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ABSTRACT

Apoptosis is an important process that helps to eliminate damaged or

unwanted cells, including cancer cells during chemotherapy treatment. Previous
work identified a novel apoptosis-inducing complex and pathway that is triggered by
the chemotherapeutic drug SFU. 5FU causes DNA damage that gives rise to the
activation of ATR and subsequent upregulation of caspase-10, which in turn recruits
FADD, caspase-8, TRAF2 and RIP1 to a complex termed FADDosome. Within the
FADDosome caspase-8 is activated leading to downstream apoptosis signalling via
Bid and mitochondria. Interestingly, 5FU induced apoptosis is lower in p53 knock-out
cells without affecting the FADDosome-mediated caspase-8 activation. Therefore,
this study investigates the role of p53 and the molecular pathways it controls in 5-
FU-induced apoptosis in colorectal cancer cells. | found that 5-FU regulates
FADDosome-induced apoptosis through p53-dependent upregulation of TRAIL-
receptor 2 (TRAIL-R2) also known as Death Receptor 5 (DR5), leading to a partial
activation of the receptor independent of its ligand TRAIL. This activation triggers
non-canonical signalling including the p38 MAPK pathway, which is absent or
substantially reduced in p53-null and DR5 knock-down cells. Co-treatment of cells
with 5-FU and p38 inhibitors diminished apoptosis levels by about 50%. These
results demonstrate that the role of p53 in chemotyherapy-induced apoptosis is more
complex and potentially more multi-facetted than expected. TRAIL-R2 activated p38
MAPK might promote the activation of Bid by active caspase-8 or other molecular
mechanisms that lead to mitochondrial outer membrane permeabilization (MOMP).
As MOMP is needed for the release of Smac/Diablo from the mitochondria to inhibit
the anti-apoptotic protein XIAP, this mechanisms is essential for the full execution of

apoptosis, and can explain the relative resistance in p53-null cells.



INTRODUCTION

1. Colorectal Cancer

Colorectal cancer (CRC), which includes colon and/or rectal cancer, is a major public
health concern as it is the world's third most diagnosed and second most lethal
cancer (Hossain et al., 2022). Approximately 75% of CRC cases occur sporadically,
unrelated to genetic predisposition or family history. However, inherited disorders like
Lynch syndrome and familial adenomatous polyposis can also lead to CRC
(Yamagishi et al., 2016). The disease originates from a loss-of-function mutation in
tumour suppressor genes, followed by the activation of transcription factors that
promote uncontrolled proliferation of cancer cells (Tariqg and Ghias, 2016). The
accumulation of genetic alterations, such as mutations in adenomatous polyposis
coli (APC), rat sarcoma viral oncogene homolog (RAS), or tumour protein 53 (TP53),
cause the normal colonic mucosa to form adenomatous polyps that gradually
advance to dysplasia and, eventually, adenocarcinoma during a 5-15 year period
(Yamagishi et al., 2016). Diagnostic methods can only detect 40% CRC cases in
early stages (I-1l), and the treatment at these stages is possible with surgery. CRC
cells are hyperproliferative, and therefore they can quickly become invasive and
metastasise to other organs through blood and lacteals. At the metastatic stages (lll-
IV) the treatment strategy involves surgery, chemotherapy, radiation, and targeted
therapy (Hosain et. al., 2022).

2. Mechanisms of Widely Used CRC Chemotherapeutics

Treatment approaches for CRC patients differ based on the stage of the disease and
the specific molecular changes driving the cancer. A standardized approach for CRC
treatment combines surgery with chemotherapeutics like 5-Fluorouracil (5-FU), and
Irinotecan. These agents inhibit enzymes involved in DNA replication or nucleotide
base synthesis, leading to DNA damage and tumor cell death (An et al., 2007,
Carlsen et al., 2021, Gallois et al., 2022). Today, 5-FU-based regimens, especially
when combined with leucovorin (LV), stand out as the most successful first-line

chemotherapy for CRC.
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5-FU is a synthetic uracil analogue with a fluorine atom at the C-5 position in place of
hydrogen, that is used to treat >2 million cancer patients each year worldwide
(Gmeiner and Okechukwu, 2023). It has been a key drug in the treatment of
colorectal cancer for more than 60 years. However, tumour cell resistance remains a
significant limitation to the clinical use of 5-FU, therefore, understanding the
underlying signalling mechanisms induced by this agent is crucial for enhancing drug
efficacy and determining effective co-treatments for better cancer targeting (Zhang et
al., 2008). The canonical molecular mechanism of 5-FU involves disrupting the
folate—homocysteine cycle and inhibiting pyrimidine synthesis by targeting
Thymidylate Synthase (TS) (Thorn et al., 2011). TS catalyses the conversion of
deoxyuridine monophosphate (dUMP) to thymidine monophosphate (TMP), a
precursor for thymidine triphosphate (TTP), which is an essential component in DNA
synthesis. (Peters et al., 2002). By interfering with this process 5-FU causes DNA

damage and induces programmed cell death (apoptosis).

The 5-FU metabolic pathway starts with with its conversion to fluorodeoxyuridine via
thymidylate phosphorylase (TYMP), and then thymidine kinase transforms
fluorodeoxyuridine into FAUMP (Thorn et al., 2011). FAUMP is a competitive inhibitor
with a Ki in the low nanomolar range that has a high binding affinity to TS. It forms a
ternary complex with TS and CH2-THF, which is the reduced folate co-factor that act
as methyl donor in the catalysis of 2'-dUMP to dTMP (thymine) (Peters et al., 2002,
Rivory, 2002). The disruption of dTMP synthesis with 5-FU results in reduced
deoxythymidine triphosphate (dTTP), indirectly affecting the levels of other
nucleotides (dATP, dGTP and dCTP) hence creating an imbalance, leading to
severe DNA damage resulting in stalled replication forks and initiation of apoptosis
(Zhang et al., 2008).

The disruption of dTTP synthesis via TS inhibition plays a key role in inhibiting
cancer cell growth and is fundamental to the therapeutic action of not only 5-FU, but
other chemotherapeutics such as raltitrexed (RTX/ TOMUDEX®) (Peters et al.,
2002). Raltitrexed, a folate cofactor analogue, resembles water-soluble vitamin B.
Specifically designed to mimic 5-10-methylene tetrahydrofolate (CH2-THF),
Raltitrexed enters cells via the reduced folate carrier (RFC) (Rivory, 2002). Once

within, the enzyme folylpolyglutamate synthase (FPGS) rapidly polyglutamates RTX.



This polyglutamation prevents cellular efflux of RTX and causes enhanced and
extended inhibition of TS, leading to inadequate dTTP synthesis and subsequent

DNA damage and apoptosis (Blackledge, 1998).

Another widely used chemotherapeutic for CRC is Irinotecan, a semisynthetic and
water-soluble derivative of camptothecin. It targets S (DNA synthesis) and G2 (pre-
mitotic) phases of the cell cycle, which results in cell cycle arrest (Reyhanoglu and
Smith, 2023). Upon activation by carboxylesterases, Irinotecan transforms into its
biologically active metabolite SN38. This metabolite inhibits Topoisomerase |
(TOPO1), a nuclear enzyme crucial for relaxing the DNA strand by creating single-
strand breaks, preventing DNA supercoiling during replication (Ozawa et al., 2021).
Irinotecan-induced inhibition of TOPO1 promotes the supercoiling of the DNA strand
and causes torsional stress. This results in the accumulation of DNA strand breaks,

leading to disrupted DNA replication and apoptosis (Yakkala et al., 2023).

3. Regulated Cell Death

Regulated cell death (RCD) is a genetically controlled process designed to maintain
cellular homeostasis. It is classed as lytic or non-lytic cell death. Lytic cell death,
such as necroptosis and ferroptosis, results in the discharge of cellular contents
into the environment. In contrast, non-lytic cell death, such as apoptosis, involves
enclosing cellular fragments in apoptotic bodies and discarding them to avoid an

inflammatory reaction (Yang et al., 2021).

Apoptosis is considered to be the main cell death-inducing mechanism in cancer
therapy. It is an energy-dependent defence mechanism by which cells undergo
self-suicide to control cell proliferation or to eliminate cells with DNA damage
(Azzwali and Azab, 2019). The dysregulation or inhibition of apoptosis disrupts the
growth balance and leads to the uncontrolled proliferation of cells, which is often

associated with the development of cancer (Kim et al., 2002)

There are 3 distinct phases of apoptosis: induction, execution, and degradation

(Figure 2). In the induction phase, a change in the cellular environment, such as
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stress induced by chemotherapeutics that cause DNA damage in cancer treatment,
activates apoptosis-related genes like p53 or pro-apoptotic Bcl-2 family proteins
(Bax, Bad, Bak, Bid, Bcl-XS) (Hilario et al., 2010, Wilson, 1998). Cancer cells often
develop mechanisms to escape from this phase and gain drug resistance. This
phase is followed by the execution phase of apoptosis, considered the point of no
return, where the cell dictates the direction of apoptotic pathways by activating
either death receptors or mitochondrial outer membrane permabilisation (MOMP),
thereby triggering a stress response. In both responses, a family of aspartate-
specific cysteine proteases (caspases) serve as key initiators and executioners of
the phase of apoptosis (Zimmermann and Green, 2001). These caspases initially
exist as inactive zymogens and are classified as initiators (caspase -8 and -9) and
executioners (caspase -3, -6, and -7). Initiator caspases are activated through
induced proximity, while executioner caspases are dimers in their inactive form,
and undergo activation via proteolytic cleavage by upstream caspases (Gu et al.,
2011).

The execution phase of apoptosis is followed by the degradation phase, which
involves the DNA degradation, dismantling, and engulfment of the cell (Hilario et
al., 2010). Cells in this phase lose cell-to-cell contact with neighbouring cells and
exhibit morphological changes such as shrinkage, condensed chromatins, and
membrane blebbing. Apoptotic bodies containing nuclear fragments are formed and
subsequently swallowed by the phagocytes nearby, preventing an inflammatory

reaction (Yang et al., 2021).

4. Revisiting Conventional Apoptosis Pathways: Initial Findings

Traditionally, apoptosis has been categorized into two distinct pathways: the intrinsic
pathway, activated by cellular stress or mitochondrial signals, and the extrinsic
pathway, initiated by death receptor activation. However, it is crucial to acknowledge
that these rigid pathways may not always fully capture the complex nature of

apoptotic process. This section will provide a comprehensive examination of the
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traditional understanding of these pathways, as well as examine cases where

alternative mechanisms are involved.

4.1 The Mechanism of the Intrinsic Pathway of Apoptosis

Since the discovery of p53 protein in the late 1970s the intrinsic pathway (stress
activated pathway, mitochondrial pathway) has been a hot topic in cancer research
and is heavily studied. In this pathway, cell death depends on p53, a tumour
suppressor protein with numerous transcriptional target genes (~500). P53 regulates
cellular response to a wide range of stress signals including DNA damage induced
by chemotherapeutic agents, growth factor deprivation, ER stress, and UV radiation
(Green and Llambi, 2015). The target of the p53 in the intrinsic apoptosis is
interacting with the anti- and pro-apoptotic Bcl-2 homology (BH) domain containing
protein family (Aubrey et al., 2018). Within the pro-apoptotic arm of the Bcl-2 family,
two distinct subclasses emerge: the "ultimate MOMP effectors," Bax and Bak, known
for their ability to induce mitochondrial outer membrane permeabilization (MOMP),
and the BH3-only class, comprising both "activators" such as Bid and Bim, which are
capable of directly activating Bak and Bax, and "derepressors" including PUMA,
NOXA, and Bad, which counteract the anti-apoptotic Bcl-2 proteins to release the
pro-apoptotic Bax and Bak (Aubrey et al., 2018, Vaseva and Moll, 2009).
Conversely, the anti-apoptotic counterparts of the Bcl-2 family, namely Bcl-2, Bcl-xL,
and Mcl-1, bind to pro-apoptotic Bax and Bak, thereby maintaining their inactivation
(Figure 1).
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Figure 1. Classification of Bcl-2 Family Members.

The figure demonstrates Bcl-2 family members classified as pro-apoptotic members
(ultimate MOMP effectors: Bax, Bak; BH3-only activators: Bid, Bim; derepressors:
Bad, Noxa) and anti-apoptotic members (Bcl-2, Bcl-xL). Pro-apoptotic members are
subdivided into the ultimate MOMP effectors BAX and BAK, which directly
permeabilize the mitochondrial outer membrane, and BH3-only proteins, which
include activators (e.g., Bid, Bim) that directly engage BAX/BAK, and derepressors
(e.g., Bad, Noxa) that neutralize anti-apoptotic members. Anti-apoptotic proteins
(e.g., Bcl-2, Bel-xL, Mcl-1) sequester BH3-only proteins or inhibit BAX/BAK to block
MOMP and promote cell survival. The interplay between these groups determines
cell fate in response to stress or survival signals.

Under normal physiological conditions, cellular levels of p53 remain low, nearly
undetectable, as it is targeted for proteasomal degradation by the E2 ligase MDMZ2.
However, upon receiving a stress signal the cell upregulates ataxia telangiectasia
mutated protein (ATM), or ataxia telangiectasia and Rad3-related protein (ATR),
which in turn facilitate the inhibition of MDM2. Consequently, p53 evades
ubiquitination, leading to an increase in its cellular abundance and therefore its
activation (Aubrey et al., 2018). Activated p53 proceeds to interact with Bcl-2
proteins, either by repressing anti-apoptotic members (Bcl-xL, Mcl-1, Bcl-2) to
activate ultimate MOMP effectors Bax/Bak, or by inducing BH3-only proteins (PUMA,
NOXA, BIM, BAD) to disrupt the inhibitory effects of anti-apoptotic Bcl-2 family
proteins, therefore liberating Bax/Bak (Aubrey et al., 2018). Following, the ultimate

MOMP effectors integrate into the mitochondrial membrane, oligomerize, and induce



13

MOMP, forming dynamic lipid pores that release cytochrome ¢ and second
mitochondria-derived activator of caspase (Smac/Diablo) into the cytosol (Ghobrial et
al., 2005, Vaseva and Moll, 2009). Here Smac neutralizes X-linked inhibitor of
apoptosis (XIAP) while cytochrome-c interacts with apoptotic protease-activating
factor 1 (APAF1) and triggers hydrolysis of the Apaf1 cofactor dATP to dADP (Green
and Llambi, 2015). Following the exchange of dADP with exogenous dATP, seven
APAF1-dATP-cytochrome-c units undergo oligomerization, creating an active
apoptosome. Within the apoptosome core, the caspase-recruitment domain (CARD)
on APAF1, binds to the CARD of the initiator caspase-9, promoting the activation
and autoprocessing of previously inactive caspase-9 monomers (Shakeri et al.,
2017). Caspase-9 then cleaves and activates downstream effector caspases
caspase-3 or -7, which then cleave cellular substrates and thus apoptosis is induced
(Figure 2) (Jan and Chaudhry, 2019).

4.2 The Mechanism of the Extrinsic Pathway of Apoptosis

The extrinsic pathway of apoptosis is characterised by death receptor (DR)-mediated
signalling initiated by specific cell surface or soluble proteins, the so called death
ligands. So far, three main death ligands have been identified: tumour necrosis factor
(TNF-a, Fas ligand (Fas-L), and TNF-related apoptosis-inducing ligand (TRAIL).
These ligands bind to the extracellular domain of their cognate death receptors,
which include a cytoplasmic death domain. A single ligand can bind to several death
receptors. At present, six members of the TNF receptor family have been identified:
TNF-R1 (CD120a), Fas (APO-1/ CD95), DR3 (APO-3, LARD, TRAMP, WSL1), DR4
(TRAIL-R1, APO-2), DR5 (TRAIL-R2, KILLER, TRICK2), and DR6 (Jan and
Chaudhry, 2019).

The binding of DRs with their ligands or the overexpression of the DRs is the signal
that triggers cytotoxicity via the extrinsic pathway (Oh et al., 2015). Since death
domains have a propensity to bind together, ligand-bound death receptors pull their
cytoplasmic domains into close proximity and transmit the cytotoxic signal, by

attracting downstream adaptor proteins that bear a death domain (DD) and a death
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effector domain (DED) (Ashkenazi and Dixit, 1998). The death receptors then bind to
the adapter proteins (such as Fas-associated protein with death domain (FADD) and
TNFR1-associated death domain (TRADD) though their DD (Green and Llambi,
2015) and this interaction recruit initiator caspases -8 or -10, forming a complex
named “Death Inducing Signalling Complex” (DISC) (Figure 2) (Gu et al., 2011).
From here, the DISC either signals for apoptosis by auto-cleaving of the caspases
and activation of the executioner caspases, or gene expression and cell proliferation
mediated by nuclear factor-kappa B (NF-kB) and mitogen activated protein kinases
(MAPKSs) (Gu et al., 2011, Guicciardi and Gores, 2009). The latter signalling

pathways are known as non-canonical death receptor signalling.

EXTRINSIC INTRINSIC
INDUCTION |[ Death ligand Chemical,
PHASE Radiation,
Chemotherapy
Death
" receptor
: ]ADAPTOR
< | ) PROTEINS
] Intracellular
procas-8 stress
EXECUTION
PHASE
O—= —
active @ — xiap — o5
cas-8 cas9 smac/s *g . ,
diablo - /[,
cyt-c
» CAS3 —m-—— et
l Apoptosome
DNA
DEGRADATION degradation,
PHASE dismantling
Apoptotic body
formation

Figure 2. Stages and Pathways of Apoptosis.
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This diagram shows the molecular pathways and the phases of apoptosis. The left
and right portions shows the two principal routes that trigger apoptosis, extrinsic and
intrinsic, respectively. The Extrinsic Pathway (Left) is triggered when extracellular
death ligands (e.g.,TRAIL) bind to their death receptors on the cell membrane,
resulting in the creation of DISC. DISC is made up of adaptor proteins like FADD and
procaspase-8. When activated, procaspase-8 is split into active caspase-8, which
can directly activate executioner caspase-3. Furthermore, caspase-8 cleaves the
BH3-only protein BID into truncated BID (tBID), which connects the extrinsic and
intrinsic pathways by enhancing mitochondrial outer membrane permeabilization
(MOMP).Intrinsic Pathway (Right): This pathway is activated by intracellular stress
signals, such as DNA damage from radiation, or chemotherapy. These stress signals
often activate the tumour suppressor protein p53, which then increases the
production and activation of the pro-apoptotic Bcl-2 family members BAX and BAK.
These proteins oligomerize and rupture the mitochondrial membrane, resulting in
MOMP and the release of cytochrome c (cyt-c) and Smac/DIABLO. Cytochrome C
binds to Apaf-1 and procaspase-9 to form the apoptosome, which activates caspase
9. Caspase-9 then activates the downstream executioner caspase-3. Smac/DIABLO
inhibits XIAP, a caspase inhibitor, to ensure complete caspase activation.

4.2.1. Fas Mediated Signalling of the Extrinsic Pathway

Fas is a transmembrane receptor that belongs to the TNF-receptor family. It is
activated upon binding to its ligand Fas-L, which trimerizes the receptor, setting off
the assembly of the Death-Inducing Signalling Complex (DISC) (Figure 3). Within
this complex, FADD engages with the death domain of the Fas receptor (Wajant,
2002). Simultaneously, the "death effector domain" of FADD interacts with a
repeated tandem domain within the zymogen form of caspase-8 (Ashkenazi and
Dixit, 1998). Fas-L-induced clustering triggers autoproteolytic processing of the
caspase-8 via induced proximity, liberating active proteases. From here, the amount
of active caspase-8 determines the downstream apoptotic cascade. In cells
exhibiting high caspase-8 activity, termed type | cells (Ozdren and El-Deiry, 2002),
direct induction of apoptosis occurs through the activation of effector caspases-3, 6
or -7, independently of mitochondria. Conversely, in type Il cells the activation of
effector caspases rely on an amplification loop which involves caspase-8 cleaving
the Bcl-2 family member Bid (Guicciardi and Gores, 2009, Ozo6ren and El-Deiry,
2002). Truncated Bid (tBid) then translocates to mitochondria, where it initiates the
intrinsic apoptosis pathway by activating Bax and Bak to promote mitochondrial outer

membrane permeabilization (MOMP). As a result, the IAP antagonists Smac/Diablo
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and Omi are released and act to neutralize XIAP, and cytochrome-c is released
which contributes to the activation of caspase-9 via apoptosome formation (Green
and Llambi, 2015). Active caspase-9 then triggers caspase-3 activation completing
the intrinsic cascade (Wajant, 2002). This amplification loop initiated by death
receptors that is later regulated by mitochondria serves as a cross talk of both the

extrinsic and the intrinsic pathway.

4.2.2. TNF-Receptor Mediated Signalling Cascade

The tumour necrosis factor (TNF) is a type |l transmembrane protein containing a
TNF homology domain, and is expressed as a trimer at the plasma membrane
(Webster and Vucic, 2020). In the canonical TNF pathway TNF ligands initiate the
signalling cascade by binding to their cognate receptors. These ligands are
pleiotropic cytokines which are ultimately produced via cleavage at the membrane by
tumour necrosis factor converting enzyme (TACE), and they transmit signals through
two receptors: TNFR1 and TNFR2 (Gough and Myles, 2020).

TNFR1 and TNFR2 differ at the structural level. The intracellular region of the
TNFR1 possesses a DD which allows homo- and hetero-typic interactions with other
DD-containing proteins such as FADD, TRADD (Grethe et al., 2004, Webster and
Vucic, 2020). TNFR2, on the other hand, lacks the DD and instead has a TNF
Receptor Associated Factor (TRAF) binding site and therefore is not regarded as a
death receptor (Webster and Vucic, 2020).

The signalling pathways triggered by TNFR1 primarily promote proliferation; hence,
TNFR1-induced apoptosis is considered to occur indirectly (Nair et al., 2014). Typical
TNFR1-mediated signalling begins with TNF ligand binding to the receptor, which
trimerizes TNFR1 and initiates intracellular signalling via its death domain (Grethe et
al., 2004). The adaptor protein TNFR1-associated death domain protein (TRADD) is
then recruited to the receptor's cytoplasmic death domain and it serves as a scaffold
for recruiting additional adaptor proteins to the receptor and forms “complex-1”, which
is composed of the receptor-interacting serine threonine kinase 1 (RIPK1), FADD,
TRAF2, TRAF5, clAP1, clAP2, and linear ubiquitin chain assembly complex



17

(LUBAC) (Baud and Karin, 2001, Tenev et al., 2011). With clAPs (inhibitors of
apoptosis) and LUBAC present, RIPK1 of the complex | undergoes ubiquitylation
and recruits the IKK complex to the complex-Il. IKK is a complex made of a
regulatory component NEMO and the two kinases: IKKa and IKKB, and it regulates
the activation of NF-kB. The recruitment of IKK to the complex | activates NF-kB

ultimately leading to proliferation (Tenev et al., 2011, Henry and Martin, 2017).

TNFR-1 can also signal for apoptosis or necroptosis when NF-kB-mediated gene
expression is inhibited. This inhibition triggers complex | to detach from TNFR1,
leading to the formation of another complexes known as complex-IlA, and complex-
l1B.

The complex-lIA is composed of FADD, and caspase-8, and signals apoptosis via
FADD mediated activation of caspase-8 (Figure 3) (Demarco et al., 2020). The
complex-IIB forms upon clAP depletion or inhibition in the cells and signals for
necroptosis. This complex is composed of FADD, RIP1, and caspase-8, and RIP1
activity is the main signal for caspase-8 activation and subsequent apoptosis (Tenev
et al., 2011, Demarco et al., 2020). Complex IIB is sometimes called the
Ripoptosome, however the Ripoptosome can form independent of the TNF ligand

whereas complex-IIB is described as dependent on TNF-TNFR signalling.

4.2.3. TRAIL-R (DR4/DR5) Mediated Signalling Cascade

The DR4/5 mediated signalling pathway has been researched extensively as it has a
direct access to the apoptotic machinery and ability to induce apoptosis in cancer
cells without affecting normal cells. Previous clinical trials using recombinant TRAIL
or death receptor agonists have not been successful due to the short half-lives of
these proteins and difficulties in administering them in vivo (Stuckey and Shah,
2013). On the other hand, later research demonstrated MSCs carrying TRAIL were
able to move into the lung cancer sites and trigger apoptosis (Mohr et al., 2008). This
implies that DR4/5 signalling is still a viable target for research and treatment

advancement.
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In the canonical DR signalling cascade, 4 receptors are identified so far, and of these
4 receptors, Decoy Receptor 1 (TRAIL-R3/DcR1) and Decoy Receptor 2 (TRAIL-
R4/DcRz2), bear no death domain and therefore cannot signal for apoptosis, whereas
DR4/TRAIL-R1 and DR5/TRAIL-R2 bear a death domain and are able to induce

apoptosis (Figure 3), but DR5 is regarded as the main apoptosis-inducing receptor.

DR5 signalling initiates upon binding with their ligand, TRAIL leading to receptor
trimerization and recruitment of FADD via DD interaction. FADD also contains a
death effector domain (DED) at the N-terminus (Bellail et al., 2009).Through this
DED domain it binds to the pro-domain of caspase-8, bringing caspase-8 monomers
into close proximity (Green and Llambi, 2015). The downstream apoptotic cascade
mirror those of Fas receptor signalling with cell type specific responses. While the
mechanisms of both receptors are similar, DR5 mediated apoptosis is of therapeutic

interest due to its selective toxicity towards cancer cells.

Extrinsic Pathway Receptor Signalling
TNF Fas-L TRAIL

ﬁTNF-m ?Fas 1 TRAILR1/2
i . i , Il
Complex | ITRADIS
TRAF2 | TRAFS YRIPK1) Pro
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Ub | Ub

— | ‘
caspase 8
Caspase
3/7
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Figure 3. Extrinsic Pathway Receptor Signalling Pathways.

This figure illustrates the key components and pathways involved in extrinsic death
receptor signalling. It includes TNFR1 with Complex | and llI-a/b, Fas receptor, and
TRAIL-R signalling. 1) Binding of TNF to TNF-R1 triggers the formation of Complex |,
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which includes TRADD, TRAF2/5, RIPK1, clAPs, and LUBAC. Ubiquitination of
RIPK1 leads to NF-kB activation and promotes cell survival. In the presence of IAP
antagonists, the pathway shifts to form Complex II-A (TRADD, TRAF2, RIP, FADD,
and pro-caspase-8) which leads to apoptosis or Complex II-B (RIP1, FADD, and pro-
caspase-8), leading to caspase-8 activation and apoptosis. 2) FasL and TRAIL
activate their respective receptors (Fas and TRAIL-R1/2), recruiting FADD and pro-
caspase-8 to form the death-inducing signalling complex (DISC). Activated caspase-
8 then initiates the executioner caspases 3/7, resulting in apoptosis.

5. Novel Apoptosis Pathways Induced by Chemotherapy

The effects of genotoxic stress trigger a response in cancer cells, resulting in self-
destruction by apoptosis. The standard signalling of apoptosis is framed by the
intrinsic and extrinsic pathways, which provide an easily accessible framework for
understanding cell death. While these pathways provide a structured signalling
scaffold, the actual process of apoptosis involves a more complex interaction of
proteins and pathways that lack such a strict signalling configuration. Particularly in
chemotherapy-induced apoptosis, the apoptotic pathways, and proteins involved in
this process can change depending on factors such as cell type, drug type, and

molecular context/make-up.

5.1. Ripoptosome: A novel death inducing complex in the TNF-R signalling

The traditional description of the TNF-R pathway was centred around complex | that
lead to cell proliferation and complex-Il that triggers apoptosis, respectively.
Proliferation occurs through complex-I-mediated NF-kB signaling, while apoptosis
happens via complex-llA when NF-kB signaling is suppressed, and through
complex-1IB when clAPs are depleted (Demarco et al., 2020). A study in 2011
revealed the formation of an additional death-inducing platform consisting of
molecular factors of the TNF cascade, challenging the conventional understanding of
stress-induced apoptosis. The study demonstrated that treatment with Etoposide, a
Topoisomerase-ll inhibitor that causes double-stranded DNA breaks, and/or SMAC

mimetics (SM), which are specific inhibitors of apoptosis proteins (IAPs), resulted in
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the formation of a unique complex made up of RIP1, FADD, and caspase-8,
independent of death ligands like TNF, TRAIL, and FasL, as well as the upstream
mitochondrial pathway (Tenev et al., 2011). As this complex could not be classified
as complex-ll due to its independent formation from the death ligands, it was termed
the "Ripoptosome", a novel cell death platform that converted proinflammatory
cytokine signals into pro-death signals. This finding suggests that etoposide,
previously known to induce the caspase-9 pathway, can also activate alternative
apoptosis pathways independent of caspase-9. Later studies have explored
Ripoptosome formation in other chemotherapy induced apoptosis signalling.
Cisplatin is a commonly used colorectal cancer treatment that hinders DNA
replication by forming intra-strand platinum-DNA adducts, which triggers apoptosis
(Rebillard et al., 2010). In a 2015 study, cisplatin in combination with high
concentrations of Chal-24, a potential chemotherapy agent, enhanced ERK (a
member of the MAPK family) induced proteasomal degradation of c-IAPs and the
formation of the Ripoptosome complex as well as enhanced caspase-8 recruitment
to the Ripoptosome in lung cancer cells (Shi et al., 2015). These findings provide
insight into the previously unknown mechanisms underlying chemotherapy-induced
apoptosis. Furthermore, these data opens up the possibility that other apoptosis
pathways beyond the classical caspase-9 pathway may exist in chemotherapy

induced apoptosis.

5.2 FADDosome: A novel death inducing complex induced by 5-FU

mediated caspase-10 activation

The understanding of how 5-FU induces cell death has been a topic of ongoing
debate for the last 40 years, and it has been described as an inducer of the classic
intrinsic apoptosis pathway. However, research conducted by our group has
revealed a novel apoptosis-inducing complex triggered by 5-FU, termed the
FADDosome (Mohr et al, 2018).

The FADDosome is formed in response to 5-FU-induced DNA damage, which is
detected by the ATR kinase. Activated ATR upregulates caspase-10 independently
of p53, setting the stage for FADDosome formation. The key components of the
FADDosome are caspase-10, FADD, caspase-8, RIP1, and TRAF2. Caspase-10
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and RIP1 recruit TRAF2 to the FADDosome complex, which then ubiquitinates
cFLIP-L, an inhibitor of caspase-8 activation. Ubiquitination and subsequent
degradation of cFLIP-L frees caspase-8, which acts as the initiator caspase.
Additionally, although this complex includes extrinsic pathway components like
caspase-8 and FADD, it forms independently of the extrinsic pathway ligands and
receptors such as FasL, TNF, and TRAIL and its cognate receptors (Mohr et al.,
2018).

5.3 Mitogen Activated Protein Kinases in Apoptosis

Mitogen-activated protein kinases (MAPKSs) are serine/threonine protein kinases
involved in various cellular processes, including cell proliferation, differentiation,
survival, senescence, stress responses, and apoptosis (Taylor et al., 2013). The
MAPK family members are the extracellular-signal-related kinases (ERKSs), the p38
MAPK, and the c-Jun N-terminal kinase (JNK). In general, the ERK MAPK is
associated with the regulation of cellular proliferation, while the JNK and p38
pathways are activated by inflammatory cytokines, heat shock, and ultraviolet
radiation and more associated with apoptosis (Chowchaikong et al., 2018).
Consequently, they are termed as stress activated protein kinases (SAPK) and
therefore, this study focused on SAPKs, specifically p38 MAPK. So far, 4 isoforms
named a, B, y, and & of the p38 SAPK have been identified, with p38a and p38f3
being the most abundant in tissues. Nearly all isoforms are expressed in intestinal
tissue, however, p38a seems to be the most abundant (Grossi et al., 2014, Phan et
al., 2023).

Like the other MAPKSs, p38 SAPKs are activated through dual phosphorylation at a
Thr-X-Tyr motif within the kinase activation loop (Yue and Lépez, 2020). This
activation is mediated by other upstream serine-threonine kinases through a three-
tiered phosphorylation cascade: MAPKKKSs, such as ASK1, TPL2, and MEKKS,
phosphorylate and activate the MAPKKs (MKK3/MKK®6), which activate p38 SAPK

isoforms (Pranteda et al., 2020).
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The role of SAPK in cellular processes is context-dependent, influenced by cell type,
stimulus, and signalling environment. This variability allows these kinases to function
differently under various conditions, making them a key focus of research. As

expected, studies on p38 SAPK in apoptosis show both pro- and anti-apoptotic roles.

For instance, many (Han et al., 2022, Yue and Lopez, 2020, Phan et al., 2023)
reported the cancer enhancing abilities of p38 in the chemotherapy induced cell
death pathways. For instance, Stramucci et al. (2019) found that activated p38d
MAPK promotes pro-survival signalling and reduces sensitivity to 5-FU in CRC cells.
However, a follow-up study by the same group showed that 5-FU-induced apoptosis
also activates the p38a isoform, leading to an anti-cancer effect (Pranteda et al.,
2020). Similarly, a 2018 study found that inhibiting p38a with SB203580 reduced
cleaved caspase-3 levels and, consequently, apoptosis in LoVo colorectal cancer
cells (Chowchaikong et al., 2018). Another study reported that p38 SAPK is activated
by cisplatin in various cell lines, and inhibiting p38 led to cisplatin resistance (Losa et
al., 2003). This supports that the role of p38 MAPK depends on drug, as well as the

specific isoform involved plays a crucial role in cellular and therapy responses.

Apart from the role of p38 MAPK in the drug induced apoptosis, its role in death
receptor pathways is not clearly elucidated. Some research revealed the involvement
of the p38 MAPK in the death receptor signalling pathways such as its essential role
for the expression of Fas and FasL upon T-Cell receptor therapy engagement, as the
inhibition of p38 MAPK with SB203580 reduced both surface Fas expression and
Fas mRNA levels (Hsu et al., 1999). Additionally P38 was found to mediate TNF-
induced apoptosis of endothelial cells via phosphorylation and downregulation of Bcl-
2 family members (Grethe et al., 2004). Moreover, activation of p38 MAPK has been
observed to facilitate apoptosis triggered by damnacanthal, a specific inhibitor of
tyrosine kinase via transcription of DR5, TNF-R1, and Bax. This activates caspase-8,

cleaves Bid, and releases cytochrome C, which then activates caspase-3 .

While p38 MAPK is mostly known for activating transcription factors, it can also
directly influence mitochondria apoptosis thorough the regulation of Bcl-2 members.
A study using arsenite-treated PC12 cells showed that p38 can directly
phosphorylate BimeL, a pro-apoptotic Bcl-2 family protein. This phosphorylation
boosts BimeL ability to promote apoptosis. They also showed that when a mutant

with p38 phosphorylation site removed, BimeL regulated apoptosis was significantly
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reduced. Therefore, this suggests that p38 does not just act in concert with the death
receptor signalling, but can also directly modify Bcl-2 family proteins to induce

mitochondrial damage and drive the cell into apoptosis (Cai et al., 2006).

6. Project Overview: Rationale, Aims, and Objectives

The ongoing debate on the apoptotic pathways activated by chemotherapeutic
agents revolves around whether these agents predominantly initiate the death
receptor pathway or the mitochondrial pathway. As previously stated, these
pathways provide an easy structure to understand apoptosis, when it comes to
chemotherapy induced apoptosis but the actual pathways are more complex and the
rigid structure does not apply to all cell types and contexts. Numerous apoptosis-
inducing agents, including 5-FU, cisplatin, and etoposide, which were initially
classified as inducers of the intrinsic pathway (Wu and Ding, 2002) have since been
found to activate death receptors or induce alternative death-inducing platforms
independently of the canonical caspase-9 pathway (Can et al., 2013, Mohr et al.,
2018, Rebillard et al., 2010, Tenev et al., 2011)

Previous research carried out by our group has demonstrated 5FU-induced
apoptosis is mediated by a caspase-9-independent process that is initiated by
caspase-8 (Mohr et al., 2018). Further analysis of caspase-8 activation has shown
that the activation was independent of p53, because the levels of activated caspase-
8 stayed the same in p53-null cells, although the level of apoptosis was reduced;
showing p53 plays a role in 5-FU mediated apoptosis but is not required for caspase-
8 activation. The 5-FU induced caspase-8 activation was also found to be death
receptor independent, but similar to p53, silencing of DR5 by RNAI led to a reduction
of apoptosis. Therefore, we hypothesised that p53-mediated DR5 might induce an
apoptosis-regulating pathway that controls FADDosome-triggered signalling.
Surprisingly, the apoptosis levels remained constant when TRAIL (the ligand of DR4
and DR5) was neutralised with an antibody, therefore we concluded TRAIL does not
take part in this process and that the upregulation of DR5 on the surface of cells

might be sufficient. As caspase-8 activation was not affected by the DR5 status, we
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focused on DRS non-canonical signalling and MAPK p38 in particular as a role for

JNK was ruled out through earlier work (Figure 4).
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Figure 4. Mechanisms of 5-FU Induced Apoptosis via DR5 pathway

5-FU induced apoptosis starts with its metabolite DUMP inducing DNA damage.
ATR senses the DNA damage, and activated p53 by inhibiting MDM2. ATR also
phosphorylates Bid, which makes it harder to cleave by caspase-8. DR5
upregulation by p53 triggers a partial DISC activation without TRAIL ligand, leading
to p38 MAPK activation. This activates transcription factors, which dephosphorylates
Bid. Caspase 8 truncates Bid, which activates Bak/Bax, and causes MOMP. As a
result of MOMP, Smac/Diablo is released and inhibits XIAP, freeing caspase-3
activity. Simultaneously, the FADDosome enhances caspase-8 activation,

converging to induce apoptosis.
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METHODS

1. Materials

The following materials were used in the experiments: McCoy's Medium (Lonza),
Trypsin-EDTA (Lonza), PE anti-human CD261 (DR4, TRAIL-R1) antibody
(BioLegend), PE anti-human CD262 (DRS5, TRAIL-R2) antibody (BioLegend), PE
anti-mouse IgG kappa (BioLegend). For p38 MAPK inhibitor experiments

doramapimod (BIRB 796), and pamapimod inhibitors were used.

2. Cell Culture
The HCT116, HCTp53-/-, RKO, RKO-E6, and LoVo cell lines were grown in McCoy's

medium (Lonza) containing 10% fetal calf serum and penicillin—streptomycin. The

cells were cultivated in a 5% CO2 atmosphere at 37°C.

3. Apoptosis Assay

Cells were grown to the desired density in 24-well plates. The initial media was
removed and stored. Cells were washed with 200 uL of PBS per well, ensuring the
PBS covered the entire surface. The PBS was collected into respective tubes as it
may contain cells. Next, 200 uL of trypsin was added to each well and incubated for
1 minute to dislodge the cells, which was confirmed under a microscope. 500 pL of
medium was then added back into the wells and mixed to deactivate the trypsin. The
cells were transferred into tubes and pelleted by centrifugation at 2000 rpm for 5
minutes. The supernatant was removed, and the cells were resuspended in 300 uL
of propidium iodide buffer (prepared by adding 1 mL of propidium iodide to 50 mL of

Nicoletti buffer), vortexed, and kept on ice until measurement.



26

4. Fluorescence-Activated Cell Sorting Staining

Cells were seeded at a density of 3x10° cells per well. After 24 hours, one set of
cells was treated with 5-FU and incubated for 48 hours, while another set was
treated with 5-FU the following day and incubated for 24 hours. After the respective
incubation periods, cells were harvested by removing the initial media from the flask,
retaining 500 uL for the next steps. To wash the cells, 200 pyL of PBS was added,
followed by retaining the PBS back to the respective tubes. Following, 200 pL of
trypsin was added, and the cells were incubated for 3 minutes. Successful trypsin
activity was confirmed under a microscope, after which the retained 500 uL of initial
media was added to deactivate the trypsin. The cells were then pelleted by
centrifugation at 5000 rpm for 1 minute, and the supernatant was removed. The
harvested cells were resuspended in 300 uL of PBS and divided equally into three
tubes. Following by the addition of the antibody, the cells were incubated on ice for
20 minutes. After incubation, each sample was washed with 1 mL of PBS. The cells
were then pelleted again and resuspended in 200 uL of 4% paraformaldehyde (PFA)

before analysed by flow cytometry.

5. Crystal Violet Staining

In a 24-well plate, 200 pL of 4% paraformaldehyde was added to each well, and the
plate was incubated at room temperature for 60 minutes. After incubation, the wells
were washed with distilled water three times. The residual water was removed by
inverting the plate and allowing it to dry completely. Once dried, 200 pL of crystal
violet solution was added to each well, and the plate was incubated at room
temperature for 60 minutes. The cells were then washed with distilled water three
times and allowed to dry completely. To solubilize the crystal violet, 400 pL of
methanol was added, and the plate was placed on a shaker for 60 minutes. The
optical density of each well was measured at 570 nm (OD570), with the OD570 of

non-stimulated cells set to 100 as the baseline.
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6. Western Blotting

Whole-cell extracts (30 ug of total protein) were separated on a denaturing 12.5%
SDS-PAGE gel and transferred to a PVDF membrane (Fisher) via electroblotting for
1 hour. The membrane was then blocked with 4% non-fat dry milk in PBS containing
0.3% Tween-20 (PBST). This blocking solution was also used for all subsequent
antibody incubations and washing steps. Primary antibodies were incubated
overnight at 4 °C. Afterward, the membrane was washed four times with the blocking
solution. Secondary antibody incubation was performed for 1 hour at room
temperature, followed by four washes in blocking buffer and two final washes in
PBS. Protein bands were visualized using an enhanced chemiluminescence (ECL)

detection system (Fisher).

7. Statistical Analysis

Data obtained from flow cytometry measurements were analysed using Excel pivot
table and charts. Calculations of the averages and standard deviation were carried
out. Experimental values were expressed as the mean value * standard deviation.
The significance of the variance between groups was calculated using a standard t-
test, with p-values of <0.05 considered significant (*), p-values of <0.01 considered

very significant (**), and p-values of <0.001 considered highly significant (***).

8. Cell Counting Analysis

Cells were seeded at a density of 1 x 10° cells per well and incubated for 24 hours.
Cells were then treated with 50 uM 5-FU, either alone or in combination with 5, 10, or
20 uM pamapimod. Control treatments included pamapimod alone. The same
procedure was repeated for doramapimod. Cells were imaged using an IncuCyte at

0, 24, and 48 hours post-treatment. Image segmentation was performed using
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Cellpose, and the segmented images were processed in Fiji (Imaged). To quantify
total cells vs dead cells, images were thresholded, and the “Analyze Particles”
function was used with the roundness filter to distinguish dead cells from live ones.

Roundness parameters were set to 0.8—1.0 based on apoptotic morphology.

RESULTS

1. 5-FU induces caspase dependent apoptosis in the colorectal cancer cell

lines.

In this study, we investigated the apoptotic pathways activated by 5-FU in colorectal
cancer cells. We utilised RKO and HCT116 cells and treated these cells with 5-FU.
To determine 5-FU induces cell death through apoptosis, we performed a flow
cytometry-based apoptosis assay with the caspase inhibitor zZVAD-fmk to confirm the
apoptotic nature of the cell death (Figure 5). Additionally, we assessed cell viability
using crystal violet staining to complement our findings (Figure 6). In both cell lines
5-FU induced a dose-dependent cell death. RKO cells were more sensitive to 5-FU
than HCT116 with up to 80% cell death at the highest concentration. The addition of
zVVAD-fmk together with 5-FU (200 uM) significantly reduced cell death to levels of
10%, compared to 90% for 200 yM 5-FU treatment without zZVAD-fmk, confirming
that the cell death mechanism is caspase-dependent apoptosis. Similarly, HCT116
cells, though more resistant, displayed increased apoptosis with higher
concentrations of 5-FU, reaching up to 40% at the highest dose. Again, the
combination treatment with 5-FU and zVAD-fmk reduced cell death to 10%. These
results indicate that 5-FU induces caspase-dependent apoptosis in both RKO and
HCT116 cells (Figure 5).

Crystal violet assay results were consistent with the flow cytometry-based apoptosis
assay results. 5-FU induced a dose dependent loss of cell viability, and the treatment
with zZVAD-fmk was able to restore cell viability by approximately 25%-points in RKO
cells (Figure 6). These findings show that apoptosis is part of to the anti-cancer (i.e.

loss/reduced number of cells) effect of SFU. However, as the crystal violet staining
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compared to the flow cytometric apoptosis assay could not distinguish between 5FU-

induced cell cycle effects and cell death , we opted focus on the apoptosis assay in

subsequent experiments.
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Figure 5. Dose-dependent effects of 5-FU on apoptosis in colorectal cancer cells.

Cells treated with varying concentrations of 5-FU and incubated for 48 hours. After
treatment, cells were stained with propidium iodide and analysed for apoptosis using
flow cytometry. The results show a dose dependent increase in cell death for both
RKO and HCT116 cells. The addition of the caspase inhibitor zZVAD-fmk significantly
reduced cell death, indicating caspase dependency. Error bars represent standard
deviations, and p-values were calculated to determine statistical significance.
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Figure 6. Crystal Violet based cell viability assay of RKO cells in response to 5-FU
treatment.

The left graph shows viable cell percent of cells treated with increasing
concentrations of 5-FU, whereas the right shows the z-VAD treatment alone and in
combination with 5-FU. Crystal violet was used to stain live cells, % of untreated was
calculated to determine 5-FU-induced apoptosis. (p-value<0.05=", <0.01="%
0.001="*)

2. 5-FU induced apoptosis is p53 dependent in the colorectal cancer cell
lines.

Once we confirmed that 5-FU induces apoptosis, we sought to elucidate the specific
apoptotic pathway involved. Given the known role of p53 in mediating apoptosis
(Akpinar et al., 2015) we conducted an apoptosis assay on p53 deficient RKO-E6
and HCT116 p53-/- cells to investigate the dependency of 5-FU-induced cell death

on p53, and compared the apoptosis levels to the parental cell lines (Figure 7).

The results showed that 5-FU-mediated apoptosis was significantly lower in p53-
deficient cells, with apoptosis levels reduced by more than half compared to their
respective parental cell lines. Overall, approximately a 60% reduction in apoptosis
was observed across all concentrations in the p53-deficient cell lines compared to
their parental counterparts (Figure 7). These findings 5-FU-induced apoptosis is
dependent on p53, as only a small residual level of apoptosis observed in cells
lacking functional p53.
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Figure 7. 5-FU-Induced Apoptosis in Parental vs. p53-Deficient Cancer Cells

Comparison of 5-FU-induced apoptosis in parental colorectal cancer cell lines versus
their p53-deficient counterparts (HCT116 p53—/- and RKO-EG6). Cells were seeded




32

at a density of 1x10° cells per well, treated with increasing concentrations of 5-FU,
and incubated for 48 hours. Apoptosis was measured by flow cytometry after
staining with propidium iodide (PI).Statistical significance was determined by
performing t-tests, and standard deviations were calculated from the percentage of
apoptotic cells.

3. DRS but not DR4 is upregulated in response to 5-FU treatment.

Previous experiments with cells lacking DR5 showed that DRS5 is an important part of
5-FU-mediated apoptosis (see Supplementary Figure 1) (Akpinar et al., 2015, Yu et
al., 2013) . Given these receptors are p53 targets, once it was confirmed 5-FU
induces p53 dependent apoptosis, we investigated if the TRAIL receptors (DR4,
DRY5) are upregulated by 5-FU treatment. To do this, we conducted experiments with
parental HCT116 and RKO cell lines (Figure 8).
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Figure 8. DR4 expression of HCT116 and RKO cells upon 5-FU treatment.

The graphs show the expression level DR4 in HCT116 treated with 100 uM 5-FU
and RKO cells treated with 50 uM 5-FU, and incubated for 24 hours. Immunostaining
was performed using DR4 antibody with respective isotype control. Mean
fluorescence intensity (MFI) was calculated by subtracting the isotype control values
from the antibody-stained values. Histogram shows the fluorescence intensity for
DR4 24 hours post-5-FU treatment, with untreated isotype control (black), untreated
cells stained with DR4-PE (pink), and 5-FU-treated cells stained with DR4-PE
(orange). Error bars represent standard deviation of three independent experiments.

The DR4 FACS histogram showed low levels of basal DR4 expression and a small

shift following 5-FU treatment of the HCT116 cells. However this shift was not
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statistically significant when quantified. Similarly, there was no significant
upregulation of the DR4 expression on RKO cells when quantified. Consistent results
across triplicate experiments indicate that DR4 expression remains unchanged,
therefore DR4 is not up-regulated by 5FU and unlikely to play a role in the apoptotic
pathway activated by 5-FU in both cell lines. Next, DRS upregulation was

investigated.
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Figure 9. The DR5 expression of HCT116 and RKO cells.

The graphs present the expression levels of DR5 in HCT116 and RKO cells treated
with 100 uM 5-FU and 50 uM 5-FU respectively before being incubated for 24 hours.
Immunostaining was performed using specific antibody against DR5, with
corresponding isotype. Mean fluorescence intensity was calculated by subtracting
the fluorescence intensity of the isotype control from that of the DR5 antibody-
stained samples. The histograms show fluorescence intensity distributions for DR5
staining at 24 hours: untreated isotype control (black), untreated cells stained with
DRS5 (blue), and 5-FU-treated cells stained with DR5 (yellow). p-value < 0.05 (*), p <
0.01 (**), and *p < 0.001 (***). Results are expressed as means * standard error of
the mean.



36

The results of the DR5 antibody staining experiment showed a clear shift in DR5
expression after 5FU treatment for both HCT116 and RKO cells. When quantified,
the average MFI of DRS in untreated HCT116 cells was around 30,000 after
subtracting the isotype control. Upon treatment with 100 uM 5-FU for 24 hours, the
MFI of DR5 increased twofold on both RKO and HCT116 cells. This suggests that 5-
FU treatment upregulates DR5 expression, which may be associated with the

regulation of apoptotic pathways and enhanced sensitivity of cells to apoptosis.

Consistent with findings from previous experiments, where we observed that
silencing DR5 in HCT116 cells conferred resistance to 5-FU, our current findings
support that DRS might have an important role in mediating the apoptotic pathway
triggered by 5-FU. In contrast, the constant levels of DR4 expression suggest that

DR4 is not involved in this apoptotic pathway.

4. P53 Induces DRS5 upregulation in response to 5-FU
Given that p53-null or depleted cells show reduced response to 5-FU and that DR5

is a known p53 target, we next investigated whether the upregulation of DRS in
response to 5-FU was dependent on p53. To do this, we first conducted experiments
with HCT116 P53-/- and RKO-EG6 cell lines and assessed both DR4 and DR5
upregulation (Figure 10, Figure 11).

Similarly to p53 wild-type cells DR4 was not significantly upregulated in either the
HCT116 p53-/- or the RKO-E6 cells following 5-FU treatment .
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Figure 10. DR4 upregulation of HCT116 p53-/- and RKO-EG6 cells.

Immunostaining experiment with DR4 antibody with respective isotype control
performed on HCT116.p53-/- and RKO-EG6 cells which =~~~ *~~*=~"--"*9100 uM 5-
FU and 50 uM 5-FU respectively, and incubated for 24 yrescence
intensity (MFI) was calculated by subtracting the isotype control values from the
antibody-stained values.

Following 5FU treatment of HCT116 p53-/- and RK )-E6 no DR5 upregulation could
be observed (Figure 11). The results also showed no significant upregulation of DR5

when MFI values were quantified. As previously shown, parental HCT116 cells were
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able to upregulate DR5 expression by twofold. This shows that DR5 expression in

the 5-FU-treated cells is regulated by p53 providing a possible link between p53,

DRS5 and the levels of 5-FU-induced apoptosis. In cells lacking p53, DR5 could not

be upregulated and apoptosis might not be executed or its levels be diminished.
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Figure 11. DR5 upregulation of the HCT116 p53-/- and RKO-EG6 cells.

v

Immunostaining experiment with DRS antibody with respective isotype control
performed on HCT116 p53-/- and RKO-EG6 cells which were treated with 100 uM 5-
FU and 50 uM 5-FU respectively, and incubated for 24 hours. Mean fluorescence
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intensity (MFI) was calculated by subtracting the isotype control values from the
antibody-stained values.

5. 5-FU induces p38 phosphorylation.

As is was shown earlier that FADDosome-mediated activation of caspase-8 following
5-FU treatment was independent of p53 and death receptors like DR5, | investigated
whether non-canonical (i.e. non-caspase) DRS signalling such as p38 MAPK
signalling might be involved in apoptosis after 5-FU stimulation. Therefore, we first
examined whether p38 MAPK was activated in response to 5-FU. To this end, we
performed western blots with phospho-specific antibodies on protein lysates from
RKO and HCT116 cells (Figure 12). The results showed that in untreated cells, p38
MAPK was expressed but not phosphorylated, indicating an inactive state. However,
upon treatment with 5-FU, there was a marked increase in p38 phosphorylation,
suggesting that 5-FU induces p38 MAPK activation (Figure 12).
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Figure 12. P38 phosphorylation in response to 5-FU in HCT116 and RKO cells.

The data shows western blots of HCT116 (A) and RKO (B) cells untreated and
treated with 5-FU which were then investigated for their phosphorylated p38 (p-p38)
and total p38.

To assess whether this activation is dependent on p53, we conducted experiments
using HCT116 p53-/- and RKO-E6 cell lines and compared them to their parental
counterparts (Figure 13).
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Figure 13. The effect of p53 status on p38 phosphorylation.

The Figure depicts HCT116 (A) and RKO (B) cells with their p53 null counterparts.
The cells were treated with 5-FU and then investigated for their phosphorylated p38
(p-p38) and total p38.

The results revealed that p38 activation is indeed p53-dependent. In HCT116 p53-/-
cells, phosphorylated p38 levels were significantly reduced compared to the parental
HCT116 cells. In RKO-EB6 cells, the absence of functional p53 resulted in a complete
loss of p38 phosphorylation. This led us to hypothesise that 5-FU induces p53
activation, which subsequently upregulates DR5, leading to its (partial) activation and
ultimately triggering p38 phosphorylation/activation. To test this hypothesis and
determine whether p53 and DRS directly contribute to p38 phosphorylation, we
performed experiments using DR5-knockdown cells generated from HCT116 cells
(HCT116.shDR5) (Figure 14).
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Figure 14. DR5 knockdown reduces p38 phosphorylation in response to 5-FU
treatment.

Phosphorylated p38 (p-p38) and total p38 were detected in parental HCT116 cells
and DR5-knockdown HCT116.shDRS cells under untreated (Ctrl) and 5-FU-treated
(+5FU) conditions. Total p38 serves as a loading control.

The Western blot analysis of HCT116 and HCT116.shDRS cells showed clear
differences in p38 phosphorylation after 5-FU treatment. In the parental HCT116
cells, p38 was strongly phosphorylated following 5-FU exposure, confirming the
activation of the p38 MAPK pathway. In contrast, HCT116.shDRS5 cells showed
significantly reduced p38 phosphorylation. Untreated HCT116.shDRS5 cells exhibited
only a faint p-p38 band, indicating minimal basal activation of p38, and while 5-FU
treatment slightly increased p38 phosphorylation, the band remained faint compared

to the parental cells.

These results indicate that DR5 contributes to p38 phosphorylation/activation in
response to 5-FU. However, the faint p-p38 band observed in HCT116.shDR5 cells
treated with 5-FU suggests that other pathways or mechanisms may partially

mediate p38 activation, too. This supports our hypothesis that DR5 acts as a key link
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in the signalling cascade from p53 activation to p38 phosphorylation during 5-FU-

induced apoptosis.

6. P38 MAPK is an important part of the 5-FU mediated apoptosis.

We then aimed to investigate whether p38 MAPK is indeed involved in regulating 5-
FU-induced apoptosis. To establish the role of p38 MAPK in 5-FU-mediated
apoptosis, we performed experiments using specific p38 MAPK inhibitors, namely
doramapimod and pamapimod on RKO cells. Using the IncuCyte system, images
were captured over a 48-hour period at three time points (0, 24, and 48 hours). A
single image from each time point was divided into four segments for quantitative
analysis. Each segment was analysed for total and dead cell counts and the data

was used to calculate the percentage of dead cells (Figure 15, Figure 16).
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Figure 15. Segmented Images of cell death analysis- doramapimod.

The figure shows the analysis of IncuCyte cell death assay image segments as well
as the quantification of cell death in untreated and treated conditions at 48 hours
post treatment. The first column shows raw images, the second column represents
segmented images of total cells, and the third column shows thresholded images
highlighting dead cells. Treatment conditions include untreated cells, 50 uM 5-FU,
and 50 uM 5-FU combined with 10 uM doramapimod.
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Figure 16. Segmented Images of cell death analysis- pamapimod.

The figure shows the analysis of IncuCyte cell death assay image segments and
highlight the dose-dependent effect of pamapimod on 5-FU-induced cell death at 48
hours post treatment. The images illustrate the effects of various treatment
conditions on cell populations, including untreated cells, cells treated with 50 uM 5-
FU alone, and cells treated with 50 uM 5-FU in combination with 10 uM pamapimod.
Each treatment is represented in three columns: the first column shows the raw
images, the second column displays the segmented images highlighting total cells,
and the third column shows dead cells.

Treatment with 5-FU combined with either doramapimod or pamapimod showed
similar effects on cell death. At 5 uM, doramapimod resulted in 29% dead cells, while
pamapimod led to 21% dead cells. At 20 uM, doramapimod had 32% dead cells, and
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pamapimod showed 22% dead cells. Both inhibitors reduced cell death compared to
the 5-FU-only treatment, indicating a protective effect against 5-FU-induced cell
death. To quantify the observed effects, the data from the image analysis were
compiled and are presented in the following graphs, which show the percentage of

dead cells across different treatment conditions at 48 hours (Figure 17).
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Figure 17. Effect of p38 inhibitors on 5-FU-induced cell death.

The graph shows the percentage of cell death in control and 5-FU-treated cells with
and without p38 inhibitors (doramapimod or pamapimod, top and bottom
respectively). Left- control groups (untreated, 5 uM, 10 uM, and 20 uM p38i alone)
show baseline levels of cell death. Right- 5-FU alone, 5-FU + 5 uM p38i, 5-FU + 10
UM p38i, 5-FU + 20 uM p38i respectively. p-value < 0.05 (*), p < 0.01 (**), and *p <
0.001 (***). Results are expressed as means + standard error of the mean.

Treatment of RKO cells with 50 uM 5-FU resulted in significant cell death. The co-
treatment with 5-FU and doramapimod led to approximately a 30% decrease in cell
death. On the other hand, pamapimod showed a more pronounced effect, around
50% reduction in apoptosis compared to 5-FU alone across all concentrations,

suggesting a potential role of p38 MAPK in 5-FU-induced cell death.

In addition to the cell death analysis, an apoptosis assay was conducted (Figure 18).
Treatment of RKO cells with 50 uM 5-FU resulted in significant apoptosis, around
40%. The co-treatment of RKO cells with 50 yM 5-FU and doramapimod resulted in
a significant reduction in apoptosis compared to 5-FU alone. At 5 yM and 10 yM
doramapimod, apoptosis was reduced by 37.5%, while at 20 uM, the reduction was
more pronounced at 50%. In contrast, co-treatment with pamapimod and 5-FU
resulted in a smaller reduction in apoptosis, with a 25% decrease at both 5 yM and

10 uM concentrations, and a 37.5% reduction at 20 uM (Figure 18).
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Figure 18. Effect of p38 inhibitors on 5-FU-induced apoptosis.

The graphs demonstrate the percentage of apoptosis in control and 5-FU-treated
cells with and without p38 inhibitors (doramapimod or pamapimod, top and bottom
respectively). Left- control groups (untreated, 5 uM, 10 uM, and 20 uM p38i alone)
show baseline levels of cell death. Right- 5-FU alone, 5-FU + 5 uM p38i, 5-FU + 10
UM p38i, 5-FU + 20 uM p38i respectively. p-value < 0.05 (*), p < 0.01 (**), and *p <
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0.001 (***). Results are expressed as means + standard error of the mean.as means
t standard error of the mean.

Taken together, these findings demonstrate that p38 is involved in apoptosis induced

by 5-FU, as inhibition of p38 MAPK results in a decrease of apoptosis levels.

DISCUSSION

. 5-FU mediated cell death is caspase and p53 dependent.

5-FU is a chemotherapeutic agent that interferes with thymidylate synthase and DNA
synthesis, causing DNA strand breaks and misincorporation of dNTPs into DNA and
subsequent replication fork stalls (Zhang et al., 2008). This experiment has once
again showed that 5-FU treatment induces significant apoptosis in colorectal cancer
cells. The dose curve experiments with HCT116 and RKO cells has shown dose
dependent cell death. When the cells were pre-treated with zZVAD-fmk before adding
the highest concentration of 5-FU, the cell death levels were reduced to the control

levels. This confirms the 5-FU mediated cell death is caspase-dependent apoptosis.

Most chemotherapeutic drugs are dependent on p53 to induced apoptosis. This is
because DNA damage is sensed by p53 and it activates transcriptional targets that
mediate cell cycle arrest and apoptosis, including the pro-apoptotic proteins from
Bcl-2 protein family and extrinsic pathway proteins such as DR5 (Aubrey et al.,
2018). This experiment once again confirmed pro-apoptotic role of p53 in 5-FU-
induced apoptosis using HCT116 p53-/- and RKO-EG6 cells (above). HCT116 p53-/-
is a double knockout cell line, whereas RKO-EG6 cell line contains HPV16 E6
oncoprotein, which degrades p53. Both cell lines were more resistant to 5-FU
treatment compared to their parental cell lines. The absence of p53 resulted in a
significant reduction in apoptosis in all concentrations. These findings are in line with

the current understanding that p53 is a crucial mediator of the DNA damage
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response, and that it takes part in regulating the apoptotic pathways in colorectal

cancer (Akpinar et al., 2015).

Even though the cells are less capable of initiating apoptosis when p53 is impaired,
cell death levels were not completely diminished. It is possible that in the absence of
p53 5-FU is inducing cell death through another pathway. Previously, a similar
research done by Akpinar et al. (2015) has shown 5-FU treated p53 deficient cells
displayed delayed caspase activation, resulting in mitochondrial ROS, necrotic-like

features, and suboptimal apoptosis.

. 5-FU induced apoptosis is dependent on DR5 but not DR4 activation.

This study revealed that 5-FU treatment significantly upregulated DR5 expression,
while DR4 expression remained unchanged in both HCT116 and RKO cell lines.
Although the DR4 histogram shifted after treatment, this shift was not statistically
significant when quantified. This suggests that DR4 is not involved in the apoptotic

pathway activated by 5-FU in both cell lines.

On the other hand, we observed a clear two-fold upregulation of DR5 in both
HCT116 and RKO cells after 5-FU treatment. In previous experiments we could also
show that DR5 knockout HCT116 cells were unresponsive to 5-FU therapy (Aleyna
Guney, undergraduate thesis, 2023). This suggest that DR5 is the sole death
receptor of the 5-FU mediated apoptosis pathway. Previous studies have also
reported DR5-dependent apoptosis in response to 5-FU. For example, studies on
HCT116 cells demonstrated that 5-FU administration resulted in the accumulation of
DRS5 in the plasma membrane, as well as the development of the DR5-associated
DISC complex. This activation was found to be p53-dependent (Akpinar et al., 2015,
Can et al., 2013).
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In 5-FU-mediated apoptosis, DR5 activation is p53-dependent and occurs

independently of its ligand, TRAIL.

In the generic death receptor pathway, DRS binds to its ligand TRAIL and activates
the caspase cascade which results in apoptosis (Green and Llambi, 2015). However
our previous experiments revealed that DR5 activation in 5-FU mediated apoptosis is
independent of its ligand, as when the ligand was neutralised with an antagonist the
apoptosis levels were not affected (Mohr et al., 2018). Our data also indicate that this
upregulation of DR5 is p53-dependent, as cells lacking p53 exhibited no increase in
DRS5 expression following 5-FU treatment. This supports the hypothesis that p53
activation following 5-FU-induced DNA damage drives the transcriptional
upregulation of DR5, enhancing the apoptotic response. Consequently, increased
levels of DR5 protein displayed on the cellular surface leads to receptor clustering

and activation, as demonstrated in previous studies (Rebillard et al., 2010).

P38 SAPK in involved in 5-FU mediated apoptosis.

4.1. The activation of p38 in 5-FU mediated apoptosis is regulated by DR5
and p53

Our study revealed the role of p38 SAPK in regulating 5-FU-induced apoptosis. First,
we confirmed p38 phosphorylation and therefore activation upon 5-FU treatment with
western blots. Further experiments with p53 deficient cells showed that p53 is the
main regulator of p38 activation. We also conducted experiments with DR5
knockdown cells. These experiments showed that DRS5 also mediates p38 activation
partially. Then, by using antagonists, we blocked p38 and treated RKO and HCT116
cell lines with varying concentrations of 5-FU. The protective effect that arose with
p38 SAPK inhibitor were clearly visible, and measured and quantified by the

IncuCyte. In this experimental setup we treated RKO cells with 5-FU and p38
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inhibitors and then observed the effect of treatments every 4 hours. The p38 inhibitor

treated cells were seen to undergo apoptosis much later.

Literature suggests that p38 can exert both pro- and anti-apoptotic effects depending
on cell type and stimuli (Lee et al., 2006). We hypothesize that in our system, p38
promotes apoptosis by activating transcription factors such as AP-1, which drive the

de-phosphorylation of Bid.

4.2. Mechanisms of 5-FU-Induced Apoptosis: A Proposed Cascade

Our findings suggest that 5-FU induces apoptosis through a complex interplay of
signalling pathways. Based on existing literature and our own data, we propose a
model where 5-FU activates ATR, which in turn phosphorylates BID (Liu et al., 2011,
Zinkel et al., 2007). Phosphorylated BID has been shown to resist caspase-8
cleavage, delaying its conversion to tBID and therefore mitochondrial apoptosis. In
line with this, our work (Mohr et al., 2018) confirmed BID’s critical role in 5-FU-
induced apoptosis as BID-silenced cells showed reduced caspase-3 activation and
disrupted mitochondrial signalling with normal caspase-8 activity. This highlights BID

as a key regulator, particularly at the mitochondrial checkpoint.

We propose a dual-pathway mechanism for 5-FU-induced apoptosis, integrating
both death receptor and mitochondrial signalling. On the receptor side, 5-FU
upregulates DR5 in a p53-dependent manner, forming a non-canonical DISC-like
complex that activates caspase-8 independently of TRAIL. This form of death

receptor activation is consistent with earlier reports (Rebillard et al., 2010).

On the mitochondrial side, 5-FU activates ATR, which activates p53 by suppressing
MDM2. ATR also phosphorylates BID (Ser61, Ser64, Ser78) (Liu et al., 2011, Zinkel
et al., 2007), which renders it resistant to caspase-8 cleavage (Desagher et al.,
2001). This phosphorylation delays MOMP and caspase-3 activation, and puts a
brake on apoptosis. To overcome this, cells require BID dephosphorylation, a

process we believe involves p38.
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This study indicates that p38 is activated by 5-FU, partly through p53 and DR5. |
propose that this p38 activation drives AP1 activation, and therefore Wip1
expression; a p53-regulated phosphatase known to dephosphorylate ATR/ATM
targets, including BID (Tanos et al., 2005). Here, p53 and p38 converge on Wip1,
which then dephosphorylates BID, restoring its cleavage by caspase-8 and enabling
tBID formation. This step is critical for BAX/BAK activation, MOMP, and Smac/Diablo
release, ultimately amplifying the apoptotic cascade. Additionally, we speculate that
the non-canonical FADDosome platform we previously identified may work in parallel

to enhance caspase-8 activation and reinforce the apoptotic signal.

CONCLUSION

This study has shown that p38 MAPK is activated and regulated partially by DR5 and
p53. Our study demonstrates that 5-FU induces apoptosis through a complex
interplay of DRS signalling that includes p53, mitochondria, FADDosome, and
transcription factors. We show that p38 is involved in 5-FU mediated apoptosis, and
we propose that p38 in conjunction with p53, regulates the expression of Wip1,
which dephosphorylates BID, enabling its cleavage and facilitating MOMP, which
results in caspase 3 activation and apoptosis.
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Supplementary Figure 1. The graph displays the response of DRS knockout cells to
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various concentrations of 5-FU over a 7-day period. After treatment, the absorbance
of Crystal Violet-stained cells was measured using a spectrometer, and the
percentage of viable cells was calculated from the untreated cells. The data indicate
that HCT116.shDRS5 cells are resistant to 5-FU mediated apoptosis. Standard

deviations of the percentages were included.
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Supplementary Figure 2. Representative IncuCyte images are shown for each
treatment condition, along with total cell counts obtained using ImagedJ and the
number of filtered dead cells. The figure includes control cells, cells treated with 5-

FU, and cells co-treated with 5-FU and increasing concentrations of the p38 inhibitor.
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