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Abstract

Small molecule drugs have emerged as valuable therapeutic agents in the treatment of
inflammation and cancer. However, there is still a need to identify additional molecular
targets amenable to therapeutic exploitation. Pellino proteins form a three-membered
family of E3 ubiquitin ligases, and an understanding of their crucial roles in regulating
innate immunity and cancer is emerging. This understanding is largely gleaned from
the use of experimental models, ranging from over-expression studies and gene
knockdown/knockout approaches in cell models and the use of Pellino-deficient mice
in disease models. Despite this, the potential to pharmacologically target Pellino
proteins for therapeutic application in the treatment of inflammatory diseases or cancer
remains largely unexplored. No candidate molecules have been described to date that
effectively mimic or promote their function. However, recent work from my host
laboratory has led to the design of two novel compounds intended to target Pellino
proteins, especially Pellino2. This body of work aimed to investigate the regulatory
effects of these novel compounds on the pathways and cells that drive inflammation,
inflammatory diseases, and colorectal cancer. Initial studies identified that both
compounds effectively inhibit inflammatory responses by targeting and facilitating the
degradation of IRAK1. This led to the down-regulation of the NF-«xB signaling pathway
and the suppression of the expression of pro-inflammatory cytokines (e.g., IL-1p3, IL-6,
and TNFa) in a Pellino2-dependent manner. These effects were manifested at non-
cytotoxic concentrations. Further studies supported a novel role for Pellino2 in
protecting against pro-tumorigenic effects in colorectal cancer. The research revealed a

down-regulation of human Pellino2 mRNA in colorectal cancer patients and cells, and



a deletion of the Pellino2 gene in mice led to an increased tumor burden in preclinical
models of colorectal cancer. The studies also demonstrated that human Pellino2
suppresses the growth and proliferation of colorectal cancer cells by promoting cell
apoptosis. In promoting this pro-apoptotic effect, Pellino2 was shown to target the
ubiquitination and degradation of Bcl-xL. Interestingly, while neither of the novel
compounds designed to target Pellino2 consistently inhibited colorectal cancer cell
growth, they did enhance the sensitivity of colorectal cancer cells to the cytotoxic
effects of the chemotherapeutic agent Cisplatin in a Pellino2-dependent manner.
Overall, this work reveals the promising potential of these novel compounds in
targeting the pathways and cells that drive inflammatory diseases and colorectal cancer.
It also highlights Pellino proteins as potential therapeutic targets in the development of

innovative anti-inflammatory and anti-cancer therapeutics.
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Chapter 1: Introduction

1.1 Immune system

The immune system is a complex and dynamic network comprising diverse molecules,
cells, and organs that collaborate to carry out specialized functions in protecting the
host from pathogenic invaders and infections. Early research has demonstrated that the
response of the immune system can be divided into two separate phases: the innate
(natural) response and the acquired (adaptive) response (Delves and Roitt 2000). The
innate immune response primarily operates quickly in the face of pathogenic threats,
involves a diverse set of phagocytic cells such as macrophages, neutrophils, mast cells,
dendritic cells, and monocytes, as well as cells that secrete inflammatory mediators
including basophils, and eosinophils. These effector cells are involved in the
recognition of specific conserved pathogenic components, allowing for a broad range
of pathogenic targets to be rapidly neutralized by natural killer cells and other innate
immune components. (Gasteiger et al. 2017). In addition, the innate immune response
also involves a large number of molecular components including complement, acute-
phase proteins and cytokines such as Interleukin-1B (IL-1B), Tumor necrosis factor
alpha (TNFa), Interleukin-6 (IL-6) and interferons (Strieter, Belperio, and Keane 2002b;
Lacy and Stow 2011). In contrast to the rapidly and non-specific nature of innate
immune responses, acquired immune responses are mediated by antigen-specific B-
and T-lymphocytes that undergo proliferation and clonal expansion, resulting in a
delayed response to the pathogenic challenge. The activation of these cells occurs

through the recognition of the antigen by the surface receptors on lymphocytes, a

16



process that initiates a series of complex signaling events, resulting in the production
of highly specialized effector cells with the ability to specifically target and eliminate
the pathogenic invader (Chaplin 2010). The T-cell response needs specialized cells,
called antigen presenting cells (APCs), such as macrophages and dendritic cells
(Braciale, Sun, and Kim 2012), to present the antigen to the T-cells and react with T-
cells for differentiation, polarization and activation (Kaech, Wherry, and Ahmed 2002;
Luckheeram et al. 2012; Mahnke et al. 2013; Mittrucker, Visekruna, and Huber 2014).
After the activation of T-cells, the activated T-cells assist the B-cells to start to produce
(Hoffman, Lakkis, and Chalasani 2016) and secrete immunoglobulins, the antigen-
specific antibodies responsible for eliminating extracellular microorganisms (Akkaya,
Kwak, and Pierce 2020; Cyster and Allen 2019). Activated T-cells can also help clear
the intracellular pathogens by activating macrophages and by killing virally infected
cells (Hilhorst et al. 2014; Roberts, Dickinson, and Taams 2015; Underhill et al. 1999).
As the body of research in this field has expanded, it has become clear that the
traditional classification between the innate and acquired immune responses is no
longer applicable to current research. Rather than functioning independently, these two
different immune responses engage in a complex communication and coordination to
eliminate pathogenic threats. This crosstalk and interaction between the innate and
acquired immune responses is important for the effective resolution of infections, and

represents a key area of ongoing investigation in the field of immunology.

1.1.1 Innate immune system

The innate immune system represents an ancient component of the body's defense
system and is the first line of defense against a variety of pathogenic threats. This
system provides rapid and non-specific protection against a broad range of potential
pathogens, including bacteria, viruses, fungi, and parasites, that are able to penetrate
the physical barriers of the skin and mucous membranes and invade the body's internal
environment (Chaplin 2010; Coates, Blanchard, and MacLeod 2018; Delves and Roitt
2000; Nigam et al. 2012). The innate immune system has conventionally been defined
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as consisting of all immune defenses that do not exhibit immunological memory.
However, recent research has introduced the concept of "Trained Immunity" to describe
and reference memory-like characteristics within the innate immune system. Upon
exposure to specific stimuli, innate immune cells exhibit the capacity to adapt their
responses to subsequent challenges. This adaptive process leads to an amplified
reaction when faced with previously encountered infectious agents (Gasteiger et al.

2017).

1.1.1.1 Cellular components of innate immune responses

The cellular component is a fundamental and important part of the innate immune
response, in which different types of cell act in concert to provide a rapid and effective
defense against invading pathogens. These cellular effectors play an important role in
detecting, neutralizing, and eliminating pathogenic agents from the body, while also
activating and modulating the adaptive immune response for a coordinated and

effective defense (Gasteiger et al. 2017).

Phagocytes is a collective term for a range of cells in the innate immune system and
includes cells such as neutrophils (Rosales 2018; Burn et al. 2021) and monocytes
(Kapellos et al. 2019; Guilliams, Mildner, and Yona 2018). Upon recognition of a
pathogenic invader, a phagocyte performs a process known as phagocytosis to engulf
the foreign pathogen. Following phagocytosis, the pathogen is subjected to a range of
antimicrobial substances, such as enzymes and reactive oxygen species, which help to
digest and destroy the invader. Ultimately, the phagocyte clears away debris from the
pathogen, thus effectively eliminating the threat to the body (Underhill and Goodridge
2012; Gordon 2016). In addition, phagocytes play a role in activating the complement
system, a series of proteins that enhance the innate immune response by marking
pathogens for destruction and increasing the potency of phagocytes (Dunkelberger and

Song 2010).
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Macrophages are derived from blood-borne monocytes. They are present in virtually
all tissues and capable of recognizing and engulfing pathogens, as well as removing
self-cellular debris and dead cells. Once a macrophage has engulfed a pathogen, it uses
degradative enzymes and lysosomes to break down the invader and subsequently
present peptide fragments on its cell surface to activate the response from the adaptive
immune system (Mosser and Edwards 2008; Murray and Wynn 2011; Wynn, Chawla,
and Pollard 2013). In the context of macrophage biology, it is evident that macrophages
exhibit remarkable adaptability in response to stimulations, thereby manifesting a
dynamic spectrum of polarization states, defined by the M1 and M2. M1 macrophages
are renowned for their pro-inflammatory attributes, typified by their heightened
phagocytic and cytotoxic capabilities. These M1 macrophages can be distinguished by
the expression of discernible markers, including major histocompatibility complex
(MHC) Class II, cluster of differentiation (CD)15, CD80/CD86, CD38, and inducible
nitric oxide synthase (iNOS). Notably, M1 macrophages are robustly producers of pro-
inflammatory cytokines such as IL-6, IL-12, IL-1B, and TNF-a, as well as chemokines
such as CCL2 and CCLS5. This unique cytokine production ability plays important roles
in the recruitment and sustained activation of various immune cell types, notably T cells
and B cells, to sites of infection and inflammation. Conversely, M2 macrophages
exhibit distinct functional properties, primarily directed towards the resolution of
inflammatory processes and active participation in tissue repair pathways. These M2
macrophages are characterized by the presence of specific cell surface markers, namely
CD36, CD206, and CD163, which underscore their unique regulatory and reparative
functions in the context of tissue homeostasis and repair. (Murray and Stow 2014; Stow

et al. 2009; Xu et al. 2022).

Denderitic cells (DC cells) represent a distinct population of antigen-presenting cells that
possess the special capacity to detect and process pathogenic antigens and then present
these molecules to the adaptive immune system. This function of DC cells establishes
a critical bridge between the innate and adaptive immune responses. DC cells recognize

the invading pathogen, phagocytose the foreign invader and subsequently processes its
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associated antigens. These processed antigens are then displayed on the surface of DC
cells, where they are ready to be recognized by T and B lymphocytes, the central
effectors of the adaptive immune response (Galamb, Molnar, and Tulassay 2003;
Ardavin, Amigorena, and Reis e Sousa 2004; Mohty and Gaugler 2003; Thomson et al.
2002).

Natural Killer (NK) cells are capable of killing infected and malignant cells through a
process that does not require advanced sensitization or activation by antigens (Delves
and Roitt 2000). NK cells express a range of receptors that allow them to detect changes
on infected cells by a mix of inhibitory and activating receptors on their surface. The
inhibitory receptors like KIR (Killer-cell immunoglobulin-like receptor) and CD94-
NKG2A heterodimer on the surface of NK cells bind to MHC class I molecules on
normal healthy cells, signaling to the NK cell that the target cell is not infected. On the
other hand, when MHC class I expression is lost or reduced on the surface of infected
or abnormal cells, activating receptors NCRs (Natural cytotoxicity receptors) and
NKG2D on the surface of the NK cell binds to these cells and recognize these cells are
potential targets (Lanier 2005; Abel et al. 2018). NK cells also use other receptors to
recognize infected or abnormal cells. These receptors can recognize specific viral
antigens, changes in cell surface markers, or the release of cytokines or other signals
associated with cellular stress or injury. Once an infected cell is detected, the NK cell

releases cytokines and other effector molecules to induce cell death (Lanier 2005).

Mast cells respond to pathogens by releasing a range of mediators, including histamine,
proteases, and cytokines. These substances work to eliminate the invading pathogens
and coordinate the innate immune response. Mast cells have also been linked to atopic
allergies, such as eczema, hay fever, and asthma. In addition to their innate immune
functions, mast cells can also activate the adaptive immune response by attracting and
stimulating antigen-presenting cells, such as dendritic cells (Krystel-Whittemore,

Dileepan, and Wood 2015).
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1.1.1.2 Soluble factors in the innate immune response

The soluble factors involved in the innate immune response are a range of proteins and
other molecules that are released by immune cells and play an important role in the
response to pathogens. These factors can act on their own or work with other immune

cells to help eliminate pathogens and promote tissue repair.

Complement is a series of proteins that are activated in response to the presence of
pathogens and by a number of different mechanisms, including the binding of
antibodies to pathogens, the binding of specific pattern recognition receptors on
immune cells to pathogen-associated molecular patterns (PAMPs), and the direct
binding of complement proteins to pathogens. Once complement has been activated,
the complement proteins form a cascade of reactions that result in the formation of the
membrane attack complex (MAC), a complex of proteins that destroy the membrane of
the pathogen and induces lysis. The complement system can also promote phagocytosis
of pathogens by attracting phagocytes to the site of infection and by marking pathogens
for destruction. In addition to these direct effects on pathogens, the complement system
can also directly regulate the strength of the immune response (Dunkelberger and Song

2010; Sarma and Ward 2011; Merle, Church, et al. 2015; Merle, Noe, et al. 2015).

Cytokines constitute another group of soluble mediators in the innate immune response.
They are produced by a variety of immune cells, including macrophages (Arango
Duque and Descoteaux 2014; Lacy and Stow 2011; Murray and Stow 2014), dendritic
cells (Blanco et al. 2008), and mast cells (Mukai et al. 2018). Cytokines are
multifunctional signaling molecules that mediate the connection between the immune
system and other physiological systems and regulating the immune response. These
molecules act as central organizers within the immune system, creating a complex
network involved in immune response regulation. Cytokines perform a range of
different activities in immune response. Primarily, cytokines demonstrate the capability
to facilitate immune cell recruitment. It has been substantiated through research that
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TNF has the potential to induce vasodilation and enhance vascular permeability,
thereby fostering the infiltration of lymphocytes, neutrophils, and monocytes. This
process is pivotal in recruiting these immune cells to sites of inflammation, and it is
achieved through the regulation of chemokine release (Griffin et al. 2012). Additionally,
IL-6 trans signaling has been observed to play a role in the recruitment of monocytes
to sites of inflammation. IL-6 trans signaling not only aids in monocyte recruitment but
also supports the maintenance of Th17 cells while inhibiting T cell apoptosis and the
development of regulatory T cells (Scheller et al. 2011). Cytokines also play a crucial
role in the regulation of immune cells. For example, serves as a chemoattractant for
granulocytes and is involved in the expansion and differentiation of CD4 T cells
(Arango Duque and Descoteaux 2014). Similarly, has been identified to trigger the
expression of chemokines, such as CXCL1, CXCL2, and CXCLS5, which attract
neutrophils (Griffin et al. 2012) and also augments the expression of cell adhesion
molecules that facilitate diapedesis, the process of immune cell migration through blood
vessel walls (Vieira et al. 2009). Furthermore, cytokines are pivotal in initiating and
modulating the inflammatory response as well as regulating the immune response.
research has indicated that IL-1 induces the release of histamine in mast cells, leading
to vasodilation and localized inflammation. IL-1pB also stimulates the production of
acute phase proteins from the liver and acts on the central nervous system to induce
fever and prostaglandin secretion (Arango Duque and Descoteaux 2014). In a separate
study, IL-12 was found to promote cell-mediated immunity by stimulating Th1 cells.
IL-12 synergizes with TNF and other proinflammatory cytokines, thus enhancing
interferon-gamma (IFN-y) production and the cytotoxicity of natural killer (NK) cells
and CD8 T cells (Arango Duque and Descoteaux 2014; Blanco et al. 2008; Strieter,
Belperio, and Keane 2002a; Miller et al. 2011). Cytokines can be pro-inflammatory or
anti-inflammatory in function, depending on their role in the inflammatory response.
Pro-inflammatory cytokines, such as IL-1p, IL-6 and TNFa, play a role in driving the
inflammatory process in the immune response while anti-inflammatory cytokines like
IL-4, IL-10 and IL-13 counteract the effects of pro-inflammatory cytokines and
promote resolution of inflammation (Dodoo et al. 2002). These two types of cytokines
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regulate each other to maintain the balance of immune response intensity.

Acute phase proteins (APPs) are a group of proteins produced by the liver and are
highly expressed in the blood in response to inflammation or infection, helping to
defend the host against pathogens and by regulating the immune response. APPs
include proteins such as the C-reactive protein (CRP), serum amyloid A (SAA), and

ferritin (Mantovani and Garlanda 2023; Sander et al. 2010).

1.1.2 Pattern recognition receptors (PRRs)

Pattern recognition receptors (PRRs) are a class of proteins located on the surface of
immune cells that are responsible for recognizing pathogen-associated molecular
patterns (PAMPs) of invading pathogens, including those of bacterial, viral, fungal, and
parasitic origin, and drive innate immune responses that aim to efficiently remove the
pathogen. PRRs can also recognize molecules called damage-associated molecular
patterns (DAMPs) (Amarante-Mendes et al. 2018). PRRs distinguishes between self
and non-self molecules and initiates the innate immune response. There are five major
sub-families of PRRs described to date (Li and Wu 2021): Toll-like receptors (TLRs),
nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs), Retinoic
acid-inducible gene I (RIG-I)-like receptors (RLRs), Pyrin and HIN domain-containing
protein (PYHIN) family and C-type lectin receptors (CLRs). Each family consists of
several members and all recognizing a range of PAMPs and DAMPs. Once the pathogen
or molecules that released by damage cells is recognized by PRRs, it triggers a series
of complex signaling cascades that lead to the activation of the immune cells. This
results in the production of cytokines including interferons and interleukins. These
cytokines help to activate other immune cells and initiate the innate immune response

to effect the elimination of the pathogen (Broz and Monack 2013).
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1.1.3 Toll-like receptors (TLRs)

Toll-like receptors were the first family of PRRs to be discovered. Their discovery arose
from early studies showing that mutations in a Drosophila gene called 70// led to a
reduced ability of the fly to fight infections (Rock et al. 1998). This then led to the
discovery of a mammalian homologue of Toll that was termed Toll-like receptor (TLR)
(now known as TLR4) and subsequently a family of these receptors known as TLRs
(Govind 2008; Wu, Zhang, and Huang 2010; O'Neill, Golenbock, and Bowie 2013).
TLRs are transmembrane proteins that are expressed on the surface of immune cells or
in endosomal compartments. TLRs consist of extracellular leucine-rich repeats (LRRs),
a cytosolic Toll/IL-1R (TIR) domain, a transmembrane domain and a cytoplasmic tail
(Figl.1). The repeating LRR sequences form a characteristic "basket-like" structure that
is responsible for recognizing and binding the PAMPs, the membrane spanning
component anchors the TLRs to the cell membrane and separates the extracellular and
intracellular domains. The TIR domain is responsible for transmitting the signal from
the extracellular domain to the intracellular signaling pathways and the cytoplasmic tail
contains various binding sites for intracellular signaling molecules that are involved in
the initiation and regulation of the innate immune response (Ohto 2016; Medzhitov
2001). There are 10 human TLRs (12 mice TLRs) that have been identified to date,
These TLRs all recognize unique pathogens while there is also cross-linking between

their functions (Medzhitov 2001).

TLR4 was the first TLR to be discovered and acts as the receptor for
lipopolysaccharides (LPS), a component of the cell wall of gram-negative bacteria
(Medzhitov 2001). Mutations in the 7LR4 gene results in impaired LPS recognition
(Heine et al. 1999). LPS is a large, complex molecule that is found on the outer surface
of the cell wall of Gram-negative bacteria. It is composed of a lipid portion (lipid A)
and a polysaccharide portion. The lipid A portion is responsible for the toxic effects of
LPS like sepsis, endocarditis, and meningitis and makes LPS and its signaling an
important area of research (Bertani and Ruiz 2018). When LPS binds to TLR4, it leads
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to a signaling cascade that results in the activation of immune cells and the production
of cytokines and other signaling molecules (Medzhitov 2001; Li and Wu 2021). This
initiation of the innate immune response helps to prevent the spread of bacterial
infections. However, over-activation of TLR4 can also lead to an excessive and chronic
immune response, which can result in sepsis and other inflammatory disorders (Miller,
Ernst, and Bader 2005; Molteni, Gemma, and Rossetti 2016). For these reasons, the
regulation of TLR4 signaling is critical for maintaining a healthy immune response and

preventing the development of immune-mediated conditions.

Leucine-rish repeat
(LRR) motif

Cell membrane

11
-4

Transmembrane helix

Intracellular TIR
domain

Figl.1 Schematic TLR receptors structure

TLRs consist of extracellular leucine-rich repeats (LRRs), a cytosolic Toll/IL-1R
(TIR) domain and a transmembrane domain.
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1.1.4 LPS/TLR4 signal transduction

1.1.4.1 Signaling pathways activation

LPS-induced signal transduction is a complex network involving adaptor proteins,
protein kinases and transcription factors (Akira, Takeda, and Kaisho 2001; Lu, Yeh, and
Ohashi 2008; Medzhitov 2001; Ohto 2016; Park and Lee 2013). These signaling
pathways are geared towards activation of transcription factors that will drive the
transcription of a plethora of genes, such as pro-inflammatory cytokines IL-1f, IL-6,

TNFa and IFN.

One of the most important transcription factors activation by TLR4 is Nuclear factor-
kappa B (NF-xB) so named after it was first discovered to be involved in the
transcription of B cell k chain genes (Sen and Baltimore 1986). NF-«kB is a heterodimer
composed of two molecules, the most common of which are p50 and p65 (Urban and
Baeuerle 1991; Giridharan and Srinivasan 2018), NF-kB is present in the cytoplasm in
an inactive form and is complexed to the inhibitory protein known as IxBs under normal
conditions (P A Baeuerle and Henkel 1994). After LPS binds to the TLR4 and its co-
receptor MD-2, myeloid differentiation factor 88 (MyD88) is rapidly recruited to the
receptor via interaction of Toll/IL-1R (TIR) domains which are present in both MyD88
and TLR4 (Moynagh 2014). IL-1 receptor-associated kinase 4 (IRAK4) is also
recruited to the receptor complex through a death domain interaction with MyD88
followed by recruitment of IRAK1 and IRAK2 (Motshwene et al. 2009; Li et al. 2002).
This is followed by recruitment of an E3 ubiquitin ligase called tumor necrosis factor
receptor-associated factor 6 (TRAF6) to form a complex with transforming growth
factor (TGF)-B-activated kinase 1 (TAK1) and TAK-binding proteins (TAB1 and TAB4)
(Wi et al. 2014; Dong et al. 2006). TRAF6 is degraded due to its own ubiquitination
(Zhou et al. 2010; Zhao et al. 2012; Lin et al. 2013)and the TAK1-TAB1-TAB4 complex
activates the IxB kinases (IKKs) through phosphorylation. Activated IKKs
phosphorylates 1kBs, leading to their ubiquitination and degradation (Chen 2012;
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Emmerich et al. 2013). NF-kB is released and translocates to the nucleus, thereby
regulating the transcription of inflammatory genes involved in the production of pro-
inflammatory cytokines and chemokines, such as TNFa, IL-10, and IL-6, which trigger
an inflammatory response and help to eliminate invading pathogens (Cerretti et al. 1992;
Ghayur et al. 1997; Pu and Wang 2014). TLR4 can also use a MyD88 independent way
to trigger downstream activation of NF-«kB (Kuriakose et al. 2019). When LPS binds to
the TLR4, it can recruit another TIR domain-containing protein called TIR-domain-
containing adapter-inducing interferon-f (TRIF) to trigger activation of NF-kB in a
receptor-interacting serine/threonine-protein kinase 1 (RIP1) dependent manner
(Kawai and Akira 2007). TRIF can also activate members of the interferon regulatory
factor (IRF) family of transcription factors including interferon regulatory factor 3
(IRF3) that can induce antiviral cytokines such as interferons (Fig 1.2) (Tong et al.

2020).

In addition to the NF-xB signaling pathway, TLR4 can also active the mitogen-activated
protein kinase (MAPK) pathway. MAPKs is a group of serine-threonine proteins
kinases that can be activated by different extracellular stimulation (Soares-Silva et al.
2016). Three main subsets have been identified and well-studied: Extracellular signal-
regulated kinase (ERK), c-Jun N-terminal kinase (JNK)/SAPK and P38 MAPK. When
LPS binds to TLR4, IRAK1 is activated by phosphorylation and interacts with TRAF6,
and as well as activating the IKK complex, it can also activate the MAPKs. In addition,
MAPK signaling pathways can also be activated by the MyD88 independent way (Fig
1.2) (Moynagh 2005).

Activated MAPKSs can activate transcription factors, such as c-Fos and activator protein

1 (AP-1), that bind to specific DNA sequences in the promoter region of target genes,

leading to the transcription of genes involved in the production of pro-inflammatory

cytokines and chemokines. NF-kB and MAPK signaling pathways can integrate and

work together to trigger the production of a large array of pro-inflammatory proteins in

response to LPS stimulation (Frigo et al. 2004; Whitmarsh and Davis 1996; Karin 1996).
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Figl.2 Signaling pathways activated by LPS/TLR4

Described in detail in section 1.14, LPS binds to TLR4 to activate the NF-kB and
MAPKSs signaling pathway through the MyD88-dependent and inpdepedent
mechanisms ultramately leading to the activation of pro-inflammatory cytokine
genes transcription.

1.1.4.2 The role of IRAK]1 in LPS/TLR4-induced NF-kB activation

Interleukin-1 receptors-associated kinase 1 (IRAK1) is a member of IRAKSs protein
family and plays an important kinase in the LPS-induced assembly of myeloid
differentiation factor 88 (MyD88) complex and downstream activation of NF-xB. Upon
LPS binding to TLR4, MyD88 is rapidly recruited to the receptor and IRAK1 is also
recruited to the receptor complex by directly-interacting with MyD88. Binding to
MyD88 leads to phosphorylation of IRAK1 at Thr-209 and Thr-387. This results in the
activation of IRAK1 kinase activity. Then phosphorylated IRAK1 disengages from the
MyD88 complex, and forms a cytosolic IRAKI-TRAF6 complex, TRAF6 then

interacts with TAK1 and TAB, resulting in eventual activation of the NF-xB. With the
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activation of NF-kB, IRAK1 is modified by K48-linked ubiquitination (The elucidation
of ubiquitination is expounded upon in Chapterl.3) that tagged it for degradation by the
proteasome, creating a negative feedback regulation of NF-kB activation, so the
expression level of IRAK 1 and activation of NF-«xB are positively correlated (Gottipati,
Rao, and Fung-Leung 2008; Yu et al. 2020). The degradation of IRAK1 is contingent
upon both IRAK1 kinase activity and its auto-phosphorylation. This phenomenon has
been demonstrated by inhibiting IRAK1 kinase activity and using a kinase inhibitor.
The loss of IRAK1 protein is due to proteasome mediated degradation as demonstrated
by studies using proteasome inhibitors(Yamin and Miller 1997). Nevertheless, it is
important to note that LPS/TLR4 signaling can also induce K63-linked ubiquitination
of IRAK1. This K63-linked ubiquitination does not to tag IRAK1 for degradation but
rather serves a crucial role in LPS/TLR-mediated activation of NF-kB (Gottipati, Rao,
and Fung-Leung 2008; Yu et al. 2020). Several reports highlight the involvement of
K63-linked ubiquitinated IRAKI1 in this process, elucidating that it functions as a
molecular scaffold. K63-linked ubiquitinated IRAK1 recruits an IkB kinase (IKK)

complex comprising catalytic IKKa and IKKp, along with their regulatory subunit

IKKYy. Notably, IKKy lacks catalytic activity but is essential for activation of NF-kB
(Gottipati, Rao, and Fung-Leung 2008; Yu et al. 2020). It contains a ubiquitin-binding
domain that specifically recognizes K63-linked ubiquitinated IRAK1, thus, facilitating
IKK-IRAK complex formation as part of TLR and IL-1R signaling (Gottipati, Rao, and
Fung-Leung 2008; Yu et al. 2020). These studies indicate a model in which TAKI is
recruited to K63-linked ubiquitin chains on TRAF6 and the IKK complex is recruited
to K63-linked polyubiquitin chains on IRAK1. Furthermore, as research progresses, a
number of specific E3 ubiquitin ligases responsible for IRAK1 ubiquitination have been
identified. Notably, Pellino proteins, recognized as pivotal E3 ubiquitin ligases, have
been shown to play a pivotal role in IRAKI ubiquitination (A comprehensive
exploration of Pellino proteins and their relationship with IRAKI is provided in Chapter
1.3).
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1.1.5 NLRP3 Inflammasome

The secretion of the pro-inflammatory cytokine IL-1p is subject to tight regulation due
to its capacity to induce systemic inflammation. Initially, IL-1p is synthesized as an
inactive precursor (pro-IL-1B) and confined to the cytoplasm. Subsequently, it
undergoes cleavage and activation mediated by the inflammasome complex, a process

which enables its secretion from the cells (van de Veerdonk et al. 2011).

Inflammasomes are large multi-protein complex, located within the cytosol of immune
cells, first proposed in 2002. The inflammasome is assembled following the detection
of PAMPs and DAMPs, and plays a pivotal role in immune responses. Inflammasome
consists of three main components: cytoplasmic sensor proteins (cytoplasmic PRRs),
adapter proteins (Apoptosis-associated speck-like protein) and effector caspases (pro-
Caspase-1). Inflammasome are classified into various types based on the different
sensors proteins. Each type of inflammasome is capable of recognizing different classes
of triggers and includes subsets like NLRP1, NLRP3, NLRC4, AIM2, and Pyrin (Broz
and Dixit 2016; Zheng, Liwinski, and Elinav 2020).

NLRP3 is the most well-studied subset of the inflammasome. NLRP3 activation takes
place in two steps: The first signal (Priming signal) triggers the expression of NLRP3
and pro-IL-1f. This priming step is initiated by the recognition of PAMPs or DAMPs
by TLRs or other PPRs. Upon recognition, these receptors trigger the NF-xB signaling
pathway, leading to the transcription and translation of NLRP3 and pro-IL-1p. The
second signal (Activation signal) directly activates the NLRP3 inflammasome. To date,
it's known that a variety of stimuli can serve as the second signal, including ATP, toxins,
crystalline substances such as uric acid or cholesterol, amyloid-beta, as well as
environmental irritants like silica or asbestos. Once the inflammasome is activated, it
recruits and activates Caspase-1. Caspase-1 then processes the precursor forms pro-IL-
1B and pro-IL-18, into their active forms, which are then secreted from the cell and

contribute to the inflammatory response (van de Veerdonk et al. 2011).
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Meanwhile, activated Caspase-1 can also cleave a protein known as gasdermin D
(GSDMS) (Liu, Wang, et al. 2020). Once cleaved by Caspase-1, GSDMS forms two
fragments, an N-terminal and a C-terminal fragment. The N-terminal fragment is the
active form of GSDMD and it targets the cell membrane. This fragment can change the
integrity of membrane and form the large pores as the direct gateway for the release of
the mature IL-1P and IL-18 (He et al. 2015). Besides that, these large pores in the
membrane permit the unimpeded flow of ions in and out of the cell, leading to a
substantial disruption in ion balance. Furthermore, another effect of this disruption is
the massive influx of water into the cell. As water rushes into the cell due to osmotic
pressure, it causes the cell to swell rapidly. This rapid swelling compromises the
structural integrity of the cell. Ultimately, severe swelling and ions imbalance leads to

the rupture of the cell membrane and the complete lysis of the cell (Burdette et al. 2021).

This kind of cell death, characterized by the release of pro-inflammatory contents into
the surrounding environment, is named pyroptosis (Tan et al. 2021; Yu et al. 2021), a
highly inflammatory form of programmed cell death distinct from apoptosis. Notably,
this type of cell death is a double-edged sword. While it can eliminate infected cells and
aid in the control of infection, excessive or dysregulated pyroptosis can cause excessive
inflammation and tissue damage, contributing to the pathogenesis of various

inflammatory diseases.

1.2 Colorectal cancer and inflammation

Cancer is a significant challenge to global public health, as it is the primary cause of
death and a major barrier to increasing life expectancy in all countries around the world.
The 2019 survey report from the World Health Organization (WHO), describes cancer
to be the first or second leading cause of death before age 70 in 112 of 183 countries,
and the third or fourth leading cause of death in another 23 countries. Over 19.3 million

new cancer cases and almost 10.0 million cancer deaths occurred in 2020, and this

31



number has been rising since 2000 (Siegel et al. 2022; Sung et al. 2021).

Colorectal cancer (CRC) is the third most commonly diagnosed cancer (over 1.1 million
new cases were diagnosed as CRC) and second leading cause of cancer-related death
(over half million new death) in 2020. It is estimated that by the year 2035, the total
number of deaths from rectal and colon cancer will increase by 60% and 71.5%
(Douaiher et al. 2017), respectively. In Ireland, according to the report from Irish
Cancer society, CRC is the second most common cancer both in men and women. Over
2500 cases are diagnosed each year. And from 1994 to 2017, the incidence rate of CRC

is stable at 7 per 10 thousand persons.

Various factors have been implicated that are associated with the development of CRC.
Individuals with a history of cancer (Win et al. 2012; Kolligs 2016; Rawla, Sunkara,
and Barsouk 2019), inflammatory bowel diseases (Rawla, Sunkara, and Barsouk 2019),
colon polyps (Shussman and Wexner 2014), diabetes mellitus (Ma et al. 2018; Pang et
al. 2018; Yu et al. 2022), or cholecystectomy (Jiang et al. 2022; Ma et al. 2022; Qin et
al. 2022) are at an increased risk for CRC. But the majority of CRC cases and deaths
can be traced to the modifiable lifestyle risk factors, such as inappropriate diet (Guo et
al. 2022; Vallis and Wang 2022), excessive alcohol consumption (Fujiyoshi et al. 2022;
Seol et al. 2020; Mohr et al. 2017), cigarette smoking (Li et al. 2023; Ugai et al. 2022;
Fujiyoshi et al. 2020), sedentary behavior (Namasivayam and Lim 2017; Yu et al. 2014),
and obesity (Ramadan et al. 2022; Ulanja et al. 2023; Bou Malhab and Abdel-Rahman
2022). Moreover, age, gender, race, socio-economic status, and gut microbiome are
additional factors that have been found to influence the development of CRC (Figl.3)
(Ulanja et al. 2023; Sawicki et al. 2021).

Colorectal cancer is usually staged using the TNM system, which stands for tumor,

nodes and metastases (Banias et al. 2022). the TNM system considers the size and

location of the primary tumor (T), whether the cancer has spread to nearby lymph nodes

(N) and whether it has spread (metastasized) to other parts of the body (M) (Doescher,
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Veit, and Hoffmann 2017; Hari et al. 2013). In most cases of CRC carcinogenesis, the
formation of benign precursor lesions, referred to as polyps, is a crucial component. As
growth progresses, the polyp becomes malignant, resulting in the development of a
malignant polyp in the pre-cancer stage. Stage I follows the pre-cancer stage,
characterized by the presence of abnormal cells in the inner lining of the colon or rectum,
and the formation of a small tumor that has not yet penetrated the entire intestinal wall.
As tumor growth continues, the tumor size increases and penetrates the entire intestinal
wall, but has not yet spread to local lymph node glands or distant sites, which is stage
IL. In stage III, cancer has spread to the nearby lymph nodes or to areas of fat near the
lymph nodes, but not to the nodes themselves, and has not yet spread to distant sites.
Stage 1V is defined as when the cancer has spread to other organs, such as the liver and
lungs, or to distant lymph nodes (Chakrabarti et al. 2020; Yuan et al. 2017; Gallo et al.
2019; Venderbosch et al. 2011).
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Figl.3 The main risk factors associated with Colorectal cancer

Described in detail in section 1.2, colorectal cancer is associated with several risk
factors including age, gender, gut microbiota, family and personal medical history.
In addition, the majority of CRC cases are potentially attributable to the
inappropriate lifestyle chose.

The connection between inflammation and cancer has been recognized for over two
centuries, and several studies have established a functional relationship between these
processes (Khandia and Munjal 2020; Maccio and Madeddu 2020; Qian,
Golubnitschaja, and Zhan 2019). The link between inflammation and cancer was firstly
recognized through a variety of observations, which have highlighted the complex
molecular and cellular interactions underlying this relationship. A specific subset of
CRC arise from chronic inflammation caused by inflammatory bowel disease (IBD)
(Lichtenstern et al. 2020; Long, Lundsmith, and Hamilton 2017; Seyedian, Nokhostin,
and Malamir 2019). IBD constitutes a number of immune-mediated advanced
inflammatory conditions of the gastrointestinal tract (GIT) with the two most common

being ulcerative colitis (UC) and Crohn’s disease (CD) (Seyedian, Nokhostin, and
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Malamir 2019). The association between IBD and CRC was first described by Burrill
Crohn in 1925. Further case reports subsequently described the occurrence of CRC in
patients with CD. In the early 1980s, attempts were made to compare cancer incidences
directly in CD and UC. Studies reported a similar extent of parity between the relative
risks of colon cancer in CD and left-sided UC. As a result, it was suggested that when
cases of ulcerative and Crohn's colitis with similar anatomic extent are followed for
similar durations, the two diseases may ultimately demonstrate similar increases in the
risk for CRC. Both CD and UC are characterized by chronic, relapsing inflammation
of the intestines, and chronic inflammation is assumed to be a causative factor in the
development of cancer (Kraus and Arber 2009). Chronic inflammation in the colon can
lead to changes in the cells lining the colon, making them more susceptible to the
development of tumorigenesis (Qian, Golubnitschaja, and Zhan 2019). This is thought
to be due to the inflammatory cells producing reactive oxygen species, pro-
inflammatory cytokines, and growth factors, which can promote cell proliferation,
inhibit apoptosis (programmed cell death), and lead to DNA damage, mutations and

genomic instability (Rubin, Shaker, and Levin 2012).

1.3 The Pellino protein family

Ubiquitination is the process by which small proteins called ubiquitin are attached to
other proteins in a cellular process known as protein modification. This process serves
several important functions, including regulation of protein activity, localization, and
degradation (Swatek and Komander 2016). The ubiquitination of a target protein
requires 3 separate enzymes to be involved: an E1-ubiquitin-activating enzyme, an E2
ubiquitin-conjugating enzyme and an E3 ubiquitin-protein ligase (Neutzner and
Neutzner 2012). For humans, there are two E1 activating enzymes called Uba6 and
Ubel (Schulman and Harper 2009). These two enzymes bind to ubiquitin and activates
it by adenylation, creating a high-energy intermediate that is then transferred to the

ubiquitin-conjugating E2 conjugating enzyme. E2 then transfers the activated ubiquitin
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to a specific lysine residue on the target protein through a reaction catalyzed by an E3
ligase. There are approximately 40 active E2 enzymes in human and hundreds of E3
ligases. E3 proteins are a large and diverse group, due to their requirement to bind to a

large variety of targets (Neutzner and Neutzner 2012).

The Pellino family of proteins were first discovered as a component of the
Dorsal/Cactus signaling complex in Drosophila melanogaster. Drosophila Pellino
being identified as a protein interaction partner of the IRAK (Grosshans, Schnorrer, and
Nusslein-Volhard 1999). Three mammalian Pellino proteins have been identified and
genetically mapped: Pellinol, Pellino2 and Pellino3 (Butler, Hanly, and Moynagh 2005;
Jiang et al. 2003; Yu et al. 2002). The Pellino1 and Pellino2 proteins are encoded by the
genes PELI] and PELI2 and map to chromosomes 2pl4 and 14q22.3 in human.
Pellino3 protein is encoded by the gene PELI3 and locates to chromosomes 11q13.2 in
humans. Pellino3 has two splice variants, the large one called Pellino3a while the

shorter one is called Pellino3b.

Early research indicated that there is a conserved RING-like finger motif on the
carboxyl termini of Pellino proteins and this RING-like domain is a feature of a sub-
family of E3 ubiquitin ligases, suggesting that this RING-like domain may have the E3
ubiquitin ligase activity (Rich et al. 2000). Indeed, Pellino proteins (Pellinol, 2 and 3)
were shown to ubiquitinate IRAK1 in a RING-like domain-dependent manner (Butler,
Hanly, and Moynagh 2007). All members of Pellino family proteins contain a N-
terminal cryptic phosphothreonine-binding forkhead-associated (FHA) domain with
two inserts that form a ‘wing’ or appendage packed closely to the FHA domain that
facilitates its interaction with IRAK1 (Lin et al. 2008). The core FHA domain and wing
structures are conserved across the Pellino family and so the FHA-mediated recognition
of phosphorylated target proteins is likely to be a family trait (Figl.4). Compared to
Pellino1 and Pellino2, Pellino3 protein shares an amino acid identity of 84% and 85%,
respectively. Pellino3 also has a longer amino-terminal domain by 27 and 25 amino
acid compared with Pellinol and Pellino2.
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Figl.4 Molecular features of Pellino proteins

Pellino proteins contain a core forkhead-associated (FHA) domain with two
inserts that form a “wing” or appendage packed closely to the FHA domain. They
also contain a RING-like domain with the indicated pattern of cysteine and
histidine amino acids.

1.3.1 Pellino proteins and inflammation

In the context of inflammation, Pellino1 has been shown to be involved in the regulation
of different types of inflammation and inflammation-associated disease. Pellinol-
deficient mice have revealed a specialized function of Pellinol in the TL3 and TL4
signaling pathways. Pellinol knockout mice showed higher resistance to the TLR3 or
TLR4 ligand-induced septic shock, and also showed down-regulation of NF-xB
activation and with reduced expression of pro-inflammatory genes. RIP1 and Pellinol
are recruited by TLR3 and TLR4 through TRIF. Pellinol is phosphorylate and activated
and facilitates the ubiquitination of RIP1, which is a crucial step in TRIF-dependent
activation of NF-«kB (Also known as MyD88-independent). Thus, Pellinol is an
important intermediary molecule in the TRIF-dependent NF-kB activation (Chang, Jin,
and Sun 2009). IL-1 is a pro-inflammatory cytokines that also the signal through the
IL-1 receptor to activation the MyD88, and knockdown Pellinol impairs the IL-1-
induced activation of NF-«B in cell lines. But different results are observed from knock-
in mice, in that knock-in of Pellinol doesn’t affect the IL-R signaling to the NF-xB and

MAPKSs. Also, mouse embryonic fibroblasts (MEFs) from Pellino 1-deficient mice
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show normal responsiveness to IL-1B. Thus the role of Pellinol in IL-1R signaling
awaits resolution (Choi et al. 2006). Pellinol knockout mice also showed reduced
severity of experimental autoimmune encephalomyelitis (EAE) by suppressing the
production of pro-inflammatory and chemokine gene expression, inhibiting the
recruitment of T cells into the central nervous system. This effect is mediated through
the regulation of c-IAP-TRAF3 signaling axis, a critical component for the activation
of MAPK signaling pathway via the MyD88-dependent route. c-IAP is recognized as
an E3 ubiquitin ligase, which can be activated by TLR signals. Upon activation, c-IAP
mediates Lys-48 linked ubiquitination and degradation of TRAF3, an event that is
essential for the activation of the MAPK pathway (Xiao et al. 2013). In addition, up-
regulation of spinal Pellinol is essential for the pathogenesis of neuropathic pain
through Pellino1-dependent mobilization of spinal cord microglia by the activation of
MAPK/NF-kB signaling and the production of pro-inflammation cytokines (Wang et
al. 2020). This also indicated that Pellinol may serve as a potential target for the
treatment of neuropathic pain. Pellinol is also involved in the viral sensing pathways.
Research showed that Pellinol regulated the TLR3 pathway and responses to airway
viruses. Conditional knockout of Pellinol in lung resulted in increased production of
IL-6 and TNFa upon viral infection, accompanied by enhanced recruitment of immune
cells to the airways (Marsh et al. 2020). Meanwhile, Pellinol knockout mice succumb
to systemic disease and develop larger zosteriform skin lesions along affected
dermatomes by the infection of herpes simplex virus, and the virus also spread
extensively through the epidermis and follicular infundibulum into sebaceous glands.
Also, Pellinol knockout mice showed delayed recruitment of myeloid and T cells to the

infected epidermis (Cai et al. 2023).

Knock down of Pellino2 in cells has been shown to inhibit the LPS-induced and IL-18-
induced activation of NF-kB (Kim et al. 2012). Also, over-expression Pellino2 leads to
the activation of ERK and JNK MAPK signaling pathway (Jensen and Whitehead
2003a) while knock down Pellino2 expression attenuates the IL-1B-induced and LPS-

induced activation of these kinases (Kim et al. 2012). Pellino2 directly associates with
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threonine-phosphorylated IRAK1, facilitating the subsequent ubiquitination of IRAK1.
This interaction enhances IRAK1's kinase activity, consequently influencing cellular
signaling. Notably, this modulatory effect is dependent on the FHA domain(Humpbhries
et al. 2018; Lin et al. 2008). Pellino2 knockout leads to the down-regulation of LPS-
induced IL-1p expression through suppressing the activation of NLRP3 inflammasome
by impairing the ubiquitination of NLRP3 during the priming phase of activation
(Humphries et al. 2018). This role of Pellino2 in modulating NLRP3 has also been
observed in the context of pediatric pneumonia. Both mRNA and protein expression
levels of Pellino2 were found to be diminished in patients and murine models alike.
Notably, Pellino2 was found to be positively associated with pulmonary injury and
augmented inflammation, as well as pyroptotic events in lung tissue specimens from
pediatric pneumonia cases (Liu, Lin, and Yin 2022). These outcomes are attributable to
Pellino2's function in mediating the ubiquitination and activation of NLRP3. DCs from
Pellino2-deficient mice show impaired production of type I IFN following endosomal
TLRY activation, and it partly mediates a feed-forward loop of IFNf that promotes IL-
12 production in DCs. Also, Pellino2 in murine DCs is downregulated following TLR9
stimulation, and its overexpression induces upregulation of both IFN-b and IL-12,
demonstrating the sufficiency of Pellino2 in driving these responses (Oleszycka et al.

2021).

Early work about the function of Pellino3 focused on its role in TLR and IL-1 signaling
due to the finding of the interaction between Pellino3 and IRAKI. It was originally
shown that Pellino3 could activate both c-jun and Elk-1, but not NF-kB (Jensen and
Whitehead 2003b). It was hypothesized that differential levels of expressed Pellino3 in
tissues could direct a cellular response towards either a MAPK dependent response in
the case of high Pellino3 expression or a NF-kB response in tissues exhibiting low
Pellino3 expression (Jensen and Whitehead 2003b). Over-expression of Pellino3 can
activate ERK, JNK and P38 MAPKSs signaling pathway and the activation of cAMP
response element-binding protein (CREB) to induce expression of IL-10 (Butler, Hanly,
and Moynagh 2005). Subsequent studies have found that the smaller splice variant
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Pellino3b could negatively regulate the IL-1B-induced NF-kB activation through
inhibiting the degradation of IRAK1 by promoting its Lys63-linked polyubiquitination
(Xiao et al. 2008). Pellino3 also been found to have a role in the LPS-induced pro-
inflammatory cytokine production by promoting the degradation of the adaptor protein
MyDS88. Following research showing low expression level of Pellino3 in human
abdominal adipose tissue from obese subjects. Our research group demonstrated that
Pellino3 deficiency mice showed exacerbation of inflammation, higher IL-1B
expression, and stronger insulin resistance when induced by high-fat-diet. We
demonstrated that Pellino3 negatively regulates the expression hypoxia-inducible factor
la (HIF-1a) to suppress the expression of IL-1f (Yang et al. 2014). In addition, Pellino3
is also an important mediator in the Nod2 signaling pathway by ubiquitinating the
critical Nod2 signaling intermediate receptor-interacting- serine/threonine-protein
kinase 2 (RIP2) and promoting downstream protective effects in colitis. Pellino3
knockout mice had less induction of cytokines after engagement of Nod2. Interestingly,
the expression of Pellino3 was lower in the colons of patients with Crohn’s disease and
this is consistent with Pellino3 having a protective effect in intestinal homeostasis

(Yang et al. 2013).

1.3.2 Pellino and cancer

The first literature reported on the relationship between Pellino protein and cancer was
published in 2014 (Park et al. 2014). Human Pellino1 knock-in mice were found to have
shorter lifespan due to lymphoid and solid tumor formation. Constitutive expression of
human Pellinol resulted in ligand-independent hyper-activation of B cells and
facilitated the development of a wide range of lymphoid tumors, with prominent B cell
infiltration observed across multiple organs. In this study, Pellinol was shown to
interact with the oncoprotein BCL-6 and induced its Lys-63 specific polyubiquitination
(Park et al. 2014). Subsequently, more studies began to explore the relationship between
Pellino proteins and cancer. Pellinol is highly expressed in human lung cancer cell lines
and could increase the chemo-resistance in these cell lines by up-regulating the
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expression level of the anti-apoptotic protein cIAP2 via its Lys-63 mediated
polyubiquitination (Jeon et al. 2016). Pellino-1 over-expression also activated
PI3K/Akt and ERK signaling pathways and elicited an epithelial-mesenchymal
transition (EMT) phenotype of lung adenocarcinoma cells. Pellinol-mediated EMT
was facilitated by stabilization of the Zinc finger protein SNAI2 (Slug) and Zinc finger
protein SNAII (Snail) proteins through Lys-63 mediated polyubiquitination (Jeon et al.
2017). Similar effects of Pellinol on Slug and Snail proteins were also found in the
triple-negative breast cancer. Research showed that Resistomycin treatment leads to the
down-regulated expression of Pellinol and induced the degradation of Slug and Snail
proteins (Liu, Qi, et al. 2020). Pellinol is also elevated in papillary thyroid cancer (PTC)
tissue, and over-expression Pellinol was positively correlated with more intense tumor
size and lymph node metastases. Pellinol silencing significantly suppressed PTC
growth both in vitro and in vivo accompanied with reduced expression of Ki-67 and
matrix metallopeptidase 2 (MMP-2). Mechanistically, PI3K/AKT pathway was
identified as the downstream target of Pellinol, and mediated the functional influence
of PELII in PTC cells (Zheng et al. 2022). In addition to the direct effects on the tumor
self, Pellinol also attenuated tumor growth by inhibiting M2c polarization of
macrophages through increasing STATI1 phosphorylation via Lys-63-linked
ubiquitination of IRAK1 (Kim et al. 2019). Also, Pellinol inhibits homeostatic
regulation of the mitotic cell cycle and checkpoints and contributes to the initiation and
progression of the neoplastic chromosome aneuploidy through ubiquitination-mediated
downregulation budding uninhibited by benzimidazoles related1 (BubR1) (Park et al.

2017). All of these studies suggest Pellinol to be a pro-tumorigenic factor.

In contrast, higher levels of Pellino2 are positively correlated to better prognosis in
multiple myeloma patients and is responsible for proteasome inhibitor treatment-
induced cell death in cell lines in vitro assay. Indeed Pellino2 was described to be a
predictor for multiple myeloma responsiveness to proteasome inhibitor treatment in the
clinic (Masuda et al. 2022). Further unpublished work from our laboratory shows that
low expression levels of Pellino2 are associated with CRC. In addition, the deletion of

41



Peli2 gene was found to exacerbate tumor load and overall disease burden in
AOM/DSS-induced colorectal cancer models. This finding suggests a potential
protective role of Pellino2 in the pathogenesis of CRC. To date, we are still unaware of

any literature reports on Pellino3 and cancer.

1.4 Apoptosis

Cancer arises when the balance between cell survival and proliferation versus cell death
is lost. One of the most important forms of cell death in this regard is apoptosis. This is
a fundamental biological process characterized by an ordered sequence of cellular
events that ultimately lead to programmed cell death (Elmore 2007). Apoptosis has
been widely acknowledged as a prominent form of "programmed" cell death, in which
the genetically regulated elimination of cells takes place (Obeng 2021). Nevertheless,
it is very important to recognize that the other forms of programmed cell death have
been identified, and it is possible that additional modes of programmed cell death
remain to be discovered. Serval studies demonstrate that apoptosis occurs during the
development, aging and several disease as a homeostasis balance factor to balance cell
proliferation and cell death in tissues. Also, apoptosis will be triggered by several
signals including abnormal cell proliferation, radiation, DNA damage, immune reaction
or as a result of cell damaged by some disease or cytotoxicity agents (Lopez and Tait

2015; Zaman, Wang, and Gandhi 2014; Elmore 2007).

1.4.1 Cell changes in apoptosis

During the process of apoptosis, apoptotic cells undergo a series of changes, which can
be mainly divided into morphological and biochemical changes (Obeng 2021).
Morphological changes of apoptosis occur in both the nucleus and the cytoplasm, and
their features are very similar across cell types and species. The morphological

hallmarks in the nucleus are DNA fragmentation and chromatin condensation (Kroemer
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et al. 2009). Chromatin condensation starts at the periphery of the nuclear envelope,
then gives rise to a crescent or ring-shaped configuration that progressively increases
in density until its fragmentation within cells with an intact nuclear membrane, a
morphological trait commonly referred to as karyorrhexis (Majno and Joris 1995). At
the same time, morphological changes begin to appear in the cytoplasm, including cell
rounding, reduction of cellular volume and retraction of pseudopods, then membrane
bleaching, ultrastructural change of cytoplasmic organelles and a loss of membrane
integrity will happen at the later phase of apoptosis (Kroemer et al. 2009). In addition,
the most important and easily recognizable morphological feature of apoptosis is the
formation of apoptotic bodies. Apoptotic bodies appear as a result of the contraction of
the cell membrane, which shrinks and forms small protrusions on its surface called
blebs. These blebs are eventually separation from the cell to form apoptotic bodies,
which are surrounded by the plasma membrane. The apoptotic bodies contain fragments
of the cytoplasm, organelles, and nuclear material, including fragmented DNA. The
plasma membrane that surrounds the apoptotic bodies prevents their contents from
leaking into the extracellular space, thus preventing inflammation and damage to

neighboring cells (Ziegler and Groscurth 2004).

There are three main types of biochemical changes in apoptosis: activation of Caspases,
DNA and protein breakdown, membrane changes and recognition by phagocytic cells
like macrophage and parenchyma (Wong 2011). At the early phase of apoptosis, there
is appearance of phosphatidylserine (PS) in the outer leaflet of the plasma membrane
bilayer, which has been “flipped out” from the inner layers. The PS in the out layer is
the marker for the recognition of cell uptake by macrophages to prevent the release of
pro-inflammatory cellular components (Hengartner 2001). DNA fragments into large
50 to 300 kilobase pieces and then cleaved into small fragments about 180-200 base
pairs by DNA endonucleases (Wong 2011). And the final specific biochemical
characteristic of apoptosis, also the final execution step of the cell is the activation of a
group enzymes belonging to the cysteine protease family named Caspases (Wong 2011).
Caspases are cysteine-dependent aspartate-specific proteases that cleave after specific
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aspartic residue upon activation (Mcllwain, Berger, and Mak 2015). They are initially
produced as inactive proenzymes and on activation, they start a protease cascade by
cleaving other pro-Caspases. And the apoptosis-associated Caspase could be group into
two types: initiator Caspase (such as Caspase-2,-8,-9,-10) and executioner Caspase
(such as Caspase-3, -6 and -7). Upon activation, Caspases can cleave numerous
essential intracellular proteins, resulting in the breakdown of the nuclear scaffold and
cytoskeleton. Additionally, they stimulate DNase activity, leading to the further
degradation of small DNA fragments (Mcllwain, Berger, and Mak 2015; Obeng 2021).

1.4.2 Mechanisms of apoptosis

Understanding the complex mechanisms of apoptosis is very important for
investigating the pathogenesis of diseases caused by dysregulated apoptosis. This
knowledge can be used to develop pharmacological agents that target specific genes or
pathways involved in apoptosis. The Caspase system can be activated through three
main pathways: the intrinsic mitochondrial pathway, extrinsic pathway, and intrinsic
endoplasmic reticulum pathway (Figl.5) (O'Brien and Kirby 2008). Both the intrinsic
mitochondrial and extrinsic pathways eventually converge into the common pathway
to activate apoptosis, while the intrinsic endoplasmic reticulum pathway is less well-
known but is believed to be activated in response to endoplasmic reticulum stress,
leading to the release of calcium and the activation of downstream Caspases (O'Brien

and Kirby 2008).

The intrinsic mitochondrial pathway of apoptosis derives its name from the fact that it
is triggered from within the cell. Endogenous stimulation, such as irreparable genetic
damage, hypoxia, excessive cytosolic Ca®" concentrations, and severe oxidative stress,
will finally lead to the activation of this pathway (Wong 2011). During the intrinsic
mitochondrial pathway, an elevation in mitochondrial permeability leads to the release
of pro-apoptotic proteins, including cytochrome c, from the intermembrane space into
the cytosol (Danial and Korsmeyer 2004). Subsequently, the binding of cytochrome ¢
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to Apaf-1 and Caspase 9 in the cytosol forms a complex known as the "apoptosome"
while the apoptosome leads to the cleavage and activation of Caspase3 (Danial and
Korsmeyer 2004). This pathway is well controlled and regulated by a group of proteins
belonging to the Bcl-2 protein family. These protein can be categorized into two types:
the pro-apoptotic proteins, including Bak, Bcl-10, Bax, Bad, Bid, Bim, Bik, Hrk or the
anti-apoptotic proteins like Bcl-2, Bel-x, Bel-w, Bel-XL, B-XS, BAG (Singh, Letai, and
Sarosiek 2019). The balance of these pro- and anti-apoptotic proteins determine
whether apoptosis should be started. Additional apoptotic factors that are co-released
with cytochrome ¢ from the mitochondria to the cytoplasm are apoptosis inducing
factor (AIF), direct IAP Binding protein with Low pI (DIABLO), second mitochondria-
derived activator of Caspase (Smac), and Omi/high temperature requirement protein A
(HtrA2) (Kroemer, Galluzzi, and Brenner 2007). The promotion of Caspase activation
by the Smac/DIABLO and Omi/HtrA2 complexes occurs through their binding to the
inhibitor of apoptosis proteins (IAPs), thereby destroying the inhibitory interaction

between IAPs and Caspase3 or Caspase9 (Kroemer, Galluzzi, and Brenner 2007).

The extrinsic pathway, as its name implies, begins when death ligands (TNF ligands,
Fas ligands and TNF-related apoptosis inducing ligands) bind to the death receptors
(TNF receptors, Fas receptor) (Hengartner 2001). The binding of death domain/adapter
proteins to receptor ligand complexes enables the recruitment of an initiator Caspase 8
or 10, which contains a death effector domain (DED), to form an active complex known
as the Death-Inducing Signaling Complex (DISC). This activation facilitates the relay
of the death signal to an execution Caspase, ultimately resulting in apoptosis (O'Brien

and Kirby 2008; Schneider and Tschopp 2000).
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Fig1.5 The intrinsic and extrinsic pathways of apoptosis

As detailed in Section 1.4.2, there are three pathways that can activate the Caspase
system. The intrinsic pathway and extrinsic pathway are the two most commonly
described initiation pathways, while the less well-known third pathway is the
endoplasmic reticulum pathway.

The upstream Caspase of intrinsic mitochondrial pathway is Caspase9 while the
initiator Caspase of extrinsic pathway is Caspase8. Both of these two pathway will
trigger the execution phase that involves the activation of Caspase3. The activated
Caspase3 then cleaves the inhibitor of the Caspase-activated deoxyribonuclease, which
is responsible for nuclear changes of apoptosis (Ghobrial, Witzig, and Adjei 2005).
Caspases3 also plays an important role in inducing the cleavage of protein kinases,
DNA repair proteins, cytoskeletal proteins and inhibitory subunits of endonucleases
family. These events affect various cellular processes such as the cytoskeleton, cell
cycle, and signaling pathways, collectively leading to the characteristic morphological

changes associated with apoptosis (Ghobrial, Witzig, and Adjei 2005).
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1.4.3 the Bcl-XL protein in apoptosis

B-cell lymphoma-extra-large (Bcl-xL), encoded by the BCL2-like I gene, is the
member of the Bcl-2 protein family that act as an anti-apoptosis protein and locates on
the outer mitochondrial membrane. Bcl-xL. was discovered to have similar anti-
apoptotic function to Bcl-2 (Fiebig et al. 2006). Bcl-xL and Bcl-2 exhibit 43% similarity
in their amino acid sequences and share common sequence motifs as well as a C-
terminal hydrophobic region that is essential for their localization to membranes

(Muchmore et al. 1996; Petros et al. 2001).

Bcl-xL is classified as an anti-apoptotic protein as it functions to inhibit the
mitochondrial intrinsic pathway of apoptosis. In its natural state, Bcl-xL acts by
stabilizing the outer mitochondrial membrane, thus preventing the release of pro-
apoptotic proteins such as cytochrome ¢ from the mitochondria (Thuduppathy et al.
2006). By doing so, Bcl-xL inhibits the formation of the apoptosome complex, which

is essential for the activation of Caspase 9, a key mediator of the intrinsic pathway.

During apoptosis, BxI-xL protein can undergo degradation via various mechanisms,
depending on the apoptotic pathway involved. In the intrinsic pathway, BH3-only
proteins can directly bind to and inhibit BxI-xL, leading to its degradation. Bcl-2
Interacting Mediator (BIM) and BH3 Interacting Domain (BID) can interact with BxIl-
xL and facilitate its ubiquitination and proteasomal degradation (Lomonosova and
Chinnadurai 2008). Moreover, the transcriptional level also regulates BxI-xL
degradation. The tumor suppressor protein p53 can induce the expression of pro-
apoptotic proteins such as p53 upregulated modulator of apoptosis protein (PUMA),
which can bind and inhibit BxI-xL, promoting its degradation (Bharatham, Chi, and
Yoon 2011). Other transcription factors and signaling pathways such as NF-kB, STAT3,
PI3K/AKT signaling pathway, and JAK/STAT signaling pathway also contribute to the
regulation of the expression of Bxl-xL and other proteins involved in apoptosis (Zhuang
et al. 2007; Sun et al. 2008; Lee et al. 2008; Alfano, laccarino, and Stoppelli 2006).
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1.5 Development of novel molecules to target inflammation and

cancer

This thesis focuses on the characterization of small molecules as potential regulators of
inflammation and cancer. Inflammation is a term used to describe a range of biologic
mechanisms, involving multiple systems of the organisms to contain and clear the
invasive pathogens and resolve injuries, as well as repair tissue damage, by activating
innate and adaptive immune responses. In order to maintain homeostasis, the immune
system 1is required to recognize pathogens, respond to the pathogenic burden, and
ultimately return to a balanced state. Achieving an appropriate inflammatory response
needs a balance between producing sufficient cytokines to eliminate the pathogen and
avoiding excessive inflammation, as an excess of cytokines can result in clinically
significant collateral damage (Cicchese et al. 2018; Dodoo et al. 2002). Cytokines as a
group of soluble mediators, play an important role in coordinating antimicrobial
effector cells and providing regulatory signals that direct, amplify and resolve the
immune response (Strieter, Belperio, and Keane 2002b; Stow et al. 2009). These
molecules are characterized by a short half-life, which allows for rapid adaptation to
changing conditions, as well as fine-tuned control of the intensity and duration of
immune response and inflammation. The production of cytokines is tightly controlled.
but in some cases, this regulation is broken and leads to immune hyperactivation and
the production of large quantities of cytokines, resulting in a "cytokine storm" that can
cause tissue damage (Morgan et al. 2010; Fajgenbaum and June 2020). Therefore,
precisely and effectively controlling cytokine production, particularly the production of

“pro-inflammatory cytokines” is a vital element in restoring the body to homeostasis.

However, there are three cytokines IL-1, IL-6 and TNFa that have probably received
most attention as key and critical drivers of inflammation. The increasing attention on
regulating the production of the three pro-inflammatory cytokines has prompted the

exploration of various strategies to intervene in their production and action and so
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identify effective anti-inflammatory strategies (Brebner et al. 2000; Schuerwegh et al.

2003; Umare et al. 2014).

Anti-inflammatory drug can be divided into large biomacromolecules or small
molecules (Warner, Hajdin, and Weeks 2018; Childs-Disney et al. 2022; Beck et al.
2022; Jahangirian et al. 2019). Small molecules can have the advantage of greater
bioavailability, in that they are easily absorbed into the bloodstream and can effectively
reach their target site in the body to achieve the effect. Small molecule drugs are also
generally less toxic than larger biologic drugs, such as monoclonal antibodies, due to
their smaller size and lower likelihood of causing immune reactions. Additionally, small
molecule drugs can be administered via oral or injectable routes, making them
convenient for patients and allowing for greater adherence of treatment (Beck et al.

2022; Arkin, Tang, and Wells 2014).

The development of anti-inflammatory drug-like small molecules involves several
critical steps. Target identification is the first step and researchers must first identify the
specific molecular pathways involved in inflammation that they want to target. Once a
target is identified, researchers may screen a library of chemical compounds to find
those that can inhibit that target, or work with it to enhance its function and potentially
act as an anti-inflammatory agent. Thereafter, the lead optimization will be performed.
The most promising compounds from lead discovery are then further optimized through
chemical synthesis and structural modifications to improve their efficacy and specificity.
Meanwhile, the mechanisms by which selected compounds exert their anti-
inflammatory effects will also be investigated. This then progresses to pre-clinical
testing their efficacy and safety and deciding whether they should progress to clinical
trials. The research area of identifying novel small molecule anti-inflammatory drugs

is one of great interest (Wang, Smith, and Yin 2013).

In the field of anti-inflammatory small molecule development, numerous core
structures including pyrazole, indole, chalcone, and pyridine have been modified and
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re-structured to produce diverse compounds with anti-inflammatory properties. As the
NF-«kB and MAPK signaling pathways play a crucial role in the inflammatory response,
researchers have increasingly focused on developing small molecule inhibitors to target
these pathways. Small molecules can be subdivided into different categories based on
their mechanism of action. The first category is the inhibitor of protein kinases, which
block the activation of IKK proteins (Kapabhi et al. 2000; Kwok et al. 2001), target the
functional domains of NF-kB proteins (Demarchi et al. 2003; Schwabe and Brenner
2002), or target specific proteins that influence the protein kinases of signaling
pathways (Vanden Berghe et al. 1998; Ravi and Bedi 2004; Sanchez-Dufthues et al.
2009). The second category is the inhibitor of protein phosphatases, which suppress the
phosphorylation of signaling pathway proteins and inhibit their transformation into the
activation form, such as dephosphorylation of MAPKs and IkB protein (Arbibe et al.
2007; Sreenivasan, Sarkar, and Manna 2003). Similar to the inhibitor of protein kinases,
the inhibitor of protein phosphatases can also target specific proteins that influence the
protein phosphatases of signaling pathways (Singh and Aggarwal 1995). The third
category is proteasome inhibitors, which inhibit the degradation of proteins such as IxB
that impair the activation of NF-kB (Zhou et al. 2005; Yaron et al. 1997; Tang et al.
2005; Shembade, Ma, and Harhaj 2010). The fourth category involves the blockage of
NF-«kB nuclear translocation. An important step in the activation of transcription factors
by NF-«B protein is the translocation from cytoplasm to nucleus, which can be blocked
using small peptides that cross the cell membrane. For instance, SN50 is a synthetic
peptide that contains a nuclear localization sequence of NF-kB p50 and a hydrophobic
membrane-translocating region, which competitively inhibits LPS-induced and TNFa-
induced NF-kB nucleus translocation (Lin et al. 1995). In addition to above, there are
still many small molecules that inhibit the activation of NF-kB and MAPK signaling
pathways through other different mechanisms, like inhibiting P65 acetylation, blocking
methyltransferases, suppressing NF-kB protein binds to DNA and so on (Park et al.
2007; Sung et al. 2008).
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1.6 Project aims

The above literature review captures the complexity of the biological processes and
pathways regulating inflammation and cancer. It also highlights the potential for
targeting these pathways in the development of new therapeutic strategies for the
treatment of inflammatory diseases and cancer. Pellino proteins are emerging as key
players in innate immunity and cancer. With this in mind, the overarching objective of
my research was to evaluate the potential of exploiting the mediatory roles of Pellino

proteins in these pathways and explore their therapeutic targeting for beneficial effects.

Recent work in our laboratory has involved the design and development of small
molecule compounds targeting Pellino2. The specific aims of this study were to
investigate their regulatory effects on the pathways involved in inflammation and

cancer. More specifically, my research aimed to:

e To characterize the effect of Pellino-targeted molecules on inflammatory signaling

pathways.

e To explore the functional, cellular and molecular roles of Pellino2 in colorectal

cancer.

e To characterize the effects of Pellino-targeted molecules on cellular pathways

driving colorectal cancer.
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Chapter 2: Material and Method

2.1 Materials

2.1.1 Reagents

Reagents Supplier

Agar Sigma-Aldrich
Agarose Promega
Ampicillin Sigma-Aldrich
ATP Invitrogen
Acetic Acid Fisher-Scientific
BSA Sigma-Aldrich

Bromophenol Blue
Chloroform

CLO75

CLO97

CpG type A ODN 1585
CpG type B ODN 1666
DirectPCR Lysis Buffer
DMEM high glucose medium
DMSO

DTT

DNA ladder & Loading dye

Sigma-Aldrich
Sigma-Aldrich
Invitrogen
Invitrogen
Invitrogen
Invitrogen
Viagen Biotech
Gibco™
Sigma-Aldrich
Fisher-Scientific

Promega
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E.coli-TOP10 competent cells

EDTA

Ethidium bromide

FBS

Flagellin

Glycerol

Glycine

HEPES

HCl

Isopropanol

Kanamycin

Lipofectamine 2000

LPS

Luminata Forte Western HRP Substrate
LB

Magnesium Chloride

Methanol

Molecular biology grade water (RNase and DNase free)
Pam2CSK4

Pam3CSK4

PBS

Penicillin/Streptomycin

PMSF

Poly(I:C)

Pre-stained molecular weight marker
Protease inhibitor cocktail

Protein A/G-agarose binds
Proteinase K

Protogel

Invitrogen
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Invitrogen
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Merck
Sigma-Aldrich
Sigma-Aldrich
Invitrogen
Enzo Life Sciences
Fisher-Scientific
Sigma-Aldrich
Sigma-Aldrich
BDH
Sigma-Aldrich
Invitrogen
Invitrogen
Sigma-Aldrich
Invitrogen
Sigma-Aldrich
Invitrogen
Invitrogen
Roche

Santa Cruz
Qiagen

National Diagnostics
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Puromycin
Random primers
RPMI-1640 medium
Sucrose

SDS

Milk powder
NaF

NaCl

NaOH

NazVOs4

NazPOg4

H2S04

TEMED

TMB

Tris-base
Tris-HCI
Triton-X-100
Trypsin/EDTA
Trypsin/EDTA free
Tween-20
Zymosan

2-Mercaptoethanol

Sigma-Aldrich
Invitrogen
Gibco™
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Invitrogen

Gibco™
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2.1.2 Kits

Kit Supplier
Murine IL-1p ELISA Kit R&D system
Murine IL-6 ELISA Kit R&D system
Murine TNF-o ELISA Kit R&D system
Murine CXCL1 ELISA Kit R&D system
Murine RANTES ELISA Kit R&D system
Plasmid Plus mini Kit Qiagen
qScript™ c¢DNA Synthesis Kit Qiagen
PerfeCTa® SYBG® Green FastMix® ROX Kit Qiagen

2.1.3 Buffers

Lysis Bufter (RIPA) 50mM Tris-HCI (pH=7.5)
150mM NacCl
0.5% (v/v) IGEPAL
50mM NaF
ImM Na3;VOq4
ImM DTT
ImM PMSF
Complete Mini EDTA-free Protease inhibitor
cocktail tables, 1tablet in 10ml
4x Sample Buffer 0.25m Tris-HCI (pH=6.8)

6% (w/v) SDS

40% (w/v) Sucrose

0.04% (w/v) Bromophenol Blue
20% (v/v) 2-Mercaptoethanol

4x Laemmli Lower Tris Buffer

1.5M Tri-base
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0.4%(w/v) SDS
Adjust pH to 8.8 with HCI

4x laemmli Upper Tris Buffer

1.5M Tris-base
0.4%(w/v) SDS
Adjust pH to 6.8 with HCI

SDS Running Buffer

25mM Tris-base
192mM Glycine
0.1% (w/v) SDS
Adjust pH to 8.3 with NaOH

Transfer Buffer

25mM Tris-base
192mM Glycine
15% (v/v) Methanol

Blocking Buffer

for Immunoblotting

TBS with
0.1% (v/v) Tween-20

5% (w/v) BSA or non-fat dry milk powder

Blocking Buffer for ELISA

PBS with
0.1% (v/v) Tween-20
1% (w/v) BSA

Tris-buffered saline (TBS)

25mM Tris-base
0.14M NacCl
Adjust pH to 7.4 with HCl

Annexin Binding Buffer

0.01M Hepes

0.14M NaCl

2.5mM CaCl,

Adjust pH to 7.4 and filter with a 0.2um sterile

filter
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2.2 Cell culture

2.2.1 L-929 Cell line culture for production of M-CSF containing conditioned
medium (M-CSF CM)

L-929 cells were cultured in RPMI-1640 medium supplemented with 10% (v/v)
FBS100pg/ml Penicillin and 100pg/ml Streptomycin in a 37°C humidified chamber
under a 5% CO> atmosphere. Cell morphology and confluence were monitored every
two days. Once cells reached approximately 80% confluence, adherent cells were
passaged using a cell scraper with PBS. For the generation of M-CSF CM, cells were
counted using a hemocytometer and plated at 5x10° cells/ml with 40 ml RPMI-1640
medium in a T175? culture flask for 7 days. Thereafter, the supernatant was removed
from the cells and was centrifuged at 600g for 5Smin. After centrifugation, the
supernatant was removed to a new 50ml falcon tube and stored at -80°C for up to 6
months. Cells were cultured for a maximum of 30 passages to avoid excessive genetic

drift.

2.2.2 Culture of HEK?293T Cells

HEK293T cells were cultured in DMEM High-Glucose medium supplemented with 10%
(v/v) FBS, 100pg/ml Penicillin and 100pug/ml Streptomycin in a 37°C humidified
chamber under a 5% CO; atmosphere. Cell morphology and confluence were monitored
every two days. Once cells reached approximately 80% confluence, adherent cells were
passaged using a 1% (w/v) Trypsin (without EDTA) solution in PBS. Cells were

cultured for a maximum of 30 passages to avoid excessive genetic drift.
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2.2.3 Bone marrow-derived macrophages (BMDMs)

Age (8-12 weeks) and gender-matched WT and Peli2”~ mice were sacrificed by cervical
dislocation. Mice were first sterilized with 70% ethanol before removal of the femur
and tibia under aseptic conditions in a laminar flow hood. Bone marrow was removed
by flushing the bones with a 27 /4 gauge needle containing 10ml PBS. Cells were then
pelleted by centrifugation at 600g for Smin. 1ml Red blood cell lysis was carried out
by resuspending the pellets and incubated at room temperature for 1min. Lysis was
terminated by the addition of 20ml RPMI-1640 medium supplemented with 10% (v/v)
FBS, 100pug/ml Penicillin and 100pug/ml Streptomycin and cells were centrifuged again
at 600 g for 5 min. Pellets were re-suspended in 10ml RPMI-1640 and then cells were
plated with 24ml RPMI-1640 medium in a T175 culture flask. 6ml M-CSF conditioned
medium was added to a final concentration of 20% (v/v). Cells were cultured in a 37°C
humidified chamber under a 5% CO; atmosphere. After 3 days of culture, the
supernatant was carefully removed without displacing adherent cells. 25ml fresh
RPMI-1640 medium supplemented with 20% M-CSF (w/v) was gently added and cells
were cultured for a further 4 days. Optimal cell growth was determined by examining
cell morphology. Differentiated BMDM cells were collected by cell scraping and plated

in M-CSF free medium for further use.

2.2.4 Colorectal cancer cell lines and normal colon epithelial cell line

The human colorectal cancer cell lines SW480 and SW620 were purchased from ATCC.
SW480 and SW620 were both established in 1978 from a primary adenocarcinoma of
a 50-year-old male colorectal cancer patient and these two cell lines have subsequently
been used worldwide as a model for colorectal cancer research. The human colorectal
cancer cell lines DLD-1, HCT116, HT29 and Lo Vo were gifted by Prof. Daniel Longley
(Queen’s University Belfast). DLD-1 was derived in 1977 by D-L-Dexter from a
primary adenocarcinoma of a colorectal cancer patient and has been shown to have a

common genetic with HCT-15 and HRT-18 colorectal cancer cell lines. HCT116 was
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isolated from the colon of an adult male colorectal cancer patient, it has a mutation in
codon 13 of the Ras proto-oncogene. DLD-1 and HCT116 have been used for
investigating treatment options and conducting drug screens. HT29 was isolated in
1964 from a primary adenocarcinoma of a 44-year-old female colorectal patient with
epithelial morphology. LoVo was isolated in 1971 from the large intestine of a 56-year-
old male with grade IV Dukes C colorectal cancer patient. The normal colon epithelial
cell line NCM460D was gifted from the Wenjing Zhu group (The City Vocational
College of Jiangsu in China). NCM460D was derived in 1996 from the normal colon
of a 68-year-old Hispanic male. This cell line was not infected or transfected with any
exogenous genetic information and is non-tumorigenic, and is used as a control cell line

to colorectal cancer lines in colorectal cancer research.

The SW480, SW620, DLD-1 and NCM460D cell lines were cultured in DMEM High-
Glucose medium supplemented with 10% (v/v) FBS, 100pg/ml Penicillin and 100pg/ml
Streptomycin. The HCT116 and HT29 cell lines were cultured in RPMI-1640 medium
supplemented with 10% (v/v) FBS, 100pg/ml Penicillin and 100pg/ml Streptomycin.
The LoVo cell line was cultured in DMEM/F12 medium supplemented with 10% (v/v)
FBS, 100pg/ml Penicillin and 100pg/ml Streptomycin. All cells above were cultured in
a 37°C humidified chamber under a 5% CO; atmosphere.

2.3 Molecular biological methods

2.3.1 DNA Isolation for Genotyping

I-week-old mice were ear-punched and the tissue sample was placed in a sterile
Eppendorf tube. Crude DNA samples were prepared by adding 70l of DirectPCR™
Lysis Reagent containing 1pul Proteinase K (0.4 mg/ml) and incubated at 55°C for 4h at
least. Proteinase K was inactivated by incubating at 85°C for 45 min. Extracted DNA

was then diluted 1:10 in DNase-free water before being used as the template for
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genotyping PCR reactions.

2.3.2 RNA isolation

To avoid contamination of RNA samples, all reagents and labware used were certified
as RNase-free. All surfaces were decontaminated with 70% (v/v) ethanol. BMDM cells
were plated at 1x10° cells/ml (Iml medium) in 12-well plates for all mMRNA analysis
experiments. Colorectal cancer cell lines were plated at 0.5x10° cells/ml (1ml medium)
in 12-well plates for all mRNA analysis experiments. Harvesting for RNA was carried
out by first washing cells with PBS, removing the PBS and adding 500ul Trizol into the
well, Trizol and cells were mixed by pipetting multiple times using and incubated on
the ice for Smin to ensure full homogenization. The Trizol-treated samples were
transferred into a new RNase-free Eppendorf tube, 100ul of chloroform was added and
the mixture was first inverted and then vortexed for Ssec. Samples were incubated at
4°C for 10min, during which time phase separation begins. This is completed by
centrifugation at 12000g for 15min at 4°C. 200ul of the upper aqueous phase was
transferred to a new RNase-free Eppendorf tube, avoiding contamination with the red
phenol-chloroform phase or the interphase. 200ul of isopropanol was added to the
aqueous phase and the mixture was first inverted and then vortexed for Ssec. Samples
were incubated at 4°C for Smin, followed by centrifugation at 12000g for 15min at 4°C.
The isopropanol was carefully removed without disturbing the precipitated RNA pellet.
900ul of 75% (w/v) ethanol was added to the pellet and vortexed briefly. Samples were
centrifuged at 6000g for Smin at 4°C, after which the ethanol was removed and the
RNA pellets were air dried in a laminar flow hood for 10min at least. The RNA pellet
was re-suspended in 20ul of RNase-free water and incubated at 60°C for 10min. A
Nanodrop™ spectrophotometer was used to quantify the concentration of RNA in each
sample. The ratio of the absorbance at 260 and 280nm was used to assess the purity of
the RNA sample, where a ratio of 1.8-2.0 indicated pure RNA. RNA samples were

stored at -80°C for further use.
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2.3.3 ¢cDNA synthesis from RNA

1000ng RNA was converted into cDNA by using the qScript™ cDNA Synthesis Kit

t™ Reaction Buffer and

according to the manufacturer’s instructions. 4ul of 5X qScrip
1ul of gScript™ reverse Transcriptase enzyme were added to 1000ng RNA, and
nuclease-free water was added into the tube for a final volume of 20ul. Samples were
gently mixed and then placed in a PCR machine. Samples were incubated at 25°C for

10min, 42°C for 5Smin, 85°C for 5min and then held at 4°C before retrieval. cDNA

samples were stored at -20°C for further use.

2.3.4 Real-time PCR

The real-time PCR was performed on ¢cDNA by using the PerfeCTa® SYBG® Green
FastMix® ROX. The mix used for quantification of the target genes included 10ul of
the SYB® Green FastMix®, 2ul of primers (forward and reverse), 4ul of diluted cDNA
and water was added up to a final volume of 20ul. The sequence and Tm of the primers
used are shown in Table 2.1. The PCR cycling conditions are shown in Table 2.2, The
annealing temperature was selected based on the primer set being used and was
generally 20°C less than the lower Tm value. Real-time PCR was performed on a
StepOnePlus Real-Time PCR System (Applied Biosystems) using MicroAmp Fast 96-
well reaction plates. All Real-time PCR experiments included a negative control to

ensure the absence of contaminating DNA.

The data were analyzed by using the 22T method. Initially, the target gene's Ct values
were subjected to normalization through various Housekeeping Genes, such as HPRT,
B-actin, and GAPDH, to obtain the ACT value. This was accomplished by subtracting
the target gene Ct value from the housekeeping gene Ct value. Secondly, the ACT
value for all samples was normalized to the A CT value of the control samples,
resulting in the AACT value (AACT = ACT value of sample - ACT value of
control sample). Finally, the fold change in expression level of the target gene was
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calculated using the following formula: Change Fold = 2-24¢T,

Specificity Primer sequence (5°-3’) Tm(°C)
hPELI2 Forward: GTCAACACAGTATATCCTACAC 53.81
Reverse: CCTGAAACATATCCGTATCC 52.97
mPELI2 Forward: ACAGCCACGACGGAGCA 61.33
Reverse: TACACTCCCATCCCGAAAACG 60.07
mMRANTES  Forward: ATCATCCTCACTGCAGCCCC 61.99
Reverse: TGCTGGTGTAGAAATACTCC 54.48
miL-1f Forward: GGATGATGATGATAACCTGC 53.61
Reverse: CATGGAGAATATCACTTGTTGG 54.88
miL-6 Forward: TCCACGATTTCCCAGAGAACA 59.03
Reverse: ACAACCACGGCCTTCCCTAC 62.12
m7TNFa Forward: TGGGAGTAGACAAGGTAC 51.9
Reverse: CATCTTCTCAAAATTCGAGTGA 60.8
mCXCLI  Forward: CACCCGCTCGCTTCTCTGT 62.29
Reverse: CACCTCAAGAACATCCAGAGC 58.65
mHPRT Forward: AGGGATTTGAATCACGTT 53.25
Reverse: TTTACTGGCAACATCAACAG 54.11
hp-actin Forward: CACCATTGGCAATGAGCGGTTC 62.90
Reverse: AGGTCTTTGCGGATGTCCACGT 64.46

Table 2.1 Primers for Real-time PCR, correspondent sequence and melting

temperature (Tm)
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Step Temperature Time Number of cycles

Initial denaturation 95°C 10min 1
Denaturation 95°C 15s

Annealing 52-63°C Imin 40
Extension 72°C 15s

Table 2.2 Thermal cycling protocol was followed for real-time PCR experiments.

2.3.5 Lentiviral hPELI2 over-expression or shRNA knockdown model

construction in colorectal cancer cell lines.

1x10°® HEK293T cells were plated into 6-well plates with 3ml medium to reach a
confluency of 70-80% for next-day transfection. 3ul Lipofectamine2000 (Invitrogen)
were diluted into 250ul Opti-MEM and different plasmid combinations were also
diluted into another 250l Opti-MEM (Table 2.3 and Table 2.4), both incubated at room
temperature for 5Smin. A diluted plasmid combination was added into diluted
Lipofectamine2000 with a 1:1 ratio, mixed with pipetting multiple times and incubated
at room temperature for 15min. After the incubation, the plasmid-lipid complex was

gently added to the cell culture medium.

Packaging plasmid hPELI2 overexpression
plasmid
psPAX?2 pMD2.G hPELI2-strep pcDNA3.1
Ipg Ipg 2pg

Table 2.3 Plasmid dosage for lentiviral Peli2 over-expression packaging
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Packaging plasmid hPELI2 shRNA knockdown

plasmid

psPAX2 pMD2.G hPELI2 shRNA pGIPZ
plasmid (A3 or B7)

lpg lpg 2pg

Table 2.4 Plasmid dosage for lentiviral hPELI2 shRNA knockdown packaging

The control group utilized either an empty vector plasmid (pcDNA3.1) or a non-
targeting shRNA vector (Non-silencing shRNA pGIPZ). Following transfection, the
medium was replaced with fresh medium after 4h and incubated for an additional 48h.
Subsequently, the lentivirus-containing medium was collected and centrifuged at 1200g
for Smin before transferring to falcon tubes for long-term storage at -80°C. To transduce
cells, 1x10° cells were plated into 6-well plates with 3ml of medium and incubated
overnight. On the second day, at a confluency of approximately 70%, cells were
transduced with 3ml of medium consisting of a 1 to 1 mixture of lentivirus-containing
medium and fresh medium, containing hexadimethrine bromide (final concentration of
8mg/ml). After 48h, the medium was removed and replaced with fresh medium
supplemented with the selective agent puromycin (10pg/ml). After 2 or 3 cell passages
and puromycin selection, hPELI2 mRNA and hPELI2 protein expression levels were

assessed through quantitative real-time PCR and western blotting.

2.3.6 Transient transfection of cell

Between 5x10° to 1x10° cells were plated in 6-well plates with 3ml medium to attain a
confluency of 70-80% for transfection the following day. On the second day, 3ul of
Lipofectamine2000 (Invitrogen) was diluted into 250ul Opti-MEM, and 2500ng of
target plasmid or a combination of plasmids was diluted into another 250ul Opti-MEM.

Both mixtures were incubated at room temperature for Smin. The diluted plasmid or
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plasmid combinations were combined with the diluted Lipofectamine2000 in a 1:1 ratio,
thoroughly mixed with pipetting, and incubated at room temperature for 15 min. After
incubation, the plasmid-lipid complex was gently added to the cell culture medium. The
medium was replaced with fresh medium after 4h of transfection for continued

incubation.

2.4 Cellular biological methods

2.4.1 MTT assay

2.4.1.1 Cell proliferation assay

Cells (4 x10°) were plated into 96-well plates with 200ul medium. After 12h, 24h, 48h
and 72h, MTT solution (10ul, 5Smg/ml) was added into the wells and the plate was
returned to the 37°C humidified chamber under a 5% CO; atmosphere for 4h. The
medium was removed and DMSO (150ul) was added into wells to dissolve the crystals.

Absorbance was measured at a wavelength of 490nm by using a microplate reader.

2.4.1.2 Cell viability assay

Cells (4000) were plated into 96-well plates with 200l medium for next-day treatment.
After culture overnight, cells were treated with indicated concentrations of Dmx1/10
and/or chemotherapy drug Cisplatin for 48h. MTT solution (10ul, 5mg/ml) was added
into the wells and the plate was returned to the 37°C humidified chamber under a 5%
CO» atmosphere for 4h. The medium was removed and DMSO (150ul) was added into
wells to dissolve the crystals. Absorbance was measured at a wavelength of 490nm by
using a microplate reader. The half maximal inhibitory concentration (IC50) of
Dmx1/10 and/or Cisplatin to the cell viability was determined by interpolation from

dOSG-I‘CSpOl’lSC curves.
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2.4.2 Colony formation assay

Cells (500) were plated into 6-well plates at 600 cells/well (HCT116 and HT29) or 900
cells/well (DLD-1, SW480 and SW620) with 3ml medium. After 5 days, cells were
exposed to indicated specific treatment. On the day7, medium was removed and wells
were gently washed with PBS. Colonies were then fixed in 2ml methanol for Smin.
Methanol was removed and colonies were stained with 0.5% (v/v) Crystal Violet diluted
in 20% methanol. Colony number in each wells was counted by using the OpenCFU

software.

2.4.3 3D spheroid assays

Cells (500) were seeded in 96-well U-bottom ultra-low attachment plate with 200ul
medium. Spheroids were allowed to develop for 24h, and then imaged at 4X
magnification (Optika Vision Pro) and the diameter was measured (Olympus EP50)
under a microscope using EP-view software to record spheroid diameter and marked as
Day 1. Spheroids were returned to the 37°C humidified chamber under a 5% CO-
atmosphere for 4 days with spheroids being imaged and the diameter measured on Day
3 and Day 5, and the specific treatments were applied on Day 3 after being imaged. Day
1 diameter was subtracted from the Day 3 or Day 5 measurement to determine spheroid

progression.

2.4.4 Flow cytometry

Cells (5x10°) were plated into 6-well plates with 3ml medium to reach a confluency of
70-80% for next-day treatment. On the second day, cells were treated with SuM
Dmx1/10 and/or indicated concentrations of Cisplatin for 24h. And then adherent cells
were harvested by trypsin treatment and suspension cells were pellet by 800g
centrifugation for Smin. All the cells were mixed, and cells were twice washed with

Iml cold PBS and once with 1x Annexin binding buffer. Then cells were re-suspended
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in 1000ul 1x Annexin binding buffer. 100ul cell suspensions were transferred into a
new Eppendorf tube, 1x Annexin binding buffer (400ul), Annexin V (5ul, 90pg/ml) and
propidium iodide (PI) (10ul, 1mg/ml) were added into the tube. The components were
mixed by pipetting multiple times and incubated at room temperature for 15min, then
the cells were evaluated by flow cytometry (BD Accuri™ C6). At least 10,000 cells
were counted, single live cells were selected and the apoptosis rate and apoptosis stage
were determined by using Annexin V as the X-axis coordinate and PI as the Y-axis
coordinate. The unstained sample, Annexin V alone stain sample and PI alone stain

sample were used as controls to delineate the different intervals.

2.5 Biochemical methods

2.5.1 Protein Extraction

Cells were plated into 6-well or 12-well plates to reach a confluency of 70-80% for
next-day treatment. The details for each experiment are described in the correspondent
results section and figure legends. When harvesting the cell lysates, to avoid protein
degradation, all equipment was pre-chilled and all steps in the extraction process were
carried out on ice unless otherwise stated. Medium was removed (for some experiments,
the medium was transferred into a falcon tube and centrifuged at 6000g for 10min at 4°C
to pellet the cells) and the cells were gently washed with PBS. Then cells were scraped
in PBS and transferred into the Eppendorf tubes. Samples were centrifuged at 6000g
for 10min at 4°C, after that PBS was removed and cells were re-suspended in cold RIPA
lysis buffer and incubated on ice for at least 30min. Lysate was then subjected to
centrifugation at 12000g for 10min at 4°C, The supernatants were transferred into new
Eppendorf tubes and the appropriate amount of 6x Sample buffer was added to make
the final concentration 1x. Samples were then boiled for 10min at 95°C and stored at -

20°C for further use.
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2.5.2 Protein Immunoprecipitation

2.5.2.1 Co-Immunoprecipitation to investigate protein-protein interactions

Cells were plated into 6-well plates with 3ml medium to reach a confluency of 70-80%
for next-day treatment. The details for each experiment are described in the
correspondent results section and figure legends. Cells were placed on ice and the media
was removed. Cells were gently washed with cold PBS before being scraped into 1ml
cold PBS. Cell suspensions were transferred to Eppendorf tubes and subjected to
centrifugation at 6500g for Smin at 4°C. Excess PBS was removed without disturbing
the pellet which was then re-suspended in 200ul ice-cold NP-40 lysis buffer or RIPA
buffer and incubated on ice for at least 30min. Lysates were then subjected to
centrifugation at 12000g for 10min at 4°C. lysate supernatants (20ul) were transferred
into a new Eppendorf tube and 4pul of 6x sample buffer was added to make the final
concentration 1x. Samples were then boiled for 10min at 95°C and stored at -20°C as
an input whole cell lysate control. The remaining lysate was removed from the insoluble
pellet and transferred to a fresh 1.5 ml Eppendorf tube. The volume of the sample was
increased to 1ml using ice-cold lysis buffer. Immunoprecipitation of the protein of
interest was then carried out by the addition of a respective antibody to each tube with
an appropriate dilution ratio (Table 2.5). Samples were incubated overnight at 4°C

under constant agitation using a sample rocker.

Antibody Dilution ratio
IRAK1 1:300
Myc 1:1000
Bel-xL 1:300

Table 2.5 Antibody dilution ratio of Co-Immunoprecipitation
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On the following day, 40ul of protein A/G plus-agarose beads were added to each
sample followed by a further incubation at 4°C for 4h under constant agitation. Samples
were centrifuged at 6000g for 10min at 4°C and the supernatant was removed. 1ml of
Co-IP lysis buffer was added to the bead pellet followed by several inversions of the
tube. Samples were once again subjected to centrifugation and the wash step was
repeated three more times. After the final wash step, all the supernatant was removed
and 40ul of 2x sample buffer was added to the beads. Samples were boiled for Smin.

Samples were then boiled for 10min at 95°C and stored at -20°C for further use.

2.5.2.2 Immunoprecipitation of denatured proteins

Cells were plated into 6-well plates with 3ml medium to reach a confluency of 70-80%
for next-day treatment. The details for each experiments are described in the
correspondent results section and figure legends. Cells were placed on ice and the media
was removed. Cells were gently washed with cold PBS prior to being scraped into 1ml
cold PBS. Cell suspensions were transferred to Eppendorf tubes and subjected to
centrifugation at 6500g for Smin at 4°C. Excess PBS was removed without disturbing
the pellet which was then re-suspended in 200ul ice-cold RIPA lysis buffer and
incubated on ice for at least 30min. Lysates were then subjected to centrifugation at
12000g for 10min at 4°C. Lysate supernatants (20ul) were transferred into a new
Eppendorf tube and 4l of 6x sample buffer was added to make the final concentration
Ix. Samples were then boiled for 10min at 95°C and stored at -20°C as an input whole
cell lysate control. The remaining 180ul lysate was removed from the insoluble pellet
and transferred to a fresh 1.5 ml Eppendorf tube and 10% (w/v) SDS solution (20ul)
was added into the lysate. Samples were mixed and boiled for 10min at 95°C to
facilitate complete disassociation of proteins. After the heat, samples were cold on the
ice for 10min and add 800ul ice-cold RIPA buffer to dilute SDS. Immunoprecipitation
of the protein of interest was then carried out by the addition of a respective antibody
to each tube with an appropriate dilution ratio. Samples were incubated overnight at 4°C

under constant agitation using a sample rocker.
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Antibody Dilution ratio

IRAK1 1:300

Bcel-xLL 1:300

Table 2.6 Antibody dilution ratio of Immunoprecipitation

On the following day, 40ul of protein A/G plus-agarose beads were added to each
sample followed by a further incubation at 4°C for 4h under constant agitation. Samples
were centrifuged at 6000g for 10min at 4°C and the supernatant was removed. 1000pl
of cold RIPA buffer was added to the bead pellet followed by several inversions of the
tube. Samples were once again subjected to centrifugation and the wash step was
repeated three more times. After the final wash step, all the supernatant was removed
and 40ul of 2x sample buffer was added to the beads. Samples were boiled for Smin.

Samples were then boiled for 10min at 95°C and stored at -20°C for further use.

2.5.3 BCA protein assay

BCA protein assay were performed to quantitate protein concentration. A known
concentration of BSA standards and samples were diluted according to the
manufacturer’s instructions. The aliquots (5ul) of standards and diluted samples were
added into wells of 96-well plates and 100ul of working reagent were mixed with
samples, and the plate was incubated at 37°C for 30min. The OD value of each well

was measured at wavelength 600nm. AELx800™

microplate reader with Gen5 Data
Analysis Software was used to carry out the reading. The sample concentrations were
determined by interpolating the sample absorbance from the known concentrations of
the standard curve. Standards were assayed in duplicate while samples were analyzed

in triplicate. Data and analysis were carried out using Excel and GraphPad.
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2.5.4 SDS-Polyacrylamide gel electrophoresis (SDS-PAGE)

SDS-PAGE was conducted in a Biorad MiniProtean® Tetra System, according to the
method of Laemmli (Laemmli, 1970), as modified by Studier (Studier, 1973). Typically,
10% SDS polyacrylamide gels were used with alterations made depending on the size
of the protein of interest. Details about the preparation of all gels are displayed in Table
2.5. Electrophoresis was performed at a constant 90V through a 5% stacking gel,
followed by 120V through the resolving gel for between 2h-3h depending on the size

of your interest targeted protein.

Lower Resolving Gels

% Total Acrylamide 8% 10% 12% 15%

H>O 12.1 10.5 8.75 6.25 ml
4X Lower Tris Buffer 6.25 6.25 6.25 6.25 ml
Protogel 6.67 8.35 10 12.5 ml
10% (w/v) APS 130 130 130 130 ul
TEMED 15 15 15 15 ul
Total Volume 25 25 25 25 ml
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Upper Stacking Gel

% Total Acrylamide 5%

H0 5.8 ml
4X Lower Tris Buffer 2.5 ml
Protogel 1.7 ml
10% (w/v) APS 40 ul
TEMED 20 ul
Total Volume 10 ml

Table 2.7 Composition of polyacrylamide gels used

2.5.5 Immunoblotting

Following separation by electrophoresis, the migrated proteins were transferred
electrophoretically to 0.2um pore size nitrocellulose membranes by an Owl™ VEP-2
Mini Tank Electroblotting System. Electrical current (Amps) and transfer times varied
depending on the size of the protein of interest between 15kDa to 250kDa. Pre-cut
Whatmann paper and nitrocellulose membranes were equilibrated with Transfer Buffer
10min prior to use. 3 layers of Whatmann paper were placed on the bottom surface of
the transfer unit followed by a single layer of nitrocellulose. The resolving gel was
washed briefly in transfer buffer before being placed on the nitrocellulose while
avoiding bubbles. 3 more layers of Whatmann paper were placed on top and the unit
was closed. The transfer was carried out at 90mA/gel (4 gels maximum, corresponding
to 360mA) for 90min. At the end of the transfer, the membranes were quickly washed
in TBST buffer and incubation with TBST buffer containing 5% (w/v) Bovine Serum
Albumin (BSA) for 1h on an orbital shaker at room temperature to inhibit non-specific

antibody binding. Membranes were then incubated with appropriate primary antibodies
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diluted in 5% (w/v) BSA-TBST buffer at 4°C overnight. The specificity and dilutions

used for the various antibodies are listed in Table 2.8.

After overnight incubation, membranes were washed in TBST buffer for 15min and
repeated two more times. Following washing, the membranes were incubated with an
HRP-conjugated secondary antibody or Licor-conjugated secondary antibody specific
to the primary antibody in 5% (w/v) BSA-TBST buffer at room temperature for 1h (the
secondary antibodies are listed in Table 2.9). The membranes were finally washed with
TBST buffer for 5Smin and repeated two times. Protein bands were then visualized using
the Odyssey infrared imaging system from Licor Biosciences or using enhanced

chemiluminescence (ECL).

Primary antibody Brand Dilution Source
B-actin Sigma 1: 5000 Mouse
IRAK1 Cell Signaling 1: 1000 Rabbit

IxBa Santa Cruz 1: 500 Rabbit
p-IxBa Cell Signaling 1: 500 Mouse
IKKa/B Cell Signaling 1: 1000 Rabbit

p-IKKao/B Cell Signaling 1: 1000 Rabbit

P65 Cell Signaling 1: 1000 Rabbit
p-P65 Cell Signaling 1: 1000 Rabbit

AKT Cell Signaling 1: 3000 Rabbit

p-AKT (Ser473) Cell Signaling 1: 1000 Rabbit
p-AKT (Thr308) Cell Signaling 1: 1000 Rabbit

ERK Cell Signaling 1: 3000 Rabbit
p-ERK Cell Signaling 1: 1000 Rabbit

JINK Cell Signaling 1: 1000 Rabbit
p-JNK Cell Signaling 1: 1000 Rabbit

P38 Cell Signaling 1: 3000 Rabbit
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p-P38
IL-1B
Caspasel
Caspase3
Cleaved-Caspase3
Caspase9
NLRP3
ASC
Bcel-xL
Bax
PARP
Ubiquitin
Lys48-Ubiquitin
Lys63-Ubiquitin
Myc-Tag
Strep-Tag II

Cell Signaling
R&D
Adipogen
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Adipogen
Cell Signaling
Cell Signaling
Cell Signaling
Millipore
Millipore
Millipore
Cell Signaling
Cell Signaling

1: 1000
1: 1000
1: 1000
1: 1000
1: 1000
1: 1000
1: 1000
1: 1000
1: 1000
1: 1000
1: 1000
1: 500
1:500
1:500
1: 3000
1: 3000

Rabbit
Rabbit
Rabbit
Rabbit
Rabbit
Rabbit
Rabbit
Rabbit
Rabbit
Rabbit
Rabbit
Rabbit
Rabbit
Rabbit
Mouse

Rabbit

Table 2.8 Specificity, brand, dilution and source of all primary antibodies used.
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Secondary Antibody Brand Dilution Source
IRDye® 680RD Goat anti- Li-cor 1: 3000 Goat
Mouse
IRDye® 680RD Goat anti- Li-cor 1: 3000 Goat
Rabbit
IRDye® 680RD Donkey anti- Li-cor 1: 3000 Donkey
Goat
HRP-linked Goat anti-Rabbit Cell 1: 3000 Goat

Signaling
HRP-linked Goat anti-Mouse Cell 1: 3000 Goat
Signaling

Table 2.9 Specificity, brand, dilution and source of all secondary antibodies used.

2.5.6 Enzyme-linked immunosorbent assay (ELISA)

Cell supernatants or serum samples were collected and stored at -20°C prior to analysis.
96-well NUNC "Maxisorb" plates were coated with 30ul of capture antibody diluted to
a working concentration in PBS according to the manufacturer’s instructions. Plates

were covered to avoid evaporation and placed on an orbital shaker at 4°C for overnight.

Diluted Antibody was aspirated from the plate and each well was washed with PBST
(0.05% Tween20 in PBS) buffer for three times. After the wash, then the plates were
blocked by adding 100ul of block buffer (1% (w/v) BSA in PBS) at room temperature
for 2h. After the block, plates were washed with PBST three times again, then samples

were diluted appropriately with block buffer and 30ul diluted samples were added to

75



each well. Standards were diluted in block buffer along a seven-point standard curve
using 2-fold serial dilutions with a top standard of 1000pg/ml. Plates were covered to

avoid evaporation and placed on an orbital shaker at 4°C for overnight.

Plates were washed as above and 30ul of detection antibody was diluted to a working
concentration in block buffer according to the manufacturer’s instructions. Plates were
incubated for 2h at room temperature and the wash steps were repeated. Streptavidin-
HRP conjugate was diluted in block buffer according to the manufacturer’s instructions
and 30ul was added to each well. Plates were incubated in the dark for 30min at room
temperature and the wash step was repeated after the incubation. 30ul TMB (1.25 mM/I)
solution was added to each well and the plates were covered and incubated at room
temperature for different periods of time depending on the intensity of the colour
exhibited by the samples and standards. 10ul stop solution (1 N H2SO4) was added to
stop the reaction. The optical density (OD) value of each well was measured at 450nm
with a correction at 590nm. A ELx800™ microplate reader with GenS Data Analysis
Software was used to carry out the reading. The sample concentrations were determined
by interpolating the sample absorbance from the known concentrations of the standard
curve. Standards were assayed in duplicate while samples were analyzed in triplicate.

Data presentation and analysis were carried out using GraphPad Prism 5 software.

2.5.7 LDH assay to detect cell cytotoxicity

LDH release from cells was determined using a CytoTox 96® Non-Radio Cytotoxicity
Assay Kit. 10x Lysis Buffer was added to untreated cells 45min prior to harvest to act
as the maximum LDH activity control while RPMI-1640 medium was used as a
background signal in the detection phase of the assay. 50ul of supernatant samples were
collected from cells and transferred to a flat bottom 96-well plates followed by addition
of 50pl of the CytoTox 96® Reagent. The plate was covered with foil to protect it from
light and incubated at room temperature for 30min. 50ul of stop solution was added to
each well to stop the reaction and the OD value of each well was measured at a
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wavelength 490nm within 1h after adding the stop solution.

2.6 In vivo studies

WT mice were bred from the BRU facility of Maynooth University with a C57BL/6
mice colony. Peli2”~ mice were generated by Taconic Artemis using proprietary
technology. To generate constitutive Peli2”~ mice, mice that were heterozygous for the
targeted allele were bred with mice containing a Flpe transgene (C57BL/6-Tg (CAG-
Flpe)2Arte). This resulted in the deletion of exon 2—6 and loss of function of the Peli2
gene. The Flpe transgene was removed by breeding the resulting Peli2*~ mice with
C57BL/6 mice during colony expansion. Mice were genotyped by PCR analysis of
DNA isolated from ear punches using primers “a” GCCTCTACAGGATGCTCATTT;
“b,” GGACAGTCATGCTAGTCTGAGG; “c,” GAGACTCTGGCTACTCATCC; and
“d,” CCTTCAGCAAGAGCTGGGGAC.

All animal experiments were performed under licenses of the Health Products
Regulatory Authority (HPRA) of Ireland with all protocols being approved by the

Research Ethics committees of Maynooth University

2.6.1 LPS-induced sepsis model

Age (8-10 weeks), weight and sex-matched mice were rehoused in pairs and allowed
to acclimatize to the new surroundings for 3days or more to avoid stress. Mice were
weighed again prior to injection to determine the normalized Dmx10 and LPS dosage.
Injection of either 10 or 20mg/kg Dmx10, 10mg/kg ultrapure LPS was carried out i.p.
using a 27g needle. Dmx10 were accurately weighted and subsequently dissolved in
PBS at a final concentration of 2mg/ml, with DMSO included at 1:1000 (v/v) ratio. The
resulting Dmx10 solution, along with a vehicle control consisting of an equivalent

volume of PBS (including 1:1000 (v/v) DMSO), was administered to mice via
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intraperitoneal injection. Over a period of 3h, the mice were vigilantly monitored every
1h, and their well-being was assessed and documented at hourly intervals using an
animal welfare scoring system. Subsequently, mice were injected by i.p. injection with
PBS-diluted LPS, with an equivalent volume of PBS serving as a vehicle control. On
the second day, mice were sacrificed by cervical dislocation and blood was extracted
by cardiac puncture into the Eppendorf tube. Whole blood samples were incubated at
room temperature for 30min to allow clotting then centrifugation at 2000g for 10min at
4°C. The serum supernatant samples were removed to a new Eppendorf tube and stored

at -80°C for further use.

2.6.2 AOM/DSS-induced colorectal cancer model

Age (6-8 weeks), weight and sex-matched mice were rehouse in pairs and allowed to
acclimatize to the new surroundings for 3days or more to avoid stress. Mice were
weighed again prior to injection to determine the normalized AOM dosage. Injection of
10mg/kg AOM was carried out i.p. using a 27g needle. After one week, 2% DSS was
administered in the drinking water for one week, followed by regular water for two
weeks. The DSS-drinking were repeated for three cycles. Throughout the study, body
weight, stool consistency and presence of hematochezia were continuously monitored
every 3days until the mice were sacrificed at the 9" week by cervical dislocation.

Visible tumors on the colorectal mucous were counted, and tumor loads were measured.
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Chapter 3: Investigating the effects of novel compounds

targeting Pellino2 in LPS-induced inflammation

3.1 Introduction

The innate immune system is equipped with various pattern recognition receptors
(PRRs) to effectively eliminate pathogens (Li and Wu 2021; O'Neill, Golenbock, and
Bowie 2013). PRRs are a category of proteins located on the surface of immune cells,
responsible for detecting pathogen-associated molecular patterns (PAMPs) originating
from invading pathogens (Amarante-Mendes et al. 2018). Toll-like receptors (TLRs),
as the prototypical PRRs, are essential components of immune cells that respond to
invading pathogens (Lester and Li 2014; Maslinska, Laure-Kamionowska, and
Maslinska 2012; Medzhitov 2001). Nevertheless, dysregulated TLR activation has the
potential to cause inflammatory ailments and autoimmune conditions in humans, such
as septicemia (Kumar 2020), bronchial asthma (Zakeri and Russo 2018), rheumatoid
arthritis (Huang and Pope 2009), and multiple sclerosis (Zheng et al. 2019).
Recognition of microbial components like LPS by TLR4 initiates a signaling cascade
that activates immune cells, triggering subsequent inflammatory events (Lu, Yeh, and
Ohashi 2008; Park and Lee 2013; Pu and Wang 2014). This process involves the
recruitment of the MyD88 adaptor protein, which subsequently recruits and activates
IRAKA4. This, in turn, associates with IRAK1, promoting its hyperphosphorylation.
IRAK1 subsequently interacts with TRAF6, TAK1, TAB1, and TAB4 to form a
complex that leads to the activation and relocation of the NF-«xB transcription factor to
the nucleus (Akira, Takeda, and Kaisho 2001; Lu, Yeh, and Ohashi 2008; Park and Lee
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2013), this pathway also triggers the downstream activation of downstream MAPKs,
including ERK, P38, and JNK (Kuriakose et al. 2019; Tong et al. 2020). These signaling
pathways ultimately result in the transcription of inflammation-associated genes and
the production of pro-inflammatory cytokines, such as IL-1f, IL-6, and TNFa (Pu and
Wang 2014). Excessive activation of TLR4/NF-kB and MAPKSs signaling pathways is
closely linked to the development of inflammatory diseases. In addition, dysregulated
production of pro-inflammatory cytokines may lead to the onset of a severe condition
called a “Cytokine storm” (Fajgenbaum and June 2020) which can cause significant
harm to the body. Therefore, maintaining precise regulation of cytokine production at

the cellular level is crucial to ensure proper homeostasis in the body.

Protein ubiquitination is a critical post-transcriptional modification that regulates the
intensity of cell signaling pathways (Swatek and Komander 2016). Specifically, lysine
48 (Lys48)-linked protein ubiquitination facilitates protein degradation via the
ubiquitin-proteasome system (Tai and Schuman 2008; Gu et al. 2023). Conversely,
lysine 63 (Lys63)-linked protein ubiquitination does not target proteins for proteasomal
degradation. Instead, the function of Lys63-linked protein ubiquitination is to serve as
a platform that links signaling proteins upstream and downstream (Jacobson et al. 2009).
Ubiquitination plays a crucial role in regulating the activation of NF-kB and MAPKs
signaling pathways. For instance, MyD88 recruits IRAK1 to further activate TRAF6.
This process is followed by Lys48-specific ubiquitination and proteasomal degradation
of IRAK1, which leads to the negative regulation of the signaling pathway (Chen 2012;
Muroi and Tanamoto 2012). Additionally, IRAK1 can undergo ubiquitination at Lys63,
which regulates its function during the activation of signaling pathway (Gottipati, Rao,
and Fung-Leung 2008). The activation of the NF-kB signaling pathway is also critically
dependent on the Lys63-specific ubiquitination of TRAF6 (Chen 2012). In contrast,
recent research has shown that TRAF6 can also undergo ubiquitination at Lys48, which
promotes its degradation (Muroi and Tanamoto 2012). The ubiquitination of target
proteins requires the involvement of three distinct enzymes: E1 ubiquitin-activating
enzyme, E2 ubiquitin-conjugating enzyme, and E3 ubiquitin-protein ligase (Ebner,
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Versteeg, and Ikeda 2017). Due to the need to bind and ubiquitinate a wide variety of

target proteins, humans have hundreds of E3 ubiquitin ligases.

Pellino proteins, including Pellino1, Pellino2, and Pellino3, are a family of E3 ubiquitin
ligases that play diverse regulatory roles in innate immune signaling pathways
(Moynagh 2014). Pellino proteins were first discovered as a component of the
Dorsal/Cactus signaling complex in Drosophila melanogaster and have been identified
as IRAK protein interaction partners. Each member possesses an N-terminal forkhead-
associated (FHA) domain, recognizing phosphothreonine residues and enabling
association with IRAK1. Additionally, the C-terminal RING-like domain provides
these proteins with E3 ubiquitin ligase activity, catalyzing the Lys63-linked
polyubiquitination of target proteins, including IRAKSs (Yu et al. 2002; Jiang et al. 2003;
Jensen and Whitehead 2003b). Pellino proteins are involved in various roles in immune
signaling pathways. For example, Pellinol has been implicated in suppressing T cell
activation, driving neuroinflammation, and promoting lymphomagenesis and lung
carcinogenesis through its involvement in TLR3 and TLR4 signaling pathways (Chang,
Jin, and Sun 2009). Pellino2 is involved in the activation of NF-kB and MAPK
signaling pathways induced by LPS and IL-1B, and has been shown to promote
ubiquitination of NLRP3 to regulate inflammasome priming (Humphries et al. 2018).
Pellino3, on the other hand, has been reported to suppress TLR3 signaling and TNF-
induced cell death, as well as serve as an essential modulator of obesity-induced IL-1
expression and insulin resistance through its mediation of NOD2 signaling (Yang et al.
2013). Targeting Pellino proteins may represent a promising therapeutic strategy for
regulating the activation of TLR4-mediated NF-xB and MAPKs signaling pathways
and suppressing excessive inflammatory responses. However, despite the promising
potential of targeting Pellino proteins to treat inflammatory diseases, no candidate
molecules have been developed that effectively mimic or promote their function.
Therefore, the development of a compound that targets and mimics the function of

Pellino proteins presents an opportunity for treating these diseases.
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Small molecule drugs have shown advantages over biomacromolecules in terms of
greater specificity, bioavailability, and lower cytotoxicity (Beck et al. 2022; Jahangirian
et al. 2019). In this study, we aimed to characterize the regulatory effects of two novel
proprietary compounds, that were designed in our laboratory with the aim of targeting
Pellino proteins, on inflammatory signaling pathways. We employed a ligand-based
pharmacophore approach for drug design targeting Pellino proteins, utilizing protein
structure information was available from the x-ray crystal structure of Pellino2 (Lin et
al. 2008). Pharmacophore modeling was conducted based on a peptide sequence from
Pellino proteins that our laboratory previous work had shown to be important for
function. The resulting pharmacophore was employed for virtual screening of a
compound library. Following this, we synthesized lead compounds based on the
profiled virtual hits from the in silico screen. Through this process, we identified ten
candidate compounds, namely, Dmx1 to Dmx10. The detailed process used in
designing the pharmacophore, the in silico screening and subsequent medicinal
chemical chemistry is the subject of an invention disclosure to Maynooth University
and likely patent application. In this chapter we aimed to characterize the potential
regulatory effects of these compounds on inflammatory signaling pathways and to

explore the mechanistic basis to any such effects.
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3.2 Results

3.2.1 Dmx1 and Dmx10 inhibit LPS-induced expression of the pro-inflammatory

cytokine IL-1p independently of any cytotoxic effects

The compounds were designed based on x-ray crystal structure information from
Pellino2. Given that our laboratory previous work has shown that Pellino2 promotes
induction of the pro-inflammatory cytokines IL-1f, the potential anti-inflammatory
properties of newly synthesized compounds were initially examined by assessing their
regulatory effects on LPS-induced expression of IL-1f. To this end, wild-type (WT)
bone marrow-derived macrophages (BMDMs) were pre-treated with the panel of
compounds (5uM) (DMSO as a vehicle control) for 1h and then stimulated with the
TLR4 ligand LPS (100ng/ml) for 24h and assessed for protein levels of the pro-
inflammatory cytokine IL-1pB. LPS-induced expression of IL-1f and pre-treatment with
compounds Dmx1, Dmx5, Dmx7 and Dmx10, inhibited the expression of IL-1B to

varying levels (Fig3.1). The other compounds failed to affect the LPS response.

The specificity of the inhibitory effects of Dmx1, 5, 7 and 10 on IL-1p expression, was
then examined by investigating any general cytotoxic effects, as measured by cellular
release of lactate dehydrogenase (LDH). LDH is a stable cytosolic enzyme released
upon cell lysis and its release is a measure of cell damage and necrosis (Kumar,
Nagarajan, and Uchil 2018; Chan, Moriwaki, and De Rosa 2013). WT BMDMs were
treated with Dmx1, 5, 7 and Dmx10 (5uM) for 24h (DMSO as a vehicle control) and
LDH content from supernatants was measured. Results showed that Dmx1 and Dmx10
did not cause any additional release of LDH beyond the vehicle control indicating that
their inhibitory effects were independent of cytotoxicity (Fig3.2). In contrast, Dmx5
and Dmx7 showed a tendency to promote the LDH release, indicating potential
cytotoxic effects. These two compounds were not further explored in my study.

The dose-dependent effects of Dmx1 and Dmx10 were next studied. Cells were treated
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with Dmx1 or Dmx10 (5uM and10uM) (DMSO as a vehicle control) for 24h or 48h
and the levels of IL-1p and LDH were measured. Results showed that the inhibitory
effects on IL-1B expression of Dmx1 and Dmx10 exhibit concentration-dependency

(Fig3.3a) without affecting LDH release (Fig3.3b).

Dmx1 and Dmx10 was next examined for any direct effects on cell viability. Viability
was assessed using the MTT assay. This is a colorimetric assay that measures cell
metabolic activity via the reduction of the tetrazolium dye MTT to insoluble purple
formazan crystals (Buranaamnuay 2021). WT BMDMs were plated in 96-well plates,
cells were treated with indicated concentrations Dmx1 or Dmx10 for 24h (DMSO as a
vehicle control) and the MTT assay was performed to directly measure the effects of
Dmx1 and Dmx10 on cell viability. Both compounds showed effects on cell viability at
higher concentration with the IC50 of Dmx1 being 47.49uM while the IC50 of Dmx10
was 36.45uM (Fig3.4). At concentrations of 10uM or less that affect expression of LPS-
responsive IL-1f3, Dmx1 and Dmx10 do not impair macrophage cell viability. These
data indicated that the inhibitory effects of Dmx1 and Dmx10 on LPS-induced
expression of the pro-inflammatory cytokine IL-1f are independent of any cytotoxic

effects.
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Fig3.1 Screening the regulatory effects of proprietary Pellino-targeted small

molecules on LPS-induced expression of IL-1

WT BMDMs (2 x10°) were plated in 96-well plates. Cells were left untreated (NT) or
treated for 1h with various compounds at a final concentration of SuM. Control cells
were treated with DMSO vehicle. Cells were stimulated with LPS (100ng/ml) for 24h.
Supernatants were assayed by ELISA for levels of IL-1B. Data are shown from an
experiment that is representative of three independent experiments. Statistical analysis
was performed by using the paired Student t-test. Statistically significant differences
are indicated by the asterisks: *, P<0.05; **, P<0.01; *** P<0.001.
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Fig3.2 Use of LDH assay to evaluate potential cytotoxic effects of novel compounds

WT BMDMs (2 x10%) were plated in 96-well plates. Cells were treated with indicated
compounds at a final concentration of SuM for 24h. Control cells were treated with
DMSO vehicle. Supernatants were assayed for levels of LDH. The cytotoxicity of the
compounds was evaluated by relating the LDH content in the supernatant of
compounds-treated cells with supernatants from DMSO treated cells. Data are shown
from an experiment with six independent sample replicates that is representative of
three independent experiments. Statistical analysis was performed by using the paired
Student t-test. Statistically significant differences are indicated by the asterisks: ns,
P>0.05.
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Fig3.3 Dmx1 and Dmx10 exhibit concentration-dependent inhibition of IL-1p

expression independently of cytotoxicity

WT BMDMs (2 x10°) were plated in 96-well plates. (a) Cells were pre-treated with
Dmx1 or Dmx10 (5uM or 10uM) for 1h. Control cells were treated with DMSO vehicle.
Cells were stimulated with LPS (100ng/ml) for 24h. Supernatants were assayed by
ELISA for levels of IL-1B. (b) Cells were treated with Dmx1 or Dmx10 (5uM or 10uM)
for 24h and 48h. Control cells were treated with DMSO vehicle. Supernatants were
assayed by LDH release assay. The cytotoxicity of the compounds was evaluated by
relating the LDH content in the supernatant of compounds-treated cells with
supernatants from DMSO treated cells. Data are shown from an experiment that is
representative of three independent experiments. Statistical analysis was performed by
using the paired Student t-test. Statistically significant differences are indicated by the
asterisks: ns, P>0.05; **, P<0.01; ***, P<0.001.
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Fig3.4 Effects of Dmx1 and Dmx10 on Macrophage cell viability

WT BMDMs (2 x10%) were plated in 96-well plates. Cells were treated with indicated
concentrations of Dmx1 or Dmx10 for 24h. Control cells were treated with DMSO
vehicle. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (50ug)
was added into wells and incubated at 37°C for 4h. The medium was removed and
DMSO (150pul) was added into wells to dissolve the crystals. Absorbance was measured
at a wavelength of 490nm by using a microplate reader. Cell viabilities were normalized
against DMSO vehicle control samples and the half maximal inhibitory concentration
(IC50) of cell viabilities were calculated by Prism Graphpad. Data are shown from an
experiment with quadruplicates that is representative of three independent experiments.
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3.2.2 Dmx1 and Dmx10 suppress the expression of pro-IL-1p but do not affect

the activation of NLRP3 inflammasome

The above data suggest that Dmx1 and Dmx10 suppress LPS-induced expression of the
pro-inflammatory cytokine IL-1B. IL-1p is a cytokine whose secretion is regulated
differently from other cytokines. Initially, IL-1p is translated in a precursor pro-IL-1f
form that lacks a leader sequence and does not enter the classical secretory pathway
upon upregulation. Instead, a secondary signal is required to allow its activation from
an inactive to an active form (Lopez-Castejon and Brough 2011). The assembly of an
inflammasome is responsible for processing pro-IL-1f into its mature and bioactive
form, with the NLRP3 inflammasome being the most extensively studied for these IL-

1B secretion processes (Humphries et al. 2018).

The role of Dmx1 and Dmx10 in NLRP3 inflammasome activation and processing of
IL-1p was examined next. WT BMDMs were pre-treated with Dmx1 or Dmx10 (5uM)
for 1h (DMSO as a vehicle control) and then stimulated with LPS (100ng/ml) for 4h
and ATP (20ug/ml) which leads to the functional assembly of NLRP3 inflammasome
for 30min. Dmx1 (Fig3.5a) and Dmx10 (Fig3.5b) strongly reduced the levels of
processed and released IL-1p in the supernatant as well as the levels of pro-IL-1p in the
cell lysate, but did not influence the levels of other key proteins involved in the
assembly of NLRP3 inflammasome, including NLRP3, ASC and Caspase-1 (Fig3.5a
and Fig3.5b). These data suggested that the compounds Dmx1 and Dmx10 may target

the induction of pro-IL-1 and not the NLRP3 inflammasome activation.

We next examined if compounds could target IL-1p expression at the transcriptional

level by measuring the effects of Dmx1 and Dmx10 on LPS-induced expression of /L-

1 mRNA. WT BMDMs were pre-treated with Dmx1 or Dmx10 (10uM) (DMSO as a

vehicle control) for 1h and then stimulated with LPS (100ng/ml) for indicated times

and /L-1f mRNA was measured by quantitative real-time PCR. Dmx1 and Dmx10

treatment significantly inhibited the LPS-induced activation of /L-1f mRNA
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transcription (Fig3.6). These data strongly suggested that both Dmx1 and Dmx10

down-regulate pro-inflammatory IL-1f3 by inhibiting /L-/f mRNA transcription and

pro-IL-1p expression.
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Fig3.5 Dmx1 and Dmx10 suppress pro-IL-1p expression but do not affect the

activation of NLRP3 inflammasome

WT BMDMs (1 x10°%) were plated in 12-well plates. Cells were pre-treated with (a)
Dmx1 or (b) Dmx10 (5uM or 10uM ) for 1h. Control cells were treated with DMSO
vehicle. Cells were stimulated with LPS (100ng/ml) for 4h and ATP (20pg/ml ) for
30min. Supernatants and cell lysates were harvested in 2x loading buffer and subjected
to Western Blotting. Supernatants were probed with antibody against cleaved-1L-1.
Cell lysate samples were probed with antibodies against pro-IL-1p, NLRP3, Caspase-
1, ASC and B-actin. Data are shown from an experiment that is representative of three
independent experiments.
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Fig3.6 Dmx1 and Dmx10 inhibit the LPS-induced expression of /L-1f mRNA

WT BMDMs (1 x10°) were plated in 12-well plates. Cells were pre-treated with Dmx1
or Dmx10 (10uM ) for 1h, control cells were treated with DMSO vehicle. Cells were
stimulated with LPS (100ng/ml) for indicated time points. Cells were harvested in
TriZol and RNA was isolated and subsequently subjected to reverse transcription. /L-
1 mRNA was measured by quantitative real-time PCR and normalized against HPRT
mRNA. Data are shown from an experiment with duplicate samples that is
representative of three independent experiments. Statistical analysis was performed by
using the paired Student t-test. Statistically significant differences are indicated by the
asterisks: *** P<0.001.
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Since the pathway upregulating IL-1p can also induce transcription of other pro-
inflammatory genes such as IL-6 and TNFa, we then examined the effects of the
compounds on the expression of IL-6 and TNFa at protein and mRNA levels. Results
showed that Dmx1 and Dmx10 inhibited the LPS-induced expression of /L-6 (Fig3.7a)
and TNFa (Fig3.7b) mRNA at the transcriptional level, and also inhibited the
expression of IL-6 (Fig3.8a) and TNFa (Fig3.8b) at the protein level. These results
demonstrated that Dmx1 and Dmx10 inhibit LPS-induced expression of pro-

inflammatory cytokines by likely suppressing transcription of their encoding genes.
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Fig3.7 Dmx1 and Dmx10 inhibit the LPS-induced expression of /L-6 and TNFa
mRNA

WT BMDMs (1 x10°) were plated in 12-well plates. Cells were pre-treated with Dmx1
or Dmx10 (10uM ) for 1h, control cells were treated with DMSO vehicle. Cells were
stimulated with LPS (100ng/ml) for indicated time points. Cells were harvested in
TriZol and RNA was isolated and subsequently subjected to reverse transcription. /L-6
and TNFo mRNA was measured by quantitative real-time PCR and normalized against
HPRT mRNA. Data are shown from an experiment with duplicate samples that is
representative of three independent experiments. Statistical analysis was performed by

using the paired Student t-test. Statistically significant differences are indicated by the
asterisks: **, P<0.01; ***, P<0.001.
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Fig3.8 Dmx1 and Dmx10 inhibit the LPS-induced expression of IL-6 and TNFa

WT BMDMs (2 x10%) were plated in 96-well plates. Cells were pre-treated with Dmx|1
or Dmx10 (5uM or 10uM) for 1h. Control cells were treated with DMSO vehicle. Cells
were then stimulated with LPS (100ng/ml) for 24h. Supernatants were assayed by
ELISA for levels of (a) IL-6 and (b) TNFa. Data are shown from an experiment that is
representative of three independent experiments. Statistical analysis was performed by
using the paired Student t-test. Statistically significant differences are indicated by the
asterisks: **, P<0.01; *** P<0.001.
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3.2.3 Regulatory effects of Dmx1 and Dmx10 on TLRs pathways

To extend our research and given that Pellino proteins have been shown to affect TLR
signaling, we next decided to perform a screen to comprehensively elucidate the
regulatory effects of Dmx1 and 10 on various TLR signaling pathways. To this end, WT
BMDMs were pre-treated with Dmx1 or Dmx10 (10uM) (DMSO as a vehicle control)
for 1h and then stimulated for 24h with ligands for TLR2/6 (Pam2CSk4), TLR2/
(PamiCSK4), TLR/Dectine-1 (Zymosan), TLR3 (Poly(I: C)), TLR4 (LPS), TLRS
(Flagellin), TLR8 (CLO75), TLR7/8 (CLO97) and TLRY (CpG) and assessed for IL-
1B, IL-6 and TNFa expression.

As before, Dmx1 and Dmx10 effectively inhibited LPS-induced expression of IL-18
(Fig3.9a), IL-6 (Fig3.9b) and TNFa (Fig3.9¢). Dmx1 showed some inhibitory effects
on the expression of these pro-inflammatory cytokines induced by Pam2CSK,
Pam3CSK, and Zymosan, whereas Dmx10 was without effect. Notably, neither Dmx1
nor Dmx10 exhibited anti-inflammatory effects when cell were stimulated with Poly(I:
C), CLO75, CLO97, and CpG (Fig3.9). These data indicated that Dmx1 and Dmx10

showed some selectivity for inhibiting the LPS/TLR4 pathway.
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Fig3.9 Regulation of TLR signaling pathways by Dmx1 and Dmx10

WT BMDMs (2 x10°) were plated in 96-well plates. Cells were pre-treated with Dmx1

or Dmx10 (5uM or 10uM) for 1h. Control cells were treated with DMSO vehicle. Cells
were stimulated with Pam2CSK4 (10ng/ml), Pam3CKS4 (10ng/ml), Zymosan (5pg/ml),
Poly(I: C) (25pg/ml), LPS (100ng/ml), Flagellin (5pug/ml), CLO75 (Spg/ml), CLO97

(Spg/ml), CpG (5uM) for 24h. Supernatants were assayed by ELISA for levels of (a)

IL-1B, (b) IL-6 and (c) TNFa. Data are shown from an experiment that is representative
of three independent experiments. Statistical analysis was performed by using the
paired Student t-test. Statistically significant differences are indicated by the asterisks:

*, P<0.05; **, P<0.01; *** P<0.001.
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3.2.4 Dmx1 and Dmx10 target the activation of the NF-kB signaling pathway

The molecular and mechanistic basis for the regulatory effects of Dmx1 and Dmx10 on
the mRNA expression of the IL-1f, IL-6 and TNFo were next investigated. The
activation of NF-kB signaling pathway has previously been implicated in the
transcriptional up-regulation of these genes (Pande and Ramos 2005). Pellino2 protein
has also been reported to influence the activation of the NF-kB signaling pathway
(Humphries et al. 2018; Liu et al. 2004). Since Dmx1 and Dmx10 are designed and
synthesized based on the Pellino protein sequence and structure, the effects of Dmx1
and Dmx10 on the activation of NF-kB signaling pathway were first explored. The
phosphorylation of IkBa is a key indicator of NF-«xB signaling. During the activation
of NF-«B signaling pathway, IkBa is rapidly phosphorylated and ubiquitinated, leading
to degradation by the proteasome and nuclear translocation of NF-kB from the
cytoplasm to the nucleus, so we decided to detect the phosphorylation and degradation
of IxBa as a measure of NF-xB activation. WT BMDMs were pre-treated with Dmx1
or Dmx10 (5uM) for 1h (DMSO as a vehicle control) and then stimulated with LPS
(100ng/ml) for indicated time points. Results showed that Dmx1 (Fig3.10a) and Dmx10
(Fig3.10b) treatment inhibited the LPS-induced phosphorylation of IxkBa at 8h post-
LPS stimulation, and also reduced the degradation of IxkBa by LPS stimulation. Since
the phosphorylation of IkBa is catalysed by IKK proteins, the effects of Dmx1 and
Dmx10 on the activation of IKK proteins were next examined by measuring the
phosphorylation of IKKs as an index of activation. We found the phosphorylation of
IKKo/f is stimulated by LPS but is not affected by either compounds treatment but the
expression level of total-IKKa/p is decreased with Dmx1 or Dmx10 treatment after
15min of LPS stimulation (Fig3.10). These data suggested Dmx1 and Dmx10 can

down-regulate the activation of NF-kB signaling pathway.

We next examined the effects of Dmx1 and Dmx10 on the activation of the MAPKs
signaling pathway since they are important regulators of pro-inflammatory gene

transcription and are also controlled by Pellino proteins (Jensen and Whitehead 2003a).
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The phosphorylation of JNK, ERK and p38 all showed similar temporal profiles of
activation in response to LPS. Phosphorylation was observed 15 and 30 min after LPS
stimulation and was subsequently lost. However, Dmx1 or Dmx10 had no effects on
LPS-induced phosphorylation in the various MAPKs (Fig3.11). These results indicated
that Dmx1 and Dmx10 have no role in regulating the activation of MAPKSs. Instead,
our data suggested that Dmx1 and Dmx10 may selectively down-regulate the activation
of NF-«B signaling pathway to suppress the expression of pro-inflammatory cytokines

IL-1B, IL-6 and TNFa.
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Fig3.10 Dmx1 and Dmx10 target LPS-induced activation of NF-kB signaling

pathway

WT BMDMs (1 x10°) were plated in 6-well plates. Cells were pre-treated with (a)
Dmx1 or (b) Dmx10 (10uM) for 1h. Control cells were treated with DMSO vehicle.
Cells were stimulated with LPS (100ng/ml ) for the indicated times. Cell lysates were
harvested in 2x loading buffer and subjected to Western Blotting. The resulting
membranes were probed with antibodies against pro-IL-1f, Total-IkBa, phosphor-IkBa,
Total-IKKa/B, phosphor-IKKa/p and B-actin. Data are shown from an experiment that
is representative of three independent experiments.
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Fig3.11 Dmx1 and Dmx10 do not affect LPS-induced activation of MAPK

signaling pathways

WT BMDMs (1 x10°) were plated in 6-well plates. Cells were pre-treated with (a)
Dmx1 or (b) Dmx10 (10uM) for 1h. Control cells were treated with DMSO vehicle.
Cells were stimulated with LPS (100ng/ml ) for the indicated times. Cell lysates were
harvested in 2x loading buffer and subjected to Western Blotting. The resulting
membranes were probed with antibodies against phosphor-P38, total P38, phosphor-
ERK, total ERK, phosphor-JNK, total JNK, and B-actin. Data are shown from an
experiment that is representative of three independent experiments.
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3.2.5 Dmx1 and Dmx10 promote the LPS-induced ubiquitination of IRAK1

Given that the important roles of IRAK1 in the LPS-induced activation of NF-xB
signaling pathway and Pellino2 is IRAK-interacting protein (Lin et al. 2008), we next
assessed if Dmx1 and Dmx10 could affect the regulation of IRAK by LPS.

We initially characterized the optimum time-point to detect ubiquitination of IRAKI.
Given that IRAK degradation is rapid, we focused on very early time-points of 1-10min
post LPS stimulation. We found that IRAK1 degradation was apparent after Smin LPS
stimulation and almost absent after 10min, We then probed the ubiquitination status of
IRAKI1 at the various time points and more specifically characterized both Lys48-
ubiquitination and Lys63-ubiquitination profiles. We failed to detect any differences in
the latter but detected strong Lys48-ubiquitination at Smin post LPS treatment that

increased further after 10 min (Fig3.12).

We decided to choose Smin as the suitable time-point to explore any regulatory effects
of the Dmx1 and Dmx10 on LPS-induced ubiquitination of IRAK1. To this end, WT
BMDMs were pre-treated with Dmx1 or Dmx10 (5uM) for 1h (DMSO as a vehicle
control) and then stimulated with LPS (100ng/ml) for Smin. Results showed that Dmx1
and Dmx10 augmented degradation of IRAKI1 and its Lys48-ubiquitination status
beyond LPS treatment alone (Fig3.13). Interestingly, Dmx1 and Dmx10 also appeared
to modestly increase the Lys63-ubiquitination of IRAK1, while Lys63-ubiquitination
promote IRAK1’s kinase activity (Fig3.13). These results indicated that Dmx1 and 10
promote the ubiquitination and some degradation of IRAK1 and this may underlie their

down-regulation effects on the NF-xB signaling pathway.
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Fig3.12 LPS-induced ubiquitination of IRAK1 protein

WT BMDMs (3 x10°) were plated in 6-well plates. Cells were stimulated with LPS
(100ng/ml) for the indicated times. Thereafter, cell lysates were extracted in RIPA
buffer and immunoprecipitated (IP) using anti-IRAKI antibody. The resulting
membranes with IP samples were probed with antibodies against Lys48-Ubiquitination,
Lys63-Ubiquitination and IRKA 1. The resulting membranes with lysate samples (input)
were probed with antibodies against IRAK1 and B-actin. Data are shown from an
experiment that is representative of three independent experiments.
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Fig3.13 Dmx1 and Dmx10 augment LPS-induced ubiquitination of IRAK1 protein

WT BMDMs (3 x10%) were plated in 6-well plates. Cells were pre-treated with Dmx 1
or Dmx10 (10uM) for 1h. Control cells were treated with DMSO vehicle. Cells were
stimulated with LPS (100ng/ml) for S5min. Thereafter, cell lysates were extracted in
RIPA buffer and immunoprecipitated (IP) using an anti-IRAK 1 antibody. The resulting
membranes with [P samples were probed with antibodies against Lys48-Ubiquitination,
Lys63-Ubiquitination. The resulting membranes with lysate samples (input) were
probed with antibodies against IRAK1 and B-actin. Data are shown from an experiment
that is representative of three independent experiments.
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3.2.6 Dmx1 and Dmx10 increase the direct interaction between Pellino2 and

IRAK1

Since Pellino2 is a known protein interaction partner and E3 ubiquitin ligase for IRAK1
(Lin et al. 2008) and both compounds can affect IRAK1 ubiquitination, so we were
keen to assess if Dmx1 and Dmx10 could affect the interaction between Pellino2 and
IRAK1. HEK293T cells were transfected with plasmids encoding Myc-tagged Pellino2
and IRAKI, and then cells were treated with Dmx1 or Dmx10 (5uM) (DMSO as a
vehicle control) for 24h. Pellino2 or IRAK1 were immunoprecipitated with anti-Myc
antibody or anti-IRAK1 antibody respectively and then analyzed for co-precipitated
IRAKI or Pellino2 respectively by western blotting. As previously reported we could
demonstrate that IRAK and Pellino2 co-immunoprecipitated with each other
confirming that they are interaction partners (Fig3.14). We also found that after the
treatment of Dmx1 and Dmx10, immunoprecipitation protocols demonstrated that
Dmx1 and Dmx10 could increase the interaction between Pellino2 and IRAKI1
(Fig3.14), These data suggested that the compounds may target the interaction of
Pellino2 and IRAK1 so promoting increased ubiquitination and degradation of IRAK

and downregulation of downstream NF-«B signaling.
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Fig3.14 Dmx1 and Dmx10 promote the interaction between Pellino2 and IRAK1

HEK293T (3 x10%) cells were plated in 6-well plates. Cells were transfected with
expression constructs encoding PELI2-Myc and IRAK1 plasmid alone or in
combination for 24h. Control cells were transfected with empty vector plasmid as
vehicle control. Cell lysates were extracted in NP-40 buffer and co-
immunoprecipitated (Co-IP) using anti-IRAK1 antibody or anti-Myc-tag antibody.
The resulting membranes with IP samples were probed with antibodies against

IRAK1 or Myc-tag. The resulting membranes with lysate samples (input) were probed
with antibodies against IRAK1, Myc-tag and B-actin. Data are shown from an
experiment that is representative of three independent experiments.
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3.2.7 Dmx1 and Dmx10 do not affect TNFa signaling

While the above data suggests that Dmx1 and Dmx10 target IRAK1 to promote its
degradation and ubiquitination to down-regulate the activity of NF-kB signaling
pathway in response to LPS, we were keen to examine the effects of the compounds on
the TNFa signaling pathway. The latter closely mirrors IL-1f in driving the expression
of pro-inflammatory cytokines but their signaling pathways are very different and
notably TNF signaling does not employ IRAK (Webster and Vucic 2020). WT BMDMs
were pre-treated with Dmx1 or Dmx10 (5uM) (DMSO as a vehicle control) for 1h then
stimulated with mTNFa (50ng/ml) for indicated time points. Results showed that Dmx1
(Fig3.15a) and Dmx10 (Fig3.15b) failed to affect the phosphorylation of IxBa at 30, 60
and 120min post mTNFa stimulation, and also did not affect the degradation of [kBa
at the same time points. mTNFa also stimulated the MAPKSs signaling pathway and
again both compounds failed to affect the activation of MAPKs pathway (Fig3.15).
Furthermore, neither compounds showed the inhibitory ability of TNFa to up-regulate
the transcription of genes encoding pro-inflammatory cytokines IL-1p, IL-6 and TNFa
(Fig3.16). These results were consistent with Dmx1 and Dmx10 targeting IRAK1 to

down-regulation the activation of NF-kB signaling pathway that is triggered by LPS.
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Fig3.15 Dmx1 and Dmx10 do not impact the TNFa-induced activation of NF-xB

signaling pathway

WT BMDMs (1 x10°) were plated in 6-well plates. Cells were pre-treated with (a)
Dmx1 or (b) Dmx10 (10uM) for 1h. Control cells were treated with DMSO vehicle.
Cells were stimulated with mTNFa (50ng/ml ) for the indicated times. Cell lysates
were harvested in 2x loading buffer and subjected to Western Blotting. The resulting
membranes were probed with antibodies against IRAK1, Total-IkBa, phosphor-IxBa,
phosphor-P38, total P38, phosphor-ERK, total ERK, phosphor-JNK, total JNK and B-
actin. Data are shown from an experiment that is representative of three independent
experiments.
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Fig3.16 Dmx1 and Dmx10 do not inhibit TNFa-induced transcription of /L-1,
IL-6 and TNFa mRNA

WT BMDMs (1 x10%) were plated in 12-well plates. Cells were pre-treated with Dmx1
or Dmx10 (10uM ) for 1h, control cells were treated with DMSO vehicle. Cells were
stimulated with LPS (100ng/ml) for indicated time points. Cells were harvested in
TriZol and RNA was isolated and subsequently subjected to reverse transcription. /L-
1P, IL-6 and TNFo. mRNA was measured by quantitative real-time PCR and normalized
against HPRT mRNA. Data are shown from an experiment with duplicate samples that
is representative of three independent experiments. Statistical analysis was performed
by using the paired Student t-test. Statistically significant differences are indicated by
the asterisks: *, P<0.05; **, P<0.01; *** P<0.001.

111



3.2.8 The presence of Pellino2 is necessary for the anti-inflammatory effect of

Dmx1 and Dmx10

As mentioned above, Dmx1 and Dmx10 were designed based on a region of the
Pellino2 protein and we next examined if their effects are dependent on the presence of
Pellino2 protein. To address this question, we generated WT and Pellino2 knockout
(Peli2”) BMDMs. Cells were pre-treated with Dmx1 or Dmx10 (5uM) (DMSO as a
vehicle control) for 1h and then stimulated with LPS (100ng/ml) for 24h. Supernatants
were harvested to assay for various cytokines. In parallel, cells were also pre-treated
with Dmx1 or Dmx10 (5uM) (DMSO as a vehicle control) for 1h then stimulated with
LPS (100ng/ml) for 4h and ATP (20ng/ml) for 30min, cell lysates were harvested by

RIPA buffer and supernatants were harvested by 2X loading buffer for Western Blotting.

ELISA results revealed that loss of Pellino2 abrogated the inhibitory effects of the
compounds on the induction of processed mature IL-1B (Fig3.17a) released into the
supernatants, as well as the production of IL-6 (Fig3.17b) and TNFa (Fig3.17c¢). These
findings suggested that compounds mediate their inhibitory effects in a Pellino2-
dependent manner. Consistent results were obtained from Western Blotting. Blocking
results further showed that loss of Pellino2 negates the down-regulatory effects of
Dmx1 (Fig3.18a) and Dmx10 (Fig3.18b) on the expression of both pro-IL-18 and

mature [L-1p.

To further investigate the requirement of Pellino2 to manifest the effects of Dmx1 and
Dmx10, we next characterized the LPS-induced ubiquitination change of IRAK1 in WT
and Peli2”- BMDMs with Dmx1 and Dmx10. LPS-induced Lys48-linked ubiquitination
of IRAK was severely compromised in Peli2”~ BMDM cells and both compounds lost
their ability to augment ubiquitination and degradation of IRAK in the absence of
Pellino2 protein (Fig3.19). All these results indicated that the anti-inflammatory effect

of Dmx1 and Dmx10 are critically dependent on Pellino2.
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Fig3.17 Dmx 1 and Dmx 10 suppress pro-inflammatory cytokines production in a

Pellino2-dependent manner

WT BMDMs and Peli2”- BMDMs (2 x10°) were plated in 96-well plate. Cells were
pre-treated with Dmx1 or Dmx10 (5uM) for 1h. Control cells were treated with
DMSO vehicle. Cells were then stimulated with LPS (100ng/ml) for 24h.
Supernatants were assayed by ELISA for levels of (a) IL-1p, (b) IL-6 and (c¢) TNFa.
Data are shown from an experiment that is representative of three independent
experiments. Statistical analysis was performed by using the paired Student t-test.
Statistically significant differences are indicated by the asterisks: ns, P>0.05; *,

P<0.05; **, P<0.01; ***, P<0.001.
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Fig3.18 Dmx 1 and Dmx 10 suppress induction of IL-1§ in a Pellino2-dependent

manner

WT BMDMs and Peli2”- BMDM s (1 x10°) were plated in 12-well plates. Cells were
pre-treated with (a) Dmx1 or (b) Dmx10 (5uM) for 1h. Control cells were treated with
DMSO vehicle. Cells were stimulated with LPS (100ng/ml) for 4h and ATP

(20pg/ml ) for 30min. Supernatants and Cell lysate were harvested in 2x loading
buffer and subjected to Western Blotting. Supernatant samples were probed with
antibodies against cleaved-IL-1p and cleaved-Caspase-1 p10, and cell lysate samples
were probed with antibodies against pro-IL-1p3, NLRP3, Caspase-1, ASC and B-actin.
Data are shown from an experiment that is representative of three independent
experiments.
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Fig3.19 Dmx1 and Dmx10 augment the ubiquitination of IRAK1 in a Pellino2-

dependent manner

WT BMDMs and Peli2”- BMDMs (3 x10°) were plated in 6-well plates. Cells were
pre-treated with Dmx1 or Dmx10 (10uM) for 1h. Control cells were treated with
DMSO vehicle. Cells were stimulated with LPS (100ng/ml ) for Smin. Thereafter, cell
lysates were extracted in RIPA buffer and immunoprecipitated (IP) using anti-IRAK1
antibody. The resulting membranes with IP samples were probed with antibodies
against Lys48-Ubiquitination, Lys63-Ubiquitination. The resulting membranes with
lysate samples (input) were probed with antibodies against IRAK1 and B-actin. Data
are shown from an experiment that is representative of three independent experiments.
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3.2.9 Dmx10 shows anti-inflammatory effects in vivo

Results above demonstrated the anti-inflammatory effects of Dmx1 and Dmx10 on the
expression of IL-1f, IL-6 and TNFa in vitro. We next explored if these effects could be
replicated in an in vivo setting. For these studies, we focused our efforts on Dmx10. 8-
weeks old WT and Peli2”- mice were treated with 10mg/kg or 20mg/kg Dmx10 by
intraperitoneal injection (i.p injection) for 3h. Mice were monitored every lh for
responsiveness. Subsequently, mice were challenged with 20mg/kg LPS and were
monitored every 8h for responsiveness and weight loss assessment (Please refer to
Chapter2.6.1 for a comprehensive description of the procedures involved in the

preparation of Dmx10 and LPS).

After 18h, mice were sacrificed and serum samples were collected. ELISA assays were
carried out to measure serum levels of pro-inflammatory cytokines, including IL-18
(Fig3.20a), IL-6 (Fig3.20b), and TNFa (Fig3.20c). Increased serum cytokines were
detected in all mice that were treated with LPS. The LPS-induced expression levels of
IL-1B, IL-6 and TNFa showed a significant decrease with the Dmx10 treatment
compared with the vehicle control. Notably, the absence of Peli2 reversed the down-
regulation effect of Dmx10 on the expression levels IL-18 and TNFa and partially
reversing the effect on the IL-6. This anti-inflammatory effect of Dmx10 in vivo is

consistent with the results shown in vitro.
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Fig3.20 Dmx10 shows anti-inflammatory effects in vivo

WT and Peli2”" mice were pre-treated with 10mg/kg or 20mg/kg Dmx10 by
intraperitoneal injection (IP injection) for 4h. Control group mice were IP injected with
the same volume of PBS (including 1:1000 DMSO) vehicle. Mice were then challenged
with 20mg/kg LPS (n=6) for 18h. Control group mice were IP injected with the same
volume of PBS (n=3). Mice were sacrificed and serum samples were collected and
assayed by ELISA for levels of (a) IL-1B, (b) IL-6 and (c) TNFa. The results shown are
the mean (+£SD) and Statistical analysis was performed by using the paired Student t-
test. Statistically significant differences are indicated by the asterisks: ns, P>0.05; *,

P<0.05; **, P<0.01; *** P<0.001.
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3.3 Discussion

Inflammation is a hallmark feature of many complex diseases. Numerous human
diseases, including atherosclerosis, diabetes, and ageing-related neurological disorders,
have been linked to an inflammatory state. Endotoxins have been identified as key
players in the pathogenesis of inflammation, particularly in endotoxemia in patients
(Pussinen et al. 2011). Accumulating evidence suggests that chronic infection, obesity,
alcohol consumption, and ageing may contribute to increased levels of circulating
endotoxins, leading to low-grade chronic endotoxemia. If not properly regulated, this
low-grade endotoxemia may further push the internal immune environment into a pro-
inflammatory state, ultimately triggering the development of inflammatory diseases

(Glaros et al. 2013).

LPS is a molecule found on the outer membrane of gram-negative bacteria, comprising
a core polysaccharide chain, an O-specific polysaccharide chain (O-antigen), and lipid
A. Lipid A as endotoxin, is the major part of the LPS-induced immune response. As a
pathogen-associated molecular pattern, LPS is recognized by the pattern recognition
receptor TLR4, which triggers downstream biological effects by activating
transcription factors such as NF-xB and MAPKs, thereby driving the expression of pro-
inflammatory cytokines like IL-1P, IL-6, and TNFoa. these cytokines drive
inflammation through various mechanisms [46]. However, overproduction of these
cytokines can cause tissue and organ damage, leading to a wide range of inflammatory
and autoimmune disorders (Schuerwegh et al. 2003; Umare et al. 2014). Furthermore,
chronic inflammation and the associated overproduction of pro-inflammatory cytokines
have been linked to the development of several chronic diseases, including
cardiovascular disease, diabetes, and cancer. Thus, effective management of
endotoxemia and the production of pro-inflammatory cytokines in the early stages

could prevent or delay the onset of inflammatory diseases.
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Pellino proteins constitute a three-membered family of E3 ubiquitin ligases that play an
important role in innate immune response. Pellinol is essential for the pathogenesis of
neuropathic pain by affecting the activation of MAPK/NF-kB signaling and the
production of pro-inflammation cytokines (Wang et al. 2020), Pellino2 knockout leads
to the down-regulation of LPS-induced IL-1p expression through suppressing the
activation of NLRP3 inflammasome (Humphries et al. 2018). We were keen to explore
whether we could develop small molecules that could target Pellino proteins and serve
as novel anti-inflammatory approaches. Here we report on two Pellino2 targeting
synthetic small molecules Dmx1 and Dmx10 that suppress the production of pro-

inflammatory cytokines in both in vitro and in vivo settings.

Using the binding region of the Pellino protein FHA domain, we performed a virtual
screen of a small molecule drug database and identified an original compound, Dmx22.
Subsequently, we used the structure of Dmx22 to identify 10 chemically related
compounds (Dmx1 to Dmx10). We evaluated the anti-inflammatory effect of these
compounds on LPS-induced IL-1pB, IL-6, and TNFa expression in vitro, and observed
that Dmx1 and Dmx10 showed significant dose-dependent suppression of these pro-
inflammatory cytokines without cytotoxicity to BMDMSs. Mechanistically, we found
that Dmx1 and Dmx10 target and promote the degradation of IRKA1, which leads to
the down-regulation of the NF-kB signaling pathway and ultimately results in the
suppression of pro-inflammatory gene transcription. Notably, the functional Lys63-
linked ubiquitin of IRAK1 was increased. We also investigated the dependence of
Dmx1 and Dmx10's anti-inflammatory effects on the Pellino proteins, and found that
Pellino2 silencing completely precluded their effects. Finally, we evaluated the anti-
inflammatory effect of Dmx10 in an LPS-induced sepsis model in vivo and observed
that Dmx10 also exhibited significant anti-inflammatory effects on the expressions of
several cytokines, raising the exciting possibility that these compounds may have

therapeutic anti-inflammatory potential.

The effects of the compounds appear to be mechanistically dependent on Pellino2 and
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the ubiquitination and degradation of IRAKI. Interestingly Pellino proteins were
initially identified as interacting proteins of IRAK1 and could ubiquitinate it via Lys63-
linked poly-ubiquitination chains, without affecting Lys48-ubiquitination of IRAKI
(Moynagh 2014; Gottipati, Rao, and Fung-Leung 2008). However, our studies revealed
that Dmx1 and Dmx10 enhance the interaction between IRAK1 and Pellino2 proteins,
leading to increased Lys48-ubiquitination of IRAK1. This suggests that the effects of
Pellino2 may be indirect and other E3 ligases may be responsible for augmenting levels
of Lys48-ubiquitination. Therefore, further investigations are warranted to elucidate

this mechanism in more detail.

Additionally, the scope of our in vivo experiments was limited to testing the anti-
inflammatory effects of Dmx10 in an LPS-induced sepsis model. Pro-inflammatory
cytokines such as IL-1p, IL-6, and TNFa have been implicated in the pathogenesis of
several diseases. For instance, IL-1B can activate the NF-kB and MAPK signaling
pathways by binding to the IL-1R receptor, contributing to positive feedback regulation
of the transcription of inflammatory genes (Dinarello 2018). IL-1B expression levels
are increased in high-fat diet-induced obesity mice model and are associated with
insulin resistance (Bing 2015). In multiple chemical agent-induced cancer models, IL-
1B expression levels are significantly elevated, leading to chronic inflammation and the
promotion of tumorigenesis (Gelfo et al. 2020; Rebe and Ghiringhelli 2020). IL-6 is
also involved in chronic inflammation in various inflammation-related diseases and
also plays important role in the hyperimmune response and cytokine storm to
coronavirus (Hirano 202 1; Neurath and Finotto 2011). Therefore, it would be of interest
for future research to focus on determining whether these compounds can also
demonstrate efficacy in disease models that are more specific and precise, such as DSS-

induced colitis, high-fat diet-induced obesity, and chronic inflammation.

While Dmx1 and Dmx 10 have the same effects they also show some differences. Dmx1
appears to regulate multiple TLRs whereas Dmx10 is more selective for TLR4. The

same original design protocol was used to develop both compounds and while they may
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target the same proteins their small differences in structure may confer some differential
effects. It will be of interest for future studies to further explore these compounds in

more complex pre-clinical models of inflammatory diseases.

Given that both compounds were based around Pellino2 it is reassuring that their effects
are dependent on the presence of Pellino2 and possibly promoting its interaction with
IRAK1. However the compounds appear to cause switch of the type of ubiquitination
of IRAK1 from K63-linked ubiquitination to K-48 linked ubiquitination. The latter
appears to be mediated in an indirect manner by other E3 ubiquitin ligases. One possible
mechanism is that the compounds allow for other E3 ligases to interact with IRAK and
catalyze its K48-linked ubiquitination. Future studies in my laboratory will further
probe the exact molecular mechanism. Irrespective of this detail the proposed targeting
of IRAK is a plausible mechanism since the TNF signaling pathway that does not

employ IRAK is refractory to the effect of Dmx1 and Dmx10.

The studies also shown that Dmx10 can manifest anti-inflammatory effects in a pre-
clinical and simple model of sepsis. This suggests some therapeutic potential for the
compounds from an anti-inflammatory context. Our laboratory will expand the present
studies to assess their potential to regulate pathology in more complex models of
disease. It will also be of value to evaluate their efficacy in human systems by using

cells derived from patients and/or organoid systems.

In summary, the synthetic small molecule compounds Dmx1 and Dmx10, based on the
FHA domain of Pellino proteins, demonstrate significant anti-inflammatory effects by
promoting the degradation of IRAKI1 and inhibiting the activation of the NF-«xB
signaling pathway. Our study represents an extension of the application of Pellino
proteins in the field of anti-inflammation and serves as a foundation for future
investigations on the design of anti-inflammatory drugs targeting Pellino proteins.
Future research will focus on the development of enhanced compounds with greater
precision and potency in their anti-inflammatory effects.
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Chapter 4: Exploring the roles of Pellino2 and
characterizing the effects of Pellino2-targeted molecules in

colorectal cancer

4.1 Introduction

Colorectal cancer (CRC) is the second leading cause of cancer-related deaths
worldwide (Sawicki et al. 2021). The incidence and mortality rates of CRC have been
continuously increasing in adults under 50 over the past decade. It is projected that by
2035, the overall death toll due to CRC will rise by 60% (Hossain et al. 2022). In Ireland,
CRC is the second most common cancer in both men and women, with more than 2,500
cases diagnosed each year. Between 1994 and 2017, the incidence rate of CRC
remained stable at 7 cases per 10,000 individuals. CRC is a heterogeneous disease, and
its development is strongly associated with genetic and epigenetic changes as well as
modifiable lifestyle risk factors such as smoking, unhealthy diet, excessive alcohol
consumption, physical inactivity, and obesity (Hossain et al. 2022). Conventional
treatment of CRC involves a combination of surgery and chemotherapy (Hossain et al.
2022; Xie, Chen, and Fang 2020). Surgical excision of colorectal carcinomas is
effective in over 80% of cases. However, approximately 50% of patients experience
relapse with metastasis post-surgery. Therefore, adjuvant treatment following surgical
excision is imperative. Continuous radio-chemotherapy is widely employed to eradicate
residual tumor cells post-surgery, extend disease-free intervals, and improve overall
survival rates. Despite its effectiveness, the development of radio-chemotherapeutic

resistance and the inevitable toxicity to normal cells have limited its efficacy (Hossain
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et al. 2022; Xie, Chen, and Fang 2020). Consequently, it is crucial to explore alternative
therapeutic strategies that can overcome these limitations and enhance the clinical

outcomes of CRC cancer patients.

Cisplatin is a widely used chemotherapy drug for the treatment of various types of
cancer. This platinum-containing compound exerts its anti-tumor activity by forming
covalent bonds with the DNA of cancer cells, thereby inducing DNA damage and
initiating cell death (Dasari and Tchounwou 2014; Ghosh 2019). It is also one of the
most frequently utilized chemotherapeutic agents for clinical treatment of CRC, along
with 5-Fluorouracil. However, the widespread development of resistance to Cisplatin
has diminished its effectiveness in inducing antiproliferative and cytotoxic effects on
malignant cells (Galluzzi et al. 2014). The limited success rate of Cisplatin treatment
frequently results in tumor recurrence and therapeutic failure among patients (Galluzzi
et al. 2014; Koberle and Schoch 2021). Furthermore, the adverse effects of Cisplatin
have posed challenges to its clinical application. To overcome these limitations,
researchers have focused on the utilization of adjuvant drugs that can be combined with

Cisplatin to enhance its antineoplastic effects and mitigate its toxicity and side effects.

The Pellino family is a group of three members (Pellinol/2/3), which have been
evolutionarily conserved (Moynagh 2014). These proteins are characterized by the
presence of Ring-like motifs, which are a distinctive feature of the RING class of E3
ubiquitin ligases (Zhang and Li 2022). Pellino proteins interact with various target
proteins to form Lys-11, Lys-48 and Lys-63-linked polyubiquitin chains in vitro and in
vivo (Jensen and Whitehead 2003b, 2003a; Jiang et al. 2003; Liu et al. 2004). Recent
research has highlighted the crucial role of Pellino proteins in the development of
various cancers. Pellinol, for instance, is highly expressed in human lung cancer cell
lines and can enhance their chemo-resistance by upregulating the expression of cIAP2
through Lys-63-mediated polyubiquitination (Jeon et al. 2016). Moreover, Pellinol can
target Bcl-6 to form Lys-63 specific polyubiquitination, thus inhibiting cancer
development (Park et al. 2014). Similarly, human Pellino2 (PELI2) has been identified
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as a predictor of multiple myeloma's response to clinical proteasome inhibitor treatment
(Masuda et al. 2022). However, the functional involvement and the underlying
molecular mechanisms of Pellino proteins in CRC have not yet been reported and

require further investigation.

In this chapter, we present studies from our laboratory showing that deletion of Peli2
gene in mice results in increased tumor burden in mouse models of colorectal cancer.
Given that inflammation can frequently be a contributing factor to colorectal cancer
coupled to our development in the previous chapter of two novel Pellino2-targeting
molecules that manifest anti-inflammatory effects, we were keen to extend our
functional characterization of these compounds and evaluate their potential to regulate

pro-tumorigenic pathways.

We investigated the expression of human PELI2 (hPELI2) mRNA in CRC patients and
cell lines. Our results indicated a frequent down-regulation of hPELI2 mRNA in both
CRC patients and cell lines. Furthermore, we demonstrated that over-expression of
human PELI2 protein (hPELI2) has a significant inhibitory effect on the growth of CRC
cell lines by promoting cell apoptosis via Bcl-XL polyubiquitination. Conversely,
silencing the expression of hPELI2 protein resulted in the opposite effect. These
findings suggest that PELI2 may have a potential therapeutic application in the

treatment of CRC.

Additionally, we employed the Pellino2-targeted compounds Dmx1 and Dmx10 to
pharmacologically exploit the role of hPELI2 in controlling cell growth and death in
colorectal cancer cell lines. Our study has demonstrated that the combination of Dmx1
or Dmx10 with Cisplatin enhances the sensitivity of CRC cell lines to Cisplatin
treatment. Additionally, the combined therapy exhibits a significant inhibitory effect on
the viability and colony formation ability of CRC cell lines. Furthermore, the
combination treatment also promotes Cisplatin-induced apoptosis, suggesting its
potential therapeutic benefits for CRC treatment.
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4.2 Results

4.2.1 Peli2 knockout suppresses tumorigenesis in AOM/DSS-induced CRC

model.

To initially investigate the potential function of Peli2 in CRC, we employed an
Azoxymethane (AOM)/ Dextran sodium sulfate (DSS)-induced CRC tumor model in
Wild-type (WT) and Peli2 knock out (Peli2”") mice. The AOM/DSS model is a robust
and cost-effective initiation-promotion model that involves the induction of DNA
damage-induced colitis through chemical induction, followed by repeated cycles to
induce colon tumorigenesis (Arnesen et al. 2021; Parang, Barrett, and Williams 2016).
Mice (68 weeks old) were intraperitoneally injected with a single dose AOM
(10mg/kg). After one week, 2% DSS was administered in the drinking water for one
week, followed by regular water for two weeks, repeated for three cycles. Throughout
the study, body weight, stool consistency and presence of hematochezia were
continuously monitored until the mice were sacrificed at the 9™ week. Visible tumors
on the colorectal mucous were counted, and tumor loads were measured. Additionally,

colorectums were photographed and fixed in 4% formalin for histological analysis.

Our results revealed no significant difference in weight loss between AOM/DSS-treated
WT mice and Peli2”" mice (Fig4.1a). Notably, Peli2”" mice treated with AOM/DSS
exhibited higher disease activity index (DAI) scores, indicating more severe stool
consistency and hematochezia (Fig4.1b). Furthermore, a higher number of tumors were
observed in Peli2”" mice compared to WT mice (tumor number, 6.54 + 4.03 (WT) vs.
11.36 + 4.68 (PELI2™")) (Fig4.1c), and the tumor loads (tumor bunder) were also
increased in Peli2” mice (tumor loads, 12.27 + 7.79 (WT) vs. 20.92 + 8.69 (PELI2™"))
(Figd.1c). Moreover, the expression level of Ki-67, a common marker of cell
proliferation, was significantly elevated in Peli2”~ mice compared to WT mice (Fig4.1d),

which is consistent with the colorectal tumor burden findings. These data demonstrated
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that Peli2 exerts a potent suppressive effect on colorectal tumorigenesis and greatly

inhibits the tumor development induced by AOM/DSS.

Dr. Bingwei Wang generated the data shown in Fig4.1.
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Fig4.1 Peli2 knockout augments tumorigenesis in AOM/DSS-induced mice model

WT and Peli2”~ mice were treated with AOM (10mg/kg) via intraperitoneal injection
(IP injection). Control group mice were given an IP injection of the same volume of
PBS vehicle. One week later, DSS (2%) was administered in the drinking water for a
week, followed by two weeks of regular water. This DSS treatment cycle was repeated
thrice. (a) Throughout the study, we continuously monitored and scored body weight,
stool consistency, and the presence of hematochezia until the mice were euthanized in
the 9" week. The mice were weighed every three days for a total period of nine weeks.
(b) The Disease Activity Index (DAI) scores is a composite score of body weight, stool
consistency, and hematochezia and these were recorded every five days over the total
nine-week period. (c) Mice were sacrificed, visible tumors on the colorectal mucous
were counted, and tumor loads was measured. (d) Colons were photographed and fixed
in 4% formalin for Ki-67 histological analysis (100X, scale bar: 50um). Statistical
analysis was performed by using the paired Student t-test. Statistically significant
differences are indicated by the asterisks: *, P<0.05; **, P<0.01; ***, P<0.001.
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4.2.2 hPELI2 mRNA shows lower expression levels in colorectal cancer tissues

and cell lines.

The outcomes obtained from the AOM/DSS-induced CRC in Peli2”" mice promoted an
investigation of the potential functional significance of hPELI2 in CRC in human. To
initially investigate this, we retrieved the expression levels of hPELI2 mRNA in
colorectal cancer were retrieved from the Oncomine database. The analysis
demonstrates that hPELI2 mRNA shows a lower expression level in colorectal cancer
tissue compared with the normal tissue (Fig4.2a). Various colorectal cancer cell lines
were also measured for hPELI2 mRNA and compared with NCM460D cell line, a
normal human colon mucosal epithelial cell line. Apart from the colorectal cancer cell
line HCT116, hPELI2 mRNA is significantly downregulated in other colorectal cancer
cell lines, compared to NCM460D (Fig4.2b). Such association suggested that hPELI2
may act as a tumor suppressor and act to prevent colorectal cancer tumorigenesis. This
is also consistent with the increased tumor burden in Peli2”"mice and suggests causality

between loss or reduced expression of Pellino2 and tumorigenesis.
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Fig4.2 Downregulation of hPELI2 mRNA in colorectal cancer tissues and cell lines

(a) hPELI2 mRNA expression levels in colorectal cancer tissues(n=275) and normal
tissues (n=349) were obtained from Oncomine based on the TCGA database.

(b) Cells (1 x10°) were harvested in TriZol and RNA was isolated and subsequently
subjected to reverse transcription. hPELI2 mRNA was measured by quantitative real-
time PCR and normalized against S-actin mRNA. Data are shown from an experiment
with duplicate samples and that is representative of three independent experiments.
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4.2.3 hPELI2 inhibits colorectal cancer cell line growth in vitro

Given that there was an increased expression level of Ki-67, a common marker of cell
proliferation, in the epithelium of colons from AOM/DSS Peli2”" mice my studies next
probed the epithelial-intrinsic role of hPELI2 in several colorectal cancer cell lines.
Three different colorectal cancer cell lines (SW480, SW620, and DLD1) that all show
low hPELI2 mRNA expression levels were modified to stably over-expression hPELI2
by using lentivirus containing expression constructs. Cells were infected with lentivirus
and selected for stable expression by puromycin. Selected cells were harvested using
TriZol for whole mRNA analysis or with RIPA buffer for whole cell lysate isolation.
Subsequently, the hPELI2 mRNA and protein expression levels were detected by Real-
time PCR (Fig4.3a) and Western blot, respectively (Fig4.3b). These data confirmed that

hPELI2 was over-expressed in all three cell lines at both mRNA and protein levels.

Next, we performed the MTT assay on each of cell lines over a period of 72h. The MTT
assay i1s a measure of cellular metabolic activity and can be used as a measure of cell
viability, proliferation and cytotoxicity (Buranaamnuay 2021). hPELI2 over-expressing
cell lines and parental control cell lines were plated in 96-well plates and the MTT assay
was performed at various times after 12-72h. The results showed that over-expression
of hPELI2 reduced cell growth of SW480 and DLD-1 cell lines, but had no impact on
the growth of SW620 cell line (Fig4.4). We next addressed whether hPELI2 over-
expression would impact the colony-forming ability of each of these cell lines. Cells
were plated in 6-well plates to generate single cell-derived colonies, and the colony
number was counted after 7days of culture. hPELI2 over-expression impaired the
colony formation properties of SW480 and DLD-1 cell lines, reducing the number of
colonies from approximately 130 to 60 and from 200 to 120, respectively (Fig4.5).
However, hPELI2 over-expression did not impact the colony formation ability of
SW620 cell line and this is consistent with its lack of effect on the cell growth

characteristics of this cell line (Fig4.5).
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Moreover, to build on these findings, we wanted to address whether the results from
these cellular assays would translate to a 3D in vitro growth assay. Cells were plated
into ultra-low attachment U-bottom 96-well plates to generate cell spheroids, and the
diameters of cell spheroids were determined after 1d and 5d of culture. Again, hPELI2
over-expression disrupted the cell growth ability of SW480 and DLD-1 cell lines in the
3D spheroid formation model, with smaller-sized spheroids being observed with
hPELI2 over-expression (Fig4.6). Meanwhile, hPELI2 over-expression had no effect
on spheroid formation or size in SW620 cells (Fig4.6).

Subsequently, to understand whether elevated levels of hPELI2 protein inhibits cell
growth in SW480 and DLD-1 cell liens by suppressing cell proliferation or promoting
cell death, we performed the Annexin V/propidium iodide (PI) staining flow cytometry
assay to assess the rate of cell apoptosis. Annexin V is a cellular protein widely
employed for the detection of apoptotic cells due to its ability to bind to
phosphatidylserine, a recognized marker of apoptosis. Normally, phosphatidylserine is
located on the inner surface of the plasma membrane. However, during the progression
of apoptosis, phosphatidylserine becomes exposed on the outer leaflet, facilitating the
binding of Annexin V to these cells. PI is a fluorescent intercalating agent and it can
intercalate between the bases of DNA double strands. During the initial phases of
apoptosis, when the nucleus remains intact, PI cannot bind to DNA due to the presence
of the nuclear membrane. Conversely, during the advanced stages of apoptosis,
characterized by nuclear fragmentation, PI binds to the released DNA fragments. By
setting Annexin V staining as the X-axis and PI as the Y-axis, cells are classified into
four distinct quadrants, namely LL, LR, UL, and UR. In the LL quadrant, both stains
exhibit a negative signal, showing that the cells are in a normal state. On the other hand,
cells in the LR quadrant display a positive Annexin V staining, suggesting their
involvement in the early stages of apoptosis. In the UR quadrant, both Annexin V and
PI staining show positive results, indicating that the cells were during the advanced
stages of apoptosis. Cells were harvested and separated by trypsin, stained with
Annexin V and PI and analyzed by cell flow cytometer (Rieger et al. 2011). Results
133



showed that hPELI2 over-expression led to an increased population of apoptotic cells
in SW480 and DLD-1 cell lines. Specifically, the apoptotic cell population increased
from 12.4% to 18.9% in SW480 cells and from 13.8% to 21.3% in DLD-1 cells(Fig4.7).
These results highlight that elevated level of hPELI2 promotes cell apoptosis and this

may contribute to suppression of growth and spheroid formation in CRC cell lines.
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Fig4.3 Lentivirus mediated hPELI2 over-expression in SW480, SW620 and DLD-
1 cells

HEK293T (1 x10°) were plated in 6-well plates for next-day transfection. hPELI2-pLV
encodes for a Strep-tagged form for hPELI2 (Empty pLV vector was used as control )
was co-transfected with psPAX2 and pMD2.G at a 1:1:1 mass ratio into HEK293T cells
by using Lipofectamine 2000 transfection regent. The lentivirus supernatant was
collected after 48h incubation and filtered through a 0.45um filter. Empty vector control
cells (EV) and hPELI2 over-expression cells (WPELI2) of SW480, SW620 and DLD-1
cell lines (1 x10°) were plated in 6-well plates with 3ml medium overnight. Cells were
infected with 1ml of virus suspension and 1ml of normal medium mixture and then
selected with puromycin (5pg/ml) for 3 days.

(a) Cells (1 x10°) were harvested in TriZol and RNA was isolated and subsequently
subjected to reverse transcription. hPELI2 mRNA was measured by quantitative real-
time PCR and normalized against f-actin mRNA. Data are shown from an experiment
with duplicate samples and that is representative of three independent experiments.
Statistical analysis was performed by using the paired Student t-test. Statistically
significant differences are indicated by the asterisks: ***, P<0.001.
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(b) Cell lysates were harvested in RIPA buffer and subjected to Western Blotting. The
resulting membranes were probed with Strep-tag and B-actin. Data are shown from an
experiment that is representative of three independent experiments.

136



SW480
1.5+

e EV
_ & hPELI2
£ 1.0
[
g }***
o
8 os
0.0 . ; : r
12h 24h 48h 72h
SW620
1.0-
_ 081 o EV
E 05 = hPELI2
=
2
E 0.44
o
0.2
0.0 . . . :
12h 24n 48h 72h
DLD-1
1.5
o EV
F1o] & hPELR
H :|+**
-]
=
8 os
0.0 . ; : r
12h 24h 48h 72h

Fig4.4 hPELI2 over-expression reduces proliferation of SW480 and DLD-1 cells

SW480, SW620 and DLD-1 cell lines were infected with lentivirus containing an
expression vector expressing hPELI2 (hPELI2) or an empty expression vector (EV).
Infected cells (4 x10%) were plated in 96-well plates with 200ul medium. After 12, 24,
48, and 72h, MTT solution (50ug) was added into wells and incubated at 37°C for 4h.
The medium was removed and DMSO (150ul) was added into wells to dissolve the
crystals. Absorbance was measured at a wavelength of 490nm by using a microplate
reader. Data are shown from an experiment with quadruplicates that is representative
of three independent experiments. Statistical analysis was performed by using the
paired Student t-test. Statistically significant differences are indicated by the asterisks:
*xx P<0.001.
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Fig4.5 hPELI2 over-expression reduces colony-formation in SW480 and DLD-1

cells

SW480, SW620 and DLD-1 cell lines were infected with lentivirus containing an
expression vector expressing hPELI2 (hPELI2) or an empty expression vector (EV).
Infected cells (600cells/well) were plated in 6-well plates with 3ml medium to
generate single-cell derived colonies. Cell growth was terminated at day7 and
colonies were observed under the inverted microscope. Thereafter, medium was
removed and the colonies were fixed in 2ml methanol and stained with 0.5% crystal
violet. Colony number in each wells was counted by using the OpenCFU software
tool. Data are shown from an experiment that is representative of three independent
experiments. Statistical analysis was performed by using the paired Student t-test.
Statistically significant differences are indicated by the asterisks: **, P<0.01.
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Fig4.6 hPELI2 over-expression inhibits the growth of SW480 and DLD-1 cells in

a 3D spheroid formation model

SW480, SW620 and DLD-1 cell lines were infected with lentivirus containing an
expression vector expressing hPELI2 (hPELI2) or an empty expression vector (EV).
Infected cells (500cells/well) were plated in ultra-low attachment U-bottom 96-well
plates with 200ul medium. Subsequently, the diameters of the generated spheroids
were assessed on dayl, day3, and day5, utilizing an Olympus EP50 camera.
Additionally, the spheroids were visualized at 4X magnification using an Optika
Vision Pro camera. Data are shown from an experiment that is representative of three
independent experiments. Statistical analysis was performed by using the paired
Student t-test. Statistically significant differences are indicated by the asterisks: **,

P<0.01.
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Fig4.7 hPELI2 over-expression promotes apoptosis in SW480 and DLD-1 cells

SW480 and DLD-1 cell lines were infected with lentivirus containing an expression
vector expressing hPELI2 (hPELI2) or an empty expression vector (EV). Infected
cells (1 x10%) were harvested by trypsin treatment. Cells were harvested by trypsin
treatment and then cells were twice washed with pre-cold PBS and once with Annexin
binding buffer. Cells were resuspension in 1000ul Annexin binding buffer and
aliquots cell suspensions (100ul) were transferred into a new Eppendorf tube and 1x
Annexin binding buffer (400ul), Annexin V-FITC (5ul, 90pg/ml) and PI (10ul,
Img/ml) were added into the tube. The components were mixed by pipetting multiple
times and incubated at room temperature for 15min. The cells were evaluated by flow
cytometry (BD AccuriTM C6). At least 10,000 cells were counted, single live cells
were selected and the apoptosis rate and apoptosis stage were determined by using
Annexin V-FITC as the X-axis coordinate and PI as the Y-axis coordinate. The
unstained sample, Annexin V-FITC alone stain sample and PI alone stain sample were
used as controls to delineate the different intervals. Data are shown from an
experiment that is representative of three independent experiments.
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4.2.4 hPELI2 enhances the sensitivity of SW480 and DLD-1 cell lines to Cisplatin

induced apoptosis

The increased levels of apoptosis in SW480 and DLD-1 cell lines’ response to elevated
levels of hPELI2 were quite modest and so we next assessed if hPELI2 could further
augment pro-apoptotic signaling pathways. Cisplatin is one of the most potent
chemotherapeutic agents for the treatment of colon cancer. It induces a DNA damage
response, leading to cancer cell apoptosis (Dasari and Tchounwou 2014; Ghosh 2019).
Therefore, we aimed to use Cisplatin to induce cell apoptosis in the above CRC cell
lines and investigate the potential of over-expressed hPELI2 to enhance these pro-
apoptotic effects and so increase the sensitivity of these cells to Cisplatin. To test our
hypothesis, SW480 and DLD-1 cell lines were treated with specific concentrations of
Cisplatin for 24h or 48h. Afterwards, cells were harvested, separated by trypsin, stained
with Annexin V and PI, and analyzed by a flow cytometer. Compare to the control cells,
we found that hPELI2 over-expression augmented Cisplatin-induced apoptosis in
SW480. Specifically, the apoptotic cell population increased from 21.9% to 30.8% with
40pg/ml Cisplatin treatment, from 29% to 31% with 80pg/ml Cisplatin treatment, and
from 31.3% to 44% with 120pg/ml Cisplatin treatment (Fig4.8a). Similar results were
shown in DLD-1 cell lines. The apoptotic cell population enhanced from 14.9% to 20.6%
with Spg/ml Cisplatin treatment, from 17.2% to 26.4% with 20pg/ml Cisplatin
treatment, and from 28.3% to 37.2% with 40pg/ml Cisplatin treatment (Fig4.8b). This
suggests that over-expression of hPELI2 makes colorectal cell lines more sensitive to

Cisplatin.
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Fig4.8 hPELI2 over-expression augments Cisplatin-induced apoptosis in SW480

and DLD-1 cells

SW480 and DLD-1 cell lines were infected with lentivirus containing an expression
vector expressing hPELI2 (hPELI2) or an empty expression vector (EV). Infected
SW480(a) and DLD-1(b) cells (4 x10°) were plated in 6-well plates with 3ml medium
and incubated overnight. Cells were treated with the indicated concentrations of
Cisplatin for 24h. Control cells were treated with PBS vehicle. Cells were harvested by
trypsin treatment and then cells were twice washed with pre-cold PBS and once with
Annexin binding buffer. Cells were resuspension in 1000ul Annexin binding buffer and
aliquots cell suspensions (100ul) were transferred into a new Eppendorf tube and 1x
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Annexin binding buffer (400ul), Annexin V-FITC (5ul, 90pug/ml) and PI (10ul, Img/ml)
were added into the tube. The components were mixed by pipetting multiple times and
incubated at room temperature for 15min. The cells were evaluated by flow cytometry
(BD AccuriTM C6). At least 10,000 cells were counted, single live cells were selected
and the apoptosis rate and apoptosis stage were determined by using Annexin V-FITC
as the X-axis coordinate and PI as the Y-axis coordinate. The unstained sample,
Annexin V-FITC alone stain sample and PI alone stain sample were used as controls to
delineate the different intervals. Data are shown from an experiment that is
representative of three independent experiments.
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We next assessed the potential mechanism by which hPELI2 could be promoting such
pro-apoptotic effects. PELI2 is known to regulate NF-kB (Humphries et al. 2018) and
the activation of NF-kB signaling is also involved in Cisplatin resistant therapy of head
and neck squamous cell carcinoma (Yang et al. 2020). Given the regulatory role of
PELI2 in the NF-xB pathway coupled with the role of the latter in mediating the
apoptotic effects of Cisplatin we investigated the effect of hPELI2 over-expression on
the activation of the NF-xkB pathway in DLD-1 cells in the absence and presence of
Cisplatin. The activation of the NF-kB pathway was monitored by measuring the time-
dependent phosphorylation of IKKo/fB, IkBa and the NF-kB subunit p65. Cisplatin-
induced strong phosphorylation of each of these proteins and over-expression of
hPELI2 failed to affect these phosphorylation patterns (Fig4.9a) suggesting that hPELI2
does not mediate its pro-apoptotic effects by targeting the NF-xB pathway. The PELI2-
interaction partner IRAK1, which is an upstream regulator of the NF-kB pathway, was
also measured but its levels were not affected by Cisplatin or elevated level of hPELI2

(Fig4.9a).

PELI2 has also been shown to regulate the MAPK signaling pathways (Humphries et
al. 2018). Difterent members of the MAPK signaling pathway have also been identified
to either prevent or contribute to Cisplatin-induced apoptotic effects in several forms of
cancer (Achkar et al. 2018). Given the regulatory role of PELI2 in MAPK pathways
coupled with their role in controlling the apoptotic effects of Cisplatin, we investigated
the effect of hPELI2 over-expression on these pathways in the absence and presence of
Cisplatin. Cisplatin-induced strong phosphorylation of p38, ERK and JNK MAP
kinases in a time-dependent manner but expression of exogenous hPELI2 failed to
affect Cisplatin-induced activation of these pathways (Fig4.9b) suggesting that hPELI2

does not mediate its pro-apoptotic effects by regulating MAPK pathways.

Pellino proteins have also been associated with increased activation of the PI3K/Akt
signaling pathway and the latter is positively correlated with Cisplatin treatment in

colorectal cancer and activation of apoptosis-associated signaling pathways (Jeon et al.
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2017; Zheng et al. 2022; Franke et al. 2003). Using phosphorylation of AKT as an
indicator of PI3K/Akt activation we demonstrated that Cisplatin can induce activation
of the PI3K/Akt signaling pathway but this is unaltered by expression of exogenous
hPELI2 (Fig4.10) again suggesting that this pathway is not targeted by hPELI2 in

promoting its cellular apoptotic effects.

Having failed to show any effects of hPELI2 on the above pathways that regulate
apoptotic cell killing we next characterized the direct effects of hPELI2 on the caspase-
mediated pathways that execute cell apoptosis by characterizing the effects of hPELI2
on intracellular markers of apoptosis. Since cleaved-Poly (ADP-ribose) polymerase
(cleaved-PARP) is a common marker of cell apoptosis (Chaitanya, Steven, and Babu
2010), we investigated the effect of hPELI2 on Cisplatin-induced PARP cleavage in
DLD-1 cell line. As expected, Cisplatin-induced PARP cleavage in a dose-dependent
manner and hPELI2 over-expression further sensitized the cells to Cisplatin as
evidenced by higher levels of cleaved PARP at the same concentrations of Cisplatin
(Fig4.11). Moreover, hPELI2 over-expression greatly enhanced the Cisplatin-induced
cleavage of Caspase3 (Fig4.11), one of the executioners of the caspase pathway (Obeng
2021). B-cell lymphoma-extra-large (Bcl-xL) is one of the critically important anti-
apoptotic protein and Cisplatin was shown to significantly reduce its levels which is
consistent with the pro-apoptotic eftects of Cisplatin (Loo et al. 2020; Singh, Letai, and
Sarosiek 2019). Over-expression of hPELI2 caused further depletion of Bcl-xL in
response to Cisplatin treatment (Fig4.11). Thus, these results suggest that hPELI2
promotes Cisplatin-induced apoptosis of SW480 and DLD-1 cell lines by directly

promoting the activation of the Caspase3-dependent apoptosis signaling pathway.
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Fig4.9 hPELI2 does not affect Cisplatin-induced activation of NF-kB and MAPK

signaling pathways

DLD-1 cell line was infected with lentivirus containing an expression vector
expressing hPELI2 (hPELI2) or an empty expression vector (EV). Infected cells (5
x10°) were plated in 6-well plates and incubated overnight. Cells were treated with
Cisplatin (5pg/ml or 10pg/ml) for 48h. Control cells were treated with DMSO
vehicle. Cell lysates were extracted in RIPA buffer and subjected to Western Blotting.
The resulting membranes (a) were probed with antibodies against IRAK 1, phosphor-
IKKo/B, total IKKa/B, phosphor-P65, total P65, phosphor-IkBa, total [kBa, hPELI2-
strep and B-actin. The resulting membranes (b) were probed with antibodies against
phosphor-P38, total P38, phosphor-ERK, total ERK, phosphor-JNK, total JNK,
hPELI2-strep and B-actin. Data are shown from an experiment that is representative of
three independent experiments.
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Fig4.10 hPELI2 does not affect the Cisplatin-induced PI3K-AKT signaling

pathway activation

DLD-1 cell line was infected with lentivirus containing an expression vector
expressing hPELI2 (hPELI2) or an empty expression vector (EV). Infected cells (5
x10°) were seeded in 6-well plates and incubated overnight. Cells were treated with
Cisplatin (5pg/ml or 10pg/ml) for 48h. Control cells were treated with DMSO
vehicle. Following treatment, cell lysates were extracted using RIPA buffer and
subjected to Western Blotting. The resulting membranes were probed with antibodies
against phospho-AKT Ser473, phospho-AKT Thr308, total AKT, PELI2-strep, and (-
actin. Data are shown from an experiment that is representative of three independent
experiments.
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Fig4.11 Over-expression of hPELI2 promotes Caspase3-dependent apoptosis

signaling pathway in DLD-1 cell

DLD-1 cell line was infected with lentivirus containing an expression vector expressing
hPELI2 (hPELI2) or an empty expression vector (EV). Infected cells (5 x10°) were
plated in 6-well plates and incubated overnight. Cells were treated with Cisplatin
(Spg/ml or 10pg/ml) for 48h. Control cells were treated with DMSO vehicle. Cell
lysates were extracted in RIPA buffer and subjected to Western Blotting. The resulting
membranes were probed with antibodies against BCL-xL, Full-length Caspase3,
Cleaved-Caspase3, hPELI2-Strep, PARP and p-actin. Data are shown from an
experiment that is representative of three independent experiments.
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4.2.5 hPELI2 promotes Cisplatin-induced cell apoptosis and targets the

ubiquitination of Bcl-xLL

Having discovered that hPELI2 protein promotes Cisplatin-induced apoptosis in
colorectal cancer cell lines by enhancing Caspase3 pathway and at the same time
reducing the levels of the anti-apoptotic protein and caspase inhibitor Bcl-xL and given
that Bcl-6, another member of the Bcl family has been shown to be a target of PELII,

we hypothesized that hPELI2 might target Bel-xL.

Bcl-xL is encoded by the BCL2-like I gene and is a transmembrane protein located in
the mitochondria. It belongs to the Bcl-2 family of proteins and functions as an anti-
apoptotic protein by inhibiting the release of mitochondrial contents, such as
Cytochrome c, which in turn prevents caspase activation and cell apoptosis (Loo et al.
2020; Singh, Letai, and Sarosiek 2019; Dou et al. 2021). Cisplatin treatment induces
ubiquitination and degradation of the Bcl-xL protein via the proteasome. Therefore, we
hypothesized that hPELI2 protein may regulate the ubiquitination and degradation of

Bcl-xL protein, ultimately promoting cell apoptosis in colorectal cancer cell lines.

To challenge our hypotheses, we treated the DLD-1 cell lines with 0-2.5-5-10-15-20
pg/ml Cisplatin for 24h and performed immunoprecipitation of the Bcl-xL protein after
denaturation of cell extracts to dissociate any Bcl-xL-interacting proteins.
Immunoprecipitants were then subjected to western immunoblotting using anti-
ubiquitin antibody. The results demonstrated that Bcl-xL protein exhibited substantial
ubiquitination in a time-dependent manner with Cisplatin treatment at Spg/ml or higher
concentrations (Fig4.12). This was also associated with depletion of levels of Bcl-xL
protein in cell extracts. Subsequently, we treated the hPELI2 over-expression DLD-1
cell line and its control cell line with Sug/ml and 10pg/ml Cisplatin for 24h and
performed immunoprecipitation of the Bcl-xL protein to assess its ubiquitination.
Interestingly, the hPELI2 over-expression cell lines exhibited augmented Bcl-xL
ubiquitination response to Cisplatin treatment(Fig4.13). These findings are consistent
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with hPELI2 enhancing the ubiquitination and degradation of Bcl-xL, thereby

promoting Cisplatin-induced apoptosis in colorectal cancer cell line

Additionally, we were keen to assess if hPELI2 protein can directly interact with Bcl-
xL protein. HEK293T cells were transfected with plasmids encoding Strep-tagged
hPELI2 and Bcel-xL for 24h. Bel-xL was immunoprecipitated with anti-Bcl-xL antibody
and then analyzed for co-precipitated Strep-tagged hPELI2 protein by western blotting.
Results showed that Strep-tagged hPELI2 protein could not be detected in Bcl-xL
immunoprecipitants, suggesting that hPELI2 protein and Bel-xL protein do not interact

with each other (Fig4.14).

151



Cisplatin:

IB Ub Ubiquitinated
Bcel-xLL
G
e
=]
&
IB Bcel-xLL
BclxLL
25kDa i :
PARP
Cleaved-PARP
2
=

— - (pa

35ma_u u b h . ‘b-actin

25kDa—

Fig4.12 Cisplatin-induced ubiquitination of Bcl-xL protein

DLD-1 cells (5 x10°) were plated in 6-well plates and incubated overnight. Cells were
treated with indicated concentrations of Cisplatin for 48h. Control cells were treated
with DMSO vehicle. Thereafter, cell lysates were extracted in RIPA buffer and
immunoprecipitated (IP) using an anti-Bcl-xL antibody. The resulting membranes
with [P samples were probed with antibodies against Ubiquitin (Ub) and Bcl-xL. The
resulting membranes with lysate samples (Input) were probed with antibodies against
PARP, Bcl-xL and B-actin. Data are shown from an experiment that is representative
of three independent experiments.
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Fig4.13 hPELI2 over-expression augment the Cisplatin-induced ubiquitination of

Bel-xLL

DLD-1 cell line was infected with lentivirus containing an expression vector
expressing hPELI2 (hPELI2) or an empty expression vector (EV). Infected cells (5
x10°%) were plated in 6-well plates overnight. Cells were treated with Cisplatin
(5pg/ml or 10pg/ml) for 48h. Control cells were treated with DMSO vehicle. Whole
cell lysates were extracted in RIPA buffer and immunoprecipitated (IP) using an anti-
Bcl-xL antibody. The resulting membranes with IP samples were probed with
antibodies against Ubiquitin (Ub) and Bcl-xL. The resulting membranes with lysate
samples (Input) were probed with antibodies against PARP, Bcl-xL, hPELI2-strep and
B-actin. Data are shown from an experiment that is representative of three
independent experiments.
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Fig4.14 hPELI2 does not directly interaction with Bel-xLL

HEK293T (3 x10°) cells were plated in 6-well plates. Cells were transfected with
expression constructs encoding Strep-tagged hPELI2 and Bcl-xL plasmid alone or
combination for 48h. Control cells were transferred with empty vector plasmid as
vehicle control. Cell lysates were extracted in NP-40 buffer and Co-
immunoprecipitated (Co-IP) using anti-Bcl-xL antibody. The resulting membranes
with IP samples were probed with antibodies against Strep-tag and Bcl-xL. The
resulting membranes with lysate samples (Input) were probed with antibodies against
Strep-tag, Bel-xL and B-actin. Data are shown from an experiment that is
representative of three independent experiments.
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4.2.6 Loss of hPELI2 promotes colorectal cancer cell line growth in vitro

Since the above data show that elevated levels of hPELI2 can suppress the growth of
colorectal cancer cell lines and this is associated with ubiquitination of Bel-xL and cell
apoptosis, we also wanted to perform the complementary approach of suppressing the
expression of hPELI2 and assessing the effects on the growth of colorectal cancer cell
lines. Initially, we selected HCT116 and HT29 cell lines, which exhibited higher
hPELI2 mRNA expression levels (Fig4.2b), to establish a stable knockdown model of
hPELI2 using two independent hPELI2-shRNA-A3 and B7 constructs, employing a
lentiviral approach. After the infection and puromycin selection for 2 weeks, the
hPELI2 mRNA expression level was detected by Real-time PCR. The results showed
that both independent shRNAs downregulated the expression of hPELI2 mRNA in
HCT116 and HT29 cell lines(Fig4.15).

Subsequently, we conducted the MTT assay as before and observed that hPELI2
knockdown significantly enhanced the growth of the HCT116 cell line but had no effect
on the growth of the HT29 cell line (Fig4.16). Furthermore, we investigated the effect
of hPELI2 knockdown on the colony formation ability of these two cell lines. The
results were consistent with the MTT assay, showing that hPELI2 loss increased the
colony formation ability of the HCT116 cell line, enhancing the number of colonies
from approximately 80 to 200, exhibiting significant differences compared to the
parental HCT116 cell line (Fig4.17). Conversely, no differences were observed in the
HT29 cell line (Fig4.17). Similar results were obtained from the 3D in vitro growth
assay, where hPELI2 knockdown augmented the size of the 3D spheroid formation
model in the HCT116 cell line, while it did not affect the spheroid formation or size in
HT29 cell line (Fig4.18). Overall, the results from the 2D and 3D assays collectively
indicate that the loss of hPELI2 accelerates the growth of the HCT116 cell line, which
is wholly consistent with the pro-apoptotic effects of hPELI2 protein over-expression

in the SW480 and DLD-1 cell lines.
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Fig4.15 Lentivirus-mediated hPELI2 knockdown in HCT116 and HT29 cells

HEK293T (1x10°) cells were plated into 6-well plates with 3ml medium to reach a
confluency of 70-80% for next-day transfection. PELI2-shRNA-A3 pGIPZ or PELI2-
shRNA-B7 pGIPZ encode for two different shRNA of hPELI2 (A3 and B7) (non-
silencing pGIPZ vector (NC) was used as control) were co-transfected with psPAX2
and pMD2.G at a 1:1:1 mass ratio into HEK293T cells by using Lipofectamine 2000
transfection regent. The lentivirus supernatant was collected after 48h incubation and
filtered through a 0.45um filter. HCT-116 and HT29 cells (1 x10°) were plated in 6-
well plates with 3ml medium and incubated overnight. Cells were infected with 1ml of
virus suspension and 1ml of normal medium mixture and then selected with Sug/ml of
puromycin for 7days. After puromycin selection, cells (1 x10°) were harvested in TriZol
and RNA was isolated and subsequently subjected to reverse transcription. hPELI2?
mRNA was measured by quantitative real-time PCR and normalized against S-actin
mRNA. Data are shown from an experiment with duplicate samples and that is
representative of three independent experiments. Statistical analysis was performed by
using the paired Student t-test. Statistically significant differences are indicated by the
asterisks: *, P<0.05; *** P<0.001.
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Fig4.16 hPELI2 knockdown increases proliferation in HCT116 cell

HCT116 and HT29 cell lines were infected with lentivirus containing an expression
vector expressing shRNA of hPELI2 (A3 or B7) or a non-silencing vector (NC).
Infected cells (4 x10%) were plated in 96-well plates with 200ul medium. After 12, 24,
48, and 72h, MTT solution (50pug) was added into wells and incubated at 37°C for 4h.
The medium was removed and DMSO (150ul) was added into wells to dissolve the
crystals. Absorbance was measured at a wavelength of 490nm by using a microplate
reader. Data are shown from an experiment with quadruplicates that is representative
of three independent experiments. Statistical analysis was performed by using the
paired Student t-test. Statistically significant differences are indicated by the asterisks:
** P<0.01.

157



si-hPELI2-A3 si-hPELI2-B7

HCT116

HT29 | ol

HCT116 HT29
250 x 150
*k*k
5 200 ! 5 o
£ A
3 150- g 1001 -l-
g @
]
‘£ 1004 2
2 5 501 L
O 501 3
0 T T T 0 T T T
SIS 3 o > A
< ol & )
:(3 & ,g QQ’
o o & ‘)\x\

Fig4.17 hPELI2 knockdown promotes colony-formation in HCT116 cell

HCT116 and HT29 cell lines were infected with lentivirus containing an expression
vector expressing shRNA of hPELI2 (A3 or B7) or a non-silencing vector (NC).
Infected cells (600cells/well) were plated in 6-well plates with 3ml medium to generate
single-cell derived colonies. Cell growth was terminated at day7 and colonies were
observed under the inverted microscope. Thereafter, medium was removed and the
colonies were fixed in 2ml methanol and stained with 0.5% crystal violet. colony
number in each wells was counted by using the OpenCFU software tool. Data are shown
from an experiment that is representative of three independent experiments. Statistical
analysis was performed by using the paired Student t-test. Statistically significant
differences are indicated by the asterisks: *, P<0.05; *** P<0.001.
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Fig4.18 hPELI2 knockdown enhances the growth of HCT116 cell in a 3D spheroid

formation model

HCT116 and HT29 cell lines were infected with lentivirus containing an expression
vector expressing shRNA of hPELI2 (A3 or B7) or a non-silencing vector (NC).
Infected cells (500cells/well) were plated in ultra-low attachment U-bottom 96-well
plates with 200ul medium. Subsequently, the diameters of the generated spheroids were
assessed on day1, day3, and day5, utilizing an Olympus EP50 camera. Additionally, the
spheroids were visualized at 4X magnification using an Optika Vision Pro camera. Data
are shown from an experiment that is representative of three independent experiments.
Statistical analysis was performed by using the paired Student t-test. Statistically
significant differences are indicated by the asterisks: **, P<0.01.
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4.2.7 hPELI2 knockdown suppresses cell apoptosis and the ubiquitination of Bcl-
xLL

Considering the observed correlation between hPELI2 knockdown and the suppression
of cell growth in the HCT116 cell line, we aimed to determine whether the knockdown
of hPELI2 protein would inhibit apoptosis and reduce the cell’s responsiveness to
Cisplatin. The Annexin V/PI staining flow cytometry assay revealed that both hPELI2-
shRNA-A3 and B7 can downregulate the expression of hPELI2 while reducing the
proportion of apoptotic cells from 14.5% to 9% and 10.4% in the HCT116 cell line
compared to the control cells, respectively (Fig4.19). Additionally, HCT116 cell lines
with hPELI2 knockdown exhibited increased resistance to Cisplatin treatment at
concentrations of Spg/ml and 10pg/ml. Specifically, both hPELI2-shRNA-A3 and B7
decreased the apoptotic cell population from 22.9% to 12% and 11.7% with 5pg/ml
Cisplatin treatment, from 30.5% to 21.9% and 20.3% with 10ug/ml Cisplatin treatment

compared to the control cells, respectively (Fig4.20).

We also confirmed the inhibitory effects of hPELI2 knockdown on apoptosis by
demonstrating modest suppressive effects on Cisplatin-induced cleavage of Caspase3
and PARP in hPELI2 knockdown HCT116 cells (Fig4.21). This is also consistent with
hPELI2 knockdown resulting in reduced degradation of Bcl-xL in response to Cisplatin
treatment (Fig4.21). Interestingly, the basal expression level of Bcl-xL protein in the
absence of Cisplatin treatment was also higher in the hPELI2 knockdown HCT116 cell
lines compared to the control cell line (Fig4.21). This result suggests that reduced
hPELI2 expression may affect the balance between synthesis and degradation of the

Bcl-xL protein in the HCT116 cell line (Fig4.21).

Finally, we performed immunoprecipitation of the Bcl-xL protein to detect its
ubiquitination after 24h of treatment with Spg/ml and 10ug/ml of Cisplatin. Results
showed that hPELI2 knockdown suppresses the Cisplatin-induced ubiquitination of
Bcl-xL protein and this is coincident with its reduced degradation and attenuation of
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downstream Caspase3 cleavage (Fig4.22).

All of these aforementioned results suggest that hPELI2 promotes ubiquitination and
degradation of Bcl-xL resulting in enhanced downstream activation of the caspase
pathway in response to Cisplatin culminating in augmentation of cell apoptosis. This
provides a credible mechanism underlying the suppressive effects of hPELI2 on

epithelial cancer cell lines and promotes itself as an anti-cancer gene.
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Fig4.19 hPELI2 knockdown suppresses apoptosis in HCT116 cell

HCT116 cell line was infected with lentivirus containing an expression vector
expressing shRNA of hPELI2 (A3 or B7) or a non-silencing vector (NC). Infected cells
(1 x10%) were harvested by trypsin treatment and then cells were twice washed with
pre-cold PBS and once with Annexin binding buffer. Cells were resuspension in 1000pl
Annexin binding buffer and aliquots cell suspensions (100ul) were transferred into a
new Eppendorf tube and 1x Annexin binding buffer (400ul), Annexin V-APC (5pl,
90pg/ml) and PI (10ul, 1mg/ml) were added into the tube. The components were mixed
by pipetting multiple times and incubated at room temperature for 15min. The cells
were evaluated by flow cytometry (BD AccuriTM C6). At least 10,000 cells were
counted, single live cells were selected and the apoptosis rate and apoptosis stage were
determined by using Annexin V-APC as the X-axis coordinate and PI as the Y-axis
coordinate. The unstained sample, Annexin V-APC alone stain sample and PI alone
stain sample were used as controls to delineate the different intervals. Data are shown
from an experiment that is representative of three independent experiments.
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Fig4.20 hPELI2 knockdown inhibits the Cisplatin-induced apoptosis in HCT116

cell

HCT116 cell line was infected with lentivirus containing an expression vector
expressing sShRNA of hPELI2 (A3 or B7) or a non-silencing vector (NC). Infected
cells (4 x10%) were plated in 6-well plates with 3ml medium and incubated overnight.
Cells were treated with Cisplatin (Spug/ml or 10pg/ml ) for 24h. Control cells were
treated with PBS vehicle. Cells were harvested by trypsin treatment and then cells
were twice washed with pre-cold PBS and once with Annexin binding buffer. Cells
were resuspension in 1000ul Annexin binding buffer and aliquots cell suspensions
(100pul) were transferred into a new Eppendorf tube and 1x Annexin binding buffer
(400pul), Annexin V-APC (5ul, 90ug/ml) and PI (10ul, 1mg/ml) were added into the
tube. The components were mixed by pipetting multiple times and incubated at room
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temperature for 15min. The cells were evaluated by flow cytometry (BD AccuriTM
C6). At least 10,000 cells were counted, single live cells were selected and the
apoptosis rate and apoptosis stage were determined by using Annexin V-APC as the
X-axis coordinate and PI as the Y-axis coordinate. The unstained sample, Annexin V-
APC alone stain sample and PI alone stain sample were used as controls to delineate
the different intervals. Data are shown from an experiment that is representative of
three independent experiments.
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Fig4.21 hPELI2 knockdown inhibits Caspase3-dependent apoptosis signaling

pathway in HCT116 cell line

HCT116 cell line was infected with lentivirus containing an expression vector
expressing ShARNA of hPELI2 (A3 or B7) or a non-silencing vector (NC). Infected
cells (5 x10°) were plated in 6-well plates and incubated overnight. Cells were treated
with Cisplatin (Spug/ml or 10ug/ml) for 48h. Control cells were treated with DMSO
vehicle. Cell lysates were extracted in RIPA buffer and subjected to Western Blotting.
The resulting membranes were probed with antibodies against BCL-xL, Cleaved-
Caspase3, hPELI2-Strep, PARP and B-actin. Data are shown from an experiment that

is representative of three independent experiments.

165



HCT116: NC si-PELI2-A3 si-PELI2-B7

Cisplain: 0 5 10 0 5 10 0 5 10 (ug/ml

110kDa

70kDa

Ubiquitinated
BelxL
55kDa

IB Ub

IP Bcl-xL

35kDa

25kDa

130kDa —

100kDa—

Input

Fig4.22 hPELI2 knockdown suppresses Cisplatin-induced ubiquitination of Bcl-
xLL

HCT116 cell line was infected with lentivirus containing an expression vector
expressing ShRNA of hPELI2 (A3 or B7) or a non-silencing vector (NC). Infected
cells (5 x10°) were plated in 6-well plates and incubated overnight. Cells were treated
with Cisplatin (5pg/ml or 10pg/ml) for 48h. Control cells were treated with DMSO
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vehicle. Thereafter, whole cell lysates were extracted in RIPA buffer and
immunoprecipitated (IP) using an anti-Bcl-xL antibody. The resulting membranes
with IP samples were probed with antibodies against Ubiquitin (Ub) and Bcl-xL. The
resulting membranes with lysate samples (Input) were probed with antibodies against
PARP, Bcl-xL, hPELI2-strep and B-actin. Data are shown from an experiment that is
representative of three independent experiments.
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4.2.8 Dmx1 and Dmx10 augment the suppressive effects of Cisplatin on colorectal

cancer cell viability

Having used hPELI2 knockdown approaches to demonstrated a role for hPELI2 in
controlling colorectal cancer cell lines growth, our subsequent aim was to explore the
pharmacological modulation of this hPELI2-controlled process using PELI2-targeted
compounds Dmx1 and Dmx10. We sought to investigate whether the combined
administration of Dmx1 and Dmx10 with Cisplatin could effectively modulate the
growth and induce cell death in colorectal cancer cell lines. To this end we probed the
combinatorial effects of Dmx1 and Dmx10 with Cisplatin on colorectal cancer cell lines

growth and death.

The various colorectal cancer cell lines were treated with indicated concentrations of
either Dmx1 or Dmx10 (DMSO as a vehicle control) for 48h. The cell viabilities of
these colorectal cancer cell lines were determined using the MTT assay. The results
demonstrated that Dmx1 and Dmx10 significantly inhibited cell viability in a dose-
dependent manner in DLD-1, HCT116, and HT29 cell lines (Fig4.23). The IC50 values
of Dmx1 and Dmx10 for reducing cell viability were calculated with the IC50 value of
Dmx1 ranging from 18.89 to 36.33uM and of Dmx10 ranging from 13.48 to 12.96uM
(Fig4.23).

The potential effects of Dmx1 and Dmx10 on regulating sensitivity of these cell lines
to the killing action of Cisplatin were next explored. The three colorectal cancer cell
lines were pre-treated with Dmx1 or Dmx10 (5uM) (DMSO as a vehicle control) for
1h. Subsequently, the cells were stimulated with the indicated concentrations of
Cisplatin for 48h. The MTT assay was performed to measure cell viability and
determine the IC50 values of Cisplatin in these colorectal cancer cell lines. The results
showed that Dmx1 and Dmx10 increased the sensitivity of DLD-1 and HCT116 cell
lines to the suppressive effects of Cisplatin on cell viability, while they had no effect on
the HT29 cell line (Fig4.24a).
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More specifically, the combined treatment of Dmx1 or Dmx10 with Cisplatin resulted
in a significant reduction in the IC50 value of Cisplatin in DLD-1 cell line from
14.83pg/ml to 3.599ug/ml or 4.101pg/ml, respectively. Similar results were observed
in the HCT116 cell line, where the IC50 values of Cisplatin decreased from 15.19ug/ml
to 9.943ug/ml or 8.538ug/ml when co-treated with Dmx1 or Dmx10. However, neither
Dmx1 nor Dmx10 had an effect on the HT29 cell line (Fig4.24b). These findings
demonstrate that Dmx1 and Dmx10 increase the sensitivity of colorectal cancer cell

lines to Cisplatin its effects on cell viability.
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Fig4.23 Inhibitory effects of Dmx1 and Dmx10 on cell viability of DLD-1,
HCT116 and HT29 cell lines.

DLD-1, HCT116 and HT29 cells (8000cells/well) were plated in 96-well plates and
incubated overnight. Cells were treated with indicated concentrations of Dmx1 or
Dmx10 for 48h. Control cells were treated with DMSO vehicle. 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (50pg) was added into
wells and incubate at 37°C for 4h. The medium was removed and DMSO (150ul) was
added into wells to dissolve the crystals. Absorbance was measured at a wavelength of
490nm by using a microplate reader. Cell viabilities were normalized against DMSO
vehicle control samples and the half maximal inhibitory concentration (IC50) of cell
viabilities were calculated by Prism Graphpad. Data are shown from an experiment
that is representative of three independent experiments.
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Fig4.24 Dmx1 and Dmx10 increase the sensitivity of DLD-1 and HCT116 cell lines

to the suppressive effects of Cisplatin on cell viability.

DLD-1, HCT116 and HT29 cells (8000cells/well) were plated in 96-well plates with
200ul medium and incubated overnight. Cells were pre-treated with Dmx1 or Dmx10
(5uM) for 1h. Control cells were treated with DMSO vehicle. Cells were stimulated
with indicated concentrations of Cisplatin for 48h. Control cells were treated with PBS
vehicle. Thereafter, MTT solution (50png) was added into wells and incubated at 37°C
for 4h. After the incubation, the medium was removed and DMSO (150ul) was added
to dissolve the crystals. Absorbance was measured at a wavelength of 490nm by using
a microplate reader. Cell viabilities (a) were normalized against DMSO vehicle control
samples and the half maximal inhibitory concentration (IC50) of cell viabilities (b) were
calculated by Prism Graphpad. Data are shown from an experiment that is
representative of three independent experiments. Statistical analysis was performed by
using the paired Student t-test. Statistically significant differences are indicated by the
asterisks: *, P<0.05; ** P<0.01; ***, P<0.001.
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4.2.9 Dmx1 and Dmx10 augment the inhibitory effects of Cisplatin on cell
colony-formation with DLD-1 and HCT116 cells

After observing the promotion of the inhibitory effects of Cisplatin on cell viability by
Dmx1 and Dmx10, we employed a colony formation assay to evaluate the influence of
the combined treatments on clonogenic capacities. For this assay, cells were plated in
6-well plate to generate single-cell-derived colonies. On day5, cells were pre-treated
with Dmx1 or Dmx10 (5uM) (DMSO as a vehicle control) for 1h. Cells were stimulated
with Cisplatin (10pg/ml) for 48h. Cell cultivation was terminated on day7. As before,
the results demonstrated that Cisplatin treatment decreased the number and size of
colonies and the treatment of cells with Dmx1 or Dmx10 alone had no effect on colony
formation. However, both Dmx1 and Dmx10 further augmented the inhibitory effects
of Cisplatin on colony formation with DLD-1 and HCT116 colorectal cancer cell lines

(Fig4.25).

4.2.10 Dmx1 and Dmx10 augment the inhibitory effect of Cisplatin on 3D
spheroid formation in DLD-1 and HCT116 cells

To further expand on the findings mentioned above, we aimed to investigate whether
the enhanced inhibitory effect of the combination treatment with Dmx1 or Dmx10 and
Cisplatin observed in the MTT assay and colony formation assay would translate to a
3D in vitro growth model. For this purpose, cells were plated in ultra-low attachment
U-bottom 96-well plate. On day3, cells were pre-treated with Dmx1 or Dmx10 (5uM)
(DMSO as a vehicle control) for 1h. Then cells were stimulated with the indicated
concentrations of Cisplatin. The diameters of the resulting spheroids were measured on
dayl and day5 using an Olympus EP50 camera. While treatment of cells with Dmx1
and Dmx 10 alone had no effect on spheroid formation and treatment with Cisplatin
decreased the size of spheroids, we discovered that Dmx1 and Dmx10 augmented the
inhibitory effect of Cisplatin on the growth of DLD-1 and HCT116 cell lines in the 3D
spheroid formation model. The spheroids formed with the combination treatment of
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Dmx1 or Dmx10 and Cisplatin exhibited smaller sizes compared to those treated with
Cisplatin alone (Fig4.26). These results collectively demonstrated that Dmx1 and
Dmx10 can enhance the inhibitory effect of Cisplatin on the growth of colorectal cancer

cell lines in an in vitro setting.
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Fig4.25 Dmx1 and Dmx10 augment the inhibitory effect of Cisplatin on cell colony
formation in DLD-1 and HCT116 cell lines.

DLD-1 and HCT116 cells (600cells/well) were plated in 6-well plates with 3ml medium
to generate single-cell derived colonies. On day$5, cells were pre-treated with Dmx1 or
Dmx10 (5uM) for 1h. Control cells were treated with DMSO vehicle. Cells were
stimulated with Cisplatin (10pg/ml) for 48h. Control cells were treated with PBS
vehicle. Cell cultivation was terminated on day 7 and colonies could be observed under
the inverted microscope. Thereafter, medium was removed and the colonies were fixed
in 2ml methanol and stained with 0.5% crystal violet. Eventually, the colonies number
in each wells were counted by using the OpenCFU software tool. Data are shown from
an experiment that is representative of three independent experiments. Statistical
analysis was performed by using the paired Student t-test. Statistically significant
differences are indicated by the asterisks: *** P<0.001.
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Fig4.26 Dmx1 and Dmx10 augment the inhibitory effects of Cisplatin on 3D
spheroid formation in DLD-1 and HCT116 cell lines.

DLD-1 and HCT116 cells (500cells/well) were plated in ultra-low attachment U-
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bottom 96-well plate with 200ul medium. On day3, cells were pre-treated with Dmx1
or Dmx10 (5uM) for 1h. Control cells were treated with DMSO vehicle. Then cells
were stimulated with Cisplatin (10pug/ml) for 48h. Control cells were treated with PBS
vehicle. Subsequently, the diameters of the generated spheroids were assessed on day
1, day 3, and day 5, utilizing an Olympus EP50 camera. Additionally, the spheroids
were visualized at 4X magnification using an Optika Vision Pro camera. Data are
shown from an experiment that is representative of three independent experiments.
Statistical analysis was performed by using the paired Student t-test. Statistically
significant differences are indicated by the asterisks: *, P<0.05; **, P<0.01; ***,
P<0.001.
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4.2.11 Dmx1 and Dmx10 enhance the Cisplatin-induced apoptosis of DLD-1 and
HCT116 cell lines

Subsequently, we conducted further investigations to explore the influence of Dmx1

and Dmx10 on Cisplatin-induced apoptosis. DLD-1 and HCT116 cell lines were pre-
treated with Dmx1 or Dmx10 (5uM) (DMSO as a vehicle control) for 1h and stimulated
with Cisplatin (20ug/ml) for 24h. Afterwards, cells were harvested, separated by trypsin,
stained with Annexin V and PI, and analyzed by a flow cytometer. Our findings revealed
that the addition of Dmx1 and Dmx10 significantly augmented Cisplatin-induced
apoptosis from 22.5% increase to 48% and 33.7% in DLD-1 cell line. And in HCT116
cell line, Cisplatin-induced apoptosis increased from 24.1% to 32.5% and 33.5% with
the combination of Dmx1 and Dmx10. However, treatment with Dmx1 or Dmx10 alone

did not affect apoptosis compared with the DMSO control (Fig4.27).
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Fig4.27 Dmx1 and Dmx10 enhance the Cisplatin-induced apoptosis in DLD-1 and

HCT116 cells

DLD-1 and HCT116 cells (4 x10°) were plated in 6-well plates with 3ml medium and
incubated overnight. Cells were pre-treated with Dmx1 or Dmx10 (5uM) for 1h.
Control cells were treated with DMSO vehicle. And then cells were treated with
Cisplatin (10pg/ml) for 24h. Control cells were treated with PBS vehicle. Cells were
harvested by trypsin treatment and then cells were twice washed with pre-cold PBS
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and once with Annexin binding buffer. Cells were resuspension with 1000ul Annexin
binding buftfer and aliquots cell suspensions (100ul) were transferred into a new
Eppendorf tube and 1x Annexin binding buffer (400ul), Annexin V-FITC (5ul,
90ug/ml) and PI (10ul, 1mg/ml) were added into the tube. The components were
mixed by pipetting multiple times and incubated at room temperature for 15min. Then
the cells were evaluated by flow cytometry (BD AccuriTM C6). At least 10,000 cells
were counted, single live cells were selected and the apoptosis rate and apoptosis
stage were determined by using Annexin V-FITC as the X-axis coordinate and PI as
the Y-axis coordinate. The unstained sample, Annexin V-FITC alone stain sample and
PI alone stain sample were used as controls to delineate the different intervals. Data
are shown from an experiment that is representative of three independent experiments.
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4.2.12 Dmx1 and Dmx10 augment the effect with Cisplatin on cell viability in a

PELI2 protein-dependent manner

Based on our intentional design of Dmx1 and Dmx10 to target Pellino protein, we
were keen to assess if their enhancement of the inhibitory effects of Cisplatin on cell
viability were dependent on the presence of PELI2 protein. To test this hypothesis, we
utilized two HCT116 cell lines with PELI2 knockdown, namely si-PELI2-A3 and si-
PELI2-B3 that were constructed by lentivirus with distinct ShRNA sequences
targeting PELI2. Parental and PELI2 knockdown cells were pre-treated with Dmx1 or
Dmx10 (5uM) (DMSO as a vehicle control) for 1h and then stimulated with indicated
concentrations of Cisplatin for 48h. MTT assay was performed to measure the cell
viability. Our results demonstrated that Dmx1 and Dmx10 significantly promoted the
inhibitory effect of Cisplatin on cell viability in the HCT116 cells infected with the
control non-targeting (NC) shRNA. However, this augmented effect of Dmx1 and
Dmx10 was partially attenuated in the si-PELI2-A3 and si-PELI2-B7 cell
lines(Fig4.28). These findings provide some evidences that the enhancement effects
of Dmx1 and Dmx10 on Cisplatin-induced cell viability is dependent on the presence

of the PELI2 protein.
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Fig4.27 Dmx1 and Dmx10 augment the effects of Cisplatin on cell viability in a

PELI2-dependent manner.

Non-silencing control cells (NC) and hPELI2 knockdown cells (A3 and B7) of
HCT116 cell line (8000cells/well) were plated in 6-well plates with 3ml medium and
incubated overnight. Cells were pre-treated with Dmx1 or Dmx10 (5uM) for 1h.
Control cells were treated with DMSO vehicle. And then cells were treated with
Cisplatin (10pg/ml) for 48h. Control cells were treated with PBS vehicle. Thereafter,
MTT solution (50png) was added into wells and incubated at 37°C for 4h. After the
incubation, medium was removed and DMSO (150ul) was added into wells to
dissolve the crystals. Absorbance was measured at a wavelength of 490nm by using
microplate reader. Cell viabilities were normalized against DMSO vehicle control
samples and the half maximal inhibitory concentration (IC50) of cell viabilities were
performed by Prism Graphpad. Data are shown from an experiment with
quadruplicates that is representative of three independent experiments. Statistical
analysis was performed by using the paired Student t-test and joint hypotheses test (F-
test). Statistically significant differences of t-test are indicated by the asterisks: ns,
P>0.05; *, P<0.05; **, P<0.01. And Statistically significant differences in F-test are
indicated by the asterisks: ###, P<0.001.
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4.3 Discussion

CRC is a prevalent malignancy with a considerable risk of recurrence and metastasis in
humans. Although surgical intervention is the primary therapy for colon cancer, a
significant proportion of patients eventually relapse and die due to metastatic disease.
Therefore, adjuvant therapies such as chemotherapy, radiotherapy, targeted therapy, and
immunotherapy have emerged as promising approaches to decrease recurrence and
improve survival rates. However, the development of resistance to these treatments and
their adverse effects on normal cells have limited their therapeutic efficacy and
ultimately leads to a poor prognosis (Wang et al. 2022). In particular, resistance to
Cisplatin, a highly effective chemotherapeutic drug with broad-spectrum antitumor
activity, has become a significant clinical challenge, especially in the treatment of colon
cancer. Despite its benefits, Cisplatin treatment also has limitations, largely due to its
adverse effects on normal cells. Therefore, there is an urgent need to identify novel and

effective molecular targets for the diagnosis and treatment of CRC.

Pellino family proteins (PELI1 and PELI2) have been reported to be closely associated
with oncogenesis and cancer development. However, there is no understanding of the

expression and functions of Pellino proteins in CRC.

In this study, we focused on hPELI2 protein, which has been verified as a positive
marker correlated with better prognosis in myeloma patients (Masuda et al. 2022).
PELI2”" mice exhibited increased tumor size and tumor loads in the AOM/DSS-induced
CRC model. We also demonstrated that hPELI2 mRNA expression level is down-
regulated in CRC tissues and cell lines. Further functional results suggested that hPELI2
inhibits cell growth by promoting cell apoptosis, which is achieved through the
regulation of the ubiquitination and degradation of Bcl-xL in CRC cell lines. This

represents a novel mechanism by which hPELI2 contributes to CRC development.

184



Based on RNAseq data from the TCGA database, we observed significantly lower
expression levels of hPELI2 mRNA in CRC tissue. To further validate this finding, we
examined its expression in 6 types of CRC cell lines. The results showed that compared
with normal colon epithelial cell lines, 5 types of CRC cell lines showed more than an
80% lower expression level of hPELI2 mRNA, except for the HCT116 cell line, which
showed a higher expression level. Subsequently, we found that overexpressing hPELI2
proteins in SW480 and DLD-1 cell lines led to inhibitory effects on cell growth in both
2D and 3D culture, while the opposite results were found in the HCT116 cell line with
silenced hPELI2 protein expression. Furthermore, we found that hPELI2 protein
inhibits the growth of CRC cell lines by promoting cell apoptosis. Additionally, hPELI2
protein expression level is positively correlated with the Cisplatin sensitivity of DLD-
1 and HCTI116 cell lines. Mechanistically, we found that hPELI2 promotes the
degradation of Bcl-xL by increasing its ubiquitination, leading to upregulation of
Caspase3 activation and ultimately resulting in higher sensitivity to Cisplatin-induced

cell apoptosis.

This study does have some limitations, as we observed no response in the SW620 and
HT?29 cell lines following alterations in hPELI2 expression levels. This lack of response
may be due to genetic and epigenetic variations between CRC cell lines. Therefore, it
is necessary to further investigate the differences in expression levels and mutation
statuses of apoptosis-related proteins or markers in these CRC cell lines to gain a more
comprehensive understanding of the role of hPELI2 in cell apoptosis. Additionally,
more research is needed to fully explore the underlying mechanisms through which

hPELI2 promotes apoptosis.

Our study also used a Cisplatin-induced apoptosis model to explore the potential
mechanisms underlying hPELI2's pro-apoptotic effects. Therefore, it would be of value
for future studies to expand our research to include other chemotherapeutic drugs or
compounds with different mechanisms to induce apoptosis to further corroborate our
findings.
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Cisplatin has been a prominent chemotherapy drug played a critical role in the treatment
of various cancer types for decades (Dasari and Tchounwou 2014). However, the
development of resistance to Cisplatin poses a significant challenge in clinical practice.
Therefore, maintaining or enhancing the sensitivity of cancer cells to Cisplatin is of
utmost importance to optimize its efficacy in chemotherapy. In our study, we present
novel findings that establish a positive correlation between the expression of hPELI2
protein and the sensitivity of colon cancer cells to Cisplatin. These results shed light on
potential avenues for future research aiming to elucidate the mechanisms underlying

the inhibition of Cisplatin resistance formation in colon cancer.

Moreover, while our findings confirm that hPELI2 enhances the Cisplatin-induced
ubiquitination and degradation of Bcl-xL, we also discovered that hPELI2 does not
directly interact with Bcl-xL. Hence, any effects of hPELI2 on Bcl-xL appears to be
indirect in nature and the exact mechanism by which hPELI2 promotes Bcl-xL
ubiquitination and subsequent degradation requires further investigation in future
studies. For instance, in vitro ubiquitination assays could be performed to determine
whether hPELI2 directly promotes Bcl-xL ubiquitination. Furthermore, we have only
examined the total ubiquitination of Bcl-xLL and have not assessed the differential
ubiquitination at distinct loci, The literature suggests that Bcl-xL may undergo Lys48-
ubiquitination as well as other specific types of ubiquitination, such as Lys20- and
Lys87-specific ubiquitination(Lv et al. 2021; Wu et al. 2018). Therefore, it is necessary
to conduct further investigations to determine the specific type of Bcl-xL protein

ubiquitination that is altered by the presence of the PELI2 protein.

PELI2 has been identified as an E3 ligase that plays a critical role in the TLR signaling
pathway. For instance, PELI2 has been shown to mediate the TLRO signaling pathway
in DC cells and is also a crucial factor for TLR/IL-1R-mediated post-transcriptional
control (Oleszycka et al. 2021). PELI2 can directly interact with IRAK1 to influence
its Lys63-ubiquitination (Kim et al. 2012). On the other hand, accumulating evidence
suggests that TLR signaling may be involved in oncogenesis and development of CRC.

186



Specifically, colon carcinogenesis is associated with increased expression levels of
TLR2 and TLR4 (Li, Ogino, and Qian 2014). Moreover, functional TLR2 and TLR4
polymorphisms can significantly alter the risk of developing CRC, while factors such
as smoking and obesity may also influence this risk in conjunction with genetic profiles
(L1, Ogino, and Qian 2014). TLR4 is expressed in human CRC cells and is functionally
active, playing a crucial role in promoting the immune escape of CRC cells by inducing
immunosuppressive factors and apoptosis resistance. High expression levels of TLR4
are associated with liver metastasis of CRC (Yesudhas et al. 2014). Additionally, it has
been reported that oligodeoxynucleotides targeting TLR9 have opposite effects in
modulating DNA repair genes in tumour cells compared to immune cells and enhance
the biological effects of chemotherapy (Sommariva et al. 2011). TLR9 expression was
decreased in hyperplastic and villous polyps from patients who developed CRC,
suggesting a possible protective role of TLR9 expression against malignant
transformation in the colorectal mucosa (Gao et al. 2018; Luo et al. 2020). Given this
evidence, it is possible that the expression and function of TLR proteins may be
involved in the inhibitory effects of PELI2 on CRC. Therefore, future studies that

further investigate this potential relationship would be of significant value.

In this study, we further investigated whether the small molecule compounds Dmx1 and
Dmx10, designed to mimic a region of the FHA-domain of PELI2 protein, could
enhance the anti-tumor effect of Cisplatin in colorectal cancer cell lines. We found that
the co-treatment of Cisplatin with Dmx1 or Dmx10 resulted in the ability of Cisplatin
to promote apoptosis in colorectal cancer cell lines and so reduce cell viability and cell
colony and 3D spheroid formation. It will be interesting for future studies to explore

the anti-tumorigenic potential of these novel molecules.

Our results showed that Dmx1 did not affect the cell viability of CRC cell lines at SuM
and 10uM which are the concentrations that could effectively inhibit the activation of
the NF-xB signaling pathway in BMDMs. However, treatment with 10uM Dmx10
resulted in a significant decrease in cell viability in all three CRC cell lines. Next, we
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examined whether co-treatment with Dmx1 or Dmx10 could enhance the sensitivity of
CRC cell lines to Cisplatin. Our data showed that both Dmx1 and Dmx10 significantly
increased the sensitivity of DLD-1 and HCT116 cell lines to Cisplatin with Cisplatin
being more potent and efficacious in the presence of Dmx1 and Dmx10. However, there
was no effect on the Cisplatin-resistant HT29 cell line. Additionally, we observed that
the combination of Dmx1 or Dmx10 with Cisplatin led to an increase in the inhibitory
effect of Cisplatin on colony formation ability and cell growth in 3D culture of CRC
cell lines, as well as an increase in Cisplatin-induced cell apoptosis. Furthermore, we
investigated whether the impact of Dmx1 and Dmx10 on Cisplatin sensitivity was
dependent on the presence of PELI2 protein. We found that the sensitization effect of
Dmx1 and Dmx10 on CRC cells to Cisplatin was PELI2-dependent, as demonstrated
by using PELI2 knockdown HCT116 cell lines.

At present, this topic is in its early stages and further studies are required to characterize
the potential therapeutic effects of these compounds. In the present study, we only tested
the impact of the Dmx1 and Dmx10 combination with Cisplatin in in vifro models. It
will be of interest for future studies to use pre-clinical models of CRC to characterize
the interplay of Dmx1 and Dmx10 with the anti-tumor effects of Cisplatin. More
specifically, this could be assessed by exploring the ability of Dmx1 and Dmx10 to
enhance the therapeutic efficacy of Cisplatin in a CRC cell line-derived xenograft

model, or an AOM/DSS-induced colon cancer model.

We also demonstrated that Dmx1 and Dmx10 enhance Cisplatin-induced apoptosis;
however, the underlying mechanisms remain to be investigated further. It is well
established that Cisplatin-induced apoptosis is mainly mediated through the activation
of the endogenous mitochondrial pathway. Therefore, the next step in any investigation
would be to determine the expression levels of various key anti-apoptotic and pro-
apoptotic proteins that play a critical role in this pathway. Future studies can also
explore the activation of other signaling pathways that regulate apoptosis to provide
further insight into how Dmx1 and Dmx10 promote Cisplatin-induced apoptosis. In
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addition, it is worth noting that apoptosis is not the sole mode of cell death induced by
Cisplatin. Necroptosis and autophagy have also been reported to be triggered by
Cisplatin (Alassaf and Attia 2023; Xu et al. 2015; Xu et al. 2017). Therefore, in addition
to investigating the impact of Dmx1 and Dmx10 on Cisplatin-induced apoptosis, future
studies should determine if the combination of Dmx1 or Dmx10 and Cisplatin can
promote other forms of cell death caused by Cisplatin, including necroptosis and

autophagy.

Furthermore, our findings demonstrated that Dmx1 and Dmx10 synergistically
enhanced the inhibitory effect of Cisplatin on the colony forming ability and 3D growth
of CRC cell lines. However, it is important to note that the NF-kB and MAPK signaling
pathways, which are pivotal in colon cancer cell growth and resistance to chemotherapy
drugs, are activated by Cisplatin (Achkar et al. 2018; Yang et al. 2020). Hence, it would
be important to investigate whether the combination of Dmx1 or Dmx 10 with Cisplatin
can influence the activation status of these signaling pathways. Further studies are
warranted to comprehensively elucidate the mechanisms underlying the synergistic

effect of these compounds and Cisplatin in suppressing CRC cell lines growth.

In conclusion, our study suggests that hPELI2 could be a novel biomarker and potential
therapeutic target for CRC treatment. We propose an underling mechanism in which
hPELI2 enhances the ubiquitination and degradation of the Bcl-xL protein. On the basis
of this, we also demonstrated that PELI2-targetting compounds Dmx1 and Dmx10 can
modestly enhance the inhibitory effects of Cisplatin on CRC cell lines by further

promoting cell apoptosis.

Our study sheds light on the potential application of these novel small molecule drugs
as sensitizers in combination with chemotherapy for CRC. By showing that Dmx1 and
Dmx10 can sensitize CRC cells to Cisplatin, our study provides a basis for further
exploring the potential of these drugs in clinical settings. Future studies can focus on

further elucidating the underlying molecular mechanisms by which Dmx1 and Dmx10
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promote Cisplatin-induced apoptosis, as well as investigating the potential of these
drugs in vivo models. Additionally, exploring the effect of the combination therapy on
other forms of cell death caused by Cisplatin, such as necroptosis and autophagy, may

provide a more comprehensive understanding of the potential benefits of this approach.
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Chapter 5: Concluding remarks

Ubiquitination is a post-translational modification process that involves the attachment
of a small protein called ubiquitin to target proteins. This process serves as a molecular
tag, directing the target proteins towards diverse cellular processes such as degradation,

signaling, protein transport, and DNA repair.

Pellino proteins are a family of E3 ubiquitin ligases consisting of Pellinol, Pellino2 and
Pellino3. Many studies have demonstrated that Pellino proteins play diverse regulatory
roles in immunity and cancer. Our present study focused on the role of Pellino2 in
inflammation and cancer models. Studies to date have used over-expression approaches
and knockdown approaches in cells, as well as Pellino-deficient mice to interrogate
Pellino function. Our research explores a pharmacological approach to target Pellino

proteins, especially Pellino2, for the first time.

Small molecule drugs are a class of therapeutic agents widely used in medicine,
characterized by their relatively low molecular weight and organic composition. These
drugs are specifically designed to interact with and modulate the activity of target
proteins, enzymes, receptors, or other biomolecules involved in disease pathways. By
binding to these specific targets, small molecule drugs can exert their effects by
enhancing or inhibiting their function, thereby influence the underlying processes
associated with the disease. Over the past few decades, small molecule drugs have made
significant contributions to the field of medicine by offering effective treatments for a

wide range of diseases. These diseases include infections caused by bacteria, viruses,
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fungi, various forms of cancer, cardiovascular disorders, neurological conditions, and

autoimmune diseases.

In this research, we utilized a ligand-based pharmacophore strategy to design drugs
aimed at Pellino proteins. The x-ray crystal structure of Pellino2 provided the necessary
protein structure information for our research. We developed a pharmacophore model
based on a specific peptide sequence derived from Pellino proteins. This model was
used to perform a virtual screening of a chemical compound library. Subsequently, we
identified potential lead compounds informed by the identified virtual hits from the
virtual screen and use these as parent molecules for further modification by medicinal
chemistry. As a result, we were able to highlight two small molecule compounds, Dmx1
and Dmx10 with novel composition of matter. These two compounds significantly
inhibit inflammatory responses by targeting and facilitating the degradation of IRAK1,
thereby down-regulating the NF-kB signaling pathway and suppressing the expression
of pro-inflammatory cytokines IL-1p, IL-6 and TNFa. The notable anti-inflammatory
effects of Dmx1 and Dmx10, which have been demonstrated in a dose-dependent
manner without inducing cytotoxicity, are also mediated in a Pellino2-dependent
manner. Our study represents an extension of the application of Pellino proteins in the
field of anti-inflammatory targets and serves as a foundation for future investigations

on the design of anti-inflammatory drugs targeting Pellino proteins.

This thesis forms the solid foundation for future research and development of these
compounds. At this stage, our laboratory will continue to undertake comprehensive
investigations on these compounds. Our current findings indicate that Dmx1 and
Dmx10 are both effective at micromolar concentrations considerably below the dose
that can effect cytotoxicity. However, we expect to be able to apply further medicinal
chemistry approaches to enhance their performance and ensure effectiveness at lower
concentrations and is so doing enhance their potency. Future studies will also
investigate their pharmacokinetic properties and characterize their Absorption,
Distribution, Metabolism and Excretion (ADME) features. My research has so far
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examined the inhibitory effect of Dmx10 in LPS-induced sepsis via intraperitoneal
injection in a mice model. Future studies will aim to investigate if these compounds can
exhibit similar anti-inflammatory effects when administered orally. Additionally, LPS
is only a single molecule derived from Gram-negative bacteria. It would be interesting
to extend our studies to assess whether these compounds can also manifest similar anti-
inflammatory effects in sepsis triggered by live bacteria. This investigation would
contribute to determining their clinical potential as therapeutic agents for sepsis.
Moreover, subsequent research could benefit from examining whether these
compounds can also demonstrate efficacy against complex inflammatory diseases such
as colitis. This is particularly relevant given that pro-inflammatory cytokines, such as
IL-1PB, IL-6, and TNFa, have been implicated in the pathogenesis of colitis, potentially

providing further avenues for the therapeutic application of these compounds.

Furthermore, our investigation shows that Pellino2 exhibits anti-tumor effects in CRC.
Our results indicated a frequent down-regulation of human Pellino2 mRNA in both
CRC patients and cell lines. Furthermore, we demonstrated that over-expression of
human Pellino2 protein has a significant inhibitory effect on the growth of CRC cell
lines by promoting cell apoptosis via targeting the ubiquitination and degradation of
Bcl-xL. Conversely, silencing the expression of human Pellino2 protein resulted in the
opposite effect. Similar results were also observed in vivo. Pellino2 -deficient mice
demonstrate a higher tumor load and burden in the AOM/DSS-induced CRC model.
These findings suggest that Pellino2 may have value as a potential therapeutic target in
the treatment of CRC. By extension, we also investigated the potential role of Dmx1
and Dmx10 in CRC. Although Dmx1 and Dmx10 alone did not consistently inhibit
CRC cell growth, we found that combining Dmx1 or Dmx10 with Cisplatin
significantly enhanced the sensitivity of CRC to Cisplatin. These effects are dependent
on the presence of Pellino2, indicating the potential of Dmx1 and Dmx10 as adjuvants
in CRC chemotherapy, opening new possibilities for improving the effectiveness of

established chemotherapeutic regimens.

193



In conclusion, this study suggests that Pellino2 may have dualist roles, contributing
both to inflammation and maintenance of intestinal homeostasis. The development of
small molecules targeting Pellino2, such as Dmx1 and Dmx10, presents promising
potential in the treatment of inflammatory diseases and cancer. Our investigation offers
evidence for the therapeutic potential of Dmx1 and Dmx10 on managing inflammatory
conditions as well as sensitizing colorectal cancer to chemotherapy. Our results offer
the initial steps toward innovation of anti-inflammatory and anticancer therapeutics
targeting Pellino proteins. Future research, driven by the findings of this study, will be

instrumental in exploring the broad therapeutic landscape that these compounds open

up.
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