1 ortaya ¢ikardi. Erken evre ve geg evre

vii



otofaji inhibitdrleri ile elde ettigimiz veriler, otofaji indiiksiyonunun kendisinden
ziyade, belki de p62 birikimi yoluyla daha yavas otofajik akisin, NR Caco-2
hiicrelerinde kismi EMT ve daha disiikk ilag duyarliligi gelisiminde rol

oynayabilecegini gostermektedir.

Genel olarak, verilerimiz, diisiik besin mevcudiyetinin, 6zellikle lizozomlar daha az

asidik ise, kismi EMT programinin aktivasyonuna yol agabilecegini gostermektedir.

Anahtar Kelimeler: Kolon Kanseri, Besin Agligi, Otofaji, Lizozomal Alkalizasyon,
Kismi EMT
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CHAPTER 1

INTRODUCTION

1.1 Tumor Microenvironment

The emergence and growth of the tumor are shaped by both the intrinsic and extrinsic
factors. Intrinsic factors comprise the genetic and epigenetic changes within the
tumor cells while extrinsic factors are defined as the components of tumor
microenvironment (TME) (Baghban et al., 2020). Cancer cells exist in an
environment consisting of both cellular (stromal cells) and non-cellular components
(extracellular matrix/ECM). Tumor cells interact with surrounding tumor stromal
cells and immune cells through complex signaling mechanisms, as well as with the
noncellular components of the ECM such as fibronectin, collagen, and laminin (Spill,
Reynolds, Kamm, & Zaman, 2016). The dynamic interactions of tumor cells with
the components of the TME affect the emergence and progression of tumors and
define the characteristics like multidrug resistance, epithelial to mesenchymal
transition (EMT) and metastasis (Baghban et al., 2020).

The interaction of tumor cells with the surrounding non-tumoral cells in the TME is
mutually beneficial (Baghban et al., 2020). Tumor cells, by secreting signaling
molecules, affect the metabolism of neighboring cells so that they continue to
support the high proliferation rate of the tumor itself (Comito, Ippolito, Chiarugi, &
Cirri, 2020). Therefore, the composition of the nutrients in TME can be highly
affected by these interactions and is continuously fluctuating through malignant

progression.



1.2 Metabolism in Cancer

During tumor development and progression, exogenous nutrient sources fluctuate
greatly. Cancer cells undergo several metabolic adaptations to strengthen their ability
to survive and proliferate under these circumstances. These alterations in metabolism
are influenced by oncogenic signaling mechanisms as well as the intercellular

crosstalk based on nutrient availability (Comito et al., 2020).

The metabolic state of cancer cells is altered significantly when compared to non-
tumorigenic cells. Cancer cells require high levels of macromolecules to support
elevated biosynthesis reactions that are required for rapid proliferation. These
nutrients are also important for the maintenance of redox homeostasis and signaling

mechanisms that can enable cell survival (Comito et al., 2020).

Cancer cells also exhibit variabilities in nutrient dependency as some have altered
glucose metabolism, some possess altered one carbon metabolism or increased
dependency on amino acid metabolism (Bose, Allen, & Locasale, 2020). Various
nutrient deprivation strategies have been utilized to mimic the low nutrient
availability in tumor microenvironment. Numerous nutrient restriction protocols for
cultured cells have been reported in the literature, most of which depend on either
the complete removal or reduced amounts of main carbon sources: glucose, non-
essential amino acids such as L-glutamine, and serum. However, it should be
considered that the effect of nutrient starvation on cell behavior may vary depending
on the available nutrients and the duration of starvation. Since the nutrient
requirements may varying among different cell types, they may behave differently

in response to nutrient deprivation in culture (Ahmadiankia, 2020).

It is worth to note that the complete removal of the main sources of nutrients can
lead to activation of oxidative stress response pathways in cells, as shown in
numerous studies (Y. Chen et al., 2011; Spitz, Simons, Mattson, & Dornfeld, 2009;
C. A. Wu, Chao, Shiah, & Lin, 2013).



1.2.1 Glucose Metabolism

Glucose availability is the primary factor in determining the metabolic activity of
cells. With glycolysis, glucose is mainly metabolized to pyruvate, which then enters
the tricarboxylic acid (TCA) cycle for energy production (Pavlova & Thompson,
2016). Cancer cells are highly dependent on glucose to support uncontrolled
proliferation. High levels of glucose uptake, mainly through the upregulation of
GLUT1-3 transporters, provides metabolic intermediates for biomass production, in
addition to ATP (Pavlova & Thompson, 2016).

Elevated glucose uptake and activation of glycolysis despite the presence of oxygen,
followed by increased lactate secretion is also known as Warburg metabolism
(Liberti & Locasale, 2016). Warburg metabolism is one of the most deregulated
mechanisms observed in the cells with high proliferation rate such as cancer cells

and non-transformed T lymphocytes (Comito et al., 2020).

Glucose withdrawal strategies have been utilized to study various aspects of cell
behavior. Cell cycle arrest, change in survival, increased sensitivity to chemotherapy
and also chemoresistance was observed with glucose-restriction in different cell
types including colorectal cancer (Conacci-Sorrell, Ngouenet, Anderson, Brabletz,
& Eisenman, 2014; Hu et al., 2016; L. Wang et al., 2018).

1.2.2 Amino Acid Metabolism

High proliferation rate of tumor cells can alter amino acid demands and affects the
related metabolic pathways (Bose et al., 2020). Cancer cells utilize amino acids both
for protein synthesis and as metabolic intermediates. They help to maintain redox
balance by serving as catabolic substrates in the TCA cycle. Amino acid availability
also affects the proliferation rate and growth by modulating mTORC1 signaling
(Kanarek, Petrova, & Sabatini, 2020).



In cancer cells, glutamine is reportedly metabolized more abundantly than other non-
essential amino acids (Miyo et al., 2016). Increased glutamine metabolism is mainly
mediated by the activities of the oncogene c-Myc (Comito et al., 2020). Increased
uptake of glutamine by cancer cells is mediated through SLC1A5/ASCT2
transporter; and its catabolism is regulated by the activities of mitochondrial
glutaminolytic enzymes. c-Myc regulates the levels of these enzymes and hence

glutamine metabolism (Ohshima & Morii, 2021)

In addition to providing carbons to TCA cycle, glutamine also acts as nitrogen source
for the synthesis of purines and pyrimidines, and other non-essential amino acids.
Glutamine is first converted to glutamate, then a-ketoglutarate (a-KG) which is also
used as a fuel in TC cycle (Jiaqi Li et al., 2020). By contributing to the synthesis of
glutathione, glutamine also functions in redox balance (Hensley, Wasti, &
DeBerardinis, 2013). Various extents of glutamine dependency have been reported
in several cancers; high glutamine dependency is generally associated with more
aggressive phenotype and therapy resistance (Hensley et al., 2013).

The dependency of cancer cells on the uptake of amino acids may vary and tumors
often exhibit auxotrophy for specific amino acids (Bose et al., 2020). For example,
asparagine dependency has been associated with various cancer models (Pavlova et
al., 2018). Asparagine is known to activate the mTORCL1 pathway and its modulation
has been shown to limit cancer cell proliferation and metastatic potential (Hettmer
et al., 2015; Knott et al., 2018). Serine and glycine feed one-carbon metabolism
which provides building blocks for biosynthesis of proteins, nucleic acids and lipids.
Increased uptake of these amino acids has been reported in cancer; and withdrawal
of serine and glycine has been associated with decreased tumor growth (Maddocks
etal., 2017; Sullivan et al., 2019).



1.2.3 Growth Factors and Cytokines (Serum)

Serum contains several cytokines and growth factors that are required for signaling
functions of the cells. Serum starvation is a common protocol applied especially in
signal transduction studies, and for cell cycle synchronization experiments (Langan,
Rodgers, & Chou, 2016). Serum starvation is generally associated with reduced basal
activity, so serum withdrawal makes cell populations more homogenous by causing
GO/G1 cell cycle arrest. The withdrawal of growth factors directly affects the
mMTORC1 activity and hence the cell growth (Palm & Thompson, 2017). The effects
of serum starvation on cell cycle, proliferation and induction of apoptosis, has been
studied in several malignancies including colorectal cancer (Huang et al., 2018; Jin,
Ewton, Park, Hu, & Friedman, 2009; S. H. Lee et al., 2011; J. Tong et al., 2016).

The changes in PI3K and MAPK pathways and associated apoptosis-resistant
phenotype were reported in 24 h serum-starved glioma and adenocarcinoma cell
lines (Levin et al., 2010). In another study with LoVo CRC cell line it was reported
that prolonged (96h) serum starvation significantly altered the transcriptional levels
of certain metabolites of the TCA cycle, fatty acid and glucose metabolism and
nucleic acid metabolism, as well as cell death and proliferation-related pathways (N.
Zheng et al., 2016). Enhanced chemoresistance with serum starvation was reported
in CRC and breast cancer cells (Tavaluc, Hart, Dicker, & El-Deiry, 2007; Yakisich,
Venkatadri, Azad, & lyer, 2017). In another study with pancreas and breast cancer
cells, serum starvation resulted in decreased invasiveness. In these cells, a marked
increase in E-cadherin and decrease in Twistl RNA and protein expression were

observed with serum-deprivation (Rasool et al., 2017).

1.3 Nutrient Restriction and Autophagy

Autophagy is an evolutionarily conserved catabolic mechanism that is important for
recycling of biomolecules through elimination of long-lived, aggregated, and
misfolded proteins or damaged organelles (Ravanan, Srikumar, & Talwar, 2017).



Autophagy is fundamental for all cells in performing housekeeping functions and is
involved in diverse biological processes including development, pathogen defense
and cellular differentiation (Kocaturk et al., 2019). Cancer cells exploit the
autophagy machinery to deal with stressful situations in the tumor microenvironment
such as nutrient deprivation or hypoxia (Kenific & Debnath, 2015). At onset of
tumorigenesis, autophagy mainly functions as tumor suppressor by limiting
cytoplasmic damage and inflammation. On the other hand, when activated at later
stages it can promote the survival of cancer cells by providing a continuous supply
of energy and biomolecules under stress conditions (Liu & Ryan, 2012). In fact,
metastatic cancer cells rely on autophagy to adapt to the new environmental
conditions (Jiaqi Li et al., 2020). The factors that determine the autophagic response
includes the type of the stress, the timing of the stress, the genetic make-up of the
cells, and the nature of the microenvironment. Autophagy typically functions as an
anti-apoptotic mechanism in non-malignant cells, but if it is induced in tumor cells
or is aberrantly activated, it may result in cell death or induce apoptosis (Amaravadi,
Kimmelman, & Debnath, 2019).

Autophagy is a multistep process in which cells degrade or recycle internal
constituents including macromolecules and organelles. It is initiated by the formation
of double membrane vesicles called autophagosomes. Later, the selected cargo is
engulfed in these vesicles. Finally, autophagosomes fuse with lysosomes and form
autophagolysosomes in which the degradation occurs via lysosomal hydrolases
(Kocaturk et al., 2019). It is divided into three main classes: macroautophagy,
microautophagy and chaperon-mediated autophagy (CMA) (Kocaturk et al., 2019).
Macroautophagy (hereafter referred to as autophagy) can be divided into bulk and
selective autophagy according to the type of cargo. In non-selective bulk autophagy,
degradation targets are enclosed in autophagosomes. On the other hand, selective
autophagy targets specific cytoplasmic constituents into the autophagosome,
including mitochondria, lysosomes, endoplasmic reticulum (ER) and ribosomes
(Levine & Kroemer, 2019). Through selective autophagy, cells are able to control

the number of organelles and eliminate dysfunctional compartments.



131 Molecular Mechanisms of Autophagy

The autophagy process is generally divided into 5 steps, namely: Initiation,
Nucleation, Maturation, Fusion, and Degradation (Parzych & Klionsky, 2014).
Different protein complexes and autophagy-related genes (ATGs) function in these

processes (Fig 1.1).

Initiation of autophagy is mediated through the ULKZ1/2 complex, which is
composed of ULK1 or ULK2 kinase, ATG13, FIP200 and ATG101l. Upon
activation, ULK1/2 dissociates from mTORC1 and interact with the class 111 PI3K
complex for the nucleation of autophagosome membranes. This complex consists of
several proteins including VPS34, Beclin-1, AMBRAL and ATG9. Beclin-1
interacts with BCL2 to activate apoptosis and inhibits autophagy, whereas its
interaction with VPS34 lipid kinase leads to autophagic membrane nucleation.
VPS34 mediates generation of phosphatidylinositol 3-phosphate (PtdIns3P) which
provides a platform for phosphatidylinositol 3-phosphate (P13P)-binding domain-
containing autophagy proteins (Pattingre et al., 2005).

Accumulation PIP3-binding domain-containing proteins at the autophagosome
membrane is followed by the binding of several other ATGs for the enclosure and
maturation of autophagosomes. Two ubiquitin-like conjugation systems function in
maturation: the first complex consists of ATG7/ATG10 and ATG12-ATG5-
ATG16L1 proteins and is important for the function of the second system which
mediates the conjugation of the protein LC3 to phosphatidylethanolamine (PE)
(Tanida, Ueno, & Kominami, 2004). Prior to this, ATG4 cleaves the precursor form
of LC3, which exposes the C-terminus glycine residue for PE conjugation. ATG7
and ATG3 proteins mediate LC3-PE conjugation, and the PE conjugated form of the
protein is known as LC3-11. The presence of LC3-11 in a cell is therefore considered
to be a marker for of formation of autophagosomes and induction of autophagy
(Yoshii & Mizushima, 2017).



p62 is an ubiquitin-binding autophagic adaptor that selectively recognizes
autophagic cargo such as mitochondria, intracellular pathogens and subset of
cytosolic proteins and mediate its engulfment into autophagosomes (Katsuragi,
Ichimura, & Komatsu, 2015). Since the adaptor proteins are also degraded along with
the contents of the autophagosome, successful degradation via autophagy

(autophagic flux) is therefore associated with a decrease in the protein levels of p62.
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Figure 1.1 Autophagic machinery

Autophagy takes place in a series of steps. Initiation is induced when the ULK1
complex dissociates from the mTORC1 under nutrient-restricted conditions.
Activated ULK1 complex drives the formation of the isolation membrane also known
as phagophore. Then, nucleation is induced by the PI3K complex. The maturation
step is mediated by the Atg5-Atg 12-Atgl6L and LC3II-PE conjugates. The
autophagic cargo is enriched and encapsulated upon maturation of phagophore into
autophagosomes. The autophagosomes then fuse to the lysosomes to form
autophagolysosomes. The cargo present within the autophagolysosome is then
degraded by the lysosomal enzymes. Created with BioRender.com.



1.3.2 Regulation Mechanisms and Signaling Pathways of Autophagy

In response to different stress stimuli, the autophagic process is initiated with the
crosstalk of the two primary nutrient sensing complexes: the mammalian target of
rapamycin (mMTOR) and AMP Kinase (AMPK) (Gonzalez, Hall, Lin, & Hardie,
2020).

mTOR is an evolutionary conserved serine/threonine kinase that integrates several
signals to modulate energy homeostasis in cells. mTOR forms two distinct
complexes namely mTOR complex 1 (mTORC1) and mTOR complex 2 (mMTORC?2).
MTORC1 activity is regulated by PKB/Akt pathway (Ward & Thompson, 2012).
mTORC1 directly or through regulatory proteins senses and is phosphorylated in
response to nutrient signals. Under nutrient-rich conditions, mMTORCL1 is active,
suppresses catabolic process like autophagy and drives anabolic processes for cell
growth. When nutrient deprivation occurs, mTORC1 becomes inactive through
phosphorylation of TSC2 and RAPTOR and autophagy is activated (Gwinn et al.,
2008).

AMPK is another major energy sensor in cells that can activate autophagy when the
AMP/ATP or ADP/ATP ratios are high, such as under nutrient-deprived conditions.
In response to high AMP/ATP levels, an upstream kinase LKB1 activates AMPK.
Active AMPK causes inactivation of mMTORC1 activity through phosphorylation and
activation of the inhibitory TSC1/2 complex (Inoki, Zhu, & Guan, 2003). In addition,
AMPK activity causes cell cycle arrest through activation of p27¥P% a cyclin-
dependent kinase inhibitor in order to activate protective autophagy (McKay &
White, 2021).

At the transcriptional level, autophagy is regulated via several transcription factors.
FoxO (Forkhead box transcription factor class O) was the first transcription factor
that was shown to induce autophagy through transcription of multiple autophagy
genes including LC3B, BECN1, ULK2 and VPS34 (Ravanidis et al., 2021). Other
important transcription factors that induce the autophagy genes include TFEB, TFE3



and MITF (Napolitano et al., 2018). Various steps of the autophagy process from
initiation to elongation, cargo capture to trafficking and fusion with lysosomes are
regulated by these factors. The activity of these transcription factors can also be
mediated through phosphorylation by the mTORC1 complex in response to stress
stimuli (Szabo & Bala, 2018). In a recent study, it was demonstrated that nutrient
availability regulates the TFEB activity and nuclear translocation via mTOR
(Napolitano et al., 2018). According to this model, the active mTOR complex
sequesters TFEB close to the lysosome and prevents its nuclear translocation. When
MTOR activity is inhibited, the TFEB is free to translocate to the nucleus and
transcriptionally upregulates CLEAR (Coordinated Lysosomal Expression and

Regulation) motif containing genes.

Autophagy can also be regulated at the post transcriptional level through microRNAs
(miRNAS) (Gozuacik, Akkoc, Ozturk, & Kocak, 2017). miRNAs are short (17-23
nt) non-coding RNAs that are involved in post-transcriptional regulation of gene
expression by affecting both the stability and translation of mMRNAs. They impact
several fundamental cellular processes such as proliferation, differentiation,
metabolism, and apoptosis. Recent studies suggest that miRNAs are important
regulators of autophagy (Akkoc & Gozuacik, 2020). They affect the protein levels
of numerous proteins involved in different steps of autophagy. For example, miR-7,
miR-199a and miR-101 directly regulates several components of mTOR1 pathway
including p70S6K and eukaryotic translation initiation factor 4E (elF4E) in different
cell types. miR-885-3p and miR-26b mediated regulation of ULK1/2, miR-30a, miR-
376 and miR-384-5p mediated regulation of BECN1, miR-204 mediated regulation
of LC3B and miR-17/20/93/106 miRNA families mediated regulation of p62 can be
given as examples to indicate the involvement of miRNAs in the autophagy
regulation (Akkoc & Gozuacik, 2020).
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1.3.3 Autophagy and Differentiation

Autophagy can be active at a basal level in all cells, providing a continuous turnover
of damaged or aged cellular components and maintaining cellular homeostasis
(Ravanan et al., 2017). It was also indicated by several studies that autophagy is
involved in cellular differentiation in various cell models. For example, the
involvement of autophagy in adipocyte differentiation was shown in 3T3-L1
preadipocytes and mouse models. It was noted that this process was regulated via
C/EBP, a crucial transcription factor involved in adipocyte development (Ni et al.,
2013). Another study with MCF-7 human breast cancer cells showed that
differentiation followed by autophagy induction was observed in response to the

phytochemical Pterostilbene (Chakraborty et al., 2012).

Autophagy is also important for homeostasis in the gut epithelium. The small and
large intestinal epithelial layer is formed from the intestinal endoderm by the
formation of a crypt-villus axis. Due to cell differentiation occurring along the crypt-
villus axis, the epithelial layer of the small and large intestine is in a regular state of
destruction-regeneration cycle (Gehart & Clevers, 2019). The crypt-villi axis of the
intestinal mucosa exhibits distinct features from undifferentiated cells to terminally
differentiated cells. The autophagic machinery is utilized for the removal of
terminally differentiated apoptotic cells (Levine, Mizushima, & Virgin, 2011). Our
lab has shown that autophagy was activated during the differentiation of intestinal
epithelial cells via the upregulation of ER stress as the cells acquired a more secretory

phenotype (Tunger et al., 2020).

Cells forming epithelial tumors enter the process of “loss of differentiation”, which
is caused by factors such as loss of expression of epithelial markers and an increase
in the expression of genes that cause the acquisition of abilities such as proliferation
and metastasis (Rodrigues et al., 2018; Solanas et al., 2008). Understanding the
mechanisms of loss of differentiation (dedifferentiation) in the intestinal epithelial
layer will contribute to understanding of the causes of malignant growth. However,

since apoptosis is observed shortly after separation from the tissue in primary
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intestinal epithelial cells (anoikis), it is technically challenging to investigate the
differentiation process (Hofmann et al., 2007). For this reason, colon cancer cell lines
like Caco-2, which show spontaneous and reversible differentiation into enterocytes,
are frequently used as a model of intestinal differentiation (Devriese et al., 2017,
Rousset, 1986).

1.4 Effects of Nutrient Restriction on Cancer Cell Behavior

Cancer cells are highly proliferative, especially at early stages of their development.
In order to sustain viability under nutrient-deprived conditions, cancer cells can
rewire their metabolism and signaling mechanisms (C. Li et al., 2015; Xu et al.,
2015). As a result, the progression through cell cycle and proliferation of the cells
are affected and several adaptive responses such as autophagy, epithelial to
mesenchymal transition (EMT) and chemoresistance are induced (Vaziri-Gohar et
al., 2022).

14.1 Cell Cycle and Proliferation

The impact of nutrient restriction on cancer cell survival and proliferation has been
investigated by numerous studies in different cancer models including colorectal
cancer (CRC). The findings of these studies are divergent and context specific,
depending on the type of nutrient restriction, the duration of treatment and the

cellular status.

For example, Jin et al. showed that HT29 CRC cells cultured in serum-free medium
for 48 hours entered a reversible quiescent GO state through increased expression of
minibrain-related kinase (Mirk)-mediated destabilization of G1 cyclins (Jin et al.,
2009). Similarly, it was reported that the short term (6 h and 12 h) treatment of HCT-
116 CRC cells with serum-free medium resulted in decreased viability through a
Smad4/PUMA-mediated mechanism (S. H. Lee et al., 2011). In another study

conducted with various cell lines from different cancers including CRC, the
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increased expression of apoptotic proteins was observed in response to 24 h culturing
of cells in 0.5 % FBS-supplemented medium, thus making the cells more sensitive
to apoptotic cell death (C. Li et al., 2015).

On the other hand, some studies reported the increased cell survival in response to
nutrient-restriction with CRC cells. For example, amino-acid deprivation of CRC
cell lines SW48, SW620, DLD-1 and LoVo for 24 h resulted in activation of
autophagy as a protective mechanism (Sato et al., 2007). Likewise, DLD-1 cells
cultured in medium without glucose, glutamine and serum, individually, for 24 h, 48
h and 96 h showed increased survival and apoptosis evasion via proteolytic cleavage
of Myc (Conacci-Sorrell et al., 2014). Interestingly, these authors reported that Myc-
nick promoted survival through the induction of autophagy. It was reported that CRC
cells were able modulate their metabolism to continue survival under glucose

deprivation, while the viability of pancreatic cells was decreased (Miyo et al., 2016).

1.4.2 Sensitivity to Drugs

In order to continue their survival under stressful conditions, cancer cells modulate
various signaling mechanisms. This can also affect the sensitivity of these cells to
chemotherapeutics. Moreover, while sensitizing the tumor cells to drugs, nutrient
starvation can act as a protective mechanism decrease the cytotoxic effects of drugs
in normal cells (Naveed, Aslam, & Ahmad, 2014).

The sensitization of cancer cells to chemotherapeutics via glucose, amino acid and
serum starvation has been reported in several studies (Shi et al., 2012; Thomas,
Davis, Nell, Sishi, & Engelbrecht, 2020; L. Wang et al., 2018). The elevated ROS
generation and oxidative stress introduced with serum starvation was shown as a
mechanism to enhance sensitivity to chemotherapeutics (Pandey, Lopez, & Jammu,
2003; Zhuge & Cederbaum, 2006). In another study the increased sensitization of
breast cancer cells to Doxorubicin with amino acid starvation was demonstrated. The

same study also reported that upon Doxorubicin treatment, autophagy induction was
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observed which played a central role in the increased chemosensitivity (Thomas et
al., 2020).

In various other studies, the opposite effect of nutrient starvation was reported where
it increased chemoresistance. For instance, the resistance of lung and breast cancer
cells to a number of conventional chemotherapeutic agents in response to prolonged
serum starvation was reported. The mechanism of resistance was revealed as
increased stemness characteristics via upregulation of Sox2, MDR1 and Bcl-2
factors (Yakisich et al., 2017). In addition, nutrient-deprivation-induced Myc
cleavage in CRC cells was indicated as another mechanism which could prevent
apoptotic cell death after treatment with chemotherapeutic drugs such as etoposide
and cisplatin (Conacci-Sorrell et al., 2014). In another study with CRC cells, glucose-
restriction-induced chemoresistance was observed in an ATF4-dependent
mechanism, a key gene involved in ER stress and the unfolded protein response (Hu
etal., 2016).

1.4.3 Epithelial to Mesenchymal Transition

Epithelial to mesenchymal transition (EMT) is a highly complex sequence of events
that includes loss of contact between adherent epithelial cells, change of morphology
by acquisition of mesenchymal characteristics and enhanced motility (Yang et al.,
2020). EMT is functional both during development and metastasis. In this program,
epithelial cells change their shape from a cobblestone like morphology to a more
spindle like shape by acquiring the ability to survive after detachment from other
cells or the basement membrane (anoikis resistance), gain the ability of
reorganization of the cytoskeleton and degradation of the extracellular matrix. These
changes in cancer are known to enhance metastatic spread, resistance to
chemotherapeutic drugs and is associated with the recurrence of cancer (Yang et al.,
2020). EMT-related resistance to drugs is one of the major causes of treatment failure
(Hill & Wang, 2020).
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Conventional EMT is characterized by a complete loss of epithelial characteristics
such as the expression of junctional proteins E-cadherin and Occludin and
acquisition of mesenchymal properties such as the expression of the cytoskeletal
protein Vimentin and N-cadherin (Sinha, Saha, Samanta, & Bishayee, 2020). Recent
studies, however, suggest that rather than the binary process of a complete transition
from epithelial to a mesenchymal phenotype, disseminating cells may acquire a
hybrid phenotype whereby there is a gradual conversion of epithelial cells, through
a number of intermediate stages, to a mesenchymal form (Sinha et al., 2020) (Fig
1.2). Cells that show characteristics of partial/hybrid EMT pose greater risk of
metastatic spread compared to cells showing complete EMT and are associated with

poor clinical prognosis in cancer (Pastushenko & Blanpain, 2019; Saitoh, 2018).
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Figure 1.2 Overview of partial EMT

In the course of EMT process epithelial markers (e.g., E-cadherin, occludin) are
gradually lost, while mesenchymal markers (e.g., N-cadherin, vimentin) are
expressed. This process is regulated by transcription factors Snail/Slug, ZEB1 and
Twist. Partial EMT is an intermediate stage in the EMT spectrum possessing both
epithelial and mesenchymal signatures. Cells undergoing partial EMT have the
capacity to undergo collective migration, enhanced stemness, and are
unresponsiveness to chemotherapy. Created with BioRender.com.
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The limited availability of nutrients affects the invasive and metastatic properties of
cancer cells as shown by various studies. It was revealed that nutrient-restriction,
through modulation of EMT-related genes, resulted in enhanced cell migration. For
example, elevated TGF-B signaling and induction of EMT were observed in
hepatocellular carcinoma and bladder cancer with HBSS starvation. In addition, the
importance of starvation-induced autophagy in the EMT-mediated invasion and
migration was reported (Jun Li et al., 2013; H. Tong et al., 2019). When the cells
were treated with early- and late-stage autophagy inhibitors, 3-MA and Chloroquine,
the expression of TGF- Smad3 was decreased and EMT was suppressed (H. Tong
et al., 2019). Genetic inhibition of Atg3 or Atg7 with siRNA under starvation
conditions also resulted in decreased EMT which was rescued by the exogenous
administration of TGF-B (Jun Li et al., 2013). In colorectal cancer cells, increased
motility and metastatic capacity with glucose and glutamine restriction was
demonstrated through enhanced expression of actin bundling protein fascin. The
elevated levels of autophagosomal protein LC3-11 were reported in starved cells,
which was further accumulated with the autophagy inhibitor Chloroquine. In
addition to the activation of EMT, starved cells also exhibited resistance to apoptosis,
which was reversed by the autophagy inhibitor Chloroquine (Conacci-Sorrell et al.,
2014).

The interplay between EMT and autophagy have been reported in different contexts
for both cancerous and noncancerous cells (Gugnoni, Sancisi, Manzotti, Gandolfi, &
Ciarrocchi, 2016). Cytoskeletal reorganization, mitochondrial dysfunction, and
selective degradation of EMT proteins have been suggested as the regulator of the
two processes. Considering the dual effect of autophagy on cancer progression, the
autophagy-EMT crosstalk also appears to be context dependent and varies depending

on the type and/or the stage of the tumor.
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15 Scope, Aim and Novelty of This Study

Limited availability of nutrients to cancer cells can result in metabolic rewiring. As
aresult of these metabolic changes, several aspects of cancer cell growth and survival
are affected and adaptive responses such as autophagy and EMT can be activated.

Our lab previously reported the induction of autophagy in spontaneously
differentiating Caco-2 cells (Tunger & Banerjee, 2019; Tunger et al., 2020). Nutrient
restriction and differentiation can both alter the metabolic state of a cell considerably.
In this thesis, | hypothesized that metabolic rewiring resulting from nutrient-
restriction-induced stress may affect the EMT process. For this, | chose Caco-2 cells
as the model cell line. Our lab has previously shown that confluency dependent
differentiation in Caco-2 cells over a period of 20 days can enhance mesenchymal
features, which can be reversed when the cells undergo dedifferentiation (Yilmaz-
Ozcan et al., 2014). Based on the previous findings and my hypothesis | examined

the following:

1. Whether the restriction of the three major carbon sources: glucose, L-
glutamine and serum could activate autophagy in proliferating Caco-2 cells.

2. Whether the induction of autophagy and the underlying cellular signaling
pathways were comparable when Caco-2 cells underwent to two divergent
autophagy-inducing processes: spontaneous differentiation and nutrient
restriction.

3. Whether nutrient restriction and subsequent activation of various signaling
mechanisms in the cell could activate EMT and affect the sensitivity of the

cells to chemotherapy drugs.

Overall, this study showed for the first time that culture of Caco-2 cells with limiting
amounts of glucose, glutamine and serum could activate partial EMT, which was
further exacerbated when lysosomal signaling was perturbed. The nutrient restricted
cells also showed lower sensitivity to chemotherapy drugs, most likely due to the
induction of partial EMT
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CHAPTER 2

MATERIALS AND METHODS

2.1 Cell Culture

Caco-2 cells purchased from Sap Enstitiisii (Ankara, Turkey) and HCT-116 cells
purchased from DKFZ (Heidelberg, Germany). Caco-2 cells were cultured in 1 g/L
glucose-containing Eagle’s minimum essential medium (EMEM) (Biological
Industries) with addition of 20% fetal bovine serum (FBS), 1mM sodium pyruvate,
2 mM L-glutamine, 0.1 mM non-essential amino acids and (NEAA) and 1%
penicillin/streptomycin (P/S). HCT-116 cells culturing media was prepared with
RPMI 1640 medium without phenol red (Biological Industries) with addition of 10%
FBS, 1% P/S and 2mM L-glutamine. Culturing conditions for the cells were 37 °C
with 5% CO.. Routine mycoplasma control was performed to all cells, and they were
treated with 2.5 pg/mL Plasmocin® (Invivogen, France) continuously for

prophylaxis.

211 Caco-2 Cell Line

Caco-2 cells which was initially isolated from a patient with colon adenocarcinoma
have the ability to undergo a process of spontaneous differentiation in culture
(Sambuy et al., 2005). Caco-2 cells acquire morphological and functional enterocyte-
like features upon differentiation such as formation of microvilli and secretion of
brush border enzymes (Astarci, Sade, Cimen, Savas, & Banerjee, 2012; Devriese et
al., 2017), and is frequently used in barrier formation and intestinal differentiation
studies a model (Rousset, 1986).
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When cultured in monolayer under two-dimensional (2D) culture conditions, Caco-
2 cells exhibit epithelioid or cobblestone-like morphology and characterized as a
fast-growing cell line (De Both, Vermey, Dinjens, & Bosman, 1999). Caco-2 cell
line presents wild-type KRAS, BRAF, PIK3CA and PTEN copies; and it harbors
TP53 mutation (E204X) (Ahmed et al., 2013). Under in vitro culture conditions,
Caco-2 cells exists as a heterogenous population consisting of subpopulations with

different morphologies and genetic makeup (Sambuy et al., 2005).

21.2 HCT-116 Cell Line

HCT-116 cell line was originally generated from the colon of an adult male as three
subpopulations (Brattain MG, Fine WD, Khaled FM, Thompson J, 1981). Unlike
Caco-2 cells, they don’t have the ability to spontaneous differentiate upon growth to
confluency (Yeung, Gandhi, Wilding, Muschel, & Bodmer, 2010). HCT-116 is a
fast-growing cell line and harbors KRAS (G13D) and PIK3CA (H1047R) mutations
while it is wild type for BRAF; PTEN and TP53 (Ahmed et al., 2013).

2.2  Spontaneous Differentiation Protocol

Control Caco-2 cells were always kept at sub-confluent conditions (50-60%
confluency) to prevent differentiation. For differentiation induction, cells were
inoculated at high density and grown until confluency. When 100% confluency was
achieved, cells were denoted at day 0 of differentiation. Then, post-confluent Caco-
2 cells were cultured for 20 days and harvested at various intervals (0, 5, 10 and 20
days upon reaching confluency). 10" day of differentiation was denoted as
differentiated.
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2.3  Real-time Measurement of Differentiation with xCELLigence

To examine the continuous changes occurring in differentiated cells in real time, the
XCELLigence Real Time Cell Analyzer (Agilent, USA) was used. For this, Caco-2
cells were plated in 96-well gold microelectrode-covered plates and changes in
proliferation index and cell number were monitored continuously until the 20" day
of differentiation. As the number of cells increased, an increase in the impedance
was observed; the day on which the impedance reaches a plateau was designated as
Day 0 of differentiation. At the 10" day of differentiation, 6% EtOH treatment was
performed for 3 h to disrupt the cell barrier function (tight junctions), followed by
24 h recovery in complete growth medium. As control, cells were treated with 2.5
mM EDTA for 3 h was to analyze the effect of loss of adherens junction on the

impedance value measured.

2.4 Nutrient Restriction Protocol

The nutrient-restriction medium was prepared by using glucose and glutamine free
Dulbecco's Modified Eagle Medium (DMEM) that was supplemented with 1% FBS,
0.2 mM L-glutamine, 0.1 g/L glucose, 1mM sodium pyruvate, 0.1 mM NEAA and
1% P/S. Cells were seeded into tissue culture flasks or 6-well plates and allowed to
attach overnight. The next day, the complete growth medium was removed, and cells
were washed with PBS before addition of the starvation medium. Cells were
incubated in nutrient-restriction medium for 48 h. For these studies, the cells were
kept in sub-confluent state to prevent the cells from undergoing spontaneous

differentiation.

For replenishment experiments, after 48h of treatment, the starvation medium was
replaced with complete growth medium or the medium replenished with respective
nutrient (FBS, glucose or L-glutamine). Cells were harvested after additional
incubation of 6 h or 24 h.
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2.5 Treatments

Treatments of Caco-2 cells were performed at 37° C as follows: Sub-confluent cells
were treated with 100 nM Bafilomycin Al (in DMSO), 50 uM 5-FU (in DMSO), 5
mM 3-MA (in medium) for 48 h in complete growth medium and/or nutrient-
restriction medium. Drug treatments were started simultaneously with nutrient-
restriction, unless stated otherwise. Rapamycin (500 nM) and Chloroquine (30 uM)
co-treatments were performed for 24 h in complete growth medium. The list of drugs
used in the study is given in Table 2.1.

Table 2.1 Information of chemicals used in this study

Chemical Function Mechanism of  Vehicle Concentration
Action
Bafilomycin A1 Autophagy Lysosomal DMSO 100 nM
inhibitor V-ATPase (0.01%)
inhibition
3-Methyladenine  Autophagy  Class Il PI3K  Medium 5mM
(3-MA) inhibitor inhibition (100%)
5-Fluorouracil  Anti-cancer Thymidylate DMSO 50 uM
(5-FU) agent synthase (0.05%)
inhibition
Chloroquine Autophagy Lysosomal dH20 30 uM, 24 h
Inhibitor alkalinization (0.01%) 100 uM, 3 h
Rapamycin Autophagy mTOR DMSO 500 nM
Activator inhibition (0.01%)

For the Bafilomycin treatments, cells were co-treated with Bafilomycin and nutrient-
restriction for 48 h. At the end of the treatment duration, the medium was either

replaced with complete growth medium (complete recovery) or with nutrient-
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restriction medium not containing Bafilomycin (Bafilomycin recovery); and cells

were incubated for an additional 24 h.

2.6 Alkaline Phosphatase Activity

The alkaline phosphatase enzymatic activity was determined as a marker of
spontaneous differentiation. Since Caco-2 cells differentiate into enterocytes, these
cells start expressing digestive enzyme when the differentiate. Caco-2 cells were
collected at pre-confluent state and at the 0, 5, 10 and 20" day of differentiation and
lysed with a freeze-thaw cycle. For this, pellets were collected and washed with PBS,
then samples were frozen at -80°C for 20 min followed by 20 min thawing at 37°C.
After 2 cycles, 75 pl of cell lysate was mixed with 75 ul of p-nitrophenylphosphate
(pNPP) substrate and 25 ul MgCl; solution. The mixture was incubated at 37°C in
the dark for 60 min in an orbital shaker with shaking at150 rpm. Absorbance
measurement was performed at 405 nm. For the calculation of specific enzyme
activity, absorbance values were divided to the amount of protein present in the

samples.

2.7  RNA Isolation and cDNA Synthesis

For the isolation of RNA, cells were collected by centrifuging at 1500 x g for 5 min
at 4°C and washed with PBS. Total RNA was isolated with using NucleoSpin RNA
Kit (Macherey Nagel, Germany) following the manufacturer’s protocol and the
isolated RNAs were kept at -80 °C until use. 1 ug RNA was used to synthesize cDNA
with RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific) with using
random hexamers. DNase | treatment was carried out within the protocol of the Kit,

and the synthesized cDNAs were stored at -20 °C.
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2.8  Quantitative Real-time PCR (QRT-PCR)

gRT-PCR was carried out in Rotor GeneQ 6000 series (Qiagene) with using 0.1 mL

4-strip Rotor Gene style Tubes. Real time PCR reactions were prepared in 10 uL
volumes using 5 uL of 2X GoTaq gPCR Master Mix (Promega, Madison, W1, USA),

1 uM forward and reverse primers and 2 uL. cDNA. Standard curves for each primer

pair were generated and threshold cycle (Ct) values were calculated after 45 cycles

using relative standard curve method. The fold change in transcriptional expressions

was calculated by Pfaffl method (Pfaffl, 2001). The primers used in the study are

given in Table 2.2.

Table 2.2 List of primers used in this study

Gene

ACTB

B2M

RAB5

RAB7A

SQSTM1

SNAI1

Si

Forward Primer Sequence

TGTCCACCTTCCAGCAG

ATGT

AGCAGCATCATGGAGG

TTTG

CAAGGCCGACCTAGCA

AATAA

AGTGTTGCTGAAGGTT

ATCATCC

ATGAGGACGGGGACTT

GGTT

TGGTTCTTCTGCGCTAC

TGC

CAAATGGCCAAACACC

AATG

24

Reverse Primer Sequence TM
°O)
AGCTCAGTAACAGTCC 59
GCCTAGA
AGCCCTCCTAGAGCTA 59
CCTG
GATGTTTTAGCGGATGT 56
CTCCAT
TTCCTGTCCTGCTGTGT 56
CC
TTGCAGCCATCGCAGA 57
TCA

GCTGCTGGAAGGTAAA 58
CTCTGG

CCACCACTCTGCTGTGG 57
AAG



Table 2.2 (cont’d)

OCLN  AAGAGTTGACAGTCCC ATCCACAGGCGAAGTT 59

ATGGCATAC AATGGAAG

MCOLN1 CATGAGTCCCTGCGAC ACCACGGACATACGCA 60
AAGT TACC

CDH1  TGCCCAGAAAATGAAA GTGTATGTGGCAATGC 59
AAGG GTTC

VIM CCAGCCGGAGCTACGT GTGCGGGTGTTCTTGAA 59
GACTA CTCG

29 Protein Isolation and Western Blot

29.1 Total Protein Isolation

For the isolation of total protein, lysis buffer was prepared with addition of 1X
protease and phosphatase inhibitors (Roche, Germany) to M-PER Mammalian
Protein Extraction Kit (Thermo Fisher Scientific). The cell pellets were collected and
washed with PBS and then centrifuged at 1500 x g for 5 min at 4 °C. Next, MPER
lysis mixture was added at a volume of 30-50 uL according to the size of the pellet.
Pellets were mixed by vortexing for 30 sec followed by ice incubation for 10 min.
This procedure was repeated two more times. After lysis, cells were centrifuged at
14000 x g for 10 min at 4 °C. Supernatants were collected, and the proteins were

stored at -80 C until use.

29.2 Cytoplasmic and Nuclear Protein Isolation

To determine the nuclear translocation of TFEB and thereby its activity, cytoplasmic
and nuclear protein isolation of Caco-2 cells was performed. After washing with

PBS, the collected cells were centrifuged at 500 x g for 5 min at 4 °C. The pellets
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were lysed with 300 pL hypotonic buffer. After ice incubation for 15 min, lysed cells
were mixed with 75 pL 10% NP-40 (Pan-Reac AppliChem, Germany). The mixture
was centrifuged at the 14000 x g for 30 sec at 4 °C. The supernatant, which was
considered to be the cytoplasmic fraction, was transferred to a fresh Eppendorf tube.
The remaining pellet containing the nuclear proteins was re-suspended with 80 ul
nuclear extraction buffer, was vortexed for 30 sec followed by 15 min ice incubation
on an orbital shaker. After repeating this procedure for 2 more times, the mixture
was centrifuged at 14000 x g for 10 min at 4 °C. Supernatant was collected in a fresh

Eppendorf tube, which was considered to contain the nuclear fraction.

2.9.3 Protein Quantification

Protein concentration determination was carried out with Coomassie Protein Assay
Reagent (Thermo Fisher Scientific) in 96-well microplates. After isolation, proteins
were diluted 1:5 in MPER mixture. 5 pL of the diluted proteins was mixed with 250
pl Coomassie reagent. For each sample, 3 replicates were prepared, and the
absorbance was measured at 595nm with MultiSkan GO Microplate
Spectrophotometer (Thermo Scientific). Then, the concentration of proteins was
calculated with using the pre-generated standard curve which was prepared with

bovine serum albumin (BSA) at various concentrations.

294 Western Blot

Protein separation was carried out with 12% SDS-PAGE gels which were run at
100V for 2 h and 30 min. Then, wet western blot transfer was performed with
polyvinylidine fluoride (P\VDF) membranes at 115V for 1 h and 30 min. Then 5%
BSA (AppliChem) in 0.1% TBS-T was used for membrane blocking for 1 h at RT
on a shaker. Membranes were incubated with primary antibodies at 4 °C O/N on an
orbital shaker. The next day, membranes were washed with 0.1% TBS-T for 10 min,
3 times. Then incubation with the respective secondary antibody was carried out for
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1 h at RT on a shaker. Clarity ECL Substrate (Bio-Rad) mixture was prepared at
dark, and the membranes were incubated for 2 min in this solution for the
visualization of protein bands. Images were taken by using ChemiDoc MP Imaging
System (Bio-Rad) until saturation. Band intensity measurement was carried out with
ImageLab software. The adjusted band intensities were calculated and normalized to
that of housekeeping proteins to determine the change in expression. All antibodies

used in the study are given in Table 2.3.

Table 2.3 List of antibodies used in this study

Antibody Size (kD) Origin Brand Catalog No
B-actin (C4) 45 Mouse Santa Cruz Sc-47778
Biotechnolgy
Lamin B1 66 Mouse ProteinTech ~ 66095-1-1g
LC3 A/B (D3U4C) 14,16 Rabbit  Cell Signaling ~ 12741S
Technology
p62/SQSTM1 62 Mouse Santa Cruz sc-28359
Biotechnology
Beclin-1 60 Mouse Santa Cruz sc-48341
Biotechnology
Rab5 25 Rabbit Cell Signaling 3547
Technology
Rab7a 23 Rat Biolegend 850401
LAMP1 (H4A3) 90-120 Mouse Santa Cruz sc-20011
Biotechnology
p-RPS6 (5235/236) 32 Rabbit  Cell Signaling ~ 2211S
Technology
p70S6K (49DS7) 70, 85 Rabbit Cell Signaling 2708P
Technology
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Table 2.3 (cont’d)

p-p70S6K (T289) 70, 85 Rabbit Cell Signaling 9234S
Technology
AMPKal1/2 62 Mouse Santa Cruz Sc-74461
Biotechnology
p-AMPKa (T172) 62 Rabbit Cell Signaling 2535S
Technology
TFEB 65-70 Mouse Biolegend 852001
CEA 150-180 Mouse Invitrogen 11365133
E-cadherin 135,120/80 Mouse Santa Cruz Sc-8426
Biotechnology
Goat a-Rabbit Advansta R05071
500
Goat a-Mouse Advansta R05072
500
Goat a-Rat Advansta R0O5075
500

2.10 Proliferation and Cell Viability Assays

For the assessment of changes in cell viability and proliferation in response to

nutrient-restriction and/or drug treatments, three different assays were used.

2101  MTT Assay

In order to analyze changes in the number of viable cells after treatments, MTT [3-
(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide] assay was used,
according to the manufacturer’s recommendations (Thermo Fisher Scientific, USA).

Briefly, 10,000 cells per well were seeded on 96-well plates, with 5 technical
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replicates. The next day, drug treatments or nutrient-restriction was started, and cells
were incubated for 48 hours (treatment duration was total of 72 hours for
recovery/replacement experiments). The MTT solution was prepared with dissolving
5mg MTT powder in 1 mL PBS, which then diluted 1:10 with complete growth
medium. After treatment period was finished, the medium was discarded and the
MTT mixture was added to the wells. The cells were incubated with MTT solution
for 4 hours at 37°C, then 1% SDS in 0.01M HCI solution was added to each well.
After O/N incubation at 37°C, absorbance was measured at 570 nm with Multiskan-

GO microplate spectrophotometer (Thermo Fisher Scientific, USA).

2.10.2 BrDU Cell Proliferation Assay

In order to measure the changes in the number of actively dividing cells after
nutrient-restriction and Bafilomycin treatment, BrDU Cell Proliferation Assay
(Sigma Aldrich, Germany) was used according to manufacturer’s instructions.
10,000 cells per well (100 uL) were seeded on 96-well plates, with 3 technical
replicates. The next day, drug treatments or nutrient-restriction was started, and the
cells were incubated for 48 hours. When the treatment was completed, the cells were
labeled with 10uM BrDU solution and anti-BrdU-POD antibody. After addition of
the chemiluminescent substrate, luminescence measurement was carried out using

SpectraMax ID3 Microplate Reader (Molecular Devices, UK) at 492 nm.

2.10.3 Muse Cell Viability Assay

To measure cell death after nutrient-restriction as well as treatment with Bafilomycin
and 5-FU, the Muse Cell Count and Viability Assay was carried out according to
manufacturer’s instructions. Cells were seeded into 6-well plates and treatments
were started the day after seeding. At the end of treatment duration, cells were
collected with scraping in the respective treatment media; and mixed with Count and

Viability Reagent (1:20 fold dilution). After 5 min incubation at room temperature,
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measurement was caried out with Muse Cell Analyzer (Merck, Germany) by
selecting pre-adjusted reading parameters in the equipment (Cell Count and Viability
Assay parameters). The live and dead populations were automatically plotted, and
respective percentages were displayed on the graph.

2.11 Spheroid Formation Assay

To evaluate the ability of nutrient restricted and Bafilomycin co-treated cells to form
spheroids in 3D culture conditions and to determine their size, spheroid formation
assay was performed. Cells were seeded at 50,000 cells/well density in 200 pL
complete medium or nutrient-restriction medium with or without Bafilomycin to 96-
well Ultra-Low Attachment (ULA) plates (Corning, USA) and cultured at 37°C for
96 h. At the end of incubation period, each individual spheroid formed in the 96-
well ULA plate was imaged and then collected as pellet for RNA isolation.

To evaluate the ability of the cells to reform spheroids after passaging, cells were
seeded at 50,000 cells/well density in 200 uL. complete medium to 96-well Ultra-
Low Attachment (ULA) plates (Corning, USA) and cultured at 37°C. Spheroid
formation was observed after 24 h of incubation. Spheroids were collected after 48
hin a 1.5 mL Eppendorf tubes and centrifuged at 500 x g for 5 min at 4°C. After
washing with PBS, spheroids were dissociated into single-cell suspensions with 1
mL 2.6-gauge (G) needle. Cells were centrifuged at 500 x g for 5 min, PBS was
removed, and cells were re-suspended in complete growth medium or nutrient-
restriction medium with or without Bafilomycin and re-plated in ULA plates. After
culturing for additional 48 h, each individual spheroid formed in the 96-well ULA
plate was imaged and then collected as pellet for RNA isolation.

2.12 Phalloidin Staining Protocol

Phalloidin staining was performed to evaluate the phenotypic changes and

cytoskeletal reorganization in response nutrient restriction, Bafilomycin Al
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treatment and the combination of the two. For this, Caco-2 cells were plated on glass
coverslips placed in 12-well plates. After allowing overnight attachment to the glass
surface, nutrient-rich and nutrient-restricted Caco-2 cells were incubated in the
absence or presence of 100 nM Bafilomycin Al for 48 h, and recovery from
Bafilomycin Al treatment was performed for 24 h in complete growth medium. At
the end of the experimental duration, light microscopy images were taken first. Then,
cells were fixed with 4% paraformaldehyde in PBS and permeabilized with 0.1%
Triton X-100 (Sigma). Afterwards, the fixed cells were stained with Alexa Fluor®
405 phalloidin for cytoplasmic distribution of F-actin and counterstained with 4°, 6-
diamidino-2-phenylindole (DAPI) for nuclear staining which was present in the
mounting medium that was used to preserve the slides. Images were gathered with
Zeiss LSM 800 Laser Scanning Microscope (Germany) at 63x magnification at
BIOMATEN, ODTU.

For the quantification of F-actin stress fibers, number of fibers were manually
counted in approximately 50 cells; none of the fibers counted twice, and the final
numbers were divided by number of nuclei to calculate the numbers of fibers/cell.

2.13  Statistical Analyses

GraphPad Prism 6 software package (Prism, CA, USA) was used for the analysis of
the data and the drawing of the representative graphs. Experiments were performed
with 5 technical replicates (MTT and BrdU assays) and 3 technical replicates (QRT-
PCR) and repeated with at least 3 biological replicates (unless indicated otherwise).
Data were expressed as mean + SEM. The statistical significance between
experimental results was analyzed with Students’ t-test, one-way ANOVA using
Dunnett’s multiple comparison test, or two-way ANOVA using Sidak’s multiple
comparisons test. Significant difference was statistically considered at the level of p
<0.05. * p<0.05, ** p<0.01, *** p <0.001, **** p<0.0001, ns: non-significant.
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CHAPTER 3

RESULTS

3.1 Differentiation of Caco-2 Cells

Caco-2 cells are known to undergo spontaneous differentiation into enterocytes
when grown to 100% confluency for 5-20 days (Ding, Ko, & Mark Evers, 1998).
When the cells reached 100% confluency, they were collected at the 5™, 10" and 20™"
day for gene expression analysis. As the cells differentiated, their morphology
changed, and they started to grow in multilayers. Domes structures are formed in 2D
cultured Caco-2 cells when the cells become absorptive as they differentiate into
enterocyte type cells. Fluids are accumulated between the surface and the cells, in
turn they result in the local detachment of cells (Fantini, Abadie, & Tirard, 1986).
Domes were seen around the 10" day of differentiation and were still present until
Day 20. Representative pictures of Caco-2 cells in their undifferentiated (control)

and differentiated states, as well as the presence of domes are shown in Figure 3.1.
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Control

Figure 3.1 Spontaneous differentiation of Caco-2 cells

The morphological changes during spontaneous differentiation of Caco-2 cells were
assessed with an inverted light microscope. Representative images of 3 biological
replicates are given for sub-confluent/control cells, 100% confluent (DO) cells, and
differentiated cells collected 5 (D5), 10 (D10) and 20 (D20) days after reaching
confluency. Domes in the differentiated cells are indicated with arrows.

Differentiation of Caco-2 cells was also confirmed with the expression of different
markers and activities of enzymes. The activity of the enzyme alkaline phosphatase
(ALP), which is expressed in differentiated enterocytes, was assessed
colorimetrically using p-nitrophenylphosphate (pNPP) as a substrate (Fig 3.2A). A
significant increase in the specific activity of the enzyme was observed from Day 5
onwards. Additionally, mRNA levels of the well-established differentiation marker
sucrose isomaltase (SI) was examined with gRT-PCR (Fig 3.2B), Again, a

significant increase in expression was observed from Day 5 onwards, reaching a ~
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2000-fold levels of

carcinoembryonic antigen (CEA), another intestinal epithelial differentiation marker

increase in expression by Day 20. Finally, protein
and the junctional protein E-cadherin was analyzed with western blot. We observed
an increase in the expression of CEA from Day 5 and an increase in the mature form

of E-cadherin (that is found at cell-cell junctions) from Day 10 onwards.
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Figure 3.2 Confirmation of differentiation in spontaneously differentiating Caco-2
cells
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Figure 3.2 (cont’d) Induction of spontaneous differentiation in Caco-2 cells was
confirmed with increasing alkaline phosphatase activity through pNPP colorimetric
assay (A), increase in sucrase isomaltase mRNA levels (B) and increase in CEA
protein and E-cadherin maturation levels (C). Figures are representative of 3

independent biological replicates. Bars represent mean + SEM (n=3). **p<0.01,
****p<0.0001.

Next, to examine the continuous changes occurring in differentiated cells in real
time, the XCELLigence Real Time Cell Analyzer was used which provides real-time
tracking of cell-cell adhesion formation during differentiation (Sun et al., 2012). As
the number of cells increased due to proliferation, the measured impedance also
increased and the day the impedance reached a plateau was designated as day 0 (Fig
3.3A), suggesting that the cells had reached confluency. As the cells were cultured
further, it was expected that the impedance would increase with the increased
formation of tight junctions that is a known characteristic of differentiated cells.
However, due to the continuing growth of cells as multilayers, we observed no

change in impedance in the 10 days following the plateau (Fig 3.3A).

A loss in tight junction is expected to decrease the impendence. Therefore, we
disrupted the tight junction barrier with 6% EtOH (Ying et al., 2014). For this, Caco-
2 cells at the 10th day of differentiation (after the plateau was reached) were treated
with 6% EtOH for 3h, and the medium was replaced with complete growth medium.
EtOH treatment caused a decrease in impedance (Fig 3.3B). Cells re-exposed to
regular growth medium after 3h regained tight junctions over time and reached
impedance levels close to the control cells. In addition to tight junctions, intestinal
epithelial cells also show the formation of adherens junctions; these junctions rely
on the presence of Ca?* ions (Harris, Daeden, & Charras, 2014). We treated cells
with 2.5mM EDTA for 3h to chelate the Ca®" ions to and observed a modest change
in impedance (Figure 3.3B), confirming that treatment with ethanol mostly affected

the tight junctions and thereby the impedance measured by the device.
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Figure 3.3 Real-time monitoring of differentiation in Caco-2 cells using
XCELLigence system

Tight junction formation in Caco-2 cells were monitored continuously until Day 20
of differentiation (A). For the tight junction disruption, differentiated cells (Day 10,
D10) were treated with 6% ethanol. Vehicle-treated and 2.5 mM EDTA-treated
control cells are also shown (B). The time point for ethanol and EDTA treatment was
indicated with the arrow. The measured impedance value was shown as the cell index
on the y axis. Western blot results showing the E-cadherin levels after ethanol
treatment/withdrawal and EDTA treatment in differentiated Caco-2 cells.
Representative data from 3 independent biological replicates is shown.
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E-cadherin is a Ca?*-dependent cell adhesion protein that plays a key role in
adherence junctions (Shibata-Seki, Nagaoka, Goto, Kobatake, & Akaike, 2020).
Treatment with EDTA resulted in a dramatic increase in the precursor form of E-
cadherin, confirming the importance of Ca?* ions in the maturation and membrane
localization of the protein (Fig 3.3C). Of note, treatment of differentiated Caco-2
cells with 6% ethanol for 3h did not lead to any change in the mature or precursor
form of E-cadherin, further confirming that ethanol treatment affected tight junctions
rather than adherens junctions. Withdrawal of ethanol and replenishment with
complete medium, however, led to an increase in the expression of the precursor

form of E-cadherin.

Taken together, these results indicate that spontaneous differentiation was

successfully induced in the Caco-2 cell line.

3.2 Induction of Autophagy in Differentiated Caco-2 Cells

In order to determine autophagy in differentiating Caco-2 cells, autophagy markers
LC3, Beclin-1 and p62; and the mTOR pathway protein pS6 were examined by
Western blot (Klionsky et al., 2012) (Fig 3.4).
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Figure 3.4 Induction of autophagy in spontaneously differentiating Caco-2 cells

The autophagy markers LC3, Beclin-1, p62 and RPS6 (5235/236) were examined by
Western blot in spontaneously differentiating Caco-2 cells. Densitometry analysis
was carried out with respect to control (undifferentiated) cells and normalized to
loading control f3-actin. Figures are representative of 3 independent biological
replicates. Bars represent mean = SEM. *p<0.05, **p<0.01, ****p<(0.0001,

ANOVA ns: nonsignificant.
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Our lab has previously shown that a dramatic increase in the secretory phenotype of
differentiated cells, leading to the induction of endoplasmic reticulum stress and
subsequently autophagy (Tunger et al., 2020). | confirmed the induction of
autophagy during the differentiation of Caco-2 cells, as evidenced by the increase in
the Beclin-1 expression and increase in LC3II/I ratio. A robust increase in LC3-I1
(PE-conjugated, autophagosome-bound) was observed in the mid-stages of the
differentiation process (D0-D5) followed by a decrease at later stages (D10-D20) in
Caco-2 cells (Fig 3.4). This increase indicates an enhanced lipidation of LC3-1 with
phosphatidylethanolamine, giving rise to LC3II, which runs faster in the SDS-PAGE
gel and appears as a lower band in a western blot. This increase in the conversion of
LC3-1to LC3-11 can be explained by either the high rate of autophagosome formation
or a defective degradation machinery (i.e. the autophagosomes are formed but not

cleared effectively).

In order to understand this, monitoring the autophagic flux is of particular
importance. The most common analysis of autophagic flux is via the protein level of
the p62 adaptor, which interacts with LC3-11 at the autophagosomes and is degraded
along with its cargo protein (Parzych & Klionsky, 2014). Therefore, the decrease in
p62 levels is an indicator of active autophagy machinery. During the course of
differentiation of Caco-2 cells, p62 levels showed a decrease indicating the presence
of functional autophagic flux. Moreover, the phosphorylation of ribosomal protein
S6, which is phosphorylated upon the activation of mammalian target of Rapamycin
(mTOR) decreased with the differentiation. Since the mTOR pathway is known to
be inhibited in autophagy, the reduction in phosphorylation of S6 further confirms
the induction of autophagy in the differentiated Caco-2 cells (Kim, Kundu, Viollet,
& Guan, 2011).
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3.3 Nutrient-Restriction Optimization Studies with Caco-2 Cell Line

Nutrient restriction is known to activate autophagy. In the literature, several modes
of nutrient-restriction protocols are available which generally include complete or
partial removal of energy sources from the growth media. In this study, we evaluated
the effect of reduced glucose, L-glutamine and serum on Caco-2 cells and first
confirmed whether the partial rather than complete removal of nutrients was

sufficient to induce autophagy.

The conversion of LC3-1 to LC3-I1 and the activation of AMP Kinase were used as
markers for cellular response to nutrient restriction. AMPK is a primary nutrient
sensor in the cells and one of the main pathways that is activated in response to
starvation (Mihaylova & Shaw, 2011). The protein LC3 is incorporated into
autophagosomal structures and is frequently used as a marker of the autophagic
pathway (Yoshii & Mizushima, 2017).

We first evaluated the effect of decreasing the glucose and FBS amounts in the
medium. For this, Caco-2 cells were treated with glucose-free DMEM, DMEM
containing 0.1 g/L glucose and medium containing 5% FBS for 2 hours (Fig 3.5A)
and 24 hours (Fig 3.5B). As controls, cells were cultured in both complete EMEM
and DMEM media supplemented with 1 g/L glucose, 2 mM L-glutamine and 20%
FBS (Fig 3.5A-B). The purpose of this control was to observe whether the expression
of these markers was different in DMEM compared to EMEM, which is the

recommended growth medium for Caco-2 cells.
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Figure 3.5 Treatment of Caco-2 cells with various media modifications for 2 hours
and 24 hours

Caco-2 cells were treated with the indicated media modifications for 2 hours (A) and
24 hours (B). Densitometry analysis was performed with respect to complete growth
medium (lane 1) and the respective ratios of LC3-1I/LC3-1 and AMPK
phosphorylation (T172) are indicated on the figure. Representative figure of one
replicate is shown. Lanes: 1- EMEM complete medium, 2- DMEM complete medium,
3- Glucose-free DMEM, 4- DMEM with 0.1 g/L glucose, 5- DMEM with 5% FBS.

We did not observe a significant difference in the expression of the markers in the
cells cultured in EMEM or DMEM growth media (Fig 3.5, Lanes 1 and 2). Therefore,

42



for the subsequent experiments, cells cultured in complete EMEM was used as

control, unless indicated otherwise.

As seen in Figure 3.5, no major change in the LC3-IlI/LC3-I ratio or the
phosphorylation of AMPK at T172 was achieved in Caco-2 cells cultured in the
absence of glucose or with low amount of FBS. Therefore, we decided to decrease

the amount of FBS further and increase the treatment duration (Fig 3.6).
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Figure 3.6 Treatment of Caco-2 cells with various media modifications for 48 hours
and 72 hours

The response of cells to reduced glucose, FBS and their combination was evaluated.
Densitometry analysis was performed with respect to complete growth medium (lane
1) and the respective ratios of LC3-1l / LC3-I and change in phosphorylation of
AMPK (T172) are indicated in the figure. Representative figure of one replicate is
shown. Lanes: 1- EMEM complete medium, 2- DMEM with 0.1 g/L glucose, 3-
DMEM with 1% FBS, 4- DMEM with 1% FBS and 0.1 g/L glucose.

We observed that the change in the expression of nutrient stress markers was time
dependent. The increase in LC3I11/1 was higher after 72 hours of incubation compared
to 48 hours, but a decrease in AMPK activation was observed at 72 hours (Fig 3.6).

43



Since we observed a better response with lower FBS and glucose amounts, we next
withdrew non-essential amino acids (NEAA) and decreased the amount of glutamine
in the culture medium from 2.0 to 0.2 mM (Fig 3.7). Both NEAA and glutamine and
important sources of carbon and nitrogen in the cell and can contribute towards
anaplerosis (Vaziri-Gohar et al., 2022). The treatments were carried out for 48 hours

and 96 hours.
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Figure 3.7 Treatment of Caco-2 cells with various media modifications for 48 hours

and 96 hours
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Figure 3.7 (cont’d) Incubation of Caco-2 cells in medium containing low glucose,
FBS, L-glutamine and their combination for 48 hours (A) and 96 hours (B) was
evaluated. Densitometry analysis was performed with respect to complete growth
medium (lane 1) and the respective ratios of LC3-1I/LC3-1 and AMPK
phosphorylation (T172) are indicated in the figure. Representative figure of one
replicate is shown. Lanes: 1- EMEM complete medium, 2- DMEM with 1% FBS and
0.1 g/L glucose, 3- DMEM with 0.2 mM L-glutamine, 4- DMEM with 0.2 mM L-
glutamine without non-essential amino acids (NEAA), 5- DMEM with 1% FBS, 0.1
g/L glucose and 0.2 mM L-glutamine, 6- DMEM with 1% FBS, 0.1 g/L glucose and
0.2 mM L-glutamine without NEAA.

When we examined the results for 48 h and 96 h, we observed that 48 h treatments
showed a better response to nutrient restriction with a stronger activation of AMPK
and LC3-11/LC3-I ratio. Among all trials, the base medium supplemented with 1%
FBS, 0.1 g/L glucose and 0.2 mM L-glutamine applied for 48 h was selected as the

optimal nutrient-restriction protocol.

34 Induction of Autophagy in Nutrient-Restricted Caco-2 Cells

The induction of autophagy in Caco-2 cells cultured in the optimized nutrient-
restricted medium was examined by western blot. We evaluated the changes in the
protein levels of autophagic and endo-lysosomal proteins; along with nutrient stress
markers (Fig 3.8).
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Figure 3.8 Evaluation of autophagy in nutrient-restricted Caco-2 cells
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Figure 3.8 (cont’d) Evaluation of autophagy in nutrient-restricted Caco-2 cells

The autophagy markers LC3, p62 and Beclin-1 (A), endo-lysosomal markers Rab5,
Rab7a and LAMP1 (B), nutrient stress markers RPS6, AMPK, p70S6K (C) and
differentiation marker CEA (D) were examined by Western blot in nutrient-restricted
Caco-2 cells. Densitometric analysis was carried out with respect to cells cultured
in nutrient-rich medium (control cells) and normalized to the loading control [5-
actin. Representative image of 4 biological replicates is shown. Bars represent mean

+ SEM. *p<0.05, ***p<0.001, ****p<0.0001. ns: nonsignificant.
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The induction of autophagy in response to nutrient restriction (NR) was evidenced
by the trend in the increase in Beclin-1 levels (Fig 3.8A). The observed increase in
LC3-11 to LC3-I ratio also indicates the formation of autophagosomes in response to
nutrient restriction. The activity of AMPK and mTOR pathways, which are the main
energy sensors in the cells, was also analyzed. mTOR activity was determined with
the phosphorylation of the downstream kinase p70S6K and RPS6 proteins. Increased
AMPK phosphorylation, together with a decreased mTOR activity was observed in
NR Caco-2 cells (Fig 3.8C).

The expression of endo-lysosomal proteins LAMP1, Rab5 and Rab7a did not show
any difference with nutrient restriction (Fig 3.8B). In addition, the level of p62 cargo
protein was increased. As mentioned earlier, p62 cargo protein that is degraded in
autophagolysosomes together with its cargo. Therefore, a decrease in p62 levels is
indicative of an active autophagic degradation machinery (as observed in the
spontaneously differentiated Caco-2 cells, Figure 3.4). These observations might be
indicative of impaired or slow autophagic flux in response to NR.

We next wanted to confirm that the increase in expression of autophagy markers in
nutrient-restricted Caco-2 cells was not due to the induction of differentiation. For
this, the differentiation marker CEA was examined by western blot (Fig 3.8D). We
observed no change in the expression of CEA in the NR cells when compared to the
control (nutrient-rich). This indicates the activation of autophagy in NR cells was

due to nutrient deficiency-induced stress rather than differentiation.

3.5 Evaluation of Lysosomal Biogenesis and Function in Nutrient-

Restriction

The induction of autophagy is associated with an increase in lysosomal activity and
therefore is expected to increase endolysosomal signaling and expression of markers.
Although we did not observe any change in the expression of LAMP1, Rab5 or
Rab7A, we observed a robust decrease in mTOR activity. The mTORC1 complex
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relies on its location on the lysosome for activity (Chung et al., 2019). We therefore
wanted to examine whether the optimized NR medium could affect lysosomal
biogenesis and activity. Lysosomal biogenesis is driven via the master transcription
factor, TFEB (Szabo & Bala, 2018). Upon nutrient stress, mTORCL1 activity is
inhibited, which drives cytosolic TFEB protein to translocate to the nucleus to
increase the expression of autophagosomal and lysosomal targets by direct binding
to specific sites at their promoters (Palmieri et al., 2011). Therefore, to understand
whether the optimized restriction medium results in nuclear translocation of TFEB,
nuclear and cytoplasmic fractions of control and nutrient restricted Caco-2 cells were
analyzed. A lysosomotrophic compound, Chloroquine (CHQ 100 puM, 3 h) was used
as positive control since lysosomal sequestration of lysosomotrophic compounds
results in a feedback response to drive lysosomal biogenesis through TFEB nuclear
translocation (Zhitomirsky et al., 2018, Mauthe et al., 2018).

Contrary to our expectations, treatment with CHQ did not lead to an increase in
nuclear translocation of TFEB in nutrient-rich cells. This may suggest a systemic
resistance of Caco-2 cells to CHQ. We also did not observe any change in lysosomal
acidity using Lysotracker (LTR) upon treatment with CHQ treatment (2h, 10 uM)
(Please see Appendix A). LTR is a fluorescent dye that can track acidic
compartments in cells. On the other hand, we observed a modest increase in nuclear
TFEB in nutrient-restricted Caco-2 cells, and this increase was more pronounced
when the cells were incubated with both CHQ and the NR medium (Fig 3.9A).

As a further evaluation of lysosomal biogenesis in nutrient restricted Caco-2 cells,
the expression of several TFEB target genes was examined. All of the investigated
target genes were upregulated with nutrient restriction (Fig 3.9B). All together, these
data indicated that nuclear translocation of TFEB was stimulated in response to
nutrient restriction which drove the expression of autophagosomal and lysosomal

genes such as SQSTM1 (encoding the protein p62) in Caco-2 cells.
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Figure 3.9 Evaluation of lysosomal biogenesis in nutrient restricted Caco-2 cells.

The changes in lysosome biogenesis in response to nutrient restriction was evaluated
through TFEB nuclear translocation (A) and TFEB target expression (B). Cells
treated with 100uM chloroquine (CHQ) for 3h served as a positive control. The
western blot figure is the representative image of 2 biological replicates. Lamin B1
used for normalization of nuclear TFEB protein, and fold changes are written on the
figure. Data in bar graph is representative of 3 biological replicates and is given as
mean + SEM. f-actin was used as normalization control. *p<0.05, **p<0.01.
****p<0.0001. ns: nonsignificant. Vhcl: Vehicle, Recov: Rocovery of NR, Chq Rep:
Replacement of Chg.
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Bafilomycin Al (Baf) is a lysosomal V-ATPase inhibitor (Redmann et al., 2017). It
prevents lysosomal acidification and autophagosome-lysosome fusion, thus
impairing autophagic flux. Baf is frequently used as a late-stage autophagy inhibitor.
Therefore, we evaluated lysosomal acidification in nutrient restricted cells with LTR
using Baf as positive control (Fig 3.10C). A near complete loss in the LTR signal
was observed in the Baf treated cells under both nutrient-rich and restricted
conditions, suggesting a loss of lysosomal acidification, as expected. On the other
hand, no change in LTR signal was observed in nutrient-restricted cells compared to
the control (p>0.05). The level of LTR signal depends on lysosomal acidity as well
as the lysosome numbers in cells. Our observation of no change in LAMPL1 or Rab5
and Rab7A expression suggests that late endosome and lysosome numbers remained
relatively steady in nutrient-restricted Caco-2 cells. Therefore, observing no change
in LTR signal may represent a of lack of accumulation of lysosomes with nutrient-

restriction in Caco-2 cells.

Next, we evaluated autophagic flux by treating nutrient rich and restricted Caco-2
cells with Baf, followed by withdrawal of Baf and replenishing the cells for 24h with
either complete or nutrient-restriction media, respectively. As shown in Figure
3.10D, levels of autophagosomal proteins (LC3-Il1 and p62) increased with Baf
treatment in both nutrient rich and restricted conditions; however, this increase was
not reversed to control levels when Baf was withdrawn. It is likely that the increase
in the autophagy markers was observed due to the accumulation of autophagosomes,
due to the inhibition of autophagic flux in Baf treated cells. This suggests that
autophagic flux in nutrient-restricted cells was not inhibited; rather, the flux was

slowed down and could be further inhibited with Baf.
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Figure 3.10 Evaluation of lysosomal function in nutrient restricted Caco-2 cells with
Bafilomycin treatment
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Figure 3.10 (cont’d) The functionality of lysosomes and autophagic flux were
analyzed with Lysotracker Red (LTR) Assay (A) and with western blot using
Bafilomycin as lysosomal inhibitor (B). For LTR assay, Hoechst nuclear staining
was performed to normalize the LTR signaling according to cell number. Data in
bar graphs was represented as + SEM. **p<0.01, ***p<0.001, ****p<0.0001. ns:
nonsignificant. Data is representative of 3 biological replicates. Baf: Bafilomycin,
Baf Rep: Replacement of Bafilomycin-containing medium with complete growth
medium or nutrient restriction medium.

The decrease in the phosphorylation of RPS6 in nutrient-restricted cells further
supports the induction of autophagy due to inactivation of mMTOR pathway. Of note,
the phosphorylation of RPS6 was also decreased in Baf treated nutrient-replete cells.
This indicates that the disruption of lysosomal pH through inhibition of v-ATPases
with Bafilomycin Al led to the inactivation of mMTORCL1 since the functionality of
mTOR primarily depends on its localization on lysosomal surface through
interaction with v-ATPases (Chung et al., 2019). The restoration of phosphorylation
of RPS6 in the cells in which Bafilomycin was withdrawn indicates that 24h duration
of replenishment after Bafilomycin withdrawal was enough for the re-activation of
the mTOR pathway. However, the withdrawal of Bafilomycin and restart of
autophagy did not lead to the activation of flux as shown by the high levels of p62
and LC3-11 proteins in both nutrient rich and restricted cells (Fig 3.10D).

Overall, these data suggest that the NR medium led to the successful induction of

autophagy in Caco-2 cells; however, the autophagic flux was rather slow.

3.6  Evaluation of Time-dependent Effects of Nutrient-Restriction

Recent studies have indicated that the prolonged starvation may result in inhibition
of autophagic flux (Nwadike, Williamson, Gallagher, Guan, & Chan, 2018). We next
evaluated whether the change in the expression of the autophagic and endo-
lysosomal markers as well as nutrient sensors was altered at earlier time points of
nutrient restriction (2h, 6h and 24h, Fig 3.11).
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Figure 3.11 Analysis of autophagic and lysosomal markers in a time-course study of
nutrient restriction.

54



C Nutrient-Restricted

Nutrient
Rich  2n  6h 24h 48h
70kD e & o 70S6K
SSKDL - i
(T289) Nutrient Stress Markers
70 kD

55 kD D SR s awes s | P70S6K 201

RPS6
35kD
- (S235/236)

dok

Fold Change
-
o

70 kD AMPK I]j I'
55 kD .. ... NEEE) v . .
70 kD < & &
AMPK < «
55 kD | e O v ol — &
N
ﬁ-aCtIn Control 2h NR BN 6h NR
O G IS SN e— BN 24h NR EE 48h NR
35kD [W

Figure 3.11 (cont’d) Analysis of autophagic and lysosomal markers in a time-course
study of nutrient restriction.

Caco-2 cells were treated with restriction medium for 2h, 6h, 24h and 48h. The
changes in the levels of autophagic (A) endo-lysosomal (B) and nutrient stress (C)
markers were examined with western blotting. Densitometric analysis was
performed with respect to nutrient-rich cells, and p-actin was used as a loading
control. Data is representative of 3 biological replicates. *p<0.05, **p<0.01,
***<0.001, ****p<0.0001, ANOVA. ns: non-significant.

No significant change in any of the lysosomal markers (Rab5, Rab7a, LAMP1) as
well as autophagic markers p62 and Beclin-1 was observed at any of the earlier time
points (Fig 3.11). With nutrient-restriction, RPS6 levels showed a decrease in
phosphorylation (S235/236) as expected, in a time-dependent manner starting from
the 24h time point. The concurrent decrease in p-p70S6K also confirmed that the
activation of autophagy was accompanied by a deactivation of the mTOR pathway.
A decrease in the LC3-11 levels was observed in a time dependent manner, which is
most likely indicative of the degradation of autophagolysosomes, suggesting the

presence of autophagic flux.
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The levels of p-AMPK showed a decrease up to 6h and then an increase. The
decreased p-AMPK levels coincided with the continuing activation of mTOR,
suggesting that the cells were able to utilize the available nutrients and remain viable.
After the 6h time point, the mTOR pathway showed an inhibition while the p-AMPK
levels and autophagy markers showed an increase. These data also point towards the
suitability of prolonged incubation of Caco-2 cells with the optimized nutrient

restriction medium, to better evaluate the effects of prolonged starvation.

3.7  Evaluation of the Changes with Replenishment of Nutrients

In the optimized nutrient restriction medium, three important sources of carbon are
limited: glucose, L-glutamine and FBS. We examined whether the addition of the
missing nutrients could reverse autophagy induction and reactivate flux. For this,
Caco-2 cells were starved for 48h in the nutrient restricted medium and then
replenished with complete growth medium for 6h and 24h (Fig 3.12A). 24h
Rapamycin (500nM) and Chloroquine (10nM) treated cells was used as a positive
control. Rapamycin is an inhibitor of mTOR, which causes the induction of
autophagy while chloroquine decreases the acidification of lysosomes, leading to the
accumulation of the formed autophagolysosomes. The accumulation of
autophagosomal and endolysosomal proteins in the positive control cells indicated
the induction of autophagy followed by a flux inhibition, as expected (Fig 12A-B,
1st lane). Autophagy induction was reversed in the replenished cells as indicated
with a decrease in LC3-11/LC3-I ratio within 6h of replenishment, which continued
with longer duration (24h) of replenishment. The expression of LAMP1 and Rab7a
were also decreased in the replenished cells compared to NR. Following the decrease
in autophagy induction, the levels of p62 protein was also diminished which
indicates that the active autophagic machinery was reversed with replenishment in

complete medium.
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Figure 3.12 Replenishment of Caco-2 cells with complete growth medium for 6
hours and 24 hours after 48 hours starvation.

For the replenishment experiments, 48 h NR-cells were incubated either with the
complete growth medium (A) or with the NR medium supplemented with Glucose
(Glu), FBS or L-glutamine (L-glut) for 6 h and 24 h (B). As positive control (+) for
autophagy induction and autophagic flux inhibition, cells were treated with 500 nM
Rapamycin and 10 nM Chloroquine for 24 hours. Protein levels were normalized to
J3-actin and fold changes with respect to nutrient-rich cells are shown on the figures.
Representative blots from 2 biological replicates are shown.
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In order to identify which nutrient was responsible for the reversal of autophagy
observed in the replenished cells, the cells were replenished individually with
glucose, FBS and L-glutamine for 6h and 24h after 48h starvation with the NR
medium (Fig 3.12B). We observed that individual replenishment of the FBS,
glutamine or glucose was not enough to restore autophagic flux in NR cells. These
data suggest that for the reversal of autophagy induction, all three nutrient sources

must be present in the medium.

3.8 Evaluation of Proliferation in Nutrient Restricted Caco-2 Cells

Metabolic activities of cancer cells can have an impact on their proliferative capacity.
Cancer cells require a sufficient amount of nutrients to support growth and
proliferation. Therefore, we examined proliferation and viability of Caco-2 cells
incubated in nutrient restricted and nutrient rich media with the MTT assay, BrdU
assay and the Muse Cell Count and Viability assay. Both nutrient-rich and nutrient-
restricted cells were also treated with the chemotherapeutic reagent 5-Fluorouracil
(5-FU) for 48h to evaluate any differential response as the function of nutrient
availability to the drug. The MTT assay evaluates metabolically active cells, in part
by the action of dehydrogenases that generate reducing equivalents such as NADH
and NADPH (Rai et al., 2018). This assay was thus used as a marker for metabolic
activity. The BrdU assay determines the incorporation of the thymidine analog
bromodeoxyuridine (BrdU) during the S-phase of the cell cycle and is representative
of cell cycle progression in cells proliferation (Crane & Bhattacharya, 2013). The
Muse Cell Count and Viability assay differentiates between viable and non-viable
cells through the incorporation of two DNA binding dyes. Non-viable cells are more
likely to have permeable cell membranes that can incorporate the cell impermeable
dye and stain the DNA. The total nucleated cell number is determined with a

membrane permeable DNA binding dye and the percent viability is calculated.

We first determined whether autophagy inhibitors could affect the metabolic activity
of cells. 3-MA is a class Il PI3K inhibitor which inhibits the early stages of
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autophagy by preventing the formation of the autophagy initiation complex (Y. T.
Wu et al., 2010). Bafilomycin Al is a late phase autophagy inhibitor that prevents
the acidification of lysosomes and inhibits lysosome-autophagosome fusion
(Newton, Vuppalapati, Bouderlique, & Chagin, 2015). Both nutrient-rich and
nutrient-resticted cells were individually treated with 3-MA and Baf and metabolic
activity was measured with the MTT assay (Fig 3.13A). We observed that the cells
treated with 3-MA and Bafilomycin Al responded differentially to drugs under
nutrient-rich and nutrient-restricted conditions. Inhibition of autophagy at the early
stages with 3-MA in both nutrient-rich and nutrient-restricted conditions caused a
reduction in metabolic activity; however this decrease was more pronounced in
nutrient-rich cells compared to the NR cells (Figure 3.13A). Interestingly, treatment
Caco-2 cells grown under nutrient rich conditions with Baf did not lead to any change
in metabolic activity, while nutrient restricted cells showed a decrease (Fig 3.13A).
These data show that the induction of autophagy was necessary for the survival of
Caco-2 cells, especially when the cells were growing in nutrient rich conditions,
highlighting the importance of basal autophagy for cell survival. Late-stage
autophagy was dispensable for survival under nutrient rich conditions but was

necessary for survival under nutrient restriction.
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Figure 3.13 Evaluation of viability and proliferation in nutrient-restricted Caco-2

cells

The change in proliferation and viability of the Caco-2 cells in response nutrient
restriction was evaluated with MTT (A-C) and BrDU assays (D). The effect of early
and late stage autophagy inhibitors, 3-MA and Bafilomycin A1l was analyzed (A).
The sensitivity of cells to 5-FU and the effect of autophagic flux inhibiton with
Bafilomycin on the the drug sensitivity was evaluated in dose-response manner (B),
with MTT (C) and BrDU (D) assays. Data represents 4 independent biological
replicates for MTT and 3 biological replicates for BrDU assay. Analysis was
performed with respect to vehicle-treated nutrient rich cells and the fold changes are
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Next, we evaluated whether the inhibition of autophagy affected the proliferation of
Caco-2 cells in the presence of the chemotherapy agent 5-FU. We observed that NR
cells were mostly insensitive to 5-FU (Fig 3.12B). The NR cells were highly
sensitive to lysosomal alkalinization with Baf. The MTT assay (C) and especially
the BrdU assay (D) showed a decrease in signal after treatment with Baf alone to a
higher extent than Baf treated nutrient-rich cells. Next, we determined whether the
sensitivity of NR Caco-2 cells to 5-FU could be increased when combined with Baf.
We observed that the sensitivity of NR cells to 5-FU remained the same when co-
treated with Baf (Fig 3.12C), as seen with the MTT assay. The BrdU assay, which
measures cell proliferation (Crane & Bhattacharya, 2013), showed a modest decrease
when the NR cells were co-treated with Baf and 5-FU (Fig 3.13D). Based on the data
presented, it can be speculated that the NR treatment decreased the proliferation rate
of Caco-2 cells without decreasing the viability; and with Baf treatment (lysosomal

alkalinization) this decrease became more prominent.

In the light of these observations, we next evaluated the change in viability in
response to nutrient restriction in Caco-2 cells with the Muse Cell Count and
Viability assay. As a control, another cell line, HCT-116, which is sensitive to 5-FU,
was used. A remarkable decrease in the metabolic activity (determined by the MTT
assay) was observed in both Caco-2 and HCT-116 subjected to the same nutrient
restriction medium (Fig 3.14A and 3.14C). On the other hand, the viability of Caco-
2 cells (Muse Cell Viability assay) was not affected with nutrient-restriction while
HCT-116 cells showed a significant decrease in viability as well (Fig 3.14B and
3.14D).
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Figure 3.14 Analysis of cell viability in control and nutrient-restricted Caco-2 cells.

In order to analyze cell viability MTT (A,C) and Muse Cell Count and Viability (B,D)
Assays were performed. With MTT assay, a decrease in metabolic activity with
nutrient restriction in both Caco-2 (A) and HCT-116 (C) cells was observed. Muse
cell viability assay (B) showed no significant change in cell viability in nutrient-
restricted Caco-2 cells while the viability of HCT-116 was significantly decreased
with nutrient restriction (D). 5-FU: 5-Flurouracil was used as positive control. Data
represents the average of 3 biological replicates for the MTT assay and 2 biological
replicates for the Muse Assay.
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The decrease in the MTT signal in NR Caco-2 cells (Fig 3.13) was most likely due
to decreased cell number rather than cell death. HCT-116 cells, on the other hand,
were susceptible to death when cultured under nutrient restriction. Of note, treatment
of Caco-2 and HCT-116 cells with 50uM and 20uM 5-FU, respectively, resulted in
reduced cell numbers (Fig 3.14A, C, MTT assay). While this was reflected as
reduced cell viability in nutrient restricted 5-FU treated HCT-116 cells (Fig 3.14D,
Muse assay), no change in cell viability was seen in 5-FU treated Caco-2 cells under
both nutrient rich or nutrient restricted growth (Fig 3.14B, Muse assay) suggesting

the activation of resistance mechanisms in these cells.

3.9  Epithelial and Mesenchymal Properties of Nutrient-Restricted Caco-2
Cells

Various mechanisms may lead to drug resistance/insensitivity in cancer cells
including activation of protective autophagy and epithelial-mesenchymal transition
(EMT) along with other mechanisms such as decreased drug uptake, increased DNA
damage repair and drug sequestration (Mansoori, Mohammadi, Davudian, Shirjang,
& Baradaran, 2017; H. C. Zheng, 2017). The link between the nutrient-restriction
and EMT has been demonstrated by several studies. Therefore, in order to understand
the mechanism behind the insensitivity to 5-FU observed in Caco-2 cells we

hypothesized the activation of EMT in nutrient-restricted cells.

For this, we analyzed the expression of well-established EMT markers (Hill & Wang,
2020) in control (nutrient rich) and nutrient-restricted Caco-2 and HCT-116 cells.
Caco-2 cells incubated in nutrient-restricted medium underwent a hybrid/partial
EMT as indicated by increased mRNA levels of both epithelial (E-cadherin,
Occludin) and mesenchymal (Vimentin, Snail) markers (Fig 3.15A). Although
nutrient-restricted HCT-116 cells also showed minor changes in the expression of all
markers, the difference did not reach statistical significance (except for an increase
in SNAIL expression); (Fig 3.15B). These data suggest that nutrient-restricted HCT-

116 cells did not undergo changes in epithelial characteristics, while nutrient-
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restricted Caco-2 cells became relatively more mesenchymal. This observation also
supports the data presented in Figure 3.14, where nutrient restricted HCT-116 cells
were more responsive to chemotherapeutic drugs compared to Caco-2 cells.
Therefore, the partial EMT phenotype acquired by Caco-2 cells could explain the

insensitivity of this cell line to 5-FU treatment when grown under NR.
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Figure 3.15 Change in epithelial and mesenchymal markers in nutrient restricted and
differentiated Caco-2 cells.

Differentiated

Fold Change in mRNA

The change in both epithelial (E-cadherin, Occludin) and mesenchymal (Vimentin,
Snail) markers in nutrient-restricted Caco-2 (A) and HCT-116 (B) cells; and the
differentiated Caco-2 (C) cells were analyzed with qRT-PCR. The fold change in
markers was calculated in comparison to nutrient-rich/control cells and normalized
to the geometric mean of reference genes ACTB and B2M. Bars represent mean +
SEM of 3 biological replicates. *p<0.05, **p<0.01, ***<0.001****p<0.0001. ns:
nonsignificant. CDH1: E-cadherin, OCLN: Occludin, VIM: Vimentin, SNAI1: Snail.
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The Caco-2 cells provide us with the opportunity to also evaluate the expression of
EMT markers in cells that have undergone spontaneous differentiation. Previously,
our lab has reported that spontaneously differentiated cells can undergo
mesenchymal to epithelial transition (MET), via an increase in the expression of
epithelial markers CDX2, Claudin-4 and E-cadherin, and a concomitant loss of
mesenchymal markers Vimentin, Fibronectin-1 and Transgelin (Yilmaz-Ozcan et al.,
2014). We also observed a decrease in the expression of Vimentin in differentiated
Caco-2 cells; however, the expression of E-cadherin was also modestly but
significantly reduced while no change was seen in the expression of the
mesenchymal marker SNAIL and the epithelial marker Occludin (Fig 3.15D). This
suggests the activation of highly divergent signals for EMT and MET in the nutrient
restricted and differentiated cells.

3.10 Epithelial And Mesenchymal Properties After Bafilomycin Treatment in
Nutrient-Restricted Caco-2 Cells

Bafilomycin treatment led to a decrease in proliferation of NR Caco-2 cells but failed
to enhance the sensitivity of the treated cells to 5-FU (Fig 3.13). We also observed
that Caco-2 cells acquired a partial EMT phenotype after nutrient restriction (Fig
3.15) which was hypothesized to be the reason behind the insensitivity of these cells
to 5-FU (Fig 3.13). Therefore, we wanted to evaluate whether the lysosomal
alkalinization with Baf in NR Caco-2 cells abrogated the sensitivity of these cells to
5-FU via the activation of EMT.

Firstly, we analyzed the change in viability upon Baf treatment under both nutrient-
rich and restricted conditions. We observed no change in the viability of cells using
the Muse Cell Count and Viability assay (Fig 3.16). These data strongly suggest that
despite a remarkable decrease in available nutrients, Caco-2 cells maintained their

viability even when autophagic flux (lysosomal acidification) was inhibited.
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Figure 3.16 Analysis of cell viability in nutrient-restricted cells upon Bafilomycin
treatment.

Caco-2 cells were treated with 100nM Bafilomycin for 48h in nutrient-rich and
nutrient-restricted media. For the recovery, 48h NR+Bafilomycin treated cells were
incubated in complete growth medium for 24h. The viability was measured with
Muse Cell Count and Viability assay. Normalization was performed according to
nutrient-rich cells. Data represents 2 biological replicates. Bars represent mean +
SEM. ns: nonsignificant

Next, we evaluated the morphology of NR Caco-2 cells treated with Baf. Epithelial
cells undergoing EMT are known to alter their shape from cobblestone like shape to
elongated fibroblast like shape. We observed a modest change in cellular
morphology when Caco-2 cells underwent NR. However, a remarkable change in
morphology was seen when NR Caco-2 cells were treated with Baf. Cells in NR+Baf
medium gained spindle-like shape while the cells in nutrient-rich medium had the
usual cobblestone-like morphology (Fig 3.17). Of note, the spindle-like shape after
Baf treatment under NR was reverted to the cobblestone like shape after the recovery

in complete medium suggesting that the process of EMT was highly reversible.
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Figure 3.17 Analysis of cellular morphology in nutrient-restricted Caco-2 cells upon
Bafilomycin treatment.

Caco-2 cells were treated with 100nM Bafilomycin for 48h in nutrient-rich and
nutrient-restricted media. For the recovery, 48h NR+Bafilomycin treated cells were
incubated in complete growth medium for 24h. Images were gathered with inverted
light microscope at 20X magnification; and representative of 3 biological replicates.

Based on these dramatic and reversible change in the shape of the cells, we next
evaluated the expression of epithelial and mesenchymal markers in Bafilomycin
treated NR Caco-2 cells.

In Caco-2 cells, a significant increase in both epithelial and mesenchymal markers
was observed with nutrient restriction, as also reported in Figure 3.18. NR+Baf co-
treatment resulted in further increase in the mRNA expression of three out of four
markers (except for E-cadherin, Fig 3.18). This increase was reversed with recovery
in complete growth medium, with the expression of the markers decreasing more
robustly than the replacement medium. This observation is also consistent with the
observed reversion of the morphology of the NR+Baf treated cells to the cobblestone

shape when replaced with complete medium (Fig 3.17).
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Figure 3.18 Change in epithelial and mesenchymal markers in nutrient restricted and
Bafilomycin treated Caco-2 cells.

Expression of epithelial (E-cadherin, Occludin) and mesenchymal (Vimentin, Snail)
markers in nutrient-rich and restricted Caco-2 cells with or without Bafilomycin
treatment was analyzed with gRT-PCR. Baf Replacement indicates the replacement
of Bafilomycin containing medium with complete medium for nutrient-rich and
starvation medium for restricted cells. Baf Recovery indicates the recovery of
NR+Baf cells with complete medium. The fold change in markers was calculated
compared to nutrient-rich cells and normalized to geometric mean of reference
genes f-actin and B2M. Bars represent mean + SEM of 3 biological replicates.
*p<0.05, **p<0.01, ***<0.001, ANOVA. ns: non-significant. CDH1: E-cadherin,
OCLN: Occludin, VIM: Vimentin, SNAI1: Snail
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To further evaluate the phenotypic changes that might be indicative of an EMT
phenotype, we analyzed cytoskeletal reorganization in response to NR+Baf
treatment with Alexa Fluor 405-conjugated Phalloidin. In the absence of starvation
or Bafilomycin treatment, Caco-2 cells grown in complete medium assumed a
normal cobblestone-like morphology with cytoplasmic distribution of F-actin (Fig
3.19A). With nutrient restriction, cell morphology changed modestly with no
obvious difference in F-actin expression or cellular distribution (Fig. 3.19B). In
response to NR+Baf treatment, on the other hand, the cells acquired an elongated
spindle-like shape with marked increase in F-actin staining (Fig 3.19C). This
morphological change of enhanced polarity and actin rearrangement into cytosolic
stress fibers are characteristic morphological changes of EMT (Das, Becker,
Hoffmann, & Mertz, 2009). After recovery in complete medium, the actin stress
fibers were lost (Fig 3.19D), and cells re-gained the cobblestone-like morphology as
seen in control cells. Manual counting of the fibers indicated the presence of 0.5
fibers/cell in nutrient-rich, 2.1 fibers/cell in nutrient-restricted, 12.8 fibers/cell in
NR+Baf and 3.2 fibers/cell in Bafilomycin recovery treatments.
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Figure 3.19 Evaluation of cytoskeletal reorganization after Bafilomycin treatment in
nutrient restricted Caco-2 cells.

Bafilomycin treated and untreated Caco-2 cells were cultured on glass coverslips,
stained with Alexa Fluor 405-conjugated phalloidin to detect F-actin, while DAPI
was used to detect the nuclei. Images were taken with a Zeiss confocal microscope
at 63 x magnification. Scale bar is given at the bottom right corner. The stress fibers
are indicated with white arrows.

The data so far suggest that lysosomal alkalinization in nutrient-restriction medium
enables Caco-2 cells to undergo changes in gene expression and morphological
reorganization reminiscent of the activation of a hybrid EMT program. Moreover,

these changes could be completely reversed within 24 h of removal of Baf and

70



replenishment with complete medium. Next, we evaluated the time course for the
reversal of this partial EMT phenotype. For this, 48 h NR+Baf treated cells were
allowed to recover in complete medium and the changes in the expression EMT
genes were analyzed in a time-dependent manner at 2, 6, 16 and 24 h (Fig 3.20).
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Figure 3.20 Evaluation of time-dependent change in the expression of epithelial and
mesenchymal markers after recovery of nutrient restriction and Bafilomycin
treatment with complete growth medium.

48 h NR+Baf treated Caco-2 cells were recovered in complete growth medium for
2h, 6 h, 16h and 24 h, with nutrient restriction medium for 24 h. The fold change in
markers was calculated compared to nutrient-rich cells and normalized to geometric
mean of reference genes f-actin and B2M. Data is representative of 2 biological
replicates.  Bars  represent mean + SEM. *p<0.05, **p<0.01,
***<0.001,****<0.0001, ns: nonsignificant. CDH1: E-cadherin, OCLN: Occludin,
VIM: Vimentin, SNAI1: Snail
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We observed a quick recovery of partial EMT phenotype indicated with a statistically
significant decrease in the expression of both epithelial and mesenchymal markers
within 6 h recovery in complete medium, except for CDH1 which was recovered at
16 h (Fig 3.20). These changes in gene expression profile were also reflected in the
cellular morphology, and the recovery of cell morphology was observed at around 6
h-16 h of recovery (Fig 3.21).
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Figure 3.21 Evaluation of time-dependent change in cellular morphology after
recovery of nutrient restriction and Bafilomycin treatment with complete growth
medium.

48h NR+Baf treated Caco-2 cells were recovered in complete growth medium for
2h, 6h, 16h and 24h, with nutrient restriction medium for 24h. Images were gathered
with an inverted light microscope at 20X magnification and representative of 3
biological replicates. Scale bar is given at the bottom right corner.
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The data indicate that the changes associated with partial EMT phenotype acquired
upon NR+Baf treatment were rapidly reversible within 6 h — 16 h of culture in

complete medium (Fig 3.21).

3.11 The Effect of Nutrient-Restriction and Bafilomycin Treatment on

Spheroid Formation Ability of Caco-2 Cells.

We observed very clear changes suggesting the acquisition of partial EMT in Caco-
2 cells with nutrient restriction and Baf treatment in in vitro 2D culture. Therefore,
we wanted to examine whether the EMT phenotype induced with NR+Baf treatment
was also retained in 3D cell culture. For this, we generated Caco-2 spheroids in ultra-
low attachment (ULA) 96-well plates in nutrient-rich and restricted medium with or
without Bafilomycin and the capacity of spheroid forming abilities were analyzed.
We observed that under nutrient-rich conditions, Caco-2 cells were able to form
spheroids with relatively non-uniform edges (Fig 3.22A) compared to SW620 cells
that can form very tight and uniform spheroids (not shown). The capacity of nutrient-
rich cells to form spheroids was similar with Baf treatment. However, with nutrient-
restriction, Caco-2 cells formed loose cell clusters rather than spheroids (Fig 3.22A).
With Baf treatment and nutrient-restriction, the spheroid forming ability of Caco-2
cells was lost; rather, the cells formed multiple small clusters instead of single-large
spheroids (Fig 3.22A).

We next examined the effect of passaging of the 3D cultured cells on the re-
formation of spheroids. For this, the spheroids were collected, passed through a 26-
gauge needle to disintegrate the spheroids, and separate the cells. These separated
cells were immediately re-plated in ULA plates (Figure 3.22B) and left for 48 h to
reform the spheroids. We observed that the Caco-2 cells grown in complete medium
were able to reform the spheroids effectively, with no difference in the shape and
tightness of the spheroids after passaging. Cells grown in complete medium and
treated with Baf also showed reasonably good ability to reform spheroids, although

the spheroids showed greater transparency after passaging, indicating some loss in
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cell-cell interactions. The nutrient restricted cells underwent a complete loss in
spheroid forming ability after passaging both in the presence and absence of Baf,

suggesting that these cells are unable to maintain cell-cell contacts.
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Figure 3.22 Effect of nutrient restriction and Bafilomycin treatment on spheroid
formation ability of Caco-2 cells in 3D culture.
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Figure 3.22 (cont’d) Effect of nutrient restriction and Bafilomycin treatment on
spheroid formation ability of Caco-2 cells in 3D culture.

Nutrient-rich and restricted cells with or without Bafilomycin were plated at a
density of 50,000 cells per well in an ultra-low attachment 96-well plate and allowed
to form spheroids for 96h (A). In addition, cells were plated at a density of 50.000
cells/well with complete medium, allowed to form spheroids for 48 h, then collected
and re-suspended in nutrient-rich and restricted medium with or without
Bafilomycin and incubated for additional 48 h (B). Cells were imaged with as
inverted light microscope at 4X magnification at the end of the incubation period. 3
technical replicates from each treatment were given. Figures are representative of 2
biological replicates.
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To evaluate whether the loss of cell-cell interaction observed in the 3D cultured
nutrient restricted cells after passaging, we collected the cells and isolated RNA for
gene expression analysis (Fig 3.23). We observed that the 3D cultured and passaged
nutrient-restricted Caco-2 cells showed higher expression of both epithelial and
mesenchymal markers compared to the spheroids grown in complete medium; the
expression of the markers was even higher when the NR cells were also treated with
Baf. Thus, the partial EMT phenotype was activated in the NR cells when grown in

3D culture and this phenotype was more pronounced when Baf was added (Fig 3.23).
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Figure 3.23 Change in epithelial and mesenchymal markers in nutrient restricted and
Bafilomycin treated Caco-2 spheroids in 3D culture.
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Fig 3.23 (cont’d) The change in both epithelial (E-cadherin, Occludin) and
mesenchymal (Vimentin, Snail) markers after passaging spheroids incubated in
nutrient-rich and restricted medium with or without Bafilomycin in 3D culture was
analyzed with qRT-PCR. The fold change in the expression of the markers was
calculated compared to nutrient-rich cells and normalized to geometric mean of
reference genes -actin and B2M. Data is representative of 2 biological replicates.
Bars represent mean + SEM. *p<0.05, **p<0.01, ns: non-significant. CDH1: E-
cadherin, OCLN: Occludin, VIM: Vimentin, SNAI1: Snail

The data with 3D culture further confirms the results obtained in 2D culture that
Caco-2 cells were more epithelial under nutrient-rich conditions. The phenotype was
shifted to more mesenchymal one through acquisition of partial EMT phenotype
when cells were cultured under nutrient restriction and further exacerbated after
NR+Baf treatment.
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CHAPTER 4

DISCUSSION

The Caco-2 cell line has been widely used as a model for intestinal differentiation
(Sambuy et al., 2005). These cells are able to undergo spontaneous differentiation in
culture upon reaching 100% confluency. We have confirmed this finding and showed
that when cultured for 20 days after confluency, Caco-2 cells acquired morphological
(Fig 3.1) and functional (Fig 3.2) enterocyte-like features such as formation of tight
junction-mediated dome structures, increased alkaline phosphatase activity, and
increased expression of the differentiation markers sucrase isomaltase and CEA.
Trans epithelial electrical impedance measurement in real time revealed the presence
of tight junctions (TJ) in differentiated Caco-2 cells, as disruption with 6% EtOH
lead to rapid and dramatic decrease in the impedance (Fig 3.3B). We did not observe
such a dramatic change in impedance upon treatment with Ca?* chelator EDTA
although it affected the levels of adherens junction (AJ) protein E-cadherin (Fig
3.3C). Instead, EDTA treatment led to a delayed and mild decrease in impedance
(Fig 3.3B). Although calcium ions do not directly regulate the function of TJ
proteins, the formation of AJ is important for the assembly of TJ proteins on the
surface (Hartsock & Nelson, 2008). In accordance with this observation, a study with
differentiated T84 CRC cells showed that calcium depletion led to rapid
internalization of AJ components, while TJ proteins were first disorganized and
internalized at later time points (lvanov, McCall, Parkos, & Nusrat, 2004).
Therefore, considering the temporal effect of calcium depletion on TJ proteins, we
can conclude that our assay confirmed the formation of TJs is differentiated Caco-2
cells (Fig 3.3).

Our lab has previously reported the induction of autophagy in spontaneously
differentiating Caco-2 cells (Tunger & Banerjee, 2019; Tunger et al., 2020), and was

corroborated in my thesis. Although autophagy can be activated through a number
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of different stimuli and stresses, a basal level of autophagy is maintained in many
cell types to regulate homeostasis (Ravanan et al., 2017). Autophagy is of particular
importance during differentiation, in order to serve as a quality control mechanism
for proteins and organelles that needs to be delicately regulated to implement the
rapid changes in this process (Di Bartolomeo, Latella, Zarbalis, & Di Sano, 2021).
We confirmed the induction of autophagy and the presence of a functional

autophagic flux in spontaneously differentiated Caco-2 cells (Fig 3.4).

Cancer cells are often exposed to nutrient and oxygen deprivation, either due to their
more “arid” location at the center of the tumor or when the vasculature is inadequate
to ensure blood supply. Despite such shortcomings, cells in such “arid” regions
continue to survive and proliferate (Liu & Ryan, 2012). One mechanism that may
help the cells survive is autophagy (Degenhardt et al., 2006). Thus, in this study,
using the Caco-2 colorectal cancer cell line as a model, the mechanisms of survival
in the presence of reduced levels of the three main energy sources glucose, glutamine
and serum were examined. The pathways evaluated were autophagy, along with
cellular proliferation, sensitivity to chemotherapy drugs and acquisition of an EMT

phenotype.

The starvation protocols in the literature generally depend on the complete or partial
removal of nutrients including, glucose, serum, amino acids alone or in
combinations. Induction of autophagy has previously been reported in a number
CRC cell lines in response to serum, glucose or glutamine deprivation (Conacci-
Sorrell et al., 2014; Sato et al., 2007). My study showed for the first time that culture
of Caco-2 cells with limiting amounts of glucose, glutamine and serum could also
activate autophagy (Fig 3.8). Such a medium restricts the availability of energy not
only from glycolysis but also compromises the efficiency of the TCA cycle by
preventing glutamine or serum induced anaplerosis (Dey, Kimmelman, & Depinho,
2021). The presence of low amounts of glucose, however, was likely to protect the
cells from oxidative stress induced cell death (Endo, Owada, Inagaki, Shida, &
Tatemichi, 2018).
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The mTOR pathway acts as a sensor for nutrient availability in the cell, enabling
protein translation and cell growth when appropriate nutrients are available.
Upstream signaling to mTORCL1 includes growth factor stimulation of cell surface
receptor kinases and the activation of signaling pathways such as RAS/ERK and
PIBK/AKT (Russell, Yuan, & Guan, 2014). ERK inhibition was shown to promote
autophagy through AMPK activation and concomitant mTORCL inhibition (Bryant
et al., 2019). In addition to modulation of mTORC1 activity through inhibition of
TSC1/2 complex, AKT also regulates autophagy through Beclin-1 activation (R. C.
Wang et al., 2012). We demonstrated that the treatment of Caco-2 cells with the
optimized nutrient restriction medium resulted in time-dependent activation of
AMPK through phosphorylation at the Thr172 residue, and inhibition of mMTORC1
activity (Fig 3.11). Under nutrient restriction, both signaling changes are necessary

to activate autophagy (Laplante & Sabatini, 2012).

A time-course study of nutrient restriction showed that the level of autophagosome-
associated lapidated LC3-II proteins increased, while the level of phosphorylated
RPS6 (5235/236) was decreased in a temporal manner, again indicating the
activation of autophagy. Of note, although autophagy was robustly induced with this
nutrient restricted medium, the level of endo-lysosomal proteins remained steady and
high through the duration of starvation (Fig 3.11). We also showed that
replenishment of the starvation medium individually could not reverse these
observations, suggesting that all three sources of carbon (glucose, glutamine and

serum) were necessary to reverse the induction of autophagy (Fig 3.12).

Nutrient restriction is known to drive lysosomal biogenesis through the master
transcription factor, TFEB (Szabo & Bala, 2018). TFEB is translocated to the
nucleus upon nutrient stress and increases the expression of its autophagosomal and
lysosomal targets mMRNASs by direct binding to specific sites at their promoters. In
starved cells, lysosome biogenesis helps to degrade macromolecules in
autophagolysosomes and thereby promote cell survival (Sato et al., 2019). The
presence of functional TFEB activity was observed after nutrient-restriction in Caco-
2 cells along with an increase in the expression of its target genes (Fig 3.9).

81



Nevertheless, the completion of autophagic degradation with functional autophagic
flux appeared to be slowed down in nutrient-restricted cells as indicated with high
p62 levels (Fig 3.8 and 3.9) and lack of decrease in lysosomal acidity in the
Lysotracker LTR assay (Fig 3.10). Of note, we observed a decrease in p62 levels in
the differentiation model of Caco-2 cells indicating that this cell line does not have

an impaired flux machinery (Fig 3.4).

The accumulation of autophagosome-associated LC3-1l and p62 proteins might be
indicative of either the enhanced autophagosome formation (robust induction of
autophagy) or decreased clearance due to inhibited autophagic flux. Autophagic flux
can be monitored with the use of lysosomal (autophagic flux) inhibitors (Yoshii &
Mizushima, 2017). When we treated Caco-2 cells with 100 nM Bafilomycin Al
(lysosomal v-ATPase inhibitor) for 48 h, further accumulation of LC3 and p62 was
observed, indicating that the flux was slowed down but not completely inhibited after

nutrient-restriction. (Fig 3.10).

The metabolic rewiring in cancer cells render them vulnerable to the fluctuations in
the microenvironment. Especially, nutrient availability has a great impact on the
metabolism and survival of cancer cells and also influence response to chemotherapy
(Muir & Vander Heiden, 2018). Autophagy, being a double-edged sword in cancer
therapy, is activated in response to nutrient stress as a mechanism for survival and
was reported the be involved both in the increased resistance and sensitivity to drugs
(Conacci-Sorrell et al., 2014; L. Wang et al., 2018). In our study, we observed that
nutrient-restricted Caco-2 cells were insensitive to chemotherapeutic drug 5-FU,
compared to their nutrient-rich counterparts (Fig 3.13). Nutrient restriction (NR)
resulted in slowed down metabolism (Fig 3.14A) and proliferation (Fig 3.13D), but
did not decrease the viability of cells (Fig 3.14B). Even with prolonged starvation
with restricted nutrients, Caco-2 cells maintained their viability; additionally, NR
cells were remained viable even after 5-FU treatment (Fig 3.13D). Inhibition of
lysosomal acidification with Bafilomycin Al slowed down the metabolism (Fig
3.13C) and proliferation (Fig 3.13D), but did not reverse this insensitivity of NR
cells to 5-FU (Fig 3.13A). Therefore, it can be suggested that the observed

82



insensitivity depends on proper lysosomal function rather than autophagy itself. The
reliance of cancer cells on autophagy-independent lysosomal function has also been
reported in metastatic bladder cancer cells (Morgan et al., 2018). In this study,
increased sensitivity of metastatic cells to the lysosomal acidification inhibitors
Chloroquine and Bafilomycin Al was reported. On the other hand, these authors did
not observe a differential sensitivity of metastatic cells to the depletion of early-stage
autophagy regulators (Morgan et al., 2018). In addition, a study with various non-
small cell lung cancer (NSCLC) cell lines reported the lack of correlation between
the basal autophagy levels and autophagic flux inhibition and Chloroquine-mediated
cytotoxicity (Van Roy & Berx, 2008). These examples emphasized function the

autophagy-independent lysosomal activity in cancer cell survival.

Various mechanisms have been associated with drug resistance in cancer cells
including activation of protective autophagy and epithelial-mesenchymal transition
(EMT) along with other mechanisms such as decreased drug uptake, increased DNA
damage repair and drug sequestration (Mansoori et al., 2017; H. C. Zheng, 2017).
The link between the nutrient-restriction and EMT has been demonstrated by several
studies. In order to address the underlying mechanism of how nutrient-restriction
provides a survival advantage and resistance to 5-FU, we therefore have examined
the activation of EMT. We observed that Caco-2 cells acquired characteristics of a
partial EMT phenotype in response to nutrient-restriction via the activation of both
epithelial and mesenchymal markers (Fig 3.15A). On the other hand, HCT-116 cells
incubated with the same NR medium exhibited relatively epithelial phenotype (Fig
3.15B) which could explain the sensitivity of HCT-116 to 5-FU (Fig 3.14D). Of note,
spontaneously differentiated Caco-2 cells showed an MET phenotype (Fig 3.15C),
different from the nutrient-restricted cells. Although, both processes resulted in
successful autophagy induction, they also differed in the way autophagic flux was
conducted; thus, the levels of p62 decreased with differentiation (Fig 3.4) but
increased with nutrient restriction (Fig 3.8). Therefore, we can speculate that the
activation of reciprocal processes, EMT and MET, in those cells could be mediated

through lysosome-dependent regulation.
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Recent studies have shown that different degrees of EMT phenotype can occur in
carcinomas including colorectal cancer (Sinha et al., 2020). Rather than the binary
process of a complete transition from epithelial to a mesenchymal phenotype, these
intermediate phenotypes co-express epithelial and mesenchymal markers (J. M. Lee,
Dedhar, Kalluri, & Thompson, 2006). The cells with partial EMT phenotype are
capable of collective migration and are generally associated with enhanced resistance
to chemotherapy and poor prognosis (H. C. Zheng, 2017). Therefore, we
hypothesized the activation of partial EMT as the reason behind the decreased cell
viability and proliferative capacity, as well as the insensitivity to 5-FU in NR Caco-
2 cells. Supporting our hypothesis, a partial EMT phenotype was observed in
response to nutrient-restriction that was robustly augmented with lysosomal
alkalinization with the use of Baf (Fig 3.18, NR+Baf). The NR+Baf treated cells
expressed both functional and morphological characteristics of partial EMT. Thus,
the expression of both epithelial and mesenchymal markers increased (Fig 3.18), and
the cells gained a spindle-like morphology (Fig 3.17) with the formation of actin
stress fibers (Fig 3.19). Moreover, these changes were rapidly reversible; the spindle
like morphology and expression of EMT markers could be reversed within 6 h of
culture in complete medium (Fig 3.20 and Fig 3.21). Of note, although single cell
transcriptomic studies have revealed that partial EMT phenotype with the co-
expression of epithelial and mesenchymal markers could be observable in single cell
level (Puram, Parikh, & Tirosh, 2018), our current data is inadequate to establish
whether each cell in the population is at the same stage of partial EMT, or whether a
mixed population of cells exist, some with epithelial and some with mesenchymal
characteristics.

Cancer cells undergoing autophagy and EMT are known to rewire their metabolism.
The presence of a cross-talk between autophagy and EMT has been proposed (Singla
& Bhattacharyya, 2017). EMT-associated proteins like Wnt, NF-kB, and TGFp play
major roles in autophagy. Moreover, an interaction between the cytoskeleton and
mitochondria has been implicated in both EMT and autophagy (de Sousa Mesquita,
de Aratjo Lopes, Pernambuco Filho, Nader, & Lopes, 2017). However, the exact
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relationship between autophagy and EMT remain undefined as treatment with the
autophagy inhibitor chloroquine was shown to both activate and repress EMT
(Singla & Bhattacharyya, 2017; Sinha et al., 2020). Considering the dual role of
autophagy in cancer, acting both in a tumor suppressive and oncogenic manner, its

effect on EMT is complex and likely dependent on the cellular context as well.

One important mechanism through which autophagy and lysosomal functioning can
regulate EMT is via the selective degradation of key EMT proteins and transcription
factors, mainly Twistl, Snail and ZEB1 (Gugnoni et al., 2016). These transcription
factors are considered to be targets of p62. p62 is a selective autophagy-associated
adaptor protein which also functions as a signaling hub for different pathways
(Katsuragi et al., 2015). Through a ubiquitin-associated domain (UBA), p62 binds
to polyubiquitinylated cargo and with LC3-interacting region (LIR) binding it is
sequestered in autophagosomes and degraded with its cargo. Therefore, p62-
mediated stabilization of EMT transcription factors has been considered as an
important regulatory mechanism that can reflect the cross talk between lysosomal
function and EMT.

Two recent studies showed that the autophagy inhibition induces EMT via p62-
NFkB-related pathway through upregulation of EMT transcription factors ZEB1 and
Snail2 (Hill et al., 2019; Y. Wang et al., 2019). In another study, the accumulation
of p62 in response to growth factor-induced EMT was shown to result in the
stabilization of Twist and TGF-B-Smad signaling coactivator Smad4 by attenuating
their proteosomal degradation (Bertrand et al., 2015). p62-mediated stabilization and
activation of Twist was shown to enhance the migratory and invasive properties of
autophagy-deficient cancer cells through the activation of EMT (Qiang et al., 2014).
p62 accumulation in patient specimens of intrahepatic cholangiocarcinoma (ICC)
was reported to have a positive correlation with metastasis and poor prognosis (J.
Chen et al., 2022). Increase in Snail, Vimentin and N-cadherin levels and decrease
in E-cadherin levels were also regulated via p62-mediated mechanism. In the same
study, the involvement of dysregulated mitophagy (degradation of defective
mitochondria) in this process and enhancement of EMT phenotype via p62 was also
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demonstrated. Initiation of EMT in Bafilomycin treated cells that showed an
accumulation of autophagosome has also been reported in noncancerous cells (G. Li
et al., 2015). In podocytes, EMT was activated with introduction of lysosomal
dysfunction in response to Bafilomycin, which was attributed to the accumulation of
p62 and concomitant decrease in p62-phosphorylation levels viaa CDK-1 dependent
mechanism (G. Li et al., 2015).

On the other hand, the negative effect of lysosomal activity on the acquisition of the
EMT phenotype has been supported with the observation that increased lysosomal
activity and turnover contributes to increased TGF-f induced EMT (Kern,
Wischnewski, Biniossek, Schilling, & Reinheckel, 2015). Use of lysosomal
inhibitors resulted in a decrease in invasive properties in murine breast cancer cell
lines. Taken together these observations demonstrate a complex interplay between
autophagy, lysosomal function and EMT; which should be considered in a context-
dependent manner. In our nutrient-restriction model with Caco-2 cells, for instance,
p62 levels were increased and the levels of both epithelial and mesenchymal markers
was also enhanced. On the other hand, with the differentiation model, we observed
a decrease in p62 levels and an increase in the expression of epithelial but not
mesenchymal markers. This may suggest the presence of shared regulators in two
divergent processes, and an important association between p62 and the expression

of mesenchymal markers in Caco-2 cells.

Since the data in in vitro two-dimensional (2D) culture strongly suggested the
acquisition of partial EMT in Caco-2 cells with NR+ Baf treatment, we next
evaluated whether EMT phenotype induced with NR+Baf treatment was also
retained in 3D cell culture. 3D cancer models are used in cancer research since they
better represent the gene expression profile, metabolic capacity, signaling
mechanisms and proliferation of tumor cells in vivo (Stadler et al., 2016). When we
cultured Caco-2 cells in anchorage-independent conditions in a 96 well ultra-low
attachment (ULA) plate, we observed the formation of single spheroids with
relatively non-uniform edges (Fig 3.22). In the literature, similar findings for Caco-
2 cells have been reported. Stadler et al. showed that the morphology of Caco-2
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spheroids resembled adenomatous cell clusters where the HCT-116 cells formed
spheroids with smooth edges (Stadler et al., 2016). The effect of TP53 mutational
status on spheroid structure was also reported such that the cells having wild type
TP53 formed compact and rounded spheroids while the ones with mutant TP53, such
as Caco-2 cells, formed spheroids that were smaller in size and with rough
boundaries (Pomo, Taylor, & Gullapalli, 2016). We observed that the nutrient-rich
cells could form spheroids irrespective of whether the cells were treated with Baf,
suggesting that in the presence of nutrients, alkalinization of lysosomes did not affect
the cell-cell interactions. However, when the cells were cultured under nutrient-
restriction, the ability of Caco-2 cells to form compact spheroid structures was
hindered (Fig 3.22A). Alkalinization of the lysosomes in the nutrient restricted cells
resulted in a complete loss in the spheroid forming ability of Caco-2 cells; rather, the
cells formed multiple small clusters instead of a single-large spheroid (Fig 3.22A).
In the literature, spheroid formation assays with serum starvation have been reported.
However, the culture media in such experiments are specifically designed to enrich
stem cell populations (Boo et al., 2016; Gori¢an, Gole, & Poto¢nik, 2020; Herheliuk,
Perepelytsina, Ugnivenko, Ostapchenko, & Sydorenko, 2019). Such stem cell
enriched populations were able to form well-rounded and compact spheroids with
enhanced stem cell characteristics and slower proliferation rates. Our protocol differs
from these models since the medium we used was not designed to enrich the stem
cell population; rather, we aimed to evaluate cell-cell interactions with the use of a
nutrient restricted medium, in the presence or absence of Baf. We observed that
whereas treatment of nutrient rich cells with Baf resulted in the formation of
reasonably tight spheroids, the NR+Baf cells formed loose cell clusters (Fig 3.22A)

most likely because of weak cell-cell adhesion.

The difference in spheroid formation between nutrient-rich and nutrient-restricted
conditions was more prominent in the spheroids that were allowed to re-form after
passaging. While Caco-2 cells grown in complete medium were able to reform the
spheroids effectively, with no difference in the shape and tightness of the spheroids

after passaging, cells grown in complete medium and treated with Baf reform
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spheroids with greater transparency after passaging, indicating some loss in cell-cell
interactions (Fig 3.22B). The nutrient restricted cells underwent a complete loss in
spheroid forming ability after passaging both in the presence and absence of Baf,
suggesting that these cells are unable to maintain cell-cell contacts. The adherence
junction protein E-cadherin was suggested as the essential component in
multicellular spheroid formation (Van Roy & Berx, 2008). The variations in the cell
adhesion properties including E-cadherin levels have been associated with the
alterations in the spheroid forming ability of various cancer cell lines causing the
formation of either more compact or loose spheroids (Lin, Chou, Chien, & Chang,
2006; Pomo et al., 2016; Schmidt, Scholz, Polednik, & Roller, 2016; Shimazui et al.,
2004).

Similar to the data we obtained with 2D culture, we observed that the 3D-cultured
and passaged nutrient-restricted Caco-2 cells showed higher expression of both
epithelial and mesenchymal markers compared to the spheroids grown in complete
medium; and this phenotype became more pronounced when Baf was introduced
(Fig 3.23). In accordance with our observations, a recent study with CRC cell lines
demonstrated the importance of the cell-cell adhesion in spheroid formation (Stadler
et al., 2018). These authors observed that all the tested cell lines formed spheroids;
however, some of the single cells could be separated from compact structures. When
these single cells were cultured separately, they expressed decreased levels of cell-
cell adhesion protein. Moreover, enrichment of this non-spheroid forming single cell
population resulted in complete loss of spheroid forming capacity and was associated
with enhanced migratory and invasive properties (Stadler et al., 2018). Considering
the data in the literature and our observation, the changes in the composition of cell-
cell and cell-matrix adhesion proteins with NR+Baf treatment could be considered

as the reason behind the loss in spheroid forming ability.
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CHAPTER 5

CONCLUSION AND FUTURE STUDIES

The primary finding of this thesis study are as follows:

1-

Caco-2 cells grown in a nutrient restricted (NR) medium containing 1% fetal
bovine serum (FBS), 0.2 mM glutamine and 0.1 g/L glucose expressed
several markers for autophagy. A time-dependent decrease in the
phosphorylation of RPS6 and P70S6K levels indicated inactivation of the
MTOR pathway and a concomitant activation of AMPK, along with an
increase in LC3-11 levels which are all indicative of nutrient stress (Kim et
al., 2011). However, the autophagic flux appeared to be rather slow as the
cells cultured under NR exhibited steady level of endo-lysosomal proteins,
no alterations in lysosomal acidity was observed and an increase in the
protein levels of the adaptor protein p62 was observed.

Our lab previously reported the induction of autophagy in spontaneously
differentiating Caco-2 cells (Tunger & Banerjee, 2019; Tunger et al., 2020).
In accordance with this observation, my data also confirmed the autophagy
induction in spontaneously differentiated Caco-2 cells. Different from the
stress response observed with NR, differentiated Caco-2 cells showed a
robust activation of autophagic markers and a functional autophagic flux. In
addition, spontaneously differentiated Caco-2 showed the presence of more
epithelial rather than mesenchymal characteristics. It is therefore highly
likely that complex and well-coordinated opposite signaling pathways are
activated in cells undergoing nutrient restriction and differentiation.
Restriction of the main energy sources slowed down the metabolism of the
Caco-2 cells and resulted in decreased proliferation. However, even with the
prolonged starvation, Caco-2 cells sustained their viability and exhibited a

systemic resistance to the chemotherapeutic drug 5-FU. Induction of partial
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EMT phenotype was observed in Caco-2 cells grown under NR, which could
explain this drug insensitivity. On the other hand, nutrient-restricted HCT-
116 cells were more responsive to chemotherapeutic drugs, most likely
because they did not undergo partial EMT. These data suggest that cells that
are grown in more “arid” regions of tumors may be responsive to
chemotherapy drugs if they do not undergo partial EMT, suggesting the
presence of clinical relevance in our data.

The expression of partial EMT markers were further augmented and the
formation of actin stress fibers were observed when lysosomal acidification
was inhibited with Bafilomycin Al (Mauvezin & Neufeld, 2015) in cells
grown under NR. Cells in NR+Baf medium gained spindle-like shape while
the cells in nutrient-rich medium had the usual cobblestone-like morphology.
Moreover, the partial EMT phenotype acquired in response to NR+Baf
treatment was highly dynamic and reversible within 6 h of replacement with
complete medium as shown by decrease in the expression of partial EMT
markers and the reversal of morphology. Caco-2 cells maintained their
viability even when autophagic flux (lysosomal acidification) was inhibited
with Baf. Moreover, NR+Baf cells still exhibited insensitivity to 5-FU. These
observations suggest that rather than the autophagy induction itself, the
inhibition of autophagic flux, perhaps via the accumulation of p62, could be
implicated in the development of partial EMT and lower drug sensitivity in
Caco-2 cells.

Culture of Caco-2 cells in 3D could further confirm the results obtained in
2D that Caco-2 cells were more epithelial under nutrient-rich conditions. The
cell-cell adhesion properties and hence the spheroid forming capacity of the
cells remained unchanged under nutrient rich conditions whether lysosomal
alkalinization occurred or not; however, a loss of spheroid forming ability
was seen in NR cells that was remarkably exacerbated with NR+Baf

treatment. These observations suggest that the phenotype was shifted to more
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mesenchymal one through acquisition of partial EMT phenotype upon

lysosomal alkalinization with Bafilomycin in cells grown under NR.

Overall, this study showed for the first time that culture of Caco-2 cells with limiting
amounts of glucose, glutamine and serum could activate partial EMT, which was
further exacerbated when lysosomal acidification was perturbed. These data suggest
that in addition to a critical role of the lysosome in the orchestration of nutrient
sensing via the localization of the nutrient sensors mTOR and AMPK (Napolitano et
al., 2018), it can also play a critical role in EMT, particularly in cells under nutrient
stress. The induction of partial EMT in cells grown under nutrient restriction and
lysosomal alkalinization could also be implicated in reduced sensitivity of the cells

to 5-FU, suggesting the presence of clinical relevance in our observations.

Although our findings are of interest, several unanswered questions remain that need
to be addressed. Future experiments that can be conducted to better substantiate the

findings of this thesis are as follows:

1- In order to further characterize the functional consequences of partial EMT
phenotype, migratory and invasive properties of NR+Baf treated Caco-2 cells
could be evaluated.

2- The effect of Bafilomycin can be analyzed in spontaneously differentiated
Caco-2 cells which exhibit a functional autophagy flux, in order to better
elaborate the role of lysosomal alkalinization in acquisition of partial EMT
phenotype.

3- Increasing evidence suggest that p62-mediated stabilization of key EMT
transcription factors and EMT proteins could be the mechanism behind the
lysosomal-alkalinization-induced EMT (Bertrand et al., 2015; Kern et al.,
2015; G. Li et al., 2015). In order to better understand whether an increase in

p62 the mechanism by which Caco-2 cells was gained partial EMT
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phenotype in response to NR+Baf, the levels of EMT markers could be

analyzed after the silencing of p62 in these cells.
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APPENDICES

A. Lysotracker Red Assay with Chloroquine

0.06 1 ns

0.04 1

0.02 1

LysoTracker/Hoechst

0.00 -

Figure A.1 Analysis of lysosomal acidity with Chloroquine in LTR assay
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B. qRT-PCR Standard Curves

Quantitation data for Cycling A.Green

Melt data for Melt A.Green

00

| Ct Comment | Given Conc (Cop| Calc Conc (Copie]

No. |C]Name [Type [Tt
1 NTC NTC

3 1:100 Standard
4 1:50 Standard
5 1150 Standard
6 1:25 Standard
7 1:25 Standard
3 1:10 Standard
10 1:10 Standard
12 15 Standard
13 15 Standard

Standard Curve

2393
2328

2243
2221
2127
2157
2084
20,93

1.000 949
2.000 1.861
2.000 1.766
4.000 4197
4.000 5143
10.000 12612
10.000 9.536
20.000 19.092
20,000 16.564

Cycling A Green (Page 1):
R=099018
R"2=0,98045
M=-2 416
B=31,181
Efficiency=1,59

Concentration

Figure B.1 Standard and melt curves used for RAB5 gRT-PCR primers
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Quantitation data for Cycling A.Green

Meit data for Melt A.Green

w|

No. |C|Name |Type  |Ct | Ct Comment | Given Conc (Cop| Calc Conc (Copie|
19 1:100 Standard 2218 1.000 1.052
20 1:100 Standard 22,30 1.000 972
21 1:100 Standard 22,20 1.000 1.037
2 1:50 Standard 21,32 2.000 1.933
23 1:50 Standard 21,46 2000 1.745
24 1:50 Standard 21,48 2.000 1.730
5 1:25 Standard 20,13 4,000 4.441
26 1:25 Standard 20,07 4,000 4,649
27 1:25 Standard 20,14 4.000 4428
28 1:10 Standard 19,01 10.000 9.772
29 1:10 Standard 18,81 10.000 11.242
30 1:10 Standard 19,15 10.000 8.834
k1| 1.5 Standard 18,14 20.000 18.064
32 1.5 Standard 17,94 20.000 20.668
Standard Curve
22 B emposscrcsscncannscncssenfuncncnscccnccsannnnancnes Cycling A Green (Page 1):
; R=0,99565

oy [ R S SRR R"2=0,99132
- : M=-3277
O 20 B=32,088

: Efficiency=1,02
2L R e R T T LETrr e
1 [ R e e e
10

Concentration

Figure B.2 Standard and melt curves used for RAB7A gRT-PCR primers
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Quantitation data for Cycling A.Green

Melt data for Melt A.Green

08

Noem, Fluoro,

No. |C|Mame |Type  |Ct | Ct Comment | Given Conc [Cop| Cale Conc (Copie]
1 HNTC NTC
2 | 1.250 Standard 22,30 10.000 10,036
3 l 1:250 Standard 225 10,000 10.377
4 1:250 Standard 22.% 10.000 10.311
5 1100 Standard 2068 25.000 24.000
6 l 1:100 Standard 20,83 25.000 24.769
7 1:100 Standard 2088 25.000 23.995
8 1:50 Standard 19,74 50,000 48353
3 1:50 Standard 1959 50,000 52.810
10 1:50 Standard 19,74 50.000 48.432
1 1:25 Standard 1856 100.000 99.812
12 1:25 Standard 18.47 100,000 105.131
13 1:25 Standard 1855 100.000 100.059
14 1:10 Standard 17.07 250,000 243625
15 1:10 Standard 1712 250,000 241656
16 110 Standard 1714 250.000 233688
17 s Standard 16.08 500.000 456,550
18 15 Standard 15.74 500,000 560.766
19 15 Standard 15.86 500,000 522 400
Standard Curve
22 - Cycling A Green (Page 1),
2} . R=0,99937
o0 R*2=0,99874
| : M=-3,752
T [t B=37,314
B - b T Efficiency=0,85
L e Rl BEEEE PR
£ T R PR PR — -
1é 10* 10 10%*
Concentration

Figure B.3 Standard and melt curves used for SQSTM1 gRT-PCR primers
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Quantitation data for Cycling A.Green

Melt data for Melt A.Green
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156

128
&
Fr00
b
Ears
z

050

025

Ll Em————

No. |C|Name [Type | [ Ct Comment | Given Conc (Cop| Calc Conc (Copie|
1 NTC NTC

2 1 Standard 16,56 5.000 4,005
3 I 1:1 Standard 1658 5.000 2966
4 1:1 Standard 16,08 5.000 5.550
g 115 Standard 1816 1.000 1.358
3 15 Standard 1819 1.000 1.327
10 1.5 Standard 18,24 1.000 1.289
11 1:10 Standard 1982 500 441
12 1:10 Standard 1976 500 460
13 1:10 Standard 19,84 500 436
14 1:25 Standard 21m 200 198
15 1:25 Standard 2091 200 211
18 125 Standard 21,09 200 187
17 B 150 Standard 2200 100 101
18 150 Standard 2217 100 a0
19 150 Standard 22005 100 98

Standard Curve

AT R RRRCEEEEEEE e Cycling A Green (Page 1):
2 T A R=0,99257

IS -~ [ R*2=0,98519

. : : ; M=-3,402
L e forencnnan- B=28,820

18- e T -| Efficiency=0,97

174 - Fonesmseennsnnnae beememeeemeee e iEE :

16 b -

10 10%* 10
Concentration

Figure B.4 Standard and melt curves used for MCOLN1 qRT-PCR primers
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Quantitation data for Cycling A.Green

0
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Norm Fhuoro.
o ©
- -

©
»

o°
°

Meit data for Melt A.Green

No. |C|Name [Type |
1 NTC NTC

| Ct Comment | Given Conc (Cop| Calc Conc (Copie|

2 1.500 Standard 2077 1.000 785
3 1.500 Standard 2044 1.000 978
4 1.500 Standard 2027 1.000 1.095
5 | 1.250 Standard 19,51 2.000 1.814
B 1.250 Standard 19,26 2.000 2150
7 1.250 Standard 19,14 2.000 2324
] 1.100 Standard 17.95 5.000 5152
9 1.100 Standard 17,92 5.000 5.263
10 1.100 Standard 17,90 5.000 5.314
11 1.50 Standard 16,94 10.000 10144
12 B150 Standard 17.04 10.000 3482
13 1.50 Standard 17,05 10.000 9399
14 110 Standard 14,28 50.000 59,685
15 1.10 Standard 14,48 50.000 52311
16 1.10 Standard 14,63 50.000 47.404
18 15 Standard 1356 100.000 96.741
19 . 15 Standard 13,70 100.000 87.945
Standard Curve
;; T N beemmmmemmem——ee Cycling A Green (Page 1):
: : R=0,99797

18 T e R*2=0,99595
- L5 It S o et M=-3,450
O AT rbr e T e B=30,757

1T S POPUPUUORRUVR SN RO o = Efficiency=0,95

LT e P e

L e . S, B

10 10* 16
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Figure B.5 Standard and melt curves used for CDH1 qRT-PCR primers
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Quantitation data for Cycling A.Green
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Melt data for Melt A.Green

No. |C|Name [Type [Ct | Ct Comment | Given Conc (Cop| Calc Conc (Copie|
1 NTC NTC
5 1 1:250 Standard 24,72 2,0000000E+00 1,8764301E+00
6 1:250 Standard 2439 2,0000000E+00 2,2702328E+00
7 1:250 Standard 24,70 2,0000000E+00 1,8935493E+00
8 1:100 Standard 2324 5,0000000E+00 4,3352539E+00
9 1:100 Standard 23,23 5,0000000E+00 4,4142421E+00
1 1:50 Standard 21,72 1,0000000E+01 1,0560031E+01
12 1:50 Standard 2151 1,0000000E+01  1,1924603E+01
13 1:50 Standard 21,76 1,0000000E+01 1,0308235E+01
14 110 Standard 18,77 5,0000000E+01  5,7760531E+01
15 - 1:10 Standard 18,02 5,0000000E+01 5,0082053E+01
16 1:10 Standard 18,36 5,0000000E+01 5,1843356E +01
18 1.5 Standard 17,89 1,0000000E+02 9,6232332E+01
18 1.5 Standard 18,10 1,0000000E+02 8,5256881E+01
Standard Curve
T i Cycling A.Green (Page 1):
: : | | R=0,99454
24 cacnn.. L e L L T L PP dewcsscamcancnns .| R*2=0,98910
- ' | M=-3,630

Q20 F e +-| B=25,492

16 B Leccscscsccsccccclecaccaccmesnmenn e FEEEEE
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Figure B.6 Standard and melt curves used for OCLN qRT-PCR primers
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Quantitation data for Cycling A.Green Melt data for Melt A.Green
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No. | C|Name [Tyoe  [Ct | Ct Comment | Given Conc (cop| Cale Conc (copie
1 NTC NTC
2 1:250 Standard 20,16 10.000 10,727
3 1:250 Standard 20,47 10.000 8813
4 1:250 Standard 20,08 10.000 11.268
5 1:100 Standard 18,91 25.000 23784
6 1:100 Standard 18911 25.000 20910
7 1:100 Standard 19,06 25.000 21.620
8 1:50 Standard 17.87 | 50.000 46.271
9 1:50 Standard 17,68 50.000 52194
10 1:50 Standard 17,62 50.000 54.109
1 1:25 Standard 16.47 | 100.000 113.292
12 1:25 Standard 16.61 100.000 103.130
13 1:25 Standard 16,56 100.000 106.759
14 110 Standard 14,94 250.000 299.248
15 1:10 Standard 14,79 250,000 329.207
16 1:10 Standard 15,00 250.000 288.455
17 15 Standard 14,38 500.000 430,230
18 15 Standard 14,42 500.000 417.293
19 15 Standard 14,48 500.000 400518

Standard Curve

ol L Cycling A.Green (Page 1):

S e S S S R=0,99439

| . ; R#2=0,98881
184 -t T M=-3,609
Syl e o B=34,706
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Figure B.7 Standard and melt curves used for VIM gRT-PCR primers
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Quantitation data for Cycling A.Green Melt data for Melt A.Green
15
10
:
S
0
L3 T %
No. |C[Name [Type [Tt | Ct Comment | Given Conc (Cop| Calc Conc (Copie]
1 NTC NTC
3 1:250 Standard 25,03 10.000 12.030
4 1:250 Standard 25,21 10.000 10.700
5 © 1:100 Standard 2401 25.000 23.362
6 1:100 Standard 2412 25.000 21.861
7 1:100 Standard 24,47 25.000 17.400
8 1:50 Standard 22,83 50.000 50.671
9 1:50 Standard 22,88 50.000 48978
10 1:50 Standard 22,90 50.000 48.249
1 1:25 Standard 21,73 100.000 103.635
12 1:25 Standard 21,72 100.000 104.268
13 1:25 Standard 2157 100.000 114,595
14 110 Standard 20,06 250.000 307515
15 1:10 Standard 20,02 250.000 315.794
16 1:10 Standard 20,04 250.000 311.399
17 1.5 Standard 19,66 500.000 400.397
18 1.5 Standard 19,61 500.000 411.928
19 1.5 Standard 19,47 500.000 450.907
Standard Curve

------------------ - ----------| Cycling A Green (Page 1):
] R=0,99282

, R*220,98569
S M=-3,530

; B=39,433

Efficiency=092
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Figure B.8 Standard and melt curves used for SNAIL1 gRT-PCR primers
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C. Compositions of Buffers Used in this Study

Table C.1 Compositions of buffers in western blot experiment

CYTOPLASMIC AND NUCLEAR PROTEIN ISOLATION BUFFERS

HYPOTONIC BUFFER NUCLEAR EXTRACTION
BUFFER
10 mM HEPES, pH 7 10 mM HEPES, pH 7.9
4 mM sodium fluoride, 1.5 mM MgCI2
10 uM sodium molybdate 420 mM NacCl
0.1 MM EDTA 0.1 mM EDTA

1X protease and phosphatase inhibitors | 1X protease and phosphatase inhibitors

10% glycerol

4% SDS-PAGE STACKING GEL 12% SDS-PAGE SEPERATING

GEL

3.1 mL dH20 3.4 mL dH20
1.25 mL Stacking Buffer (10% SDS, | 2.5 mL 4X Separating Buffer (10%
1.5M Tris, pH 6.8) SDS, 1.5M Tris, pH 8.8)
650 upL  Acrylamide/Bis  Solution {4 mL Acrylamide/Bis  Solution
(SERVA, Germany) (SERVA, Germany)
50 uL 10% APS 100 uL 10% APS
5 uL TEMED 10 uL TEMED
6X SDS-PAGE SAMPLE LOADING

DYE
12% SDS

30% B-Mercaptoethanol
30% Glycerol

0.012% Bromophenol Blue
0.375 M Tris-HCI pH 6.8
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Table C.1 (cont’d)

10X SDS-PAGE RUNNING BUFFER

1X SDS-PAGE RUNNING
BUFFER

25 mM Tris 100 mL 10X Running Buffer
192 mM Glycine 900 mL dH20
0.1% SDS

10X TRANSFER BUFFER

1X TRANSFER BUFFER

0.25 M Tris

100 mL 10X Transfer Buffer

1.92 M Glycine 200 mL Methanol

pH 8.3in 1 L dH20 Fill up to 1L with dH,0
20X TBS IX TBS-T

50 mM Tris 50 mL 20X TBS

300 mM NacCl 950 mL dH20

4mM KCI 1 mL Tween 20

pH7.4in 1L dH,0

MILD STRIPPING BUFFER

15 g Glycine

1gSDS

10 mL Tween-20

pH 2.2 in 1L dH20
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