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ABSTRACT

EFFECTS OF NUTRIENT DEPLETION ON TRANSLATIONAL
REGULATION IN HCT-116 COLORECTAL CANCER CELLS

Menemenli, Nazli Sevval
Master of Science, Biochemistry
Supervisor : Prof. Dr. Sreeparna Banerjee
Co-Supervisor: Prof. Dr. irem Erel Goktepe

March 2024, 102 pages

Limited nutrient supply in the tumor microenvironment can activate numerous stress
response pathways in order to ensure survival. Our research demonstrated that
exposing HCT-116 cells to a nutrient-depleted medium containing low glucose,
glutamine, and serum for 24 hours led to the inhibition of nutrient sensing pathways
such as mTOR, as expected. However, the activation of Ribosomal protein S6
(RPS6), a known target of the mTOR pathway and a component of the small
ribosomal subunit was observed. In the absence of an active mTOR pathway, RPS6
was phosphorylated via the MAPK pathway since U0126, a MEK inhibitor could
abrogate RPS6 phosphorylation. Analysis of reverse phase protein array (RPPA)
data from colorectal tumors showed that the phosphorylation of RPS6 was positively
correlated with ERK1/2 phosphorylation. In addition, polysome profiling data
demonstrated that nutrient restriction and inhibition of MAPK with U0126 could
alter the distribution of ribosomes from polysomes to 80S monosomes, suggesting a
role in translational regulation. Overall, our findings suggest that the depletion of
nutrients may lead to the simultaneous activation of RPS6 and MAPK pathway as a

survival mechanism in HCT-116 colorectal cancer cells.



Keywords: Colorectal Cancer, MAPK Pathway, mTOR pathway, Nutrient

Depletion, Translation
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0z

KISITLI BESIYERININ HCT-116 KOLOREKTAL KANSER
HUCRELERININ TRANSLASYONEL KONTROLU UZERINE ETKILERI

Menemenli, Nazli Sevval
Yiiksek Lisans, Biyokimya
Tez Yoneticisi: Prof. Dr. Sreeparna Banerjee
Ortak Tez Yoneticisi: Prof. Dr. Irem Erel Goktepe

Mart 2024, 102 sayfa

Timor mikrogevresindeki kisith besin kaynagi, hayatta kalmay1 saglamak igin ¢ok
sayida stres tepkisine bagli yolaklar1 aktive edebilir. Arastirmamiz, HCT-116
hiicrelerinin 24 saat boyunca diisiik glikoz, glutamin ve serum igeren, besin agisindan
kisitl bir ortama maruz birakilmasiyla, beklenildigi tizere mTOR yolagmnimn
inhibasyonuna yol agtigin1 gostermistir. Ancak, mMTOR yolaginin bilinen bir hedefi
ve bileseni olan Ribozomal protein S6’nin (RPS6)'min aktivasyonu da
gozlemlenmistir. MTOR yolaginin inaktif oldugu durumlarda, bir MEK inhibitorii
olan U0126'nin RPS6 fosforilasyonunu azaltmasi sonucuyla RPS6'nin MAPK yolu
yoluyla fosforile edildigi gézlemlenmistir. Kolorektal tiimorlerden elde edilen ters
faz protein dizisi (RPPA) veri analizi, RPS6 fosforilasyonunun ERK1/2
fosforilasyonu ile pozitif korelasyon iginde oldugunu gostermistir. Ek olarak,
polizom profili verileri, MAPK'nin U0126 ile inhibisyonunun, RPS6in
aktivitesinin yani sira translasyonel diizenlemede katkist oldugunu gdstermistir.
Genel olarak bulgularimiz, kisitli besiyerine bagli olarak, HCT-116 kolorektal
kanser hiicrelerinde bir hayatta kalma mekanizmas1 olarak RPS6 ve MAPK

yolaklarinin eszamanli aktivasyonuna yol agabilecegini gostermektedir.
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CHAPTER 1

INTRODUCTION

1.1 Metabolism in Cancer Cells

Metabolic rewiring of cancer can be characterized by the activation of aerobic
glycolysis, a phenomenon known as the Warburg effect, elevated glutamine and fatty
acid anabolism. In addition, metabolic signaling pathways can be modulated by
aberrant expression of both oncogenes and tumor- suppressor genes (Jang et al.,
2013). Such metabolic rewiring and activation of abnormal signaling pathways
provide cancer cells with advantages such as cell proliferation and metastasis (Park
et al., 2020).

Nutrient availability and cancer-driver mutations regulate the flow of energy.
Additionally, abnormal metabolite accumulation can encourage the growth of
tumors (Martinez-Reyes & Chandel, 2021). After uptake of glucose into the
cytoplasm by transporters, it can be utilized via several pathways such as glycolysis,
serine biosynthesis, the pentose phosphate pathway (PPP), or the hexosamine
synthesis pathway (HSP) (Park et al., 2020).

The most prevalent amino acid in plasma is glutamine which is crucial for the
proliferation of cancer cells and forms the primary source of carbon and nitrogen.
Nitrogen is a necessary metabolite for nucleotide biosynthesis and glutamine is a
precursor for the synthesis of other non-essential amino acids (NEAASs) and fatty
acids (FA) (Pavlova & Thompson, 2016). Both exogenous uptake and de novo
biosynthesis of FA by using carbons from glucose or glutamine are vital for cellular
proliferation.



Increased generation of reactive oxygen species (ROS) during oxidative stress can
deplete cytosolic NADPH via the regeneration of the endogenous antioxidant
glutathione (GSH), FAS and other anabolic processes requiring NADPH are halted
(Mikalayeva et al., 2019). Lipidomic remodeling in cancer comprises modifications
in FA transport, storage as lipid droplets (LDs), de novo lipogenesis, and B-oxidation
for energy generation and thereby can contribute to tumorigenesis (Koundouros &

Poulogiannis, 2020).

1.11 Glucose Metabolism

Cancer cells maintain reservoirs of numerous carbon intermediates from glucose and
glutamine that are imported from the microenvironment and can be used as building
blocks for the synthesis of macromolecules. The oxidation of the carbon skeletons
of glucose and glutamine can capture their reducing electrons in the form of either
NADH or FADH2 (Pavlova & Thompson, 2016).

Transfer of these electrons to the electron transport chain (ETC) can be facilitated to
provide ATP or NADPH cofactor that offers reducing power for an array of
biosynthetic reactions. Pathways such as the tricarboxylic acid (TCA) cycle where
NADH is generated, support mitochondrial electron transport by transferring
electrons from NADH to oxygen. These pathways, however, are distinct from that
of NADPH generation from NADP*, which is facilitated by the oxidation of carbon

sources (Pavlova & Thompson, 2016).

ATP is the primary source of energy in the cell. A limited amount of ATP is
generated with the conversion of glucose to pyruvate via glycolysis, while majority
of the ATP is produced via the TCA cycle followed by oxidative phosphorylation
(OXPHOS) when oxygen is available. In the absence of oxygen, cells undergo
glycolysis followed by fermentation and convert pyruvate to lactate. A phenomenon
observed by Warburg in 1927 revealed that even in the presence of oxygen, tumor

cells exhibited increased glucose uptake and lactic acid production, which was later



named as the Warburg effect (X. Lin et al., 2020). Warburg hypothesized that
lactate generation was driven by mitochondrial damage due to impaired oxidative
phosphorylation in cancer cells. This theory was contradicted by Sidney Weinhouse,
one of Warburg's colleagues. Weinhouse's research using isotope tracing revealed
that the rates of oxidative phosphorylation in normal cells and tumor cells are
identical, implying that tumor cells' mitochondria are intact. To maintain their high
proliferation rate, tumor cells in oxygen-rich environments use aerobic glycolysis
and oxidative phosphorylation. Anaerobic glycolysis rates exceed oxidative
phosphorylation as the predominant energy source only in hypoxic conditions (Le,
2021).

Although the amount of ATP generated by aerobic glycolysis is low compared to
mitochondrial respiration, the highly proliferative tumor cells do display this
phenotype even when they have intact mitochondria, providing some benefits. One
of the benefits of preferring anaerobic glycolysis is that the rate of glucose
metabolism to produce ATP is higher than that of pyruvate oxidation in the
mitochondria. In this way, the tumor cells, having high ATP demand in a highly
competitive and restricted environment in the context of nutrient availability, get an
edge over the stromal cells. The other and more relevant explanation for gaining this
phenotype might be that glucose usage is required as a carbon source for anabolic
synthesis of several non-essential amino acids such as Serine, reducing equivalents
such as NADPH or nucleotides from the pentose phosphate shunt and metabolite

production from the intermediates of glycolysis (Liberti & Locasale, 2016).

1.1.2 Amino Acid Metabolism

Rewired metabolism of amino acids in highly proliferative cancer cells plays an
important role in cell survival as well biosynthesis of metabolic intermediates needed
for protein synthesis, anaplerotic supplementation for the TCA cycle, and OXPHOS
for ATP production (Wei et al., 2021). Amino acids and their metabolic derivatives

may promote the growth of cancer cells, modify the overall chromatin structure and



gene expression, and also play a variety of roles from post-transcriptional regulation

to immunosuppression (Lieu et al., 2020).

1.1.21 Glutamine Metabolism

The nonessential amino acid glutamine acts as an anaplerotic carbon source to
sustain the TCA cycle and lipid biosynthesis pathways and serves as a nitrogen
source for amino acids and nucleotide biosynthesis. Glutamine metabolism-related
proteins such as glutamine transporters, aminotransferases, glutaminase along with
the essential role of glutamine in the synthesis of glutathione and redox homeostasis
play a significant role in the survival and proliferation of cancer cells (Jin et al., 2023;
Yoo et al., 2020).

Glutamine, which is transported into cells by glutamine transporters (e.g. SLC1AS5,
SLC38A1/2) on the plasma membrane, participates in diverse pathways such as the
biosynthesis of other nonessential amino acids, and in the TCA cycle upon
conversion to glutamate and then to alpha-ketoglutarate (a-KG) (Yoo et al., 2020).
Glutamine synthetase (GS) on the other hand, catalyzes the reaction that generates
glutamine from NH4" and glutamate with the consumption of ATP (Cruzat et al.,
2018). Apart from the role of glutamine in biosynthesis pathways, it is also involved
in oxidative stress regulation of cancer cells that characteristically show increased
ROS production. The effect of enhanced ROS levels in cells is alleviated by the
synthesis of glutathione, providing deactivation of peroxide free radicals. In addition,
glutaminolysis generates a-KG-derived metabolites, especially citrate, which can

contribute to lipid synthesis under hypoxic conditions (Yoo et al., 2020).

1.1.3 Cytokines and Growth Factors

Cytokines are generated in the tumor microenvironment by macrophages and

neutrophils or by the cancer cells themselves and can play a critical role in regulating



the development and spread of malignancies (Lan et al., 2021). By creating an
environment favorable for cancer growth, cytokines may either operate directly on
cancer cells in an autocrine manner or indirectly on the tissues that support

malignancy, such as fibroblasts and blood vessels (Morris et al., 2022).

Apart from cytokines, growth factors (such as transforming growth factor-beta 1
(TGF-B1), insulin-like growth factor 1 (IGF-1), vascular endothelial growth factor-
A (VEGF-A), etc.) can contribute towards tumor growth, uncontrolled cell
proliferation, changes in gene expression and avoidance of apoptosis (Elias et al.,
2010).

The primary source of growth factors and cytokines in the in vitro culture of cancer
cells is fetal bovine serum (FBS). Serum plays a vital role in the regulation of many
signaling pathways, including cell cycle progression, transformation to a quiescent
state, and stress response. Serum starvation is known to lead to autophagy induction,
migration, and cell survival. Therefore, a better understanding of underlying
mechanisms and contributions of the components of serum may provide essential

information for cancer cell behavior (Ahmadiankia, 2020).

1.2 Signaling Pathways Involved in Nutrient Sensing

Rapidly dividing cancer cells show alterations in the availability of exogenous
nutrients in the microenvironment, availability of endogenous metabolites and
demand for ATP (Robles-Flores et al., 2021). Metabolite availability is closely
monitored by nutrient sensing pathways that activate a cascade of successive
reactions (You et al., 2023).

121 AMPK Pathway

The hydrolysis of ATP to ADP can drive many biological functions in living cells.

Energy homeostasis is maintained by sensors and metabolism regulators. Among



them, AMP-activated protein kinase (AMPK) is a crucial cellular energy sensor (H.
X. Yuan et al.,, 2013). When cellular energy levels are decreased due to
circumstances like hypoxia and nutrient deprivation, AMPK is activated, along with
catabolic reactions that can generate ATP to keep cellular energy in balance
(Keerthana et al., 2023). At the same time, crucial anabolic enzymes such as acetyl-
CoA carboxylase (ACC1 and ACC2) and HMG-CoA reductase (3-hydroxy-3-
methyl-glutaryl-CoA reductase), which carry out rate-limiting steps for fatty-acid
and sterol biosynthesis undergo inhibitory phosphorylation by AMPK (Mihaylova
& Shaw, 2011).

A high AMP/ADRP ratio in the cell leads to its binding to the y-regulatory subunit of
AMPK and enables the phosphorylation of Threonine 172 (Thrl72) within the
activation loop of the AMPK catalytic subunit. Upstream Kkinases, such as
calcium/calmodulin-dependent protein kinase kinase (CaMKK}) and liver kinase B1
(LKB1), are crucial regulators for mediating the phosphorylation of AMPK at
Thrl72 (Li et al., 2015). When nutrients are low, AMPK acts as a metabolic
checkpoint that prevents cell growth and proliferation by inhibiting the mechanistic
target of rapamycin complex 1 (mMTORC1). This inhibition is mediated by the direct
phosphorylation of the tumor suppressor tuberous sclerosis complex 2 (TSC2) on
Ser1387, which in turn inhibits mMTORC1 (Mihaylova & Shaw, 2011). As seen in
Figure 1.1, AMPK can also phosphorylate Raptor, a member of the mTORC1 that
regulates mMTOR directly on two conserved serine residues (serine 722 and serine
792), leading to inactivation of mMTORC1 kinase activity by the changing the protein
levels of 14-3-3 and PRAS40 (Gwinn et al., 2008; van Nostrand et al., 2020).

122 MTOR Pathway

Building blocks of cells such as amino acids, glucose, nucleic acids as well as ATP
are needed for cell growth and proliferation. mTOR forms two different complexes
(mMTORC1 and mTORC2). mTORCL1 is known to be tightly regulated by the
availability of amino acids and glucose (H. X. Yuan et al., 2013) (Figure 1.1). The



configuration of the Rag GTPases (GTP versus GDP bound) in the presence of amino
acids facilitates the binding and localization of mMTORCL to the cytosolic face of the
lysosome (Torrence & Manning, 2018). Leucine, arginine, and glutamine play a
critical role in mTORCL1 activation. Cytoplasmic proteins SESTRIN2 and CASTOR
can sense the levels of leucine and arginine, respectively. When leucine and arginine
levels are low, SESTRIN2 and CASTORL bind to GATOR2 upstream of mTORC1
and lead to inhibition of mMTORC1 (Gonzalez et al., 2020).

Apart from amino acids, the energy status of the cells, glucose availability, stress
factors, and growth factors can also regulate mTORC1 activity. The TSC complex
acts as a node of convergence for mTORCL1 regulation. Inhibition of TSC2 by
upstream signals such as p90 ribosomal S6 kinase 1 (RSK1), AKT, phosphatidyl
inositol 3 kinase (PI3K), extracellular signal-regulated kinase (ERK), and
MAPKAPK?2 (MK2) lead the activation of the mTORC1 pathway. Low nutrient and
energy availability can inhibit the mTORC1 complex through the activation of
AMPK, which can phosphorylate either Raptor or TSC2 (Melick & Jewell, 2020).

The cytoplasmic side of the lysosomal membrane provides a scaffold for the
regulation of mTORC1 and its targets. Furthermore, lysosome location and
abundance play a significant role in regulating mTORC1 and mTORC2 activity, as
well as autophagy. Autophagy is also tightly regulated by the mTORCL1 targets
ULK1, ATG13, and TFEB that are permanently or transiently associated with
lysosomes (Deleyto-Seldas & Efeyan, 2021).

Sufficient availability of nutrients favors the fine balance between anabolism and
catabolism towards biosynthesis and suppresses catabolic pathways like autophagy.
mTORC1 can directly activate the two key downstream effectors: p70S6 Kinase 1/2
(S6K1/2) and elF4E Binding Protein (4EBP), both of which contribute towards cell
growth and protein synthesis. Activation of S6K1 and the phosphorylation of its
downstream target, the 40S ribosomal protein S6 (RPS6) enables the initiation of 5°-
cap-dependent translation by the interaction with elF3-preinitiation complex (PIC)
complex (Holz et al., 2005; Saxton & Sabatini, 2017).



The canonical activation of S6K1 is initiated by the phosphorylation of its C-terminal
domain, providing a conformation for the linker domain to be phosphorylated at
Thr389 by mTORCL1 to regulate cellular growth (Magnuson et al., 2012). 5’- cap-
dependent translation initiation requires mTORC1-dependent phosphorylation of
4E-BP on multiple sites, inhibiting the assembly of elF4E-elF4F. Phosphorylated
4E-BP1 then can dissociate from elF4E bound to the mRNA 7-methylguanosine cap
structure. This allows elF4G, elF4A to be recruited; the ternary complex (elF2/Met-
tRNA/GTP), elF3 and 40S ribosomal subunits are also recruited to the cap,
culminating in the formation of the translation preinitiation complex (PIC) (Holz et
al., 2005; Qin et al., 2016).
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Figure 1.1. The energy sensing mechanisms in cell

The mechanistic target of rapamycin complex 1 and 2 (mMTORC1 and mTORC2) are

two physically and functionally different complexes that are formed by mTOR.



Figure 1.1. (cont’d) mTORC1 combines signals from various growth factors,
nutrients, and energy sources to enhance cell growth according to energy
availability. While mTORC2 primarily regulates cell survival and proliferation,
mTORC1 primarily regulates cell growth and metabolism. Numerous signaling
pathways such as phosphoinositide-3-kinase (PI3K)/AKT, tuberous sclerosis
complex subunits 1 (TSC1) and 2 (TSC2)/Rheb, LKBL/adenosine 5'-monophosphate-
activated protein kinase (AMPK), VAM6/Rag GTPases, and others, have been linked
to the activation of mTOR (H. X. Yuan et al., 2013). (Created with BioRender.com)

1.3  Effect of Nutrient Depletion on Cancer Cell Behavior

Extracellular nutrients, including glucose, amino acids, and lipids are essential for
cell growth. When these sources are restricted, cancer cells can reprogram their
metabolism in order to enhance survival and adaptation to nutrient stress. Tumor
cells can exhibit dependency on a particular nutrient; therefore, nutrient-limiting
strategies could be therapeutically targeted for cancer treatment. In this case,
depletion of a specific nutrient may highlight a vulnerability in the cells and induce
growth arrest or even cell death (Fan et al., 2022).

131 Effect of Nutrient Depletion on Cell Cycle and Proliferation

Nutrients play a pivotal role in regulating the rate of cell proliferation, and they
specifically alter the expression and activity of proteins that are linked to the cell
cycle. Nutrient availability triggers DNA synthesis and stimulates the growth of
cancer cells mainly via the regulation of expression of p21, p27 and cyclin-dependent
kinases (Bohnsack & Hirschi, 2004). Starvation or nutrient depletion may induce
cells to undergo a state where energy consumption decreases, and the maintenance
of homeostasis is prioritized. Therefore, the cells shift to a non-dividing or quiescent

state that is accompanied by the inhibition of mitogenic signaling pathways via low



levels of growth factors such as IGF-1 and cell cycle arrest via the activation of p53
and p21 (Buono & Longo, 2018).

Serum withdrawal commonly leads to an arrest of cells at the GO/G1 phase without
any toxic effects, leading to a state of quiescence. Cell-cycle arrest is accompanied
by the regulation of p27, p53, and Bcl-2 genes involved in the PI3K/Akt pathway
(Tong et al., 2016). P13K-activated Akt through PDK1 further leads to the activation
of several downstream substrates including Bad, procaspase-9, I-kB kinase (IKK),
glycogen synthase kinase-3 (GSK-3), p21Cipl, p27Kipl, CREB, the forkhead
family of transcription factors (FKHR/AFX/FOX) and Raf modulating cell cycle
progression or cell survival by regulating the apoptotic gene expression (Chang et
al., 2003). The pathway may also interact with the p53 tumor suppressor by enabling
the phosphorylation of MDM2 at Ser166 and Ser186 residues, which leads to MDM2
translocation to the nucleus to promote p53 ubiquitination. The PI3K/Akt pathways
have been implicated in the regulation of p53 activity via mTOR1 (Abraham &
O’Neill, 2014).

1.3.2 Effect of Nutrient Depletion on Drug Response

Oncogenes and tumor suppressor genes acquire mutations in their DNA, which can
sustain cancer cell proliferation by evading cell death and altering metabolic
pathways (Buono & Longo, 2018). Nutrition depletion may drive subsets of cells to
undergo accelerated autophagy and enter a dormant state to enable survival (L. Wang
et al., 2018). Several mechanisms have been described to explain how cancer cells
support their survival, prevent apoptosis, and develop chemoresistance in response
to routinely used chemotherapeutics (Yeldag et al., 2018). Cytotoxic chemotherapies
mainly target rapid DNA replication and cell division in cancer cells. As a result,
delayed division or entering a dormant state is an efficient approach to avoid the
effects of chemotherapy, resulting in drug resistance and tumor recurrence (L. Wang
etal., 2018).
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Differential stress resistance (DSR) is a phenomenon that refers to the differential
response of normal and cancer cells under stress conditions such as oxidative stress,
nutrient depletion, or chemotherapeutic drugs. Dietary-restricted (DR) mice were
shown to be more resistant to stress. Fasting for 48 to 60 hours was shown to improve
protection from oxidative stress generated by the chemotherapy drug etoposide in
three different strains of mice (Naveed et al., 2014). On the contrary, differential
activation of signaling pathways, whether by mutation or altered metabolism, may
lead to enhanced sensitivity to chemotherapy drugs via the activation of survival-
related pathways (Yeldag et al., 2018). Autophagy was shown to activate
chemoresistance by increasing quiescence and survival in glioblastoma cell lines,

suggesting that autophagy may enhance drug resistance (L. Wang et al., 2018).

Short Term Starvation (STS) may lead to the sensitization of cancer cells to specific
chemotherapy drugs (Raffaghello et al., 2008). In particular, cycles of nutrient
depletion could slow the development of melanoma, glioma, and breast cancer and
was shown to improve the efficacy of drugs such as cyclophosphamide and
doxorubicin by activating stress pathways that increase drug sensitivity (Buono &
Longo, 2018).

1.4  Effect of Nutrient Depletion on Translational Regulation in Cancer
Cells

As tumors have limited resources, they respond remarkably efficiently to
augmenting availability and diminishing demand for nutrients. The mTORC1
complex, which phosphorylates ribosomal protein S6 kinase (S6K) and the
eukaryotic translation initiation factor 4E (elF4E)-binding protein (4E-BP1),
stimulates translation initiation in the regulation of global protein synthesis. Since
signaling via the mTORC1 complex is inhibited by amino acid and nutrient
constraints, limited energy levels and activation of AMPK, global translation

decreases under these circumstances (Garcia-Jiménez & Goding, 2019).
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With prolonged starvation, the cytosolic amino acid amount decreases, leading to an
inhibition of MTORC1 signaling. Restoration of amino acid pools can be initiated by
the activation of autophagy and protein degradation in the lysosome. Reactivation of
the mTORC1 complex is crucial for the translation of MRNAs related to cell survival
(Condon & Sabatini, 2019). The downstream effectors of the mTORCL1 pathway
such as S6K, and 4E-BP, can participate in translational regulation through various
ways. Activated S6K1 initiates translation by stimulating the dissociation of
eukaryotic Initiation Factor 3 (elF3) from the mRNA. S6K also phosphorylates its
substrates such as Ribosomal Protein S6 (RPS6), Eukaryotic Translation Initiation
Factor 4B (elF4B), Programmed Cell Death Protein 4 (PDCD4), and Eukaryotic
Elongation Factor 2 Kinase (eEF2K) (M. Yang et al., 2022) (Figure 1.2).

A remarkable characteristic shared by all MRNAs that encode ribosomal proteins in
higher vertebrates is the presence of an array of pyrimidine nucleotides at the 5'-UTR
(5’ terminal oligopyrimidine tract or 5’TOP sequences). These mRNAs are translated
upon stimulation of cells with serum or amino acids. Thus, the synthesis of both
ribosomal proteins and global proteins is tightly regulated by the availability of

amino acids and serum in the cell (Damgaard & Lykke-Andersen, 2011).

RPS6, a part of the 40S ribosomal subunit, plays a role in the regulation of protein
translation leading to ribosome biogenesis, cell growth, proliferation and
differentiation, apoptosis, glucose metabolism, and DNA repair in mammalian cells
(Yi et al., 2022). The activation of RPS6 is primarily mediated by the
PI3K/Akt/mTORC1/S6K pathways but can also be regulated by Ribosomal Protein
S6 Kinases (RSKs) that are the downstream effectors of (RAF)/MAPK-ERK kinase
(MEK)/extracellular signal-regulated kinase (ERK) cascade.

The five evolutionarily conserved C-terminal serine domains of RPS6 (S235, S236,
S240, S244, and S247) are sequentially phosphorylated by S6K1 starting from the
S236, while RSKs can phosphorylate S235/236 residues (Ruvinsky & Meyuhas,
2006). The phosphorylation of RPS6 has been reported to be positively correlated
with the translation of mRNAs having 5 TOP motifs (Mok et al., 2013). These
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MRNAs encode ribosomal proteins along with several non-ribosomal proteins
involved in translation such as translation elongation factors whose elevated
expression is required for cellular function (Cockman et al., 2020). In several human
malignancies, an increase in the total RPS6 or phosphorylated RPS6 levels are
associated with enhanced pathological grade and course of the disease. This suggests
that positive and negative feedback and feedforward processes in the RPS6 pathway
may offer alternative therapeutic strategies beyond the current strategies available
for cancer treatment (i et al., 2022).

MTORC1 also regulates translation by phosphorylating its downstream target 4E-
BP. Nutrient-rich conditions enable the recruitment of a subset of mMRNAs (Tsukumo
et al., 2016). The hyperphosphorylation of 4E-BPs by mTORCL1 leads to the
dissociation of 4E-BPs from eIF4E, the 5'-cap-binding subunits of the elF4F
complex, allowing the initiation of cap-dependent translation. However, when cells
are treated with mTORCL1 inhibitors or when cells are under nutrient depletion, 4E-
BPs are hypo-phosphorylated and remain bound to elF4E with high affinity. This
prevents the assembly of the elF4F complex and represses translation (Gingras et al.,
1999). Overexpression and hyperphosphorylation of 4EBPs have been investigated
in various carcinomas, which may be related to their differential activation by other
kinases and expression. Of note, oncogenes such as Vascular Endothelial Growth
Factor (VEGF), HIF1-a, and B-cell lymphoma 2 (BCL-2) may also undergo cap-
independent translation in advanced cancer, resulting in increased translation of
MRNAs containing an internal ribosome entry site (IRES) (Qin et al., 2016). mMRNAs
cannot be translated via cap-dependent translation under conditions such as cellular
stress and viral infection. In such instances, cap-independent translation is frequently
employed to initiate mRNA translation via the IRES in the absence of a 5’ cap
structure (Godet et al., 2019; Lopez et al., 2001). IRESs are RNA elements that were
first discovered in Picornaviridae viruses and recruit ribosomes to the internal region
of mMRNASs to commence translation via a cap-independent mechanism. According
to the recruitment types of ribosomes, IRESs in the eukaryotic genome can be

classified as type I and type Il IRESs. Type | IRESs interact through RNA binding
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motifs and N-6-methyladenosine (m6A) modification, while type Il IRESs interact
through 18SrRNA with ribosomes (Y. Yang & Wang, 2019).

1.5  Effect of Integrated Stress Response on Translational Regulation

In addition to the mTOR pathway, the availability of the amino acids can be sensed
by the metabolic sensor general control nonderepressible-2 kinase (GCN2 kinase).
Amino acid depletion in cells results in the accumulation of uncharged tRNA, which
can inhibit global translation. The binding of amino acid-free tRNAs to GCN2 kinase
leads to a conformational change in the kinase and its autophosphorylation, in turn,
activates downstream signaling pathways (Battu et al., 2017). GCN2 is a
serine/threonine kinase that leads to phosphorylation of the alpha subunit of
eukaryotic translation initiation factor 2 (elF2a) on serine 51. This phosphorylation
can also be driven by other kinases via the activation of the Integrated Stress
Response (ISR) pathway (Castilho et al., 2014).

ISR is a complex signaling mechanism that is activated in response to several
physiological and pathological stressors such as hypoxia, amino acid or glucose
deprivation, and viral infection. ISR refers to the fact that a wide range of stimuli can
be integrated into common downstream signaling pathway and cause the
phosphorylation of elF2a. The ISR pathway employs both translational inhibition
and transcriptional activation of stress response genes (Pakos-Zebrucka et al., 2016;
Ryoo & Vasudevan, 2017). Three other kinases: PKR-like ER kinase (PERK), heme-
regulated elF2a kinase (HRI), double-stranded RNA-dependent protein Kinase
(PKR), can be activated with different stressors, mediate the phosphorylation of
elF2a at S51 and the activation of an ISR. Each kinase becomes fully active via
autophosphorylation and conformational change by dimerization (Pakos-Zebrucka

etal., 2016).

Regulation elF2a, a core component of the elF2 translation initiation complex, can

affect translational output. Phosphorylation of eIF2a on S51 changes elF2a from a
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substrate of the guanine exchange factor elF2B to a competitive inhibitor. As a result,
elF2a phosphorylation inhibits the global protein synthesis by inhibiting GDP: GTP
exchange reaction while increasing the translation of a particular subset of proteins,
such as activating transcription factor 4 (ATF4) (Figure 1.2) (Cockman et al., 2020;
Ryoo & Vasudevan, 2017). In response to unfolded protein response, low glucose,
or a limited supply of amino acids, ATF4 can enhance the expression of C/EBP
homologous protein (CHOP), which then cooperates with ATF4 to increase the
activity of amino acid transport and autophagy-related genes. In addition, the p-
elF20/ATF4/CHOP axis restores protein synthesis and decreases BCL-2 (anti
apoptotic protein) activity to drive apoptosis under prolonged stress conditions such

as oxidative stress and nutrient limitation (Garcia-Jiménez & Goding, 2019).
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Figure 1.2. General translational control by S6K, 4E-BP1 and GCN2

Several factors (glucose, amino acids, growth factors, etc.) activate mTORC1, which
can phosphorylate of 4E-BP1. Phosphorylated 4E-BP1 cannot bind to elF4E, and
the recruitment of elF4E to the translational initiation complex is enabled. In
addition, activation of S6K by mTORC1 induces dissociation from elF3. As a result,
the translation can be initiated. GCN2 is responsible for the phosphorylation of
elF20 subunit at Serine 51 to inhibit global translation, but allow the selective
translation of ATF4, while ATF4 enhances the transcription of several stress

response genes (M. Yang et al., 2022). (Created with Biorender.com)
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1.6 Scope, Aim, and Novelty of This Study

Although tumors are often subjected to environmental constraints for the availability
of nutrients, an excess demand over supply of any essential nutrient is not feasible
in the long-term. As a result, cancer cells increase the supply and decrease the
demand for nutrients. Increasing supply strategies include metabolic adaptation by
using alternate resources (metabolic plasticity) or by reducing protein synthesis
(Garcia-Jiménez & Goding, 2019).

Nutrient depletion can lead to metabolic rewiring. To better understand this, several
colorectal cancer cell lines were incubated in a nutrient-depleted medium optimized
in the capacity of a TUBITAK 1001 project (118Z116) in our lab. This nutrient-
depleted medium contains 1% FBS, 0.1g/L glucose, and 0.2mM L-glutamine,
corresponding to 10% of the nutrients available in the complete medium. Upon
incubation of HCT-116 colorectal cancer cells in this nutrient-depleted medium, the
mTORC1 complex was inhibited, as expected; however, increased phosphorylation
of the ribosomal protein and mTORC1 target RPS6 on both Serine 235/236 and

Serine 240/244 were observed, with a stronger activation on Serine 235/236.

The ongoing activation of RPS6 may indicate the remodeling of nutrient-sensing
pathways and alterations in translational regulation under nutrient-depletion.
Therefore, | hypothesized that the activation of RPS6 under nutrient-depletion may

provide survival advantages by rewiring the demand for protein synthesis.
To address my hypothesis, | examined the followings:

1. Upstream activators of RPS6 in nutrient-depleted HCT-116 cells,

2. The effects of nutrient depletion on translational regulation, and

3. Sensitivity of nutrient-depleted HCT-116 cells to chemotherapy drugs.
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This study revealed for the first time that exposing HCT-116 cells to a
physiologically relevant nutrient depleted medium stimulates the activation of RPS6,
which could be abrogated by the MEKZ1/2 inhibitor U0126, but not the mTOR
inhibitor AZD8055. These results provide an insight into the compensatory signaling
mechanisms governing RPS6 activation during nutrient depletion and its activity on
maintaining the translational machinery. Furthermore, these findings may provide
an opportunity to identify pathways that enable cell survival despite nutrient
depletion as future targets.

18



CHAPTER 2

MATERIALS AND METHODS

2.1 Cell Culture

HCT-116 (colorectal cancer cell line) used in this study was purchased from DKFZ
(Heidelberg, Germany), Caco-2 (colorectal cancer cell line) were purchased from
SAP Institute (Ankara, Turkey), HCT-116 cells were grown in an incubator
supplemented with 5% CO; at 37°C. RPMI 1640 growth medium (without phenol
red) for HCT-116 cells was prepared by the supplementation of 2 mM L-Glutamine,
10% fetal bovine serum (FBS; Capricorn), and 100 U/mL penicillin - 100ug/mL
streptomycin. Caco-2 cells were grown in Eagle’s minimum essential medium
(EMEM) containing 1 g/L glucose, supplemented with 2 mM L-Glutamine, 20%
FBS, 100 U/mL penicillin - 100pg/mL streptomycin, 0.1 mM non-essential amino
acids (NEAA), and 1mM sodium pyruvate. All cell culture supplementation
materials are shown as percentages according to their final concentration. FBS was
purchased from Capricorn. All other cell culture materials were purchased from
Biological Industries. In order to eliminate mycoplasma contamination, Plasmocin®
(Invivogen, France) at 2.5 pg/mL concentration was added routinely to the culturing
media of cells and mycoplasma control was performed continuously. Cells were
frozen for long-term storage by resuspending the pellets in complete media (without
Plasmocin) containing 5% DMSO (dimethyl sulfoxide) (Sigma, cat#: 154938). All
sterile plastic consumables for cell culture were purchased from Sarstedt (Germany)
or Jet Biofil (China).
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2.2 Cell Line Characteristics

HCT-116 cells were isolated from the colon of an adult male and can be classified
as fast growing with a doubling time of around 20-24 hours. This microsatellite
unstable cell line has epithelial morphology and is classified as adherent. It has a
mutation in KRAS proto-oncogene (G13D) and PIK3CA gene (H1047R) and it has
wild type BRAF, PTEN, and TP53 (Ahmed et al., 2013).

Caco-2 cells, isolated from colon tissue of an aged male patient with colorectal
adenocarcinoma, can be classified as rapidly growing cell line with a doubling time
as around 20-24 hours. This microsatellite stable cell line has epithelial-like
morphology and has a mutation in TP53 (E204X), wild type BRAF, KRAS, PIK3CA,
and PTEN (Ahmed et al., 2013).

Both cell lines were authenticated by STR analysis (Genoks, Ankara) in the course
of the study.

2.3  Genomic DNA Isolation for STR Analysis of the HCT-116 Cells

Approximately 2x10% HCT-116 cells were precipitated at 3000 rpm for 5 min at cold
centrifuge (4 °C) and the pellet was washed with DPBS. For the genomic DNA
isolation cell pellet was resuspended in 500 puL Lysis Buffer containing 10 mM Tris-
HCI (pH: 8.5), 5mM EDTA, 200 mM NaCl and 0.2% SDS. The resuspended cells
were incubated with the lysis buffer at 60°C for 5 minutes. 2.5 uL Proteinase K (20
mg/mL stock) and 1puL RNAase A (10 mg/mL stock) for 500 puL volume were
introduced into the resuspension buffer and lysate was incubated at 60°C for 60
minutes. Next, 50 uL 3M Na-acetate was added into the cell lysate. 2.5 volumes of
cold 100% EtOH were introduced into the cells and the cell lysis was incubated at -
20°C overnight. The next day, cell lysate was centrifuged at 10,000 rpm for 10
minutes. The supernatant was discarded, and the pellet washed with 1mL or 70%
EtOH pre-cooled at -20°C. The lysate was centrifuged at 10,000 rpm for 10 minutes

again. Discarding the supernatant, Eppendorf tube containing pellet was inverted for
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air drying, and incubated at room temperature until liquid was completely dried. The
pellet was resuspended in 100 puL nuclease-free water and incubated at 65°C for 60
minutes. After centrifugation of cells at 500 x g for 5 minutes, supernatant was
transferred to fresh Eppendorf. The supernatant was chilled on ice and genomic DNA
concentration measurement was carried out using a Nanodrop. The suspension was
stored at -20°C until sent for STR analysis (Genoks LifeScience Company) in a cold
chain. The STR report is given in the Appendix. The same genomic DNA isolation
protocol was also used for routine mycoplasma testing by PCR.

2.4 Nutrient Depletion Protocol

The nutrient depleted medium for HCT-116 cells was prepared from RPMI-1640
medium (without glucose and L-glutamine) and supplemented with 0.1 g/L glucose,
0.2 mM L-glutamine, 1% FBS and 100 U/mL penicillin - 100pg/mL streptomycin.
The nutrient depleted medium for Caco-2 cells was prepared by DMEM medium
(without glucose and L-glutamine) and supplemented with 0.1 g/L glucose, 0.2 mM

L-glutamine, 1% FBS and 100 U/mL penicillin - 100pug/mL streptomycin.

Cells for nutrient depletion treatment were seeded to 6-well plates (300,000 to
500,000 cells/well) or T25 flask (about 1,000,000 cells)and allowed to attach
overnight. The next day the medium was discarded, and cells were washed with
Dulbecco's Phosphate-Buffered Saline (DPBS; Biological Industries) prior to
incubation in the nutrient depleted medium. The optimized nutrient depletion
duration was 48 hours for Caco-2 cells and 24 hours for HCT-116. Beyond these
durations we observed extensive cell death. At the end of nutrient depletion, the cells
were processed for protein isolation. The duration for replenishment with complete
medium was 24 hours following the nutrient depletion treatment. Before adding the

complete medium, the cells were washed with DPBS.
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2.5  Chemical Perturbation Experiments

Chemical treatments carried out with HCT-116 cells are provided in Table 2.1

showing the mode of action of chemicals, treatment concentration and duration along

with their solvents used as a vehicle. The treatment duration did not exceed the

duration of nutrient depletion and the incubation with the chemical was carried out

in the nutrient depleted medium or complete medium (used as control).

Table 2.1 Chemicals used in the study

Chemical Name Mode of Action Concentration & Solvent
Duration (Vehicle)
u0126 Inhibition of 0.5 uM; 24 hours (co- | DMSO
(MEK1/2 Ras/Raf/MEK/ERK signaling treatment) (0.01%)
inhibitor) pathway by selectively
inhibiting MEK1/2 kinases
AZD8055 Competitive inhibition of 5 uM; 24 hours or 48 | DMSO
(mTORC1/2 mTOR kinase activity by hours (co-treatment) | (0.01%)
inhibitor) acting against PI3K
ISRIB Reversion of the p-elF2A 100 nM; 2 hours for DMSO
(Integrated effects by activation of elF2B | WB & co-treatment | (0.01%)

Stress Response
inhibitor)

for MTT Assay
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Table 2.1 (cont’d) Chemicals used in the study

Chemical Name Mode of Action Concentration & | Solvent (Vehicle)
Duration
Cisplatin (anti- | Induction of DNA | 5 pg/ml; 24 hours DPBS
cancer agent) damage by cross- | or 48 hours (co- (0.24%)
linking with treatment)
purine bases
5-Fluorourasil Inhibition of 20 uM; 24 hours DMSO
(anti-cancer and thymidylate or 48 hours (co- (0.05%)
anti-metabolite synthase treatment)
agent)

2.6 Protein Isolation and Quantification

Total protein isolation was carried out by using a lysis buffer prepared with
Mammalian Protein Extraction Reagent M-PER (Thermo Fisher Scientific, USA),
1X PhosSTOP Phosphatase Inhibitor (Roche, Germany) and 1X complete Mini
EDTA-free Protease Inhibitor Cocktail (Roche, Germany). The collected cell pellets
were washed with DPBS and precipitated at 1500 x g for 5 min at 4 °C. Next, the
cell pellets were lysed in MPER lysis buffer according to the pellet volume. The
physical lysis was done by vortexing for 30 seconds and incubation for 10 minutes
on ice; this process was repeated three times. After lysis, the tubes were centrifuged
14000 x g for 10 min at 4 °C. The supernatants were collected into the fresh
Eppendorf tubes to be stored at -80 °C until use for western blotting.

After protein isolation, 1 pL of the protein solution (1:5 dilution) was mixed with
250 pL of Coomassie Protein Assay Reagent (Thermo Fisher Scientific) as three
replicates in 96-well microplates. MultiSkan GO Microplate Spectrophotometer

(Thermo Scientific) was used to measure protein absorbance at 595 nm. The protein
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quantification was carried out by using an equation obtained from the standard curve.
The standard curve was generated with absorbance measurements of bovine serum
albumin (BSA) at concentrations from 25 to 2000 pg/mL mixed with Coomassie
Protein Assay Reagent.

2.7 Western blot

Protein isolates (10-30 pg) were incubated with 6X Laemmli Buffer and boiled for
7 minutes at 95 °C before loading into the wells of 12% SDS-polyacrylamide gel in
calculated amounts. PageRuler Plus Prestained Protein Ladder (Thermo Fisher
Scientific, USA) was used as a ladder with molecular weights between 10 to 250
kDa. The running process was carried out first at 60V until all the proteins moved
towards the separating gel, then the protein separation was continued at 90V for
approximately 2 hours. A wet transfer of proteins to a Polyvinylidene Fluoride
(PVDF) membrane was carried out by using the sandwich model at 115V for 90
minutes with continuous cooling. The membranes were blocked in 5% skimmed milk
prepared with TBS-T buffer at room temperature for 1 hour on an orbital shaker.
Next, the membrane was incubated overnight on an orbital shaker at 4 °C with the
primary antibody diluted in 5% skim milk or BSA (AppliChem) in 0.1% TBS-T
according to the manufacturer’s instructions. The next day, the membranes were
washed three times with TBS-T for 10 minutes each on a rocker. The membranes
were then incubated in the secondary antibody for 1 hour at room temperature on an
orbital shaker. After washing the membranes three times with TBS-T for 10 minutes
each, the membranes were incubated with Clarity ECL Substrate (Bio-Rad) in the

dark and at room temperature for approximately one minute followed by imaging.

The protein band intensities were visualized in ChemiDoc MP Imaging System (Bio-
Rad) with an exposure time until the most saturated intensity was obtained. The
adjusted band intensities for protein of interests were obtained with ImageLab
software and adjusted band intensities were normalized to that of housekeeping

proteins for the densitometric analysis to eliminate any differences in loading
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volume. When further incubations with primary antibody was required, the
membranes were incubated for 4-5 minutes at 80 °C in a pre-heated mild stripping
buffer. Before adding a new primary antibody, the membranes were washed three
times with TBS-T for 10 minutes each. Table 2.2 shows all the antibodies used in

this study.

Table 2.2 The list of antibodies used in this study

Antibody Name | Origin | Brand Catalog Size
Number (kDa)

ATF4 Rabbit | St John’s STJ92467 49
Laboratory

elF2a (S51) Rabbit | St John’s STJ11102562 | 38
Laboratory

Total RPS6 Rabbit | Cell Signaling 2217S 32
Technology

RPS6 Rabbit | Cell Signaling 2211S 32

(5235/236) Technology

RPS6 Rabbit | St John’s STJ113488 36

(S240/244) Laboratory

Total 4E-BP1 Rabbit | Cell Signaling 9644T 15/20
Technology

4E-BP1 (S65) Rabbit | Cell Signaling 9451S 15/20
Technology

Histone Rabbit | Cell Signaling 2062S 62

Deacetylase 1 Technology

(HDAC1)

3-actin (C4) Mouse | Santa Cruz Sc-47778 45
Biotechnology

a-Tubulin Rabbit | Cell Signaling 9099S 55

(11H10) Technology
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Table 2.2 (cont’d) The list of antibodies used in this study

ERK 1/2 Rabbit Santa Cruz sc-16982 42/44
(T202/Y204) Biotechnology

pP9ORSK Rabbit Cell Signaling 9346 90
(T573) Technology

p70S6K Rabbit Cell Signaling 9234S 70/85
(T389) Technology

Total p70S6K Rabbit Cell Signaling 2708P 70/85
(49DS7) Technology

GAPDH Rabbit Santa Cruz Sc-25778 37
(FL-335) Biotechnology

Goat a-Mouse Advansta R05072 500

Goat a-Rabbit Advansta R05071 500

2.8 Chorioallantoic Membrane (CAM) Assay

Fertilized Leghorn eggs (from Tavukguluk Research Institute, Ankara) were used for
Chorioallantoic Membrane Assay. The eggs were delivered at an ambient
temperature of 12 °C and wiped with distilled water upon receipt. Then, eggs were
put on a holder with the more rounded part facing upwards. They were incubated for
7 days in a pre-decontaminated incubator at 37 °C and 60-70% humidity with
autoclaved water. On the 7th day, the face of the eggs where the hole will be opened
was wiped with ethanol and small piece of first-aid silk tape was placed to that area.
Then the eggshell was pierced with the help of sterilized fine tweezers so that a 1
mm hole was introduced. On day 8, a window with a diameter of nearly 1 cm was
opened with a sterilized curved scissor starting from the hole where eggshell was
pierced the day before. One or two drops of sterile DPBS was introduced onto the

eggshell membrane, which was pierced so that it can absorb the DPBS through the
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space between eggshell membrane and the CAM. Later, the eggshell membrane was
carefully removed without any harm to the CAM or the blood vessels of the embryo.
The eggshell opening was covered with a piece of first-aid silk tape before placing
back into the incubator.

Preparation and inoculation of the CAM xenograft was carried out on Day 9. 20 pL
of viable 1x10° cell suspension in cold medium was mixed with 20 pL thawed cold
Matrigel (Corning, USA) at a 1:1 ratio. 40 pL of Matrigel/cell suspension mixture
was placed onto the petri dish as droplets and the droplets was left at room
temperature for 10 minutes before incubation in a 37°C humidified incubator for 1
hour. This process provided the solidification of Matrigel prior to inoculation. After
incubation, a few drops of DPBS were placed to the edge of each Matrigel spheroid
so that it could be easily scraped from the petri dish without deteriorating its
structure. The Matrigel droplets were placed through the eggshell opening onto the
CAM where the vessels are denser. The tumor inoculated openings were closed with
a tape tightly and the eggs were kept in the incubator for another 5 days. Any eggs
showing signs of death of the embryo were immediately removed. Next, the
microtumours were harvested for ongoing experiments. The embryos were sacrificed
by quickly cutting the neck with sharp scissors to cause minimum distress and
disposed in the medical waste for incineration. The microtumours were measured for
the calculation of tumor volume and stored at -80 °C in sterile eppendorf tubes until

use.
Tumor volume was calculated with the formula below.

Tumor volume = pellet length x width % height x 0.52 (B6hm et al., 2019)

2.9 Proliferation Assay — MTT
MTT [3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay was

performed to assess the metabolic activity change or to examine cell proliferation

capability of cells in response to chemotherapeutic reagents or chemicals used in this
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study. On the first day of assay, the cells were seeded on a 96-well plate at 10,000
cells/well in a 100 ul complete medium. The cells were incubated overnight for
attachment. The next day, the cells were either treated with relevant chemicals
individually or in combination at the pre-optimized concentrations and durations
shown in Table 2.1. At the end of the treatment, 12 mM MTT solution was prepared
by dissolving 5mg MTT in 1 mL of DPBS (Biological Industries). This stock MTT
solution was diluted with fresh complete medium as being 1.2 mM MTT solution
was obtained. The treatment medium of cells was discarded and 100 pL of prepared
1.2 mM MTT solution was added to each well. Following 4 hours of incubation, 10
uL 1 % SDS (dissolved in autoclaved distilled water)- 0.01M HCI solution was
introduced directly into the MTT-added wells. After 18 hours of incubation at 37 °C,
absorbance measurement was done at 570 nm by using Multiskan-GO

spectrophotometer.

2.10 Cell Viability Assay — Trypan Blue Exclusion Assay

The effect of nutrient depletion on cell viability was assessed by Trypan Blue
Exclusion Assay. The adequate number of cells were seeded, and the next day
nutrient depletion was carried out as described above. The treatment hours for
Trypan Blue counting were chosen as 24, 48 and 72 hours to examine the effect of
nutrient depletion at different time points. At the end of the treatment, the medium
of the cells was collected in a 15 mL falcon tube so as to not eliminate detached or
dead cells. Then, the attached cells were washed with DPBS and adequate amount
of Trypsin (0.05%)-EDTA (0.02%) solution was introduced onto the cells. After 3-
4 minutes incubation in an incubator, the detached cells were mixed with the
collected suspended cells. Then the cells were centrifuged for 4 minutes at 350 x g.
The supernatant was discarded, and the remaining cell pellet was dissolved in fresh
1 mL of complete medium. 0.5% Trypan Blue solution was mixed with cell
suspension in a 1:1 (v/v) ratio and incubated at room temperature for 5 minutes. 10

ul of the stained cell mixture was placed on a hemocytometer for counting. The cells
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were counted separately as unstained (viable) and stained (nonviable) under a

binocular light microscope.
The viable cell percentage was determined as below:

Viable cells (%) = (total number of viable cells/total number of cells) x 100

2.11 Colony Formation Assay

6-well plates were initially seeded with 1000 cells per well and allowed to attach
overnight. Subsequently, the cells were washed once with PBS. The next day, the
designated depletion treatment was initiated. The cells were then cultured in a
humidified incubator at 37°C with 5% CO2, and their medium was refreshed every
48 hours. For replenishment, after the designated depletion treatments for 24 or 48
hours, the medium was replaced with the complete medium. Once the colonies were
large enough to be visible to the naked eye, the treatment was terminated, the wells
were washed once with PBS and the colonies were fixed and stained.

For cell fixation, 4% paraformaldehyde (PFA) (diluted from 16% PFA with PBS)
was applied to the cells and incubated for 15 minutes at room temperature. Next, the
PFA was removed, and the cells were washed with PBS. Following this, 1 ml of
0.5% crystal violet solution prepared in methanol (Sigma Aldrich, USA) was added
to the wells and incubated for 20 minutes at room temperature on an orbital shaker.
Subsequent to incubation, the cells underwent a gentle wash with tap water until all
excess crystal violet solution was removed. The wells were left to air-dry overnight.
Manual imaging and counting of colonies were carried using the white tray of the

ChemiDoc Imaging system and Image Lab software (BioRad, USA).
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2.12  Polysome Profiling

2.12.1 Sucrose Gradient Preparation

Buffer A (1X) containing 15 mM Tris-HCI (pH: 7.4), 80 mM KCI, 5 mM MgCl. and
cycloheximide (100 pg/mL) was supplemented with sucrose to generate 10% and
50% (w/v) sucrose solutions. The sucrose gradient was prepared on ice with a
gradient maker apparatus using 5.5 mL of the two different concentrations of sucrose
to obtain a total of 11 mL gradient from highest concentration at the bottom through
to the lowest concentration at the top. The gradient was prepared in silicone
ultracentrifuge tubes. The prepared gradient was stored in a cold room until use. The

tubes were moved very carefully to not disrupt the gradient.

2.12.2 Cell Lysate Preparation for Polysome Profiling

Buffer A (1X) containing 15 mM Tris-HCI (pH: 7.4), 80 mM KCI, 5 mM MgCI2
and cycloheximide (100 pg/mL) was supplemented with protease inhibitors (Roche
cocktail), RNAse Out (20 U/mL) and 1% Triton-X-100 to prepare Cell Lysis Buffer
A. At the end of respective treatments, the medium of the plates was removed and 4
mL of cold PBS & Cycloheximide (100 pug/mL) solution was added to the plates.
The cells were incubated for 5 minutes in the cell culture hood at RT. After removing
the PBS & Cycloheximide solution, 900 uL pre-prepared Cell Lysis Buffer A was
added to the plates. The plates were shaken gently to spread the lysis buffer
throughout the plate. The lysates were transferred into the fresh Eppendorf tubes,
centrifuged for 10 minutes at 4°C at 14,000 rpm and the supernatants were collected
into fresh tubes. The RNA concentration was determined by measuring the A260
values using a Nanodrop. For fractionation, the required volumes for approximately
15-20 ODs were determined.
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2.12.3 Ultracentrifugation and Fractionation of Sucrose Gradient for

Polysome Profiling

The previously prepared sucrose gradient tubes were placed into the rotor buckets of
SW 40 Ti (Beckman Coulter). Into each sucrose gradient, the required volume of
cell lysates for the measured OD value was added each tube and balanced by adding
Buffer A before carrying out ultracentrifugation. The gradients were ultracentrifuged
at 39,000 rpm for 2 hours and 15 minutes at 4°C by using maximum acceleration and
deceleration settings. After ultracentrifugation, the buckets were removed carefully
and placed on ice for fractionation. The fractions were collected by using ISCO
Density Gradient Fractionator Model 185 with settings sensitivity 2, A260 and noise
filter 4. The glycerol motor was activated in the forward direction to collect 12
fractions of 1 mL each into fresh Eppendorf tubes. Meanwhile, the absorbance values
were automatically recorded at A260 to generate the polysome profile. The tubes

were placed on ice and then at -80°C until use.

2124 Western Blot Analysis from Polysome Profiling Fractions

Equal volumes from each fraction (1 through 12) were mixed with the loading buffer
in a fresh tube. The selected volume was the maximum that can fit into wells of a
12% gel of 1.5 mm width generated with a 15-well comb. Subsequently, the protein
mixture was boiled for 7 minutes at 95 °C. Following this, the standard gel

electrophoresis and transfer process were carried out for Western blot analysis.
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2.13 Statistical Analysis

Each experiment included a minimum of two biological replicates unless otherwise
specified, each of which comprised at least two technical replicates. GraphPad Prism
8 (GraphPad Software Inc., USA) was employed for data analysis. Significance
assessment utilized either one-way ANOVA, two-way ANOVA or Student's t-test.

Statistical significance was established with a threshold of a p-value less than 0.05.
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CHAPTER 3

RESULTS

3.1  The Effect of Nutrient Depletion on the Viability of HCT-116 Colorectal

Cancer Cells

Nutrients such as amino acids, glucose, lipids, vitamins, and inorganic salts are
required for all cell types to proliferate and maintain homeostasis in response to
environmental stresses. Tumor cells are more reliant on one or more nutrients to
sustain their survival and essential functions, which include macromolecule
synthesis, energy production and redox control. Restriction in extracellular nutrient
availability may affect the viability of cancer cells upon the activation of a number
of regulatory pathways such as apoptosis (Fan et al., 2022). Therefore, several in

vitro and in vivo assays were applied to determine viability of the cells.

3.1.1 Evaluation of the Effect of Nutrient Depletion on the Viability of
HCT-116 Colorectal Cancer Cells in vitro

In the capacity of a TUBITAK 1001 project (118Z116) a nutrient depleted medium
(glucose and glutamine-free RPMI medium supplemented with 1% FBS, 0.1g/L
glucose, and 0.2mM L-glutamine) was optimized which could better mimic the
physiological environment of tumor cells. The activation of AMPK (phosphorylation
at T172) and induction of autophagy (increased levels of LC3-11 and/or decreased
levels of p62, increased levels of Beclin-1) were used as markers of cells under
nutrient restriction. On the basis of these markers, the optimized incubation time in
the nutrient restricted medium was determined as 48 hours for Caco-2, LoVo and
T84 colorectal cancer cells as these cells also showed high viability at this timepoint.

To determine the nutrient stress response in HCT-116 cells, the change in viability
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was first examined after incubation in the nutrient restricted medium for 24 and 48
hours with Trypan Blue Exclusion Assay. A significant decrement in the number of
viable cells was observed, with nearly 50% of the cells dying after incubation with
the nutrient depleted medium for 48 hours (Fig. 3.1 A). However, 24 hours of
incubation did not decrease the viability of HCT-116 cells (Fig. 3.1 B). In addition,
the effect of long-term nutrient depletion (up to eight days) on the proliferation and
viability was evaluated with a colony formation assay (Figure 3.1 C & D). Although
HCT-116 cells were highly sensitive to nutrient depletion as seen in Trypan Blue
Exclusion Assay, the surviving cells were highly viable and could successfully form
colonies even with prolonged starvation. However, the size of the colonies was much
smaller with the nutrient depleted cells compared to the nutrient rich cells (Figure
3.1 C & D). Replenishment of the cells after 24 hours (Figure 3.1 C) or 48 hours
(Figure 3.1 D) of nutrient depletion resulted in a remarkable restoration in the
number of colonies. As a result, both viability and proliferative capacity of cells
lowered though there are persistent cells that can tolerate even higher durations of

starvation.

Next, the metabolic activity was determined with an MTT assay. This assay is based
on the ability of NADPH-dependent oxidoreductase enzymes to reduce the
tetrazolium dye MTT to its insoluble formazan form (Kuete et al., 2017). The
metabolic activity of nutrient depleted HCT-116 cells showed a temporal decrease.
Although the number of viable cells after 24 hours of nutrient depletion was nearly
100% (Figure 3.1 A), the metabolic activity of the cells decreased by half, and this
activity decreased further to 41.8% upon 48 hours starvation (Figure 3.1 E).
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Figure 3.1. Evaluation the effect of nutrient depletion on cell viability in vitro

HCT-116 cells were incubated with either complete (Nutrient Rich; RPMI medium
supplemented with 10% FBS, 2mM L-Glutamine, 1g/L glucose) or nutrient depleted
medium (glucose and glutamine-free RPMI medium supplemented with 1% FBS,
0.1g/L glucose and 0.2mM L-glutamine) for 24 hours (A) or 48 hours (B) and then
Trypan Blue Exclusion Assay was carried out. Panels C and D show the colony
formation assay data upon prolonged starvation (up to eight days). Replenishment
(C) was carried out by depleting the nutrients for 24 hours followed by the complete
medium for seven days. Replenishment shown in D entailed nutrient depletion for 48
hours followed by complete medium for six days. The quantification of the colonies
are shown in graphs C and D. The metabolic activity assay (MTT assay) is shown in

E with percentages after normalization with the nutrient rich (control) cells. Data
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Figure 3.1. (cont’d) represent the two independent biological replicates of HCT-116
cells with standard error of the mean (SEM) values. Statistical analysis was carried
out using an unpaired t-test (*** p<0.05) for the Trypan Blue Exclusion Assay and
one-way ANOVA for the colony formation assay (* p<0.05, ns: not significant).

3.1.2 Evaluation of the Effect of Nutrient Depletion on the Proliferation of
HCT-116 Colorectal Cancer Cells in vivo

To meet the energy demand of highly proliferative cancer cells, interactions with the
extracellular environment play a vital role. Sustained tumor growth is a result of
continuing proliferation despite fluctuations in nutrient availability in the
microenvironment since nutrient fluctuations may alter the proliferation rate of cells
(Altea-Manzano et al., 2020). Therefore, the effects of nutrient depletion under
physiological conditions in vivo with the chorioallantoic membrane (CAM) assay

were examined.

Following 48 hours of incubation of HCT-116 cells with either complete or nutrient
depleted medium, equal numbers of viable cells (1x10° cells for each egg) were
inoculated on the chorioallantoic membrane (CAM) of fertilized Leghorn chicken
eggs as described in the Methods section. Microtumours were excised five days after
the inoculation to determine the tumor volume. The tumors generated from both
nutrient rich and nutrient depleted cells were of comparable volume and not
significantly different (Figure 3.2 B). The experiment was carried out with help from

Hepsen Hazal Hiisniigil, Goksu Oral-Tiiziin and Aliye Ezgi Giileg-Tagkiran.
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Figure 3.2. Evaluation the effect of nutrient depletion on tumor size in vivo

Representative microtumour images of CAM assay performed as at least two
different biological replicates. (A) Microtumour volumes of pretreated nutrient rich
(n=5) and nutrient depleted (n=5) groups [+ standard error of the mean (SEM)]. (B)
Dashed circles show the microtumour area, and the remaining part is the CAM tissue
with blood vessels. Unpaired t-test (Mann-Whitney test) was used for statistical

analysis.

3.2  Evaluation of the Activation of Nutrient Sensing Mechanisms in

Nutrient Depleted Colorectal Cancer Cells

The mTORC1 complex regulates anabolic processes and maintains nutrient sensing
to sustain cell growth and metabolic activity. The eukaryotic translation initiation
factor 4E (elFAE)-binding protein 1 (4E-BP1) and Ribosomal Protein S6 Kinase 1/2
(p70S6K1/2) are the most well-studied downstream effectors of the mTORC1
complex. 4E-BP1 is a negative regulator of translation (M. Yang et al., 2022). S6K1
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phosphorylation by mTORCL1 at Thr389 can activate the 40S ribosomal protein (RP)
S6 via phosphorylation at Ser240/244 and Ser235/236 (Ruvinsky & Meyuhas, 2006).
Western blot analysis was used to examine whether there was a temporal regulation
in MTORCL1 activation via the phosphorylation of p70S6K, 4EBP1 and RPS6 with
nutrient depletion in a time course experiment. A decrease in phosphorylation of
p70S6K and 4EBP1 was observed within 2 hours of incubation with the nutrient
restricted medium, with a complete loss of phosphorylation after 2 hours, suggesting
early inhibition of mMTORCL1. Of note, a robust increase in p-RPS6 (Ser240/244 and
235/236) was observed within 2 hours of nutrient depletion which was sustained
until 24 hours of nutrient depletion (Figure 3.3 A & B).
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Figure 3.3. Time course evaluation of the activation of RPS6 and mTORC1 related

upstream effectors
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Figure 3.3. (cont’d) HCT-116 cells were cultured with the nutrient depleted medium
for the indicated time points, and with nutrient rich medium for 48 hours as a control
and collected for protein isolation. 10 ug proteins were loaded on 12% SDS-PAGE
gel. Representative blot from 3 independent biological replicates is indicated (A).
Fold changes in protein levels with respect to controls are shown in densitometric
analyses (+SEM). Statistical analyses were carried out using two-way ANOVA

followed by Dunnett multiple comparison test. *p<0.05, ***p<0.001).

Since the 48 hours of nutrient depletion led to extensive death in HCT-116 cells, and
the RPS6 phosphorylation remained high until 24 hours, all following experiments
were carried out after 24 hours of nutrient depletion. The activation of RPS6 while
the mTORCL1 activity is inhibited suggested an mTORC-1 independent activation of
RPS6 with nutrient depletion. Therefore, the possible upstream activators of RPS6
other than mTORC1 was evaluated. RPS6 was shown to be activated via the p90
ribosomal S6 kinases (RSKs) which are part of the Ras/ERK pathway. ERK can
activate the RSK2 through the phosphorylation of Thr577 in its C-terminal kinase
domain activation loop (Doehn et al., 2004). In addition, RSKs, especially RSK1 and
RSK2 selectively contribute to RPS6 activation at Ser235/236 in response to
oncogenic RAS, while all other residues can be activated by S6K1 (Hutchinson et
al., 2011; Roux et al., 2007). In this regard, the activity of RSK2 (p90 Ribosomal S6
Kinase2) and ERK1/2 was evaluated along with RPS6 activation in the time course
nutrient depletion analysis. The gradual increment of p-p90RSK and p-ERK1/2 in a
time-dependent manner was observed in nutrient depleted cells compared to the
nutrient rich cells (Figure 3.4 A & B). Following RSK, ERK1/2 activation increased
at 24 or 48 hours of nutrient depletion. However, only RPS6 activation at Ser235/236
was high in 24 hours of nutrient depletion compared to the other residue that is solely
activated by mTORC1 (Ser240/244), which suggests ERK1/2 dependent activation
of RPS6 in nutrient depleted HCT-116 cells.
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To further determine the contribution of ERK1/2 activity on RPS6 activation,
U0126, a selective inhibitor of MEK1/MEK?2 kinases, which are the upstream
activators of ERK1/2 (Ong et al., 2015), was used. The decrease in p-ERK1/2 and p-
RSK levels along with RPS6 phosphorylation at both sites with U0126 was observed
solely in the nutrient depleted condition, although the decrease did not reach

statistical significance (Figure 3.4 C & D).
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Figure 3.4. Evaluation of the temporal activation of RPS6 and its potential upstream

effectors upon nutrient depletion

HCT-116 cells were cultured with nutrient depleted media (ND) for the indicated
time points. The cells were incubated in the nutrient rich (NR) medium for 48 hours
as a control. Where indicated, the cells were co-treated with 0.5 uM U0126 in NR
or ND media for 24 hours and collected for protein isolation. 10-30 ug proteins were
loaded on an 12% SDS-PAGE gel. A representative blot from one replicate is
indicated (A & B). Representative blot from 3 independent biological replicates is

indicated (C & D). Fold changes in proteins with respect to controls are shown
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Figure 3.4. (cont’d) shown with values. Statistical analyses were carried out using
two-way ANOVA followed by Dunnett multiple comparison test (*p<0.05,

***p<0.001 and the ns: not significant).

To further determine the intrinsic mechanisms of mTOR activity and mTOR
dependency in the phosphorylation of RPS6 protein, the mTOR kinase inhibitor,
AZD8055, was used (Zhao et al., 2014). As seen in Figure 3.5, the mTOR activity
was inhibited as shown by the decrease in p-P70S6K and p-4EB-P1. However, the
treatment with SpuM AZDS8055 did not result in a noticeable decrease in the
phosphorylation of RPS6 at either residue in nutrient depleted cells. On the other
hand, the efficacy of AZD8055 was observable in nutrient rich cells by inhibiting of
RPS6 phosphorylation at both residues examined.

Western blot densitometric analysis was employed to quantify the levels of
phosphorylated RPS6 (for both Ser235/236 and Ser240/244 residues), and the results
consistently showed no significant change with nutrient depletion compared to the
control cells. This outcome supports the presence of alternative regulatory

mechanisms for RPS6 phosphorylation triggered by nutrient depletion.
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Figure 3.5. Evaluation of the effect of mMTORCL1 activity on downstream effectors
upon treatment with AZD8055

HCT-116 cells were cultured with nutrient depleted media (ND) for 24 hours. The
cells were incubated in the nutrient rich (NR) medium for 24 hours as a control.
Where indicated, the cells were co-treated with 5 uM AZD8055 in NR or ND media
for 24 hours and collected for protein isolation. 10 ug proteins were loaded on an
12% SDS-PAGE gel. A representative blot from two independent replicate is
indicated (A). Fold changes in proteins with respect to controls are shown in
densitometric analyses graphs (=SEM) (B). Statistical analyses were carried out

using two-way ANOVA followed by Dunnett multiple comparison test (*p<0.05).
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3.3  Evaluation of the RPS6 Activation in the context of Components of the

Culture Medium

In addition to the identification of the upstream activators of RPS6, we also identified
which components of the complete medium play a crucial role and are required for
the mTORC1-related activation of RPS6. For this reason, the cells were first nutrient
depleted for 24 hours. Next, these cells were replenished with the nutrient depleted

medium containing each of the additional components individually for 24 hours.

As seen in Figure 3.6, neither FBS nor amino acids (L-Glutamine, NEAA and L-
Alanine) were as efficient as glucose or the complete medium to re-activate both p-
P70S6K and p-4EBP1. However, the phosphorylation of RPS6 at Ser235/236, but
not S240/244 was increased dramatically in the presence of amino acids, which may
suggest an mTORC1- independent activation of RPS6.
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Figure 3.6. Evaluation of the activation of RPS6 and its upstream effectors in

response to supplementation of components one by one

HCT-116 cells were cultured with nutrient depleted media (ND) for 24 hours, with
nutrient rich (NR) medium for 48 hours as a control, and ND media for 24 hours
then replenished with the specified media for 24 hours, then collected for protein
isolation. 10 ug proteins were loaded on 12% SDS-PAGE gel. A representative blot
from two independent biological replicates is shown. Fold changes in the
phosphorylation of the proteins with respect to controls are shown. Statistical
analyses were carried out using two-way ANOVA followed by Dunnett multiple

comparison test. None of the protein markers showed a significant increment.
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3.4  The Assessment of the Effect of Ras Mutagenesis on MAPK Dependent
RPS6 Activation in Nutrient Depleted Cells

Since the HCT-116 cell line is Ras mutated, next it was determined whether
hyperactive KRAS/MAPK signaling plays any role in the response to nutrient
restriction. Of note, an independent thesis study in our lab showed that LoVo cells
(also with a Ras mutation) behaved very similarly to HCT-116 cells upon nutrient
depletion (Oral, 2023). To further determine whether this activation is mainly
regulated via MAPK pathway, Caco-2 colorectal cancer cells which has wild type
BRAF and KRAS (Ahmed et al., 2013) were treated with either AZD8055 or U0126

in the concentrations specified before.

In contrast to our findings with HCT-116 cells, our experiment with the Caco-2 cell
line (Figure 3.7) revealed no significant increase in phospho-RPS6 levels at both
residues after incubation with nutrient depleted medium for 48 hours (optimized
duration for Caco-2). As seen in Figure 3.7, U0126 treatment also did not lead to any
significant change in the RPS6 levels in both nutrient rich and nutrient depleted
conditions. In addition, the p-ERK1/2 levels in the nutrient depleted condition were
low in contrast to the HCT-116 cell line. Moreover, the AZD8055 inhibited the
upstream effector of RPS6 clearly with a significant decrease seen in p-P70S6K
levels, as well as with a decrease seen in p-RPS6 levels itself.

This deviation in findings between HCT-116 and Caco-2 cells may reveal
heterogeneous responses in the molecular processes controlling RPS6
phosphorylation in response to nutrient depletion in these two different cell lines

having different mutations.
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Figure 3.7. Investigation of the effect of mTORC1 and MAPK on RPS6
phosphorylation in Caco-2 colorectal cancer cells

Caco-2 cells were cultured with nutrient depleted media (ND) for 48 hours, with
nutrient rich (NR) medium for 48 hours as a control. Where indicated, the cells were
co-treated with 5 uM AZD8055 in NR or ND media or treated with 24 hours nutrient
depleted media prior to 0.5 uM UO0126 for 24 hours. After treatments, cells were
collected for protein isolation. 30 ug proteins were loaded on 12% SDS-PAGE gel.
Representative blot from one biological replicate is indicated. Fold changes in
proteins with respect to controls are given with values. Statistical analysis was
carried out using two-way ANOVA followed by Dunnett multiple comparison test
(***p<0.001, **p<0.01).
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35 In Silico Investigation of the Correlation of Co-activation of ERK1/2 and

Ribosomal Protein S6

To further evaluate the relationship between ERK1/2 and RPS6 phosphorylation at
S235/236 and S240/244, the Reverse Phase Protein Array analysis of the Colon
Adenocarcinoma (COAD) cohort available from The Cancer Genome Atlas (TCGA)
was incorporated. In addition to the in vitro analyses that showed a concomitant
activation of RPS6 and ERK1/2, proteins of the colorectal cancer tumors currently
available in RPPA showed a significant and strong positive correlation between the
phosphorylation of ERK1/2 and RPS6 (Figure 3.8).

S6_pS2355236 S6_pS240S244

R=0.38,p=5.6e-13 - [R=03 p=21e-08

Ribospmal protein S6 Expression

2 -2 -1 0 1 2
pT202Y204

1
MAPK

Figure 3.8. The correlation analysis to elucidate the relationship between the
phosphorylation of RPS6 and ERK1/2 in colorectal cancer patients

The TCGA cohort's reverse phase protein array (RPPA) data for RPS6
(phosphorylation at Ser235/236 and Ser240/244) and ERK1/2 (T202/Y204) were
analysed to elucidate the relation according to the clinical outcomes. Spearman’s

47



Figure 3.8. (cont’d) correlation coefficient was implied due to the non-normal

distribution of the data. The data and the figure were generated by Ismail Giiderer.

3.6  Evaluation of the Global Translation with Polysome Profiling in HCT-
116 Cells in Response to MEK Inhibitor U0126

Translation, which is an energy-demanding process, plays a crucial role in governing
gene expression. In response to different stimuli, translation is regulated by
converging signaling pathways through the mTOR and MAPK. As the downstream
component in translation machinery, RPS6 is one of the most important targets that
is activated via both Ras/ERK and mTORCL1 pathway through RSKs and S6K,
respectively, at the Ser235/236 residue (Roux & Topisirovic, 2018). In this study,
based on the correlation between MAPK and RPS6 activation, the effect of nutrient
depletion and ERK1/2 inhibition on global translation and translation efficiency
were assessed by polysome profiling. In addition, the presence of phosphorylated
RPS6 protein in different types of ribosomal particles (40S, 60S, 80S, light and heavy
polysomes) was evaluated. For this purpose, HCT-116 cell lysates treated with
specific chemicals or media were loaded onto a linear 10-50% sucrose gradient, and
fractions were collected from the gradient. The input was used as a control to

determine the success of the treatments.

As seen in Figure 3.9. A & B, Western blot analysis containing each fraction revealed
that p-RPS6 in nutrient-rich and U0126 treated cells was found weakly in the
supernatant and was detected all along the gradient including free subunits
corresponding to the 40S and 60S, 80S (monosomes) and also polysomes (both light
and heavy). In addition, as seen in Figure 3.9. C & D, p-RPS6 in nutrient-depleted
and U0126 treated cells was not found in the supernatant, was found weakly in the
free subunits corresponding to the 40S and 60S and was detected strongly in 80S
(monosomes) and weakly all along the polysomes. The profile of the nutrient-rich
cells suggest that a significant portion of ribosomes were engaged in polysomal
translation compared to the nutrient-rich U0126 treated cells and nutrient-depleted
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plus U0126 treated cells. A potential slowdown in the translation can be observed in
the profile which indicates a shift in the translation dynamic through an increase in
the 80S level. Moreover, the 80S level was augmented in response to ERK1/2
inhibition with U0126 treatment and nutrient depletion. These 80S ribosomes (but
not the 40S or 60S tibosomes or polysomes) also contained high levels of total and
phosphorylated RPS6.
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Figure 3.9. Evaluation of the polysome profile of HCT-116 cells with corresponding

treatment

Polysome profile of total lysate from HCT-116 cells separated on a 10-50% sucrose

gradient. In the fractions, input corresponds to the total lysate, which was not Figure
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3.9. (cont’d) fractionated, supernatant corresponds to the first two fractions
obtained from sucrose gradient, 40S and 60S corresponds to the small and large
ribosomal subunits respectively, the 80S corresponds to 80S ribosomes (monosomes)
and the polysomes containing heavy (fraction 9) and light fractions (fraction 12) are
indicated. F represents the fractions with their corresponding numbers. The
expression of total RPS6 and p-RPS6 (Ser235/236) proteins were analyzed in the
fractions using western blot. Equal volume of (25 uL) the fractions obtained from
the gradient was loaded on 12% SDS-PAGE gel. A representative profile and blot
from two independent biological replicates are indicated. (A) represents the
polysome profile of the cells in nutrient rich medium, (B) represents the profile of
the cells treated with 0.5 uM UQ0126 for 24 hours, (C) represents the polysome profile
of the cells in nutrient depleted medium and (D) represents the profile of the cells
treated with 0.5 uM U0126 for 24 hours in nutrient depleted medium. Ribosomal
profiling was carried out in collaboration with Prof. Encarna Martinez-Salas in the

context of COST Action “Translational control in Cancer European Network”

(TRANSLACORE) CA21154.

3.7 Investigation of the Integrated Stress Response Upon Nutrient Depletion
in HCT-116 Cells

The integrated stress response (ISR) pathway is a stress sensing mechanism activated
in response to different environmental stimuli to subsequently provide
phosphorylation of eIF2a at Serine 51 to modulate the translational rate. Meanwhile,
the translation of specific MRNAs such as ATF4 (a transcription factor) is enhanced
to maintain the protein homeostasis (Holmes et al., 2022). We observed a high level
of ATF4 in nutrient rich cells, which increased further with nutrient depletion as
early as 2 hours and remained high for the entire duration of nutrient depletion. On
the other hand, p-elF2a (Ser51) was also high in nutrient rich cells. Upon nutrient-
depletion, p-elF2a remained high for the first 6h, after which a gradual decrease was

observed over time.
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This observation suggests that while p-eIF2a activity leads to an increase in the
expression of ATF4 for the first few hours of starvation, ATF4 may remain activated
via non-elF20 mediated processes upon prolonged starvation in order to maintain
survival in cells under nutrient stress. To further determine the activity of ISR upon
nutrient depletion, HCT-116 cells were treated with 100 nM ISR inhibitor (ISRIB)
simultaneously for the last 2 hours of 24 hours nutrient depletion. As a positive
control of active ISR, nutrient rich cells were treated with 1 ug/mL Tunicamycin
(ER-stress inducer). As seen in Figure 3.10 (B), ISRIB treatment decreased the ATF4
levels, suggesting the possibility of activation of ISR. Of note, no inhibition of p-
elF2a was observed with ISRIB since the drug is functional downstream of elF2a

(Anand & Walter, 2020).

Another interesting observation from this western blot is the high p-elF2a level in
the nutrient rich cells compared to the nutrient depleted cells in which amino acids
and growth factors are reduced. We speculate that under nutrient rich conditions
cancer cells have a high rate of protein synthesis, which may lead to an unfolded
protein response and therefore ISR. Loss of nutrients can be tolerated by the cells for
about 16h (other members of our lab have carried out further experiments with 16h
of nutrient restriction), after which the inhibition of protein translation (please see
polysome profiling data) may relieve any ER stress and therefore activation of p-
elF2a.
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Figure 3.10. Evaluation of the ISR activation in response to nutrient depletion in

HCT-116 colorectal cancer cells

(A) HCT-116 cell treated with nutrient rich and nutrient depleted medium at
determined (0-24 hours) time points showing the phosphorylation of elF2a. and the
levels of ATF4. (B) HCT-116 cells were cultured with either nutrient rich or nutrient
depleted medium only for 24 hours and 100nm ISRIB or vehicle (DMSO) was added
in the last 2 hours of total treatment duration. 10-75 ug proteins were loaded on 12%
SDS-PAGE gel. Representative blot from 2 independent biological replicates is
shown. Fold changes in proteins with respect to controls are given with values.
Statistical analysis was carried out using two-way ANOVA followed by Dunnett

multiple comparison test (*p<0.05) values.

Next, we determined which component of the complete medium could be implicated
in the increase in the ISR markers. For this reason, the cells were first nutrient
depleted for 24 hours; next, these cells were replenished with the nutrient depleted
medium containing L-glutamine or FBS or glucose or NEAA that were added
individually and equal to the concentration found in the complete medium. As seen
in Figure 3.11, both ATF4 expression and p-elF2a levels were particularly low in
the cells replenished with NEAA or L-Alanine. Since the amino acid supply was
increased in the environment, this may trigger the cells to reactivate the translational

machinery with the decreased phosphorylation of e[F2a. These data suggest that the
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activation of ATF4 and elF2a (at 2-6h of nutrient depletion) may have resulted from
the loss of amino acids from the culture medium. At the later stages (24 hours of
nutrient depletion), an overall decrease in protein translation may have led to a relief
of any ER stress and therefore a decrease in p-elF2a. .
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Figure 3.11. Abrogation of ISR in nutrient restricted cells replenished with amino

acids

HCT-116 cells were cultured with nutrient depleted media (ND) for 24 hours, with
nutrient rich (NR) medium for 48 hours as a control, and ND media for 24 hours
then replenished with the ND medium containing the specific supplements
individually for 24 hours, then collected for protein isolation. 10 ug proteins were
loaded on 12% SDS-PAGE gel. Representative blot from two independent biological
replicates is shown. Fold changes in protein levels with respect to controls are
shown. Statistical analyses were carried out using two-way ANOVA followed by

Dunnett multiple comparison test (*p<0.05).
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3.8 Investigation of the Metabolic Vulnerability Upon Nutrient Depletion
and in Combination with ERK Inhibition in HCT-116 Cells

In tumors, extracellular signal-related kinases (ERKs) promote cell proliferation and
migration while also regulating apoptosis and differentiation when facing
environmental stresses, including challenges posed by chemotherapy. Due to its
pivotal role as a sensor for external signals ERKs may detect changes in the tumor
microenvironment to initiate adaptive responses in cancer cells mainly via
downstream effectors including RSKs. RSKs can also control cell proliferation,
survival, and migration (Salaroglio et al., 2019). Therefore, to test whether MEK
inhibition may lead to any change in cell viability of HCT-116 cells in nutrient rich
and nutrient depleted media, HCT-116 cells were treated with U0126, and cell
viability was detected with Trypan Blue exclusion assay.

As seen in Figure 3.12 (A), none of the concentrations of U0126 affected the viability
of HCT-116 cells. Therefore, the activity of the ERK1/2 was assessed in the presence
of the different concentrations of U1026 by western blot (Figure 3.12 B). The
phosphorylation of ERK1/2 remained unchanged in nutrient rich cells at the different
concentrations of U0126, while the phosphorylation levels showed a dose dependent
decrease in the nutrient depleted cells. Of note, some ERK1/2 phosphorylation was
retained even with the highest concentration of the inhibitor. This suggests that
U0126 may not completely suppress ERK1/2 phosphorylation; any residual activity

may be sufficient to ensure cell proliferation.
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Figure 3.12. Investigation of the MEK inhibitor U0126 on the cell viability of HCT-

116 cells in response to nutrient depletion.

HCT-116 cells were incubated with either nutrient rich or nutrient depleted medium
for 24 hours and supplemented with MEK inhibitor U0126 at four different
concentrations (0.5uM - 10uM) as well as vehicle. (4) Trypan Blue Exclusion Assay
was carried out on the U0126 treated cells using a BioRad TC20 Automated Cell
Counter. (B) HCT-116 cells were incubated in the nutrient rich or deficient medium
and co-treated with U0126 (0.5uM - 10uM) for 24 hours. The cells were collected
for protein isolation. 10-15 ug proteins were loaded on 12% SDS-PAGE gel. Data
in panel A, represent the two independent biological replicates of HCT-116 cells
with standard error of the mean (SEM) values. Statistical analysis was carried out
using ordinary one-way ANOVA. The change of the viability between groups were

not significant.

10 uM U0126 was selected as the concentration to determine whether a combination
of ERK1/2 inhibition with a chemotherapy drug (5-FU and Cisplatin) can lead to
increased cell death. However, the metabolic vulnerability of the nutrient depleted
HCT-116 cells did not change any further even when combined with Cisplatin or 5-
FU (Figure 3.13). The metabolic activity assessed by MTT Assay may indicate that
the nutrient depleted cells maintain resistance to drugs via a pathway independent
from the ERK1/2 pathway. Of note, a strong inhibition of metabolic activity/cell
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viability with 5-FU and U0126 alone and in combination in the nutrient rich cells
was observed. This suggests that nutrient depleted cells may activate adaptive
pathways to maintain survival even in the presence of chemotherapy drugs. No
sensitization of HCT-116 cells (which has a Ras mutation) to chemotherapeutic

drugs was not observed in the presence of U0126.
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Figure 3.13. The Effect of MEK Inhibition on Metabolic Activity of HCT-116 Cells

The change in metabolic activity of HCT-116 cells in response nutrient restriction
and chemotherapeutic drugs was evaluated with an MTT Assay. The effect of MEK
inhibitor U0126 was assessed in combination with 5-FU or cisplatin. Data
represents 2 independent biological replicates for MTT Assay with = SEM. The two-
way ANOVA followed by Dunnett multiple comparison test (*p<0.05, **p<0.01) was

performed as statistical analysis.
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3.9 Investigation of the Metabolic Vulnerability Upon Nutrient Depletion
and Integrated Stress Response Inhibition in HCT-116 Cells

Activation of ATF4 via ISR can rewire cellular metabolism, enhance amino acid and
antioxidant production, and counterbalance cellular stress. In cases of persistent
stress, ISR might eventually lead to apoptotic cell death. Nonetheless, the processes
dictating how the ISR regulates both cell survival and death in response to various
types of stresses are unknown (Bilen et al., 2022). The activation of ATF4 in nutrient
depleted cells was observed and reasoned that this might contribute to resistance to
chemotherapy drugs. Therefore, the effect of ISR suppression on HCT-116 cell
survival and metabolic activity in nutrient-rich and nutrient depleted HCT-116 cells
incubated with the ISR inhibitor ISRIB in a dose dependent manner, in combination
with the chemotherapeutic reagent 5-FU were evaluated.

The metabolic activity (viability) of nutrient depleted cells was not altered with
different concentrations of ISRIB while 200 nM ISRIB concentration could
significantly decrease the MTT signal in the nutrient rich cells (Figure 3.14 A). No
significant sensitization of nutrient depleted or nutrient rich cells to 5-FU was
observed when used in combination with ISRIB (Figure 3.14 B). These data suggest
that the resistance mechanism elicited by the nutrient depleted medium may not be
related to ISR.
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Figure 3.14. The effect of Integrated Stress Response Suppression on metabolic
activity

The change in metabolic activity of HCT-116 cells in response nutrient restriction,
ISR inhibition and chemotherapeutic drugs was evaluated with an MTT Assay. (A)
The dose dependent effect of ISR inhibitor ISRIB alone was assessed. Data
represents 4 independent biological replicates for MTT Assay with = SEM. The data
were analyzed with two-way ANOVA followed by Tukey multiple comparison test
(****p<0.0001). (B) A combination of ISRIB with 5-FU was assessed at the
indicated concentrations. Data represents the average of 2 independent biological
replicates with + SEM. A two-way ANOVA followed by Dunnett multiple comparison

test was performed as statistical analysis.
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CHAPTER 4

DISCUSSION

Tumors, including colorectal cancer (CRC), are known to adapt to stresses such as
nutrient deficiency by rewiring their metabolism as well as oncogenic signaling to
gain survival advantages (Miyo et al., 2016). Nutrient availability plays a pivotal role
in the regulation of cell behavior and growth. Therefore, the abundance, activity, or
both, of a multitude of transcription factors can be modulated to alter the expression
of genes related to energy metabolism, survival, and proliferation (Kino et al., 2010;
Y. Zhang et al., 2023).

The diminished expression or activity of key metabolic enzymes can have significant
effects on the levels of metabolites and their precursors. Cancer cells exhibit
increased requirement for specific nutrients or metabolic by-products even in the
absence of metabolic defects. These distinct metabolic profiles of cancer cells can
be potentially exploited as vulnerabilities for anti-cancer therapies (Garcia-
Bermudez et al., 2020). Thus, based on their specific requirements, cancer cells can
be starved of specific nutrients as a therapeutic option. Understanding the resilience
of cancer cells to metabolic interventions is therefore crucial for the improvement of

comprehensive and combinatorial anticancer strategies (X. Wang et al., 2022).

Several studies have explored the starvation of colorectal cancer cells with the
individual, partial or total removal of nutrients (Conacci-Sorrell et al., 2014;
Devenport et al., 2021; Miyo et al., 2016; Sato et al., 2007). In this thesis, the
starvation response of colorectal cancer cells incubated in an optimized nutrient
depleted medium (glucose and glutamine-free RPMI medium supplemented with 1%
FBS, 0.1g/L glucose, and 0.2mM L-glutamine) was evaluated. Although a complete
removal of nutrients by using Hank’s buffered saline solution (HBSS) and/or Earle’s

buffered salt solution (EBSS) has been reported in the literature, the optimized
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nutrient depleted medium used in the current thesis provides a more physiologically
relevant environment while preventing the acute cell death due to the accumulation
of reaction oxygen species (ROS) when nutrients are completely removed (Uriarte
etal., 2021; Wu et al., 2013). My study demonstrated for the first time that HCT-116
colorectal cancer cells incubated in the nutrient restriction medium showed the
activation of ribosomal protein S6 (RPS6) via an mTOR independent process and
via the activation of extracellular signal-regulated kinases (ERK1/2). In addition, the
potential upstream activators of RPS6 and the effect of this activation on general

global translation in the context restricted nutrient availability were examined.

4.1  Cell Viability, Metabolic Activity and Nutrient Sensing Pathway
Activation with Response to Nutrient Depletion in HCT-116 Colorectal

Cancer Cells

4.1.1 The Effect of Nutrient Depletion on Cell Viability and Proliferation

Normal tissue growth is highly regulated, and very different from the regulation
observed in tumors. As a hallmark of cancer, deregulated signaling pathways that
can activate cell growth and cell cycle progression can cause increased and
uncontrolled proliferation of cells (Uriarte et al., 2021). Cancer cells require nutrients
to sustain their growth; withdrawal of nutrients can cause extensive cell death
through the activation of apoptotic pathways in cancer cells (Kim, 2010; Sa-nongdej
etal., 2021).

We have conducted multiple assays to provide a more comprehensive understanding
of cellular responses of HCT-116 colorectal cancer cells to nutrient depletion. As a
viability assay, the Trypan Blue Exclusion assay indicated that HCT-116 cells were
viable at 24 hours of nutrient restriction; however, the viability decreased by nearly
50% when the nutrient depletion was extended to 48 hours. An MTT assay showed
that the reductive activity displayed a robust decrease with 24-48 hours of starvation
suggesting that both viability and metabolic activity of cells were decreased (Figure
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3.1 A&B, E). Since HCT-116 cells are highly proliferative, cell viability and
metabolic activity may decrease significantly when the required nutrients are not
available in the environment (Simanurak et al., 2023). A clonogenic assay, on the
other hand, showed that the ability of cancer cells to generate colonies from single
cells was maintained even with prolonged starvation, although the colony sizes were
smaller. This suggests a decrease in the proliferation rate of cells that retain their
viability upon nutrient depletion (Figure 3.1 C&D). Of note, such viable cells may
retain their aggressiveness (Yeung et al., 2010). In fact, we observed that the nutrient
depleted cells were capable of formation of tumors in an in vivo Chorioallantoic
membrane (CAM) assay with only a modest (non-significant) change in tumor

volume compared to the nutrient rich control cells (Figure 3.2).

4.1.2 The Effect of Nutrient Depletion on Nutrient Sensing mTOR
Pathway

The effect of nutrient depletion on the mTOR-related nutrient sensing mechanisms
was assessed as a function of time. The mTOR pathway plays a key regulatory role
by integrating many signal transduction pathways to activate cell cycle progression,
protein translation, cellular metabolism, and cell growth and inhibit autophagy in
response to energy and nutrient availability in cells (Condon & Sabatini, 2019).
Therefore, the activation of the mTOR pathway through the phosphorylation and
activation of p70S6K at Thr389, 4EBP1 at Ser65 and p70S6K dependent activation
of 40S ribosomal protein S6 (RPS6) at both Ser235/236 and S240/244 by western
blot were examined. A gradual decrease in the phosphorylation of p70S6K at
Thr389, 4EBP1 at Ser65 and RPS6 at Ser 240/244 was observed over several hours
of nutrient depletion, as expected. However, to our surprise, the phosphorylation of
RPS6 at the Ser 235/236 site did not decrease; rather, the protein retained its
phosphorylation for 24th hours of nutrient depletion (Figure 3.3).

RPS6 participates not only in ribosomal biogenesis and translational regulation, but

also in cell cycle progression, proliferation, and growth regulation in addition to cell
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migration, drug resistance and apoptosis (Yi et al., 2022). These multifaceted roles
of RPS6 suggest its role as an indispensable target that is activated upon nutrient

depletion and inhibition of mMTORC1 signaling.

Although RPS6 is known to be strongly activated via mTORC1, alternative upstream
activators of RPS6 phosphorylation at Ser 235/236, such as the (RAF)/MAPK-ERK
kinase (MEK)/extracellular signal-regulated kinase (ERK)/Ribosomal S6 kinase
(RSK) cascade have been identified (Yi et al., 2022). Therefore, whether the MAPK
pathway was functional in the activation of RPS6 with nutrient depletion was
examined. For this, the phosphorylation of ERK1/2 and p90RSK for the duration of
nutrient depletion was examined. After 24th hours of nutrient depletion, it was
observed that both ERK1/2 and p90RSK activity were high; RPS6 phosphorylation
at Ser 235/236 was also high at this time point (Figure 3.4 A&B). Of note, the
phosphorylation of both ERK1/2 and p90RSK remained high at 48-72 hours of
nutrient depletion even when the phosphorylation of RPS6 at Ser 235/236 was
decreased. Thus, ERK1/2 may contribute towards the activation of RPS6 only for a
certain duration after mTOR activity was lost. At durations of starvation longer than
48 hours, extensive cell death in HCT-116 cells was observed; therefore, 24 hours of

nutrient depletion was selected as the optimal time point for further analyses.

Since RPS6 is a very well-established downstream target of the mTOR pathway, we
wanted to confirm whether any residual mMTORC1 activity was responsible for the
phosphorylation of RPS6. For this, the mTOR kinase inhibitor AZD8055 was used.
The nutrient rich control cells showed a significant decrease in P70S6K, 4EBP1 and
RPS6 activation upon treatment with AZD8055. This was expected since the nutrient
rich cells had a functional mTORC1 pathway (Figure 3.5 A&B). The nutrient
depleted cells showed minimal phosphorylation of P70S6K and 4EBP1, which could
not be inhibited any further with AZD8055. Importantly, no change in the
phosphorylation of RPS6 at Ser235/236 was observed in nutrient depleted cells
treated with AZD8055, while a slight decrease was observed in Ser240/244. These
findings demonstrated the independence of RPS6 activation from mTORC1

signaling upon nutrient depletion.
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To substantiate whether ERK1/2 led to the activation of RPS6, the nutrient rich and
restricted cells were treated with a low concentration (0.5uM) the MEK1/2 kinase
inhibitor U0126. This concentration was selected since we wanted the MAPK
pathway to be inhibited without causing extensive cell death. It was observed that
treatment at this low concentration was sufficient to robustly decrease the
phosphorylation of RPS6 at Ser 235/236 while modestly decreasing the
phosphorylation of p-ERK1/2 and p-P9ORSK in nutrient rich and depleted HCT-116
cells (Figure 3.4 C&D). The modest decrease in the phosphorylation of ERK1/2 and
RSK in cells treated with the MEK inhibitor may be associated with the gain of
alternative mechanisms to keep the MAPK pathway active in HCT-116 cells that
have a Ras mutation (Kun et al., 2021). These data suggest that ERK1/2 may be
activated in nutrient deficient cells to compensate for the activation of the mTORC1
pathway, which was almost completely inhibited. This temporal regulation of
ERK1/2 activation may be related a rewiring of metabolism-related signaling close
to the doubling time of approximately 20-24 hours of HCT-116 cells (Ahmed et al.,
2013). The cycling time may become longer upon serum deprivation via the nutrient
depleted medium. Hyperphosphorylation of RPS6 was shown to be correlated with
oncogenic RAS-induced cell-cycle arrest and the extra-ribosomal functions of RPS6

in the regulation of cell-cycle progression and proliferation (Yi et al., 2022).

Next, we evaluated which component of the nutrient restricted medium was
responsible for the activation of ERK1/2 and the loss of mTOR signaling. For this,
24 hours nutrient depleted cells were subjected to the replenishment of different
components of the culture medium such as amino acids, glucose, serum, and growth
factors (Figure 3.6). Several studies have shown that alanine on its own can promote
MTORC1 activation (Dyachok et al., 2016; Takahara et al., 2020). The culture
medium was replenished with a mixture of non-essential amino acids (NEAA) and
L-alanine (8.9 mg/L) that also included 0.2 mM L-glutamine. Interestingly,
supplementation of the nutrient deficient cells with NEAA was not sufficient to
reactivate mTOR (phosphorylation of p70S6K) but was sufficient to activate RPS6.
The reactivation of mTOR (phosphorylation of p70S6K and 4EBP1) was seen in
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cells replenished with glucose alone but not upon replenishment with serum or amino
acids. Another interesting observation was the increased phosphorylation of RPS6 at
Ser235/236, but not at Ser 240/244 in response to amino acid supplementation. This
observation implies that the two phosphorylation sites of RPS6 may respond to

alternative kinases, particularly in response to diverse stimuli.

Since our findings are related to the MAPK pathway, we examined whether these
responses to nutrition deprivation were exclusive to cell lines with a Ras mutation.
Therefore, we examined whether similar responses would be observed Caco-2 cells
line which has wild type BRAF and KRAS (Ahmed et al., 2013). Caco-2 cells showed
a robust decrease in phosphorylation of RPS6 at both residues in response to both
nutrient depletion and AZD8055 treatment. More importantly, U0126 treatment did
not decrease the phosphorylation of RPS6 in both nutrient depleted and rich
conditions (Figure 3.7). This suggests that unlike the Ras mutated HCT-116 cells,
RPS6 in Caco-2 was primarily regulated by mTOR. This finding may provide
context for future research into targeted therapeutics suited to particular mutational

backgrounds in colorectal cancers.

To establish whether the co-activation of RPS6 and MAPK (ERK1/2) was also
relevant to human colorectal cancer, Reverse Phase Protein Array data from The
Cancer Genome Atlas (TCGA) Colon Adenocarcinoma (COAD) cohort was
assessed. Specifically, the correlation between RPS6 phosphorylation at residues Ser
240/244 or Ser 235/236 and ERK1/2 at Thr 202/Tyr204 was analyzed. Our data
demonstrated a high correlation (Spearman's correlation coefficient) between the
phosphorylation levels of ERK1/2 and RPS6. Notably, a more substantial and robust
correlation was identified for RPS6 phosphorylated at S235/236 (Figure 3.8). These
data suggest that ERK1/2 mediated phosphorylation of RPS6 may be relevant to
human cancers as well. Such associations highlight the compensatory activation of
alternative signaling cascades in cancer cells to maintain cell growth and
proliferation when a mitogenic pathway such as mTOR is inhibited. Further research

into the functional implications of this link could provide important insights into the
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underlying mechanisms that drive colorectal cancer growth, potentially guiding the

development of targeted therapy options.

4.2 The Effect of RPS6 Activation on Global Translation in Nutrient
Depleted HCT-116 Cells

Since we observed that RPS6, a protein found in the small subunit of the ribosome,
was active in nutrient depleted cells, we hypothesized that the active RPS6 may
affect the translational profile of HCT-116 cells. Therefore, polysomal profiling was
used to assess the distribution and phosphorylation of RPS6 in the different
ribosomal fractions and its effect on global translational profile in nutrient depleted
cells. Since our data suggested that the sustained phosphorylation of RPS6 in nutrient
depleted cells was mediated by ERK1/2, polysome profile in HCT-116 cells treated
with the MEK inhibitor U0126 was also examined. Polysome profiling with a
sucrose gradient is a well-established method for separating ribosomal subunits,
monosomes, and polysomes. This technique determines the absorbance of mMRNA
(and thereby its abundance) in different fractions (monosomes, polysomes etc),
providing a snapshot of the state of translation under different growth conditions or
treatments. Ribosomal profiling entails deep sequencing of ribosome-protected
mRNA fragments (RPFs), which enables genome-wide monitoring of ribosome
position and density (Liu & Qian, 2016).

Polysome profiling (carried out in collaboration with Prof. Encarna Martinez-Salas
and Prof. Dr. Biinyamin Akgiil) revealed a unique footprint of free 40S and 60S
subunits, 80S (monosomes) and polysome fractions in HCT-116 cells with nutrient
deficiency or MEK inhibition. We observed that in both nutrient rich and restricted
cells, phosphorylated RPS6 (Ser235/236) was associated more prominently with the
monosome fractions, while its association with polysomes was decreased in response
to nutrient depletion. Notably, the polysome fractions were decreased while the
monosome fractions were increased in the nutrient depleted cells (Figure 3.9 A, B,

C & D). Nutrient restriction is known to cause disintegration of the polysome and an
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increase in the 80S monosomal fraction (Liu & Qian, 2016), which was observed in
HCT-116 cells as well.

The MAPK pathway is a major regulatory pathway in translational regulation (Yuan
et al., 2020). The constitutive mitogenic activity of ERK1/2 in Ras mutated HCT-
116 cells grown in complete medium was reflected by a robust rate of translation in
the polysome profile. The polysome area was slightly decreased upon the treatment
with MEK inhibitor, U0126, while 80S peak was increased. This may indicate a
slight decrease in translational rate when MEK was inhibited. However, the profiling
approach may not provide an accurate picture of the formation of monosomes, i.e.
whether they are formed from the re-association of free ribosomal subunits or
whether they are localized on actively translated mRNAs. In addition, it is currently
unknown whether the “empty” ribosomes that are not associated with any mRNAs
are artefacts of sample preparation or have undiscovered biological importance (Liu
& Qian, 2016).

We observed a remarkable decrease in the polysome peaks and increase in the
monosome peaks in response to nutrient depletion. This may be indicative of
decreased activity of the mTOR pathway, and its downstream effectors involved in
translational regulation. mTOR signaling regulates protein translation primarily
through eukaryotic translation initiation factor 4E (elF4E)-binding protein (4E-BP),
ribosomal protein S6 kinase (S6K), and their downstream targets. These components
play an important role in the rapid cellular response to environmental changes (Yang
et al., 2022). Therefore, an active RPS6 is not the only factor that can regulate
translational efficiency via mTOR. On the other hand, the basal RPS6 dependent
translational activity may increase ribosomal biogenesis and translation of specific
target mRNAs with a 5’-terminal oligopyrimidine track (5’-TOP mRNAs) (Yi et al.,
2022). This 5’TOP motif, which is highly conserved, enables cells to respond to
changes to regulate expression of proteins involved in ribosome production and

translation to maintain cellular homeostasis (Cockman et al., 2020).
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The balance between initiation and total elongation time determines the relative
occupancy of polysomes and monosomes across the transcriptome. More
specifically, an mRNA tends to be mostly linked to polysomes if the initiation step
proceeds more quickly than the elongation phase. On the other hand, an mRNA is
more likely to be linked to monosomes when initiation is noticeably slower than
elongation (Heyer & Moore, 2016). The length of the ORF is also a crucial factor in
determining the number of ribosomes per mRNA. On the other hand, monosomes
can translate crucial regulatory proteins like transcription factors, kinases, and
phosphatases but also denote translational regulation with respect to the length of the
open reading frame (ORF). The shortest canonical ORFs in coding sequence genes
are often occupied by a single ribosome (Heyer & Moore, 2016). The shift to an
increase in the monosome fraction in nutrient depleted cells could be related to
alterations in the initiation of translation due to a decrease in the amino acid pool
(Figure 3.9 C&D). Consequently, RPS6 activation in nutrient depleted cells can
maintain a basal level of protein synthesis to preserve cell homeostasis.

4.3  The Effect of Integrated Stress Response Induction on Translational

Control

Since a decrease in the global translation was observed in the nutrient depleted cells
that are surviving, we hypothesized a role of a stress response pathway such as the
Integrated Stress Response (ISR) pathway in these cells. The ISR pathway is
triggered under a variety of stressors, including nutritional stress. Stressed cells
display the phosphorylation of eukaryotic initiation factor elF2, a key component of
the ISR, at Serine 51. This phosphorylation leads to inhibition of 5'cap-dependent
translation, resulting in a significant decrease in protein synthesis and serves to
conserve macromolecules such as amino acids during times of scarcity. Interestingly,
several mMRNAs implicated in the cell's stress response, such as the transcription
factor ATF4, can show increased expression in the presence of ISR (Licari et al.,
2021). To evaluate whether ISR was activated in nutrient restricted HCT-116 cells,
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the activation of key ISR proteins p-elF2a (Ser 51) and ATF4 were examined by

western blot.

elF2 dependent expression of ATF4 is canonical signal transduction pathway for
ISR. It was observed that ATF4 and p-elF2a (Ser51) levels were high in nutrient rich
cells, suggesting the activation of ISR even under nutrient replete conditions. elF2a
can be activated downstream of three independent kinases: PERK, reflecting
endoplasmic reticulum (ER) stress; GCN2, reflecting amino acid stress and HRI,
reflecting oxidative stress (Ryoo & Vasudevan, 2017). Cancer cells synthesize
numerous proteins and growth factors that may lead to ER stress, which may be
reflected in the high elF2a phosphorylation (Tunger et al., 2020), even when
nutrients are not limiting (Costa-Mattioli & Walter, 2020; Lewerenz & Maher,
2009). A gradual decrease in elF2a phosphorylation (Ser 51) was observed when the
duration of nutrient restriction was increased from 2 to 24 hours, although the protein
levels of ATF4 remained unchanged (Figure 3.10 A). These data hint at the p-elF2a
independent regulation of ATF4. Although both elF2a and ATF4 serve in the ISR,
the expression of the target genes differs for different cellular stressors. Thus, even
when cells are confronted with equivalent conditions, such as the absence of one
essential amino acid vs another, there is a large variation in the genes that are
differentially regulated (Mazor & Stipanuk, 2016). ATF4 may help tumor cells to
adapt to various environmental stimuli and lead to changes in gene expression that
can alter metabolism enhance vascularization along with cell survival and growth
(Wek & Staschke, 2010). Several studies have reported elF2a independent activation
of ATF4 (Ben-Sahra et al., 2016; Torrence et al., 2021; Zhai et al., 2021).

The decrease in p-elF2a at the later stages of nutrient restriction is also of interest.
There may be two potential mechanisms: prolonged starvation can lead to the
breakdown of cellular proteins by autophagy and the release of amino acids from the
lysosome, which can reactivate translation (Singh & Cuervo, 2011). However, no re-
activation of the mTOR pathway at the later stages of nutrient depletion was
observed, suggesting that this may not be the mechanism for the decreased
phosphorylation of elF2a. Another possibility is that the decrease of protein
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translation with nutrient depletion may have led to a mitigation of ER stress, and
thereby a decrease in p-eIF2a. Yet another possibility is that activation of elF2a is
necessary for cell survival, which becomes feasible only for the first 24 hours of
nutrient depletion. After this duration, the cells initiate the activation of cell death
pathways, which necessitates the inactivation of e[F2a. Future studies will establish
whether the decrease in elF2a phosphorylation is the trigger that is needed for loss
of cell viability.

To determine if high ATF4 expression in nutrient restricted HCT-116 cells even
when elF2a phosphorylation was diminished was due to ISR, ATF4 expression was
examined in cells treated with the small molecule ISR inhibitor ISRIB, which acts
downstream of eIF2a phosphorylation (Pavitt, 2013). As expected, no change in the
phosphorylation of elF2a was observed, while ATF4 levels were slightly decreased
in response to ISRIB treatment in both control and nutrient depleted cells (Figure
3.10 B). This modest change may be reflective of the concentration of the drug used
for the specific cell line, which might not have been sufficient to lead to any major
decrease in the expression of ATF4 or there might be other non-canonical activators
of ATF4. A recent study has shown that oncogenic BRAF could increase the
expression of ATF4 and its associated target genes in melanoma (Nagasawa et al.,
2020). The MEK-ERK system may also act as an upstream regulator for sustained
ATF4 expression. ERK1/2 was shown to provide a temporary signaling input from
the canonical protein synthesis apparatus to the transcriptional regulation of ISR in
HepG2 cells (Stone et al., 2021).

Cellular sensitivity to the availability of amino acids and the activation of ISR is
critical to the cell's ability to respond to changing nutritional circumstances. Cells
can adapt to amino acid stress and increase their chances of survival by regulating
protein synthesis and activating gene expression that can mitigate stress. As part of
the ISR, GCNZ2 acts as an early responder of low availability of amino acids, by
sensing tRNAs that are uncharged with amino acids. Signaling via GCN2 prevents
further depletion of intracellular amino acid pools by activating elF2a, which can

inhibit global protein synthesis (Jonsson et al., 2019). Although the actual activation
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of GCN2 in this thesis was not shown (the antibody purchased from Cell Signaling
Technology did not show adequate specificity and sensitivity and a replacement has
been requested), the fact that RPS6 phosphorylation was enhanced in nutrient
deficient cells supplemented with NEAA, elF2a was phosphorylated (Ser 51) and
ATF4 was activated with nutrient deficiency strongly hints at the activation of a

GCN2 mediated ISR (Figure 3.11) at the early stages of nutrient depletion.

Additionally, a remarkable decrease in the rate of translation in response to nutrient
depletion has been observed as seen by polysome profiling. Although the exact
mechanism for the translational slowdown was not identified in this thesis,
translational repression at the later stages of nutrient depletion (24 hours) when p-
elF2a is low may be due to a direct effect on the canonical translational machinery.

This idea is currently being explored in our laboratory.

4.4  Nutrient Depletion Dependent Chemoresistance in HCT-116 cells

Chemoresistance is the characterized by a loss of sensitivity of cancer cells to
chemotherapy, allowing the cells to survive in the presence of drugs intended to
prevent their proliferation. Highly proliferative cancer cells activate signaling
pathways that regulate nutrient availability and the flow of carbons and nitrogen
through metabolic pathways. This adaptation is crucial to meet the increased demand
for macromolecules. The availability of nutrients significantly influences both the
survival of cancer cells and their response to chemotherapy (Yeldag et al., 2018; Zhu
& Thompson, 2019). Our observation of ERK1/2 related activation of RPS6, ATF4
activity and translational regulation in the nutrient depletion suggested the activation
of survival mechanisms. We hypothesized that inhibition of ERK1/2 using the MEK
inhibitor U1026 may decrease cell viability. However, it was observed that treatment
of HCT-116 cells with UO126 did not decrease the phosphorylation of ERK1/2 or
the viability of nutrient depleted HCT-116 cells (Figure 3.12 A&B). Of note, U0126
treatment led to a robust decrease in phosphorylation of RPS6 at Ser 235/236. This
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surprising finding suggests the activation of alternative mechanisms for resistance of
HCT-116 cells to U0126.

Development of resistance to MEK inhibitors via the activation of alternate receptor
tyrosine kinases (RTKSs) such as the PI3K/AKT pathway has been reported.
Therefore, combinatorial inhibition of multiple pathways has come to the forefront
(Kun et al., 2021). Therefore, it was examined whether the combination of U0126
with chemotherapeutic drugs such as Cisplatin and 5-FU may lead to enhanced cell
death.

An MTT assay indicated that U0126 treatment led to a significant decrease in the
metabolic activity of the nutrient rich cells alone or in combination with different
doses of 5-FU; however, the change was not robust in the nutrient depleted cells. The
mechanism of action of 5-FU is primarily through the inhibition of the enzyme
thymidylate synthase (TS) by forming a stable complex. TS catalyzes the conversion
of deoxyuridine monophosphate to deoxythymidine monophosphate in the synthesis
of thymidine (Ghafouri-Fard et al., 2021). Resistance to 5-FU can be attributed to a
number of different mechanisms, such as increased expression of TS and other
enzymes of nucleotide biosynthesis pathways, inhibition of DNA repair pathways
via the methylation of MLHL1, or overexpression of anti-apoptotic proteins such as
Bcl-2, Bel-XL, and Mcl-1. (Untereiner et al., 2018; N. Zhang et al., 2008).

HCT-116 cells showed low sensitivity and high resistance to Cisplatin in both
nutrient rich and depleted cells and no additive effect was observed with MEK
inhibition (Figure 3.13). Although cisplatin is not used as a therapeutic option in
colorectal cancer, its mechanism of action by forming DNA adducts can prevent cell
division. One study proposed that cisplatin stimulates autophagy as a resistance
strategy for the survival of human bladder cancer cells (J. F. Lin et al., 2017). In
nutrient depleted HCT-116 cells the activation of autophagy, which may have led to
resistance to cisplatin, can be examined to provide an insight into the mechanistic

effect of autophagy on intervening in treatment efficacy.
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Overall, our observations suggest that nutrient depleted HCT-116 cells were not
susceptible to two different chemotherapeutic drugs. Among many other
mechanisms, the prolonged activity of ERK1/2 or other components of the MAPK
pathway such as p38 may lead to drug resistance. ERK1/2 has been shown to mediate
resistance to chemotherapy in several cancers including colon cancer (Salaroglio et
al., 2019). A previous study in our lab indicated a high expression of multidrug
resistance protein MDRL1 in nutrient depleted T84 colorectal cancer cells (Ezgi et al.,
2023). However, whether ERK1/2 plays a role in the upregulation of multidrug
resistance in nutrient depleted HCT-116 cells is currently unknown. A genetic
screening approach indicated that the unfolded protein response sensor kinase IRE1
is a critical component in the survival of colorectal cancer (CRC) cells harboring
mutant KRAS. JNK has been shown to influence resistance to 5-fluorouracil (5-FU)
in CRC by increasing BCL2 phosphorylation and autophagy, hence protecting
against 5-FU-induced apoptosis (Lee et al., 2020). The ability of cancer cells to adapt
to unfavorable environmental conditions gives them a selective advantage for

survival and proliferation over non-transformed cells.

Next, we examined whether the activation of the ISR could lead to the observed
resistance of nutrient depleted HCT-116 cells to chemotherapy drugs. However, we
observed that co-treatment of HCT-116 cells with ISRIB and 5-FU did not increase
the vulnerability of nutrient depleted cells to 5-FU. Thus, although the activation of
p-elF2a and ATF4 in both nutrient rich and nutrient depleted cells may provide
survival advantages to cells, their inhibition via ISRIB was not sufficient to activate
cell death. A recent study suggested that ISRIB can be efficacious when p-elF2a is
robustly activated (Costa-Mattioli & Walter, 2020). Therefore, it is possible that the
efficacy of ISRIB was not significant in the nutrient depleted cells where the p-eIF2a
level was lower. In fact, the nutrient rich cells, which showed high activation of
elF2a, showed a modest decrease in cell death at the highest ISRIB concentration
(Figure 3.14 A). In addition, since the cells were already resistant to 5-FU via
mechanisms independent of ISR, treatment with ISRIB could not induce any further

chemosensitivity (Figure 3.14 B).
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Our MTT data indicated a nearly 50% decrease in metabolic activity of nutrient
depleted HCT-116 cells, although most of the cells retained their viability. A
previous study from our lab has shown hypophosphorylation of pRB in 5 different
colorectal cell lines after 24 hours of nutrient deficiency (Hiisniigil et al., 2024). A
concomitant decrease in BrdU incorporation in nutrient depleted cells was also
observed, suggesting slower progression though the cell cycle. Thus, it is possible
that the slower progression of the nutrient restricted cells through the cell cycle and

slow metabolic activity may override any potential effect of chemotherapy drugs.
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CHAPTER 5

CONCLUSION AND FUTURE STUDIES

In this thesis, a variety of assays were used to extensively characterize the biological
responses of HCT-116 colorectal cancer cells to nutritional depletion. The nutrient
depleted medium consisted of 10% of the components found in complete medium.
Although cell viability was high after 24 hours of nutrient depletion, a significant
decrease in viability was observed after 48 hours, indicating that the cells were highly
susceptible to extended starvation. This suggested metabolic vulnerability of the
cells, indicating a vital reliance on environmental supplies for survival. Interestingly,
a colony-formation assay indicated that cells subjected to prolonged nutrient
depletion (8 days) could retain their ability to survive, albeit with smaller colony

sizes suggesting a decrease in the proliferation rate of the surviving cell population.

We observed that nutrient depleted HCT-116 cells have a dynamic interplay between
the mTORC1 and MAPK pathways, with a particular emphasis on the
phosphorylation of ribosomal protein S6 (RPS6). This study found that key
downstream factors in the mTORC1 signaling pathway were inactivated with
nutrient depletion in a temporal manner, as expected, along with RPS6
phosphorylation at Ser 240/244, while RPS6 phosphorylation at Ser 235/236
remained active until the 24th hour of nutrient depletion. The Ser 240/244 site of
RPS6 is known to be exclusively phosphorylated by p70S6K through mTOR
activation, while the Ser235/236 site can be phosphorylated by multiple kinases.

Pharmacological perturbation assays using the MEK inhibitor U0126 and the mTOR
inhibitor AZD8055 demonstrated a key role of the MAPK pathway in regulating
RPS6 phosphorylation when cells are nutrient deficient. Notably, although treatment
of HCT-116 cells with U0126 did not lead to any dramatic decrease in the
phosphorylation of ERKZ1/2 and its downstream protein p90RSK, RPS6
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phosphorylation at Ser 235/236 was substantially decreased at 24 hours of nutrient
depletion. The RPS6 activation remained independent of mTORC1 pathway at this
time point. Of note, the activation of RPS6 potentially through the MAPK pathway
was seen in HCT-116 and LoVo (experiments carried out by other members in our
laboratory), both of which are Ras mutated. Caco-2 cells, which have wild type Ras
and Raf proteins, did not show a similar activation of RPS6 at Ser 234/245; rather,
the phosphorylation at both sites (Ser240/244 and Ser235/236) was decreased
concomitant with a decrease in mTOR activation with nutrient restriction. Therefore,
it is feasible to speculate that Ras mutated cells can activate RPS6 as a potential
survival mechanism when nutrients are limiting. Our findings through the co-
activation of the MAPK and RPS6 pathways, observed both in vitro and in silico,
suggests important insights into the dynamic crosstalk between these signaling

cascades in colorectal cancer, particularly in the context of nutrient deprivation.

Replenishment assays using non- essential amino acids, glucose and serum,
indicated diverse responses to mTORC1 reactivation and RPS6 sensitization. It was
observed that a cocktail of non-essential amino acids as well as L-Alanine alone led
to a robust reactivation of RPS6 at Ser 235/236. The re-activation of p70S6K
(downstream of mMTOR), however, was not observed in the presence of amino acids.
Thus, the activation of RPS6 (but not mTOR) in the presence of amino acids
indicates  specific regulation of amino acid metabolism or protein

translation/breakdown.

We therefore investigated the effect of nutrient restriction on global translational
profile. An increase in the monosome fraction and decrease in the polysome peaks
were observed, indicating a decrease in global protein synthesis rate to maintain cell
viability. The involvement of the MAPK pathway, particularly ERK1/2, in
translational regulation was further investigated. The inhibition of the MAPK
pathway with U0126 resulted in a modest decrease in polysome peaks and a
significant increase in the 80S monosome peaks, further highlighting the importance

of the MAPK pathway in regulating the rate of protein translation.
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The decrease in polysome fractions indicates a potential decrease in global
translation. Added to this, our observation of restoration of RPS6 phosphorylation at
Ser 235/236 indicated a potential role of the Integrated Stress Response (ISR)
pathway, specifically downstream of the amino acid sensor GCN2. We were unable
to determine the specific activation of GCNZ2, but did observe high phosphorylation
of elF2a and ATF4 in the control nutrient rich cells. The phosphorylation of elF2a
decreased after 24 hours of nutrient restriction, while the levels of ATF4 continued
to remain high.

The observation of ERK1/2-induced RPS6 activation, persistent ATF4 activity, and
translational regulation under nutritional deficiency revealed insights into putative
survival mechanisms. However, it was observed that HCT-116 cells were highly
resistant to the MEK inhibitor U0126, which is critical for the inhibition of ERK1/2
signaling. We also evaluated whether a combination of U0126 and chemotherapy
drugs such as Cisplatin and 5-FU could lead to an additive effect on cell death.
Interestingly, HCT-116 cells were resistant to both Cisplatin and 5-FU, and their
combination with U0126 did not have any additive effect under nutrient depletion.
This suggests that HCT-116 cells can activate distinct mechanisms of
chemoresistance with nutrient depletion and emphasizes the necessity of looking into
new pathways and combinatorial techniques to improve treatment efficacy.

Overall, the thesis study data highlights the interplay between mMTORC1-MAPK-ISR
pathways in regulating protein translational in a nutrient depleted environment
(Figure 5.1). Our data suggest substantial crosstalk between these pathways for the
survival and/or chemoresistance pathways in HCT-116 cells when nutrients are

limiting.
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Figure 5.1. Proposed converging mechanisms of mMTORC1, MAPK and ISR in the

regulation of RPS6 activation and translational regulation upon nutrient depletion

Our data suggest that the activation of RPS6 via MAPK pathway in the absence of
mTORC1 activity in the 24th hours of nutrient depletion may provide insights into
the effect on global translation regulation. The ISR pathway on the other hand, may
regulate the global translation indirectly by keeping it at basal level while ATF4
activity is retained. Overall, these converging mechanisms contribute mainly to

attain survival and chemoresistance mechanisms. (Created with Biorender.com)
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Although our data suggest multifaceted rewired mechanisms upon the nutrient

depletion treatment, many questions remain unanswered. Further assays can be

carried out to address the dependence and the role of the interconnected pathways.

The future experiments that can be conducted are as follows:

1.

Although the proliferation of HCT-116 cells under nutrient depletion was
decreased, a colony formation assay revealed high clonogenicity of these
cells. The effect of inhibition of MAPK by U0126, in both nutrient depleted
and control HCT-116 cells on clonogenicity and tumor formation can be
examined by the colony formation (in vitro) and CAM assay (in vivo)
respectively.

Since the RPS6 levels were decreased with U0126 treatment while ERK1/2
activity still remained high, it is possible that other members of the MAPK
family may contribute to the activation of RPS6. Other conventional MAPKs
such as p38 isoforms (a, B, v, and 8), c-Jun amino (N)-terminal kinases 1/2/3
(JNK1/2/3), and ERKS5 can be assessed to correlate the MAPK dependency
for RPS6 activation in Ras mutagenic HCT-116 cells.

We were unable to determine why the phosphorylation of elF2a was
decreased after 24 hours of nutrient restriction; at the same time, it was
observed that ERK1/2 phosphorylation was increased from 24-48 hours of
nutrient depletion. One possibility is that eIF2a activation provides survival
signals up to a certain time point, after which the cells cannot survive any
further. Thus, whether ERK1/2 can activate cell death pathways is not clear.
An evaluation of cell death pathways can be carried out to determine whether
elF2o and EKR1/2 can orchestrate cell death in response to nutrient
depletion.

The downstream targets of ERK1/2 that can potentially regulate RPS6, such
as RSK or the MNK, can be examined further using specific inhibitors.

The polysome profiling assay can be performed in RPS6 silenced cells to
assess the role of RPS6 in the regulation of protein translation in nutrient

depleted cells.
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o

10.

A transcriptome profile of nutrient depleted, U0126 treated and RPS6
silenced cells may provide possible common enriched candidates and/or
pathways that are activated.

The upstream activator of p-elF2a, GCN2, can be examined in nutrient
depleted cells, to provide insights into the amino acid dependent activity
change. In addition, the ongoing ATF4 activity even when elF2a is inhibited
under nutrient stress can be further examined to investigate non canonical
activation pathways for ATF4.

Resistance mechanisms to pharmacological treatments can be identified by
examining the expression of drug efflux pumps or multidrug resistance
proteins.

The role of converged MAPK, ISR and mTORC1 signaling pathways in
survival of nutrient depleted HCT-116 cells can be further examined. These
pathways can be simultaneously inhibited to investigate any increase in
chemosensitivity.

Cancer stem-cell characteristics of the clonogenic HCT-116 cells under
prolonged nutrient depletion can be assessed to provide an understanding of

the activation of survival-related mechanisms.
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APPENDICES

A. Western Blot Buffer Components Used in This Study

Table A.1 Compositions of buffers used in Western Blot experiment

496 SDS-PAGE STACKING GEL
3.1 mL distilled autoclaved H.O

1.25 mL Stacking Buffer
(0.5M Tris-HCI, pH 6.8)

650 uL Acrylamide/Bis Solution

(SERVA, Germany)
50 uL 10% APS

5 uL TEMED (SERVA, Germany)

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

10X TRANSFER BUFFER
0.25 M Tris-HCI

1.92 M Glycine

pH 8.3 in 1 L distilled H2O

12% SDS-PAGE SEPARATING GEL
3.4 mL distilled autoclaved H20O

2.5 mL Stacking Buffer

(1.5M Tris-HCI, pH 8.8)

4 mL Acrylamide/Bis Solution (SERVA,
Germany)

100 uL 10% APS

10 uL. TEMED (SERVA, Germany)
10X SDS-PAGE RUNNING BUFFER

25 mM Tris-HCI

192 mM Glycine

0.1% SDS

1X SDS-PAGE RUNNING BUFFER
100 mL 10X Running Buffer and 900
mL distilled H2.0O

1X TRANSFER BUFFER

100 mL 10X Transfer Buffer

200 mL Methanol

Complete remaining to 1L with distilled
H>O
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Table A.1 (cont’d) Compositions of buffers used in Western Blot experiment

20X TBS (pH 7.4 in 1 L dH20) IXTBS-T
50 mM Tris-HCI 50 mL 20X TBS
300 mM NaCl 950 mL distilled H20
4mM KCI 1 mL Tween 20
MILD STRIPPING BUFFER (pH 2.2 in 1L dH20)
15 g Glycine
19 SDS

10 mL Tween-20
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B. STR Analysis Report of HCT-116 Cell Line

The DNA samples from the specimens HCT-116 were amplified using the
AmpFLSTR Identifiler Plus PCR kit and analysed on the 3130XL Genetic Analyzer
sequencing device (with Sanger sequencing). The data were analysed using the
GeneMapper program, and the results are presented in the outcome Figure B1.

HCT-116
Marker
Alel A Alel B

D8s1179 12 14
D21s511 29 30
D75820 11 12
CSF1PO 7 10
D351358 12 19
THO1 8 9
D135317 10 12
D165539 11 13
D2s1338 16 16
D195433 12 13
vWA 17 22
TPOX 8 8
D18s51 17 17
Amelogenin X X
D55818 10 11
FGA 18 23

Figure B1 The STR analysis of the HCT-116 cell line with indicated markers
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C. Fold Change Graphs for Figure 3.9
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Figure C1 Fold change graphs of p-RPS6 (Ser 235/236) with respect to fractions in

polysome Profiling
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D. Full Blot Image of Figure 3.10
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Figure D1 The evaluation of the ISR activation in response to nutrient depletion in
HCT-116 colorectal cancer cells
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E. Determination of ISRIB Concentration
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Figure E1 Determination of ISRIB concentration in HCT-116 cells with respect to
ATF4 levels
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