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IDENTIFICATION AND CHARACTERISATION OF DEREGULATED MICRORNAS DURING
COLORECTAL CANCER PROGRESSION - INTERPLAY BETWEEN TUMOUR STROMA AND

MALIGNANT EPITHELIUM

by Marc D. Bullock

MicroRNAs (miRNA; miR), which are key drivers of colorectal cancer (CRC)
tumourogenesis, are increasingly implicated in metastatic progression. Equally
relevant is the role of the tumour microenvironment and interactions between the
malignant epithelium and cancer-associated stroma. Based on these observations the
following hypothesis was formulated: Stromal and epithelial miRNA expression
patterns (individually and communally) have important consequences for CRC
progression and metastasis.

To identify miRNA candidates with putative roles in CRC progression, high
throughput microarray profiling was used to compare miRNA expression in laser-
microdissected CRC tissue and paired ‘normal’ colonic tissue; and in matched early
stage CRC specimens with and without subsequent metastasis within 5 years.
Subsequently, stromal miR-21 and miR-556, and epithelial miR-224, miR-153 and
miR-106a were selected for further analysis.

MiR-21, a known oncogene was shown by in-situ hybridisation to be upregulated
exclusively in tumour associated fibroblasts in CRC. In functional co-culture
studies, ectopic miR-21 expression in fibroblasts protected CRC cells from
chemotherapy induced apoptosis and increased their proliferative and invasive
capacities. Furthermore, miR-21 significantly corrupted fibroblast secretory
functions and supported fibroblast-to-myofibroblast transdifferentiation, a key pro-
metastatic stromal event. Deregulated stromal miR-21 expression was also
associated with an increasingly aggressive phenotype in a novel murine CRC-
cell/fibroblast orthotopic co-implantation model and in 3-Dimensional synthetic
organotypic tumour models purpose built for this study. These findings
complemented mechanistic data which demonstrated stromal suppression of matrix-
remodelling enzyme inhibitors RECK and TIMP3 and a reciprocal rise in Matrix
Metalloproteinase 2 (MMPZ2) activity in response to ectopic miR-21 expression.

MiR-153 was also shown to play a functional role during disease progression by
promoting CRC cell invasion directly. Furthermore, both stromal and epithelial
miRNAs identified in this study predicted short disease-free survival (DFS) for
patients with early stage CRC: stromal miR-21 (DFS: HR=2.68, p=0.015); stromal
miR-556 (DFS:HR=2.60, p=0.018); epithelial miR-106a (DFS:HR 2.91, p=0.008);
combined (All High vs. All Low. DFS: HR=5.83, p=0.008).

In summary, these data highlight the importance of miRNAs within the tumour
microenvironment; they suggest a novel stroma mediated pro-metastatic mechanism
in CRC and identify a potential application for stromal miRNAs as therapeutic
targets and biomarkers of cancer progression.
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1.1 Colorectal cancer

Colorectal cancer (CRC) is a key public health issue, and accounts for the second
highest cause of cancer related death in Europe.' Metastases and disease progression are
the principal cause of death and occur in 30% of patients at presentation and
subsequently in over 50% of patients after surgery with curative intent.” * The majority
of patients with metastases remain incurable. Without treatment median survival is 8
months,* but the addition of chemotherapy and newer targeted therapies may enhance
this figure to 12 and 16 months respectively.* ®> The emergence of targeted therapies has
been made possible through a greater understanding of the molecular characteristics of
CRC. Although results of clinical trials have proved disappointing, extending survival
by only a few months,> ’ these studies offer a proof-of-principle that therapeutic
strategies translated from a better understanding of the mechanisms of disease can be
applied to CRC. They also highlight the need for a continued effort to unravel the
biological mechanisms behind CRC progression.

1.1.1 Natural history of colorectal cancer

In 2011, CRC accounted for 15,659 deaths in the UK, and of the 41,581 new cases
diagnosed, 56% were in men and 44% in women. The incidence of CRC is strongly
related to age with peak risk occurring in the over 85 age group. In the 3 decades
preceding 2011, CRC rates in Europe rose by 29% in men and 7% in women, meaning
that in the UK currently, the lifetime risk of developing CRC is 1 in 14 for men and 1 in

19 for women.®

Approximately 25% of new cases of CRC arise in the rectum, and 75% in the colon.
Although increasingly recognised as distinct biological entities, colon and rectal cancers

share many clinical features and are often referred to as a single unified pathology. * *°

Metastasis occurs through lymphatic, haematogenous or transcoelomic spread.
Pathological staging, which is crucial for prognostication and therapy planning, is
conducted using the Tumour Node Metastasis (TNM), Dukes’ or American Joint
Committee on Cancer (AJCC) classification systems.** *? Although they differ subtly

from one another, each system uses histopatholgical and radiological information to
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describe the extent of local disease spread as well as the presence and pervasiveness of

metastasis in regional lymph nodes and remote organ systems.

If an invasive cancer is confined to the wall of the colon (AJCC Stage | and Il) surgical
resection is often curative. In contrast, patients with disease spread to lymph nodes
(Stage Il CRC), are usually also offered chemotherapy, as this reduces relapse and
mortality rates by 30% to 40% compared with surgery alone.'* However, the majority of
deaths from CRC are caused by metastatic (Stage IV) disease and not the primary
tumour, and despite increasing use of metastectomy and chemotherapy over time, the
proportion of patients in this group who survive beyond 2 years remains as low as
28%."

1.1.2 Aetiology of colorectal cancer

The majority of CRCs arise spontaneously and are not associated with a pre-disposing
genetic condition. However, much of our insight into the biological underpinnings of
CRC was first achieved by studying inherited cancer syndromes in which colonic

malignancies are a predominant feature.

Familial adenomatous polyposis (FAP) is an autosomal dominant disorder caused by a
germline mutation in the adenomatous polyposis coli (APC) locus of chromosome
5q21." *° It is characterised by the development of multiple colonic adenomas and the

inevitable onset of invasive carcinoma unless prophylactic colectomy is performed.’

Hereditary non-polyposis colorectal cancer (HNPCC) is more common than FAP,
accounting for approximately 1-2% of all cases of CRC.*®® An autosomal dominant
disorder resulting from mutation of one of 5 mismatch-repair (MMR) genes (primarily
MLH1 and MSH2) responsible for maintaining the fidelity of genomic DNA,* it is
associated with an 80% lifetime risk of developing invasive colonic adenocarcinoma.”®
21

The third major familial cancer syndrome associated with CRC is Peutz-Jeghers
syndrome (PJS), an autosomal dominant syndrome attributed in a proportion of patients
3.22, 23

to mutational inactivation of the gene STK11l (LKB1) on chromosome 19pl

Characteristically associated with mucocutaneous pigmentation and hamartomatous
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polyps of the small intestine, patients with PJS also have a lifetime risk of CRC of
approximately 20%.%*

Two other germline mutations relevant to CRC are associated with inherited polyposis
syndromes, that of the SMAD4 gene in Juvenile polyposis®® and the PTEN gene in

Cowden disease.?®

Intriguingly however, these examples of high penetrance germ-line mutations are
estimated to account for only 5% of the heritability of the disease.?” This suggests other
inheritance pathways must exist and that a plethora of low penetrance genetic variants
play contributory roles during tumourogenesis.*’

Against this heterogeneous and complex genetic backdrop, it has become increasingly
clear that environmental factors also contribute significantly to the pathogenesis of
CRC.

For example, a protective association with high fibre diets was identified as early as the
1970s.?® Subsequent meta-analysis of relevant studies suggests the incidence of both
CRC and precursor adenomatous lesions may be reduced by as much as 10% per

10g/day increase in dietary fibre intake.?* %

Other dietary factors contribute to an increased risk of CRC, most notably red/processed

1>} and on a related theme, which has attracted considerable attention

meat and alcoho
recently, a significant association with obesity (defined by the WHO as a body mass
index (BMI) >30kg/m®) has also been identified.** Not only is the incidence of CRC
significantly greater in obese people,®® * but obesity is independently associated with
impaired post-operative outcomes and response to therapy and decreased overall

survival.®

This effect may be mediated in part through an associated metabolic syndrome; a state
of corrupted physiological homeostasis, characterised by elevated levels of fasting
glucose, insulin resistance, dyslipidaemia, high blood-pressure and pro-inflammatory
and pro-thrombotic changes.®* *” Within this spectrum, the presence of type-Il diabetes
mellitus (Type-11 DM) in particular, has been identified as an independent risk factor for
developing CRC. Furthermore, Type-I1 DM affected patients have both poorer disease-

free survival and cancer-specific mortality than their non-diabetic counterparts.®® *
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Other environmental agents associated with increased CRC risk include bile acids*® and
enteric bacteria.** Research into the nature of the gut microbiome has become especially
prominent in recent times, as the apparent carcinogenic influence of certain bacteria,

including Helicobacter pylori has been identified in colon.*"*

1.1.3 The molecular basis of colorectal cancer development

As the complex interplay between genes and the environment, and the impact this has
on tumourogenesis is increasingly well described, a number complimentary and

interconnect systems have emerged to catalogue the molecular pathobiology of CRC:

Volgestein’s hypothesis suggests the progressive accumulation of somatic mutations in
genes involved in cell cycle regulation and apoptosis leads to a stepwise transition from
normal colorectal mucosa, to adenoma and eventually to invasive adenocarcinoma.** *
Mutational inactivation of the tumour suppressor gene APC is a key initiating event,
triggering the development of small adenoma through derestricted activity of the
oncogene B-catenin in the wnt signalling cascade.”> *® Loss of p53 activity and TGFp
signalling are later events which coincide with progression from adenoma to
carcinoma.*” *®

In addition, the inappropriate activation of oncogenes such as KRAS and BRAF play
important roles. Mutations in either gene may trigger constitutive activation of the
mitogen-activated protein kinase (MAPK) signalling cascade.*®*°

A second system used to describe the molecular basis of CRC is termed the genomic
instability pathway. Loss of genomic stability may take several forms:

80-85% of sporadic CRCs follow the chromosomal instability pathway® (CIN)
characterised by loss of heterozygosity (LOH) and altered chromosomal copy number
and structure.®™ > 1t is commonly through the CIN pathway that the function of key
tumour suppressors including p53, APC and SMAD4 is lost.>

Furthermore, inactivation of genes required for repair of base-base mismatches (MMR
genes), leads to more frequent DNA replication errors and as a consequence, the
mutation rate in colorectal epithelial cells may increase as much as 100-fold.>* Loss of
MMR function results in microsatellite instability (MSI). This is a feature characteristic
19, 55

of HNPCC which also occurs in 15-20% of sporadic colorectal tumours.

Microsatellites are repetitive DNA sequence elements identified throughout the genome

6



Introduction

which change size in the absence of effective MMR ‘proof-reading’. The CRC
phenotype associated with MSI consists of poorly differentiated, proximal mucinous

tumours in which lymphocytic infiltration is a prominent feature.*®

Genomic instability results in the sequential loss-of-function of genes regulating the
hallmark processes of carcinogenesis, and ultimately manifests as invasive carcinoma.
Comprehensive analysis of the CRC genome revealed mutations in the coding sequence
of 67 genes on average, of which 12 genes were proposed to be most relevant to tumour
development, illustrating the complexity and potential heterogeneity of CRC
pathogenesis.”’

The most common somatic mutations in oncogenes and tumour suppressor genes
associated with sporadic CRC include APC in 60% of cases,”® > p53 in 30-50% of
cases,” ' KRAS in 35-45% of cases,* ® SMAD4 in 9-35% of cases,®* * PIK3CA in 15-
18% of cases,®>®" BRAF in 8-12% of cases ** ®® and PTEN in approximately 5% of
cases.”

In contemporary literature, it is commonplace for CRCs to be referred to as one of these
two well characterised major tumour subtypes (CIN or MSI).*® In addition to genomic
instability, however cancer initiation and progression may occur through aberrant
epigenetic gene regulation. In CRC, the dominant epigenetic mechanism is CpG island
methylation. Frequently present in premalignant aberrant crypt foci (ACF), within
colonic mucosa, the methylation of cytosine residues in CpG dinucleotides leads in-turn
to the transcriptional silencing of tumour-suppressor genes and represents one of the
earliest detectable changes in CRC.** ™

In contrast to CIN, CpG island methylator phenotype (CIMP) tumours are more likely
to develop in the proximal colon and display microsatellite instability and crucially,

they define a distinctive patient group, in terms of prognosis and treatment outcome.”* 2

The fairly loose and overlapping system of tumour classification described above
reflects how our understanding of CRC biology has evolved over time. However, the
ability to more systematically categorise tumours based on molecular characteristics and
phenotype despite the inherent heterogeneity of the disease is highly desirable as it
could substantially improve prognostication and facilitate development of newer

targeted therapies.

7
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In CRC the closest we have come to a ubiquitous classification model, derives from a
study in which unsupervised cluster analysis of 146-genes was performed for >1,100
tumour specimens, spread across 6 international patient cohorts, cross-referenced with
MSI and CIMP status.”® Crucially, 3 colon cancer subtypes (CCSs) were identified:
CCS1 and CIN classifications were broadly aligned; MSI/CIMP+ tumours were largely
absent from this group, which was more typically associated with KRAS and P53
mutations; CCS2 tumours were associated with both MSI and CIMP +ve status; and
CCS3 tumours were relatively heterogeneous with respect to MSI and CIMP status, but
contained a large proportion of patients with BRAF and KRAS mutations. CCS1
tumours were mainly left sided, CSS2 tumours mainly right sided and CCS3 tumours
evenly distributed throughout the colon and typically poorly differentiated.

CCS3 tumours were associated with significantly impaired clinical outcomes and
resistance to cetuximab therapy. Furthermore, gene-set enrichment analysis comparing
CCS3 and CCS1 tumours, highlighted biological themes particularly associated with
aggressive disease, including EMT, matrix remodelling and TGFf signalling.

Finally, on this point, deregulated gene expression in sessile serrated adenomas showed
a high degree of concordance with CCS3 tumours, suggesting this biologically and
clinically distinct tumour sub-group may arise from a histologically distinct precursor

lesion which does not feature in the classic Volgestein model.”
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Figure 1.1 The molecular basis of colorectal cancer development

The sequential accumulation of mutations in tumour relevant genes produces an
increasingly malignant phenotype characterised by progression from normal mucosa
through benign and dysplastic adenomas to invasive adenocarcinomas. By contrast, the
genes involved in promoting metastatic progression are relatively poorly understood.
MSI, microsatellite instability; MMR, mismatch repair genes; APC, adenomatous
polyposis coli; CIN, chromosomal instability; PIK3CA, phosphatidylinositol-4,5-
bisphosphate 3-kinase, catalytic subunit alpha; PTEN, Phosphatase and tensin
homolog; TGFJ, transforming growth factor . Adapted from: Markowitz SD et al.,
2009. ©°

1.1.4 The molecular basis of colorectal cancer development:

clinical implications

Genetic and epigenetic molecular profiles are increasingly used in the clinical setting to

sub-classify colorectal tumours:’™"

Identification of molecular signatures with utility in
the management of cancer promises to revolutionise our understanding of tumour
biology and greatly enhance diagnostic and therapeutic strategies. Thus a molecular
pathological approach to disease profiling in CRC, looking for individual and/or
communal markers and profiles, when combined with modern imaging modalities, may

provide a more accurate reflection of disease stage and prognosis and better inform the
9
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multidisciplinary cancer team about the use of adjuvant therapy, heralding new
opportunities for the delivery of personalised cancer care.

Improved molecular characterisation has already been translated into a more nuanced
and targeted approach in CRC. Phase | and Il clinical trials of the anti-epidermal growth
factor (EGFR) monoclonal antibody agents cetuximab and panitumumab when used
alone or in combination with chemotherapy, have been shown to be beneficial for
patients with metastatic CRC. However, if KRAS mutation in codon 12 or 13 is
detected, treatment is ineffective as KRAS remains constitutively active despite
upstream inhibition of EGFR. In effect KRAS mutation status can be used to predict

therapeutic response in this context.”’

1.1.5 The metastatic cascade and colorectal cancer

Metastasis is a complex multi-step process during which certain cells acquire the
capacity to break free from their sister cells, invade the extracellular matrix (ECM) and
basement membrane (BM), intravasate into the circulation, evade immune detection and
eventually extravasate and propagate at distant sites, establishing viable secondary
tumour deposits in other organ systems.” This elaborate process is responsible for the
vast burden of CRC-associated morbidity and mortality and recognition of this has
provoked an increasing amount of research activity into the pathogenesis and treatment
of metastasis, and a focus on the molecular mechanisms that underlie cancer
progression. In CRC, this is particularly relevant as most deaths are not caused by the
primary tumour, which is often resectable, but by metastatic disease, to which the most
troublesome and intractable symptoms can be attributed and to which most patients

eventually succumb.

The classic ‘late dissemination’ or ‘linear’ model of metastatic progression suggests that
as a result of multiple mutations, transformed cells eventually achieve metastatic
capability and break free from the primary tumour site.” ® Metastatic cells then
colonise distant organs provided the tumour micro-environment is receptive; the so-
called ‘seed and soil hypothesis’.®* The more contemporary “early dissemination model
82 8 \which recognises that metastasis is not necessarily a continuation of
tumourogenesis, has two important implications; firstly that metastatic and primary

tumour cells may be genetically divergent, and may therefore respond very differently

10
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to treatment, and secondly; that the mechanics of metastatic progression are distinct

from tumourogenesis and may be studied and targeted in isolation.

Biological evidence in support of early tumour dissemination is accumulating in the
literature: For example, malignant epithelial cells have been found in lymph nodes, bone
marrow and peripheral circulation of healthy patients with a history of early-stage
cancer, but with no clinical evidence of local or metastatic recurrence.®*®® Furthermore,
analysis across a range of solid organ tumours suggests these disseminated cancer cells
display highly divergent range of genetic aberrations compared with cells from the
tumour of origin.®” ® Moreover, in a seminal study in breast, disseminated cancer cells
actually displayed fewer chromosomal aberrations than the malignant tissue of origin,
strongly suggesting that metastatic precursor cells are not necessarily the most

genomically advanced clones within a primary malignancy.®

In CRC specifically, the picture is less clear. Several early studies reported marked
heterogeneity in the mutational profiles of tumours compared with their corresponding
lymph node or distant metastases® ** however, these results contrast with more recent
genomic screening data which points to high levels of mutational concordance in
several key genes.®® For KRAS for example, the concordance rate between primary CRC

tissue and liver metastases may be as high as 94%.%

Recent evidence has uncovered a related biological theme, which complements the early
dissemination model of tumour progression and also explains how metastatic
recurrences may occur many Yyears after successful treatment of a primary tumour.
Tumour cell dormancy, a state of metabolic quiescence in which proliferation is
suppressed, offers tumour cells protection from the cytotoxic effects of conventional

9. % Furthermore, dormant tumour cells have been

adjuvant therapeutic agents.
identified in secondary organs including lymph nodes and appear to exhibit relatively
fewer genetic aberrations than other primary tumour cells.® % % Although the
mechanisms underlying cellular dormancy and reactivation are somewhat lacking, this
has become an important theme in cancer research, particularly in terms of metastatic

progression and the optimisation of therapeutic strategies.®”’

11
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Figure 1.2 Early vs. late dissemination model of metastatic progression

The traditional late dissemination model suggests that metastasis occurs due to the
progressive accumulation of genetic and epigenetic alterations within primary tumour.
In which case, a high degree of genetic concordance would be expected between
primary malignant tissue and associated metastases. By contrast, the early
dissemination model is predicated on the concept that tumourogenesis and metastatic
progression are biologically distinct processes. Thus, primary tumour and metastatic
tissue, having diverged early and evolved separately, may be genetically dissimilar
despite sharing the same origin. Adapted from: Klein et al., 2008.%
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1.2 The tumour microenvironment

An emerging theme in recent years is the importance of the tumour microenvironment

during tumour progression.

In the malignant state, the stroma surrounding a cancer stimulates a physiologically
distinctive ‘active’ tumour microenvironment, maintained by various tumour-associated
host cells including inflammatory cells, macrophages, immunocytes and cancer
associated fibroblasts (CAFs).”® ® The dynamic and reciprocal interaction between
these cells and the malignant epithelium promotes tumour growth/invasion, ECM

remodelling and angiogenesis. 1°°1%

There is mounting evidence to support the notion that chronic inflammation mediated
through the stroma is also an important contributory factor in the development of
cancer.’® In colon specifically, the lifetime risk of developing invasive carcinoma is 2-4
times greater in patients with the chronic inflammatory condition Ulcerative Colitis
(UC) compared with the population as a whole.’® *® This crucial pathophysiological
link is emphasised by the fact that anti-inflammatory agents including Aspirin may
reduce the overall risk of CRC development and the incidence of metastasis if

introduced after CRC diagnosis.**"

In addition, the stroma hosts an important immune response, balanced between the
adaptive immune system (NK cells, CD8+ve and CD4+ve and other T cells) providing
anti-tumour surveillance, and tumour promoting activity directed by innate immune
cells, B cells and certain T cell subtypes, which suppress tumour-cytotoxicity and
support malignant growth and angiogenesis.**?

1.2.1 Cancer associated fibroblasts

The key cellular constituent of the transformed tumour microenvironment are CAFs.

CAFs are a heterogeneous population of cells which include myofibroblasts. The two
terms are often used interchangeably because in effect, they represent phenotypically
similar cell populations®™ however, myofibroblasts are defined specifically by the
presence of mesenchymal markers including a-SMA, deposited in characteristic stress-

fibre formations; the stress-fibre regulatory protein paladin 4lg; the intermediate
13
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filament vimentin; the transmembrane glycoprotein podoplanin; the Type | collagen
maturation enzyme P4H and the absence of epithelial and endothelial markers such as
cytokeratin and CD31 respectively.'® In contrast, the term CAF is usually used to
describe morphologically and functionally similar a-SMA expressing cells within the
tumour micro-environment, which do not express the full complement of secondary

markers.*

Myofibroblasts originate from a variety of stroma-resident progenitor cells which may
include fibroblasts, smooth muscle cells, stellate cells, adipocytes and epithelial cancer

Ce”S’ll4—116

and from migratory, bone marrow derived mesenchymal stem cells and
CD34+ve fibrocytes™ which in certain tumour contexts may contribute as much as

25% of the CAF population.**’

TGF-B1, produced by the malignant epithelium is the dominant and best characterised
fibroblast-to-myofibroblast transdifferentiation signal.'® ** *'° Mature myofibroblasts
reciprocate by modulating the make-up of the tumour microenvironment to enhance
invasion and metastatic progression. Myofibroblasts produce various secreted factors
including: matrix metalloproteinase enzymes (MMPs) which stimulate ECM
remodelling;*?% 2! COX products;*? vascular endothelial growth factor (VEGF) which
promotes angiogenesis; and cytokines and growth factors including IL-6, IGF-1,
fibroblast growth factor (FGF), scatter factor/hepatocyte growth factor (SF/HGF),
stromal cell derived factor (SDF) insulin like growth factor (IGF) and TGFB1 which

promote cancer cell proliferation and invasion, 0010 123-128

To illustrate the importance of stromal myofibroblasts during in vivo tumour
progression, Orimo and colleagues used mouse xenograft models to demonstrate that
CAFs co-injected with MCF7 mammary tumour cells were associated with significantly
increased tumour growth and angiogenesis compared with normal fibroblasts harvested
from the same patients.’® Furthermore, in human subjects, the increasing abundance of
stromal CAFs in stage Il and Ill CRC specimens, is associated with deteriorating

prognosis and reduced disease free survival.'?
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Figure 1.3 The biological impact of cancer associated fibroblasts during

cancer progression

Paracrine signals such as TGFf from transformed epithelial cells provoke profound
biological and phenotypic change in fibroblasts. Cancer associated fibroblasts (CAFs)
which include myofibroblasts, produce a host of secreted factors which contribute to a
permissive tumour microenvironment which promotes angiogenesis, enhanced tumour
invasion and increased tumour cell proliferation. Secreted factors include: Stroma cell
derived factor (SDF;CXCL12); fibroblast growth factor (FGF); vascular endothelial
growth factor (VEGF); insulin-like growth factor (IGF); TGFp; hepatocyte growth
factor (HGF) and matrix metalloproteinase enzymes (MMP). Adapted from Shimoda et
al., 2010 *°

This relationship between TGFp signalling and the stromal response during CRC
initiation and progression may in fact hold the key to an important paradox identified in
the literature:

TGFB has a protective influence in early colorectal carcinogenesis, and mutational
inactivation of the TGFp signalling is a crucial event during the transition from
adenoma to invasive adenocarcinoma.’®! Yet high levels of TGFB1 in the serum of

patients with CRC is associated with poor clinical outcome, and in other epithelial

15
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malignancies, where TGFf signalling is generally preserved, TGFp triggers a variety of

prometastatic biological events.'** 3

One possible explanation for this observational inconsistency, points to a central role for
TGFpB in the transformed tumour microenvironment rather than CRC cells during

disease progression and the formation of metastasis:

In a seminal paper, Calon and colleagues demonstrated that indeed, high TGFp
expression in human CRC specimens was associated with a significantly greater risk of
disease recurrence.’** Furthermore, they showed that genes enriched in stromal cells,
including fibroblasts, following exposure to TGFp, also predicted short disease free
survival in all pre-metastatic stages of CRC. However, perhaps more importantly,
functional studies in mice, using CRC cells engineered to constitutively express TGFp1
demonstrated not only that TGFp increases the rate of tumour xenograft ‘take’, but also
the incidence and size of liver and lung metastasis. Crucially, this predisposition to
metastasise observed in CRC cells in the presence of TGFB was mediated by the
reactive production of IL11 from tumour associated fibroblasts in a manner which could

potentially be inhibited with drugs.*3*

1.2.2 Genomic and epigenetic changes in tumour-associated

stroma

It is accepted that the pro-invasive, pro-inflammatory phenotype adopted by tumour-
associated stromal cells such as myofibroblasts is in response to paracrine signals from
transformed epithelium; however it is not clear to what extent if any, the opposite holds
true: that de-novo mutations or epigenetic changes in stromal cells initiate

tumourogenesis in adjacent epithelial cells.

As discussed previously, evidence from everyday clinical practice supports a functional
association between the stroma mediated inflammatory response and the onset of
cancer. Although on the molecular level, this relationship remains largely obscure, the
critical observation that cultured CAFs remain phenotypically stable without continued
exposure to tumour cells, has focused attention on the potential contribution of genetic

or epigenetic aberrations in cancer-associated stromal cells.% 13
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Bian and colleagues™*® examined the laser microdissected (LMD) stroma of formalin
fixed paraffin embedded (FFPE) CRC specimens from 3 patients previously identified
as carrying the TGFB Receptorl *6A (TGFBR1*6A) tumour susceptibility allele; a
sporadically acquired mutation which confers tumour cells with a selective growth
advantage in the presence of TGFP."*’ DNA was extracted, amplified by PCR and
sequenced, revealing the mutation was present concomitantly in stromal cells in all 3
cases raising the intriguing possibility that somatic changes in cancer cells and CAFs
might co-evolve.™*® Using similar methodology, Patocs et al.,** identified isolated p53
mutations in 11/43 (25.6%) hereditary and 34/175 (19.4%) sporadic LMD stromal
breast cancer specimens. Kurose and colleagues identified p53 and PTEN (encoding
phosphate and tensin homolog) mutations in 25/50 (50%) and 15/50 (30%) breast
cancer specimens respectively,”*® however an alternative approach using fresh frozen
tissue and cultured mammary CAFs produced contradictory results as un-mutated

wildtype p53 was identified in all samples examined (n=17).14°

Other reports identifying loss of heterozygosity (LOH), MSI and gene copy number

ML contrast with studies which

changes in stromal cells of various tumour types,
suggest clonally selected somatic gene alterations are extremely rare:*** *> Having used
single nucleotide polymorphism (SNP) arrays to examine fresh frozen LMD stromal
tissue as well as cultured breast and ovarian cancer-associated CAFs, the authors of
those studies suggested that given the technical limitations associated with allelic-
imbalance profiling in FFPE tissue, the high frequency of genomic alterations

previously described may have been artifactual.**® ***

Despite conflicting data, it is likely that somatic mutations in stromal cells do occur
however infrequently, but it remains uncertain whether this is sufficient to drive the
acquisition and clonal expansion of the myofibroblast phenotype or trigger malignant

change.

The epigenetic changes in reactive tumour-associated stroma are less controversial.
Discrete areas of DNA hypermethylation in the context of global hypomethalation, has
been identified in a number of tumour types.*** % In prostate cancer for example, the
glutathione S-transferate P1 (GTSP1) gene promoter is methylated in >90% of tumours.
In a study of laser-microdissected tissue from multiple locations within the prostate,
GTSP1 promoter methylation was consistently identified in malignant epithelial cells.
17
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Interestingly in cancer-associated stromal cells, methylation was also identified at some
but not all equivalent locations within the gland, suggesting that epigenetically distinct
clusters of otherwise histologically normal cells may exist within the tumour

microenvironment.4®

In breast cancer, comprehensive analysis of methylation profiles in epithelial and
myoepithelial cells and stromal fibroblasts isolated from normal breast tissue, ductal
carcinoma in situ and invasive breast carcinomas, demonstrated distinct epigenetic
changes in all three cell types.**’ In a further analysis of 143 human breast cancer
specimens, significant differences were identified in the methylation status of 5 genes in
laser microdissected stroma from HER-2/neu hormone receptor positive vs. negative
tumours. HER-2/neu receptor positive tumours have greater metastatic potential and are
less responsive to standard chemotherapy, and by implication, the authors of the study
suggested that altered methylation in stromal cells may contribute to this more
aggressive phenotype. However, no mechanistic evidence to support this position was

provided.'*®

These aberrant stromal methylation patterns may be driven by interaction with
transformed cancer epithelial cells. Tyan and colleagues demonstrated that normal-
tissue breast fibroblasts co-cultured with breast cancer cells acquired the ability to
induce enhanced epithelial invasion through upregulated ADAM metallopeptidase with
thrombospondin type 1 motif (ADAMTSL1) activity, linked to the progressive
methylation of the ADAMTS1 promoter associated histone H3K27.1%

Crucially however, there is also some evidence from animal models which suggests that
intrinsic disruption of epigenetic regulation in stromal cells, although rare, may be
sufficient to initiate de-novo tumourogenesis. Through expression of the gene High-
mobility group AT-hook 2 (Hmga2) in mesenchymal stromal cells, Zong and colleagues
were able to induce prostate intraepithelial neoplasia in adjacent normal prostate tissue
and even frank neoplasia in a paracrine wnt-dependent manner when Hgma2 and
androgen receptor (AR) were co-induced.™™® Hgma2 is potent epigenetic regulator

which binds AT-rich DNA and interacts with histone modifying enzymes.***

In summary, it is clear that epigenetic changes are a feature of tumour-associated

stromal cells; however the role this may play in the establishment of an abnormal
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tumour microenvironment, and the potential functional consequences in terms of

tumour initiation or progression, are yet to be uncovered.

1.2.3 Targeting the stroma: a promising therapeutic strategy

The tumour microenvironment has attracted particular attention in recent years as
recognition of its importance during disease progression has made the development of

stroma-targeted therapies an attractive prospect."* 3

CAFs are particularly promising in this respect, as they powerfully promote tumour
growth/invasion and angiogenesis through conserved intracellular signalling pathways
in @ manner which is not initiated by de novo mutations. This means they are likely to
respond consistently to a targeted treatment and are unlikely to escape drug capture or
develop resistance through genomic instability pathways. Furthermore, CAFs and
normal fibroblasts are distinguishable on physiological, genetic and epigenetic grounds,
which is a pre-requisite for selective therapeutic interventions; and because the tumour
stroma impedes effective anti-tumour immune surveillance,™™* synergistic targeting of
CAFs may prove an effective boost to both conventional treatment and newer

immunotherapy regimes.

Broadly speaking, 2 stroma-targeted therapeutic strategies have been explored, firstly;
inhibiting epithelial/stroma/ECM signalling, and secondly; modifying the stromal

immune response.

The best characterised inhibitor of stroma/epithelial signalling is bevacizumab, a
humanised recombinant IgG monoclonal antibody (mAb) that inhibits VEGF, produced
in part by activated stromal cells, from binding the tyrosine kinase (VEGFR) receptor.
Bevacizumab is the only agent which specifically targets the VEGF pathway, which is
approved for the treatment of CRC by the US Food and Drug Administration (FDA).**
Current use is restricted to metastatic disease, and as a first line therapy in conjunction
with irinitecan, flurouracil and leucovorin, administration of bevacizumab was
associated with 10.6 months progression-free survival compared with 6.2 months in

bevacizumab naive patients (p<0.001).”

De Wever and colleagues demonstrated that myofibroblast derived conditioned medium

(CM) stimulated c-Met/Rac mediated CRC cell invasion in a SF/HGF dependent
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manner.’®® To achieve this they used NK4, a competitive antagonist for HGF-met
association composed of NHj-terminal hairpin domain and 4 kringle domains of the
HGF a-chain. Subsequently, ectopic NK4 expression, induced in MC-38 CRC cells was
shown to reduce liver metastases to 27% of the control value and reduce intracapsular
invasion in nude mice models.**® An alternative approach, using mice bearing
intracranial glioma xenografts, demonstrated reduced angiogenesis and dramatic tumour
regression associated with systemic administration of anti-HGF monoclonal antibodies
(mAb).™" However, rilotumumab, a fully human monoclonal antibody against HGF
developed subsequently, was not associated with significant anti-tumour activity in

human subjects with high grade recurrent glioblastoma.'*®

A number of targeted therapies have been developed predicated on the principle that

malignant invasion can be prevented by inhibiting degradation of the ECM.

MMPs are a family of zinc dependent enzymes, produced by CAFs, which sit at the
heart of a network of tumour promoting pathways and play a pivotal role in disease
progression by promoting ECM remodelling, angiogenesis and altered cell-cell and cell-
ECM interaction.™® However, despite showing initial promise, the use of synthetic

MMP inhibitors in human trials has proven disappointing.**

Urokinase plasminogen activator (UPA) is mainly expressed by tumour-associated
stromal cells including CAFs, and converts plasminogen to plasmin, which degrades a
number of ECM proteins, most notably collagen V. A6 is an 8 amino-acid inhibitory
peptide which interferes with uPA activity and has anti-invasive and anti-angiogenic

161 A limited phase Il human trial which administered subcutaneous A6 to

properties.
women in remission from ovarian cancer in response to an asymptomatic rise in CA125,
demonstrated a statistically significant delay in the time to clinical progression, however
subject numbers were small (placebo, n=12; low-dose, n=8; high-dose, n=4)**? and A6

has not penetrated further into clinical practice.

Fibroblast activation protein (FAP) is an inducible cell surface glycoprotein, which
supports ECM remodelling through type | collagenase activity, integrin engagement and
induction of MMP2 activity.'®® *** Inhibition of FAP by the mAb sibrotozumab showed
limited efficacy in early trials and no overall benefit in phase Il trials for metastatic

CRC.1 1% However, FAP remains a potentially useful stromal target because it is
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expressed in a highly selective manner by CAFs and there is evidence to suggest that
specifically targeting the proteolytic activity of FAP may prove a more effective
strategy.*®”’

FAP+ve stromal cells may have a broader influence as they inappropriately suppress the
immune response to tumour cells mediated by interferon-y and tissue necrosis factor-
o.'®® Furthermore, evidence suggests that the tumour-associated stroma may impede
effective immune surveillance by acting as a barrier to antigen presentation and immune
recognition by T-cells.*® In a key experiment, cancer cells escaped destruction by
adoptively transferred effector T-cells if antigen-loaded cells within the stroma were not

d.170 169

also targeted and destroye As the stroma significantly enhances tumourogenicity,

targeted destruction by immunotherapy, may also become an effective anti-cancer tool.
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1.3 MicroRNA

The traditional model of carcinogenesis in which genetic and epigenetic transcriptional
aberrations drive malignant transformation, has been revised following the discovery of
novel microRNA (miRNA) dependent mechanisms acting at the level of

oncogene/tumour-suppressor gene translation.

1.3.1 MicroRNA overview

MiRNAs are a class of highly conserved, non-coding 18-25 nucleotide RNA molecules
which provide widespread expressional control through translational repression of
MRNA.

Until the true nature of miRNAs was uncovered, these small but abundant molecules
were dismissed as ‘junk’ RNA, however in 1993 the perception changed when Lee and

colleagues'™

recognised that lin-4, a gene which did not encode protein but was
essential for the normal development of the nematode Caenorhabditis elegans,
negatively regulated LIN-14 protein expression instead. As lin-4 and the 3’untranslated
region (3’UTR) of lin-14 mRNA contained elements of sequence complementarity, they
suggested regulation occurred post-transcriptionally through antisense RNA-RNA
interactions.

Since then, over 25,000 miRNAs in 193 species have been identified, experimentally
validated and registered in the miRBase database.”* *"* Each is assigned a unique name
following a standard nomenclature consisting of 3 components: (1) A prefix which
denotes species such as ‘hsa-> for Homo sapiens; (2) mir or miR, denoting immature or
mature miRNA status respectively and; (3) a numerical suffix indicating the order of
discovery.™

MiRNA genes account for 2-5% of the human genome, and are commonly clustered
within the introns of protein coding genes.'” Bioinformatic studies estimate that each
mMIiRNA interacts with hundreds of mMRNA targets and as a consequence, the miRNome

may regulate more than 30% of all human genes.'"®*"

As well as regulating fundamental processes including cellular differentiation,
proliferation and apoptosis, miRNAs have been implicated in the pathogenesis of

numerous malignancies.'”® Growing numbers of oncogenes and tumour-suppressor
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genes are found to be under miRNA control*®

and more than 50% of miRNA genes
appear to be located at fragile sites or within genomic regions frequently altered in
cancer cells.'®" Furthermore, miRNAs have promising clinical applications and form the

basis of emerging therapeutic, diagnostic and prognostic tools in cancer.*®% 33

1.3.2 MicroRNA biology and function

Primary miRNA transcripts (pri-miRNAS) are transcribed by RNA polymerase Il. Many
mMiRNAs are encoded within introns of protein-coding genes, but have distinct
transcriptional start sites, whereas others share the promoter sequence of their hosts.'®*
18 MIiRNA in close proximity to one another may be co-transcribed, with regulation of

individual miRNAs within a cluster occurring at the post-transcriptional level. %

Pri-miRNAs which are typically >1kb in length are processed into 70-nucleotide stem-
loop structures called pre-miRNAs by the ribonuclease Drosha, which is contained with
multiple co-factors within a ‘microprocessor’ complex.'®” Pre-miRNAs are transported

from the nucleus by the RAN GTP-dependent transporter exportin 5,

and undergo
further processing by the cytoplasmic endonuclease enzyme Dicer to form mature, 18-
25 nucleotide miRNAs.*® One strand of mature miRNA associates with Argonaut 2
(Ago) and TNRC proteins, becomes incorporated into the RNA-induced silencing
complex (RISC)'® and through partial sequence complementarity interacts with the
3’UTR of target mMRNAs to bring about translational repression or mRNA degradation,
in a manner comparable to exogenous short interfering RNAs (SiRNA):**! % MiRNAs
bind their target mMRNA through Watson-Crick base pairing between their 2" and 8"

178

nucleotides at the 5’ end (the so called ‘seed-sequence’).””® When it occurs, extensive

pairing complementarity may induce heavy mRNA suppression via Ago dependent
catalysis, however this may not be the dominant mechanism of action of miRNAs.** In
fact, more profound biological consequences may arise through incomplete seed-
binding, disrupting the initiation of translation of potentially hundreds of mRNAs
simultaneously.’> % As a consequence, miRNAs may reduce target protein expression

without necessarily impacting significantly on the abundance of associated mMRNA.

Interestingly, some studies have identified that miRNAs may also target the 5’UTR of

protein coding genes to induce translational activation not repression, potentially

24



Introduction

revealing a further layer of complexity with miRNA mediated regulatory apparatus.'®®
196
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Figure 1.4 MicroRNA biogenesis and mechanism of action

Primary miRNA transcripts are converted to 70-nucleotide stem-loop structures called pre—
miRNAs by the ribonuclease ‘Drosha’. Pre-miRNAs are exported from the nucleus and further
processed in the cytoplasm by the endonuclease enzyme ‘Dicer’ to form 18-22 nucleotide
mature miRNAs. These mature sequences are incorporated into the RNA-induced silencing
complex (RISC) to be presented to and bind with complementary mRNAs. Perfect miRNA-mRNA
sequence complientarity induces mRNA cleavage, whereas imperfect binding inhibits mRNA

translation. Adapted from: Aslam et al., 2009 **

1.3.3 MicroRNA and carcinogenesis

MiRNAs exert a pathogenic effect during carcinogenesis through targeted interactions
with tumour-suppressor gene or oncogene encoding mMRNA. Deregulated miRNA

expression is a consistent feature of malignant transformation, however having
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identified miRNAs with putative pathogenic roles in cancer, very few studies go onto
characterise the genetic or epigenetic defects which may have set these events in motion
and as a result the molecular mechanisms underlying miRNA deregulation in cancer are
relatively poorly understood.

Notwithstanding, the question of whether mutations in miRNA encoding genes trigger
malignant transformation remains an important one, not only because the key to
developing targeted therapies lies in a deeper understanding of molecular pathogenesis,
but also because distinguishing between a causal or supporting role for individually
deregulated miRNAs helps to prioritise relevance within the context of complex
synchronous tumour-promoting biological events.

In cancer, miRNAs may be aberrantly induced or supressed. MiRNA gene silencing
through genomic instability pathways has been documented, but generally in solid organ
tumours, miRNA expression is upregulated due to transcriptional activation or
amplification of miRNA encoding genes. 8" 183 198,199, 200

In one study, miRNA genes in human cancer specimens were analysed by array-based
genomic hybridisation methods, revealing that a high proportion exhibit DNA copy
number increases, ranging from 37.1% in ovarian cancer to 85.9% in malignant
melanoma specimens.?®* Another study identified a high frequency of miRNA genes in
cancer-associated genomic regions including fragile sites and common breakpoint
regions.’%

However direct evidence that mutations in miRNA encoding genes may translate into a
malignant phenotype was lacking until 2005 when Carlo Croce and colleagues
published a study in the New England Journal of Medicine in which the genomic
sequence of 42 miRNAs in chronic lymphocytic leukaemia (CLL) specimens were
profiled, revealing germ-line or somatic mutations in 11/75 CLL patients compared with
0/160 normal controls.*®® The group went on to look at the miR-15/16-1 cluster
specifically because it resides at 13q14.3, a location frequently deleted in CLL.?** MiR-
15a and miR-16, downregulated in the majority of CLL specimens were shown to target
the mRNA of anti-apoptotic protein BCL2, which is over-expressed in the malignant B
cells of CLL. Furthermore, restoration of miR-15a/16-1 induced apoptosis in MEG-01
megakaryocytic leukaemia cells, data which when considered together, supports an
inherited or somatically acquired oncogenic mechanism resulting from the loss of

tumour suppressing miRNA genes.?%
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Epigenetic mechanisms including aberrant CpG islands hypermethylation and histone
modifications have also emerged as important regulators of miRNA expression. In an
integrated review of 45 articles describing epigenetically regulated miRNAs in cancer,
human oncogenic miRNAs (oncomiRs) showed an order of magnitude higher
methylation frequency (11.6%; 122/1048 known miRNAs) compared to protein coding
genes. Nearly half (45%; 55/122) of epigenetically regulated miRNAs were associated
with multiple cancer types. The other 55% (67/122 miRNAs) were epigenetically
regulated in a single cancer type raising the possibility of using miRNA gene-associated
methylation profiles as cancer-specific biomarkers.?®

In recent years a third possible mechanism of miRNA deregulation in cancer has been
described, which involves mutations within the genes encoding molecular components
of the miRNA processing machinery.”®” ?® In an examination of high MSI CRC
specimens, 27% harboured mutations in one or more of the genes encoding the RISC
complex constituent proteins AGO1, AGO2, TNRC6A, TARBP2 and TNRC6C and the
nuclear exporter gene EXPORTINS. Loss of Ago2 and TNRCG6A expression was
described in 35% and 54% of CRC specimens respectively; suggesting frameshift
mutations in MiRNA regulation-related genes may also contribute to mMIRNA

deregulation and tumourogenesis in a subset of CRC patients.?*

1.3.4 MicroRNA and colorectal cancer pathogenesis

In CRC, aberrantly expressed miRNAs derail a number of cellular signal transduction
and cell survival pathways including the Wnt/p-catenin pathway, EGFR pathway, and
p53 function, tying miRNA biology to known mutational events in the classical
adenoma-carcinoma sequence of malignant transformation and potentially to each of the
hallmarks of cancer.'®?

Further evidence that miRNAs play roles in the sequential molecular events which lead
to CRC comes from a microarray based profiling study of 866 miRNAs in 69 colorectal
specimens, which revealed 2 overarching but distinct patterns of differential miRNA
expression during the transition of normal mucosa to adenoma and through to
adenocarcinoma. The largest miRNA grouping (n=108) were altered during the earliest
step from normal mucosa to lesions displaying low grade dysplasia, of which 36

remained differentially expressed throughout the entire sequence to adenocarcinoma.
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The second group consisted of 96 miRNAs which were altered only in highly dysplastic

adenomas and adenocarcinoma or in adenocarcinoma alone.?*

1.3.4.1 WNT pathway activation

A number of approaches have been employed to investigate the potential pathogenic
roles of miRNAs during WNT signalling.

In an early study, a GFP sensory vector containing the 3’'UTR of the APC gene was
used to interrogate a miRNA library for potential regulatory interactions. MiR-135a+b
both targeted APC and induced upregulated activity in the wnt/pB-catenin cascade.
Crucially, miR-135 was found to be increased in human CRC tissue compared with
normal colon epithelium and in vivo expression correlated inversely with APC
mRNA.*

A key activity downstream of APC regulatory suppression is the formation of bi-partite
B-catenin/TCF complexes which recruit co-regulatory molecules to activate or supress
the expression of numerous target genes. Schepeler et al.,?*? used an inducible CRC cell
system to identify miRNAs deregulated in the context of disrupted TCF/B-catenin
coupling. Their most important finding was that miR-30, miR-139, miR-145 and miR-
126 were significantly induced, and this led to inhibited growth in functional cell assays
and widespread changes in protein expression. Furthermore, elements responsive to
TCF/B-catenin control were downregulated in CRC compared with paired normal tissue
suggesting the pathogenic consequences of constitutive wnt/-catenin activation in vivo,
may in part be mediated by miRNAs. **?

The transcription factor C-MYC also lies downstream of TGF/B-catenin control and
positively regulates the oncogenic miR-17-92 miRNA cluster. Except for miR-18a all
members of this miRNA family are upregulated during the transition from adenoma to
CRC, through gene copy number increase and enhanced c-myc expression.?*?

In contrast YY1 (Yin Yang 1) regulates upstream elements of this cascade including
wnt and B-catenin. Crucially, the 3’'UTR of YY1 is targeted directly by miR-7, and
over-expression of miR-7 leads to supressed proliferation and increased apoptosis in
CRC cell lines. The role of miR-7 as a tumour suppressor was characterised by Zhang et
al., who also identified downregulated expression of the gene in human CRC specimens

compared with paired normal colonic tissue, and in various CRC cell lines.?**
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1.3.4.2 EGFR signalling activation

EGFR, consisting of an extracellular ligand-binging domain and an intracellular domain
with tyrosine kinase activity, regulates two important intracellular signalling pathways
(KRAS/BRAF/ERK and PI3K/AKT) responsible for cancer cell proliferation, survival,
invasion and metastasis.**

EGFR activation suppresses expression of miR-143 and miR-145 in HCT-116 CRC
cells.”*® MiR-143 and miR-145 act as tumour suppressor genes, and are generally
downregulated in CRC. Along with let-7 they negatively regulate KRAS.?" 28 |n
contrast, activation of KRAS in a CRC cell model induced a host of miRNAs with
oncogenic potential, including miR-181, miR-200c and miR-210.%*°

BRAF, MEK and ERK are also induced by KRAS, and similarly co-regulated by the
tumour suppressor miR-143.22" #° |n addition, BRAF and MEK are targeted by miR-

145, and ERK by miR-129 which are significantly downregulated in CRC. 2" ?#

As discussed previously, aberrant PI3K signalling is a common feature of CRC. A
specific mutation identified in a sub-set of patients in the 3’'UTR of PIK3CA gene itself,
is associated with decreased binding affinity for miR-520a and miR-525, resulting in
amplified PI3K signalling and enhanced tumour growth in vitro.??* Furthermore, the
PIK3CD subunit of PI3K is a direct target of miR-30a, a miRNA downregulated in
CRC specimens with lymph node metastasis compared with non-metastatic CRC
specimens.??® In a study by Zhong et al., CRC cell lines recruited from metastatic tissue
(SW620s) demonstrated lower levels of miR-30a expression than cells originating from
primary tumour tissue (SW480s). Furthermore, miR-30a upregulation significantly
reduced the capacity of SW620 cells to migrate and invade in transwell assays, just as
capacity was enhanced by miR-30a suppression in SW480 cells.??

AKT and mTOR activity is induced by canonical PI3K signalling, and both elements
are co-regulated by miRNAs which are corrupted in CRC. The 3’'UTR of mTOR for
example, has 2 binding sites for miR-144, a tumour suppressor gene which when found
in low abundance in primary CRC tissue, is associated with increased liver metastasis
and significantly impaired prognosis.?** Similarly, AKT2 is targeted by miR-203, a
miRNA frequently suppressed in CRC, which correlates inversely with tumour size and

TNM stage in vivo.??* %
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Other upstream regulators and downstream effectors of PI3K signalling are equally
enmeshed in regulatory miRNA networks.

PTEN and PDCD4 are key tumour suppressors in CRC and they are regulated by
perhaps the most thoroughly investigated oncomiR in the literature; miR-21. PTEN
regulates cell-cell interactions and the migratory potential of CRC cells in vitro and
their metastatic potential when injected into the tail-veins of mice.??” MiR-21 induces
cell proliferation and invasion by directly targeting the 3’UTR of PTEN mRNA,
subjecting it to regulatory suppression and consequently activating AKT signalling.??®
22 Similarly, the PDCD4 3’UTR has an evolutionary conserved target sequence for
miR-21and the expression of miR-21 and PDCD4 is inversely correlated in CRC tissue
in vivo.?*

Recently, a further family of tumour suppressor genes have been identified as miRNA
targets in CRC. Forkhead box O (FOXO) proteins are transcription factors characterised
by the presence of ‘Forkhead-box’ DNA binding domains.”** Phosphorylation by AKT
inhibits FOXO transcriptional functions contributing to cell survival, proliferation and
growth, and aberrant activation of the PI3BK/AKT pathway of which FOXO sub-family
member FOXO3 is an important component, drives CRC pathogenesis.?*?2*

MiR-153 is significantly upregulated in CRC specimens compared with paired ‘normal’
colonic epithelium, and expression further increases with progressive tumour stage.
miR-153 mediates chemoresistance to cisplatin in CRC cells though a direct effect on
FOXO3 expression and crucially, FOXO3 and miR-153 expression are inversely
correlated in vivo in human CRC specimens.?*

FOXO3 phosphorylation is also mediated through the tumour suppressors PHLPP1 and
PHLPP2 (PH domain leucine-rich-repeats protein phosphatase 1 + 2) which antagonise
PI3K/AKT signalling.?*® Another strongly upregulated miRNA in CRC compared with
paired normal tissue, is miR-224 which directly targets PHLPP1+2, and drives CRC cell

proliferation both in vitro and in sub-cutaneous xenograft mouse models.?’

1.3.4.3 TGFp response inactivation

MiR-224 is increasingly recognised as an important player during CRC pathogenesis.
Identified in an early microarray profiling study amongst the most upregulated miRNAs
in human CRC,*® miR-224 is associated with impaired clinical outcomes and an
increasingly malignant cellular phenotype.”®® An important target of miR-224 is
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SMAD4, a central mediator of the TGFP pathway, suggesting that miR-224
upregulation in CRC may attenuate the early protective transcriptional response of
TGFB signalling.% 24

In a further attempt to dissect the pathogenic impact in CRC of miRNAs relevant to
TGFp signalling, Lui and colleagues examined the miR-130ac/301ab/454/721cluster of
genes which share an identical SMAD4 3’UTR seed binding sequence. Their analysis
identified upregulated expression of this miRNA family in primary CRC specimens and
furthermore they demonstrated an enhanced proliferative capacity associated with
ectopic expression in multiple CRC cell lines. They did not however, clearly establish
that this effect was mediated through SMAD4 suppression.?*

The TGFp receptor 2 (TGFBR2) is directly targeted by miR-21, further emphasising the

breadth of influence of this important oncomiR.?*?

TGFPBR2 is well known as a tumour
suppressor and somatic mutations within this gene, present in around 30% of cases, are
recognised to increase significantly the risk of CRC development.***#*? Intriguingly, Yu
et al., suggested that miR-21 dependent downregulation of TGFBR2 may result in the
expression of ‘stem-like’ cellular properties, which may be one mechanism through
which CRC cells achieve their metastatic potential.®** However, the importance of
miRNAs during CRC progression, including the role of cancer stem-cells, forms the

subject of a later section and will not be discussed in greater detail here.

1.3.4.4 p53 function

The p53 gene sits at the centre of a complex signalling network involved in maintaining
genomic stability and preventing tumour formation. Recently it has emerged that
miRNAs are an integral component and during malignant transformation, deregulated
mMiRNA expression may corrupt this essential tumour suppressive molecular apparatus.

For example in CRC cells, direct negative regulation is achieved by miR-504 at 2 sites
within the 3’UTR of p53. Furthermore, ectopic miR-504 expression has been shown to
both reduce p53 mediated cell cycle arrest in HCT116 cells in vitro and promote tumour
proliferation in vivo. However, the authors of this study failed to quantify miR-504
expression in human CRC tissue and thus, the pathological relevance of their findings is

not clear.?**

31



Introduction

Perhaps the best characterised miRNA-p53 interaction is with the conserved miR-34a-c
family, which was identified by comparing miRNA expression in p53 wild-type and
mutated HCT116 CRC cells following exposure to DNA damaging agents.
Upregulation of miR-34a in particular promoted cellular apoptosis and impacted
powerfully on the expression of a host of genes involved in cell-cycle regulation. 2*
Thus, miR-34a appears to cooperate with and be induced by the tumour suppressor p53,
leading to the downstream suppression of numerous target genes include CDK4/6,
BCL2 and SIRT1.2**® Crucially, downregulated expression of miR-34a is frequently
identified in human CRC specimens.?*®

Recently in CRC a number of other miRNAs have been implicated in p53 dependent
cell cycle arrest in vitro including miR-16 and miR-192.*% %! Their proposed
involvement during VVogelstein’s adenoma-carcinoma sequence is summarised in figure
1.5.
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Figure 1.5 Proposed involvement of microRNAs during Volgenstein’s

adenoma-to-carcinoma sequence

MiRNAs are implicated at each stage of Volgenstein’s adenoma-to-carcinoma
sequence. CTGF, connective tissue growth factor; TSP1, thrombospondin; YY1, Yin
Yang 1; MEK, Mitogen activated protein kinase; mTOR, mammalian target of
rapamycin; PTEN, Phosphate and tensin homolog; FOXO3, Forkhead box 03; PDCD4,
programmed cell death 4; SIRT1, sirtuin 1; CDK4/6 cyclin-dependent kinase 4/6;

BCL2, B-cell lymphoma 2.

Although an increasingly detailed impression is emerging of the complex web of
interaction between deregulated miRNAs and the intracellular signalling cascades
which trigger malignant transformation in CRC, comparatively little is known about the
role of miRNAs during disease progression. Relevant areas of research regarding the
impact of miRNAs during the metastatic cascade, with an emphasis on CRC, are

outlined in the following section.
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1.3.5 MicroRNA and cancer progression

MiRNAs have established roles in cancer pathogenesis. Deregulation of miRNAs in
malignancy has profound consequences as individual miRNAs target multiple genes and
are capable of inducing broad downstream and feedback effects simultaneously in

numerous fundamental genetic programmes.

MiRNA regulation also extends to some of the key processes in metastasis
development. A fuller dissection of these processes will undoubtedly lead to a deeper
understanding of the nature of disease progression and the requirements for successful

metastasis, and in doing so, trigger innovations in the treatment of metastatic disease.

In this section, the focus is on miRNA families with critical roles in the initiation of the

metastatic cascade.
1.3.5.1 Epithelial to Mesenchymal transition

Epithelial to mesenchymal transition (EMT) is a programme of gene expression
responsible for gastrulation and neural crest cell migration during embryogenesis.
Recently, this paradigm has been extended to include cancer progression as this critical
phenotypic change may explain how during the course of malignant transformation,
polarised epithelial cells, bound firmly to the basement membrane and to one other,
assume mesenchymal characteristics such as enhanced motility, invasiveness, and

resistance to apoptosis.*

EMT is activated by various signalling pathways including TGFf, Notch, and the wnt
cascade which converge at the level of key transcription factors ZEB, SNAIL and
TWIST, repressing the expression of epithelium-specific genes such as E-cadherin and
upregulating expression of mesenchymal genes such as vimentin.”>® Several miRNAs
are crucial regulators in this process, actively influencing the balance between EMT and

the reverse process termed mesenchymal to epithelial transition (MET).?>*

One such miRNA is miR-9, which promotes breast cancer progression by sensitising
malignant cells to EMT inducing signals. Over-expressed in primary breast cancer
tissue compared with normal breast epithelium, mir-9 targets CDH-1 mRNA, which
encodes E-cadherin, and is itself a transcriptional target of the MYC/MYCN

oncogenes.”® As a further consequence of E-cadherin downregulation, miR-9 may
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enhance pro-metastatic intracellular signalling cascades by releasing [-catenin,
sequestered at the cytoplasmic membrane, making it available for nuclear
translocation.?®® E-cadherin expression is reduced by 70% in response to ectopic miR-9
expression, and this corresponds to a reciprocal increase in the expression of vimentin.
The functional result of this is a 3-5 fold increase in cellular invasiveness and motility in

vitro, and enhanced angiogenesis and micrometastasis formation in vivo.>®

MIiR-155 is overexpressed in numerous malignancies and promotes EMT by disrupting
tight junction formation and enhancing cell migration and invasion. Mir-155 is under
direct transcriptional control by the TGFp signalling pathway,?”’ which has emerged as
the key regulatory mechanism of EMT.®® MiR-155 induces EMT by targeting RhoA
GTPase and restoration of RhoA using an expression vector cloned without its 3’'UTR

eliminates this transformation.?®’

Perhaps the most powerful downstream mediators of TGFp dependent EMT activation
are the zinc finger E-box-binding homeobox transcription factors ZEB 1 and 2.°® ZEB
has been shown to promote metastases in mouse xenograft models and has been

implicated in the progression of several human cancers including breast and colon.?*® %°

Studies of EMT activation have demonstrated a crucial functional link between ZEB 1
and 2 and the miR-200 family of miRNAs.?®* The miR-200 family consists of 5
members arranged as 2 clusters, 200a/200b/429 and 200c/141.%* Forced overexpression
of miR-200c in in vitro cell models promotes an epithelial phenotype and upregulation
of E-cadherin, and is sufficient to prevent TGF-B dependent EMT induction.?®* 2%
Furthermore, overexpression in mesenchymal cells can induce MET.?®* MiR-200
specifically targets and downregulates ZEB expression.?®*?** Importantly however, the
common miR-200 family promoter region also contains highly conserved ZEB binding
sites through which ZEB 1 and 2 exert reciprocal control on miR-200 transcription.?®
266 Based on this evidence, it has been postulated that miR-200 and the ZEB family of
transcription factors are involved in a double negative feedback loop which acts to

stabilise cellular differentiation in response to prevailing extracellular cues.?®*

The implications of this are potentially profound and may help explain a central
dilemma in our understanding of the metastatic cascade: miR-200 expression is lost in

invasive breast cancer cell lines which have a mesenchymal phenotype®®* and yet miR-
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200 expression is also associated with increased metastatic potential and suppression of
Sec23a, a regulator of metastasis-suppressive proteins.?®” #® This apparent paradox
helps to illustrate that mechanistically, in order for malignant cells to metastasise, they
must be capable of expressing both mesenchymal and epithelial characteristics; at times
the capacity for enhanced motility, invasiveness and resistance to apoptosis required for
dissemination and at other times the capacity for colonisation and proliferation in order
to establish histologically identifiable metastases at distant locations. The ZEB/miR-200
feedback loop may be one mechanism through which this reversible phenotypic switch
is achieved, implying that on a molecular level the metastatic programme is dynamic
and that tumour cell plasticity in the face of changing environmental cues is a

prerequisite for tumour progression.?®*

miR-200 :
miR-21 Increased
. > | TIAM1 invasion/motility

(via ZEB)

Increased

Activation of the invasion/motility

TGFp signalling
cascade

—— miR-29a—— TTP
Enhanced

metastasis

Increased
invasion/motility

miR-135—— RhoA
Deregulation
of polarity

Figure 1.6 MicroRNAs implicated in the TGF EMT pathway

TGF}J; derived from tumour-associated stroma is the dominant EMT trigger. Profiling
studies have uncovered a number of miRNAs, implicated in tumour progression, with
important roles in TGFf dependent EMT. TIAM1, T-lymphoma invasion and metastasis
1; TTP, tristetraproline; RhoA, RhoA GTPase. From: Bullock et al., 2012.%%°
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1.3.5.2 Stemness

Another important concept, linked to EMT is that of cancer stem cells; de-differentiated
cells derived from primary tumours that have acquired the capacity for self-renewal and
are capable of dissemination and micrometastasis formation. Mani et al.,>”® using
mammary epithelium, demonstrated that EMT activation by ectopic SNAIL or TWIST
transcription factor expression produces cells with stem-like antigenic signatures
(specifically high CD44 and low CD24 surface expression) and behavioural properties,
and furthermore, that naturally occurring neoplastic human mammary stem-like cells
co-express markers of EMT.?® This important observation supports the view that early
in the metastatic programme, a subpopulation of malignant epithelial cells undertake a
de-differentiation step which confers the capacity for both self-renewal, and
disassociation from their sister cells. MiRNA profiling of hepatoblastomas, embryonic
neoplasms derived from liver progenitor cells, revealed a pattern of miRNA expression
resembling that of embryonic stem cells, including over-expression of the miR-371-3

cluster, which has been shown to play a critical role in stem cells renewal > 2"

There is also evidence to suggest that the ZEB/miR-200 feedback loop plays a role in
promoting stemness: Stem-like cells from both normal and malignant mammary tissue
under-express miR-200, resulting in the upregulation of the Stem-cell factor BMI-1, (a
negative regulator of apoptosis, senescence and differentiation pathways). Furthermore,

overexpression of miR-200c reduces both clonogenic and tumour initiation capacity.?”

A deeper understanding of the mechanistic link between EMT and stemness remains
elusive. However, recent miRNA profiling studies have revealed a number of important
insights: The let-7 family of miRNAs control the expression of multiple stem cell
characteristics and are markedly downregulated in breast cancer stem cells.?™
Furthermore, the maturation of primary Let-7 miRNA transcripts is blocked by the stem
cell marker Lin28B.?" Recently, in cultured prostate cancer cells, which have
undergone EMT in response to PDGF treatment, miR-200b and ¢ have been shown to
target Lin28B such that down-regulation of miR-200 during EMT is matched by a

reciprocal rise in Lin28B expression.

In contrast, Lin28B knock-down using siRNAs leads to strong let-7 induction which in

turn, inhibits the capacity for self-renewal of Prostate cancer cells.
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Together, these data provide evidence for the first time, of a possible molecular

mechanism through which EMT and the stem cell phenotype may be co-induced.*’®

An upstream role for p53 in this process has also been described. Loss of p53 function
has profound oncogenic consequences reflecting its pleotropic regulatory activity in
fundamental cellular programs including cell cycle progression, apoptosis and DNA
repair.?’’ Several groups have shown that ectopic p53 expression leads to upregulation
of numerous miRNAs including miR-200 and miR-192 family members.?’® 2’® Chang et
al.,?”® further demonstrated that miR-200c is a direct transcriptional target of p53 and
that in mammary epithelial tissue p53 dependent miR-200c induction is mirrored by
suppression of important EMT and stem-cell markers including BMI-1 and ZEB.
Inhibition of Wild-Type (WT) p53 expression in MCF12A, ‘normal’ epithelial breast
cells using siRNA or TGF-p treatment promotes EMT and a stem-like phenotype, a
process which can be reversed by ectopic expression of miR-200c.

A crucial relationship has therefore been established between the loss of p53 function,
one of the most important genetic alterations in human cancer, EMT, and the concept of

cancer stem cells.?®°

38



Introduction

p53

N

miR-200 — BMI1 (promotes stemness)
Notch pathway
(Jag1/Maml2/Maml3)

SIRT1 ———— E-Cadherin (promotes MET)

Lin28B — Let-7 (stemness suppressor)

Figure 1.7 The ZEB/microRNA-200 feedback loop

The ZEB/microRNA-200 feedback loop regulates EMT and stemness. The ZEB family of
transcription factors are the most powerful downstream mediators of TGFf dependent
EMT activation. ZEB and the miR-200 family are involved in a double feedback loop
that stabilises differentiation along the EMT-MET axis in response to extracellular
cues. This key regulatory mechanism allows cancer cells to transit between epithelial
and mesenchymal differentiation states and links EMT with the concept of ‘stemness’.
Jagl, Jagged 1; Maml, Mastermind-like co-factor; SIRT1, silent information regulator
1; BMI1, B-lymphoma Mo-MLV insertion region 1 homolog. From: Bullock et al.,
2012.%%°

1.3.5.3 Extracellular matrix remodelling

In order for malignant cells to invade the stroma in the earliest stages of the metastatic
programme, remodelling of the ECM is required. Broadly speaking three enzymatic
groups, involved in ECM remodelling are known to be under miRNA control.

MMPs

Matrix-metalloproteinases (MMPs) are an important family of enzymes, active at the
cancer-stroma interface, and involved in ECM remodelling and degradation of the
basement membrane (BM). Several miRNAs target MMPs directly, including miR-146b
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which inhibits breast cancer metastasis by silencing MMP16, and miR-222 which exerts
an anti-metastatic influence by directly targeting MMP1 in oral squamous cell

carcinomas (SCCs).?®

In CRC specifically, overexpression of miR-153 led to increased invasiveness in vitro in

various cell lines, by indirectly inducing MMP9 activity.?*

MMP inhibitors

RECK (reversion-inducing cysteine rich protein with Kazal motifs) is a membrane
anchored glycoprotein and TIMP3 (tissue inhibitor of metalloproteinase) a secreted
inhibitor of MMPs, both of which act as tumour suppressors in solid organ

malignancies.?®* 2%

In Glioma models, miR-21 activates MMPs by suppressing TIMP3 and RECK
expression. Conversely, the experimental down-regulation of miR-21 results in elevated
RECK and TIMP3 mRNA and protein levels, which in turn decreases MMP activity in
vivo and in vitro, leading to reduced cellular motility and invasiveness. In addition, the
3’UTRs of both RECK and TIMP3 mRNA contain putative miR-21 binding sites,
although it is possible that only RECK is targeted directly.?®* Recently, the interaction
between TIMP3 and miR-21 has been shown to be clinically relevant in other

malignancies including cholangiocarcinoma and hepatocellular carcinoma.?®®

Mir-21 negatively regulates RECK in cooperation with at least two other families of
MIRNA: miR-15b/16 and miR-372/373. MiR-373 expression correlates with increased
metastasis and invasion in breast cancer, and in metastatic SW620 colon cancer cells,
miR-372/373 is upregulated by the EMT inducing transcription factor TWIST.?*

Urokinase plasminogen activator

u-PA has emerged as an important regulator of breast cancer metastasis. UPA is a serine
protease which catalyses the conversion of inactive zymogen plasminogen into the
broad acting enzyme Plasmin. Plasmin, in turn, activates various enzymes involved in
ECM remodelling including MMPs.

MiR-193b directly targets uPA mRNA.?®’ Clinically its expression inversely correlates

with both metastasis-free survival and overall survival in breast cancer patients and the
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effect of ectopic miR-193b expression is to decrease the migratory capacity and
invasiveness of breast cancer cells in vitro. MiR-193b is under-expressed in the highly
metastatic MDA-MB-231-HM breast cancer cell line in comparison with parental cells,
consistent with xenograft metastasis models in which forced over-expression of miR-

281

193b inhibits the development of pulmonary metastases.””" uPA is also targeted by miR-

23b which in vitro, suppresses the migratory capacity of hepatocellular carcinoma

cells.?®

1.3.5.4 Chemotherapy resistance

Anti-cancer drug resistance is a major clinical challenge which impedes treatment and
worsens prognosis. Increasingly, as drug resistance pathways are described, it is

apparent that miRNA deregulation plays a significant role in this process.?*

Multidrug resistance genes encode proteins which are characterised by similar trans-
membrane domains capable of blocking harmful drugs or expelling them from the

cell >

In breast cancer, miR-451 and miR-298 regulate the multidrug resistance gene 1 (mdr-
1) which is likely to be a crucial factor in doxorubicin resistance.*

In CRC, upregulation of miR-153 in cell lines promotes chemoresistance to platinum-
based agents through downregulated expression of the transcription factor FOXO03, an

effect which is abrogated in the presence of ectopic FOXO3 induction.”®®

A similar regulatory pattern has emerging across a spectrum of other malignancies
including glioblastoma, ovarian, prostate and intestinal cancers, reaffirming the
importance of miRNAs in malignant progression, and highlighting a pro-metastatic

mechanism potentially targetable by drugs.”*%%
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1.3.6 MicroRNA, the cancer-associated stroma, and tumour

progression

As discussed previously, an important feature of metastatic progression is the role
played by the tumour microenvironment and the promotion of tumour growth, invasion
and angiogenesis by cancer-associated fibroblasts.!®” 1®® This dynamic and reciprocal
interaction between stromal and malignant epithelial cells has a profound impact on
tumour progression in vivo and as stromal cells are less likely to acquire de-novo
mutations, evade capture or develop drug resistance, the development of targeted
therapies based on improved molecular characterisation of CRC stroma is an attractive
prospect.’® %2 153 MiRNAs are strongly implicated in the pathogenesis of numerous
malignancies and hold promise as therapeutic targets as they regulate fundamental
intracellular processes and are deregulated, often in a tissue and tumour specific

manner, in all cancer types examined to date.*’® 182

Although the role of miRNAs in promoting progression in malignant epithelial cells is
becoming increasingly clear, very little is understood about their potential roles within

cancer-associated stroma.

Nishida et al.,** compared miRNA expression patterns between LMD CRC stroma and
normal colonic stroma and revealed that 2 important oncogenic clusters (miR-17-92a
and miR-106b-25) were upregulated in cancer. Bioinformatic analysis highlighted a
number of putative mRNA targets, but crucially, these data were not supported by
detailed mechanistic or functional studies necessary to assign pathogenic significance to
individual miRNAs in this context. However, one notable miRNA; miR-21,
overexpressed 3.9 fold in CRC stroma compared with normal stroma, has been
validated to some extent in other studies.*®’?* Nielsen and colleagues suggested that
miR-21 overexpression is exclusively a stromal phenomenon in CRC and breast cancer
and that stromal miR-21 expression has prognostic relevance in stage Il CRC;**® and
Yao et al., demonstrated that miR-21 is upregulated during TGFf dependent fibroblast-
to-myofibroblast transdifferentiation and that downregulation of miR-21 with specific

anti-sense inhibitors prevents transdifferentiation of fibroblasts in response to TGFp.?*

Other data also supports a role for miRNAs in the control of fibroblast differentiation
and phenotype:**® 3 For example, Bronisz and colleagues powerfully demonstrated
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that downregulation of miR-320 in mammary stromal fibroblasts activates a pro-
oncogenic secretome capable of reprograming the tumour microenvironment to support

tumour invasion and angiogenesis.*®

Furthermore, comparative miRNA analysis of CAFs isolated from endometrial and
ovarian tumours and matched normal fibroblasts identified consistent miR-31
downregulation in cancer.3****? Subsequently, ectopic miR-31 expression was shown to
impair significantly the ability of CAFs to stimulate tumour cell migration and invasion

by targeting and downregulating homeobox-gene SATB expression.**

In a similar study in breast cancer, miR-31 and miR-221 upregulation in CAFs was
accompanied by downregulated expression of eight further miRNA candidates
including miR-200 family members and let-7, involved in cell differentiation, migration

and secretory functions.*®

These findings again emphasise the significance of tumour-stroma interactions and
suggest miRNAs which regulate CAF phenotype, are important regulators of pro-
invasive tumour cell functions. They also reflect a growing interest in cell-cell
communication roles in cancer mediated by miRNAs. Exosomes for example, which are
30-100nm secreted vesicles which form from cell membrane invaginations, are capable
of delivering proteins, lipids and nucleic acids between cells or into the extracellular

space, in a targeted manner.>*

Accumulated evidence suggests that miRNAs in cancer
exosomes are an important component of tumour-stroma cross talk promoting tumour-
potentiating effects both in malignant epithelial cells and cancer associated stromal
cells.®® Exosome derived RNA molecules also provide valuable prognostic and
diagnostic information in cancer and it appears that exosome driven tumour growth is

potentially targetable by drugs.3®

Furthermore, it has also emerged that exosomal miRNAs originating from the stroma
mediate tumour-potentiating activities>*” *°® however, the role of key stromal cell types

such as fibroblasts has not yet been explored in detail.
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1.3.7 Clinical applications of microRNAs

The importance of the miRNome during tumourogenesis is reflected in the abundance
of research seeking to translate novel insight in miRNA pathobiology into clinically
useful applications.

Early emphasis was placed on the diagnostic and prognostic potential of miRNA
profiling but, more recently hopes have been raised that miRNA based approaches
might also be adapted for therapeutic purposes, either through manipulation of tumour-

relevant miRNAs or the use of synthetic miRNAs to silence oncogenes in vivo.

1.3.7.1 MicroRNAs as diagnostic tools

The unique pattern of deregulated miRNA expression in individual tumour types may
be utilised to improve diagnostic accuracy in challenging clinical scenarios for example,

distinguishing malignant from chronic inflammatory change in the pancreas:

In an analysis of 65 pancreatic duct adenocarcinomas and 42 cases of chronic
pancreatitis, deregulated expression of 22 miRNAs successfully separated benign and

malignant disease with 93% accuracy.®

A similar study reported accuracy of 90% in
classifying over 400 tumour samples of 22 tissue types based on the expression of 48

miRNAs 3

MiIRNA profiling has also proven useful in identifying, in the absence of recognisable
histological features, the tissue of origin of poorly differentiated tumours. In one study,
a MiRNA expression signature consisting of 217 miRNAs successfully classified 12/17
poorly differentiated tumours compared with only 1/17 cases using an equivalent
mRNA profile.'®? The superior performance of miRNAs in this context may be because
miRNAs, which control whole programs of gene expression, are fewer in number and
less heterogeneously expressed in cancer than mRNA or; that miRNA transcripts are
less prone to degradation because they are considerably shorter and fold into stable

stem-loop structures.

In CRC, profiling has been used to compare miRNA expression in primary tumours and
normal tissue; tumours of progressive pathological stage; primary tumours and paired
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liver metastases; CRC-associated stroma and malignant epithelium; and the serum,
plasma, lymph nodes and even stool of CRC patients and matched, healthy control

SUbjeCtS.183' 235, 311-314

Bandres and colleagues were amongst the first to compare miRNA in CRC and adjacent
non-neoplastic tissue using high sensitivity real-time PCR techniques. They examined
the expression of 156 mature miRNAs and identified 13 that were significantly
deregulated in cancer, including miR-31, the expression of which also correlated

positively with disease stage.*"

Subsequently, it has emerged that high levels of miRNA also circulate in the plasma of
cancer patients and that miRNA profiles generated from serum are reproducible and
reliable.®*® In one study, 69 miRNAs were differentially expressed in the serum of CRC
patients compared with normal control subjects; however all but 14 miRNAs were
similarly corrupted in lung cancer, raising doubts as to the signature-uniqueness of
serum miRNA expression profiles in different cancer types.*” Furthermore, as
individual biomarkers in early studies, serum miRNAs achieved diagnostic sensitivity
and specificity values of only 65%-84%, and 41%-89% respectively, which is

insufficient for the purpose of tumour screening.***%°

However, two recent developments have re-ignited interest in blood-based miRNA-
predicated diagnostic tools. In a study of 282 patients, a group at Baylor University
Medical Centre examining serum miR-21 expression in isolation, were in-fact able to
distinguish very effectively between ‘normal’ healthy subjects and matched patients
with CRC (ROC AUC=0.919; 95%CI=0.867-0.958) or colonic adenomatous disease
(ROC AUC=0.813; 95%CI1=0.691-0.910).* Furthermore, it has emerged that blood-
borne miRNAs are transported predominantly in exosomes rather than circulating freely
in serum, and that isolating the exosome fraction prior to profiling, may significantly

enhance sensitivity and specificity of miRNA detection.*?!

The molecular profiling of faeces in CRC is another recent development, but once
again, the instability of mMRNAs in this context means they are of limited clinical use.*??
In contrast, miRNAs extracted from cells which have exfoliated into the gastrointestinal
tract can be isolated from stool and profiled in a robust and reproducible manner.®®

Notwithstanding, miR-21 and miR-92a, which are both overexpressed in CRC and
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abundantly present in stool, are also inadequate as stand-alone tests for the purpose of

cancer screening.**?

However, when considered together, these promising preliminary data show that stool
and plasma based molecular markers have significant diagnostic potential in CRC. In
future, they may even form the basis of a non-invasive adjuvant screening tool, however
reservations regarding sensitivity and specificity suggest they are most likely to be used
in combination with other clinical tools as part of a broader, integrated screening

platform.

1.3.7.2 MicroRNAs as prognostic tools

Surgery is the standard treatment for the majority of patients with CRC. The
discretionary use of other treatment modalities such as adjuvant or neo-adjuvant
chemotherapy and radiotherapy depends on the perceived risk of tumour recurrence
based on the analysis of histopathological and radiological parameters including tumour
stage and differentiation status; tumour margin and lymphovascular involvement; and
clinical parameters including tumour perforation, and patient performance status.*?
However, there is increasing evidence that a more refined approach tailored to the
individual and based on the distinct molecular profile of each tumour may improve

prognostic accuracy and outcome.*?

A number of miRNAs have shown promise as prognostic biomarkers in CRC,
predicting with varying accuracy, disease stage, response to therapy, overall survival,
disease free survival, progression free survival and the presence or absence of lymph

node (LN) metastases (summarised in Table 1.1).

The ability to detect occult LN metastases would be particularly valuable as it presents
the opportunity of identifying high risk patients early and of optimising their
treatment.**® 3?7 |n a limited study of just 6 CRC patients with (n=3) and without (n=3)
LN metastases, miRNA expression profiling was conducted on uninvolved tissue close
to the tumour site. Two mMIRNAs (miR-129 and miR-137) were significantly
differentially expressed in the LN positive group compared with the LN negative group.

Although low patient numbers and sub-optimal study design limit the impact of the
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data, the study supports the use of miRNA based molecular profiling to assist

identification of high risk patients.*?®

Molecular profiling may also be useful to deliver adjuvant therapies in a more tailored
and specific manner. As discussed previously, the KRAS mutation strongly predicts
resistance to cetuximab mAb therapy in metastatic CRC.*** MiRNAs let-7b, let-7e and
miR-17 expression may be similarly used to identify patients who are likely to be

responders or non-responders during the treatment planning phase.*% 3

Thus a deeper understanding of the molecular characteristics of cancer may also enable
more accurate prediction of a patient’s response to treatment. Svoboda and colleagues
biopsied rectal cancers in situ prior to and during combined pre-operative capecitabine
and radiation therapy, and found that miR-137 expression, upregulated in 26/31 cases
correlated positively with increasing tumour regression grade (TRG); a measure of

positive response to treatment in rectal cancer.**

On a related theme, treatment of CRC cells with 5 fluorouracil (5-FU), part of most
CRC chemotherapy regimens produced significant alterations in miRNA expression in

vitro, including upregulated miR-21 expression.>*

MiR-21 has increasingly well validated prognostic value in CRC. For example, in one
study, stromal miR-21 expression, quantified using a highly sensitive ISH technique,
predicted reduced disease free survival and overall survival independently of other

clinical parameters in stage 11 (LN negative) disease.?*®

In this study, the authors were addressing an area of urgent clinical need as disease
recurrence remains a substantial problem in stage I/l CRC. Currently, 20-25% of
patients following surgery with curative intent develop metastases within 5 years.?
There is strong evidence to support the routine use of adjuvant chemotherapy in stage
Il (LN positive) disease however, in stage Il CRC there is no evidence of benefit for
the group as a whole and treatment is recommended only for those judged to be at high
risk based on loosely defined clinical and pathological parameters.®® Hence, a
significant minority of patients with stage Il CRC are sub-optimally managed. A
molecular staging approach enabling early identification of these patients would create
the opportunity to offer some patients targeted chemotherapy as appropriate, whilst
avoiding overtreatment in other cases.
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Table 1.1
Study Technique | Comparison | Samples (n) MiRNAs Prognostic
deregulated implications
Michael et Cloning Tumour vs. 25 MiR-143, 145
al. 2003%* normal downregulated
Xietal. Real time Tumour vs. 48 miR-15b, 181b, | Elevated miR-200c
2006%% gRT-PCR normal 191, 200c associated with short
upregulated survival
Bandres et | Real time Tumour vs. 24 miR-133b, 145 Elevated miR-31
al. 2006*® | gRT-PCR normal downregulated. correlates with
miR- 31, 96, 135b, | increasing tumour
183 upregulated stage
Voliniaet | Microarray | Tumour vs. 55 miR-9-3
al. 2006°® normal downregulated.
miR-10a, 17-5p,
20a, 21, 24-1, miR-
24-2, 29b, 30c, 32,
1064, 107, 126,
128b, 150, 155,
191, 203, 213,
miR-221, 223
upregulated
Nakajima et| Real time Tumour vs. 42 Let-7g, miR-181b,
al. 2006 | gRT-PCR normal m200c upregulated
Slaby etal. | Real time Tumour vs. 35 miR-143, 145 Elevated miR-21
2007%% gRT-PCR normal downregulated. | correlates with stage,
MiR-21, 31 LN status and distant
upregulated metastasis
Lanza et al. | Microarray | MSS vs. MSI- 39 miR-17-5-p, 20,
2007%% H 25, 92, 93-1,
106aupregulated
Schetter et | Microarray | Tumour vs. Test: 84 | miR-20a, 21, 106a, | Elevated miR-21
al. 2008°" normal o 181b, 203 correlates with
Val Tf;'on' upregulated increasing tumour

stage and poor
survival
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Monzo etal.| Real time Tumour vs. 46 28 miRNAs
20083 gRT-PCR normal deregulated in stage
| disease; 64
miRNAs deregulated
in stage Il disease
Schepeler et | Microarray | Tumor vs. 59 miR-20a, 92, 510 | Elevated expression
al. 2008 normal; MSS downregulated. of miR-320 and
vs. MSI miR- 26b, 30b, miR-498 correlates
101, 145, 455, 484 | with longer DFS in
upregulated. stage Il MSS
Diaz et al. Real time Tumour vs. 220 miR-17-5p, 106a, Supressed
2008%* gRT-PCR normal 126 downregulated | expression of miR-
106a predicts shorter
DFS and OS
Wangetal. | Real-time Tumour vs. 196 miR-145, 143 Elevated miR-31
20093 gRT-PCR normal downregulated. correlates with
miR-31 advanced stage and
upregulated deeper invasion
Motoyama | Microarray | Tumour vs. Test: 8 miR-143, 145
et al. and qRT- normal downregulated.
2009%® PCR Validation: | ip 17.55 183,
138 20a, 31, 92, 183
upregulated
Huang et al. | Microarray | Stage Il vs. |6 (all normal| miR-129, 137
2009 Stage Ill CRC| tissue upregulated in
samples stage 11
around CRC
Baffaetal. | Microarray | Tumour vs. 20 miR-17, 20, 25,
2009 paired LN 106a, 204
metastasis downregulated in
LN. let-7e, miR-
21, 99b, 106b,
125b, 127-3p, 132,
138, 199b, 342,
409-3p, 449a, 491-
3p, 518-3p, 671
upregulated.
Ng et al. Real-time | CRC plasma Test: 10 miR-17-3p, 92 miR-92 elevated in
20098 gRT-PCR | vs. normal upregulated plasma of CRC
Validation:
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plasma 90 patients. First
potential blood
bourn marker
identified.
Arndtetal. | Microarray | Tumour vs. 49 miR-1, 10b, 30a, | miR-31 and miR-7
2009%* normal 30c, 125a, 133a, upregulated and
139, 143, 145, 195, | miR-99b, 378, 133a
387,422, 497 and 125a
downregulated. downregulated in
miR-17-5p, 18a, | late stage (I11/1C) vs.
19, 20a, 21, 25, early stage (I/11)
29a, 31, 344, 93, disease.
95, 96, 106a, 130b,
105b, 181b, 182,
183, 203, 224
upregulated
Sarver etal. | Microarray | Tumour vs. 108 miR-1, 9, 10b, 20b,
2009%*° normal; MSS 30a, 1333, 137,
vs. MSI 138, 139, 147, 328,
363. 375, 378, 486,
497,511, 551b,
642, 650
downregulated.
miR-17-3p, 29, 31,
32, 33, 96, 135D,
182, 183, 188, 224,
503, 552, 542, 584
upregulated
Shibuya et | Real-time Tumour vs. | 156 paired miR-21, 155 Elevated miR-21
al. 2010*° | gRT-PCR normal samples upregulated expression
associated with
increasing T-stage,
Venous invasion,
liver metastasis,
decreased DFS and
(O
Wang et al. | Microarray | Tumour (LN —| 6 paired miR-378
2010% ve) vs. normal | samples downregulated.

miR-18, 19a, 20a,
106b, 135b, 196b,
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224, 301b, 335,
374,424
upregulated

Wangetal | Microarray | LMD tumour 18 miR-20a, 21, 106a, | First documented
2010%® epithelium vs. 181b upregulated | use of LMD paired
adenoma and with miRNA
normal screening
Earle et al. Real-time Tumour vs. 55 paired Let-7a, miR-16,
2010%° gRT-PCR normal samples | 26b, 143, 145, 192,
191, 1964, 215
downregulated.
miR-17, 31, 20, 25,
92, 93, 133b, 135a,
183, 203, 223
upregulated
Huang etal. | Real-time | CRC plasma Test: 40 miR-29a, 92
2010%° gRT-PCR | vs. normal o upregualted
plasma Validation:
119
Kuldaetal. | Real-time | Tumourand | 46 CRC vs. miR-143 Elevated miR-21
2010%° gRT-PCR liver 30 liver mets| downregulated. and miR-143
metastasis Vvs. miR-21 (paradoxically)
normal tissue upregulated in liver | associated with short
metastasis and DFS
normal tissue
Pu et al. Real-time | CRC plasma 140 miR-221 Elevated miR-221
2010%% gRT-PCR | vs. normal upregulated associated with poor
plasma 0S
Akcakaya P | Real-time |Shortvs. Long 50 miR-133b Elevated miR-185
et al. gRT-PCR survivors downregulated. | and supressed miR-
2011%* miR-185 133b correlate with
upregulated poor survival and
increased metastasis
Chengetal. | Real-time | CRC plasma | Test: 102 miR-21, 92, 141 Elevated miR-141
2011%2 gRT-PCR | vs. normal o upregulated correlates with
plasma Vallcljgtlon. advanced stage and

predicts poor
survival
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Karaayvaz | Real-time | Tumour vs. 34 pairs miR-192, 215 Elevated miR-215
et al. gRT-PCR normal downregulated (paradoxically)
2011%3 associated with poor
survival
Nielsen et In-Situ Stage Il CRC 197 Stromal miR-21 Elevated stromal
al. 2011?%® | Hybridisatio upregulated miR-21 associated
n with poor DFS
Ma et al. Real-time Tumour vs. Test: 239 miR-150 Supressed miR-150
2012%* gRT-PCR | adenoma and o downregulated | associated with poor
and In-situ normal Validation: | 4,ring adenoma to survival and
hybridisatio 185 carcinoma response to therapy
n sequence
Pichleretal.| Real-time | Tumour vs. 77 pairs miR-143 Supressed miR-143
2012%° gRT-PCR normal downregulated expression
associated with poor
CSS
Vickerset | Real-time Early stage 34 miR-206 First published use
al. 2012*° | gRT-PCR |CRC with and downregulated. | of a multi-candidate
without miR-21, 135a, 355 | miRNA prognostic
subsequent upregulated platform
metastasis
Wang etal. | Reak-time | Tumour vs. 85 pairs miR-15, 16, 195 miR-195 predicts
2012%7 gRT-PCR normal downregulated. LN status and is
miR-424 associated with poor
upregulated overall survival
Weissmann- | Microarrays | Early stage 110 miR-29a Elevated miR-29a
Brenner et CRC with and downregulated in expression
al. 2012%*® without metastatic group associated with
subsequent longer DFS
metastasis
Yu etal. Real-time Tumour vs. 48 pairs miR-17-92 cluster | Elevated miR-17
2012%° gRT-PCR normal upregulated associated with poor
survival
Bovell etal. | Real-time Tumour vs. 345 sub- | miR-20a, 21, 106a, | miR-21, miR-181b
2013 gRT-PCR normal divided by 181b, 203 and miR-203
ethnicity upregulated associated with poor
outcome
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Liu et al. Real-time | Tumour vs. 148 pairs miR-182 Elevated miR-182
2013%* gRT-PCR normal upregulated associated with
presence of LN and
distant metastasis
and poor survival
Liu et al. Real-time CRC serum 330 miR-21, 92a Elevated serum
2013%2 gRT-PCR | vs. adenoma upregulated miR-92a associated
and normal with poor survival
serum
Lou etal. Real-time | Tumour vs. 96 pairs miR-625 Supressed miR-625
2013%3 gRT-PCR normal downregulated | expression correlates
with LN and distant
metastasis and poor
survival
Toiyama et | Real-time | CRC plasma Test: 24 miR-21 Elevated serum
al. 2013*** | gRT-PCR | vs. normal o upregulated miR-21 correlates
plasma Validation: with tumour size,
239 metastatic status and
poor survival
Wang etal. | Real-time Tumour vs. 96 pairs miR-124 Supressed miR-124
2013% gRT-PCR normal downregulated expression
associated with poor
DFS and OS
Zhang etal. | Real-time Tumour vs. 100 miR-153 Elevated miR-153
2013%° gRT-PCR normal upregulated expression
associated with poor
DFS
Zhang et al. | Microarray | Stage Il CRC | Test: 40 | miR-21, 20a, 103a, | Utility of multi-
2013%° vs. normal o 106b, 143 and 215 | candidate miRNA
Validation: deregulated prognostic platform
136 and 460 in CRC
Zhou etal. | Real-time | Tumour vs. 82 pairs miR-92a Elevated miR-92a
2013%° gRT-PCR normal upregulated associated with poor

overall survival
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Oue et al.
2014°%

Real-time
qRT PCR

Early vs. late
stage CRC

Test: 156

Validation:

145

miR-21
upregulated

Elevated miR-21
associated with poor
prognostic and
therapeutic
outcomes. Robust
miR-21 expression
from FFPE tissue

Toiyama et
al. 2014

Real-time
qRT-PCR

CRC plasma
vs. normal
plasma

Test: 12

Validation:

206

miR-200c
upregulated

Elevated serum
miR-200c associated
with LN and distant
metastasis and poor
prognosis. miR-200c

predictive of LN
metastasis and
recurrent disease

Table 1.1 Summary of miRNA expression profiling studies and their

prognostic significance in CRC

1.3.7.3 MicroRNAs and therapy

The development of miRNA based therapies follows on from a decade of research
exploring the therapeutic potential of short interfering RNA (siRNA) molecules. The
advantage of miRNA over siRNA-based therapeutic agents is two-fold, firstly; miRNAs
target putative disease effectors and as such directly influence pathobiology and
secondly; miRNAs regulate whole programs of gene expression and may impact

powerfully on multiple upstream and downstream target genes simultaneously.*** 3"

In fact, the first study to demonstrate that mutations in miRNA encoding genes are
sufficient to initiate carcinogenesis also introduced the concept of miRNA based
therapy, as Croce and colleagues induced apoptosis in leukaemic MEGO1cells, by
correcting deficient miR-15a/16-1 expression in vitro.”®> ** Conversely, miR-21 was
identified in early studies as a candidate miRNA which when antagonised in cancer

cells in vivo, produced pro-apoptotic, anti-proliferative effects.*"?

However, despite the innate potential of mMiRNA based therapies, they are yet to emerge
in the clinical setting because achieving stable and safe drug delivery is proving a major

challenge.®”® Unconjugated therapeutic miRNAs which are around 7-20kDa, are rapidly
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filtered by the kidney and excreted. Furthermore, circulating phagocytes effectively

isolate and remove exogenous RNA from the bloodstream. 3"

Two potential solutions to this problem are being examined. The first involves
chemically modifying oligonucleotides to provide resistance from endonuclease
degradation making them stable enough to be administered systemically.®” 3® The
second involves conjugation with delivery proteins or complexing therapeutic miRNAs

with lipids.>""3"

The most advanced miRNA-based therapy developed to date, anti-miR-122, is a
synthetic RNA analogue with a fructose ring backbone known as a locked nucleic acid
(LNA).

Anti-miR-122 LNA, was designed specifically to produce anti-sense inhibition of miR-
122, which is expressed in the liver and is essential for hepatitis C virus (HCV)
accumulation in liver cells. In the first in vivo demonstration of the power of miRNA
based therapy in primates, intravenous administration of anti-miR-122 LNA in
chronically infected Chimpanzees, resulted in sustained reductions in HCV viremia and
significant improvements in HCV-induced liver pathology.*®

In this case, drug delivery was tissue-specific because the pathogen itself (HCV) targets

the liver. Similar techniques may not therefore work as effectively in cancer.

In 2010 Davis and colleagues at the California Institute of Technology tried to address
this issue by examining an alternative drug delivery mechanism. Their group undertook
human clinical trials of a targeted nanoparticle delivery system administered
intravenously to patients with malignant melanoma. The nanoparticle consisted of a
linear cyclodextrin-based polymer, a human transferrin (TF) protein to engage with TF
receptors on the surface of cancer cells, a hydrophilic polymer to promote stability and a
miRNA designed to reduce the expression of ribonucleotide reductase (RRM2), an
established anti-cancer target. Following treatment, biopsied melanoma tissue was
analysed, revealing intra-cellularly localised nanoparticles in dose dependent quantities;
a reduction of RRM2 protein and mRNA compared to pre-treatment levels; and the

381

presence of specific mMRNA cleavage products. These data suggest that tissue-

specific, targeted gene silencing can be achieved in humans using a systemically
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administered synthetic miRNA based agent; and that drug stability and targeted action
can be achieved through parallel developments in nano-particle and miRNA technology.
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1.4 The principles of experimental miRNA analysis

Interest in MiIRNA pathobiology has increased exponentially with the realisation that
deregulated miRNAs play important gene regulatory roles in cancer and that miRNA

expression profiles have valuable clinical applications.

The aim of the following section is to describe the principles of miRNA expression
analysis and how data generated may be applied to enhance understanding of tumour
biology and uncover novel miRNA based biomarkers in cancer.

1.4.1 MicroRNA expression profiling

MiIRNAs represent just 0.01% of total RNA content; miRNAs within a family may
differ from one-another by as little as one nucleotide and the sequence length of
individual mature miRNA molecules may vary due to post-transcriptional 3’'UTR

sequence modifications;*®

all of which presents a considerable challenge for the
accurate identification and quantitation of mMiRNAs within biological samples.
Nevertheless, three major methodologies, used alone or in combination, have evolved.
These are: high-throughput miRNA-hybridisation microarrays; next generation RNA

sequencing techniques and quantitative reverse transcription PCR (QRT-PCR).

MicroRNA micro-arrays are an established high-throughput platform capable of
screening many thousands of miRNAs simultaneously and at low cost. Typically,
miRNAs are enzymatically conjugated with a fluorophore and hybridised to an array of
captured DNA-based probes which is then washed, removing unbound miRNAs and
analysed. Typically, miRNA microarrays are useful for biomarker profile studies but
not for absolute miRNA quantitation. Furthermore, relatively low specificity requires
expression of individual miRNAs to be confirmed using more accurate quantitative

techniques before proceeding with functional or mechanistic studies.

Next generation RNA sequencing is the second major approach for miRNA expression
profiling and involves the simultaneous sequencing of a small cDNA library created
from the total RNA of the sample of interest, and a parallel library consisting of millions
of individual cDNA molecules. The advantage of RNA sequencing techniques is their

capacity to identify novel miRNAs not previously sequenced, and distinguish between
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very similar miRNAs. However, they cannot be used for absolute miRNA quantitation.
gRT-PCR, consists of a reverse transcription step which converts miRNA to cDNA,
followed by a PCR step in which the accumulation of reaction product is quantified in
real time. Highly sensitive gRT-PCR assays (eg Tagman®) which use specific miRNA
primers in both forward and reverse PCR reactions are frequently used to validate
expression of individual miRNAs identified by high-throughput methodologies.
However, gRT-PCR can be adapted to screen many hundreds of miRNAs
simultaneously on customisable medium through-put plates or microfluidic cards, using
cDNA generated by reverse transcription from a universal miRNA 3’ poly(A) tag

sequence.

1.4.2 MicroRNA expression profiling - technical

considerations

Conventional miRNA expression profiling studies using whole tumour samples do not
differentiate between mMIRNAs deregulated in malignant epithelium and cancer-
associated stroma and ignore potentially crucial biological distinctions between a

tumour and its microenvironment.

Laser microdissection (LMD) enables the separation of tumour tissue into component
sections which subsequently undergo analysis in order to produce distinct stromal and
epithelial miRNA profiles. This approach has been used in a wide variety of solid organ
tumours.?®® 38 384 Nishida and colleagues were the first to publish stromal miRNA
profiles in CRC however, their study design was suboptimal. In their 2011 study, the
group identified deregulated miRNAs in 13 LMD CRC specimens by conducting
comparative analysis with 4 normal colorectal tissue samples, rather than using paired
normal tissue which may have reduced error from inter-patient variability. Furthermore,
they only commented on miRNAs upregulated in the malignant state and ignored
downregulated miRNAs which are potentially of equal importance and; having used
miRNA microarrays in the first instance, the group failed to validate their data using

more sensitive and specific techniques such as Tagman® qRT-PCR.*® As a
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consequence, the identity and biological significance of deregulated stromal miRNAs

during CRC pathogenesis and progression remains largely unknown.

Historically, a second important technical consideration concerns the method of
preservation of tumour specimens, and whether this affects the quality of RNA, or the
reliability of miRNA profiles extracted. In particular it was felt that in contrast to cell
lines and fresh frozen tumour tissues which yield high quality RNA, miRNAs would
degrade rapidly in formalin in a similar fashion to mRNAs. However, it is now clear
that reliable miRNA profiles can also be generated from archived FFPE specimens: For
example, a comparison between snap frozen and formalin fixed tumour cell lines
revealed 66% of miRNAs (n=154) examined were less than 1-fold differentially
expressed between groups; and 95% were less than 2-fold differentially expressed.*®®
Other studies highlight very little degradation in the quality of miRNA profiles
extracted from archived FFPE tumour tissue over 10 years and that miRNA stability is

independent of formalin fixation time.**® %’

1.4.3 MicroRNA expression profiling - picking ‘winners’

Profiling studies which use high-throughput methodology may identify hundreds or
even thousands of candidate miRNAs deregulated in the malignant state. In order to
prioritise the most promising miRNAs it is necessary to identify which are likely to
mediate significant biological functions before detailed and time consuming

mechanistic studies are considered.

This challenge has traditionally been met using computer-based bioinformatic
algorithms such as PicTar and TargetScan which correlate binding domains within
miRNA 3’UTRs with putative mRNA target binding domains.®® However, as
functional mRNA regulation requires as few as 6 nucleotides of miRNA/mMRNA seed
sequence complementarity®® this approach has 2 significant drawbacks. Firstly;
bioinformatic programs are likely to predict very large numbers of putative mRNA
targets without providing any sense of priority or context and secondly; different
algorithms produce divergent results and high false positive rates.**®

DAVID (Database for Annotation, Visualisation and Integrated Discovery) functional

annotation bioinformatics was devised to address the first issue; it is a method of
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contextualising the potential pathogenic impact of diverse mRNAs by assigning
function to clusters of related genes, highlighting enriched biological themes and
facilitating identification of putative cancer-relevant target pathways.**® Despite this, the
shortcomings of bioinformatics more generally have invited new innovations which

enable identification of MiIRNA-mRNA interactions in a more specific manner.

HITS-CLIP uses ultra-violet radiation to covalently crosslink RNA molecules with
proteins, which after purification by immunoprecipitation and partial RNA digestion
permits high-throughput sequencing of miRNA-mRNA couplets in vivo, at their point
of interaction with Ago proteins within the RISC complex.**

Although this technique has not completely supplanted in silico methodologies,
identifying only mRNAs which are directly bound to miRNA has the potential to
significantly reduce false-positive predictions and enhance the speed and efficiency with

which miRNA profiling data is prioritised.

A further innovation has been the development of a quantitative proteomic approach to

miRNA target prediction, % 3%

which has the advantage of detecting miRNA mediated
changes in gene expression at the protein rather than mRNA level. A recent study, in
which miR-320 was shown to be co-supressed with PTEN in murine mammary
fibroblasts, used proteomic mass-spectrometry to identify 51 proteins differentially
expressed in conditioned media from pten-null fibroblasts compared with pten-null
fibroblasts in which miR-320 had been ectopically expressed. Reintroduction of miR-
320 inhibited the secretion of a cluster of pro-oncogenic factors including ECM
remodelling enzymes MMP2 and MMP9, establishing a PTEN-miR-320 dependent pro-

oncognenic axis in murine mammary tumour stroma.*®

This approach further reduces the rate of false positive prediction however; the
disadvantage is that indirect downstream molecular events are highlighted as well as
alterations in directly targeted genes. This illustrates a common point relevant to all
miRNA target prediction techniques; that although they streamline research by
prioritising mMiRNAs with presumed biological relevance, more detailed mechanistic and
functional studies are always required to develop true understanding of the pathogenic
relevance of individual miRNAs.
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1.5 Summary and Hypothesis

MiRNAs are a class of small highly conserved non-coding RNAs that provide
widespread expressional control through translational repression of mMRNA. MiRNAs
have fundamental roles in regulation of intracellular processes and are increasingly
recognised to play a key role during malignant transformation. Deregulated miRNAs are
strongly implicated in the initiation of human carcinogenesis, and a growing number of

oncogenes and tumour suppressor genes are subject to miRNA regulation.*®

The vast majority of deaths from cancer are not, however, caused by primary tumours,
which are often resectable, but by metastatic disease, to which the most troublesome
and intractable symptoms can be attributed and to which most patients eventually
succumb. Metastasis is a complex multi-step process during which certain cells acquire
the capacity to break free from their sister cells, invade the extracellular matrix and
basement membrane, intravasate into the circulation, evade immune detection and
eventually extravasate and propagate at distant sites, establishing viable secondary
tumour deposits in other organ systems.”® The biological make-up of these malignant
cells has been informed recently by advances in our understanding of miRNAs, and has

altered the conventional narrative of metastasis development.

Furthermore, miRNA profiling is able to distinguish tumours of different developmental
origins and has potentially powerful applications as a prognostic and diagnostic tool in
CRC 177,393

A further theme in recent years has been the critical role of the cancer
microenvironment and the dynamic interactions between cancer and stromal cells in
promoting invasion and progression. In the malignant state, the stroma is phenotypically
distinctive and termed “activated stroma’ to reflect this. Key cellular components of this
stroma are myofibroblasts, a heterogeneous population of cells derived from fibroblast
progenitors which provide permissive signals to the malignant epithelium.”® Although
recent studies have shown that deregulated miRNA expression in myofibroblasts
provides clinically relevant prognostic information in stage Il CRC, little is known

about the biology of stromal miRNAs during cancer progression.
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Based on the observations detailed above, the following hypothesis was formulated:

e Stromal and epithelial miRNA expression patterns (individually or communally)

have important consequences for CRC progression and metastasis
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1.6 Objectives

To test my hypothesis, my project will address the following objectives:

1.

63

Identify and validate candidate miRNAs differentially expressed in the stroma and
epithelium of different stage clinically relevant CRC samples, with emphasis
placed on the comparison of stage Il CRC specimens with and without subsequent

metastatic progression.

Determine biological consequences of deregulated miRNASs using in vitro
functional cell assays for disease progression and a 3-D CRC organotypic model to

facilitate better understanding of the complex tumour-stroma cross-talk.

Validate the functional impact of candidate miRNAs using a novel in vivo model of
CRC progression

Identify potential gene targets of candidate miRNAs in order to map the molecular

pathways which mediate their biological effects.

Establish the utility of miRNA expression profiling as a clinical prognostication
tool in CRC.
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1.7 Preliminary data from the group

Preliminary data from the host group provided an exceptional platform on which to base

this research.

Colleagues identified a panel of miRNAs deregulated in epithelial and stromal tumour
compartments of 10 CRC specimens compared with paired normal colonic tissue using
QuantimiR™ gRT-PCR arrays comprising 95 human miRNAs.?** Specimens consisted
of 5 stage I/l (non-metastatic) and 5 stage I11/IV (metastatic) CRCs as well as paired

sections of unaffected proximal colon >5cm from tumour (figure 1.8).

A B

Fold Change* Fold Change*
miR-224 +11.48 miR-19 a + b +3.4
miR-106a +7.61 miR-21 +2.6
miR-20a +6.89 miR-101-1 +2.4
miR-18a +5.44 miR-17-5p +1.8
miR-29a+b+c +5.40 miR-183 +1.8
miR-19a+b +3.79
miR-95 +3.49 miR-30a-3p -1.73
miR-23a +3.27 miR-26a -1.76
miR-200b +3.06 miR-215a -1.84
miR-24 +2.73 miR-132 -1.96
miR-92 +2.71 miR-204 -1.97
miR-106b +2.42 miR-195 -2.15
miR191 +2.25 miR-16 -2.20

miR-218 -2.26
miR-181c -3.30 miR-194 2.30
miR-132 -3.00 miR-192 -2.56
miR-181a -2.87 miR-150 -2.57
miR-134 -2.57 miR-9-1 -5.97
miR-135b -2.51 miR-215 -8.65

Figure 1.8 Preliminary miRNA profiling analysis ()

Differentially expressed miRNAs in (A) epithelium and (B) stroma of CRC specimens
compared with paired normal colonic tissue by QuantimiR™ miRNA microarray

analysis. *P<0.05.
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Using a complementary approach, colleagues also identified miRNAs differentially
expressed between paired non-metastatic (SW480) and metastatic (SW620) CRC cell
lines (figure 1.9).

A B
Fold Change* Fold Change*
miR-375 153.88 miR-518b 4.14
miR-192 55.39 miR-519a 4.34
miR-200a 53.12 miR-199a 4.53
miR-213 45.70 miR-520h 4.97
miR-194 34.27 miR-187 5.61
miR-429 24.32 miR-330 5.84
miR-200b 21.01 miR-520d 6.68
miR-181a 15.50 miR-527 6.97
miR-153 12.75 miR-498 7.40
miR-181b 9.50 miR-526¢ 9.55
miR-181d 9.08 miR-371 9.95
miR-308-3p 8.05 miR-193a 10.27
miR-215 7.82 miR-150 11.58
miR-148b 6.39 miR-515-30 13.51
miR-7 6.35 miR-146a 14.14
miR-542-3p 5.45 miR-512-5p 15.09
miR-17-3-p 5.38 miR-145 19.05
miR-92 5.30 miR-516-5p 20.24
miR-142-5p 5.27 miR-512-3p 27.12
miR-485-3p 4.76 miR-520a 30.84
miR-142-3p 452 miR-372 41.97
miR-186 4.40 miR-373 43.10
miR-452 4.24 miR-139 63.96
miR-517a 107.72
miR-517b 155.95

Figure 1.9 Preliminary miRNA profiling analysis (lI)

Significantly (A) upregulated and (B) downregulated miRNAs in metastatic SW620 CRC
cells compared with the paired non-metastatic SW480 CRC cells *P<0.05.

Profiling data was subsequently used in conjunction with bioinformatic analysis to
select 2 epithelial miRNA candidates for further study: miR-224, overexpressed in
tumour epithelium compared with normal tissue and miR-153; overexpressed in

metastatic CRC cells compared with paired non-metastatic cells.?*®

Expression of both epithelial miRNAs was confirmed in human CRC tissue using high-
sensitivity Tagman® gRT-PCR (figure 1.10).
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Figure 1.10 Preliminary miRNA profiling analysis (llI)

(A) MiR-153 expression in 23 normal colonic epithelial specimens compared with 60
CRC epithelial specimens by Tagman® gPCR from Zhang et al., 2013.*° (B) MiR-224

expression in 10 CRC epithelial specimens and paired normal colonic epithelial

specimens by Tagman® gPCR. Mean expression for the group is represented by a

horizontal bar. **P<0.005.
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2.1 Tissue culture

2.1.1 General principles

All tissue culture work was conducted in a laminar flow hood. Cells were grown in a
humidified environment at 37°C with 10% CO, (Heraeus HeraCell incubator, Thermo
Scientific). Reagents were stored at 4°C, except phosphate buffered saline (PBS), which

was stored at room temperature.

2.1.2 Cell lines

The following section contains details of all cell lines used in this study. Unless
otherwise stated, cell lines were purchased from American Type Culture Collections
(ATCC; Manasses, VA, USA).

Cell lines were regularly tested for mycoplasma contamination and only used if they
were mycoplasma free. Cells were cultured in Dulbecco’s Modified Eagle Medium
(DMEM; Lonza Group Ldt, Basel, Switzerland) supplemented with 10% foetal calf
serum v/v (FCS), 2mM L-glutamine (Sigma-Aldrich, St. Louis, MO, USA) and 1%
penicillin/streptomycin (Sigma-Aldrich, St. Louis, MO, USA). DMEM supplemented in
this way is referred to as ‘complete’ in the remainder of the text.

Sw480

SW480 is an immortalised human colon adenocarcinoma cell line derived from a grade

(11/IV) tumour in a 51 year old Caucasian male.**

SW620

SW620 is an immortalised human colon adenocarcinoma cell line derived from a lymph
node metastasis of a 51 year old Caucasian male.*** SW620s and SW480s are paired

metastatic and non-metastatic CRC cell lines isolated from the same patient.
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DLD1

DLD1 is an immortalised colon adenocarcinoma cell line with a strongly epithelial
morphology, recruited from a human adult male. DLD1 cells were a kind gift from Dr

A. Emre Sayan at the University of Southampton.**®
HCT116

HCT116 is an immortalised human colon adenocarcinoma cell line deficient for p300, a

transcriptional cofactor involved in multiple cellular processes.?®* 3%

AAC1/82

AAC1/82 human colon adenocarcinoma cells were a kind gift from Professor C.
Paraskeva at the University of Bristol.*®

HT?29

HT29 human colonic adenocarcinoma cells were isolated from a low grade (I) primary

tumour specimen from a 44 year old Caucasian male.*’

HFFF2

Human Foetal Foreskin Fibroblasts were derived from a 14-18 week old human

foetus.3%®
MRC5

MRCS5 Fibroblasts were originally established from normal lung tissue of a 14 week old
male foetus. MRC5 fibroblasts had been immortalised by ectopic expression of the
telomerase reverse transcriptase gene, in a manner which affects neither cell
morphology or growth characteristics.**® MRC5 fibroblasts were a kind gift from Dr
Jeremy Blaydes at the University of Southampton.

2.1.3 Primary colon fibroblasts

Primary colon fibroblast (PCF) cells were isolated from normal uninvolved human

colon tissue within resection specimens of patients undergoing surgery for CRC at
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University Hospital Southampton. Ethics committee and Trust R&D approval were

obtained and patient’s written informed consent was sought in each case.

Tissue specimens, transported from the operating theatre in 10ml PBS supplemented
with 100u/ml Penicillin (Lonza Biowhittaker™, Walkersville, MD, USA), 100ug/ml
Streptomycin (Lonza Biowhittaker™, Walkersville, MD, USA, and 0.25pg/ml
Fungizone® (Gibco®, Invitrogen, Carlsbad, CA, USA), were divided into 2 mm
sections, placed in the centre of a 10cm dish and washed 3 times with PBS/Pen-
Strep/Fungizone. With a sterile scalpel, a cross was drawn in the centre of the dish, to
encourage adherence by the tumour specimen. Specimens were cultured in 20% DMEM
supplemented with 20% FCS, 100u/ml Penicillin, 100ug/ml Streptomycin and 292ug/ml
L-Glutamine. Over the next 5 days the plates were not disturbed except to re-feed every
2 days. After 5-7 days, PCFs began to grow out from the edge of the tissue sections and
by 3-4 weeks they were present in sufficient numbers to transfer to a 25cm? tissue

culture flask in complete DMEM.

Cell cultures were maintained at 37°C in a humidified atmosphere of 5% CO..

2.1.4 Cell culture technique

Cells were grown as adherent monolayers in sterile culture flasks (Greiner Bio-One
Ltd., Gloucertershire, UK) in 5-10% CO, at 37°C. Confluent cells were sub-cultured
once, twice or three times per week at a ratio of 1:2-1:10. Briefly, media was removed
from the culture flask; cells were washed with PBS to remove residual serum; 4ml
Trypsin-Versene® (Lonza Biowhittaker™) was added and cells were returned to the
incubator until they had detached. Once cells had detached, trypsin was inactivated by
the addition of medium containing serum (complete DMEM) and appropriate aliquots
of cell suspensions were transferred to a new flask or were used in experimental
analysis. Complete DMEM was added to the remaining cells to achive a final volume of

20m| per 175cm?flask. Medium was changed twice each week.

2.1.5 Freezing cells for long term storage

Freezing media was prepared by adding 10% dimethyl sulphoxide (DMSO; Sigma-
Aldrich) to 90% FCS. Cells in a 175 cm? culture flask were trypsinised in the standard
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fashion (section 2.1.4). Half (v/v) were transferred to a 15ml sterile Falcon® tube
(Corning®, Tewksbury, MA, USA), counted and centrifuged at 1300 rpm (360g) for 3
minutes in a Sorvall® Legend RT (Thermo Scientific) bench-top centrifuge. Pelleted
cells were suspended in freezing mixture on ice at a concentration of 1x10° per ml for
fibroblasts and 3-6x10° per ml for CRC cell lines. 1ml aliquots were transferred to
labelled cryovials (Grenier Bio-One Ltd) and frozen in NALGENE® Mr Frosty
containers at -80°C overnight before being transferred to liquid nitrogen for long term

storage thereafter.

2.1.6 Thawing cells for culture

Cells were retrieved from storage in liquid nitrogen and transported on dry ice to the
tissue culture room. 5ml complete DMEM was pre-warmed in labelled 25cm? culture
flasks. Cells were thawed by hand and resuspended in 5ml complete DMEM. Cells were
then centrifuged at 1300 rpm (360g) for 3 minutes in a Sorvall® Legend RT bench-top
centrifuge and the supernatant (containing DMSO) discarded. The cell pellet was
subsequently resuspended in 5ml fresh complete DMEM and transferred directly to the

appropriate culture flask. Cells were subsequently allowed to recover at 37°C/10% CO..

74



Materials and Methods

2.2 Protein expression analysis

2.2.1 Cell harvest

Cellular assays involving protein harvest for western blot, were conducted in a 6 well

format for both cultured fibroblast and CRC cell lines.

Protein lysates were prepared on ice. Growth media was decanted and the cells washed
twice in ice cold PBS. Cells were subsequently lysed in 1x radioimmunoprecipitation
buffer (150mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 50mM
Tris.Cl pH7.5) plus 1% complete protease inhibitor (ROCHE) applied directly to the
cells. Cell detachment was encouraged using a plastic cell scraper (Greiner Bio-One
Ltd.). After 15 minutes the entire volume was transferred to a fresh 1.5ml

microcentrifuge tube.

Lysates were subsequently clarified by centrifugation at 13,000 rpm (16100g) for 5
minutes at 4°C in a Heraeus® Biofuge® fresco microcentrifuge. The resulting lysate
supernatant was transferred to a fresh microcentrifuge tube and stored on ice. The total
protein content of lystate supernatant was calculated using the BioRad Protein Assay
(BioRad, Hercules, CA, USA) as described in the next section.

2.2.2 Calculating protein concentration and Gel

Electrophoresis

BioRad Protein Assay concentrate was diluted 1:5 in distilled H,O. 250ul aliquots of
this stock solution were transferred to the appropriate number of wells of a 96 well plate

and supplemented with 5ul of the protein sample of interest.

In addition, BSA standards were made up in the following concentrations from 1mg/ml
bovine serum albumin (BSA; Promega) stock in distilled H,O (Table 2.1):
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Protein Standard  1mg/ml BSA (nl) PBS dilutant (ul) BioRad Assay

mg/ml concentrate (ul)
0 0 5 250
0.2 1 4 250
0.4 2 3 250
0.6 3 2 250
0.8 4 1 250
1 5 0 250

Table 2.1 BSA standards for protein quantitation

Wells were mixed thoroughly and allowed to stand for 5 minutes at room temperature
before light absorbance at 595nm was read using a Varioskan Flash plate
spectophotometer (ThermoScientific). The data acquired was used to calculate a
standard curve from which the protein concentration of each sample was calculated.

Sodium Dodecyl Sulphate-Polyacrylamide (SDS-PAGE) gels were made in accordance
with the protocol described in ‘Molecular Cloning a Laboratory Manual.”*® 10 or 12%
acrylamide gels were allowed to polymerise between glass plates, before a stacking gel

was poured and moulded into wells using a 10 or 15 well comb.

Protein samples were transferred to an eppendorf tube and supplemented with loading
dye containing Dithiothreitol (DTT). The samples, along with a protein marker (New
England Biolabs, Ipswich, USA) were heated to 95°C for 2 minutes to denature protein.
In the first well of the polyacrylamide gel, 5-15ul protein marker was loaded. In
subsequent wells, equal amounts of the sample proteins of interest were loaded.
Electrophosesis was carried out in 1X running buffer (Table 2.2) at 200V for 1 hour or

until the dye marker reached the base of the gel.

Fractionated proteins were subsequently transferred onto nitrocellulose membrane

(Whatman Protran, GE healthcare) by wet transfer. This was achieved by ‘sandwiching’
76



Materials and Methods

the gel and nitrocellulose membrane between 2 pieces of filter paper and 2 sponges

within a transfer cassette (BioRad Laboratories).

The cassette was then immersed in transfer buffer (Table 2.2) such that an electrical
current (100V for 90 minutes) could pass through it and drive proteins from the gel onto
the membrane where they would be captured.

Reagent Composition
Running Buffer (X10) 250mM Tris-base; 1.9M Glycine and; 35 mM SDS
Transfer Buffer 200ml X10 Running buffer; 500ml 100% EtOH; 1300ml
dH,0

Tris-Buffered Saline-Tween 20mM Tris pH7.6; 137mM NaCl in 2000ml dH,0

suppliemted with 1ml Tween-20 (0.1%)
(TBS-Tween)

Table 2.2 Reagents used for SDS-PAGE electrophoresis, antibody

incubation and visualisation

2.2.3 Antibody incubation and visualisation

After blotting, membranes were blocked for 1 hour at room temperature in 3% (w/v)
non-fat dry milk dissolved in 0.1% TBS-Tween. Blots were subsequently incubated
with primary antibody in 1% milk in 0.1% TBS-Tween over night at 4°C, then washed 3
times for 10 minutes (0.1% TBS-Tween) and incubated with horseradish peroxidase-
conjugated secondary antibody (Dako; Diluted 1:5000) in 0.1% milk in 0.1% TBS-
Tween for a further 1 hour at room temperature. After a further 3 washing steps,
immunoblots were visualised using Supersignal® West Pico Chemiluminescent
detection kit (ThermoScientific). Band intensity was quantified by densitometry using
Image-J image processing software. A range of primary antibodies used in this work

and their corresponding dilutions are summarised in Table 2.3.
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Primary antibody Manufacturer Dilution
Rabbit a-RECK Abgent 1:500
Rabbit a-TIMP3 Abgent 1:100
Rabbit a-E-cadherin Abcam 1:1000
Rabbit a-N-cadherin Abcam 1:1000
Rabbit a-p-actin Santa Cruz 1:2000
Mouse a-HSC70 Santa Cruz 1:10000
Mouse a-SMA Sigma 1:1000

Table 2.3 Antibodies used in Western blotting
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2.3 mRNA and microRNA expression analysis

2.3.1T mRNA and microRNA expression in cell lines

2.3.1.1 Total RNA extraction

Total RNA was extracted from cells using the miRVana™ RNA extraction kit (Life
Technologies) in accordance with manufacturer’s instructions. Cells were trypsinied,
transferred to a 15ml sterile Falcon® tube (Corning®) in complete DMEM and
centrifuged at 1300 rpm (300 x g) for 3 minutes in a Sorvall® Legend RT (Thermo
Scientific) bench-top centrifuge. Pelleted cells were lysed in 300ul miRVana™
lysis/binding buffer and transferred to a microtube, to which 1/10" volume of
Homogenate Additive was added and left for 10 minutes on ice. 300ul Acid-
Phenol:Chloroform was then added and vortexed for 30-60 seconds. Samples were
centrifuged at 10000 x g in a Heraeus® Biofuge® fresco microfuge at room temperature
for 5 minutes to separate aqueous and organic phases. The upper aqueous phase was
then removed, measured by volume and transferred to a fresh microcentrifuge tube. To
each sample, 1.25 volumes of 100% ethanol was added. The lysate/ethanol mix was
then transferred 700ul at a time to a filter cartridge placed in a fresh tube and
centrifuged for 15 seconds at 10000 x g to pass the mixture through the filter. The filter
was then washed in 3 successive steps using 2 separate wash solutions from the Kit.
Flow-through was discarded between each wash step. Total RNA was eluted by
applying 50ul nuclease-free water (Severn Biotech Ltd.) pre-heated to 95°C to the
centre of the filter (place in a fresh microcentrifuge tube) and spinning in a bench-top
centrifuge for 30 seconds at 10000x g.

The concentration of total RNA extracted was quantified using a Nanodrop 1000
Specrophotometer (Thermo Scientific). RNA purity assessed using the Aggo/Ago ratio

method with a ratio >2 deemed acceptable.
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2.3.1.2 Tagman® gRT-PCR quantitation

To analyse miRNA and mRNA transcript levels for the purpose of measuring
transfection efficiency, Tagman® (Applied Biosystems) gene expression assays were

used.
miRNA quantitation

The Tagman® gRT-PCR assay consists of reverse transcription (RT) and forward PCR
steps, both of which require specific primers for each miRNA analysed. Primers used
are summarised in Table 2.4.

Sul of total RNA diluted to 10pg/ul in nuclease-free water was converted into cDNA
using a miRNA-specific RT step in accordance with manufacturer’s instructions: The
RT reagents (10 x RT buffer, dNTPs, RNase Inhibitor, RNase-free dH,O and
MultiScribe™ Reverse transcriptase (50 u/pl)) were combined with total RNA and the
appropriate RT primer was added to the tube. The following RT reaction conditions
were applied; 16°C for 30 min; 42°C for 30 min, 85°C for 5 min and 4°C hold.

PCR reactions were set-up in triplicate using miRNA specific primers and probes. For
the 20ul PCR reaction; 10 pl Tagman® 2 x Universal PCR Master Mix (Applied
Biosystems) was added to 1.33ul of cDNA, 7.67ul RNase-free dH,O and 1pl of
Tagman® microRNA Assay primer and probe mix. The PCR step was performed using
the ABI 7500 gPCR instrument and the following the cycling parameters: 95°C for 10
mins and 40 cycles of 95°C for 15 sec and 60°C for 60 sec.

MiRNA expression levels were normalised to U6 miRNA and calculated from the

triplicate of C+values using the AAC+ method.
mRNA quantitation

The Tagman® gRT-PCR assay consists of a reverse transcription (RT) step which uses
a universal primer, and a forward PCR step which requires specific primers for each
MRNA analysed. Primers used are summarised in Table 2.4.

100ng-200ng of total RNA diluted in 7.7ul of nuclease-free water was combined for 5

minutes at 70°C with Iul universal RT primer (GoScript™ kit from Promega) and
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returned to ice. RNA was subsequently converted to cDNA in accordance with
manufacturer’s instructions using a master-mix comprised of 4ul GoScript™ 5X
reaction buffer; 4.8ul MgCly; 1ul PCR nucleotide mix; 0.5ul Ribonuclease inhibitor and
1ul GoScript™ Reverse Transcriptase to make a total reaction volume of 20ul. The
following RT reaction conditions were applied; 16°C for 30 min; 42°C for 30 min, 85°C
for 5 min and 4°C hold. cDNA was subsequently diluted by adding 80pul nuclease-free

water.

For the 20 pl PCR reaction; 10pl Tagman® 2 x Universal PCR Master Mix (Applied
Biosystems) was added to 5ul of cDNA, 4ul RNase-free dH,O and 1ul of Tagman®
miRNA Assay primer and probe mix. PCR reactions were set up in triplicate using
specific primers and probes and 2x Tagman® Universal PCR mastermix and performed
using the ABI 7500 gPCR instrument and the following cycling parameters: 95°C for 10
mins and 40 cycles of 95°C for 15 sec and 60°C for 60 sec.

mRNA expression levels were normalised to -actin and calculated from the triplicate

of C+values using the AAC+ method.
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Gene Assay ID
RECK mRNA Hs0101917_ml
TIMP3 mRNA Hs00165949 ml
PDCD4 mRNA Hs00377253_ml
CDH1 mRNA Hs01023894 ml
Vimentin mRNA Hs00185584 ml
FSP1;S100A4 mRNA Hs00243202_ml
B-actin mMRNA Hs99999903 ml
hsa-miR-224 000599
hsa-miR-215 000518
hsa-miR-21 00397
hsa-miR-19a 002424
hsa-miR-556 002344
hsa-miR-106a 000578
U6B miRNA 001093

Table 2.4 Applied Biosystems gene ID for probes used in Tagman® gRT-
PCR assays
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2.3.2 microRNA expression in primary colorectal cancer tissue

2.3.2.1 Patients and samples

Consecutive pairs of primary colonic tumour and adjacent non-tumourous colonic tissue
(located >5cm from tumour) were obtained during surgery at University Hospital
Southampton as part of a prospective National Institute of Health Research study
(UKCRN ID 6067). Half of each specimen was frozen in liquid nitrogen and stored at -
80°C, and half fixed in formalin and embedded in paraffin. From this archive 50
consecutive and formalin fixed paraffin embedded (FFPE) CRC specimens were
obtained. This cohort comprised 25 patients with stage I/1l disease who developed
metastasis within 5 years (stage 11-R) and 25 carefully matched patients who remained
metastasis free in that time (stage II-NR) (Table 2.5). Pathological verification of
diagnosis and staging was in accordance with the Association of Coloproctology of

Great Britain and Ireland guidelines on the management of CRC.*™

All specimens were stored in a designated UK Human Tissue Act approved tumour
bank. Comprehensive demographic, clinical and pathological information was collated
by the author and hereditary tumours, mucinous tumours, and tumours with
histologically identified necrosis were excluded. All patients provided written informed
consent in accordance with the Helsinki protocol and the study was approved by the

regional research ethics committee.
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- Stage II-R Stage I1-NR
Characteristics (n=25) (n=25) p value
Age, years at diagnosis
(mean+sd) 73.92 (11.45) 71.36 (11.57) 0.435°
Gender (m:f) absolute numbers 21:4 17:8 0.321°
Tumour site 0.482"

Right Colon 6 9
Left Colon 11 12
Rectum 7 4
Stoma 1 0
Surgical setting 0.762°
Elective 18 16
Emergency 7 9
Histopathological data
Maximum tumour diameter (mm) 50.22 (26.00) 49.54 (18.70) 0.919°
Mean (SD)
T stage 0.347°
T2 0 2
T3 18 16
T4 7 7
N stage: NO status 25 25
M stage: MO status 25 25
AJCC staging 7" ed 0.347°
Stage | 0 2
Stage I1A 18 16
Stage 1IB 7 7
RO resection margin 22 23 1.000°
Differentiation status 0.177°
Poor 2 2
Moderate-Poor 4 1
Moderate 7 14
Well-Moderate 12 8
Well 0 0
Extramural vascular invasion 4 1 0.349°
Tumour perforation 1 2 1.000°
Adjuvant therapy
Neoadjuvant Chemotherapy 3 2 1.000°
Neoadjuvant Radiotherapy 4 2 0.667°
Adjuvant Chemotherapy 6 2 0.247°
Adjuvant Radiotherapy 1 2 1.000°
Mean follow up, years (s.d) 2.89 (1.62) 5.40 (2.02) 0.000*

Table 2.5 Demographic data and tumour characteristics for all patients

with stage Il CRC with (stage II-R) and without (stage II-NR) recurrence at

Syears 2= Independent t-test, ® = Chi squared test, = Fisher’s exact test
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2.3.2.2 Slide preparation, Laser microdissection and RNA extraction

FFPE specimens were sectioned at 8-10um using a microtome and subjected to
deparaffinisation in Xylene for 1 minute. Tissue sections were then fixed in 75%
ethanol for 30s and stained with Cresyl Violet (Sigma-Aldrich) for 1 min before
undergoing a further dehydration step in 100% ethanol. Once air dried, LMD was
performed using the Leica AS LMD microdissection platform (Leica Microsystems,
UK) and cut tissue was collected directly into 50 pl of cell lysis buffer (RecoverAll™;
Ambion®). Approximately 1 x 10° pm?® was dissected from each slide. Malignant

colonic epithelium and tumour associated stroma were each microdissected separately.

Total RNA extraction was conducted immediately using the RecoverAll™ kit for FFPE
tissue in accordance with the manufacturer’s instructions, except that RecoverAll™
filters were replaced by RNAqueous®-Micro Filters (Ambion) designed specifically for
use with LMD tissue.

A further 50 pl of cell lysis buffer was added to each microcentrifuge tube containing
LMD tissue to make a total volume of 100ul. To this, 1ul protease was added and the

sample incubated for 15 minutes at 50°C and then for 15 minutes at 80°C in heat blocks.

During this time 120ul isolation additive from the kit was combined with 275ul 100%
ethanol. After 30 minutes total incubation, the isolation additive/ethanol mix was added
to each sample on ice. After thorough mixing, the full volume of each sample was
pipetted through a filter contained within a fresh microcentrifuge tube and centrifuged at
10000 x g in a Heraeus® Biofuge® fresco microfuge at room temperature for 30
seconds. The flow-through was subsequently discarded and the filter washed in 3
successive steps using 2 separate wash solutions from the kit. Flow-through was
discarded between each wash step.

After the final wash, the filter was transferred to a fresh microcentrifuge tube. RNA was
eluted by applying 15ul nuclease-free water (Severn Biotech) at room temperature to

the centre of the filter and spinning in a centrifuge for 1 further minute at 10000x g.

RNA concentration was determined using the Nanodrop™ 1000 spectrophotometer
(Thermo Scientific). RNA quality was also assessed using this method: a ratio of

absorbance at 260nm and 280nm ~ 2 was considered ‘pure’. If RNA yield <2ng/ml or
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purity <1.8 (260nm:280nm ration) was achieved, LMD and RNA extraction steps were
repeated.

2.3.2.3 MiRnome wide gene expression analysis

From the cohort of 50 patients with stage 1l CRC, 20 carefully matched specimens with
(stage 11-R) and without (stage II-NR) recurrence at 5 years were selected for
differential gene expression analysis (Table 2.6). LMD and RNA extraction from

stromal and epithelial tumour layers were performed as previously described (2.3.2.2).

Microarray data acquisition and presentation was conducted in accordance with
MIAME guidelines.*®* The biomarker potential of data acquired was assessed in
accordance with REMARK guidelines. **

For each LMD specimen, 100ng total RNA was dried down by vacuum centrifugation
and resuspended in 3ul of nuclease-free water. Hy3™ fluorescence labelled RNA was
prepared using the miRCURY LNA™ microRNA Array Hi-Power labelling kit

(Exigon, Vedbak, Denmark) in accordance with the manufacturer’s instructions:

For each hybridisation reaction, 3ul total RNA was combined with 1ul ‘Spike-in’
miRNA control, 0.5ul CIP buffer and 0.5ul CIP enzyme. The ‘Spike-in’ control
contains 52 different synthetic unlabelled miRNAs corresponding to capture probes on a

miRCURY LNA™ microarray slide at various concentrations.

This reaction mix was incubated for 30 minutes at 37°C using a PCR cycler with heated
lid. After 30 minutes, the enzyme reaction was stopped and the RNA denatured by
incubation at 90°C followed by snap cooling on ice for 5-15 minutes. Subsequently, this
S5ul reaction mix was combined with 1.5ul Hy3™ fluorescent label, 3ul Hi-Power
Labelling buffer, 2ul DMSO and 1pul of Hi-Power Labelling enzyme and incubated in

darkness for 2 hours at 16°C.

To stop the Hi-Power labelling reaction after 2 hours the sample was heated to 65°C for

15 minutes and then placed immediately on ice.

Labelled RNA was subsequently hybridised to miRCURY LNA™ 7" generation
microRNA microarray slides using a commercially available kit from Exiqon. These
pre-printed arrays consist of control probes and 3100 capture probes, complimentary to
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most human, mouse and rat sequences from the v19.0 release of miRbase

(http://www.mirbase.org/blog/2012/08/mirbase-19-released/).

The fluorescent labelled RNA sample from the previous step was adjusted to 200ul by
the addition of 178.5ul nuclease free water. To this, 200ul 2X hybridisation buffer was
added and the mixture vortexed for 1 minute. RNA was then denatured in darkness at
95°C for 2 minutes using a heat block, before being transferred directly to ice for a

further 5-15 minutes.

In advance, microarray hybridisation cassettes (CapitalBio corp.) were prepared by
cleaning once with RNaseZAP™ (Sigma-Aldrich) and once with nuclease free water.
400ul of the target sample mix was then added to the cassette reservoir before an array
slide was placed onto it face down. The hybridisation cassette was then assembled
making sure to avoid bubble formation, and clamped shut before the entire assembly
was wrapped in aluminium foil to exclude light. Hybridisation was subsequently
conducted for 16 hours at 56°C in a Techne HB hybridisation incubator oven.

The following day, the cassettes were disassembled and the hybridisation slides
subjected to serial washes in 3 different salt buffer/detergent solutions, culminating in a

final wash in 99% ethanol, each step having lasting for 1 minute.

Finally, the hybridisation slides were placed into individual 50ml falcon tubes
(Corning®) and spun-dried for 5 minutes at 1000 rpm in a Sorvall® Legend RT

(Thermo Scientific) bench top centrifuge.

Once dry, array slides were scanned using a GenePix 4000B scanner (Molecular
Devices) to detect Hy3™ at a wavelength of 532nm. Image analysis was performed
using GenePixPro 3.0.5 software, which permitted a miRbase v19 updated gal file

(www.exigon.com/Gal-downloads) containing a mapping grid to be superimposed and

accurately aligned onto the array image in TIFF format.

Mean fluorescence intensities minus background fluorescence were subsequently
normalised and expression ratios calculated between LMD stroma/epithelium from

recurrence and non-recurrence groups.
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_ Stage II-R Stage I1-NR
Characteristics (n=10) (n=10) p value
Age, years at diagnosis
(mean+sd) 73.90 (11.31) 76.20 (8.43) 0.612°%
Gender (m:f) absolute numbers 8:2 6:4 0.329"
Tumour site 0.132"

Right Colon 2 5
Left Colon 2 4
Rectum 5 1
Stoma 1 0
Surgical setting 0.370°
Elective 4 7
Emergency 6 3
Histopathological data
Maximum tumour diameter (mm) 50.50 (26.71) 49.50 (10.12) 0.913°
Mean (SD)
T stage 0.171°
T2 0 2
T3 10 7
T4 0 1
N stage: NO status 10 10
M stage: MO status
AJCC staging 7" ed 0.171°
Stage | 0 2
Stage IIA 10 7
Stage 11B 0 1
RO resection margin 10 9 1.000°
Differentiation status 0.306"
Poor 0 1
Moderate-Poor 2 1
Moderate 3 6
Well-Moderate 5 2
Well 0 0
Extramural vascular invasion 1 0 1.000°
Tumour perforation 0 0
Adjuvant therapy
Neoadjuvant Chemotherapy 0 0
Neoadjuvant Radiotherapy 0 0
Adjuvant Chemotherapy 0 0
Adjuvant Radiotherapy 0 0
Mean follow up, years (s.d) 3.37 (1.41) 5.90 (2.23) 0.007*

Table 2.6 Demographic data and tumour characteristics for stage Il CRC

specimens used in differential gene expression analysis

%= Independent t-test, ® = Chi squared test, = Fisher’s exact test.
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2.3.2.4MiRNA validation in primary CRC tissue by Tagman® gRT-PCR

Singleplex Tagman® miRNA assay reactions were performed to quantitate candidate
mMIiRNA expression in all 50 tumour samples (Table 2.5) to validate data acquired

through high-throughput screening (2.3.2.3).

For each gPCR assay 2.5 ng total RNA from LMD samples (0.5 ng/ul) was converted
into cDNA using a miRNA-specific RT step. The Tagman® microRNA Reverse
Transcription kit (Applied Biosystems) was used according to the manufacturer’s
instructions in conjunction with a miRNA-specific looped reverse primer (Table 2.4).
The RT reagents (10 x RT buffer, dNTPs, RNase Inhibitor, RNase-free dH,O and
MultiScribe™ Reverse transcriptase (50 u/pl)) were combined with total RNA and the
appropriate RT primer was added to the tube. The following RT reaction conditions
were applied; 16°C for 30 min; 42°C for 30 min, 85°C for 5 min and 4°C hold. For the
20 pl PCR reaction; 10 pl Tagman® 2 x Universal PCR Master Mix (Applied
Biosystems) was added to 1.33 ul of cDNA, 7.67 pl RNase-free dH,O and 1 pl of
Tagman® MicroRNA Assay primer and probe mix.

Reactions were performed in triplicate in 96 well plates covered with optical adhesive
seal. The ABI-HT7500 gPCR instrument (Applied Biosystems) was used with the
following cycling parameters: 95°C for 10 min and 40 cycles of 95°C for 15 sec and
60°C for 60 sec. Expression levels, normalised with U6 gPCR assay were calculated
using the AACt method and expressed relative to one of the specimens that was assigned

the value 1.
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2.3.3 microRNA expression in LMD tissue from CRC and

Pancreatic organotypic models

CRC organotypics were created in triplicate as described in section 2.6.3 using SW480
and SW620 CRC epithelial cells and PCF8 or MRC5 stromal fibroblast cell lines. After
14 days incubation, organotypics were fixed in formalin for 24 hours, washed in 70%

ethanol for 24 hours and subsequently embedded in paraffin blocks.

In addition, FFPE pancreatic cancer organotypics containing CAPAN1 and BXPC3
epithelial cancer cell lines and primary stellate stromal cells were aquired as a kind gift

from Dr Jo Tod at the University of Southampton.

As for primary CRC tissue, 8-10um organotypic sections were mounted on membrane
coated slides, de-paraffinated and stained with cresyl violet solution as described in
section 2.3.2.2.

LMD was used to isolate organotypic stroma from malignant epithelial cells at the
invasive tumour margin and non-invading malignant cells in well organised stratified
epithelial layers. Total RNA was subsequently extracted from LMD tissue using the
RecoverAll™ kit (Ambion) for FFPE tissue.

As before miRnome gene expression analysis was performed using the miRCURY
LNA™ 7" generation microRNA microarray from Exiqon™. 75ng total RNA was
utilised for each hybridisation reaction. In total, 3 hybridisation reactions were
performed per organotypic, corresponding to RNA extracted from stroma, malignant

cells at the invasive tumour margin and non-invasive malignant epithelial cells.

Singleplex Tagman® miRNA assay reactions were performed to quantitate candidate
miR-4454 expression in invasive vs. non-invasive malignant epithelial cells in all 4

organotypic models. This protocol is described in detail in section 2.3.2.4.
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2.4 Generating stably transfected cell lines

Stable miR-21 and scrambled control miR-SCC expression in MRC5 fibroblasts
(referred to as MRC5% and MRC5°°C cells), and stable miR-224, miR-153 and miR-
SCC expression in CRC cell lines was achieved using precursor miRNA expression
clones from GeneCopoeia™ (Rockville, Maryland, USA) (Figure 2.1).

pEZX-MRO04

d-0dNd

:H SV40 poly A

Figure 2.1 The pEZX-MR04 gene construct from GeneCopoeia™

Plasmid contains a pUC Ori (plasmid origin of replication) sequence, an AMP-R
(ampicillin resistance) and a PURO-R (Puromycin resistance) gene, is driven from a
Cytomegalovirus (CMV) promoter sequence and contains a GFP (Green fluorescent
protein) reporter as well as the gene of interest (miR-21; miR-224; miR-153 or miR-
SCQC).

In contrast, stable miR-21 and miR-SCC expression in HFFF2 fibroblasts was achieved

using Lentifect™ purified lentiviral particles also from GeneCopoeia™.
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2.4.1 Preparing plasmid DNA stocks

2.4.1.1 Transforming competent JM109 bacteria

A 50yl vial containing competent JM109 bacteria to which 1pl of the precursor miRNA
expression plasmid had been added was subjected to heat-shock treatment by incubation
on ice for 20 minutes followed by incubation at 42°C for 45 seconds followed by
immediate cooling on ice for a further 2 minutes. 50ul of the DNA/bacteria mix was
then added to 450ul of sterile LB broth and agitated in an Innova 4000 incubator at
37°C. After 1 hour, 100ul of broth was seeded and spread on pre-warmed LB agar
plates (containing 50ug/ml ampicillin from Sigma-Aldrich) which were then incubated
overnight at 37°C. The following day, individual bacterial colonies were transferred to
separate falcons containing LB broth laced with ampicillin (50ug/ml) which were
placed in an Innova 4000 incubator-shaker overnight at 37°C. The following day,

falcons were spun down at 3000rpm for 10 minutes to produce a pellet of bacterial cells.
2.4.1.2 Extracting plasmid DNA

Plasmid DNA was extracted from the bacterial pellet using the QIAprep® Miniprep kit
from Quiagen as per the manufacturer’s instructions. DNA was eluted in 50ul of
nuclease-free water, quantified using a Nanodrop 1000 spectrophotometer (Thermo

Scientific) and stored at +4°C.
2.4.1.3 Restriction digest and Electrophoresis

To confirm successful purification of plasmid DNA, 1ul of stock solution digested
using the restriction enzyme EcoR1 (16.3pul dH20; 2ul EcoR1 buffer; 0.2ul Acetylated
BSA; 5ul EcoR1 enzyme incubated at 37°C for 4 hours) was electrophoresed using an
0.8% Agarose gel made up in TBE and containing the Nucleic acid stain SafeView
(NBS Biologicals).
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2.4.2 Transfection and selection of cells

2.4.2.1 Epithelial CRC cell lines

Adherent cells were plated one day prior to transfection so that they were 80% confluent
on the day of transfection. 2ug plasmid DNA was diluted in 100ul Opti-MEM |
(Invitrogen), to which 6 pul of FuGENE® HD (Promega) transfection reagent was
added. The FUGENE® HD/DNA mixture was incubated for 20 minutes at room
temperature before being added dropwise to cells. Cells were subsequently incubated at
37°C/10% CO,. Assessment of transfection efficiency at 48 hours was conducted by
visual examination under fluorescence as plasmid DNA co-expresses a GFP-reporter

gene.

Once confluent, cells were trypsinised, and cell suspensions transferred to a fresh 6 well
plate at the following dilutions in complete DMEM: 1:2; 1:4; 1:8; 1:16. Cells were
allowed to adhere for a further 24 hours before the culture media was aspirated and
replaced with 2ml of Puromycin at a concentration of 4ug/ml in complete DMEM. After
48 hours, selection media was removed, the cells washed in PBS and surviving cells
expanded as per standard laboratory protocol in complete growth media. Under
fluorescence, it was judged that a 1:8 dilution provided the most effective selection of
GFP positive cells for both SW480 and HCT116 under these conditions. At greater
dilution (1:16), only few cells survived and those that did failed to recover once

selective media had been removed.

96 hours later, cells were trypsinised and suspended in serum free DMEM and the most
fluorescent 5% of cells were selected using a FACSAria Il (BD Bioscience) Cell sorter.
1x10° cells selected in this manner were returned to 6 well plates and expanded in
culture without further Puromycin selection, for use in functional and mechanistic

studies.

Ectopic miRNA expression was subsequently confirmed using Tagman®gRT PCR.
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2.4.2.2 Fibroblast cell lines

One day prior to transfection, MRC5 cells were plated in 1ml complete DMEM in 6
well plates, so that they would be 50% confluent the following day. Transfection with
plasmid DNA was carried out using Xfect™ transfection reagent in accordance with the

manufacturer’s instructions (Clontech):

8ug plasmid DNA was combined in a microcentrifuge tube with Xfect reaction buffer to
a final volume of 100ul. In a second microcentrifuge tube, 0.3ul of Xfect polymer per
lug DNA was also diluted to a final volume of 100ul in Xfect reaction buffer. After
thorough vortexing, the polymer solution and plasmid solution were combined and
incubated at room temperature to enable nanocomplexes to form. After 10 minutes, the
entire volume was added dropwise to the cell culture medium. Cells were incubated at
37°C/10% CO; for 4 hours, before transfection medium was decanted and replaced with
fresh, complete DMEM. Transfection efficiency was assessed visually under

fluorescence after 48 hours.

Under identical conditions, the transfection of HFFF2 fibroblasts was not successful.
Instead, stable ectopic expression of miRNA candidates was achieved in HFFF2 cells
using Lentifect™ purified lentiviral particles from GeneCopoeia™ (Rockville,
Maryland, USA):

HFFF2 cells were plated in complete DMEM in 24 well plates to achieve 80%
confluence at the time of infection with lentiviral particles. 10mg/ml Polybrene®
(Sigma-Aldrich) stock made up in 150mM NaCl was diluted 1:2000 in complete
DMEM. For each well, 5ul or 30ul of pseudoviral stock was added to 0.5ml of diluted
Polybrene. To achieve ectopic miR-21 or control miR-SCC expression, target cells were
subsequently infected by removing old culture medium and replacing it with the
appropriate viral supernatant. Plates were then incubated at 4°C for 2 hours and then
overnight at 37°C/10% CO,. The following day, viral supernatant was removed and
replaced with fresh DMEM and after 48 hours, transfection efficiency was assessed
visually under fluorescence. When confluent, cells were trypsinised, transferred to a 6

well plate and subsequently expanded as per standard laboratory procedure.

Fibroblasts stably expressing miRNA/GFP co-expression plasmid were subsequently

enriched by Puromycin selection: To determine the minimum cytotoxic Puromycin dose
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for MRC5 and HFFF2 fibroblasts, triplicate wells of a 24 well plate were seeded with
1x10* cells in 500ul complete growth medium. The following day old media was
decanted and replaced with 1ml Puromycin (Sigma-Aldrich) solution diluted in
complete DMEM to the following final concentrations: Opg/ml; 0.1 pg/ml; 0.5 pg/ml; 1
pg/ml; 2 pg/ml; 5 pg/ml; and 10 pg/ml.

At 24, 48, 72 and 96 hours post exposure to Puromycin, old media was discarded and
the wells washed once with PBS. Viable cell numbers were quantified using the
CellTiter 96® AQueous Assay from Promega. Briefly, 2ml MTS (3-(4,5-dimethylthiazol-
2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-slfophenyl)-2H-tetrazolium) ~ reagent  was
combined with 100ul PMS (Phenazine methosulphate) and 10ml serum free DMEM, to
produce a stock, of which 400ul was added to each well. After 90 minutes incubation at
room temperature, light absorbance at 490nm was measured using used a Varioskan
Flash plate reader spectrophotometer. Results represent a proxy measure of viable cell

numbers.
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2.5 Transient ectopic microRNA expression or

suppression

2.5.1 Transient CRC cell line transfection

CRC cell lines were transiently transfected with miRNA mimic or control miR-SCC
from Ambion® (Table 2.7) in accordance with a protocol pre-optimised by the group.
Briefly, cells were plated in 500ul complete growth medium, in a 24 well format such

that they were 80% confluent at the time of transfection.

In a microcentrifuge tube, 20pmol MiIRNA mimic or control miR-SCC oligomer was
diluted in 50ul Opti-MEM® | Reduced Serum Medium. In a second microcentrifuge
tube, Lipofectamine 2000™ was diluted 1ul in 50ul Opti-MEM® |. After 5 minutes
incubation at room temperature, diluted oligomer was added to dilute Lipofectamine
2000™ and incubated for a further 20 minutes at room temperature. Once oligomer-
Lipofectamine 2000™ complexes had formed, the mix was added drop-wise to cells to

produce a final RNA concentration of 33nM.

Cells were incubated for a further 24-48 hours at 37°C/10%CO, before harvest for use
in functional cell assays and for assessment of transfection efficiency by Tagman®
qPCR.

2.5.2 Transient fibroblast transfection

5x10* PCF, HFFF2 or MRCS fibroblasts were plated in 6 well plates 16 hours prior to
transfection. Fibroblasts were transfected using MIRIDIAN™ miRNA mimics and

stem-loop inhibitors from Dharmacon® at a final concentration of 100nM (Table 2.7).

For one 6 well plate, a bijoux containing 1188ul Opti-MEM® | Reduced Serum
Medium was supplemented with 33ul RNA at a concentration of 20uM. In a separate
bijoux, 79.2ul Opti-MEM® 1 was supplemented with 19.8ul Oligofectamine™.
Solutions were incubated separately for 10 minutes at room temperature, before being
combined and incubated at room temperature for a further 20 minutes.

97



Materials and Methods

During this time, old culture medium was decanted and the cells washed once in Opti-
MEM® | Reduced Serum Medium. Wash was subsequently discarded and replaced
with 800ul fresh Opti-MEM® I per well. After 20 minutes, 200l transfection mixture
was added dropwise to each well and the cells were returned to the incubator at
37°C/10% CO,. After 4 hours, each well was supplemented with 500ul complete growth
medium. 24-48 hours later, cells were used in functional assays or harvested for

assessment of transfection efficiency by Tagman® qPCR.

Product Manufacturer Assay ID
Hsa-miR-224 mimic Ambion® AM17000
miR-SCC negative control Ambion® AM17110
Hsa-miR-21 mimic Dharmacon® C-300492-03
Hsa-miR-21 hairpin inhibitor Dharmacon® IH-300492-05
miR-SCC negative control Dharmacon® CN-001000-01
miR-153 Plasmid vector GeneCopoeia™ HmMiR0039
miR-224 Plasmid vector GeneCopoeia™ HmMiR0406
miR-21 Plasmid vector GeneCopoeia™ HmiR0284
miR-SCC control vector GeneCopoeia™ CmiR0001
miR-21 Lentipac™ Lentiviral GeneCopoeia™ LP-HmMiR0284
particles

miR-SCC Lentipac™ control GeneCopoeia™ LP-CmiR0001

Lentiviral particles

Table 2.7 MiRNA mimic, hairpin inhibitors and scrambled (SCC) controls

Oligonucleotides used for stable and transient ectopic miRNA expression or

suppression in CRC cell lines and fibroblasts.
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2.6 Deregulated epithelial microRNAs - Functional

studies

2.6.1 Transwell invasion assay

Cell invasion assays were performed over 72 hours using polycarbonate invasion
chambers with 8um pore sizes (Corning, Sigma) coated with Matrigel™ (BD) (diluted
1:2 in serum free DMEM). Transiently transfected DLD1, HCT116 or SW480 CRC
cells were seeded in 200ul serum free DMEM at a density of 5x10% per invasion
chamber. Invasion chambers were then fitted into a 24-well plate containing 500ul of
complete DMEM containing 10% FCS. Cells invading the lower chamber were
trypsinised without washing and counted using a Casy cell counter (Roche Innovatis,

Bielefeld, Germany).

Figure 2.2 lllustration of Transwell invasion assays

CRC cells seeded in the upper chamber invade through a synthetic basement
membrance composed of Matrigel™ along a chemoattractant gradient in to the trough

below.

2.6.2 Cell proliferation assay

Cell proliferation was measured at various time points using the CellTiter 96® AQueous

Assay from Promega according to manufactures’ instructions. 5000 HCT116 CRC cells
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stably transfected with miR-224 or control miR-SCC were plated in triplicate, in
complete DMEM in a 96 well plate and incubated overnight at 37°C/10% CO,.

On each subsequent day, 1ml MTS reagent was combined with 50ul PMS and 5ml
serum free media to produce a stock reagent. At 24, 48 and 96 hour time points, old
media was decanted and cells washed once in PBS. Cells were then incubated for 90
minutes in 120ul diluted MTS/PMS stock. Light absorbance at 490nm using a
spectrophotometric plate reader (Thermo Scientific, Waltham, MA, USA) was used as a

proxy measure of viable cell numbers.

2.6.3 Organotypic culture

Organotypics are synthetic tumour constructs which mimic in vivo conditions through
the 3-D juxtaposition of an epithelial tumour cell layer with a stromal layer containing

fibroblasts and essential ECM components.***

Day 1: 3.5 volumes of type I rat tail collagen (Millipore), 3.5 volumes of Matrigel™
(BD), 1 volume of filtered 10x DMEM, 1 volume of FCS and 1 volume of 10% DMEM
containing 5x10°/ml fibroblasts (MRC5/HFFF2 or PCF depending on the purpose of the
study) were mixed on ice. 1ml of gel mixture was pipetted into each well of a 24 well
plate and allowed to polymerise at 37°C. After 1 hour, 1ml of 10% DMEM was added
to the top of each gel and they were returned to the incubator for a further 24 hours at
37°C.

Day 2: Medium was removed from the gels and replaced with 1 ml serum free DMEM
containing 5x10° cancer epithelial cells. Gels were then returned to the incubator for a
further 24 hours at 37°C.

Concurrently on day 2, 250ul of a collagen mix (containing 7 volumes collagen; 1
volume filtered 10x DMEM; 1 volume FCS and; 1 volume 10% DMEM) was added to
sterile nylon sheets and allowed to polymerise at 37°C for 30 minutes. Nylon sheet were
subsequently fixed with 1% Glutaraldehyde (Sigma-Aldrich) for 1 hour at 4°C, washed
3 times in PBS and once in 10% DMEM and then left in 10% DMEM over night at 4°C.

Day 3: 2.5cm? sterile stainless steel grids were place in 6 well plates. One collagen

coated nylon sheet was placed collagen side up onto each grid. Gels were then carefully
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lifted from the 24 well plates and transferred using a sterile spatula, onto the nylon
sheets. Complete DMEM was then carefully added to each 6 well plate in sufficient

volume to reach the under-surface of the nylon sheet without spilling onto it.

Media was changed every 3 days and after 14 days, gels were bisected, fixed in formal-

saline and embedded in paraffin blocks.
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Figure 2.3 lllustration of organotypic co-culture

Organotypic models contain epithelial cancer cells and stromal cells such as fibroblasts, juxtaposed in 3-dimensions in a gel consisting of
collagen and Matrigel™. Organotypics are incubated at an air-fluid interface, achieved by plating gels onto a collagen coated membrane
suspended on the surface of chemoattractant solution on a wire plinth.
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2.7 Deregulated stromal microRNAs - Functional and

mechanistic studies

2.7.1 In-situ hybridisation (ISH)

ISH was performed as described by our collaborative colleagues (Bioneer; Horsholm:
Denmark) except for minor modifications.’® 6um FFPE CRC tissue sections were
mounted on slides and placed in a Tecan Freedom Evo automated hybridisation
instrument (Tecan, Méannedorf, Switzerland) in which the following steps were
performed: proteinase-K treatment using 15ug/mL for 8 minutes at 37°C, pre-
hybridisation for 15 minutes at 57°C, hybridisation for 60 minutes at 57°C with double
DIG (digoxigenin)-labelled miRCURY LNA™ probes (Exiqon, Vedbak, Denmark) for
miR-21 and a scramble sequence (both at 40nM), stringent washes with saline-sodium
citrate (SSC) buffers, DIG blocking reagent (Roche, Mannheim, Germany), alkaline
phosphatase-conjugated anti-DIG (Roche), enzymatic development using NBT-BCIP
substrate (Roche) for 60 minutes, and finally nuclear fast red counterstain (Vector

Laboratories, Burlingname, CA).

2.7.2 Transwell invasion assay

Transwell invasion assays were performed as described in 2.6.1 except for minor

modifications.

MiR-21 and miR-SCC control transfected fibroblasts were plated separately at a density
of 1x10° cells per well in 6 well plates. After 24 hours culture medium was removed
from cells and following 3 washes in PBS, replaced with serum free DMEM or DMEM
supplemented with 1% Bovine Serum Albumin (BSA). Between 24 and 72 hours later
conditioned media (CM; CM?! and CM>“®) was removed, clarified by centrifugation at
13,000 xg for 10 minutes and the supernatant transferred in 500ul aliquots to a 24 well
plate. 24 hours was identified as the optimal incubation time for fibroblasts in serum
free conditions in order to minimise cellular stress, although in similar studies using
various cultured fibroblast cell lines incubation time varied between 16 hours and 2

405, 406

days.
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SW480 or DLD1 cells were seeded at a density of 5 x10* per well in 200 pl of serum
free DMEM. Invasion chambers were fitted into a 24-well plate containing 500 ul of
CM? or CM®°® and allowed to invade for 72 hours at 37°C. Invaded cells were
trypsinsed and counted using a Casy Cell Counter (Roche Innovatis,

Bielefeld, Germany).

In addition, specific MMP2 inhibitor I (Merck, UK) was prepared at a stock
concentration of 10mM in DMSO and added to CM? and CM®C at a final
concentration of 25uM. As little as 2.5 pM of MMP2 inhibitor was capable of
producing a significant reduction in invasion. MMP?2 inhibitor at 50 UM concentration
induced some apoptosis but at 200 uM concentration significant cell death occurred
which is likely to reflect the high final concentration of DMSO in which the MMP2
inhibitor had been dissolved. At a final concentration of 25 uM maximal inhibition of
invasion was achieved with no cytotoxic effects. These optimisation steps will be

discussed in greater detail in section 3.3.4.

2.7.3 Cell proliferation assay

Cell proliferation assays were performed using the CellTiter 96® AQueous proliferation

assay as described in section 2.6.2 except for minor modification.

5000 DLD1 or SW480 CRC cells were plated in triplicate in complete DMEM in 96
well plates. 24 hours later culture media was removed from cells and following 3
washes in PBS replaced with CM?! or CM3“C from MRCS5 fibroblasts. After 24 or 48
hours CM was decanted and replaced with 120ul of diluted MTS/PMS stock solution.
After 90 minutes incubation at room temperature, absorbance readings at 490nm were
taken in triplicates using a spectrophotometric plate reader (Thermo Scientific,
Waltham, MA, USA).

2.7.4 Apoptosis assay

6.5x10° MRC5%! or MRC5°C cells were cultured in 75cm? flasks containing 10mls of
complete DMEM. After 24 hours, media was decanted and replaced with 10ml serum
free media supplemented with 1% BSA. Fibroblasts were then returned to the incubator
for 48 hours at 37°C/10% CO,
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The next day, 1x10°> SW480 CRC cells were plated in triplicate wells of a 24 well plate
in complete DMEM.

24 hours later, CM* and CM“® was decanted from fibroblasts and clarified by
centrifugation for 5 minutes at 13,000xg. Concurrently, culture medium was decanted
from SW480 CRC cells, and the cells washed 3x in PBS.

After the final wash step, SW480 cells were treated with 1ml of clarified supernatant
from miR-21 or miR-SCC control transfected MRC5 fibroblasts (CM?! and CM3°%). A
further 24 hours later, the SW480 cells were again washed 3x in PBS and treated either
with 1ml complete DMEM containing 30pg/ml Oxaliplatin (Sigma, UK) or unmodified
complete DMEM.

Cell viability was examined using the Annexin V/Propidium iodide (PI) double staining
method (BD Bioscience) after 24 hours: Oxaliplatin or mock treated SW480 cells were
trypsinised without washing, resuspended in 300ul 1X Binding buffer (10mM Hepes-
pH7.4; 140mM NacCl; 2.5 mM CacCl,), pooled and double stained with 2.5ul Annexin
V-FITC (BD) and 2.5ul PI (50ug/ml). 10,000 cells were analysed per sample using a
FACS Canto Flow Cytometer (BD). The assay was repeated 3 times. Results are
presented as the percentage of total cells that are viable (Ann-/Pl-), early apoptotic

(Ann+/PI-) or late apoptotic (Ann+/Pl+).

2.7.5 Gelatin Zymography

MRC5% and MRC5°C cells were plated in triplicate at a density of 2x10% in 96 well
plates. 24 hours later, culture media was decanted; the cells washed 3 times in PBS, and
media replaced with 200pl serum free DMEM. 24 hours later CM** and CM3C were
sampled, clarified by centrifugation at 13,000 xg for 5 minutes and used immediately.
The volume of CM supernatant was adjusted to cell number and prepared in 2X SDS
buffer without DTT and loaded without boiling to a 10% polyacrylamide gel
copolymerised with 1 mg/ml of gelatin (Sigma-Aldrich). Gels were washed twice for 30
minutes in 2.5% Triton X-100 (Sigma-Aldrich) to remove SDS and incubated in
developing buffer (50mM Tris-HCI; 0.2M NaCl; 5mM CaCl2; and 0.02% Triton X-
100) at 37°C overnight. Gels were then stained for 30 minutes (0.5% Coomassie blue;
30% MeOH; 10% Glacial Acetic Acid) before de-staining (30% MeOH; 10% Glacial
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Acetic Acid). Gelatin degrading enzymes were identified as clear bands against the dark
background of the gel. To validate the chosen method of MMP2 inhibition, MMP2
inhibitor | (Merck. UK) was either added at a final concentration of 25uM, to CM*/CM
SCC for 1 hour prior to fractionation or to developing buffer following fractionation.

Images of gels were captured using a UVP Imagestore 5000 (Ultra-Violet Products,
U.K.) and band intensity quantified by Image-J. Results were expressed as the relative
change in MMP activity in miR-21 transfected cells compared with miR-SCC
scrambled control transfected cells.

2.7.6 Proteomic array procedure

To identify secreted factors differentially expressed by miR-21 and control miR-SCC
transfected fibroblasts, PCF or HFFF2 cells were plated in 6 well plates and transfected
with MiRIDIAN™ oligonucleotides at a final concentration of 100nM as described in
2.5.2.

The following day, cells were washed once in PBS and immersed in 1ml complete
growth medium. After 48 hours CM was harvested and clarified by centrifugation for 5
minutes at 13000 xg. The supernatant was then extracted and frozen immediately at -
20°C.

The reagents for the Chemokine Array (RandD Systems Catalogue # ARY017) and
Cytokine Array (RandD Systems Catalogue # ARYO005) differed slightly, but the
protocol was identical and conducted strictly in accordance with manufactures

instructions:

500u1 CM?! and CM3C from PCF or HFFF2 cells thawed on ice, was diluted in 1ml of
the appropriate Array-specific buffer. 15ul of a detection antibody cocktail was added to
the diluted CM samples and incubated for 1 hour at room temperature. A further buffer
included with the kit was then used to ‘block’ a nitrocellulose membrane, on which
selected capture antibodies had been spotted in duplicate.

Subsequently, blocking buffer was aspirated from the nitrocellulose membrane and
replaced with the prepared CM/antibody mix. Incubation was then conducted overnight

at 4°C on a rocking platform shaker.
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The following day, membranes were agitated in wash buffer for 10 minutes on a
rocking platform shaker. The wash step was repeated two further times, before
membranes were submerged in Streptavadin-HRP antibody diluted 1:2000 in blocking
buffer. After 30 minutes incubation at room temperature on a rocking platform shaker,
three further washes were conducted. Finally, immunoblots were visualised using the
Chemi Reagent Mix supplied with the kit. Membranes were exposed to X-ray film in an
autoradiography cassette for between 1 and 10 minutes. Band intensity was
subsequently quantified by densitometry using Image-J image processing software.

2.7.7 ENA-78/CXCL5 ELISA assay

Expression of the chemokine ENA-78/CXCL5 was examined at 48 hours in CM from
PCF and HFFF2 fibroblasts transiently transfected with either miR-21 or miR-SCC.

The Human ENA-78/CXCI5 Quanitkine® ELISA Assay from RandD systems was used
for this purpose in accordance with the manufacturer’s instructions. The assay, which
employs a highly sensitive and specific sandwich immunoassay technique, was
conducted using a 96 well microplate, pre-coated with an anti-ENA-78 capture
antibody. 50l of undiluted CM (CM?! or CM>““) was added to triplicate wells and
incubated at room temperature for 2 hours. Wells were then washed 3 times in buffer
ensuring complete removal of liquid between each step. 200ul Human ENA-78 enzyme-
linked conjugate polyclonal antibody was then added to each well and a further
incubation at room temperature was conducted for 2 hours. After 3 further
wash/aspiration steps, 200ul substrate solution was added. Incubation was then
conducted in darkness and at room temperature to enable colour to develop in
proportion with the amount of ENA-78 originally present. After 30 minutes, 50ul of an
enzymatic stop solution was added to each well, and the optical density at 450nm
measured using a spectrophotometric plate reader (Thermo Scientific, Waltham, MA,
USA).

2.7.8 Immunofluorescence

5x10* PCFs transfected with miR-21 or miR-SCC control plasmid (PCF* vs. PCF>¢%)
using the protocol described in 2.4.2, were seeded in complete DMEM onto 19mm

circular coverslips prepared in 100% ethanol in 12 well plates. After 12 hours
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incubation cells were fixed in 4% paraformaldehyde in PBS for 15 minutes, washed 3
times in Tris-Buffered Saline supplemented with 0.1% Triton x-100 (PBS-Triton; Triton
x100: Sigma-Aldrich) and incubated for 30 minutes in 3% BSA diluted in TBS-Triton.
Coverslips were overturned onto 50ul aliquots of 1:100 polyclonal anti-RECK
(Abgent®), or anti-TIMP3 (Abgent®) antibody (Table 2.3) on parafilm and incubated at
4°C overnight in a humidified box. The following day, coverslips were washed 3 times
in TBS-Triton, overturned onto 50ul aliquot of 1:500 fluorescent conjugated Alexa
Fluor 546 (Invitrogen) secondary antibody and incubated at room temperature for 1
hour. Finally coverslips were mounted onto glass slides using Vectashield Hardset with
DAPI (Vector Laboratories; UK) and imaged using an Olympus 1X81 fluorescence

microscopy platform.

Similar methodology was used to assess 0-SMA expression in MRC5% and MRC5°©

fibroblasts: 24 hours after seeding onto 19mm coverslips, MRC5 fibroblasts were
treated with complete DMEM or CM extracted from SW480 CRC cells cultured
overnight in DMEM, or TGFB (R&D Systems) in complete DMEM at final
concentrations of 2ng/ml or 10ng/ml. 72 hours later, cells were fixed in 4%
paraformaldehyde, immunostained using anti-SMA primary antibody (clone 1A4,
Sigma) and detected with conjugated Alexa Fluor 546 secondary antibody prior to

imaging.
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2.8 Immunohistochemistry

All immunohistochemistry was performed commercially by our collaborative

colleagues at the Histochemistry research unit, University Hospital Southampton.

Briefly, a monoclonal anti-pan-Cytokeratin antibody (Sigma) and Alexa Fluor 546
conjugate anti-GFP antibody (Invitrogen) was used for immunohistochemistry on FFPE
organotypic sections. Sections were mounted on APES coated slides and dried for 24
hours at 37°C then dewaxed and rehydrated. Endogenous peroxidase was blocked for 10
minutes with 0.5% hydrogen peroxidase in methanol. Antigen retrieval was conducted
by incubating the sections with protease (Sigma) for 10 min. Primary antibody was
applied in TBS (pH 7.6) overnight at 4°C. Swine anti-rabbit 1gG biotinylated secondary
antibody (Dako) was subsequently applied for 30 min followed by peroxidase-labelled
avidin biotin complex (Vectastain Elite ABC Reagent, Vector Laboratories) for 30 min.
Slides were washed three times with TBS between applications. Positive staining was

visualised using DAB+ (Dako) for 5 min counterstained in Mayer’s haematoxylin.
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2.9 Tissue Microarray construction and

immunostaining

The tissue microarray (TMA) prepared for this study compared patients with stage 1l
CRC, with no significant histological or clinical features of biologically aggressive
disease but who subsequently developed metastasis within 5 years with carefully

matched patients who remained metastasis free.

Tumour specimens were identified from a database constructed by the author containing

comprehensive histological, pathological and patient outcome data (Table 2.5).

TMA construction and immunostaining was performed by University colleagues under
the supervision of Professor Gareth Thomas and Mr Alexander Mirnezami.

In brief, haematoxylin and eosin-stained slides from each tissue block were reviewed by
a senior consultant pathologist, together with pathological reports to select triplicate
areas of representative adenocarcinoma. Microarrays were subsequently assembled
using a semiautomatic array machine (ALPHELY'S MiniCore 3, Plaisir, France) using a

1-mm core punch, annealed at 40°C.

TMA sections were immunostained using a primary Rabbit polyclonal antibody for
RECK and TIMP3 (Table 2.3) pre-optimised by the group for use with paraffin-

embedded specimens, using tonsilar tissue as a positive control.

RECK and TIMP3 expression was subsequently scored by an independent investigator
blinded to the clinical data. Each core was scored semi-quantitatively on a scale of 1-7
corresponding to absent, low, medium or high intensity staining (0-3) with <25%
positivity, 25-50% positivity, 50-75% positivity and >75% positivity (1-4).
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2.10 In vivo metastasis studies

Orthotopic tumour models provide enhanced physiological relevance as they feature

cancer cells growing in the correct anatomical location.

Orthotopic murine models of CRC require mouse anaesthesia in order to inject a cancer
cell suspension into the caecal wall via a laparotomy.*”” However, to our knowledge,
data from this study provides the first demonstration of a modified technique, whereby
CRC cells are co-implanted orthotopically with stromal elements such as fibroblasts.

All in vivo experiments were performed in accordance with the University of
Southampton’s policy on the humane use of animals in research and the principles of
the National Centre for the Replacement, Refinement and Reduction of animals in

research.

Animals (SCID/CB17 mice) were housed within the Biological Resources Facility at

University Hospital Southampton, and all appropriate licences were in place.

Ethical approval and Trust R and D approval were obtained in advance and the
provisions of the Animals (Scientific Procedures) Act of 1986 rigorously observed.
Furthermore, welfare standards consistent with all current UK legislation were upheld

by the local ethics committee.

The number of mice required for this series of experiments was inferred following a
thorough literature review. Two important studies used similar methodology to
demonstrate the impact of miR-9 and miR-10b on the metastatic potential of breast
cancer cells. One study demonstrated a significant increase in metastatic burden
associated with miR-10b expression using 4 miRNA transfected mice and 4 mock
transfected mice harvested at 11 weeks (p=0.015) but failed to demonstrate a
statistically significant difference in a cohort of 6 mice (3 vs. 3) harvested at 9 weeks.**®
Another study described a 50% increase in lung micrometastasis formation associated
with miR-9 expression using 8 miRNA transfected mice vs. 8 mice transfected mice at 4

weeks (p=0.02).%>°
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As no directly equivalent studies have been performed for CRC, it was felt that 6 mice
per experiment, harvested at 5 weeks would provide adequate statistical power as well
as being financially reasonable and ethically justifiable.

On the day of orthotopic tumour implantation, for each mouse, 1x10° SW620 CRC cells
were combined with 5x10° HFFF2 fibroblasts (stably expressing miR-21 or miR-SCC)

in a 50ul mix of DMEM and Matrigel™ in equal measure.

Mice were anaesthetised with inhaled isofluorane, and the depth of anaesthesia assessed
using toe pinch. The abdomen of the anaesthetised mouse was then shaved and cleaned
with betadine before being draped in a sterile fashion. A 2-3 cm abdominal wall incision
was made and the caecum exteriorised. A 27G needle was then used to inject the entire
50ul cell suspension into the caecal wall, before the caecum was returned to the

abdomen and the abdominal wall closed using interrupted, full thickness sutures.

Once recovered, the animals were weighed regularly and closely observed. After 5
weeks all mice were euthanized and primary tumour, liver, spleen and lungs removed

and weighed.

Tissue was subsequently fixed in 10% formalin and embedded in paraffin for further
histological analysis.
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2.11  In silico analytics

The potential biological relevance of miRNA candidates identified in this study was
examined using online software to model potential mMIRNA/MRNA interactions in

silico.

Identification of putative miRNA target genes was performed using TargetScan
(http://www.targetscan.org/; release 5.1). The Database for Annotation, Visualization
and Integrated Discovery (DAVID) v6.7 (http://david.abcc.ncifcrf.gov/home.jsp) was
used to evaluate enrichment of biological processes and pathways associated with
putative miRNA target genes. More specifically, the Gene Ontology Biological Process
(FAT), Panther, BioCarta and KEGG annotation categories were assessed against a
background of all human genes using the default DAVID parameters.
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2.12  Statistical analysis

Analysis and graphical display of miRNA validation data were generated using
GraphPad Prism version 4.03 (GraphPad Software Inc., USA). U6B was selected as the
endogenous reference gene. Mean triplicate U6B RNA expression was quantified by the
AACt method allowing expression of selected miRNAs to be calculated relative to this
reference. Differences between paired tumour and normal tissue samples were
expressed as fold-change, using the mean expression value from the normal group as the
reference. Differences between recurrence and non-recurrence tumour groups were
expressed as fold-change using the mean value from the non-recurrence group as a
reference. Statistical analysis was subsequently conducted using paired and un-paired

Student’s t-test as appropriate.

From the TMA immunohistochemistry experiments (section 2.9), protein expression
scores were expressed as mean * standard error of the mean (s.e.m) from triplicate cores
of CRC tissue extracted for each patient represented on the array. Statistical significance
was assessed using independent t-tests for comparison between recurrence and non-

recurrence tumour groups.

Analysis of clinicopathological patient data was performed using a combination of

independent t-tests, Mann-Whitney U, w2- and Fisher’s exact tests.

Disease free survival in early stage CRC, was calculated in months from time of surgery
to first recurrence of disease. Recurrence was defined by positive radiological imaging

(CT, MRI or PET) and/or biopsy information. Deaths from other causes were censored.

Kaplan—-Meier plots for analysis of recurrence-free/overall survival levels were
generated with IBM SPSS Statistics Version 19 software (SPSS Inc).

Survival analyses were performed using the logrank test and Cox proportional hazards
in SPSS. In all cases differences were considered statistically significant at P <0.05.

Whole miRnome microarray data form hybridisation slides, was processed by
subtracting background signals from the foreground signals for each feature. Any
features which had a non-zero flag or a background subtracted signal <0.5 was set to

‘missing.” Expression signals were then log2 transformed and quartile normalised. After
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normalisation, any features targeting non-human miRNAs were removed. Data was

sorted according to fold change (>1.5) and p-value (<0.05).

Differences between experimental groups in functional assays were expressed as mean

+/- s.e.m from multiple experiments.

The threshold level of significance was set to 0.05 for all statistical tests in the study and

all t-tests were 2 tailed unless otherwise stated.
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3.1 Experimental planning, assay development and

optimisation

Based on prior profiling and bioinformatic work, epithelial candidate miR-224 was
selected for further interrogation in in vitro assays of CRC cell phenotype. This was

intended to mirror a complementary analysis for miR-153 published by the group.®

In addition, miR-21 was selected as it has pleiotropic actions in numerous cancer
relevant biological pathways*®® and was amongst the most upregulated stromal miRNAs

identified in our QuantimiR™ screen (preliminary data; section 1.7).

In order to effectively interrogate the functional and prognostic significance of these

miRNAs, a number of key assays required initiation or optimisation:

3.1.1 Ectopic microRNA expression in colorectal cancer cell

lines

To examine the biological impact of epithelial miR-224, ectopic expression was induced
in a number of CRC cell lines. DLD1, HCT116 and SW480 cells were selected as they
expressed amongst the lowest baseline levels of miR-224 by Tagman® qPCR in a panel

of 10 cell lines examined.*'°

Transient transfection of CRC cells with pre-miR-224 constructs from Ambion® was
achieved using Lipofectamine 2000™ transfection reagent in a 24-well format (Figure
3.1). Lipofectamine 2000™ and Ambion® oligonucleotides were selected as they had
been used previously by the group with good effect to induce ectopic miR-153
expression in SW480 CRC cells.?® Similarly, transfection with scrambled miR-SCC
oligonucleotides from Ambion® was used as a negative control in accordance with

group protocols.
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Figure 3.1 Transient induction of precursor miR-224 in CRC cell lines

Relative miR-224 expression by Tagman® gRT-PCR is shown in SW480 and DLD1
CRC cells transfected with pre-miR-224 or control miR-SCC. Cells were harvested at
48 hours post transfection in accordance with Promega® protocols for Lipofectamine
2000™. Results represent mean expression + s.e.m relative to control miR-SCC
transfected cells from triplicate repeat experiments.

As for miR-153, transient miR-224 induction was deemed appropriate for the relatively
short duration of in vitro CRC cell invasion and proliferation assays. However, the
biological impact of neither miR-224 nor miR-153 had previously been examined in the
context of more physiologically relevant organotypic co-culture models. Organotypics
are 3-dimensional invasion assays, in which cancer epithelial cells and stromal elements
such as fibroblasts are co-cultured for 2 weeks in a synthetic gel consisting of type-1I
collagen and essential ECM components.*®* *'* To achieve ectopic miRNA expression
in the requisite number of cells and sustain it over this more protracted time-course,
CRC cells were transfected with a mIRNA/GFP co-expression plasmid from
GeneCopoeia™ (plasmid map; figure 2.1), using the transfection reagent Fugene® HD

(Promega).

Fugene® HD was selected because it is specifically formulated for the transfection of
plasmid DNA into a wide variety of cell lines, including each of the CRC cell lines used

in this study,**?

with high efficiency and low toxicity. GeneCopoeia™’s products were
selected because they were the only company identified which supplied prefabricated
miRNA expression vectors containing both antibiotic-resistance and GFP-reporter
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genes.***® This meant that following transfection, enrichment of miRNA/GFP
expressing cells could be conducted under Puromycin selection, monitored visually

using fluorescence microscopy.

After transfection with miRNA/GFP co-expression plasmid in a 6 well format, CRC
cells were allowed to grow to full confluence. Once confluent, cells were exposed to
Puromycin selection. After 48 hours, selection media was removed, the cells washed in
PBS and surviving cells expanded as per standard laboratory protocol in complete

growth media.

Stably transfected cells were expanded over 14 days until sufficient numbers were
available for use in organotypic models. After 14 days 1/10™ of the cells were harvested
and lysed for RNA extraction, to measure candidate miRNA expression by Tagman®
gPCR relative to equivalent miR-SCC transfected controls. This was repeated after a
further 13 days to demonstrate sustained miRNA over-expression for the entire duration
of the organotypic incubation period (Figure 3.2).
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Figure 3.2 Stable ectopic miRNA expression in CRC cell lines quantitated
by Tagman®-qRT PCR

Stable (A) miR-224 and (B) miR-153 expression in SW480 cells transfected with a
miRNA/GFP co-expression plasmid relative to cells transfected with the equivalent
scrambled control plasmid (miR-SCC); (C) Stable miR-224 induction in HCT116 cells
relative to control transfected cells; Results represent mean miRNA expression + s.e.m
from triplicate repeat experiments conducted 13 days apart (day 14;D14 and day
27;D27 after Puromycin selection had been removed). (D) HCT116 cells stably
expressing miR-224/GFP co-expression plasmid visualised under fluorescence at x10

magnification.

Intriguingly, miRNA over-expression in stably transfected cells was >2 orders of
magnitude lower than equivalent transiently transfected cells. However, the purpose of

stable induction was to interrogate candidate miRNAs in organotypic models, in highly
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physiologically relevant conditions. As we have seen in preliminary data; section 1.7
(figure 1.10), miR-153 and miR-224 expression in vivo in LMD CRC epithelium is
approximately 5 fold greater than expression in paired normal colonic epithelium.
Therefore, for organotypic assays which are conducted over a relatively protracted time

course, this low but sustained induction of miRNA expression was considered ideal.

Nevertheless, in order to produce the most flexible system possible, further optimisation
of stable candidate miRNA induction was also attempted: For this purpose, CRC cells
transfected with a miR-224/GFP or control miR-SCC/GFP co-expression plasmid were
subjected to additional selection: 96 hours after Puromycin selection had been removed,
a BD FACSARIA |1 flow cytometer, gated to identify the 5% most highly fluorescent
cells was used to isolate a population of 50,000 cells enriched for miR-224 or miR-SCC

expression. Once sorted, cells were expanded without further Puromycin selection.

As we see in figure 3.3, in HCT116 CRC cells this produced approximately 35 fold
overexpression of miR-224 by Tagman® gPCR, compared with identically treated miR-

SCC transfected control cells.
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Here, miR-224 expression by Tagman® gRT-PCR is compared between HCT116 CRC
cells transfected with miR-224/GFP co-expression plasmid, or miR-SCC/GFP control
plasmid pre- and post-sorting by FACS, and un-transfected, un-selected wild-type
HCT116 cells.

MiR-224 expression in control miR-SCC transfected cells is used as the reference.

Results represent mean expression + s.e.m from triplicate repeat experiments.

Data presented here illustrates a highly flexible experimental system capable of
producing low, moderate or high levels of candidate miRNA induction in CRC cells for
use in different assay formats: low or moderate but sustained miRNA induction ideal for
organotypic models; and high transient miRNA induction more suited to functional
screening assays with the purpose of rapidly excluding miRNA candidates with limited
biological significance.
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3.1.2 Ectopic microRNA expression in cultured fibroblast cell
lines and ex vivo fibroblasts from human colonic biopsy

specimens

To evaluate the biological significance of stromal miR-21 in in vitro functional cell
assays and organotypic models, transient miR-21 induction was attempted first in
human fibroblast cell lines using pre-miR-21 from Ambion® and the transfection
reagent Oligofectamine™ in accordance with a fibroblast transfection protocol

optimised by the group.

HFFF2 fibroblasts were selected as they are the cell line of choice for the development
of novel organotypics in our laboratory, having been used successfully in the past to

" basal cell carcinoma®® and oesophageal

model squamous cell carcinoma,*
adenocarcinoma.*® MRC5s were selected to provide flexibility in the experimental
design, as they are the only other cultured fibroblast cell line identified in the literature

to have been used in the context of gastrointestinal tumour modelling.**

Unfortunately, results with this initial transfection strategy were unfavourable as miR-
21 expression appeared to fall or remain largely unaltered following transfection.
Substituting Oligofectamine™ with Lipofectamine 2000™ and using both pre-miR-21
and anti-miR-21 preparations from Ambion® produced similarly mixed and

incongruous results.

In an attempt to overcome this critical barrier to my research, oligonucleotides
manufactured by Ambion®, were replaced by the equivalent MiRIDIAN™ products by
Dharmacon®, including a miR-21 mimic, a miR-21 hairpin inhibitor and a miR-SCC

scrambled negative control (Table 2.7).

Reverting to the original group protocol for fibroblast transfection with
Oligofectamine™, several hundred fold miR-21 induction and suppression was
achieved using MiRIDIAN™ products in both HFFF2 and MRCS5 cells, an effect which

was observed for several days following transfection (figure 3.4).
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Figure 3.4 miR-21 expression by Tagman® qRT-PCR in transiently

transfected fibroblast cell lines

MiR-21 expression in (A) HFFF2 and (B) MRCS5 cultured fibroblast cell lines following
transfection with pre-miR-21 or anti-miR-21 from Dharmacon®, at 100nM
concentration. Results represent mean miR-21 expression * s.e.m from triplicate repeat
experiments. MiR-21 is expressed relative to miR-SCC control transfected cells at 24

hours and 72 hours following transfection with Oligofectamine™.

Having identified a robust method of transiently manipulating miR-21 expression in

cultured fibroblast cell lines, attention turned to primary colonic fibroblasts.

A key feature of this research is the use of primary tissue wherever possible, to better
reflect in vivo conditions in the experimental design. HFFF2 fibroblasts are derived
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from human foetal foreskin tissue and MRC5 fibroblasts from human foetal lung tissue.
Their ubiquitous use in tissue culture reflects their versatility and predictability under
experimental conditions. It should not however be assumed that they behave in identical
fashion to anatomically accurate primary cells.

It was therefore deemed essential to also induce ectopic miR-21 expression in ex vivo
human colonic fibroblasts. For this purpose, a panel of non-cancer associated primary
colon fibroblasts (PCFs) were extracted from the stroma of unaffected sections of fresh
human CRC resection specimens. During this process, which is summarised in figure
3.6 but discussed in detail in the methods section and in Bullock et al., 2014,%%°
fibroblasts spontaneously exit from colonic biopsy specimens after 5-7 days incubation
in fibroblast specific growth media. In the absence of specific inhibitors, fibroblasts tend
to outgrow other cell types and are easily recognised under light-microscopy by their
flat, elongated morphology, and lamellipodia protrusions which give them a spindle-like

appearance (figure 3.5).**

PCFs were assigned a number from 1-16, to denote the patient from which they had

been isolated.
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Figure 3.5 Primary Colon Fibroblast (PCF) extraction and culture

To maximise the physiological relevance of this research, anatomically accurate ex
vivo colonic fibroblasts were used in various experiments. Fibroblasts within the
colonic resection specimens of several patients were extracted from unaffected tissue

>5cm from the tumour.

To select primary fibroblasts for use in further studies, it was first necessary to assess
whether significant differences in biology and function existed between cells recruited
from different patients. To achieve this, the capacity of PCFs to induce CRC invasion in
transwell assays was assessed. Crucially however, only PCF7, PCF8, PCF9, PCF15 and
PCF16 grew sufficiently robustly under culture conditions and were present in sufficient

numbers to be included in this analysis:

1x10° PCFs were plated in 6 well plates in complete DMEM. After 24 hours, culture
medium was removed and following 3 washes in PBS, replaced with serum free DMEM
supplemented with 1% BSA. After a further 24 hours, this conditioned medium (CM)
was clarified by centrifugation and transferred in aliquots to triplicate wells of a 24 well
plate. Subsequently, Matrigel™ coated transwell invasion chambers, into which SW480
CRC cells had been seeded, were inserted into each well containing CM. CRC cells
which had successfully invaded through the synthetic Matrigel™ basement membrane,

were counted after 72 hours (figure 3.6A).

Interestingly, PCF15 and PCF16 cells induced significantly greater SW480 CRC
invasion than non-cancer associated primary cells from all other patients. This implies
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that although the use of physiologically relevant primary tissue is desirable, significant

intra-patient variability may also be expected.

Next, endogenous miR-21 expression was quantitated in PCF7, PCF8, PCF9, PCF15
and PCF16 cells by Tagman® gPCR relative to wild-type HFFF2 cells. This revealed
only relatively small (<1.5-fold) variations in miR-21 expression between the various
PCF cell lines (figure 3.7).

Subsequent to this analysis, PCF8 and PCF9 cells were selected for use in further
studies because they express relatively low baseline levels of miR-21 and induce low to
medium CRC invasion, making them ideal to assess the biological impact of ectopic
stromal miR-21 upregulation.
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Figure 3.6 Selection of primary colon fibroblasts for experimental use

(A) Endogenous miR-21 expression by Tagman®-gPCR in a panel of PCFs relative to
HFFF2, a cultured human fibroblasts cell line. (B) SW480 CRC cell invasion assay
conducted over 72 hours using culture media supernatant extracted from various PCFs
as chemo-attractant. Results represent mean miR-21 expression (A) or mean number of

invading cells (B) from triplicate repeat experiments £ s.e.m.

The next step was to induce transient ectopic miR-21 overexpression and suppression in
selected PCF cell lines. As with MRC5 and HFFF2 fibroblasts, the use of Ambion®
oligonucleotides produced incongruous results both with Oligofectamine™ and

Lipofectamine 2000™ transfection reagents.
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However, MIiRIDIAN™ products from Dharmacon®, produced several hundred fold
miR-21 induction and suppression in PCF cells for at least 72 hours following
transfection with Oligofectamine™ (figure 3.7).
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Figure 3.7 Tagman® RT-PCR quantitation of miR-21 expression in

transiently transfected PCF9 fibroblasts

MiR-21 expression by Tagman® gRT-PCR in PCFs following transfection with pre-
miR-21 or anti-miR-21 from Dharmacon® at 100nM concentration. Results represent
mean miR-21 expression + s.e.m from triplicate repeat experiments. MiR-21 expression
is relative to miR-SCC control transfected cells 24 hours and 72 hours following

transfection with Oligofectamine™.

To achieve sustained miR-21 upregulation over time, fibroblasts were transfected with a
MiRNA/GFP co-expression plasmid from GeneCopoeia™ containing a Puromycin
resistance gene. On the advice of colleagues, Xfect™, a transfection reagent from
Clontech™ formulated to deliver DNA into difficult to transfect mammalian cells, was

used in the first instance and in accordance with the manufacturer’s instructions.

The inclusion of an antibiotic resistance gene meant that cells capable of transmitting
the plasmid in a stable fashion could subsequently be enriched by Puromycin selection.
The minimum cytotoxic dose for HFFF2 and MRC5 fibroblasts was calculated in
advance using Puromycin dose response curves (figure 3.8).
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Figure 3.8 Puromycin dose response curves for the selection of stably

transfected fibroblast cell lines

Puromycin dose response curve for (A) HFFF2 and (B) MRC5 cultured fibroblast cell
lines. Using the colorimetric MTS assay, absorbance of light at 490nm provides a proxy
measure of viable cell numbers over time following exposure to Puromycin in

increasing doses.

For MRC5 fibroblasts this transfection and selection strategy was immediately
successful. Transfection with 8ug of plasmid DNA using Xfect™ in a 6-well format
achieved approximately 60% transfection efficiency. This was assessed visually at 48
hours post-transfection by calculating the ratio of GFP expressing to non-expressing
cells. Cells were subsequently enriched for expression of miR-21/GFP or miR-
SCC/GFP by exposure for 2 weeks to Puromycin at a concentration of 2ug/ml in

complete growth medium (figure 3.9).

However, gene expression analysis on the day Puromycin selection was removed,
revealed an apparent paradox, as stable expression of the miR-21/GFP plasmid
seemingly produced down-regulation of miR-21 compared with miR-SCC transfected
cells (figure 3.9). Concern that this represented activation of an intracellular
autoregulatory mechanism meant that quantification of miR-21 by Tagman®qRT-PCR
was considered an insufficiently precise measure of transfection efficiency in stably

transfected fibroblasts.

An alternative strategy was to measure expression of known miR-21 mRNA targets.

Assangani and colleagues used mutated/unmutated 3’'UTR luciferase reporter assays to
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demonstrate in epithelial CRC cell lines, that translation of PDCD4 mRNA is supressed
directly by miR-21.%° Similarly, Gabriely et al., demonstrated that RECK is a direct

target and TIMP3 a possible indirect target of miR-21 in Glioma models.?®*

In the current study MRCS5 fibroblasts stably expressing the miR-21/GFP co-expression
plasmid (MRC5? cells) also expressed downregulated PDCD4, RECK and TIMP3
mRNA compared with control miR-SCC/GFP expressing cells (MRC5°%). As a
consequence, expression of direct miR-21 targets (PDCD4 or RECK) became the

preferred method for measuring the efficiency of stable miR-21 induction in fibroblasts.
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Figure 3.9 Selection of stable miR-21/GFP and miR/SCC expressing MRC5
fibroblasts

(A) MRCS5 fibroblasts in live culture following transfection with miR/GFP co-expression
plasmid. Note enrichment of GFP +ve cells following selection with Puromycin for 2

weeks.

Expression of (B) miR-21, (C) PDCD4, (D) RECK and (E) TIMP3 in MRC5 cells stably
expressing the miR-21/GFP co-expression plasmid, compared with cells expressing
control miR-SCC. Results represent mean expression from triplicate repeat experiments

+s.e.m.

In contrast to MRC5 fibroblasts, the initial transfection of HFFF2 fibroblasts with
plasmid DNA using Xfect™ was not effective. The proportion of transfected cells
assessed visually under fluorescence was approximately 20% (figure 3.10).
Furthermore, the rate of cell proliferation was slow and transmission of the GFP-tagged
plasmid inefficient, particularly under Puromycin selection. This made the subsequent

expansion of antibiotic resistant clones particularly problematic.

Identifying this as an opportunity to develop a new skill by capitalising on expertise
already present within our collaborative group,*® a lentiviral delivery system (Lenti-
Pac™ from GeneCopoeia™) was used to infect HFFF2 cells with miR-21/GFP or miR-

SCC/GFP co-expression plasmid, rather than optimising the transfection protocol
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further. This proved an effective solution, as 48 hours following infection with 30ul
viral supernatant, the ratio of GFP expressing to non-expressing HFFF2 cells was

approximately 5:1 for both miR-21 and control miR-SCC plasmids (figure 3.10).
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Figure 3.10 Optimisation of miRNA induction in HFFF2 fibroblasts with

miRNA/GFP co-expression plasmid

(A) HFFF?2 cells transfected with the highest attempted dose of plasmid DNA (Sug)
using Xfect™ transfection reagent: 48 hours post transfection with miR-21/GFP or
miR-SCC/GFP co-expression plasmid, only approximately 20% of cells were
fluorescent. (B) At low doses (Sul per well) lentiviral supernatant (containing Lenti-
Pac™ particles from GeneCopoeia™) produced similar results to transfection (in A),
but at higher doses (30ul per well) excellent transduction efficiency was achieved with
approximately 80% of cells expressing green fluorescence at 48 hours. Note that the

image display HFFF2 cells at approximately 80% confluence.
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Exposure to Puromycin at a concentration of 0.5ug/ml for 2 weeks further enriched both
populations of GFP+ve cells and on the day Puromycin selection was removed,
expression of the miR-21 targets PDCD4 and RECK were heavily supressed in cells
containing the miR-21/GFP co-expression plasmid (HFFF2%* cells) compared with miR-
SCCIGFP expressing control cells (HFFF2°°°) (figure 3.11).
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Figure 3.11 PDCD4 and RECK expression in stable miR-21 transfected
HFFF2 fibroblasts

(A) HFFF2 cells enriched for expression of miR-21/GFP co-expression plasmid imaged
under fluorescence and normal light microscopy show approximately 100% of cells
contain the plasmid miRNA expression construct. (B) Relative PDCD4 and RECK
MRNA expression in HFFF2 cells stably expressing miR-21/GFP plasmid compared
with stable miR-SCC/GFP expressing controls. Results represent mean expression from

triplicate repeat experiments £ s.e.m.

As with epithelial CRC cell lines, the primary purpose of inducing stable ectopic
miRNA expression in fibroblasts was to examine the impact of miRNA deregulation in

physiologically relevant models of CRC progression.

To ensure that ectopic miR-21 expression in HFFF2 fibroblasts was sustained, stably
transfected cells were expanded for 5 days after Puromycin selection had been removed,

before 1/10™ of the cells were harvested and lysed for RNA extraction. PDCD4
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suppression, as a proxy measure of miR-21 upregulation, was subsequently quantitated
by Tagman® gPCR in HFFF2?! cells relative to equivalent miR-SCC transfected
controls. This was repeated after 5 and 13 days to demonstrate sustained ectopic
mMIiRNA expression for at least the entire duration of an organotypic incubation period
(Figure 3.12).

An equivalent experiment was conducted for stably transfected MRC5 fibroblasts,
however the miR-21 transfected cohort was lost to infection at an early stage and data

from all time points is not available (Figure 3.12).
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Figure 3.12 PDCD4 expression in stable miR-21 transfected fibroblasts
over time

PDCD4 mRNA as a proxy measure of ectopic miR-21 expression in (A) HFFF2 and (B)

MRCS5 fibroblasts quantitated by Tagman®-gRT PCR. PDCD4 mRNA in fibroblasts
transfected with a miR-21/GFP co-expression plasmid is expressed relative to control
cells transfected with miR-SCC/GFP plasmid. Results represent mean miRNA
expression + s.e.m from triplicate repeat experiments. Analysis for HFFF2 cells was
conducted at day 1 (D1); 5 (D5); 10 (D10) and 18 (D18) after Puromycin selection had
been removed. For MRCS5 fibroblasts data is available for D1 and D5.

Surprisingly we see in figure 3.12, that PDCD4 mRNA suppression is lost in HFFF2?
fibroblasts after a relatively short interval, and in fact PDCD4 expression appears
upregulated in HFFF2%* cells compared with HFFF25°C cells 18 days after Puromycin
selection has been removed. The significance of this is not clear however, it is
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reassuring that the within the plasmid vector used for ectopic miR-21 and miR-SCC
expression, the miRNA gene is located next to the GFP reporter gene, and both are
driven from the same CMV promoter sequence (figure 2.1). Thus it may be reasonable
to assume that the miRNA of interest continues to be expressed in cells which are
positive for GFP. Furthermore, PDCD4 is a key regulator of biological activity within
the cell and is involved particularly in apoptosis and cell turnover pathways.*?? It may
therefore be essential for cell homeostasis for compensatory mechanisms to counter the
loss of PDCD4 activity in the context of heavy miR-21 overexpression.

In summary, this section describes the optimisation of various methodologies designed
to produce a highly flexible platform for ongoing research. Crucially, transient and
stable induction of miR-21 in a variety of fibroblast cell lines will permit the impact of
stromal miR-21 deregulation to be examined both in vitro and in vivo, and for these
findings to be rapidly validated across multiple experimental formats.
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3.1.3 Developing a 3-Dimensional organotypic model of

colorectal cancer.

Organotypics are tissue-engineered models in which stromal constituents such as
fibroblasts are 3-dimensionally co-cultured with cancer epithelial cells in a collagen gel
containing essential extracellular matrix components. They are highly manipulatable
experimental tools which enable invasion and cancer-stroma interactions to be studied

in near-physiological conditions.*?°

As CRC invasion is a complex biological process, it was crucial to examine the impact
of stromal and epithelial miRNA manipulation in conditions which resemble the
situation in vivo. With this in mind, one of the early priorities of this project was to
develop for the first time, a working organotypic CRC model.

Initially, various epithelial cancer cells lines were tested in 3-D co-culture with ex vivo
PCF8 fibroblasts, to identify combinations which effectively reconstitute the conditions
for CRC invasion. A primary fibroblast cell line was selected in the first instance to

maximise the physiological relevance of the model (figure 3.13).

HCT116 CRC epithelial cells did not appear to thrive in organotypic culture. Although
unicellular invasion pockets were occasionally noted, frequently the epithelial layer
would detach entirely from stroma during fixation and processing, compromising the

quality of the final result (figure 3.13A).

In contrast, DLD1 (figure 3.13B) and HT29 (figure 3.13C) CRC cells did produce a
healthy, well stratified epithelial layer however; invasion in the presence of PCF8
fibroblasts was almost entirely absent. This could perhaps have been anticipated as
DLDL1 cells display a strongly epithelial morphology and HT29 cells originate from a

low grade colonic tumour specimen.

Under identical conditions, AAC1/82 CRC cells also did not invade, but instead
organised into an acinar pattern characteristic of well-differentiated adenocarcinoma.
Intriguingly, the conservation of this glandular colonic morphology may represent an
opportunity in future to study tumours during the earliest phases of development and not

just CRC invasion and progression (figure 3.13D).
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Although small pockets of invading cells were frequently identified in organotypics
containing SW620 CRC cells (figure 3.13E), the only truly robust model of CRC
invasion was achieved using a combination of PCF8 fibroblasts and SW480 cells.
Crucially, this cellular juxtaposition produced very well defined invasive tumour islands
consisting of numerous multicellular assemblies extending deep into stroma (figure
3.13F). This is consistent with the origins of SW480 cells which were recruited from a

high grade (111/1VV) human colonic adenocarcinoma specimen.
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Figure 3.13 CRC Organotypic development (l)

Representative cross-sections of Organotypic co-cultures in which PCF8 human ex vivo
colonic fibroblasts in the stroma are juxtaposed with an epithelial cell layer consisting
of various CRC cell lines including (A) HCT116s; (B) DLD1s; (C) HT29s; (D)
AAC1/82s; (E) SW620s; and (F) SW480s. Models were produced in triplicate and
cultured for 14 days before being bisected, fixed in formalin, sectioned and stained.
Immuno-staining with a pan-cytokeratin antibody produces a brown chromogenic

reaction which highlights epithelial cancer cells.
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Prompted by this success, several other primary and cultured fibroblast cell lines were
also tested in combination with SW480 CRC cells (figure 3.14).

HFFF2 fibroblasts induced similarly strong invasion to PCF8 fibroblasts, in contrast to
other fibroblasts including ex vivo fibroblasts, which induced only moderate (MRC5s)
or weak (PCF6; PCF9) invasion (figure 3.14). Relative invasion across various

organotypics was measured using a semi-quantitative score known as the ‘invasion

index’.*%4
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Figure 3.14 CRC Organotypic development (ll)

Representative cross-sections of Organotypic co-cultures in which (A) HFFF2; (B)
PCF8; (C) MRC5; (D) PCF6 and (E) PCF9 fibroblasts in the stroma are juxtaposed
with an epithelial cell layer consisting of SW480 CRC cells. Models were produced in
triplicate and cultured for 14 days before being bisected, fixed in formalin, sectioned
and stained. Immuno-staining with a pan-cytokeratin antibody produces a brown
chromogenic reaction which highlights epithelial cancer cells. (F) For the purpose of
comparison, the extent of invasion achieved by SW480 CRC cells in the presence of
various stromal fibroblasts is measured using a semi-quantitative score known as the
invasion index. Here the mean invasion index is presented from triplicate repeat

experiments and expressed relative to the organotypic demonstrating the least invasion.
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In summary, data presented in this section suggests that CRC and specifically CRC
invasion can be effectively replicated in synthetic tumour models, by juxtaposing
cultured CRC cells and stromal fibroblasts in 3-dimensions.
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3.1.4 Laser microdissection

One of the key objectives of the current study is to establish for the first time, whether
separately profiling miRNA expression in tumour epithelium and stroma, has prognostic

utility in cancer.

In order to characterise miRNA expression in different tumour compartments, it was
first necessary to isolate CRC epithelium from stroma. This was achieved using Laser

Microdissection (LMD), a technique used extensively within the host group.

To ensure LMD was efficient in my own hands, a FFPE CRC specimen, mounted on a
membrane coated slide and stained with Cresyl Violet, was laser dissected using the AS
LMD platform from Leica. Stromal and epithelial tumour compartments were collected
separately and total RNA was extracted. Subsequently, gPCR assays were conducted to
quantify expression of epithelial and mesenchymal specific markers in the

microdissected tissue.

Compared with the corresponding epithelial tissue, microdissected stroma expressed
approximately 4-fold higher levels of mesenchymal cell-specific vimentin (VIM)
mRNA and fibroblast-specific protein 1 (FSP1; S100 calcium-binding protein A4,
S100A4) and approximately 2-fold lower levels of epithelium specific E-Cadherin
(CDH1) (figure 3.15).
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Figure 3.15 Laser Microdissection of primary CRC tissue

(A) LMD was performed on FFPE CRC specimens to isolate stroma from epithelial tissue. Cresyl violet staining was used to
highlight epithelium (i); the area of interest was then defined (ii) before laser dissection occurred (iii) and the cut piece was
transported to a collection device (iv). (B) To prove the efficiency of LMD, expression of mesenchymal cell-specific mRNA vimentin
(VIM), FSP1 mRNA (S100A4), and epithelium specific mRNA E-Cadherin (CDH1) were quantified in LMD epithelium by Tagman

gPCR and expressed relative to the corresponding LMD stromal tissue (*P<0.05)
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3.1.5 Results discussion

In the current study, the first and fourth objectives are to identify and validate candidate
miRNAs deregulated in CRC, and to establish their prognostic utility.

Previous studies have characterised miRNA expression in whole tumour sections,
lymph nodes, metastases, serum and even faeces of patients with CRC.' 3 As
discussed in section 1.3.5.2, working with each of these tissues presents different
challenges, and it is noteworthy, that despite early promise, no study has yet produced a
robust prognostication tool capable of translation to the clinical setting, based on

miRNA expression in CRC.

Notwithstanding, one advantage of focusing on corrupt miRNAs in primary tumour
tissue, rather than serum, faeces or metastases, is that miRNA candidates identified in
this context, may not only hold prognostic significance, but are also most likely to

relevant to underlying tumour biology.

At the last count at least 28 studies had characterised differential miRNA expression
between CRC tissue and normal colonic tissue (Introduction; Table 1.1). Crucially
however, all but 2 of these studies neglected potentially important biological differences
between cancer cells and their supportive tumour microenvironment by profiling bulk

tumour specimens, rather than epithelium and stroma separately.

The remaining studies used laser microdissection (LMD) to isolate stroma from
epithelial tissue prior to profiling however, in both cases the authors failed to
subsequently examine the prognostic significance of the deregulated miRNAs which
they had identified.?* 3%

It would therefore, be highly novel and potentially clinically advantageous to correlate
expression of deregulated miRNAs in CRC stroma and epithelium with patient
outcomes independently of one another. As LMD is an essential component of this, it
was important to prove in advance that it could be performed with sufficient precision,
by demonstrating appropriate expression of epithelium and stroma-specific markers in

microdissected tissue (figure 3.15).
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The second objective of this study is to determine the biological consequences of
deregulated miRNAs, both in CRC epithelium and stroma. In order to achieve this, it
was necessary to induce ectopic expression and suppression of candidate miRNAs in
CRC cells and fibroblast cell lines, and ex vivo human colon fibroblasts.

Although challenging, the optimisation of both stable and transient transfection
techniques to induce and suppress miRNA expression in a range of CRC cancer cells
and fibroblasts, afforded me an excellent and very flexible platform on which to conduct

this research.

A further innovation to facilitate study of the biological consequences of deregulated
miRNAs, and any cross-talk between tumour compartments, was the development of
CRC organotypic models.

Organotypic co-cultures are 3-dimensional reconstructions of the in vivo tumour
microenvironment.“®* Principally conceived as a method of measuring tumour invasion,
organotypics reduce reliance on animal models, and avoid the shortcomings of other in
vitro techniques such as transwell assays, in which invading cells are forced artificially

into a mono-dispersed state.*!*

The inclusion of stromal cells, such as fibroblasts, reflects the essential role of the
tumour microenvironment in regulating malignant invasion and metastasis. Crucially,
anatomically accurate ex vivo fibroblasts were used here, as well as cultured fibroblast

cell lines, in order to maximise the physiological relevance of the model.

Intriguingly, organotypic models constructed, incubated and processed in identical
fashion induced invasion from SW480 CRC cells to a very different extent, depending
on the fibroblast content of the stroma. This provided a striking visual demonstration of
the importance of the stroma during CRC invasion. However, perhaps more
importantly, these organotypic models also allowed us to ‘freeze-frame’ a key moment
in the metastatic cascade, when a subset of malignant epithelial cells which had
acquired the capacity to invade, first became discernable against a background of

otherwise well-stratified non invading malignant epithelial cells.

In contrast to SW480 cells which were highly invasive, AAC1/82 CRC cells organised

into a well differentiated acinar pattern, and DLD1 and HT29 cells organised into well
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stratified layers with very little invasion evident. This further illustrates the flexibility
of an experimental system which may be adapted to model tumourogenesis or
metastatic progression; or high or low grade disease, simply by modifying the CRC cell

line included in the epithelial layer.

Having engineered these CRC models, they have subsequently been used in a variety of
novel ways within the University of Southampton Cancer Sciences Unit, to examine the

impact on tumour progression of chemical inhibitors and targeted gene alterations.?*>
420, 423

In the next phase of development, the aim will be to extract both stromal fibroblasts and
malignant epithelial cells from colonic resection specimens, to produce personalised

tumour facsimiles for individual patients.
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3.2 The role of epithelial microRNA candidates during

colorectal cancer progression

MiR-153 was amongst the most highly upregulated miRNA candidates in a comparison
of metastatic CRC (SW620) cells compared with paired non-metastatic (SW480) cells;
and miR-224 was highly unregulated in LMD CRC epithelium compared with paired
normal colonic epithelium (preliminary data; section 1.7).

In the following sections, the functional impact of deregulated miR-153 and miR-224

during CRC progression will be examined in vitro.

3.2.1 The functional impact of ectopic miR-153 expression in

vitro

MiR-153 has been the subject of intense interrogation by the host group. In brief, miR-
153 appears to promote CRC progression in vitro, by enhancing cellular invasiveness
through an indirect MMP9 induction pathway.?*®

Prompted by this initial assessment and in order to more closely recreate and model in
vivo circumstances, the effect of stably transfected GFP-tagged miR-153 in SW480 cells
was examined using a 3-dimensional organotypic co-culture with HFFF2 fibroblasts
(figure 3.16). To our knowledge, this represents the first published use of organotypics
to assess the impact of miRNA manipulation in cancer of any kind, and the first
experimental use of a synthetic CRC tissue model in our institution.”®® This entirely
novel approach powerfully demonstrated that ectopic expression of miR-153 but not
control miR-SCC expression resulted in increased invasion of SW480 cells into the

underlying stroma.

Although stable overexpression was achieved in only 75% of cells, this had beneficial
consequences, as immunostaining against GFP illustrated enrichment of miR-153
expressing cells at the invasive front, supporting the notion that miR-153 may be a key

regulator of the invasive phenotype in CRC.
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Figure 3.16 3-dimensional organotypic co-cultures of miR-153 transfected
SW480 cells and human foetal fibroblast cells

(A) SwW480 cells were stably transfected with miR-153/GFP co-expression plasmids.
After 14 days sections of organotypic gels were immunostained with (i, ii) anti-
cytokeratin antibody or (iii-vi) anti-GFP antibody. Results show increased invasiveness
of miR-153-overexpressing SW480 cells and enrichment of transfected (GFP+) cells at
the invasive front compared with control miRNA. (B) Relative miR-153 expression by
Tagman® gPCR in SW480 CRC cells stably expressing miR-153 compared with miR-
SCC control transfected cells. Results represent the ratio of means + s.e.m from

triplicate repeat experiments. *P<0.05.

Furthermore, these results emphasise the value of organotypics in miRNA research. As
3-D co-culture models are more physiologically relevant than other invasion assays,
they provide a rapid platform to screen miRNA candidates for biological function,

bridging the gap between in vitro and in vivo methodologies.
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3.2.2 The functional impact of ectopic miR-224 expression in

vitro

The phenotype of CRC cell lines transfected with miR-224 was characterised using a
panel of in vitro assays designed to screen miRNAs identified through profiling, and
rapidly exclude non-pathologically relevant candidates. The assays selected for this

purpose were quick, reproducible and extensively used within the host group.

MiR-224 overexpression in HCT116 cells did not enhance cellular proliferation
compared with controls in an MTS cell viability assay conducted at multiple time points
(figure 3.17).
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Figure 3.17 Cellular proliferation in miR-224 transfected CRC cells

(A) MTS cell viability assay comparing HCT116 CRC cells in which miR-224
expression has been ectopically induced, with control transfected cells and non-
transfected wild-type cells. Results represent mean * s.e.m from triplicate repeat
experiments. (B) Relative miR-224 expression by Tagman® gPCR in HCT116 CRC
cells used in this assay. Results represent the ratio of means + s.e.m from triplicate

repeat experiments. **P<0.005.

Furthermore, compared with control transfected cells, no significant differences were
identified in transwell invasion assays, in a panel of CRC cells in which miR-224

expression had been ectopically induced (figure 3.18).
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Figure 3.18 Invasion in miR-224 transfected CRC cells: Transwell invasion

assay

Up-regulation of miRNA-224 in (A) SW480; (B) DLD1 and (C) HCT116 cells does not
significantly enhance CRC invasion in vitro. To account for differences in cell numbers
between experiments, data has been normalised as a percentage of control transfected
cells. Results represent mean +/- s.e.m from triplicate repeat experiments. NS = Not

miR-SCC

miR-224

Significant; *P<0.05; **P<0.005.
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To corroborate these findings in a more physiologically relevant setting, organotypic
models were constructed using SW480 and HCT116 CRC cells stably transfected with
miR-224, or control miR-SCC. Once more, the use of HCT116 CRC cells in
organotypic culture was a technical failure, as the epithelial layer detached completely

from stroma during fixation and processing (data not shown).

By contrast, SW480 cells stably expressing ectopic miR-224 or control miR-SCC
invaded well in organotypic culture, but no significant differences were identified

between the 2 groups (figure 3.19).
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Figure 3.19 miR-224 dependent CRC cell invasion in organotypic models

(A) Representative sections from organotypic models constructed with HFFF2
fibroblasts in the stromal layer. The malignant epithelium consists of SW480 CRC cells
stably expressing either ectopic miR-224 or control miR-SCC. After 14 days incubation
organotypics were fixed in formalin, sectioned and immunostained with a pan-
cytokeratin antibody to highlight malignant epithelial cells. (B) The mean invasion
index + s.e.m from three independent experiments has been normalised with mean
invasion from the control group used as reference (C) In this study miR-224 expression
by Tagman® gqPCR was approximately 4.9-fold overexpressed in miR-224 transfected
SW480 CRC cells compared with controls. NS=Not significant; **P<0.005.

Given these consistently negative in vitro findings, further interrogation of the potential

impact of epithelial miR-224 on CRC progression was temporarily suspended.
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3.2.3 Results discussion

The impact of over-expressed miR-153 and miR-224 on CRC proliferation and invasion
was assessed by transfecting CRC cell lines with miR-specific/GFP co-expression
plasmids and/or pre-miR oligonucleotides. Screening studies subsequently enabled

rapid interrogation of candidate miRNA function.

MiR-153 is a poorly understood miRNA, first detected in brain tissue where it is
implicated in neurodegenerative disorders.*** ** Although it has also been implicated in

427

the pathogenesis of endometrial adenocarcinoma*®® and prostate cancer*?’ it has not

previously been identified in CRC.

Here, upregulated miR-153 expression promoted a more invasive phenotype in
organotypic CRC models. Furthermore, organotypic sections immunostained with an
anti-GFP antibody demonstrated enrichment of miR-153 expressing cells at the tumour-
stroma interface; evidence that individually transfected miR-153-positive CRC cells
have enhanced invasive capacities. This data corroborated, and was published alongside
a detailed mechanistic analysis exploring the role of miR-153 in CRC progression. In
the study, co-authored by members of the host group, miR-153 enhanced CRC
invasiveness by indirectly activating MMP9, but not by enhancing MMP9 mRNA

transcriptional levels.”®

MMP9 is a collagenase involved in ECM turnover, and
upregulated expression has previously been identified as an independent predictor of

overall, cancer specific and disease-free survival in CRC.*?® %%

MiR-153 may also promote CRC progression by activating chemoresistance pathways
mediated through its target, the transcription factor FOX03.2*> FOXO3 is an important
tumour suppressor gene which is downregulated in advanced stage CRC compared with

early stage disease and which correlates inversely with miR-153 expression in vivo.="
235

Paradoxically, other data suggests that miR-153 expression may also be closely
associated with an epithelial cell phenotype. MiR-153 is supressed in oral Squamous
Cell Carcinoma (SCC) cells undergoing EMT in response to TGFP treatment, and in the
presence of ectopic miR-153 expression, this transition is abrogated. In fact, miR-153
directly targets 2 key regulators of the EMT-MET axis, SNAIL and ZEB2, which would
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suggest that in SCC at least, miR-153 may exert a protective, anti-metastatic

influence.**°

The current literature regarding miR-224 is equally contradictory. Recently, miR-224
has been identified as a potential regulator of chemoresistance pathways in human lung

adenocarcinoma cells, and a multifaceted oncogene in hepatocellular carcinoma.*4%

In CRC specifically, Zhang and colleagues,?*® corroborated our finding that miR-224 is
upregulated in CRC compared with paired normal tissue, but also suggested that ectopic
miR-224 activity in SW480 CRC promotes both CRC invasion and proliferation by
targeting SMAD4, a key mediator of TGFp signalling and a putative tumour suppressor
in CRC pathways.”** *** However, contrary analysis published in Gastroenterology in
2013, suggested that miR-224 inhibition and not induction, was associated with
enhanced SW480 CRC cell proliferation in vitro and increased metastasis in vivo in

xenograft mouse models of CRC.*®

In the current study, ectopic miR-224 expression in two from three CRC cell lines did
appear to promote invasion in transwell assays to a minor degree, but these analyses did
not reach statistical significance. Notably, ectopic miR-224 expression did not promote
invasion in organotypic models, or drive CRC cell proliferation in vitro. It is essential
therefore to conclude, that data presented here supports neither of the two conflicting
hypotheses identified in the literature regarding the biological impact of deregulated
miR-224 expression during CRC progression.

In summary, the findings of the current study suggest that over-expression of miR-153,
may have a role in promoting disease progression in CRC through enhanced cellular
invasion. This adds to the weight of evidence implicating miRNAs as pathogenic actors
during cancer progression and metastasis. However, contrasting data implying that miR-
153 is active in a highly-conserved molecular cascade which may in-fact limit
metastatic potential, suggests that further mechanistic study is required to bring the true
relevance of miR-153 into sharp relief. Equally, the role of miR-224 remains unclear
and further analysis of biological function both in vitro and in vivo remains a high

priority.
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3.3 The role of stromal microRNA candidates during

colorectal cancer progression

Next, attention turned to miR-21 which was amongst the most upregulated miRNAS in
CRC stroma in the QuantimiR™ comparison with paired normal colonic stroma

(preliminary data; section 1.7).

3.3.1 miR-21 expression localises to fibroblast-like cells in the
CRC stroma

Mir-21 has been shown to be upregulated in various cancers including CRC.*"** As
most of these studies utilised pieces of tumour tissue containing tumour and non-tumour
cells for the detection of miR-21 expression, the relative contribution of stromal/cancer
cells to the observed miR-21 upregulation was not clearly established. To identify the
source of overexpressed miR-21 in CRC, in situ hybridization (ISH) was used. Highly
sensitive locked-nucleic acid (LNA) probes showed specific and predominant staining
in fibroblast-like cells in the stroma of CRC specimens examined. Crucially, tumour
epithelium and benign tissue expressed miR-21 only sporadically in weakly staining
mononuclear cells (figure 3.20). This assay was conducted in the commercial sector on
our behalf, by Bioneer (Horsholm; Denmark), and we are currently developing capacity
to conduct the work “in-house’.

To quantify overexpression of miR-21, gPCR was performed using Tagman® probes.
Total RNA was extracted from the 10 paired CRC and normal colonic tissue specimens
used by the group in preliminary QuantimiR™ profiling studies (preliminary data;
sectionl.7). Mean miR-21 expression was 4.0-fold higher in the LMD stroma of CRC

specimens compared with paired normal tissue (P<0.05; figure 3.20).
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Figure 3.20 miR-21 expression in CRC stroma

(A) ISH of representative CRC and normal colonic tissue sections using LNA probes against miR-21. MiR-21 positivity is characterised by an
intense blue chromogenic reaction.(B) High sensitivity Tagman® gPCR using total RNA extracted from LMD tissue of patients with CRC (n=10)
reveals that stromal miR-21 expression successfully separates tumour from paired normal tissue.*P<0.05.
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3.3.2 The impact of stable ectopic miR-21 overexpression in

immortalised stromal fibroblasts

To assess the biological significance of upregulated stromal miR-21, its ectopic
expression was stably induced in an established human fibroblast cell line (MRC5).
MiR-21 overexpressing MRC5 cells (MRC5%) underwent striking morphological
change, adopting enlarged and elongated forms, which was accompanied by minor
increases in a-SMA expression compared to identical passage scrambled control
transfected (MRC5°“) cells (figure 3.21). Fibroblasts showing similar morphological
features are considered as myofibroblasts and characterised by increased a-SMA
containing intracellular filaments. Myofibroblasts are often observed in the tumour
microenvironment and their presence has been proposed as an independent marker of

poor prognosis.**?
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Figure 3.21 Ectopic miR-21 expression in fibroblasts

(A) Fluorescence from MRC5 fibroblasts stably transfected with miR-21/GFP or
control miR-SCC/GFP co-expression plasmids highlight the morphological changes
associated with ectopic miR-21 expression in fibroblasts (x40 magnification). (B)
Western blot analysis show minor increases in aSMA expression in MRCS fibroblasts

stably transfected with miR-21 compared with controls.

Secreted molecules from cancer cells such as TGF( are responsible for myofibroblast

differentiation.”® Published data also suggests that miR-21 inhibition using specific
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antisense  oligonucleotides prevents MRC5 fibroblasts from undergoing
transdifferentiation in response to TGFB.299

To assess whether miR-21 overexpression primes myofibroblast transdifferentiation or
provokes an intermediate differentiation state, MRC5% and MRC5°“C cells were treated
with conditioned media (CM) extracted from SW480 CRC cells (CM3“*®%) or TGFp at
2ng/ml or 10ng/ml final concentration. After 3 days, a-SMA expression was assessed
by immunofluorescence, revealing that stress fibre formation had occurred in a
significantly greater proportion of MRC5% cells than MRC5°C cells in response to
CMW*8 and low dose TGFB. As anticipated, treatment with higher TGFB doses
induced large numbers of both MRC5°C and MRC5? to undergo myofibroblast
transdifferentiation. Stress fibre deposition was not found in significant numbers of

MRC5% or MRC5°“C cells in the untreated group (figure 3.22).
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Figure 3.22 Immunofluorescence staining for &MA in MRC5 fibroblasts

stably expressing either miR-21 or miR-SCC

MiR-21 but not miR-SCC is associated with a-SMA stress fibre formation following
treatment with low doses of TGFp (2ng/ml) or culture medium extracted from SW480
CRC cells (CM*W*®). High doses of TGBp (10ng/ml) also induce stress fibre formation
deposition in miR-SCC transfected cells, which serves as a positive control. NS = Not
Significant; *P<0.05; **P<0.005. (x40 magnification).
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These results suggest that although miR-21 expression alone is insufficient to drive
myofibroblast transdifferentiation, it may condition/facilitate fibroblasts to acquire the

myofibroblast state.
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3.3.3 The functional impact on CRC cells of ectopic miR-21

expression in fibroblasts

The reciprocal interaction between cancer cells and tumour stroma is a contributing
factor in carcinoma progression. In the following sections, the effect of stromal miR-21
manipulation on CRC cell fate is examined.

3.3.3.1 Medium supernatant from miR-21 over-expressing fibroblasts

increases the proliferative capacity of CRC cells

After a 24 or 48 hour incubation with conditioned medium from MRC5% cells (CM?),
the mean cell density of SW480 cells increased 40% (P=0.03) and 93% (P=0.01)
compared to controls (CM from MRC5°°%; CM°“®) respectively. Under the same
conditions, another CRC cell line (DLD1), showed an 18% (t=24 hours; not significant)
and 66% (t=48 hours; P=0.01) mean cell density increase compared to controls (figure
3.23).

3.3.3.2 Medium supernatant from miR-21 over-expressing cells protects

CRC cells from Oxaliplatin induced apoptosis

MiRNAs have important regulatory roles in target pathways associated with
chemoresistance.*** *** Emerging data also suggests that stromal fibroblasts can
influence chemosensitivity of tumour cells indirectly by modulating the tumour micro-
environment, mitigating the impact of cytotoxic stress.*> 4

Thus, the comparative effect of CM** or CM®“ treatment on Oxaliplatin mediated
apoptosis was evaluated in SW480 CRC cells using the Annexin V/Propidium iodide
(AnnV/PI) double staining method: Crucially, Oxaliplatin, a first-line cytotoxic agent
for the treatment of patients with stage 111 and 1V CRC, was less effective at inducing
apoptosis and cell death in CM* treated CRC cells compared with CM>“° treated

controls (figure 3.23).
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Figure 3.23 The functional impact of ectopic stromal miR-21 expression

(A) MTS cell proliferation and viability assay of SW480 and DLD1 CRC cells following
treatment with CM?! or CM°“C. Results represent mean cell density + s.e.m after 24 or
48 hours incubation, from experiments repeated in triplicate. (B) Analysis of apoptosis
in SW480 CRC cells pre-treated with CM?! or CM®© in the presence or absence of
oxaliplatin at 30ug/ml. Columns represent percentage of live (AV-/IPI-), early apoptotic
(AV+/PI1-) and late apoptotic (AV+/PI+) cells in each treatment group. Data presented
represents results from three independent experiments expressed as means + s.e.m. (C)
Representative FACS plot indicating the quadrants used to calculate the proportion of

live and apoptotic cells in B. *P<0.05.
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3.3.3.3 Medium supernatant from miR-21 over-expressing fibroblasts

enhances CRC cell invasion

Increased motility and invasion are critical physiological processes in the course of
metastasis. To assess if stromal miR-21 alters invasive properties of CRC cells, CM
from miR-21 and miR-SCC stably transfected MRC5 cells (CM?/CM3°) was used as
the chemo-attractant in transwell invasion assays. CM?' was associated with 1.7
(P<0.02) and 1.8 fold (P=0.03) increases in invasiveness of SW480 and DLD1 CRC
epithelial cells respectively compared with CM®“© controls (figure 3.24). In order to
examine invasiveness in more physiological relevant conditions, organotypics were
created by embedding MRC5% or MRC5°C cells into gels containing extracellular
matrix components (Matrigel™ and collagen), on to which CRC cells were seeded.
MRC5 fibroblasts were chosen initially for this purpose, because they induce only
moderate invasion from SW480 CRC cells in co-culture under wild-type conditions
(figure 3.14).

Results showed a 2.5 fold (p<0.005) increase in the invasion of SW480 cells into the
stroma containing MRC5?* cells compared with controls. GFP positive cells within the
stroma confirm the presence of fibroblasts stably transfected with CMV driven

mMIRNA/GFP co-expression plasmid (figure 3.24).
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Figure 3.24 The impact of ectopic stromal miR-21 expression on CRC cell

invasion ()

(A) CM?* from stably transfected MRCS5 fibroblasts, when used as chemoattractant in in
vitro transwell invasion assays is associated with increased invasiveness in CRC cell
lines (SW480 and DLD1) compared with controls (CM>“®). Data presented represents
results from three independent experiments (mean * s.e.m; *P<0.05). (B)
Representative sections of organotypic co-culture models containing MRC5% and
MRC5°“ cells within the stroma. Immunohistochemical staining with anti-pan-
Cytokeratin antibody highlights malignant epithelial SW480 CRC cells. The invasive
index is increased 2.5-fold in the presence of MRC5% cells compared with control
transfected MRC5°C cells (ratio of means + s.e.m from triplicate repeats; **P<0.005).
(C) Staining for GFP, which is co-expressed by miR-21 and miR-SCC plasmids,
confirms the presence of stably transfected fibroblasts within the stroma. GFP positivity

Is characterised by a brown chromogenic reaction.

These results suggest that stromal expression of miR-21 may induce enhanced motility
and invasion of CRC cells. To further interrogate this hypothesis organotypic models
were constructed using a second miR-21 transfected fibroblast cell line.

As we see in figure 3.25 strong SW480 invasion is induced by HFFF2 fibroblasts
regardless of miR-21 expression status. Across 3 repeat experiments, invasion was
slightly increased (1.2-fold; p=0.06) in organotypics containing miR-21 transfected
HFFF2s compared with miR-SCC control transfected cells but this result was not
statistically significant. This may mean that miR-21 overexpression in HFFF2
fibroblasts does not substantially impact on the invasive capacity of SW480 CRC cells.
Alternatively, in the context of organotypic models, the effect of relatively small
increases in miR-21 expression in HFFF2 cells may be masked against a background of
strong baseline SW480 cell invasion.

It is also interesting to note that miR-21 overexpression in both MRCS5 fibroblasts and
HFFF2 fibroblast is not sufficient to induce invasion from DLD1 CRC cells in
organotypic culture (figure 3.25).
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Crucially however, these results do not tally with in vitro data from transwell assays. In
figure 3.26 we see that CM?! from transiently transfected HFFF2 fibroblasts and PCF9
ex vivo fibroblasts is associated with 1.7-fold and 1.9-fold increases in invasiveness of
SW480 CRC respectively compared with CM>““ controls. Equally, in figure 3.26, CM?*
from MRCS5 fibroblasts boosts DLD1 invasion 1.8-fold. These inconsistencies may
reflect the different time-course over which these two invasion assay formats are
conducted, or indeed the fact that transient fibroblast transfection for transwell assays
affects far greater miR-21 induction than stable transfection with plasmid DNA (Figure
3.4 and 3.7).
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Figure 3.26 The impact of ectopic stromal miR-21 expression on CRC cell

invasion (l11)

CM from transient miR-21 transfected (A) HFFF2 and (B) PCF9 fibroblasts is
associated with increased SW480 CRC cell invasion in transwell assays compared with
CM from miR-SCC transfected controls. Results represent mean + s.e.m from a single

experiment (A) and three independent experiments (B). *P<0.05.

Importantly, these data validate to a large extent the decision to use MRC5 fibroblasts in
the first instance to assess the biological impact of deregulated stromal miR-21
expression. The very fact that wild-type MRC5 fibroblasts provoke little spontaneous
invasion from SW480 CRC cells, makes them ideally suited for use in organotypic
assays in which ectopic stromal miR-21 expression is induced. Conversely, HFFF2 cells
which induce strong invasion from SW480 cells in 3-Dimensional co-culture may in

future be better suited to assessing the impact of miR-21 suppression. However, at the
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time this study was conducted, anti-miR-21 expression plasmids were not commercially

available and stable miR-21 suppression in fibroblasts has not yet been attempted.

3.3.4 MiR-21 targets Matrix Metalloproteinase inhibitors
(MMPi) in the CRC stroma

To streamline the search for mechanistic explanations for the novel observation that
miR-21 overexpression in fibroblasts enhances CRC invasiveness, focus turned to
regulators of ECM remodelling known to be targeted by miR-21 in other contexts.
RECK and TIMP3 are both negative regulators of MMP activity. RECK is
downregulated in the majority of CRC specimens compared with normal tissue and low
expression is associated with poor outcome:**’ it is a membrane anchored glycoprotein
and its main function is to inhibit MMP2, MMP9, and MT1-MMP.**® TIMP3 is a
secreted protein and binds elements of the ECM and has been shown to be a potent
inhibitor of invasion.**® MiR-21 has been shown to target RECK mRNA directly in
mutated/unmutated 3’UTR luciferase reporter assays using several cell lines, and in
numerous tumour contexts, 2* *** 4*1 however, regulation of TIMP3 by miR-21 is not
thought to be direct despite exhibiting 2 conserved 3’UTR binding sites for miR-21
(figure 3.27).%
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Figure 3. 27 RECK and TIMP3 are putative miR-21 targets in the stroma

Highly conserved putative miR-21 binding sites within (A) RECK and (B) TIMP3 mRNA

3’UTR sequences identified by in silico analysis with miRNA target prediction software

from www.microrna.org (august 2010 release).*** 3
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3.3.4.1 MiR-21 targets RECK in the CRC stroma

To assess whether miR-21 expressing fibroblasts express reduced RECK, mRNA was
quantified by Tagman® gPCR and protein by Western blot analysis in stably transfected
MRC5 fibroblasts and control transfected cells. These results provide mechanistic
explanation why stromal expression of miR-21 is a contributing factor to invasiveness
of CRC tumours (figure 3.28). In order to validate the functional consequences of miR-
21 expression in relation to MMP activation, sections of organotypic cultures were
stained for RECK. This revealed fibroblast specific expression of this protein in
MRC5°°C but not MRC5%* specimens (figure 3.28) consistent with the previous findings
that MRC5% containing stroma significantly enhanced invasion of SW480 CRC cells
(figure 3.24).

To observe the relationship between miR-21 and its target RECK in a more
physiological setting, primary colon fibroblasts were transiently transfected with miR-
21/GFP or miR-SCC/GFP co-expression plasmid using the transfection reagent Xfect™
from Clontech.

As for HFFF2 cells (figure 3.10), transfecting PCF9 fibroblasts with plasmid DNA was
inefficient, resulting in <10% of cells displaying positive fluorescence at 48 hours.
Although it would have been difficult to select and expand miR-21/GFP or miR-
SCC/GFP positive PCF9 clones in this situation, low transfection efficiency did present
an opportunity to visually compare RECK expression in cells expressing miR-21 with
adjacent non-transfected cells. Thus, forty eight hours after transfection with miR-
21/GFP or miR-SCC co-expression plasmid, PCF cells were fixed for the purpose of
immunofluorescence labelling.

As we see in figure 3.28 non-transfected cells and cells transfected with the miR-SCC
scrambled control plasmid demonstrate baseline levels of RECK expression. In contrast,
miR-21 transfected cells display decreased RECK expression in proportion with
transfection efficiency as cells exhibiting the most intense GFP signal are also
associated with the most diminished RECK fluorescence signal.
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Figure 3.28 miR-21 upregulation in fibroblasts leads to downregulated
expression of MMP inhibitor RECK

(A) Western blot and (B) Tagman® gPCR analysis for RECK protein and mRNA
expression in MRC5%! or MRC5°““ cells; * represents mean + s.e.m of four independent
repeat experiments p<0.05. (C) Representative sections of organotypic stroma
containing MRC5% or MRC5°® cells immunostained with anti-RECK antibody.
Positive brown cytoplasmic staining in stroma (indicated with arrows) containing
MRC5°“° fibroblasts contrasts with scant RECK expression in stroma containing
MRC5% cells. (D) Tagman® gPCR analysis for RECK mRNA expression in miR-21
transfected PCF9 cells expressed as mean + s.e.m from an experiment repeated in
triplicate *P<0.05 (E) Immunofluorescence for RECK protein expression in ex vivo
PCF9 fibroblasts transfected with either a miR-21/GFP or miR-SCC/GFP co-

expression plasmid at x40 magnification.

3.3.4.2 MiR-21 dependent TIMP3 downregulation is not consistently

observed in stromal fibroblasts

TIMP3 is likely to be a downstream effector of miR-21 signalling, as TIMP3 mRNA is
responsive to miR-21 manipulation in glioma®®* and renal cell carcinoma** models.
However, this interaction may not be direct, as despite exhibiting 2 conserved putative
3’UTR binding sites, TIMP3 mRNA expression is not rescued by site specific mutation
in the presence of miR-21.%%

In the current study, TIMP3 protein and mMRNA expression were downregulated by
ectopic miR-21 expression in MRC5 fibroblasts by western blotting and Tagman®
gPCR respectively (figure 3.29). Similarly, qPCR demonstrated downregulated TIMP3
MRNA expression in HFFF2 fibroblasts transiently transfected with miR-21.
Furthermore, in organotypic models in which stable miR-21 overexpression had been
induced in MRC5 fibroblasts, TIMP3 expression was notably diminished compared
with control transfected cells (figure 3.29).

In contrast, transient transfection of PCFs with miR-21 did not significantly alter
expression of TIMP3 mRNA, nor was TIMP3 protein reduced in miR-21 expressing

cells compared with controls in immunofluorescence assays.
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This conflicting data reflects ongoing uncertainty in the literature regarding the nature

of miR-21 and TIMP3 interaction in vivo.
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Figure 3.29 miR-21 upregulation in MRCS5 fibroblasts, but not PCF9

fibroblasts, leads to downregulated expression of TIMP3

(A) Western blot and (B) Tagman® gPCR analysis for TIMP3 protein and mRNA
expression in MRC5% and MRC5°C cells. (C) Representative sections of organotypic
stroma containing MRC5%! or MRC5°C cells immunostained with anti-TIMP3 antibody.
Positive brown cytoplasmic staining in stroma (indicated with arrows) containing
MRC5°““ fibroblasts contrasts with scant TIMP3 expression in stroma containing
MRC5cells.

Tagman® gPCR analysis for TIMP3 mRNA in (D) HFFF2 and; (E) PCF9 fibroblasts
transiently transfected with miR-21. (F) Immunofluorescence staining for TIMP3 in ex
vivo colonic fibroblasts transfected with either a miR-21/GFP or miR-SCC/GFP co-
expression plasmid at x40 magnification. MiR-21 +ve cells, as well as control
transfected and non-transfected cells, express TIMP3 in similar abundance. NS=Not
Significant; *P<0.05; **P<0.005.

3.3.4.3 MiR-21 dependent MMPi downregulation is associated with a

reciprocal rise in MMP2 activity

The key action of RECK and TIMP3 is to inhibit the otherwise unchecked activity of
MMPs involved in the breakdown of ECM. To assess whether RECK and TIMP3
downregulation in response to ectopic miR-21 expression in MRCS5 fibroblasts leads to
increased MMP activity, CM* and CM>“® were analysed by gelatin zymography. In
this assay, a dominant band corresponding to MMP2 was consistently detected and
miR-21 upregulation led to significantly increased gelatinase activity compared with
controls (figure 3.30).

Interestingly MMP9 activity was absent in CM associated with MRC5 fibroblasts in
both miR-21 transfected and miR-SCC transfected groups, although this is consistent
with previous reports suggesting stromal MMP9 expression is restricted to neutrophils

and macrophages in CRC.*® (figure 3.30)
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Figure 3.30 Ectopic miR-21 expression in MRCS5 fibroblasts leads to
upregulated MMP2 activity

(A) Representative experiment showing zymographic activity in CM* or CM>“¢, with
and without MMP2 inhibitor (MMP2inh). (B) Assessment of MMP2 activity by
determination of zymographic band intensity. Results are expressed as a ratio of MMP2

activity in CM?' compared with CM>“ in three independent experiments. *P<0.05.

3.3.4.4 SW480 CRC cell invasion is MMP2 dependent

To address whether up-regulated MMP2 activity in response to ectopic miR-21
expression in fibroblasts is relevant during CRC invasion, a highly specific soluble

MMP2 inhibitor (Merck)*****® was used in transwell assays.

To determine the ideal working concentration of MMP2 inhibitor, 10mM stock
dissolved in DMSO and diluted in complete DMEM to between OuM and 100uM final
concentration was used as chemoattractant. Results show that as little as 2.5uM
concentrations of MMP2 inhibitor produces effective inhibition of SW480 CRC cell
invasion in transwells (figure 3.31), and below 50uM, treatment of SW480 cells with
MMP2 inhibitor in DMSO has very little cytotoxic impact (figure 3.32).

180



Results: Stromal miRNAs and CRC progression

3000+

2000+

1000+

invading cells

0 2.5 10 25 50 100
Concentration of MMP2i (uM)

Figure 3.31 Optimisation of MMP2 inhibitor (MMP2i) working

concentration - impact on cellular invasion

The impact of increasing concentrations of MMP2 inhibitor (MMP2i) on SW480 CRC

cell invasion in vitro in Transwell assays.

In parallel experiments, SW480 CRC plated at identical densities to those seeded in
transwell invasion assays (5x10* in 200ul in 96 well plates), were treated for 24 hours
with complete DMEM to which stock MMP2 inhibitor solution had been added at final
concentrations of 25uM , 50uM and 200uM. The proportion of live and apoptotic cells
were then quantified by FACS sorting using the Annexin V/PI double staining method
(figure 3.32).
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Figure 3.32 Optimisation of MMP2 inhibitor (MMP2i) working concentration

- impact on cellular apoptosis

SW480 CRC cells were treated with MMP2i in DMSO diluted from 10mM stock using
complete DMEM. After 24 hours cells were analysed by FACS to quantify the
proportion of (A) live cells and (B) apoptotic cells. Results represent mean +/- s.e.m of

triplicate repeat experiments.

This preliminary work was essential given the cytotoxic effect of DMSO on CRC cell
lines.**® Having conducted these experiments, we could be confident that any apparent
impact of low dose MMP2 inhibitor on CRC invasion was not the result of DMSO

induced apoptosis.

3.3.4.5 MiR-21 dependent CRC cell invasion is MMP2 dependent

Importantly, the increased invasive effect associated with MRC5-CM?! compared with
CM?®“© was partially abrogated in the presence of 25 pM MMP2 inhibitor suggesting
that stromal miR-21 dependent SW480 CRC cell invasion is mediated in-part by
increased MMP2 activity (figure 3.33).
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Figure 3.33 miR-21 dependent CRC cell invasion is MMP2 dependent

Transwell invasion assay using CM 2! and CM °“© as chemoattractant, with and without
MMP2 inhibitor (MMP2i) at a final concentration of 25uM. Results represent the mean
number +/- s.e.m of invading SW480 cells; *p<0.05.

3.3.5 Upregulated stromal miR-21 expression does not induce
Epithelial to Mesenchymal transition in CRC epithelial

cells

EMT is a key prometastatic event as transformed epithelial cells adopt mesenchymal
characteristics and acquire the capacity to break free from their sister cells and invade
the ECM. EMT is regulated by various intracellular signalling pathways including
TGFB which triggers internalisation of epithelial markers such as E-Cadherin and
upregulated expression of mesenchymal markers including Vimentin and N-
Cadherin.®® TGFB is also an important trigger of fibroblast-to-myofibroblast
transdifferentiation®® and furthermore miR-21 is strongly upregulated in MRC5
fibroblasts in response to TGFp treatment.®® To assess whether miR-21 pathobiology
links EMT in transformed epithelial CRC cells and myofibroblast transdifferentiation in
cancer-associated stroma, 1.5x10° DLD1 CRC cells (which express a strongly epithelial
phenotype), plated in 6 well plates were treated for 72 hours with MRC5 associated
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CM* or CM3C. Cells were then lysed and their proteins fractionated in reducing
conditions and examined by western blot for expression of the epithelial and

mesenchymal markers.

In this study, DLD1 cells continued to express high levels of the epithelial marker E-
Cadherin regardless of whether they had been treated with CM?* or CM>“(figure 3.34).
In addition, N-Cadherin expression was absent in both treatment groups (result not
shown). This suggests that EMT activation is not a dominant mechanism by which

stromal miR-21 overexpression triggers enhanced epithelial invasiveness.

MRC5

CM CM CM
WT SCC 21

E-Cadherin

Beta-Actin --{

Figure 3.34 Stromal miR-21 deregulation does not provoke EMT in CRC

epithelial cells

Representative Western blot of DLD1 colorectal cancer cells treated with MRC5-CM .,
CM °° or CM from non-transfected wild-type control cells (CM 7). Results
demonstrate cellular expression of the epithelial marker E-Cadherin. The experiment

was repeated twice.

184



Results: Stromal miRNAs and CRC progression

3.3.6 Chemokine and cytokine profiles in the tumour
microenvironment are reprogrammed by ectopic miR-21

expression in stromal fibroblasts

One of the most interesting observations so far in this research is how different stromal
fibroblast cell lines and even primary fibroblasts from different patients, appear to
support CRC cell invasion to a highly variable degree. In figure 3.14 for example,
SW480 CRC are barely invasive in 3-D co-culture with PCF6 and PCF9 cells, however
in the presence of MRCS5 cells they invade well, and invade better still in the presence
of HFFF2 and PCF8 fibroblasts. As fibroblasts and CRC epithelial cells are not
physically connected in organotypic co-culture, this suggests secreted factors must play

an important role.

Interestingly, a recent proteomic analysis identified a pro-oncogenic secretome
comprised of MMPs, chemokines and cytokines, produced by cancer associated
mammary fibroblasts and regulated by a stromal miRNA (miR-320).3® In a
complementary gene-array study, chemokines were the most highly deregulated genes
in fibroblasts transfected with anti-miR-214, a miRNA identified as being significantly

downregulated in ovarian tumour stroma compared with normal ovarian stroma.*%

This novel but expanding research theme resonates strongly with the objectives of the
current study. Hence, we used a highly accessible bench-top antibody-based protein
array to characterise expression of a panel of cancer relevant chemokines and cytokines
in CM from ex vivo colonic PCF8 cells transfected with miR-21 or control miR-SCC
(figure 3.35).
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Figure 3.35 Expression of a panel of secreted cancer relevant chemokines
and cytokines expressed in conditioned media from miR-21 transfected

PCFs compared with miR-SCC control transfected cells

(A) Transfection of cells with precursor miR-21 using the transfection reagent
Oligofectamine™ resulted in approximately 700-fold increase in miR-21 expression.
Results represent mean + s.e.m miR-21 expression by gPCR from a single experiment
repeated in triplicate, relative to expression in control miR-SCC transfected cells.
**P<0.005

(B) Expression arrays for chemokines and cytokines in CM from miR-21 transfected
cells and control cells. (C) Tabulated results represent mean expression, calculated
using an objective visual ‘pixel density’ score, from an experiment consisting of

duplicate technical repeats.

Nine secreted factors were deregulated by a factor >2 in CM from miR-21 transfected
fibroblasts compared with control transfected cells (Table 3.1). Among the most
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deregulated were CCL28, IL23 and CCL1, all of which are implicated in regulatory T-

cell mediated tumour tolerance and angiogenesis pathways. %%

Rank Secreted factor Fold change
1 MEC/CCL28 7.4
2 IL23 3.5
3 [-309/CCL1 2.8
4 I-TAC/CXCL11 2.4
5 IL27 2.3
6 6Ckine/CCL21 2.1
7 VCC-1/CXCL17 2.0
8 Eotaxin-3/CCL26 2.0
9 ENA-78/CXCL5 2.0

Table 3.1 Chemokines and Cytokines upregulated by a factor >2 in
conditioned media from miR-21 transfected PCF fibroblasts compared with

miR-SCC control transfected cells

In order to prioritise the most biologically relevant events, a second proteomic screen
was conducted, this time using HFFF2 cells to identify secreted factors under putative

miR-21 control in multiple anatomical contexts (figure 3.36).
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Figure 3.36 Expression of a panel of secreted cancer relevant chemokines
and cytokines expressed in CM from miR-21 transfected HFFF2 fibroblasts
compared with miR-SCC control transfected cells

(A) Transfection of cells with precursor miR-21 using the transfection reagent
Oligofectamine™ resulted in an approximately 30-fold increase in miR-21 expression.
Results represent mean + s.e.m miR-21 expression by gPCR from a single experiment
repeated in triplicate, relative to expression in control transfected miR-SCC cells
**P<(0.005. (B) Expression of chemokines and cytokines in CM from miR-21
transfected cells and control cells. The grid coordinates corresponding to ENA-
78/CXCL5 are indicated by arrows. (C) Tabulated results represent mean expression,
calculated using an objective visual ‘pixel density’ score, from an experiment consisting
of duplicate technical repeats.

188



Results: Stromal miRNAs and CRC progression

Upregulated miR-21 did not appear to impact on the expression of secreted factors in
CM from PCF and HFFF2 fibroblasts with a high degree of consistency. This
heterogeneous response chimes somewhat with the highly variable impact on CRC cell
invasion of different stromal fibroblasts (figure 3.14), and of ectopic miR-21 expression

in various fibroblasts in co-culture (figure 3.24 vs. figure 3.25).

However, one chemokine was upregulated more than 2-fold in both miR-21 transfected
PCFs and HFFF2 fibroblasts: ENA-78 (epithelial neutrophil activating peptide-78;
CXCLD5), is a potent chemoattractant and activator of neutrophil function, which acts
with considerable homology with IL-8, through the 1L-8 receptor system.*®

Validation by ELISA, using CM from miR-21 transfected fibroblasts confirmed
significant upregulation (P<0.05) of ENA-78/CXCL5 by a factor of x4.6 and x2.7 in
PCF and HFFF2 cells respectively, relative to controls (figure 3.37).
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Figure 3.37 ELISA assay for ENA-78/CXCL5 expression in miR-21

transfected fibroblasts

ENA-78/CXCL5 ELISA assays confirm that ENA-78/CXCLS5 protein is overexpressed in
CM from miR-21 transfected (A) PCF and (B) HFFF2 fibroblasts compared with
control miR-SCC transfected cells. Result represents mean expression from at least 3
repeat experiments. ENA-78/CXCL5 expression is presented as a proportion of
expression in the control group. Relative miR-21 expression by Tagman®-gPCR from a

representative experimental repeat is also shown *P<0.05; **P<0.005.

Together these results suggest that miR-21 upregulation in CRC stroma may reprogram
the tumour microenvironment by affecting significant corruption of cancer-associated
fibroblast secretory functions. Furthermore, these initial observations provide insight
into the biology of permissive stromal-cell to cancer-cell signalling, which may

facilitate malignant invasion and metastastic progression in vivo.
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3.3.7 Results discussion

Recent data from Bronisz and colleagues powerfully demonstrate that downregulated
miR-320 expression in mammary stromal fibroblasts activates a pro-oncogenic
secretome capable of reprograming the tumour micro-environment to support tumour
invasion and angiogenesis.’*® Their analysis of regulatory mechanisms involved in
fibroblast differentiation and phenotype, points to a metastasis promoting role for

mMiRNAS in cancer-associated stroma.

To identify stromal miRNAs with putative roles in CRC tumourogenesis and metastasis,
our group profiled miRNA expression in LMD CRC specimens using qRT-PCR
miRNA micro-arrays. This work broadly corroborated data already published by
Nishida et al.,**® which compared miRNA expression in non-case matched tumour and

normal stromal specimens and which will be discussed in detail in a later section.

In the current study one of the highest scoring stromal miRNA candidates was miR-21
associated with a 4.0 mean fold increase in the stroma of CRC specimens compared

with normal tissue.

Studies of various solid organ tumours have linked elevated miR-21 expression to

311,337 348 venous invasion,** lymph node and distant

346, 350

advancing tumour stage,

metastases, 3" 346

poor disease free survival (DFS) and poor overall survival
(0S).3!13% |n epithelial CRC cell lines, miR-21 correlated inversely with target protein
PDCD4 expression and anti-miR-21 reduced invasiveness and capacity to form

metastases in a chicken-embryo-metastasis assay.?*°

In order to identify specific miR-21 over-expressing cell types within CRC stroma, ISH
was used with highly specific LNA probes. This confirmed that miR-21 overexpression
arises in fibroblast-like cells and that crucially, normal tissue and tumour epithelium did
not appear to express miR-21 except in sporadically occurring, weakly staining

mononuclear cells.

To assess the biological relevance of deregulated miR-21 expression in stromal
fibroblasts, over-expression was induced in cultured fibroblast cell lines and primary
human fibroblasts. CM extracted from transfected fibroblasts was then used in assays of

tumour-cell function:

191



Results: Stromal miRNAs and CRC progression

Results validated across various CRC cell lines demonstrated that treatment with CM
from miR-21 transfected fibroblasts is associated with increased proliferation and
reduced Oxaliplatin induced apoptosis compared with treatment with CM from

scrambled control transfected cells.

This is perhaps unsurprising as miR-21 is a known anti-apoptotic factor; anti-sense
inhibition of miR-21 induces apoptosis in cooperation with EGFR-tyrosine kinase
inhibitors*® and enhances sensitivity to radiotherapy and chemotherapy in several
tumour contexts.*" % 45 MiR-21 upregulation also enhances proliferation in
pancreatic, glioblastoma and colorectal cancer cell lines. ***** Crucially however, none
of the chemo-resistance or pro-proliferation mechanisms previously described are
stroma dependent, and as observations from this study reveal that miR-21 up-regulation
occurs exclusively in stromal fibroblasts and not CRC epithelial cells, functional data
presented here becomes increasingly relevant.

Yao and colleagues demonstrated that miR-21 is upregulated during TGFf dependent
fibroblast-to-myofibroblast trans-differentiation and that downregulation of miR-21
with specific anti-sense inhibitors prevents trans-differentiation of MRC5 fibroblasts in

response to TGFB.299

Myofibroblasts are recognised to be important stromal actors, promoting tumour
invasion, proliferation and resistance to chemotherapy, which raised the possibility that
the observed functional impact of miR-21 on hallmark processes of tumour progression
may be linked to myofibroblast trans-differentiation in the stroma: In this study,
changes in cell morphology and increased oa-SMA expression, both features of
myofibroblast differentiation status, were observed in immortalised MRC5 fibroblasts
transfected with miR-21 but not control transfected cells. Although suggestive of
myofibroblast differentiation status, in the absence of significant stress fibre deposition,
it was essential to conclude that miR-21 overexpression alone is insufficient to drive

fibroblast-to-myofibroblast transdifferentiation.

Nevertheless, fibroblasts in which miR-21 had been ectopically induced did share a
number of tumour-promoting characteristics with myofibroblasts. Treatment with CM*
was associated with increased CRC cell invasiveness in in vitro transwell assays and

organotypic models. To characterise the mechanism underlying this novel pro-invasive
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effect, attention turned to regulators of ECM remodelling known to be targeted by miR-
21.

RECK and TIMP3 have been shown to be targeted by miR-21 in glioma models, and as
negative regulators of MMP activity, both inhibit tumour invasion.”®® RECK is a
membrane bound and TIMP3 an ECM bound regulator of several MMPs including
MMP2, MMP9 and MT1-MMPp 8 282 283

In this study, miR-21 negatively regulated RECK and TIMP3 in cultured fibroblasts and
RECK alone in PCFs.

Both RECK and TIMP3 are known to regulate MMP2 via a number of pre and post
transcriptional mechanisms and are involved in other cancer relevant biological
pathways (reviewed by Clark JCM et al.,?®® and Cruz-Monoz W et al.,®?). In the
current study, ectopic miR-21 expression in MRC5 fibroblasts increased MMP2 activity
and by using specific inhibitors to show invasion by SW480 CRC cells was MMP2
dependent, a possible mechanism through which upregulated stromal miR-21

expression increases invasion in vitro was identified.

In cardiac fibroblasts miR-21 induced MMP2 expression is associated with a PTEN
dependent mechanism,*®® and although PTEN is also a miR-21 target, focus remained
on this alternative mechanism because in vivo MMP2 and RECK expression are

inversely correlated and have prognostic relevance in CRC.*’

It is also of significance, that TIMP3 and RECK do not only impact upon MMP activity,
but also play various roles in other cancer relevant biological pathways: TIMP3
overexpression in CRC cells results in a serum-dependent decrease in proliferation, in
vivo loss of tumourogenicity,*®® and increased apoptosis,*®® and both RECK and TIMP3

inhibit angiogenesis and tumour growth in other malignancies.”®* *°

As RECK is downregulated in the majority of CRC specimens compared with normal

tissue and low expression is associated with poor outcome,*’

it may be of further
prognostic value, to study the balance of miR-21 and RECK expression human CRC
specimens. Equally, stromal TIMP3 expression is an independent predictor of outcome

in CRC,** and as such, examining the correlation with miR-21 expression in CRC
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tissue may identify a clinical benefit as well as providing insight into the true nature of

their interaction in vivo.

To identify further mechanisms through which deregulated stromal miR-21 expression
may impact on CRC cell function, the protein content of CM from miR-21 transfected
fibroblasts was examined using an antibody based profiling array. Significant
differences were observed between miR-21 transfected and miR-SCC control

transfected cells, including upregulated expression of ENA-78/CXCLS5.

ENA-78/CXCL5 is a pro-inflammatory cytokine, which stimulates angiogenesis,
malignant invasion, cancer cell proliferation and metastatic progression in various
tumour contexts.*”#*’® In CRC, high serum ENA-78/CXCLS5 is also associated with

liver metastasis and poor overall survival.*"®

Here, ENA-78/CXCL5 was significantly upregulated by miR-21 both in PCF and
HFFF2 fibroblasts and as such, may provide a link between miRNAs, the stromal

inflammatory response and CRC progression.

To identify the relevance of these findings in the clinical context requires further
mechanistic interrogation and corroborative study however; two prior studies have
examined this theme in some depth. Mitra and colleagues identified deregulated
miRNAs in stromal fibroblasts which impacted the protein composition of the tumour
microenvironment in ovarian cancer. They demonstrated that miR-214 was significantly
downregulated in tumour associated fibroblasts compared with paired normal
fibroblasts, and that miR-214 exerted direct transcriptional control over expression of
the chemokine RANTES/CCL5. They further demonstrated that RANTES/CCL5

contributed to tumour-cell recruitment and growth in nude-mouse models.**

Furthermore, in a seminal paper, Calon and colleagues demonstrated that IL-11
produced by TGFp treated CAFs promoted metastatic progression in colon cancer.
Although not necessarily miRNA dependent, the mechanism described potentially
resolves the paradox by which TGFB-driven tumour progression may occur despite

mutational inactivation of TGF signalling in colon cancer cells.*
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In the current study however, IL-11 was not present on the antibody based protein array
utilised, and although represented, RANTES/CCLS5 expression did not respond to miR-
21 induction in either PCF or HFFF2 fibroblast lines.

Nevertheless, pending successful validation, several other interesting candidate
chemokine/cytokines under putative miR-21 control were identified and will be the
focus of future interrogation. In the first instance, MEC/CCL28 expression will be
validated using ELISA methodology in a panel of fibroblasts in which ectopic miR-21
has been induced.

MEC/CCL28 is interesting not only because it is the chemokine most upregulated by
ectopic miR-21 expression in primary fibroblasts, but also because it is a recognised
pro-angiogenic factor known to corrupt the protective immune response to cancer: In
ovarian cancer cells for example, MEC/CCL28 release is triggered by hypoxia and leads
in-turn to greater recruitment of tumour-protective regulatory T-cells.*® However in
CRC, immunohistochemistry studies have identified that MEC/CCL28 expression in
colonic epithelium is diminished during the transition to adenocarcinoma.*”” Focusing
of the stromal contribution of MEC/CCL28 expression in CRC may therefore provide

insight to help resolve this apparent discrepancy.

For ENA-78/CXCL5 a series of further experiments are also planned, to study the
relationship with miR-21 expression in greater detail. However, further proteomic
screening studies will be conducted ahead of this, using CM from fibroblasts transfected
with antimiR-21 rather than pre-miR-21. This approach combined with in silico analysis
has the advantage of potentially identifying direct miR-21 chemokine/cytokine targets
which may impact on the capacity for CRC cells to invade and progress through the
metastatic cascade. From this amalgamated data-set it will be possible to better

prioritise the order in which chemokine/cytokine targets are studied.

In summary, these data demonstrate that deregulation of the key oncomiR miR-21 is a
stromal phenomenon in CRC. Ectopic expression of miR-21 in fibroblasts modulates
the cytotoxic impact of Oxaliplatin, promotes CRC proliferation and enhances
malignant invasion by downregulating RECK and TIMP3 expression and increasing
MMP2 activity. This novel, fibroblast mediated mechanism may be linked to the

profound phenotypic alterations, and changed secretory functions potentiated by miR-21
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overexpression and associated with myofibroblast transdifferentiation. This highlights
the importance of the stroma in CRC progression and presents an interesting perspective
for the development of new, stroma-targeted drugs.

A description of the major findings presented in this chapter is provided in figure 3.38.

Normal Epithelium Early Cancer Invasive
Adenocarcinoma

v

A A

MMP2

MMP2

Normal Stroma Cancer Associated
Stroma
Figure 3.38 Proposed impact of deregulated miR-21 expression in CRC-

associated stroma

Reciprocal signalling between stromal and epithelial cells (thin black arrows; left
panel) is essential for normal tissue homeostasis. Early in cancer, this process is
corrupted and secreted factors from transformed epithelial cells (dotted black line;
central panel) initiate profound changes in adjacent stromal cells. Upregulated miR-21
expression in stromal fibroblasts supports TGFp dependent fibroblast-to-myofibroblast
transdifferentiation (thick black arrow) and causes downregulated expression of RECK
and possibly TIMP3. CAF-derived factors are important mediators of tumour
progression (dotted red arrow; right panel), and although in the absence of TGFp, miR-
21 is not sufficient to initiate myofibroblast transdifferentiation, upregulated miR-21
does promote tumour proliferation and chemoresitance; enhancing tumour invasion

though upregulated MMP2 activity but not through EMT trigger pathways.
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3.4 The impact of deregulated stromal miR-21

expression in vivo

In previous chapters, the functional and mechanistic impact of deregulated miRNAs
during CRC progression was examined. However, a key question remains; whether

candidate miRNAs promote metastasis in vivo.

Numerous in vivo tumour models have previously been described, including carcinogen
induced and transgenic varieties however, for the study of CRC progression the tumour
implantation model is generally preferred.*’® Usually, this involves implanting CRC cell
lines, or ex vivo colonic tissue xenografts subcutaneously into recipient mice. To
prevent xenograft rejection immunocompromised mice are used either in the form of
nude mice, which are athymic Foxn1™ (winged-helix/forkhead transcription factor)
homozygous gene knockouts incapable of generating T-lymphocytes*”®; or SCID mice
which carry a Prkdc (protein kinse, DNA activated catalytic polypeptide) mutation

which leads to disrupted T and B cell maturation processes.*®°

Subcutaneous xenograft tumour implantation provides an inexpensive, flexible, and
highly predictable experimental system.*”® However, a major disadvantage to this
approach is that the subcutaneous microenvironment differs significantly from that of

the colon and as a consequence, spontaneous CRC metastases rarely arise.

In order therefore to recreate physiologically meaningful interaction between CRC cells
and surrounding tissues, and more predictably induce metastases, the development of
orthotopic models was essential.®®**% In recent times, the capacity to generate
orthotopic mouse CRC tumour models has been achieved within the Biomedical
Research Facility at the University of Southampton. It was therefore possible to
investigate whether stromal miR-21 promotes metastasis in vivo, by co-implanting
SW620 CRC cells and HFFF2 fibroblasts (stably transfected with a miR-21 or

scrambled control vector) directly into the caecum of SCID mice at laparotomy.

As we see in figure 3.39, significantly greater primary colonic and metastatic liver
tumours were observed compared with controls, with the majority of liver tissue
replaced by metastatic deposits in the miR-21 transfected group. These data further

supports a pro-metastatic function of miR-21 in CRC stroma.
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Figure 3.39 Stromal miR-21 promotes CRC growth and metastasis in vivo

Orthotopic co-injections of SW620 CRC cells with HFFF2 fibroblasts stably transfected
with miR-21 or control miR-SCC (1x10° SW620 vs. 5x10° HFFF2). Visual assessment
clearly shows greater caecal tumour formation and metastatic replacement to liver
relative to controls. PDCD4 suppression shown by Tagman® gPCR at the time of
tumour implantation serves as a proxy measure of relative miR-21expression between
miR-21 and miR-SCC control transfected HFFF2 cells **P<0.005.

As no prior research was identified in the literature to provide methodological guidance,
HFFF2 fibroblasts were selected empirically for this study as they best supported
invasion in organotypic CRC models. SW480 cells were the most invasive CRC cell
line in organotypic culture and they have been used in murine xenograft models in the
past*® however; SW620 CRC cells were preferred, because their use had already been

optimised by the group in the context of our novel orthotopic system.
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Here, in vivo experiments were repeated twice. Tumours are currently being assessed
for size, stromal response, and stromal, muscular and vascular invasion. Liver and lungs
will be dissected and subjected to histological evaluation to determine the number of
pulmonary deposits and the degree of liver replacement.

Although this work is ongoing, it holds sufficient promise to merit examination of the

impact of stromal miR-21 antagonism on the ability of CRC cells to metastasise in vivo.

In preparation, the impact on SW620 CRC cell invasion of miR-21 downregulation in
HFFF2 fibroblasts was examined in vitro using an anti-sense miR-21 inhibitor.
Crucially, CM from antimiR-21 transfected fibroblasts induced significantly less
invasion in transwell assays than CM from miR-SCC transfected controls (figure 3.40).
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Figure 3.40 Anti-miR-21 expression in stromal fibroblasts inhibits SW620

CRC cell invasion in vitro

Transwell invasion assay shows mean * s.e.m numbers of invading SW620 CRC cells in
CM from miR-SCC control and miR-21 transfected fibroblasts expressed as a ratio.
Results represent a single triplicate repeat experiment *P<0.05. HFFF2 cells were
transiently transfected with antimiR-21 and control miR-SCC from Dharmacon® using

the transfection reagent Oligofectamine™.
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3.4.1 Results discussion

Murine models of cancer progression are an increasingly important tool in miRNA
research. In breast cancer, orthotopic tumour implantation involves subcutaneous
injection of cancer cells into the anterior chest wall fat-pads of mice. Early studies
demonstrated significantly increased metastatic potential of breast cancer cells
transfected with miR-9 and miR-10b,?*> %% and more recently miR-30a and miR-19a-3p
have been shown to inhibit breast cancer growth and metastasis using this

methodology.*8> 4%

In CRC, subcutaneous implantation of tumour xenografts, along with inducible and
transgenic CRC models are experimentally useful however; heterotopic tumour growth

and lack of spontaneous metastasis compromises their physiological relevance.?* %

487, 488

The biological integrity of murine CRC xenograft models may be improved by co-
implanting cancer cells with stromal elements such as fibroblasts to better mimic the in
vivo tumour microenvironment.*® 34! Fyrthermore, malignant cells may be injected
orthotopically, directly into the caecum of mice; a technique which is being used with
increasing frequency.****® However, to our knowledge, data presented here is the first
example of cancer cell and fibroblast co-implantation in orthotopic murine models of
CRC, and the first documented use in vivo of miRNA manipulation in the context of
CRC stroma.

In addition, a powerful visual demonstration of the impact of deregulated stromal miR-
21 is provided, as a dramatic increase in metastatic tumour burden is seen with
orthotopically implanted SW620 CRC cells in the presence of miR-21 transfected

fibroblasts compared with controls.

A further recent development in miRNA research is the use of orthotopic nude-mouse
tumour models to evaluate the therapeutic potential of inhibitory miRNA

antagomiRs.3" 4%

In the current study, the functional impact on CRC cells of miR-21 inhibition in
fibroblasts was examined in transwell assays, and notably the invasive capacity of

SW620 cells was significantly impaired relative to controls. Unfortunately, the
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unmodified commercial antagomiRs used in this experiment degrade very quickly after
systemic administration, and may not be appropriate for use in vivo in murine metastasis

models.*’

An alternative is to use ‘locked nucleic acid’ (LNA) miRNA analogues with a
phosphorothiolate backbone in which the ribose ring is ‘locked’ by a methylene bridge.
This makes subsequent Watson-Crick base-paring with complementary oligonucleotides

highly stable and resistant to degradation.*®

For this purpose, 1 am collaborating with Dr Jon Watts and Dr Ali Tavassoli at the
Department of Chemistry at the University of Southampton to develop antimiR-21 and
miR-SCC scrambled control LNA oligonucleotides.

This will enable future studies designed to examine the functional impact of miR-21
antagonism in stromal fibroblasts on CRC metastasis in vitro and in vivo, forming the
basis of a nascent research theme to evaluate the potential therapeutic utility of antimiR-
21 LNA oligonucleotides which target the CRC stroma.
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3.5 Identification and validation of novel stromal and
epithelial microRNA candidates relevant during

CRC progression

Epithelial miR-153 and miR-224 and stromal miR-21 were identified in a comparison of
LMD CRC tissue and paired normal colonic tissue using a QuantimiR™-gPCR
profiling array. Crucially, this approach was designed to uncover with high precision
miRNAs involved in tumourogenesis, rather than to offer specific insight into the
biology of CRC progression. Furthermore, the QuantimiR™ platform, although highly

sensitive and specific, is comprised of only 95 cancer-relevant miRNA primer-probes.

To address this issue, and gain a deeper understanding of miRNA mediated effects in
CRC progression, miRNA profiling was broadened to encompass miRnome-wide gene
expression alterations using the 7" generation miRCURY™ LNA high-throughput
microarray (figure 3.41). Secondly, a further examination of deregulated miRNA

expression was conducted at various clinically relevant stages of CRC progression.

Figure 3.41 Representative image of the miRCURY™ LNA miRNA screening

array containing >1500 human miRNAs capture probes
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3.5.1 The relevance of stromal and epithelial microRNAs
differentially expressed in stage-ll CRC with and without

metastasis at 5 years

To identify stromal and epithelial miRNAs with specific relevance during the metastatic
cascade, 50 consecutive and formalin fixed paraffin embedded (FFPE) CRC specimens
were obtained from tissue archives at University Hospital Southampton. This cohort
comprised 25 patients with stage Il (nodal/visceral metastasis negative) disease who
subsequently developed metastasis within 5 years and 25 patients with stage 1l disease
who remained metastasis free in that time (Demographic data in Material and Methods;
Table 2.3). Pathological verification of diagnosis and staging was in accordance with
the Association of Coloproctology of Great Britain and Ireland guidelines on the

management of CRC.**

3.5.1.1 MiRnome-wide gene expression analysis in LMD epithelial and
stromal tissue from stage Il CRC specimens with and without

metastasis at 5 years

From this cohort of 50 patients with stage 11 disease, 20 carefully matched patients with
(stage 11-R) and without recurrence (stage 11-NR), were selected for miRNA array based
gene expression analysis (Demographic data in Material and Methods; Table 2.4). Each
FFPE CRC specimen was subjected to LMD and total-RNA was extracted separately
from epithelial and stromal tumour strata. Global epithelial and stromal miRNA
expression profiling was conducted using the miRCURY™ LNA screening platform.
Data was sorted by fold change and p values >0.05 were excluded from further analysis.
Data from recurrence and non-recurrence groups was then compared to vyield

differential expression data.

In total, 95 miRNAs were significantly differentially expressed in stage 1I-R CRC
stroma compared with stage 11-NR stroma (figure 3.42), of which 10 were up- or down-
regulated by a factor >2. In contrast, 63 epithelial miIRNAs were significantly
differentially expressed (figure 3.43); 6 by a factor >2.
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Figure 3.42 Stromal miRNA expression in stage Il CRC specimens with and

without recurrence at 5 years

MiRnome-wide, high through-put miRNA screening; supervised cluster analysis: (A)

Heatmap of miRNAs differentially expressed (adjusted p<0.05) in LMD stroma between

stage Il CRC specimens with and without recurrence within 5 years (stage 11-R CRC vs.
stage 1I-NR). (B) 10 miRNAs were deregulated by a factor >2 (P<0.05).
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Figure 3.43 Epithelial miRNA expression in stage Il CRC specimens with

and without recurrence at 5 years

MiRnome-wide, high through-put miRNA screening; supervised cluster analysis: (A)
Heatmap of miRNAs differentially expressed (adjusted p<0.05) in LMD epithelium
between stage Il CRC specimens with and without recurrence within 5 years (stage 11-R
vs. stage 11-NR). (B) 6 miRNAs were deregulated by a factor >2 (P<0.05).
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Due to constrained resources, only a selection of these candidate miRNAs were
validated using the more sensitive and specific Tagman® gPCR technique, in all 50
stage Il CRC specimens (figure 3.44). Epithelial miR-92b was selected for validation as
it forms part of the oncogenic miR-17-92 cluster which has been heavily investigated
and is implicated in cardiovascular, neurodegenerative and immune diseases as well as
tumourogenesis.**® MiR-556 was the most highly deregulated stromal miRNA in our
screen and miR-718 has recently emerged as tumour suppressor gene in ovarian
cancer.®® Interestingly, miR-718 was also the most downregulated miRNA in blood
samples in a recent study comparing patients with early breast cancer and matched

normal control subjects.®™
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Figure 3.44 Tagman® gPCR analysis of miRNAs expressed in the
epithelium and stroma of stage Il CRC specimens with and without

metastasis at 5 years

(A) Mean epithelial miR-92b expression was x2.5-fold greater in stage 11-R vs. stage IlI-
NR CRC specimens. (B) miR-556 and (C) miR-718 were x2.02-fold upregulated and
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x1.38-fold downregulated respectively in the stroma of stage II-R vs. stage II-NR CRC
specimens. NS=Not Significant; *P<0.05

Although differentially expressed in Stage 1I-R and Stage II-NR CRC specimens, the
analysis of miR-92b and miR-718 by Tagman® gPCR did not attain statistical
significance, raising questions about the sensitivity and specificity of high-throughput
profiling of LMD tissue in our hands. Crucially however, miR-556 the most upregulated
stromal miRNA in our screen was successfully validated by gPCR and was >2-fold
overexpressed in CRC specimens from patients who subsequently developed metastasis
compared to those who did not.

3.5.1.2 The role of deregulated miR-556 in the CRC stroma during the
metastatic cascade - In silico analysis of putative function and

molecular targets

To our knowledge, the pathological relevance of miR-556 has not previously been

explored in any study to date.

To identify putative miR-556 targets, in silico mRNA analysis was conducted using

TargetScan (http://www.targetscan.org/; Release 6.0) software. 128 mRNA transcripts

with a total of 130 highly conserved and 28 poorly conserved 3’UTR target sites were
identified.

The Database for Annotation, Visualization and Integrated Discovery (DAVID; v6.7)
was used to evaluate enrichment of biological processes associated with putative mRNA
targets, against a background of all human genes. Clustered and non-clustered analysis
showed that based on a p value cut-off of 0.001, 43 biological processes were mildly
enriched for miR-556, including processes involved in metal ion binding (enrichment
score 2.07), the regulation of transcription (enrichment score 1.75), and cell migration

and locomotion (enrichment score 0.73).

Further analysis for miR-556 using Panther, BioCarta, KEGG and Reactome annotation
tools at default settings, demonstrated minor enrichment of genes associated with G-
protein signaling (1.7% enrichment P<0.05), but no other significant biological themes

were identified.
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Taken together, these data suggest that although miR-556 is significantly upregulated in
the stroma of stage Il CRCs which go on to metastasise compared with those which do
not; it may not necessarily play an important biological role in the stromal response to
CRC, or the regulation of metastatic progression. However, it is important to note the
limitations of predictive data of this sort. In silico analysis is useful to prioritise the
importance of miRNA candidates with putative biological function however; until
formal functional studies have been concluded, the true relevance of deregulated

stromal miR-556 expression during CRC progression will remain unclear.
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3.5.2 Molecular profiling of the invasive tumour
microenvironment in a 3- dimensional model of CRC

cells and ex vivo fibroblasts

In the previous section, LMD tissue from matched metastatic and non-metastatic
primary CRC specimens was used in a molecular profiling study to identify miRNAs
with specific relevance during the metastatic cascade. In the following section a novel
alternative approach is described which combines LMD, organotypic CRC models and

high-throughput miRNA profiling.

3.5.2.1 Profiling the invasive tumour margin in CRC organotypics - A

pilot study

Organotypics are a versatile platform to study interactions between tumour and stromal
cells and are increasingly used to examine the impact on tumour invasion of chemical
inhibitors and targeted gene alterations.”®> % 2 Studying the invasive tumour margin
is a particularly exciting prospect. In organotypic models, established CRC cell lines
typically produce a well stratified epithelial layer and in cross section cells which have
acquired the capacity to invade the ECM are easily discernible. Extracting these cells
using LMD and studying them in isolation, may reveal important biological insights
regarding the origins of colorectal cancer metastasis and how it may be more efficiently
targeted.

For this purpose, a feasibility study was designed using organotypic co-culture models
comprised of an epithelial cell layer containing SW480 CRC cells, and a stromal layer
comprised of MRC5 fibroblasts, Type | collagen and important ECM components
(figure 3.45).
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Figure 3.45 miRNA expression at the invasive

tumour margin in organotypic CRC models

(A) LMD of Sw480 CRC cells
organotypic stroma (x40 magnification). (i) Cresyl
violet was used to highlight CRC epithelial cells; (ii)
Invasive tumour islands were then defined; (iii) before
laser dissection occurred and (iv) the cut piece was
transported to a collection device. Non-invading cells
and stromal cells were identified and isolated using
the same methodology (B) MiRNA microarray data;
Subsequent RNA extraction and gene expression
analysis: mMiRNAs
differentially expressed in SW480 CRC cells at the

Here a heatmap shows

invasive tumour margin (1) compared with non-

invading cells in stratified epithelial layers (E) and

stromal cells (S).
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This preliminary comparison of differential gene expression using the MiRCURY®

miRNA hybridisation array, suggests that significant differences may exist between

CRC cells which have acquired the capacity to invade compared with those which have

not.
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3.5.2.2 Identifying conserved patterns of deregulated miRNA expression
in vitro at the invasive tumour margin in different anatomical

contexts within the gastrointestinal tract

As the pilot study consisted of only a single technical repeat, further experimental
validation was required. However, as can be seen in figure 3.45, the only other CRC
organotypic potentially suitable for this purpose was the SW620/PCF8 model, which
displayed far less invasion than the equivalent SW480/PCF8 co-culture.

An alternative solution was to include organotypic models containing primary cells
from other anatomical regions within the gastrointestinal tract. This approach would
have the advantage of potentially uncovering candidate miRNAs consistently

deregulated at the invasive tumour margin in different tumour contexts.

For this purpose, pancreatic cancer organotypics containing CAPAN1 or BXPC3
pancreatic cancer cell lines and primary pancreatic stellate cells were acquired as a kind

gift from Dr Jo Tod at the University of Southampton.

As for the pilot study, LMD was conducted to separate invading cancer cells from non-
invading cells and stromal cells. Identical screening analysis for miRNA expression was
subsequently performed using the miRCURY™ LNA 7" generation microRNA
microarray platform, to identify conserved biological themes across all four tumour
models (figure 3.46).
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Figure 3.46 Representative images of LMD conducted with colorectal and

pancreatic cancer organotypic models

(A) CRC organotypics comprised of SW480 CRC epithelial cells and PCF8 fibroblasts
in the stroma and (B) pancreatic cancer organotypics comprised of BXPC3 pancreatic
cancer epithelial cells and primary pancreatic stellate cells in the stroma (x10

magnification).

Analysis, summarised in figure 3.47 and Table 3.2 is focused on differential gene
expression in invading vs. non-invading cancer epithelial cells. In total 19 miRNAs
were significantly deregulated at the invasive tumour margin in both SW480 and
SW620 CRC organotypics, compared with 7 miRNAs consistently deregulated in both
pancreatic tumour models. Furthermore, 40 deregulated miRNAs common to 2 cancer
scenarios were identified; 9 common to 3 cancer scenarios; and 2 common to all 4

cancer scenarios.
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BXPC3
SW480 @) CAPAN'

Figure 3.47 Conserved patterns of deregulated miRNA expression at the
invasive tumour margin in organotypic models of colorectal and

pancreatic adenocarcinoma

Venn diagram, formulated using free-to-use online bioinformatic software (Oliveros,
J.C. (2007) VENNY. http://bioinfogp.cnb.csic.es/tools/venny/index.html), displays
miRNA candidates consistently deregulated at the invasive tumour margin within and

between tumour systems of different anatomical origin within the gastrointestinal tract.
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MiRNAs deregulated at
the invasive tumour
margin in pancreatic
cancer organotypics

MiRNAs deregulated at MiRNAs deregulated at the

the invasive tumour

margin in CRC
organotypics

invasive tumour margin in
colorectal and pancreatic
cancer organotypics

hsa-miR-4454
hsa-miR-548as-3p
hsa-miR-659-5p
hsa-miR-3686
hsa-miR-4787-5p
hsa-miR-3613-3p
hsa-miR-5100

hsa-miR-4454
hsa-miR-548as-3p
hsa-miR-382-3p
hsa-miR-1260b
hsa-miR-4484
hsa-miR-4725-3p
hsa-miR-589-5p
hsa-miR-4285
hsa-miR-4467
hsa-miR-523-3p
hsa-miR-5581-3p
hsa-miR-4510
hsa-miR-4311
hsa-miR-335-3p
hsa-miR-5698
hsa-miR-187-5p
hsa-miR-4714-5p
hsa-miR-4649-3p
hsa-miR-4431

hsa-miR-4454
hsa-miR-548as-3p

Table 3.2 Conserved patterns of deregulated miRNA expression at the

invasive tumour

margin

pancreatic adenocarcinoma

in organotypic models of colorectal and

MiRNA candidates consistently deregulated at the invasive tumour margin within and

between tumour systems of different anatomical origin within the gastrointestinal tract.

Results are summarised in table format.
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In order to validate these findings in a sensitive and specific manner, Tagman® qPCR
was used to quantitate expression of miR-4454, a miRNA apparently consistently
deregulated in cancer cells at the invasive tumour margin compared with non-invading
cancer cells in stratified epithelial layers. This confirmed that miR-4454 is upregulated
in invading CAPANL1 pancreatic cancer cells, but analysis in other cell lines did not

attain statistical significance (figure 3.48).
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Figure 3.48 Validation study for miR-4454 expression at the invasive

tumour margin in pancreatic and colorectal cancer organotypic models

Expression of miR-4454 in LMD cells at the invasive tumour margin in organotypic
models compared with identical but non-invading cancer cells in stratified epithelial
layers by Tagman® qPCR. NS=Not Significant; **P<0.005.

Once more, inconsistencies between hybridisation microarray and Tagman® gPCR data
calls into question the sensitivity and specificity of high-throughput miRNA profiling in
the context of LMD. However, a deeper understanding of the biology of cancer cells at
the moment of metastatic departure, as they acquire the capacity to break free from their
sister cells and invade surrounding stroma, would be extremely valuable. As such,
methodological optimisation, as well as plans to profile the invasive tumour margin in

vivo are underway.
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3.5.3 Results discussion

Metastasis is a complex, muti-step and dynamic event. To succeed in this process in the
earliest phases, cancer cells need to acquire the capacity to break free from their sister
cells and invade surrounding tissues.”® As discussed in section 1.1.5, there is increasing
evidence to suggest this occurs in a non-linear manner, which is to say that metastatic
progression and tumourogenesis are biologically distinct processes.®® In section 1.3.3,
the profound and multitudinous roles of miRNAs during cancer initiation were
discussed and in section 1.3.5, miRNAs implicated in the hallmark processes of
metastasis were also described. However, to our knowledge, no prior study has
attempted to identify deregulated stromal or epithelial miRNAs during metastatic

progression, or characterise their function in the context of the metastatic cascade.

Here, miRnome-wide gene expression analysis of LMD tumour specimens was used to
identify miRNAs deregulated in vivo in stage Il CRC specimens with and without
subsequent metastasis; and in organotypic models at the point at which CRC cells first

embark on their metastatic journey.

MiR-556 the most highly deregulated stromal miRNA identified in the current study,
successfully distinguished stage 1l CRC specimens which subsequently metastasised
within 5 years from specimens which did not. Several other miRNAs remain to be
examined; however as yet no other candidate identified by high-throughput screening
has been successfully validated by Tagman® gPCR. Unfortunately this throws into
doubt the validity of this methodology in the context of LMD tissue.

Although, the low yield of total RNA from LMD, and subsequent use of relatively small
amounts of total RNA (75-100ng) may go some way to accounting for the observed
inconsistencies, it is also significant that large numbers of data-points were excluded
from analysis because of widespread streaking and blemishes present on nearly all

hybridisation array slides.

Furthermore, when dealing with °‘big-data’ analytics, attention to the statistical
parameters employed is particularly important. For example, in an analysis of >1500
human miRNAs represented on a hybridisation slide, a significance threshold of P<0.05

or 5% may, by chance alone return up to 75 falsely-positive results.
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Therefore to adapt and improve our methodology, the group is considering employing
once more the QuantimiR™ gPCR profiling array which works well in our hands,
although it does remain a medium throughput platform with limited capacity to identify
new cancer relevant genes. It would also be possible to spend more time harvesting
tissue by LMD, to improve total RNA vyield; or to amplify total RNA using a

commercially available MessageAmp™ kit from Ambion®.

Furthermore, future profiling will be conducted using a false discovery rate (FDR)
control, a method employed in multiple hypothesis testing to correct for multiple

comparisons and increase statistical power.

Nevertheless, deregulated expression of miR-556, identified by miRNA screening, was
successfully validated by Tagman® gPCR and is overexpressed in the stroma of stage 1l
CRC specimens which later metastasise compared to those which do not. However,
further in silico analysis of putative miR-556 mRNA targets, looking for enriched
cancer relevant or inflammation associated biological themes, did not suggest that miR-
556 is likely to play an important role in CRC progression. By comparison, identical in
silico analysis for miR-153 in CRC identified 36 enriched biological themes, of which
55% were cancer associated including processes associated with cell motility and

adhesion, with an enrichment score of 12.5.%%°

In order to provide a more definitive impression of the biological importance of miR-
556 it will be necessary to identify cells of origin in the stroma by ISH, and conduct
functional analysis in cells in which miR-556 has been upregulated or knocked down.
As the required techniques have already been optimised during the course of the project,

the analysis could be completed very rapidly.

Furthermore, as stromal miR-556 is differentially expressed in CRC specimens with and
without metastasis, it may prove to be a clinically useful marker of metastatic
progression in stage Il disease. The prognostic utility of stromal miR-556 will be

assessed in the following chapter.

In summary, high throughput molecular screening identified a novel stromal miRNA
candidate (miR-556), which successfully distinguishes between stage Il CRC specimens
with and without subsequent metastasis at 5 years. It remains to be seen whether stromal
miR-556 plays an important role within metastasis pathways in CRC, or whether
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deregulated miR-556 expression is subsidiary or even inconsequential in the context of

other more significant biological events.

Other than miR-556, no miRNA candidate identified in this study, in CRC stroma or
epithelium, or in invading CRC cancer cells, was successfully validated by Tagman®
gPCR. Although this somewhat undermines confidence in the validity of the profiling
data presented, this process has allowed us to ‘road-test’ a novel and innovative research
strategy, and has highlighted areas of planning and execution which require

optimisation.
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3.6 The utility of microRNA expression profiling as a

prognostic tool in stage Il colorectal cancer

The identity and function of deregulated stromal and epithelial miRNAs in CRC is
increasingly well described. Understanding the molecular events underlying
tumourogenesis and the metastatic cascade is important not only for the development of
novel, targeted drugs, but also because categorising heterogeneous tumours based on
their molecular characteristics may lead to enhanced prognostication and better tailored

treatment.

This is particularly relevant for patients with stage Il (node and visceral metastasis
negative) CRC. Disease recurrence remains a substantial problem in this group as 20-
25% of patients following surgery with curative intent go on to develop metastases
within 5 years.? Although this clearly represents a significant minority of patients, the
blanket use of adjuvant treatment is not supported by evidence in this group.3® Thus a
molecular staging approach enabling early identification of patients at high risk of
tumour recurrence would create the opportunity both to provide targeted interventions

where necessary, and avoid overtreatment in other cases.

To address this issue, the prognostic utility of deregulated stromal and epithelial
miRNAs identified in this study, was examined in a cohort of 50 CRC patients with
stage Il disease. Only patients for whom formalin-fixed archived tumour tissue was
available alongside adequate histopathological, pre, intra and post-operative clinical
information, were included (Demographic data in Material and Methods; Table 2.3).

Specifically, Tagman® gPCR was used to compare miRNA expression in LMD CRC
epithelium and stroma from patients with no histological or clinical features of
biologically aggressive disease but who subsequently developed metastases within 5

years, with carefully matched patients who remained metastasis free (n=25 vs. 25).

Median follow-up for the group was 6.08 years (95% CI:4.98-7.19).
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3.6.1 The prognostic utility of stromal microRNA candidates
in stage Il CRC

In stroma, mean miR-21 expression is X1.84-fold greater in stage Il tumours from
patients who developed metastatic recurrence (stage 11-R) compared with patients who
did not (stage I1-NR) (p<0.05) (figure 3.49A).

Stratifying patients into high and low expression groups relative to mean miR-21
expression for the group as a whole (mean = 0.857; 95% CI: 0.607-1.107) revealed that
13 out of 25 patients with stage I1-R disease expressed high levels of stromal miR-21

compared with 6 out of 25 patients with stage 11-NR disease (p<0.05).

Patients expressing high levels of stromal miR-21 had significantly shorter disease free
survival (DFS) (HR = 2.68, 95% CI: 1.21-5.93, p=0.015) and overall survival (OS)
(HR=2.47, 95% CI: 1.19-5.55, p=0.029) than patients expressing low levels of stromal
miR-21 (figure 3.49 B and C). 13 out of 19 patients with high stromal miR-21
expression developed distant metastases during the period of follow-up compared with

12 out of 31 patients in the low stromal miR-21 expression group (p<0.05).
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Figure 3.49 The prognostic utility of deregulated stromal miR-21 expression in stage Il CRC

(A) Expression of stromal miR-21 by Tagman® gPCR in stage Il CRC with (n=25) and without (n=25) recurrence at 5 years. Mean miR-21

expression is represented by a horizontal bar *P<0.05.

Kaplan-Meier curves of (B) disease free survival and (C) overall survival in stage Il disease. Patients were stratified into high or low expression

groups based around mean stromal miR-21 expression for the group as a whole by Tagman® gPCR.
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As noted in chapter 3.5.1.1, mean miR-556 expression is also increased X2.02-fold in
the stroma of stage 11 CRC specimens which go on to metastasise compared with those
which do not (p<0.05) (figure 3.50A). When stratified into high and low expression
groups relative to mean expression (mean = 0.393; 95% CI: 0.266-0.519), patients
expressing high levels of stromal miR-556 had significantly shorter DFS (HR = 2.60,
95% CI: 1.18-5.73, p=0.018), but not significantly shorter OS than patients expressing
low levels of stromal miR-556 (figure 3.50 B and C). 12 out of 17 patients with high
stromal miR-556 expression developed distant metastases during the period of follow-
up compared with 13 out of 33 patients in the low stromal miR-556 expression group
(p<0.05).
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Figure 3.50 The prognostic utility of deregulated stromal miR-556 expression in stage Il CRC

Expression of stromal miR-556 by Tagman® gqPCR in stage Il CRC with (n=25) and without (n=25) recurrence at 5 years. Mean miR-556

expression is represented by a horizontal bar *P<0.05.

Kaplan-Meier curves of (B) disease free survival and (C) overall survival in stage Il disease. Patients were stratified into high or low expression

groups based around mean stromal miR-556 expression for the group as a whole by Tagman® gPCR.
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Next, expression of miR-215 was examined as it was the most downregulated stromal
miRNA identified in the initial QuantimiR™ array (preliminary data; section 1.7).
Although Tagman® gPCR did confirm a 3.3-fold reduction in miR-215 expression in
CRC stroma compared with paired normal colonic stroma, in stage Il disease, stromal
miR-215 was ubiquitously expressed and so was not included in survival analysis
(figure 3.51).
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Figure 3.51 miR-215 expression in CRC stroma

Stromal miR-215 expression by Tagman® gPCR in (A) CRC vs. paired normal tissue
and (B) stage Il CRC with and without metastasis at 5 years. NS = Not Significant;
*P<0.05
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3.6.2 The prognostic utility of epithelial microRNA candidates
in stage Il CRC

MiR-224 and miR-106a were the highest scoring miRNA candidates identified in the

QuantimiR™ comparison of CRC epithelium with paired normal colonic epithelium.

In stage Il disease miR-224, was not significantly different in LMD epithelium from
tumour specimens with and without subsequent metastasis at 5 years however, mean
expression of miR-106a, was upregulated X1.88 fold in the recurrence group (p<0.05)
(figure 3.52 A and B).

When patients were stratified according to high or low miR-106a expression (mean =
0.372; 95% CI: 0.265-0.478), patients expressing high levels of epithelial miR-106a had
significantly shorter DFS (HR = 2.91, 95% CI: 1.32-6.42, p=0.008) and OS (HR = 2.25,
95% CI: 1.00-5.04, p=0.049) than patients expressing low levels of epithelial miR-106a
figure 3.52 C and D). 13 out of 18 patients with high epithelial miR-106a expression
developed distant metastases during the period of follow-up compared with 12 out of 32

patients in the low epithelial miR-106a expression group (p<0.05).
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Figure 3.52 The prognostic utility of
deregulated epithelial miRNA
candidates in stage Il CRC

Expression of (A) epithelial miR-224 and
(B) epithelial miR-106a by Tagman® gPCR
in stage Il CRC with (n=25) and without
(n=25) recurrence at 5 years. Mean miRNA
expression is represented by a horizontal
bar. NS = Not Significant; *P<0.05.

Kaplan-Meier curves of (C) disease free
survival and (D) overall survival for
epithelial miR-106a.  Patients  were
stratified into high or low expression
groups based around mean epithelial miR-
106a expression for the group as a whole
by Tagman® gPCR.
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3.6.3 Survival analysis based on combined expression of
epithelial and stromal microRNA candidates in stage |l
CRC

Next we wanted to examine whether panels of deregulated miRNA expression provided

better prognostic discrimination than miRNA candidates examined in isolation.

When considered in combination, high expression of stromal miR-21 and epithelial
miR-106a were associated with poor DFS (Both High vs. Both Low: HR = 5.09, 95%
Cl: 2.02-12.85, p=0.001) (figure 3.53A) and OS (Both High vs. Both Low: HR = 4.13,
95% CI: 1.48-11.52, p=0.007) (figure 3.53C).

When all three potentially prognostically relevant miRNA candidates were considered
(stromal miR-21 and miR-556; and epithelial miR-106a), metastases were identified in
7 out of 8 patients expressing high levels of all three candidates, compared with 12 out
of 23 patients expressing high levels of two or one candidate; and 6 out of 19 patients
expressing none of the candidates at high levels (p<0.05). Furthermore, those
expressing high levels of all three miRNAs had significantly shorter DFS (All High vs.
All Low: HR =5.83, 95% CI: 1.92-17.57; p=0.002) (figure 3.53B).

This novel data, which combines for the first time prognostic markers of stromal and
epithelial origin, suggests that panels of deregulated miRNA expression may provide

practical prognostic information for clinicians treating patients with CRC.
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Figure 3.53 Survival analysis based on combined stromal and epithelial

miRNA expression in stage Il CRC

Kaplan-Meier curves of disease-free survival and overall survival in patients with stage
Il disease based on significantly differentially expressed stromal and epithelial miRNAs.
Patients were stratified into high or low expression groups based around group mean
expression of stromal miR-21 and epithelial miR-106a for analysis of disease free
survival (A) and overall survival (C). As stromal miR-556 expression was only
discriminatory in the context of disease free survival, it was included in combined

analysis of disease free survival (B), but not overall survival (C).
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3.6.4 Survival analysis based on expression of microRNA

candidates and their putative molecular targets in vivo

Next, we wanted to test whether the relationship between miRNAs and their molecular
targets in vivo provided additional prognostic information in stage Il disease. For this
purpose, a human tissue microarray (TMA) was generated using triplicate cores from
the CRC specimens used in comparative miRNA gene expression analysis, from
patients with stage Il disease with and without metastasis at 5 years (n=25 vs. 25)
(Demographic data in Material and Methods; Table 2.3).

Subsequently, the TMA was immunostained for known miR-21 targets RECK and
TIMP3, and scored by an independent investigator blinded to the clinical data. Each
core was scored semi-quantitatively on a scale of 1-7 corresponding to absent, low,
medium or high intensity staining (0-3) with <25% positivity, 25-50% positivity, 50-
75% positivity and >75% positivity (1-4).

Unfortunately staining for RECK was absent despite pre-optimisation of the antibody
and the use of tonsillar tissue as a positive control. However, staining for TIMP3 was
successful and revealed a pattern of downregulated expression in advancing tumour

stage (figure 3.54).
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Figure 3.54 Immunohistochemistry for the purpose of (A) TIMP3 and (B)
RECK quantitation in a TMA comprised of stage Il CRC specimens with and

without recurrence at 5 years

(Ai) Tissue microarray sections immunostained with primary TIMP3 antibody; staining
was observed both in stromal and epithelial tumour compartments (x4 magnification).
TIMP3 expression was measured semi-quantitatively on a scale of 1-7 corresponding to
staining intensity and percentage of cells with positive staining. (Aii) represents
low/negative staining: score 0-3; (Aiii) represents moderate staining: score 4-5 and;
(Aiv) represents strong staining: score 6-7 (x40 magnification).

(Bi) Tissue microarray sections immunostained with primary RECK antibody (x4
magnification). (Bii) Staining was absent except in non-specific patchy areas (x40
magnification).
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The mean TIMP3 expression score in stage Il tumours with recurrence at 5 years was
2.50 (95% CI: 1.97-3.03) compared with 3.18 (95% CI: 2.71-3.67) in tumours which
did not metastasise (figure 3.55 A).

This is consistent with the tumour suppressor properties of TIMP3 identified in CRC in
a previous study.*’* Here however, TIMP3 expression alone was not an independent
predictor of outcome in stage Il disease (High vs. low TIMP3 expression based around
group mean expression: DFS; HR = 0.564; 95%CI = 0.247- 1.292; P=0.17) (figure 3.55
B).

In the current study, miR-21 dependent TIMP3 downregulation was observed in
cultured fibroblasts but not ex vivo colonic fibroblasts. In previous studies, luciferase
reporter assays have suggested that direct regulation of TIMP3 does not occur, despite
the presence of conserved binding sites within the TIMP3 mRNA 3’UTR.?®*

To inform this debate, analysis of matched tumours for expression of miR-21 and
TIMP3 was conducted. This revealed a weak but significant inverse correlation in CRC
specimens in vivo (R=-0.339; P=0.017) (figure 3.55 C). Further analysis of progression
free survival suggested that patients expressing high miR-21 but low TIMP3 had the
worse outcome of all in stage 1l disease, but in the presence of high TIMP3, prognosis
was considerably improved. Conversely, in the presence of low miR-21, TIMP3
expression whether high or low, made little difference in terms of clinical outcome
(figure 3.55 D).

Taken together, these results support the notion that in vivo miR-21 may regulate

TIMP3 expression but not through direct suppression of mMRNA transcription.
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Figure 3.55 The significance of TIMP3 and miR-21 expression in stage Il

CRC

(A) TIMP3 expression by immunohistochemistry on a tissue microarray showing higher
mean expression in non-recurrent tumours compared with tumours which subsequently
metastasised *P=0.05.

high or low expression of TIMP3 (Kaplan-Meier). (C) Correlation of miR-21 and

(B) Disease free survival for patients with CRC according to

TIMP3 expression in human CRC specimens. (D) Disease free survival for patients with

CRC according to combined tissue expression of miR-21 and TIMP3.
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3.6.5 Results discussion

As discussed in chapter 1.3.7, non-coding molecules such as miRNAs have promising
clinical applications in cancer. *®% *! The analysis of miR-21 in plasma and stool 3?33
%93 for example, has been identified as a potential diagnostic/screening tool in CRC and

311 31

high miR-21 expression in tumour and serum ** predicts poor post-operative

outcomes.

MiRNAs also play important roles during tumour initiation and progression, and an
important theme in recent years is the emergence of pro-metastatic events in the tumour

microenvironment regulated by miRNAs *%.

In the present study, miR-21 was the most highly upregulated stromal miRNA candidate
in CRC tissue compared with paired ‘normal’ stroma by Tagman® qRT-PCR. In a
separate analysis of 50 patients with stage Il disease, stromal miR-21 was also
significantly overexpressed in patients who developed metastases within 5 years
compared with those that remained metastasis free. These data contribute to a growing
body of evidence which suggests deregulation of the key oncogene miR-21 is a stromal

phenomenon in CRC, and not just a feature of cancer cells. 2%:2%% 423

Prompted by the notion that miRNA expression signatures may be used to identify
patients at high risk of disease recurrence in stage Il CRC, the most upregulated

epithelial candidates from our QuantimiR™ screen were also examined.

MiR-106a expression was significantly increased in epithelial tumour tissue from
patients who subsequently developed metastases compared to those who did not.
Intriguingly, both miR-21 and miR-106a were identified in a previous study which
compared miRNA expression in CRC and paired normal colonic tissue. However, in

.31 who used whole tumour tissue sections, here an initial

contrast to Schetter et a
LMD step prior to profiling with high-throughput microarrays. This approach, which
was designed to avoid masking important biological differences between cancer cells
and their supportive microenvironment, also allowed potentially relevant molecular

events to be mapped to the appropriate tumour compartment.
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Crucially, it emerged that both elevated stromal miR-21 and epithelial miR-106a are
associated with significantly reduced DFS and OS in patients with stage 11 CRC, which

encouraged further interrogation of our QuantimiR™ screen:

MiR-215 was downregulated more than X2-fold in CRC stroma compared with paired
normal stroma by Tagman® gPCR. Downregulated expression of miR-215 has
previously been identified in nephroblastoma and is associated with upregulated activin
receptor type 2B (ACVR2B) expression in the TGFB pathway.’®* MiR-215 suppression
has also been demonstrated in CRC, in a study which paradoxically linked declining
miR-215 expression with improved overall survival.*** However, as patterns of stromal
miRNA expression are potentially made less distinct by the presence of extraneous
epithelial tissue, this paradox may be explained by the use of bulk tumour specimens
rather than LMD tissue.

It is reassuring that many of the observations presented here mirror a complementary
study by Nishida et al., namely that miR-21 and members of the miR-17-92a cluster are
strongly upregulated; and miR-215 downregulated in CRC stroma. However, having
identified miRNA candidates deregulated in CRC stroma, the authors did not ascertain
their prognostic significance, nor did they examine differentially expressed miRNAS in

tumour vs. normal epithelium.?®

Here, the utility of deregulated miRNAs such as miR-21 in CRC stroma and miR-106a
in CRC epithelium, were scrutinised in stage Il disease, in a ‘real-world’ clinical
scenario which presents significant prognostic and therapeutic challenges. In contrast,
stromal miR-215 and epithelial miR-224 were ubiquitously expressed in all stage Il
CRC specimens regardless of metastatic status at 5 years and hence they were not
included in survival analysis. Nevertheless, miR-215 and miR-224 may still be
biologically relevant in CRC and this raises an interesting point; that the same miRNAs
deregulated in cancer are not necessarily deregulated during metastatic progression.
Crucially, this observation supports the view that molecular mechanisms underpinning

the metastatic cascade are distinct from those which drive carcinogenesis.®

To broaden and enrich the search for clinically relevant miRNAs, a miRnome-wide
profiling approach was adopted to specifically compare miRNA expression in stage Il

CRC specimens with and without recurrence at 5 years. In this comparison of 20
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patients (10 stage IIR vs.10 stage IINR) 95 consistently deregulated miRNAs were
identified in stroma compared with 63 miRNAs in tumour epithelium (figure 3.42 and
3.43).

Most cancer research is focused on tumour cells, but because stromal cells are less
likely to acquire de-novo mutations, evade anti-cancer immunity, or develop drug
resistance than malignant epithelial cells, the concept of stroma targeted therapy has
become increasingly attractive. °* *** Another important theme in recent years is the
development of therapies which target or exploit non-coding RNAs. % 381503 | this
context, the characterisation of miRNAs differentially expressed in metastatic vs. non-
metastatic tumour groups may reveal opportunities to develop novel pharmacological

interventions both in malignant tissue and the supportive tumour microenvironment.

MiR-556 was the most upregulated stromal miRNA identified in stage IR CRC
specimens, a finding which was validated by Tagman® gPCR in all 50 stage 1l CRC

specimens.

Although important biological functions have not as yet been ascribed to miR-556, in
the current study high stromal miR-556 expression was associated with significantly
decreased DFS, but perhaps more interestingly, when combined with stromal miR-21
and epithelial miR-106a, stromal miR-556 contributed to a distinct molecular signature
of disease recurrence. At 3 years following surgery with curative intent, 3/19 (16%)
patients expressing low levels of all three miRNAs had developed metastases compared
with 10/23 (43%) patients expressing high levels of one or two miRNAs and 7/8 (88%)

patients expressing high levels of all three miRNAs.

MiR-21 expression was also examined in relation to its putative target, the tumour
suppressor gene TIMP3. In an earlier study which characterised the prognostic potential
of several members of the TIMP and MMP families, stromal TIMP3 expression was the
only biomarker significantly associated with 5-year survival in a cohort of 350 patients
with stage I-IV CRC.*"* In a further study by Curran and colleagues, loss of TIMP3
contributed to an increasingly aggressive CRC phenotype, in homogenous cohort of

stage 111 CRC specimens.>®
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Here, TIMP3 expression was supressed in stage Il tumours which later metastasised
compared with those that did not, but TIMP3 expression alone was insufficiently robust

to act as a biomarker of tumour recurrence.

The TMA approach did however permit examination of TIMP3/miR-21 co-expression
in vivo, and identified a weak but significant inverse correlation. However, in several
tumour specimens, miR-21 and TIMP3 were found to both be highly expressed or
suppressed concurrently, which chimes with published mechanistic data suggesting that
although TIMP3 is responsive to miR-21, regulation is unlikely to occur through a
direct inhibitory mechanism.”* Alternatively, these findings may reflect a deeper
regulatory complexity for TIMP3 in vivo. In-fact a recent publication has identified
other miRNA based mechanism which regulate TIMP3, such as miR-191 a miRNA
overexpressed in CRC which appears to inhibit TIMP3 expression directly by targeting
mRNA translation.>®

In summary, the data presented in this chapter demonstrate that stromal and epithelial
miRNA profiles may be used to identify patients at high risk of CRC recurrence and
reduced OS. This supports the notion that miRNAs are important actors during the
metastatic cascade, and that miRNA profiling may be a valuable aid to therapeutic

decision making.

Furthermore, by using FFPE tissue, a widely available clinical resource, the
translational appeal of this research has been highlighted. However, in order to fully
evaluate these findings, additional validation in a larger and independent cohort will be

required.
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4.1 Study objectives

The objective of this study was to identify deregulated miRNAs in the epithelial and

stromal compartment of CRC specimens and develop a deeper understanding of their

impact on disease progression. The broad aims were as follows:

1.

243

Identify and validate candidate miRNAs differentially expressed in the stroma and
epithelium of different stage clinically relevant CRC samples, with emphasis
placed on the comparison of stage |1 CRC specimens with and without subsequent
metastatic progression.

Determine biological consequences of deregulated miRNASs using in vitro
functional cell assays for disease progression and a 3-D CRC organotypic model to
facilitate better understanding of the complex tumour-stroma cross-talk.

Validate the functional impact of candidate miRNAs using a novel in vivo model of

CRC progression

Identify potential gene targets of candidate miRNAs in order to map the molecular

pathways which mediate their biological effects.

Establish the utility of miRNA expression profiling as a clinical prognostication
tool in CRC.
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4.2 Summary of findings

The first objective of this study was to identify and validate candidate miRNAs
differentially expressed in the stroma and epithelium at different clinically relevant
stages of CRC. Preliminary profiling work comparing miRNA expression in paired
SW480 and SW620 CRC cells and LMD CRC specimens with paired normal tissue
identified a number of candidates of which three were selected for further analysis
(epithelial miR-153 and miR-224; and stromal miR-21).

Further profiling with high-throughput miRNA hybridisation arrays, was designed to
identify additional miRNAs specifically relevant during CRC progression, rather than
tumour initiation. Candidate miRNA validation is ongoing, but Tagman® gPCR
analysis has confirmed that the novel miRNA miR-556 is upregulated by a factor >2 in
the stroma of stage Il CRC specimens which metastasised within 5 years compared

with carefully matched specimens which did not.

The second objective of this study was to determine the biological consequences of

deregulated stromal and epithelial miRNAs in CRC.

In functional screening studies, miR-224 did not appear to impact on CRC invasion or
proliferation, but miR-153 did produce a more invasive cellular phenotype. This effect
was particularly notable in organotypic models, where miR-153 transfected cells were

seen to cluster at the tumour-invasive front.

Organotypic models are synthetic tumour constructs which mimic in vivo conditions by
juxtaposing multi-layered tumour epithelial cells with a stromal layer consisting of
cellular and molecular ECM components. Although organotypics are increasingly
widely used to examine tumour invasion in 3-dimentions, this study presents the first
example of this highly versatile experimental platform used in conjunction with

miRNA-manipulated epithelial and/or stromal cells.

The novel finding that miR-153 upregulation leads to enhanced tumour invasion is
interesting, as a pathogenic role in CRC and metastasis has not previously been

described.
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However, the main focus of this research has been miR-21, an oncomiR with well
documented regulatory roles in numerous cancer-relevant biological pathways. In CRC
epithelial cells, miR-21 has been shown to promote metastatic progression by targeting
tumour suppressor PDCD4. 2* Interestingly, profiling data in this study identified miR-
21 as one of the highest scoring stromal miRNA candidates, and high sensitivity
Tagman® qRT-PCR confirmed a 4-fold mean increase in relative miR-21 expression in
the stroma of CRC specimens compared with paired normal tissue. To pinpoint the
cellular location of miR-21 in CRC, ISH with highly specific LNA probes was used.
By this method, it was possible to demonstrate that miR-21 overexpression occurred
exclusively in fibroblast like cells in the stroma and that expression was virtually
absent within the malignant epithelial layer. This finding is potentially extremely
relevant, as studies which previously established miR-21’s credentials as a ‘master-
regulator’ of metastatic progression adopted an exclusively epithelium-centred
approach.*®® Hence, the discovery that miR-21 over-expression in CRC actually occurs
in stromal fibroblasts, presents a paradigm shift, and suggests the pathogenic influence
of miR-21 may be part-mediated indirectly by cancer-associated stroma.

Prompted by these results, analysis of the functional impact of upregulated miR-21
expression in the stroma became an important priority. Furthermore, both miRNAs and
the stroma are promising therapeutic targets and the synthesis of these two research
themes has the potential to produce valuable preliminary data for the development of
future stroma/miR-21 targeted therapeutic strategies.

The most striking effect of miR-21 upregulation in cultured fibroblasts was the
adoption of an elongated and enlarged morphology, accompanied by increased aSMA
expression. Although suggestive of myofibroblast differentiation status, in the absence
of characteristic stress-fibre formation it was necessary to conclude that miR-21 over-
expression alone is insufficient to drive fibroblast-to-myofibroblast transdifferentiation.
Instead miR-21 appeared to prime fibroblasts to transdifferentiation signals in a manner

consistent with earlier reports.?*

In the current study miR-21 over-expressing fibroblasts were shown to be
phenotypically similar to myofibroblasts despite their biochemical differences, which is
an entirely novel finding. CM extracted from miR-21 overexpressing fibroblasts was
associated with increased CRC invasion, proliferation and chemoresistance, all of
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which promote tumour progression. Only one other study has identified a deregulated
stromal miRNA which impacts upon the phenotype of the tumour microenvironment
(miR-320; Bronisz et al., 2012);*® and the only study to examine miR-21 in the context
of fibroblast differentiation, identified a mechanism through which myofibroblast

markers are regulated, but not mechanisms involved in cell function or pathobiology.**

Crucially, the metastasis promoting influence of deregulated stromal miR-21 was
confirmed here using an entirely novel orthotopic fibroblast/cancer cell co-implantation
model of CRC in mice. This data satisfies the third objective of the current study, and
opens a promising new line of research which will potentially allow us to examine to

therapeutic utility of stroma or epithelium-targeted antagomiRs in vivo.

In line with the fourth objective of this study and in order to explore how miR-21
overexpression in stromal fibroblasts drives CRC invasion, organotypic models were
immunostained for known miR-21 targets, the MMP inhibitors RECK and TIMP3,
both of which were found to be downregulated compared with miR-SCC control
transfected fibroblasts.

Western blotting, Tagman® gPCR and immunofluorescence confirmed that RECK and
TIMP3 are directly or indirectly targeted by miR-21 in ex vivo and immortalised
fibroblasts. Ectopic miR-21 expression also resulted in elevated MMP2 activity and by
demonstrating that excess invasion associated with elevated stromal miR-21 expression
IS MMP2 dependent, this study revealed a novel stromal miRNA mediated pro-

metastatic mechanism in CRC.

Using an antibody based protein array, the impact of excess miR-21 expression on the
fibroblasts secretome was also assessed. A number of pro-inflammatory cytokines and
chemokines were sensitive to miR-21 expression suggesting that significant corruption
of the tumour microenvironment may occur in response to stromal miRNA
deregulation in cancer. ELISA assays confirmed that one of the most promising
candidates ENA-78/CXCL5, a chemokine implicated in anti-tumour surveillance and
angiogenesis, was upregulated in CM from ex vivo and cultured fibroblasts transfected
with miR-21.

As well as conventional in vitro techniques, an in silico approach was used to address
objective 4 with respect to the potentially biological relevance of the putative
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metastamiR miR-556. This reflects a diversity of skills acquired during the course of
this research, which includes but is not limited to: high through-put miRNA profiling;
in vitro and in vivo tumour modelling; protein, MRNA and miRNA quantitation
techniques; immunohistochemistry and immunofluorescence; functional assays of

cellular phenotype and transient and stable miRNA manipulation.

Computational gene target prediction and analysis for enriched biological themes, did
not suggest that miR-556 plays a substantial role in molecular pathways which govern
metastatic progression. Although this is yet to be validated in vitro and in vivo, stromal
miR-556 did nevertheless have prognostic utility in stage Il disease. Crucially stromal
miR-556 expression along with expression of other miRNAs identified in this study
(miR-21 and miR106a) were capable of stratifying recurrence risk in early stage CRC,
suggesting for the first time that panels of deregulated miRNAs may be used in the
clinical setting to guide therapeutic decision making. On this point, the final study

objective is addressed.
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4.3 Conclusions

The objectives of the current study have been met in an efficient and timely manner.

The findings presented in this document support the hypothesis that:

e Stromal and epithelial miRNA expression patterns (individually or communally)
have important consequences for CRC progression and metastasis

MiRNAs such as miR-21 in stromal fibroblasts have profound biological consequences
for CRC progression by promoting a pro-metastatic tumour microenvironment in vitro
and in vivo, which facilitates tumour invasion, promotes CRC cell proliferation and
protects CRC cells from chemotherapy induced apoptosis. MiRNAs such as miR-153
deregulated in colorectal epithelial cells during malignant transformation also promote
malignant invasion, as demonstrated in near-physiological conditions using a novel,

purpose built organotypic CRC model.

These miRNAs, which are differentially expressed in tumour compared with normal
colonic tissue, which profoundly affect CRC cell phenotype and which are potentially
targetable by drugs, could in future form the basis of a novel drug strategy capable of
selectively impacting on malignant tissue whilst simultaneously minimising any

potential side-effects from therapy.

Crucially a number of miRNAs identified in this study (miR-21, miR-556 and miR-
106a specifically) were also shown to provide valuable prognostic information in CRC.
By identifying patients at high risk of future recurrence in early stage disease, these
miRNAs, both alone and in combination may have utility in the clinical setting by
helping to distinguish patients who might benefit from adjuvant therapy from those in

which adjuvant therapy is unnecessary and potentially detrimental.
In summary, the following specific conclusions may be drawn from the current study:

1. MiR-224 and miR-153 are upregulated in the epithelium of CRC specimens
compared with paired normal tissue.
a. MiR-153 is associated with upregulated CRC cell invasion
2. MiIiR-21 is upregulated in the stroma of CRC specimens compared with paired
normal tissue
a. MiR-21 localises exclusively to fibroblast-like cells in the CRC stroma
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3. MiR-21 upregulation in stromal fibroblasts promotes myofibroblast-like
properties
a. Stromal miR-21 upregulation indirectly promotes CRC cell proliferation
b. Stromal miR-21 upregulation indirectly promotes CRC cell
chemoresistance
c. Stromal miR-21 upregulation indirectly promotes CRC cell invasion
through downregulated RECK and TIMP3 expression and reciprocally
increased MMP2 activity
4. Excess stromal miR-21 dependent CRC cell invasion is MMP2 dependent
Ectopic miR-21 expression in stromal fibroblasts may substantially alter the
composition of the tumour microenvironment
a. ENA-78/CXCL4 a pro-inflammatory chemokine is upregulated by
ectopic miR-21 expression in ex vivo and cultured fibroblasts cell lines
6. Excess stromal miR-21 expression in fibroblasts supports increased CRC
metastasis in vitro and in vivo
a. This study is the first to manipulate stromal and epithelial miRNAS in
the context of 3-D CRC organotypic models.
b. This study is the first to employ a novel cancer-cell/fibroblast co-
implantation technique in orthotopic murine models of CRC progression
7. MIRNAs deregulated during CRC initiation are not necessarily deregulated
during metastasis which supports a ‘non-linear’ model of tumour progression
a. MiR-556 was the most deregulated stromal miRNA in stage 11 CRC
specimens which later metastasised compared with matched specimens
which did not.
8. MIRNAs deregulated in the CRC stroma and epithelium during CRC
progression may have prognostic utility in stage Il disease
a. Stromal miR-556: Disease free survival (HR = 2.60, 95% CI: 1.18-5.73,
p=0.018).
b. Stromal miR-21: Disease free survival (HR = 2.68, 95% ClI: 1.21-5.93,
p=0.015) and overall survival (HR= 2.47, 95% CI: 1.19-5.55, p=0.029)
c. Epithelial mir-106a: Disease free survival (HR =2.91, 95% ClI: 1.32-
6.42, p=0.008) and overall survival (HR = 2.25, 95% CI: 1.00-5.04,
p=0.049)
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9. Panels of deregulated epithelial and stromal miRNAs offer better prognostic
discrimination compared with individual miRNAs in stage 1l CRC.

a. Stromal miR-21 and epithelial miR-106a: Both High vs. Both Low;
Disease free survival (HR =5.09, 95% CI: 2.02-12.85, p=0.001); and
overall survival (HR =4.13 (95% CI: 1.48-11.52, p=0.007)

b. Stromal miR-21, stromal miR-556 and epithelial miR-106a: All High
vs. All Low; Disease free survival (HR =5.83 (95% ClI: 1.92-17.57,
p=0.002)
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4.4 Future directions

One of the strongest themes to emerge from the current project is the potential clinical
utility of stromal and epithelial miRNAs, both as prognostic markers of disease
progression and as potential targets for novel pharmacological intervention in CRC.

The following section outlines the next phase of functional and mechanistic

experimentation, required to advance this research towards the clinical setting.

4.4.1 The therapeutic utility of LNA based miR-21 antagomiR

The most advanced RNA based therapy uses antisense oligonucleotides to supress
hepatic miR-122 expression, thus reducing Hepatitis C viraemia (Hepatitis C Virus;
HCV), and HCV induced liver pathology in primates.®® Clinical trials are currently
underway to investigate their use in the treatment of chronic HCV infection in

humans.>"’

AntagomiRs have also increasingly been utilised in in vivo murine models to
demonstrate the potential therapeutic benefits of oncomiR inhibition in breast

cancer.3" °08

Crucially, in both scenarios, gene silencing is achieved using antisense LNA

constructs which are highly stable and resistant to degradation. *°®

In the current study, the powerful impact of deregulated stromal miR-21 on metastasis
was demonstrated in vivo using a novel orthotopic murine CRC model. Furthermore,
inhibition of CRC invasion was achieved in vitro by transfecting fibroblasts with

commercial miR-21 antagomiR.

The next phase of research, will utilise antimiR-21 LNA constructs, synthesised by
our collaborators Dr Ali Tavassoli and Dr Jon Watts (Department of Chemistry;

University of Southampton), to optimise conditions for miR-21 antagonism in vivo.
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Initially, the proxy effects of antimiR-21 LNA transfection in fibroblasts will be
examined in in vitro assays of CRC function including invasion, proliferation and

resistance to apoptosis.

If significant biological consequences are observed, study will transfer to our
orthotopic murine model of CRC progression. It is anticipated that stable miR-21 and
control miR-SCC transfected fibroblasts and non-transfected fibroblasts will be co-
injected with SW620 CRC cells into the caecum of nude mice. AntagomiR-21 or
control miR-SCC treatment will start 2 days after tumour implantation through twice
weekly tail vein injection at a concentration of 50 mg/kg, in accordance with

published protocols.*”

To mirror the current study, mice will be euthanized at 5 weeks. CRC tumours will be
removed, weighed, fixed in formalin; sectioned and stained to assess for stromal,
muscular and vascular invasion. Liver and lung metastases will be examined and

counted under a dissecting microscope.
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4.4.2 Large scale retrospective examination of the prognostic
utility of stromal miR-21, stromal miR-556 and epithelial

miR-106a expression in vivo in stage Il CRC.

The finding that deregulated stromal and epithelial miRNAs have prognostic utility in
early stage CRC raises the possibility that they may be used in the clinical setting to
more accurately predict cancer outcomes and guide decisions around adjuvant therapy.

In the current study the expression of stromal and epithelial miRNAs was examined by
gPCR in LMD material from 50 patients with stage 11 CRC.

However, LMD and subsequent RNA extraction are labour intensive and time
consuming processes, and although the ‘gold standard’ technique, g°PCR may not be
the preferred method to process large numbers of specimens in a ‘scaled-up’ study

designed for the clinical setting.

Crucially, our collaborators in the commercial sector (Bioneer; Horsholm: Denmark)
have developed a highly sensitive and specific ISH technique using high affinity LNA
probes against miR-21. Imaging analysis is used to rapidly produce an objective semi-
quantitative score based on ISH staining intensity, and in a study of stromal miR-21
expression in 120 patients with CRC this method also predicted short disease free
survival in stage 11 disease (HR = 1.28, 95% Cl: 1.06-1.55, p = 0.004).%%®

LNA probes against miR-21 have been optimised however; this is not yet the case for
the other miRNAs of interest: stromal miR-556 and epithelial miR-106a. To address
this, the author has successfully secured funding by means of a supplementary MRC
award and in the coming months antimiR-556 and antimiR-106a LNA probes will

undergo optimisation by Bioneer for use with FFPE CRC tissue.

Furthermore, to build on the modest data-set presented in this document, optimised
LNA probes against miR-21, miR-556 and miR-106a will be used to examine miRNA

expression in CRC on larger scale.

As part of the Follow-up After Colorectal Surgery (FACS) trial (ISRCTN: 41458548),
administered through the University of Southampton Clinical Trails unit, we have

access to specimens from >1000 patients who underwent surgery for CRC at various
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UK centres between January 2003 and August 2009. This extensive tissue archive is
linked to a database containing high quality patient demographic, histological and

outcome data.>*® °1°

Building on experience with tissue microarrays presented in this study, a TMA
containing CRC specimens from several hundred of these patients is under
construction. Local ethics approval has been granted for this study and once the TMA

is completed, expression of all candidate miRNAs will be examined by ISH.

Crucially, this is not the first time this approach has been used. The expression of

various miRNA candidates has been examined in several different tumour contexts

previously. 2" 311513

If successful, further prospective analysis is planned.
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4.4.3 Examine the biological impact of chemokine ENA-
78/CXCLS5 in CRC stroma.

In the current study expression of the chemokine ENA-78/CXCL5 was upregulated in
stromal fibroblasts in the presence of ectopic miR-21. ENA-78/CXCL5 has been
shown to act as a potent chemoattractant of pro-tumoural neutrophils in oesophageal

cancer,>* it promotes malignant invasion in cholangiocarcinoma,”™® and it is
upregulated in pancreatic malignancies compared with normal pancreatic tissue.>'®
Furthermore, ENA-78/CXCL5 activity is strongly induced in murine models of

peritonitis, via a mechanism potentiated by MMP2 .>*’

ENA-78/CXCLS5 therefore, merits further study because it may provide a link between
deregulated stromal miRNA expression, the stromal inflammatory response and CRC

initiation and progression; which would be extremely novel.

Initially, a number of simple experiments are proposed. These include: staining CRC
TMAs for ENA-78/CXCLS5 to correlate expression in vivo with patient outcome and
with endogenous miR-21; and conducting assays of CRC function in the presence of
fibroblasts in which ENA-78/CXCL5 expression has been suppressed (with siRNA)

with and without miR-21 rescue.

Depending on the findings of this preliminary work, further detailed mechanistic and
functional analysis would be considered to determine the up and down-stream
regulatory biology of ENA-78/CXCL5 and better define the relationship with miR-21
in vivo within the context of CRC stroma.
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4.4.4 Long non-coding RNAs: Emerging players in CRC

Interest in the pathobiology of miRNAs has recently led to the discovery of an entirely
novel class of regulatory non-coding RNA. Long non-coding RNAs (IncRNAs) exceed
200 nucleotides in length and act concurrently with DNA-binding proteins to
epigenetically regulate DNA transcription.>*** Emerging data suggests that INcRNAs
participate in key biological processes in both physiology and disease, and that
deregulated IncRNA expression may have important consequences during malignant
transformation.”*** Within the last 18 months, studies have shown that IncRNAs
provide clinically relevant prognostic information in a number of tumour contexts.?2*>?
Furthermore, George Calin and colleagues have described a single nucleotide
polymorphism within the Colon cancer associated transcript 2 (CCAT2) IncRNA gene

associated with elevated risk of CRC development.>?®

However, the functional significance of INCRNAs, and patterns of deregulated stromal
and epithelial INcCRNA expression are yet to be fully determined.

In Collaboration with Professor Calin, IncRNA expression in LMD stroma and
epithelium from different stage CRC specimens will be examined, as well as paired
normal and colon cancer-associated fibroblasts and normal colonic fibroblasts with and

without exposure to TGFf.

Only patients for whom blood, formalin-fixed and frozen tumour tissue alongside
adequate histopathological, pre-, intra-, and post-operative clinical information are
available will included in this study. CRC stroma and epithelium will be separated using
LMD and subsequently profiled with custom-made IncRNA microarrays which have
been constructed and pre-optimised in the host laboratory. LncRNA candidates will be
selected according to the magnitude of differential expression between groups. The
highest scoring INcRNAs will be validated by Tagman®™ gRT-PCR and assessed for

biological function.

Identifying and characterising deregulated IncRNAs in the tumour microenvironment
represents an opportunity to better understand the biology of CRC metastasis.
Furthermore, working in this novel field with significant translational promise, would
represent a new paradigm for non-coding RNA research at the University of

Southampton.
259



Conclusions and future directions

260



References

5 References

261



References

262



References

1. Ferlay J, Parkin DM, Steliarova-Foucher E. Estimates of cancer incidence
and mortality in Europe in 2008. Eur J Cancer 2010;46(4): 765-781.

2. Manfredi S, Bouvier AM, Lepage C, Hatem C, Dancourt V, Faivre J.
Incidence and patterns of recurrence after resection for cure of colonic cancer
in a well defined population. The British journal of surgery 2006;93(9): 1115-
1122.

3. Andre N, Schmiegel W. Chemoradiotherapy for colorectal cancer. Gut
2005;54(8): 1194-1202.

4. Simmonds PC. Palliative chemotherapy for advanced colorectal cancer:
systematic review and meta-analysis. Colorectal Cancer Collaborative Group.
BMJ 2000;321(7260): 531-535.

5. Grothey A, Sargent D, Goldberg RM, Schmoll HJ. Survival of patients with
advanced colorectal cancer improves with the availability of fluorouracil-
leucovorin, irinotecan, and oxaliplatin in the course of treatment. Journal of
clinical oncology : official journal of the American Society of Clinical Oncology
2004;22(7): 1209-1214.

6. Cunningham D, Humblet Y, Siena S, Khayat D, Bleiberg H, Santoro A, Bets
D, Mueser M, Harstrick A, Verslype C, Chau I, Van Cutsem E. Cetuximab
monotherapy and cetuximab plus irinotecan in irinotecan-refractory metastatic
colorectal cancer. The New England journal of medicine 2004;351(4): 337-345.

7. Hurwitz H, Fehrenbacher L, Novotny W, Cartwright T, Hainsworth J, Heim
W, Berlin J, Baron A, Griffing S, Holmgren E, Ferrara N, Fyfe G, Rogers B, Ross R,
Kabbinavar F. Bevacizumab plus irinotecan, fluorouracil, and leucovorin for
metastatic colorectal cancer. The New England journal of medicine
2004;350(23): 2335-2342.

8. Cancer Research UK. Statistics on colorectal cancer. Available at
http://www.cancerresearchuk.org/cancer-info/cancerstats/types/bowel/.

9. Rutter CM, Johnson EA, Feuer EJ, Knudsen AB, Kuntz KM, Schrag D.
Secular trends in colon and rectal cancer relative survival. Journal of the
National Cancer Institute 2013;105(23): 1806-1813.

10. Lee YC, Lee YL, Chuang JP, Lee JC. Differences in survival between colon
and rectal cancer from SEER data. PloS one 2013;8(11): e787009.

11. CE D. The Classification of Cancer of the Rectum. The Journal of
pathology 1932;5(3): 323-332.

12. AJCC Cancer Staging Atlas (2nd edn). Springer: New York, NY, 2012.

263


http://www.cancerresearchuk.org/cancer-info/cancerstats/types/bowel/

References

13. NIH consensus conference. Intravenous immunoglobulin. Prevention and
treatment of disease. JAMA : the journal of the American Medical Association
1990;264(24): 3189-3193.

14. van der Pool AEM, Damhuis RA, ljzermans JNM, de Wilt JHW, Eggermont
AMM, Kranse R, Verhoef C. Trends in incidence, treatment and survival of
patients with stage IV colorectal cancer: a population-based series. Colorectal
Disease 2012;14(1): 56-61.

15. Kinzler KW, Nilbert MC, Vogelstein B, Bryan TM, Levy DB, Smith KJ,
Preisinger AC, Hamilton SR, Hedge P, Markham A, et al. Identification of a gene
located at chromosome 5g21 that is mutated in colorectal cancers. Science
1991;251(4999): 1366-1370.

16. Nishisho I, Nakamura Y, Miyoshi Y, Miki Y, Ando H, Horii A, Koyama K,
Utsunomiya J, Baba S, Hedge P. Mutations of chromosome 5g21 genes in FAP
and colorectal cancer patients. Science 1991;253(5020): 665-669.

17. Petersen GM, Slack J, Nakamura Y. Screening guidelines and premorbid
diagnosis of familial adenomatous polyposis using linkage. Gastroenterology
1991;100(6): 1658-1664.

18. Dunlop MG. Guidance on gastrointestinal surveillance for hereditary non-
polyposis colorectal cancer, familial adenomatous polypolis, juvenile polyposis,
and Peutz-Jeghers syndrome. Gut 2002;51 Suppl 5: V21-27.

19. Grady WM, Carethers JM. Genomic and epigenetic instability in colorectal
cancer pathogenesis. Gastroenterology 2008;135(4): 1079-1099.

20. Vasen HF, Taal BG, Nagengast FM, Griffioen G, Menko FH, Kleibeuker JH,
Offerhaus GJ, Meera Khan P. Hereditary nonpolyposis colorectal cancer: results
of long-term surveillance in 50 families. Eur J Cancer 1995;31A(7-8): 1145-
1148.

21. Aarnio M, Mecklin JP, Aaltonen LA, Nystrom-Lahti M, Jarvinen HJ. Life-time
risk of different cancers in hereditary non-polyposis colorectal cancer (HNPCC)
syndrome. International journal of cancer Journal international du cancer
1995;64(6): 430-433.

22. Hemminki A, Markie D, Tomlinson I, Avizienyte E, Roth S, Loukola A,
Bignell G, Warren W, Aminoff M, Hoglund P, Jarvinen H, Kristo P, Pelin K,
Ridanpaa M, Salovaara R, Toro T, Bodmer W, Olschwang S, Olsen AS, Stratton
MR, de la Chapelle A, Aaltonen LA. A serine/threonine kinase gene defective in
Peutz-Jeghers syndrome. Nature 1998;391(6663): 184-187.

264



References

23. Boardman LA, Couch FJ, Burgart LJ, Schwartz D, Berry R, McDonnell SK,
Schaid DJ, Hartmann LC, Schroeder JJ, Stratakis CA, Thibodeau SN. Genetic
heterogeneity in Peutz-Jeghers syndrome. Human mutation 2000;16(1): 23-30.
24. Giardiello FM, Brensinger JD, Tersmette AC, Goodman SN, Petersen GM,
Booker SV, Cruz-Correa M, Offerhaus JA. Very high risk of cancer in familial
Peutz-Jeghers syndrome. Gastroenterology 2000;119(6): 1447-1453.

25. Howe JR, Roth S, Ringold JC, Summers RW, Jarvinen HJ, Sistonen P,
Tomlinson [P, Houlston RS, Bevan S, Mitros FA, Stone EM, Aaltonen LA.
Mutations in the SMAD4/DPC4 gene in juvenile polyposis. Science
1998;280(5366): 1086-1088.

26. Lynch ED, Ostermeyer EA, Lee MK, Arena JF, Ji H, Dann J, Swisshelm K,
Suchard D, MacLeod PM, Kvinnsland S, Gjertsen BT, Heimdal K, Lubs H, Moller
P, King MC. Inherited mutations in PTEN that are associated with breast cancer,
cowden disease, and juvenile polyposis. American journal of human genetics
1997;61(6): 1254-1260.

27. Gylfe AE, Katainen R, Kondelin J, Tanskanen T, Cajuso T, Hanninen U,
Taipale J, Taipale M, Renkonen-Sinisalo L, Jarvinen H, Mecklin JP, Kilpivaara O,
Pitkanen E, Vahteristo P, Tuupanen S, Karhu A, Aaltonen LA. Eleven candidate
susceptibility genes for common familial colorectal cancer. PLoS genetics
2013;9(10): e1003876.

28. Burkitt DP. Epidemiology of cancer of the colon and rectum. Cancer
1971:28(1): 3-13.

29. Ben Q, Sun Y, Chai R, Qian A, Xu B, Yuan Y. Dietary fiber intake reduces
risk for colorectal adenoma: a meta-analysis. Gastroenterology 2014;146(3):
689-699 e686.

30. Aune D, Chan DS, Lau R, Vieira R, Greenwood DC, Kampman E, Norat T.
Dietary fibre, whole grains, and risk of colorectal cancer: systematic review and
dose-response meta-analysis of prospective studies. BMJ2011;343: d6617.

31. World Cancer Research Fund/American Institute for Cancer Research.

Food, nutrition,

physical activity and the prevention of cancer: a global perspective. AICR,
2007.

32. Bardou M, Barkun AN, Martel M. Obesity and colorectal cancer. Gut
2013;62(6): 933-947.

265



References

33. Dai Z, Xu YC, Niu L. Obesity and colorectal cancer risk: a meta-analysis of
cohort studies. World journal of gastroenterology : WJG 2007;13(31): 4199-
4206.

34. Guh DP, Zhang W, Bansback N, Amarsi Z, Birmingham CL, Anis AH. The
incidence of co-morbidities related to obesity and overweight: a systematic
review and meta-analysis. BMC public health 2009;9: 88.

35. Bardou M, Barkun AN, Martel M. Republished: obesity and colorectal
cancer. Postgraduate medical journal 2013;89(1055): 519-533.

36. Alberti KG, Eckel RH, Grundy SM, Zimmet PZ, Cleeman ]I, Donato KA,
Fruchart JC, James WP, Loria CM, Smith SC, Jr. Harmonizing the metabolic
syndrome: a joint interim statement of the International Diabetes Federation
Task Force on Epidemiology and Prevention; National Heart, Lung, and Blood
Institute; American Heart Association; World Heart Federation; International
Atherosclerosis Society; and International Association for the Study of Obesity.
Circulation 2009;120(16): 1640-1645.

37. Gallagher EJ, LeRoith D. Epidemiology and molecular mechanisms tying
obesity, diabetes, and the metabolic syndrome with cancer. Diabetes care
2013;36 Suppl 2: S233-239.

38. Johnson JA, Carstensen B, Witte D, Bowker SL, Lipscombe L, Renehan AG.
Diabetes and cancer (1): evaluating the temporal relationship between type 2
diabetes and cancer incidence. Diabetologia 2012;55(6): 1607-1618.

39. Mills KT, Bellows CF, Hoffman AE, Kelly TN, Gagliardi G. Diabetes mellitus
and colorectal cancer prognosis: a meta-analysis. Diseases of the colon and
rectum 2013;56(11): 1304-1319.

40. Degirolamo C, Modica S, Palasciano G, Moschetta A. Bile acids and colon
cancer: Solving the puzzle with nuclear receptors. Trends in molecular
medicine 2011;17(10): 564-572.

41. Bultman SJ. Emerging roles of the microbiome in cancer. Carcinogenesis
2014;35(2): 249-255.

42. Wu Q, Yang ZP, Xu P, Gao LC, Fan DM. Association between Helicobacter
pylori infection and the risk of colorectal neoplasia: a systematic review and
meta-analysis. Colorectal disease : the official journal of the Association of
Coloproctology of Great Britain and Ireland 2013;15(7): e352-364.

43. Vogelstein B, Fearon ER, Hamilton SR, Kern SE, Preisinger AC, Leppert M,

Nakamura Y, White R, Smits AM, Bos JL. Genetic alterations during colorectal-

266



References

tumor development. The New England journal of medicine 1988;319(9): 525-
532.

44. Kinzler KW, Vogelstein B. Lessons from hereditary colorectal cancer. Cell
1996;87(2): 159-170.

45. Markowitz SD, Bertagnolli MM. Molecular origins of cancer: Molecular
basis of colorectal cancer. The New England journal of medicine 2009;361(25):
2449-2460.

46. Goss KH, Groden J. Biology of the adenomatous polyposis coli tumor
suppressor. Journal of clinical oncology : official journal of the American
Society of Clinical Oncology 2000;18(9): 1967-1979.

47. Grady WM, Rajput A, Myeroff L, Liu DF, Kwon K, Willis J, Markowitz S.
Mutation of the type Il transforming growth factor-beta receptor is coincident
with the transformation of human colon adenomas to malignant carcinomas.
Cancer research 1998;58(14): 3101-3104.

48. Baker SJ, Preisinger AC, Jessup JM, Paraskeva C, Markowitz S, Willson JK,
Hamilton S, Vogelstein B. p53 gene mutations occur in combination with 17p
allelic deletions as late events in colorectal tumorigenesis. Cancer research
1990;50(23): 7717-7722.

49. Bos JL, Fearon ER, Hamilton SR, Verlaan-de Vries M, van Boom JH, van der
Eb AJ, Vogelstein B. Prevalence of ras gene mutations in human colorectal
cancers. Nature 1987;327(6120): 293-297.

50. Davies H, Bignell GR, Cox C, Stephens P, Edkins S, Clegg S, Teague J,
Woffendin H, Garnett MJ, Bottomley W, Davis N, Dicks E, Ewing R, Floyd Y, Gray
K, Hall S, Hawes R, Hughes J, Kosmidou V, Menzies A, Mould C, Parker A,
Stevens C, Watt S, Hooper S, Wilson R, Jayatilake H, Gusterson BA, Cooper C,
Shipley J, Hargrave D, Pritchard-Jones K, Maitland N, Chenevix-Trench G,
Riggins GJ, Bigner DD, Palmieri G, Cossu A, Flanagan A, Nicholson A, Ho JW,
Leung SY, Yuen ST, Weber BL, Seigler HF, Darrow TL, Paterson H, Marais R,
Marshall CJ, Wooster R, Stratton MR, Futreal PA. Mutations of the BRAF gene in
human cancer. Nature 2002;417(6892): 949-954.

51. Leary RJ, Lin JC, Cummins J, Boca S, Wood LD, Parsons DW, Jones S,
Sjoblom T, Park BH, Parsons R, Willis J, Dawson D, Willson JK, Nikolskaya T,
Nikolsky Y, Kopelovich L, Papadopoulos N, Pennacchio LA, Wang TL, Markowitz
SD, Parmigiani G, Kinzler KW, Vogelstein B, Velculescu VE. Integrated analysis

of homozygous deletions, focal amplifications, and sequence alterations in

267



References

breast and colorectal cancers. Proceedings of the National Academy of Sciences
of the United States of America 2008;105(42): 16224-16229.

52. Lengauer C, Kinzler KW, Vogelstein B. Genetic instability in colorectal
cancers. Nature 1997;386(6625): 623-627.

53. Colussi D, Brandi G, Bazzoli F, Ricciardiello L. Molecular pathways
involved in colorectal cancer: implications for disease behavior and prevention.
International journal of molecular sciences 2013;14(8): 16365-16385.

54. Thomas DC, Umar A, Kunkel TA. Microsatellite instability and mismatch
repair defects in cancer. Mutation research 1996;350(1): 201-205.

55. Aaltonen LA, Peltomaki P, Leach FS, Sistonen P, Pylkkanen L, Mecklin JP,
Jarvinen H, Powell SM, Jen J, Hamilton SR, et al. Clues to the pathogenesis of
familial colorectal cancer. Science 1993;260(5109): 812-816.

56. Lanza G, Gafa R, Maestri |, Santini A, Matteuzzi M, Cavazzini L.
Immunohistochemical pattern of MLH1/MSH2 expression is related to clinical
and pathological features in colorectal adenocarcinomas with microsatellite
instability. Modern pathology : an official journal of the United States and
Canadian Academy of Pathology, Inc 2002;15(7): 741-749.

57. Sjoblom T, Jones S, Wood LD, Parsons DW, Lin J, Barber TD, Mandelker D,
Leary RJ, Ptak J, Silliman N, Szabo S, Buckhaults P, Farrell C, Meeh P, Markowitz
SD, Willis J, Dawson D, Willson JK, Gazdar AF, Hartigan J, Wu L, Liu C,
Parmigiani G, Park BH, Bachman KE, Papadopoulos N, Vogelstein B, Kinzler KW,
Velculescu VE. The consensus coding sequences of human breast and
colorectal cancers. Science 2006;314(5797); 268-274.

58. Samowitz WS, Slattery ML, Sweeney C, Herrick J, Wolff RK, Albertsen H.
APC mutations and other genetic and epigenetic changes in colon cancer.
Molecular cancer research : MCR 2007;5(2): 165-170.

59. Powell SM, Zilz N, Beazer-Barclay Y, Bryan TM, Hamilton SR, Thibodeau
SN, Vogelstein B, Kinzler KW. APC mutations occur early during colorectal
tumorigenesis. Nature 1992;359(6392): 235-237.

60. Vakiani E, Janakiraman M, Shen R, Sinha R, Zeng Z, Shia J, Cercek A,
Kemeny N, D'Angelica M, Viale A, Heguy A, Paty P, Chan TA, Saltz LB, Weiser M,
Solit DB. Comparative genomic analysis of primary versus metastatic colorectal
carcinomas. Journal of clinical oncology : official journal of the American
Society of Clinical Oncology 2012;30(24): 2956-2962.

268



References

61. Oden-Gangloff A, Di Fiore F, Bibeau F, Lamy A, Bougeard G, Charbonnier
F, Blanchard F, Tougeron D, Ychou M, Boissiere F, Le Pessot F, Sabourin JC,
Tuech JJ, Michel P, Frebourg T. TP53 mutations predict disease control in
metastatic colorectal cancer treated with cetuximab-based chemotherapy.
British journal of cancer 2009;100(8): 1330-1335.

62. Downward J. Ras signalling and apoptosis. Current opinion in genetics &
development 1998;8(1): 49-54.

63. Miyaki M, lijima T, Konishi M, Sakai K, Ishii A, Yasuno M, Hishima T, Koike
M, Shitara N, lwama T, Utsunomiya J, Kuroki T, Mori T. Higher frequency of
Smad4 gene mutation in human colorectal cancer with distant metastasis.
Oncogene 1999;18(20): 3098-3103.

64. Fleming NI, Jorissen RN, Mouradov D, Christie M, Sakthianandeswaren A,
Palmieri M, Day F, Li S, Tsui C, Lipton L, Desai J, Jones IT, McLaughlin S, Ward
RL, Hawkins NJ, Ruszkiewicz AR, Moore J, Zhu HJ, Mariadason JM, Burgess AW,
Busam D, Zhao Q, Strausberg RL, Gibbs P, Sieber OM. SMAD2, SMAD3 and
SMAD4 mutations in colorectal cancer. Cancer research 2013;73(2): 725-735.
65. Nosho K, Kawasaki T, Ohnishi M, Suemoto Y, Kirkner GJ, Zepf D, Yan L,
Longtine JA, Fuchs CS, Ogino S. PIK3CA mutation in colorectal cancer:
relationship with genetic and epigenetic alterations. Neoplasia 2008;10(6):
534-541.

66. Samuels Y, Velculescu VE. Oncogenic mutations of PIK3CA in human
cancers. Cell Cycle 2004;3(10): 1221-1224.

67. Barault L, Veyrie N, Jooste V, Lecorre D, Chapusot C, Ferraz JM, Lievre A,
Cortet M, Bouvier AM, Rat P, Roignot P, Faivre J, Laurent-Puig P, Piard F.
Mutations in the RAS-MAPK, PI(3)K (phosphatidylinositol-3-OH kinase) signaling
network correlate with poor survival in a population-based series of colon
cancers. International journal of cancer Journal international du cancer
2008;122(10): 2255-2259.

68. Weisenberger DJ, Siegmund KD, Campan M, Young J, Long Tl, Faasse MA,
Kang GH, Widschwendter M, Weener D, Buchanan D, Koh H, Simms L, Barker M,
Leggett B, Levine J, Kim M, French AJ, Thibodeau SN, Jass J, Haile R, Laird PW.
CpG island methylator phenotype underlies sporadic microsatellite instability
and is tightly associated with BRAF mutation in colorectal cancer. Nature
genetics 2006;38(7): 787-793.

269



References

69. Goel A, Arnold CN, Niedzwiecki D, Carethers JM, Dowell JM, Wasserman L,
Compton C, Mayer RJ, Bertagnolli MM, Boland CR. Frequent inactivation of PTEN
by promoter hypermethylation in microsatellite instability-high sporadic
colorectal cancers. Cancer research 2004;64(9): 3014-3021.

70. Pino MS, Chung DC. The chromosomal instability pathway in colon
cancer. Gastroenterology 2010;138(6): 2059-2072.

71. Jass JR. Classification of colorectal cancer based on correlation of clinical,
morphological and molecular features. Histopathology 2007;50(1): 113-130.
72. 0Ogino S, Nosho K, Kirkner GJ, Kawasaki T, Meyerhardt JA, Loda M,
Giovannucci EL, Fuchs CS. CpG island methylator phenotype, microsatellite
instability, BRAF mutation and clinical outcome in colon cancer. Gut
2009;58(1): 90-96.

73. De Sousa EMF, Wang X, Jansen M, Fessler E, Trinh A, de Rooij LP, de Jong
JH, de Boer OQJ, van Leersum R, Bijlsma MF, Rodermond H, van der Heijden M,
van Noesel CJ, Tuynman JB, Dekker E, Markowetz F, Medema JP, Vermeulen L.
Poor-prognosis colon cancer is defined by a molecularly distinct subtype and
develops from serrated precursor lesions. Nature medicine 2013;19(5): 614-
618.

74. Shen L, Toyota M, Kondo Y, Lin E, Zhang L, Guo Y, Hernandez NS, Chen X,
Ahmed S, Konishi K, Hamilton SR, Issa JP. Integrated genetic and epigenetic
analysis identifies three different subclasses of colon cancer. Proceedings of
the National Academy of Sciences of the United States of America
2007;104(47): 18654-18659.

75. Ju HX, An B, Okamoto Y, Shinjo K, Kanemitsu Y, Komori K, Hirai T,
Shimizu Y, Sano T, Sawaki A, Tajika M, Yamao K, Fujii M, Murakami H, Osada H,
Ito H, Takeuchi I, Sekido Y, Kondo Y. Distinct profiles of epigenetic evolution
between colorectal cancers with and without metastasis. The American journal
of pathology 2011;178(4): 1835-1846.

76. Hinoue T, Weisenberger DJ, Lange CP, Shen H, Byun HM, Van Den Berg D,
Malik S, Pan F, Noushmehr H, van Dijk CM, Tollenaar RA, Laird PW. Genome-
scale analysis of aberrant DNA methylation in colorectal cancer. Genome
research 2012;22(2): 271-282.

77. Allegra {J, Jessup JM, Somerfield MR, Hamilton SR, Hammond EH, Hayes
DF, McAllister PK, Morton RF, Schilsky RL. American Society of Clinical

Oncology provisional clinical opinion: testing for KRAS gene mutations in

270



References

patients with metastatic colorectal carcinoma to predict response to anti-
epidermal growth factor receptor monoclonal antibody therapy. Journal of
clinical oncology : official journal of the American Society of Clinical Oncology
2009;27(12): 2091-2096.

78. Coghlin C, Murray GIl. Current and emerging concepts in tumour
metastasis. The Journal of pathology 2010;222(1): 1-15.

79. Fearon ER, Vogelstein B. A genetic model for colorectal tumorigenesis.
Cell 1990;61(5): 759-767.

80. Fidler 1), Kripke ML. Metastasis results from preexisting variant cells
within a malignant tumor. Science 1977;197(4306): 893-895.

81. Paget S. The distribution of secondary growths in cancer of the breast.
Lancet 1889;133: 571-573.

82. Podsypanina K, Du YC, Jechlinger M, Beverly LJ, Hambardzumyan D,
Varmus H. Seeding and propagation of untransformed mouse mammary cells
in the lung. Science 2008;321(5897): 1841-1844.

83. Klein CA. Cancer. The metastasis cascade. Science 2008;321(5897): 1785-
1787.

84. Fehm T, Muller V, Alix-Panabieres C, Pantel K. Micrometastatic spread in
breast cancer: detection, molecular characterization and clinical relevance.
Breast cancer research : BCR 2008;10 Suppl 1: ST1.

85. Pantel K, Alix-Panabieres C, Riethdorf S. Cancer micrometastases. Nature
reviews Clinical oncology 2009;6(6): 339-351.

86. Wikman H, Vessella R, Pantel K. Cancer micrometastasis and tumour
dormancy. APMIS : acta pathologica, microbiologica, et immunologica
Scandinavica 2008;116(7-8): 754-770.

87. Klein CA, Blankenstein TJ, Schmidt-Kittler O, Petronio M, Polzer B,
Stoecklein NH, Riethmuller G. Genetic heterogeneity of single disseminated
tumour cells in minimal residual cancer. Lancet 2002;360(9334): 683-6809.

88. Stoecklein NH, Hosch SB, Bezler M, Stern F, Hartmann CH, Vay C,
Siegmund A, Scheunemann P, Schurr P, Knoefel WT, Verde PE, Reichelt U,
Erbersdobler A, Grau R, Ullrich A, I1zbicki JR, Klein CA. Direct genetic analysis of
single disseminated cancer cells for prediction of outcome and therapy
selection in esophageal cancer. Cancer cell 2008;13(5): 441-453.

89. Schmidt-Kittler O, Ragg T, Daskalakis A, Granzow M, Ahr A, Blankenstein
TJ, Kaufmann M, Diebold J, Arnholdt H, Muller P, Bischoff J, Harich D, Schlimok

271



References

G, Riethmuller G, Eils R, Klein CA. From latent disseminated cells to overt
metastasis: genetic analysis of systemic breast cancer progression.
Proceedings of the National Academy of Sciences of the United States of
America 2003;100(13); 7737-7742.

90. Oliveira C, Velho S, Moutinho C, Ferreira A, Preto A, Domingo E, Capelinha
AF, Duval A, Hamelin R, Machado JC, Schwartz S, Jr., Carneiro F, Seruca R. KRAS
and BRAF oncogenic mutations in MSS colorectal carcinoma progression.
Oncogene 2007;26(1): 158-163.

91. Albanese I, Scibetta AG, Migliavacca M, Russo A, Bazan V, Tomasino RM,
Colomba P, Tagliavia M, La Farina M. Heterogeneity within and between
primary colorectal carcinomas and matched metastases as revealed by analysis
of Ki-ras and p53 mutations. Biochemical and biophysical research
communications 2004;325(3): 784-791.

92. Han CB, Li F, Ma JT, Zou HW. Concordant KRAS mutations in primary and
metastatic colorectal cancer tissue specimens: a meta-analysis and systematic
review. Cancer investigation 2012;30(10): 741-747.

93. Naumov GN, MacDonald IC, Chambers AF, Groom AC. Solitary cancer cells
as a possible source of tumour dormancy? Seminars in cancer biology
2001;11(4): 271-276.

94. Chambers AF, Groom AC, MacDonald IC. Dissemination and growth of
cancer cells in metastatic sites. Nature reviews Cancer 2002;2(8): 563-572.

95. Pantel K, Schlimok G, Braun S, Kutter D, Lindemann F, Schaller G, Funke |,
Izbicki JR, Riethmuller G. Differential expression of proliferation-associated
molecules in individual micrometastatic carcinoma cells. Journal of the
National Cancer Institute 1993:85(17): 1419-1424.

96. Braun S, Vogl FD, Naume B, Janni W, Osborne MP, Coombes RC, Schlimok
G, Diel 1), Gerber B, Gebauer G, Pierga JY, Marth C, Oruzio D, Wiedswang G,
Solomayer EF, Kundt G, Strobl B, Fehm T, Wong GY, Bliss J, Vincent-Salomon A,
Pantel K. A pooled analysis of bone marrow micrometastasis in breast cancer.
The New England journal of medicine 2005;353(8): 793-802.

97. Paez D, Labonte MJ, Bohanes P, Zhang W, Benhanim L, Ning Y, Wakatsuki
T, Loupakis F, Lenz HJ. Cancer dormancy: a model of early dissemination and
late cancer recurrence. Clinical cancer research : an official journal of the
American Association for Cancer Research 2012;18(3): 645-653.

272



References

98. De Wever O, Demetter P, Mareel M, Bracke M. Stromal myofibroblasts are
drivers of invasive cancer growth. International journal of cancer Journal
international du cancer 2008;123(10): 2229-2238.

99. Gonda TA, Varro A, Wang TC, Tycko B. Molecular biology of cancer-
associated fibroblasts: can these cells be targeted in anti-cancer therapy?
Seminars in cell & developmental biology 2010;21(1): 2-10.

100. Guo X, Oshima H, Kitmura T, Taketo MM, Oshima M. Stromal fibroblasts
activated by tumor cells promote angiogenesis in mouse gastric cancer. The
Journal of biological chemistry 2008;283(28): 19864-19871.

101. De Wever O, Nguyen QD, Van Hoorde L, Bracke M, Bruyneel E, Gespach C,
Mareel M. Tenascin-C and SF/HGF produced by myofibroblasts in vitro provide
convergent pro-invasive signals to human colon cancer cells through RhoA and
Rac. FASEB journal : official publication of the Federation of American Societies
for Experimental Biology 2004;18(9): 1016-1018.

102. Orimo A, Gupta PB, Sgroi DC, Arenzana-Seisdedos F, Delaunay T, Naeem
R, Carey VJ, Richardson AL, Weinberg RA. Stromal fibroblasts present in
invasive human breast carcinomas promote tumor growth and angiogenesis
through elevated SDF-1/CXCL12 secretion. Cell 2005;121(3): 335-348.

103. Casey TM, Eneman J, Crocker A, White J, Tessitore J, Stanley M, Harlow S,
Bunn JY, Weaver D, Muss H, Plaut K. Cancer associated fibroblasts stimulated
by transforming growth factor betal (TGF-beta 1) increase invasion rate of
tumor cells: a population study. Breast cancer research and treatment
2008;110(1): 39-49.

104. Wu Y, Antony S, Meitzler JL, Doroshow JH. Molecular mechanisms
underlying chronic inflammation-associated cancers. Cancer letters
2014;345(2): 164-173.

105. Grivennikov SI. Inflammation and colorectal cancer: colitis-associated
neoplasia. Seminars in immunopathology 2013;35(2): 229-244.

106. Lakatos PL, Lakatos L. Risk for colorectal cancer in ulcerative colitis:
changes, causes and management strategies. World journal of
gastroenterology : WJG 2008;14(25): 3937-3947.

107. Thun MJ, Namboodiri MM, Heath CW, Jr. Aspirin use and reduced risk of
fatal colon cancer. The New England journal of medicine 1991;325(23): 1593-
1596.

273



References

108. Chan AT, Giovannucci EL, Meyerhardt JA, Schernhammer ES, Curhan GC,
Fuchs CS. Long-term use of aspirin and nonsteroidal anti-inflammatory drugs
and risk of colorectal cancer. JAMA : the journal of the American Medical
Association 2005;294(8): 914-923.

109. Rothwell PM, Wilson M, Elwin CE, Norrving B, Algra A, Warlow CP, Meade
TW. Long-term effect of aspirin on colorectal cancer incidence and mortality:
20-year follow-up of five randomised trials. Lancet 2010;376(9754): 1741-
1750.

110. Rothwell PM, Wilson M, Price JF, Belch JF, Meade TW, Mehta Z. Effect of
daily aspirin on risk of cancer metastasis: a study of incident cancers during
randomised controlled trials. Lancet 2012;379(9826): 1591-1601.

111. Din FV, Theodoratou E, Farrington SM, Tenesa A, Barnetson RA,
Cetnarskyj R, Stark L, Porteous ME, Campbell H, Dunlop MG. Effect of aspirin
and NSAIDs on risk and survival from colorectal cancer. Gut 2010;59(12):
1670-1679.

112. Terzic J, Grivennikov S, Karin E, Karin M. Inflammation and colon cancer.
Gastroenterology 2010;138(6): 2101-2114 e2105.

113. Eyden B. The myofibroblast: phenotypic characterization as a prerequisite
to understanding its functions in translational medicine. Journal of cellular and
molecular medicine 2008;12(1): 22-37.

114. Powell DW, Adegboyega PA, Di Mari JF, Mifflin RC. Epithelial cells and their
neighbors I. Role of intestinal myofibroblasts in development, repair, and
cancer. American journal of physiology Gastrointestinal and liver physiology
2005;289(1): G2-7.

115. Direkze NC, Alison MR. Bone marrow and tumour stroma: an intimate
relationship. Hematological oncology 2006;24(4): 189-195.

116. Shimizu K. Pancreatic stellate cells: molecular mechanism of pancreatic
fibrosis. Journal of gastroenterology and hepatology 2008;23 Suppl 1: S119-
121.

117. Direkze NC, Hodivala-Dilke K, Jeffery R, Hunt T, Poulsom R, Oukrif D,
Alison MR, Wright NA. Bone marrow contribution to tumor-associated
myofibroblasts and fibroblasts. Cancer research 2004;64(23): 8492-8495.

118. Vaughan MB, Howard EW, Tomasek ]JJ. Transforming growth factor-betal
promotes the morphological and functional differentiation of the
myofibroblast. Experimental cell research 2000;257(1): 180-189.

274



References

119. Simmons JG, Pucilowska JB, Keku TO, Lund PK. IGF-l and TGF-betal have
distinct effects on phenotype and proliferation of intestinal fibroblasts.
American journal of physiology Gastrointestinal and liver physiology
2002;283(3): G809-818.

120. Stuelten CH, DaCosta Byfield S, Arany PR, Karpova TS, Stetler-Stevenson
WG, Roberts AB. Breast cancer cells induce stromal fibroblasts to express MMP-
9 via secretion of TNF-alpha and TGF-beta. Journal of cell science 2005;118(Pt
10): 2143-2153.

121. Taniwaki K, Fukamachi H, Komori K, Ohtake Y, Nonaka T, Sakamoto T,
Shiomi T, Okada Y, Itoh T, Itohara S, Seiki M, Yana I. Stroma-derived matrix
metalloproteinase (MMP)-2 promotes membrane type 1-MMP-dependent tumor
growth in mice. Cancer research 2007;67(9): 4311-4319.

122. Williams CS, Tsujii M, Reese J, Dey SK, DuBois RN. Host cyclooxygenase-2
modulates carcinoma growth. The Journal of clinical investigation
2000;105(11): 1589-1594.

123. Jin C, Wang F, Wu X, Yu C, Luo Y, McKeehan WL. Directionally specific
paracrine communication mediated by epithelial FGF9 to stromal FGFR3 in two-
compartment premalignant prostate tumors. Cancer research 2004;64(13):
4555-4562.

124. Satyamoorthy K, Li G, Vaidya B, Patel D, Herlyn M. Insulin-like growth
factor-1 induces survival and growth of biologically early melanoma cells
through both the mitogen-activated protein kinase and beta-catenin pathways.
Cancer research 2001;61(19): 7318-7324.

125. Cat B, Stuhlmann D, Steinbrenner H, Alili L, Holtkotter O, Sies H,
Brenneisen P. Enhancement of tumor invasion depends on transdifferentiation
of skin fibroblasts mediated by reactive oxygen species. Journal of cell science
2006;119(Pt 13): 2727-2738.

126. Ao M, Franco OE, Park D, Raman D, Williams K, Hayward SW. Cross-talk
between paracrine-acting cytokine and chemokine pathways promotes
malignancy in benign human prostatic epithelium. Cancer research
2007;67(9): 4244-4253.

127. Pietras K, Pahler J, Bergers G, Hanahan D. Functions of paracrine PDGF
signaling in the proangiogenic tumor stroma revealed by pharmacological
targeting. PLoS medicine 2008;5(1): e19.

275



References

128. Zhu CQ, Popova SN, Brown ER, Barsyte-Lovejoy D, Navab R, Shih W, Li M,
Lu M, Jurisica |, Penn LZ, Gullberg D, Tsao MS. Integrin alpha 11 regulates IGF2
expression in fibroblasts to enhance tumorigenicity of human non-small-cell
lung cancer cells. Proceedings of the National Academy of Sciences of the
United States of America 2007;104(28): 11754-11759.

129. Tsujino T, Seshimo |, Yamamoto H, Ngan CY, Ezumi K, Takemasa I, lkeda
M, Sekimoto M, Matsuura N, Monden M. Stromal myofibroblasts predict disease
recurrence for colorectal cancer. Clinical cancer research : an official journal of
the American Association for Cancer Research 2007;13(7): 2082-2090.

130. Shimoda M, Mellody KT, Orimo A. Carcinoma-associated fibroblasts are a
rate-limiting determinant for tumour progression. Seminars in cell &
developmental biology 2010;21(1): 19-25.

131. Munoz NM, Upton M, Rojas A, Washington MK, Lin L, Chytil A, Sozmen EG,
Madison BB, Pozzi A, Moon RT, Moses HL, Grady WM. Transforming growth
factor beta receptor type Il inactivation induces the malignant transformation
of intestinal neoplasms initiated by Apc mutation. Cancer research
2006;66(20): 9837-9844.

132. Massague J. TGFbeta in Cancer. Cell 2008;134(2): 215-230.

133. Tsushima H, Ito N, Tamura S, Matsuda Y, Inada M, Yabuuchi I, Imai Y,
Nagashima R, Misawa H, Takeda H, Matsuzawa Y, Kawata S. Circulating
transforming growth factor beta 1 as a predictor of liver metastasis after
resection in colorectal cancer. Clinical cancer research : an official journal of
the American Association for Cancer Research 2001;7(5): 1258-1262.

134. Calon A, Espinet E, Palomo-Ponce S, Tauriello DV, Iglesias M, Cespedes
MV, Sevillano M, Nadal C, Jung P, Zhang XH, Byrom D, Riera A, Rossell D,
Mangues R, Massague J, Sancho E, Batlle E. Dependency of colorectal cancer on
a TGF-beta-driven program in stromal cells for metastasis initiation. Cancer cell
2012;22(5): 571-584.

135. Olumi AF, Grossfeld GD, Hayward SW, Carroll PR, TIsty TD, Cunha GR.
Carcinoma-associated fibroblasts direct tumor progression of initiated human
prostatic epithelium. Cancer research 1999;59(19): 5002-5011.

136. Bian Y, Knobloch TJ, Sadim M, Kaklamani V, Raji A, Yang GY, Weghorst
CM, Pasche B. Somatic acquisition of TGFBR1*6A by epithelial and stromal cells
during head and neck and colon cancer development. Human molecular
genetics 2007;16(24): 3128-3135.

276



References

137. Pasche B, Knobloch TJ, Bian Y, Liu J, Phukan S, Rosman D, Kaklamani V,
Baddi L, Siddiqui FS, Frankel W, Prior TW, Schuller DE, Agrawal A, Lang J, Dolan
ME, Vokes EE, Lane WS, Huang CC, Caldes T, Di Cristofano A, Hampel H,
Nilsson I, von Heijne G, Fodde R, Murty VV, de la Chapelle A, Weghorst CM.
Somatic acquisition and signaling of TGFBR1*6A in cancer. JAMA : the journal
of the American Medical Association 2005;294(13): 1634-1646.

138. Patocs A, Zhang L, Xu Y, Weber F, Caldes T, Mutter GL, Platzer P, Eng C.
Breast-cancer stromal cells with TP53 mutations and nodal metastases. The
New England journal of medicine 2007;357(25): 2543-2551.

139. Kurose K, Gilley K, Matsumoto S, Watson PH, Zhou XP, Eng C. Frequent
somatic mutations in PTEN and TP53 are mutually exclusive in the stroma of
breast carcinomas. Nature genetics 2002;32(3): 355-357.

140. Campbell IG, Qiu W, Polyak K, Haviv I. Breast-cancer stromal cells with
TP53 mutations. The New England journal of medicine 2008;358(15): 1634-
1635; author reply 1636.

141. Moinfar F, Man YG, Arnould L, Bratthauer GL, Ratschek M, Tavassoli FA.
Concurrent and independent genetic alterations in the stromal and epithelial
cells of mammary carcinoma: implications for tumorigenesis. Cancer research
2000;60(9): 2562-2566.

142. Macintosh CA, Stower M, Reid N, Maitland NJ. Precise microdissection of
human prostate cancers reveals genotypic heterogeneity. Cancer research
1998;58(1): 23-28.

143. Tuhkanen H, Anttila M, Kosma VM, Heinonen S, Juhola M, Helisalmi S,
Kataja V, Mannermaa A. Frequent gene dosage alterations in stromal cells of
epithelial ovarian carcinomas. International journal of cancer Journal
international du cancer 2006;119(6): 1345-1353.

144. Qiu W, Hu M, Sridhar A, Opeskin K, Fox S, Shipitsin M, Trivett M,
Thompson ER, Ramakrishna M, Gorringe KL, Polyak K, Haviv I, Campbell IG. No
evidence of clonal somatic genetic alterations in cancer-associated fibroblasts
from human breast and ovarian carcinomas. Nature genetics 2008;40(5): 650-
655.

145. Allinen M, Beroukhim R, Cai L, Brennan C, Lahti-Domenici J, Huang H,
Porter D, Hu M, Chin L, Richardson A, Schnitt S, Sellers WR, Polyak K. Molecular
characterization of the tumor microenvironment in breast cancer. Cancer cell
2004;6(1): 17-32.

277



References

146. Rodriguez-Canales J, Hanson JC, Tangrea MA, Erickson HS, Albert PS,
Wallis BS, Richardson AM, Pinto PA, Linehan WM, Gillespie JW, Merino MJ,
Libutti SK, Woodson KG, Emmert-Buck MR, Chuaqui RF. Identification of a
unique epigenetic sub-microenvironment in prostate cancer. The Journal of
pathology 2007;211(4): 410-419.

147. Hu M, Yao J, Cai L, Bachman KE, van den Brule F, Velculescu V, Polyak K.
Distinct epigenetic changes in the stromal cells of breast cancers. Nature
genetics 2005;37(8): 899-905.

148. Fiegl H, Millinger S, Goebel G, Muller-Holzner E, Marth C, Laird PW,
Widschwendter M. Breast cancer DNA methylation profiles in cancer cells and
tumor stroma: association with HER-2/neu status in primary breast cancer.
Cancer research 2006;66(1): 29-33.

149. Tyan SW, Hsu CH, Peng KL, Chen CC, Kuo WH, Lee EY, Shew JY, Chang KJ,
Juan LJ, Lee WH. Breast cancer cells induce stromal fibroblasts to secrete
ADAMTS1 for cancer invasion through an epigenetic change. PloS one
2012;7(4): e35128.

150. Zong Y, Huang J, Sankarasharma D, Morikawa T, Fukayama M, Epstein JI,
Chada KK, Witte ON. Stromal epigenetic dysregulation is sufficient to initiate
mouse prostate cancer via paracrine Wnt signaling. Proceedings of the National
Academy of Sciences of the United States of America 2012;109(50): E3395-
3404.

151. Kishi Y, Fujii Y, Hirabayashi Y, Gotoh Y. HMGA regulates the global
chromatin state and neurogenic potential in neocortical precursor cells. Nature
neuroscience 2012;15(8): 1127-1133.

152. Blansfield JA, Caragacianu D, Alexander HR, 3rd, Tangrea MA, Morita SY,
Lorang D, Schafer P, Muller G, Stirling D, Royal RE, Libutti SK. Combining
agents that target the tumor microenvironment improves the efficacy of
anticancer therapy. Clinical cancer research : an official journal of the
American Association for Cancer Research 2008;14(1): 270-280.

153. Boehm T, Folkman J, Browder T, O'Reilly MS. Antiangiogenic therapy of
experimental cancer does not induce acquired drug resistance. Nature
1997;390(6658): 404-407.

154. Zhang B. Targeting the stroma by T cells to limit tumor growth. Cancer
research 2008;68(23): 9570-9573.

278



References

155. Troiani T, Martinelli E, Orditura M, De Vita F, Ciardiello F, Morgillo F.
Beyond bevacizumab: new anti-VEGF strategies in colorectal cancer. Expert
opinion on investigational drugs 2012;21(7): 949-959.

156. Wen J, Matsumoto K, Taniura N, Tomioka D, Nakamura T. Hepatic gene
expression of NK4, an HGF-antagonist/angiogenesis inhibitor, suppresses liver
metastasis and invasive growth of colon cancer in mice. Cancer gene therapy
2004;11(6): 419-430.

157. Kim KJ, Wang L, Su YC, Gillespie GY, Salhotra A, Lal B, Laterra J. Systemic
anti-hepatocyte growth factor monoclonal antibody therapy induces the
regression of intracranial glioma xenografts. Clinical cancer research : an
official journal of the American Association for Cancer Research 2006;12(4):
1292-1298.

158. Wen PY, Schiff D, Cloughesy TF, Raizer JJ, Laterra J, Smitt M, Wolf M,
Oliner KS, Anderson A, Zhu M, Loh E, Reardon DA. A phase Il study evaluating
the efficacy and safety of AMG 102 (rilotumumab) in patients with recurrent
glioblastoma. Neuro-oncology 2011;13(4): 437-446.

159. Gialeli C, Theocharis AD, Karamanos NK. Roles of matrix
metalloproteinases in cancer progression and their pharmacological targeting.
The FEBS journal 2011;278(1): 16-27.

160. Mannello F, Tonti G, Papa S. Matrix metalloproteinase inhibitors as
anticancer therapeutics. Current cancer drug targets 2005;5(4): 285-298.

161. Guo Y, Higazi AA, Arakelian A, Sachais BS, Cines D, Goldfarb RH, Jones
TR, Kwaan H, Mazar AP, Rabbani SA. A peptide derived from the nonreceptor
binding region of urokinase plasminogen activator (uPA) inhibits tumor
progression and angiogenesis and induces tumor cell death in vivo. FASEB
journal : official publication of the Federation of American Societies for
Experimental Biology 2000;14(10): 1400-1410.

162. Ghamande SA, Silverman MH, Huh W, Behbakht K, Ball G, Cuasay L, Wurtz
SO, Brunner N, Gold MA. A phase 2, randomized, double-blind, placebo-
controlled trial of clinical activity and safety of subcutaneous A6 in women with
asymptomatic CA125 progression after first-line chemotherapy of epithelial
ovarian cancer. Gynecologic oncology 2008;111(1): 89-94.

163. Wang XM, Yu DM, McCaughan GW, Gorrell MD. Fibroblast activation
protein increases apoptosis, cell adhesion, and migration by the LX-2 human
stellate cell line. Hepatology 2005;42(4): 935-945.

279



References

164. Liu R, Li H, Liu L, Yu J, Ren X. Fibroblast activation protein: A potential
therapeutic target in cancer. Cancer biology & therapy 2012;13(3): 123-129.
165. Hofheinz RD, al-Batran SE, Hartmann F, Hartung G, Jager D, Renner C,
Tanswell P, Kunz U, Amelsberg A, Kuthan H, Stehle G. Stromal antigen
targeting by a humanised monoclonal antibody: an early phase Il trial of
sibrotuzumab in patients with metastatic colorectal cancer. Onkologie
2003;26(1): 44-48.

166. Scott AM, Wiseman G, Welt S, Adjei A, Lee FT, Hopkins W, Divgi CR,
Hanson LH, Mitchell P, Gansen DN, Larson SM, Ingle JN, Hoffman EW, Tanswell
P, Ritter G, Cohen LS, Bette P, Arvay L, Amelsberg A, Vlock D, Rettig WJ, Old LJ.
A Phase | dose-escalation study of sibrotuzumab in patients with advanced or
metastatic fibroblast activation protein-positive cancer. Clinical cancer
research : an official journal of the American Association for Cancer Research
2003;9(5): 1639-1647.

167. Brennen WN, Rosen DM, Wang H, lIsaacs JT, Denmeade SR. Targeting
carcinoma-associated fibroblasts within the tumor stroma with a fibroblast
activation protein-activated prodrug. Journal of the National Cancer Institute
2012;104(17): 1320-1334.

168. Kraman M, Bambrough PJ, Arnold JN, Roberts EW, Magiera L, Jones JO,
Gopinathan A, Tuveson DA, Fearon DT. Suppression of antitumor immunity by
stromal cells expressing fibroblast activation protein-alpha. Science
2010;330(6005): 827-830.

169. Singh S, Ross SR, Acena M, Rowley DA, Schreiber H. Stroma is critical for
preventing or permitting immunological destruction of antigenic cancer cells.
The Journal of experimental medicine 1992;175(1): 139-146.

170. Zhang B, Bowerman NA, Salama JK, Schmidt H, Spiotto MT, Schietinger A,
Yu P, Fu YX, Weichselbaum RR, Rowley DA, Kranz DM, Schreiber H. Induced
sensitization of tumor stroma leads to eradication of established cancer by T
cells. The Journal of experimental medicine 2007;204(1): 49-55.

171. Lee RC, Feinbaum RL, Ambros V. The C. elegans heterochronic gene lin-4
encodes small RNAs with antisense complementarity to lin-14. Cell 1993;75(5):
843-854.

172. Faculty of Life Sciences, University of Manchester. miRBase 20: the miRNA

database. http://www.mirbase.org (released Jan 201 3).

280


http://www.mirbase.org/

References

173. Griffiths-Jones S, Saini HK, van Dongen S, Enright AJ. miRBase: tools for
microRNA genomics. Nucleic acids research 2008;36(Database issue): D154-
158.

174. Griffiths-Jones S, Grocock RJ, van Dongen S, Bateman A, Enright AJ.
miRBase: microRNA sequences, targets and gene nomenclature. Nucleic acids
research 2006;34(Database issue): D140-144.

175. Rodriguez A, Griffiths-Jones S, Ashurst JL, Bradley A. ldentification of
mammalian microRNA host genes and transcription units. Genome research
2004;14(10A): 1902-1910.

176. Garzon R, Calin GA, Croce CM. MicroRNAs in Cancer. Annual review of
medicine 2009;60: 167-179.

177. Garzon R, Fabbri M, Cimmino A, Calin GA, Croce CM. MicroRNA
expression and function in cancer. Trends in molecular medicine 2006;12(12):
580-587.

178. Lewis BP, Burge CB, Bartel DP. Conserved seed pairing, often flanked by
adenosines, indicates that thousands of human genes are microRNA targets.
Cell 2005;120(1): 15-20.

179. Winter J, Jung S, Keller S, Gregory RI, Diederichs S. Many roads to
maturity: microRNA biogenesis pathways and their regulation. Nature cell
biology 2009;11(3): 228-234.

180. lorio MV, Croce CM. MicroRNAs in cancer: small molecules with a huge
impact. Journal of clinical oncology : official journal of the American Society of
Clinical Oncology 2009;27(34): 5848-5856.

181. Calin GA, Sevignani C, Dumitru CD, Hyslop T, Noch E, Yendamuri S,
Shimizu M, Rattan S, Bullrich F, Negrini M, Croce CM. Human microRNA genes
are frequently located at fragile sites and genomic regions involved in cancers.
Proceedings of the National Academy of Sciences of the United States of
America 2004:101(9): 2999-3004.

182. Lu J, Getz G, Miska EA, Alvarez-Saavedra E, Lamb J, Peck D, Sweet-Cordero
A, Ebert BL, Mak RH, Ferrando AA, Downing JR, Jacks T, Horvitz HR, Golub TR.
MicroRNA expression profiles classify human cancers. Nature 2005;435(7043):
834-838.

183. Slaby O, Svoboda M, Michalek J, Vyzula R. MicroRNAs in colorectal cancer:
translation of molecular biology into clinical application. Molecular cancer
2009;8: 102.

281



References

184. Ozsolak F, Poling LL, Wang Z, Liu H, Liu XS, Roeder RG, Zhang X, Song JS,
Fisher DE. Chromatin structure analyses identify miRNA promoters. Genes &
development 2008;22(22): 3172-3183.

185. Monteys AM, Spengler RM, Wan J, Tecedor L, Lennox KA, Xing Y, Davidson
BL. Structure and activity of putative intronic miRNA promoters. RNA
2010;16(3): 495-505.

186. Lee Y, Jeon K, Lee JT, Kim S, Kim VN. MicroRNA maturation: stepwise
processing and subcellular localization. The EMBO journal 2002;21(17): 4663-
4670.

187. Denli AM, Tops BB, Plasterk RH, Ketting RF, Hannon GJ. Processing of
primary microRNAs by the Microprocessor complex. Nature 2004;432(7014):
231-235.

188. Bohnsack MT, Czaplinski K, Gorlich D. Exportin 5 is a RanGTP-dependent
dsRNA-binding protein that mediates nuclear export of pre-miRNAs. RNA
2004;10(2): 185-191.

189. Hutvagner G, McLachlan J, Pasquinelli AE, Balint E, Tuschl T, Zamore PD. A
cellular function for the RNA-interference enzyme Dicer in the maturation of
the let-7 small temporal RNA. Science 2001;293(5531): 834-838.

190. Hammond SM, Boettcher S, Caudy AA, Kobayashi R, Hannon GJ.
Argonaute?2, a link between genetic and biochemical analyses of RNAI. Science
2001;293(5532): 1146-1150.

191. Bartel DP. MicroRNAs: target recognition and regulatory functions. Cell
2009;136(2): 215-233.

192. Schneider MD, Najand N, Chaker S, Pare JM, Haskins J, Hughes SC,
Hobman TC, Locke J, Simmonds AJ. Gawky is a component of cytoplasmic
MRNA processing bodies required for early Drosophila development. The
Journal of cell biology 2006;174(3): 349-358.

193. Hutvagner G, Zamore PD. A microRNA in a multiple-turnover RNAi enzyme
complex. Science 2002;297(5589): 2056-2060.

194. Filipowicz W, Bhattacharyya SN, Sonenberg N. Mechanisms of post-
transcriptional regulation by microRNAs: are the answers in sight? Nature
reviews Genetics 2008;9(2): 102-114.

195. Lytle JR, Yario TA, Steitz JA. Target mRNAs are repressed as efficiently by
microRNA-binding sites in the 5' UTR as in the 3' UTR. Proceedings of the

282



References

National Academy of Sciences of the United States of America 2007;104(23):
9667-9672.

196. Orom UA, Nielsen FC, Lund AH. MicroRNA-10a binds the 5'UTR of
ribosomal protein mRNAs and enhances their translation. Molecular cell
2008;30(4): 460-471.

197. Aslam MI, Taylor K, Pringle JH, Jameson JS. MicroRNAs are novel
biomarkers of colorectal cancer. The British journal of surgery 2009;96(7):
702-710.

198. Rossi S, Kopetz S, Davuluri R, Hamilton SR, Calin GA. MicroRNAs,
ultraconserved genes and colorectal cancers. The international journal of
biochemistry & cell biology 2010;42(8): 1291-1297.

199. Lamy P, Andersen CL, Dyrskjot L, Torring N, Orntoft T, Wiuf C. Are
microRNAs located in genomic regions associated with cancer? British journal
of cancer 2006;95(10): 1415-1418.

200. Volinia S, Calin GA, Liu CG, Ambs S, Cimmino A, Petrocca F, Visone R,
lorio M, Roldo C, Ferracin M, Prueitt RL, Yanaihara N, Lanza G, Scarpa A,
Vecchione A, Negrini M, Harris CC, Croce CM. A microRNA expression
signature of human solid tumors defines cancer gene targets. Proceedings of
the National Academy of Sciences of the United States of America 2006;103(7):
2257-2261.

201. Zhang L, Huang J, Yang N, Greshock J, Megraw MS, Giannakakis A, Liang
S, Naylor TL, Barchetti A, Ward MR, Yao G, Medina A, O'Brien-Jenkins A,
Katsaros D, Hatzigeorgiou A, Gimotty PA, Weber BL, Coukos G. microRNAs
exhibit high frequency genomic alterations in human cancer. Proceedings of
the National Academy of Sciences of the United States of America
2006;103(24): 9136-9141.

202. Saini HK, Griffiths-Jones S, Enright AJ. Genomic analysis of human
microRNA transcripts. Proceedings of the National Academy of Sciences of the
United States of America 2007;104(45): 17719-17724.

203. Calin GA, Ferracin M, Cimmino A, Di Leva G, Shimizu M, Wojcik SE, lorio
MV, Visone R, Sever NI, Fabbri M, luliano R, Palumbo T, Pichiorri F, Roldo C,
Garzon R, Sevignani C, Rassenti L, Alder H, Volinia S, Liu CG, Kipps TJ, Negrini
M, Croce CM. A MicroRNA signature associated with prognosis and progression
in chronic lymphocytic leukemia. The New England journal of medicine
2005;353(17): 1793-1801.

283



References

204. Calin GA, Dumitru CD, Shimizu M, Bichi R, Zupo S, Noch E, Aldler H,
Rattan S, Keating M, Rai K, Rassenti L, Kipps T, Negrini M, Bullrich F, Croce CM.
Frequent deletions and down-regulation of micro- RNA genes miR15 and miR16
at 13914 in chronic lymphocytic leukemia. Proceedings of the National
Academy of Sciences of the United States of America 2002;99(24): 15524-
15529.

205. Cimmino A, Calin GA, Fabbri M, lorio MV, Ferracin M, Shimizu M, Wojcik
SE, Ageilan RI, Zupo S, Dono M, Rassenti L, Alder H, Volinia S, Liu CG, Kipps TJ,
Negrini M, Croce CM. miR-15 and miR-16 induce apoptosis by targeting BCL2.
Proceedings of the National Academy of Sciences of the United States of
America 2005;102(39): 13944-13949.

206. Kunej T, Godnic I, Ferdin J, Horvat S, Dovc P, Calin GA. Epigenetic
regulation of microRNAs in cancer: an integrated review of literature. Mutation
research 2011;717(1-2): 77-84.

207. Hill DA, lvanovich J, Priest JR, Gurnett CA, Dehner LP, Desruisseau D,
Jarzembowski JA, Wikenheiser-Brokamp KA, Suarez BK, Whelan AJ, Williams G,
Bracamontes D, Messinger Y, Goodfellow PJ. DICERT mutations in familial
pleuropulmonary blastoma. Science 2009;325(5943): 965.

208. Chiosea S, Jelezcova E, Chandran U, Luo J, Mantha G, Sobol RW, Dacic S.
Overexpression of Dicer in precursor lesions of lung adenocarcinoma. Cancer
research 2007;67(5): 2345-2350.

209. Kim MS, Oh JE, Kim YR, Park SW, Kang MR, Kim SS, Ahn CH, Yoo NJ, Lee
SH. Somatic mutations and losses of expression of microRNA regulation-
related genes AGO2 and TNRCG6A in gastric and colorectal cancers. The Journal
of pathology 2010;221(2): 139-146.

210. Bartley AN, Yao H, Barkoh BA, Ivan C, Mishra BM, Rashid A, Calin GA,
Luthra R, Hamilton SR. Complex patterns of altered MicroRNA expression
during the adenoma-adenocarcinoma sequence for microsatellite-stable
colorectal cancer. Clinical cancer research : an official journal of the American
Association for Cancer Research 2011;17(23): 7283-7293.

211. Nagel R, le Sage C, Diosdado B, van der Waal M, Oude Vrielink JA, Bolijn A,
Meijer GA, Agami R. Regulation of the adenomatous polyposis coli gene by the
miR-135 family in colorectal cancer. Cancer research 2008;68(14): 5795-5802.
212. Schepeler T, Holm A, Halvey P, Nordentoft I, Lamy P, Riising EM,
Christensen LL, Thorsen K, Liebler DC, Helin K, Orntoft TF, Andersen CL.

284



References

Attenuation of the beta-catenin/TCF4 complex in colorectal cancer cells
induces several growth-suppressive microRNAs that target cancer promoting
genes. Oncogene 2012;31(22): 2750-2760.

213. Diosdado B, van de Wiel MA, Terhaar Sive Droste JS, Mongera S, Postma C,
Meijerink WJ, Carvalho B, Meijer GA. MiR-17-92 cluster is associated with 13q
gain and c-myc expression during colorectal adenoma to adenocarcinoma
progression. British journal of cancer 2009;101(4): 707-714.

214. Zhang N, Li X, Wu CW, Dong Y, Cai M, Mok MT, Wang H, Chen J, Ng SS,
Chen M, Sung JJ, Yu J. microRNA-7 is a novel inhibitor of YY1 contributing to
colorectal tumorigenesis. Oncogene 2013;32(42): 5078-5088.

215. Ciardiello F, Tortora G. EGFR antagonists in cancer treatment. The New
England journal of medicine 2008;358(11): 1160-1174.

216. Zhu H, Dougherty U, Robinson V, Mustafi R, Pekow J, Kupfer S, Li YC, Hart
J, Goss K, Fichera A, Joseph L, Bissonnette M. EGFR signals downregulate tumor
suppressors miR-143 and miR-145 in Western diet-promoted murine colon
cancer: role of G1 regulators. Molecular cancer research : MCR 2011;9(7): 960-
975.

217. Pagliuca A, Valvo C, Fabrizi E, di Martino S, Biffoni M, Runci D, Forte S, De
Maria R, Ricci-Vitiani L. Analysis of the combined action of miR-143 and miR-
145 on oncogenic pathways in colorectal cancer cells reveals a coordinate
program of gene repression. Oncogene 2013;32(40): 4806-4813.

218. Sebio A, Pare L, Paez D, Salazar J, Gonzalez A, Sala N, del Rio E, Martin-
Richard M, Tobena M, Barnadas A, Baiget M. The LCS6 polymorphism in the
binding site of let-7 microRNA to the KRAS 3'-untranslated region: its role in
the efficacy of anti-EGFR-based therapy in metastatic colorectal cancer patients.
Pharmacogenetics and genomics 2013;23(3): 142-147.

219. Ota T, Doi K, Fujimoto T, Tanaka Y, Ogawa M, Matsuzaki H, Kuroki M,
Miyamoto S, Shirasawa S, Tsunoda T. KRAS up-regulates the expression of miR-
181a, miR-200c and miR-210 in a three-dimensional-specific manner in DLD-1
colorectal cancer cells. Anticancer research 2012;32(6): 2271-2275.

220. Akao Y, Nakagawa Y, Naoe T. MicroRNAs 143 and 145 are possible
common onco-microRNAs in human cancers. Oncology reports 2006;16(4):
845-850.

285



References

221. Wu J, Qian J, Li C, Kwok L, Cheng F, Liu P, Perdomo C, Kotton D, Vaziri C,
Anderlind C, Spira A, Cardoso WV, Lu J. miR-129 regulates cell proliferation by
downregulating Cdk6 expression. Cell Cycle 2010;9(9): 1809-1818.

222. Arcaroli JJ, Quackenbush KS, Powell RW, Pitts TM, Spreafico A, Varella-
Garcia M, Bemis L, Tan AC, Reinemann JM, Touban BM, Dasari A, Eckhardt SG,
Messersmith WA. Common PIK3CA mutants and a novel 3' UTR mutation are
associated with increased sensitivity to saracatinib. Clinical cancer research :
an official journal of the American Association for Cancer Research
2012;18(9): 2704-2714.

223. Zhong M, Bian Z, Wu Z. miR-30a suppresses cell migration and invasion
through downregulation of PIK3CD in colorectal carcinoma. Cellular physiology
and biochemistry : international journal of experimental cellular physiology,
biochemistry, and pharmacology 2013;31(2-3): 209-218.

224. lwaya T, Yokobori T, Nishida N, Kogo R, Sudo T, Tanaka F, Shibata K,
Sawada G, Takahashi Y, Ishibashi M, Wakabayashi G, Mori M, Mimori K.
Downregulation of miR-144 is associated with colorectal cancer progression via
activation of mTOR signaling pathway. Carcinogenesis 2012;33(12): 2391-
2397.

225. Chiang Y, Song Y, Wang Z, Chen Y, Yue Z, Xu H, Xing C, Liu Z. Aberrant
expression of miR-203 and its clinical significance in gastric and colorectal
cancers. Journal of gastrointestinal surgery : official journal of the Society for
Surgery of the Alimentary Tract 2011;15(1): 63-70.

226. Li J, Chen Y, Zhao J, Kong F, Zhang Y. miR-203 reverses chemoresistance
in p53-mutated colon cancer cells through downregulation of Akt2 expression.
Cancer letters 2011;304(1): 52-59.

227. Langlois MJ, Bergeron S, Bernatchez G, Boudreau F, Saucier C, Perreault N,
Carrier JC, Rivard N. The PTEN phosphatase controls intestinal epithelial cell
polarity and barrier function: role in colorectal cancer progression. PloS one
2010;5(12): e15742.

228. Meng F, Henson R, Wehbe-Janek H, Ghoshal K, Jacob ST, Patel T.
MicroRNA-21 regulates expression of the PTEN tumor suppressor gene in
human hepatocellular cancer. Gastroenterology 2007;133(2): 647-658.

229. Xiong B, Cheng Y, Ma L, Zhang C. MiR-21 regulates biological behavior
through the PTEN/PI-3 K/Akt signaling pathway in human colorectal cancer
cells. International journal of oncology 2013;42(1): 219-228.

286



References

230. Asangani IA, Rasheed SA, Nikolova DA, Leupold JH, Colburn NH, Post S,
Allgayer H. MicroRNA-21 (miR-21) post-transcriptionally downregulates tumor
suppressor Pdcd4 and stimulates invasion, intravasation and metastasis in
colorectal cancer. Oncogene 2008;27(15): 2128-2136.

231. Bullock MD, Bruce A, Sreekumar R, Curtis N, Cheung T, Reading |,
Primrose JN, Ottensmeier C, Packham GK, Thomas G, Mirnezami AH. FOXO3
expression during colorectal cancer progression: biomarker potential reflects a
tumour suppressor role. British journal of cancer 2013;109(2): 387-394.

232. Khaleghpour K, Li Y, Banville D, Yu Z, Shen SH. Involvement of the PI 3-
kinase signaling pathway in progression of colon adenocarcinoma.
Carcinogenesis 2004;25(2): 241-248.

233. Sasaki T, lrie-Sasaki J, Horie Y, Bachmaier K, Fata JE, Li M, Suzuki A,
Bouchard D, Ho A, Redston M, Gallinger S, Khokha R, Mak TW, Hawkins PT,
Stephens L, Scherer SW, Tsao M, Penninger JM. Colorectal carcinomas in mice
lacking the catalytic subunit of PI(3)Kgamma. Nature 2000;406(6798): 897-
902.

234. Itoh N, Semba S, Ito M, Takeda H, Kawata S, Yamakawa M.
Phosphorylation of Akt/PKB is required for suppression of cancer cell apoptosis
and tumor progression in human colorectal carcinoma. Cancer 2002;94(12):
3127-3134.

235. Zhang L, Pickard K, Jenei V, Bullock MD, Bruce A, Mitter R, Kelly G,
Paraskeva C, Strefford J, Primrose J, Thomas GJ, Packham G, Mirnezami AH.
miR-153 supports colorectal cancer progression via pleiotropic effects that
enhance invasion and chemotherapeutic resistance. Cancer research
2013;73(21): 6435-6447.

236. Brognard J, Newton AC. PHLiPPing the switch on Akt and protein kinase C
signaling. Trends in endocrinology and metabolism: TEM 2008;19(6): 223-230.
237. Liao WT, Li TT, Wang ZG, Wang SY, He MR, Ye YP, Qi L, Cui YM, Wu P, Jiao
HL, Zhang C, Xie YJ, Wang JX, Ding YQ. microRNA-224 promotes cell
proliferation and tumor growth in human colorectal cancer by repressing
PHLPP1 and PHLPP2. Clinical cancer research : an official journal of the
American Association for Cancer Research 2013;19(17): 4662-4672.

238. Motoyama K, Inoue H, Takatsuno Y, Tanaka F, Mimori K, Uetake H,
Sugihara K, Mori M. Over- and under-expressed microRNAs in human colorectal

cancer. International journal of oncology 2009;34(4): 1069-1075.

287



References

239. Zhang GJ, Zhou H, Xiao HX, Li Y, Zhou T. Up-regulation of miR-224
promotes cancer cell proliferation and invasion and predicts relapse of
colorectal cancer. Cancer cell international 2013;13(1): 104.

240. Wang Y, Ren J, Gao Y, Ma JZ, Toh HC, Chow P, Chung AY, Ooi LL, Lee CG.
MicroRNA-224 targets SMAD family member 4 to promote cell proliferation and
negatively influence patient survival. PloS one 2013;8(7): e68744.

241. Liu L, Nie J, Chen L, Dong G, Du X, Wu X, Tang Y, Han W. The oncogenic
role of microRNA-130a/301a/454 in human colorectal cancer via targeting
Smad4 expression. PloS one 2013;8(2): e55532.

242. Yu Y, Kanwar SS, Patel BB, Oh PS, Nautiyal J, Sarkar FH, Majumdar AP.
MicroRNA-21 induces stemness by downregulating transforming growth factor
beta receptor 2 (TGFbetaR2) in colon cancer cells. Carcinogenesis 2012;33(1):
68-76.

243. Biswas S, Trobridge P, Romero-Gallo J, Billheimer D, Myeroff LL, Willson
JK, Markowitz SD, Grady WM. Mutational inactivation of TGFBR2 in
microsatellite unstable colon cancer arises from the cooperation of genomic
instability and the clonal outgrowth of transforming growth factor beta
resistant cells. Genes, chromosomes & cancer 2008;47(2): 95-106.

244. Hu W, Chan CS, Wu R, Zhang C, Sun Y, Song JS, Tang LH, Levine AJ, Feng
Z. Negative regulation of tumor suppressor p53 by microRNA miR-504.
Molecular cell 2010;38(5): 689-699.

245. Chang TC, Wentzel EA, Kent OA, Ramachandran K, Mullendore M, Lee KH,
Feldmann G, Yamakuchi M, Ferlito M, Lowenstein CJ, Arking DE, Beer MA,
Maitra A, Mendell JT. Transactivation of miR-34a by p53 broadly influences
gene expression and promotes apoptosis. Molecular cell 2007;26(5): 745-752.
246. Bommer GT, Gerin I, Feng Y, Kaczorowski AJ, Kuick R, Love RE, Zhai Y,
Giordano TJ, Qin ZS, Moore BB, MacDougald OA, Cho KR, Fearon ER. p53-
mediated activation of miRNA34 candidate tumor-suppressor genes. Current
biology : CB 2007;17(15): 1298-1307.

247. Corney DC, Flesken-Nikitin A, Godwin AK, Wang W, Nikitin AY. MicroRNA-
34b and MicroRNA-34c are targets of p53 and cooperate in control of cell
proliferation and adhesion-independent growth. Cancer research 2007;67(18):
8433-8438.

288



References

248. Yamakuchi M, Ferlito M, Lowenstein CJ. miR-34a repression of SIRT]
regulates apoptosis. Proceedings of the National Academy of Sciences of the
United States of America 2008;105(36): 13421-13426.

249. Tazawa H, Tsuchiya N, Izumiya M, Nakagama H. Tumor-suppressive miR-
34a induces senescence-like growth arrest through modulation of the E2F
pathway in human colon cancer cells. Proceedings of the National Academy of
Sciences of the United States of America 2007;104(39): 15472-15477.

250. Cui X, Witalison EE, Chumanevich AP, Chumanevich AA, Poudyal D,
Subramanian V, Schetter AJ, Harris CC, Thompson PR, Hofseth LJ. The induction
of microRNA-16 in colon cancer cells by protein arginine deiminase inhibition
causes a p53-dependent cell cycle arrest. PloS one 2013;8(1): e53791.
251.Song B, Wang Y, Kudo K, Gavin EJ, Xi Y, Ju J. miR-192 Regulates
dihydrofolate reductase and cellular proliferation through the p53-microRNA
circuit. Clinical cancer research : an official journal of the American
Association for Cancer Research 2008;14(24): 8080-8086.

252. Thiery JP. Epithelial-mesenchymal transitions in development and
pathologies. Current opinion in cell biology 2003;15(6): 740-746.

253. Kalluri R, Weinberg RA. The basics of epithelial-mesenchymal transition.
The Journal of clinical investigation 2009;119(6): 1420-1428.

254. lwatsuki M, Mimori K, Yokobori T, Ishi H, Beppu T, Nakamori S, Baba H,
Mori M. Epithelial-mesenchymal transition in cancer development and its
clinical significance. Cancer science 2010;101(2): 293-299.

255. Ma L, Young J, Prabhala H, Pan E, Mestdagh P, Muth D, Teruya-Feldstein }J,
Reinhardt F, Onder TT, Valastyan S, Westermann F, Speleman F, Vandesompele
J, Weinberg RA. miR-9, a MYC/MYCN-activated microRNA, regulates E-cadherin
and cancer metastasis. Nature cell biology 2010;12(3): 247-256.

256. Shi M, Liu D, Duan H, Shen B, Guo N. Metastasis-related miRNAs, active
players in breast cancer invasion, and metastasis. Cancer metastasis reviews
2010;29(4): 785-799.

257. Kong W, Yang H, He L, Zhao JJ, Coppola D, Dalton WS, Cheng JQ.
MicroRNA-155 is regulated by the transforming growth factor beta/Smad
pathway and contributes to epithelial cell plasticity by targeting RhoA.
Molecular and cellular biology 2008;28(22): 6773-6784.

289



References

258. Vandewalle C, Van Roy F, Berx G. The role of the ZEB family of
transcription factors in development and disease. Cellular and molecular life
sciences : CMLS 2009;66(5): 773-787.

259. Spaderna S, Schmalhofer O, Hlubek F, Berx G, Eger A, Merkel S, Jung A,
Kirchner T, Brabletz T. A transient, EMT-linked loss of basement membranes
indicates metastasis and poor survival in colorectal cancer. Gastroenterology
2006;131(3): 830-840.

260. Spaderna S, Schmalhofer O, Wahlbuhl M, Dimmler A, Bauer K, Sultan A,
Hlubek F, Jung A, Strand D, Eger A, Kirchner T, Behrens J, Brabletz T. The
transcriptional repressor ZEB1 promotes metastasis and loss of cell polarity in
cancer. Cancer research 2008;68(2): 537-544.

261. Brabletz S, Brabletz T. The ZEB/miR-200 feedback loop--a motor of
cellular plasticity in development and cancer? EMBO reports 2010;11(9): 670-
677.

262. Korpal M, Lee ES, Hu G, Kang Y. The miR-200 family inhibits epithelial-
mesenchymal transition and cancer cell migration by direct targeting of E-
cadherin transcriptional repressors ZEB1 and ZEB2. The Journal of biological
chemistry 2008;283(22): 14910-14914.

263. Hurteau GJ, Carlson JA, Spivack SD, Brock GJ. Overexpression of the
microRNA hsa-miR-200c leads to reduced expression of transcription factor 8
and increased expression of E-cadherin. Cancer research 2007;67(17): 7972-
7976.

264. Gregory PA, Bert AG, Paterson EL, Barry SC, Tsykin A, Farshid G, Vadas
MA, Khew-Goodall Y, Goodall GJ. The miR-200 family and miR-205 regulate
epithelial to mesenchymal transition by targeting ZEB1 and SIP1. Nature cell
biology 2008;10(5): 593-601.

265. Bracken CP, Gregory PA, Kolesnikoff N, Bert AG, Wang J, Shannon MF,
Goodall GJ. A double-negative feedback loop between ZEB1-SIP1 and the
microRNA-200 family regulates epithelial-mesenchymal transition. Cancer
research 2008;68(19): 7846-7854.

266. Burk U, Schubert J, Wellner U, Schmalhofer O, Vincan E, Spaderna S,
Brabletz T. A reciprocal repression between ZEB1 and members of the miR-200
family promotes EMT and invasion in cancer cells. EMBO reports 2008;9(6):
582-589.

290



References

267. Dykxhoorn DM, Wu Y, Xie H, Yu F, Lal A, Petrocca F, Martinvalet D, Song
E, Lim B, Lieberman J. miR-200 enhances mouse breast cancer cell colonization
to form distant metastases. PloS one 2009;4(9): e7181.

268. Korpal M, Ell BJ, Buffa FM, Ibrahim T, Blanco MA, Celia-Terrassa T,
Mercatali L, Khan Z, Goodarzi H, Hua Y, Wei Y, Hu G, Garcia BA, Ragoussis J,
Amadori D, Harris AL, Kang Y. Direct targeting of Sec23a by miR-200s
influences cancer cell secretome and promotes metastatic colonization. Nature
medicine 2011;17(9): 1101-1108.

269. Bullock MD, Sayan AE, Packham GK, Mirnezami AH. MicroRNAs: critical
regulators of epithelial to mesenchymal (EMT) and mesenchymal to epithelial
transition (MET) in cancer progression. Biology of the cell / under the auspices
of the European Cell Biology Organization 2012;104(1): 3-12.

270. Mani SA, Guo W, Liao MJ, Eaton EN, Ayyanan A, Zhou AY, Brooks M,
Reinhard F, Zhang CC, Shipitsin M, Campbell LL, Polyak K, Brisken C, Yang J,
Weinberg RA. The epithelial-mesenchymal transition generates cells with
properties of stem cells. Cell 2008;133(4): 704-715.

271.Wang Y, Baskerville S, Shenoy A, Babiarz JE, Baehner L, Blelloch R.
Embryonic stem cell-specific microRNAs regulate the G1-S transition and
promote rapid proliferation. Nature genetics 2008;40(12): 1478-1483.

272. Cairo S, Wang Y, de Reynies A, Duroure K, Dahan J, Redon MJ, Fabre M,
McClelland M, Wang XW, Croce CM, Buendia MA. Stem cell-like micro-RNA
signature driven by Myc in aggressive liver cancer. Proceedings of the National
Academy of Sciences of the United States of America 2010;107(47): 20471-
20476.

273. Shimono Y, Zabala M, Cho RW, Lobo N, Dalerba P, Qian D, Diehn M, Liu H,
Panula SP, Chiao E, Dirbas FM, Somlo G, Pera RA, Lao K, Clarke MF.
Downregulation of miRNA-200c links breast cancer stem cells with normal
stem cells. Cell 2009;138(3): 592-603.

274.Yu F, Yao H, Zhu P, Zhang X, Pan Q, Gong C, Huang Y, Hu X, Su F,
Lieberman J, Song E. let-7 regulates self renewal and tumorigenicity of breast
cancer cells. Cell 2007;131(6): 1109-1123.

275. Viswanathan SR, Daley GQ, Gregory RIl. Selective blockade of microRNA
processing by Lin28. Science 2008;320(5872): 97-100.

291



References

276. Kong D, Banerjee S, Ahmad A, Li Y, Wang Z, Sethi S, Sarkar FH. Epithelial
to mesenchymal transition is mechanistically linked with stem cell signatures in
prostate cancer cells. PloS one 2010;5(8): e12445.

277. Vousden KH, Prives C. Blinded by the Light: The Growing Complexity of
p53. Cell 2009;137(3): 413-431.

278. Chang CJ, Chao CH, Xia W, Yang JY, Xiong Y, Li CW, Yu WH, Rehman SK,
Hsu JL, Lee HH, Liu M, Chen CT, Yu D, Hung MC. p53 regulates epithelial-
mesenchymal transition and stem cell properties through modulating miRNAs.
Nature cell biology 2011;13(3): 317-323.

279. Kim T, Veronese A, Pichiorri F, Lee TJ, Jeon Y]J, Volinia S, Pineau P, Marchio
A, Palatini J, Suh SS, Alder H, Liu CG, Dejean A, Croce CM. p53 regulates
epithelial-mesenchymal transition through microRNAs targeting ZEB1 and
ZEB2. The Journal of experimental medicine 2011;208(5): 875-883.

280. Schubert J, Brabletz T. p53 Spreads out further: suppression of EMT and
stemness by activating miR-200c expression. Cell research 2011;21(5): 705-
707.

281. Zhang H, Li Y, Lai M. The microRNA network and tumor metastasis.
Oncogene 2010;29(7): 937-948.

282. Cruz-Munoz W, Khokha R. The role of tissue inhibitors of
metalloproteinases in tumorigenesis and metastasis. Critical reviews in clinical
laboratory sciences 2008;45(3): 291-338.

283. Clark JC, Thomas DM, Choong PF, Dass CR. RECK--a newly discovered
inhibitor of metastasis with prognostic significance in multiple forms of cancer.
Cancer metastasis reviews 2007;26(3-4): 675-683.

284. Gabriely G, Wurdinger T, Kesari S, Esau CC, Burchard J, Linsley PS,
Krichevsky AM. MicroRNA 21 promotes glioma invasion by targeting matrix
metalloproteinase regulators. Molecular and cellular biology 2008;28(17):
5369-5380.

285. Selaru FM, Olaru AV, Kan T, David S, Cheng Y, Mori Y, Yang J, Paun B, Jin
Z, Agarwal R, Hamilton JP, Abraham J, Georgiades C, Alvarez H, Vivekanandan
P, Yu W, Maitra A, Torbenson M, Thuluvath PJ, Gores GJ, LaRusso NF, Hruban R,
Meltzer SJ. MicroRNA-21 is overexpressed in human cholangiocarcinoma and
regulates programmed cell death 4 and tissue inhibitor of metalloproteinase 3.
Hepatology 2009;49(5): 1595-1601.

292



References

286. Huang Q, Gumireddy K, Schrier M, le Sage C, Nagel R, Nair S, Egan DA, Li
A, Huang G, Klein-Szanto AJ, Gimotty PA, Katsaros D, Coukos G, Zhang L, Pure
E, Agami R. The microRNAs miR-373 and miR-520c promote tumour invasion
and metastasis. Nature cell biology 2008;10(2): 202-210.

287. Xie C, Jiang XH, Zhang JT, Sun TT, Dong JD, Sanders AJ, Diao RY, Wang Y,
Fok KL, Tsang LL, Yu MK, Zhang XH, Chung YW, Ye L, Zhao MY, Guo JH, Xiao ZJ,
Lan HY, Ng CF, Lau KM, Cai ZM, Jiang WG, Chan HC. CFTR suppresses tumor
progression through miR-193b targeting urokinase plasminogen activator
(uPA) in prostate cancer. Oncogene 2012.

288. Salvi A, Sabelli C, Moncini S, Venturin M, Arici B, Riva P, Portolani N,
Giulini SM, De Petro G, Barlati S. MicroRNA-23b mediates urokinase and c-met
downmodulation and a decreased migration of human hepatocellular
carcinoma cells. The FEBS journal 2009;276(11): 2966-2982.

289. Li H, Yang BB. Friend or foe: the role of microRNA in chemotherapy
resistance. Acta pharmacologica Sinica 2013;34(7): 870-879.

290. Baguley BC. Multiple drug resistance mechanisms in cancer. Molecular
biotechnology 2010;46(3): 308-316.

291. Kovalchuk O, Filkowski J, Meservy J, linytskyy Y, Tryndyak VP, Chekhun
VF, Pogribny IP. Involvement of microRNA-451 in resistance of the MCF-7
breast cancer cells to chemotherapeutic drug doxorubicin. Molecular cancer
therapeutics 2008;7(7): 2152-2159.

292. Asuthkar S, Velpula KK, Chetty C, Gorantla B, Rao JS. Epigenetic regulation
of miRNA-211 by MMP-9 governs glioma cell apoptosis, chemosensitivity and
radiosensitivity. Oncotarget 2012;3(11): 1439-1454.

293. lkemura K, Yamamoto M, Miyazaki S, Mizutani H, lwamoto T, Okuda M.
MicroRNA-145 post-transcriptionally regulates the expression and function of
P-glycoprotein in intestinal epithelial cells. Molecular pharmacology
2013;83(2): 399-405.

294. Boyerinas B, Park SM, Murmann AE, Gwin K, Montag AG, Zillhardt M, Hua
Y], Lengyel E, Peter ME. Let-7 modulates acquired resistance of ovarian cancer
to Taxanes via IMP-1-mediated stabilization of multidrug resistance 1.
International journal of cancer Journal international du cancer 2012;130(8):
1787-1797.

295. Fujita Y, Kojima K, Ohhashi R, Hamada N, Nozawa Y, Kitamoto A, Sato A,

Kondo S, Kojima T, Deguchi T, Ito M. MiR-148a attenuates paclitaxel resistance

293



References

of hormone-refractory, drug-resistant prostate cancer PC3 cells by regulating
MSK1 expression. The Journal of biological chemistry 2010;285(25): 19076-
19084.

296. Nishida N, Nagahara M, Sato T, Mimori K, Sudo T, Tanaka F, Shibata K,
Ishii H, Sugihara K, Doki Y, Mori M. Microarray analysis of colorectal cancer
stromal tissue reveals upregulation of two oncogenic miRNA clusters. Clinical
cancer research : an official journal of the American Association for Cancer
Research 2012;18(11): 3054-3070.

297. Rask L, Balslev E, Jorgensen S, Eriksen J, Flyger H, Moller S, Hogdall E,
Litman T, Nielsen BS. High expression of miR-21 in tumor stroma correlates
with increased cancer cell proliferation in human breast cancer. APMIS : acta
pathologica, microbiologica, et immunologica Scandinavica 2011;119(10): 663-
673.

298. Nielsen BS, Jorgensen S, Fog JU, Sokilde R, Christensen |J, Hansen U,
Brunner N, Baker A, Moller S, Nielsen HJ. High levels of microRNA-21 in the
stroma of colorectal cancers predict short disease-free survival in stage Il colon
cancer patients. Clinical & experimental metastasis 2011;28(1): 27-38.

299. Yao Q, Cao S, Li C, Mengesha A, Kong B, Wei M. Micro-RNA-21 regulates
TGF-beta-induced myofibroblast differentiation by targeting PDCD4 in tumor-
stroma interaction. International journal of cancer Journal international du
cancer 2011;128(8): 1783-1792.

300. Bronisz A, Godlewski J, Wallace JA, Merchant AS, Nowicki MO, Mathsyaraja
H, Srinivasan R, Trimboli AJ, Martin CK, Li F, Yu L, Fernandez SA, Pecot T, Rosol
TJ, Cory S, Hallett M, Park M, Piper MG, Marsh CB, Yee LD, Jimenez RE, Nuovo
G, Lawler SE, Chiocca EA, Leone G, Ostrowski MC. Reprogramming of the
tumour microenvironment by stromal PTEN-regulated miR-320. Nature cell
biology 2012;14(2): 159-167.

301. Aprelikova O, Yu X, Palla J, Wei BR, John S, Yi M, Stephens R, Simpson RM,
Risinger JI, Jazaeri A, Niederhuber J. The role of miR-31 and its target gene
SATB2 in cancer-associated fibroblasts. Cell Cycle 2010;9(21): 4387-4398.

302. Mitra AK, Zillhardt M, Hua Y, Tiwari P, Murmann AE, Peter ME, Lengyel E.
MicroRNAs reprogram normal fibroblasts into cancer-associated fibroblasts in
ovarian cancer. Cancer discovery 2012;2(12): 1100-1108.

303. Zhao L, Sun Y, Hou Y, Peng Q, Wang L, Luo H, Tang X, Zeng Z, Liu M.

MiRNA expression analysis of cancer-associated fibroblasts and normal

294



References

fibroblasts in breast cancer. The international journal of biochemistry & cell
biology 2012;44(11): 2051-2059.

304. Rayner KJ, Hennessy EJ. Extracellular communication via microRNA: lipid
particles have a new message. Journal of lipid research 2013;54(5): 1174-
1181.

305. Skog J, Wurdinger T, van Rijn S, Meijer DH, Gainche L, Sena-Esteves M,
Curry WT, Jr., Carter BS, Krichevsky AM, Breakefield XO. Glioblastoma
microvesicles transport RNA and proteins that promote tumour growth and
provide diagnostic biomarkers. Nature cell biology 2008;10(12): 1470-1476.
306. Kahlert C, Kalluri R. Exosomes in tumor microenvironment influence
cancer progression and metastasis. J/ Mol Med (Berl) 2013;91(4): 431-437.

307. Yang M, Chen J, Su F, Yu B, Lin L, Liu Y, Huang JD, Song E. Microvesicles
secreted by macrophages shuttle invasion-potentiating microRNAs into breast
cancer cells. Molecular cancer 2011;10: 117.

308. Katakowski M, Buller B, Zheng X, Lu Y, Rogers T, Osobamiro O, Shu W,
Jiang F, Chopp M. Exosomes from marrow stromal cells expressing miR-146b
inhibit glioma growth. Cancer letters 2013;335(1): 201-204.

309. Bloomston M, Frankel WL, Petrocca F, Volinia S, Alder H, Hagan JP, Liu CG,
Bhatt D, Taccioli C, Croce CM. MicroRNA expression patterns to differentiate
pancreatic adenocarcinoma from normal pancreas and chronic pancreatitis.
JAMA : the journal of the American Medical Association 2007;297(17): 1901-
1908.

310. Rosenfeld N, Aharonov R, Meiri E, Rosenwald S, Spector Y, Zepeniuk M,
Benjamin H, Shabes N, Tabak S, Levy A, Lebanony D, Goren Y, Silberschein E,
Targan N, Ben-Ari A, Gilad S, Sion-Vardy N, Tobar A, Feinmesser M, Kharenko
O, Nativ O, Nass D, Perelman M, Yosepovich A, Shalmon B, Polak-Charcon S,
Fridman E, Avniel A, Bentwich I, Bentwich Z, Cohen D, Chajut A, Barshack I.
MicroRNAs accurately identify cancer tissue origin. Nature biotechnology
2008;26(4): 462-469.

311. Schetter AJ, Leung SY, Sohn JJ, Zanetti KA, Bowman ED, Yanaihara N, Yuen
ST, Chan TL, Kwong DL, Au GK, Liu CG, Calin GA, Croce CM, Harris CC.
MicroRNA expression profiles associated with prognosis and therapeutic
outcome in colon adenocarcinoma. JAMA : the journal of the American Medical
Association 2008;299(4): 425-436.

295



References

312. Wu CW, Ng SS, Dong YJ, Ng SC, Leung WW, Lee CW, Wong YN, Chan FK, Yu
J, Sung JJ. Detection of miR-92a and miR-21 in stool samples as potential
screening biomarkers for colorectal cancer and polyps. Gut 2012;61(5): 739-
745.

313. Kanaan Z, Rai SN, Eichenberger MR, Roberts H, Keskey B, Pan J, Galandiuk
S. Plasma miR-21: a potential diagnostic marker of colorectal cancer. Annals of
surgery 2012;256(3): 544-551.

314. Toiyama Y, Takahashi M, Hur K, Nagasaka T, Tanaka K, Inoue Y, Kusunoki
M, Boland CR, Goel A. Serum miR-21 as a diagnostic and prognostic biomarker
in colorectal cancer. Journal of the National Cancer Institute 2013;105(12):
849-859.

315. Bandres E, Cubedo E, Agirre X, Malumbres R, Zarate R, Ramirez N, Abajo
A, Navarro A, Moreno |, Monzo M, Garcia-Foncillas J. Identification by Real-time
PCR of 13 mature microRNAs differentially expressed in colorectal cancer and
non-tumoral tissues. Molecular cancer 2006;5: 29.

316. Mitchell PS, Parkin RK, Kroh EM, Fritz BR, Wyman SK, Pogosova-
Agadjanyan EL, Peterson A, Noteboom J, O'Briant KC, Allen A, Lin DW, Urban N,
Drescher CW, Knudsen BS, Stirewalt DL, Gentleman R, Vessella RL, Nelson PS,
Martin DB, Tewari M. Circulating microRNAs as stable blood-based markers for
cancer detection. Proceedings of the National Academy of Sciences of the
United States of America 2008;105(30): 10513-10518.

317. Chen X, Ba Y, Ma L, Cai X, Yin Y, Wang K, Guo J, Zhang Y, Chen J, Guo X, Li
Q, Li X, Wang W, Wang J, Jiang X, Xiang Y, Xu C, Zheng P, Zhang J, Li R, Zhang
H, Shang X, Gong T, Ning G, Zen K, Zhang CY. Characterization of microRNAs
in serum: a novel class of biomarkers for diagnosis of cancer and other
diseases. Cell research 2008;18(10): 997-1006.

318. Ng EK, Chong WW, Jin H, Lam EK, Shin VY, Yu J, Poon TC, Ng SS, Sung JJ.
Differential expression of microRNAs in plasma of patients with colorectal
cancer: a potential marker for colorectal cancer screening. Gut 2009;58(10):
1375-1381.

319. Huang Z, Huang D, Ni S, Peng Z, Sheng W, Du X. Plasma microRNAs are
promising novel biomarkers for early detection of colorectal cancer.
International journal of cancer Journal international du cancer 2010;127(1):
118-126.

296



References

320. Pu XX, Huang GL, Guo HQ, Guo CC, Li H, Ye S, Ling S, Jiang L, Tian Y, Lin
TY. Circulating miR-221 directly amplified from plasma is a potential
diagnostic and prognostic marker of colorectal cancer and is correlated with
p53 expression. Journal of gastroenterology and hepatology 2010;25(10):
1674-1680.

321. Gallo A, Tandon M, Alevizos |, lllei GG. The majority of microRNAs
detectable in serum and saliva is concentrated in exosomes. PloS one
2012;7(3): e30679.

322. Kanaoka S, Yoshida K, Miura N, Sugimura H, Kajimura M. Potential
usefulness of detecting cyclooxygenase 2 messenger RNA in feces for
colorectal cancer screening. Gastroenterology 2004;127(2): 422-427.

323. Link A, Balaguer F, Shen Y, Nagasaka T, Lozano JJ, Boland CR, Goel A.
Fecal MicroRNAs as novel biomarkers for colon cancer screening. Cancer
epidemiology, biomarkers & prevention : a publication of the American
Association for Cancer Research, cosponsored by the American Society of
Preventive Oncology 2010;19(7): 1766-1774.

324. Van Schaeybroeck S, Allen WL, Turkington RC, Johnston PG. Implementing
prognostic and predictive biomarkers in CRC clinical trials. Nature reviews
Clinical oncology 2011;8(4): 222-232.

325. Peacock O, Lee AC, Larvin M, Tufarelli C, Lund JN. MicroRNAs: relevant
tools for a colorectal surgeon? World journal of surgery 2012;36(8): 1881-
1892.

326. Baddi L, Benson A, 3rd. Adjuvant therapy in stage Il colon cancer: current
approaches. The oncologist 2005;10(5): 325-331.

327. Figueredo A, Fine S, Maroun J, Walker-Dilks C, Wong S. Adjuvant therapy
for stage lll colon cancer after complete resection. Provincial Gastrointestinal
Disease Site Group. Cancer prevention & control : CPC = Prevention & controle
en cancerologie : PCC 1997;1(4): 304-319.

328. Huang ZM, Yang J, Shen XY, Zhang XY, Meng FS, Xu JT, Zhang BF, Gao HJ.
MicroRNA expression profile in non-cancerous colonic tissue associated with
lymph node metastasis of colon cancer. Journal of digestive diseases
2009;10(3): 188-194.

329. Di Fiore F, Sesboue R, Michel P, Sabourin JC, Frebourg T. Molecular
determinants of anti-EGFR sensitivity and resistance in metastatic colorectal
cancer. British journal of cancer 2010;103(12): 1765-1772.

297



References

330. Ragusa M, Majorana A, Statello L, Maugeri M, Salito L, Barbagallo D,
Guglielmino MR, Duro LR, Angelica R, Caltabiano R, Biondi A, Di Vita M,
Privitera G, Scalia M, Cappellani A, Vasquez E, Lanzafame S, Basile F, Di Pietro
C, Purrello M. Specific alterations of microRNA transcriptome and global
network structure in colorectal carcinoma after cetuximab treatment. Molecular
cancer therapeutics 2010;9(12): 3396-34009.

331. Zhang W, Winder T, Ning Y, Pohl A, Yang D, Kahn M, Lurje G, Labonte MJ,
Wilson PM, Gordon MA, Hu-Lieskovan S, Mauro DJ, Langer C, Rowinsky EK, Lenz
HJ. A let-7 microRNA-binding site polymorphism in 3'-untranslated region of
KRAS gene predicts response in wild-type KRAS patients with metastatic
colorectal cancer treated with cetuximab monotherapy. Annals of oncology :
official journal of the European Society for Medical Oncology / ESMO
2011;22(1): 104-1009.

332. Svoboda M, lzakovicova Holla L, Sefr R, Vrtkova |, Kocakova |, Tichy B,
Dvorak J. Micro-RNAs miR125b and miR137 are frequently upregulated in
response to capecitabine chemoradiotherapy of rectal cancer. International
journal of oncology 2008;33(3): 541-547.

333. Rossi L, Bonmassar E, Faraoni |. Modification of miR gene expression
pattern in human colon cancer cells following exposure to 5-fluorouracil in
vitro. Pharmacological research : the official journal of the Italian
Pharmacological Society 2007;56(3): 248-253.

334. Michael MZ, SM OC, van Holst Pellekaan NG, Young GP, James RJ. Reduced
accumulation of specific microRNAs in colorectal neoplasia. Molecular cancer
research : MCR 2003;1(12): 882-891.

335. Xi Y, Formentini A, Chien M, Weir DB, Russo JJ, Ju J, Kornmann M.
Prognostic Values of microRNAs in Colorectal Cancer. Biomarker insights
2006:2: 113-121.

336. Nakajima G, Hayashi K, Xi Y, Kudo K, Uchida K, Takasaki K, Yamamoto M,
Ju J. Non-coding MicroRNAs hsa-let-7g and hsa-miR-181b are Associated with
Chemoresponse to S-1 in Colon Cancer. Cancer genomics & proteomics
2006:3(5): 317-324.

337. Slaby O, Svoboda M, Fabian P, Smerdova T, Knoflickova D, Bednarikova M,
Nenutil R, Vyzula R. Altered expression of miR-21, miR-31, miR-143 and miR-
145 is related to clinicopathologic features of colorectal cancer. Oncology
2007;72(5-6): 397-402.

298



References

338. Lanza G, Ferracin M, Gafa R, Veronese A, Spizzo R, Pichiorri F, Liu CG,
Calin GA, Croce CM, Negrini M. mRNA/microRNA gene expression profile in
microsatellite unstable colorectal cancer. Molecular cancer 2007;6: 54.

339. Monzo M, Navarro A, Bandres E, Artells R, Moreno |, Gel B, Ibeas R,
Moreno J, Martinez F, Diaz T, Martinez A, Balague O, Garcia-Foncillas J.
Overlapping expression of microRNAs in human embryonic colon and
colorectal cancer. Cell research 2008;18(8): 823-833.

340. Schepeler T, Reinert JT, Ostenfeld MS, Christensen LL, Silahtaroglu AN,
Dyrskjot L, Wiuf C, Sorensen FJ, Kruhoffer M, Laurberg S, Kauppinen S, Orntoft
TF, Andersen CL. Diagnostic and prognostic microRNAs in stage Il colon
cancer. Cancer research 2008;68(15): 6416-6424.

341. Diaz R, Silva J, Garcia JM, Lorenzo Y, Garcia V, Pena C, Rodriguez R,
Munoz C, Garcia F, Bonilla F, Dominguez G. Deregulated expression of miR-
106a predicts survival in human colon cancer patients. Genes, chromosomes &
cancer 2008;47(9): 794-802.

342. Wang CJ, Zhou ZG, Wang L, Yang L, Zhou B, Gu J, Chen HY, Sun XF.
Clinicopathological significance of microRNA-31, -143 and -145 expression in
colorectal cancer. Disease markers 2009;26(1): 27-34.

343. Baffa R, Fassan M, Volinia S, O'Hara B, Liu CG, Palazzo JP, Gardiman M,
Rugge M, Gomella LG, Croce CM, Rosenberg A. MicroRNA expression profiling
of human metastatic cancers identifies cancer gene targets. The Journal of
pathology 2009;219(2): 214-221.

344. Arndt GM, Dossey L, Cullen LM, Lai A, Druker R, Eisbacher M, Zhang C,
Tran N, Fan H, Retzlaff K, Bittner A, Raponi M. Characterization of global
microRNA expression reveals oncogenic potential of miR-145 in metastatic
colorectal cancer. BMC cancer 2009;9: 374.

345. Sarver AL, French AJ, Borralho PM, Thayanithy V, Oberg AL, Silverstein KA,
Morlan BW, Riska SM, Boardman LA, Cunningham JM, Subramanian S, Wang L,
Smyrk TC, Rodrigues CM, Thibodeau SN, Steer CJ. Human colon cancer profiles
show differential microRNA expression depending on mismatch repair status
and are characteristic of undifferentiated proliferative states. BMC cancer
2009;9: 401.

346. Shibuya H, linuma H, Shimada R, Horiuchi A, Watanabe T.
Clinicopathological and prognostic value of microRNA-21 and microRNA-155 in
colorectal cancer. Oncology 2010;79(3-4): 313-320.

299



References

347. Wang YX, Zhang XY, Zhang BF, Yang CQ, Chen XM, Gao HJ. Initial study of
microRNA expression profiles of colonic cancer without Ilymph node
metastasis. Journal of digestive diseases 2010;11(1): 50-54.

348. Wang S, Wang L, Zhu T, Gao X, Li J, Wu Y, Zhu H. Improvement of tissue
preparation for laser capture microdissection: application for cell type-specific
mMiRNA expression profiling in colorectal tumors. BMC genomics 2010;11: 163.

349, Earle JS, Luthra R, Romans A, Abraham R, Ensor J, Yao H, Hamilton SR.
Association of microRNA expression with microsatellite instability status in
colorectal adenocarcinoma. The Journal of molecular diagnostics : JMD
2010;12(4): 433-440.

350. Kulda V, Pesta M, Topolcan O, Liska V, Treska V, Sutnar A, Rupert K,
Ludvikova M, Babuska V, Holubec L, Jr., Cerny R. Relevance of miR-21 and miR-
143 expression in tissue samples of colorectal carcinoma and its liver
metastases. Cancer genetics and cytogenetics 2010;200(2): 154-160.

351. Akcakaya P, Ekelund S, Kolosenko I, Caramuta S, Ozata DM, Xie H,
Lindforss U, Olivecrona H, Lui WO. miR-185 and miR-133b deregulation is
associated with overall survival and metastasis in colorectal cancer.
International journal of oncology 2011;39(2): 311-318.

352. Cheng H, Zhang L, Cogdell DE, Zheng H, Schetter AJ, Nykter M, Harris CC,
Chen K, Hamilton SR, Zhang W. Circulating plasma MiR-141 is a novel
biomarker for metastatic colon cancer and predicts poor prognosis. PloS one
2011;6(3): e17745.

353. Karaayvaz M, Pal T, Song B, Zhang C, Georgakopoulos P, Mehmood S,
Burke S, Shroyer K, Ju J. Prognostic significance of miR-215 in colon cancer.
Clinical colorectal cancer 2011;10(4): 340-347.

354. Ma Y, Zhang P, Wang F, Zhang H, Yang J, Peng J, Liu W, Qin H. miR-150 as
a potential biomarker associated with prognosis and therapeutic outcome in
colorectal cancer. Gut 2012;61(10): 1447-1453.

355. Pichler M, Winter E, Stotz M, Eberhard K, Samonigg H, Lax S, Hoefler G.
Down-regulation of KRAS-interacting miRNA-143 predicts poor prognosis but
not response to EGFR-targeted agents in colorectal cancer. British journal of
cancer 2012;106(11): 1826-1832.

356. Vickers MM, Bar J, Gorn-Hondermann |, Yarom N, Daneshmand M, Hanson
JE, Addison CL, Asmis TR, Jonker DJ, Maroun J, Lorimer IA, Goss GD,

Dimitroulakos J. Stage-dependent differential expression of microRNAs in

300



References

colorectal cancer: potential role as markers of metastatic disease. Clinical &
experimental metastasis 2012;29(2): 123-132.

357. Wang X, Wang J, Ma H, Zhang J, Zhou X. Downregulation of miR-195
correlates with lymph node metastasis and poor prognosis in colorectal cancer.
Med Oncol 2012;29(2): 919-927.

358. Weissmann-Brenner A, Kushnir M, Lithwick Yanai G, Aharonov R, Gibori H,
Purim O, Kundel Y, Morgenstern S, Halperin M, Niv Y, Brenner B. Tumor
microRNA-29a expression and the risk of recurrence in stage Il colon cancer.
International journal of oncology 2012;40(6): 2097-2103.

359. Yu G, Tang JQ, Tian ML, Li H, Wang X, Wu T, Zhu J, Huang SJ, Wan YL.
Prognostic values of the miR-17-92 cluster and its paralogs in colon cancer.
Journal of surgical oncology 2012;106(3): 232-237.

360. Bovell LC, Shanmugam C, Putcha BD, Katkoori VR, Zhang B, Bae S, Singh
KP, Grizzle WE, Manne U. The prognostic value of microRNAs varies with
patient race/ethnicity and stage of colorectal cancer. Clinical cancer research :
an official journal of the American Association for Cancer Research
2013;19(14): 3955-3965.

361. Liu H, Du L, Wen Z, Yang Y, Li J, Wang L, Zhang X, Liu Y, Dong Z, Li W,
Zheng G, Wang C. Up-regulation of miR-182 expression in colorectal cancer
tissues and its prognostic value. International journal of colorectal disease
2013;28(5): 697-703.

362. Liu GH, Zhou ZG, Chen R, Wang MJ, Zhou B, Li Y, Sun XF. Serum miR-21
and miR-92a as biomarkers in the diagnosis and prognosis of colorectal
cancer. Tumour biology : the journal of the International Society for
Oncodevelopmental Biology and Medicine 2013;34(4): 2175-2181.

363. Lou X, Qi X, Zhang Y, Long H, Yang J. Decreased expression of microRNA-
625 is associated with tumor metastasis and poor prognosis in patients with
colorectal cancer. Journal of surgical oncology 2013;108(4): 230-235.

364. Wang MJ, Li Y, Wang R, Wang C, Yu YY, Yang L, Zhang Y, Zhou B, Zhou ZG,
Sun XF. Downregulation of microRNA-124 is an independent prognostic factor
in patients with colorectal cancer. International journal of colorectal disease
2013;28(2): 183-189.

365. Zhang JX, Song W, Chen ZH, Wei JH, Liao Y], Lei J, Hu M, Chen GZ, Liao B,
Lu J, Zhao HW, Chen W, He YL, Wang HY, Xie D, Luo JH. Prognostic and

301



References

predictive value of a microRNA signature in stage Il colon cancer: a microRNA
expression analysis. The lancet oncology 2013;14(13): 1295-1306.

366. Zhou T, Zhang G, Liu Z, Xia S, Tian H. Overexpression of miR-92a
correlates with tumor metastasis and poor prognosis in patients with colorectal
cancer. International journal of colorectal disease 2013;28(1): 19-24.

367. Oue N, Anami K, Schetter AJ, Moehler M, Okayama H, Khan MA, Bowman
ED, Mueller A, Schad A, Shimomura M, Hinoi T, Aoyagi K, Sasaki H, Okajima M,
Ohdan H, Galle PR, Yasui W, Harris CC. High miR-21 expression from FFPE
tissues is associated with poor survival and response to adjuvant
chemotherapy in colon cancer. International journal of cancer Journal
international du cancer 2014;134(8): 1926-1934.

368. Toiyama Y, Hur K, Tanaka K, Inoue Y, Kusunoki M, Boland CR, Goel A.
Serum miR-200c is a novel prognostic and metastasis-predictive biomarker in
patients with colorectal cancer. Annals of surgery 2014;259(4): 735-743.

369. Li QJ, Chau J, Ebert PJ, Sylvester G, Min H, Liu G, Braich R, Manoharan M,
Soutschek J, Skare P, Klein LO, Davis MM, Chen CZ. miR-181a is an intrinsic
modulator of T cell sensitivity and selection. Cell 2007;129(1): 147-161.

370. O'Day E, Lal A. MicroRNAs and their target gene networks in breast
cancer. Breast cancer research : BCR 2010;12(2): 201.

371. Calin GA, Cimmino A, Fabbri M, Ferracin M, Wojcik SE, Shimizu M, Taccioli
C, Zanesi N, Garzon R, Ageilan RI, Alder H, Volinia S, Rassenti L, Liu X, Liu CG,
Kipps TJ, Negrini M, Croce CM. MiR-15a and miR-16-1 cluster functions in
human leukemia. Proceedings of the National Academy of Sciences of the
United States of America 2008;105(13): 5166-5171.

372.Si ML, Zhu S, Wu H, Lu Z, Wu F, Mo YY. miR-21-mediated tumor growth.
Oncogene 2007;26(19): 2799-2803.

373. Seto AG. The road toward microRNA therapeutics. The international
journal of biochemistry & cell biology 2010;42(8): 1298-1305.

374. lorio MV, Croce CM. MicroRNA dysregulation in cancer: diagnostics,
monitoring and therapeutics. A comprehensive review. EMBO molecular
medicine 2012:;4(3): 143-159.

375. Ma L, Reinhardt F, Pan E, Soutschek J, Bhat B, Marcusson EG, Teruya-
Feldstein J, Bell GW, Weinberg RA. Therapeutic silencing of miR-10b inhibits
metastasis in a mouse mammary tumor model. Nature biotechnology
2010;28(4): 341-347.

302



References

376. Orom UA, Kauppinen S, Lund AH. LNA-modified oligonucleotides mediate
specific inhibition of microRNA function. Gene 2006;372: 137-141.

377. Chen Y, Zhu X, Zhang X, Liu B, Huang L. Nanoparticles modified with
tumor-targeting scFv deliver siRNA and miRNA for cancer therapy. Molecular
therapy : the journal of the American Society of Gene Therapy 2010;18(9):
1650-1656.

378. Hsu SH, Yu B, Wang X, Lu Y, Schmidt CR, Lee RJ, Lee LJ, Jacob ST, Ghoshal
K. Cationic lipid nanoparticles for therapeutic delivery of siRNA and miRNA to
murine liver tumor. Nanomedicine : nanotechnology, biology, and medicine
2013;9(8): 1169-1180.

379. Trang P, Wiggins JF, Daige CL, Cho C, Omotola M, Brown D, Weidhaas JB,
Bader AG, Slack FJ. Systemic delivery of tumor suppressor microRNA mimics
using a neutral lipid emulsion inhibits lung tumors in mice. Molecular therapy :
the journal of the American Society of Gene Therapy 2011;19(6): 1116-1122.
380. Lanford RE, Hildebrandt-Eriksen ES, Petri A, Persson R, Lindow M, Munk
ME, Kauppinen S, Orum H. Therapeutic silencing of microRNA-122 in primates
with chronic hepatitis C virus infection. Science 2010;327(5962): 198-201.

381. Davis ME, Zuckerman JE, Choi CH, Seligson D, Tolcher A, Alabi CA, YenY,
Heidel JD, Ribas A. Evidence of RNAi in humans from systemically administered
siRNA via targeted nanoparticles. Nature 2010;464(7291): 1067-1070.

382. Pritchard CC, Cheng HH, Tewari M. MicroRNA profiling: approaches and
considerations. Nature reviews Genetics 2012;13(5): 358-369.

383. Khoshnaw SM, Powe DG, Ellis 10, Green AR. Detection and quantification
of microRNAs in laser-microdissected formalin-fixed paraffin-embedded breast
cancer tissues. Methods Mol Biol 2011;755: 119-142.

384. Nonn L, Vaishnav A, Gallagher L, Gann PH. mRNA and micro-RNA
expression analysis in laser-capture microdissected prostate biopsies: valuable
tool for risk assessment and prevention trials. Experimental and molecular
pathology 2010;88(1): 45-51.

385. Li J, Smyth P, Flavin R, Cahill S, Denning K, Aherne S, Guenther SM,
O'Leary JJ, Sheils O. Comparison of miRNA expression patterns using total RNA
extracted from matched samples of formalin-fixed paraffin-embedded (FFPE)

cells and snap frozen cells. BMC biotechnology 2007;7: 36.

303



References

386. Xi Y, Nakajima G, Gavin E, Morris CG, Kudo K, Hayashi K, Ju J. Systematic
analysis of microRNA expression of RNA extracted from fresh frozen and
formalin-fixed paraffin-embedded samples. RNA 2007;13(10): 1668-1674.

387. Doleshal M, Magotra AA, Choudhury B, Cannon BD, Labourier E,
Szafranska AE. Evaluation and validation of total RNA extraction methods for
microRNA expression analyses in formalin-fixed, paraffin-embedded tissues.
The Journal of molecular diagnostics : JMD 2008;10(3): 203-211.

388. Rajewsky N. microRNA target predictions in animals. Nature genetics
2006;38 Suppl: S8-13.

389. Lim LP, Lau NC, Garrett-Engele P, Grimson A, Schelter JM, Castle J, Bartel
DP, Linsley PS, Johnson JM. Microarray analysis shows that some microRNAs
downregulate large numbers of target mRNAs. Nature 2005;433(7027): 769-
773.

390. Huang da W, Sherman BT, Lempicki RA. Systematic and integrative
analysis of large gene lists using DAVID bioinformatics resources. Nature
protocols 2009;4(1): 44-57.

391. Chi SW, Zang JB, Mele A, Darnell RB. Argonaute HITS-CLIP decodes
microRNA-mRNA interaction maps. Nature 2009;460(7254): 479-486.

392. Ouchida M, Kanzaki H, Ito S, Hanafusa H, Jitsumori Y, Tamaru S, Shimizu
K. Novel direct targets of miR-19a identified in breast cancer cells by a
quantitative proteomic approach. PloS one 2012;7(8): e44095.

393. Liu M, Chen H. The role of microRNAs in colorectal cancer. J Genet
Genomics 2010;37(6): 347-358.

394. Leibovitz A, Stinson JC, McCombs WB, 3rd, McCoy CE, Mazur KC, Mabry
ND. Classification of human colorectal adenocarcinoma cell lines. Cancer
research 1976;36(12): 4562-4569.

395. Dexter DL, Barbosa JA, Calabresi P. N,N-dimethylformamide-induced
alteration of cell culture characteristics and loss of tumorigenicity in cultured
human colon carcinoma cells. Cancer research 1979;39(3): 1020-1025.

396. Kaeser MD, Pebernard S, Iggo RD. Regulation of p53 stability and function
in HCT116 colon cancer cells. The Journal of biological chemistry 2004;279(9):
7598-7605.

397. Le Bivic A, Hirn M, Reggio H. HT-29 cells are an in vitro model for the

generation of cell polarity in epithelia during embryonic differentiation.

304



References

Proceedings of the National Academy of Sciences of the United States of
America 1988:85(1): 136-140.

398. Marsh D, Dickinson S, Neill GW, Marshall JF, Hart IR, Thomas GJ. alpha
vbeta 6 Integrin promotes the invasion of morphoeic basal cell carcinoma
through stromal modulation. Cancer research 2008;68(9): 3295-3303.

399. McSharry BP, Jones CJ, Skinner JW, Kipling D, Wilkinson GW. Human
telomerase reverse transcriptase-immortalized MRC-5 and HCA2 human
fibroblasts are fully permissive for human cytomegalovirus. The Journal of
general virology 2001;82(Pt 4): 855-863.

400. Sambrook J, Fritsch EF, Maniatis T. Molecular cloning, Vol 2 (Cold spring
harbor laboratory press New York), 1989.

401. Association of Coloproctology of Great Britain and Ireland. Guidelines for
the management of colorectal cancer. 2007 (3rd edn). Association of
Coloproctology of Great Britain and Ireland: London.

402. Brazma A, Hingamp P, Quackenbush J, Sherlock G, Spellman P, Stoeckert
C, Aach J, Ansorge W, Ball CA, Causton HC, Gaasterland T, Glenisson P,
Holstege FC, Kim IF, Markowitz V, Matese JC, Parkinson H, Robinson A, Sarkans
U, Schulze-Kremer S, Stewart J, Taylor R, Vilo J, Vingron M. Minimum
information about a microarray experiment (MIAME)-toward standards for
microarray data. Nature genetics 2001;29(4): 365-371.

403. McShane LM, Altman DG, Sauerbrei W, Taube SE, Gion M, Clark GM.
Reporting recommendations for tumor marker prognostic studies (REMARK).
Journal of the National Cancer Institute 2005;97(16): 1180-1184.

404. Nystrom ML, Thomas GJ, Stone M, Mackenzie IC, Hart IR, Marshall JF.
Development of a quantitative method to analyse tumour cell invasion in
organotypic culture. The Journal of pathology 2005;205(4): 468-475.

405. Lim JW, Bodnar A. Proteome analysis of conditioned medium from mouse
embryonic fibroblast feeder layers which support the growth of human
embryonic stem cells. Proteomics 2002;2(9): 1187-1203.

406. Kanekura T, Chen X, Kanzaki T. Basigin (CD147) is expressed on
melanoma cells and induces tumor cell invasion by stimulating production of
matrix metalloproteinases by fibroblasts. International journal of cancer
Journal international du cancer 2002;99(4): 520-528.

407. Tseng W, Leong X, Engleman E. Orthotopic mouse model of colorectal

cancer. Journal of visualized experiments : JoVE 2007(10): 484.

305



References

408. Ma L, Teruya-Feldstein J, Weinberg RA. Tumour invasion and metastasis
initiated by microRNA-10b in breast cancer. Nature 2007;449(7163): 682-688.

409. Nicoloso MS, Spizzo R, Shimizu M, Rossi S, Calin GA. MicroRNAs--the
micro steering wheel of tumour metastases. Nature reviews Cancer 2009;9(4):
293-302.

410. Ling H, Pickard K, Ivan C, Isella C, Ikuo M, Mitter R, Spizzo R, Bullock MD,
Braicu C, Pileczki V, Vincent K, Pichler M, Stiegelbauer V, Hoefler G, Almeida Ml,
Hsiao A, Zhang X, Primrose JN, Packham GK, Liu K, Bojja K, Gafa R, Xiao L,
Rossi S, Song JH, Vannini |, Fanini F, Kopetz S, Zweidler-McKay P, Wang X,
lonescu C, Irimie A, Fabbri M, Lanza G, Hamilton SR, Berindan-Neagoe |, Medico
E, Mirnezami AH, Calin GA, Nicoloso MS. The clinical and biological significance
of MIR-224 expression in colorectal cancer metastasis. Gut 2015.

411. Jenei V, Nystrom ML, Thomas GJ. Measuring invasion in an organotypic
model. Methods Mol Biol 2011;769: 223-232.

412. Ueno K, Hiura M, Suehiro Y, Hazama S, Hirata H, Oka M, Imai K, Dahiya R,
Hinoda Y. Frizzled-7 as a potential therapeutic target in colorectal cancer.
Neoplasia 2008;10(7): 697-705.

413. Swaminathan G, Rossi F, Sierra LJ, Gupta A, Navas-Martin S, Martin-Garcia
J. A role for microRNA-155 modulation in the anti-HIV-1 effects of Toll-like
receptor 3 stimulation in macrophages. PLoS pathogens 2012;8(9): e1002937.

414. Ng YS, Roca H, Fuller D, Sud S, Pienta KJ. Chemical transfection of dye-
conjugated microRNA precursors for microRNA functional analysis of M2
macrophages. Journal of cellular biochemistry 2012;113(5): 1714-1723.

415. Shende VR, Neuendorff N, Earnest DJ. Role of miR-142-3p in the post-
transcriptional regulation of the clock gene Bmall in the mouse SCN. PloS one
2013;8(6): e65300.

416. Hung TM, Ho CM, Liu YC, Lee JL, Liao YR, Wu YM, Ho MC, Chen CH, Lai
HS, Lee PH. Up-regulation of microRNA-190b plays a role for decreased IGF-1
that induces insulin resistance in human hepatocellular carcinoma. PloS one
2014;9(2): e89446.

417. Yap LF, Jenei V, Robinson CM, Moutasim K, Benn TM, Threadgold SP,
Lopes V, Wei W, Thomas GJ, Paterson IC. Upregulation of Eps8 in oral
squamous cell carcinoma promotes cell migration and invasion through
integrin-dependent Rac1 activation. Oncogene 2009;28(27): 2524-2534.

306



References

418. Underwood TJ, Derouet MF, White MJ, Noble F, Moutasim KA, Smith E,
Drew PA, Thomas GJ, Primrose JN, Blaydes JP. A comparison of primary
oesophageal squamous epithelial cells with HET-1A in organotypic culture.
Biology of the cell / under the auspices of the European Cell Biology
Organization 2010;102(12): 635-644.

419. Froeling FE, Mirza TA, Feakins RM, Seedhar A, Elia G, Hart IR, Kocher HM.
Organotypic culture model of pancreatic cancer demonstrates that stromal
cells modulate E-cadherin, beta-catenin, and Ezrin expression in tumor cells.
The American journal of pathology 2009;175(2): 636-648.

420. Bullock MD, Mellone M, Pickard KM, Sayan AE, Mitter R, Primrose JN,
Packham GK, Thomas G, Mirnezami AH. Molecular profiling of the invasive
tumor microenvironment in a 3-dimensional model of colorectal cancer cells
and ex vivo fibroblasts. Journal of visualized experiments : JoVE 2014(86).

421. Seluanov A, Vaidya A, Gorbunova V. Establishing primary adult fibroblast
cultures from rodents. Journal of visualized experiments : JoVE 2010(44).

422. Lankat-Buttgereit B, Goke R. The tumour suppressor Pdcd4: recent
advances in the elucidation of function and regulation. Biology of the cell /
under the auspices of the European Cell Biology Organization 2009;101(6):
309-317.

423. Bullock MD, Pickard KM, Nielsen BS, Sayan AE, Jenei V, Mellone M, Mitter
R, Primrose JN, Thomas GJ, Packham GK, Mirnezami AH. Pleiotropic actions of
miR-21 highlight the critical role of deregulated stromal microRNAs during
colorectal cancer progression. Cell death & disease 2013;4: e684.

424. Doxakis E. Post-transcriptional regulation of alpha-synuclein expression
by mir-7 and mir-153. The Journal of biological chemistry 2010;285(17):
12726-12734.

425. Sempere LF, Freemantle S, Pitha-Rowe |, Moss E, Dmitrovsky E, Ambros V.
Expression profiling of mammalian microRNAs uncovers a subset of brain-
expressed microRNAs with possible roles in murine and human neuronal
differentiation. Genome biology 2004;5(3): R13.

426. Myatt SS, Wang J, Monteiro LJ, Christian M, Ho KK, Fusi L, Dina RE,
Brosens JJ, Ghaem-Maghami S, Lam EW. Definition of microRNAs that repress
expression of the tumor suppressor gene FOXO1 in endometrial cancer.
Cancer research 2010;70(1): 367-377.

307



References

427.Wu Z, He B, He J, Mao X. Upregulation of miR-153 promotes cell
proliferation via downregulation of the PTEN tumor suppressor gene in human
prostate cancer. The Prostate 2013;73(6): 596-604.

428. Waas ET, Wobbes T, Lomme RM, DeGroot J, Ruers T, Hendriks T. Matrix
metalloproteinase 2 and 9 activity in patients with colorectal cancer liver
metastasis. The British journal of surgery 2003;90(12): 1556-1564.

429. Zeng ZS, Huang Y, Cohen AM, Guillem JG. Prediction of colorectal cancer
relapse and survival via tissue RNA levels of matrix metalloproteinase-9.
Journal of clinical oncology : official journal of the American Society of Clinical
Oncology 1996;14(12): 3133-3140.

430. Xu Q, Sun Q, Zhang J, Yu J, Chen W, Zhang Z. Downregulation of miR-153
contributes to epithelial-mesenchymal transition and tumor metastasis in
human epithelial cancer. Carcinogenesis 2013;34(3): 539-549.

431. Wang H, Zhu LJ, Yang YC, Wang ZX, Wang R. MiR-224 promotes the
chemoresistance of human lung adenocarcinoma cells to cisplatin via
regulating G(1)/S transition and apoptosis by targeting p21(WAF1/CIP1). British
journal of cancer 2014;111(2): 339-354.

432. Li Q, Ding C, Chen C, Zhang Z, Xiao H, Xie F, Lei L, Chen Y, Mao B, Jiang
M, Li J, Wang D, Wang G. miR-224 promotion of cell migration and invasion by
targeting Homeobox D 10 gene in human hepatocellular carcinoma. Journal of
gastroenterology and hepatology 2014;29(4): 835-842.

433. Ma D, Tao X, Gao F, Fan C, Wu D. miR-224 functions as an onco-miRNA in
hepatocellular carcinoma cells by activating AKT signaling. Oncology letters
2012;4(3): 483-488.

434. Maitra A, Molberg K, Albores-Saavedra J, Lindberg G. Loss of Dpc4
expression in colonic adenocarcinomas correlates with the presence of
metastatic disease. The American journal of pathology 2000;157(4): 1105-
1111.

435. Alazzouzi H, Alhopuro P, Salovaara R, Sammalkorpi H, Jarvinen H, Mecklin
JP, Hemminki A, Schwartz S, Jr., Aaltonen LA, Arango D. SMAD4 as a prognostic
marker in colorectal cancer. Clinical cancer research : an official journal of the
American Association for Cancer Research 2005;11(7): 2606-2611.

436. Yuan K, Xie K, Fox J, Zeng H, Gao H, Huang C, Wu M. Decreased levels of
miR-224 and the passenger strand of miR-221 increase MBD2, suppressing

308



References

maspin and promoting colorectal tumor growth and metastasis in mice.
Gastroenterology 2013;145(4): 853-864 e859.

437. Gaur AB, Holbeck SL, Colburn NH, Israel MA. Downregulation of Pdcd4 by
mir-21 facilitates glioblastoma proliferation in vivo. Neuro-oncology
2011;13(6): 580-590.

438. Moriyama T, Ohuchida K, Mizumoto K, Yu J, Sato N, Nabae T, Takahata S,
Toma H, Nagai E, Tanaka M. MicroRNA-21 modulates biological functions of
pancreatic cancer cells including their proliferation, invasion, and
chemoresistance. Molecular cancer therapeutics 2009;8(5): 1067-1074.

439. Liu M, Tang Q, Qiu M, Lang N, Li M, Zheng Y, Bi F. miR-21 targets the
tumor suppressor RhoB and regulates proliferation, invasion and apoptosis in
colorectal cancer cells. FEBS letters 2011;585(19): 2998-3005.

440. Seike M, Goto A, Okano T, Bowman ED, Schetter AJ, Horikawa |, Mathe EA,
Jen ], Yang P, Sugimura H, Gemma A, Kudoh S, Croce CM, Harris CC. MiR-21 is
an EGFR-regulated anti-apoptotic factor in lung cancer in never-smokers.
Proceedings of the National Academy of Sciences of the United States of
America 2009;106(29): 12085-12090.

441. Mei M, Ren Y, Zhou X, Yuan XB, Han L, Wang GX, Jia Z, Pu PY, Kang CS,
Yao Z. Downregulation of miR-21 enhances chemotherapeutic effect of taxol in
breast carcinoma cells. Technology in cancer research & treatment 2010;9(1):
77-86.

442. Marsh D, Suchak K, Moutasim KA, Vallath S, Hopper C, Jerjes W, Upile T,
Kalavrezos N, Violette SM, Weinreb PH, Chester KA, Chana JS, Marshall JF, Hart
IR, Hackshaw AK, Piper K, Thomas GJ. Stromal features are predictive of
disease mortality in oral cancer patients. The Journal of pathology
2011;223(4): 470-481.

443. Ma J, Dong C, Ji C. MicroRNA and drug resistance. Cancer gene therapy
2010;17(8): 523-531.

444, Ory B, Ramsey MR, Wilson C, Vadysirisack DD, Forster N, Rocco JW,
Rothenberg SM, Ellisen LW. A microRNA-dependent program controls p53-
independent survival and chemosensitivity in human and murine squamous cell
carcinoma. The Journal of clinical investigation 2011;121(2): 809-820.

445, Sonnenberg M, van der Kuip H, Haubeis S, Fritz P, Schroth W, Friedel G,
Simon W, Murdter TE, Aulitzky WE. Highly variable response to cytotoxic

309



References

chemotherapy in carcinoma-associated fibroblasts (CAFs) from lung and breast.
BMC cancer 2008;8: 364.

446. Lafkas D, Trimis G, Papavassiliou AG, Kiaris H. P53 mutations in stromal
fibroblasts sensitize tumors against chemotherapy. International journal of
cancer Journal international du cancer 2008;123(4): 967-971.

447. Takeuchi T, Hisanaga M, Nagao M, lkeda N, Fujii H, Koyama F, Mukogawa
T, Matsumoto H, Kondo S, Takahashi C, Noda M, Nakajima Y. The membrane-
anchored matrix metalloproteinase (MMP) regulator RECK in combination with
MMP-9 serves as an informative prognostic indicator for colorectal cancer.
Clinical cancer research : an official journal of the American Association for
Cancer Research 2004;10(16): 5572-5579.

448. Oh J, Takahashi R, Kondo S, Mizoguchi A, Adachi E, Sasahara RM,
Nishimura S, Imamura Y, Kitayama H, Alexander DB, Ide C, Horan TP, Arakawa
T, Yoshida H, Nishikawa S, Itoh Y, Seiki M, Itohara S, Takahashi C, Noda M. The
membrane-anchored MMP inhibitor RECK is a key regulator of extracellular
matrix integrity and angiogenesis. Cell 2001;107(6): 789-800.

449. Ahonen M, Baker AH, Kahari VM. Adenovirus-mediated gene delivery of
tissue inhibitor of metalloproteinases-3 inhibits invasion and induces apoptosis
in melanoma cells. Cancer research 1998;58(11): 2310-2315.

450. Zhang Z, Li Z, Gao C, Chen P, Chen J, Liu W, Xiao S, Lu H. miR-21 plays a
pivotal role in gastric cancer pathogenesis and progression. Laboratory
investigation; a journal of technical methods and pathology 2008;88(12):
1358-1366.

451. Reis ST, Pontes-Junior J, Antunes AA, Dall'Oglio MF, Dip N, Passerotti CC,
Rossini GA, Morais DR, Nesrallah AJ, Piantino C, Srougi M, Leite KR. miR-21 may
acts as an oncomir by targeting RECK, a matrix metalloproteinase regulator, in
prostate cancer. BMC urology 2012;12: 14.

452. Betel D, Koppal A, Agius P, Sander C, Leslie C. Comprehensive modeling
of microRNA targets predicts functional non-conserved and non-canonical
sites. Genome biology 2010;11(8): R90.

453. Betel D, Wilson M, Gabow A, Marks DS, Sander C. The microRNA.org
resource: targets and expression. Nucleic acids research 2008;36(Database
issue): D149-153.

310



References

454. Zhang A, Liu Y, Shen Y, Xu Y, Li X. miR-21 modulates cell apoptosis by
targeting multiple genes in renal cell carcinoma. Urology 2011;78(2): 474
e413-479.

455. Nielsen BS, Timshel S, Kjeldsen L, Sehested M, Pyke C, Borregaard N,
Dano K. 92 kDa type IV collagenase (MMP-9) is expressed in neutrophils and
macrophages but not in malignant epithelial cells in human colon cancer.
International journal of cancer Journal international du cancer 1996;65(1): 57-
62.

456. White AR, Du T, Laughton KM, Volitakis I, Sharples RA, Xilinas ME, Hoke
DE, Holsinger RM, Evin G, Cherny RA, Hill AF, Barnham KJ, Li QX, Bush Al,
Masters CL. Degradation of the Alzheimer disease amyloid beta-peptide by
metal-dependent up-regulation of metalloprotease activity. The Journal of
biological chemistry 2006;281(26): 17670-17680.

457. Siu MK, Cheng CY. Interactions of proteases, protease inhibitors, and the
betal integrin/laminin gamma3 protein complex in the regulation of
ectoplasmic specialization dynamics in the rat testis. Biology of reproduction
2004;70(4): 945-964.

458. Zheng F, Cornacchia F, Schulman I, Banerjee A, Cheng QL, Potier M, Plati
AR, Berho M, Elliot SJ, Li J, Fornoni A, Zang YJ, Zisman A, Striker LJ, Striker GE.
Development of albuminuria and glomerular lesions in normoglycemic B6
recipients of db/db mice bone marrow: the role of mesangial cell progenitors.
Diabetes 2004;53(9): 2420-2427.

459. Da Violante G, Zerrouk N, Richard I, Provot G, Chaumeil JC, Arnaud P.
Evaluation of the cytotoxicity effect of dimethyl sulfoxide (DMSO) on
Caco2/TC7 colon tumor cell cultures. Biological & pharmaceutical bulletin
2002;25(12): 1600-1603.

460. Facciabene A, Peng X, Hagemann IS, Balint K, Barchetti A, Wang LP,
Gimotty PA, Gilks CB, Lal P, Zhang L, Coukos G. Tumour hypoxia promotes
tolerance and angiogenesis via CCL28 and T(reg) cells. Nature
2011;475(7355): 226-230.

461. Hoelzinger DB, Smith SE, Mirza N, Dominguez AL, Manrique SZ,
Lustgarten J. Blockade of CCL1 inhibits T regulatory cell suppressive function
enhancing tumor immunity without affecting T effector responses. J Immunol
2010;184(12): 6833-6842.

311



References

462. Langowski JL, Zhang X, Wu L, Mattson JD, Chen T, Smith K, Basham B,
McClanahan T, Kastelein RA, Oft M. IL-23 promotes tumour incidence and
growth. Nature 2006;442(7101): 461-465.

463. Walz A, Burgener R, Car B, Baggiolini M, Kunkel SL, Strieter RM. Structure
and neutrophil-activating properties of a novel inflammatory peptide (ENA-78)
with homology to interleukin 8. The Journal of experimental medicine
1991;174(6): 1355-1362.

464. Liu ZL, Wang H, Liu J, Wang ZX. MicroRNA-21 (miR-21) expression
promotes growth, metastasis, and chemo- or radioresistance in non-small cell
lung cancer cells by targeting PTEN. Molecular and cellular biochemistry 2012.
465. Ren Y, Zhou X, Mei M, Yuan XB, Han L, Wang GX, Jia ZF, Xu P, Pu PY, Kang
CS. MicroRNA-21 inhibitor sensitizes human glioblastoma cells U251 (PTEN-
mutant) and LN229 (PTEN-wild type) to taxol. BMC cancer 2010;10: 27.

466. Roy S, Khanna S, Hussain SR, Biswas S, Azad A, Rink C, Gnyawali S, Shilo
S, Nuovo GJ, Sen CK. MicroRNA expression in response to murine myocardial
infarction: miR-21 regulates fibroblast metalloprotease-2 via phosphatase and
tensin homologue. Cardiovascular research 2009;82(1): 21-29.

467. van der Jagt MF, Sweep FC, Waas ET, Hendriks T, Ruers TJ, Merry AH,
Wobbes T, Span PN. Correlation of reversion-inducing cysteine-rich protein with
kazal motifs (RECK) and extracellular matrix metalloproteinase inducer
(EMMPRIN), with MMP-2, MMP-9, and survival in colorectal cancer. Cancer
letters 2006;237(2): 289-297.

468. Bian J, Wang Y, Smith MR, Kim H, Jacobs C, Jackman J, Kung HF, Colburn
NH, Sun Y. Suppression of in vivo tumor growth and induction of suspension
cell death by tissue inhibitor of metalloproteinases (TIMP)-3. Carcinogenesis
1996;17(9): 1805-1811.

469. Brand K, Baker AH, Perez-Canto A, Possling A, Sacharjat M, Geheeb M,
Arnold W. Treatment of colorectal liver metastases by adenoviral transfer of
tissue inhibitor of metalloproteinases-2 into the liver tissue. Cancer research
2000;60(20): 5723-5730.

470. Spurbeck WW, Ng CY, Vanin EF, Davidoff AM. Retroviral vector-producer
cell-mediated in vivo gene transfer of TIMP-3 restricts angiogenesis and
neuroblastoma growth in mice. Cancer gene therapy 2003;10(3): 161-167.
471. Hilska M, Roberts PJ, Collan YU, Laine V], Kossi J, Hirsimaki P, Rahkonen

O, Laato M. Prognostic significance of matrix metalloproteinases-1, -2, -7 and -

312



References

13 and tissue inhibitors of metalloproteinases-1, -2, -3 and -4 in colorectal
cancer. International journal of cancer Journal international du cancer
2007;121(4): 714-723.

472. Arenberg DA, Keane MP, DiGiovine B, Kunkel SL, Morris SB, Xue YY,
Burdick MD, Glass MC, lannettoni MD, Strieter RM. Epithelial-neutrophil
activating peptide (ENA-78) is an important angiogenic factor in non-small cell
lung cancer. The Journal of clinical investigation 1998;102(3): 465-472.

473. Miyazaki H, Patel V, Wang H, Edmunds RK, Gutkind JS, Yeudall WA. Down-
regulation of CXCL5 inhibits squamous carcinogenesis. Cancer research
2006;66(8): 4279-4284.

474. Matsuo Y, Raimondo M, Woodward TA, Wallace MB, Gill KR, Tong Z,
Burdick MD, Yang Z, Strieter RM, Hoffman RM, Guha S. CXC-chemokine/CXCR2
biological axis promotes angiogenesis in vitro and in vivo in pancreatic cancer.
International journal of cancer Journal international du cancer 2009;125(5):
1027-1037.

475. Li A, King J, Moro A, Sugi MD, Dawson DW, Kaplan J, Li G, Lu X, Strieter
RM, Burdick M, Go VL, Reber HA, Eibl G, Hines OJ. Overexpression of CXCLS5 is
associated with poor survival in patients with pancreatic cancer. The American
journal of pathology 2011;178(3): 1340-1349.

476. Kawamura M, Toiyama Y, Tanaka K, Saigusa S, Okugawa Y, Hiro J, Uchida
K, Mohri Y, Inoue Y, Kusunoki M. CXCL5, a promoter of cell proliferation,
migration and invasion, is a novel serum prognostic marker in patients with
colorectal cancer. Eur J Cancer 2012;48(14): 2244-2251.

477. Dimberg J, Hugander A, Wagsater D. Protein expression of the
chemokine, CCL28, in human colorectal cancer. International journal of
oncology 2006;28(2): 315-319.

478. Heijstek MW, Kranenburg O, Borel Rinkes IH. Mouse models of colorectal
cancer and liver metastases. Digestive surgery 2005;22(1-2): 16-25.

479. Flanagan SP. 'Nude', a new hairless gene with pleiotropic effects in the
mouse. Genetical research 1966;8(3): 295-309.

480. Bosma GC, Custer RP, Bosma MJ. A severe combined immunodeficiency
mutation in the mouse. Nature 1983;301(5900): 527-530.

481. Fu X, Herrera H, Kubota T, Hoffman RM. Extensive liver metastasis from

human colon cancer in nude and scid mice after orthotopic onplantation of

313



References

histologically-intact human colon carcinoma tissue. Anticancer research
1992;12(5): 1395-1397.

482. Bresalier RS, Raper SE, Hujanen ES, Kim YS. A new animal model for
human colon cancer metastasis. International journal of cancer Journal
international du cancer 1987;39(5): 625-630.

483. Kubota T. Metastatic models of human cancer xenografted in the nude
mouse: the importance of orthotopic transplantation. Journal of cellular
biochemistry 1994:56(1): 4-8.

484. Ma C, Rong Y, Radiloff DR, Datto MB, Centeno B, Bao S, Cheng AW, Lin F,
Jiang S, Yeatman TJ, Wang XF. Extracellular matrix protein betaig-h3/TGFBI
promotes metastasis of colon cancer by enhancing cell extravasation. Genes &
development 2008;22(3): 308-321.

485. Yang J, Zhang Z, Chen C, Liu Y, Si Q, Chuang TH, Li N, Gomez-Cabrero A,
Reisfeld RA, Xiang R, Luo Y. MicroRNA-19a-3p inhibits breast cancer
progression and metastasis by inducing macrophage polarization through
downregulated expression of Fra-1 proto-oncogene. Oncogene 2014;33(23):
3014-3023.

486. Zhang N, Wang X, Huo Q, Sun M, Cai C, Liu Z, Hu G, Yang Q. MicroRNA-
30a suppresses breast tumor growth and metastasis by targeting metadherin.
Oncogene 2014;33(24): 3119-3128.

487. Gao Y, Li X, Yang M, Zhao Q, Liu X, Wang G, Lu X, Wu Q, Wu J, Yang Y,
Zhang Y. Colitis-accelerated colorectal cancer and metabolic dysregulation in a
mouse model. Carcinogenesis 2013;34(8): 1861-1869.

488. Sun D, Yu F, Ma Y, Zhao R, Chen X, Zhu J, Zhang CY, Chen J, Zhang ).
MicroRNA-31 activates the RAS pathway and functions as an oncogenic
MicroRNA in human colorectal cancer by repressing RAS p21 GTPase activating
protein 1 (RASA1). The Journal of biological chemistry 2013;288(13): 9508-
9518.

489. Glick RP, Lichtor T, Kim TS, llangovan S, Cohen EP. Fibroblasts genetically
engineered to secrete cytokines suppress tumor growth and induce antitumor
immunity to a murine glioma in vivo. Neurosurgery 1995;36(3): 548-555.

490. Xu K, Rajagopal S, Klebba I, Dong S, Ji Y, Liu J, Kuperwasser C, Garlick JA,
Naber SP, Buchsbaum RJ. The role of fibroblast Tiam1 in tumor cell invasion
and metastasis. Oncogene 2010;29(50): 6533-6542.

314



References

491. Ohuchida K, Mizumoto K, Murakami M, Qian LW, Sato N, Nagai E,
Matsumoto K, Nakamura T, Tanaka M. Radiation to stromal fibroblasts
increases invasiveness of pancreatic cancer cells through tumor-stromal
interactions. Cancer research 2004:64(9): 3215-3222.

492. Tang W, Zhu Y, Gao J, Fu J, Liu C, Liu Y, Song C, Zhu S, Leng Y, Wang G,
Chen W, Du P, Huang S, Zhou X, Kang J, Cui L. MicroRNA-29a promotes
colorectal cancer metastasis by regulating matrix metalloproteinase 2 and E-
cadherin via KLF4. British journal of cancer 2014;110(2): 450-458.

493. Chowdhury S, Ongchin M, Wan G, Sharratt E, Brattain MG, Rajput A.
Restoration of PTEN activity decreases metastases in an orthotopic model of
colon cancer. The Journal of surgical research 2013;184(2): 755-760.

494, Fu XY, Besterman JM, Monosov A, Hoffman RM. Models of human
metastatic colon cancer in nude mice orthotopically constructed by using
histologically intact patient specimens. Proceedings of the National Academy of
Sciences of the United States of America 1991;88(20): 9345-9349.

495, Flatmark K, Maelandsmo GM, Martinsen M, Rasmussen H, Fodstad O.
Twelve colorectal cancer cell lines exhibit highly variable growth and
metastatic capacities in an orthotopic model in nude mice. Eur J Cancer
2004;40(10): 1593-1598.

496. Ho BC, Yu IS, Lu LF, Rudensky A, Chen HY, Tsai CW, Chang YL, Wu CT,
Chang LY, Shih SR, Lin SW, Lee CN, Yang PC, Yu SL. Inhibition of miR-146a
prevents enterovirus-induced death by restoring the production of type |
interferon. Nature communications 2014;5: 3344.

497. Krutzfeldt J, Rajewsky N, Braich R, Rajeev KG, Tuschl T, Manoharan M,
Stoffel M. Silencing of microRNAs in vivo with ‘antagomirs'. Nature
2005;438(7068): 685-689.

498. Wahlestedt C, Salmi P, Good L, Kela J, Johnsson T, Hokfelt T, Broberger C,
Porreca F, Lai J, Ren K, Ossipov M, Koshkin A, Jakobsen N, Skouv J, Oerum H,
Jacobsen MH, Wengel J. Potent and nontoxic antisense oligonucleotides
containing locked nucleic acids. Proceedings of the National Academy of
Sciences of the United States of America 2000;97(10): 5633-5638.

499. Mogilyansky E, Rigoutsos I. The miR-17/92 cluster: a comprehensive
update on its genomics, genetics, functions and increasingly important and
numerous roles in health and disease. Cell death and differentiation
2013;20(12): 1603-1614.

315



References

500. Leng R, Zha L, Tang L. MiR-718 represses VEGF and inhibits ovarian
cancer cell progression. FEBS letters 2014;588(12): 2078-2086.

501. Schrauder MG, Strick R, Schulz-Wendtland R, Strissel PL, Kahmann L,
Loehberg CR, Lux MP, Jud SM, Hartmann A, Hein A, Bayer CM, Bani MR, Richter
S, Adamietz BR, Wenkel E, Rauh C, Beckmann MW, Fasching PA. Circulating
micro-RNAs as potential blood-based markers for early stage breast cancer
detection. PloS one 2012;7(1): e29770.

502. Moutasim KA, Jenei V, Sapienza K, Marsh D, Weinreb PH, Violette SM,
Lewis MP, Marshall JF, Fortune F, Tilakaratne WM, Hart IR, Thomas GJ. Betel-
derived alkaloid up-regulates keratinocyte alphavbeta6 integrin expression and
promotes oral submucous fibrosis. The Journal of pathology 2011;223(3): 366-
377.

503. Schoof CR, Botelho EL, Izzotti A, Vasques Ldos R. MicroRNAs in cancer
treatment and prognosis. American journal of cancer research 2012;2(4): 414-
433.

504. Senanayake U, Das S, Vesely P, Alzoughbi W, Frohlich LF, Chowdhury P,
Leuschner |, Hoefler G, Guertl B. miR-192, miR-194, miR-215, miR-200c and
miR-141 are downregulated and their common target ACVR2B is strongly
expressed in renal childhood neoplasms. Carcinogenesis 2012;33(5): 1014-
1021.

505. Curran S, Dundas SR, Buxton J, Leeman MF, Ramsay R, Murray GIl. Matrix
metalloproteinase/tissue inhibitors of matrix metalloproteinase phenotype
identifies poor prognosis colorectal cancers. Clinical cancer research : an
official journal of the American Association for Cancer Research 2004;10(24):
8229-8234.

506. Qin S, Zhu Y, Ai F, Li Y, Bai B, Yao W, Dong L. MicroRNA-191 correlates
with poor prognosis of colorectal carcinoma and plays multiple roles by
targeting tissue inhibitor of metalloprotease 3. Neoplasma 2014;61(1): 27-34.
507. Haussecker D, Kay MA. miR-122 continues to blaze the trail for microRNA
therapeutics. Molecular therapy : the journal of the American Society of Gene
Therapy 2010;18(2): 240-242.

508. Ma L. Role of miR-10b in breast cancer metastasis. Breast cancer research
:BCR 2010;12(5): 210.

509. Primrose JN, Perera R, Gray A, Rose P, Fuller A, Corkhill A, George S, Mant
D. Effect of 3 to 5 years of scheduled CEA and CT follow-up to detect

316



References

recurrence of colorectal cancer: the FACS randomized clinical trial. JAMA : the
journal of the American Medical Association 2014;311(3): 263-270.

510. Primrose JN, Mant D. Surveillance for recurrence of colorectal cancer--
reply. JAMA : the journal of the American Medical Association 2014;311(20):
2128.

511. Wu W, Takanashi M, Borjigin N, Ohno SI, Fujita K, Hoshino S, Osaka Y,
Tsuchida A, Kuroda M. MicroRNA-18a modulates STAT3 activity through
negative regulation of PIAS3 during gastric adenocarcinogenesis. British
journal of cancer 2013;108(3): 653-661.

512. Dillhoff M, Liu J, Frankel W, Croce C, Bloomston M. MicroRNA-21 is
overexpressed in pancreatic cancer and a potential predictor of survival.
Journal of gastrointestinal surgery : official journal of the Society for Surgery
of the Alimentary Tract 2008;12(12): 2171-2176.

513.Yin Y, Li M, Li H, Jiang Y, Cao LY, Zhang HF, Xu XC. [Expressions of 6
microRNAs in prostate cancer]. Zhonghua nan ke xue = National journal of
andrology 2010;16(7): 599-605.

514. Verbeke H, Geboes K, Van Damme J, Struyf S. The role of CXC chemokines
in the transition of chronic inflammation to esophageal and gastric cancer.
Biochimica et biophysica acta 2012;1825(1): 117-129.

515. Okabe H, Beppu T, Ueda M, Hayashi H, Ishiko T, Masuda T, Otao R, Horlad
H, Mima K, Miyake K, Iwatsuki M, Baba Y, Takamori H, Jono H, Shinriki S, Ando
Y, Baba H. Identification of CXCL5/ENA-78 as a factor involved in the
interaction between cholangiocarcinoma cells and cancer-associated
fibroblasts. International journal of cancer Journal international du cancer
2012;131(10): 2234-2241.

516. Frick VO, Rubie C, Wagner M, Graeber S, Grimm H, Kopp B, Rau BM,
Schilling MK. Enhanced ENA-78 and IL-8 expression in patients with malignant
pancreatic diseases. Pancreatology 2008;8(4-5): 488-497.

517. Song J, Wu C, Zhang X, Sorokin LM. In vivo processing of CXCL5 (LIX) by
matrix metalloproteinase (MMP)-2 and MMP-9 promotes early neutrophil
recruitment in IL-1beta-induced peritonitis. J Immunol 2013;190(1): 401-410.
518. Ponting CP, Oliver PL, Reik W. Evolution and functions of long noncoding
RNAs. Cell 2009;136(4): 629-641.

519. Khalil AM, Guttman M, Huarte M, Garber M, Raj A, Rivea Morales D,

Thomas K, Presser A, Bernstein BE, van Oudenaarden A, Regev A, Lander ES,

317



References

Rinn JL. Many human large intergenic noncoding RNAs associate with
chromatin-modifying complexes and affect gene expression. Proceedings of
the National Academy of Sciences of the United States of America
2009;106(28): 11667-11672.

520. Mercer TR, Dinger ME, Mattick JS. Long non-coding RNAs: insights into
functions. Nature reviews Genetics 2009;10(3): 155-159.

521. Wojcik SE, Rossi S, Shimizu M, Nicoloso MS, Cimmino A, Alder H, Herlea
V, Rassenti LZ, Rai KR, Kipps TJ, Keating MJ, Croce CM, Calin GA. Non-
codingRNA sequence variations in human chronic lymphocytic leukemia and
colorectal cancer. Carcinogenesis 2010;31(2): 208-215.

522. Hindorff LA, Sethupathy P, Junkins HA, Ramos EM, Mehta JP, Collins FS,
Manolio TA. Potential etiologic and functional implications of genome-wide
association loci for human diseases and traits. Proceedings of the National
Academy of Sciences of the United States of America 2009;106(23): 9362-
9367.

523. Yang R, Frank B, Hemminki K, Bartram CR, Wappenschmidt B, Sutter C,
Kiechle M, Bugert P, Schmutzler RK, Arnold N, Weber BH, Niederacher D, Meind|
A, Burwinkel B. SNPs in ultraconserved elements and familial breast cancer risk.
Carcinogenesis 2008;29(2): 351-355.

524. Luo M, Li Z, Wang W, Zeng Y, Liu Z, Qiu J. Long non-coding RNA H19
increases bladder cancer metastasis by associating with EZH2 and inhibiting E-
cadherin expression. Cancer letters 2013;333(2): 213-221.

525. Liu XH, Liu ZL, Sun M, Liu J, Wang ZX, De W. The long non-coding RNA
HOTAIR indicates a poor prognosis and promotes metastasis in non-small cell
lung cancer. BMC cancer 2013;13(1): 464.

526. Nie Y, Liu X, Qu S, Song E, Zou H, Gong C. Long non-coding RNA HOTAIR
is an independent prognostic marker for nasopharyngeal carcinoma
progression and survival. Cancer science 2013;104(4): 458-464.

527. Kogo R, Shimamura T, Mimori K, Kawahara K, Imoto S, Sudo T, Tanaka F,
Shibata K, Suzuki A, Komune S, Miyano S, Mori M. Long noncoding RNA
HOTAIR regulates polycomb-dependent chromatin modification and is
associated with poor prognosis in colorectal cancers. Cancer research
2011;71(20): 6320-6326.

528. Ling H, Spizzo R, Atlasi Y, Nicoloso M, Shimizu M, Redis RS, Nishida N,
Gafa R, Song J, Guo Z, Ivan C, Barbarotto E, De Vries |, Zhang X, Ferracin M,

318



References

Churchman M, van Galen JF, Beverloo BH, Shariati M, Haderk F, Estecio MR,
Garcia-Manero G, Patijn GA, Gotley DC, Bhardwaj V, Shureiqi |, Sen S, Multani
AS, Welsh J, Yamamoto K, Taniguchi I, Song MA, Gallinger S, Casey G,
Thibodeau SN, Le Marchand L, Tiirikainen M, Mani SA, Zhang W, Davuluri RV,
Mimori K, Mori M, Sieuwerts AM, Martens JW, Tomlinson |, Negrini M, Berindan-
Neagoe |, Foekens JA, Hamilton SR, Lanza G, Kopetz S, Fodde R, Calin GA.
CCAT2, a novel noncoding RNA mapping to 8qg24, underlies metastatic
progression and chromosomal instability in colon cancer. Genome research
2013;23(9): 1446-1461.

319



