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Abstract

Multiple myeloma is an incurable malignancy of terminally differentiatexeBs¢ also
known as plasma cells. These malignant cells are extremely reliant on the bone
marrow migoenvironment for their growth and survival, as well as their acquired
ability to resist therapeutic intervention. Consequently, maintaining primary myeloma
cellsin vitroremains a challenge. Patients suffering from this incurable disease often
develop oseolytic lesions, due to an imbalance between osteoblasts and osteoclasts,
which cause bone pain and a high frequency of fractures. This projeeti&increate

a physiologically relevam vitro model of myelomaincorporaing an osteoclast
microenvironment. Osteoclasts normally work in concert with osteoblasts during bone
remodelling. In myeloma their activity predominates and is intrinsic to disease
progression. It is now clear that osteoclasts also contribute to the sumivaleloma
cells but the precise mechanism(s) for this remain unresolVid.first aim of this
research was taevelop and characterise an vitro osteoclastic model using the
myelo-monocytic U937 cell line. Treatment with 100nM PMA and 10nR5(OH)Ds
causel these cells to merge and form mutiucleated, TRAP positive and RANK
positive cellsvith bone resorbing capabilitie€ulturing two different myeloma cell
lines, H929 andJN3in coculture with these osteoclastlike cellsfor a period of 48
hoursresulted in the preferentiaéxpansion of a small subpopulation of myeloma cells
that were CD138". RNAsequencing was performed aell sortedCD138"9" and
CD138™, whichrevealed substantialifferencesin the transcriptoms of CD138™
andCD138"" cells.Comparative analysisferred an activation osignalling

pathways relating to adhesion, migration and survinaCD138™cells Phenotypic
analysis showed that CD1%88cellshad significantly higher expressiofiadhesion
markers CXCR4, @) CD45and CD49¢ethe angiogenesis inducer CX@h8 the
activation marketCD69 (p0.05) in both cell lines as a result ofcalture with
differentiated U937 osteocladike cells FunctionallyCD138™ had greater migratory
capacity andncreasedchemoresistancéo bortezomib in comparison with CD138"
cells.These dataouldimply arole for CD138™ myeloma cells in disease propagation
in boththe pre and posttreatment settings As a result,ltiis model could provide a

good foundation for future studiesrothe influence of thebone marrow

microenvironment on resistance mechanismsnyeloma.
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Chapter 1: Introduction

CHAPTER Ihtroduction

1.1. Multiple Myeloma

The first clinical account of multiple myeloma was reporbydDr Samuel Solly in

1844'. Myeloma is now recognised as the second most common haematological
malignancy diagnosed in the Western Wérld isdefined by the accumulation and

clonal expansion of terminally differentiated CD13B838 B-lymphocytes; known as
plasma cellg in the bone marrow microenvironmeftMyeloma is characterised by

the excessive secretion of dysfunctional monoclonal immunoglobulin, commonly
known as paragtein. In turn, this characteristic can be utilised in the detection,
diagnosis and podteatment monitoring of multiple myeloma and its associated fion
malignant precursor condition, monoclonal gammopathy of undetermined significance
(MGUS). Myeloma clicelly manifests in endrgan damage that leads to renal
impairment, hypercalcaemia, anaemracurrent infections and the formation of bone
lesions, which are caused by the catastrophic manipulation of the homeostatic process

of bone remodellingy

Although the introduction of newargeted therapiediasled to an improvement in
patient response rateshis malignancyemains incurablevith approximately half of

all patients surviving for less than 5 years poistgnosis. It is clear that myeloma cells
rely heavily on the bone marrow microenvironment, which contributes to enhanced
proliferation, survival and resistance against therapeutic interveftitiris within this
microenvironment that drug resistant celidten accrue, ultimately leading to patient
relapse, with the duration of remissiarsuallybeing found to decrease Witevery
treatment course a patient receivé$ Understanding the interactions and
mechanisms of the reliance that malignant plasma cells have on the bone marrow is of
great interest and importance to counteract these protective effects. Gugd lead to
the identification of new therapeutic targets and provide a rationale to develop more

effective treatment strategies for myeloma patients.
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1.1.1. Epidemiology of myeloma

Multiple myeloma, whilst considered a relatively rare neoplaaotounts for 13% of

all blood cancer diagnose&gth an average agadjusted incidence rate of

approximately 5.6 cases per 100,000 persons per?y&doridwide, 0.8% of all cancer
diagnoses and 1% of all canckeraths are attributed to myeloma. The incidence of
myeloma is hugely variable according to ethnicity, with black populations experiencing
greater incidences of diagnoses than white populations, at a ratio éf Pk global
regions of highest myeloma incidence occur in Australasia, Europe and North
Americd. Asian populations experience the lowest incidence rates of myeloma,
however studies have recently reported significant increases of incidence in Asian
countries®. Myeloma diagnoses ardsa more common in males than females (58% vs
42%¥. Whilst the exact causes of this discrepancy are widely unknown, there is
evidence to suggest that there are gendbrpendent differences in primary genetic
aberrations observed in myeloma; one study showed that males experienced a greater
frequency of hyperdiploidy (62% vs 50%), whilst females had a higher incidence of

immunoglobulin heavy chain gene (IgH) translocations (32% vs50%)

The average age of myeloma patients at diagnosis is 66, with 38% of sksgno
occurring in patients over the age of 70. Myeloma is considerably rarer in younger
patients, with just 2% of diagnoses occurring in patients under the age of 40 years
old*?13 The current overall§ear survival rate of patients is 51.686 symptomatic
patients Myeloma survival steadily decreases with increasing age and patients who
are younger than 50 years at diagnosis present with nfiaveurable prognostic
features and have significantly highet/&ar survival rates than patients older than 50

years4,

1.1.2. Aetiology of myeloma

The exact origin and cause of multiple myeloma has been disputed since its discovery.
It is now wellestablished thasymptomatic myeloma is a product of clinical

progression from the asymptomatic condition monoclonal gammopathy of
undetermined significance (MGUS)However, to date there has been no definitive
identification of an individual aetiological event attributed to the origirmyeloma or

its asymptomatic precursors. There are environmental, lifestyle and occupational risk

2
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factors associated with an increased risk of myeloma development including obesity
and poor dieté. There has also been some evidence to suggest that farmers
experience an elevated risk of developing myeloma, whichdcbe attributed to high
levels of exposure to agricultural chemidaf$ To date, little is known about

hereditary associations in myeloma aetiology. Overall it is not considered to be an
explicitly inherited malignancy, however some studies have reported familial links that
lead to a significant increase in riskmyeloma development in family members with

first degree relatives who have myelofid®

1.1.3. Plasma cell biology

Plasma cells are terminally differentiated, pggrminal cells of 8ymphocyte lineage
that home to and mature within the bone marrow microenvironmenthich plays a
crucial role in ensuring their prolonged survitaDespite existing in very sih
proportions¢ representing just 43% of cells within the bone marrogwplasma cells

are responsible for all antigespecific antibody secreted in circulatiénB-

lymphocytes are generally categorised as either follicuteel or marginatone B

cells that are activated in-Eell dependent or independent fashion, respectively. Upon
activation, these Rells proliferate within germinal centres in the lymph nodes and
spleen, with a small number of these cells actively dividing to become-bhedt
antibody-secreting plasmablasts that ultimately differentiate into ldinged plasma

cells in the bone marro®W. These cells are primarily responsible for the secretion of
monoclonal antibody into peripdral circulation which are defined by the following
isotypes: 1gG, IgA, IgM, IgE and IgD. These isotypes are inferred by the immunoglobulin
heavy chain (IgH) sequence after the process of class switch recombination and can

also be further categorised byglht-chain classification as either kapgg 6r lambda

(l )24_

The majority of myeloma patients present with either IgG (52%) or IgA (21%)
paraproteirt?. IgM-myeloma is a very rare form of this plasma cell neoplasmisnd
associated with poor survival outcomes. It shares numerous diagnostic characteristics
with Waldenstrom's macroglobulinem{@VM) making it difficult to differentiate

between these two disorders. However, the presence of end organ damage observed

in myebma, such as the formation of bone lesions, is exclusive to myeloma and not
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WM?5, There has also been a cytogenetic association made between the presence of
the t(11;14) translocation and IgM myeloma, which again could disishgt from
WM?8,

The presetation of IgD and Iginyelomaare alsoconsiderably rarer than IgG, IgA and
light-chain secretory myeloma. lgilyeloma accounts for approximately 2% of all
diagnoses and is associated with diagnosis at younger age, more aggdissase

and poorer prognosis compared with more common IgH sub®/@FésThe incidence

of IgEmyeloma is incredibly uncommon, with only around 50 cases being reported in
the literature?®. It has been reported that up to 7% of myeloma patients are classed as
non-secretors, although since ¢hintroduction of the serum free lighthain assay, it

has been demonstrated that the majority of these cases were in fact-ekgcetors.

This has now led to approximately2% of newly diagnosed multiple myeloma

patients being classified as true nseaetors3-3%

IgH classification Lightchain classification Proportion of myeloma
patients (%)

lgG k 34

I 18

IgA k 13

I 8

gD k 1

I 1

IgM k 0.3

I 0.2

Free light chain (Bence k 9
Jones protein) | 7
Non-secretory - 7

Table 1.1: Proportions of heavy anigjht-chain immunoglobulin distributions in myeloma patients.
Data obtained from Kyle. R al, 20032

1.1.4. Surface phenotype of myeloma cells
The expression of surface markers is key to determining the identity of cells that are

not able to be distinguishedely through the assessment ofiorphological features.
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Thismeans thatcellscan be correctly identified through the analysis of their unique
surface expression profilgyhichin the case of myeloms criticalfor confirming the
relative number of maligant plasma cells within the bone marrdw establish a
diagnosisMyeloma is a malignancy that demonstrates significant heterogeneity,
however there are common features of plasma cells that can be utilised to determine
disease progression and response ttierapy??. This is particularly useful in the
detection of residual myeloma cells that remain present within the bone marrow

following treatment known as minimal residual disea®éRD)

Syndecarl, also known as CD138, is a membraoend receptor of the heparin
sulphate proteoglycan family; It acts as an extracellular matrix receptor and has
important functions primarily relating to plasma cell adhesion to the extracellular
matrix of the boe marron3*3% Amongst cells of haematopoietic origin, CD138 is
exclusively expressed on plasmablasts and mature plasma cells, following
differentiation from Blymphocytes®. This cheacteristic is also true of malignant
plasma cells, making CD138 an excellent marker for the identification of myeloma cells
in the bone marrow and peripheral blo#d Loss of CD138 through membrane
shedding, leading to an increased level of soluble3BDAas also been linked with

poor prognosis in patient& The presence of CD188myeloma cells has also been
reported in a number of myelomeelated studies in both primary malignant plasma
cells derived from patients and myeloma cell li#%¢8 These studies have
demonstrated that CD138 myeloma cells have greater clonogenic capacity and infer
increased reistance against established treatmetit&. These cells have also been
speculated to possess stem elifle properties and considering the inevitable relapse
of myeloma patients after treatment, it has been hypothesised that C[¥188ls are

responsible for the regrowth of myeloma tumour sites within the bone maffow

The expression of CD38 is another pbgnotypiccharacteristic of mylema cellsto

such an extent that it has been recently highlighted for therapeutic targeting using the
monoclonal antibody treatment, daratumuméb Whilst the expression of this marker
isalso foundon a number of other cells of haematopoietic origin, it is much more
highly expressed on the surface of myeloma céiiscombination of expression with

CD138 is highly specific to the myeloma surface phenotype. These two markers are
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often recommended to be used in th@imary gating strategy during flow cytometric

analysis of myeloma dst®.

Despite tlesewell-establishedmarkers that can be detectaasingflow cytometiy to
identify malignant plasma cells in patients, the heterogenic nature of this malignancy
inherently means that the pheotype of these cells can differ between patients and
alter throughout the course of treatmen©Other markers also recommended for
neoplastic plasma cell identificationcludeCD45, a paheucocyte marker which is
known to be expressed at varying leveisieoplastic plasma cell€D19which is lost
from the surface of myeloma cells following terminal differentiation from mature B
cells”’, and CD5gan adhesion marker which is found to be expressed on malignant
plasma cells in up to 80% of patients. Lack of CD56 expression is indicative of late stage
disease and poor progno$isAdditional markers that can also be incastin MRD
analysis include CD27, CD81, CD200 and CD117, all of which have been previously
identified as markers that most frequently deviate from the phenotype of normal

plasma cell®.

1.1.5. Development and progression of myeloma

Multiple myeloma is a bone marrow residing plasma cell neoplasm that evolves from a
pre-malignant state (MGUS) and in some cases eventually develops into symptomatic
disease (Figure 1.1). Infrequently, patients may also clinically progress to
extramedullay disease and plasma cell leukaemia where plasma cells escape the bone
marrow microenvironment and infiltrate peripheral circulation and home to other
tissues and organs such as the liver and kidneys, which often occurs in

relapsed/refractory patients anthfers very poor prognosi%
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< Asymptomatic precursor
M G U S “»Paraprotein (<30g/L)

Smouldering
++Paraprotein (230g/L)
MVEIOma “*Plasma cells in bone marrow (10-60%)

(SM M) +Absence of end-organ damage

Presents with:
<*Hypercalcaemia
“*Anaemia
+»*Renal Failure

“+Bone lesions

Plasma cell

. x
IEUkaemla/extra ': Bone marrow escape
“*Home to

-medullary extramedullary sites
disease

Figure 1.1: Stages of multiple myeloma developmefihe plasma cejammopathieshat are involved
in progression from MGUS to synoptatic myeloma and endtage disease, coupled with associated
symptoms and physiological and diagnostic characteristics.

1.1.5.1.MonoclonalGammopathy of Undetermined Significance (MGUS)
Monoclonal gammopathy of undetermined significance (MGUS) is an asymptomat
condition that represents an accumulative Hfeng risk of progression to symptomatic
myeloma. Whilst not all cases of MGUS progress to symptomatic myeloma, it is well
established that myeloma is consistently preceded by M&W8ogression from
MGUS to symptomatic myaina occurs at a consistent rate of 1.5% per yeaMGUS

is considerably more common in the geakpopulation than myeloma and affects
approximately 3.2% of people over 50 years of°agéis often detected accidentally
when patients present with other unrelated -goorbidities.As a resultit is reasonable
to assume that current epidemiological data relating to MGhight be biasedto an
extent that coud suggest that a much greater proportion of patients across the

country could be clinically classified as having MGUS.

MGUS is clinically diagnosed in patients demonstrating elevated levels of serum

paraprotein <309l a bone marrow plasma cell propari of <10% and an absence of
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end organ damage that is commonly associated with symptomatic myé&fofatients
with MGUS are not recommended for treatment and are only required to be
monitored for disease progression to smouldering or symptomatic myelétoaever,
due to MGUS commonly being diagnoseaaw®incidental finding in association with
other comorbidities, it is difficult to ascertain the extent to which MGUS might be a
contributing factor towards such clinical manifestations. Although there is evidence to
suggest that patients diagnosed withGWS do demonstrate a clinical relationship with
increased infections, osteoporosis, thrombosis and other associated malignancies
including myelodysplastic syndrome (MEfSYhis is arguably to be expected given
that the caegorisation of MGUS constitutesclinically significant clonal expansion of
plasma cells, which whilst not manifesting in emxgjan damage such as renal failure or

anaemia, can certainly contribute to increased bone fragility and thrombotic risk.

Whilstthe exact cause(s) of transition from MGUS to myeloma is currently unknown,
there are factors that have been takamo consideration that account for relative risk
of progression. Abnormal kappa/lambda serum free ligha&in ratios (normal

reference: 0.8-1.65mg/L) have been shown to elude to an increased risk of
progression to myeloma from MGEPS8. Paraprotein type and quantity in the blood
has also been considered a risk factoitfiva norrlgG subtype coupled with a
paraprotein count >15d/being linked with greater risk of progression from MGUS to
myelom&®. The International Myeloma Working Group (IMWG) general consensus is
for low-risk patients (paraprotein <15g/L, IgG subtype, normal FLC ratio-1063) to

be monitored every B years andntermediate to highrisk patients(paraprotein

>15g/L, noAgG subtype, abnormal FLC ratio (01265)) being recommended for

monitoring 6 months after diagnosis followed by annual foHap?’.

1.1.5.2.Smouldering Multiple Myeloma (SMM)

Smoutlering multiple myeloma is an intermediaé&d commonlyasymptomatic
condition that succeeds MGUS and precedes symptomatic myeloma. It is defined by
detection of serum paraproteir? 30g/L) and an elevated bone marrow plasma cell
count € 10%), but in the sae manner as MGUS, SMM does not manifest in@mgen
damagé&3. The rate of progression from SMM to myeloma is tidependent, unlike

the rate of progression from MGUS which remains cons$tathe risk of progression

8
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from SMM to myeloma is approximately 10% in the first 5 years following diagnosis,
3% for the next 5 years and 1% per following y&akpproximately 3.2% of patients
diaghosed with SMM possess a clonal plasma cell c®60%6. Of this subgroup of
patients, reports have highlighted between-86% have been found to progress to
symptomatic myeloma within 2 years and were found to have a significantly poorer
prognosis when copared with patients with a clonal plasma cell count <60%b

There is also evidence that an abnormal serum free-uiaiin ratio (>100) signifies an
independent prognostic factor that increases riskpofgression to symptomatic
myeloma*2 These patients have also been shown to present with or morefocal
bone lesions as identified through MRI scannig a resultthe criteria for the
diagnosis of symptomatic myeloma were updated to include these biomarkers of
increased risk of progression from smouldering to symptomatic myelkomaaare
collectivelyknown as the SLINCRAB criterf& Therefore, patients with SMM who are
at very highrisk of developing symptomatic myeloma are now recommended to

undergo appropriate treatmenf3.

1.1.5.3.Symptomatic myeloma

Diagnosis of myeloma is defined by the presence of paraprotein in the serum or urine
of patients ¢ 30g/L) and an elvated bone marrow clonal plasma cell couit@% or
260%). Myeloma is a clinicopathological disorder and requires evidence of end organ
damage in order to fulfil a diagnosis. End organ damage presents in the form of
hypercalcaemia, renal impairment, anaemand osteolytic bone lesion formation
commonly referred to as CREBThe most recent update to the diagnostic criteria for
myeloma was defined by the Inteational Myeloma Working Group (IMWG) and
included the involved:uninvolved serufree lightchain ratio? 100 as a diagnostic
factor®3. Huorescencen situhybridisation (FISH) on CD188ected bone marrow
plasma cellss also recommended to identify genetic aberrations that are linked to

disease prognosis.

Clinical presetation of myeloma often begins with bone pain which occurs in 80% of
patients'?. This is primarily caused by myeloinauced upregulation of bone
resorbing activity from cells known as osteoclasts, coupled with downregulation of

bone-producing activity from cells knowrsasteoblasts. Consequently, this leads to a

9
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net increase of bone resorption resulting in the formation of painful bone lesions in
patients which frequently leads to spontaneous fractutlest often occur at sites of

red bone marrow such as the ribs, spis&ull and pelvf8. The presence of these
osteolytic bone lesions are monitored by MRI scans that are able to quantify their
number and ditribution throughout the skeletof. Hypercalcaemig elevated
concentration of calcium in the bloaglis a symptom that develops as a direct
consequence obsteoclastmediated bone resorption which results in the excessive
efflux of calcium into the serum. Whilst reducing tumour burden is known to directly
influence bone lesion formation and hypercalcaemia, these myelassaciated
morbidities are additionayl treated with bisphosphonates such as zoledronic acid and
pamidronate to alleviate these symptoms through inhibition of osteoclast activity

through the inductiorapoptosisin these cell®¢,

It is estimated that approximately 20% of myeloma patients present with raiate

at diagnosis, with up to 50% of patients experiencing impaired renal function over the
course of their disea$é This is measured by an increase in the levels of serum
creatinine (>20mg/L). Cast nephropathy is teading cause of renal damage in
myeloma patients and is attributed to 90%(tbesecases. The cause of thisaisesult

of excessive secretion of free ligthains into the blood, which in turn puts immense
LIKeaAz2f 23A0Ff LINBaadaNE 2y (KS 1ARycSeQa
damage. Free lighthains are normally filtered through the glomerulus and reabsorbed
in the proximal tubules of the nephron, however in myeloma the resorptive capacity of
this mechanism is vastly exceeded leading to the formation of protein caste in th
distal tubule$®. This characteristic can also b#lised as aliagnostic criterion of
myelomathrough the detection of free light chains in the urine, also known as Bence
Jones proteinPatients who present with more adveed instances of renal failuean

be recommended for dialysis to replace aberrant kidney functeduction of tumour

burden with established therapies has been attributed to reducing these symptoms

Patients also commonly develop recurrent bacterial and viral infections, which is the
leading cause of death in myeloma. Approximately2& myelomaelated deaths
occurring as a result of infection after 1 year, pditgnosi€’. These infections are a

result of immunodeficiency caused by a decreasiéabundance o€D19 B-cells

1C
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and CD#4and CD8T-cells, coupled with defects in dendritic and natural killer cell
function’. Despite significant advances in myeloma treatment, these more intense
regimens incorporating newer novel agents have also been found to impair immune

function whilst also inducing positive responses in reducing tumour bufden

1.1.5.4.Extramedullary disease

Extramedullary diseagg&EMD)is a diagnosis used to describe myeloma cells that have
escaped the bone marrow and infiltrated the peripheral circulatioat presentsas
plasma cell leukaemia. These circulating myeloma cells are also capable of invading
foreign tissue to form softissue plasmacytomds Plasma cell leukaemia (PCL) is a
highly aggressive dyscrasia that is classed either as primben it s detected at the
point of diagnosispr secondary, when it arises as part of estdge leukemic
transformation from multiple myeloméollowing relapse from treatmenBoth

primary and secondary classifications arise as a result of malignant progression fr
multiple myeloma that occurs in very higisk patients, with lhe proportions of

plasma cell leukaemia patients who develop either primary or secondary dibease
approximately 1:1Hasma cell leukaemia occurs in approximately 4% of myeloma
patients confers very poor prognosas a result of a highisk genetic signaturand is
associated with short remissions, with median survival reported as being as low as 1.3
months’. It is characterised by malignant plasma cell escape from the bone marrow
microenvironment into peripheral circulation with a percentage proportiort 20%

and an absolute count 8f2x1@ circulating plasma cells Secondary pkma cell
leukaemia occurs at the ergtage of myeloma disease and occurs in patients who
have been heavily prereated thus becomingefractory to treatment. Therefore, given
the extremely short survival times of these patients, emphasis is generallydpbece

appropriate supportive care and palliative treatméht

Following escape from the bone marrow microenviromtenyeloma cells can also
invadeother tissuesto form plasmacytomas on bone material local to the site of the
primary tumour or in distant soft tissue organs. The location of thesetssitie
secondary tumour sites can vary between patients with the most common appearing
in the skin, liver and lymphodes”. The overall survival of patients with soft tissue

plasmacytomas is significantly shorter than patients with local bone plasmacytomas
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and patients who have not progressed to EMD, with studies reporting an lbvera

survival of just 5 months in these patiefits

1.1.6. Genetic aberrations

Genetic abnormalities have been attributed to the pathogenesis and progression of all
known cancers. In myeloma, these genetic alterations are commonly divided into two
broad subgroups: primary evengswhich are considered as factin disease initiation
and subsequent progression from MGtJ&nd secondary eventswhich are

considered to accumulate throughout myeloma disease progression and contribute to
relapse and resistance to therapy (Figure 2.Both of trese subgroups have impacts

on patient prognosis with over 90% of patients possessing at least 1 chromosomal

abnormality that can be identified by FISH anafjsts

Primary genetic initiating events involve either hyperdiploidy, defined by trisomies of 2
or more oddnumbered chromosomes, or chromosomal translocations involving the
immunoglobulin heavy chain gene locus. Although an overlapping proportion of 10%
of patients with both of these aberrations have been repoff& The most common
primary translocation events associated with myeloma relate to upregulation of cyclin
D proteins that enable myeloma cells to acquire indefinite replicative capacity.
Translocations that contribute to this include t{12) and t(6;14) which affect the

activity of cyclin D1 and D3, respectively. These are early initiating events in myeloma
pathogenesis and occur in approximately 20% of all myeloma ®ag#ber primary
translocations include t(4;14), which causes increased expressieé&FR3 and

MMSET and t(14;16) which upregulateMAF activity. Both of these translocations

have been found to influence cyclin D2 activity and occur in approximately 15% and 5%

of patients, respectivef#s4.

The deletion of chromosome 13 is the most common genetic abnormality in myeloma
andhas been identified in approximately 50% of myeloma pati@&niEhereis also

evidence Bowing that up to 40% of MGUS patients also possess this chromosomal
los$%87, This implies that this genetic event could be an early event in myeloma
pathogenesis, or it could be accumulated at a later stage of disease progression. It can

manifest either as deletion¢ del(13q)g or through monosomy of chromosome 83

12
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It is also closely associated with a primary t(4;14) translocation with 90% of patients
possessing this translocation having also been idextivith a chromosome 13

abnormality?®°°.

Arguably, the most unfavourable secondary genetic aberration associated with
myelama is del(17p) which results in the loss of p53 expression and is present in
approximately 11% of patients and infers very poor prognosis in pafiei@sher
secondary genetic aberrations include activating mutations in RAS oncqogenieb

have been found to be present in 7% MGUS patients, 25% symptomatic myeloma
patients and 45% of relapsed patients and is associated with greater tumour burden
and poorer prognosf. The activity of anyc has also been shown to increase
throughout myeloma progression with rearrangements in th@yc oncogene

occurring in up to 15% of patients with myelofhalhese rearrangements were also
found to correlate with high >-microglobulin which infers more aggressivésdase

and a poorer prognosid

Mutations in genes that encode for components of the B-pathway are also

present in myeloma, with 17% p#tients being reported to possess such mutations

that lead to constitutive activation of both canonical and rcamonical branches of

this pathway*. Mutations that cause an activation in KB signalling occur in genes

that encode NIK, CD40, TACI, p50 and p52. Whilst other mutations occur in genes that
encode regulators of NkB that leads to their iactivation such as TRAF2/3, CYLD and
clAP1/2. Overall however, these mutations favour 1wamonical pathway

propagatior*>,
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Pre-malignant B- Smoulderin 2ty
g & Multiple Myeloma Disease/Plasma cell
lymphocyte Myeloma Bl acria
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Hyperdiploidy:
Trisomies of 3, 5, 7,9, 11, 15, 19, 21

KRAS, NRAS, BRAF, NF-kB mutations
Loss of p53
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Figure 1.2: Genetic abnormalities associated with the initiation and progression of multiple myelo&fiow chart illustrating therimary genetic initiation events and
accumulation of secondary genetic abnormalitieat are key to disease progression and have a critical relationship with risk and pregnosis I LJiNoRocldhdl2 ¥ W
gammopathy of undetermined significance and Sidering Multiple Myeloma: A review of the current understanding of epidemiology, biology, risk stratification and

management of myeloma precursor dis€a®@ ® ! I+ NB I+t ¥R DK2ONAIFIf X Hnamo
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1.1.7.Myeloma staging and prognostic factors

Whilst the median survival for patients diagnosed with myeloma is approximately 4.9
years, myeloma is a cytogenetically heterogeneous malignancy which dsdoua

range of survival times posliagnosis. This highlights the requirement for an
internationally recognised staging system that encapsulates a variety of physiological
and genetic characteristics to help predict patient outcomes. The first suchnsygas
reported in 1975 by Durie and Salmon who linked tumour burden with the presence of
clinical symptom¥. However, in 2005, there was a simplification of myeloma staging
through the measurement ofesum albumin ad i >-microglobulin These were

identified as two independent prognostic markers that defined 3-gudups of patient
outcomes which formed the basis of the International Staging System (ISS) for
myeloma prognosis (Table 1%2)Whilst globally respected and commonly utilised, this
staging system was criticised for not considering the prognostic significance of
myelomaspecific genetic abnormalities. Therefore, this staging system was revised in
2015 (RISS) to include LDH serum quantification and fluorescemsiuhybridisation
(FISH) analysis where higbk myeloma was defined by del(17p) and/or translocation
t(4;14) and/or t(14;16) (Table 1.3). It was found that 28% of patients were staged at
ISS |, 62% of patients ai &S Il and 10% of patients atFS IfP.

ISS Stage Prognostic Criteria (ISS) MedianOS (months)

{ SNHzY | f 6dzYAY

! I »-microglobulin <3.5g/dL 62
Il Neither ISS Stage | or lll 44
I i »-microglobulin >5.5mg/L 29

Table 1.2: Prognostic criteria and overall survival of patients defined in the International Staging
System for patients diagnosed with multiple myelom@&able adapted from data published in
InternationalStaging System for Multiple Myelorffa
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(R)ISS Stage Prognostic Criteria PFS (months) MedianOS (months)
(RevisedSS)

ISS Stage 1
[ Standardisk FISH 66 Not reached
Normal serum LDH

Il Neither RISS Stage | or | 42 83

ISS Stage Il
[ Highrisk FISH and/or higl 29 43
serum LDH

Table 1.3: Prognostic criteria and overall survival of patients defined in the Revisetnational
Staging System for patients diagnosed with multiple myeloniable adapted from data published in
Revised International Stagiigystem for Multiple Myelonfa.

1.1.8. Treatment of myeloma

As standard practice, myeloma patients are recommended for treatment immediately
after a diagnosis has been made. Patients with MGUS and SMM are monitored for
disease progression but are not recommended for treatment until tlaguibsticCRAB
criteria indicating the presence of symptomatic multiple myeloma are fulfilled, with
the exception of highisk SMM patients with a clonal bone marrow plasma cell count
260% a high FLC ratio >100 (providing tumour FLC >100) or 2 or moretagyatic

lytic lesions on cross sectional imadthg

CNRBY (KS tF3S mopcnQa YesSt2Yl gta 2FaGaSy Gl
alkylating agent melpHan and the glucocorticoid prednisone, with very few advances

in clinical management in subsequent yéétsHowever, in the last two decades the

number of novel treatmets available to patients has increased dramatically, which

has led to a significant improvement in clinical outcofiesThese new therapies

include immunomodulatory drugs (iMIDs), proteasome inhibitors and corticosteroids.
Briefly the primary mechanisms of action of each of these classes of drug are described

as follows:

1 Immunomodulatory drugs such #nalidomide (a less toxic and more potent
analogue of thalidomidedre complex in their action bure known to act
through multiple mechanisms that include immune cell modulation through T
cell activation, inhibition of pranflammatory cytokine secretion and inhibition

of angiogenesisThese drugs not only target myeloma cells themselves but also
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contribute tohalting the progression of the malignanityough deregulation

of the surrounding suppoite microenvironment?.

1 Proteasomes are complex protein structures responsible for ggradation of
ubiquitinated proteins within cell83. It is known that malignant cells are more
reliant on these structures to clear aberrant proteins which are present in
much greater abndance when compared with normal cells. This has been
demonstrated by the capacity of proteasome inhibitors to induce tumour
specific toxic effects, with bortezomib being the first clinically approved

proteasome inhibitor for the treatment of myelon.

1 Corticosteroids such as dexamethasone are long standing treatments used in
myeloma therapy and have shown great suscesthe clinic. Whilst it has been
established that these drugs inhibit their receptor, the glucocorticoid receptor,
the resulting downstream actions of this inhibition that lead to apoptosis are
still disputed. However, there have been a number of stadieat have
implicated corticosteroids such as dexamethasone in the inhibition of

transcription factors such as NB and APL1%,

This advance in the myeloma trte@ent arsenal means that patients can be treated on

a more personalised basis to accommodate the heterogeneity of this malignancy.
5SOAaAz2ya YIRS Fo2dzi | LIGASYydQa GNBFGYS
burden, disease stage, cytogenetics, age ardttnent historyg all of which can be

dzZaSR 4 AYRAOIFIG2NR 27F | LI GASy(i®athd oAt A G
most crucial stagesfanyeloma treatment are induction therapy, autologous stem cell
transplant (if eligible), maintenance therapy and treatment of relapsed/refractory

disease (Figure 1.3)

Myeloma is generally a disease of the elderly with approximately two thirgaténts
being diagnosed at an age greater thard.65ge is considered an independent
prognostic marker in myeloma, with younger patients experiencing better survival
outcomes and generally being more capable of tolerating a greater range of

treatments at higler doses, as well as autologous stem cell transplant (AS€T)
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However, whilst younger, fitter patients are most commonly considered for stem cell
transplant, there is edience of older patients also being able to tolerate high dose

therapy and ASCT who are capable of achieving clinical responses similar to those of
younger patient¥’®. This highlights the importanad usingperformancefactorsin
FRRAGAZ2Y G2 |13S (2 lFraasSaa LI GASydlaqQ 3ISyS
These include the presence of-nwrbidities that affect renal, hepatic and cardiac

Fdzy OlA2y +a ¢gStf Fa O2yaARSNAYJevelsofd GASy
physical activity. Such considerations aid clinicians in identifying patients who are at

the lowest risk of transplantelated complications and can therefore sufficiently

tolerate the proceduré®,

1.1.8.1.Current treatments

Treatment isecommended to commence as soon as possible after a myeloma
diagnosis has been made. In newly diagnosed patients who are eligible to undergo
ASCT, NICE recommends an induction treatment regtmbe administered with the
purposeof reducing tumour burdemvhilst also maintaining a recoverable population

of CD34 haematopoietic stem cells from peripheral circulatimn subsequent
transplantation The recommended course of induction treatmentorporates a
combination of bortezomib, thalidomide and dexarhasoné. This is collectively
known as VTD. It has been shown that the VTD triplet regimen is clinically superior to a
VD doublet regimeft'112 There is also evidence to suggest that where treatment with
thalidomide is not possible, the inclusion of cyclophosphamide (VCD) or lenalidomide
(VRDY; a 29 generation thalidomide analogueis again clinically superior to VD
alone*'31 The latter of which has been linked to greater progressier survival in

highrisk patients based on t(4;14) and del(17p) cytogenetic abnormafities
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Symptomatic Myeloma
Diagnosis

Eligible for ASCT?

Induction
therapy e.g.
~ VID/VCD

Non-intensive
therapy e.g.
MPT, VMP, Rd

Harvest stem
cells

M200
conditioning
therapy

Remission,
observation
and
maintenance
therapy

24 ASCT/treatment
Palliative Relapsed ( of relapsed disease
care Myeloma e.g. DVd, NRD, Kd,
Pom

Figure 1.3Treatment options for patients diagnosed with multiple myeloma flow chart illustrating
the main stages of treatment experienced by myeloma patients who are either eligiblelmible for
ASCT, with examples of the treatment regimens available to them at each stage of disease progression.
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The vast majority of patients who are eligible for a stem cell transplant undergo the
procedure in an autologous $haion. High dose chemotherapy followed by ASCT has
been shown to result in a significant increase in median survival when compared with
patients who were only treated with conventional chemotherapy, by up to 12
months'6117 Prior to the administration of high dose theramtem cells are collected
from the patientand cryogenically frozen to be transplanted at @tdimepoint.
Immediately prior taransplant patients undergo a conditioning regimen which aims

to achieve the best response rate following transplantation. The current standard
practice for this is treatment with 200mg/Amelphalad®®. Transplantation cathen

take pla@ soon after conditioningherapy**°.

Allogeneic stem cell transplantation has the advantage of eliminating any possible
tumour cell contamination from the infused stem cells compared to an autologous
stem cell transplant but is far less commonly administrated than its autologous
counterpart.This isbecause it is more commonly associated with higher levels of
treatmentrelated mortality due to graft vs host diseaaad an increased infection
risk!?%, There aresomeconflicting reports over the successful response of allogeneic
transplantation compared with autologous transplantation. Two studies compared the
difference in outcome in patients who were treated with an aatato SCT with
patients treated with an aut@llo SCT. One study showed no significant difference
between the two tandem trasplantd?L, whilst the other demonstrated a superior
response in the aut@llo patient cohort?2. Overall, the general consensus amongst
clinicians is that allogeneic stem cell transplantationwdtd not be administered as a
standard therapy and shoulshly be considered as a treatment option for younger

patients with highrisk disease following a first or second relaj3&e

Given that approximately two thirds of patients are over the age of 65, the majority of
these patients are ineligible for ASCT. The standard therapy for theselaats

ineligible patients isenalidomidé dexamethasone or melphalan and prednisone
combined with bortezomib (VMP), with the latter showing promising outcomes in

highrisk patients, similar to the responses observed in standmki patientd?3.124
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It is known that the duration of remission has an impact on overall survival, with
longer remission periods after initial treatment being linked with greater survival
ratest?>. However, an overwhelming majority of myeloma patients experience-post
treatment relapse due to the emergence of druggistant subclones?6:127 Therefore,
efforts to prolong the length of remission forms the rationale of providing patients
with maintenanceherapy following induction treatment. Lenalidomide treatment
represents a promising maintenance strategy pASICT, with some studies confirming
a significant increase in PFS in lenalidontiéated patients and one study also
demonstrating a significaljt enhanced 0’8130, Data from the recent Myeloma Xl

trial has also expanded on these observations and has shown lenalidomide
monotherapymaintenance to improve PFS in both transplant eligible and ineligible
patients and has been implicated in improving responses in-hghpatientsg

particularly in patients with del(17p) cytogeneti¢s However, these studies also
reported a considerable number of haematological adverse events and an increase in
risk of secondary malignancy developm&hatWhilst thebenefits and risks of
lenalidomide maintenance must be carefully considered before patient administration
it is accepted that the favourable response to treatment in patients outweighs the

fairly minimal risk osecondary malignancy development.

Bortezomib is another option for pofSCT maintenance therapy and has been shown
to improve PFS and OS, particularly in higk patient333 There has also been data
demonstrating bortezomib and lendbmide being administered as part of a triplet
regimen incorporating dexamethasone (RVD), which has shown promising responses
regarding PFS and OS in higtk patientd®%. The use of bortezomib in maintenance
therapy can also prolong progresstmnee survival in transplant ineligible patients. An
induction quadruplet regimen of bortezomib, melphalan, prednisone and thalidomide
(VMPT) followed by a maintenance negin of bortezomib and thalidomide (VT)

produced superior progressieinee survival to just VMP alok&.

1.1.8.2.Future treatments
Progressive or relapsed disease is defined by an increase in serum paraprotean great
than 25% and an increase in bone marrow plasma cell count to >10%. It can also be

identified by the identification of new bone lesions or development of further-end
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organ damag¥®. The eventual relapse of myeloma patients presents a number of
complications regarding treatment options, with the malignancy often becoming
refractory to treatments that have previously been administered to the pati€he
introduction of new therapies is often initially approved at the point of relapse in
myeloma, meaning patients have an increased number of treatment options available

to them at this point in the progression of their disease.

There are also a wideray of common side effects that myeloma patientsvelopin
directresponse to treatment that most commonly include peripheral neuropathy,
nausea, vomiting, severe diarrhoea and skin irritatfanit is therefore ofimportance
to developnewtreatments thatshowincreased potency and specificity agsti
malignant plasma cells, whilst reducing toxigritynorrmalignant cellsn order to make

these treatments more tolerable for patients

The introduction of the next generation of proteasome inhibitqrsarfilzomib and
ixazomibg and the 3¢ generation immunomodulatory drug pomalidomide are now
approved for use in relapsed dised¥e4°. Pomalidomide has been shown to produce
favourable clinical responses in paits who have been previously treated with
lenalidomide and lowdose dexamethasorié'42 Proteasome inhibitors carfilzomib
andixazomibhave also shown promising activity as both single agents and in
combination regimens with lenalidomide and dexamethasaneelapsed/refractory

myeloma*3145,

Immunotherapy in myeloma has also produced promising results and has the aim of
enhancing the host immune response against malignant cells. Two monoclonal
antibodies have recently been approved for treatment of relapsed myeloma.
Elotuzumab targets SLANF and has shown clinical efficacy in a triplet regimen with
lenalidomide and dexambtsone after failing to produce favourable single agent
activity 148, It has also recently improved clinical responses in combination with
pomalidomide and dexamethasone in relapsed myel&th@aratumumab is an anti
CD38 monoclonal antibody that has shown very promising single agent activity in
relapsed patients’®149 It has also shown favourable effects in combination with

lenalidomide and dexamethasone and has recently been approved by NICE for use in
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combination with bortezomib and dexamethasone in relapsed patiéht®. NICE
currently has noyet approved daratumumab for induction therapypweverit is
regularly administered istandardpractice and will undoubtedly be approved for this

by NICE in the near future.

Chimeric antigen receptor (CARgAIll therapy is another immunotherapeutic option
that has produced remarkable clinical responses in patients with relapsed ALL and CLL
leading to a surge of interest in its application to theatment of myelom&3154

Briefly, CARs are synthetic receptors that redirecell specificity and function

towards a cell surface tumour target in an Hb8ependent manner. This is an
extremely powerful principle that has been utilcsén cancer treatment to elicit a

highly specific immune response to tumespecific target®°. The selection of
appropriate target antigens is of upmost importance to ensure thaengineered CAR
T-cells produce a response specific to the tumour. Currently there are a number of
targets being investigated in myeloma, with clinical trials currently assessing surface
antigens such as-&ll maturation antigen (BCMA), CD19, CD38, 82ahd

SLAMF¥5, Data released from a recent phase 1 trial revealed good overall response
rates of 83% in heavily treated relapsed patients following infusion withBXARA T
cells. The patients experienced a partial angreloma response or greater achieve

minimal residual diseaseegative statu¥”’.
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1.2. The Bone Marrow Microenvironment in Multiple Myeloma

Bone marrow tissue can be found within the matjp of bones of the human skeleton.

This microenvironment is composed of cellular and-aehliular compartments that

T2NY | O2YLX SE Y&@NRIR 2F (A&dadsS GKIFIG O2f
functions of haematopoiesis and the formation antbsequent maintenance of

bones®8 The cellular compartment of theone marrow microenvironment is

composed of multiple types of cells that include haematopoietic stem cells, stromal

cells (BMSC), endothelial cells (EC), osteoblasts and osteoclasts. Myeloma cells are
reliant on the cells of the bone marrow to facilitateming to and adhesion within this
microenvironment. This subsequently supports myeloma cell survival, proliferation,
propagation of angiogenesis and resistance to chemotherapeutic intervention which is

mediated both through celtell contact and solubleattor signalling (Figure 1%)

The noncellular compartment of the bone marrow is composed of extracellular matrix
(ECM) poteins and a liquid milieu that is rich in factors such as cytokines, chemokines
and growth factors, all of which contribute to myeloma cell homing and adherence to
the bone marrow and subsequent survival within that microenvironment. The role of
the growth factor I1-6 is of particular importance in myeloma. It is produced by
myeloma cells which also induce its expression and secretion from neighbouring cells
within the bone marrow in a paracrine fashion and is critical to the differentiation,
sustenance ad proliferation of malignant plasma céft& Proteins within the ECM
include collagen type 1 and fibronectin which bind to CD138 and CD49d, ¢éhat ar
expressed on the surface of myeloma cells, respecti®®lyn turn, this effect has

been linked to propagating the effect of cell adhesiordiated drug resistance (CAM
DR) that is commonly associated with myeldfhaThe reliance of myeloma cells on

the bone marrow microenvironment has therefore provided a therapeutic targeting

strategy to more comprehensively treat patients with myeldfia
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Figure 1.40verview of myeloma cell influence within the bone marrow microenvironmewt
schematic illustration of the signalling interactions involwednyeloma cell homing, adherence and
escape from the bone marrow microenvironmeiricluding the primary mechanisms involved in
manipulation of normal bone remodellingigure developed using BioRender online software.
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1.2.1.Bone marrowstromal cells

Myeloma cells home and adhere to the bone marrow microenvironment, a process
that is mediated through soluble factor signalling and subsequented#ibr ceHECM
interactiong®3164 These interactions result in dysregulation of processes that mediate
the cell cycle and apoptosis, thus favouring myeloma cell proliferation and sdival
BMSCs have been implicated in the terminal differentiation of yg@stninal centre B

cells to plasma cefl®.

Homing to the bone marrow is critically mediated by CXCR@L12ignalling.

Myeloma cells express CXCR4 on their surface and migrate in response to CXCL12
interaction, which is secreted by BMSCs and ECs to produce a chemokine gfadient
Myeloma cells that reside in the bone marrow have also been found to significantly
reducelevels ofCXCR4 expression when compared with myeloma cells located in
peripheral circulation, highlighting the requirement of this signalling cascade to
facilitate the process of homidgf. This also highlights the role of the CXCR4/CXCL12

signalling axisn egress from the bone marrow in late stage disease.

Adhesion of myeloma cells to the bone marrow is primarily mediated by integrins such
as CD49d binding to VCAM;, which is expressed on BMSE€sin turn, this results in
activation of the NKKB pathway and secretion of-8.from both myeloma cells and

BMSCs to facilitate autocrine and paracrine signalling cascades that promote myeloma
cell proliferation, survial and drug resistanéé®’?. Adhesion to BMSCs also results in

the upregulation of VEGF and IGF from BMSCs which again confers increased secretion

of 16174173

1.2.2.Bone marrow endothelial cells

Endothelial cells are constituent cellular components of human vasculature and the
sole cellular components of human microvasculatiteMyeloma cells are able to
manipulate he process of angiogenesis to disseminate from the site of tumour origin
to occupy multiple sites across the human skeléta@rirhis has been shown to become
increasingly prevalent throughout disease progression from MGUS to symptomatic
myeloma’®. The mechanisms behind this increased level of angiogenesis in patients

with myelomahave yet to be completely understood, but have so far been attributed
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to increased levels of VEGF and bFGF secreted by myeloma cells in responseo the IL
paracrine signalling loop following interactions with BMSCs antf ECslt has also

been shown that bFGF is additionally secreted by BMSCs in response to myeloma cell
stimulation, which further supports the hypothesis thayeloma cells induce a pro
angiogenic environment within the bone marrd% Endothelial cells in myeloma

patients have also been found to behave differently to ECs found in anatignant
environment with regard to phenotype, mphology and chemokine secretion profile,

all of which enhance the capabilities of myeloma cells to induce @pgiogenic
environment within the bone marroW®18% Targeting angiogenesis has also been part
of a therapeutic strategy in myeloma treatment, with thalidomide (and subsequent
analogues lenalidomide and pomalidomide) being ansiay of myeloma treatment

for a number of years. Whilst the exact mechanisms of action of these therapies are
still disputed, it is clear that they possess aantigiogenic capabilities, which have

shown clinical benefits in patierifd 182

1.2.3. Osteoblasts

Osteoblasts are bonproducing cells that normally exist @anhomeostatic relationship
with boneresorbing osteoclast&®. These cells have important roles in bone formation
and the overall maintenance of the human skeleton. In myeloma however, this
homeostatic b&ance is unfavourably disrupted through upregulation of osteoclast
activity and simultaneous inhibition of osteoblast activity, which consequently results
the formation of bone lesions in patients, coupled with relateeheorbidities such as
the excess relase of calcium into the blood, known as hypercalcaéthidMyeloma

cell interaction via direct cetiell contact with osteoblasts again confers an
upregulation of It6 secretion that supports myeloma cell growth and
proliferation'®>18 The Wnt signalling pathway plays a key role in osteoblast
differentiation and activation and has been found to be inhibited in myel&ta
Osteoblasts are known to regulate the activity of osteoclasts through secretion of
osteoprotegerin (OP@)an antagonist oRANK/RANKL signalfiffy Inhibition of Wnt
signalling has been shown to dowegulate secretion of OPG which directly enhances
the activity of osteoclasts, thus highlighting the effect that myeloma cells have on
influencing osteoclasactivity!®®. The natural antagust for Wnt signalling is dickkopf1l
(DKK1), which functions through an autocrine signalling loop to regulate the
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differentiation of osteoblasts and subsequent formation of bone material. In myeloma,
it has been found that levels of DKKare significantlypregulated, thus leading to
overall inhibition of Wnt signalling and suppression of osteoblast actiitpKK1L has
been implicated in upregulating-B_secretion from undifferentiated BMSCs, thus
contributing to myeloma cell growth and survit®l The RUN® transcription factor is
also involved in osteoblast differentiation from presor cells. Direct myeloma cell
contact with osteoblast precursors has been shown to result in an inhibition of RUNX
activity and thus result in a reduction in osteoblast formation and activity. This
observation was also emulated in patient data, whpegients with bone lesions

inferred a significant reduction in RURDActivity compared with patients who carried
no evidence of osteolytic lesion presentati8h Together these observations have
provided a suithle rationale for therapeutic intervention in patients with bone disease
where targeting DKK1 has shown favourable effects in both reducing the presence of

bone disease and also reducing tumour burtfén®4

1.2.4.Osteoclasts

Osteoclasts are differentiated from haematopoietic monocytic precursor cells in
response to MCSF stimulation and activation of the RANK/RANKL signalling
pathway'®®. This induces the expression of various genes such as tartrate resistant acid
phosphatase (TRAP), cathepsin K and the calcitonin receptor, that promote osteoclast
development and functiolf®. In addition to contributing to the generation of

osteoclasts, signalling from RANKL also results in the propagation of bone resorptive
activity in mature oteoclastd®’. Once differentiated, osteoclasts acquire a polarised
morphology and adhere to the bone surface forming a tight sealing zone between its
ruffled border membrane and the calcified matrix of the b&%eWithin this space
occupied by the adhered osteoclast, an acidic environment is created through
secretion of Hions through ATRontrolled proton pump¥®. Collagenolytic enzymes

such cathepsin K and matrix metalloproteases a@eted, which leads to bone
degradation and mineral dissolution which causes the release of calcium as a
biproduct of this osteolytic proce¥-2°1 In normal bone remodelling, osteoblasts are
able to replace this dissolved bone with a freshly secreted calcified matrix. In myeloma
however, osteoblast inhibition coupled with an increase in osteoclast differentiation,
guantity and activity in the bone marrow leads to a change in the homeostatic balance
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of bone maintenance in favour of bone resorption. As a result of this catastrophic
mechanistic alteration in the process of bone remodelling, painful bone lesions are
found in appoximately 8090% of myeloma patients (Figure 1.5), with approximately

60% of these patients also experiencing spontaneous fracitires

Myeloma cells are always found in close proximity to sites of bone degradation and are
known to bind to osteoclasts which fundamentally highlights their ability to directly
influence the process of bone remodell#g Osteoclast befviour is influenced by
myeloma cells directly through cedell contact and secretion of soluble factors such as
membrane bound, or secreted RANKLMyeloma cells can also influence osteoclast
activity indirectly through inhibition of osteoblast function, consequently leading to
reduction in levels of the RANKL antagonist, osteoprotedféri@steoclasts have also
been implicated in myeloma cell survival, proliferation and drug resistance through

direct celtcell contact®4.

1.2.4.1.RANK/RANKL/OPG signalling

The RANK receptor and its correspargliigands RANKL and OPG are members of the
TNF superfamily of proteins. Activation of this pathway results in the generation of
osteoclasts and subsequent resorption of béfeRANK is a receptor that is expressed
on the surface of monocytic osteoclast precursors and mature osteoclasts, whilst
RANKL is normally expressed or secreted by osteoblasts and B¥I®C3The natural
antagonist of this signalling pathway is OPG which is also secreted by osteoblasts and
BMSC¥”. Binding of OPG to RANKL prevents the interaction of RANKL with its
receptorand thus inhibits activation of downstream signalling that contributes to

osteoclast function.
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Figure 1.5: Xay images of focal osteolytic lesions from a myeloma patiefihe skull of this patient is

liberally scattered withBy S f SaA2ya GKIG A& 2FGSy NBFSNNBR (2 |
also present on the humeral bone of this patient (B). Typical lesions are highlighted by blue arrows.

Adapted from Healgt aP%,
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Myeloma cells are capable of influencing this pathway-feld, firstly by stimulating

the production, surface expression and secretion of RANKL, which directly correlates
to prevalence of bone lesions in patieffts There have also been studies that have
shown that myeloma cells indirectly influence RANK/RANKEIBigy by inducing the
upregulation of RANKL on the surface of osteoblasts and B#SE&dMore recently it

has also been established that levels of total RANKL in the serum are also upregulated
in myeloma&*? The second mode of action that influences RANK/RANKL signalling is
the acquired capability of geloma cells to activate RANK/RANKL signalling through
inhibition of OPG functio®. Malignant plasma cells are able to downregulate the

GNY YyAONRLIGAZ2Y 2F htD Ywb! YR &adzoaSldsSyi
which enables the sustained activation of RANK/RANKL signalling, thus directly

contributing to ncreased levels of bone resorption observed in myeloma patiéhts

The lifespan of an osteoclast is variable and depends on ttemeaf bone

remodelling through bone degradation. This process is primarily mediated through
RANK/RANKL signalling, with continued propagation of this pathway promoting
osteoclast survival and function. It has been found that the removal of RANKL fiom thi
environment leads to osteoclast apopto®fs In myeloma however, RANKL signalling is
continuowsly propagated through surface membrane expression and secretion of
RANKL by myeloma cells, thus promoting osteoclast differentiation, survival and
function that leads to bone erosion and eventual formation of osteolytic lesions in

patients’t®,

1.2.4.2.Interleukin6

IL-6 is a welestablished growth and survival factor that is significantly upregulated in
myeloma patients and hdseen previously highlighted as a prognostic factor, with
increased levels of 46 inferring poorer prognosis in patieits. I1-6 secretion is
significantly increased in myeloma cells when compared withmaihgnant plasma
cells, with myeloma cells also possessing the capabilities to indcsdtretion from
BMSC¥8218 The activity of H6 has also been implicated in osteoclastogenesis, both
directly through a mechanism that is independent of RANK/RANKL signalling and
indirectly through stimuldon of RANKL expression by myeloma cells and B¥fS€&s
However, despite the significant role that8Lplays in myeloma pathophysiology and
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osteoclastogenesis, treatment with a#iti6 antibodies has shown to have no anti

myeloma effect?’.

1.2.4.3.Vitamin D

Vitamin D is obtaing from diet and exposure to sunlight and is a crucial metabolite
that contributes to the regulation of calcium homeost&sisVitamin D deficiency has
been strongly linked to negatively affting the process of bone mineralisation by
decreasing the capacity of intestinal calcium absorption. This leads to increased
resorption of skeletal material in order to maintain a normal serum calcium
concentration, which correlates with conditions asisbed with bone lysis such as
osteoporosig?®. Vitamin D deficiency has also been noted in patients with multiple
myeloma, the incidence of which has been showinicrease with more advanced
stages of diseagé& 22> Vitamin D is a nutrient thas commonly found to be deficient
or insufficient in citizens of the UK, so it does not appear that myeloma patients are
any more susceptible to being vitamin D deficient, but given the complications of
myeloma pathology it is expected to certainly havgreater impact on theidisease

maintenance and overallellbeing.

Vitamin D is initially metabolised in the liver to fo2&hydroxyvitamin Dwhich is
further metabolised in the kidneys to produde25(OH)Ds. Thisis the active
metabolte of vitamin D and has long been implicaiedone remodelling?®. Despite
vitamin D deficiency being linked toraitions associated with bone degradation, it
has also been established thR25(OH)Ds plays an active role in osteoclast
differentiation and has the capability to stimulate bone resorptfdi?8 This
demonstrates that vitamin D signalling is carefully regulated in normal human bone
physiology to facilitate the appropriate balance between bone resorption and
formation. The active wtamin D metabolite 1,25(OH)Ds, functions through nding to
the vitamin D receptor (VDR), which in the context of normal homeostatic bone
remodelling, is expressed on osteoblaatsl bone marrow stromal cellé\ctivation of
this pathwaydownstream ofVDR and.,25(OH)Ds interactionresults in significangl
enhanced expression and secretion of soluble factors, such as RANKLG®BH, that
initiate osteoclastogenesis and subsequent resorptive actiitizarly studies
demonstrated a significant increase*iCa from prdabelled rat bones in response
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treatment with 1,25(OH)Ds, thus implicatindl,25(OH)Ds in increasing and prolonging
osteolytic activity that leads to bone resorption and subsequent release of calcium into

the seruntC,
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1.3. Myeloma Research Models

Multiple myeloma is a malignancy thathighly dependent on the bone marrow
microenvironment for survival, proliferation and differentiatforThis environment is
extremely complex and is composed of a number of different cell types, a liquid milieu
containing cytokines and chemokines and raatlular material, all of which have roles

in facilitating myeloma cell sustenance and disease progres$his presents many
difficulties in replicating this complex environment in a research setting and also
creates a challenge for culturing primary myeloma cells iexanivosetting due to

their reliance on the bone marrow microenvironment.

1.3.1.In vivomodels

The use oin vivomodels in a preclinical setting in myeloma provides a useful tool to
assess therapeutic efficacy and strategy prior to human administration and can also
reveal information about disease biology and progression. Murine models are th

most commonly used vivomodels in myeloma research and are either
immunocompetent as with the 5T murine model, or immunodeficient as with
xenograft severe combined immunodeficient (SCID) mé#elshe 5T murine mode

was originally discovered after a small subse€67BL/KaLwRijice developed a

series of Bcell malignancies including multiple myelofffa This is a frequently used
immunocompetent model of myeloma that is representative of a nemtf key

myeloma features relating to excessive secretion of paraprotein, tumour growth

within the bone marrow and development of osteolytic bone disease. A number of cell
lines have also been developed from these 5T murine models including 5T2, 5T33 and
5TGM1. However, human cells cannot be engrafted in immunocompetent mice due to
graft vs host immune incompatibility, meaning these murine models and the cell lines
that have been produced from them are not entirely representative of human disease

biology.

An example of a murine model that has been developed to more specifically address
issues involving the clinical efficacy of myeloma therapies is the Vk*MYC murine
model. It is important to not only show that potential myeloma therapies are safe for

adminstration in patients, but also that they have a good chance of being clinically
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effective. The Vk* MYC model is representative of indolent bone marrow localised
myeloma anctan reproduce a number of features of myeloma that include high 1gG
paraprotein seretion and CRABelated symptoms. As a resulthas been shown to

be reasonably predictive of the clinical efficacy of drugs in untreated and relapsed

myelomz33,

Xenograft SCID murine models are immunodeficient and lack functional Beeid T
mediated immune responses which enables the engraftment of human tumolgrinel
these models. This characteristic has led to the demonstrable ability of several
myeloma cell lines being successfully engrafted in these models, as well as primary
myeloma cells obtained from patiertf8. Whilst these models are useful for the
testing of therapeutics in a preclinical setting, there is also a capability to assess
myelama cell homing to the bone marrow microenvironment following administration
of myeloma cells to these mice. However, the murine bone marrow is not entirely
physiologically comparable to the human bone marrow, which does provide some

limitation to the use 6these models in the assessment of disease pathophysiology.

1.3.2.In vitro models

The use oin vitromodels in celbased research over the last six decades has shown
incredible value since the establishment of the first cell {néeLa celksS®, Cell lines

are often derived from cancer cells and are immortalised so that they can be
indefinitely grown under appropriate culture corions. In myeloma, the use of cell

lines in research has proved to be highly valuable in the assessment and development
of therapeutics and the characterisation of the biological mechanisms that underpin

disease pathophysiology and progression.

1.3.2.1.Myeloma nodels

Primary myeloma cells are notoriously difficult to isolate and maintain iexavivo
setting, due to the lack of suitable vitro models that can replicate the complexity of
the bone marrow microenvironment to support these céffsit would of course be
highly beneficial to use an vitro microenvironment to sustain myeloma cell survival,

however there are currentlpo wellestablished models that can facilitate this. There
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are also limitations to using primary myeloma cells, given that it is a heterogeneous

disease and of course there is considerable heterogeneity between pafients

Consequently, the use of human cell lines in myeloma research is widespread, with a
number of advantages to this research strategy being noted. These include ease of
accessibity and maintenance, the potential to culture unlimited numbers of cells and
relative phenotypic stability within appropriate culture peridéfs There are a large
number of human myeloma cell lines (HMCL) currently used in research practice
including thetwo cell lines utilised in this research, H929 and FiR8. Despite these

cell lines not being fully representative of primary tissue, as is the case with cell line
research in general, they do still possessumhber of useful characteristics that make
them valid research models for myeloma, such as Ig gene rearrangement, expression
of key phenotypic markers such as CD138 and CD38 and production and response to
fundamental disease regulators including cytokineshsas It6°41. These

characteristics have enabled myeloma cell lines to be used to study the physiological
and genetic behaviour within the biology of the disease. These cell lines have also been
successfully utilised to develop and optimiserdpeutic regimens that can be used in

patient treatmen®®”.

1.3.2.2.0steoclast models

Fully differentiated, multinucleated osteoclasts are found in very small numbers in
human physiology, making them very difficult to isolate and use wuitro research.

They ae also terminally differentiated and negproliferative meaning they cannot be
cultured longterm in a laboratory setting. This is because they are generally not long
lived cells, surviving on average for approximately two weeks in human bone, and are
only differentiated when required from mononuclear precursor cells in response to
RANK/RANKL/OPG signalling during the process of homeostatic bone remé&telling
The development and use of vitro models that are representative of osteoclasts is of
great interest both to investigate osteoclaspecific biology andlso their disease
propagating effects in a number of bomelated diseases such as myeloma. To date,
there have been methods established to differentiate and culture osteoclastsim an
vitro setting from CD14peripheral blood mononuclear cells (PBM@J anacrophages
obtained from human bone marroit?243 However, both of these methods present
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challenges relating to reproducibility, variability between different séargonors and
availability of suitable samples in the case of using bone marrow macrophages, due to
the invasive nature of extracting these samples. Therefore, the requirement for using a
more reproducible and readily available alternative would be highlyable in

osteoclast research.

The use of cell lines in osteoclast research is currently limited, however there is
evidence to suggest that multinucleated, bone resorbing cells that possess the
morphological, phenotypic and genetic characteristicsifiécentiated osteoclasts can

be developed from myelmonocytic cell lines. The RAW264.7 murine cell line is
arguably the most established cell line used in osteoclast research. These cells are
capable of forming osteoclasts in response to both RANKL a@&Ftreatmert+2+’,
However, due to their murine origin, they are fundamehtanot representative of

human physiology, meaning there is still considerable interest to generate osteoclasts

using a reproducible human model.

The U937 human cell line is representative of monocytic cells of myeloid litféage
These cells have been shown to be capaijldifferentiating into osteocladike cells

in response to treatment with,25(OH)Ds following initial induction with phorbol

esters such aphorbol 12myristate 13acetate*®2°% They are also capablé o

resorbing bone material and expressing genes related to osteoclast function such as
TRAP, RANK and cathepsitf.KThis highlights the potential for these cells to be used
in osteoclast research and to alswestigate the role of osteoclasts in osteolytic

diseases, including myeloma.

1.3.2.3.Coculture models

The use of ceulture models in myeloma research is common to investigate the role of
various cells that are found within the bone marrow microenvironmentyeloma
biology. Such models have been previously used to investigate chemoresistance,
proliferative capacity, alterations to surface phenotype, roles of signalling mediators
and determination of transcriptomic alterations. The complexity of the bone ovarr

in human physiology often meaims vitro research is carried out in a reductionist
fashion. There are a number iof vitro models that have been used in myeloma
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research that have utilised stromal cells, osteoblasts and endothelia®>é¥s There

are very few legitimate models being reported that can effectively imitate the
osteoclastic environment of the myeloma bone marrow in hurdzgh3 his presents

an opportunity to investigate the development of a reproduciislevitro research

model that can effectively replicate osteoclast function that can be used in myeloma
research. Suchmodel could provide a good foundation for future studies of the
influence of the microenvironment on resistance mechanisms in myel@novide
another platform for therapeutic testing and also potentially sustain primary myeloma

tissueex vivo
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1.4. Project Aims

This research project aims to develop a reproducibleitro osteoclast

microenvironment from the myelononocytic U937 celide, which can then be used

in a coculture model withH929 and JJNByeloma cell lines to investigate phenotypic,
functional and transcriptional changes that occur in these myeloma cells as a result of

co-culture.

The primary aims of this project are ttefore to:

1. Characterise the differentiation of U937 cells into osteoclést cells following
treatment with phorbol 12myristate 13acetate(PMA) and 1,25(OH)Ds.
Treated U937 cells will be assessed for multinucleation, expression of
osteoclast markers such as TRAP and RANK and their capability of resorbing

bone material.

2. Investigate the influence of differentiated U937 cells on H929 and JJN3 CD138
expression, activation, survival and resistance to treatment with clinically

approved herapy.

3. Determine transcriptional differences between two CD138 subpopulations in
each myeloma cell line using RNA sequencing and investigate differences in
expression of genes that regulate proliferation, cell cycle regulation and

survival.
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CHAPTER RMaterials and Methods

2.1.Tissue Culture

2.1.1.Media, buffer and cell staining solutions

2.1.1.1.RPMI 1640 media
Roswell Park Memorial Institute (RPMI) 1640 media (Gibco) was supplemented with
2mM L=Glutamine (Invitrogen), 100U/bpenicillin and 106g/mL streptomycin

(Invitrogen) and 10%oétal bovine serum (Gibco).

2.1.1.2.DMEM media
5dz 6S002Qa&a a2RAFTASR 91 3tSQa aSRAI 65a9adv
sodium pyruvate (Invitrogen), 100Ulnpenicillin and 106g/mL streptomycin

(Invitrogen) and 10%oétal bovine serum (Gibco).

2.1.1.3.M199 media
Medium 199 (M199) media (Sigma) was supplemented with 10Qnicillin and
100mg/mL streptomycin (Invitrogen) and 20%éftal bovine serum (Gibco).

2.1.1.4.Cryopreservation media solutio

Cryopreservation media was made using either RPMI 1640, DMEM or M199 media at a
proportion of 60% and supplemented with 308&&fal bovine serum and 10% Dimethyl
Sulfoxide (DMSO) (Sigma).

2.1.1.5.Paraformaldehyde fixation solution

40g of paraformaldehyde powdéBigma) was dissolved in sterile PBS that had been
warmed to 60°C. The solution was cooled and made up to a final volume of 1 litre to
make a 4% solution. This was stored betweedf@ and diluted to a 1% working

solutionin PBSo fix cells.
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2.1.1.6.Toluidine ble solution

0.5g of toluidine blue powder (Sigma) and 0.5 of boric acid (Sigma) were dissolved in
75mL of distilled water with the pH of the solution adjusted to 7.3 using 1M sodium
hydroxide with a final volume being made up to 1Q0fhe solution was fitred

through coarse filter paper and stored at room temperature.

2.1.2.Tissue culture plastics

All cells were cultured in either 25énv5cnt or 175cnd single tier flasks or 175¢i8-
tier flasks (Greiner). Cells were also cultured in 6, 12, 24, 48 and 96sse# tulture
plates (Nunc) and were transferred using 10, 20, 200 andrii0pette tips (Fisher)
as well as 5, 10 and 2%r8tripettes\ (Sigma). For flow cytometry experiments cells
were placed in FACS tubes (Greiner). Falcon tubeslL(abth50n) (Fisher) were also

used for centrifugation of cells.

2.1.3. Assessing cell density and viability

Cell density and viability in each culture was asedby diluting aliquots of cell culture

1:1 in sterile PBS (300cell culture in 3061 PBS), anbteing placed in a ViCell XR cell
counter (Beckman Coulte) & LJ- NIi 2F GKS A0Sttt - wQa OJA
stained with trypan blue a live cdlexclusion azo dye that stains dead cgll®ducing

a distinction in colour between live and dead cells, which can be quantified to provide

cell density and viability valugs. Fifty representative images were taken which were

then automatically assessed for viability and cell density®®ril) by ViCell XR

integrated software.

2.1.4.Mycoplasma testing

Mycoplasma tests were routinely carried out every 3 mordhssamples of cells being
used in culturepsing a Vendd Gem Classic mycoplasma detection kit (Minerva
Biolabs). Supernatants from each cell line in culture were collected and heated to 95°C
for 10 minutes and briefly centrifuged at 10,0@00 remove excess cellular debris. A
master mix of reagents provided in this detection kit was produced as shown in Table
2.1.
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Component Volume per reactionifl)
PCRyrade water 14.5
10xreaction buffer 2.5
Primer/nucleotide mix 2.5
Internal control DNA 2.5
Polymerase (1Uh) 1.0
Total 23.0

Table 2.1.Components of a PCR master mix to assess for presence of mycoplasma

For each reaction 28_of master mix was mixed withn2 of supernatant from each
sample, alongside a positive control containing the provided DNA template and a
negative control contaimg nucleasdree water instead of DNA or sample. These
samples were then amplified using the settings described in Tabie 2 PCR
thermocycler(Thermo Fishenyith the resulting solutions placed in a 1.5% agarose gel
and run for 20 minutes at 100Wlycoplasma ontamination was then assessed using a
DNA ladder, with a positive result equating to the detection of PCR amplicon bands at
approximately 2658278 base pairs in amplicon siZérroughout the entirety of this

research, no mycoplasma was detectadany culture.

Phase Initial . Denaturation and annealing
denaturation
Stage 1 1 2 3
Number of cycles 1 39
Temperature (°C) 94 94 55 72
Time 2 mins 30 secs 30secs  30secs

Table 2.2PCR cycling times and temperatures to facilitREReaction
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2.1.5.Cell line culture

All cell lines were maintained in appropriate media at 37°C in atmospheric conditions
of 5% C@ The identity ofeach cell linavas confirmed through eultiplex PCR of
mini-satellite markergshat revealed a unique DNA profil&@his procedure was

performed by the STR genotyping service provided by Public Health England. All cell
lines were als@hown to be mycoplasmfiee. Cell lines were maintained in

continuousculture for no longer than 6 weeks

2.1.5.1.Suspension cell lines

H929,JJN3and U937 cellsvere all originally obtained as frozen stocks from the ATCC
andwere maintained in RPMI 1640 media and kept at densities betweeBx1.&
cells/mL Cells were routinely split twice per week at a ratio & fbllowing
centrifugation at 30&g for 5 minutes. Cells were ®uspended in 30inof fresh, pre

warmed media and placed back into culture 175 flasks.

2.1.5.2.Adherent cell lines

SAOL cellswere originally obtained from Sigma, 3%ells were obtained from ATCC
and CD40lexpressing murine fibroblastgere kindly donated by Dr Beth Walsby,
Cardiff University. SA@Sand CD40L cell lines waraintained in DMEM media and
HS5 cells were maintaied in M199 media. When cells became confluent, they were
briefly washed with sterile PBS before the addition of 0.05% trylBEIMA. Cells were
then incubated for 510 minutes at 37°C in atmospheric conditions of 5%uD@ the
cells had detached from éhflask which was confirmed using a light microscopbe
cells were washed in fresh FB&htaining media to deactivate the trypsEDTA.
Detached cells were then split at a 1:3 ratio, resuspended inLZt#sh media and

placed back into culture.

2.1.6. Differentiation of U937 cells

U937 cells were aliquoted into 24ell plates at an initial seeding density of 5%10
cells/well. Cells were treated for 48 hours with 1006RA0-Tetradecanoylphorbol 13
acetate (PMA) (Sigma). Naalhered cells were then remed by washing twice with
fresh RPMI 1640 media. PMreated U937 cells were then incubated with 10nM
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1,25(OHYDs (Sigma). The initial time of addition bf25(0OH)Ds to PMAtreated U937
cellswill be referred to aPay 0 Treatmentin this fashiorcontinued for up to 10 days,

with 1,25(OHDs-containingmedia being replaced every2days.

2.1.7.U937 cell culture on ivory disks

Slices of ivory werkindly donatedoy Dr Bronwen Evans, Cardiff University. These
slices were soaked in sterile PBS for 2 hours leedligks were cut using a 6mm hole
punch. Disks were collected and placed in a sonicator for 2 mifatestotal of 10
runs, fresh water was replaced after each r@onicated ivory disks were placed in
100% ethanol for 10 minutes, which was followed2awyashes with sterile PBS. PBS

was then removed, and the ivory disks were left to dry until required for culture.

Sterile ivory disks were placed in each required well of-aékb plate and were

soaked for 1 hour in RPMI media containing 100nM of PM#aorking solution of

U937 cells was used at a density of Sxddlls/mLin media containing 100nM PMA,
around 300rL of this cell culture was added on top of each ivory disk being used. The
ivory disks filled the vast majority of each well of av@éll platethat they occupied,
ensuring that all U937 cells would settle on the surface of the ivory disk when placed in
culture. Cells were incubated in appropriate conditions for 48 hours. After this time,
media was removed, cells were gently washed twice with REBM0 media which was
then replaced with RPMI 1640 media containing 10nM of 1,25(OHRkith media
solutions were prevarmed to 37C.Cells were incubated in these conditions for 4
weeks, with media being changed at reguled 8ay intervals. Once thisiiture period

was complete, ivory disks were washed in PBS for 2 minutes and incubated in 1%
sodium hypochlorite for 10 minutes. Disks were washed with sterile water and were
vigorously rubbed between gloved hands for at least 2 minutes to remove anysexces
cells that may have remained stuck to the disk. Disks were stained with 0.5% toluidine
blue for 10 minutes before finally being washed with 100% ethanol briefly, to remove

excess stain.
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2.1.8.Myeloma cell ceculture with differentiated U937 cells

H929 andJJN3ells were washed in pre)armed RPMI 1640 media and collected in a
working culture at a density of 5x16ells/mL U937 cellsvere pre-treatedin 24-well
plateswith PMA for 2 days and 1,25(QBjfor a further 5 daysind were
subsequentlywashed twice in pravarmed RPMI 1640 media to remove excess
1,25(OH)Ds from culture. Aliquots of 1iof each myeloma cell were then added to
wells containing differentiated U937 cells and were incubated at 37°C for up to 48
hours before being collected fdurther analysisAliquots of 25@i of myeloma cell
cultures were also added to Transviklinserts, which were placed in wells containing
differentiated U937 cells and cultured at“&for 48 hours before collection for further

analysis.

2.1.9.Myeloma cell ceculture with adherent cell lines

HS5, SAOR cells and CD4&txpressing fibroblasts were irradiated with a dose of
60Gy (approximately 30 minutes with Caesili8¥) and plated into 24vell plates at a
density of 1x10cells/well in their respective medialhe cells were left for a minimum
of 4 hours to adhere to the tissue culture plastic. Media was removed and the cells
were washed once with fresh media to remove any faathered cells. H929 antdN3
cells were then cultured with these adherent cells at@#t a density of 5x20

cells/mLfor up to 48 hours. Myeloma cells were then collected for further analysis.

2.1.10.Assessment of myeloma cell migration

H929 and JJIN3 cells were cultured with differentiated U937 cells for 48 hours and
placed in Transwdll inserts as described ifection 2.1.8. Within the lower chamber

of each well of a 24vell Transwelll plate used for cell culture, CXCL12 was added at a
concentration of 100ng/h Myeloma cells were incubated in this fashion for a period

of either 2 or 24 hours. Media was then harvested from both the upper and lower
chambers of each well used for cell culture and assessed for CD138 expression using
the staining procedure described Section 2.2.2. Samples were processed using an
Accuri C6 flow cytometer, with 1@@Q being collected from each sample to determine

the number of cells that had migrated from the upper chamber to the lower chamber.
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This experiment was also performed affside controls that did not contain a CXCL12

migratory gradient.

2.1.11.Treatment of myeloma cells with bortezomib

H929 and JIN3 cells were harvested and resuspended into a working stock solution at
5x1Ccells/mLin RPMI 1640 media. Cells were {reated with bortezomib for 1 hour

at doses ranging between 220nM. This was to equilibrate the cellular absorbance of
bortezomib, to ensure that any cytotoxic effect observed was not neutralised-by co
culture with differentiated U937 cells. Aliquots of Lwf myelomacell working

cultures were then added to differentiated U937 cells that had been treated with

10nM PMA for 48 hours followed by 100nyR5(OHyDs for a further 5 days. Treated

cells were incubated in this fashion for 48 hours before being harvested sedsed

for viability through flow cytometry.

2.1.12.Cryopreservation of cell lines

Cells were harvested, spun down at @or 5 minutes and resuspended in
cryopreservation media at a density of betweed @x1(® cells/mL, depending on the
total number of cellavailable in culture at the point of freezing. Cell solutions were
transferred to 2nkcryogenic tubes (Greiner) and placed in a Mr FiOs(Fhermo
Scientific) freezing container which contained approximately I56hpentane,
allowing for an optimal freemg rate of-1°C per minute. Cells were then left for 24

hours at-80°C before being transferred to a liquid nitrogen tank for long term storage.

2.1.13.Thawing of cryopreserved cells

Cells frozen in 2incryogenic tubes were quickly transported from liquid nitrogen
storage in a polystyrenmsulated container. Cryogenic tubes were then placed in a
water bathheated to37°C to aid in rapid thawing. Tubes were then sterilised with
ethanol, with thawed cellbeing placed in a sterile 19nfialcon containing appropriate
pre-warmed media and spun down at 3@pfor 5 minutes. Cells were resuspended in
10mL of their respective media and placed in a 25amlture flask for incubation at

37°C.
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2.2. Flow Cytometry

All flow cytometry experiments were performed using Accuri C6, FACSAriar

LSRFortessa flow cytometers (BDsBiences). Flow cytometers were routinely
YEAYGFrAYSR Ay I O02NRFYOS gAGK (GKS YI ydzFIl
possibility of air bubbles or debris contaminating and obscuring data. Analysis of flow
cytometry data was performed using either Wwlin 10 or BD Accuri C6 analysis

software.

2.2.1.Compensation of multicolouantibody panels

To compensate multicolour fluorochrome panels, compensation particles (BD
Biosciences) were used. Particles were briefly vortexed to ensure their resuspension in
solution. One drop of antmouse Igkappa and one drop of negative control
compensation particles were added to IQ0of sterile PBS in individual FACS tubes
containing % of each antibodyfluorochrome conjugate being used in every multi
colour panel, alongsidenstained controls. These samples were incubated at room
temperature in darkness for 10 minutes before being analysed on a BD LSRFortessa.
Briefly, samples were gated using forward and side scatter and were assessed for
positive staining using single cotauistogram plots. For each panel being used,
compensation was then automatically calculated using FACSDiva software with these
values being applied to future experiments involving those multicolour antibody

fluorochrome conjugate panels.

2.2.2.Myeloma cell staning

H929 andlJN3ells were harvested an approximate density dix1(®cells/mL for

staining, washed in sterile PBS and centrifuged ak@@8r 5 minutes. Cell samples

were then resuspended in 5of each fluorochromeconjugated monoclonantibody

in 100(L sterile PBS and were then incubated in the dark for 10 minutes at room
temperature. They were then washed again in sterile PBS asdggended in either

200ul sterile PBS if analysis was to be performed immediately or 1% paraformaldehyde
fix soluion if cells were to be analysed at a later timepoint within 1 week of staining.

As standard practice when constructing gates, cells were analysed using forward and
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side scatter arealots to isolate whole cell populations, followed by forward scatter

height vs area fots to exclude cell doublets.

2.2.2.1.Determination ourface marker expression

In order to assesthe expression of various markesa the surface of H929 antIN3
myeloma cell lines, cells were stained wiilorescentlyconjugated monoclonal
antibodies which are detailedn Table2.3. The method of staining described in

Section 2.2.2Briefly, gaites were drawn around live, single cdifore being assess
initially for CD138 expression. Gates were drawn around C¥3sd CD138"
populations of cells, which were then assessed further for expression of a number of
other phenotypic marker€Experiments wereoutinely performed alongside unstained
controls inorder to establish cell populations that were truly positive expressors of

each marker being analysed.

Antigen Fluorochrome Manufacturer Clone Isotype
CD138 APC Biolegend MI15 Mouse IgG
CD38 FITC Biolegend HB7 Mouse IgG
CD69 PE/Cy7 Biolegend FN50 Mouse IgG
CXCR4  Brilliant Violet 421 Biolegend 12G5 Mouse lgGa
CD49%e PE Biolegend NKISAM1 Mouse IgGb
CD45 Brilliant Violet 605 Biolegend HI30 Mouse IgG
CD40 Brilliant Violet 605 Biolegend 5C3 Mouse IgG
CD11a PerCP Biolegend TS2/4 Mouse IgG

Table 2.3. Fluorescently conjugated monoclonal antibodies selected to assesscguniarker
expression of myeloma cells.

2.2.2.2.CFSE assay

CellTraca Carboxyfluorescin succinimidyl ester (CFSE) stock was reconstituted in
DMSO to a concentration of 5mM. H929 atiiNIells were harvested and
resuspended at a density of 5¥1¢ells/mLin PBS that had been prearmed to 37C
with CFSE diluted to a conceation of ImM. This suspension was incubated in the
dark at 37C before being diluted 1:1 with fresh RPMHOmedia containing 10% FBS

to remove any unbound stain. The cells were centrifuged ak@@8 5 minutes,
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counted and resuspended todensity of 5x10cells/mL CFSKtained cells were then
added to a 24well plate containing U937 cells that had been treated with PMA for 48
hours and 1,25(OHps for 5 days, alongside morzulture controls. After 48 hours of
incubation at 37C, cells wereharvested, stained with CD138PC antibodyTable 2.3)

washed in sterile PBS and analysed on an Accuri C6 flow cytometer.

2.2.2.3.Cell sorting

H929 andlJNZells were harvested and stained with fluorescently conjugated CD138
APC and CD38TC monoclonal antibiees at a concentration ofriper 1x16 cells.
Stained cells were then washed and resuspended in sterile PBS at a final working
density of 1x1@cells/mL Cells were sorted using a FACSAvril (BD Biosciencesjhis
procedure was performed at the CentBilotechnology Services (CBS) at Cardiff
University, by Dr Ann Kiflorganand Dr Catherin&laseriyanBriefly, cells were gated
using forward and side scatter profiles to identify live cells and forward scatter height
vs area profiles to exclude doubletxpression of CD138 and CD38 was then
determined and gates were drawn around CDT$¥CD38 9" cells and
CD138M/CD38"9" cells, with these two subpopulations being sorted into separate
collection tubes, coated with warm FBS. These samples wereubkedior RNA

extractions.

2.2.3.U937 cell staining

U937 cells treated with 100nM PMA and 10nM 1,25(DkWvere collected at Days O,

3, 5 and 10 of treatment alongside a Oh control. At each time point cells were washed
with sterile PBS and incubated with tryp€tDTA (0.05%) (Gibco) feR Ininutes.

Once all cells had detached, fresh RPMI 1640 media was &oldeel cells to

deactivate the trypsirfEDTA, cells were then washed and resuspended in sterile PBS in

preparation for staining. All samples were analysed on an Accuri C6 flow cytometer.

2.2.3.1.Determination of RANK expression on U937 cells.
U937 cell samples we harvested as described $ection 2.2.3 at each specified time

point. Samples werevashed andtained with RANIRE (Tabl@.4) at a concentration
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of 5rrper 100vifor 10 minutes in darknesSamples were then washed in sterile PBS

and analysedising anAccuri C6 flow cytometer.

Antigen Fluorochrome Manufacturer Clone Isotype
RANK/TNFRSF1! PE R+D Systems 80704 Mouse IgG

Table 2.4. Fluorescently conjugated monoclonal antibody used to assess surface expression of RANK
on U937 cells

2.2.3.2.DNAcontent analysis

To assess the DNA content of U937 cells in response to treatment with PMA and
1,25(OHYD;, staining with propidium iodide was employed. Propidium iodide is a DNA
intercalating agent that can be used to quantify intracellular DNA conteetnwh

coupled with flow cytometrs?®. Once harvested, U937 cells were resuspended in 70%
ethanol and stored at20°C for at least one hour before staining, to fix the cells. Cells
were washed in sterile PBS andswespended in 5L of 10ug/mLRNase A (Qiagen) for
45 minutes at 37°C. Samplevere then incubated with propidium iodide (Sigma) at a
concentration of 5@g/mLfor 15 minutes at 37°C and analysed on an Accuri C6 flow

cytometer.

2.2.4.Annexin V staining

An Annexin V Apoptosis Detection kit (eBioscience) was used to #sselssof

apoposis in both treated U937 cells and myeloma cell lines. Using the appropriate
harvesting techniques for each of these cells outlined in Sections 2.2.2. and 2.2.3. cells
were stained with & of Annexin WITGn 1001 cell culture (1x19cells/100m) and
incubated for around 10 minutes. Cells were then washed and resuspended in a final

volume of 20@rLin sterile PBS before being analysed on an Accuri C6 flow cytometer.
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2.3. Microscopy

2.3.1. Tartrate resistant acid phosphatasd@ RAP) Staining

Tartrate resistant acid phosphatase (TRAP) staining was performed using an acid
phosphatase leukocyte (TRAP) kit (Sigma). This method utilises naphtBol AS
phosphates combined with diazotized fast garnet GBC salts for the detectiordof aci
phosphatase, the latter of which rapidly forms insoluble dye deposits in the presence

of acidic pH to indicate the presence of TRAP

Component Volume ()
Deionised water 45
Diazotised fast garnet GBC solutiol 1.0
Naphthol ASBi phosphate solution 0.5
Acetate solution 2.0
Tartrate solution 1.0

Table2.5. Components of Acid phosphatase staining kged to assess expression of TRAP in U937
cells

After treatment in 24well plates with PMA for 48 hours adg?5(OH)Ds for a further

10 days, U937 cells were washed once gently in sterile PB8gomeed to 37°C and

fixed in a fixative solution composed of 25% citrate, 65% acetone and 10%
formaldehyde (37%) for 30 seconds at room temperature before being rinsed at least 3
times in sterile deionised water. The solution described in T2B&as warmed to

37°C and added to the fixed U937 cells, which were incubated for a further 60 minutes
at 37°C. The cells were then thoroughly rinsed in deionised water at least three times

and left to air dry before being imaged with a light microscope.

2.3.2.SEM imaging
Ivory disks cultured with U937 cells treated with PMA and 1,25{@ere attached

to doublessided carbon tape, coated with goldan EMscopesputter coater
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(EMScope, Ashfor&ent, UK) and examined and imaged at 10kV in a Tescan VEGAS3
scanning electron microscopé&his procedure was performed by Dr Christopher Von
Ruhland, Cardiff University.

2.3.3.Fluorescence microscopy

Differentiated U937 cells were gently washed with steriBSRand fixed it%

paraformaldehyde for 30 minutes. They were then washed in sterile PBS and

incubated in 0.5% (v/v) Triton X100 for 15 minuteixed §f £ & G SNB a-G Ay SF
Diamidine2-phenylindole dihydrochloride (DAPI) at a concentration of 100mg/

Images were acquired using a Zeiss Axio Observer Z1 microscope (Carl Zeiss
Microimaging, Gottingen, Germany) with a black box chamber (Solent Scientific Ltd,
Segensworth, UKYhe use of this equipment was kindly permitted by Professor Rachel

Errington Cardiff University.
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2.4. Gene expression analysis

2.4.1.RNA sequencing

Following culture for 48 hours with differentiated U937 cells, H929 kMR ells were
harvested in working cultures containing approximately 10xHls in 1nh sterile PBS.
These cell solutions were thdlow sorted into their respective CD138" and

CD138™ subpopulations, as described $action 2.22.3. As a control, H929 arddN3

cells cultured in isolation were also sorted based on CD138 positivity, with only
CD138"Mt cells being collected in this instance. The list of samples collected is shown
in Table2.6 along with the identifiers they willebreferred to throughout this thesis

Three independent biological replicates were assessed in this assay.

Sample Identifier
H929+U937 CD138"t HUCB
H929+U937 CD148 HUD
H929 monoculture CD138" HMCB
JIN3U937 CD138t JUCB
JIN3U937 CD138 JUCD
JIN3nonoculture CD1389M JMCB

Table 2.6. Summary of conditions and samples used to produce RNA extracts and their corresponding
identifiers

2.4.1.1.RNA Isolation

Approximatelysx1@ cells from each condition shown in Tablé @ere harvested
following sorting, washed in ice cold PBS anduspended in 1inof cold TRIzdl

reagent (Thermo Fisherfhese samples were frozen-80 C until required for RNA
extraction. Upon thawingTRIpIN lysates were mixed with 2@@.chloroform and
vortexed for 15 seconds before being centrifuged at 1069@6r 15 minutes at 4C.

The aqueous phase of this solution was then carefully extracted, ensuring that there
was no crossover contamination frometlwhite interphase layer of the solution. This
agueous solution was then thoroughly mixed with 70% ethaRot.the remainder of

the RNA extraction an RNeasy miti(Qiagen) was used in accordance with the
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YI ydzFF OG0 dzZNBE N a Ay a i NaOwere platad inla? RNeas@spim S w

column containing a silica RNeasy membrane and centrifuged at 2@,808°C
allowing total RNA to bind to the membrane. The addition of the provided RW1 and
RPE buffers washed away contaminants within each sampldlyi-togal RNA was
eluted into 50rL of RNasdree water, this was then run back through the RNeasy
column, to ensure the highest possible amount of RNA was collettedprocess

enabled purification of RNA molecules that are greater than 200 nucleatidgze.

2.4.1.2.RNA Sample Preparation and Sequencing

Following the generation of RNA extracts, these samples were used fer RNA
sequencing, which was performed by the Wales Gene, Rzatkdiff Total RNA quality
and quantity was assessed usingAsgilent 2100 Bioanalyser and an RNA Nano 6000
kit (Agilent Technologies). 18D0ng of Total RNA with an RNA integrity number (RIN)

>8 was depleted of ribosomal RNA, and the sequencing libraries wepaned using

the lllumina®TruSeq® Stranded Total RNAwith RS N2 D2f Ru 1 A0 o6 LT

steps included rRNA depletion and cleanup, RNA fragmentatibstrdnd cDNA

synthesis, P& 1 NI Yy R O5b! &&y (i keddsadapter ligRtdn/RORI (A 2 v
amplification (1208 Of Sa0 +FyR @It ARIF A2y ® ¢KS YI ydzF

except for the clearup after the RibeZero depletion step where Ampure®XP beads
(Beckman Coultegnd 80% Ethanol were used. The libraries were validated using the
Agilent 2100 Bioanalyser and a higénsitivity kit(Agilent Technologiesd ascertain

the insert size, and the Qubit®Rife Technologiesyas used to perform the

fluorometric quantitation Following validation, the libraries were normalised to 4nM,

L22ft SR (123SGKSNJ YR Of dzZaiSNBR 2y GKS O.

recommendations. The pool was then sequenced usinglaasgg paireeend (2x75bp
PE) dual index read format on the Illum®HiSeq2500 in higbutput mode according
totheYl ydzF I OG dzZNBENRa AyaidNdHzOGAzyao

2.4.1.3.RNA sequencing data analysis

Processing of raw RNA sequencing data and subsequent differential gene expression
analysis was performed by Dr Anna Evans, Wales Gene Parkf. @ardiverview of

the data processing workflow is summarised in Figure 2.1. Raw read data was

converted to fastq format for all samples and reads were then trimmed of adapters
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and low quality read ends using Trim Galore (v0.5.0) software. Reads were then
mapped to the Gencode GRCh38 primary assembly reference genome, sourced from
the Wellcome Sanger Institute server. Appropriate quality control measures were
performed at each stage of read processing using FastQC and MultiQC software
package®8. Read counts are directly related to gene expression levels and were
calculated by inferring library strand specificity from each sequehgearaent file

using RSeQC software, they were then summarised by feature, specifying
strandedness, using FeatureCounts (v1.5.1) soft®w&?&? FeatureCounts was used

both as part of a quality control strategy to identify outliers and batching effects and
to assess read counts that were summarised at the exon, transergpgene level.

These read counts were taken forward for differential gene expression (DGE) analysis
using the R package: DES®42The comparisons madetween samples to assess

DGE are summarised in Table 2.7.

2.4.1.4.Ingenuity Pathway Analysis (IPA)

Groups ofdifferentially expressedenes from each condition were selected for
pathway analysis based auljusted pvalue (q<0.05)to identify cellular and molecular
pathways, functions antdiologicalprocesses that were overrepresented in each
dataset. This analysis was performed usirgehuity Pathway Analys{f?A)software,
version 0107 (Qiagen)Following the compilation of significantly differentially
expressed genes, fold change was then used to further filter the datasetsz[foldg
change] greater than 1 or less thahwas deened a suitable parameter to determine
differential expression. Data obtained fradrMCB vs HUCB and JMCB vs JUCB
comparisonghat met these selection criteria containe®4and 124 differentially
expressed genes. Data obtained frétviCB vs HUCD and JIMCBWED comparisons
consisted of D96 and6636significant differentially expressed genes. Given that
significant data from eacHMCB vs HUCD and JMCB vs JUCD compagson
considerably larger than samples taken frétllICB vs HUCB and JMCB vs JUCB
comparisonsthe top 3000 most significantly differentially expressed genes in both
HMCB vs HUCD and JMCB vs JUCD compdais@ets were input into IPA software
for analysis. This is recommendey Qiageras the upper limit of differentially

expressed genes that de input into IPA software.
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Convert raw read data intfastqfiles for all samples

Reads trimmed usingrimGaloresoftware

Mapping

Reads mapped to reference genome GRCh38

featureCounts

featureCountsy QC featureCountdy sample

Differential Gene Expression

DESeq?2 differential gene expression analysis

Visualisatiorof Data

Genview Ingenuity Pathway analysis (IPA)

Figure 2.1. A flowchart illustrating the processes involved in the analysis of RNA sequencing data

Cell Type Sample Comparison
HUCB vs HMCB
H929 HUCD vs HMCB
HUCD vs HUCB
JUCB vs JMCB
JIN3 JUCD vs JMCB
JUCD vs JUCB

Table 2.7. A summary of the comparisons made to assess differential gene expression between each
sample
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2.4.2.Validation of protein expression

2.4.2.1.Reverse transcription reaction

In order to generate complimentary DNA (cDNAnples suitable for use in a gPCR
reaction, a reverse transcription assay was performed on RNA samples. Briefly, 250ng
of RNA from each sample was converted to single stranded cDNA using a High Capacity
cDNA Reverse Transcription Kit (Applied Biosystdfagh sample of RNA was made

up to 10 with nucleasdree water and mixed with a prprepared master mix

containing reverse transcriptase enzyme, RT random primers and dNTPs in excess, as
shown in Table 3. This solution was then placed in a Veriti DXefino Fisher)
thermocycler to facilitate the reverse transcription reaction to convert the RNA

present within the sample to cDNA. The criteria for this thermocycler reaction are
shown in Table B. The final volume of this reaction wasr@Gand samples were

stored at-20°C until required for gPCR analysis.

Component Volume per samplertl)
10x RT buffer 2.0
25X dNTP mix (100mM) 0.8
10x RT random primers 2.0
Multiscribe reverse transcriptase 1.0
Nucleasdree HO 4.2
Total 15.0

Table 28. Components of a High Capacity cDNA Reverse Transcription Kit used to generate cDNA from
RNA extracts

Temperature (°C) Time (mins)
Step 1 25 10
Step 2 37 120
Step 3 85 5
Step 4 4 o

Table 29. Optimal temperature and time settingmput into a Veriti DX thermocyclerThis cycle was
usedto facilitate a reverse transcription assay as recommended by the High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems).

57



Chapter 2: Materials and Methods

2.4.2.2.Primer selection and design

In order tovalidate thesignificantdifferential gene expressioresults produced from
RNAseq analysisa short list of target genes was selected for validation by qPCR.
These genes were selected based on expression level as reported in threeRNA
DESeq2 datasets, which were required tahigh enough to ensure that detection was
feasible during a gPCR experiment. Following the establishment of a gene list that
fulfilled these criteria, it was important to croseference differential expression with
absolute read counand log[fold changé values from DESeq2 datas&i ensure that

there was a sufficient quantity of RNA within each sample.

Primers were designed using NCBI Primer BLAST where Primer3 software is utilised for
primer design and coupled with BLAST software to determine prapecificity to the

chosen target and to predict the risk of primers dimerising with one anétherhere

was more than one transcript variant associated with 5 out of 6 genes targeted for
validation This meant primers had to be designed to bind to and amplify common
sequences between these transcript variants, the sequences of these primers are

shown in Table 20.

It was also important to design primers that spanned an egwon junction othe

target transcripts to ensure potential genomic DNA (gDNA) contaminants were not
amplified instead of the required cDN#ithin each samplePrimers were then
selected based on GC content {80%), melting temperature ) (5863 C) and
amplicon length 70-250 base pairs). Primers were generated by Eurofins Genomics
and were provided in a lyophilised state. They were resuspended in nudiegse

water to make up primer solutions to 16M.
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Gene Description t NAYSN a&lpdedy OS
Glyceraldehyde 3 S':eorl‘j‘gge GTCTCCTCTGACTTCAACAC

GAPDH phosphate Rgverse
dehydrogenase ACCACCCTGTTGCTGTAGC(

sequence
Secreted Forward -\ GGTGATAGTGTGGTTTA

. sequence

SPP1 phosphoprotein 1 Reverse
(osteopontin) GCACCATTCAACTCCTCGC1

sequence
. Forward -\ A TCTGTGCTGGACATACG

SYK Spleen associated sequence
tyrosine kinase Reverse TGCGGGAGCGGTTAGTTC

sequence
. . Forward -\ s AGTGATTGAGAGTGGAC

CXCLS CX@motif chemokine sequence
g REVerse A CAACCCTCTGCACCCAG

sequence
. Forward 5 - GAGTGGATGCCGCCTT

Matrix sequence

MMP2 metallopeptidase 2 Reverse
Pep CATTCCAGGCATCTGCGATC

sequence
. . Forward -\ AAGAAGCTGTGATCT]

CCL2 CCmotif chemokine  sequence
g, 2 REVErse 1+ 1GGGGAAAGCTAGGGG!

sequence

Table 210. A list of target genes and corresponding forward and reverse primer pairs to be used in
gPCR analysis

2.4.2.3.ReaiTime Polymerase Chain Reaction (QPCR)

In order to validate expression of previously selected genes, gPCR \iasryast.
Previously generated cDNA samples were diluted 1:5 in nucleasevater and

primers were diluted to 10M working stock solutions. A reaction master mix was
made up for each pair of primers using SMEReen as shown in Tatie11. SYBR

Green isa fluorescent dye that binds to the minor groove of double stranded &NA
The intensity of its fluorescence increases as a result of this interaction, meaning that
as morecDNA amplicon products are produced through the gPCR reaction, there is a
net increase in fluorescence intensity, until the components within the reaction are
eventually exhausted. Fluorescence intensity can then be quantified to determine

relative levelof gene expression within a sample.
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Component Volume per samplertl)
Power SYBRGreen PCR master mix 10.0
Forward prime (10m7M) 1.0
Reverse primg10rM) 1.0
Nucleasdree water 3.0
Total 15.0

Table 2.1. Components of a gPCR master nebntaining SYBR Green to make a single b%
reaction. This was scaled where necessary to accommodate the appropriate number of samples in each
experiment

Initial Denaturation and

Phase . . Melt Curve
denaturation annealing
Stage 1 1 2 1 2 3
Number of 1 40 1
cycles
Temperature 95 95 60 95 60 95
(C)
Time 10 mins 15 secs 1 min 15secs 1 min 15 secs

Table 2.2. Stages of thermocycling throughout a gPCR reaction to facilitate cDNA denaturation,
primer annealing and production of cDNA amplicans

Briefly, 1% of master mix made for each primer pair was loaded into the appropriate
wells of a MicroAmp Fast Optical-9&ll reaction plate. These wells were then loaded
with 5m of each cDNA sample previously made from a reverse transcription reaction
described inSection 2.42.1 The plates were sealed with a MicroAmp Optical Adhesive
Film and centrifuged at 36Q for 2 minutes to remove and any air bubbles that may
have formed within the plate and to collect all reaction reagents at the bottom of each
well. Plates were placed in a Vii7 R&ahe PCR system and the reaction was set to the

thermocycle criteria outined in Table 22.
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2.4.2.4.Analysis of gPCR data

Data collected from each gPCR experiment was initially analysed using ThermoFisher
Cloud software to determine threshold cycle)(alues for each gene analysed and to
visualise melt curves and amplification o comparative assessment of gene
expression was then adopted against a GAPDH reference gene usingtheéhod

264 This method compares the expression of each gene of interest against a GAPDH
reference gene in CD138"and CD138™ cells after ceculture with differentiated

U937 cells in both H929 arddN3nyelomacell lines. Gene expression within each of
these samples is then compared with the corresponding monoculture G138

control sample in each myeloma cell line. These values were then converted to log
expression values to assess fold change. The ctfmulaf 2o0@ for each condition as

follows:

2o0% = 2M[((GGene of interest GGAPDH) Goulture CD1389") ¢ (GGene of interest
¢ GGAPDH) Mongulture CD1389"))]

2004 = 27-[((GGene of interest GGAPDH) Goulture CD138") ¢ (GGene of interesy,
GGAPDH) Monaulture CD138"))]
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2.5. Statistical analysis
All statistical analysis was performed using GraphPad Prism 7.Casef(Grapiad
Software Inc., CA, USA), unless stated othenisealues <0.05 were considered

statistically significant.
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CHAPTER BESULTS

Development and characterisation of an osteoeliistin vitro
niche

3.1. Introduction

Multiple myeloma is a malignancy of terminally differentiatetyBiphocytesg known

as plasmaellsg that accumulate in the bone marrd#. The bone marrow
microenvironment is an influential niche thest heavily involved imyeloma

pathology The cellular compartment of this niche is composed of numerous cell types
that include stromal cells, osteoblasts and osteoclastd drect celtcell interactions
between myeloma cells and these namalignant cells of the bone marrow leads to
enhanced myeloma cell survival, growth and resistance to thérdjere is also
substantial evidence that these effects aiso controlled through soluble factor
signalling®. These factorsre responsible for myeloma cell sustenance and survival
such as H6, osteoclastormation and function such as RANKL, inhibition of osteoblast
function through OPG anlgone matrix degradation such asatrix metalloproteases
Removal of myeloma cells from the bone marrow rapidly leads to apoptosis,

highlighting the reliance myeloma ltehave on this environment for their longevity.

Osteoclasts are highly specialised, mualicleated bone resorbing cells that are
generated from monocytic precursor cells in response to RANK/RANKL signalling as
part of normal bone remodelliid®. Osteoclasts are influential in myeloma disease
progression and have been shown to increaseumber andactivity as a result of
myeloma cell interaction. This disrigthe homeostatic balance betwe@steoblast
inducedbone formation andsteoclastinducedbone resorption in favour of the

latter, which eventually results in the formation of painful bone lesiand

predisposition to fracturén the majority of patient®2 The exact mechanisms that

lead to this phenomenon remain unresolvdd myeloma research there is currently

no wellestablished, reproducible vitro model that can effectively encapsulate the

phenotype, morphology and funicin of human osteoclasts.
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Myeloma cells are most commonly located in areas of active bone destruction. This
suggests thathese malignant plasma cells mpgeferentially interact with osteoclasts
to exert these catastrophic effects. This cellular relaginp has often been reported

as being symbiotic, with myeloma cells contributing to an upregulation of osteoclast
differentiation and subsequerdctivity, with osteoclasts contributing to increased
myeloma cell survival and growf42%4 It was therefore of interesb investigate this

relationship in ann vitro setting.

Primary osteoclast researdh vitrois difficult due to the fact that osteoclasts exist in
very small numbers in human bone marrow. Differentiating osteoclasts from bone
marrow-derived haematopoigc precursors is efficient but not feasible due to the
scarcity of such samples being available for resepuchoses*? It is also possible to
differentiate osteoclasts from CD1geripheral blood mononuclear cells (PBMCs)
following treatment with RANKL and-®ISF6. However, it can take up to\8eeks to
differentiate these cells into functional osteoclagtsvitro using this procedure and
thisrelies on theavailabilityof peripheral blood samples from healthy donofgain,
thisis potentially challenging and wouédso lead taconsiderable vaation between
donors in regard to age and sexhichwould have to be accounted for. Taking these
limitations into consideration, it was of interest to develop a humanised, reproducible

in vitro model of human osteoclasts using a cell line.
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3.1.1.Aims

The aim of this chapter was to develop and characterisgpaoducibleosteoclastlike
microenvironment to be used in an vitro setting.In order to do thidJ937 cells were
treated with 200nM PMA for 48 hours followed by 10d\M5(OH)Ds for up to 10

days. A number of criteria were then assessed in order to determine the similarity of

these cells to human osteoclasts:
1. Determine ability of treated U937 cells form osteoclastike cells through
quantificationof multinucleation, TRAP and RANK expression and ability to resorb

bone material.

2. Assess the effects of myeloma celladture with treated U937 cells on CD138

expression
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3.2. Differentiation of U937 cells into osteocladike cells

There is currently no cell line in existence that is representative of osteoclasts in a
terminally differentiated stateHowever, there is evidence to suggest that cells of
myelo-monocytic origin areapable of differentiating into osteoclaske cellsThe
U937 cell line is a human myeldalkaemiacell line derived from &istiocytic
lymphomaand has been previously shown to respond to treatment with phorbol
esters such aghorbol 12myristate 13acetate(PMA) or 1,25(OHPD:s ¢ the active
metabolite of vitamin B to form multinucleated osteocladike cell$*¢2%°, |t was
important to characterise and validate U937 cells as a suitable cell line fongtno
osteoclast model to use in myeloma research. Such a model could provide a
foundationto investigate themechanisms andffects of osteoclasts on myeloma cell
survival, resistance to therapeutic agents and could also provide a platforex faro

primary myeloma cell research.

3.2.1. Treatment with 1,25(OH)Ds induces morphological changes in BB cells

To confirmpreviousfindings U937 cells were sequentially treated with PMA for 48
hours followed bytreatment with 1,25(OH)Ds for up to 10 daygFigure 3.1).

Treatment withl,25(OH)Ds was carried out at Day. Oreatment withPMA caused

U937 cells to become adherent to tissue culture plastic and the addition of
1,25(OH)Ds caused theeadhered cells to merge with one anothd his was not the
case ircells treated with PMA alone, where U937 cells adhered to one another on the
tissue culture plastic without merging to form larger cells (Figure 3&Ahe final

time point of treatment, it was evident that the rate of differentiation was not uniform
across the entiréreated population. Some treated U937 cells had adhered to one
another withoutcompletelymerging, whilst other treated cells appeared much larger
and more mature in morphology, visually resembling conventional human osteoclasts
(Figure RA). Whilst both treated and untreated U937 cells continued to proliferate in
culture, treatment with PMA and 1,25(O#s resulted in a significant decrease in

U937 cell number in comparison to untreatedntrolsat each timepoinbeyondday 3

of treatmentwith 1,25(OH)Ds (p<0.05 Figure 3B). This indicates that treatmeatso

results in a decrease in the rate of proliferation in U937 cells.
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Figure 3.2. The effect @MA and 1,25(OHIP; on U937 cell morphology, number and viabilitgA)
Representative brightfield images of U937 cells were taken after culturel@@hM PMA for 48 hours
followed byculture with or without10nM 1,25(OHps for 10 days (i). Images of ustited U937 cells
were also taken after concurrent culture wiBPMI1640 media aloe (ii). Higher magnification images
were taken of U937 cells at the final timepouwiftsequential treatment with PMA and 1,25(QEg (iii).

(B) Absolute cell counts were recorded at each time point using an Accuri C6 flow cytometer in both
treated and untreated U937 cells #ite specified timepoint§n=3) A paired-test was performedht

each timepointto assess statistical signifieamusing GraphPad Prish) software(ns¢ not significant;

= p<0.05;" = p<0.01).
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3.2.2. Treatment with PMA and 1,25(Ok); causes U937 cells to increase in size
Visually, it was clear that the process of U937 cell differentiasra result of

treatment with PMA and 1,25(OkDs, was not maximally efficient. Therefore, to
accommodate this during downstream analy$i937 cells were initially gated using
forward and side scatteffFigure 3.3A)Untreated U937 cells were used as a baseline to
represent undiffeentiated cells. Events collected from treated U937 cells that had an
increased forward and side scatter profile compared with untreated U937 cells were
collected in a larger cell gate. The proportion of events detected in the larger cell gate
significantlyincreased over time in treated937 sample§p<0.01;Figure 33B). A

mean of 38.3% of treated U937 cells were detected in the larger cell gate at the final
timepoint in response to treatment. Thi@taindicates that U937 cells increase in cell
size and bcome moramorphologically complex as can be seen from the significant
increase of forward and side scattas a result of treatment with PMA and

1,25(0OH)Ds in atime-dependent manner

It was also important to establish that this incesain forward and side scatter was not
as a result of treated U937 cells undergoing apoptosis. Therefore, cells were stained
with annexinV at each treatment timepoint to assess viabilitjrere was no

significant difference in cell viability over the cearof treatment in U937 cells

showing that treatmentvith PMA and 1,25(Ok)s; was not toxic to U937 cells at the

doses used throughout the entire course of treatmertQ5;Figure 33C).
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Figure 3.3. The effect of PMA and 1,25(@bt)on U937 cell sizgA) The size of U937 cells treated with PMA and 1,25@Mkps assessed using an Accuri C6 flow cytometer at
each specified time point. Cells were initially gated based on forward and side scatter (i). Untreated U937 cells wera hasdlime to draw a smaller cell gate (ii), with a larger
cell gateencompassinghe remainder of the forward and side scatter plot. (B) The proportion of U937 cells that were detected in the largee eetlgguantified (n=6). (C) Cell
viability wasmeasured using AnnexinTC staining at each time point in treated U937 c&lisssesstatistical significanc&raphPad Prism 7.0 software was us&dne-way
ANOVA was performed followed by a Dunnett multiple comparison test to compare the meachaimapoint to Day 0 contrensg not significant,” - p<0.01,”™ - p<0.001,™

- p<0.0001).
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3.2.3. Treatment with PMA and 1,25(OkDx increasesin DNA content in U937 cells
In order to quantify the DNA content of U937 cells over time in response to
treatment, staining with propidium iodide (PI) was used. $twechiometricbinding of
P1 to DNA enables an assessment of the DNA content of a cell based on PI

fluorescencé®’.

From the resulting histograms, gates were drawn to determine the proportiaeks

that possessed the nuclear content of a cell in G1 (2n) and G2 (4n) phase of the cell
cycle. Cells that had an increased DNA content greater than 4n, were quantified in the
4n+ gate. Representative overlaid histograms of these data showed algpendent
increase in the proportion of treated U937 cells that occupied the 4n+ gate collected
in the large cell gate, compared with the small cell gate (Figure 3.4A). The collated
data from treated U937 cells collected in the large cell gate indicateghatisant

decrease in the number of cells detected in the G1 gate (p<0.0001), compared with a
significant increase in the number of cells detected in the 4n+ gate (p<0.001). This was
not the case with treated U937 cells collected in the small cell gaterevho

significant changes were observed in the proportion of cells collected in the G1, G2 or
4n+ gates (p>0.05) (Figure 3.4B). This quantitative datapéulates what was

observed microscopically when it was visually apparent that treated U937 oarigem

with one another to form larger osteoclabke cells. This shows that treatment with

PMA and 1,25(Oks results in an increase in DNA content in larger U937 cells as a

result of treatmentinduced cellular merging to form multinucleated cells.
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Figure 3.4A. The effect of PMA and 1,25(QBEjon the DNA content of U937 cellRepresentative

images of the gating strategy used to determine the DNA content of U937 cells folleggogntial
treatment with PMA for 48 hours and 1,25(QBRfor up to 10 days. Cells were initially gated based on
size using forward and side scatter and were separated into small and large cell populations using
untreated U937 cells as a baseliegerence populatiorfor gating (i). Single cell populations wehen
determinedusing a forward scatter height vs area plot (ii). Propidium iodide content was assessed
within these single cell populations with gates drawn to represent G1, G2 and 4n+ populations of cells
(iii). Representative overlaid histograms shovp®iitivity of U937 cells following treatment over a-10

day time course, representative samples were normalisaghtreated contro$ in orderto

accommodate the differences in cell number in the small and large cell gates (iv).
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Figure 3.4B. The effect of PMA and 1,25(@Bt)on the DNA content of U937 cell¥he population (%)

of U937 cells in either G1, G2 or 4n+ gates were assessed in botl{isamalllargeg(ii) cell populations
(n=4).To assesstatistical significanc&raphPadPrism 7.0 software was useflone-way ANOVA was
performed followed by a Dunnett multiple comparison test to compare the mean at each timepoint to
untreated contros. (ns¢ not significant,” - p<0.01,™ - p<0.001," - p<0.0001)
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3.2.4. Treatment with PMA and 1,25(ObkD» inducesU937 celimultinucleation

Osteoclasts are differentiated from mononuclear haematopoietic precursor cells in
response to RANK/RANKL signaljjragprocess which is often induced by bene
producingosteoblast8®’. This feedback loop forms the basis of homeostatic bone
remodelling. In response to elevated levels of RANKL binding to RANK on the surface of
osteoclast precursors, these cells merge with one another to form muttieated

cells and adhere to calcified bone material to exert their osteolytic funéifoiven

that multinucleation is a fundamental characteristic of functional ostesislat was of
interest to establish whether this was the case in U937 cells treated with PMA and
1,25(0OH)Ds.

DAPI staining was employed to visuabs® enumerate theuclei in representative
U937 cells that had been treated sequengiakith PMA for 48 hours and 1,25(QE)
for a further 10 days. Cells thaad merged tovisually resemble conventional human
osteoclasts in each culture were imaged. Multiple nuclei within these treated U937
cells were observed after DAPI staining whempared with the same cells visualised
using a brightfield filter (Figure%. The number of nuclei diffed between each
individual cell, with a minimum of two nuclei and a maximum of 14 nuclei being
observedin these particular sampleperhaps reflectig the different rates of

differentiation observed in treated U937 cells.
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Figure 3.5. The effect of PMA and 1,25(GBton U937 cell multinucleationRepresentative images of
U937 cells following sequential treatment with PMA for 48 hours and 1,2509fd) a further 10 days.
Images of the cells were taken using a DAPI fil&Pistained nuclei wereisualisedas brightwhite

(A). These images were then directly compared with the same samples using a brightfield filter (B) on a
Zeiss Axio Observer gAlicroscope.
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3.2.5. Tartrate resistant acid phosphatase (TRAP) expression in U937 cells

The expression and activity of tartrate resistant acid phosphatase (TRAP) is regarded as
an important biochemical marker of osteoclasts and is also asesmlmeasure of

osteoclast function in relation to bone resorptive activ#?’? It was therefore of

interest to determine whetheU937 cells treated witPMA and 1,25(Ok); were

expressers of TRAPhiswas determined through cellular staining with a solution
containing naphthol A8l phosphoric acid and freshly diazotized fast garnet GBC.

U937 cells were treated with PMA for 48urs, followed by 1,25(ObkD)s for a further

10 days before being assessed for TRAP activity. It was clear that the majority of these

adherent cells expressed TRAP (Figure 3.6A) in response to treatment.

Upon observation at a greater maifjcation, it was also evident that TRAP was

expressed in a granular fashion (Figure 3.6B). This was not the case in cells treated only
with PMA no purple colouration was observed in these adherent cells indicating that
1,25(OH)Ds is required to upregulate TRAP activity (Figure 3.6C). This shows that
treatment with both PMA and 1,25(O#i)s causes an increase in TRAP activity in U937
cells and provides further evidence that this treatment combination causes these cells

to undergo tre process of differentiation into an osteoclddte morphology.
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Figure 3.6. The effect of PMA and 1,25(GBton U937 TRAP expressidRepresentative images of
treated U937 cells stained with TRAP stain after treatment with PMA for 48 hours andher flé days
of treatment with 1,25(OHJps, with purple staining indicating the presence of TRAP. (A) A colour
brightfield microscope was used to image TR#dhed U937 cells following treatment. (B) Images at
higher magnification were also taken to higffit individual cells. (C) U937 cells were treated with PMA
for 48 hours and the media was replaced with 1,25@Dktlree media over 10 days. Cells were then
stained for TRAP activity and imaged in the same fashidor 4525(OH)D; treated cells.
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3.2.6.U937 cell &pression of Receptor Activator of Nuclear Factappa B (RANK)
RANK is upregulated on the surface membrane of monocytic myeloid precursor cells to
initiate differentiation into multinucleated, bone resothg cells in response to RANKL
and continues to be expressed on mature osteocfst# was therefore of interest to
guantify RANK expression on U937 cells in response to treatment with PMA and
1,25(OH)Ds. RANK expression was measureshgdlow cytometry, with U937 cells

being gated initially using forward and side scatter to distinguish between
differentiated and undifferentiated cells following treatment. Representative
histograms illustrating RANK expression over time shom@easen RANK

expression on the surface tkated U937 cells in the larger cell gate compared to
treated U937 cells in the smaller cell gate. This is also shown to be a significant
phenomenon (p<0.0001) in cells analysed in the larger cell gate, whereais thds
smaller cell gate did not significantly upregulate RANKO.@b;Figure 37). This shows

that U937 cells that increase in size and nuclear content in response to treatment, also
upregulate RANK. This provides further evidence that U937 cellliftegeentiating

into cells that are representative of an osteoclast morphology and phenotype.
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Figure 3.7. The effect of PMA and 1,25(@bton RANK expression in U937 celli937 cells were
stained with PEEonjugated RANK monoclonal antibody and assessed for RANK expression using an
Accuri Célow cytometerover a 18day time period. (ARepresentativéivariate plot showing two
distinct populations of RANK positive (red) aregjative cells (blue) after 10 days of treatment (i).
Overlaid histograms illustrated RANK expression over time in bot{iijrenaller cell andiii) larger cell
populations of treated U937 cells against an unstained control. (B) RANK MFI was alsedisses
illustrate RANK expression over time in both the smaller and larger cell populations of U937 cells over a
10-day time course of treatment with PMA and 1,25(el)n=4).To assesstatistical significance
GraphPad Prism 7.0 software was usédne-way ANOVA was performed followed by a Dunnett
multiple comparison test to compare the mean at each timepoint to Day 0 cen{redg not significant,
*rrk . p<0.0001)
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3.2.7.Resorption of bone material by differentiated U937 cells

Osteoclasts play an essential role in the process of bone remodelling and have the
uniquecapacity to resorb bone materidf. It wastherefore of importance toassess
whether U937 cells that had differentiated in response to treatment with PMA and
1,25(OH)Ds had also developed this capabilityory was used as a mineralised
substrate to investigate these potential resorptive properties &987 cells were
cultured and treated orsterilisedivory disks for up to 1 month. Following removal of
differentiated U937 cells that had adhered to the ivory, the disks were imaged using
scanning electron microscopy (SEM) alongside a control ivory disk that had not been
usedin cultureand ivory disks that had been cultured with untreated U937 cells
(Figure 3A). The presence of cell remnants on the disk shows that treated U937 cells
had differentiated and adhered to the diskrfaceas a result of treatmenin a

manner simar to conventional osteoclasts (Figuré&B). The space within the area of
ivory that each cell had occupiedisplayed a flatter and smoother surface compared

to areas of ivory that appear to be untouched by differentiated U937 a&ttsas of
positive $aining with toluidine blue were also noted in Figure 3.8C where darker
regions of ivory clearly outline where cells had adhered to during culiths. could
indicateareas of resorption on the surface of the ivory disks as a result of U937 cell

culture.
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SEM HV: 10.0 kV WD: 39.71 mm
SEM MAG: 1.00 kx Det: SE

b

SEM HV:‘ 10.0 kV WD: 39.55 mm

SEM MAG: 1.00 kx Det: SE

SEM HV: 10.0 kV WD: 39.69 mm
SEM MAG: 2.49 kx Det: SE

Figure 3.8. Scanning electron microscopy (SEM) imaging of ivory disks after culture with treated U937
cells U937 cells were cultured on ivory in the same fashion as previously described in tissue culture
plastic. However,hese cells were cultured for up to one month before being imaged using SEM. (A)
Representative image of ivory kept in RPIM#0media as a cefree control. (B) Representative images

of ivory cultured with U937 celtseated sequentially with PMA anti25(OH)D; after one month at a
magnification of(i) 1.00kx andii) 2.49kx.
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Figure3.8 (continued). Image of ivory disks stained with toluidine blue following culture with treated
U937 cellslU937 cells were culted on ivory in the same fashion as previously described in tissue
culture plastic. However, these cells were cultured for up to one month before beingved and the
disks stained with toluidine blu¢C)Representative images were taken of these disksgia light
microscope
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3.3.CD138 expression in myeloma cells

Having established that U937 cells can be differentiated into muitieated cells that
possess morphological and phenotypic features of osteoclasts, it was of interest to
determine how these osteocladike cells could influence myeloma cell phenotype and
function.CD138also known as syndecdn is a cell surface marker almost exclusively
expressed by plasma cells, following terminal differentiation from theieBB

precurors®s, As a result, CD138 continues to be expressed by myeloma cells and can
be used in diagnosti@dmyeloma cell purification from clinical samplésPlasma

cells, both normal and malignant, also express high levels of CD38 in comparison with
other haematopoietic cells of either lymphoid or myeloid orfginCeexpression of

these two surface antigens provides a useful identification strategy for myeloma
plasma cells, with CD38 in particular also provinge a promising therapeutic target

through treatment with daratumumats=.

H929and JJN8ellsare myeloma cell lines thare both known tcexpress CD138 and
CD38%, Therefore flow cytometiic analysis of these antigemgs usedo positivey
identify myeloma cells in these experimenisitial analysis of H929 cells revealed a
subpopulation of CD138' cells which confirmed previous findings from amber of
reports*#2274 To my knowledge, therbave been no previous reports explicitly
highlighting the presence of a similar subpopulation of COT2lls in the JIN3 cell
line. However, this was uniquely confirmed in the data presented in this research.
Therefore, both CD13&" and CD138" cells were taken into consideration in the

gating strategie®f subsequent experimeni&igure 3).
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Figure3.9. Gating strategy to assess the expression of CD138 and CD38 in myeloma cellsl988s
andJJINZells were assessed for CD138 and CD38 expression using an Afiowidcg®meter.
Representative images were taken from merudture samples. (A) Cellgere initially gated through
forward and side scatter profiles. (B) Single cell populations were determined through gating with
forward scatter height vs area. (C) Cells were then gated using CD138 and CD38 positivity, where two
gates were drawn to deterine cells that were CD1838"/CD38&right or CD138™/CD3&riont,
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3.3.1.Identification of a CD138" population of myeloma cells

Having identified a CD1%8 sub-population in both H929 andJNZells in

monoculture it was of interest to themnvestigae whether this phenotype was altered
as a result of ceulture with other cells that are found in the bone marrow

microenvironment.

The proportion of myeloma cells that possessed a CE1pBenotype did not alter as

a result of ceculture withHS5, SAO or CD46digand expressing fibroblasts. This
meant the vast majority of these myeloma cells continued to express a €138
phenotype. Under these conditionthe proportion of cells that were CD1%8did not

alter significantly in H929 die but significantly decreased ddN3ells(p<0.05)

However, vhenH929 and JIJN@yeloma cells were cultured on U937 cglidichhad

been differentiated with PMA for 48 hours and 1,25(ekHfor a further 5 daysthere

was adistinct andsignificant epansion in the proportion of H929 €0.01) andJJN3
(p<0.095 myeloma cells that were CD1%88(Figure 310). This indicatethat

differentiated U937 cells are capable of influencing the surface phenotype of myeloma

cells as a result of eculture.

It wasalso of interest to determine whether this significant expansion of CE138
myeloma cells as a result of-calture with differentiated U937 cells could also be
influenced by soluble factor signalling. Both myeloma cells were cultured in
TranswelN chamiers placed directly above cultures of differentiated U937 cells to
ensure that no direct celtell contact could take place between these two cell types.
Media within these cultures was shared through the permeable membrane of the
TranswelN chambers, meaing the influence of soluble factor signalling could be

determined with regard to CD138 expression.

This revealed a significant increase in the proportion of CEM88lls in H929 cells

after 48 hours of culture in a Transwiélthamber (p<0.01). Howevat,is clear that

GKAAd RAFFSNBYOS 41 ayQi ydzySNAOFtt& Fa 3INJ
differentiated U937 cells. Conversely, JIN3 cells did not elicit a significant expansion in

the same fashion as H929 cells afteratdture in a TraswelN chamber (p>0,05)

(Figure 3.11).
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3.3.2.CD138™ myeloma cells represent a live population

It is been previously reported that myeloma cells shed CD138 from their surface as a
consequence of undergoing apoptddfs To investigate whether this was the case in
eachCD138™ subpopulationidentified in this projectmyeloma cells were assessed
for viability using annexin V staigriollowing ceculture with differentiated U937

cells. The combined mean proportions of annexiffdecells in both CD138" and
CD138™ subpopulations of myeloma cells was 99.1% in H929 cells and 99J13%3n
cells (Figure 32). This clearly shwed that both CD138%" and CD138" cells were
negative for annexin V binding and weret undergoing apoptotic cell deatfrhis
demonstrateghat the genesis of CD138 myeloma cells was not as a consequence of
CD138"9"cells undergoing apoptosand subsequently shedding CD138 from their

surface.
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Figure 3.10. Identification and guantification of a subpopulation of CD¥881yeloma cellsH929 and
JINZells were cultured for 48 hours in monoculture or with-5SAOL, CD40L or U937 cetisat had
been treated with PMA for 48 hours aid¢25(OH)Ds for a further 5 daysMyeloma cells were

harvested and gated using forward and side scatter and were then assessed for CD138 and CD38
positivity using an Accuri @®w cytomeer. (A) Two gates were drawn to assess the proportions of cells
that were either CD1389"/CD38 9" or CD138™/CD38"9", (B) The proportion (%) of

CD138m/CD38"9"t H929 (i) and JIN3 (@&lls was quantified and plotted with the mean shown foclea
culture condition Sandard deviation was used to plot error bars (n=8)two-way ANOVA and Sidak
multiple comparison test were performed assess statistical significanoetween timepoints for each
co-culture condition using GraphPad Prism 7.0wafe (ns¢ not significant,™ - p<0.0001)
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Figure 3.11: Identification of CD138 myeloma cells after Transwell co-culture with differentiated
U937 cellsH929 and JIN3 myeloma cells were cultureBranswell chambers and also in direct cell
cell contactwith differentiated U937 cells. (A) Gates were drawn around C®438nd CD138"
subpopulations of myeloma cells after 48 hours of monoculture ecudture inTranswelll chambers

or in direct celicell contact with differentiated U937 cells. (B) Proportions of CE¥18829 (i) and JIN3
(ii) cells were evaluated for each of these conditions. Standard deviation was used to plot error bars
(n=4).A oneway ANOVA followed by a Dunnett multiple comparison testused to determine
statistical significance using GraphPad Prism 7.0 softmerenot significant,” - p<0.01,”"" - p<0.001,

™ -p<0.01," - p<0.0001)
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Figure3.12. Viability of CD138" myeloma cells after caculture with differentiated U937 cellsH929
andJJINZells were incubated for 48 hours with U937 cells that had been differentiated with PMA for 48
hours and 1,25(OHI); for a further 5 days. Myeloma cslivere harvestd and stained with ARC

conjugated CD138 antibody and Fdabjugated annexin V. (A) H929 ahtN3ells were gated using
forward and side scatter with a gate drawn around the live population of cells (i) HO2RIBixcklls

were then assesskfor CD138 and annexin V expression(f) Data was then compiled to illustrate the
proportion of live cells that were CD188annexin\esative Standard deviation values were used to
construct error barsnd were calculated from n=3 separate expezits.
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3.3.3.CD138™ cellsrepresent a true subset of myeloma cells

To confirm that the expansion of the proportion of myeloma cells that possessed a
CD138™ phenotype represented a true subpopulation of myeloma cells;labelling
of H929andJINZells with/ S f f ¢ adtbogyBuarescein succinimidyl est@FSE
was employed. This revealed that CFP$Emyeloma cells also possessed the same
CD138 phenotypic profile under the same culture conditions describ&ekcinon

3.2.1, where an expansion of CDE88myeloma cells was observed after-colture

with differentiated U937 cellsThere was also a smabpulation of cells that appeared
to possess a CD188 CFSE™ phenotype in both cell lines after eulture with
differentiated U937 cells. However, these cells were above the threshold for CFSE
positivity set by unstained control celis indicated byhe U gate in Figure 3.13#hus
indicating that these CD138/CFSE" cells are not contaminants from amulture with

differentiated U937 cells

There was a small, yet significant expansion of CEV/ZF-SEINHI29 cells (90.09
andno significant overall change in proportionkiNZells (»0.09 in this
subpopulation after 48 hours of isolated cultufféigure 3.13A)There was also a
significant expansion of CD188 CFSEI" H929 (p<0.0001) an#IN3ells (p<0.05

after 48 hous of coculture with differentiated U937 cells. Crucially however, the
proportion of CD138"/ CFSE" cells was significantly greater after-calture with
differentiated U937 cells in comparison to monoculture after 48 hours in both H929
andJINZells(p<0.01;Figure 3.8B). This indicates that CD¥38cells are a true
subpopulation of myeloma cells and not a cellular contaminant fromuwture with
differentiated U937 cells.
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Figure 3.13. CFSE labelling of CDT38yeloma cellsH929 andlJNZells were prestained for 30
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with PMA for 48 hours followed by 1,25(QBERfor a further 5 days, prior to coulture. H929 andJN3
cellswere harvesed from culture and gated using forward and side scatter and assessed for CD138 and
CFSE positivity alongside mecwture controls. (A) CFSE and CD138 positivity was assessed in both
H929 andJJN3nyeloma cells after 48 hours of monocultureaarculture with differentiated U937 cells.
Gates were drawn around CD*38Y/CFSEist and CD138"/CFSEis" populations of cells. (B) The
proportion of CD138"/CFSEid" cells was assessed in both monoculture andglure with

differentiated U93 cells against controls taken at én®ur time point. Individual valuesre plotted

from each condition (n=5Rairedand unpaired-testswere performed to assess statistical significance
using GraphPad Prism 7.0 softwéns¢ not significant; - p<0.(®, ™ - p<0.01,”" - p<0.0001)
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3.4. Discussion

3.4.1. Development of anin vitro osteoclastlike model

Multiple myeloma is an incurable plasma cell malignancy with only 30% of patients
surviving for more than 10 yedtsThe bone marrow microenvironment is crucial to
the survival, proliferation and growth of these malignant plasma cells and has also
been heavily implicated in drug resistafé&. Therefore, therapeutic targeting of the
microenvironment has gained interest in conjunction with targeting myeloma cells
themselved’”. This highlights the importance of the microenvironment in supporting
disease pathogenesis and progres3fénOsteoclasts are influential cells found within
this environment that exist in greater numbers as a result of myelomaraiiced
manipulation of RANK/RANKL/OPG sign&fiinghis leads to a catastrophic
upregulation of resorptive activity in the majority of myelomaipats resulting in

bone lesions, severe myalgia and spontaneous fractures in patients as well as other

complications such as hypercalcaefifa

This study aimed to develop and characterise a reproduaibléro model

representative of osteoclast function and behaviour and to investigate the influence
that thisin vitro osteoclastlike microenvironment has on myeloma cells. U937 cells
were chosen for this study due to previous research indicating that they degt@b

form multi-nucleated cells that upregulate osteoclasgiecific genes such as tartrate
resistant acid phosphatase (TRAP), cathepsin K and RANK in response to appropriate
stimuli in the form of PMA and 1,25(GB)?4%:2%°

Treatment with PMA significantly inhibited U937 cell growth and induced cells to
adhere to both tissue culture plastic and ivory. Sequential treatment with 1,2509H)
then caused these cells to adhere to one another and merge to fame laultk

nucleated cells, as demonstrated by DAPI staining (Figures 3.2 and 3.5). These cells
were also shown to have a greater nuclear DNA content than a typical cell in the G2
phase of the cell cycle (Figure 3.4). These data indicate that treatmemifashion
causel U937 cells to form larger cells that contain multiple distinct nuclei, collectively

sharing cytoplasmic material, much like conventional human osteoéf8sksis is also
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reflective of human osteoclasts as the number of nuclei within an individual osteoclast
can vary dramatically, with some reports showing osteoclasts containing up to 20
nuclei. Nuclei number has also been directly associatedavitincrease in resorptive

function?’9:280

The treatment protocol used in these experiments was adapted from previous
research that used U937 cells to createimwitro osteoclast model. The methods
describedn these papers were used aseamplateto adaptan appropride method for
the experiments presented in this thesis range of incubation times and densities
were investigated until the protocol stated in Section 2.1.6 was deemed most
appropriate. This was because incubation for any longer than 10 days did noteeem
result in further differentiation of osteocladike cells but led to a greater expansion of
adherent mononuclear cells that wouldvelikely diluted the effect of differentiated
osteoclaston myeloma cellsvithin the co-culture. This was likely begse treatment
with PMAand1,25(OH)Dswas sequential, meaning that cells that proliferated at a
later time point would not have experienced the effect of PMA prior to treatment with
1,25(OH)Ds. A range of cell densities was also investigated, witlb@atimal starting
density of 5x16cells/mlbeingdecided upon due to the fact that fewer cells than this
led to a lack of differentiation, likely because cells were too far apart in culture.
Conversely, igher cell densities resulted in difficulties in idéying distinct, individual
multinuclear cells within the cultureas cells seemed to form clumps as opposed to
clearly merged multinuclear celf/hilst the density that was used for these
experiments was deemed appropriate for osteoclast formatioratketplace, it is clear
that as more cells differentiate, the distance between each individual cell inevitably
increases. This coulthveaffected the efficiency of osteoclast formation as the

treatment time spent in culture progresses.

Despite this promisig data that shows U937 cells can reflect osteoclast behaviour, the
true in vivomechanisms that induce osteoclastogenesis rely 6868 and RANKds
discussed in section 1.2 i.is curious thatreatment with these two soluble factors

did not induce steoclastogenesis in U937 cells (data not showuhich indicates that
these cells are differentiating using alternative mechaniimsugh treatment with

PMA and 1,25(Okzinstead PMA is commonly used for the differentiation of
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monocytic cells into maophages. Macrophages in anvivosetting are subsequently
capable of terminallglifferentiatinginto osteoclastslt could be speculated that this is
the sequential process that is being promoted in these experim@ifits.protein

kinase C family of kinases are responsible for a vast number of cellular functions that
are known to be induced by PMA. Whilst it is of saudifficult to ascertain the exact
mechanisms of osteoclastogenesis as a result of PMA treatment shown in this chapter,
it is interesting to speculateshat mechanisms are responsible for inducing this
process For example, previous research has shown timt PKC isoenzyme, RKC

has been implicated in osteoclastogenesis. Direct inhibition of this particular
isoenzyme was also shown to inhibit osteoclast formation and bone resorbing activity
in murine bone marrow culturé&. Given that it is known that PMA is an activator of
the PKC family of kinases, it could be speculated thaittnent with PMA in this

scenario couldnducePK@Gb activity which could be utified in the process of
osteoclastogenesis seen in U937 cdilsithermore to this, it has also been reported
that PMA induces NKB function, which has been linked to causingnocytic cells to

differentiate into macrophagdike cellge2,

TRARs a weHestablished marker of human osteocla&atsTreatment with PMA and
1,25(OH)Ds resulted in an exclusive and distinct upregulation of TRAP expression in
U937 cells (Figure 3.6). Receptor Activator of Nuclear Factor B BANK) is another
surface marker expressed by osteoclasts. It is initially expressed on the surface of
monocytic myeloid precursors prior to the induction of osteoclastogenesis and
continues to be expressed by matursteoclast®’. Whilst U93%ells did not
demonstrate any RANK expression in an untreated state, treatment with PMA and
1,25(OH)Ds induced a significant increase in RANK expressio®37 tells However,

it is also important to recognise that RANK is expressed in macrophagetoprior
terminal differentiation to osteoclast&®. Therefore investigations into additional
osteoclastspecific biomarkers could have further improved this model. One such
marker would be the calcitonin receptor (CTR). Calcitonin acts as a negative regulator
of osteoclast activity in normal bone physiology, itherefore a trademark of
osteoclasts to express the receptor for calcitonin in order for the homeostatic
regulation of bone remodelling to take plac&*28% Expression of thisceptor could
have improved the validity of the model further. However, given the data that has
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been presented so far in this thesis, thepeession of TRAP and RANK in this context
provides further evidence that these cells are capable of differengaitmto cells that

possess key phenotypic features of human osteoclasts.

The primary function of osteoclasts is to resorb bone as part of the homeostatic
process of bone remodelling, which is deregulated in myeloma in favour of
osteolysig®, It is also clear that U937 cells stgin adhere to a bontike material in

the form of ivory in response to treatment with PMA and 1,25(Dki)Cell remnants
were still clearly visible on the surface of ivory disks despite a vigorous cell removal
processhefore visualisation with SEMhere are methodghat can be used in the
removal of adherent cells from a particular culture surféitat include enzymatic
removal using trypsin or Accutase or through cellular degradation using bli&ach
substances suchs ammonium hydroxide or sodium hypochlorite. The main aim of this
is to completely remove the cells from the surface of the ivory in order to observe
potential resorption pits that may have formed beneath the cells during prolonged
culture. It is of cours difficult to determine whether the U937 cells used here are any
more or less adherent than alternative cell types such as differentiated PBMCs, but
what is clear is that these cells were firmly adherent to the ivory used in these

experiments.

There wasa disparity between areas of the ivory that had been inhabited by treated
U937 cells and areas of disk that were seemingly untouched by these cells, with the
former appearing to have a smoother surface (Figur®3.Bhis smoothing could be
indicative of steoclast function through the secretion of osteolytic enzymes, as well as
an increased concentration of ibns that occursn viva Whilst the mechanisms of
bone resorption were not explored here, it could be speculated that this could be the
cause of tle smoothing effect that can be seen on the ivory disks as a result of U937
cell activity.Staining with toluidine blue also revealed significant staining around the
areas of cell adherendgéigure 3.8). This is indicative of resorption pit formation and
could also indicate that these cells are imbedding themselves within the ivory, thus
making cell removal considerably more difficidowever, there are more

investigations that could be pursued in order to both qualify and quantify this
phenomenon. Confodanicroscopy is a powerful tool that has been previously utilised
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to assess pit depth in studies relating to osteoclast formation and function. It would be
a useful confirmatory experiment to quantify the depth of these resorptior’#ité".

It would also be fascinating to observe the effectsnyeloma cell culture on pit

depth, which to an extent it could be speculated that you would expect to see an
increase in pit depth and thus an increase in osteoclast activity in U937 cells as a result
of myeloma cell influenceAdditionally, quantifying the expression of secreted

enzymes such as cathepsin k in this instance would have further characterised this
model. Cathepsin K iscgsteine protease secreted by osteoclasts to facilitate normal
bone degadatiorr®, It is also known to be upregulated in osteoclasts following
interactions with myeloma cef®. If this was found to be the case in the model | have
presented here, that would further validate U937 cells as being representative of
functional osteoclasts and this could also act as a marker of osteoclast function

following ceculture with myeloma cell lines.

Collectively these data show that U937 cells treated with PMA and 1,280
capable of forming large multiucleated cells that express TRAP and RANK and are
also able to resorb a boA&e matrix in the form of ivory. These features are
characteristic of conventional human osteoclasts and provide a suitable rationale to

use hese cells for am vitro model representative of osteoclasts.

3.4.2. Characterisation of myeloma cells cultured with differentiated U937 cells
The next aim of this study was to investigate how thisitro osteoclastlike model
could influence the behaviourf onyeloma cells. The cell surface marker CD138
(syndecarl), is an exclusive marker of plasma cells following terminal differentiation
from Blymphocyte$®2% Consequently, CD138 is a wedktablished marker for
myeloma cell identification and classification during diagnosis and subsequent
monitoring of patientg’2. H929 and JIN3 are myeloma tr#és that predominantly
express CD138 on their surféte H929 cells have also been previously shown to
incorporate a small, yet distinct population of CD438ellsalong with RPM8226,
U266 and MM1S cellshis was also confirmed in primary mate#fef42274 This
phenomenon was confirmed in this project (Figure 3.9). Interestingly, this has not

previously been reported in JIN3 cells. However, in a unique finding, the data
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presented in this project clearly shows the presence of 3" cells in JIN3 cell

cultures.

Whilst primary cells were not used in this researdig proportions of CD138 cells in
primary materialhas been previously reported amghpearsto vary to a much greater
extent in comparison with immortalised celReidet al. reported up to 97% of

myeloma cells in some patients were CDUB8&lthough the mean figure in this article
was reported at 19.6%dhis research also showed that there was a significant increase
in the proportion of primary myelomeells that were CD138' at more advanced

stages of disease, thus highlighting a potential role for C#188lls in the

progression of myelon¥.

The initialidentificationof this subpopulation of CD148 cellsoutlined in this thesis

lead to further novel observation3he proportion of CD138' cells significantly and
exclusively increased after H929 and JIN3 cells were cultured with differentia8&d U9
osteoclastlike cells. This was not the case followingcatiure with HS5, SAO& or
CD40texpressing fibroblasts (Figure 3.10). Myeloma cells are capable of manipulating
cells of the bone marrow microenvironment to positively support myeloma function
through soluble factor signalling and direct esdll contat®:. Myeloma cells are

known to exert their influence on osteoclasts through these distinct mechanisms, with
osteoclasts being known to reciprocally support myeloma cells in paracrine féihion
H929 and JIN3 myeloma cells av@ently dependent on both of these signalling
mechanisms to influence CD138 surface expression. The expansion ofCBdlB8in

both myeloma cell lines is clearly dependent on directcell contact, however in

H929 cells this effect can also beplieated in Transwell chambers, thus highlighting
that this particular myeloma cell line is also responsive to soluble factor signalling to
expand the proportion of CD138 cells within that population. However, this was not
the case in JIN3 cells whérappears that the expansion of CD¥8%ells is solely

mediated through direct celtell contact (Figure 3.11).

It is known that CD138 is shed from the surface of myeloma cells as a reseilisof
undergoing apoptos?é®. This has led ta suggestion tha€D138™ cells identified
from H929 and JIN3 cell lines are in fact apoptotic artet¥cf3espite this speculation
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it is clear from the data presented in this project that CO''381yeloma cells are
negative for annexin V staining, thus indicating that they are viabeiadions of cells

and regulate CD138 expression through alternative mechanisms (Figure 3.12).

Confirmation was also required to show that CD38ells are a true subpopulation of
myeloma cells andrere not U937 contaminants resulting frooo-culture with
differentiated U937 osteocladike cells. Prdabelling of myeloma cells with
fluorescent CFSE prior to-calture with differentiated U937 cells, demonstrated that
the CD138™ population originated from myeloma cells. The use of CF8EBkdsved
identification of a small CD198/CFSE™ subpopulation that produced a greater
fluorescent signal than an unstained control. CFSE staining is often used to assess
cellular proliferative capaci#y®. Thusthis phenomenon coulthe explained by
subpopulation of CD138' cells that had undergone more extensive proliferation

(Figure 3.13).

It would also be interestintp explore the effect of myeloma cell @ulture on
differentiated U937 cells. | have already alluded to the hypothesis that these malignant
cells may cause an increase in osteoclast activity that may result in increased bone
resorption which could beonfirmed through the guantitative technique of confocal
microscopy, or even through further toluidine blue staining which may result in a
greater number of resorption pits observed throughout the ivory disk. It would also be
interesting to observe whethezulture with myeloma cells, or in media conditioned

from myeloma cells would lead to a higher rate of osteoclast formation from U937

cells.

3.4.3.The role of CD138" cells in myeloma

The function of CD138 and the subsequent role of malignant plasma cellgldio&
surface expression of this antigen is still widely unknown, with limited evidence
currently availablé®. It is wellestablished that the expression of CD138 is exclusive to
plasma cells following their differentiation from ngD138 expressing B

lymphocyted®. It has, however, been speculated that a CD'T38pulation could be
representative of a myeloma stem cell phenot§p€® The origin of myeloma is of
course still subject to highly contested debate and the point of initiation of malignant
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transformation is curretty unknown. It has therefore been hypothesised that prior to
terminal differentiation into CD138xpressing plasma cells, plasmablasts-cels at

an earlier stage of differentiation could be representative of myeloma stem cells.

It is known that CDI8is primarily responsible fdyoth cell-cell adhesion and adhesion

to type-1 collagerandit has been previously demonstrated that plasma cells lacking in
CD138 expression display more invasive propéeitieisevels of shed CD138 in patients
have also been correlated with poor progiess& However, the mechanisms

responsible for this shedding in myeloma are stdpdted.Matrix metalloproteinases

are a class of enzymes that are capable of cleaving CD138 from the surface of plasma
cells with MMP-9 in particular being highlighted as having an affinity for cleaving
CD138%. MMP-9 has also been shown to be significantly upregulated in myeloma
which could be linked to higher levels of shed CD138 and thergimater

proportions of malignant plasma cells thathibit lower expression levels of CD338

Previous research has also shown that C&T38yeloma cells also have a reduced
sensitivity to lenalidomide, dexamethasone and bortezot?its2% Myeloma is
currently an incurabl@iseasethroughout which péients nearly always experience an
eventual relapse after treatmeff®. This has led to further speculation that CD438
cells could be the root cause of drug resistance in patfénthis phenomenon willeb

explored further in this project.

3.4.4.Final conclusions

Collectively, this researatonfirms that U937 celldreated with PMA and 1,25(ObDs,
are capable of forming large, muhiucleated cells that upregulate TRAP and RANK on
their surface. Furthermore, these cells acquired the ability to resorb a-ikaenatrix

in the form of ivory. Therefore, these data provifiether evidence that treatment of
U937 cells with the regimen detailedtims chapter, can generate a reproducible
humanisedn vitro model of human osteoclasts. €aolture with myeloma cells yielded
some novel results that led to the identification and expansion of a subpopulation of
CD138™ myeloma cells. Given the curreimterest in the field into the role of

CD138™ cells in the pathology of myeloma, it is of interest to investigate further
transcriptional and functional differences between these two subsets of myeloma
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cells. This could reveal information about the puspdhat these cells serve in the
origin and progression of myeloma, the mechanisms that contribute to increased

osteolytic activity and their role in the culmination of relapsed disease.
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CHAPTER RESULTS

Assessment of the global chasgof the myeloma transcriptome
in an osteoclaslike microenvironment

4.1. Introduction

Syndecarl, also known as CD138, is almost exclusively expressed on the surface of
both malignant and normal plasma céfisThis characteristic has facilitated the unique
clinical classification of myeloma cells in patient diagnosilesermination ofCD138
expression haalso enabled the classification of myeloma cells using gene expression
profiling*®-3% The role of CD138 in myeloma has been primarily attributed to myeloma
cell survival, proliferation and adherence to the bone mafdd#f3. Whilst the

biological and clinicalignificance of malignant plasma cells that are-Expressors of
CD138 has ydb be fully established, it has beg@meviouslyshown that lower levels of
CD138 surface expression and higher levels of serum CD138 being infegs poor

prognoses in patients.

Previous research has identified the presence of potential myeloma stem cells that
lack CD138 surface expression in both myeloma cell lines and primary nayelom
cells$®4*3, These cells have beshown to acquire enhanced clonogenicity, the ability
to engraft in murine models and possess greater levels of chemoresistance against
commonly used myeloma therapies. Interestingly, there is also evidence to suggest
that myeloma cell interaction with csllof the bone marrow, drives CD138 expressing
myeloma cells towards a CDF88phenotype®. This effect has also been found to be
specifically induced by osteoclast-colture®®>. However, there is alsevidencethat
demonstrates that CD13%" myeloma cellg derived from both primary tissue and
human cell lineg are also highly clonogenic and can successfully engraft in murine
models$6:307 These data add to the complexity of the disease and the wliffin
identifying the roles of each of these plasma cell subsets in the pathogenesis,

pathophysiology and progression of myeloma.
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Having confirmed the presence of CD438nyeloma cells and the subsequent
expansion of these cells when cultured in an ostastlike in vitro microenvironment
with differentiated U937 cells, it was of interest to further investigate the behaviour of
these cellsThe first characteristics that will be evaluated in these cells are their
transcriptional propertiesThere have &en a number of studies utilising gene
expression profiling technology to assess a variety of transcriptional characteristics in
myeloma cells, using CD138 expression as a selection strategy for sample céMfection
310 However, there are a very limited number of studies that have utilised this
technique to investigate the transcriptional differences between CB®3&nd

CD138™ myeloma cells. One study in particular showed that there were very few
Differentially Eyressed (DE)enes between CD138"and CD138™ myeloma cells

on a transcriptional level. However, this research was performed in the absence of a
co-culture model and simply purified these cells fromonoculture?’. It was therefore

of interest to determine the transcriptional differences that occur in CH¥®38&nd
CD138™ myeloma cells following eoulture within an osteoclst-like environment

with differentiated U937 cells. In order to investigate this, Rd¢4 was performed on
these two subsets of cells before and after culture with differentiated U937 &dl#

seq enables the identification of genes that are transcripi¢y activated or

repressed, which could provide valuable information into corresponding proteins that
are subsequently translated. This means that understanding the transcriptomic profile
of cells provides critical information to the basis of how thehaviour, function and

potential role in disease.

RNAsequencing (RNAeq) is a highthroughput, quantitative technique that utilises

next generation sequencing to determine the expression levels of each individual gene
within the entire transcriptome oé cell, or group of cefis. RNAseq has quickly

grown in popularity and is now established as one of the most frequendg us
sequencing methods to quantify gene expression. A number of intrinsic advantages
over other forms of sequencing has led to this. Ri¢4 does not require previous
knowledge on the transcriptome being sequenced, therefore this can provide a
mechanism tadentify novel transcripts, variants and isoforms that were previously

unknowr???2, RNAseq is also a more reproducible technique, with fewer technical
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replicates required to produce reliable results in comparison with microarrays, for

examplé!s

Critically,RNAseq is an incredibly powerful sequencing tool used to assess DE gene
between selected variablé¥. It is this experimental trait that has led to the selection
of this technique to be used in this study. The research presentéus project has
confirmed the existence of a subset of previously identified CE188/eloma cells in
H929 and JIN3 myeloma cell lines. Investigation into the effects of myeloma-cell co
culture in an osteocladike in vitro microenvironment led to the novel discovery of an
expansion of CD138 cells as a result of direct calll contact and soluble factor
influence from differentiated U937 cells. This phenomenon coupled with previous
research highlighting the potential gelogical and clinical significance of CDA38
myeloma cells has provided a suitable rationale to determine the global transcriptional
profile of these two subsets of CDF88cells in both H929 and JIN3 myeloma cell lines
following coeculture with differentiated U937 cells. This will provide a strategy to
investigate differential gene expression signatures in each subset of myeloma cells
which could reveal further information about the influence of culture within an
osteoclastlike environment as well aadicate potential roles of each cell subset in the

pathology of myeloma.
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4.1.1. Aims
This chapter aimd to investigate the global transcriptomic changes that occur in
CD138%9"t and CD138" myeloma cells following eoulture with differentiated U937

cells. This analysis strategset outto answer the following questions:

1. What is the effect of osteocladike U937 ceculture on the gene expression
profiles of CD138%" and CD138" myeloma cells?
2. What are the distinct differences in gene expression betweBaI® 9" and

CD138™ myeloma cells?
In order toaddress these ainthis chapter willdescribe and discuss
Experimental design, data collection and analysis strategy ofdeiéencing
Assessment of global transcriptional changes in eagbloma subpopulation

Determination of DE gene signatgitgetween myeloma cell subpopulations

Selection and validation of candidate gesressiorby gqPCR
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4.2. Assessing changes in the global transcriptome of CH¥88nd
CD138™ myelomacells

4.2.1. Experimental design and rationale

H929 and JIN3 myeloma cell lines were cultured for 48 hours either in isolation or with
U937 cells that had been differentiated into osteoctike cells following treatment

with PMA for 48 hours antl,25(OH)Ds for 5 days. These cells were then harvested

and sorted using FACS based on CD138 and CD38 surface expression. This led to the
isolation of myeloma cells that possessed a phenotype that was either €188
CD138™. However, due to the small proportiaf CD138™ myeloma cells in

monoaulture (no U937 cells)it was not feasible to sort a sufficient quantity of these

cells to produce the appropriate amount of RNA required to perform an-88¢A
experiment. Moneculture samples of myeloma cells were thinee only sorted for
CD138"" cells, which were used as the control comparators during downstream
transcriptomic analysis. Sample preparation was performed in three independent
biological replicates. Purity checks of these samples were also perforrieed_dd138
expression based sorting, with all sorted samples showing >95% purity. Representative

examples of the gating strategy used for sorting are shown in Supplementary Figure

There was a combinedtal of 18 samples, from which RNA was extradtetie used

in this RNAseq experimentPrior to RNAequencing, samples were assessed for RNA
quality and integrity through the evaluation of 18S and 28S ribosomal ratios with each
sample producing a RINve >9.5 (Supplementary Figufg!®. This demonstrated the
successful isolation of higluality RNA which was suitable to be used for RNA
sequencing. Complimentary DNA (cDNA) libraries were then generatexiueed for
sequencing by the Wales Gene Park, Cardiff. Sequencing was performed in duplicate
with replicates being performed approximately four weeks apart. This strategy helped
to ensure that data produced from this technique are representative of bioéogical
events and not artefacts from sequencing discrepancies. Processed data was then used
to determine the differential expression of genes in each sample. There are a number
of software programmes and analysis strategies that can facilitate thieduoe
includingCufflinksCuffdiff2, edgeRind DESeq2. There is, however, no optimal method

reported in the literature for widespread use under all circumstances when assessing
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DE genes, meaning the selection of an appropriate analysis strategy is depende

the requirements from each individual experiméi¥'8. DESeq2 is a walktablished

and frequently cited analysis strategy to assess differential gene expression and was
the strategy chosen to analyse this dataset as it provides a good false discovery rate
control for experiments containing more than two samples, produces a low number of
false positive results and the software has a short runtime to proces€®data

Processing of the raw data and initial differential expression analysis using a DESeq2
differentiation gene expression analysis strategy was performed by Dr Bvenas,

Wales Gene Park, Cardiff. A schematic of this experimental workflow is shown in Figure

4.1.
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Figure 4.1. A schematic flowchart illustrating the experimental design and workflow of an Rétpexperiment H929and JIJN3 myeloma cells were separately cultured for 48

hours with U93%ellstreated with PMA for 48 hours antl25(OH)D; for a further 5 days (A). Myeloma cells were harvested, stained with CD138 and CD38 flumrescen

conjugated monoclonaintibodies (B) and sorted into CD238tand CD138" subpopulations (C). Sorted cell pellets were lysed in TRizajent and RNA was extracted (D).

RNA extracts were assessed for integrity and quality, producing a RIN score (E). A cDNA libramgratasl f@neach sample to be used for sequencing using an lllunklisaeq

2500 sequencer (F). Reads were trimmed and mapped to a reference genome to assess differential gene expression usiqg thetb&sd®ifferentially expressed genes

were then visulised using Ingenuity Pathway Analysis and Gerji@ith candidate genes being validated using gPCR (G). Figure was compiled using BioRender online software.
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4.2.2.RNAseq data processing and quality control

Raw read data was trimmed to remove adapters andiead counts, these trimmed
reads were mapped to the hg38 human reference genome. The number of reads
determinedin this instance equates to the transcriptional activity of individual genes.

In order to assess read distribution between each sample an@ésponding replicate,
density plots were constructed to assess the count distribution of each dataset from
both H929 and JIN3 cells. Total read counts that amassed to values <1 were removed
and DESeq2 library depth normalised counts were plotted againsityen a

histogram format. Normalisation is an essential process in the-s8g4Avorkflow that
allows the correct inference of gene expression, ensuring that outliers are not
incorporated into the analysis which could potentially skew true results, wHich o
course generates a more accurate representation of the data in downstream analysis.
This visualisation provides a comparative analysis within and between sample
replicates to identify potential outliers, which appear as distinctly different graphical
digtributions in comparison with other samples. The data illustrated here clearly shows
that biological replicates for each sample follows the same graphical trend,
demonstrating that normalisation of this dataset was successful and that no obvious
outliers were present within this part of the analysis (Figure 4.2A). The data was then
transformed using a variance stabilising transformation (&i@move the

dependence on the variance on the mean in each datdsénh order to compare
distribution of transformed data between each sample, box plots of VST counts were
constructed (Figure 4.2B). These plots clearly show a uniform distribution of
transformed dateacross each sample in both H929 and JIN3 myeloma cells, indicating
that the transformation was effective and there is a comparative and equal

distribution of reads across each sample.

It is also important to state here that the conditions for each of $henples used in
these experiments and displayed within the figures for the remaining chapters will be
abbreviated. The abbreviations can be found in Methods Section 2.4.1 in Table 2.6.
This table will also be placed below for the convenience for the netiddetermine

the meaning of the abbreviations used in the following chapters.
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Sample Identifier
H929+U937 CD138M HUCB
H929+U937 CD148 HUD
H929 monoculture CD138" HMCB
JIN3 U937 CD138dnt JUCB
JIN3 U937 CD138" JUCD
JIN3nonoculture CD1389M JMCB

Table 2.6. Summary of conditions and samples used to produce RNA extracts and their corresponding
identifiers
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Figure 4.2. Quality control of raw and transformed dat@) Histograms of DESeq2 normalisednts were plotted against density for each sample and corresponding biological
triplicate, each box is a compilation of each technical sequencing duplicate for each individual sample. (B) Variasicg dtahdformed counts showigwer, median and

upper quantiles and countsere plotted for each sample to assess distribution of transformed data between samples in H929 (i) and JIN3 (ii) mi&|&iadogatal triplicates
were compiled for each cell line and experimental condition (n=3).
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4.2.3. Assesment of samplecorrelation and hierarchical clustering

Following the normalisation and transformation of each dataset to assess quality and
distribution of the data, it was of interest to assess the transcriptaroitelation
0SG6SSYy SIOK RIFEGFaSied ! tSIFENA2YyQa O2NNBT |
stabilising transformation (VST) data to assess transcriptional similarities and
differences between sequencing duplicates, biological triplicates and each
experimental condition. From this plot strong correlation is indicated by yellow
colouration and weak correlation is indicated by blue coloration. What is apparent
from this dataset is the clear correlation between both sequencing duplicates and
biological tripliates across each sample analysed in this dataset, as shown by the
similarity in colour in each 6x6 sample block. Thus, indicating that each biological and
technical replicate was successful in regard to producing comparable and uniform
data. It is also edent that each sample extracted from CD188 cells after culture in
isolation or with differentiated U937 cells share high levels of correlation in both H929
and JIN3 cells. Interestingly, despite the weaker correlation observed between
corresponding amples of CD138" cells in each cell line, there is a fairly strong

correlation between CD138 samples from each cell line (Figure 4.3A).

Similar observations were also recapitulated during the process of unsupervised
hierarchical clustering. Thpocess facilitates the identification of groups or clusters of
samples that possessed similarities with each other relating to global gene expression.
The process was performed in an unsupervised fashion to ensure no prior assumptions
were made about thelata, removing any bias from the analysis. Here, two primary
branches of samples were identified, one of which formed a CP488luster and the
second forming a CD138 cluster. These were each followed by another two-sub
branches, making a total of four sdvanches. Groups of samples within these-sub
branches are highlighted by coloured boxes (Figure 4.3B). This data illustrates the
similarities in global gene expressibetween CD138%" cells in each culture

condition and the differences in global gene expression observed in ¢Da8&loma

cells when compared with CD 138" cells in each myeloma cell line. This highlights

the fact that H929 and JIN3 cells haeaegexpression profiles that are substantially
different and independent from one another and also shows that C®43and

CD138™ cells are transcriptionally different from each other.
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Overall, this data simply demonstrates that culture with differated U937 cells does
not substantially alter the global transcriptome of CD188 myeloma cells in each
myeloma cell line. In contrast, this data also shows that Cf"a8&lls in both H929
and JIN3 myeloma cells display significantly different gtodmascriptomic features, in
comparison with CD13&" cells under the same eculture conditions with
differentiated U937 cells. Thprovides an indicatiothat culture with differentiated
U937 cells has a preferential influence on the transcriptiomafile of CD138™

myeloma cells.
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grid containing data from each biological triplicate and sequencing duplicate to highliglargies

and differences in global gene expression between samples. Correlation is annotated by colour with
yellow/green indicating stronger correlation and blue indicating weaker correlation. (B) An

unsupervised hierarchical clustering plot showing fsulp-branches that are highlighted by coloured

boxes, orange boxes are indicative of CI¥i88amples and blue boxes are indicative of CB'138

samples from each myeloma cell line.
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4.2.4.Principal component analysis of RN#eq data

Principa component analysis is a technique used to reduce the dimensionality of large
datasets by transforming potentially correlated data into uncorrelated variables called
principal components. This makes data easier to interpret and enables the
identificationof groups of data that share commonalities and differences, in this case
relating to transcriptional profiling}®. This technique was used simplyidentify

samples that were either associated or different to one another and to ascertain the

relative differences in variance between each of those samples.

The first observation to make about this data is the clear clustering of replicates from
each sample which are highlighted by black ovals in Figure 4.4. Here, it is shown that in
both H929 andlJN3 cells the largest differences in variance, as indicated along the PC1
axis, are between both subsets of CD188and CD138™ myeloma cells. It is also

evident that in H929 cells there is a greater distinction along the PC2 axis between
CD138""Mt cells cultured alone compared with cultured with CDT'88cells cultured

with differentiated U937 cells. This observation is not as distinct between the same
subsets of JJN3 cellBaere is also greater variation along the PC2 axis in JIJN3 cells,
howewer variation along this axis is not as significant as variation along the PC1 axis,
meaning there is still a highly significant correlation between each of the clusters
highlighted. It is also important to note that the JMCB cluster in Figure 4.4B is
compased of two overlapping data points, meaning that there are in fact 3 data points
within that clusterh @SNJ € f GKA & &dzZll2NIa GKS REGE &l

plot and hierarchical clustering shown in Figure 4.3.

In conclusion, the data presentea far in this chapter has revealed that CD’I$8

and CD138™ myeloma cells produced distinctly different transcriptomic profiles. This
seems to be preferentially induced in CD4"38ells as a result of eculture with
differentiated U937 cells andaversely there appeared to be no overwhelming
changes in the transcriptomic profile of CD138 cells as a result of eculture in the

same fashion.
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Figure 4.4. Principal component analysis of variance stabilising transformed toMST counts from

the top 500 DE genes in regard to highest variance were used to create PCA plots in both H929 (A) and
JIN3 (B) myeloma cells. CD’1$Bcells from monoculture and eoulture with differentiated U937 cells

are represented by circles dririangles, respectively. CD¥88cells from each cell line are represented

by squares. Data shown is representative of three biological replicates (n=3).
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4.3. Establishment of differentially expressed (DE) genes between
CD138"" and CD38"™ myeloma cells

4.3.1. Comparison strategy to determine DE genes

As shown irfection 42, correlation analysis, unsupervised hierarchical clustering and
principal component analysis revealed distinct patterns of global transcriptional
differences between each cell line and subpopulation of myeloma délis.
complimenedthe phenotypic analsis whichidentified these two subpopulations of
myeloma cells and supports the hypothesis that these two distinct subpopulations
exhibitedclear differences in gene expression in response toutture with
differentiated U937 cellsThe aim of thisection of analysis was to assess differences
in transcriptional activity between CD188" and CD138" cells cecultured with
differentiated U937 cells in H929 and JIN3 myeloma cells against a respective
CD138"" mono-culture control. This would real the impact of this caulture

model on the transcriptional activity of CD¥38'and CD138" cells. In turn, this
information could be used to highlight clusters of genes that are transcriptionally
altered in response to eoulture, which could prade a platform to determine the
biological influence of differentiated U937 osteocHi&e cells on myeloma cells and
also elucidate the roles of CDP88"and CD138™ myeloma cells in human disease.

In order to further assess these differences, DEegdretween each sample will be

determined. This comparative strategy is outlined in Figure 4.5.

Figure 4.5. A diagram illustrating the comparisons made between each sample to investigate
differential gene expressionDE = Differentially expressed genes
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4.3.2.Visualisation of DE genes in each dataset

4.3.2.1.MvA plots

In order to visualise the comparisons outlined in Figure 4.5, MvA plots were
constructed. These plots were originally proposed by Bland and Altman as a means to
compare clinical measament techniques to assess statistical agreement as to
whether a new technique was effective enough to replace andfiegince its original
publication, this technique has been adopted and widely used to visualise gene
expression data to observe differences in expression between two conditions, where
the log(fold change) is plotted against the lgfmean of normalised counts). In order

to assess statistical significance an adjustadjue known as a eyalue was used.

This statistical assessment measures significance in conjunction with the false
discovery rate ad is recommended for larger datasets, such as those created from
genomewide studies, in order to avoid the inevitably higher rate of false positive
results’?L, Initially an adjusted p value of q<0.1 was appésdhninitial selection

criterionto visualise as many significant differentially expressed genes as possible.

As this experiment utilised triplicate biological measurements, each data point
represents the mean of each DE gene accumulated from each replicate. The first
observation to mée from these comparisons is that-calture with differentiated

U937 cells causes a change in the transcriptional activity of both €1 28d

CD138™ cells. This is shown by the presence of red points highlighted in the MvA plots
in Figure 4.6, meang that coculture in this fashion results itlearchangesin the up

or downregulation of gene expression in both subpopulations of cells, in each
myeloma cell line. The second observation to make here is the distinction in the
number of DE genes betwe&D138"9" and CD138" cells in both myeloma cell lines.
Visually it appears that there is a much greater number of DE genes, indicated by the
large increase in the number of red data points presented on the MvA plots when the
number of DE genes from CB8™ cells is compared with CD 138" mono-culture

control cells, in comparison with CD238! cells cecultured with differentiated U937
cells. Thus, indicating that there is an increase in transcriptional activity in €138

cells compared with CI38"9" cells after ceculture with differentiated U937 cells.
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4.3.2.2.Heatmaps

Having established that exulture with differentiated U937 cells induced substantial
changes in the transcriptional behaviour of both C1®¥8and CD138™ myeloma
subpopulatiors, it was of interest to identify these DE genes and quantify their
transcriptomic regulation as a result of-calture with differentiated U937 cells. This
could aid the establishment of cellular pathways that could be overrepresented in
each datasetThesignificance threshold was further reduced here from g<0.1 to
g<0.05. The top 200 most significant DE genes were then arranged in a heatmap to
compare similarities between groups of DE genes. Data collated from H929 cells
showed that the majority of thessignificant DE genes were downregulated in
CD138% cells and upregulated in CD¥38cells when compared with a CD 238!
monoculture control. There also appears to be a darker shading of red from each
CD138™ heatmap which indicates higher foldamges occurring in the DE genes from
theseCD138™ datasets compared with CD138" cells (Figure 4.7A). Data collated
from JIN3 cells replicates this observation, however in contrast to CBT3829

cells, CD1389" JIN3 cellso-cultured with dfferentiated U937 cellare mostly

upregulatedin comparison with a monaulture control(Figure 4.7B).
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Figure 4.6. MvA plots facilitating the visualisation of differentially expressed gerdfferentially expressed genes from menolture controls in both H929 and JIN3 cell lines
were compared with CD188"and CD138" cells after ceculture with differentiated U937 cells. Genes with similar levels of expression between conditionsarentne the
horizontal red line on each plot. Genes that have an increased expression in comparison are positioned above this teddimesesely, genes that have lower differential
expression are positioned below the red line. Red points indicaterdiffially expressed gesevith an adjusted prvalue <0.1. Points falling outside of the plotting area are
represented by trianglesdMCB-H929 monoculture CD188", HUCR; H929+U937 CD188", HUCL H929+U937 CD1%8, JMCR; JJN3 monoculture CD138", JUCR
JIN3+U937 CD138", JUCR JIN3+U937 CD1438
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Figure 4.7A. Heatmap illustrating the top 200 differentially expressed genes in H929 cells

Differentially expressed genes from HMCB vs HUCB (i) and HMCB vs HUCD (ii) comparisonsavere sorte
in order of significance using adjusted/alue (q<0.05). Relative fold changes of the 200 most

differentially expressed genes are shown in the form of a heatmap to compare upregulated (red) or
downregulated (blue) genesiMCB-H929 monoculture CD188", HUCR; H929+U937 CD138",

HUCD; H929+U937 CD138, JMCR; JJN3 monoculture CD138", JUCE JIN3+U937 CD 138",

JUCLx JIN3+U937 CD1%8
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Figure 4.7B. Heatmap illustrating the top 200 differentiabbpressed genes in JIN3 cells

Differentially expressed genes from JMCB vs JUCB (i) and JMCB vs JUCD (ii) comparisons were sorted in
order of significance using adjustedsplue (g<0.05). Relative fold changes of the 200 most

differentially expressed gemseare shown in the form of a heatmap to compare upregulated (red) or
downregulated (blue) genesiIMCB-H929 monoculture CD138", HUCRK H929+U937 CD138",

HUCD; H929+U937 CD13$8, IMCR; JJN3 monoculture CD188", JUCE, JIN3+U937 CD138",

JUCLE, JIN3+U937 CD1%8
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4.3.2.3.Venn Diagrams

In order to quantify and visualise these data further, Venn diagrams were constructed
to provide a means of comparing commonly up or dewgulated genes from each
comparison made within the daset. In order to further reduce the number of DE
genes in the datasetlag fold change threshold of >1 orkwas applied in addition

to a significance of q<0.05.

Firstly, it is apparent that the absolute number of DE genes is much highi&i@bD
andJUCD datasetsvhen compared witlmespectiveHMCB and JMCB datasets. This is

in contrast toHUCB and JUCB datasets which prodacmuch smaller number of
differentially expressed genaghen compared with the samespectivemonoculture
controls. TheHMCB vs HUCB and JMCB vs JUCB comparisons produced 484 (157
upregulated and 327 downregulated) and 124 (104 upregulated and 20
downregulated) DE genes, respectively. In contrast, the HMCB vs HUCD and JMCB vs
JUCD comparison produced 7096 (4213 upregulatet2883 downregulated genes)

and 6636 (4473 upregulated and 2163 downregulated genes) DE genes, respectively. It
is also interesting that there are some discrepancies between both H929 and JIN3
myeloma cells, wich indicatel that CD138"9" cells cecultured with differentiated

U937 cells produced a higher proportion of upregulated genes in JJN3 cells and
conversely, a higher proportion of downregulated genes in H929 cells when compared
with respective monoculture controls. This was not the case in CI"@&8lIs in either

cell line, where the majority of DE genes were upregulated (Figure 4.8A).

In order to draw further comparisons from these data and determine whether there
was commonality between these DE genes in each condition, afayiVenn diagram
was constructed. From this analysis, there appeared to be very little commonality
between DE genes from CD238! cells between both myeloma cell lines, with only
one DE gene being exclusively shared, as shown by the blue vs orange overlap. The
remainde of DE genes are shown to be exclusive to each cell line. In contrast, there
appears to be a much higher level of commonality between DE genedHté@D and
JUCD datasetsvhere a total of 3296 (2366 upregulated and 930 downregulated)
genes are exclusiwekhared between these two cell lines as shown by the orange vs
green overlap. There are also a number of DE genes shared between bothP@™138
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and CD138" cells from each myeloma cell line, although the number of DE genes
shared here are not as substial as those exclusively shared between each C#138
subset. This indicates that -@ulture with differentiated U937 cells has a common
influence on the transcriptional profile of CD#88cellsbut not CD138'9" myeloma
cells. This further supporthié data shown irgection 42 and clearly demonstrates a
significant change in the transcriptomic profile of CO'B&ells in response to €o

culture with differentiated U937 cells.

Whilst there are certainly some distinct changes in DE genes in €8488lls that

will be subject to further investigation, there are more substantial changes in the
number of DE genes present in CDAB&yeloma cells after coulture in this
osteoclastlike in vitromodel. The next steps of analysis are to produce a fanat
assessment of these DE genes to assess the biological effects of osteocialstien

and to examine the potential roles of each subset of myeloma cells in the pathology

and progression of this malignancy.
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Figure 4.8. Venn digrams highlighting the number of significant differentially expressed genes
(g<0.05) that havdog, fold changes >1 and-%. (A) The absolute nuilmer of differentially expressed
genes from each comparison, this data is divided into genes thatignéicantly upregulated (red) and
downregulated (blue). (B) A Venn diagram illustrating the number of commonly upregulated or
downregulated genes from each comparisarhich are represented by coloured ovattMCBg H929
monoculture CD1389", HUCR; H929+U937 CD13®", HUCD H929+U937 CD138, IMCR; JIN3
monoculture CD138¢", JUCK JIN3+U937 CD138*, JUCIR JIN3+U937 CD1438
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4.4. Overrepresentationof differentially expressed genes

Having established lists of DE genesasan CD1389" and CD138" myeloma cells

in both H929 and JINS3 cell lines, it was then of interest to construct a functional
assessment of these gene lists to determine cellular functions and overrepresented
pathways within each dataset. In order to ass this, Ingenuity Pathway Analysis (IPA)

was employed.

Ingenuity Pathway Analysis is a software application that can be used to interpret
genomics data, including data generated from Ri¢4 experiments, to establish a
functional overview of overrepresnited functions and pathways within a dataskt.

does so by building on a manually developed knowledge base to relate specific genes
to specific pathways and functiotd This could potentially reveal information about

key regulators involved in biological processes and mechanisms that contriute t
disease propagation and progression. It was therefore of interest to assess each DE
gene list produced from CD138" and CD138" cells in each myeloma cell line using

IPA to investigate these processes.

DE gene lists produced from each sangmenparison (Figure 8) were input into IPA.

All DE genes determined between HMCB vs HUCB (484 genes) and JMCB vs JUCB (124
genes) comparisons were input into IPA. However, therdeAmmended upper limit

for the number of genes to be included in each géseis 3000. Therefore, DE gene

lists produced from HMCB vs HUCD (7096 genes) and JMCB vs JUCD (6636 genes)
comparisons were sorted in order of significance, with the 3000 most significant

(g<0.05) DE genes being input into IPA. Each list of DE gen#sewdsund to be

significantly associated with a number of overrepresented cellular functions and

pathways following analysis using IPA.

4.4.1. Overrepresentation of cellular functions

Lists of cellular functions that were overrepresented in each dataset weduped

along with corresponding quantification of statistical significance following analysis of
each dataset in IPA. The pathways produced were assessed for commonality between

CD138"9" and CD138" cells in both myeloma cell lines, with the top 5 most
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significantly overrepresented cellular functions being presented in Figure 4.9. It is clear
here that each function in CD1%88cells is overrepresented at a much higher level of
significance comparedith CD138"9" cells. The two lists also share similar functions
including cell movement, cell death and survival and cellular function and
maintenance. Interestingly, cell movement is the most significant overrepresented

cellular function in CD138 myeloma cells.

The next stage of analysiss to determine the pathways thatere overrepresented
in these datasets that could lead to further elucidation of the mechanisms behind
cellular function, which could infer more information relating to the potahtoles

that these cells may possess in human disease.
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Figure 4.9. Summary of overrepresented cellular functions determined by IPA analggsificant
cellular functions that were overrepresented in each dataset were assessedrfumonality between
each myeloma cell line in both (A) CD¥88and (B) CD138' cell subsets. The top 5 most significant
functions were then plotted in a bar chart which illustrates their statistical significance.
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4.4.2. Quantification of overrepresented pathways

The same datasets used to analyse cellular functio®sdtion 4.3.1 were used to

assess overrepresentation of cellular pathways. Pathway lists were accompanied by p
values to assess significance argtares to determine thdifference between the
expected and observed relationship between overrepresented pathways and gene
expression. Pathway lists were therefore further sorted based on significance (p<0.05)
and zscore (2> z >2). The-zcore limits that were chosen represerdlues that are

two standard deviations above or below the mean which are considered significant in
relation to determining whether a pathway is activated or inhibited. This strategy
produced lists of overrepresented pathways that are illustrated in EigutO. Here, it

is shown thatvhenassessing the impact of @ulture on H929 or JINZD13819nt

cells, there were few overrepresented pathwags,the HMCB vs HUCB and JMCB vs
JUCB comparisomsoducedonly 2 (1 activated and 1 inhibited) and 5 (alinated)

significant overrepresented pathways, respectively.

In contrast, thee were over a hundred different overrepresented pathwaysduced
when comparingnonoculture CD1389"ys coculture CD138 cells. e.gHMCB vs
HUCD and JMCB vs Ju@mparisons produced 131 (128 activated and 3 inhibited)
and 140 (135 activated and 5 inhibited) significant overrepresented pathways,
respectively (Figure 4.10A). This shows that the impact-cluttare with

differentiated U937 cells on transcriptionattavity is much greater in CD188Bcells in
comparison to CD138" cells in both myeloma cell lines. It is also apparent that the
majority of significant overrepresented pathways produced from both HMCB vs HUCD
and JMCB vs JUCD comparisons are shardd104 (62.2%) activated pathways being
common to both sample comparisons as indicated by the green vs red Venn diagram
overlap (Figure 4.10B). This is further evidence to suggest thatloare with
differentiated U937 cells induces a preferential uifhce on the transcriptoes of

CD138™ myeloma cellsvhen compared witlCD138"9" myeloma cellsthus inferring

that these cells are more transcriptionally active in the presence of an osteditlast

microenvironment, compared with CD138" cells
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Figure 4.10. Distribution of overrepresented pathways in each dataga) An overview of the

numbers of overrepresented pathways that were both significant (p<0.05) and hada@e >2 and <

2, as determined by IPA software. Begpresenting the number of pathways that were activated (z>2)
are coloured orange and pathways that were inhibitedZy<re coloured blue. (B) A Venn diagram
comparatively illustrating the number of activated (orange) and inhibited (blue) pathwaysrihabth
shared and exclusive to each sample comparistmiCBg H929 monoculture CD188", HUCR;
H929+U937 CD188", HUCL; H929+U937 CD188, JMCR; JJN3 monoculture CD138", JUCR
JIN3+U937 CD138, JUCR JIN3+U937 CD138



Chapter4: Results

4.4.3. Evaluation of overrepresented pathways

Having established that there issabstantialdifference in the number of significant DE
genes and overrepresented pathways between CB®3&nd CD138™ myeloma

cells, when compared with CD P38 mono-culture controls, it was of interest to

further dissect this information to investigate which molecular pathwayes
overrepresented in each dataset. This would reveal information about what biological
functions are influenced by eculture with differentiated U937 cells which could also
potentially allude to the function of each subset of myeloma cells in relation to disease

pathophysiology and progression.

There were just 2 and 5 overrepresented pathways amassed from €D18829 and
JIN cells, respectively. These pathways were exclusive to each cell line within each
CD138"9"t comparison (Figure 4.10). The majority of these pathways are well
established in the pathological composition of myeloma. In H929 cells there was an
overall actvation of interferon signalling and an inhibition of cell cycle regulation.
Whereas in JJN3 cells there was an overall activation of leukocyte extravasation

signalling, H8 signalling and NKB signalling (Figure 4.11A).

Given the vast increase in thember of pathways that were overrepresented in the
both H929 and JIN3 CD¥38latasets, a more selective approach was adopted to
narrow down the number of pathways to a more manageable size and investigate
which pathways are more relevant to myeloma bgoIn order to do this, the 104
commonly shared pathways between H929 and JIN3 CD1afls were selected for
further assessment. The pathways within this dataset ranged a wide array of cellular
functions, many of which were not entirely relevant to nyma biology. This entire

list of pathways is shown in Supplementary Table 4.2. These overrepresented
pathways were croseeferenced with the literature and curreminowledgebasé¢o
manuallyselect pathways that were more specifically relevant to myeloinéogy.

This produced a list of 31 pathways that were both common to both H929 and JIN3
CD138™ cells and alsbearsrelevance to the pathophysiology of myeloma. Of these
pathways, there were 30 pathways that were significantly activated and 1 pathway

that was significantly inhibited. The trends observed in each cell line are comparable
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between both H929 and JIN3 cell lines, albeit with marginally differsobizs being

produced for each overrepresented pathway (Figure 4.11B).
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Figure 4.11A. Summary of significagtoverrepresented pathways in CD188" comparisons Each
significant (p<0.05) overrepresented pathway is shown for HMCB vs HUCB (i) and JMCB vs JUCB (ii)
sample comparisons. Pathways thvegre either activated (z>2) or inhibited 23 are coloured orange

and blue, respectively.
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4.5. Validation of DE genes using gPCR

4.5.1. Selection of targets to be used for validation

RNAsequencing revealed that culture with differentiated U937 cells induced massive
changes in the transcriptional behaviour of CCAB@1yeloma cells, compared with
CD138"Mt cells in both H929 and JIN3 cell lines. In order to validate these findings, t
ensure that the results obtained from RMA&quencing are representative of true

positives, gPCR was employed to assess gene expression.

The variety of enriched pathways that were overrepresented from DE analysis in
CD138™ myeloma cells spanned a widange of molecular and cellular functions.

Given the extremely large number of DE genes and subsequent pathways that were
overrepresented in this analysis it was impractical to use an extensive gene list,
relating to each of these pathways, to be usedvalidation by gPCR. It was therefore
important to employ a logical selection strategy when choosing candidate genes to be
used for validation. It was of interest to choose genes that were not restricted to any
single pathway that was overrepresented in {h&hway analysis and to select genes
that spanned a wide range of functions and are of particular interest in the
pathophysiology of myeloma. Therefore, candidate genes were chosen based on their
relation to functions in survival, influence in bone redap, angiogenesis, migration,

and adhesion.

It was important to select genes that were commonly overrepresented and
upregulated in CD138' myeloma cells from both H929 and JIN3 cells. It was also
crucial to confirm that these genes were highly expressegach of the CD138

samples used in RN#equencing as this would produce a better chance of detecting
gene expression using qPCR. Therefore, genes were selected on the dasselife
expression being high enough to ensgfeCR detaion, and foldchange, in

comparison with CD138" monoculture controls, was also suitably hidgg fold

change >1). Having established the selection criteria for candidate genes to be used in
gPCR validation, a list of genes that fulfil these criteria is shown in Table 4.1 alongside
a general description of gene function, which also highlights theafoéach candidate

gene in relation to the pathophysiology of myeloma.
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4.5.2. Expression of genes selected for validation

Read counts obtained from RM#&quencing are directly comparable to gene

expression of each individual gene in the genome. Normalised raadstor each
candidate gene selected for g°PCR were highlighted in each of the samples used in this
experiment and were transformed using a iggHpseudenumbel) calculation. In this

case thepseudenumberused was 1Thiscalculation normalises extreme thers in

the dataset and also accounts for genes that have no reads, indicating a
transcriptionally inactive gene, which therefore facilitates the numerical quantification
of this data. The logvalues of these normalised read counts are plotted in Figutg.

It is clear that each gene selected for gPCR validation is very highly expressed in each
CD138™ sample in both myeloma cell lines. The fold change of gene expression is also
significantly greater in CD138 cells in comparison to CD138" cells cultured in

isolation or with differentiated U937 cells. This also confirmed that these genes

fulfilled the criteria outlined irSection 4.4.1. for the selection of candidate genes to be
used for validation to demonstrate both a high level of baselingession and a high

fold change in comparison to CD238:ells.
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Candidate Gene Description of function

Osteopontin is a secreted phosphoglycoprotein that is a critical regulator of bone

homeostasis. Previous research has demonstrated its involvement in facilitating the adl

of osteoclasts to bone, enabling them to carry out their resorptive funétio@steopontin is
SPP1 Secreted phosphoprotein 1/osteopontin secreted by numerous cell types, including plasma cells, withcaieasing level of secretion
being found to derive from myeloma cells at each stage of disease progré&ésidrese
characteristics have established osteopontin as a markertebotast activity and
angiogenesig®.
Syk is a cytosolic protein tyrosine kinase first identified by Kobagaslfif®. Syk has been
recognisedas a key component to-8ell receptor signalling and has been found to be
upregulated in a number of haematological cancers, including myeloma. Activation of S
results in the transduction of downstream signals through PI3K and BTK propéagjation
Inhibition of Syk has also been shote induce apoptosis and inhibit proliferation in
myeloma cells, thus demonstrating a promising therapeutic stratégy
CXCL&a | aa20A1 SR ¢gAGK GKS / -/ TFrLYAte 27
secretion is rapidly induced by pioflammatory cytokines, which can be induced within th
CXCL8 GX-C motifchemokine ligand 8/Interleukin 8 = microenvironment of a number of cancers, including myel&iHh&% CXCL8as been related
to a number of functions including angiogenesis, cell motility and apoptosis, meaning it
provides a promising therapeutic target to tackle metastasis and chemoresistance
MMP2 belongs to the larger family of MMP proteins which are secreted proteolytic
endopeptidase enzymes that are responsible to tegmrhdation of multiple components
within the extracellular matri¢2. MMP2 has been found in elevated quantities in myelom
patients and has a role in the degradation of collagen IV. Thim&a component of the
basement membrane, which has led to MMP2 being associated with aberrant bone
remodelling and metastasi¥.
Not normally expressed in the bone marrow microenvironment, CCL2 has been found t
G-C motif chemokine ligand 2/monocyte secreted in larger quantities in myeloma patients, playing an important role ipribeess of

chemoattractant proteinl (MCP1) angiogenesis. Secretion of this chemokine has been shown to derive from myeloma ce
themselves in response to-@%,

SYK Spleenassociated tyrosine kinase

MMP2 Matrix metallopeptidase 2

CCL2

Table 4.1. A summary and description of genes selected for validation using gPCR
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Figure 4.12. Expression of differentially expressed genes selected for gPCR validation in H929 and JJNB3eclelggn+1) expression values for each DE gene selected for gPCR
validation is plotted for each sample usedRhAseq analysis, where n represents normalised gene expression and 1 represents apseldo applied to account for genes

that have an expression value of zero. Selection criteria for these genes was based on significance (g<0.05) and fdlmbsRr&»e of CD198 cells in both H929 and JIN3

cells. Error bars are representative of standard deviation and all three biological replicates were used to compile this3)lagignificant changes in expression were assessed
and graphs were constructagsing GraphPad Prism 7.0. A amay ANOVA followed by a Dunnett multiple comparison test was performed to compare expression against a
CD138i9"t monoculture controin each cell lingns¢ not significant,”™ = p<0.001;™ = p<0.0001).

137































































































































































































































































