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Abstract

Multiple Myeloma (MM) is the second most common hematological malignancy
with a prevalence of approximately 2,300 new cases and 1,350 deaths in Canada deaths
per year. The addition of the proteasome inhibitor Bortezomib to the therapeutic protocol
in MM has led to a significant improvement in the survival of patients suffering from this
disease. However, patients with MM eventually acquire resistance to Bortezomib
resulting in disease progression and eventually death. A small class of genes called
miRNA, have recently been shown to be important in the regulation of cancer cell
behavior. We have demonstrated that miRNAs are implicated in the acquired drug
resistance of MM cells and manipulation of their expression increases sensitivity to
Bortezomib. Uncovering the mechanisms of drug resistance will add to our understanding

of the biology of this fatal disease and ultimately improve MM patients’ survival.
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Chapter One: Introduction

1.1 Multiple Myeloma

Multiple Myeloma (MM) is an incurable plasma cell (PC) neoplasia characterized

by the accumulation of malignant plasma cells, usually within the bone marrow'™.

It is
estimated that in 2011 there were 2,300 new cases, with 1,350 deaths in Canada4; the
second most common haematological malignancy, after non-Hodgkin’s Lymphoma
(NHL)’. MM is a malignancy of antibody-secreting terminally differentiated B cells that
home to and expand in the bone marrow. The most common symptoms include fatigue,
anemia, bone pain and frequent infections® and criteria for diagnosis include
hypercalcemia, bone lesions and renal failure. In regions adjacent to plasma cell foci,
bone lesions develop from the activation of osteoclasts and the inactivation of
osteoblasts®. Patients will also present with detectable levels of monoclonal plasma cells.
Patients with nonsecretory myeloma will have no detectable monoclonal protein, which
may be monitored using the serum free light-chain assay’. In many cases, MM is
preceded by a pre-malignant tumour called monoclonal gammopathy of undetermined

significance (MGUS). This type of tumour is the most common lymphoid tumour in

humans and occurs in approximately 3% of individuals over the age of 50’

1.1.1 Staging

Although multiple myeloma is considered to be a single disease, it consists of
several cytogenetic, molecular and biological subtypes. However, survival for MM

patients depends on many variables, including disease stage, age and renal function. The
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current classification system of MM staging relies on tumour mass, renal function and
immune response, the latter being secondary features of host reaction to the disease®.
There are two methods of staging including the Durie-Salmon Stage (DSS)’ and the
International Staging System (ISS)'® as summarized in Table 1-1. The ISS for myeloma
uses serum-f2-microglobulin and serum albumin as prognosis predictors to classify in
three stages'’. The stages have median survival of 62, 44 and 29 months respectively.
While this staging method may be useful in some cases, it does not take into account
disease burden and cytogenetic characteristics. For example, a patient with Stage I
myeloma and a (4;14) translocation has a significantly shorter expected survival. Treated
with standard chemotherapy, the median survival is 26 months, and 33 months with high-
dose therapy. A significantly shorter expected survival is also seen in patients with a
(14;16) translocation, with a median survival of 16 months, regardless of what ISS stage
they have been classified in'',

Myeloma has also been classified into early and advanced Myeloma regardless of
the ISS or Durie-Salmon criteria. Depending on the level of monoclonal Ig (M-Ig),
MGUS can progress sporadically to multiple myeloma, expressing the same M-Ig
levels'?. However, as there are no defined genetic or phenotypic markers, it is difficult to
distinguish MGUS from MM cells. Smoldering MM (SMM) has stable bone marrow
tumour content but has no osteolytic lesions, anemia or other secondary characteristics of
MM and has a high probability of progressing to MM'. Extramedullary MM is an

aggressive tumour, often called secondary or primary plasma cell leukemia (PCL).”



Table 1-1. Multiple Myeloma Durie-Salmon and ISS Staging Criteria

Stage Durie-Salmon Criteria ISS Criteria

I A relatively small number of myeloma
cells are found.
All of the following features must be Serum Beta-2 microglobulin is less
present: than 3.5 mg/L
- Hemoglobin level only slightly
below normal (above 10 g/dL)
- normal bone x-rays or only 1 area of | Albumin level is 3.5 g/dL or higher
bone damage
- normal blood calcium levels (less
than 12 mg/dL)
- small amount of monoclonal
immunoglobulin in blood or urine

II Serum Beta-2 microglobulin level is
A moderate number of myeloma cells | between 3.5 and 5.5, and any albumin
are present. level
Features are between stage I and stage OR
11

Albumin is below 3.5 while the beta-2
microglobulin is less than 2.5
IIT | A large number of myeloma cells are

found

One or more of the following features
must be present:

- low hemoglobin level (below 8.5
g/dL)

- high blood calcium level (above 12
mg/dL)

- 3 or more areas of bone destroyed by
cancer

- large amount of monoclonal
immunoglobulin in blood or urine

Serum Beta-2 microglobulin is greater
than 5.5 mg/L

Adapted from Hideshima et al. *




1.1.2 Cytogenetic Aberrations

For most hematological disorders, routine cytogenetic analysis has become a part
of routine laboratory testing, providing valuable diagnostic and prognostic indicators. The
cytogenetic aberrations help to understand the molecular pathogenesis of the disease .
Routine metaphase cytogenetics allows for detection of large clonal populations and
supports the cytomorphic diagnosis and provides useful prognostic information.
Chromosomal abnormalities are not present in all MM cases. In approximately 50% of
patients, an abnormal karyotype is seen, although this may be reflected by the low
resolution of cytogenetic analysis, approximately 1 to 10 megabases (Mb)'®. Studies
using comparative genomic hybrization arrays have shown that almost 100% of the
patients with myeloma have chromosomal abnormalities.” While a normal cytogenetic
result indicates a more favorable prognosis, there is a large clinical diversity within the
normal group.

Using routine metaphase cytogenetics, this group cannot be further differentiated
using this criteria alone '°. Cryptic clonal lesions are not found using this method and are
missed in both cytogenetically normal and abnormal patients. Cryptic rearrangements
further contribute to clinical heterogeneity and will modify the prognosis from the
original karyotype'®. Common cytogenetic rearrangements have been seen in Myeloma
patients and have been commonly associated with certain prognostic outcomes. The
presence of hyperdiploidy is generally considered favorable and leads to extended life
after high dose chemotherapy treatments. The four most frequently recurring
translocations involve regions 4p16 (FGFR3), 11q13 (Cyclin D1), 6p21(cyclin D3) and

16p23 (c-maf) and all have breakpoints that fall within IgH regions and result in IgH
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switch recombination'”'®. Common translocations including t(11;14) and t(6;14) are
present in approximately 20% of patients and is associated with neutral prognosis. There
are many genetic features of high risk disease including t(4;14), t(14;16) and t(14;20),
accounting for 15, 6 and 8 percent of patients respectively. The t(14:16)(q32;q923) and
t(14;20)(q32;q11) translocations result in the activation of ¢c-MAF and MAFB proto-
oncogenes and t(4;14)(p16;q32) translocation results in hyeractivation of both the FGFR3
and MMSET genes. Cyclin D1 is activated by the t(11;14)(q13;q32) translocation, and
CCND3 is activated by the t(6;14)(p21;932) recurring translocations in MM.

Clonal evolution and secondary events that alter prognosis include inactivation of
p53 (17p13), chromosome 13 deletions and amplification of chromosome 1 (10, 50 and

35 percent of patients)™'’.

The cytogenetic results need to be combined with other
diagnostic and prognostic data to select the best treatment option for best chance of
survival. Multiple myeloma is not of one disease, but rather one of many. Each of the
subtypes of MM is largely defined by the specific genetic and cytogenetic aberrations.

The ultimate application of predictive classification and targeted therapies is needed on

the basis of primary genetic changes.

1.1.3 Molecular Classification of MM

With the advent of high density oligonucleotide DNA microarray it has been made
possible to simultaneously analyze messenger RNA (mRNA) expression patterns of
thousands of genes. To better define the molecular bases of MM, gene-expression
profiling has also be used to classify patients with adverse prognosis using gene-specific

signatures®’. An eight group classification system using knowledge of cytogenetic
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results and cyclin D genes determined by gene expression profiling (GEP)*! has been
suggested although the system proposed by Zhan et al for newly diagnosed myeloma
patients into seven subgroups based on common gene expression signatures is more
widely used®. Unsupervised hierarchic clustering of messenger RNA (mRNA) expression
of syndecan-1 (CD 138 MM marker) in patients has identified seven disease subtypes
that are largely influenced by known genetic lesions, including c-MAF, MAF-B,
CCND1/3 and FGFR3/MMSET-activating translocations as well as hyperdiploidy. While
favorable prognosis is seen in patients with hyperdiploidy and CCND1 activation®**,
poor prognosis is associated with MAF, FGFR3/MMSET activation as well as deletion of
chromosomes 13 and 17**?°. Molecular classification has tremendous clinical

implications to identify the main genetic subtypes to the other high-risk subgroups

effecting treatment plans and potentially outcomes.

1.1.4 Therapeutic Agents in the Treatment of MM

New therapeutic agents in the treatment of multiple myeloma have led to dramatic
improvements in outcomes over the last decade. New agents including bortezomib?’,
lenalidomide®®, thalidomide® and autologous stem-cell transplantation (ASCT) have
increased the three year survival rates to 75-80%, with a median survival of 5 years.
Treatment for newly diagnosed MM depends largely on the eligibility for ASCT,
determined by age, performance status and comorbidities. Patients who are eligible for
ASCT are typically treated with a regimen that is non-toxic to the hematopoietic stem
cells. This typically includes vincristine, doxorubicin and dexamethasone as induction

therapy for three to four months before stem-cell harvest. Other therapeutic agents
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including melphalan, an alkylating agent, are not typically used for pre-ASCT as it can
interfere with adequate stem-cell mobilization®®. The most frequently used regimens for
the treatment of newly diagnosed MM include combinations of lenalidomide,
bortezomib, thalidomide and dexamethasone. Patients who are not eligible for
transplantation due to factors such as age, physical condition or other co-existing
conditions, receive standard therapy with alkylating agents®'. Although ASCT is not
considered a curative therapy, it greatly improves the likelihood of achieving a complete
response (CR), prolongs disease-free survival and overall survival and has proven to be a
major advantage therapy option in the treatment of MM™. Allogeneic SCT (allo-SCT) is
also a treatment option for patients, although a smaller percentage of patients are
candidates for this type of transplant®. The availability of an HLA-matched sibling
donor, adequate organ function and age, makes many candidates ineligible. While this
type of treatment has a biological advantage as it is not contaminated with any tumor
cells, such as in ASCT, there is also a high rate of treatment related death and graft versus
host diseases, making it unacceptable for most patients.

Almost all MM patients have a risk of eventual disease relapse. If relapse occurs
after six months after conventional chemotherapeutics, an additional round may be used,
or for those who had stem cells cryopreserved, can benefit from the use of ASCT as
salvage therapy’*. Additional chemotherapeutics such as thalidomide or bortezomib are

also used in the treatment of refractory MM to target alternative biological pathways.



1.2 Proteasome Inhibitors

Degradation of proteins in the ubiquitin-proteasome pathway is a crucial process to
regulate translation, signal transduction, cell-cycle control and receptor function®>. This
pathway plays a vital role in cellular events and is responsible for intracellular protein
degradation. Targeting this pathway using inhibitors of the proteasome demonstrate a
novel approach in the treatment of cancer. Inhibitors of this pathway have been
developed for research and clinical use®®. The FDA approved inhibitor Bortezomib (PS-
341, Velcade®) has been in clinical use for the treatment of relapsed multiple myeloma
and is in trial for use in many others cancer types3 7. The rapid approval and effectiveness
in clinical trials of bortezomib has led the way for discovery for other proteasome

inhibitors (PIs) and other inhibitors targeting the ubiquitin-proteasome pathway.

1.2.1 The Proteasome

The proteasome is a multi-subunit protein complex found in the nucleus and
cytoplasm of eukaryotic cells. The main function is to degrade intracellular proteins that
are tagged with a poly-ubiquitin chain *>*®. The 26s proteasome is a cylindrical structure,
made up of a 20s catalytic core complex and two 19s regulatory subunits that cap the core
complex (Figure 1-1). The 20s core is made up of 4 stacked rings including 2 outer a
rings and 2 inner B rings, which are each made up with seven similar subunits ****. The
outer rings interact with the 19s subunit and control entry of tagged proteins into the core
complex while the inner rings include enzyme sites that degrade the protein. Proteins that
are targeted for degradation are modified with a poly-ubiquitin protein chain through a

process called ubiquitination. These tagged molecules are recognized by the 19s subunit
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Figure 1-1. Structure of the 26s proteasome complex

A. The 26s proteasome is composed of a core 2 0s complex capped by 19s regulatory
complexes at both ends. B. The cross-section of a the B ring of the 20s subunit of the

proteasome contain the post-glutamyl, tryptic and chemotryptic sites.
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which removes the ubiquitin chain and denatures the protein. The denatured protein is
then fed through the center of the 20s complex and is subsequently reduced into short
polypeptides*'. Proteins that enter the 20s complex are hydrolyzed by six active
proteolytic sites on the B-subunits including chemotryptic, tryptic, and peptidylglutamyl-

like activity sites **.

1.2.2 Proteasome Inhibition

The proteasome pathway is responsible for degrading several tumour suppressors,
regulatory proteins, transcription factors and oncogenes. Inhibition of this pathway
induces apoptosis by altering levels of target proteins including proaptotic proteins such
as p53 and Bax and results in the inhibition of NF-kB activity. Clinical studies using
proteasome inhibitors have shown that transformed malignant cells are more sensitive to
proteasome inhibition than normal cells*. Numerous studies have shown in preclinical
and clinical trials that the use of proteasome inhibitors induces apoptosis in various

40,4346

cancer types although they generally lack specificity. . These studies have shown

that the proteasome is a valid and useful target for anti-Myeloma therapy.

1.2.3 Bortezomib (Velcade ®)

Bortezomib (N-pyrazinecarbonyl-l-phenylalanine-L-leucine boronic acid or PS-
341, MLN-341) was approved in the United States in 2003 and in the European Union in
2004 for the treatment of relapsed and refractory multiple myeloma patients ***°. Adams
et al designed and developed boronic acid-derived compounds that inhibit the proteasome

pathway in a specific manner *°. It is a small, cell-permeable molecule that inhibits the
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Figure 1-2. Chemical structure of Bortezomib
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proteasome in a selective and reversible manner and blocks the B5 chemotryptic site of
the 20s subunit of the proteasome *’. Bortezomib induces apoptosis in malignant cells by
stabilizing proapoptotic proteins and through the inhibition of NF-xp*’. It inhibits the
proteasome pathway in a reversible and rapid manner by binding with the 20s proteasome
complex, effectively blocking its enzymatic activity.

Preclinical studies have shown that the apoptotic and cytotoxic effects of
bortezomib are correlated with proteasome inhibition, independent of p53 status and do
not overlap with other chemotherapeutic agents. It was used against the National Cancer
Institute’s (NCI) cell line panel and averaged 50% growth inhibition. The same effect
was seen when used as a single agent in human xenograft tumor models *’. The success
of the preclinical trials led to the rapid approval of a phase I trial run by Orlowski et al
where 27 patients with advanced refractory hematological malignancies were treated with
Bortezomib*®. The success of this trial led to other phase I trials and furthermore phases
IT and III and ultimately approval into clinical use. In each of the trials, it had been
assessed that Bortezomib had a significant activity against MM cells. The most common
adverse effects of bortezomib include gastrointestinal symptoms, cytopenia, fatigue and
peripheral neuropathy® and is generally tolerated well.

Bortezomib inhibited proliferation induced apoptosis and inhibited binding of MM

37,48

cells to bone marrow stroma”""". Bortezomib also sensitized MM patients and cell lines

to other active chemotherapeutic agents, such as doxorubicin and melphalan. In patients
with relapsed myeloma following conventional dose therapy or stem cell transplantation,
bortezomib is often combined with conventional dose chemotherapy, corticosteroids or

50,51

thalidomide™ . Clinical trials for the use of bortezomib in other hematological and non-
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hematological malignancies are ongoing and have shown promising data particularly in

45,52 . .
532 More work is needed in

mantle-cell lymphoma and low grade follicular lymphoma
this area with bortezomib and other proteasome inhibitor compounds, including multi-

agent models.

1.2.4 The Mechanism of Action of Bortezomib
Bortezomib was originally developed as a proteasome inhibitor which blocked the
degradation of ubiquitinated IkPa, a negative regulator of the canonical nuclear factor

53,54
~*. However, several

(NF)-kpB pathway, preventing its translocation into the nucleus
groups have proposed additional mechanisms for its anti-tumour activity, focusing on the
accumulation of misfolded proteins followed by endoplasmic reticulum (ER) stress

associated apoptosis, and the activation of the ATF4 and CHOP pathwaysSS’SG.

1.2.5 Accumulation of Misfolded Proteins

When proteasome function is inhibited by bortezomib, damaged proteins including
mis-folded proteins accumulate in the intracellular environment. This results in an ER
overload and stress, which induces the unfolded protein response (UPR)’’. The UPR aims
to decrease the synthesis and influx of protein into the ER and increase the synthesis of
chaperone proteins in order to promote refolding and elimination of misfolded proteins™®.
However, sustained ER stress resulting from proteasome inhibition activates the
apopototic pathway through activation of ATF4 and CHOP, caspase-4 and caspase-12,

ultimately leading to cell death. It has been demonstrated that preventing the
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accumulation of misfolded proteins, and avoiding ER stress plays an important role in

bortezomib resistance in MM cells™.

1.2.6 Bortezomib resistance

Unfortunately, bortezomib, largely used in the treatment of relapsed and refractory
MM is only effective in approximately 40% of treated patients®’ and presently there are
no clinical biomarkers available to predict responders to this class of drugs.

In order to understand the mechanism of bortezomib resistance, recent studies have
used RNA interference (RNAi) screens to evaluate the genetic determinants that may
influence sensitivity to bortezomib. Chen et al, performed a genome-wide small
interfering RNA (siRNA) screen and identified 100 genes whose knockdown affected the
cytotoxicity of bortezomib®. They have demonstrated that more than half of their genes
interacting with bortezomib cytotoxicity gave similar phenotypes in three different cell
types (colon cancer, melanoma, and cervical cancer). While they have identified common
themes including translation inhibition and key ubiquitin pathways, detailed work is
needed in MM cell lines to further elucidate this resistance mechanism. A similar study
was performed by Zhu et al, whereby a druggable genome RNAi screen was performed
on MM cells to identify modifiers of bortezomib sensitivity®'. Measuring proliferation in
MM cells transfected with siRNAs in the presence and absence of bortezomib, 37 genes
were identified which when silenced; potentiate the cytotoxic effect of bortezomib.
Additionally, mutations in the gene encoding for the proteasome B5 subunit (PSMBS),
which is the target site of bortezomib, has been shown to increase resistance to

bortezomib®’.
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There is little known about the biology and genetics of Multiple Myeloma and the
advancement in therapy options has been slow. Myeloma cells have antiapoptotic
signaling mechanisms which results in resistance to current chemotherapy treatments and
ultimately a fatal outcome for most patients. ** Although high-dose therapy has improved
Multiple Myeloma prognosis, individual patient survival is extremely variable. It is
difficult to accurately predict prognostic outcomes with current testing. By gaining
further understanding of the biology of myeloma cells and identifying potential
therapeutic targets, new treatments can be identified to not only improve patient outcome
but will also assist in more accurate diagnosis and prognosis to treat patients more
effectively. Identification of the mechanisms of drug sensitivity and resistance can also

be made to develop more effective therapies and treatment strategies.

1.3 microRNA

One of the most important discoveries in the past decade is that non-coding RNAs
(ncRNAs) identified in tumours and are involved in tumour initiation, progression and
dissemination of disease. The most studied ncRNA constitute a class of RNAs named
microRNAs (miRNA). In recent years, miRNA has been identified as an important new
class of regulatory biomolecules. miRNA are small non-coding RNAs of 18-24
nucleotides (nts) that regulate mRNA at the post-transcriptional level and their
deregulation contributes to the initiation and progression of several cancers®. miRNAs
are strongly conserved among organisms including invertebrates, vertebrates and plants
and are involved in many biologic processes including cell cycle regulation, proliferation,

differentiation, development, and carcinogenesis®®. Since the discovery of the first
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small non-coding RNAs, known as in lin-4 and let-7 in Caenorhabditis elegans“'ee, over
15,000 unique miRNA sequences have been identified in over 140 species®”’'. The
approximate number of human miRNAs reported so far exceeds 1,900 (Nov, 2011 release
of miRBase 18.0, Sanger Institute) and each miRNA has the potential to target a large
number of genes. Computational predictions have estimated that approximately 30% of
all human genes are targets of miRNA’2. miRNAs are capable of regulating gene
expression by binding to the 3’ untranslated region (UTR) of their target mRNAs through
partial or complete complementarities. As such, miRNAs are involved in crucial
biological processes including apoptosis, differentiation, proliferation and

development®"®. By targeting the mRNA of protein-coding genes and regulating the

transcriptional expression, miRNA plays a pivotal role in biological function.

1.3.1 miRNA Processing

Processing of miRNA begins in the nucleus, where RNA polymerase II (Pol II)
transcribes primary miRNA transcripts, (called pri-miRNA), a capped polyadenylated
portion of a larger RNA hairpin. The Ribonuclease III (RNAase III) enzyme called
Drosha then cleaves the upper part of the hairpin to produce precursor miRNA (pre-
miRNA) of ~70 nts"*”. The pre-miRNA is then exported to the cytoplasm by the nuclear
export factor, exportin 5°. It then binds to the RNase II Dicer and the RNA-induced
silencing complex (RISC)”” which is composed of the transactivation-responsive RNA-
binding protein (TRBP) and Argonaute 2 (Ago2)’®. Ago2 cleaves the miRNA at the 3
end and then Dicer cleaves it into the mature 18-24-nt miRNA duplex. This duplex

contains the ‘guide strand’ and the ‘passenger strand’, which must be separated in order
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for the miRNA in RISC to anneal to the target. The strand retained in RISC is the guide
strand and the discarded strand is the passenger strand’® Selection of the guide strand is
not random and one is preferred to be the guide strand based on the thermostability of the
first 1-4 bases at each end of the miRNA duplex™. The strand which has the least
stability at the 5° end serves as the guide strand, while the other strand is degraded. The
single stranded mature miRNA can direct the RISC to downregulate expression by two
posttranscriptional mechanisms: mRNA translational repression or mRNA cleavage.
Once bound to RISC, the seed sequence (2-8 nts) at the 5’ end of mature miRNA strand
recognizes complementary sequences in the 3’UTR of mRNAs, resulting in translation
inhibition. The choice of posttranscriptional mechanisms is largely unknown, but has

been suggested it is determined by the mRNA target and the level of complementarity.

1.3.2 miRNA and the Role in Cancer

It has been widely known that cancer is caused in part by genetic and/or epigenetic
modifications to protein-coding oncogenes and tumour suppressor genes. These
modifications result mainly from somatic mutation events that are caused by
chromosomal rearrangements, amplifications and deletions. The discovery of miRNAs
has introduced a new level of gene regulation and additional understanding of the
pathogenesis of many cancers. Among the first clues for the involvement of miRNAs in
cancers was an observation that miRNAs are frequently located in cancer associated
chromosomal regions. This includes regions of amplifications, deletions, fragile sites,
common cancer associated translocation sites and breakpoint regions in or near tumour

suppressors (TSG) or oncogenes (OG)*'. The global miRNA expression (known as
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miRNome) has been investigated in many different human tumours. It has been
demonstrated through large profiling and functional studies that miRNA can function as
OGs (as in the case of miR-155 or the miR-17-92 cluster) or TSGs (as in the case of miR-
15a and miR-16-1*?), when the functional loss of a target mRNA can initiate, enhance or
inhibit malignant transformation® ™. Interestingly, miRNAs have also been reported to
play dual roles, as both tumour suppressors and oncogenes, depending on the distinct
pathways it targets® . This implies that miRNAs may target multiple distinct pathways
resulting in different effects on growth, cell survival and proliferation, which may be
distinct in varying cell types. The genetic abnormalities found to influence the activity of
miRNAs are similar to the alteration of protein-coding genes such as chromosomal
translocations or rearrangements, genomic deletions or amplifications or mutations. In
tumours, abnormalities are found that influence both the protein-coding genes and
miRNAY.

Since the discovery of miRNA, an increasing number of studies have suggested
that miRNA influences tumour development, progression and metastases. The first study
demonstrating a role of miRNAs as TSG, was through the investigation of a frequently
observed chromosomal abnormality in chronic lymphocytic leukemia (CLL); the
hemizygous or homozygous deletion of the 13q14.3 region®”. A cluster of miRNAs, miR-
15a and miR-16-1 was discovered in this chromosomal region mapping to the 30-kb
deleted region of the LEU2 gene. Over-expression of miR15a/16-1 reduces the
expression levels of the prosurvival molecule Bel2 inducing apoptosis®. Mouse models
that lacked the miR-15a/16-1 clustered developed B-cell abnormalities, suggesting the

importance of this miRNA cluster in pathogenesis of disease.
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One of the first oncogenic miRNAs identified was the miR-17-92 cluster, which
contains seven homologous miRNAs (miR-17-3p, miR-17-5p, miR-181a, miR-20a, miR-
19a, miR-19b-1 and miR-92a-1). It has been shown that the cluster is frequently
overexpressed in many hematopoietic malignancies, particularly in B-cell lymphoma.
Alterations of miRNAs have since been detected in nearly all tumour types to date
including benign and malignant, solid and liquid tumours, suggesting miRNAs have a
large role in tumorigenesis. It has been suggested that alterations and over-expression of

miRNA play a large role in most, if not all, human cancers™.

1.3.3 miRNA and the Role in Multiple Myeloma

Differential miRNA expression associated with distinct genetic subtypes has been
reported in numerous hematologic malignancies, such as acute myeloid leukemia
(AML)"®" and chronic lymphocytic leukemia (CLL)*>. The presence of specific
genetic abnormalities including trisomy 12 and 13q14, 11q23 and 17p13 deletions have
been associated with specific miRNA signatures. The miRNAs identified in the signature
were largely localized to the chromosomal regions specific for the abnormality. The
identification of specific miRNA patterns may help to distinguish distinct genetic
subgroups as well as provide a better understanding of the miRNA pathogenesis.

In MM, an association between high-risk disease and global elevation of miRNA
expression has been reported”. Zhou et al has shown that total miRNA expression levels
in CD138-positive plasma cells from patients with MM are significantly higher than in
normal plasma cells. They have also shown that high expression levels of miRNA may be

associated with high MM risk score”®. In addition, miRNA involvement in the clonal



20
evolution of plasma cells from MGUS to MM stages and correlation with specific MM
molecular subgroups has been described”**®. Mechanistically, over-expression of
selected miRNAs has been also shown to reduce MM cell growth and viability”.
Pichiorri et al has reported a set of miRNA that is associated with progression and
neoplastic transformation of MM and Lionetti et al has reported differential microRNA
patterns that have been associated with the major IGH translocations®. Specific
signatures were found to be associated in t(4;14) patients, where the over —expression of
let-7e, miR-125a-5p and miR-99b was seen, and to a lesser extent in patients with
t(11;14). While attempts have been made to use miRNA in classifying and staging MM,
little is known about the expression of miRNAs and their effects on response to MM

treatments.

1.3.4 miRNA and Bortezomib Resistance in MM

The first mechanism to suggest that microRNA may play a role in MM cell
resistance to bortezomib is based on the concept of the activation of the UPR. As
discussed previously, it has been shown that high-risk myeloma patients have a global
elevation of miRNA” . As miRNA target mRNA and inhibit translation, an increase of
miRNA would result in decreased levels of protein synthesis. This would then decrease
the stress on the ER, resulting in decreased levels of the UPR, providing a crucial role in
resistance to bortezomib. This concept is based on the notion that decreased accumulation
of mis-folded proteins alleviates ER stress and therefore increases bortezomib resistance

has been previously described above where mutations in PSMBS5 result in a bortezomib
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resistance. This is the first study to correlate increased miRNA levels, UPR stress and
bortezomib resistance.

The second mechanism to correlate miRNA levels and bortezomib resistance is
based on the concept that valuable genes mediating sensitivity are potentially regulated
by miRNA. As discussed previously, RNAi screens have identified several genes known
to be sensitizers to bortezomib. These include several cell cycle regulators and kinases
that are mRNA targets regulated by miRNA expression. Based on these two possible
mechanisms of how microRNAs may modulate bortezomib drug resistance it is has led to

the following hypothesis:

We hypothesize that miRNAs regulate MM cells sensitivity to proteasome inhibitors

and may represent a valuable predictive biomarker of response to therapy.
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1.4 Study Objectives

While reports provide strong evidence for the role of miRNAs in MM, studies
investigating their value as predictive biomarkers of response to individual therapies are
still needed. Based on our preliminary studies and published literature, we have
postulated that miRNAs regulate MM cells sensitivity to proteasome inhibitors and may

represent a valuable predictive biomarker of response to therapy.

This hypothesis was tested under the following specific aims:

1. ldentify differential miRNA expression signatures in resistant versus sensitive
primary multiple myeloma cell lines.

2. Determine in vitro, the function of selected differentially expressed miRNA in
resistant and sensitive cell lines.

3. Examine in vitro and in vivo, the effect of silencing or over-expressing selected

miRNA on MM cell growth and sensitivity to bortezomib.

By gaining further understanding of the influence of miRNA on myeloma cells and
the mechanisms of drug resistance, it will be possible to identify potential therapeutic

targets and further understand the biology of this disease.
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Chapter Two: Materials and Methods

2.1 Cell Line and Cell Culturing

The human MM cell lines NCI-H929, RPMI-8226 and U266 were purchased from
the ATCC, Manassas, USA; KMS11, MMI1s, and OPM2 cells were kindly provided by
Dr Lawrence Boise (Emory University, Atlanta, GA) and INA-6 cells were provided by
Dr. Renate Burger (University of Erlangen-Nuernberg, Erlangen, Germany). MM cell
lines were maintained in RPMI-1640 media, with L-glutamine and NAHCOs;,
supplemented with 10% fetal bovine serum and 1% penicillin and streptomycin (100
U/ml penicillin, and 100 pg/ml streptomycin) (Sigma-Aldrich, Oakville, ON), in a
humidified incubator at 37°C with 5% CO,. INA-6 cells were maintained in culture
media supplemented with 2.5 ng/ml of human interleukin-6 receptor (IL-6) (Sigma-

Aldrich).

2.2 Viability Assays

ICsop was determined by calculating the concentration of Bortezomib or
5’Azacytidine that caused a 50% loss of viability measured by [3-(4,5-dimethylthiazol-2-
yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium] (MTS) according to

the manufacturer’s directions(Promega, Madison, WI).

2.2.1 Bortezomib

Bortezomib was obtained from the Tom Baker Cancer Center (Calgary, AB) and

reconstituted in water and stored at 4°C. Bortezomib was freshly diluted in free RPMI
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Media before use. MM cell lines were treated with various concentrations of Bortezomib

ranging from 0.625 nM to 5.0 nM for 24 and 48 hours.

2.2.2 5°’Azacytidine

5’ Azacytidine (5’AZA) was obtained from Sigma Aldrich (Cat # A2385). 5’AZA
was freshly made by dissolving 5’AZA powder in complete 10% RPMI to a final

concentration of 1.0uM. MM cell lines were treated with 12.5 — 100 nM for 12-48 hours.

2.2.3 MTS Assay

Proliferation was measured by [3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium] (MTS) according to the
manufacturer’s directions (Promega, Madison, WI). MM cells with appropriate drug
concentration were plated in a 96 well plate, in a total of 200ul volume. After appropriate
timing, 40ul of Cell Titer 96 Aqueous One Solution was added to each well and
incubated for three hours in a humidified 5% C02 chamber. After 3 hours, the plate was

read on a 96 well plate reader at a wavelength of 490nm.

2.3 Cell Cycle Analysis

Cells were synchronized at the G1/S phase using a double-thymidine block. MM
cells were seeded in standard growth medium (RPMI — 10% FBS) the night before
synchronization. 100 mM Thymidine stock was made up in PBS and was filter sterilized.
Thymidine was added to a final concentration of 2mM in the media, and cells were

incubated for 16 hours under normal conditions. To remove the thymidine-containing
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media, the cells were spun down and rinsed once with fresh media. Cells were re-fed with
fresh standard media and incubated for 8 hours. The second thymidine was again added
to a final concentration of 2mM in the media and incubated for an additional 16 hours.
The thymidine-containing media was then removed, washed once and fed with fresh
media. The cells were then collected at various time points, (Time 0, 4, 8, 16, 24 and 48
hours), spun down and washed twice with cold PBS. Cells were re-suspended in 500ul
cold PBS and fixed by adding 500ul of cold 95% ethanol dropwise while vortexing. Cells
were fixed for a minimum of 24 hours, stored at -20°C before proceeding with flow

cytometric analysis of nucleic content.

2.4 DNA Extraction

MM cells were collected and harvested and DNA was extracted using Qiagen Dneasy kit
according to manufacturer’s instructions. DNA was stored in DNase-free water at -20°C
until use. Quantity and purity of DNA was measured on a NanoDrop spectrophotometer
(ThermoScientific). Purity of DNA was gauged used the A260/A280 ratio where a ratio

of 1.7-1.9 was considered acceptable.

2.5 RNA Extraction

MM cells were collected and harvested and RNA was extracted using Qiagen miRNeasy
kit according to manufacturer’s instructions. RNA was stored in RNase-free water at -80°C

until use. Quantity and purity of RNA was measured on a NanoDrop spectrophotometer



26
(ThermoScientific). Purity of RNA was gauged used the A260/A280 ratio where a ratio of

1.9-2.1 was considered acceptable.

2.6 Preparation of cDNA

200 ng of total RNA were reverse transcribed to cDNA with SuperScript II Reverse
Transcriptase (Invitrogen, Carlsbad, CA, USA) using random primers according to
manufacturer’s instructions.

cDNA intended for use with TagMan g-RT-PCR was made using TagMan
microRNA Reverse Transcription Kit starting with 10ng of RNA according to
manufacturer’s instructions. lul of the specific Reverse Transcriptase Primer (miR-34a
and U6) was used to make cDNA for each sample.

cDNA intended for use with Stratagene qPCR miRNA kit, was made using 200 ng
and Stratagene’s miRNA 1*-Strand ¢cDNA synthesis kit and performed according to

manufacturer’s instructions.

2.7 Quantitative Real-Time PCR (qRT-PCR)

Quantitative Real-Time PCR was performed using a light cycler (BioRad) and
analyzed using the CFX manager (BioRad). All assays were performed in triplicate,
including no-template controls (NTC) and miRNA expression was normalized the RNU6,
calculated using the 27" method.”® miRNA reference RNA from a pool of placental
tissue, fetal brain tissue, adult liver, brain, heart, breast, colon and testis tissue cells was

used as a reference sample(Stratagene cat # 750700).
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2.7.1 Stratagene High-Specificity miRNA qRT-pCR

Using the cDNA created from the 1*' strand cDNA synthesis kit (Stratagene), qRT-
PCR was performed according to Manufacturer’s instructions. 1.0ul of the cDNA sample
was added to each reaction and the specific forward primer for the miRNA was used
(mature miRNA sequence). A universal reverse primer (Stratagene) was used for all

reactions (Figure 2-1A).

2.7.2 TagMan Gene Expression Assay

Stem-loop quantitative reverse transcription-PCR (q-RT-PCR) for mature miRNA-
34a was performed in triplicate using Tagman ® microRNA assays (Applied Biosystems,
Foster City, CA) as per the manufacturer’s directions on an Applied Biosystems
ABI7900 Real Time PCR system. qRT-PCR assays were performed using primers and
probes from Applied Biosystems for miR-34a and RNUG6. All PCR reactions were run in
triplicate and miRNA expression relative to RNU6 was calculated using the 244

method.”® Applied Biosystems TaqMan Gene Expression Assays were used (Figure

2-1B).

2.8 Polymerase Chain Reaction (PCR)

An optimization of PCR conditions was conducted with respect to concentration of
genomic DNA, 10X PCR buffer, Mgcl2, dNTPs, primer and Taq DNA polymerase.
Template DNA, Taq DNA polymerase and Mgcl2 with different concentrations were
used to standardize the PCR conditions in order to obtain bright and reproducible bands

on agarose gels.
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Figure 2-1. Schematic of qRT-PCR design.

(A) Stratagene cDNA is made by adding a poly A tail followed by reverse transcriptase
with an adaptor primer. qRT-PCR is performed using miRNA-specific forward primer
and a universal reverse primer. (B) TagMan cDNA is made with the addition of a
miRNA-specific RT primer. qRT-PCR is performed using miRNA-specific primers and

probes. Fluorescent signal (F) is quenched (Q) until polymerase acts on sequence.
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2.8.1 Methylation Specific PCR — miR-34a
2.8.1.1 Bisulfite conversion

DNA was collected using the Qiagen DNeasy kit and treatment of 500ng of DNA
with bisulphite for conversion of unmethylated cytosine to uracil was performed with a

commercially available kit (EpiTect Bisulphite Kit, QTAGEN, Hilden, Germany).

2.8.1.2 Methylation specific PCR (MSP)

Methylation-specific polymerase chain reaction (MSP) for promoter methylation
was performed as described previously99. Primers used for the methylation-specific
polymerase chain reaction (M-MSP) and unmethylated-specific polymerase chain
reaction (U-MSP) were used as previously described”’.

Unmethylated control DNA was obtained from QIAGEN and was used as a control
in all the experiments. Fifteen microliters of PCR products were loaded onto 1% agarose
gels, electrophoresed and visualized under ultraviolet light after staining with ethidium

bromide.

2.8.2 Detection of TP53 mutations

PCR conditions for amplifying p53 were performed as previously described.
Methodological details are shared publicly at the World Health Organization’s (WHO)
International Agency for Research on Cancer (IARC) TP53 database available at:

http://www-p53.iarc.fr/download/tp53_directsequencing_iarc.pdf
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2.8.3 Agarose Gel Electrophoresis

1% agarose gels were made in 50 ml of 1 x TAE in a 8 x 10 cm mini-gel casting
tray. 10-15 ul of PCR product was loading with 2 ul of Orange G loading dye and run in
1 x TAE buffer at 90-130V. Gels were visualized by ethidium bromide staining on a

GelDoc 1000 (Bio-Rad, Hemel Hempstead, UK).

2.8.4 Sequencing

All sequencing was run on the Applied Biosystems (ABI) 3730XL genetic analyzer
at the University of Calgary Core DNA Services Lab. Chromatograms were analyzed
manually by a visual inspection of sequences imported in a sequence analysis software
using the reference sequence, NC 000017.9 (SeqScape, ABI). Variations were checked
with the mutation validation tool available in the IARC TP53 database available at
http://www-p53.iarc.fr/mutationvalidationcriteria.asp. This tool enabled us to check

whether the variation is a known polymorphism or a mutation.

2.9 Western Blot Analysis

Equal amounts of total cellular protein (40ug) from each sample were
electrophoresed on sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) gels and transferred to nitrocellulose membranes (Invitrogen NuPAGE® Bis-Tris
Mini Gel). The membranes were blocked with 5% nonfat milk in a Tris-buffered saline
solution containing 0.1% Tween 20 for thirty minutes, probed overnight with relevant
antibodies, washed, and probed with species-specific secondary antibodies coupled to

horseradish peroxidise (Santa Cruz Biotechnology, Santa Cruz, CA). A Hi-Mark pre-
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stained high molecular weight protein standard was used to estimate the approximate size
of proteins (Invitrogen). Immunoreactive material was detected by enhanced
chemiluminescence (PerkinElmer, Waltham, MA). The antibodies used were: Anti -
CDKG6 (Cell Signaling, Beverly, MA);Anti — YY1, Bcl-2, CDK4, E2F-3, C/EBP a (Santa

Cruz Biotechnology. Santa Cruz, CA); Anti - SIRT1 (abcam).

2.10 Flow Cytometry

All flow cytometric analysis was performed using a LSRII flow cytometer (Becton
Dickinson, San Jose, CA) and analyzed using Cellquest software at the University of

Calgary Flow Cytometry Core Facility.

2.10.1 Annexin V — PE

Apoptotic cell death was measured by immunofluorescence flow cytometric
analysis using Annexin V Phycoerythrin stain (V-PE) (Biovision), according to
manufacturer’s instructions. Specifically, cells were resuspended in 500 ul of 1X
Annexin V binding buffer and 1 ul of Annexin V-PE. The percentage of apoptosis
indicated was corrected for background levels found in the corresponding untreated
controls. The percentage of apoptotic cells was expressed as the mean = SD of three

experiments, relative to the untreated empty vector.

2.10.2 Cell Cycle Analysis

Fixed and permeabilized cells stored at -20° C were spun down and washed twice

with cold PBS. A 0.5 ml of a solution was added to each samples containing 50 ug/ml of
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Propidium Iodide (PI), 0.1% TritonX100, and 200ug/ml of RNAse in PBS and incubated

in the dark for 30 minutes.

2.11 Microarray analysis

Quality control of RNA was performed on an Agilent 2100 Bioanalyzer, using the
RNA 6000 assay. All samples had a RNA integrity number (RIN) greater than 9.0, on an
integrity scale from 1.0 to 10.0, a value of 9.0 showing high quality without degradation.
cDNA was hybridized to the miRNA Affymetrix gene-chip (847 hsa-miRNA probes) and
raw miRNA expression values were extracted from scanned gene-chips, log, transformed
and normalized (miRNA-QC tool, Affymetrix). mRNA profiling was performed using
the Affymetrix Human Genome U133 Plus 2.0 Array. miRNA and mRNA expression

data was analyzed using the Partek Genomic suite software.

2.12 Lentivirus constructs

Lentivirus particles were created in the producing cell line HEK 293TN cells
(human embryonic kidney, ATCC) by combining the miR-181a plasmid and packaging
plasmid according to manufacturer’s instructions (System Biosciences, Cat # LV100A-
1). After 48 hours post transfection, the supernatant containing the virus particles were
collected and stored in 0.5 ml aliquots at -80°C. Transduction into the parental MM cell
lines were performed by adding Polybrene at a final concentration of Sug/ml with the
prepared virus to 0.5 x 10° cells in complete media with antibiotics. Several 24 wells were
used with varying amounts of virus particles (0.5 ul, 1.0, 2 ul, 5.0 ul and 10 ul). After 24

hours, the culture medium was replaced with complete medium (without Polybrene or
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virus) The miRZIP lentivector containing the antagomir (miR-zip-181a) with perfect
complementarity to the mature miRNA was transfected into MM cells and stable cell
lines were created by the use of antibiotic selection with 2 ug/ml of puromycin. The
creation of the empty vector control was made in the same fashion, according to

manufacturer’s directions.

Lentiviral transduction particles (ThermoScientific) were used to deliver miRNA
expressed from shMIMIC™ pSMART microRNAs for over-expression of mature mir-
34a into KMS11, OPM2 and INA-6 MM cells. miRIDIAN Mimic hsa-miR-34a and
miRIDIAN microRNA empty vector mimic were used. [Thermoscientific, Cat #
VSH5842-101207452 (miR-34a) and HMR5888 (empty vector)] The virus particles were
added at various MOIs (0.5, 1, 2, 5 and 10) and then individually added into MM-cell
suspensions in the presence of 6 ug/mL polybrene and transduced for 24 hours followed
by selection in puromycin (2 pg/mL; Invitrogen) to obtain stable expression of miR-34a.

Transfected cells were maintained in media supplemented with 2 ug/ul Puromycin.

Vector maps used for miR-181a antagonism (miRZIP, System Biosciences) and
miR-34a over expression (shMIMIC-pSMART, Thermoscientific) are shown in (Figure

2-2A and B respectively).
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Figure 2-2.Vector maps of lentivirus constructs.

(A) miRZIP (miR-181a antagonism, System Biosciences) (B) pSMART shMIMIC
(miR-34a over-expression, Thermoscientific).
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2.13 Fluorescent in situ Hybridization (FISH)

TP53 gene deletion in MM cells was determined by fluorescent in situ
hybridization (FISH) analysis of the chromosome 17p deletion. Harvesting at 24 hours
was accomplished using colchicine incubation for 20 minutes. The metaphase
preparations were fixed with methanol and acetic acid in a ratio of 3 to 1. Hypotonic cell
suspensions were dropped onto air-dried clean slides. The slides were aged in a
hybridization oven at 60°C and denatured in 2x standard saline citrate (SSC; pH 7.0) at
73 = 1°C for 5 minutes, and dehydration in 70% and 85% ethanol for 1 minute each, and
then transferred into 100% ethanol and air-dried before hybridization.

The TPS53/CEP 17 FISH probe kit was used to determine loss of these genetic
regions within interphase and metaphase nuclei (Vysis - Abbott Laboratories, Illinois,
U.S.A). The probes were used in accordance with the manufacturer's specifications. Each
probed region on each slide was covered with a cover slip, sealed with rubber cement, co-
denatured at 73° for 5 minutes and incubated overnight at 37°C. After incubation, the
rubber cement and coverslips were removed from the slides and were then washed with
0.4x SSC / 0.3% NP-40 at 73 £ 1°C for 2 minutes and 2x SSC / 0.1% NP-40 at ambient
temperature for 1 minute and air-dried in darkness. Ten microliters of 4',6-diamidino-2-
phenylindole (DAPI II) counterstain was applied to the target area of the slide and the
coverslip was reapplied. Slides were stored at —20°C in the dark before being examined

and imaged in the Calgary Laboratory Services - Cancer Cytogenetics Laboratory.
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2.14 In vivo Studies

All animal studies were conducted according to protocols and standard procedures
approved by the University of Calgary Animal Care Committee. CB-17 SCID-mice
(Charles River Laboratories, Wilmington, MA) were irradiated with 150 cGy and 24
hours later subcutaneously (SC) inoculated in the interscapular area with 2 x 10° miR-
34a or EV KMS11 cells'®. Following the detection of measurable tumors, animal cohorts
were treated with bortezomib (0.4 mg/kg SC every Monday and Thursday). Tumor sizes
were measured every 3 days in 2 dimensions using calipers, and the tumor volume was
calculated using the following formula: V = 0.5 a x b% where a and b are the long and
short diameter of the tumor, respectively. Animals were sacrificed when their tumors

reached 2 cm in largest diameter or when exhibiting any distress symptoms.

2.15 Statistical Analysis

Each assay was performed at least 3 times, with the exception of the microarray
analysis which was performed in triplicate in one assay. The data of qRT-PCR are
expressed as the mean of the 3 experiment triplicates +SEM and the Student’s t-test was
used to determine the significance of the differences. All tests were two-sides and

associations were considered statistically significant at a level of p <0.05 was (*).
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Chapter Three: Results

3.1 MM cell lines express variable sensitivity to bortezomib.

Using a panel of 7 MM cell lines, the relative resistance to bortezomib was
determined. Each cell line was treated with varying doses of bortezomib, measuring
viability by annexin-V staining followed by flow cytometry and the IC50 was identified
for each cell line. The percentage of cell viability was determined by comparing the
number of viable cells (annexin V negative) by the total number of cells (annexin V
positive and negative), relative to the untreated sample. Each cell line was treated with
the proteasome inhibitor bortezomib for 24 hours and set up in triplicate with doses
ranging from 1.25nM to 5 nM. After the 24 hour incubation, each sample was collected
and flow cytometric analysis was performed, using the Annexin-V-PE apoptotic stain. As
expected, a decrease in cell viability was seen as the concentration of Bortezomib was
increased (Figure 3-1). As shown in Table 3-1, the concentration at which 50% inhibition
of cell viability was induced (compared to the untreated control), is noted as the IC50 for
each cell line. The cell lines were then classified into 2 relative groups, cells with
IC50<2.5nM to be sensitive (S) to bortezomib and those with an 1C50~5.0nM to be
resistant (R) to bortezomib. NCI-H929, MM1s, RPMI-8226 and U266 can be considered
relatively sensitive cells lines while KMS11, OPM2 and INA-6 are relatively resistant

cell lines.
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Figure 3-1. MM Cell Sensitivity to Bortezomib.

The cytotoxic effect of bortezomib on cell viability in MM cells was evaluated following
treatment with bortezomib for 24 hours. Cells were treated with 1.25nM, 2.5nM and 5
nM of Bortezomib for 24 hours and survival was measured by flow cytometry. Percent
survival is shown as the percentage of Annexin V negative cells £SD of 2 independent

experiments.
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Table 3-1. Classification and 1C50 of MM cell lines.
The relative IC50 groupings and relative response to bortezomib as plotted in Figure 1.
The category of relative resistance or sensitivity is defined herein and the approximate

IC50 is used in all further data.

Relative Resistant

| (O]

Cell Line Grouping . Or N
Relative Sensitive

INA-6 ~5.0 nM Resistant
KMS11 ~5.0 nM Resistant
OPM2 ~5.0 nM Resistant
H929 <2.5nM Sensitive
MM1S <2.5nM Sensitive
8226 <2.5nM Sensitive
U266 <2.5nM Sensitive
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3.2 miRNA microarray profiling reveals unique signature between relative sensitive
and resistant MM cell lines.

To identify a distinctive miRNA signature mediating MM cells sensitivity to
bortezomib, microarray profiling was performed on extracted RNA from “R” and “S”
MM cell lines using the Affymetrix miRNA Genechip. Prior to array hybridization, RNA
quality and RNA Integrity Number (RIN) was determined by analyzing samples on the
Agilent 2100 Bioanalyzer and samples were chosen with an RIN greater than 9.0. (Figure
3-2).

Raw miRNAs expression values were extracted from scanned gene-chips, log2
transformed and normalized (miRNA-QC tool, Affymetrix). As shown in Figure 3-3,
comparison of normalized miRNAs expression in “S” versus “R” patients (Anova
testing) identified 24 differentially expressed miRNAs (Fold change < -2 or > 2 with
False discovery rate [FDR] <0.05) and clustered “S” and “R” MM cells into 2 distinct
groups.

In order to establish a “Bortezomib risk score” based on the expression of these 24
mirRNAs, the data was summarized into a univariate score by calculating the difference
between the mean logy-scale expression of the 16 up-regulated and the mean of the 8
down-regulated miRNAs. This difference is interpreted as the geometric mean ratio
(GMR), or the up/down-regulated mean ratio, on the log; scale.

[Log, GMR] = Log, [(2'Z\p-regulated miRNAMiy / ("Fdown-regulated miRNAMily \opore noand
n; represent the number of up-regulated and down-regulated miRNA respectively. This
univariate score (GMR) of the 24-miRNA expression profiles enabled the accurate

prediction of “S” versus “R” phenotype for each cell. (Figure 3-4A)
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(A) Fluidics based electropherogram analysis for 18s and 28s subunit of each sample is

represented. Distinct peaks for each subunit are seen without contaminating products, as

well as presence o f small nucleotides representing mi croRNA. ( B) Ge 1-like im age

demonstrating distinct peaks and corresponding RIN value for each sample.
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Resistant Sensitive FaldChrnge Fold-Change False

IC50 5nM  IC50 <2.5nM Probeset ID L. p-value Discovery
: S, Eeus (S vs.R) Description

e — Rate (FDR)
hsa-miR-1202_st 2.78174 SupvsR 0.033304 0.027249

hsa-miR-1228-star_st 2.58876 SupvsR 0.024619 0.027746

hsa-miR-125a-5p_st 2.35413 SupvsR 0.003494 0.023069

hsa-miR-1270_st 2.31027 SupvsR 0.030791 0.045683

hsa-miR-130b_st -2.16296 Sdown vs R 0.003395 0.023114

hsa-miR-142-5p_st =3.29919 SdownvsR 0.032335 0.002691

hsa-miR-181a_st -4.7721 SdownvsR 0.043127 0.037869

hsa-miR-181d_st 3.62704 SupvsR 0.011825 0.045963

hsa-miR-185_st -2.66805 Sdownvs R 0.021969 0.034588

hsa-miR-193a-5p_st 3.24114 SupvsR 0.046175 0.045621

s hsa-miR-23b_st 2.90039 SupvsR 0.044804 0.023540
hsa-miR-28-5p_st -4.14928 SdownvsR 0.049694 0.025478

hsa-miR-330-3p_st 9.73349 SupvsR 0.001954 0.004936

hsa-miR-342-3p_st -4.65178 Sdown vs R 0.045621 0.030944

hsa-miR-34a_st 12.6751 SupvsR 0.024649 0.028037

hsa-miR-486-5p_st -3.34991 Sdown vs R 0.042808 0.049310

hsa-miR-557_st 2.01355 SupvsR 0.032325 0.046110

L hsa-miR-663_st 2.83521 SupvsR 0.027830 0.034488
hsa-miR-708_st -6.47568 Sdown vs R 0.032703 0.044769

hsa-miR-744-star_st 2.20764 SupvsR 0.031757 0.012625

hsa-miR-886-3p_st 11.064 SupvsR 0.006692 0.044078

hsa-miR-886-5p_st 27.9824 SupvsR 0.003664 0.043109

hsa-miR-92b_st 3.18297 SupvsR 0.001171 0.026037

Standardized intznsily % hsa-miR-93 st 2.02306 SupvsR 0.043895  0.025273

Figure 3-3. Microarray miRNA heatmap d emonstrates unique s ignature b etween

relative resistant and sensitive MM cell lines.

Heatmap showin g the 2 clusters of Bortezomib sensitive IC50 <2.5nM (MM18, 8226,
U266 and H929) versus Resistant IC50 5SnM (INA6 and KMS11) MM cell lines and the
list of diff erentially expressed miRNA. He atmap wa s generated after super vised
hierarchical clustering using the ANOVA test. Expression of miRNA patterns is shown

by up-regulation (red) versus down-regulation (blue).
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microarray analysis and QRT-PCR (PCR). (B) Linear regression analysis comparing the
GMR and PCR analysis.
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3.3 Quantitative real time PCR (qRT-PCR) validates miRNA expression from
microarray analysis.

To validate the expression of miRNAs from the microarray results, quantitative real
time PCR (qRT-PCR) was performed for miR-181a/b/c, miR-28-5p, miR-34a, miR-886-
3p/5p, miR-330-3p, miR-92b and miR-708 in the MM cell lines. Consistent with the
microarray data, confirmation of up-regulation of miR-181a/b/c, miR-28-5p, and miR-
708 and down-regulation of miR-34a, miR-886-3p/5p, miR-330-3p and miR-92b was
seen in the resistant MM cell lines and the GMR predicted the same groupings of
resistant and sensitive samples as shown in Figure 3-4A (PCR). Expression of individual
miRNAs was calculated relative to endogenous gene RNUS6, calculated using the 274",
Furthermore, this group of miRNA validated by qRT-PCR to calculate the GMR for each
sample demonstrated a strong correlation between microarray and qRT-PCR results, with
a coefficient of determination (R?) value of 0.792. (Figure 3-4B) Taken together, it is
suggested that qRT-PCR is a valid method for measuring miRNA expression levels and
support the microarray data. Recognizing that analysis was performed on a relatively

small number of MM cell lines, it has provided a framework for investigation of the

influence of miRNA in multiple myeloma.

3.4 Expression of microRNA-181a in MM cell lines

To determine the effect miRNAs have on MM sensitivity to the proteasome
inhibitor bortezomib, we performed miRNA gain and loss of function analysis in MM
cell lines. Specifically, miR-181a was found to be up-regulated in resistant MM cell lines

by a fold increase of 4.77 compared to the sensitive MM cell lines. The up-regulation of
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miR-181a in resistant MM cell lines was also confirmed using qRT-PCR validation as
shown in Figure 3-5. To determine whether resistance to bortezomib is influenced by
miR-181a expression, stable cells were created whereby the resistant cell lines had miR-
181a expression antagonized. Using a lentivirus mediated system, stable cell lines with a
miR-181a antagonist were created using the parental resistant cell lines. (named herein as
KMS11-181a, OPM2-181a and INA6-181a). A control empty vector was used as a
negative control in all cell lines (KMS11-000, OPM2-000, INA6-000) along with a
reagent-only control to ensure the vector and transduction reagents had no effect on the
normal functioning of cells. Specifically, the resistant MM cell lines, which express
relatively high levels of miR-181a, were virally-transduced with the pmiRZIP-181a and
pmiRZIP-000 lentivector which contained the antagomir (miR-zip-181a) with perfect
complementarity to the mature miRNA and the empty control vector respectively. Cells
were left for 48 hours post transduction before stable cell lines with miR-181a
antagonism were created by the use of antibiotic selection with puromycin. Successful
transductions were confirmed by the high percentage of cells expressing the green
fluorescent protein (GFP) as viewed under a fluorescent microscope and by flow

cytometric analysis.

3.4.1 qRT-PCR confirmation of miR-181 antagonism.

While detection of GFP confirmed successful transduction, it was also necessary to
confirm that the miR-181a antagomir was in fact present and inhibiting miR-181a
expression. Cells were collected from the stable cell lines containing both the miR-181a

antagomir and miRZIP-000 empty vector. To determine the expression level of
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miR-181a, RNA was extracted from collected cells, cDNA was created and qRT-PCR
was performed. Expression of miR-181a was normalized to the endogenous gene RNUG6,
and relative to the empty vector control, calculated using the 2" method. *® Using the
Stratagene miRNA expression system, cDNA was first created using a universal reverse
primer and adaptor primer (Figure 2-1A in methods). The qRT-PCR was then performed
using a forward primer that was identical to mature miR-181a sequence (complementary
to the cDNA) and a universal reverse primer that bound to the adaptor primer used in
cDNA production. Figure 3-6 demonstrates that the expression levels of miR-181a in
KMS11-181a appear to increase relative to the empty vector, rather than the expected
decrease in this cell line. This can be explained by the fact that the cDNA sequence is
now in fact identical to the miR-181a antagomir sequence in miRZIP vector.This then
leads to the over-estimation of miR-181a copy number making KMS11-181a appear to
have higher expression than the expected antagonism. This is further explained by the
concept that the miRZIP lentivector based anti-microRNA creates very small, stable
complexes, which do not degrade easily as in typical use of lentivector based siRNA
systems'”'. miR-181a expression levels appear to increase despite the antagonism, due to
the mIRZIP antagomir sharing the same sequence as the cDNA, resulting in falsely
detected increased expression. Additional methods are required in order to confirm the

effective antagonism of miR-181a.
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Figure 3-6. miR-181a expression following transduction in KMS11 cells.
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3.4.2 Cell Cycle Analysis of KMS11-181a versus KMS11-000

To evaluate whether the antagonism of miR-181a in resistant KMS11 cell lines
resulted in the alteration of proliferation and cell cycle progression, proliferation rate and
cell cycle analysis was performed in the empty vector control cell compared to the miR-
181a antagomir. Using the MTS enzymatic assay to measure the proliferation rate, a
uniform number of unsynchronized cells were plated and assessed every 24 hours. As
seen in Figure 3-7, cells treated with the miR-181a antagomir showed significantly
increased growth rate estimated by the MTS assay as compared to the empty vector
control cells. In order to analyze cell cycle distribution in mir-181a antagonized cells,
cells were first treated with a double thymidine block in order to synchronize cells in G1.
Cells were then “released” from the block, by replacing the thymidine with fresh
complete media and cells were collected and fixed at 4, 8 and 24 hours after the release.
Cell cycle analysis was performed by measuring DNA content by prodipidium iodide (PI)
staining of fixed cells by flow cytometry after cell synchronization. As demonstrated in
Figure 3-8, after double thymidine synchronization and release, an increase in the G1
population in the KMSI11-181a cells was seen after 24 hours, consistent with the
observation of increased proliferation in vitro. A similar result was seen in INA6-181a
and OPM2-181a (data not shown). These results suggest that antagonism of miR-181a

causes an increased cell proliferation in MM cells.

3.4.3 Inhibition of miR-181a levels increases sensitivity to bortezomib.

To elucidate the influence of mir-181a antagonism on sensitivity to bortezomib, in

vitro cytotoxic assays were conducted. KMS11-181and OPM2-181a (and the respective
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Figure 3-7. P roliferation rates of miR-181a transduced cells versus empty vector
control.

The cells were harvested 7 days post transduction and assessed for proliferation by MTS
assay, every 24 hours for 3 days. The results demonstrate that miR-181a increases cell

proliferation relative to the empty vector.
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empty vectors) were seeded in triplicate in 24 well plates and treated with 2.5 nM and 5.0
nM of bortezomib; an untreated well serving as the control. After 24 hours, cells were
harvested and washed with PBS. Cells were stained with Annexin-V-PE and flow
cytometric analysis was performed to measure apoptosis. As shown in Figure 3-9,
KMSI11 and OPM2 cells transfected with the miR-181a antagomir, demonstrated an
increase of sensitivity to bortezomib, relative to the miR-000 empty control vector. This
sensitivity is best demonstrated in KM11-181a treated with 2.5 and 5nM of bortezomib
with an approximate 20% increase in Annexin V staining, treatment of OPM2-181a
demonstrates a 15% increase. This provides a rationale that decreased levels of miR-181a
in MM cells, may influence sensitivity to bortezomib.

While miR-181a antagonized cells appear to have biological importance in
modulating resistance to bortezomib, an increase in proliferation rate in MM cells is also
seen. While this provides an interesting mechanistic question as to miR-181a’s
modulation to bortezomib sensitivity, it is not as clinically relevant. Clinically, while it
may increase sensitivity to bortezomib treatment, it would not be a suitable microRNA to

target due the prospect of also increasing tumour growth.

3.5 Expression of microRNA-34a in MM cell lines

Another interesting miRNA identified in the miRNA microarray screen was miR-
34a. miR-34a has been previously shown to be a direct target of the tumour suppressor
p53'%1% which has interesting implications in the context of cancer. In particular, it

was noted that mir-34a had high expression in sensitive MM cell lines in comparison to

relatively resistant cells with a fold change of 12.68 (S up vs. R). To determine the effect



110
I 53

100

20

*
30 —1
T)u 70
£ i
3 m KMS11-000
X 50 I KMS11-181a
40 I
30
20
10
1]
Ctl BTZ 2.5 nM BTZ5 nM
110
[
100
90
80
E
>
g
W
=x

70
60
H OPM2-000

* OPM2-181a
40
30

20

10

0

BTZ2.5 nM BTZ5nM

Figure 3-9. Cytotoxic Effect of Bortezomib on miR-181a antagomir versus control

Sensitivity to bortezomib after being cultured for 24 hours in the absence and presence of
Bortezomib (2.5nm and 5nM). Flow c ytometric a nalysis was used to e valuate the
cytotoxic effects of Bortezomib. KMS11-181a and OPM2-181a demonstrate an increase
of sensitivity relative to the empty vector controls. Student t-test was used to check for
significance and interaction between all the variables. Bonferroni posttest was then used

to check for significance with significance se  ta t p<0.05.



54
of miR-34a on MM sensitivity to bortezomib, miRNA gain of function analysis was
performed in the relative resistant MM cell lines. To validate the expression levels of
miR-34a in MM cell lines, qRT-PCR was performed to detect the levels of miR-34a.
Tagman-qRT-PCR was performed on all MM cells and as expected from the microarray
data, cell lines with relative resistance to bortezomib have low expression of miR-34a,
compared to the sensitive MM cell lines (Figure 3-10). Expression of miR-34a relative to
endogenous gene RNUG, was calculated using the 2" method. *®

To further elucidate the potential therapeutic role of miR-34a in MM we performed
gain of function analysis for miR-34a using the sSAMIMIC™ microRNAs with a lentivirus
delivery system (Thermoscientific). Lentiviral transduction particles with validated miR-
34a shMIMIC™ microRNA or control (empty vector) were transduced into three relative
resistant MM cell lines (herein named as KMS11-34a, OPM2-34a and INA6-34a). A
control empty vector and a reagent-only control were used as negative controls in all cell
lines (KMS11-EV, OPM2-EV, INA6-EV) to ensure the vector and transduction reagents
had no effect on the normal functioning of cells. Cells were left for 48 hours post
transduction before stable cell lines with miR-34a over-expression were created by the
use of antibiotic selection with puromycin. Successful transductions were confirmed by
the high percentage of cells expressing the green fluorescent protein (GFP), viewed under
a fluorescent microscope and by flow cytometric analysis. As shown in Figure 3-11,
following transduction with lentivirus particles, significantly increased levels of miR-34a
were confirmed by qRT-PCR in all three cell-lines when compared to the empty vector. It
is important to note that while the expression level of miR-34a in INA6-34a cells appears

to be approximately 275 times higher than INA6-34a, this is largely due to the fact the
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Figure 3-10. Quantitative Real time -PCR (qRT-PCR) validation of miR-34a
expression.

qRT-PCR validation of miR-34a expression. The results are expressed as a fold change of
miR-34a expression relative to a pooled miR references sample. The expression of miR-
34a has been normalized to the housekeeping gene RNU6 and calculated using the 24"

method.
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Figure 3-11. miR-34a expression following transduction in resistant MM cell lines.
MM cell lines KMS11, OPM2 and INA6 were transduced with miR-34a and miR-EV,

harvested 7 days post-transduction in selection. The results are expressed as a fold change

of miR-34a expression relative to the empty vector control. The expression of miR-34a

has been n ormalized to the housekeeping gene RNUG6 and c alculated u sing the

2 -AACt

method. A dramatic increase of expression is observed following transfection.
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expression of miR-34a in INA6-EV was essentially zero. The final raw expression
values, before normalization to the empty vector were comparable in all three transfected
cell lines. Lentivirus-mediated stable expression of miR-34a as demonstrated in KMS11
and OPM2 cells had a minimal effect on MM cell proliferation and cell viability (~ 5%

increase in Annexin V staining compared to infection with mock lentiviral control).

3.5.1 Over-expression of microRNA-34a in MM cell lines increases sensitivity to the
proteasome inhibitor bortezomib.

To elucidate the influence of miR-34a expression on MM cell sensitivity to
bortezomib, assays were conducted to test the cytotoxic effect of bortezomib on miR-34a
transduced cells relative to the empty vector control. KMS11-34a and OPM2-34a (and
respective empty vectors) were seeded in triplicate in 24 well plates and treated with 2.5
nM and 5.0 nM of bortezomib; an untreated well serving as the control. After 24 hours,
cells were harvested, washed with PBS, and stained with Annexin-V-PE for flow
cytometric analysis to measure apoptosis. As shown in Figure 3-12, KMS11-34a and
OPM2-34a cells, with over-expression of miR-34a, demonstrated an increase of
sensitivity (~20% increase in Annexin V staining) to the cytotoxic effect bortezomib,
relative to KMS11-EV and OPM2-EV. Not only does miR-34a expression induce a slight
cytotoxic effect on the cells, but this effect is enhanced when treated with bortezomib.
This provides a strong rationale for studying the influence of miR-34a expression in vitro

to uncover a mechanism of modulation of sensitivity.
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Sensitivity to bortezomib after being cultured for 24 hours in the absence and presence of

Bortezomib (2.5nm and 5 nM).

Annexin V -PE flow cytometric analysis was used to

evaluate the cytotoxic effects of Bortezomib. KMS11-34A and OPM2-34a demonstrate

an increase of sensitivity relative to the empty vector controls. Student t-test was used to

check for significance and interaction between all the variables. Bonferroni posttest was

then used to check for significance with significance set at p<0.05.
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3.5.2 Epigenetic modification of the promoter region of mir-34a correlates with low
expression of miR-34a

Epigenetic inactivation of miR-34a has been shown to be present in hematological

194 Tn order to

malignancies” as well as solid tumors including breast, colon and lung
examine the epigenetic modifications associated with miR-34a expression in the MM cell
line panel, bisulfate conversion based PCR was performed on DNA extracted from all
seven MM cell lines. Treatment of DNA with sodium bisulfite (EpiTect, Qiagen) results
in the conversion of all cytosine residues to uracil, but leaves the 5-methylcytosine
residues unaffected”. After washing off any residual sodium bisulfite, methylation
specific PCR was performed. Specific primers were used to detect methylated and
unmethylated products in the miR-34a promoter region, followed by bisulfite specific
sequencing. As shown in Figure 3-13, all MM cell lines with low miR-34a expression
(KMS11, OPM2, INAG6) are shown to have methylation sites present in the miR-34a
promoter region. KMS11 is shown to have has allelic differences of methylation sites as
there is presence of both methylated and un-methylated sequences. Interestingly, none of
the relative sensitive cell lines (MM1S, 8226, U266 and H929) have methylation present
in this region. The presence of methylation sites on the promoter region of miR-34a in the
resistant MM cell lines can partly explain the low expression of miR-34a and provides a
rationale for epigenetic silencing of miR-34a through promoter methylation. Further

sequencing of the methylation specific PCR products confirmed the expected nucleotide

changes indicating methyl group conversions.


http://en.wikipedia.org/wiki/Bisulfite
http://en.wikipedia.org/wiki/Cytosine
http://en.wikipedia.org/wiki/Uracil
http://en.wikipedia.org/wiki/5-methylcytosine
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Figure 3-13. Bisulfite conversion and methylation specific PCR (MSP)

Bisulfite conversion was performed on DNA from each of the MM cell lines followed by
methylated (M ) and umeth ylated (U ) specific PCR for pr omoter region of mi R-34a.
Methylation of the promoter region exists in only the relative resistant samples (INAG,
KMS11, OPM 2), compared to no meth ylation present in the sensitive samples (8226,
MMIS, H929, U266).
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3.5.3 Epigenetic silencing of miR-34a is reversible with the treatment of 5’Azacytidine

To determine whether promoter methylation found in the resistant cell lines is
responsible for epigenetic silencing of miR-34a, cells were treated with the demethylating
agent 5’-Azacytidine (5°’AZA). Treatment with 5’ AZA for 24 hours, followed by bisulfite
conversion and methylation-specific PCR demonstrated the removal of methyl groups on
the miR-34a promoter region (Figure 3-14A). Furthermore, treatment with 5’AZA led to
an up-regulation of miR34a expression, as demonstrated by qRT-PCR analysis,
suggesting that miR-34a is under epigenetic control (Figure 3-14B). Taken together,
these findings confirm that hypermethylation of the promoter region of miR-34a is
associated with gene silencing and this phenomenon can be moderately reversed with
treatments with a demethylating agent. This provides a possible rationale for combining

5’ AZA with bortezomib to achieve similar results with increased expression of miR-34a.

3.5.4 Genetic modification of p53correlates with low expression of miR-34a

Furthermore, and since p53 is reported to activate miR-34a expression (ref) , miR-
34a levels were correlated with the TP53 mutational status and dell7p.13 in MM cells.
Cytogenetic fluorescent in situ hybridization (FISH) was performed on each MM cell line
using a TP53 specific probe. Cells were treated with the metaphase arresting agent
colchicine, which functions to inhibit spindle formation and arresting at metaphase.
Treatment with a hypotonic solution, followed by fixation, then made it possible to
prepare metaphase spreads on slides. The prepared slides were then incubated with a
specific locus specific indicator (LSI) FISH probe for TP53 (orange), and a control probe,

specifically a centromeric enumeration probe (CEP) for chromosome 17 (green).
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Figure 3-14. Epigenetic silencing is reversible with treatment of S’AZA

Resistant cell lines (INA6, KMS11, OPM2) were treated with 0.3uM 5’Azacytidine
(5’AZA) for 6 hours. Bisulfite conversion fol lowed b y m ethylation specific P CR
following tre atment result in (A) a reversal of methylationr@%jhe promoter region of
miR-34a and (B) an increase of miR-34a expression as measured by qRT-PCR. Student t-
test was used to check for si gnificance and i nteraction be tween all the variables.
Bonferroni post test was then used to ¢ heck for significance with sig nificance setat

p<0.05.
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The TP53/CEP 17 FISH probe was used to determine loss of the genetic region of
17p13.1. As shown in Figure 3-15, an allelic loss of chromosome region 17p13.1 was
detected by FISH in KMSI11 cells. All other cell lines had a minimum of 2 signals present
for the 17p13 region (orange loci), although multiple copies of chromosome 17 were
present (green loci), with the exception of INA6 and H929, each with the normal
complement of chromosome 17(Figure 3-15). Western blot analysis of p53 has confirmed
the complete loss of p53 expression in KMS11 cells due to the deletion of TP53 at locus

17p13.1.

In addition, exonic sequencing of TP53 was performed in the MM cell lines.
Mutations were identified in 5 of the 7 cell lines, as shown in Table 3-3, present in
KMSI11, INA6, OPM2, 8226, and U226. Notably, no mutations were found in MM1S
and H929, the two cell lines with the highest miR-34a expression levels as previously
shown in Figure 3-10. Mutations were found in all other cell lines in exons 5, 7 and 8,
correlating with lower miR-34a expression levels. Furthermore, with respect to the
resistant MM cell lines, these genetic modifications of TP53 together with the epigenetic
modifications observed on the promoter region of miR-34a provide an additional
explanation for the low miR-34a expression observed in our resistant MM cell lines. A
summary of miR-34a expression, epigenetic and genetic alteration of all MM cell lines is
summarized in Table 3-4. It is of particular interest that while p53 mutations were found
in most MM cell lines, methylation of the miR-34a promoter was seen only in the

resistant cell lines.
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Figure 3-15. Fluorescent in situ hybridization reveals pS3 status in MM cell lines

p53 Fluorescent in situ hybridization (FISH) on interphase and colcemid induced
metaphase cells. The Vysis TP53/CEP 17 probe was used with the probe map shown
inset. The green loci (Spectrum green) indicate the centromeric region of chromosome 17

and the orange loci (Spectrum orange) indicate the 17p13.1 region, the p53 locus.

INAG6 - (2 x CEP 17, 2 x p53), KMS11 - (4 x CEP 17, 1 x p53), OPM2 - (4 x CEP 17, 2
x p53), MMIS - (2 x CEP 17, 2 x p53), 8226 - (4 x CEP 17, 2 x p53), U266 - (4 x CEP
17,2 x p53), H929 - (4 x CEP 17, 2 x p53)
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Table 3-2. Summary of p5S3 FISH status in MM cell lines.
The number of fluorescent loci visualized in MM cell lines for chromosome 17
centromeric region and 17p13.1 as seen in a minimum of 50 interphase cells of each cell

line.

# of Signals # of Signals

Cell Line
CEP 17 17p13.1

INAG 2 2
KMS11 4 1
OPM2 4 2
MM1S 2 2
8226 4 2
U266 4 2
H929 4 2
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Table 3-3. Mutational Analysis of p53 in MM cell lines.

Full exonic sanger sequencing of p53 was performed on all cell lines and run on a ABI
3330 sequencer. A mutation was present in INA6, KMS11, OPM2, 8226 and U266 as
indicated by the codon and protein mutational change. A single nucleotide polymorphism

(SNP) was present in all MM cell lines with the exception of MM1s and 8226.

. Exon of Mutation Mutation
Cell Line . .
Mutation (codon) (protein) SNP

Exon 7 14069G>A Arg248T Exon 4
XxXon C. > Al r
INA6 P-ATS P ¢.12139C>G
Exon 7 14069G>A Arg248T Exon 4
XxXon C. > Al r
KMS11 P-ATS P .12139C>G
Exon 5 13203G>A Argl75Hi Exon 4
XxXon C. > AT 1S
OPM2 P-ATS ¢.12139C>G
N/A N/A N/A Exon 4
H929 ¢.12139C>G
MMI1S N/A N/A N/A N/A
8226 Exon 8 c.14522G>A p-Glu285Lys N/A
Exon 5 13160G>A Alal61Th Exon 4
XxXon C. > o a r
U266 P ¢.12139C>G
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Table 3-4. Summary of epigenetic and genetic modifications in MM cell lines.

KMS11

INA6

OPM2

H929

MM1S

8226

U266

mir-34a
expression

5> 3> 3 > ¢ ¢«

4-17 1-p
2 2
4 2
2 2
4 2
4 2
4 2

Exon 7

Exon7

Exon5

None

None

Exon 8

Exon5

Methylation

+/-
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3.5.5 Mechanism of miR-34a modulation to bortezomib

In order to define the mechanisms mediating miR-34a effect on sensitivity to
bortezomib in MM, the transcriptome of KMS11 transfected cell lines expressing miR-
34a and the empty control vector (KMS11-34a and KMS11-EV) were analyzed by
performing gene expression profiling (GEP) analysis. Total RNA was isolated from three
samples of each KMSI1-EV and KMSI11-34a, and quality control analysis was
performed to determine the RIN. RNA was hybridized onto the U133 Plus 2.0 gene chip
(Affymetrix) and raw mRNAs expression values were extracted from scanned gene-
chips, log, transformed and normalized. As shown in Figure 3-16, comparison of
normalized miRNA expression in the three empty vector samples versus the three miR-
34a samples identified differentially expressed miRNAs (Fold change < -1.2 or > 1.2
with False discovery rate [FDR] <0.05) and clustered the empty vector and miR-34a
samples into 2 distinct groups. Principle component analysis (PCA) mapping correlation
was 67.7 %.

Gene ontology (GO) analysis was also performed between the empty vector and
miR-34a expressing KMSI11 cells. GO analysis identified several molecular functions
and biological processes that are modified by the increased expression of miR-34a
(Figure 3-17). Processes of interest that may be involved in the modulation to bortezomib
sensitivity include transcriptional regulator activity, biological adhesion and regulation
and cell growth. Of the differentially expressed mRNAs identified between KMS11-EV

and KMS11-34a, three classes of genes have been identified as shown in Table 3-5.
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Figure 3-16. Microarray analysis of KMS11-EV versus KMS11-34a.

(A) Heatmap showing the 2 clusters of KMS11-34a and KMS11-EV cells. Heatmap was
generated after supervised hierarchical clustering using the ANOVA test. Expression of
miRNA patterns is shown by up-regulation (red) versus down-regulation (blue) (B) PCA

mapping of the expression data is 67%.
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Figure 3-17. Gene Ontology Enrichment Score

Gene Ontology (GO) analysis performed on microarray results from KMS11-EV versus
KMS11-34a, performed using Partek software. GO analysis identified several molecular
functions and biological processes that are modified by the increased expression of miR-
34a. (A) Molecular function enrichment score. (B) Biological processes enrichment

Scorc€.
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metabolic process (0.05)
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biological adhesion (6.4)
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Table 3-5. Targets identified in microarray analysis of KMS11-EV vs. KMS11-34a.
(A) Representative target genes of mir-34a that have been previously shown to be
important in MM biology and pathogenesis. (B) Target genes previously shown to be

sensitizers to bortezomib. (C) Novel target genes of miR-34a.

CXCL10 -1.80289 miR34a down vs EV
CXCR4 -1.46477 miR34a down vs EV
BCL2 -1.23956 miR34a down vs EV
ILBR -1.21764 miR34a down vs EV

| GENE___|_FOLDCHANGE | |

E2F3 -1.35528 miR34a down vs EV
CDK6 -1.32004 miR34a down vs EV
CDK4 -1.28884 miR34a down vs EV

| Gene | _rowcwanet |

OGFOD1 -58.2608 miR34a down vs EV
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While these samples so not represent all of the highest differentially expressed genes in
this screen, they have been identified as probable candidates to explain miR-34a
modulation of sensitivity to bortezomib.

Firstly, the screen identified several gene targets that have been previously shown
to be in important in the biology of multiple myeloma, including IL6r, CXCL10, CXCR4
and BCL2. Second, targets were identified that when down regulated, have been
previously shown to be sensitizers to Bortezomib, including E2F3, CDK4 and CDK6°'.
These were previously identified by Zhu et al®! in a high throughput shRNA screen which
identified sensitizers to bortezomib. More importantly, novel targets have been identified
that may provide insight into the role of modulation of miR-34a and the mechanism of
resistance, including the most highly differentiated gene, OGFODI1.

Many of the genes identified in the microarray screen are directly regulated by
miR-34a, shown using predictive microRNA match analysis tools and by analysis of the
3’UTR to the seed match sequences to miR-34a. Figure 3-18 demonstrates that a number
of target genes indentified have strong seed match complementarity in the 3’UTR with
miR-34a.  Genes identified in the microarray screen were also validated at the protein
level by western blot analysis. As shown in Figure 3-19, expression of mir-34a in
KMS11-34a and OPM2-34a results in a dramatic reduction of many of the targets
compared to KMS11-EV and OPM2-34a. Proteins involved in apoptosis and cell cycle
regulation including Bcl-2, CDK4, CDK6, CEBPa, SIRT-1 and YY1, all predicted
targets of miR-34a, have reduced expression levels when compared to the empty vector

control.
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Figure 3-18. Seed matches of miR-34a and target genes.

Images demonstrating the sequence match of miR-34a and the 3’UTR of the target genes.
Seed match at the 3°’UTR end in: CXCL10 (7 bp match), BCL2 (6 bp match), IL6R (7 bp
match), E2F3 (8 bp match), CDK6 (8 bp match), OGFPDI1 (7 bp match)
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Figure 3-19. Immunoblot analysis of miR-34a targets
Protein levels of SIRT-1, YY1, CDK4/6, E2F3, CEBPo, BCL2 in KMS11-EV, KMS11-
34a, OPM2-EV, OPM2-34a. Representative blot of 2 independent experiments compared

to the housekeeping gene a-tubulin.
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3.5.5.1 Investigation of novel target OGFODI1.

As previously mentioned, OGFODI is the target gene that is most differentially
expressed between KMS11-EV and KMS11-34a, a 58 fold change higher in KMS11-EV
versus KMS11-34a. Although little is known of the function of OGFODI [2-oxoglutarate
and Fe(Il) dioxygenasel], a recent study has shown that it interacts directly with elF2a
(eukaryotic translation initiation factor 2 alpha)'®. In the response to stress, elF20 is
phosphorylated (p-elF2a), resulting in down-regulation of cellular translation'®. Given
the implication of translation levels and UPR stress on the sensitivity to bortezomib, the
influence of p-elF2a and OGFOD1 was examined in the response to bortezomib.
KMSI11-EV and KMS11-34a cells were treated with the IC50 dose of bortezomib (1.25
nM) and cells were collected at varying time points (O, 3, 6, 12, 18, 24 and 36 hours),
protein lysate was collected and immunoblotting was performed. It was hypothesized that
in KMS11-34a cells, which have significantly lower OGFOD1 levels, p-elF2a levels
would be lower, therefore leading to higher cellular translation, load and stress on the
UPR. While basal levels of p-elF2a appear to be slighter lower in the KMS11-34a cells
compared to the KMS11-EV, as shown in Figure 3-20, there is no significant change in
the p-elF2a levels in response to bortezomib. Further work investigating the role of novel

targets in the response to bortezomib is required.

3.5.6 miR-34a expression increases sensitivity to Bortezomib in MM xenograft model

Based on in vitro data where miR-34a over-expression has shown to increase
sensitivity to bortezomib in MM cells, the role of miR-34a on tumor growth and response

to Bortezomib treatment was then investigated in vivo. A murine xenograft human MM
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Figure 3-20. Immunoblot analysis of p-elF2a and elF2a.

Protein levels of total elF2a and p-elF2a in KMS11-EV and KMS11-34a in response to

1.25nM  of bortezomib, collected at various time points following treatment.

Representative blot of 2 independent experiments compared to the housekeeping gene

GAPDH.
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model with severe combined immuno-deficient (SCID) mice was used to investigate the
effect of miR-34a on tumour growth and response to bortezomib. Cohorts of SCID mice
were injected subcutaneously with KMS11-34a or KMS11-EVand the effect on tumour
growth was monitored. Human xenografts were treated with bortezomib or vehicle alone
for 3 weeks. As seen in Figure 3-21, the growth kinetics of KMS11-34a xenografts were
significantly slower compared to that of KMS11-EV. The tumor volumes were 1000 mm®

versus 2000 mm’

respectively on day 10. Following treatment with bortezomib, this
effect was even more evident in treated mice where the tumor volume on day 14 was
3000 mm3 in KMS11-EV versus 1200 mm3 in KMS11-34a. While this is a small cohort

of mice, without statistical significance, it provides a framework for future in vivo studies

to examine the role of miR-34a in tumour kinetics and bortezomib sensitivity.

Overall, these results demonstrate that miR-34a expression has a significant
influence on MM cell sensitivity to bortezomib and may support a potential therapeutic
role for miRNA manipulation, in particular miR-34a in MM. Figure 3-22 schematically

illustrates the summary of the postulated mechanisms mediating miR-34a effects in MM.
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Figure 3-21. in vivo analysis of miR-34a in SCID-xenograft model.

CB-17 SCID mice were injected SC with 2 X 10° KMS11-EV and KMS11-34a cells.
After the detection of a measureable tumour, animals were treated with vehicle alone or
bortezomib (0.4mg/kg SC twice weekly). Tumour volume was accessed in 2 dimensions
twice weekly until the day of sacrifice. n=2 in KMS11-EV mice, and n=3 in KMS11-34a

mice. Two-way ANOVA was used to check for significance and interaction between all the

variables.
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Figure 3-22. Schematic of miR-34a regulation, expression and targets.
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Chapter Four: Discussion and Conclusion

While improvements have been made to improve overall survival of MM, response
of individual MM patients is highly variable, despite the availability of new agents,
including immulomodulatory drugs (thalidomide, lenalidomide), proteasome inhibitors
(Bortezomib) and stem cell transplantation (SCT). In particular, the agent studied in this
study bortezomib, used in the treatment of relapsed MM is effective in approximately
50% of patients. However, currently adopted clinical biomarkers have not been able to
predict response to this class of drugs. While survival in MM has improved significantly
in the past ten years, the treatment of MM still remains challenging and further
classification and treatment strategies are needed. miRNA involvement in the clonal
evolution of plasma cells from MGUS to MM stages and correlation with specific MM

94-96

molecular subgroups have been described previously” . In addition, an association

between high-risk disease and global elevation of miRNA expression has been reported
2 miRNA are small (~ 22 nucleotides) non-coding RNAs that regulate mRNAs
translation and degradation and alterations and over-expression of miRNA expression
are reported to play a large role in most cancers. While attempts have been made to use

miRNA in classifying and staging MM, little is known about the expression of miRNA

and the effect on response to treatment of proteasome inhibitors in MM.



84

4.1 Microarray profiling identifies differential expressed miRNAs

Using a high throughput microarray screen in human MM cell lines, we have
identified a subset of miRNAs that may potentiate or hinder the cytotoxic effect of
bortezomib. A set of deregulated miRNAs in MM cell lines have been identified that are
differentiated between relative sensitivity and resistance to Bortezomib. In particular,
miR-181a was found to be highly expressed in resistant cell lines, while mir-34a, a target

of tumor suppressor p53, has been found to have high expression in sensitive MM cells.

4.1.1 Limitations

In interpreting this screen, we have accepted the limitations of extrapolating data
from a small number of MM cell lines in each the sensitive and resistant group.
Functional analysis was performed to offset this limitation to verify the significance of
our results. We acknowledge that this study may not be comprehensive for all MM
classifications to find a unique miRNA signature, however the intention was to simply
identify miRNAs that may play a role in bortezomib sensitivity. Additionally, stringent
statistical conditions were used when analyzing the microarray data, with false discovery
rate (FDR) less than 0.05 and only microRNAs that had differential gene expression fold
changes that were greater than 2, or less than -2. We recognize that these stringent
conditions may have excluded miRNA that may be important in the role in bortezomib
sensitivity. However, these conditions were used to create a small manageable group of
miRNA in which to study. Furthermore, calculating the GMR using the results of the
microarray and qRT-PCR expression successfully classified both the sensitive and

resistant groups. This suggests that despite using a small group of microRNA from
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stringent conditions, they may be of significance in the role of bortezomib sensitivity.
Should further investigation be required, different statistical conditions may be used to
expand the group of microRNAs. An additional limitation of this study is the mechanism
by which relative “resistance or sensitivity” to bortezomib has been defined. In MM cell
lines in vitro, it is relatively easy to define as simply evaluating the IC50 value. However,
in MM patients, it is more difficult to determine resistance to one particular therapeutic
agent as there are many confounding factors, including combination therapeutic
strategies. This may have an influence on how these data are interpreted in patient
samples. Further investigations are required to determine the influence of this study on
patient samples and the response to bortezomib. However, recognizing that analysis was
performed on a small number of MM cell lines, this study has provided a framework for
investigation of the influence of miRNA in multiple myeloma and the role in sensitivity

to bortezomib.

4.1.2 The influence of miR-181a on bortezomib resistance in MM

Our study has identified miR-181a to be highly expressed in resistant cell lines,
with a fold increase of 4.77 compared to the sensitive MM cell lines. It is well known that
the miR-181 family, one of the most studied miRNAs, is deregulated in many tumours.
The physiological and pathological function of miR-181a has been studied in many
tumour types. Shi et al have identified miR-181a as a tumour suppressor in human
glioma cells, and when down-regulated were involved in oncogenesis of glioma'"’.

Additionally, miR-181a has shown to correlate with specific sub-classes of acute myeloid

leukemia and the expression of its target genes'®®. Of particular interest to us was the
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investigation that identified miR-181a as a microRNA involved in haematopoietic
differentiation and a positive regulator of B-cell differentiation'”. The involvement in
haematopoiesis and the role as a tumour suppressor led us to investigate the role of miR-
181a in sensitizing MM cells to the cytotoxic effect of bortezomib. When miR-181a
expression was antagonized in resistant MM cell lines, a greater cytotoxic response was
seen with the treatment of bortezomib. However, while miR-181a antagonized MM cells
appear to have biological importance in modulating resistance to bortezomib, an increase
in proliferation rate in MM cells is also seen. While this provides an interesting
mechanistic question as to how miR-181a modulates to sensitivity to bortezomib, this
investigation may not be as clinically relevant. Clinically, while miR-181a antagonism
may increase sensitivity to bortezomib treatment, it would not be a suitable microRNA to
target due the prospect of also increasing tumour growth. Functional investigation of the
role of miR-181a on modulating sensitivity to bortezomib is still required. Additionally,
miR-181a antagonism was difficult to study, due to the difficulties in validating miR-
181a expression. Due to the nature of the cDNA production, which created the same
sequence as the miRZIP vector, overestimation of the miR-181a copy number was seen.
With this method, it was difficult to prove that in fact miR-181a expression had been
antagonized and was causing the functional changes. Further investigation of miR-181a
in MM cell lines may elucidate some of the functional changes, which may provide

insight on the mechanism of modulation of sensitivity to bortezomib.



87

4.1.3 The influence of miR-34a on bortezomib resistance in MM

In the present study we have characterized the influence of miR-34a expression
level on the sensitivity to bortezomib; demonstrating that increased levels of miR-34a
increases sensitivity to bortezomib. While miR-34a has been implicated in progression of
many cancer types and results in alterations in cell cycle and proliferation'>''*!"! a
correlation of expression and response to therapeutics is largely unknown. We have
demonstrated that TP53 loss or mutation or epigenetic silencing through promoter
methylation reduces miR-34a expression in MM cells. Conversely, restored miR-34a
expression down-regulates BCL2, CDK4/6, E2F3 and YYland sensitizes MM cells to
bortezomib. Taken together these results may provide insight into prediction of a
patient’s response to proteasome inhibitors and may support a potential therapeutic role
for miR-34a in MM.

miR-34a has been a large focus of cancer research in the last five years. It was
originally identified as a possible tumour suppressor in neuroblastoma, where it was
down-regulated and induced apoptosism. miR-34a has since been identified to be down-
regulated in many tumour cell types such as leukemia, colon cancer, non-small cell lung
cancer and hepatocellular carcinoma'®''*!"*_ The deregulated function of miR-34a has
been studied and has been demonstrated to affect apoptosis, senescence and

112,114-116

proliferation . Furthermore, it became an interesting miRNA to study as it had

been identified as a transcriptional target of p53, the most commonly mutated gene in
cancer''"'""!"° " The tumor suppressor p53 is the most frequently mutated gene in all

human tumors and although it is rarely detected at diagnosis in MM, it is typically

associated with advanced disease. Deletion of the chromosomal region 17p13, which
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120,121 .
<. Recent studies

includes the TP53 gene, in MM is associated with a poor outcome
have revealed the relationship between p53 and miRNAs, particularly miR-34a and has
been shown that p53 directly targets and regulates miR-34a' and miR-34a has
previously been reported to induce cell cycle arrest, apoptosis and senescence''”'**!%,
However, its role in the response to therapeutics was largely unknown. This report

demonstrates the influence of miR-34a expression and its interactions with p53 to

sensitivity to the proteasome inhibitor bortezomib.

4.1.4 Epigenetic and genetic influences on miR-34a expression

We have demonstrated in MM cell lines that mutations in the p53 gene are
correlated with low miR-34a expression. Additionally, chromosomal loss of 17pl13,
where p53 is located, has also been implicated in low miR-34a expression levels. As
demonstrated in previous studies”'*. Specifically, methylation was found to be present
only on the promoter of miR-34a in the three ‘resistant’ MM cell lines, correlating with
low miR-34a expression. Interestingly, no methylation is present on any of the ‘sensitive’
MM cell lines. Genetic alterations of p53 and epigenetic control of miR-34a expression
suggests an important role of p53 signaling in bortezomib cytotoxicity. Mutations of p53
taken together with the methylation on the promoter region provide an additional rational
for low miR-34a expression in resistant MM cell lines. It may also provide insight that
inactivation of miR-34a via p53 deletions or epigenetic modifications on the promoter of
miR-34a may be common event during tumorigenesis and may serve as a useful

screening tool in patients.
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4.1.5 Novel therapeutic combinations

Furthermore, treatment with the methylation inhibititing agent 5’-Azacytidine,
inhibited the methyl groups on the miR-34a promoter and up-regulated miR34a
expression. This finding confirms that hyper-methylation of the promoter region of miR-
34a is associated with gene silencing and can be moderately reversed with treatments of a
methylation inhibitor. DNA methylation inhibitors have been well characterized, tested in

124

clinical trials and have been FDA approved for various cancer types “". 5’-Azacytidine is

approved to treat patients with high risk myelodysplatic syndromes'** and is currently in

clinical trials for other haematological malignancies'**'?’

. This study provides a rationale
and novel concept of combining the two agents, 5’AZA and bortezomib; the first to
increase miR-34a levels, and the second to further induce apoptosis. Preliminary work
not shown in this study has indicated that there is a synergistic effect with this drug
combination. Furthermore, use of DNA methylation inhibitors to reverse the silencing of
miR-34 may restore sensitivity to other chemotherapeutic agents. Conventional
chemotherapeutic agents depend on the activation of pro-apoptotic genes that will
respond to the cytotoxic agents, resulting in cell death. Reactivation of epigenetically
silenced pro-apoptotic gene and tumour suppressor miR-34a should increase the efficacy
of bortezomib and other chemotherapeutic agents. Analysis of promoter methylation may

be useful in classifying sub-types of MM patients, and may be useful in predicting

therapy response as well as creating new combination studies.
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4.1.6 Targets and functional effects of miR-34a in MM

Mir-34a has been previously shown to target miRNAs involved in cell cycle
control, apoptosis, and senescence.'*>!''*!% Using various miRNA target prediction tools,
hundreds of theoretical mRNA targets have been identified. However, it is difficult to
accurately predict due to variances between each predictor tool and the varying levels of
the miRNAs complementarity to the target sequence. To investigate the mechanism in
which miR-34a sensitizes MM cells to bortezomib and the effect mir-34a has on global
mRNA expression changes we have performed microarray profiling on the KMS11-34a
expressing cells relative to KMS11-EV. We have identified important targets, all of
which provide a logical rationale as to the increased levels of apoptosis, identifying
important kinases involved in cell cycle control, genes involved in proliferation or
involved in apoptotic pathways. Gene expression profiling performed after the
introduction of miR-34a revealed many down regulated miR-34a targets, many of which
contain seed-matching mir-34a sequences in their 3’UTR, including CDK4/6, E2F3 and
YY1. One of the targets of miR-34a, the transcriptional factor YY1 has been previously
shown when it is over-expressed, to be involved in resistance to apoptotic signals and
resistance to Chemotherapeutics128’129. YY1 was also identified in the shRNA screens that

identified sensitizers to bortezomib and previously discussed®”!

. This again provides a
logical rationale as to why miR-34a over-expression results in increased sensitivity to
bortezomib.

Furthermore, miR-34a expression targets the cyclin-dependant kinases 4 and 6

(CDK4 and CDK®6), which play important roles in cell cycle control. Inhibition of

CDK4/6 in MM cells has previously been shown to decrease tumour growth and
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proliferation'*. Further, in combination with a chemotherapeutic such as dexamethasone,
the killing of MM cells is markedly increased. Many of the genes identified as targets of
miR-34a have been identified as sensitizers to bortezomib. This includes cell cycle
regulators and kinases including CDK4, CDK6, YY1, CDKS5, CEPBa and E2F3. As
miRNAs regulate the expression of the genes, they represent potential druggable targets
through the use of miRNAs. While the role of miR-34a in modulating sensitivity to
bortezomib is unknown and the pathway is largely unmapped, targets identified such as
YY1, BCL2, and CDK4/6 may provide insight into the mechanism miR-34a plays.
Further investigation into the specific role of miR-34a targets in modulating bortezomib

sensitivity are required to elucidate this mechanism.

4.1.7 Investigation of novel miR-34a targets and function in MM

An important aspect of this study that requires further investigation, are the novel
targets that were identified in the KMS11-EV versus KMS11-34a microarray screen.
Investigation of these novel targets may provide insight into the role of modulation of
miR-34a and the mechanism of resistance to bortezomib. The most highly differentiated
gene between the EV and miR-34a was the target gene OGFODI [2-oxoglutarate and
Fe(Il) dioxygenasel], with a 58 fold expression higher in the EV. Although little is
known of the function of OGFODI, a recent study has shown that it interacts directly

with eIF20 (eukaryotic translation initiation factor 2 alpha)'®®

. In the response to stress,
elF2a is phosphorylated (p-eIF2a), resulting in down-regulation of cellular translation'®.

As discussed previously, the response to bortezomib is highly dependent on translation

levels and UPR stress in the ER. When proteasome function is inhibited by bortezomib,
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damaged proteins including misfolded proteins accumulate in the intracellular
environment, resulting in ER overload and stress and induction of the UPR. It has been
shown that increased levels of phosphorylated elF2a results in lower levels of translation.
We rationalized that if translation levels were lower, there would in turn be less load and
stress on the ER and UPR, therefore increased survival following the treatment of
bortezomib. In this study, the influence of p-elF2a and OGFODI1 was examined in the
response to bortezomib. It was hypothesized that in cells expressing miR-34a, which
would have significantly lower OGFODI1 levels, phosphorylation levels of elF2a would
also be lower. This would then result in increased levels of cellular translation, resulting
in more load and stress on the ER, resulting in the UPR. While basal levels of p-elF2a
were demonstrated to be slighter lower in the KMS11-34a cells compared to the KMS11-
EV, there is no significant change in the p-elF2a levels in response to bortezomib. The
role of interaction of miR-34a on OGFODI1 and p-elF2a requires further investigation to
determine the influence on sensitivity to bortezomib. Additionally, other novel targets
were identified in this study which requires further work to investigate their role in the

response to bortezomib.

4.1.8 In vivo investigation of miR-34a in MM

Our findings have demonstrated that over-expression of miR-34a sensitizes MM
cells in vitro to bortezomib and further supports investigating the role of miR-34a in an in
vivo model. We addressed this possibility, examining in vivo using a SCID murine
xenograft human multiple myeloma model. Our preliminary study, although small in

numbers, suggest that the expression of miR-34a reduces the tumour burden and
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sensitizes the tumour to the treatment of bortezomib. While larger cohort studies are
needed, together with the in vitro data, these results demonstrate the influence miR-34a
has on sensitivity to bortezomib in MM cells. This xenogratt MM model has widely been
used to study MM in vivo, despite it not being highly representative of the MM disease
features, which in humans involves bone marrow involvement, bone lesion and renal
failure. To investigate the influence of miR-34a on MM pathogenesis and disease
progression additional studies are required. Although not allowed for study in Canada, an
additional SCID myeloma murine model exists in which primary myeloma cells grow in
Vivo in a human bone marrow micro environment and would serve an excellent model to
investigate the role of miR-34a on MM pathogenesis''. In this model, myeloma cells are
directly injected into an implanted human fetal bone in a SCID mouse. The human bone
marrow microenvironment interacts with the myeloma cells and causes myeloma
manifestations in the mouse which are typically seen in humans. This often includes
bone lesions from osteolysis in the human bone, and appearance of M protein in the
serum. Should additional in vivo experiments be performed to investigate the role of miR-

34a, this model should be used to better represent the MM human model.

4.2 miRNA as therapeutic targets

The potential for using miRNAs as targeted therapeutics in cancer treatment is
currently being explored. Targeting of miRNA is based on either selective over-
expression or inhibition of miRNA expression. However, the difficulty with targeting
miRNA expression is the lack of tissue specificity and the possibility of many off-target

effects. There are many different approaches being used to target miRNA in tissues such
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as the development of modified miRNA molecules. Anti-miRNA oligonucleotides
(antagomiRs)'*%, and the locked nucleic acid (LNA) modified oligonucleotide'*® have
provided a miRNA oligonucleotide that has a longer half life and efficiency, making it
more sustainable for therapeutic use. The antisense oligonucleotides work as a
competitive inhibitor of miRNA, by annealing to the guide strand inducing either
degradation or the formation of a stable miRNA duplex. AntagomiRs are single stranded
molecules that are most often modified with a cholesterol conjugated 2’-O-methyl to

3% The LNA oligonucleotides have the

maintain stability and minimize degradation
ribose ring ‘locked’ by a methylene bridge connecting the 2°-O atom with the 4’-C atom.
When the molecule is locked by the methylene bridge, an increased stability and affinity
to complementary single stranded RNA is seen'”. Another approach includes the use of
‘miRNA sponges’ which contain complementary sites for a specific miRNA,
competitively binding to the miRNA, thus interfering with normal targeting'’®"’.
Systemic delivery of an unconjugated LNA modified oligonucleotide has been shown to
effectively antagonize miR-122 in the liver of non-human primates'>®. Depletion of miR-
122 was observed without any evidence of any toxicities from the LNA oligonucleotides
or pathological changes in the primates. Additionally, the use of nanoparticles offers an
interesting approach for the delivery of miRNAs. They have primarily been used to
deliver siRNA, but a recent study has used nanoparticles to deliver miRNA. Specifically,
a liposome polycation-Haluronic acid (LPH) particles were used to deliver miR-34a to

lung metastasis in a syngeneic mouse model. Growth inhibition of the tumour metastasis,

down-regulation of expected targets and apoptosis were seen in this model. The results of
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these studies provide rationale for additional therapeutic studies to investigate over-

expression of miR-34a in MM.

4.2.1 Limitations

As described above, there are many new advances in order to utilize miRNAs as
therapeutic tools, although there will certainly be some limitations. One major limitation
with targeting miRNAs is the issue of specificity, as a single miRNA has the potential to
target many genes, and not all targets being investigated in preclinical studies. A second
limitation is the concern of partial complementarity which may lead to significant off-
target up-regulation or gene-silencing. The delivery mechanism of miRNAs to tissue
specific sites also requires further investigation. As discussed previously, there has been
work done to create stable, long lasting oligonucleotides for delivery or through the use
of nano-particle technology. This provides an interesting approach to deliver miRNAs in
a tissue specific manner, using targeted antibodies on the nano-particles. Promising
miRNA delivery methods require further studies in animal models. miRNA therapeutics
may be applicable to multiple malignancies and autoimmune and inflammatory disorders

and have the potential to increase patient survival.

4.3 Conclusions

The biological significance of the miRNA gene signature identified in this study is
not yet fully understood. However, additional miRNA identified in the microarray screen
may also have important function in the pathogenesis of MM. As previously discussed,

miRNAs are frequently located at fragile sites and genomic regions involved in cancer®'.
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Many of the miRNA identified in the screen are at common translocation breakpoints
common in MM. Specifically, miR-708 is located atl 1q14.1, adjacent to the translation
site in the t(11;14) and miR-342-3p is located at 14q32.2 is is the site of rearrangement
in the t(11;14) and t(4;14). Additionally, 1q2land 19p13 amplifications and 19q13
deletions are found in MM patients, which is the region where miR-92b, miR-181c/d, and
miR-330-3p are located. Future study of these key miRNAs may provide additional
insight into the pathogenesis of this disease. The miRNA gene signature identified may
also provide insight on the use of ‘bortezomib risk’ signature as a predictor of treatment
outcomes in patients. Additional work is needed to validate this signature in primary

patient samples.

As the number of miRNAs investigated in the human genome increase each year, it
has become increasingly clear that the regulation of specific target genes by miRNA and
the influence on disease is highly complex. While most approaches have studied single
miRNAs and single target effects, tumour initiation and progression is likely dependant
on multiple miRNAs and target gene networks. It is therefore crucial for integration of
target gene patterns with multiple miRNAs in order to investigate the role miRNAs may
have as a diagnostic marker or therapeutic target. Although the work presented here on
individual miRNA and targets have contributed to the understanding of bortezomib
resistance in MM, it is important to investigate the links they may have with other

miRNA networks and how this can be utilized for therapeutic targeting.
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Overall, these results demonstrate that miR-34a and miR-181a expression has a
significant influence on MM cell sensitivity to bortezomib and may support a potential
therapeutic role for miRNA manipulation, in particular miR-34a in MM. Understanding
the co-operating mechanisms of sensitivity to bortezomib will make it possible to design
synergistic drug combinations and predict patient response to therapy as well as allow for
a more targeted use of proteasome inhibitors. Understanding the biological basis of this
signature will aid in the selection of novel therapies for patients. The study involving
epigenetic and genetic alterations in MM cells has enhanced our understanding of the
pathogenesis and mechanism of drug resistance. Much work is still needed to be done to
fully elucidate this mechanism. Our data opens the possibility that the combination of
bortezomib with altered miRNA expression may induce a synergistic effect in cell death
in MM.

By uncovering the mechanisms of drug resistance and the influence of miRNA on
myeloma cells, we have added to our understanding of the biology of this fatal disease
and it may be possible to identify potential therapeutic targets, ultimately improving MM
patient survival. While multiple myeloma patients present with many similar histological
features, MM displays enormous genomic complexity including variation in clinical
characteristics and patient survival. Based on the systems described previously, including
concordant gene expression signatures, MM patients may be classified into more distinct
groups for better treatments, therapies and increased survival rates. Subsequently, with
further exploration of the results of this project, it may be possible to identify novel
therapeutic targets for this incurable disease. The results of this project may have

implications to cancer therapy beyond the disease investigated in this project.
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