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Summary

Multiple myeloma (MM) is an incurable haematological malignancy accounting for 300-350
cancer diagnoses in Ireland each year. Mainly a disease of the elderly, MM is most
prevalent in Western societies where aging populations are rising, and the likelihood of
MM is increasing. MM is an extremely arduous malignancy to treat due to the marked
clonal heterogeneity among patients. A better understanding of the pathophysiology of
MM and advancements in the development of novel therapeutics have allowed the
median survival of patients to increase from 3 to 6 years in the past decade. However,
despite the effectiveness of the first-line treatments, patients invariably relapse and
become refractory to treatment; therefore, novel therapeutics which target this incurable
cancer are still required.

The Janus kinase (JAK)/Signal transducer and activator of transcription 3 (STAT3) pathway
in MM can be both constitutively active due to autonomous mutations or activated by
growth and survival factors, such as interleukin-6 (IL-6), secreted by bone marrow stromal
cells (BMSCs) and other cells within the bone marrow microenvironment. Increasing
evidence has demonstrated that STAT3 is upregulated in MM and that STAT3 increases the
expression of genes involved proliferation, angiogenesis and evasion of apoptosis.
Consequently, STAT3 has emerged as a therapeutic target in various cancers including MM.
In the present study, the anti-MM activity of an optimised series of novel aryl-guanidinium
compounds were initially tested in a representative pair of MM cell lines, NCI-H929 and
U266B1, and a lead compound, VP79s, was identified. Results with VP79s compared very
favourably with those obtained with a panel of standard and emerging therapeutics used
to treat MM. In contrast to these therapeutic agents, VP79s equipotently reduced the
viability of a panel of myeloma cells with no resistance observed. Following on from this,
VP79s was found to induce apoptosis in NCI-H929 and U266B1 cell lines in a dose- and
time-dependent manner resulting in caspase 3 activation.

The RAS/RAF/MEK/ERK, JAK/STAT, PI3K/AKT and NFkB signalling pathways are known to
play a key role in the pathogenesis of MM. Examination of these pathways found that

VP79s rapidly inhibited both constitutively active and IL-6-induced STAT3 signalling in

v



U266B1 and NCI-H929 cells respectively. Examination of upstream mediators of STAT3
signalling suggested that VP79s may inhibit STAT3 via inhibition of JAK2 phosphorylation
and downregulation of the IL-6 receptors, CD126 and CD130. Analysis of downstream
STAT3 targets demonstrated a decrease in the expression levels of anti-apoptotic Bcl-2
family member, Mcl-1; inhibitor of apoptosis protein, survivin; and the cell cycle protein,
cyclin D1. In particular, treatment with VP79s resulted in a rapid time-dependent decrease
in Mcl-1, a critical survival factor in MM, suggesting that VP79s may be a promising anti-
MM therapeutic.

Examination of the translational capacity of VP79s demonstrated that VP79s was able to
enhance cell death induced by the proteasome inhibitor; bortezomib, a standard MM
treatment. VP79s was also found to induce minimal cytotoxicity of peripheral blood
mononuclear cells, T, B and Natural Killer cells from healthy donors at concentrations
which are lethal to MM cell lines suggesting selective anti-myeloma activity.

MM cells have an intricate relationship with the bone marrow microenvironment and in
particular with BMSCs. MM cells rely heavily on this relationship for growth, survival and
drug resistance in vivo and is mediated through the secretion of soluble factors, such as IL-
6, and adhesion of MM cells to BMSCs. In contrast to bortezomib, VP79s was shown to
overcome both soluble and adhesion mediated drug resistance when myeloma cells were
co-cultured with the stromal cell line HS5. Finally, VP79s significantly reduced the viability
of ex vivo MM patient samples in a dose-responsive manner suggesting its potential as an
anti-MM therapeutic.

In conclusion, a novel aryl-guanidium compound, VP79s, was identified as a lead
compound capable of inhibition of the STAT3 signalling pathway and inducing potent anti-
MM activity in MM cell lines and ex vivo patient samples. These data warrant further

translational and pre-clinical studies into the efficacy and mechanism of action of VP79s.
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Chapter 1:
Introduction



1.1. Multiple myeloma

Multiple myeloma (MM) is a haematological malignancy characterised by the
accumulation of malignant plasma cells in the bone marrow and the presence of
monoclonal immunoglobulins (Igs) in the urine and blood causing characteristic osteolytic
lesions, anaemia, renal failure, and hypercalcemia [1]. Usually affecting older populations,
the median age for diagnosis is 65 to 70 years, accounting for approximately 1% of all
cancers and 10% of all haematologic malignancies [2]. MM is an insidious disease which
evolves from the asymptomatic premalignant plasma cell MM dyscrasia stages;
monoclonal gammopathy of undetermined significance (MGUS) [3] and/or smouldering
multiple myeloma (SMM) [4]. The first known documented case of myeloma is thought to
be that of a 39-year-old woman, Sarah Newbury, in 1844 as described by Solly [5]. Since
then, the prevalence of MM in the population has been steadily rising with approximately

300 newly diagnosed cases in Ireland each year [6].

A better understanding of the pathophysiology of myeloma and advancements in the
development of novel treatments have seen patient survival steadily increase over the
past two decades, allowing the median survival of patients to increase from 3 to 6 years.
However, despite the effectiveness of the first-line treatments, patients invariably relapse
and become drug refractory; therefore, novel therapeutics which target this incurable
disease are still required. Indeed, ageing populations in Western societies indicate that the
incidence of MM is likely to double over the next 15 years, necessitating the pursuit of

novel anti-myeloma therapeutics [7].

1.1.1. Classification and staging

MM arises from premalignant proliferation of monoclonal plasma cells that are derived
from post—germinal-centre B cells [8]. Progression of an asymptomatic plasma cell
disorder involves a multistep transformation process: accumulating chromosomal
abnormalities, mutations, and epigenetic alterations leading to altered gene expression.

Unlike other haematological malignancies, MM is often preceded by an age-progressive



premalignant condition termed MGUS, progressing to SMM and, finally, progressing to
symptomatic MM (See Table 1.1). Currently, there are no reliable predictors for the
progression of MGUS to MM. In MM, patients display the pathological CRAB symptoms
(hypercalcaemia, renal insufficiency, anaemia and bone lesions) along with plasma cell

infiltration and increased monoclonal protein distinguishing MM from its precursor

counterparts [4].

Myeloma Plasma Cell
Leukaemia
>60% >10% plus

>20% circulating
plasma cells

Yes Yes
~ 1% per year ~ 10% per year N/A N/A
None None Yes Yes

Table 1. 1 Classification of Multiple Myeloma.

MM has two distinct premalignant stages, monoclonal gammopathy of undetermined significance
(MGUS) and smouldering multiple myeloma (SMM), distinguishable by the likelihood of progression
and percentage of clonal cells in the bone marrow. Once patients present with myeloma defining
events the malignant disease can diagnosed. Plasma cell leukaemia is an advanced stage of the
disease which has a higher percentage of circulating plasma cells. MM patients can advance to this
stage of the disease from MM or present with primary PCL. Adapted from Rajkumar, Am Soc Clin
Oncol Educ Book, 2016 [9].

1.1.1.1. Monoclonal gammopathy of undetermined significance

MGUS was first described by Kyle et al. after noting that asymptomatic patients with
increased levels of monoclonal protein had an increased risk of developing MM [10].

Monoclonal protein are monoclonal Igs produced by the plasma cells [11]. This is thought



to be the first pathogenic step in the progression to malignant myeloma. A 2009 study by
Landgren et al. on a cohort of 77,000 MM patients showed that almost all had previously
been diagnosed with MGUS [12], illustrating the correlation between MGUS diagnosis and
progression to MM. However, currently there are a lack of appropriate biological markers
to make definitive diagnostic predictions [4]. Progression of MGUS to MM is thought to

occur at a rate of 1% per year [13].

1.1.1.2. Smouldering multiple myeloma

SMM is thought to represent an intermediate stage between MGUS and MM; however, it
is distinguishable from MGUS with a much higher risk of progression to MM at 10% per
year (in the first 5 years). The development of SMM to MM is mainly characterised by the
progression from asymptomatic plasma cell dyscrasia to the presence of end-organ
damage attributed to the underlying plasma cell proliferative disorder [14]. In recent years
there have been major advances in the diagnosis, progression and management of SMM.
Recently, clinical trials have been exploring early prophylactic treatment for high-risk SMM
which may be of benefit to patients; however, thus far, no significant improvement in
overall survival was found with early therapy [15]. One trial assessing early treatment with
melphalan and prednisone versus treatment once MM had progressed in asymptomatic
patients demonstrated no difference in response rates or overall survival [16]. Some
evidence may suggest an improvement in overall patient survival; however, this has not

been conclusively proven [17].

1.1.1.3. Multiple myeloma

In MM, patients display the pathological CRAB symptoms along with plasma cell infiltration
and increased monoclonal protein distinguishing MM from its precursor counterparts. The
heterogenous nature of MM means that almost 25% of patients only survive up to 3 years
while their counterparts can survive up to 10 years with the disease. For this reason, the
development of a robust staging system was required to properly assess the disease

burden and to predict survival. Unlike staging in solid tumours such as lung and breast



cancer, once myeloma has been diagnosed it is systemic. Up to 2016, there were two main
staging systems: The International Staging System (ISS) and the Durie-Salmon Staging
System (DSS), until the development of the Revised International Staging System (RISS)
which amalgamated the two systems. RISS combines prognosis of high-risk cytogenetic
abnormalities ((Del(17p), translocation t(4;14), and translocation t(14;16)) and lactate
dehydrogenase (LDH)) with ISS score and gives a better differentiation of MM patients
into three survival subgroups, stages | to Ill [18, 19]. LDH levels give an indication of
tumour mass and high LDH is associated with a larger tumour burden (Table 1.2) [9, 18,

20].

RISS Staging Criteria Percentage of | Survival Rate
stage Myeloma (5 year)
Patients
Stage | e  ISS Stage | (Serum albumin 28 % 82 %
>3.5, Serum beta-2-
microglobulin <3.5) and
e No high-risk cytogenetics
e  Normal LDH
Stage Il e Not aligning to stage | or | 62 % 62 %
Stage |l criteria
Stage Il e 1SS Stage Il (Serum beta-2- 10 % 40 %
microglobulin >5.5) and
e  High risk cytogenetics
[t(4;14), t(14;16), or
del(17p)] and/or elevated
LDH

Table 1. 2 Staging in Multiple Myeloma

The Revised International Staging System (RISS) divides myeloma patients into three
survival subgroups based on criteria such as cytogenetic abnormalities and serum lactate

dehydrogenase (LDH) levels. Adapted from Palumbo et al., J Clin Oncol, 2015 [18].



1.1.1.4. Plasma cell leukaemia

PCL is a rare variant of MM which is characterised by the presence of circulating malignant
MM cells. It is subdivided into primary and secondary PCL: primary occurring at diagnosis
and secondary PCL in patients with refractory/relapsed MM. Diagnostic criteria includes >
20% circulating malignant plasma cells and a count greater than 2x10°/L plasma cells in
peripheral blood. The molecular basis of PCL is poorly understood although current
evidence suggests that it is cytogenetically different to typical MM. Thus far, the
heterogeneous and scarce nature of PCL means that little is known of the malignancy

except that it has a shorter refractory times and typically negative outcomes [21].

1.1.2. Progression to multiple myeloma and cytogenetic abnormalities

The cause of MM is unknown with no known hereditary genetic component or definitive
environmental risk factor making MM a highly heterogeneous disease. As previously
described, MM is preceded by largely asymptomatic precursors MGUS and SMM. Why
some individuals with MGUS and SMM can remain asymptomatic for decades while others
develop symptomatic MM is unknown, but the current and most plausible explanation is
the accumulation of aberrant genetic events in evolving patients. It is believed an initiating
hit is required to immortalise a plasma cell, followed by a series of genetic hits which lead
to the development of the myeloma clone (Figure 1.1). These aberrant events include
those that take place during normal B-cell development, as well as in the tumour
microenvironment such as loss of heterozygosity, gene amplification, mutations and
possibly epigenetic changes. This accumulation of anomalous events is thought to give rise
to MM. Until recently our knowledge of myeloma genetics was limited, however; with the
advancements of molecular techniques such as microarrays and next generation-
sequencing, our understanding of the biology and pathophysiology of MM has improved
vastly over the past decade [22].

There are two main types of cytogenetic abnormalities: primary and secondary. Primary
genetic events are thought to be the initial factor which drives the plasma cell into the

monoclonal premalignant stage known as MGUS. These primary genetic events include



translocations and hyperdiploidy which are usually mutually exclusive. Translocations
which affect the immunoglobulin heavy chain (IgH) locus, such as the t(11;14)
translocation, leads to the amplification of oncogenes. For example, the t(11;14)
translocation juxtaposes the cyclin D1 (CCND1) gene to the IgH gene leading to amplified
expression [23]. Cyclin D1 is a cell cycle protein which together with its cyclin-dependent
kinase (CDK) partner is responsible for transition to S phase, the actively replicating phase
of the cell cycle [24, 25]. While patients with hyperdiploidy present with trisomies of odd
numbered chromosomes (3, 5, 7, 9, 11, 15 and 17). The variety of secondary cytogenetic
abnormalities, such as the rearrangement of c-MYC, found in MM is much larger than
primary. Frequently MM patients present with one or more of these secondary genetic
events which include gains of chromosomes, secondary translocations, epigenetic events
and deletions. Monosomy of chromosome 13 or 13/del(13q) is an early genetic event in
MM development and is frequently found in approximately 50% of MGUS patients. Later
cytogenetic events include the deletions of chromosome 17p which is a high-risk indicator
of the progression of SMM to MM and duplication of chromosome 1g21 which has an
approximate incidence rate of 40% in SMM and MM suggesting that this gain plays a role

in disease progression [26].
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1.1.3. Diagnosis

As aforementioned, the distinction between MGUS, SMM and MM is the development of
end-organ damage associated with increased monoclonal plasma cells and monoclonal Igs.
Whilst MGUS and SMM are largely asymptomatic, the detection of monoclonal protein in
the blood and urine is most often the first indication of precursor plasma cell dyscrasia.
Proteins in the blood can be measured by serum protein electrophoresis (SPEP). The
presence of a monoclonal spike (or M spike) is an indicator of large amounts of monoclonal
Igs present in the serum of the patient. Tests such as serum immunofixation, and the
serum free light chain assay are also carried out to determine mAb presence. To be
diagnosed with MGUS patients must possess three simultaneous criteria as in line with the
International Myeloma Working Group standards: monoclonal protein of less than 3g per
decilitre, plasma cell infiltration of less than 10% and no signs of end-organ damage.
Similarly, SMM can be diagnosed by similar means; however, with higher cut off levels of
serum protein (>3 g per decilitre) and plasma cell infiltration (> 10 %) and no signs of end
organ damage.

Patients with MM present with clonal bone marrow plasma cells > 10 % and one or more
symptoms including back pain, fatigue, pallor, renal failure, proteinuria, lytic bone lesions
and increased susceptibility to respiratory infections. As with MGUS and SMM, SPEP will be
carried out to assess monoclonal protein accumulation whilst full blood counts assess
myeloma associated anaemia, hypercalcemia, creatinine, urea and nitrogen levels. Urinary
tests can also be carried out to assess the presence of antibody light chains which filter
through the kidneys known as Bence Jones proteins. If further tests are warranted bone
marrow aspiration may be carried out to assess plasma cell infiltration, as well as X-ray and
computed tomography (CT) scans for the presence of osteoporosis and lytic bone lesions.
At the time of initial diagnosis, fluorescent in situ hybridisation should be carried out to
detect high risk chromosomal abnormalities t(11;14), t(4;14), t(14;16), t(6;14), t(14;20),
trisomies, monosomies and del(17p) [27]. Following initial diagnosis of MM, the RISS
staging group will be applied based on the presence or absence of high risk chromosomal

abnormalities and serum LDH levels (Reviewed in [2, 27]).



1.2. Bone marrow microenvironment

Myeloma cells have an intricate relationship with the bone marrow microenvironment
(BMM) as myeloma cells rely on signals from the BMM in order to survive and proliferate.
Substantial study into the area of the bone marrow tumour microenvironment has
elucidated the important role that it plays in differentiation, migration, proliferation,
survival and drug resistance [28, 29]. Some key pathological effects are also caused by this
complex relationship including bone lesions and hypercalcemia. The BMM can be divided
into two main compartments: the cellular and non-cellular compartments. The cellular
compartment is comprised of haematopoietic and non-haematopoietic cells including
fibroblasts/bone marrow stromal cells (BMSC), endothelial cells (ECs), osteoclasts,
osteoblasts and immune cells such as macrophages, natural killer cells and T cells (Table
1.3). The non-cellular compartment is comprised of the extracellular matrix (ECM) and
liqguid milieu including cytokines, growth factors and chemokines (Table 1.4) [30]. MM
cells grow and multiply in the BMM, where they adhere to BMSCs and ECM proteins which
upregulate signalling pathways in both cell types. MM cells also home to the BMM which

allows the progression of the disease as it infiltrates new areas of the BMM [31, 32].

1.2.1. Cellular compartment

The cellular compartment is comprised of haematopoietic and non-haematopoietic cells.
These cells play a major role in drug resistance and MM cell proliferation (Table 1.3) [33,
34]. BMSCs are often considered to be one of the most important players in MM survival
and progression as interactions between adhesion molecules on the BMSCs and cytokines
produced by the BMSCs promote the proliferation of MM cells (Figure 1.2). MM cells bind
to BMSCs via adhesion molecules such as mucin-1 (MUC1) on MM cells and intracellular
adhesion molecule 1 (ICAM1) on BMSCs. This binding induces the activation of mitogen-
activated protein kinase (MAPK) and nuclear factor kappa B (NFkB) pathways in BMSCs. In
turn, this activation of NFkB upregulates transcription of adhesion molecules on myeloma
cells including, very-late antigen 4 (VLA4), lymphocyte function associated antigen 1 (LFA1)

and MUC1 and BMSC adhesion proteins, ICAM1 and vascular cell adhesion molecule 1
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(VCAML1) [35, 36]. Binding of BMSC to MM cells leads to interleukin-6 (IL-6) secretion from
BMSCs via activation of NFkB [35]. A recent study by Bar-Natan et al. has shown that
BMSCs protect MM cells from alkylating agents through the upregulation of MUC1. This
resistance was not due to cell-to-cell contact and was thought to be induced through
soluble factors secreted by the BMSCs, in particular, MUC1 expression was shown to be
mediated through IL-6-dependent upregulation of the Janus kinase (JAK)/signal transducer
and activator of transcription 3 (STAT3) pathway [37]. MM cells have been shown to
secrete vascular endothelial growth factor (VEGF) and tumour necrosis factor-alpha (TNF-
a) independently, however, MM-BMSC interactions have been shown to promote BMSCs
to secrete IL-6, VEGF, insulin growth factor-1 (IGF-1) and stromal cell-derived factor-1a
[38]. BMSC-MM interactions are also mediated through Notch signalling pathways which
leads to an induction of IL-6, VEGF and IGF-1 in both MM cells and BMSCs [39]. BMSC-MM
cell interactions have also been shown to modify the kinomic activity of MM cells causing
an upregulation in ERK (extracellular signal-regulated kinases) 1/2 and STAT3 creating a
more drug resistant cell type [40].

Osteoclasts are cells which break down bone by secreting hydrochloric acid. Under normal
physiological conditions there is a tightly regulated balance between bone reabsorption
and bone formation with osteoblasts, bone building cells, however, this balance is lost in
MM. This ultimately leads to the development of osteolytic lesions and increased calcium
levels in the blood, an indicator of active myeloma. Osteoclasts also produce pro-
angiogenic factors such as VEGF and osteopontin [41] which promotes the formation of
new vasculature and tumour cell growth. Osteoblasts may also have a pathogenic role in
MM. A study by Karadag et al. has shown that osteoblasts produce IL-6 when in co-culture

with myeloma cells, promoting the growth of MM cells [42](Reviewed in [43]).
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Bone Marrow Microenvironment | Interactions with Myeloma Cells
Microenvironment | Components

Cellular Bone Marrow Stromal | MM cells bind to BMSCs via adhesion molecules
Compartment Cells such as MUC1 on MM cells and ICAM1 on BMSCs.
This binding induces the activation of MAPK and
NFkB pathways in BMSCs. Activation of NFkB
upregulates adhesion molecules on MM cells
including, VLA4, LFA1 and MUC1 and BMSC
adhesion proteins ICAM1 and VCAML1.

Endothelial Cells In MM, ECs may play a role in bone remodelling,
cell adhesion, chemotaxis, angiogenesis,
resistance to apoptosis and cell-cycle regulation.

Osteoblasts Osteoblasts may have a pathogenic role in MM.
Dickkopf-related protein 1 produced by MM cells
suppresses differentiation of osteoblasts.

Osteoclasts Signals from MM cells such as IL-6, RANKL and IL-3
activate osteoclasts and induce osteoclastic
activity. Osteoclasts play a key role in the
pathogenesis of MM. Under normal physiological
conditions there is a tightly regulated balance
between bone reabsorption with osteoclasts and
bone formation with osteoblasts, however, this

balance is lost in MM.

Table 1. 3 Summary of important interactions between cellular components and MM cells in the
bone marrow microenvironment

1.2.2. Non-Cellular compartment

The non-cellular compartment is rich in cytokines, growth factors and chemokines which
maintain the MM cell population through upregulation of signalling pathways associated
with growth, survival and drug resistance. Cytokines found in the BMM are mainly pro-
inflammatory, a shift which promotes the growth of cancer cells while hindering anti-
tumour immune responses. [44].

One key cytokine involved in MM progression is IL-6. It is a pleiotropic cytokine with
multiple functions from acute immune response, haematopoiesis and inflammation [45].
In MM, the main sources of IL-6 are autocrine (MM-cell derived) or paracrine (BMM-

derived). Clinically, elevated IL-6 levels in MM patients is often associated with poor
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prognosis and reflect a highly proliferative cell population [46]. Frassanito et al. has shown
that autocrine IL-6 production in MM cells is indicative of a highly malignant phenotype as
IL-6 producing cells were resistant to both dexamethasone and spontaneous apoptosis,
whereas non-IL-6 producing cells were dexamethasone-sensitive [47]. Under normal
conditions, basal IL-6 expression is low, however, in the tumour microenvironment there is
a massive shift in IL-6 production. Amplified IL-6 levels also play a role in renal disease,
thrombocytosis, anaemia and bone reabsorption [48]. IL-6 leads to activation of the
JAK/STAT and RAS/RAF/MAPK pathways which play a role in MM growth and survival.
Upregulation of anti-apoptotic B cell lymphoma-2 (Bcl-2) members such as myeloid cell
leukaemia-1 (Mcl-1) and B-cell lymphoma-extra-large (Bcl-xL), is mediated through active
STAT3 which leads to protection from various therapeutics [29, 49, 50]. NFkB also plays a
critical role in cytokine and adhesion mediated IL-6 upregulation; NFkB is upregulated in
BMSC and MM cells through cytokines, such as IL-6 and VEGF, produced by both cell types.
Critically, IL-6 can also inhibit the anti-proliferative effects of CDK inhibitors p21 and p27
through the phosphatidylinositol 3 kinase (PI3K)/protein kinase B (AKT) pathway [51].

Multiple growth factors play a role in MM pathogenesis and progression including IGF-1
and VEGF [52]. Similarly, MM cell interaction with BMM derived growth factors play an
intrinsic role in MM cell survival through the upregulation of anti-apoptotic proteins and
proliferative signalling pathways. IGF-1 is a growth factor which has been shown to be
critically involved in solid and haematological malignancies [53]. Activation of the PI3K
pathway promotes cell survival through upregulation of Bcl-2 and Bcl-xL whilst
downregulating the pro-apoptotic Bcl-2 family member, Bim. VEGF is another well-known
key pro-angiogenic factor in cancer and MM. Tumours require nutrients and oxygen to
grow, therefore, they require a constant blood supply. VEGF increases angiogenesis
introducing new vasculature into the environment [54]. Increased levels of VEGF are
particularly prevalent in haematological malignancies [55], and in MM, amplified VEGF
levels and increased microvessel density is associated with poor prognosis [56]. VEGF is
produced by cells from the BMM and MM cells themselves, stimulated by other cytokines
and growth factors such as IL-6, transforming growth factor-B (TGF-B) and TNF-a. Several
studies have shown that VEGF enhances MM cell survival through the upregulation of
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anti-apoptotic proteins such as Mcl-1 and survivin [57] by activating the Rat Sarcoma

(RAS)/ Rapidly Accelerated Fibrosarcoma (RAF)/Mitogen Activated Protein Kinase Kinase

(MEK)/ERK pathway ([58], Reviewed in [43]). These cytokines activate the MAPK,

JAK/STAT and the PI3K/AKT pathways and their downstream targets in MM which will

ultimately lead to angiogenesis, bone lesions and drug resistance [59]. These oncogenic

signalling pathways will be discussed in more detail in section 1.3 below. IL-6 production in

turn increases VEGF production in MM cells creating a paracrine loop which optimises the

BMM for MM cell growth and survival [60] [56], thus, serving as a link between the BMM

and tumour progression.

Bone Marrow
Microenvironment

Microenvironment
Components

Interactions with Myeloma Cells

Non-Cellular
Compartment

Interleukin-6

IL-6 leads to activation of the JAK/STAT and
RAS/MAPK pathways which play a role in MM
growth and survival through upregulation of anti-
apoptotic proteins and inhibition of p21 and p27.

Vascular endothelial

Activation of VEGF receptor -1 and -2 leads to

growth factor proliferation, migration and differentiation of BMSC
and EC cells. It also promotes angiogenesis.

Transforming TGF-B inhibits proliferation and IL-2 responsiveness

growth factor beta in T lymphocytes. It also contributes to bone
destruction.

Insulin growth | IGF-1 is involved in the homing process of MM cells,

factor 1 upregulates anti-apoptotic proteins and stimulates

the production of VEGF.

Table 1. 4 Summary of important cytokines in the myeloma bone marrow microenvironment
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Figure 1. 2 Bone marrow stromal cell induced oncogenic signalling in myeloma.

Myeloma cells have an intricate relationship with the bone marrow microenvironment and in
particular, with bone marrow stromal cells (BMSC). When BMSCs bind to the myeloma cell via
adhesions molecules, this leads to the activation of signalling pathways within the BMSC. This in
turn leads to the secretion of cytokines and growth factors which leads to the activation of
oncogenic signalling pathways within the myeloma cell. Activation of these pathways lead to
enhanced drug-resistance, proliferation, cell cycle progression and migration. Image from Tefferi et

al., Harrison’s Principles of Internal Medicine, 2015 [61].
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1.3. Oncogenic signalling in multiple myeloma

As described in section 1.1.2., there are numerous frequently mutated genes in MM. The
absence of a single unifying genetic mutation makes treating this widely diverse disease
with a single drug or treatment unlikely. Recently, efforts into understanding frequently
dysregulated and oncogenic signalling pathways in MM are underway in the hope of
developing a more unified treatment strategy. MM cells multiply in bone marrow and rely
heavily on signals from both the cellular and non-cellular compartments of the BMM to
proliferate and survive through upregulation of signalling pathways such as the JAK/STAT,
PI3K/AKT, NFkB and RAS/RAF pathways. The collective effects of aberrant activation and

BMM induced activation leads to increased proliferation and resistance to apoptosis [62].

1.3.1. JAK/STAT pathway

The JAK/STAT pathway plays a critical role in immune regulation, haematopoiesis and cell
growth. Various cytokines and growth factors such as IL-6, interferon, VEGF and platelet
derived growth factor (PDGF) activate the pathway [63]. The signalling cascade is
composed of a cell surface receptor, a JAK and two STAT proteins. In the canonical
pathway, following engagement of IL-6 to the IL-6 receptor alpha (IL-6Ra or CD126) [64]
there is ligand-induced homo or hetero-dimerisation of signal transducing receptor
subunits and auto-phosphorylation of tyrosine residues on the JAKs. The JAKs are activated
which increases its kinase activity, resulting in phosphorylation of tyrosine residues on the
receptor creating binding sites for Src Homology-2 (SH-2) domains. The SH-2 domain on
STAT binds to these phosphorylated sites. Subsequently, these STATs are recruited to the
receptor where they are phosphorylated, homo or hetero-dimerise and translocate to the
nucleus where they modulate the expression of target genes by binding to promoter
regions [65, 66].

1.3.1.1. The IL-6 receptors

IL-6 signalling in MM is complex. IL-6 can activate JAK/STAT signalling in MM through two
different signalling pathways: The classical signalling pathway and the trans-signalling
pathway [67]. As aforementioned, the classical or canonical signalling pathway involves the

engagement of IL-6 with the IL-6Ra (CD126) on the cell surface. The IL-6Ra is a single
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membrane-spanning protein around 80 kDa. This complex recruit’s glycoprotein 130
(gp130, CD130 or IL-6 Receptor-Beta) to form a hexameric IL-6/IL-6Ra/gp130 complex
which initiates downstream signalling (Figure 1.3). Classical signalling is restricted to few
cell types, mainly immune cells and hepatocytes as the IL-6Ra is only expressed on these
cells. Conversely, trans-signalling is possible in all cell types due to the ubiquitous
expression of gp130 as a co-receptor for many other cytokines and growth factors. In
trans-signalling, IL-6 and a soluble form of the IL-6R known as sIL-6R form a complex and
bind with membrane bound gp130 to elicit signalling. sIL-6R can be produced by
alternative splicing of IL-6Ra messenger RNA (mRNA) and/or by the proteolytic shedding of
the IL-6Ra by the disintegrin and metalloproteinase domain-containing protein 17
(ADAM17) from cells which express IL-6Ra. Therefore, trans-signalling is possible in all cell
types that lack IL-6Ra but express gp130 (Reviewed in [68]).

Each pathway regulates distinct biological effects in cells. Classical signalling has been
shown to play an important role in immunological responses, haematopoiesis and
homeostasis while trans-signalling is thought to play an essential role in the tumour
microenvironment; controlling the recruitment of immune cells to the area. The key
element in both types of signalling is the presence of gp130, as engagement of gp130 is
essential in both classical and trans-signalling. The activation of gp130 is a major event in

controlling the proliferation and survival of MM cells [69].
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Figure 1. 3 Classical and trans signalling initiated by IL-6.

IL-6 binds to the IL6-Ra or sIL-6Ra forming a complex which associates with gp130 triggering its
dimerisation. This leads to consequent activation of the associated JAK kinases. The JAKs
phosphorylate specific tyrosine residues on the gp130 cytoplasmic tail, which in turn act as docking
sites for STAT3 src homology-2 domain, leading to JAK-mediated STAT3 phosphorylation. The STATS
then dimerise and translocate to the nucleus, where it regulates transcription of target genes.

Image from Camporeale et al., Frontiers in Bioscience, 2012 [70].
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1.3.1.2. JAKs

As previously discussed, IL-6 signalling via both the classical and trans-signalling pathways
involves engagement of gp130 which leads to gp130-associated activation of the JAKs. The
JAKs are a family of kinases which play an important role in cytokine signalling with
aberrant activation associated with autoimmune diseases and haematological
malignancies. In humans, four JAKs have been identified: JAK1, JAK2, JAK3 and TYK2. JAK1,
JAK2 and TYK2 (Tyrosine Kinase 2) are widely expressed across many cell types whilst JAK3
is mainly expressed on haematopoietic cell types [68].

Many cytokine receptors, such as the IL-6R, lack intrinsic kinase activity and therefore
depend on the JAKs which associate with the cytoplasmic tail of the receptor to potentiate
downstream signalling [71]. The tyrosine kinase domain of the JAK is located in the JAK
homology domain of the carboxyl-terminus. Formation of the IL-6/IL-6Ra/gp130 complex
results in full activation of associated JAKs by disruption of inhibitory controls. The JAKs
then go on to phosphorylate multiple sites on the cytoplasmic tail of gp130. These
phosphorylated sites act as docking sites for effector proteins involved in major myeloma
oncogenic signalling pathways, including the PI3K/AKT pathway, the RAS/RAF/MEK/ERK
pathways and the JAK/STAT3 pathway.

Mutations in all four JAKs have been associated with human pathologies [72]. Inactivation
of the JAKs is often associated with immune deficiencies whilst hyperactivation of JAK1,
JAK2 and TYK2 is associated with myeloproliferative disorders and blood cancers [72]. For
example, somatic activations in JAK1 are present in almost 20% of all adult T-cell acute
lymphoblastic leukaemia (T-cell ALL). Overexpression of JAK2 has also been implicated in
many haematological disorders. JAK2 overexpression can be caused by mutations such as a
point mutation where valine is substituted for phenylalanine at position 617 (V617F) in the
JAK Homology-2 domain of JAK2 which leads to constitutive tyrosine activation. However,
the V617F mutation, which is associated with many other myeloproliferative disorders
such as polycythaemia vera, is absent in MM [73-75], despite reports that up to 57% of
MM patients exhibit overexpression of JAK2 [76]. Considering the importance of activation

of the JAK2/STAT3 pathway in MM cell survival, activation of this pathway must occur
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through mechanisms other than JAK2 mutations, most likely through the BMM.
Regardless, the potent anti-MM activity of many JAK inhibitors is widely reported making

these kinases a promising target for the treatment of MM [77-79].

1.3.1.3. STATs

The STATs (1, 2, 3, 4, 5A, 5B and 6) are a seven-membered family of cytoplasmic proteins
which play a key role in cell fate. They relay signals from cell surface receptors to the
nucleus where they elicit their activity as transcription factors. Structurally STAT proteins
all contain an N-terminal domain, a coiled-coiled domain (CCD), a deoxyribonucleic acid
(DNA) binding domain, a linker domain, a SH-2 domain, and a C-terminal transactivation
domain (Figure 1.4) [80]. The core fragment contains the linker domain, CCD, DNA binding
domain and the SH-2 domain which all play an integral role in the transcriptional activity of
STAT3. Mounting evidence has demonstrated that aberrant activation of STAT3
contributes to tumourigenesis in both haematological cancers, such as MM and leukaemia,
and solid cancers such as breast and prostate cancers [81, 82]. It should also be noted that
constitutively active STAT5 has additionally been implicated in oncogenesis although in
terms of neoplastic cellular transformation STAT3 is more frequently involved in oncogenic
transformation [83, 84].

Inactive STAT3 exists as a monomer in the cytoplasm. Following phosphorylation of gp130
by the JAKs, the SH-2 domain of STAT3 binds to the phosphorylated tyrosine residues. The
active JAK enzymes then subsequently phosphorylate STAT3 at tyrosine 705 (Y705). This
phosphorylation results in head-to-tail dimerisation of STAT3 and translocation to the
nucleus where STAT3 carries out its function as a transcription factor. STAT3 binds to the
promotor regions of STAT3 responsive genes involved in cell survival, proliferation and
migration; such as cyclin D1, Mcl-1 and matrix metalloproteinase-1 (MMP-1) respectively
[85]. This induction of target genes by STAT3 is largely how STAT3 promotes the growth of
tumour cells. One key aspect is that STAT3 can induce a positive feedback loop through
binding to the IL-6 promotor region leading to the induction of IL-6 which, in turn, leads to

the upregulation of proteins associated with cell survival, proliferation, angiogenesis,
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metastasis and immune suppression [86]. Therefore, targeting the JAK/STAT3 pathway
may be a promising anti-myeloma target.

Dysregulated STAT3 signalling has been implicated in nearly all features of cancer biology.
Constitutive and induced activation of STAT3 signalling promotes initiation and progression
of cancers by driving proliferation, angiogenesis and invasion whilst inhibiting apoptosis
[87]. STAT3 modulates the expression of target genes such as survivin, cyclins and Bcl-2
proteins which play an integral role in cell proliferation and survival (Figure 1.5). This will
be discussed in more detail below. In particular, Mcl-1, an anti-apoptotic Bcl-2 family
member, plays a critical role in MM cell survival through both constitutive activation
through mutations and microenvironment-induced activation of STAT3 signalling [29],
making STAT3 a favourable target for MM and many other cancers [88].

In addition to canonical-STAT3 signalling, STAT3 activity can be modulated through
phosphorylation on alternate sites and acetylation. The STATs can be phosphorylated on
serine residues, however, much less frequently than tyrosine amino acids [89]. The role of
phosphorylation of STAT3 on serine 727 is unclear and its function may depend on the cell
type being investigated. Previously phosphorylation on this site has been shown to play a
role in enhancing the transcriptional activity of STAT3 in CLL however, conversely, serine
phosphorylation has also been shown to inhibit the transcriptional activity of STAT3
demonstrating the promiscuous nature of phosphorylation on this site. In CLL, STAT3 is
constitutively phosphorylated on serine 727 but not tyrosine 705 [90]. Serine
phosphorylated STAT3 in CLL has been found to translocate to the nucleus, bind to DNA
and activate transcription of STAT3 target genes [91]. Similarly, Sakaguchi et al. have
shown that serine 727 is phosphorylated in melanoma suggested that phosphorylation on
this site plays a role in the transcriptional activity of STAT3 and cell survival [92]. The
group also demonstrated that constitutive phosphorylation of serine was in part mediated
BRAF/MEK/ERK pathway [92]. Interestingly, RAS-dependent proliferation requires
phosphorylation of STAT3 on serine but not tyrosine. Activation of serine 727 by RAS has
been shown to potentiate RAS transformation as it leads to increased mitochondrial
respiration. Gough et al. have shown that mitochondrial STAT3 supports this
transformation by maintaining altered glycolytic and oxidative phosphorylation respiration,
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a hallmark of cancer [93]. In the mitochondria STAT3 influences respiration via its
interaction with electron transport chain components and phosphorylation on serine has
been shown to be essential for this process. The chaperone protein GRIM-19 promotes
incorporation of STAT3 into the electron transport chain complex. This inhibits the
localisation and transcriptional activity of STAT3 and has been demonstrated to lead to an
increase in reactive oxygen species (ROS) production and the induction of apoptosis [89].

In addition to phosphorylation, STAT3 has been shown to be acetylated on lysine 685.
Acetylation of STAT3 is mediated by the histone acetyltransferase p300 and this
modification has been shown to be essential for its transcriptional activity as its required

for the formation of stable dimers which translocate to the nucleus and bind DNA [94].
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Figure 1. 4 Structural homology of the STAT3 family.

The STATs (1, 2, 3, 4, 5A, 5B and 6) are a seven-member family of transcription factors. Structurally
STAT proteins all contain an N-terminal domain, a coiled-coiled domain (CCD), a deoxyribonucleic
acid (DNA) binding domain, a linker domain, an SH-2 domain, and a C-terminal transactivation

domain. Image from Nicholas et al., Breakthroughs in Melanoma Research, 2011 [95].
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1.3.1.4. Downstream targets of STAT3

STAT3 has multiple downstream targets such as cell cycle proteins, proinflammatory
cytokines, MMPs, growth factors and anti-apoptotic proteins (Figure 1.5). These
downstream targets all play a vital role in MM cell survival. Key proteins include survivin,
cyclin D1 and Mcl-1, as well as pro-survival growth factors and cytokines as previously
discussed. Mcl-1 will be discussed in detail in section 1.6.3 below.

Survivin is a member of the inhibitor of apoptosis protein (IAP) family which include NAIP,
clAP1, clAP2, XIAP, survivin, livin, apollon and ILP-2. They can mediate protein-protein
interactions and are thought to play a role in the inhibition of cysteine-aspartic protease
(caspase) cleavage and activation. Caspase proteases are known as the death executioners
in apoptosis. Consequentially, IAPs are also thought to play a critical role in regulation of
apoptosis. Previous studies have shown that IAPs are overexpressed in multiple
malignancies including small cell lung cancer, pancreatic cancer, breast cancer and MM
[96]. Survivin, the smallest member of the IAP family may also have implications in MM
[97]. It functions not only as an IAP but also as a component of the chromosome passenger
complex where it plays a role in mitotic checkpoint regulation. It has emerged as a target
in cancers due to its restricted expression in normal tissues but high expression in
malignancies [98]. Survivin is overexpressed in many MM cell lines and high expression of
survivin in patient samples is considered to indicate poor prognosis [97, 99]. Moreover,
constitutive or induced STAT3 signalling can lead to an upregulation in survivin gene
expression which may play a role in BMM induced drug resistance [100].

Another major downstream target of STAT3 in MM is cyclin D1. Cyclin D1 is the protein
product of the CCND1 gene and upregulation of cyclin D1 is an early and unifying event in
MM [101]. Cyclin D1 is an important regulator of the cell cycle, regulating G1 to S phase
progression in many cell types. The cell cycle is a highly controlled process, the activation
of which is controlled by CDKs and several checkpoint pathways. The function of these CDK
is regulated by cyclins and CDK inhibitors [102]. CDK4 and 6 bind to cyclin D1 forming an
active complex that promotes cell cycle progression by inactivating retinoblastoma protein

[103]. Perturbations in the cell cycle are a common feature of most cancers and in MM this
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deregulation is mainly caused by dysfunction of cyclin D and Inhibitors of CDK4 (INK4)
family of inhibitors [102, 104]. As previously discussed, the most common translocation in
MM is t(11;14), which results in the upregulation of cyclin D1 expression. Increased cyclin
D1 expression is not restricted to non-hyperdiploid MM as it also occurs in hyperdiploid
MM, likely caused by trisomic chromosome 11 [101, 105]. Studies have shown that STAT3
promotes proliferation of cells through direct association with the promotor of the CCND1
gene to induce cyclin D1 expression and enhance proliferation [104, 106, 107].

In addition, the transcription factor c-MYC and PIM kinases have been shown to lie
downstream of STAT3. Activation of the transcription factor c-MYC has been shown to play
an important role in myeloma [108]. c-MYC is thought to be expressed in 40% of cancers
and MYC family oncogenes, especially c-MYC, is associated with late MM disease
progression . Many cancer cells can develop an addiction to MYC and therefore may be a
promising therapeutic target in MM [109]. The Pim kinases are a small family of kinases
that are constitutively expressed in haematological malignancies and have been shown to
play a role in the development of drug resistance. Previous studies have demonstrated
that the Pim kinases lie downstream of STAT3 and that inhibition of STAT3 results in
downregulation of Pim2 [110]. Moreover, inhibition of the Pims by a pan pim kinase
inhibitor induced apoptotic cell death in MM cells suggesting its potential as a MM target
[111].

To summarise, STAT3 activation leads to the transcription of many genes involved in
tumour progression and survival. Key players involved in MM progression include cyclin

D1, the anti-apoptotic Bcl-2 family members, IL-6 and VEGF.
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Figure 1. 5 The role of downstream STAT3 targets in cancer development.

STAT3 has multiple downstream targets such as anti-apoptotic proteins, cytokines and adhesion
molecules which play a role in tumour growth, survival and metastasis. Targeting aberrant STAT3
signalling in cancer is therefore a promising target. From Siveen et al., Biochm Biophys Acta, 2014

[81].

1.3.2. Mitogen-activated protein kinase pathways

The MAPKs are a family of protein kinases with diverse biological functions from cell
differentiation, proliferation and survival to cell death. MAPKs link extracellular signals to
the intracellular machinery which controls these cellular processes. They are divided into
distinct groups in mammals, the most well studied being the RAS/RAF/MEK/ERK, p38 and

JNK pathways (Figure 1.6).

1.3.2.1. The RAS/RAF/MEK/ERK pathway

Activation of the RAS/RAF/MEK/ERK pathway in MM can be caused by autonomous
mutations and mediated by cytokines such as IL-6, IGF-1 and VEGF from the BMM. Ras

25



proto-oncogenes are frequently mutated in MM and other malignancies such as ovarian,
pancreatic, and lung cancers [112]. Ras proteins are encoded by three ubiquitously
expressed genes: HRAS, KRAS and NRAS. These proteins are GTPases that function as
molecular switches regulating pathways responsible for proliferation and cell survival.
Activation of this pathway contributes significantly to MM cell growth, survival,
angiogenesis and the development of drug resistance. In MM, KRAS and NRAS activating
mutations occur at a high frequency of up to 50% in newly diagnosed patients [113].
Evidence is emerging to suggest that patients with activating KRAS mutations have a much
poorer prognosis than those with the NRAS variant [114]. However, a more recent 2014
study by Mulligan et al. demonstrated that activating mutations of NRAS but not KRAS
significantly reduced MM cell sensitivity to bortezomib, highlighting the promiscuous
nature of mutant RAS variants [115]. One recurrent difference between MGUS and MM is
the frequency of RAS mutations, they tend to be much more common in MM and not in
MGUS which indicates that RAS mutations may play a role in the pathogenesis of MM and
disease progression [116]. Indeed, there appears to be a dominant mutation cluster in
RAS/RAF genes in MM highlighting this signalling pathway as a promising therapeutic
target. Since approximately 50% of newly diagnosed MM patients have mutations in NRAS,
KRAS and BRAF and the frequency of other mutated genes is much lower, targeting these
key signalling pathways as a therapeutic strategy against MM may be a more viable tactic
in treating such a genetically diverse disease [117, 118].

Currently, there are no drugs approved for the treatment of MM which target the
RAS/RAF/MEK/ERK pathway directly. Sorafenib, a multi-kinase inhibitor which targets
BRAF and VEGFR2 has shown promising effects against MM as a single agent and in
combination with anti-myeloma drugs warranting further studies [119, 120]. More
recently, preliminary studies testing vemurafenib, a BRAF inhibitor, in MM patients with
BRAFV60%F mutations have shown promising results. BRAF'®%% mutations can be seen in
around 4% of MM patients and are associated with an unusually aggressive clinical course
[121]. Trametinib, a MEK inhibitor has shown some promising anti-MM activity as both a

mono- and combination therapy with complete responses seen in some patients with
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activating MAPK mutations. However, despite these promising results in some patients, no

long-term responses were observed (Reviewed in [122]).

1.3.2.2. The c-Jun N-Terminal kinase Pathway

The c-Jun N-Terminal kinase (JNK) family, also known as stress-activated protein kinase
(SAPK) family, is comprised of three proteins; JNK1, JNK2 and JNK3. They control a diverse
range of cellular responses such as differentiation, cell death and survival [123]. JNK1 and
JNK2 are almost ubiquitously expressed in all tissues while JNK3 is confined to the brain,
heart and testes [124]. Similar to other MAPKs, they are activated by stimuli such as
growth factors, cytokines, chemicals and pathogens culminating in a phosphorylation
cascade. Like all MAPKs, JNKs are phosphorylated by MAP2Ks such as MKK4 and MKK?7,
MAP2Ks are in turn phosphorylated by upstream MAP3Ks such as the apoptosis signal-
regulating kinase family member, TAK1 (Figure 1.6). Following phosphorylation of JNK, this
kinase in turn phosphorylates and, thus, activates a number of proteins, including the
transcription factor activator protein-1 (AP-1) which forms via the dimerisation of a Jun
protein and a Fos protein [125].

The role of JNK in cancer and disease progression is under debate. One view point of JNK
hyperactivation being involved in tumourigenesis is supported by studies illustrating that
sustained JNK1 activation is associated with tumour formation in liver cancer [126].
Similarly, in MM, a study by Barbarulo et al. illustrated that JNK2 activation is associated
with enhanced cell survival [127]. Conversely, numerous studies have implicated JNK
signalling in tumour suppression. One murine study by She et al. demonstrated that JNK1
null mice had enhanced tumour formation in comparison to their wild type counterparts
[128]. This tumour suppressive function was further supported by studies which have
shown that JNK1/2 deficient mice have enhanced mammary tumour formation, driven in
part by decreased p53 expression [129]. The tumour suppressive function of JNK1
signalling is likely mediated through initiation of apoptosis through the intrinsic apoptotic
pathway [130]. These conflicting viewpoints indicate that the role of JNK activation may

be specific to the cancer or even cell type.
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1.3.2.3. The p38 MAP kinase pathway

Similar to the JNK signalling pathway, the p38 MAPK pathway plays a pivotal role in
multiple biological functions from development to cell death. Unlike the ERK pathway, the
p38 pathway is strongly activated by cytokines and extracellular stresses. p38 MAPK is
activated by upstream kinases MKK3, MKK6 and sometimes MKK4 kinase which are
capable of phosphorylating p38 on threonine and tyrosine residues concurrently. p38
regulates the transcription factors p53 and activating transcription factor 2 (ATF-2), as well
the protein kinases mitogen- and stress-activated protein kinase 1 (MSK1) and MAPK-
activated kinase 2 (MK2) [131]. There is evidence to suggest that p38 acts as a tumour-
suppressor through the inhibition of cell cycle progression and induction of apoptosis. In
addition, like JNK signalling, there is evidence to suggest that p38 activation may also have
oncogenic functions. The p38p isoform is thought to increase the activation of AP-1, whilst

the p38y and p386 isoforms have been shown to inhibit AP-1 transcription [132].
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Figure 1. 6 The MAP kinase signalling pathways.

The MAPKs are a family of protein kinases with diverse biological functions from cell differentiation,
proliferation and survival to cell death. MAPKs link extracellular signals to the intracellular
machinery which controls these cellular processes. They are divided into distinct groups in
mammals, the most well studied being the RAS/RAF/MEK/ERK, p38 and JNK pathways. The
RAS/RAF/MEK/ERK pathway traditionally plays a role in cell proliferation and differentiation whilst
the p38 and JNK pathways are more associated with cell death, however, the pathways can act in

an opposing manner depending on the cell type and the circumstances.

29



1.3.3. PI3K/AKT pathway

Studies have shown that multiple genes involved in the PI3K pathway are mutated in
cancer and, in particular, MM [133, 134]. PI3Ks are a large and complex family of lipid
kinases which phosphorylate the 3’-OH position of the inositol ring of inositol
phospholipids [135], producing 3 lipid products which bind to the pleckstrin homology
domains of proteins and control the activity and subcellular localisation of a wide variety of
signal transduction molecules. Under normal conditions the PI3K pathway is tightly
regulated through multiple mechanisms. There are three different classes of PI3K (1, Il and
1), as well as the different isoforms within each class. There is increasing evidence of the
importance of distinct roles for each of the three different classes. Oncogenic signalling is
mainly mediated through kinase activated group 1A of the class | PI3Ks. The PI3K pathway
is activated through ligands, such as IL-6 and IGF-1, binding a receptor tyrosine kinase
(RTK) on the plasma membrane. Following receptor-ligand binding a p85 regulatory
subunit binds to the p110 catalytic subunit, forming the p85-p110 complex which moves to
the cytoplasmic tail of the RTK receptor leading to activation of PI3K kinase. This results in
a conformational change and leads to the generation of PtdIns(3,4,5)P3 (PIP3), a second
messenger, which activates multiple downstream pathways through recruitment of
pleckstrin homology domain containing proteins, such as AKT (Figure 1.7) [135, 136]. AKT
activation leads to increased survival, proliferation and growth of tumour cells, and
possibly angiogenesis by signalling through epithelial cells [137]. In MM, deregulated
cytokines and growth factors such as IL-6 and IGF-1 activate this signalling pathway leading
to survival, migration and proliferation [51, 138, 139]. Mammalian target of rapamycin
(mTOR), a major survival checkpoint regulator downstream of AKT, has shown significant

anti-apoptotic activity in MM resulting in myeloma cell survival and proliferation [140].
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Figure 1. 7 The PI3K/AKT signalling pathway.

The PI3K pathway is activated through ligands such as IL-6 and IGF-1 binding a receptor tyrosine
kinase on the plasma membrane. Following receptor-ligand binding a p85 regulatory subunit binds
to the p110 catalytic subunit, forming the p85-p110 complex which moves to the cytoplasmic tail of
the RTK receptor leading to activation of PI3K kinase. This results in a conformational change and
leads to the generation of Ptdins(3,4,5)P3 (PIP3), a second messenger, which activates multiple
downstream pathways through recruitment of pleckstrin homology domain containing proteins
such as AKT. Mammalian target of rapamycin (mTOR), a major survival checkpoint regulator

downstream of AKT. Image from Adimonye et al., Oncotarget, 2018 [141].
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1.3.4. The Nuclear Factor Kappa B pathway

The NFkB family of transcription factors play a critical role in the proliferation and survival
of many malignancies including MM. NFkB is essential for proper cellular functions and
aberrant NFkB activation can lead to many autoimmune diseases, inflammatory conditions
and malignancies; therefore, inhibiting its activation is an important therapeutic strategy
[142]. The family is composed of NFkB1, NFkB2, RelA (p65), RelB and c-Rel which all share
a conserved N-terminal Rel homology domain. These transcription factors act dimerically
to modulate the function of biological processes through two pathways known as the
canonical and non-canonical pathways. The canonical pathway mainly coordinates
inflammatory signalling and is primarily known for defence against microorganisms. The
non-canonical NFkB pathway mainly mediates activation of p52/RelB dimer and
dysregulation is often associated with lymphoid malignancies (Figure 1.8) [143].

Mutations in the NFkB pathways are extremely common in haematological malignancies,
including MM. Mutations in several components of the NFkB pathway in MM have been
identified with around 17% of primary MM samples expressing mutations and 42% of all
MM cell lines. NFkB controls the expression of molecules, such as IL-6 and B cell activating
factor (BAFF) which are important for MM cell growth as previously discussed. BAFF and
NFkB can create a positive feedback loop leading to the activation of oncogenic signalling
pathways. Cell cycle proteins, such as cyclin D1, are also thought to be regulated by NFkB.
Another key role NFkB plays in MM pathogenesis is the process of angiogenesis which has
been shown to be partially regulated by NFkB as it can lead to the secretion of VEGF from
BMSCs. As previously discussed, NFkB plays a key role in BMM induced resistance in MM
and this, combined with the frequency of mutations, makes this pathway an interesting

target (Reviewed in [144]).
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Figure 1. 8 Nuclear Factor Kappa B signalling pathway.

The NFkB family of transcription factors act dimerically to modulate the function of biological
processes through two pathways known as the canonical and non-canonical pathways. The
canonical pathway coordinates inflammatory signalling mainly and is primarily known for defence
against microorganisms. The non-canonical NFkB pathway mainly mediates activation of p52/RelB
dimer and dysregulation is often associated with lymphoid malignancies and adaptive immunity.

Image from Rinkenbaugh et al., Cells, 2016 [145].
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1.4. Current treatments for multiple myeloma

Although MM is currently considered a single malignancy, it is in fact, a collection of
several different plasma cell malignancies characterised by marked cytogenetic,
proliferative and molecular heterogeneity [146, 147]. As a result, treatment of the disease
has changed dramatically over the past two decades with the introduction of new drugs
and drug combinations for the treatment of both newly diagnosed and relapsed myeloma.
Historically, MM was treated with alkylating agents, such as melphalan, in combination
with corticosteroids, such as prednisone (MP), which achieved a median survival of 2 to 3
years. The introduction of autologous haematopoietic stem cell transplant (ASCT) with
high-dose chemotherapy in the 1990s, demonstrated a marked increase in overall survival
at a median of 5 years [148]. However, with the approval of new drugs and therapeutic
strategies over the past decade there has been an almost 3-fold improvement in the
median overall survival rate which now approaches 6-10 years [149]. Current treatments
regimens for newly diagnosed MM patients include a doublet or triplet combination such
as lenalidomide, dexamethasone and bortezomib followed by ASCT or maintenance
therapy for ASCT-ineligible patients [150]. Eligibility for ASCT is based upon a number of
factors including age, co-morbidities and disease related factors such as the presence of
certain cytogenetic abnormalities [151]. These patients are categorised as “fit” or “unfit”.
“Fit” patients receive full-dose therapy, whilst “unfit” patients receive a reduced-dose
treatment. Patients younger than 65 years with no co-morbidities often receive ASCT with
high-dose therapy whilst those older than 65 years do not, however, these criteria are
guidelines and individual “fitness” varies from patient to patient with different therapeutic
approaches adopted based on the patient [152].

Several new drugs have been approved over the past 10 years, such as third generation
immunomodulatory agents (IMiDs), pomalidomide and lenolidamide, the second
generation proteasome inhibitors , carfilzomib and ixazomib, the histone deacetylase
inhibitor (HDACI), panobinostat and two mAbs, elotuzumab and daratumumab, and as a
result, there are now 6 different classes of agents that can be used in combination to treat

this heterogeneous malignancy (Table 1.5) [153]. A focus on novel immunomodulatory
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agents, and drugs which target MM in the context of the BMM, have transformed the
treatment archetype and have vastly improved patient survival overall. Yet, as previously
described, even patients with excellent responses to front-line treatments frequently, if
not always, relapse requiring further treatment. This strengthens the pursuit of novel

drugs which can improve patient outcomes.

Disease Stage Drug Regimens

Front-line e Bortezomib/melphalan/prednisone (VMP)

e Lenalidomide/low-dose dexamethasone (Rd)

e Melphalan/prednisone/thalidomide (MPT)

e Bortezomib/cyclophosphamide/dexamethasone
(vVCD)

e Bortezomib/thalidomide/dexamethasone (VTD)

e Bortezomib/lenalidomide/dexamethasone (VRD)

Relapsed and Refractory e Carfilzomib/lenalidomide/dexamethasone (KRD)

Bortezomib/dexamethasone/panobinostat (VD-
Pano)

Carfilzomib/dexamethasone (Kd)
Lenalidomide/dexamethasone/elotuzuman (Rd-Elo)
Lenalidomide/dexamethasone/ixazomib (IRd)
Bortezomib/dexamethasone/daratumumab (DVd)
e Lenalidomide/dexamethasone/daratumumab (DRd)

Table 1. 5 Current Treatments for primary and relapsed/refractory myeloma

Adapted from Moreau, Blood 2017 [2]

1.4.1. Proteasome inhibitors

Proteasome inhibition first emerged as a promising therapeutic strategy against MM after
the first phase 1 clinical trials of the first-in-class proteasome inhibitor, bortezomib, in the
early 2000s [154]. Since these promising preclinical trials, proteasome inhibitors have
become a pivotal anti-myeloma therapy. Undeniably, bortezomib and, more recently,
second generation inhibitors, carfilzomib and ixazomib, have contributed substantially to

the observed improvement in overall survival of MM patients over the past 15 years [155].
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Although, bortezomib was primarily approved as a single agent, it is most commonly used
in combination with other drugs as previously described.

The ubiquitin-proteasome pathway (UPP) plays an essential role in maintaining cellular
homeostasis. This is a normal cellular process and it is responsible for degradation of
regulatory proteins in cells, including proteins involved in cell-cycle progression, DNA
repair and apoptosis making it an important anticancer target [156]. The UPP also plays an
important role in the removal of damaged and defective proteins. The 26S proteasome is
made up of two sub-complexes: a catalytic core particle (20S proteasome) and two
terminal 19S regulatory particles that serve as a proteasome activator [157]. Proteins that
are destined to be degraded by the proteasome are recognised by the 19S cap and are
directed to the 20S core where proteolytic cleavage of the proteins takes place. Disruption
of proteasome activity leads to an increase of regulatory proteins within the cell. This
accumulation of incompatible proteins within the cell leads to induction of an apoptotic
cascade [158]. In some cancers, such as MM, proteasomal activity can be increased,
possibly due to aberrancies in the UPP which may lead to the degradation of pro-apoptotic
proteins thus inhibiting the induction of apoptosis. MM cells are particularly susceptible to
proteasome inhibition as they over-produce defective proteins which need to be degraded
by the proteasome, and they up-regulate signalling pathways dependent on the 26S
proteasome [159]. Bortezomib, a boronate, targets chymotrypsin and caspase-like sites of
the 20S core inhibiting the proteasome and inducing apoptosis through multiple
mechanisms [160]. Bortezomib has also been shown to directly induce apoptosis through
modulation of NFkB activity and by blocking IL-6 signalling. This leads to the suppression of
downstream survival and pro-angiogenic signalling pathways, in both MM cells and in cells
of the BM microenvironment, through caspase-dependent downregulation of gp130 [161].
Additionally, the endoplasmic reticulum (ER) stress response is also thought to be triggered
by bortezomib in MM cells which is an important mechanistic action due to the production

of Ig by myeloma cells [162].
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Figure 1. 9 Chemical structure of the proteasome inhibitor bortezomib.

Structure of bortezomib, Image from PubChem, 2019 [163].

1.4.2. Alkylating agents

Alkylating agents such as melphalan and cyclophosphamide, are the most widely used anti-
cancer drugs and have been used in the treatment of MM for decades due to their broad
anti-tumour activity [164]. These agents attach an alkyl group to the guanine base of DNA,
most frequently at position N7. The exact mechanism of action of these widely-acting
alkylating agents is unclear but it is thought that since cancer cells replicate at a much
higher rate than non-cancerous cells, alkylating agents will target these rapidly
proliferative cells [165]. Once melphalan is administered, efforts by the cell to replicate or
repair DNA damage cause the formation of double-stand breaks or single-strand gaps in
the DNA. These lesions can lead to chromosomal abnormalities and breakage during
mitosis. The subsequent DNA damage caused by the lesions may trigger apoptosis or other
mechanisms of cell death. With more drugs becoming frequently available to treat MM,
clinicians are less likely to treat newly diagnosed patients with alkylating agents due to
their non-specific activity and harsh side effects unless they are unsuitable for ASCT. If
patients are suitable for ASCT, melphalan is often used in preparative regimens due to its
ability to destroy the bone marrow and to exhibit immunosuppressive effects (Reviewed in

[166]).
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Figure 1. 10 Structure of melphalan.

Chemical structure of melphalan.
Image from Powar et al., Indian Jour Ed and Research, 2019 [167].

1.4.3. Corticosteroids

Glucocorticoids (GC) are steroid hormones that are produced by the adrenal glands [168].
Synthetic steroidal GCs, such as dexamethasone and prednisone, have been used in
medicine for their immunosuppressive and antiproliferative effects for decades, despite
this, their precise mechanism of action is unknown [169]. GCs such as dexamethasone
have been shown to induce apoptosis in many haematological cancers, including
lymphomas and MM, and hormone responsive cancers such as breast and prostate,
becoming a staple in many treatment regimens [170]. How GCs elicit their antiproliferative
effects is still unclear; however, there are two main proposed mechanisms. The first
mechanism proposes that GCs induce the apoptotic cascade via activation of transcription
of death specific genes. The second mechanism proposes that apoptosis is mediated via
downregulation of proinflammatory cytokines or survival genes, which occurs via inhibition
of transcription [171]. While both mechanisms are plausible, evidence is mounting towards
the latter mechanism in which dexamethasone induces apoptosis with direct interaction
between the GC receptor and NFkB and AP-1 being the most likely causative events for GC

induced apoptosis [171].
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Figure 1. 11 Structure of dexamethasone.

Chemical structure of dexamethasone. Image from Duarte et al., European Polymer Journal, 2009

[172].

1.4.4. Immunomodulatory agents

The development and introduction of IMiDs such as thalidomide, pomalidomide and
lenalidomide, for the treatment of MM has contributed greatly to the improvement in
patient outcomes [173]. Controversially, thalidomide was the first IMiD approved for use in
MM due to its anti-angiogenic capabilities. Following the pioneering work of Judah
Folkman and Robert D’Amato into angiogenesis, a study by Singhal et al,, illustrated that
thalidomide could induce marked cell death in refractory MM patients who had become
resistant to other chemotherapies, paving the way for the approval of thalidomide in MM
treatment in 2006 [174]. The thalidomide analogues, lenalidomide and pomalidomide,
were developed as safer and more potent alternatives to thalidomide. IMiDs are thought
to elicit multiple anti-tumour effects in MM including the induction of apoptosis and cell
cycle arrest. IMiDs bind to the cereblon E3 ubiquitin ligase complex, resulting in the
ubiquitination, and subsequent degradation, of transcription factors such as the lkaros
family member, IKZF1. IKZF1 has been shown to be important for B cell development [175].
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IMiDs also disrupt MM-BMM interactions through the modulation of anti-angiogenic and
anti-inflammatory cytokines and adhesion molecules. They are thought to inhibit BMSC
production of cytokines, such as IL-6 and TNF-a, and growth factors such as VEGF and basic
fibroblast growth factor which inhibit myeloma cell proliferation and angiogenesis. IMiDs
are also thought to act as co-stimulatory molecules of T cell activation inducing
proliferation, cytokine production and cytotoxic responses in CD8+ cytotoxic T cells. The
activated T cells produce natural killer cell activating cytokines, such as IL-2 and interferon-
gamma. The activated NK cells go on to kill the MM cells through cytolytic granule

mediated apoptosis and/or antibody dependent cellular cytotoxicity (ADCC) [176].
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Figure 1. 12 Chemical structure of lenalidomide.

Image from Saxema et al., INDO American Journal of Pharmaceutical Research, 2017 [177].

1.4.5. Histone deacetylase inhibitors

DNA methylation and histone modifications are the primary epigenetic changes that can
drive oncogenesis in cells. These epigenetic modifications are post-translational
adaptations which are thought to alter gene expression whilst not having an impact on the
genetic sequence. Acetylation is generally associated with elevated transcription, while
deacetylated histones are often associated with gene repression and this
acetylation/deacetylation is controlled by histone acetyltransferases and histone
deacetylases [178, 179]. Studies by Choudhary et al. have shown that HDACs target not
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only histones but also target non-histone proteins; therefore, HDAC inhibitors have
emerged as a potential treatment approach for MM as they can hyperacetylate MM-
relevant proteins including p53, STAT3 and the NFkB subunit RelA [180]. Subsequently,
two HDACIs, panobinostat and vorinostat, have been approved for use in MM [181].
These HDACIs inhibit MM cell proliferation and survival by numerous mechanisms. Non-
specific HDACIs induce cell cycle arrest through the upregulation of cell cycle proteins
such as p53 and p21. Apoptotic and non-apoptotic cell death mechanisms can also be
induced by HDACIs. Apoptosis has been shown to be induced through intrinsic and
extrinsic pathways by upregulating pro-apoptotic proteins, like phorbol-12-myristate-13-
acetate-induced protein 1 (Noxa) and downregulating anti-apoptotic Bcl-2 family
members, like Mcl-1 and Bcl-2 [182], whilst also upregulating death receptor expression
making the MM cells more susceptible to TNF-related apoptosis inducing ligand (TRAIL)-
induced killing. Vorinostat has also been shown to suppress insulin growth factor-1

signalling which is vital for MM cell growth and survival [183, 184].
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Figure 1. 13 Structure of panobinostat.

Chemical structure of the histone deacetylase inhibitor panobinostat. Image from, PubChem,

2020 [185].
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1.4.6. Monoclonal antibodies

Two mAbs have recently been approved for use in relapsed MM, elotuzumab and
daratumumab [186]. Daratumumab is a monoclonal 1gG-k antibody which binds to the
glycoprotein, CD38, on the surface of the myeloma cells. The main anti-myeloma activity of
daratumumab is ADCC via NK cells and complement-dependent cytotoxicity
(CDC); however, daratumumab has been shown to induce apoptosis directly, suggesting an
alternative mechanism of action is the induction of apoptosis via Fc receptor (FcR)-
mediated crosslinking. Cell death through antibody-dependent cellular phagocytosis
(ADCP), which is mediated by macrophages, is also thought to be induced by daratuzumab
[186, 187]. The glycoprotein CD38 has both cyclase and hydrolase enzymatic activity.
Daratuzumab has been shown to inhibit the cyclase activity of CD38 in vitro and to
stimulate the activity of CD38 to hydrolyse cyclic ADP-ribose [188]. Similarly, elotuzumab
induces cell death in MM cells through multiple mechanisms. Elotuzumab binds to
signalling lymphocytic activation molecule F7 (SLAMF7) on malignant MM cells. The
primary action of the mAb is thought to be the induction of ADCC, via formation of a
complex with CD16 and activation of the adaptor protein, Ewing’s sarcoma-associated

transcript 2 (EAT-2), on the surface of NK cells [187].
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Figure 1. 14 Mechanism of action of daratumumab.

The main anti-myeloma activity of daratumumab is antibody dependent cellular cytotoxicity and
complement dependent cytotoxicity however, daratumumab has been shown to induce apoptosis
suggesting another mechanism of action is the induction of apoptosis via FcR-mediated
crosslinking. Cell death through antibody dependent cellular phagocytosis which is mediated by
macrophages is also thought to be induced by daratuzumab. Daratuzumab has also been shown to

have some enzymatic activity. Image from van de Donk et al., Inmunol Rev, 2016 [188].
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1.5. Multidrug resistance

Despite advances in the understanding of MM and the development of novel treatment
strategies MM remains a general