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Foreword

I am delighted to introduce the book microRNA Cancer: From Molecular Biology
to Clinical Practice, edited by Dr. Gaetano Santulli. This book makes an ideal
companion to microRNA: Basic Science and microRNA: Medical Evidence. In these
three volumes, Gaetano has been able to reunite several renowned experts in the
microRNA field in order to provide an up-to-date overview of the functional roles
of microRNAs in human pathophysiology.

microRNAs are small endogenous noncoding RNAs that regulate the gene
expression at the posttranscriptional level. These molecules are involved in a
plethora of cellular processes, both in physiology and disease. The present book
elegantly highlights the functional roles of microRNAs in human cancer discussed
in detail by prominent experts in the field, who present intricate and complicated
topics in a very clear and understandable way while also highlighting intriguing
questions and challenges.

A simple and innovative examination of the malignant transformation process,
which addresses the main pathway modulated by microRNAs, introduces the
book. The following chapters address established evidence and recent advances
concerning the role of microRNAs in specific forms of cancer, from lung cancer
to leukemia/lymphomas and prostate cancer. Of note, the book includes valuable
color pictures, tables, diagrams, and schemes that support the text and in my
opinion are very useful to the reader.

In summary, you will find in this book a well-organized and informative
assessment of the state-of-the-art of a rapidly growing field of investigation:
microRNAs and oncology. Every single chapter is a valuable tool for scholars and
will certainly bring anyone rapidly up to speed in current progress in this exciting
field.

Columbus, OH, USA Carlo M. Croce

The original version of the editor affiliation has been revised. An erratum can be found at
DOI 10.1007/978-3-319-23730-5_12
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Chapter 1
microRNAs in the Malignant Transformation
Process

Anne E. Sarver, Lihua Li, Reena V. Kartha, and Subbaya Subramanian

Abstract Many cancers originate as benign neoplasms that transform into malignant
cancerous tumors in a multistep progression that is regulated, in part, by microR-
NAs. Benign neoplasms, by definition, lack the ability to invade adjacent tissues or
spread to distant sites through metastasis. The benign to malignant transition is a
critical intervention stage as tumors diagnosed in subsequent nonlocalized and
malignant stages are exponentially more difficult to treat successfully. This chapter
explores the critical roles that microRNAs play in the transformation from benign to
malignant in four representative cancers: colorectal cancer, pancreatic cancer,
malignant peripheral nerve sheath tumor, and prostate cancer. Understanding how
these microRNAs control this progression and transformation will lead to new ther-
apeutic targets and diagnostic biomarkers, resulting in improved treatments and
patient outcomes.

Keywords microRNA ¢ Benign to malignant transformation ¢ Biomarkers e
Colorectal cancer * Pancreatic cancer * Malignant peripheral nerve sheath tumor
Prostate cancer

Introduction

Benign neoplasms, by definition, lack the ability to invade adjacent tissues or spread
to distant sites through metastasis. Many cancers originate as benign neoplasms
(sometimes referred to as a benign tumor, polyp, or cyst) that transform into malig-
nant cancerous tumors in a multistep progression [1-4]. A cancer patient’s prognosis
is highly dependent on whether their cancer was detected at an early (more benign/
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localized) or late (more aggressive/metastatic) stage. More intensive early screening
efforts have significantly decreased cancer mortality because cancers in early, local-
ized stages are more successfully treated, through surgical resection, chemotherapy,
and/or radiation treatment. Once a cancer progresses to a metastatic stage there is the
possibility of cancer cells escaping treatment and remaining dormant in the body,
only to reawaken months or years later resulting in new malignancies and a poorer
prognosis (Surveillance, Epidemiology, and End Results (SEER) Program and the
National Center for Health Statistics) [5]. The benign to malignant transition is a
critical intervention stage as there are fewer dysregulated signaling pathways,
making it significantly more likely that therapeutic intervention will be successful in
either eliminating the cancer from the patient or turning it into more of a benign,
chronic disease that can be successfully managed over time.

microRNAs (miRNAs) play critical roles in the majority of canonical cellular
signaling networks and their dysregulation is implicated in many cancers including
breast cancer, colon cancer, gastric cancer, lung cancer, and sarcomas [6, 7]. As elu-
cidated in the other two volumes of the present trilogy (“microRNA: Basic Science”
and “MicroRNA: Medical Evidence”), a single miRNA has the potential to regulate
hundreds of target genes, and their associated functional pathways. Small changes in
the expression level of a few miRNAs can therefore have a dramatic biological
impact, particularly when dysregulated. They are also, therefore, attractive therapeu-
tic targets (see Chap. 1 of the volume “microRNA: Medical Evidence”). If we can
identify and understand the master regulatory roles miRNAs play in cancer processes
then we can devise therapeutic interventions that target these miRNAs, stopping the
cascade of events that results in a malignant cancer (see Chap. 2 of the volume
“microRNA: Basic Science” for an introduction to miRNA biological machinery).

This chapter focuses on the critical roles these miRNAs play in the transforma-
tion from a benign neoplasm to a malignant cancer in four representative cancer
types that include some of the most common and some of the most deadly malig-
nancies: colorectal cancer, pancreatic cancer, malignant peripheral nerve sheath
tumor, and prostate cancer. miRNAs function as both tumor suppressors and tumor
promoters (oncomirs) and their function may be tissue-specific. Recent studies,
such as those summarized in this chapter, have established that there are many com-
mon miRNAs that appear to play consistent roles across many different types of
cancer. Understanding how these miRNAs control this progression and transforma-
tion will lead to new therapeutic targets and diagnostic biomarkers, resulting in
improved treatments and patient outcomes.

Colorectal Cancer

Colorectal cancer is the third most common cancer in both men and women, and the
second leading cause of cancer death in the United States (Cancer Facts &
Figures 2015. Atlanta: American Cancer Society) [8]. Increased screening with sig-
moidoscopy, colonoscopy, and fecal occult blood tests, is credited with significantly
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decreasing the mortality rate, primarily through early detection of precancerous
polyps or early-stage colon cancer. The 5-year survival rate for early-stage detec-
tion (90 %) is about seven times that of late stage colon cancer (13 %). Despite the
increased preventive screening, colorectal cancer remains a deadly disease, with an
estimated 136,830 new cases and 50,310 deaths in the United States in 2014
(American Cancer Society. Colorectal Cancer Facts & Figures) [8].

Colorectal cancer arises typically from a benign polyp, also termed a colon ade-
noma, and proceeds through several well-defined clinical stages that are associated
with characteristic genomic and molecular events [9, 10]. The transition of a colon
adenoma to a cancerous adenocarcinoma (i.e., colon cancer) has been actively
investigated by many researchers and key-conserved driver mutations have been
identified [11, 12]. The key initiating step in the transformation from adenoma to
adenocarcinoma is the dysregulation of the Wnt/B-catenin signaling pathway (found
in ~93-97 % of genetically characterized tumors), specifically mutations that result
in the inactivation of the adenomatous polyposis coli (APC) protein or the activation
of p-catenin (CTNNB1), both resulting in the accumulation and increased translo-
cation to the nucleus of pB-catenin [13]. Additional mutations in genes such as KRAS,
TP53, and SMAD4 may result in the progression from benign polyp to colorectal
cancer [14]. Mutations in RAS drive the progression from adenoma to adenocarci-
noma in part by stimulating an increase in polyp size. Adenomas lacking a RAS
mutation are typically small (<1 cm) in size. Over half of adenomas >1 cm in size
(the size at which malignant potential dramatically increases [15]) carry a RAS
mutation, a frequency similar to adenocarcinomas [16]. The TGF-f/Smad signaling
pathway is also dysregulated in a majority of colorectal cancers, mutations may be
present in TGF-p itself, one or more SMAD proteins, or in regulators of the path-
way, such as miRNAs [17, 18]. Dysregulation of either the Wnt/p-catenin or TGF-f/
Smad signaling pathways can result in activation of the MYC oncogene, a central
player in many cancers, including colorectal cancer [11]. Interestingly, mutations in
TP53 tend to occur relatively late in the progression from adenoma to adenocarci-
noma and may play a critical transformative role [19].

Dysregulation of microRNAs is an established feature of colon cancer pathogen-
esis and progression [20-22]. Our work has highlighted several critical pathways
mediated by miRNAs with powerful implications in cellular adaptations for tumori-
genesis, survival, and growth [23-25]. Just as there is an established progression of
protein-coding gene mutations in the transformation from benign polyp to colon
cancer, there is also a stepwise progression of dysregulated miRNAs. Aberrant
expression of the majority of these differentially regulated miRNAs is detectable
prior to histopathological changes, indicating that they may be helping to drive the
progression [25].

Perhaps the most consistently upregulated miRNA across all tumor types is the
antiapoptotic miR-21 [26-29]. In many cancers, including colorectal cancer, expres-
sion levels of miR-21 are correlated with the progression from benign neoplasm to
malignant cancer [29, 30]. Protein levels of PDCD4, a tumor suppressor gene tar-
geted by miR-21, are inversely correlated with miR-21 expression during colorectal
cancer development [31].
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Our analysis of miRNA expression data from 225 colon cancer patient samples
revealed that a key feature of colon cancer is the overexpression of miR-182 and
miR-503. Twelve-year survival data from these patients found a strong correlation
between poor overall survival and a high combined level of these miRNAs. We
found that miR-182 and miR-503 act cooperatively to downregulate FBXW7, a
tumor suppressor driver gene in colon cancer, and are critical to the malignant trans-
formation from adenoma to adenocarcinoma [32]. These oncomirs are sequentially
upregulated, first miR-182 is upregulated in the benign polyp compared with nor-
mal colon tissue, and subsequently miR-503 is upregulated, potentially triggering
the transformation of benign polyp to colon cancer (Fig. 1.1) [32].

miR-182’s cluster members, miR-183 and miR-96, are also highly expressed in
benign colon polyps compared to normal colon tissue, and likely contribute to initial
transformation and progression from dysplasia towards colon cancer [20, 21]. This
cluster is highly expressed and has been studied in a variety of cancer types includ-
ing colon cancer, breast cancer, ovarian cancer, bladder cancer, lung cancer, and
hepatocellular carcinoma [20, 33-36]. Identified and validated targets of miR-183
in these different cancers include EGR1 [25, 37], PDCD4 [38-40], RAB21 [33],
and SMAD4 [41]. Identified and validated targets of miR-182 include BRCA1 [42],
CADMI1 [43], FOXF2, and MTSS1 [44]. miR-182 and miR-96 and numerous

Normal colon
mucosa

- - - -
miR-182 levels

miR-503 levels GG ——-—-

Adenoma Adenocarcinoma

FBXW7

FBXW7
—| ‘LFBXW7 —I T oncogenic

targets

Fig. 1.1 Schematic representation of the stepwise expression of miR-182 and miR-503 levels dur-
ing colon adenoma-to-adenocarcinoma progression and corresponding levels of FBWX7.
Reprinted with permission from Li et al. [32]
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common targets including FOXO1 [45-47], FOXO3 [48-50], and RECK [44, 51].
These three cluster members appear to cooperatively and complementarily target
multiple critical oncogenic and tumor suppressor pathways whose dysregulation is
known to contribute to tumor formation and progression.

Colorectal cancer could be classified into two major biological categories based
on the type of genetic aberration underlying the disease: chromosomal instability
and microsatellite instability [11, 52, 53]. Chromosomal instability is responsible
for the majority (~75-85 %) of colorectal cancers and is characterized by chromo-
somal aberrations [52, 54]. Microsatellite instability is due to failure of the DNA
mismatch repair (MMR) system and these tumors are highly associated with inacti-
vation or loss of the MMR gene products (MLH1, MSH2, MSH3, MSH6, and
PMS?2) [55-57]. In an analysis of 80 colon tumors compared with 28 normal colon
tissue samples, significant expression differences were seen in six miRNAs (miR-
31, miR-181c, miR-196b, miR-552, miR-592, and miR-625) in MLHI1-deficient
tumors [20]. In contrast, one of the hallmarks of chromosomal instability tumors is
the overexpression of the miR-17-92 cluster, located on chromosome 13q31.3 and
comprising six miRNAs (miR-17, miR-18a, miR-19a, miR-20a, miR-19b-1 and
miR-92a-1) over an 800-nucleotide genomic region [22]. The miR-17-92 cluster is
frequently upregulated in many different cancers including lung cancer, lymphoma,
osteosarcoma, and colorectal cancer [22, 58—60]. Not all of these cancers overex-
press the miR-17-92 cluster due to chromosomal instability. The oncogenic tran-
scription factor cMYC (frequently upregulated in colon cancer due to instability at
chromosomal location 8q34) induces miR-17-92 expression [61]. Whether due to
chromosomal instability or upregulation by another oncogene/oncomir, cMYC and
miR-17-92 overexpression is a significant step in the progression of colorectal ade-
noma to adenocarcinoma [22].

Many miRNAs serve as tumor suppressors, providing critical regulators of cell
growth. Early in the development of most adenomas, miR-137 is downregulated via
epigenetic silencing [62]. This silencing persists throughout the progression to ade-
nocarcinoma and has not been observed in healthy individuals nor in the normal
mucosa from colorectal cancer patients [63, 64]. miR-137 targets CDC42 and acts
as an inhibitor of cell cycle G1 arrest and ectopic expression of miR-137 inhibited
invasion of colorectal cancer cells [65]. Other miRNAs involved in regulation of
cell growth that are also downregulated in the early phase of adenoma formation
include miR-143 and miR-145. Downregulation of these two tumor suppressor
miRNAs is likely a critical step in the initial formation of an adenoma [66].

The mechanism by which many of these miRNAs become dysregulated is
unclear. It is highly likely that expression of these miRNAs is being regulated, at
least in part, by other miRNAs and by well-known tumor suppressor and oncogenic
signaling pathways. Inactivation of TP53 typically occurs late in adenoma develop-
ment [19]. TP53 not only functions as a tumor suppressor by regulating expression
of numerous proteins and miRNAs through regulatory sites in their promoter regions
[67] but also regulates the posttranscriptional maturation of miRNAs by interacting
with the Drosha processing complex, promoting the processing of primary miRNAs
to precursor miRNAs [68]. Loss of TP53 activity therefore represents a major dis-
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ruptive event that, coupled with the other genetic changes, may solidly commit the
adenoma cells progression to malignant adenocarcinoma.

The signals that promote progression from a benign polyp to malignant cancer
do not necessarily follow a single path or stepwise progression. Disruptions at any
one of multiple points along the major tumor suppressor and/or oncogenic pathways
can result in the formation of an adenoma (or other benign neoplasm) and subse-
quent progression to cancer. For example, miR-34a and miR-34b/c are tumor sup-
pressors that help regulate apoptosis, cell cycle arrest, and senescence. They can be
inactivated either through a loss in TP53 activity or by epigenetic silencing. In sam-
ples from 114 colorectal cancer patients, there was a significant correlation of miR-
34a methylation (i.e. epigenetic silencing) and the absence of TP53 mutation,
indicating that either path could be sufficient to drive cancer progression [69, 70].

While dysregulation of miRNAs such as miR-182 and miR-137 appear critical to
formation of adenomas, dysregulation of additional miRNAs such as miR-503 and
the miR-34 family appear necessary to continue the progression to adenocarcinoma.
Further elucidation of the miRNAs involved both in adenoma formation and in pro-
gression to adenocarcinoma may result in both better diagnostics and in improved
therapeutics for colorectal cancer (see Chap. 6 for a detailed discussion on miRNAs
and colorectal cancer).

Pancreatic Cancer

Pancreatic cancer is the fourth leading cause of cancer-related death in the United
States despite being only the twelfth most common cancer. In 2014, it is estimated that
out of 46,000 patients diagnosed with pancreatic cancer in the United States, 40,000
will die from the disease (Surveillance, Epidemiology, and End Results (SEER)
Program and the National Center for Health Statistics) [5]. Pancreatic cancer’s
extremely high mortality rate (less than 7 % survival at 5 years) is due to its early
metastatic nature, lack of routine screening, and the fact that early-stage pancreatic
cancer is usually asymptomatic. At diagnosis, more than 80 % of pancreatic cancer
patients already have an invasive form of the disease that is largely unresponsive to
surgical and chemotherapeutic interventions, resulting in a very poor prognosis [71].

Pancreatic cancer is comprised of four distinct tumor subtypes, defined by their
histological features, which have distinct clinical behaviors and genetic mutation
profiles: adenocarcinoma, acinar-cell carcinoma, pancreatic endocrine tumors, and
serous cystadenoma. The most common subtype is pancreatic adenocarcinoma
(ductal-cell histology), accounting for more than 85 % of pancreatic neoplasms [72].
Pancreatic intraepithelial neoplasias (PanINs) are precursors to pancreatic adenocar-
cinomas that represent progressive stages of neoplastic growth with accompanying
genetic alterations [73]. Early mutations typically appearing in the PanIN-1A/B
stages include activating KRAS, ERBB2, and EGFR mutations, followed by loss of
function mutations in INK4A and TP53 as the lesion progresses to PanIN-2. In the
PanIN-3 stage, which is marked by budding into the lumen and severe nuclear
atypia, loss of function mutations arise in SMAD4/DPC4 and BRCA2, and mutations
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in all are typically present in the invasive adenocarcinoma [72]. In addition to
mutations in these key tumor suppressor genes, the dysregulation of miRNAs is an
established feature of pancreatic cancer progression and pathogenesis [74].

Many studies have compared the global miRNA expression profiles in pancreatic
cancer to normal or benign pancreatic tissue and/or chronic pancreatitis [75, 76].
Kent et al. [77] profiled global miRNA expression in 21 human pancreatic ductal
adenocarcinoma cell lines and compared expression levels to control nontransformed
pancreatic ductal-cell lines. To better understand the transformation from benign to
malignant it is necessary to compare miRNA profiles across multiple PanIN stages.

Many miRNAs are dysregulated in PanIN lesions and likely play critical roles in
the progression to pancreatic cancer (see Chap. 5 for a detailed discussion on miR-
NAs and pancreatic cancer). Yu et al. [78] performed one of the most extensive
studies of miRNA expression in PanINs, screening 735 miRNAs for aberrant
expression in laser capture-microdissected tissue samples taken from different stage
PanINs. They identified 107 dysregulated miRNAs, only some of which had previ-
ously been reported to be dysregulated in pancreatic ductal adenocarcinoma [78].
Other studies have focused on miRNAs previously identified as significantly dys-
regulated in pancreatic cancer such as miR-21, miR-145, miR-155, miR-200a/b/c,
miR-205, miR-221, miR-375, and let-7a [79-81]. Interestingly, the progression of
miRNA upregulation parallels the changes seen in protein levels as the neoplasm
progresses through the PanIN stages into adenocarcinoma and metastasis. Some
miRNAs, such as miR-21, begin to be upregulated early in PanIN development
while others, such as miR-196b are not upregulated until the PanIN-3 lesion stage
[78]. The majority of these miRNAs are also overexpressed in a wide range of can-
cers including colon, lung, and breast, indicating they may play common critical
roles in cancer development and progression [75]. Figure 1.2 illustrates some of the
key dysregulated miRNA regulators of signaling pathways involved in the molecu-
lar pathogenesis of pancreatic ductal adenocarcinoma [82].

One example of a well-characterized oncomir is miR-21, which is responsible
for increased cell proliferation and decreased apoptosis [83]. miR-21 regulates key
signaling molecules including BCL-2 [83], FASL [84], PDCD4 [85], and the PTEN/
AKT pathway [86]. In pancreatic cancer patients, miR-21 overexpression is corre-
lated with chemoresistance and poor prognosis [84, 87]. In a mouse model of pan-
creatic cancer (the KRAS(G12D) model) miR-21 expression not only paralleled
PanIN progression but its overexpression preceded phenotypic changes [79],
suggesting that an increase in miR-21 is not only correlated but also causative in
pancreatic, and other, cancers.

Another common oncomir, miR-221, is one of the most consistently overex-
pressed miRNAs in pancreatic cancer tissues. miR-221 and its cluster member miR-
222 promote cell proliferation in numerous tumor types via their targeting of
CDKNIB/p27 and the cyclin-dependent kinase inhibitor CDKN1C/p27 [75, 88-90].
Circulating levels of miR-221 was a significant prognostic factor for overall survival
in colorectal cancer patients [91]. Circulating levels of miR-221 were significantly
higher in pancreatic cancer patients versus those with a benign tumor, suggesting
that miR-221 could be a useful noninvasive marker for monitoring transformation
and progression along the PanIN stages to adenocarcinoma and metastasis [92].
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Fig. 1.2 Key dysregulated miRNA regulators of signaling pathways involved in the molecular
pathogenesis of pancreatic ductal adenocarcinoma. Adapted from Chitkara et al. [82]

miR-155 is highly overexpressed in pancreatic cancer compared to normal
pancreas and chronic pancreatitis tissues [75]. miR-155 is expressed as part of
BIC, a noncoding transcript also highly upregulated in activated lymphocytes, and
upregulation of miR-155 in mice results in cancer [93]. miR-155 targets key genes
in the inactivation of mismatch repair pathway, a pathway whose dysregulation
has been identified as a significant contributing factor to development of colorec-
tal, endometrial, ovarian, gastric, and urothelial cancer [94]. In pancreatic cancer,
miR-155 downregulates TPS3INP1, a proapoptotic stress-induced p53 target gene
whose expression is significantly decreased early in pancreatic cancer develop-
ment, correlating with the induction of miR-155 in PanINs [95].

Early diagnosis of pancreatic cancer is difficult, with no approved blood bio-
markers to identify patients with early-stage pancreatic cancer [96]. Research
efforts are underway to discover specific biomolecules that can be used for early
diagnosis, prognosis, and therapy of pancreatic cancer, as the currently used ones
lack adequate sensitivity and specificity to detect early-stage pancreatic cancer or
to therapeutically target cancer cells [97]. Serum cancer antigen 19-9 (CA19-9) is
elevated in approximately 80 % of patients with pancreatic cancer and is approved
for use as a treatment guide and prognosis indicator, it may prove to also have use-
ful diagnostic attributes [98, 99]. Whole blood-derived miRNA profiles may be
developed into a new tool for early detection of pancreatic cancer and other adeno-
carcinomas [100-102]. Advantages of whole blood versus serum or plasma
include: higher miRNA content, elimination of many technical handling problems,
the possibility of measuring both tumor- and host-secreted miRNAs, and following
changes over time, especially during and after treatment [102, 103]. Cho [104]
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reviewed the most common potential miRNA biomarkers and their key known
targets in specific cancer tissues, in subsequent years these same miRNAs (miR-21,
miR-155, miR-196a/b, etc.) have been found to be significantly dysregulated in
many other cancer types, including pancreatic cancer.

Malignant Peripheral Nerve Sheath Tumor

Malignant peripheral nerve sheath tumors (MPNSTs) are aggressive soft tissue
tumors that occur either sporadically or in patients with Neurofibromatosis Type 1
(NF1). Approximately half of MPNSTs occur as sporadic cases; the remainder
arises in patients with the autosomal dominant genetic disorder NF1. NF1 is caused
by inactivating mutations in the NF gene and affects 1:3000 live births. It is asso-
ciated with a significant risk of developing malignancies, especially MPNSTs that
occur in NF1 patients with an incidence of ~10 % [105-107]. MPNSTs, particu-
larly in NF1, are highly aggressive tumors that appear largely unresponsive to
conventional chemotherapy [108]. Overall, these tumors have a 5-year survival
rate of about 40 % [109]. In NF1 patients, MPNSTs most often develop from pre-
existing neurofibromas. Screening for malignant transformation in NF1 patients is
difficult due to the large number and diverse anatomical sites of neurofibromas that
occur in these patients. As a result, most MPNSTs are identified at a late clinical
stage [105, 110].

The development of MPNSTSs from neurofibromas is a complex process and
a number of studies have described different molecular findings in these lesions.
Both NF1-associated and sporadic MPNSTs are characterized by loss of NFI
expression [111] that leads to increased RAS signaling and increased cell pro-
liferation [112]. Molecular events such as DNA amplification with gain of
expression of TOP2A and EGFR [113, 114], and inactivation of CDKN2A and
p53 [115-117] have been implicated in malignant transformation towards
MPNSTs. Yang et al. [118] using a mouse model of NF1, demonstrated that for
neurofibroma formation, NfI haploinsufficiency is required in the nonneoplastic
cells of the tumor microenvironment and also implicated mast cells as critical
mediators of neurofibroma initiation. Earlier studies have shown differences in
gene expression patterns between neurofibromas and MPNSTs and between
dermal and plexiform neurofibromas [119, 120]. However, NF1-associated and
sporadic MPNSTs could not be distinguished by gene expression profiling
[121]. Miller et al. [122] demonstrated downregulation of Schwann cell differ-
entiation markers in MPNST and showed that reduction of TWIST1 expression
inhibited chemotaxis.

Subsets of MPNSTs are characterized by the presence of a 1.4-Mb microdele-
tion. Pasmant et al. identified the presence of 2 miRNAs, miR-193a, and miR-
365-2 in this microdeletion [123]. However, expression analysis of these miRNAs
did not show any significant difference between human dermal and plexiform neu-
rofibromas and MPNSTs.
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Gene expression analysis performed by our group has identified an expression
signature indicating p53 inactivation in the majority of MPNSTSs [ 124]. Subsequently,
we performed miRNA profiling in benign and malignant PNSTs. This analysis indi-
cated a relative downregulation of miR-34a in most MPNSTs compared to neurofi-
bromas. Using functional studies we demonstrated that exogenous expression of
TP53 or miR-34a promotes apoptotic cell death in MPNSTSs. In addition, miR-214
was highly upregulated in MPNSTs compared to neurofibromas. miR-214 is a direct
transcriptional target of TWIST1 [125], a regulator of metastasis [126]. It is to be
noted that TWIST]1 is highly expressed in MPNSTs. miR-214 targets PTEN, hence
the TWISTI-miR-214-PTEN pathway could be further explored to potentially deci-
pher MPNST pathogenesis. Collectively, our findings suggest that deregulation of
miRNAs has a potential role in the malignant transformation process in PNSTs
[124]. This was further confirmed by a series of studies examining the role of sev-
eral candidate miRNAs by other groups. Figure 1.3 shows the miRNAs dysregu-
lated in the malignant transformation of neurofibroma.

Chai et al. reported upregulation of miR-10b in primary Schwann cells isolated
from neurofibromas and in MPNST tumors and cell lines [127]. Using functional
studies in multiple cell lines, the authors demonstrated that the inhibition of miR-
10b reduced cell proliferation, migration, and invasion by affecting NF1 expression
and RAS signaling. miR-21 also appears to play an important role in MPNST
tumorigenesis and progression through its target, PDCD4, similar to other cancers
being studied [128]. Masliah-Planchon et al. analyzed the expression of 377
miRNAs in NF1 benign neurofibromas and MPNSTs. They found aberrant expres-
sion in the neurofibromas of additional four miRNAs involved in the RAS-MAPK
pathway (miR-370, miR-143, miR-181a, and miR-145). The most significantly
upregulated miRNA in the neurofibroma samples was miR-486-3p, which targets
the major tumor suppressor gene PTEN, and they confirmed downregulation of
PTEN in these samples [129]. The downregulation of miR-210 has been observed
in many types of cancer and is also downregulated in MPNST cells compared to
their benign neurofibroma precursors, indicating that dysregulation of this miRNA
may be a common key step in the progression from benign to cancer [130].

miR-29a/b &
NF1 mutation — 4 - Rsn v !
inactivation — oTENand \ v =
other targets? \ MPNST ~~
miR-10b 4
miR-21 ¢ Additional miRNA networks?

Fig. 1.3 miRNA gene networks dysregulated in the malignant transformation of neurofibroma to
MPNSTs. Adapted from Subramanian and Kartha [23]
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Prostate Cancer

Prostate cancer is the most common nonskin cancer, with approximately one in
seven men being diagnosed with this malignancy during their lifetime, and the sec-
ond leading cause of death among men in the United States. The American Cancer
Society estimates that in 2015 there will be approximately 220,800 new cases and
27,540 deaths from prostate cancer in the United States [8]. With advances in diag-
nosis and treatment techniques, the relative 5-year survival rate when including all
stages of prostate cancer is almost 100 %. However, the relative 5-year survival for
late stage cancers (that have spread to distant lymph nodes, bones, and other organs)
is only 28 %.

Only a few studies that have addressed the role of miRNAs in the progression of
a benign prostate tumor to malignant prostate cancer (see Chap. 7 for a detailed
discussion on miRNAs and prostate cancer). Initiation and progression of prostate
cancer depends on androgen-receptor signaling and this pathway regulates many
miRNAs that have been demonstrated to be dysregulated in malignant prostate can-
cer [131, 132].

In the prostate, neoplastic transformation is first recognized as a noninvasive
lesion that precedes invasive cancer and is called a high-grade prostatic intraepithe-
lial neoplasia (PIN) [133]. A PIN lesion then progresses to prostate cancer. Prostate
cancer tissue is graded using a Gleason score that ranges from 2 to 10 and is based
on the histology and morphology of the tissue. Prostate cancers with a Gleason
score in the 2—4 range are small benign tissues that are usually found incidentally.
Most treatable tumors that are found in response to an abnormal screening result are
in the 5-7 Gleason score range. Prostate tumors that have advanced and may be
aggressively malignant (Gleason score 8—10) have a very poor prognosis [134].

Comparison of large gene expression data sets generated from normal tissues
with those from more invasive lesions demonstrated enrichment of developmental
genes in invasive transitions. The enrichment was particularly significant for catego-
ries indicating malignant transformation (normal vs. PIN), invasion (PIN vs. cancer),
and aggressiveness [135]. Interestingly the authors observed that more than 50 % of
the suppressed genes contained one or more predicted binding sites for miRNAs,
thus providing a mechanism for rapid suppression of gene expression in response
to androgen. Specifically there was activation of predicted targets of miR-21 and
miR-17-5p in PIN samples compared to prostate cancer tissues [135].

Chronic inorganic arsenic exposure in vitro of human prostate cancer stem cells
can induce their malignant transformation [136]. Investigation aimed at under-
standing the molecular mechanisms underlying this transformation ruled out DNA
damage during this process [137]. However, aberrant miRNA expression was
observed to have a significant role in the transformation of prostate epithelium by
arsenic, impacting activation of RAS oncogenes [138]. Several miRNAs that target
KRAS or other RAS superfamily members, including miR-134, miR-373, miR-
34c¢c-5p, miR-155, miR-138, miR-181d, miR-96, miR-181c, miR-143, miR-148a,
and let-7 were observed to be dysregulated with corresponding activation of KRAS
in the prostate epithelium and stem cells malignantly transformed by arsenic [138].
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For instance, miR-143 is a well-known tumor suppressor targeting KRAS and the
RAS/MAPK signaling pathway and is downregulated in prostate cancer [139, 140].
However, KRAS activation is not mandatory for malignant transformation of
prostate epithelial cells since treatment of these cells with N-methyl-N-nitrosourea,
a genotoxin, does not cause KRAS activation [138].

A number of miRNAs also interact with apoptotic pathway genes such as p53
and E2F1-3 transcription factors and dysregulation of their expression in prostate
cancer may promote apoptosis avoidance and thus contribute to malignant transfor-
mation [141]. For instance, miR-125b modulates p53-dependent and p53-
independent apoptosis in prostate cancer cells by modulating pl4 (ARF) levels
[142]. Likewise, miR-17-92 cluster expression is upregulated in prostate cancer
cells resulting in suppression of E2F1-3 expression and thus apoptosis avoidance
[143]. miR-20a expression levels have been shown to increase with prostate cancer
progression, with more dedifferentiated cells (Gleason score 7—10) having higher
miR-20a levels suggesting a possible role of miR-20a in prostate cancer progression
[144]. Further study is needed to understand the roles that miRNAs play in transfor-
mation of normal tissue to PIN lesions and from PIN lesions to early, relatively
benign, prostate cancer.

Conclusion

Progressive dysregulation of miRNAs is a hallmark of cancer’s benign to malig-
nant transformation. Just as many oncogenic proteins are dysregulated across
many different tumor types, so too are there commonly dysregulated oncomirs
such as miR-21. Tissue- and tumor-specific proteins and miRNAs further contrib-
ute to cancer formation and progression. Once any cancer has progressed to a
nonlocalized and/or metastatic stage, the disease becomes exponentially more dif-
ficult to treat and the patient’s prognosis becomes increasingly poor. The key stage
for both detection and intervention is thus at the benign stage or in an early, local-
ized stage. Therefore, development of reliable benign/early-stage biomarkers is
critical, and circulating miRNAs provide attractive potential biomarkers. Recent
studies have shown miRNAs are very stable in blood serum and plasma, and exten-
sive efforts are underway to develop circulating miRNA-based diagnostic and
prognostic markers [145]. Major technical challenges in developing circulating
miRNA-based markers still need to be addressed, including standardization of pre-
analytical, analytical, and post-analytical methods for effective reproducibility.
Wang et al. recently completed a meta-analysis of 107 studies from 42 articles and
concluded that diagnostic panels consisting of multiple miRNAs were highly accu-
rate in diagnosis of gastric cancer and colorectal cancer from plasma and serum
samples, respectively [146]. As we have shown in this chapter, dysregulation of
miRNAs occurs early in the transformation from benign to malignant, highlighting
their potential importance as biomarkers for the noninvasive detection of early-
stage cancers.
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Therapeutics targeting miRNAs represent a largely untapped pool of potential
therapies for many different diseases, including cancer. The first miRNA targeted
drug, miravirsen, to show efficacy in human clinical trials is an inhibitor of miR-122,
a liver-specific miRNA required by the Hepatitis C virus (HCV) for replication.
Initial Phase 2a results demonstrated that miravirsen, being developed by Santaris
Pharma A/S, was associated with dose-dependent reductions in HCV RNA and that
4 out of 9 patients treated with the highest dose no longer had detectable HCV RNA
after 5 weekly doses [147]. Additional Phase 2 trials of miravirsen were still ongoing
in early 2015 (NCT01872936, NCT01727934, and NCT02031133).

In addition to numerous completed and ongoing miRNA-based biomarker
clinical trials, the first miRNA-mimic based drug targeting cancer entered Phase 1
clinical trials in April 2013. MRX34, a liposome-formulated double-stranded mimic
of tumor suppressor miR-34 being developed by Mirna Therapeutics Inc., is ini-
tially being tested as a therapeutic in patients with unresectable primary liver cancer
or those with liver metastasis from other cancers (NCT01829971). Another miRNA
tumor suppressor, miR-16, is the basis of a second Phase 1 clinical trial in patients
with malignant pleural mesothelioma or nonsmall cell lung cancer. Double-stranded
mimics of miR-16 are being formulated in targeted nonliving bacterial minicell
delivery vehicles that are targeted to EGFR-expressing cancer cells via an
anti-EGFR-bispecific antibody (NCT02369198). Results from both of these studies
are anticipated to be reported in 2016.

It is critical that we continue to increase our understanding of how the benign to
cancer transformation is regulated and controlled in order to develop more effective
early-stage treatments and/or preventive drugs. If well-tolerated treatments could
halt progression of benign polyps/neoplasms or return early-stage cancers to a more
quiescent, benign stage, then patient survival and quality of life outcomes could be
significantly increased, perhaps even turning cancer into a chronic, benign disease
under tight control. miRNAs are critical regulators of the benign to malignant
transition and should continue to be the target of active research.
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Chapter 2
microRNA and Chronic Lymphocytic
Leukemia

Dana Elena Giza and George A. Calin

Abstract Expression profiling of microRNAs identified important differences in
microRNA expression between CLL samples and normal CD5* B-cells. Researchers
have first discussed the dual role of miRNAs working as tumor suppressors (inhibit-
ing malignant potential) or as oncogenes (activating malignant potential) in CLL
pathogenesis. Understanding the roles of miRNAs in leukemic cells brings informa-
tion on a new layer of gene regulation and also provides new markers for improved
diagnosis and prognosis, as well as novel therapeutic options for CLL patients.
Herein we will focus on the roles of miRNAs in CLL, highlighting what is already
known about their function, proposing a novel model of CLL predisposition and
progression, and describing the challenges for the near future.

Keywords CLL * miRNAs ¢ ZAP-70 « IGHV ¢ ATM mutation

Chronic Lymphocytic Leukemia Before miRNAs Revolution

Chronic lymphocytic leukemia (CLL) is a disease of mature B-cells and represents
the most common leukemia in Western countries, with an age-adjusted incidence of
4.3/100,000 inhabitants in United States [1]. More than 15,000 newly diagnosed
cases and almost 4,500 deaths occur every year worldwide [2]. The median age at
diagnostic ranges from 67 to 72 years, with a predominant number of men being
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affected. Some of the patients progress very slowly towards more aggressive forms
of the disease, while others require early therapeutic intervention. The pathological
pattern of CLL is characterized by the clonal proliferation and accumulation of
mature, CD5+ B-cells within blood, bone marrow, lymph nodes, and spleen [3].

Historically, it has been generally accepted that CLL results from the continuous
accumulation in lymphatic tissues of mature lymphocytes that never undergo apop-
tosis [4]. Recently published studies have shown that although the majority of cir-
culating lymphocytes in peripheral blood in CLL are resting, there are several
proliferation centers in lymph nodes and in blood marrow that continuously replen-
ish the clonal cell population [5]. It has been supposed that the CLL cells enter the
proliferation centers and proliferate due to the stimulation of unknown antigen and
microenvironment stimuli, thus nourishing the peripheral compartment and before
becoming quiescent [6].

The survival of the CLL cells is attributed to genomic abnormalities that
lead to deregulation of the cell cycle and on a permissive microenvironment
composed of macrophages, T-cells or stromal follicular cells using chemo-
kines, angiogenic factors and cytokines to promote activation of proliferative
signaling pathways of transformed cells [7]. The 90 % of the leukemic cells
are not dividing and are at the GO/G1 phase of the cell cycle [8]. Dysregulation
of several signaling pathways, such as B-cell receptor, toll-like receptor,
PI3K, nuclear factor kB, notch signaling pathway, Wnt/Fzd signaling path-
way, and Hedgehog and Janus kinases/signal transducers and activators of
transcription signaling pathway, were found to be responsible for the aberrant
gene expression and the pro-survival effects of microenvironment. Therefore,
CLL is the result of a combination of genetic (chromosomal abnormalities,
gene mutations) as well as epigenetic (altered microRNA expression, DNA
methylation) modifications.

CLL shows significant clinical heterogeneity among the incidence of individuals
related to the time of progression, treatment response, time to next treatment, and
overall survival. Several prognostic markers have been identified so far to facilitate
the clinical management of CLL patients, such as the mutational status of the immu-
noglobulin heavy-chain variable-region gene (IGHV), the expression levels of the
70 kDa zeta-associated protein (ZAP-70) and CD38, and the presence of different
chromosomal alterations [9]. The unmutated IGHV gene status and high expression
(>20 %) of ZAP-70 or CD38 are usually associated with an aggressive course,
whereas patients with mutated IGVH clones and low ZAP-70 or CD38 expression
have an indolent course [10].

Genomic alterations in CLL are also important independent predictors of dis-
ease progression and survival; however, the molecular basis of these associations
was largely unknown until recently [11]. Genomic aberrations are detected by
fluorescence in situ hybridization (FISH) in over 80 % of CLL cases and include
13q, 11q, 17p, and 6q deletions, and trisomy 12. The incidence of these genetic
abnormalities are ~50 % for deletion of 13ql4, ~10 % for deletion of 11q23,
~15 % for trisomy 12, 7-10 % for deletion of 17p, and 2—-5 % for deletion of 6q
[12]. These cytogenetic abnormalities can be used to identify subsets of patients
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with different clinical course, time to progression, and survival rates. Based on
the genomic studies, three risk groups can be differentiated: (1) low-risk: patients
with a normal karyotype or isolated 13q deletion; (2) intermediate-risk: subjects
with del 11q deletion, trisomy 12 or 6q deletion; and (3) high-risk: patients with
17p deletion or a complex karyotype [13]. Approximately one-third of patients
never require treatment; in another third the initial indolent phase is followed by
progression of the disease, and the remaining third has aggressive disease at the
onset and needs immediate treatment [14]. In addition, BCR stimulation activates
different tyrosine kinases (BTK—Bruton tyrosine kinase, SyK—spleen tyrosine
kinase, ZAP70, PI3K—phosphatidyl inositol 3 kinase) that stimulate malignant
B-cell survival.

In 2002, a link between small noncoding RNAs, known as miRNAs, and cancer
was made by the observation that in CLL, the most common genetic aberration
13q14 deletion, was associated with downregulation of miR-15a and miR-16-1,
which reside in the minimally deleted region within 13q14.2 [8]. This region was
found to be the most frequently deleted in CLL and with several other hematologi-
cal malignancies like multiple myeloma, mantle cell lymphoma or solid cancers like
prostate cancer. In a search for a tumor-suppressor gene located in or close to the
deletion, somatic cell hybrids between mouse and CLL cells carrying 13q14 dele-
tions and translocations showed that 13q14 tumor-suppressor gene lies within a
30 kb region between exons 2 and 5 of the DLEU2 gene. Within this 30 kb region a
cluster of two miRNAs genes, miR-15a and miR-16-1 was found to be located very
close to a translocation breakdown point. The analysis of the expression of miR-
15/16 in CLL patients revealed that miR-15/16 cluster was deleted or the expression
of both miR-15 and miR-16 were decreased in two-thirds of the total cases analyzed
[15]. This observation led to many studies focused on the role of miRs in the patho-
genesis of CLL. The pioneering work of Calin et al. on miR-15a and 16-1 brought
new information about the complexity of aberrant miR expression and its possible
relation with alterations in cancer-specific biological pathways. Although early
studies suggested that in CLL, miR-15a/16-1-mediated control of BCL2 expression
and survival, it took until 2010 to learn that in fact the function of these miRs in
B-cell malignancies is exerted mainly by downregulation of genes controlling cell-
cycle entry [16].

Moreover, the deletion of the long arm of chromosome 11, which is found in
10-20 % of the total cases of CLL, is associated with ATM mutation interfering
with the process of DNA repair during p53-induced apoptosis [17]. Often located in
this deleted regions are two members of miR-34 family, miR-34b, and miR-34c that
proved to be transcriptionally regulated by TP53 [18]. Finally, the incidence of 17p
deletion or/and TP53 mutations may vary according to stage disease, ranging from
2 to 3 % at the time of diagnosis and 20-30 % among patients who have relapsed/
refractory disease [19].

The results of the studies published in the last decade suggest that CLL might be
a genetic disease where the main alterations occur at the level of transcriptional/
posttranscriptional regulations in malignant cells genome because of deregulations
of this new class of gene, miRNAs.
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What Are miRNAs?

The miRNAs are a large family of highly conserved noncoding genes thought to be
involved in temporal and tissue-specific gene regulation [20]. miRNAs are an evolving
class of gene products with generally unknown function and are usually excised from
70- to 80-nt stem-loop RNA precursor structures. Derived from transcripts transcribed
by RNA polymerase II, microRNAs are made via a two-step processing mechanism
from a primary transcript (pri-miRNA) through an intermediate 60-90 nucleotide
stem-loop structure (pre-mRNA) to the final mature microRNA [21]. Dicer and
Argonaute family members are required for the miRNA precursor processing reaction.
Single-stranded miRNA binds specific messangerRNA (mRNA) through sequences
that are significantly, although not by completely complementarity to the target mRNA,
mainly on the 3" UTR. The bounded mRNA will remain untranslated due to mecha-
nisms not fully understood at the moment, resulting in reduced levels of corresponding
protein, therefore microRNAs have the ability to regulate gene expression [22].

It was estimated that the human genome contains more than 1000 miRNAs and
that miRNAs negatively regulate the expression of the majority of protein-coding
genes (PCGs). miRNAs activate mRNA expression via AU-rich elements inside
mRNA 3’ UTRs and initiate the translation of proteins whose expression they nor-
mally repress during cell proliferation. Although the relative contribution of each of
the miRNAs mechanism of gene regulation is still unknown, it is believed that
mRNA destabilization is the predominant mechanism of action to decrease the tar-
get levels. Moreover, it was shown that the miRNAs mechanisms of action suffer
plasticity, in the sense that miRNAs can also activate translation of targeted mRNAs,
switching between translation repression and activation in coordination with the
cell cycle. Most of the studies investigating miRNAs-target interaction focus on the
3’ UTR of mRNAs. Lytle et al. brought a new perspective in the study of this inter-
action suggesting that miRNAs could actually associate with any position of target
mRNAs, efficiently repressing them by binding to miRNA-binding site in 5" UTR
[23]. Other mechanisms of action for miRNAs include targeting gene promoters
and also decoy activity that interferes with the function of regulatory proteins [24,
25]. Furthermore, miRNAs can also regulate gene expression at the transcriptional
level by directly binding to DNA regulatory elements [26].

microRNAs are involved in a variety of cellular processes and expressed in a
tissue-specific manner. In physiological conditions, microRNAs act as gene expres-
sion controllers by targeting the mRNA or inhibiting its translation. Recent reports
revealed the following functions for miRNAs: regulating the hematopoietic B-cell
lineage fate (miR-181), B-cell survival (miR-15a and miR-16), cell proliferation
control (miR-125b and let7), brain patterning (miR-430), pancreatic cell insulin
secretion (miR-375), and adipocyte development (miR-375) [27].

Deregulation of miRNA regulation in these processes can lead to an alteration of
the expression level of many genes which can induce the development or promote
the progression of tumors. First association between cancer and miRNAs has been
demonstrated by Calin et al. in 2002, which triggered many further reports confirm-
ing the involvement of miRNAs in the pathogenesis of many diseases [15].
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Most experimental approaches focus on identifying miRNA targets and investi-
gating how the expression of each miRNA can control the expression of tens or
hundreds of mRNA due to imperfect complementarity, while several miRNAs can
control a single mRNA. As these small miRNA molecules regulate a significant part
of the mammalian transcriptome, recent published studies suggest that they are
organized in gene regulatory networks that are larger than previously believed [28].
An increasing effort has been made in investigating these complex gene regulatory
networks and their role in normal and pathological conditions. Changes in miRNA’s
expressions occur in response to environmental stimuli and play an important role
in regulating the immune response, inflammation primarily, by regulating the path-
ways associated with the nuclear factor kappa beta (NF-kB), the central mediator of
inflammatory response [29]. These findings not only provided insights about
miRNA-mediated inflammatory responses, but also inspired researchers to look at
miRNAs as potential drug targets for fine-tuning the immune system. Aberrant
miRNA expression should proportionally affect these critical processes leading to
various pathological outcomes. A more comprehensive profiling of the miRNA
expression will be able to identify the miRNA patterns that hold great prognostic
values for a specific disease.

microRNA Signature in Chronic Lymphocytic Leukemia

The development of microarray containing oligonucleotides probes for precursors
and mature miRNAs led to the identification of more than 200 miRNAs that revealed
a distinct signature between CLL cells and normal CD 5+ B-cells, underlying the
fact miRNAs play an important role in the pathogenesis of CLL (Table 2.1) [1].

In CLL, miRNA’s expression levels are used mostly to discriminate the clinical
forms of CLL and to follow disease’s progression, with only recent interest in inter-
rogating the molecular impact of miRNA’s deregulation in CLL. A signature profile
was reported, describing 13 microRNAs that can differentiate aggressive and indo-
lent CLL [1]. Another report showed that a profile of 32 microRNAs is able to dis-
criminate between cytogenetic subgroups [30]. Patients with high levels of miR-21
had a higher risk of death compared to patients with low expression levels [30].
Likewise, high expression of miR-155 was reported in the aggressive form of CLL
[31]. miR-181b was found not only to distinguish between indolent and aggressive
cohorts of patients but also to predict time to treatment, acting as a biomarker of the
disease progression.

microRNAs can function in CLL as oncogenes, tumor-suppressor genes or can
be used as markers for disease onset/progression. For example, in indolent CLL,
13q14 deletions targeting miR-15/16 initiate the disease, while in aggressive CLL
miR-181 targets the critical TCL1 oncogene and can also be used as a progression
marker. Here we discuss the foremost findings about the role of microRNAs in CLL
pathogenesis and how this knowledge can be used to identify new approaches to
treat CLL [32].



28 D.E. Giza and G.A. Calin

Table 2.1 Expression of miRNAs in CLL and their implication as diagnostic and prognostic

markers
miRNA (genomic | Expression in Diagnostic and
location) CLL Functional targets prognostic markers
Let-7 family Downregulated | CCDNI1, CDC25a, CDK®6, | Affects response to
(various location) HOXA9, IMP-1, MYC, chemotherapy
RAS
miR-16-1/miR-15a | Downregulated | BCL2, CARD10, CCNDI, | Involved in de novo
cluster(13q14.3 CDK6, CDC27, DMTFI1, |aggressive CLL
intron) MCL1, NGN2, VEGF
miR-21(17g23.1, 3’ | Overexpressed BLC2, MASPIN, PDCD4, | Involved in de novo
UTR TMEM49) PTEN, TPM1, MCLI1 DLBCL, affects
chemotherapy response
miR-29 family Downregulated | DNMT3A, DNMT3B Correlates with short
(various locations) intervals from diagnosis
to therapy
miR-34 family Downregulated | BLC2, CCDN1, CCNE2, | Associated with impaired
(1p36.23 and CDK4/6, DLL1, E23, DNA damage response
11q23.1) Notch 1, MYCN, MET and fludarabine-
refractory CLL
miR-143/145 cluster| Downregulated ERKS5, HOXA9, PARP8
(intergenic, 5q32)
miR-155 (21q21.3) Uc.364, uc 160 Associated with poor
prognosis
miR-181 family Overexpressed | HOXAI11, TLC1 Correlates with short
interval from diagnosis
to therapy

Table 2.1 is a reproduction after Calin et al. [35] focused only on the miRNA clinical correlation
with CLL

miR-29 and miR-181 families were found to play a role in CLL pathogenesis by
influencing TLC1 expression. TLC1 (T-cell leukemia lymphoma 1) functions as a pro-
moter for PI3K-Akt(PKB) oncogenic pathway, activating Akt, driving its nuclear
translocation, which leads to an increased proliferation, inhibition of apoptosis, and
transformation [33]. Activation of TLC1 oncogene correlates with an aggressive course
of the disease, miR-29a and miR-29b are located in the 7q23 region, a high expression
of miR-29a in indolent B-CLL is inversely correlated with the expression of TLC1. In
both indolent and aggressive CLL, the expression of miR-29 is high. From the miRNA
signature of 13 miRNAs found to differentiate aggressive and indolent CLL [1], out of
four miRNAs downregulated in aggressive CLL, three are the isoforms of miR-29
family (miR-29a-2, miR-29b-2, miR-29c). The upregulation of miR-29 in indolent
CLL compared to normal B-cells suggests that miR-29 has an oncogenic function,
contributing to the pathogenesis of CLL. Moreover, the difference of expression of
miR-29 family can discriminate between CLL with good and bad prognosis [34].

miR-181 is differentially expressed in B-cells and TLCI1 is mostly a B-cell-
specific gene, suggesting that TLC1 might be a target of miR-181 not only in CLL
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cells but also in normal B lymphocytes [35]. Inversely correlated expression of
miR-181b and miR-29 and TLCI1 was found in CLL cells, supporting the idea that
the TLC1 expression in CLL is regulated by these two miRNAs.

As all miRNAs are transcribed by the RNA polymerase II, an important role
can be attributed to transcription factors in regulating their expression. p53 tumor
protein is a transcription factor with a crucial role in cell-cycle regulation, stress
response, DNA damage and repair and antiproliferative process [36]. It is
involved in antiapoptotic processes, regulating the expression of the genes as
BCL-2, Bax, BID, PUMA, and Noxa. Recently, it was discovered that members
of miR-34 family, miR-34b and miR-34c, are direct targets of p53 and compo-
nents of the p53 network [37]. Binding sites for pS3 were identified on miR-34b
and miR-34c using computational analysis, 3 kb upstream from the coding
sequence. Another member of miR-34 family, miR-34a, is induced by p53 by
binding a p53 responsive element situated within miR-34a gene. The lack of
miR-34a expression prevents p53-dependent apoptosis, when miR-34a is
expressed ectopically (Fig. 2.1). miR-34a regulates the pro- to pre-B-cell transi-
tion and also appears to be expressed at the highest levels in pro-B-cells. miR-

Oncogene Oncogene
activation activation
CDK2NA ATM | |

11 q Deletion

ATM mutation

[ MDM2 ]

I—l_ 17q deletion/TP53 deletion

Anti
apoptosis

Apoptosis
CDK1, 2,46,
BCL2, MYC, } LeRet
miR-16-1/miR-15a = CCND1,E2F — mir-21

Fig. 2.1 The TP53-dependent miR-34 family and other aberrantly expressed miRNAs in chronic
lymphocytic leukemia. DNA damage results in the activation of ATM which inactivates MDM2,
and hence upregulating functional TP53, which results in transcription of TP53-dependent miR-
NAs genes including the miR-34 family. miR-34a and miR-34b/c may target and repress transla-
tion of genes including cyclin-dependent kinases 1, 2, 4 or 6; BCL2; MYC; SIRT along with other
miRNAs found deregulated in CLL, inducing cycle arrest or apoptosis
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34a knockdown results in increased amounts of mature B-cells. The key mediator
of the miR-34a effect is the transcription factor FOXP1, which was found to be
its direct target required for B-cell development [38].

A new pathogenic model in CLL that involves miRNAs (miR-15a/miR-16-1 and
miR-34b/mi-R-34c) and protein-coding genes like TP53 and ZAP70, was recently
proposed [39]. In this model TP53 gene is the link between miR-15a/miR-16-1 and
miR-34b/miR-34c clusters. The loss of miR-15a/miR-16-1 expression together
with 13q deletions leads to higher levels of antiapoptotic proteins like BCL-2 and
myeloid cell leukemia sequence 1 (BCL-2 related)- MCL1, and also toward higher
levels of the tumor-suppressor protein pS3. Although the number of apoptotic cells
may decrease because of the increased levels of antiapoptotic proteins, the pS53
remains intact keeping the increased tumor growth relatively low. Increased levels
of p53 in patients with 13q deletions is associated with miR-34b/miR-34c activation
which leads to an increased level of ZAP70, a tyrosine kinase which plays a key role
in T-cell receptor-mediated signal transduction.

Negrini et al. performed a comparison between CLL cells and the most normal
“comparator” cells led to the identification of 106 deregulated miRNAs [40]. The
authors found that miR-155 and miR-150 were upregulated while miR-181b, miR-
222, and miR-92 were downregulated, in concordance with other published studies.
miR-155 is implicated in lymphocyte development and is aberrantly upregulated in
B-cell malignancies including Diffuse large B-cell Lymphoma (DLBCL), Follicular
Lymphoma (FL), CLL, and mantle cell lymphoma (MCL). The expression of miR-
155 in B-cells is directly activated by NFkB and MyB through its promoter and also
promotes cell migration and lymphomagenesis by targeting HGAL, a lymphocyte
motility inhibitor. miR-150 levels were found also to be low in different hematological
malignancies like DLBCL, MCL, Burkitt lymphoma, and aggressive CLL, restoration
of miR-150 levels leading to reduced cell proliferation. Similar to miR-155, miR-150
targets MYB gene, which was the only target validated in progenitor B-cells.

miR-155 is also upregulated in response to BCR ligation, and its upregulation
may result in the enhanced expression of a large number or target genes, most nota-
bly the transcription factor PU.1, activation-induced cytidine deaminase (CID) and
BCR-phosphatase SHIP-1 [41]. As is likely targeted by miR-155, which is expressed
depending upon the relative expression of numerous target mRNA in any given cell
type, CLL cells with low levels of the miR-155 tend to have higher expression of
miR-155 and higher capacity for BCR signaling. In CLL, the miR-155-mediated
regulation of SHIP-1 phosphatase is involved in counterbalancing (inhibiting) the
BCR signaling capacity.

Several investigators looked at CLL cells and plasma from patients with CLL in
order to establish if miR-155 can be used as biomarker in monitoring the response to
therapy [42]. Plasma miR-155 was as effective a biomarker as miR-155 isolated from
cells. Plasma is easier to work with for routine clinical biomarker screening than cel-
lular material. Plasma has also been shown in a number of studies [43] to contain tiny
microvesicles that package miRNA and other biomolecules. Although only a small
number of samples was analyzed, the data published demonstrated that microvesicles
isolated from the plasma of patients with CLL also contained miR-155. Having a
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plasma-based biomarker to predict which patients will respond to therapy is the next
important step in cancer therapeutics.

Other miRNAs have been reported to play a role in CLL: miR-193b, miR-33b*,
and miR-196 were found downregulated whereas miR-23b, miR-26a, and miR-532
(5p and 3p) were upregulated [40]. The large number of deregulated miRNAs made
the authors to doubt their involvement in CLL pathogenesis and speculate that the
deregulation of these miRNAs might be related to Dicer dysfunction or to the fact
that CLL cells are constitutively activated in vivo as demonstrated by the expression
of surface activation markers.

miRNA’s Mechanism of Action in CLL

The majority of CLL cells are nondividing and arrest at GO to G1 phase of cell
cycle, which made researchers to conclude that this is a result of decreased apopto-
sis and deregulation of cell-cycle control, rather than an increased proliferation rate.
Hallmarks of malignant cells seem to be influenced by the altered expression of
miRNAs in CLL-like evasion of apoptosis, self-sufficiency in growth and stimula-
tion of angiogenesis, and dissemination as described below.

1. Evasion of apoptosis

The malignant, nonproliferating B-cell in CLL has an overexpression of the anti-
apoptotic protein BCL-2, which is responsible for maintaining an equilibrium
between proliferation and apoptosis [44]. One of the mechanisms of BCL-2 gene
activation is the translocation t(14,18)(q32;q21) which places the BCL-2 gene
under the control of immunoglobulin heavy-chain enhancers, resulting in dereg-
ulated expression of the gene [45]. Investigators have shown that miR-15a and
miR-16-1 are major direct negative regulators of the BCL2 antiapoptotic pro-
gram leading to apoptotic peptidase activating factorl/caspase-9/poly(adenosine
diphosphate-ribose) polymerase pathway activation [46]. MCL1 protein, which
belongs to the Bcl2 family of antiapoptotic factors, is targeted by miR-29b,
another miRNA whose expression is known to be downregulated in patients with
CLL with a poor prognostic [47]. A novel mechanism by which miRNAs regu-
late the process of apoptosis is by repressing the itchy E3 ubiquitin protein ligase
homolog (ITCH) and inducing the expression of the proapoptotic regulator
p73 in CLL [48]. miR-106b activation by E2F1 and MYC after treatment of
primary CLL cells with deacetylase inhibitors, led to downregulation of
E3-ubiquitin ligase ITCH expression and reciprocal accumulation of the
proapoptotic substrate, p73, which triggers mitochondrial dysfunction and pro-
cessing of caspase-9 and apoptosis of CLL cells. In CLL, as in many other
malignancies, miR-21 acts as an antiapoptotic protein by blocking the expres-
sion of critical apoptosis-related genes. Among the apoptotic targets of miR-21
are the tumor-suppressor PDCD4 and the tumor-suppressor PTEN, downregula-
tion of which further promote the antiapoptotic survival signals through phos-
phoinositide 3-kinase/AKT pathway.
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Self-sufficiency in growth

One of the main differences between normal and cancer cells is the ability of the
latter to proliferate without relying on the mitogens in the surrounding environ-
ment. RAS activation is the most commonly used way by tumor cells to escape the
growth factor dependency and become oncogene dependent. Let-7i is involved in
regulating posttranscriptionally RAS and its expression is downregulated in carci-
nomas, lymphomas, and leukemias [49]. In leukemias, RAS signaling is increased
and in CLL it was shown to be linked to let7i loss of expression.

Other important miRNAs found to be downregulated in many different solid
tumors such as breast, colon, ovarian tumors and in also B-cell malignancies,
including CLL, Burkitt lymphoma and Epstein-Barr virus transformed B-cell
lymphomas, is miR-143 and miR 145 cluster located on chromosome 5 [50].
Downregulation of these miRNAs leads to an accelerated cell proliferation by
deregulating the extracellular signal-related kinase 5 (ERK 5) because they tar-
get ERKS5 mRNA. Moreover, miR-145 was found to have an antiproliferative
effect on tumor cells by suppressing insulin receptor substrate expression 1
which is a docking protein for the insulin-like growth factor type-1 receptor and
the insulin receptor, which sends mitogenic and antiapoptotic signals and is dif-
ferentially expressed in B-cells and leukemia cells. miR-145 is involved in
pS53-dependent regulation of the oncogene c-Myc as its expression is directly
induced at transcriptional level by p53 and directly repressed at the posttran-
scriptional level at c-Myc.

3. Hypoxia and angiogenesis

The hypoxic environment created with the rapid growth of tumor cells stimulates
hypoxia-inducible factor-dependent pathway and angiogenesis. Due to increased
endogenous levels of VEGF mRNA found in CLL B the lymph nodes of the
patients and bone marrow have a high degree of vascularization and high levels
of VEGF were associated with advanced disease even in early stage cases. miR-
NAs modulated by HIF-1 transcriptional activation were found to be engaged in
antiapoptotic programs and participating in the angiogenetic program [51].
Aberrantly expressed miRNAs in CLL target the von Hippel-Lindau gene prod-
uct which is responsible for HIF-1a degradation and expressed at lower levels in
CLL B than in normal cells. miR-19-2-1 is targets pVHL transcript and repress
expression of it, participating in stabilization of HIF-1a, which, in turn can form
a transcriptionally active complex at the VEGF promoter.

miRNAs in CLL Mouse Models

The discovery of miR-15a/16-1 deletion in CLL was followed closely by similar
genetic manipulations in mice in order to confirm the findings. Klein and Dalla-
Favera designed the first mouse model with conditional alleles that resemble the
loss of the minimal deleted region (Mdr), which spans entirely the DLEU2 gene or
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the miR-15a/16-1 cluster [52]. Mdr and miR-15a/16-1 cluster knockout strains at 1
year of age presented 50 % CD5+ B220+ B-cells among mononuclear cells in the
peritoneum versus 15 % in control animals. Moreover, it was observed that Mdr
Knockout (KO) animals which have shown a more aggressive disease lived less
than WT siblings and further developed leukemias. One of the mechanisms leading
to B-cell proliferation investigated has shown that miR-15a/16-1 KO B-cells begin
DNA synthesis earlier than WT B-cells. The authors analyzed the levels of phos-
phorylated retinoblastoma (pRb) protein, an indicator of entry into the cell cycle in
mitogen-stimulated B-cells isolated from miR-15a/16-1 KO or Mdr KO and WT
animals and noticed that PRb was produced in both KO cells at earlier points than
in WT B-cells. An impaired proliferation occurred in miR-15a/16-1 expressing
cells, with a higher fraction of cells in GO/G1 phase, but not in those expressing
DLEU2, therefore suggesting a possible control of the inhibition of GO/G1 phase
transition by miR-15a/16-1.

The importance of miR-15a/16-1 cluster in CLL was confirmed by similar find-
ings in New Zealand black (NZB) mice, which naturally develops CLL later in life
with an autoimmune phenotype [53]. Linkage analysis has shown that the genomic
region homologous to 13q14 is one of the loci associated with CLL development.
After performing DNA sequencing, a point mutation in miR-15a/16-1 precursor
which causes a decrease of miR-16-1 showed reduced expression of this miRNA.
Exogenous delivery of miR-16-1 to a NZB malignant cell line led to the cell-cycle
alterations such as a decrease in S phase cells and G1 arrest.

miR-15a and miR-16-1 expression is negatively regulating the expression BCL-2
in CLL; downregulation of these two miRNAs leads to an increase of Bcl-2 expres-
sion with consequent inhibition of apoptosis [46]. Since 13q14 deletion is associ-
ated with the indolent form of the disease, it is likely an upregulation of BCL-2 that
plays a major role in this subset of CLLs. TRAF2 binds to TNF receptor family and
mediates the activation of NF-kB by TNF proteins, which increases lymphocyte
proliferation and survival [54]. Although TRAF2 transgenic mice showed an
increased number of B-cells accompanied by lymphadenopathy and splenomegaly,
transgenic TRAF2 mice failed to develop leukemia. BCL2 transgenic animals,
designed with a construct mimicking t(14,18) translocation juxtaposing Bcl2 gene
with the immunoglobulin heavy-chain locus at 14q32 as reported in human follicu-
lar lymphomas, failed to develop malignancies presenting only prolonged in vitro
B-cell survival and in vivo polyclonal B-cell expansion [55]. TRAF2DN-BCL2
double transgenic mice displaced severe splenomegaly and most of the animals
developed CLL-like disease with high B-cell blood count [56]. All these findings
suggest that 13q14 deletions induce CLL development by a molecular mechanism
similar to the one is TRAF2DN/BCL2 transgenic mice.

Santanam et al. designed a transgenic mouse characterized by overexpression of
miR-29 in B-cells to study the role of miR 29 in B-cell leukemias. CD5+ CD19+
IgM+ B-cell population was increased in splenocytes from these transgenic mice
[57]. 85 % of miR-29 animals showed a marked increase in the growth of B-cells
between 12 and 14 months of age, representing 50 % of the total B-cells, which lead
to the conclusion that miR-29 mice mimicked the indolent form of CLL. A gradual
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increase of the percentage of leukemic cells was observed with aging, from 20 % of
all B-cells in mice below 15 months of age to more than 65 % in mice above 20
months old. Moreover, immune response to SRBC antigen and serum levels of
immunoglobulins were analyzed in miR-29 mice and wild-type littermates, and
both of the parameters were decreased in transgenic mice, confirming miR-29
involvement in the indolent form of CLL disease [57].

miRNAs as Diagnostic and Prognostic Factors for CLL

The clinical course of CLL is variable, therefore several prognostic markers have
been identified to guide the clinical management of CLL patients including the
IGHYV status, the expression of ZAP-70 or/and CD38 and the presence of different
chromosomal alterations. The clinical outcome of CLL can be predicted based on
the cellular and molecular markers, including the presence or the absence of somatic
mutations at the IGHV locus or ZAP70 and CD38 expression on neoplastic cell
surface [10]. A unique signature of 13 miRNAs with most frequently deregulated
miRNAs in hematological malignancies and with prognostic implications was
found to be correlated with ZAP-70 and IGHV mutational status [34]. Different
studies confirmed that from this signature, members of the family miR-29a and
miR-223 were downregulated in CLL and associated with prognostic factors of
aggressive disease [58]. A quantitative method for the simultaneous determination
of the expression levels of miR-223, miR-29c, ZAP-70, and lipoprotein lipase in
sample by devising a polymerase chain reaction was developed.

Although Fabbri et al. showed that members of miR-29 family target DNA meth-
yltransferase (DNMTs) and can reactivate silenced tumor-suppressor genes in CLL
as well as in myelogenous leukemia, a new role for miR-29 in causing epigenetic
changes in CLL cells needs to be further investigated [59].

CLL cases harboring mutated IGHV (M-CLL) generally present with an indolent
disease; on the contrary, cases with unmutated IGHV (UM-CLL) more often have a
progressive disease [60]. The presence of somatic IGHV hypermutation in M-CLL
and the utilization of a stereotyped IGHV/IGHL gene repertoire supports the notion
that CLL cells are antigen-experienced B-cells. However, the similarity of CLL cells
with antigen-experienced B-cells reflects maybe only the maturation stage reached
by CLL cells in the context of a leukemic stem cell hierarchical model [61].

The correlation between the IGHV status and clinical behavior reflects the dif-
ferential responsiveness of CLL cells to the B-cell receptor (BCR) stimulation. In
UM-CLL cases, IgM crosslinking induces the upregulation of the cell-cycle-related
genes and an increased proliferation, while most M-CLL appear unresponsive to
BCR stimulation. Several published studies have linked the most abundantly
expressed miRNAs in CLL to the BCR signaling pathway. Mraz et al. showed that
miR-150 levels were significantly lower in cases that used unmutated IGHV or that
expressed ZAP-70 [62]. Using transcriptome analysis data, two genes with evolu-
tionary conserved binding sides for miR-150 were identified, GAB1 and FOXP1.
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Patient survival studies further indicated that there is an association between expression
levels of miR-150, GAB1, FOXP1, and clinical outcome. GAB1 and FOXP1 are
involved in essential signaling cascades in both normal and malignant B-cells.
GABI is an adaptor molecule of phosphoinositide 3 kinase (PI3K), which can be
activated by a variety of receptor tyrosine kinases and cytokine receptors. Although
miR-150 expression correlates with ZAP-70 or IGHV status, low-level expressions
of miR-150 have an independent prognostic value for both overall survival and
treatment-free survival. The importance of BCR signaling in CLL is suggested by
the significant clinical activity of inhibitors blocking BCR-associated kinase, spe-
cifically Bruton tyrosine kinase and PI3K. Therefore, the data published by Mraz
underscores the fact that miR-150 expression and its target genes might influence
the sensitivity of malignant B-cells to these inhibitors.

In Negrini’s study, the high expression of miR-29¢*, miR 532-3p, miR 146b-5p,
miR139-3p, miR-222, and miR-29c was associated with a reduced risk of disease
progression, whereas the opposite was true for miR-338-3p, miR-575-3p, and miR-
16. High levels of miR 146b-5p appeared to have a protective effect from disease
progression, while miR-155, miR- 338-3p, and miR-16 showed the opposite [40].

Moreover, microRNA signature can also be used to predict refractoriness to che-
motherapeutic treatment in CLL [63]. A link between cytogenetically well-defined
CLL samples and expression of miR-34a, a member of a miRNA family positively
regulated by p53, was observed. Low expression of miR-34a was significantly asso-
ciated with impaired DNA damage response, p5S3 mutations, and fludarabine-
refractory CLL either with or without p53 mutations [64]. Moreover, an 829C>T
polymorphism in the dihydrofolate reductase binding site for miR-24 led to loss of
function and resulted in the dihydrofolate reductase overexpression and methotrex-
ate resistance in cancer cells. To clarify whether microRNAs are directly involved
in the development of fludarabine resistance, Ferrajoli et al. analyzed the expression
of microRNAs before and after Fludarabine therapy in patients classified as
responder or refractory and identified a microRNA signature able to distinguish
between these two classes. Expression levels of several microRNAs were also able
to predict fludarabine resistance in an independent test cohort. Among these microR-
NAs, miR-148a, miR-222, and miR-21 exhibited a significantly higher expression
in nonresponders either before or after treatment. Recently, Zenz and colleagues
found that fludarabine-refractory CLLs are frequently characterized by lower levels
of miR-34a, and low expression of miR-34a was associated with fludarabine resis-
tance even in the absence of p53 aberrations [64].

miRNAs and RNA-Inhibition Therapy in CLL

Different progression rates and need for therapy are characteristic for CLL, there-
fore patient-specific therapeutic drugs will be designed for CLL patients harboring
abnormalities in miRNA expression. Knocking down the overexpression of miR-
NAs and inducing expression of silenced miRNAs in cancer may contribute to
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selective tumor inhibition. Loss of expression in patients with CLL may selectively
suppress proapoptotic pathways providing suck malignancies with a survival advan-
tage. Chemotherapeutic drugs activating miR-106b may initiate a pS3-independent
mechanism that targets CLL cells, whereas restoration of miR-34a expression can
overcome P53-dependent resistance to chemotherapy [65]. Differently from previ-
ously tested RNA-inhibition therapies such as the use of antisense oligonucleotides,
ribozymes, or siRNAs that are working on a one-to-one basis with their targets, the
microRNAs are targeting several members of pathways important for a disease. For
example, the cluster miR-15a/miR-16-1 was shown to target not only BCL-2 but
also MCLI, both important antiapoptotic oncogenes, as well as other significant
cancer-related genes, such as Jun, MSH2, or WT1 (Wilms tumor 1).

Two strategies for inhibition of RNA expression to treat CLL are already in plan.
“The sandwich RNA-inhibition strategy” is one of them and focuses on a major molec-
ular alteration clearly linked with CLL pathogenesis via the use of multiple agents.
Given recently published studies showing the relative efficacy of oblimersen sodium in
treating relapsed or refractory CLL, designing regimens using a cocktail of anti-BCL-2
ASOs and miRNAs targeting BCL2, such as miR-15 and miR-16, for indolent CLL
would be feasible. “The multiplex RNA-inhibition strategy” targets various molecular
defects in the same pathway, for example, multiple synthetic miRNAs targeting the
overexpressed apoptosis regulators BCL2 (miR-15 and miR-16) and MCL1 (the miR-
29 family) have a better chance of consistently and robustly reducing these proteins’
expression levels than single-agent therapy. The use of miRNAs and/or their antisense
inhibitors in cancer treatment has only recently been approached, and clinical trials of
their use in this manner certainly will be further developed [35].

Conclusions

It is clear by now that miRNAs alterations are involved in the initiation and progres-
sion of CLL. A possible explanation for the more widespread differential expres-
sion of miRNA genes in malignant B-cells versus their normal counterpart can be
explained by the locations of these genes in cancer-associated genomic regions,
epigenetic mechanisms, and alterations in the miRNA processing machinery.
miRNA expression profiling of human CLLs signatures can be associated with
diagnosis, staging, progression, prognosis, and response to treatment. In addition,
this profiling has been used to identify miRNA genes that may be downstream tar-
gets of activated oncogenic pathways or to target PCGs involved in cancer. Although
they may lead to a new understanding of CLL in particular and cancer pathogenesis
in general, explaining the involvement of miRNAs and ncRNAs in CLL and using
this knowledge for the patient’s benefit are still challenging.
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Chapter 3
microRNA in Malignant Lymphoma

Hiroyuki Tagawa

Abstract microRNAs (miRNAs) are noncoding regulatory RNAs usually consist-
ing of 20-24 nucleotides. During the past decade, increases and decreases in miRNA
expression have been shown to associate with various types of diseases, including
cancer. Over 4500 miRNAs have been identified in humans, and it is known that
nearly all human protein-encoding genes can be controlled by miRNAs in both
healthy and malignant cells. Detailed genome-wide miRNA expression analysis has
been performed in various malignant lymphoma subtypes, and these analyses have
led to the discovery of subtype-specific miRNA alterations. In this chapter, I describe
several key miRNAs and their targets in distinct malignant lymphoma subsets and
their roles in their pathogenesis, studies of which will lead new therapeutic strate-
gies against aggressive lymphomas.

Keywords miRNAs ¢ Noncoding RNAs ¢ Malignant lymphoma ¢ Burkitt’s
lymphoma ¢ Mantle cell lymphoma * NK/T-cell lymphoma

Introduction

Malignant lymphoma is classified into Hodgkin’s or non-Hodgkin’s lymphoma. On
the basis of normal correspondence lymphoid cells, non-Hodgkin’s lymphoma is
further classified into B- and T/NK-cell lymphomas. These can also be divided into
a number of subtypes; for instance, B-cell lymphoma can be classified into diffuse
large B-cell lymphoma (DLBCL), Burkitt’s lymphoma (BL), mantle cell lymphoma
(MCL), follicular lymphoma, MALT (mucosa-associated lymphoid tissue) lym-
phoma, and other subtypes [1]. These subtypes are further classified into a few or
several subtypes. For instance, DLBCL can be classified into two subtypes such as
activated B-cell (ABC) type and germinal B-cell (GCB) types; MALT lymphoma is
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also classified into nodal and extranodal type [1]. These classifications are usually
made on the basis of subtype-specific translocation, origin of their normal parts or
difference of genetic signature and clinical course. In addition to these classifica-
tions, subtype-based miRNA classification may be useful in malignant lymphomas
because miRNA alteration is frequently occurred in malignant lymphoma.

Abnormal miRNA expression is known to occur in many cancers [2, 3], and the
first two miRNA aberrations known resulted from altered expression of DLEU2 and
C13orf25 in hematological malignancies. DLEU2, which encodes miR-15a and
miR-16-1, was discovered from 13q14 deletion in chronic lymphocytic leukemia
(CLL) [4, 5]. C130rf25, which encodes six mature miRNAs (miR-17, miR-18, miR-
19a, miR-19b, miR-20a, and miR-92a), was identified from 13q31 amplification in
aggressive B-cell lymphomas [6—8]. These miRNAs were downregulated or upreg-
ulated in accordance with genomic deletion or amplification, which suggests they
contribute to tumorigenesis through altered regulation of target oncogenes or tumor
SUpPIessors.

miRNA dysregulation and the role in the pathogenesis malignant lymphomas and
other cancers is being actively studied, worldwide. However, the available informa-
tion remains incomplete and complex, sometimes making it difficult to understand
the precise function of miRNA in carcinogenesis. In this chapter, I have summarized
the actions of miRNAs in distinct subtypes of malignant lymphomas, focusing in
particular on their involvement in disease progression and transformation.

Discovery of miRNA Dysregulations in Malignant
Lymphomas

13q31-32 genomic amplification is a well-known genomic alteration in DLBCL
that was recognized well before its response gene was identified. This is because
there was no protein-coding gene in that region. In 2004, however, Seto’s group
carefully examined expression of about 60 expressed sequence tags (ESTs) and
found that EST, BCO40320, was strongly expressed in accordance with 13q31
amplification in DLBCL. They then identified a novel gene, C130rf25, from the
EST [6]. C130rf25 contains the miR-17-92 polycistron, encoding six miRNAs
(miR-17-5p, miR-18, miR-19a, miR-19b, miR-20a, and miR-92-1), which can be
divided into the miR-19 and miR-17 families. Subsequent investigation revealed
that the miR-17-92 is overexpressed in aggressive B-cell lymphomas with genomic
amplification of 13g31 [6, 7]. Based on that report, Hannon’s group investigated the
polycistron’s potential to act as an oncogene. They first transduced miR-17-19b into
stem cells from the fetal liver of Eu-Myc mice, and then inoculated the transduced
cells into irradiated Eu-Myc mice. They found that the death rate among mice
inoculated with miR-17-19b was higher than among control mice due to the induc-
tion of B-cell leukemia. They also showed that miR-17-92 could induce tumor for-
mation by acting in concert with Myc [8]. In 2008, two groups respectively
demonstrated miR-17-92 target gene(s) involved in normal B-cell development.
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Using miR-17-92 knockout mice, Jacks’ lab showed that deletion of miR-17-92
could induce upregulation of the pro-apoptotic protein Bim with inhibition of dif-
ferentiation from pro- to pre-B-cell transition [9, 10]. In addition, Rajewsky and
coworkers established miR-17-92 transgenic mice [10], which developed lymph-
proliferative disease because the miR-17-92 reduced expression of Bim protein;
however, they did not develop lymphomas. Nonetheless, these reports suggest
the pro-apoptotic protein Bim is a likely target of miR-17-92 during B-cell
lymphomagenesis.

The findings summarized above strongly suggest that by enhancing anti-apoptotic
capability in B-cell lymphomas, downregulation of Bim by miR-17-92 contributes
to lymphomagenesis.

Tagawa’s group found that not only Bim but also p21 is a possible target of miR-
17-92 in B-cell lymphoma cells [11]. Then in 2009, two groups (He’s and Ventura’s
group) demonstrated that miR-19 could regulate the tumor suppressor Pten, thereby
enhancing anti-apoptotic potential via upregulation of the AKT/mTOR pathway
[12, 13]. Collectively, these reports suggest that miR-17-92 regulates several targets
in different B-cell lymphoma subtypes (miR-17 family: Bim and p21, miR-19 fam-
ily: Pten), and that the upregulation of miR-17-92 is an additional genetic event that
enhances the tumorigenicity of the original cancer.

Abnormal downregulation of miRNA is now known to occur in many cancers,
but it was first reported in CLL. In 2001, Dalla-Favera’s group found reduced
expression of the gene DLEU?2 through a detailed search of the minimal deleted
region of 13ql14 [2]. In 2002, Croce’s group reported reduced expression of miR-
15a and miR-16-1 from the common loss region of 13q14 in CLL [2]. They also
showed that miR-15a and 16-1 were present in the noncoding region of DLEU2.
miR-16 family has been known to possess tumor-suppressive function in various
cancer by inhibiting apoptosis but also var cell-cycle related genes and their prod-
ucts [14-26].

Differences in miRNA Expression Can Define Lymphoma
Subtype

miRNA expression is different in lymphoma subtypes. As following we discuss
about (1) DLBCL, (2) anaplastic large cell lymphoma (ALCL) and (3) NK/T-cell
lymphomas. Since the discovery of the upregulated expression of miR-17-92 in
malignant lymphomas, the genomes of various subtypes of malignant lymphomas
have been screened for miRNA expression. miRNA may even be differentially
expressed within a single tumor entity, such as DLBCL and ALCL, and NK/T-cell
lymphomas.

1. DLBCL can be divided into two distinct subtypes: the ABC and the GCB types
[27]. Lenz and coworkers reported that 13q31 amplification (Cl30rf25)
frequently occurs in GCB but not in ABC type [28]. They further showed that
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DLBCLs overexpressing miR-17-92 also express MYC and their target genes at
significantly higher levels than those without this abnormality. Interestingly,
10923 (PTEN) deletion is frequently detected in GCB DLBCL without 13q
amplification. Both 13q31 amplification and 10g23 deletion could downregulate
Pten, suggesting altered AKT-mTOR signaling may be important in the patho-
genesis of GCB DLBCL. Malumbres and coworkers (2009) recently provided
evidence that germinal center-enriched miR-125b downregulates expression of
IRF4 and PRDM 1, and memory B-cell-enriched miR-223 downregulates expres-
sion of LMO2 [29]. These reports also suggest miRNAs play crucial roles in
different DLBCL subtypes. Furthermore, miR-181a and miR-222 have been
shown to predict overall survival and progression-free survival in rituximab
cyclophosphamide, doxorubicin, vincristine, and prednisone (R-CHOP)-treated
DLBCL patients [30, 31].

. In ALK*ALCL, miRNA dysregulation is well documented. Merkel and cowork-
ers [32] compared miRNA expression differences between ALK* and ALK~ sub-
groups and found several candidate miRNAs likely to be associated with
tumorigenesis [32]. They found that an oncogenic miRNA, miR-155, was fre-
quently observed in ALK~ ALCL. Moreover, they showed that the tumor-
suppressive miRNA, miR-101, was commonly downregulated in both ALK* and
ALK~ ALCL when compared with normal CD3* cells. However, they reported
that enforced expression of miR-101 led to inhibition of cell proliferation only in
ALK* type. ALK* and ALK~ subtypes can be distinguished based on their dis-
tinct miR-17-92 polycistron profiles; miR-17-92 polycistron was more strongly
expressed in the ALK* ALCL [33, 34]. Activation of the transcription factor
STAT3 in ALK* ALCL is crucial and essential in the pathogenesis, as STAT3
activates or deactivates transcription and expression of various miRNA genes
[35]. STAT3, which is activated by NPM-ALK, epigenetically dysregulates miR-
NAs, which then contribute to cancer development via alteration of downstream
target genes. Recently Miyazono’s group (2011) reported the role of miR-135b,
which is aberrantly overexpressed in ALK* ALCL [36]. NPM-ALK activates
miR-135b through STAT3 signaling; miR-135b then directly downregulates
forkhead box protein O1 (FOXO1), leading to enhancement of antitumor agent
resistance. They found that miR-135b contributes to the Ty17 phenotype of
ALK* ALCL, as miR-135b inhibits Ty2 differentiation-related transcription fac-
tors, such as STAT6 and GATA3, and upregulates IL-17A and IL-17 F expres-
sion in ALK* ALCL. They further showed that cytokines produced by Ty17 cells
contribute to cancer progression via induction of angiogenesis.

. NK/T-cell lymphoma/leukemia can be classified into leukemic and extra nodal
(ENKL) types [1, 37]. Tagawa’s group showed that upregulation of miR-21 or
miR-155 and downregulation of miR-150 occur frequently in NK/T-cell leuke-
mia/lymphoma [38, 39]. We found that miR-21 is upregulated in NK-cell leuke-
mia, and miR-155 in ENKL type. These miRNAs respectively regulate protein
tyrosine phosphatases, Pten or Ship1, whose downregulation commonly activates
AKT signaling. Downregulation of miR-150 also contributes to inhibit cellular
senescence [38].
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miRNA Is Additional Genetic Alteration
and the Dysregulation Contributes to Their Aggressive
Clinical Behavior

Functional analyses of miRNA have been conducted with aggressive lymphomas,
including BL, MCL, and NK/T-cell lymphoma. BL is characterized by the dysregu-
lated expression of MYC as a consequence of translocations involving the MYC
(8g24) and immunoglobulin genes. It has also been shown that AID is required for
the MYC translocation and development of BL [40]. miR-155 expression is reduced
in BL, and recent work by Dorsett and coworkers demonstrated that miR-155 sup-
presses AID-mediated MYC-IGH translocation [41]. This suggests that downregu-
lation of miR-155 in germinal center lymphoid tissue is a deeply associated first hit
event in BL. Further, several epidemiologic subtypes of BL (endemic, sporadic, and
HIV-associated) share a homogeneous microRNA profile, distinct from that of
DLBCL [42], which confirms the potential relevance of this signature in the diagno-
sis of BL.

MCL is characterized by t(11;14)(q13;q32), which results in overexpression of
CCNDI/CyclinD1, and is presumed to derive from naive pre-germinal center
CD5+ B-cells [1]. Underlying MCL is a larger number of genetic alterations than
is seen in other lymphoma subtypes, and a lot of miRNA aberrations and miRNA
dysregulation have also been identified in MCL [43—45]. Essential is dysregulation
of miR-29, miR-15a/16-1, miR-26, and miR-17-92. miR-17-92 is frequently
upregulated in MCL, and since miR-17-92 appears to negatively regulate CDKNIA/
p21 [11], increases in its expression could enhance cell-cycle progression. miR-
16-1 is expressed normally in MCL, as compared to its expression in normal CD5+
B-cells, [46] but Chen and coworkers demonstrated that the 3’'UTR of CCNDI is
frequently truncated or mutated in MCL, which inhibits the interaction of miR-
16-1 with the “seed” sequence of the 3’'UTR of CCNDI, thereby contributing to
continuous upregulation of CyclinD1 [47]. In addition, some miRNAs have been
shown to act as regulators of polycomb-group repressive complex (PRC) proteins.
miR-16-1 can regulate BMII translation, which would enhance anti-apoptotic
potential by negatively regulating pro-apoptotic genes such as PMAIPI/Noxa and
BCL2L11/Bim [46].

In aggressive B-cell lymphomas such as BL, DLBCL, and MCL, overexpression
of MYC is strongly associated with their aggressiveness. Recently Zhang and
coworkers showed that MYC, HDAC3, and EZH2 form a PRC tethered to miR-29
promoter elements to epigenetically repress miR-29 transcription in MYC-
expressing lymphoma cells. Downregulation of miR-29 induces upregulation of
CDKG6 (cell-cycle progression) and IGF-1R (anti-apoptosis). Furthermore, MYC
can regulate transcription of miR-26a, whose downregulation leads to upregulation
of EZH2. This in turn reduces miR-494 expression, leading to upregulation of
MYC. This MYC-miR-26a-EZH2-miR-494 positive feedback loop is observed in
aggressive MCL, especially in the cases with MYC upregulation [48].



46 H. Tagawa

Multistep genetic alterations are occurred during disease progression of cancer.
Genetic alterations that inhibit cellular senescence can be the initial step for devel-
oping cancer, while metastasis or invasion is an additional tumorigenic capability
during disease progression and likely occurred in advanced cases. Cutaneous T-cell
lymphoma (CTCL) is the best model for understanding the multiple steps of genetic
alterations in cancer development. It has been suggested that IL-22 and/or chemo-
kine (C-C motif) ligand 20 (CCL20)/CCR6 interaction may play an important role
in the relationship between CTCL and keratinocytes or dendritic cells. Recently,
Tarawa’s group showed that (1) CTCL cells can produce IL-22 (but not IL-17), and
express the IL-22 receptor, whose expression is not found in normal lymphocytes,
and that (2) IL-22 stimulation against [L-22RA 1 may trigger CCL20 production via
activation of JAK/STAT pathway, leading to the enhancement of CCL20/CCR6
interaction in advanced CTCL. This interaction may enhance the migration poten-
tial of advanced CTCL, resulting in multiple invasion and metastasis of CTCL cells
into various visceral organs, following a nutrition-dependent concentration gradi-
ent. As CCR6 is strictly controlled by miR-150, downregulation of miR-150 in
CTCL may contribute to the constitutive activation of the IL-22/CCL20/CCR6
autocrine pathway [49]. These findings suggest that inhibition of the autocrine path-
way may be therapeutically useful in advanced CTCL. Antibody for CCL20 could
represent novel molecular targeting therapies against advanced CTCL.

miRNA Dysregulation Contributes to the Transformation
from Early to Advanced Lymphomas

miRNAs do not appear to be as important for the pathogenesis of low-grade B-cell
lymphomas (e.g., follicular lymphoma (FL), marginal zone lymphoma (MZL) as
for high-grade and transformed lymphomas (e.g., FL/MZL to DLBCL).

FL is characterized as a indolent B-cell lymphoma, with approximately 80 % of
cases possessing t(14;18)(q32;q21). In FLs with the translocation, the miRNA pro-
file showed upregulation of miR-20a/b and miR-194, which target CDKNIA and
SOCS?2, respectively, potentially contributing to tumor-cell proliferation and sur-
vival [50]. CD10-negative FL cases are usually t(14;18)-negative and/or morpho-
logically high-grade (Grade 3a or b), and therefore high dose intensive chemotherapy
(R-CHOP) is required [51]. t(14;18)-negative cases, have a distinct miRNA profile
frequently characterized by downregulation of miR-16-1, miR-26a, miR-101, miR-
29, and miR-138 [52]. Because these miRNAs are known to function as tumor-
suppressive miRNA, their downregulation may associate with the pathogenesis of
some FL subtypes and high-grade FL.

Expression of miRNA in marginal zone lymphomas (MZLs) has also been ana-
lyzed. The results suggest they are likely important in advanced stage or trans-
formed cases of MZL and DLBCL. miRNA expression has been analyzed in MALT
type, nodal type, and splenic type MZL. A study of gastric MALT type MZL
revealed that high levels of miR-223 expression are a marker of MALT stratification
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and correlate with increased E2A+ expression, higher clinical stage, and diminished
response to Helicobacter pylori eradication therapy [53]. Large B-cell lymphomas
that originate in the stomach, and which are presumably derived from the MALT,
exhibit a MYC-miRNA signature, and transformation of MALT to DLBCL is asso-
ciated with MYC, which negatively regulates miR-34a, leading to downregulation
of FOXP1 [54]. Studies of nodal MZL confirm that these tumors have distinctive
features that distinguish them from FL cases. As compared to FL, nodal MZL shows
greater expression of miR-221, miR-223, and let-7f, which is a signature very simi-
lar to that exhibited by memory B-cells and cells isolated from the normal marginal
zone. Expression of these miRNAs is enhanced in nodal MZL, whereas FL strongly
expresses miR-494. Upregulation of miR-223 and miR-221, which targets the ger-
minal center-related genes LMO2 and CDI10, could be partially responsible for
expression of a marginal zone signature. In splenic MZL, the miR-29 cluster is
commonly lost and its expression silenced [55].

Conclusion

miRNAs have now been shown to play both oncogenic and tumor-suppressive
roles in aggressive lymphoma subtypes. Some miRNAs have also been shown to
contribute to phenotypic transformation of malignant lymphoma. More often,
however, miRNA dysregulation likely adds to original genetic events, and the
resultant aberrations enhance tumorigenicity through activation of additional sig-
naling pathways. Consequently, analysis of miRNA expression may be more use-
ful for evaluation of disease progression and transformation than for classification
of various lymphoma entities. For novel treatments against lymphoma, miRNA
itself or the appropriate antisense could be useful therapeutic agents, but future
functional studies with distinct lymphoma subtypes will be required to determine
whether that is the case.
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Chapter 4
MicroRNAs and Gastrointestinal Stromal
Tumor

Pinar Akcakaya and Weng-Onn Lui

Abstract Gastrointestinal stromal tumor (GIST) is the most commonly diagnosed
mesenchymal tumor in the gastrointestinal tract. This tumor type is driven by gain-
of-function mutations in receptor tyrosine kinases (such as KIT, PDGFRA, and
BRAF) or loss-of-function mutations in succinate dehydrogenase complex subunit
genes (SDHx). Molecular studies on GIST have improved our understanding of the
biology of the disease and have led to the use of targeted therapy approach, such as
imatinib for KIT/PDGFRA-mutated GIST. Recently, microRNAs have emerged as
important regulators of KIT expression, cancer cell behavior, and imatinib response
in GIST. This chapter aims to provide an overview on current understanding of the
biological roles of microRNAs in GIST and possible implications in prognosis and
therapeutic response.

Keywords microRNA e GIST ¢ Prognosis * Diagnosis ® Therapy * Biomarker

Introduction

Gastrointestinal stromal tumors (GISTs) comprise one-fifth of soft tissue sarcomas,
making them the most common sarcoma of the gastrointestinal tract [1]. The annual
incidence of GIST is between 11 and 19.5 per million [2-5], and it has a prevalence
of about 130 cases per million population [2—4]. For many years, GISTs were con-
sidered as smooth muscle sarcomas based on their morphology, and had been mis-
diagnosed as leiomyomas, leiomyosarcomas, or leiomyoblastomas. The prognosis
of advanced GIST was very poor due to resistance to conventional chemotherapy
and radiotherapy prior to the discovery of targeted therapies [6].
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In the late 1990s, two groundbreaking discoveries had revolutionized the
approach to diagnosis and treatment of GIST: (1) majority of GISTs (>95 %) were
found immunohistochemically positive for the tyrosine kinase receptor KIT (also
known as CD117) [7], and (2) KIT gene mutations were identified in 70-80 % of
GISTs [8]. To date, KIT immunostaining and mutation screening are used as key
diagnostic markers in clinical practice for GISTs, and mutant KIT is a clinically
important therapeutic target in GISTs. The evolution of understanding the biology
of GIST transformed it from a challenging chemotherapy-resistant disease to a
model for molecular targeted therapy.

Although the initial events in GIST development are well characterized, the
prognosis is clearly influenced by other genetic or epigenetic events that are still
poorly understood. Aberrant microRNA expression is common in a wide range of
human cancers. Accumulated evidence has shown that microRNAs are associated
with clinical and pathological features in GIST, suggesting their important roles in
GIST development.

This chapter gives a brief background on clinical features and biology of GIST,
and provides an overview of the current knowledge on involvement of microRNAs
in GIST tumorigenesis and therapeutic response.

Gastrointestinal Stromal Tumor

GISTs are thought to originate from the interstitial cells of Cajal (ICC) or their
stem-like precursors [7, 8]. ICC function as pacemaker in the gastrointestinal
tract that controls peristaltic contractions [7]. GISTs can be found anywhere along
the gastrointestinal tract, but predominantly occur in the stomach (50-60 %) and
the small intestine (30-35 %), less frequently in the colon/rectum (5 %) and
esophagus (<1 %) [9]. These tumors can arise at any age, with a median age of
diagnosis at 63 years [1, 9]. The tumor size varies between 2 and 30 cm at the time
of diagnosis [10].

Oncogenic Mutations

The main initial event in GIST tumorigenesis is gain-of-function mutations in KIT
(v-kit Hardy-Zuckerman 4 feline sarcoma viral oncogene homolog) or PDGFRA
(platelet-derived growth factor-a) genes. These genes are located on the long arm of
chromosome 4 (4q12), and encode transmembrane proteins that belong to the type
III tyrosine kinase receptor family.

Under normal physiological conditions, activation of KIT and PDGFRA recep-
tors is controlled by spatial and temporal expression of their respective ligands, SCF
and PDGF. Binding of these ligands to the receptors results in homodimerization,
transphosphorylation of the tyrosine residues, and kinase activation that initiates signal
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transduction cascades promoting cell proliferation, growth, and survival [11-13]. About
75 % of GISTs harbor KIT mutations [14], whereas 10 % of GISTs harbor PDGFRA
mutations [15, 16]. These mutations disrupt the autoregulatory mechanisms and cause
ligand-independent constitutive activation of the encoded tyrosine kinase receptors [17],
which results in aberrant cell growth and tumor formation [18]. Activation of KIT or
PDGFRA stimulates several downstream signaling pathways such as mitogen-activated
protein kinase (MAPK), phosphatidylinositol-3-kinase (PI3K)/AKT/mTOR and signal
transducer, and activator of transcription 3 (STAT3) [19-21].

About 10-15 % of GISTs do not harbor KIT or PDGFRA mutations. These
tumors display mutations in multiple cancer genes, including succinate dehydroge-
nase complex subunit genes (SDHA, SDHB, SDHC, and SDHD) (50 %) [22, 23],
BRAF V600E substitution (13 %) [24], neurofibromin 1 (NF1) (7 %) [25, 26], and
RAS family members [27]. Different signaling pathways in GIST are illustrated in
Fig. 4.1.

Unlike adult GISTs, pediatric GISTs (1-2 % of all GISTs) are rarely positive for
KIT or PDGFRA mutations, despite expressing KIT at similar levels as adult GISTs
[28]. Gene expression pattern of these tumors is also different from adult GISTs
[29, 30], suggesting alternative mechanisms of KIT activation or distinct pathways
in pediatric GISTs.

Chromosomal Changes in GIST

Cytogenetic studies demonstrated that about 65 % of GISTs have either monosomy
of chromosome 14 or partial loss of 14q [31-33]. Loss of heterozygosity and com-
parative genomic hybridization studies identified two hotspot regions (14q11.2 and
14q32), pointing tumor suppressor genes at these loci might be important for GIST
development [32, 34]. Several candidate genes are suggested within these regions,
such as PARP2, APEXI, and NDRG2 genes at 14q11.2, SIVA [35] and microRNA
clusters at 14q32 [36, 37].

Several chromosomal abnormalities have been associated with malignant behavior
in GIST. Loss of the long arm of chromosome 22 is observed in approximately
50 % of GISTs and associated with malignancy [31, 33, 38]. Chromosome 9p21
deletion causes inactivation of the tumor suppressor gene CDKN2A and associated
with metastatic behavior [39—42]. Gains on chromosomes 8q (including MYC), 3q
(including SMARCA3) and 17q are associated with metastasis [32, 43—45].

Treatment of GIST

Surgical resection is the main therapy for localized GIST, with the goal of complete
resection and avoidance of tumor rupture [46]. However, surgery is sometimes not
applicable for metastatic GISTs or clinically unresectable GISTs. A small molecule
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Fig. 4.1 Signaling pathways in GIST. (a) KIT and PDGFRA signaling pathways. Mutations in
KIT or PDGFRA activate MAPK, PI3K/AKT/mTOR, and STAT3 pathways. The overall percent-
age of specific mutation sites is given in parentheses. (b) Signaling pathways in “wild-type”
GISTs. Mutations in NF1, BRAF, or RAS lead to increased MAPK signaling. Mutations in one of
the SDH genes (SDHA, SDHB, SDHC, or SDHD) lead to succinate accumulation, which inhibits
prolyl hydroxylase-mediated HIF1a degradation and thereby increased HIF1a-mediated transcrip-
tion of VEGF and IGF. P Phosphate group (Modified from Akcakaya P, thesis for doctoral degree
2015, ISBN 978-91-7549-730-3)

tyrosine kinase receptor inhibitor, such as imatinib mesylate, is used for the treat-
ment of advanced GISTs.

Imatinib can selectively block the enzymatic activity of both transmembrane
receptor tyrosine kinases KIT and PDGFRA [47, 48]. It competes with ATP for the
ATP-binding pocket located in the kinase domain, and blocks the phosphorylation
of the tyrosine kinase receptors. Binding of imatinib inhibits the activation of
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downstream survival pathways such as PI3K-mTOR and MAPK [19], and induces
cell apoptosis through BIM [49] and soluble histone H2AX [50]. In addition,
imatinib reduces the expression of indoleamine 2,3-dioxygenase (IDO) [51], which
is an enzyme that produces immunosuppressive metabolites. Reduction of IDO
causes depletion of regulatory T cells and increase of tumor-infiltrating CD8* T
cells. Thus, imatinib stimulates an anticancer immune response by diminishing
IDO-mediated immunosuppression.

The majority of GIST patients with advanced disease get a clinical benefit from
imatinib treatment. Imatinib achieved disease control in 70-85 % of patients with
advanced GIST, median progression-free survival increased from 8-10 months to
20-24 months, and median overall survival increased from 18-20 months to 50
months [52-54]. However, resistance to imatinib is one of the biggest obstacles in
current GIST clinical practice.

Approximately 10 % of patients progress within 6 months of initial therapy,
which is defined as primary resistance to imatinib [53-56]. Primary resistance
shows stronger correlation with certain tumor genotypes, such as wild-type KIT or
PDGFRA, KIT exon 9 mutations and PDGFRA D842V mutation [57-60]. In addi-
tion, 50-60 % of the initially responding patients develop disease progression
within 2 years, regarded as secondary or acquired resistance [53—56]. The main
mechanism of acquired resistance is the acquisition of secondary mutations in the
kinase or loop domain of KIT or PDGFRA [61]. Several alternative mechanisms of
resistance have been described. Kinase switching is one of them and several kinases
have been involved in such mechanism. AXL is an oncogenic tyrosine kinase recep-
tor that regulates the same downstream signaling pathways as KIT. Kinase switch-
ing from KIT to AXL was observed in imatinib-resistant GIST cell lines and clinical
samples [62]. Besides AXL, a switch from KIT to FAK and FYN activation has also
been reported in GIST cells upon acquisition of imatinib resistance, and phosphory-
lated FAK inhibition can re-sensitize the resistant cells to imatinib-induced cell
death [63]. FAK has also been implicated in growth and survival of imatinib-
resistant GIST cells [64]. In addition, gene amplification of KIT or PDGFRA was
shown as a potential mechanism leading to either primary or secondary resistance
[65]. Moreover, microRNAs have also been shown to play a role in imatinib resis-
tance in GIST, as described in the following section.

MicroRNA Deregulation in GIST

MicroRNA signature of GISTs was first described by Subramanian and colleagues
in 2008 [66]. The study compared microRNA profiles of 27 sarcomas with different
histological types, and demonstrated that GISTs were clearly distinguished from
other sarcomas based on their microRNA expressions (Table 4.1). This distinction
implicates the role of microRNAs in GIST tumorigenesis and their potential appli-
cations as diagnostic markers or therapeutic targets in GIST. Compared to other
sarcoma types, miR-221-222 and miR-17-92 clusters were expressed at lower level
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Table 4.1 MicroRNA profiling studies in GIST

Comparison
GISTs vs.
sarcomas

GIST vs.
GI-LMS

14q — vs. 14q +

Gastric vs.
intestinal

High risk vs.
low risk

MicroRNAs

Up

miR-140%, miR-29c ,
miR-29b, miR-22, miR-
30a-5p, miR-30d, miR-99b,
miR-30e-5p, miR-143,
miR-29a, miR-30c, miR-145,
miR-125a, let-7b, miR-10a
miR-29¢c, miR-497, miR-30a,
miR-603, miR-330-3p,
miR-96, miR-527

miR-504, miR-7-1%,
miR-598, miR-24-1-5p

miR-124a, miR-199b,
miR-451, miR-663, miR-10a,
miR-218, miR-638,
miR-24-3p, miR-27b,
miR-128b, miR-588,
miR-518c, miR-199a*,
miR-346, miR-200a,
miR-526a, miR-625,
miR-489, miR-140, miR-23b

miR-196a

P. Akcakaya and W.-O. Lui

Ref
[66]

Down

miR-368, miR-133b, miR-1,
miR-376a, miR-133a, miR-200b,
miR-221, miR-222, miR-92

miR-222, miR-221, miR-382,
miR-938, miR-21, miR-21%,
miR-155, miR-645, miR-297,
miR-190b, miR-20a, miR-18a,
miR-17, miR-19a

14q.32.31 microRNA cluster, e.g.:
miR-134, miR-370

14q.32.33 microRNA cluster, e.g.:
miR-495, miR-376, miR-134,
miR-377, miR-539

miR-220c, miR-329, miR-370,
miR-210, miR-409-3p, miR-376a,
miR-376¢

miR-383, miR-136, miR-146a,
miR-409-3p

[67]

[37]

[36]

[37]

[36]

miR-377, miR-409-3p, miR-376a*,
miR-376b, miR-127, miR-136,
miR-214, miR-150-5p, miR-495,
miR-154*, miR-497, miR-381,
miR-132, miR-195, miR-487b,
miR-335, miR-146b, miR-342,
miR-363*, miR-100, miR-21,
miR-424, miR-487a, miR-16,
miR-133b, miR-140, miR-125b,
miR-23b, miR-365, miR-30e-5p,
miR-152, miR-26b

[36]

[69]
miR-483-5p, miR-1268, miR- [70]
508-5p, miR-1915, miR-762,
miR-452, miR-371-5p, miR-638,
miR-744, miR-1225-5p, miR-1272,
miR-137, miR-885-3p, miR-133b,
miR-206, miR-1261, miR-939,
miR-572, miR-767-3p, miR-1228%
miR-892b, miR-589, miR-149%,
miR-526b

(continued)
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Table 4.1 (continued)

Comparison

PDGFRA- vs.

KIT-mutated

Pediatric vs.
adult mutant

Imatinib
resistant vs.
sensitive

Metastatic vs.
nonmetastatic

MicroRNAs

Up

miR-1229, miR-1234,
miR-766, miR-652, miR-629,
miR-200c, miR-181a-2%,
miR-342-3p, miR-151-5p,
miR-185, miR-146b-5p,
miR-132%* miR-132,
miR-150, miR-509-3p
miR-7-2% miR-15a, miR-16,
miR-34c-5p, miR-125a-3p,
miR-125b-1%, miR-126,
miR-129-3p, miR-186,
miR-190, miR-192, miR-210,
miR-214, miR-345,
miR-361-5p, miR-383,
miR-422a, miR-423-5p,
miR-450a, miR-450b-5p,
miR-488*, miR-488,
miR-491-5p, miR-523,
miR-542-5p, miR-551b%,
miR-576-3p, miR-590-5p,
miR-744, miR-873
miR-301a, miR-30c,
miR-146b-5p, miR-125a-5p,
miR-193b, miR-25, let-7d,
miR-365, miR-30a-3p,
miR-483-3p, let-7e, miR-103,
miR-362-5p, miR-15b,
miR-151-3p, let-7f,
miR-324-5p, miR-30b,
let-7a, let-7i, miR-151-5p,
miR-130b, miR-660,
miR-107, miR-532-5p,
miR-214, miR-143
miR-301a-3p, miR-30c,
miR-25, miR-455-3p,
miR-130b, miR-148a,
miR-362-5p, miR-660,
miR-532-5p, miR-151-3p,
miR-214, miR-193b,
miR-146b-5p, miR-99b,
miR-181a, miR-107,
miR-193a-3p, miR-483-3p,
miR-24-1-5p

Down Ref
miR-330-5p [37]
let-7f-2%, miR-139-5p, miR-152, [71]

miR-181a-2% miR-193b*, miR-340,
miR-365, miR-455-3p, miR-886-3p,
miR-886-5p

miR-574-5p, miR-134, miR-638, [72]
miR-762, miR-1224-5p, miR-

1225-5p, miR-150-3p, miR-

1207-5p, miR-1915, miR-1268,
miR-139-3p, miR-663, miR-1249,
miR-296-5p, miR-188-5p, miR-939,
miR-1228

miR-134, miR-939, miR-762, [72]
miR-1914-3p, miR-1290, miR-1305,
miR-1202, miR-1207-5p, miR-

1225-5p, miR-663, miR-575,

miR-150-3p, miR-125a-3p,

miR-1246, miR-1308, miR-139-3p,
miR-188-5p, miR-1268, miR-

1224-5p, miR-638, miR-150-5p,
miR-1915, miR-501-5p, miR-101,
miR-574-5p

(continued)
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Table 4.1 (continued)
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MicroRNAs
Comparison Up Down Ref
Double vs. let-7d, miR-455-3p, miR-93, miR-940, miR-939, miR-150-3p, [72]
single KIT miR-106b, miR-130b, miR-638, miR-134, miR-1225-5p,
mutant miR-103, miR-660, miR-99b, | miR-762, miR-572, miR-1275,

miR-107, miR-210, miR-720,
miR-1260, miR-24,
miR-151-3p, miR-1280,
miR-342-3p, miR-125a-5p,
miR-130a, miR-199a-5p,
let-7e, miR-1274b, miR-

miR-1207-5p, miR-1224-5p,
miR-1268, miR-1915, miR-663,
miR-1202, miR-296-5p, miR-1249,
miR-1228, miR-188-5p, miR-1238,
miR-101, miR-139-3p, miR-574-5p,
miR-150-5p

362-5p, miR-25, miR-27b,

miR-140-5p, let-7f,

miR-1274a, miR-21,

miR-886-3p, miR-146a,

miR-30d, miR-331-3p,

miR-143, miR-324-5p,

miR-199a-3p, let-7a,

miR-151-5p, miR-181a,

miR-22, miR-30b, miR-

140-3p, miR-23b, miR-17,

miR-214, miR-181b,

miR-361-5p, miR-132, let-7i
GIST gastrointestinal stromal tumor, GI-LMS gastrointestinal leiomyosarcomas, e.g. for example,
vs. versus, Ref Reference
Note: Only top ranked differentially expressed miRNAs are listed. Up- and downregulated microRNAs
refer to the first group in each comparison

in GIST [66, 67]. These microRNAs have been shown to target the two key factors
KIT and ETV1 in GIST tumorigenesis [67] (Table 4.2), suggesting that lower expres-
sion of these microRNAs in GIST could be important for the pathogenesis of this
tumor type. The current known microRNAs involved in regulating key genes in
GIST development and progression are shown in Fig. 4.2.

MicroRNAs Associated with Clinical and Pathological Features
in GIST

Morphology, clinical behavior, and molecular biology of GISTs differ according to
their anatomical localization [68]. Likewise, microRNA expression profiles of
GISTs located in stomach are distinct from the GISTs found in small intestine [36,
37]. Notably, different sets of microRNAs associated with anatomical location were
observed in different studies. For example, Haller et al. showed that gastric GISTs
presented higher expressions of miR-504, miR-7-1%, miR-598, and miR-24-1%,
while the intestinal GISTs had higher levels of miR-220c, miR-229, miR-370,
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Table 4.2 Examples of aberrantly expressed microRNAs with functional role in GIST

microRNA Target Cellular function Ref
miR-196a ANXAI Invasion [69]
miR-494 KIT Proliferation, apoptosis [74]
miR-221/222 KIT Proliferation, apoptosis [67]
miR-17 ETVI Proliferation, apoptosis [67]
miR-20a ETVI Proliferation, apoptosis [67]
miR-137 TWISTI EMT, migration, cell cycle arrest, apoptosis [73]
miR-125a-5p PTPNI8 Imatinib resistance [72]
miR-218 KIT Imatinib resistance, proliferation, invasion, [75,101]
apoptosis

EMT Epithelial-mesenchymal transition, Ref Reference
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Fig. 4.2 MicroRNAs involved in the regulation of GIST development, progression, and imatinib
response. In brief, miR-221, miR-222, miR-494, and miR-218 directly target the KIT expression,
while miR-17 and miR-20a regulates the survival factor ETVI. miR-133b and miR-137 regulate
GIST progression by targeting FSCNI and TWIST1, respectively. miR-125a-5p regulates imatinib
response through the regulation of PTPNIS. miR-218 also regulates imatinib response. IM
Imatinib, P Phosphate group

miR-210, miR-409-3p, miR-376a, and miR-376¢ [37]. Choi et al. demonstrated
higher expressions of miR-383, miR-136, miR-146a, and miR-409a-3p, and lower
expressions of miR-124a, miR-199b, miR-451, miR-663, miR-10a, and miR-218 in
the intestinal compared to gastric GISTs [36]. The discrepancy is likely due to addi-
tional factors (e.g., risk grade and mutation status) that may contribute to differ-
ences besides anatomical locations in the tumors analyzed in both studies.
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Several microRNA signatures have been described in GIST progression. In terms
of tumor-risk group, a number of studies revealed distinct microRNA expression
patterns between the high-risk and the low-risk GISTs, and identified a number of
tumor-risk associated microRNAs (Table 4.1) [36, 69-71]. In the study of Choi
et al., they compared microRNA profiles of 10 high-risk and 4 low-risk GISTs, and
identified 28 microRNAs to be expressed at lower level in the high-risk group [36].
Yamamoto et al. reported 24 microRNAs with lower expression in the high-risk
GISTs compared to low-to-intermediate risk tumors [70]. Kelly et al. found only
miR-150 to be expressed at higher level in the low-risk tumors [71], and Niinuma
et al. reported higher miR-196a expression in the high-risk group [69].

Besides tumor risk, several microRNAs are associated with tumor metastasis in
GISTs. For example, low expression of miR-150-3p and high expressions of miR-
301a-3p and miR-196a are associated with metastasis in GIST [69, 72]. In experi-
mental cell culture systems, two microRNAs have been evaluated for their effect on
tumor progression. Overexpression of miR-137 can inhibit cell migration and regu-
lates epithelial-to-mesenchymal transition (EMT) by targeting TWIST1 [73], and
inhibition of miR-196a can suppress cell invasion in GIST cells [69].

In terms of survival, low expression of miR-1915 is associated with disease-free
and overall survival [72], while higher miR-196a expression is associated with
poorer overall survival of GIST patients [69].

MicroRNAs Associated with Chromosomal and Genetic
Alterations in GIST

As previously described, loss of 14q is common in GIST [31-33]. Downregulation
of multiple microRNA clusters located at chromosome 14q (i.e., 14q32.31 and
14q32.33) has been reported in GISTs with 14q loss (Table 4.1) [36, 37]. One of the
microRNAs located in this region, i.e., miR-494, was shown to directly target KIT
and suppress its expression, and activates downstream signaling components such
as AKT and STAT3 [74]. Functionally, inhibition of miR-494 suppresses prolifera-
tion and induces apoptosis in GIST cells [74].

Given that KIT and PDGFRA are key factors involved in GIST tumorigenesis,
microRNA-mediated regulation of these factors is important for GIST develop-
ment. As aforementioned, miR-494, miR-221, and miR-222 have been shown to
directly regulate KIT expression in GIST cells [67, 74]. Recently, miR-218 was also
found directly targeting KIT, and its overexpression suppresses proliferation and
invasion, and induces apoptosis in GIST-T1 cells [75]. On the other hand, PDGFRA
is known to be regulated by several microRNAs in different cell types, such as miR-
126 in osteoblasts [76], miR-34a in gastric cancer [77], lung cancer [78], and glioma
[79], and miR-146a/146b-5p in endothelial [80] and hematopoietic cells [81]; how-
ever, no microRNA has been experimentally validated to target PDGFRA in GIST.

GISTs show differential microRNA expression patterns according to their muta-
tion status [37]. Several microRNAs are associated with KIT or PDGFRA-mutated
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GISTs. For example, miR-132, miR-766, miR-652, miR-629, miR-200c, miR-
342-3p, miR-185, miR-146b-5p, and miR- 150 levels are higher, whereas miR-330-3p
is lower in PDGFRA-mutated GISTs as compared to KIT-mutated GISTs [37].
Higher expressions of miR-221 and miR-222 were found in the wild-type tumors
compared to the tumors with KIT or PDGFRA mutation [37]. Concordantly, several
studies have also revealed distinct mRNA expression profiles between GISTs with
KIT and PDGFRA mutations [66, 82]. These findings suggest that, despite the com-
mon pathways activated by both mutations (e.g., PI3K/AKT and MAPK) [15], dif-
ferences exist in the signal transduction networks between GISTs with KIT and
PDGFRA mutations. In addition, several microRNAs are differentially expressed
between GISTs with a single and double KIT mutations [72], suggesting that these
microRNAs may be involved in partly distinct pathways [72].

Besides KIT and PDGFRA, several microRNAs are also associated with SDHB
mutation. The SDHB-mutated GISTs show several microRNAs with higher (miR-
132, miR-146a, miR-193b, miR-193b*, miR-455-3p, miR-455-5p, miR-484, and
miR-886-5p) and lower (miR-125b, miR-450b, miR-488*, miR-542-3p, miR-551b,
miR-576-3p and miR-769-5p) expressions compared to non-SDHB-mutated tumors
[71].

MicroRNAs in Imatinib Resistance in GIST

MicroRNAs are known to play a role in tyrosine kinase inhibitor resistance [83—88].
The best example is the EGFR-inhibitor resistance in lung cancer. Numerous
microRNAs (e.g., miR-205, miR-374a, miR-548b, miR-30b, miR-30c, miR-221,
miR-222, and miR-200 family members) have been shown to regulate EGFR-
inhibitor response in lung cancer [84, 85, 89, 90]. In chronic myelogenous leukemia
(CML), miR-17—-19b, miR-30e, miR-203, and miR-138 have been demonstrated to
modulate imatinib sensitivity, while miR-30a promotes autophagy that enhances
imatinib resistance [91-99].

In GIST, only two microRNAs have been functionally determined to modulate
imatinib response [72, 100], despite a number of microRNAs are associated with
imatinib resistance [72]. The expression of miR-218 is lower in imatinib-resistant
compared to -sensitive GIST cell lines. Overexpression of miR-218 increases
imatinib-induced cell death in the imatinib-resistant GIST430 cells. On the other
hand, inhibition of miR-218 expression increases cell viability and decreases apop-
tosis in the imatinib-sensitive GIST882 cells upon imatinib treatment. Although no
target gene(s) of miR-218 was identified, the authors propose that the effect might
be mediated through PI3K/AKT signaling pathway.

The second microRNA is miR-125a-5p, which was found at higher expression
levels in the imatinib-resistant than the -sensitive GISTs [72]. Overexpression of
miR-125a-5p increases cell viability in the single KIT-mutated GIST882 cells upon
imatinib treatment. However overexpression or suppression of miR-125a-5p in the
double KIT-mutated GIST48 cells has no effect on imatinib response, suggesting
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that microRNA-mediated regulation is an alternative resistance mechanism to sec-
ondary KIT mutations in GIST. Ectopic expression of miR-125a-5p suppresses its
target gene PTPNI8 expression and silencing of PTPN18 increases cell viability in
GIST882 cells upon imatinib treatment. The authors also observed an increased
expression of miR-125a-5p and a decreased expression of PTPN18 in the imatinib-
resistant subclone of GIST882 cells as compared to its sensitive counterpart, pro-
viding the functional evidence of miR-125a-5p-mediated regulation in imatinib
resistance. PTPN18 is a member of the PEST domain containing protein-tyrosine
phosphatase superfamily, which has been shown to dephosphorylate the phosphoty-
rosine residues of several tyrosine kinases, such as HER2 and SRC [101, 102].
Takahashi et al. recently demonstrated that altered phosphorylation of tyrosine
kinases is an alternative mechanism of imatinib resistance in GIST [63]. Further
studies have yet to determine whether the tyrosine kinases described by Takahashi
et al. could be the substrate(s) of PTPN18.

Clinical Implications of microRNAs in GIST

MicroRNA expression profiles can distinguish GISTs from other sarcomas, and
distinct microRNA expression signatures are associated with clinical, molecular,
and histopathological features of GIST. These findings suggest a promising role for
microRNAs as diagnostic and prognostic indicators in GIST.

Given their relatively higher stability in clinical samples and robust expression
patterns, microRNAs have been suggested to have a greater utility as biomarkers in
comparison to mRNAs [103]. Importantly, microRNAs can be released into the
body fluids through microvesicles, which gives them a potential value as noninva-
sive biomarkers [104, 105]. Future studies evaluating the potential of circulating
microRNAs as response markers for treatment or as reflective markers of GIST
biological outcome would have a clinical benefit. However, there are some obstacles
for circulating microRNAs, e.g., identification of an appropriate endogenous con-
trol and fluctuations in microRNA expression caused by diet, infection, treatment,
trauma, or other factors [106].

Inhibition of KIT and PDGFRA by imatinib is the key therapeutic approach for
advanced GISTs beside surgery. However, imatinib resistance is one of the biggest
challenges in current GIST clinical practice. Post-transcriptional inhibition of onco-
genes by microRNA mimics and activation of tumor suppressor genes by microRNA
inhibitors are currently under investigation for their potential as therapeutic agents
in cancer. KIT-targeting microRNA mimics (e.g., miR-221, miR-222, miR-494) [67,
74] may be used directly to target GIST cells to enhance the effect of imatinib for
the purpose of overcoming resistance. Likewise, microRNA mimics/inhibitors for
microRNAs specific to imatinib resistance, metastasis, risk grade or survival may be
used for therapeutic purposes. Off-target effects and delivery of these molecules to
specific GIST tissues/cells remain as the biggest challenges. Several strategies have
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been developed for delivery of microRNA-based therapeutics, including the use of
nanoparticles, liposomes, antibodies and nucleic acid structure modifications [107].

Conclusion

In the last 20 years, growing knowledge of GIST molecular biology has revolution-
ized the clinical management of this disease, from a treatment-resistant uncontrolled
disease to the development of targeted therapies. Despite tyrosine kinase inhibitors
improve the outcome of the majority of patients, they fail to provide a permanent
cure and resistant clones are observed in most of the initially responding tumors.

Development of alternative treatment strategies is needed in order to overcome
resistance to ATP-competitive kinase inhibitors. Complete understanding of molec-
ular biology in GIST development, progression, and treatment response is neces-
sary to establish a ground for developing effective combinational therapies with a
goal of not only to temporarily control the disease, but also to permanently eradicate
all tumor cells.

MicroRNAs have been shown to play a role not only in the GIST tumorigenesis,
but also in the stratification of patients at risk of developing the disease or therapy
response. Although this research area is still relatively understudied, the work
reported in the last 3 years is indicative of the excitement in this area. Ongoing and
future studies will illuminate effectiveness and safeness of microRNAs as novel
agents for GIST treatment and their predictive value as novel biomarkers. This will
hopefully turn GIST from a model of targeted therapies that control the disease
progression to a model of complete cancer cure.
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Chapter 5

Insights into the Role of microRNAs

in Pancreatic Cancer Pathogenesis: Potential
for Diagnosis, Prognosis, and Therapy

Mohammad Aslam Khan, Haseeb Zubair, Sanjeev Kumar Srivastava,
Seema Singh, and Ajay Pratap Singh

Abstract Pancreatic cancer is a highly lethal malignancy and a fourth leading
cause of cancer-related death in the United States. Poor survival of pancreatic can-
cer patients is largely because of its asymptomatic progression to advanced stage
against which no effective therapy is currently available. Over the years, we have
developed significant knowledge of molecular progression of pancreatic cancer and
identified several genetic and epigenetic aberrations to be involved in its etiology
and aggressive behavior. In that regard, recent lines of evidence have suggested
important roles of microRNAs (miRNAs/miRs) in pancreatic cancer pathogenesis.
microRNAs belonging to a family of small, noncoding RNAs are able to control
diverse biological processes due to their ability to regulate gene expression at the
posttranscriptional level. Accordingly, dysregulation of miRNAs can lead to several
disease conditions, including cancer. There is a long list of microRNAs that exhibit
aberrant expression in pancreatic cancer and serve as key microplayers in its initia-
tion, progression, metastasis, and chemoresistance. These findings have suggested
that microRNAs could be exploited as novel biomarkers for diagnostic and prognos-
tic assessments of pancreatic cancer and as targets for therapy. This book chapter
describes clinical problems associated with pancreatic cancer, roles that microR-
NAs play in various aspects of pancreatic cancer pathogenesis, and envision oppor-
tunities for potential use of microRNAs in pancreatic cancer management.
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Introduction

microRNAs (miRNAs) have received considerable attention because of their
potential to regulate diverse biological processes such as cell development, cell
differentiation, and survival. Moreover, significance of miRNAs has been recog-
nized in various human cancers within past decade. miRNAs are small (~19-25
nucleotide long) noncoding RNA molecules, which are generated from endog-
enous hairpin transcripts, and serve as negative regulators of gene expression by
binding to the 3’-UTRs of target mRNA with partial or full complementarity.
This target mRNA-miRNA binding typically results in either translational
repression or causes target mRNA decay [1, 2]. To date, in humans approxi-
mately 2469 miRNAs have been identified [3], and it is estimated that around
one-third of all the genes are regulated by miRNAs [4]. Majority of the target
mRNAs contain multiple binding sites for different miRNAs, which suggest that
individual mRNA can be regulated by many miRNAs [5]. On the other hand, a
single miRNA can also potentially regulate the expression of multiple genes
[5-71.

Pancreatic cancer is a highly lethal malignancy and is the eighth leading
cause of cancer-related deaths globally [8]. In the United States, it is currently
the fourth leading cause of cancer-related death and predicted to become second
on the list by 2030 [9, 10]. Post-diagnosis median survival of pancreatic cancer
patients is nearly 2—-8 months, and only ~6 % of all patients survive more than 5
years [11]. Such a poor prognosis is largely due to late diagnosis of disease,
when it is either locally advanced or has already metastasized to distant organ
sites [6, 12]. Moreover, currently, there is a complete lack of an effective ther-
apy to treat metastatic pancreatic cancer. Even small pancreatic tumors at the
time of diagnosis harbor several genetic or epigenetic alterations that coopera-
tively promote their aggressiveness and therapeutic-resistance [13, 14]. In view
of this grim scenario, there has been increasing interest to define genetic and
epigenetic landscape of pancreatic cancer and understand molecular mecha-
nisms underlying its initiation, aggressive progression, and therapy resistance.
Clearly, miRNAs have emerged as important biomolecules regulating pancre-
atic cancer pathobiology.

This book chapter summarizes currently available information on the significance of
miRNAs in pancreatic cancer with major emphasis on their roles in disease initiation,
progression, and chemoresistance. We also highlight the diagnostic, prognostic, and
therapeutic potential of miRNAs in pancreatic cancer and their prospective utility in
clinics.
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Pancreatic Cancer: A Major Clinical Problem

Pancreatic cancer has the worst prognosis among all cancers. It is referred as a
“silent killer” because of the lack of any symptoms in its early stages of progression
and its diagnosis is often considered as “death sentence” to the patient. The appeared
symptoms are often indistinguishable and share commonality with other abdominal
or gastrointestinal (GI) tract pathologies [15, 16]. Consequently, we are still strug-
gling to develop a sensitive and specific diagnostic for pancreatic cancer that would
be clinically feasible [17]. Due to these limitations, specific sets of biomarkers are
required which could be potentially used for diagnosis and prognosis of pancreatic
cancer. Therapy of pancreatic cancer also remains a major challenge in clinics due
to highly advanced and metastatic disease at the time of diagnosis. Thus, surgical
resection followed by adjuvant therapy, which could be curative, is not an option in
most pancreatic cancer patients. Even in some early stage cases, surgical resection
largely fails to manage the disease [18]. Chemotherapeutic options for the advanced
stage patients are limited and provide minimal survival benefit at best. Gemcitabine
as a single-agent drug for the treatment of pancreatic cancer shows only a meager
improvement in the median survival by only few weeks [19]. Erlotinib, an epider-
mal growth factor receptor (EGFR) inhibitor when given in combination with gem-
citabine, modestly prolonged the mean survival rates of pancreatic cancer patients
as compared to gemcitabine treatment alone [20]. In a phase III study it was shown
that combination treatment of gemcitabine with cisplatin did not increase the sur-
vival benefits [21]. Moreover, in a multicenter phase II/III trial on patients with
metastatic pancreatic adenocarcinoma, FOLFIRINOX in combination with gem-
citabine increased median survival to 11.1 months as compared to 6.8 months in the
gemcitabine treatment group [22]. Recently, based on the findings from a phase III
clinical trial, albumin-bound paclitaxel (nab-paclitaxel) in combination with gem-
citabine was introduced. The median overall survival was increased to 8.5 months
in patients treated with nab-paclitaxel and gemcitabine as compared to 6.7 months
for gemcitabine treatment alone. Moreover, the median progression-free survival
was 5.5 months compared to 3.7 months for patients treated with combination and
gemcitabine alone, respectively [23]. These studies suggest that so far there is no
major stride made that could effectively treat pancreatic cancer. Therefore, there is
an urgent clear need for the identification and development of specific and sensitive
biomarkers for diagnosing this asymptomatic disease in its early phase.

Deregulation of miRNAs in Pancreatic Cancer

Mounting evidence suggest that miRNAs are aberrantly expressed and highly deregu-
lated in pancreatic cancer [6]. Poy and colleagues first identified specific miRNA signa-
ture for the normal pancreas [24]. Since then, extensive studies on miRNAs have been
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conducted and several differentially expressed miRNAs identified in pancreatic cancer.
Pancreatic cancer-based miRNA screening was clearly able to distinguish pancreatic
ductal adenocarcinoma (PDAC) from normal pancreas and pancreatitis [12]. The study
identified 100 miRNAs to be differentially expressed in pancreatic cancer including
miR-155, miR-21, miR-221, and miR-222, which are also known to be aberrantly
expressed in other human cancers [25]. Furthermore, miRNA profiling identified sig-
nificantly high levels of miR-196a, miR-186, miR-190, miR-95, miR-221, miR-222,
miR-200b, and miR-15b in pancreatic tumors [26]. Moreover, we recently provided the
evidence that miR-150 is significantly downregulated in pancreatic cancer [27]. Study
carried out in the serum samples of pancreatic cancer patients identified miR-2 to be
overexpressed in pancreatic cancer [28]. Microarray-based miRNA study revealed that
21 miRNAs were upregulated, and 4 downregulated in pancreatic cancer [29].
Interestingly, this expression pattern differentiated pancreatic cancer from normal/
benign pancreatic tissues. In pancreatic neuroendocrine tumors, expression of miR-155,
miR-146a, miR-142-3p, and miR-142-5p were high as compared to its normal counter-
part [30]. In 15 different pancreatic cancer cell lines, miR-10a, miR-92, and miR-17-5p
were observed to be overexpressed [31]. Furthermore, elevated levels of miR-155 and
miR-21 were reported in the clinical specimens of intraductal papillary neoplasms.
Another similar study suggested that activation of miR-155 is an “early” event in the
pancreatic cancer progression, and the expression level of miR-155 increases with the
progression from PanIN-2 to PanIN-3 [32]. Similarly, expression of miR-218 was
shown to decrease with the progression of pancreatic cancer [33]. Working on the same
line, Yu et al., reported altered expression of miRNAs with the pancreatic cancer pro-
gression [34]. In low-grade PanINs (PanIN-1 or PanIN-2), miR-133a, miR-151-5p,
miR-148a/b, miR-34c-5p, miR-130b, miR-200c, miR-185, miR-331-3p/5p, miR-
330-3p, miR-423-5p, miR-378, and miR-129-3p were significantly elevated, while
miR-196b was found to be overexpressed in PanIN-3 lesions [34]. Morimura and col-
leagues identified a specific miRNA signature in the blood specimen of pancreatic can-
cer patients. They identified significantly higher levels of miR-20a, miR-18a, miR-155,
miR-22, miR-21, miR-99a, miR-24, miR-185, miR-25, miR-885-5p, miR-191, miR-
642b, and miR-196a in the blood of pancreatic cancer patients’ as compared to that from
normal donors [35]. miRNA expression analysis in fine-needle aspirates showed upreg-
ulation of miR-196a, miR-217, miR-451, and miR-486-5p with downregulation of let-
7c, let-7d, let-7f, and miR-200c in pancreatic cancer [36]. Overall these studies suggest
that miRNAs are aberrantly expressed in pancreatic cancer and their deregulation could
influence the development and progression of pancreatic cancer.

Role of miRNAs in Pancreatic Cancer

Accumulating data over the past several years have defined important roles of miR-
NAs in pancreatic cancer pathobiology (Fig. 5.1). A number of miRNAs are known
to promote early events of pancreatic carcinogenesis, while several others are
involved in its metastatic progression and chemoresistance as discussed below.
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Initiation and promotion Metastasis
miR-34, miR-96, miR-143, miR-218, miR-150, miR-
miR-145, miR-206, miR- 27a, miR-143, miR-126,
130a, miR-301a, miR-454, miR-146a, miR-10a, miR-
let-7, miR-107, miR-148a, 34b, miR-218, miR-21,
miR-221, miR-150, miR-203 miR-155

N

Chemoresistance

miR-221, miR-125b, let-7,
miR-21, miR-155, miR-
142, miR-204, miR-200,
miR-146, miR-17-5p, miR-
205, miR-320c

Fig. 5.1 Involvement of miRNAs in pancreatic cancer pathogenesis. Several miRNAs are demon-
strated to be involved in pancreatic cancer cell initiation, promotion, metastasis and chemoresis-
tance, and thus greatly impact this malignancy

miRNAs in Pancreatic Cancer Initiation and Promotion

There are several reports indicating a role of miRNAs in pancreatic cancer initiation
and promotion. The levels of miR-34 were shown to be significantly downregulated
in pancreatic cancer, and its overexpression influenced various processes such as
angiogenesis, apoptosis, cell cycle progression, and even metastatic potential [37,
38]. Ji et al. also reported the role of miR-34 in tumor initiation by demonstrating
that restoration of miR-34 resulted in the inhibition of tumor-initiating cells [38].

Ample amount of data is available that advocate the significance of miRNAs in
controlling the pancreatic cancer growth. For example, Yu and coworkers reported
that restoration of miR-96 resulted in K-Ras inhibition followed by pancreatic can-
cer cell death [39]. Forced expression of miR-143/145 decreased cell proliferation
[40]. Furthermore, it was shown that expression level of miR-145 progressively
decreased from precursor lesions to late PDAC, and restoration of miR-145 abro-
gated cell proliferation [41]. Keklikoglou and colleagues reported that restitution of
miR-206 was enough to inhibit angiogenesis and tumor growth in pancreatic cancer
[42]. Guo et al., reported that overexpression of tumor suppressor miR-410 led to
inhibition of angiogenesis in pancreatic tumor model [43].
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Moreover, inhibition of miR-21 and miR-210 was also shown to inhibit migra-
tion and invasion of pancreatic cancer cells and suppressed angiogenesis [44]. In
another report, a role of miR-217 in inhibition of pancreatic cancer growth in vitro
and in vivo was demonstrated [45]. Several other miRNAs, such as miR-130a, miR-
301a, and miR-454, are also reported to be upregulated in pancreatic cancer and to
negatively regulate SMAD4 expression to promote tumor growth [46, 47]. Let-7 is
largely known to be either completely lost or downregulated in pancreatic cancer
[48] and functional study demonstrated that the overexpression of let-7 caused the
inhibition of pancreatic cancer cell proliferation through inhibiting MAPK and
K-Ras signaling [48]. Tsuda et al. provided the evidence that synthetic miR-3548
retarded the growth of MiaPaCa-2 cells by targeting Gli-1 [49]. Cell cycle progres-
sion is indispensable for cancer cell growth and studies suggest that miRNAs regu-
late several cell-cycle-related proteins, such as cyclin-dependent kinase, CDK6 by
miR-107 [50], CDC25B by miR-148a [51], and CDKN1B by miR-221 [52].

Transfection with inhibitor of miR-221 in pancreatic cancer cells upregulated
CDKNI1B, and suppressed their growth [53]. miR-424-5p is overexpressed in pan-
creatic cancer cells and reported to promote the proliferation and apoptosis resis-
tance [54]. Recently, we also identified miR-150 to be a tumor suppressor miRNA
in pancreatic cancer cells and demonstrated its tumor suppressor function.
Restoration of miR-150 suppressed the growth and malignant potential of pancre-
atic cancer cells via downregulating MUC4 [27]. Xu et al. demonstrated that resto-
ration of miR-203 caused apoptosis and cell cycle arrest [5S5]. Moreover, miR-203
also caused significant reduction in tumor growth [55]. Altogether, these reports
clearly suggest that miRNAs are of important significance in pancreatic cancer ini-
tiation and progression.

miRNAs in Pancreatic Cancer Metastasis

Pancreatic cancer is a highly aggressive malignancy characterized by extensive near
and distant metastasis. So far, several molecular targets have been identified that
could potentially drive the aggressive nature of this malignancy. Recently, miRNAs
have also gained significant attentions for their role in regulating the metastatic
processes, and involved miRNAs are often referred as metastamiRs [6]. Two miR-
NAs, miRNA-218 and miR-155, has been shown to be associated with lymphatic
metastasis of pancreatic cancer [33, 56]. Moreover, Mees and colleagues have
reported that miR-194, miR-200b, miR-200c, and miR-429, which are overex-
pressed in highly metastatic pancreatic cancer cells, regulate metastasis by targeting
metastatic suppressor gene EP300 [57]. Another study reported that miR-10a is an
important mediator in pancreatic cancer metastasis and its repression effectively
inhibits the invasion and metastasis of pancreatic tumor cells [58].

Ouyang et al. reported that increased level of miR-10b in pancreatic cancer made
pancreatic tumor cells invasive by activating epidermal growth factor (EGF) and
transforming growth factor-beta (TGF-f) signaling [59]. Another study identified
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overexpression of miR-10b in pancreatic cancer, and suggested its role in the
aggressive phenotype associated with metastasis [60]. Giovannetti and coworkers
reported that patients exhibiting upregulated level of miR-21 had a shorter survival
[61]. Moreover, miR-21 helped in the invasion and metastasis of pancreatic cancer
cells by regulating matrix metalloproteinases and vascular endothelial growth factor
[61]. Another study showed that deregulated miR-21 expression in pancreatic can-
cer was associated with high proliferation index and liver metastasis [62].

Kadera et al. also demonstrated the role of miRNAs in pancreatic tumor invasion
and metastasis [63]. miRNA expression profile data suggested that levels of miR-
100 was significantly higher in metastatic pancreatic cell lines as compared to non-
metastatic ones suggesting its role in metastasis of pancreatic cancer [56]. Moreover,
miR-146a was also reported to be significantly downregulated in pancreatic cancer,
and its restoration inhibited the invasiveness of pancreatic cancer cells by suppress-
ing the expression of EGFR and interleukin-1 receptor-associated kinase 1(IRAK-
1) [64].

The expression of tumor suppressor miRNA, miR-143, is lost or downregulated
in many cancers, including pancreatic cancer, and its overexpression in pancreatic
cancer cells downregulated various genes associated with tumor growth and metas-
tasis. Furthermore, findings suggested that the restoration of miR-143 blocked pan-
creatic cancer cell migration and invasion in vitro and inhibited liver metastasis and
tumor growth in vivo [65]. Downregulation of miR-126 was shown to be a crucial
event for attaining an invasive phenotype in PDAC and its re-expression decreased
the pancreatic cancer invasiveness [66]. Similarly, Hamada et al. have reported a
role of miR-126 in regulating pancreatic tumor invasiveness [67]. Decreased level
of miR-34b is associated with tumor-node-metastasis stage and lymph-node metas-
tasis [68]. Taken together, these studies clearly suggest critical roles of miRNAs in
the metastatic progression of pancreatic cancer.

miRNAs in Chemoresistance of Pancreatic Cancer

The growing evidence suggests that miRNAs play important role in the chemoresis-
tance of pancreatic cancer. Bhutia et al. demonstrated that overexpression of
precursor-let-7 inhibited RRM2 level in pancreatic cancer cells and induced chemo-
sensitization [69]. Similarly, preclinical data demonstrated that increased miR-211
expression in pancreatic cancer cells enhanced therapeutic efficacy of gemcitabine
by reducing RRM2 level [70]. Recently, it was shown that miR-1246 promoted
pancreatic cancer growth and induced drug resistance [71]. Furthermore, Singh and
colleague observed the upregulation of miR-146 and downregulation of miR-205
and let-7 in gemcitabine-resistant pancreatic cancer cell lines and clinical samples,
suggesting their involvement in the development of chemoresistance [72]. Another
study regarding the role of miRNAs suggested that miR-17-5p was upregulated and
imparted gemcitabine resistance to pancreatic cancer cells by targeting pro-apop-
totic protein, Bim at the posttranscriptional level [73]. The inhibition of this miRNA
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in Panc-1 and BxPC3 cells sensitized them to gemcitabine toxicity by inducing
apoptosis [73]. miR-21 is also shown to play an important role in the chemoresis-
tance of cancer cells.

A study carried out by Giovannett and colleagues showed that miR-21 was
upregulated in gemcitabine-resistant pancreatic cancer cells, and it modulated the
expression of genes associated with survival and invasion and sensitized the cells to
gemcitabine therapy [61]. Moreover, this study also revealed that overexpression of
miR-21 was associated with poor therapeutic outcome in pancreatic cancer patients
treated with gemcitabine. Additional support for the role of miR-21 in chemoresis-
tance came from a study in which it was shown to regulate the expression of anti-
apoptotic BCL2 protein [74]. Another study reported that miR-125b was
overexpressed in gemcitabine-resistant derivative cell line of BXPC3 (BxPC3-
GZR) as well as in advanced PDAC samples and its inhibition sensitized the BxPC3-
GZR to gemcitabine [75]. In another recent study, Khan et al. demonstrated that
overexpression of miR-145 significantly enhanced the gemcitabine cytotoxicity
through downregulation of MUCI13 [41]. miR-155 is also reported to be overex-
pressed in pancreatic cancer, and gets upregulated in pancreatic cancer cells upon
gemcitabine treatment further supporting its possible involvement in chemoresis-
tance [25]. Another study revealed that re-expression of miR-200 sensitized pancre-
atic cancer cells to gemcitabine [28].

Moreover, miR-142-5p and miR-204 were also reported to be significantly
downregulated in gemcitabine-resistant PDAC and established cell lines [76]. In a
recent report, it was shown that expression level of miR-320c was significantly ele-
vated in gemcitabine-resistant pancreatic cancer lines suggesting its role as a regula-
tor of chemoresistance [77]. Overall, these studies suggest that miRNAs are involved
in the chemoresistance in pancreatic cancer.

Opportunities for the Clinical Use of miRNAs in Pancreatic
Cancer Management

The widely recognized hurdle in the treatment of pancreatic cancer is its late detec-
tion and the lack of effective therapies. Recent studies have provided considerable
evidence showing the use of miRNA expression profiles in the diagnosis and prog-
nosis of pancreatic cancer; moreover, miRNAs are also emerging as promising tar-
gets for cancer therapy as shown in Fig. 5.2. Below we discuss related data on these
aspects to understand the clinical potential of miRNAs in pancreatic cancer.

miRNAs as Diagnostic Markers

It is now becoming evident that miRNAs have the potential to be utilized as bio-
markers for cancer diagnosis. For example, certain miRNAs such as miR-376a,
miR-301, miR-155, miR-21, miR-221, and miR-222 are overexpressed in pancreatic
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Fig. 5.2 Clinical significance of miRNAs in pancreatic cancer. Specific expression pattern of
miRNAs could be used for diagnosis and prognosis of pancreatic cancer. miRNAs could also be
used for pancreatic cancer therapy by restoration of tumor suppressor miRNAs or inhibition of
oncogenic miRNAs

cancer and their expression is restricted to tumor cells only with no expression in
normal acini or ducts [25]. Moreover, differential expression of miR-96 [39], miR-
34a [38], and miR-21 [78] was shown to accurately discriminate between pancreatic
cancer and normal adjacent tissue. Another expression analysis study between nor-
mal pancreas and PDAC suggested that the presence of miR-216 and miR-217 and
absence of miR-133a is unique for healthy pancreas [29]. On the other hand,
increased expression of miR-103 and miR-107 with low expression of miR-155 is
also another signature profile for pancreatic tumors [62].

Bloomston et al. successfully identified 21 overexpressed and 4 downregulated
miRNAs in pancreatic cancer, which correctly differentiated 90 % of the malignant
cases from the normal tissue. Similarly, using a subset of 15 overexpressed and 8
downregulated miRNAs, they could also accurately discriminate between 93 % of
samples as chronic pancreatitis and pancreatic cancer [29].

Furthermore, Szafranska et al. [79] identified 20 additional miRNAs that were
able to discriminate pancreatic cancer from chronic pancreatic diseases and normal
pancreas. The expression analysis of miR-196a and miR-217 in fine-needle aspi-
rates categorized malignant pancreatic cancer from benign lesions [80]. Later, Kong
et al. [81] observed elevated level of miR-196a in the serum samples of pancreatic
cancer compared with control groups. This study led to the identification of serum
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miR-196a as a potential marker for pancreatic cancer and selection for laparotomy
[81]. Yu et al. [34] identified a signature of 35 miRNAs in PanIN-3 lesion, and miR-
196b was found to be the best biomarker for detection of these lesions.

Kawaguchi et al. [52] found that pancreatic cancer patients with higher plasma
concentration of miR-221 exhibited significant correlation with distant metastasis.
In a study measuring 735 circulating miRNAs in pancreatic cancer and control sera,
miR-1290 was demonstrated to exhibit the best diagnostic performance among
other upregulated circulating miRNAs [82]. Lewis blood group antigen CA19-9 is
currently being widely used as standard serum marker for the identification of pan-
creatic cancer. However, its utilization is limited to monitor response to therapy and
it is not a sensitive or specific marker for diagnosis [83, 84].

Interestingly, combination of miR-16 and miR-196a with CA19-9 was demon-
strated to be more accurate in discriminating pancreatic cancer from normal tissue
with a sensitivity and specificity of 92.0 % and 95.6 %, respectively. Habbe et al.
[85] identified miR-155 to be the potential biomarker for detecting early stage of
pancreatic cancer. Altogether, these studies highlight the potential of miRNAs to be
used as a valuable tool for discriminating pancreatic tumors from normal pancreas
and classifying the tumor stage and grade, either alone or in combination with other
biomarkers.

miRNAs in Prognostic Assessment

With accumulating data, it is now becoming more obvious that apart from the sig-
nificance of miRNAs in pancreatic cancer diagnosis, they can also be utilized as
potential prognostic biomarkers. An elevated level of miR-21 was shown to be asso-
ciated with poor therapeutic outcome in patients undergoing gemcitabine therapy
[61]. Furthermore, overexpression of miR-21 in PDAC is reported to be correlated
with the shorter overall survival in node negative patients and is strongly associated
with liver metastasis [78]. Interestingly, patients with low miR-21 expression have
been observed to benefit from gemcitabine treatment [86]. Ohuchida et al. [87]
demonstrated downregulated expression of miR-204 and miR-142-5p in
gemcitabine-resistant pancreatic tumor samples; furthermore, they identified a posi-
tive correlation of these miRNAs with prolonged survival of patients with pancre-
atic cancer. Thus, miR-142-5p was identified to be a predictive marker for
gemcitabine response.

Bloomston et al. [29] demonstrated that a set of six miRNAs could distinguish
long-term survivors with node-positive disease dying within 2 years. Furthermore,
their study suggested that, high miR-196a-2 level could predict poor survival.
Others have shown that overexpression of miR-155, miR-200, miR-203, miR-205
[81], miR-212, and miR-675 [31] miR-200c [80], miR-21 [54], and reduced expres-
sion of miR-34a, miR-30d [54], miR-130b [88], miR-148a, miR-187 and let-7g [87]
in PDAC are associated with poorer survival rate. Ikenaga et al. identified miR-203
as a new prognostic marker of pancreatic adenocarcinoma patients, who underwent
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resection [89]. Like miR-21, the expression of miR-155, miR-196a, and miR-10b
was also correlated with enhanced invasiveness and poor overall survival of pancre-
atic cancer patients [60]. Moreover, poor prognosis of pancreatic cancer was also
observed in patients expressing high levels of miR-17-5p clusters. Together, these
studies highlight the significance of miRNAs in pancreatic cancer prognosis.

miRNAs as Therapeutic Targets

Extensive miRNA-based preclinical studies have been conducted in pancreatic can-
cer to clearly highlight the role of miRNAs in the initiation, progression, and che-
moresistance. Thus, there is wide scope to exploit miRNAs for the development of
novel therapeutic strategies against pancreatic cancer. For example, nanoparticle-
based delivery of miR-143, miR-145, or miR-34a in mouse model of pancreatic
cancer significantly inhibited the tumor growth [90]. Inhibition of miR-21 and miR-
221 using antisense approach was also shown to enhance gemcitabine cytotoxicity
in pancreatic cancer cells [91]. Similarly, repression of miR-10a in pancreatic can-
cer cells was able to inhibit tumor growth and metastasis [58]. In another study, it
was demonstrated that inhibition of miR-132 and miR-212 by antisense miRNA
oligonucleotides decreased the pancreatic tumor growth [92].

Restoration of a tumor suppressor miR-204 resulted in the downregulation of
Mcl-1 and caused pancreatic cancer cell death [76]. Similarly, Yan et al. demon-
strated that the restoration of miR-20a could potentially downregulate Stat3 at the
posttranscriptional level leading to the inhibition of cell proliferation of pancreatic
carcinoma [93]. Furthermore, viral vector-mediated delivery of miR-145 or miR-
143 effectively inhibited pancreatic cancer development [40]. Hu et al. using
adenovirus-mediated delivery of miR-143 demonstrated significant reduction of
cancer metastasis [65]. Moreover, we also demonstrated that delivery of miR-150
mimics significantly inhibited pancreatic cancer cell growth and metastatic potential
[27]. Similarly, restoration of tumor suppressor let-7 miRNA in cancer-derived cell
lines strongly reduced their proliferation via downregulating K-Ras and mitogen-
activated protein kinase activation [48]. Yu et al. [39] demonstrated that the delivery
of miR-96 mimics inhibited in vivo tumorigenesis [39].

Wang and colleague reported that miR-23b is downregulated in radioresistant
pancreatic cancer cells and restoration of miR-23b sensitized pancreatic cancer cells
to radiation therapy [94]. Another study demonstrated that re-expression of tumor
suppressor miR-141 in pancreatic cancer cells blocked tumor cell growth, invasion,
clonogenicity, and increased chemosensitivity [95]. Recently, Guo et al. demon-
strated that the delivery of miR-410 mimics inhibited tumor formation in xenograft
mouse model [43]. Delivery of anti-miR-21 and anti-miR-221 oligonucleotides
inhibited the growth and sensitized pancreatic tumor cells to anticancer drugs,
5-Fluorouracil, and gemcitabine [96]. Thus, these studies provide strong rationale
towards the exploitation of miRNAs as effective therapeutic targets for the treat-
ment of pancreatic cancer.
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Conclusion and Future Perspectives

microRNAs have undoubtedly established themselves as a novel class of gene regu-
lators, and accumulating data support their roles in multiple biological processes. In
fact, what we know today may just be the glimpse of pleiotropic functions that
miRNAs can perform, and coming era may unfold many new discoveries. Pancreatic
cancer remains a highly lethal malignancy lacking in almost all areas (diagnosis,
prognosis, and therapy) of clinical management. Therefore, continued identification
of novel, differentially expressed miRNAs and delineation of their important patho-
biological functions may open up new possibilities for early and specific diagnosis
as well as provide future cancer therapeutics for this devastating malignancy.

We would need to develop clinically feasible, cost-effective systems for sensitive
detection of miRNAs to realize miRNA-based cancer diagnosis. Restoration or
inhibition of miRNAs involved in malignant cancer phenotypes and chemoresis-
tance though innovative approaches would also be required to enable powerful and
effective miRNA-based therapeutic strategies against pancreatic cancer.

Clearly, interest in miRNA research continues to grow in all branches of biologi-
cal sciences and have encouraged interdisciplinary collaborations to exploit their
utility for human health applications. Remarkable progress thus far has built a
strong foundation to forthcoming clinical and translational research and the diag-
nostic/prognostic tools and therapies that will emerge in near future. The expecta-
tion is that we will be able to curb pancreatic cancer-related deaths by developing
improved understanding of its biology and identification of novel therapeutic tar-
gets. The existing data thus far provide great hope from these small, functionally
involved biomolecules to prominently impact pancreatic cancer management.
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Chapter 6
microRNAs and Colorectal Cancer

Anna Lena Ress, Samantha Perakis, and Martin Pichler

Abstract Colorectal cancer (CRC) is one of the most common types of human
cancer with high cancer-related morbidity and mortality rates. The development
and clinical validation of novel therapeutic avenues have improved the clinical
outcome, but metastatic CRC still remains an incurable disease in most cases. The
interest in discovering novel pathophysiological drivers in CRC is intensively
ongoing and the search for novel biomarkers for early diagnosis, for patient’s
stratification for prognostic purposes or for predicting treatment response are war-
ranted. microRNAs are small RNA molecules that regulate the expression of
larger messenger RNA species by different mechanisms with the final conse-
quence to provide a fine tuning tool for global gene expression patterns. First
discovered in worms, around 15 years ago it became clear that microRNAs are
also existing in humans and that they are widely involved in human carcinogene-
sis. Within the last years, tremendous progress in the understanding of microR-
NAs and their role in CRC carcinogenesis has been developed. In this book
chapter, several examples of previously identified microRNAs and how they influ-
ence colorectal carcinogenesis will be discussed. The information starting at the
underlying molecular mechanisms towards clinical applications will be depicted
and an overview what great potential these small molecules might carry in future
colorectal cancer medicine, will be discussed.
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Introduction

In their seminal review paper “The hallmarks of Cancer,” D. Hanahan and R. Weinberg
described the traits that most forms of cancer have in common [1]. Colorectal cancer
(CRO) is determined by these hallmarks, which were later expanded upon in 2011 to
include the so-called emerging hallmark capabilities. The exact role of the regulatory cir-
cuits regulated by epigenetic mechanisms including microRNAs (miRNAs) in the context
of the eight hallmarks has yet to be determined. However, at present, dozens of regulatory
miRNAs have been explored and discovered and almost all of them demonstrate differen-
tial expression and effects that are involved in the pathogenesis of CRC [2].

In general, CRC is the third most commonly diagnosed cancer and the second lead-
ing cause of cancer-related death. The high mortality rates are mainly related to the
development of metastatic disease, which is associated with only a 12 % 5-year sur-
vival rate [3]. Therapeutic decision-making mainly relies on the tumor stage, ranging
from surgical treatment alone for localized stages to a multimodal treatment strategy
in advanced forms. For several years now, the therapeutic backbone of all current
treatment schedules has contained 5-fluorouracil and it is frequently used in combina-
tion with oxaliplatin or irinotecan [4], both classical cytotoxic chemotherapeutic
drugs. In addition, within the last 10 years monoclonal antibodies against the vascular
endothelial growth factor-A (bevacizumab) or the epidermal growth factor receptor
(cetuximab and panitumumab), as well as protein-traps (aflibercept) or small mole-
cules (regorafnib) against other soluble or membrane-located angiogenic factors have
extended the progression-free and overall survival time for CRC patients [5-7].

In the following pages, we summarize the involvement of miRNAs in the patho-
genesis of CRC, relating them to the hallmarks of cancer and highlighting their poten-
tial clinical utility in CRC patients. There are different modes of miRNA functioning
described in the literature. Apart from the basic approach of a single miRNAs -mRNA
interaction, there is the broad approach of one miRNA influencing many mRNAs.
Additionally, not only are miRNAs able to target transcripts, but they can also interact
with other functionally related miRNAs to obtain certain effects. Adding to their com-
plexity, miRNAs can belong to a cluster of miRNAs which regulates similar transcrip-
tion factors and target several proteins within a defined pathway [8]. Knowing that
miRNAs function in a network explains the involvement of one miRNA in many
pathways as well as its ability to cause various effects as demonstrated in the different
following topics. In the following sections, our main goal is to exemplify the involve-
ment of miRNAs in CRC; however, these examples are by no means exhaustive.

MiRNAs and Their Relationship to the Hallmarks of Cancer

Regulation of Cell Proliferation and Evasion of Growth Suppressors

The most fundamental characterization of cancer cells is their ability of uncon-
trolled proliferation. As the growth of normal cells is tightly controlled, healthy
cells are able to influence cell growth and antiproliferative signals through strict cell
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cycle regulations in order to guarantee a normal tissue architecture and function.
Malfunction of this fundamental process can happen when, for example, tumor sup-
pressor genes become deactivated. MiRNAs can function as tumor suppressor-
targeting oncomirs. Among other oncogenes, K-ras is the most commonly
dysregulated proto-oncogene in CRC patients and influences cell proliferation, but
it is also prone as a target for let-7a, mir-143, and mir-133 [9]. Another example of
a K-ras-targeting miRNA, which thereby influences cell growth in CRC, is miR-
96-5p [10]. Elevated miR-21 expression leads to increased cell proliferation and is
one of the most important oncogenic miRNAs that is relevant in most cancer types
[11]. DHFR, directly targeted by miR-24, miR-192, and miR-215, is an S-phase-
specific enzyme, converting dihydrofolate to tetrahydrofolate. This is essential for
the synthesis of purin and thymidylate and partly influences cell proliferation [12].
MiR-145 affects cell growth and its tumor suppressor activity is mediated through
different targets. These include the inhibition of the oncogenic insulin receptor sub-
strate-1 (IRS-1), c-Myc, Yamaguchi sarcoma viral oncogene homolog 1 (YES1),
signal transducer and activator of transcription (STAT1) and, as recently reported,
Friend leukemia integration 1 (FLI1) [13].

MiR-30a-5p suppresses tumor growth in colon carcinoma by affecting denticle-
less homolog (DTL) [14]. By influencing macrophage migration inhibitory factor
(MIF), upregulated miR-451 leads to reduced proliferation in gastrointestinal can-
cer [15]. MiR-675 influences CRC tumor growth via downregulation of its target
pRB [16]. In summary, miRNAs that influence this hallmark can be useful as prog-
nostic factors or as therapeutic targets to improve clinical outcomes in CRC patients.

Evasion of Apoptosis

Apoptosis is the process of programmed cell death that occurs in multicellular
organisms, regulated by pro- and anti-apoptotic factors. Cancer cells can interrupt
this controlled process of cell death and thereby promote cell survival. The central
apoptosis-regulating gene in the miRNA-protein-coding gene network of CRC is
the anti-apoptotic factor Bcl-2. Bcl-2 is directly targeted by the tumor suppressors
miR-195, miR-129, miR-365, and miR-143 [17-20]. Other suppressors of Bcl-2
include miR-34a and BAG3 (Bcl-2-associated athanogene 3), which is linked with
miR-345 and miR-491 and which is also promoted by the frequently overexpressed
BCL-xI [21-23]. The central miRNAs for apoptosis are considered to be those of
the miR-17-92 cluster, particularly oncomir-1, which has wide influence in CRC
apoptosis processes. MiR-17 and miR-92 take part in a negative feedback loop with
the E2F1/3 transcription factors, including c-Myc. Also, the BcL-2 like 11 gene,
the proapoptotic factor BNIP2 and BIM are putative targets of miR-17-92 and
influence apoptosis in CRC [24-26]. The expression of the oncomir miR-21 is sup-
posed to be induced by CD24 via Src signaling and the programmed cell death
protein 4 (PDCD4) influences CRC cells in apoptosis-related processes [27, 28].
MiR-30a-5p induces apoptosis by binding to the mRNA of denticleless protein
homolog (DTL) [14].
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MiR-218 promotes apoptosis by downregulating BMI-1 and was found to be
significantly lower in CRC when compared to adjacent normal tissue [29]. In addi-
tion, overexpression of miR-429 and miR-96 represses apoptosis by directly target-
ing SOX2 and the transcription factor CHES]1, respectively [30].

Regulating Immortalization or Senescence

Immortalization is one of the first steps a normal cell takes towards malignancy
and requires at least two to three genetic events, typically ones that affect the p53
and/or pRb pathway. More specifically, replicative senescence is modulated by key
regulatory pathways. These pathways can be categorized as follows: pRb/p53
activity, telomerase maintenance, epigenetic modulation, miRNAs regulation, and
oxidative stress response [31]. A direct target of p53 is the activation of
transcription of the miR-34 family. Overexpression of miR-34a represses SIRT1,
which deacetylates p53 and allows for increased p53 activity. Additionally, during
B-RAF-induced senescence, which is independent of p53, a member of E-twenty-
six oncogene family of transcription factors (ELK1) activates miR-34a expression.
MiR-34 again represses Myc, which provokes senescence [32, 33]. Specific to
CRC, transient introduction of miR-34a causes complete suppression of cell
proliferation and induces senescence-like growth arrest through modulation of the
E2F signaling pathway [34].

Induction of Angiogenesis

Once a primary tumor has reached a certain size or cancer cells have spread to dis-
tant organs, they require and therefore induce the generation of new blood vessels
to ensure the supply of oxygen and nutrients which are necessary for further tumor
growth. In this process, many pro- and antiangiogenic factors are involved, which
are again targets of certain miRNAs as several studies have indicated [35]. Hypoxia
is one of the dominant drivers for neovascularization in tumor cells and HIF-1 pro-
tein plays a central role in hypoxia-activated gene expression. In CRC, miR-145 and
miR-107 regulate HIF-1 by targeting p70S6K1 [36, 37]. MiR-17-92 and miR-194
were found to promote angiogenesis by regulating p53 in colon cancer. Both miR-
NAs repress TSP-1 (thrombospondin-1), which acts as a barrier to neovasculariza-
tion in CRC [38, 39]. Additionally, the polycistronic miR-17-92 cluster produces
six mature miRNAs (mir-17, mir-18a, mir-19a, mir-20a, mir-19b-1, and mir-92-1)
and can coordinate multiple functions in tumorigenesis. Among other methods, it is
activated by the Myc oncogene and stimulates angiogenesis by inhibiting the TGF-f
pathway [40].

MiR-27b plays an important role in angiogenesis and controls the fine balance
between stimulators and suppressors of endothelial cell proliferation, migration,



6 microRNAs and Colorectal Cancer 93

and differentiation by targeting the endogenous angiogenesis inhibitor SEMAG6A or
by controlling EfnB2, EfnB4, Flt1, and Flt4 [9, 41]. MiR-126, an endothelial cell-
restricted miRNA, mediates developmental angiogenesis in vivo and enhances the
pro-angiogenic actions of VEGF and FGF. In addition, by repressing the intracel-
lular inhibitor of the angiogenic signaling Spred-1, miR-126 promotes blood vessel
formation [42].

Migration Invasion and Metastasis

The major cause of death in CRC patients arises from migration, invasion, and
metastasis of the primary tumor cells. This two-step system is followed by prolif-
eration and colonization of the tumor cells into their new secondary site. Leading
mechanisms associated with these two steps and the mechanism of metastasis are
the epithelial-mesenchymal transition (EMT) and mesenchymal to epithelial transi-
tion (MET). Vimentin, p-Catenin, TCF8-ZEB1, E-Cadherin, Snail, and Slug are
established EMT markers [43]. In CRC, miR-21 and miR-31 act as downstream
effectors in the TGF-§ /Wnt signaling pathway, which is one of the prominent path-
ways in EMT [44] MiR-574-5p and miR-17 downregulate Qki6/7 and P130, which
inversely correlate with f-Catenin [45]. In CRC, also a decrease in expression of the
miR-200 family (for instance mir-200a and mir-200c), a master regulator of the
epithelial phenotype, represses EMT by targeting ZEB1/2. ZEB1/2 upregulates
Vimentin and downregulates E-cadherin [46-48]. MiR-147 was found to induce
MET through the TGF-f signaling pathway [49]. The elevated expression of miR-
103/107 is responsible for local invasion and liver metastasis and these miRNAs
induce their effects through DAPK and KLF4 [50]. Prospero Homebox 1 (PROX1)
inhibits E-cadherin via miR-9 [51]. Mucin-1, which is frequently upregulated in
CRC patients, is a metastasis gene associated with cell invasion and metastasis and
is targeted by miR-145 [52].

Further studies which investigate the role of miRNAs in metastasis are supported
and are highly desired, as currently about 90 % of patients diagnosed with meta-
static CRC die due to metastases [9, 53, 54].

Promotion of Genomic Instability

Calin et al. have shown that miRNAs are frequently clustered in fragile sites of
chromosomes or regions of genomic instability. These areas are often associated
with various human cancers, including CRC. This association between the location
of miRNAs and chromosomal aberrations is significant, as it leads to chromosomal
abnormalities, which in turn results in the disruption of miRNA expression. It is
currently known that the abnormal expression of miRNAs plays a central role in
cancer progression [55-57]. The first described miRNAs in CRC influenced by
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chromosomal rearrangements belong to the miR-145/142 cluster, which is located
on 5q32 and is affected by a deletion of the 5932 band [58]. Other changes involve
miR-21 (7q23.2, 3'UTR of the vacuole membrane protein 1) and mirR-155
(21g21.3) [99]. Besides the fact that miRNAs are frequently affected by chromo-
somal aberration, they can influence chromosomal instability on their own by tar-
geting different protein-coding genes (see also to an excellent review recently
published) [60].

Reprogramming of Energy Metabolism

Particularly in gastrointestinal malignancies, significant malnutrition accompanies
malignant processes in approximately 30-50 % of deaths. Cancer cachexia is a com-
plex syndrome characterized by progressive tissue depletion, increased metabolic
expenditure, and dysfunctional metabolic processes [61]. “The Warburg effect” may
be an approach to explain these dramatic symptoms. This metabolic phenotype in
cancer cells allows the cells, even in the presence of oxygen, to shift their ATP gen-
eration from oxidative phosphorylation to glycolysis. Contrary to normal cells, can-
cer cells predominantly generate energy from aerobic glycolysis. Incoming glucose
is converted to lactate rather than being metabolized through oxidative phosphoryla-
tion. This reprogramming of energy metabolism in the cell allows ATP to be gener-
ated more rapidly in comparison to oxidative phosphorylation, but production is less
efficient in respect to the amount of ATP produced per unit of glucose consumed.
Consequently, cancer cells need an extremely high rate of glucose uptake to fulfill
their energy demand [2, 62]. Recent studies have shown that miRNAs play impor-
tant roles in CRC energy metabolism. MiR-26a regulates glucose metabolism of
CRC cells by targeting the pyruvate dehydrogenase protein X component (PDHX),
which inhibits the conversion of pyruvate to acetyl CoA in the tricarboxylic acid
cycle [63]. The adaptor protein p66Shc, also found in CRC, has the potential to
respond to energy status changes and regulate mitogenic signaling [64].

Evasion of Immune System and Inflammation

Inflammation-associated CRC is mainly colitic cancer and develops in patients with
inflammatory bowel disease (IBD) or celiac disease [65, 66]. Most of the changes in
miRNA expression observed in inflammatory tissues are likely the result of immune
cells participating in hematopoietic tumorigenesis. For this reason, it is important to
examine changes in miRNA, in immune and epithelial cells when investigating the
various miRNA functions in inflammatory-associated cancer development. During
inflammation, miRNA expression can be altered in epithelial cells and miRNAs can
adopt a tumor suppressor function. In CRC, genomic locations of lethal-7 (let-7)
family members, miRNAs targeting the RAS family and ¢c-MYC family, are
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frequently deleted [55]. Also, IL-6, a cytokine frequently produced in cancers cells,
is directly inhibited by let-7 [67]. Recent studies have shown a direct link between
high levels of miR-155 and the development of gastric and colon cancers. MiR-155
is associated with hematopoiesis and the regulation of lymphocyte homeostasis and
tolerance, which is substantially influenced by a bic/microRNA-155 interaction in
B and T cells. In addition, some genes involved in normal immune functions are
regulated by miR-155, including cytokines (IL-4), chemokines (CCL5) and tran-
scription factors (c-Maf) [68, 69].

A positive feedback loop underlying the epigenetic switch which links inflam-
mation to cancer was observed in CRC. STAT3, a transcription factor and down-
stream target of IL-6, activates miR-21 and miR-181b-1. Both miRNAs inhibit
tumor suppressors (PTEN and CYLD), leading to increased NF-kB activity, which
is required to support the transformed switch [70]. MiR-31 is associated with the
stepwise transformation from IBD to IBD-related neoplasia by regulating the
expression of factor inhibiting hypoxia inducible factor 1 [71]. Further studies will
be required to improve our understanding of the role of tumor-related miRNAs in
inflammation-associated cancer development [72].

Clinical Implications of miRNAs in Colorectal Cancer

MiRNAs as Diagnostics
Circulating miRNAs

The carcinoembryonic antigen (CEA) and carbohydrate antigen 19-9 (CA19-9) are
widely-used blood-based biomarkers for CRC detection. Nevertheless, for early-
stage CRC, the sensitivity and specificity seems to be insufficient [73]. Therefore,
novel noninvasive biomarkers are urgently required for the advancement of diag-
nostics in CRC. Recent studies have shown a high amount of circulating miRNAs
in the blood which are able to withstand adverse and labile conditions (pH, tempera-
ture, multiple freeze/thaw cycles) and still show consistent expression levels [74]. It
has been hypothesized that most extracellular miRNAs are part of complexes with
the Argonaute? protein, derived from dead or dying cells. In this form, they could
serve as a reflection of the underlying disease or help monitor pathological changes
during the clinical course of disease. Due to the relatively easy access to plasma and
serum, circulating miRNAs are one of the most promising biomarkers for cancer
detection and prognosis [75].

Currently, there are several ways of taking advantage of circulating miRNAs.
They have been used either alone or in a set of miRNAs as well as in combination
with well-established biomarkers to enhance the predictive accuracy of prognostic
factors/models. Almost 5 years ago, the overrepresentation of miRNAs in preop-
erative serum samples of CRC patients was described for the first time and a sen-
sitivity of 89 % and specificity of 70 % was reported for miR-92. One year later, an
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independent group confirmed these results of miR-92 as a potential noninvasive
biomarker for CRC diagnosis with even higher sensitivity and specificity values
[76, 77]. In another study, the levels of miR-23a and miR-1246 in exosomes
showed a high sensitivity for stage I CRC samples of 95 % and 90 %, respectively,
in comparison to the inferior sensitivities of CA19-9 (10 %) and CEA (15 %) for
stage I samples [78]. Biomarkers detecting TNM stage I or II CRC may bear the
highest potential for reducing the mortality and overall health burden, as tumors in
these stages can be removed by surgery alone and early detection will lead to high
cure rates.

Another impressive clinical finding was that miR-200c levels were significantly
higher in stage I'V than in stage I-III CRCs and showed a positive correlation with
lymph node metastases, distant metastases, and tumor recurrence [79]. MiR-29a
levels in serum have been proposed as a powerful tool to detect liver metastases,
reaching a sensitivity and specificity of 75 % [80].

Wang et al. established a biomarker profile based on six serum miRNAs. In this
panel, miR-21 and let-7 g were described as upregulated markers and miR-181b,
miR-92a, and miR-203 as downregulated markers. Interestingly, this panel was
more accurate for CRC diagnosis (sensitivity and specificity of 93 % and 91 %,
respectively) than CEA and CA19-9 (sensitivity and specificity of 35 % and 23 %,
respectively) using the same serum samples [81].

Another study showed that in combination with CEA levels, miR-141 enhanced
and supplemented the ability to diagnose a subset of stage IV colon cancer patients
[82]. One limitation of miRNAs as blood-based diagnostic markers for screening
purposes is the high costs and long latency time of serum miRNAs [83].

Mucosal Colon Wash Fluid

Conventional colonoscopy is considered the gold standard for detecting CRC by
visual and histological sampling. The wash fluid used in this procedure could pos-
sibly serve as an additional specimen for further diagnostic tests. Kamimae et al.
collected DNA from the mucosal wash fluid of patients undergoing colonoscopy
screening. They assessed methylation levels of miR-34b/c and found that this DNA
fragment had the greatest correlation with the invasion depth of tumors (sensitivity
83 %, specificity 76 %). Further studies for optimization will be necessary; however
the combination of endoscopy and DNA methylation analysis based on miR-34b/c
levels may facilitate accurate preoperative staging of CRC and support the decision-
making process to help avoid unnecessary surgery [84].

Feces
The fecal occult blood test (FOBT) detects hidden blood in patient stool. A positive

result is not necessarily associated with CRC and may result from any bleeding
occurring in the gastrointestinal system. On the other hand, a false negative test
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result is frequently the consequence of the low sensitivity of the assay. Although the
sensitivity and specificity is not very high, the FOBT is widely used for colorectal
tumor screening [85].

To improve the sensitivity, Yamazaki et al. investigated the usefulness of test-
ing fecal miRNAs out of FOBT residuum and evaluated the best technical condi-
tions for sufficient fecal miRNA extraction from FOBT for PCR analysis. They
found that storage at 4C for 5 days is feasible without the loss of RNA quality for
miRNA analysis [86] In general, it was determined that stool-based miRNAs are
relatively stable and show highly reproducible detection rates. Various studies
have reported different miRNAs which are differentially expressed in CRC
patients in comparison to healthy volunteers. These reports include miR-143,
miR-145 [87], miR-34a, miR-34b/c [88], miR-144* [89], and miR-92a [90]
among the most promising stool-based biomarkers. Other potential stool-based
miRNA biomarkers for the early detection of CRC include miR-4478 and miR-
1295b-3p, as their expression levels are significantly lower when compared to
healthy controls [91].

In addition to the discrimination power of detecting tumors, miR-135b, miR-
221, and miR-18a were increased significantly in stool samples of advanced-stage
CRC [92, 93].

Stool-based miRNAs can either be used as individual biomarkers or be inte-
grated into currently existing marker panels. It is most likely the case that the earli-
est neoplastic changes in the expression pattern of specific miRNAs might be
detected in the feces rather than in the blood, considering the increased number of
exfoliated cancer cells shed in the colon from CRC patients. Although the listed
results need further validation, fecal miRNAs might provide a promising and non-
invasive method for the diagnosis of early colorectal neoplasia and thereby serve as
diagnostic markers [94, 95].

microRNAs as Therapeutics

The applicability of miRNA-based therapy can be explained as a double-edged
sword. On the one hand, modulation of a single miRNA offers the opportunity to
target multiple genes and regulatory networks simultaneously. On the other hand,
caution and careful design are necessary to prevent any unwanted off-target effects
[75]. However, applying miRNAs to anticancer therapy could be efficient and the
off-target effects might even be helpful. As in several preclinical models previ-
ously shown, there are at least two main strategies for miRNA-based therapy: the
restoration of tumor suppressor miRNAs or the inhibition of oncogenic miRNAs.
A good example of this, although not in cancer patients, is the anti-miR-122 drug,
which has progressed to phase II clinical trials to treat the hepatitis C virus in
humans [96].

Drug resistance leads to therapy failure, cancer relapse, and poor prognosis. In
this context, miRNAs can also predict individual chemotherapy response and drugs
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targeting specific miRNAs can influence chemosensitivity in CRC patients. MiR-20,
miR-130, miR-145, miR-216, and miR-372 serum levels are significantly upregu-
lated in oxaliplatin chemotherapy-resistant CRC patients in comparison to chemo-
sensitive patients [97]. MiR-215, miR-99a*, miR-196b, miR-450b-5p, and let-7e
are associated with neoadjuvant chemoradiotherapy response [98]. MiR-10b has
been involved as a predictor of 5-flourouracil-based chemotherapy resistance [99].
The promising results of preclinical models led to the initiation of the first miRNA-
based clinical trial. Recently, it was reported that the data from a phase I clinical
trial of a novel drug (MRX34) targeting miR-34 proposed a manageable safety pro-
file in patients with advanced primary liver cancer (hepatocellular carcinoma), other
solid tumors with liver metastasis and hematological malignancies (source: www.
mirnarx.com).

All the miRNAs described above, as well as many not referred to here, appear to
form a network to coordinate and influence the regulation of colorectal carcinogenesis.

Many underlying mechanisms still remain largely unknown. Further research
regarding the identification of novel miRNAs, their target genes, new drugs, or CRC
characteristics will enhance our knowledge and will be another step towards a more
individual and efficient addition to therapy for CRC patients.

References

—

. Hanahan D, Weinberg RA. The hallmarks of cancer. Cell. 2000;100:57-70.

2. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell. 2011;144:646-74.

3. Jemal A, Bray F, Center MM, Ferlay J, Ward E, Forman D. Global cancer statistics. CA Cancer
J Clin. 2011;61:69-90.

4. Schmoll HJ, Van Cutsem E, Stein A, Valentini V, Glimelius B, Haustermans K, et al. ESMO
Consensus Guidelines for management of patients with colon and rectal cancer. a personalized
approach to clinical decision making. Ann Oncol. 2012;23:2479-516.

5. Stiegelbauer V, Perakis S, Deutsch A, Ling H, Gerger A, Pichler M. MicroRNAs as novel
predictive biomarkers and therapeutic targets in colorectal cancer. World J Gastroenterol.
2014;20:11727-35.

6. Linnekamp JF, Wang X, Medema JP, Vermeulen L. Colorectal cancer heterogeneity and tar-
geted therapy: a case for molecular disease subtypes. Cancer Res. 2015;75:245-9.

7. Ahmed S, Johnson K, Ahmed O, Igbal N. Advances in the management of colorectal cancer:
from biology to treatment. Int J Colorectal Dis. 2014;29:1031-42.

8. Hayes J, Peruzzi PP, Lawler S. MicroRNAs in cancer: biomarkers, functions and therapy.
Trends Mol Med. 2014;20:460-9.

9. Xuan'Y, Yang H, Zhao L, Lau WB, Lau B, Ren N, et al. MicroRNAs in colorectal cancer: small
molecules with big functions. Cancer Lett. 2014;360(2):89-105.

10. Ress AL, Stiegelbauer V, Winter E, Schwarzenbacher D, Kiesslich T, Lax S, et al. MiR-96-5p
influences cellular growth and is associated with poor survival in colorectal cancer patients.
Mol Carcinog. 2014. doi:10.1002/mc.22218.

11. Selcuklu SD, Donoghue MT, Spillane C. miR-21 as a key regulator of oncogenic processes.
Biochem Soc Trans. 2009;37:918-25.

12. McGuire JJ. Anticancer antifolates: current status and future directions. Curr Pharm Des.
2003;9:2593-613.

13. Schetter AJ, Okayama H, Harris CC. The role of microRNAs in colorectal cancer. Cancer

J.2012;18:244-52.


http://dx.doi.org/10.1002/mc.22218

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

microRNAs and Colorectal Cancer 99

Baraniskin A, Birkenkamp-Demtroder K, Maghnouj A, Zollner H, Munding J, Klein-Scory S,
etal. MiR-30a-5p suppresses tumor growth in colon carcinoma by targeting DTL. Carcinogenesis.
2012;33:732-9.

Bandres E, Bitarte N, Arias F, Agorreta J, Fortes P, Agirre X, et al. microRNA-451 regulates
macrophage migration inhibitory factor production and proliferation of gastrointestinal cancer
cells. Clin Cancer Res. 2009;15:2281-90.

Tsang WP, Ng EK, Ng SS, Jin H, Yu J, Sung JJ, et al. Oncofetal H19-derived miR-675 regu-
lates tumor suppressor RB in human colorectal cancer. Carcinogenesis. 2010;31:350-8.
Karaayvaz M, Zhai H, Ju J. miR-129 promotes apoptosis and enhances chemosensitivity to
5-fluorouracil in colorectal cancer. Cell Death Dis. 2013;4:659.

Liu L, Chen L, Xu Y, Li R, Du X. microRNA-195 promotes apoptosis and suppresses tumori-
genicity of human colorectal cancer cells. Biochem Biophys Res Commun.
2010;400:236-40.

Nie J, Liu L, Zheng W, Chen L, Wu X, Xu Y, et al. microRNA-365, down-regulated in colon
cancer, inhibits cell cycle progression and promotes apoptosis of colon cancer cells by proba-
bly targeting Cyclin D1 and Bcl-2. Carcinogenesis. 2012;33:220-5.

Akao Y, Nakagawa Y, Hirata I, lio A, Itoh T, Kojima K, et al. Role of anti-oncomirs miR-143
and -145 in human colorectal tumors. Cancer Gene Ther. 2010;17:398-408.

Tang JT, Wang JL, Du W, Hong J, Zhao SL, Wang YC, et al. MicroRNA 345, a methylation-
sensitive microRNA is involved in cell proliferation and invasion in human colorectal cancer.
Carcinogenesis. 2011;32:1207-15.

Chang TC, Wentzel EA, Kent OA, Ramachandran K, Mullendore M, Lee KH, et al.
Transactivation of miR-34a by p53 broadly influences gene expression and promotes apopto-
sis. Mol Cell. 2007;26:745-52.

Nakano H, Miyazawa T, Kinoshita K, Yamada Y, Yoshida T. Functional screening identifies a
microRNA, miR-491 that induces apoptosis by targeting Bcl-X(L) in colorectal cancer cells.
Int J Cancer. 2010;127:1072-80.

Woods K, Thomson JM, Hammond SM. Direct regulation of an oncogenic micro-RNA cluster
by E2F transcription factors. J Biol Chem. 2007;282:2130—4.

Diosdado B, van de Wiel MA, Terhaar Sive Droste JS, Mongera S, Postma C, Meijerink WJ,
et al. MiR-17-92 cluster is associated with 13q gain and c-myc expression during colorectal
adenoma to adenocarcinoma progression. Br J Cancer. 2009;101:707-14.

Chai H, Liu M, Tian R, Li X, Tang H. miR-20a targets BNIP2 and contributes chemotherapeu-
tic resistance in colorectal adenocarcinoma SW480 and SW620 cell lines. Acta Biochim
Biophys Sin. 2011;43:217-25.

Muppala S, Mudduluru G, Leupold JH, Buergy D, Sleeman JP, Allgayer H. CD24 induces
expression of the oncomir miR-21 via Src, and CD24 and Src are both post-transcriptionally
downregulated by the tumor suppressor miR-34a. PLoS One. 2013;8, e59563.

Leupold JH, Yang HS, Colburn NH, Asangani I, Post S, Allgayer H. Tumor suppressor Pdcd4
inhibits invasion/intravasation and regulates urokinase receptor (u-PAR) gene expression via
Sp-transcription factors. Oncogene. 2007;26:4550-62.

He X, Dong Y, Wu CW, Zhao Z, Ng SS, Chan FK, et al. MicroRNA-218 inhibits cell cycle
progression and promotes apoptosis in colon cancer by downregulating BMI1 polycomb ring
finger oncogene. Mol Med. 2012;18:1491-8.

LiJ,DuL, Yang Y, Wang C, Liu H, Wang L, et al. MiR-429 is an independent prognostic factor
in colorectal cancer and exerts its anti-apoptotic function by targeting SOX2. Cancer Lett.
2013;329:84-90.

Leal JA, Feliciano A, Lleonart ME. Stem cell microRNAs in senescence and immortalization:
novel players in cancer therapy. Med Res Rev. 2013;33:112-38.

Christoffersen NR, Shalgi R, Frankel LB, Leucci E, Lees M, Klausen M, et al. p53-independent
upregulation of miR-34a during oncogene-induced senescence represses MYC. Cell Death
Differ. 2010;17:236-45.

Yamakuchi M, Ferlito M, Lowenstein CJ. miR-34a repression of SIRT1 regulates apoptosis.
Proc Natl Acad Sci U S A. 2008;105:13421-6.



100

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

A.L. Ress et al.

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. Proc Natl Acad Sci U S A. 2007;104:15472-7.

Hur K. MicroRNAs: promising biomarkers for diagnosis and therapeutic targets in human
colorectal cancer metastasis. BMB Rep. 2015;48(4):217-22.

Xu Q, Liu LZ, Qian X, Chen Q, Jiang Y, Li D, et al. MiR-145 directly targets p70S6K1 in
cancer cells to inhibit tumor growth and angiogenesis. Nucleic Acids Res. 2012;40:761-74.
Yamakuchi M, Lotterman CD, Bao C, Hruban RH, Karim B, Mendell JT, et al. P53-induced
microRNA-107 inhibits HIF-1 and tumor angiogenesis. Proc Natl Acad Sci U S A.
2010;107:6334-9.

Lawler J. Thrombospondin-1 as an endogenous inhibitor of angiogenesis and tumor growth.
J Cell Mol Med. 2002;6:1-12.

Sundaram P, Hultine S, Smith LM, Dews M, Fox JL, Biyashev D, et al. p53-responsive miR-
194 inhibits thrombospondin-1 and promotes angiogenesis in colon cancers. Cancer Res.
2011;71:7490-501.

Dews M, Fox JL, Hultine S, Sundaram P, Wang W, Liu YY, et al. The myc-miR-17 ~92 axis
blunts TGF{beta} signaling and production of multiple TGF{beta}-dependent antiangiogenic
factors. Cancer Res. 2010;70:8233—46.

Melo SA, Kalluri R. Angiogenesis is controlled by miR-27b associated with endothelial tip
cells. Blood. 2012;119:2439-40.

Wang S, Aurora AB, Johnson BA, Qi X, McAnally J, Hill JA, et al. The endothelial-specific
microRNA miR-126 governs vascular integrity and angiogenesis. Dev Cell. 2008;15:
261-71.

Kalluri R, Weinberg RA. The basics of epithelial-mesenchymal transition. J Clin Invest.
2009;119:1420-8.

Cottonham CL, Kaneko S, Xu L. miR-21 and miR-31 converge on TIAMI to regulate migra-
tion and invasion of colon carcinoma cells. J Biol Chem. 2010;285:35293-302.

Ji S, Ye G, Zhang J, Wang L, Wang T, Wang Z, et al. miR-574-5p negatively regulates Qki6/7
to impact beta-catenin/Wnt signalling and the development of colorectal cancer. Gut.
2013;62:716-26.

Davalos V, Moutinho C, Villanueva A, Boque R, Silva P, Carneiro F, et al. Dynamic epigenetic
regulation of the microRNA-200 family mediates epithelial and mesenchymal transitions in
human tumorigenesis. Oncogene. 2012;31:2062-74.

Pichler M, Ress AL, Winter E, Stiegelbauer V, Karbiener M, Schwarzenbacher D, et al. MiR-
200a regulates epithelial to mesenchymal transition-related gene expression and determines
prognosis in colorectal cancer patients. Br J Cancer. 2014;110:1614-21.

Chen ML, Liang LS, Wang XK. miR-200c inhibits invasion and migration in human colon
cancer cells SW480/620 by targeting ZEB1. Clin Exp Metastasis. 2012;29:457-69.

Lee CG, McCarthy S, Gruidl M, Timme C, Yeatman TJ. MicroRNA-147 induces a
mesenchymal-to-epithelial transition (MET) and reverses EGFR inhibitor resistance. PLoS
One. 2014;9, e84597.

Chen HY, Lin YM, Chung HC, Lang YD, Lin CJ, Huang J, et al. miR-103/107 promote metas-
tasis of colorectal cancer by targeting the metastasis suppressors DAPK and KLF4. Cancer
Res. 2012;72:3631-41.

Lu MH, Huang CC, Pan MR, Chen HH, Hung WC. Prospero homeobox 1 promotes epithelial-
mesenchymal transition in colon cancer cells by inhibiting E-cadherin via miR-9. Clin Cancer
Res. 2012;18:6416-25.

Sachdeva M, Mo YY. MicroRNA-145 suppresses cell invasion and metastasis by directly tar-
geting mucin 1. Cancer Res. 2010;70:378-87.

Muhammad S, Kaur K, Huang R, Zhang Q, Kaur P, Yazdani HO, et al. MicroRNAs in colorec-
tal cancer: role in metastasis and clinical perspectives. World J Gastroenterol.
2014;20:17011-9.

Zhou 1], Zheng S, Sun LF, Zheng L. MicroRNA regulation network in colorectal cancer
metastasis. World J Biol Chem. 2014;5:301-7.



55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

microRNAs and Colorectal Cancer 101

Calin GA, Sevignani C, Dumitru CD, Hyslop T, Noch E, Yendamuri S, et al. Human microRNA
genes are frequently located at fragile sites and genomic regions involved in cancers. Proc Natl
Acad Sci U S A. 2004;101:2999-3004.

Calin GA, Croce CM. MicroRNAs and chromosomal abnormalities in cancer cells. Oncogene.
2006;25:6202-10.

Calin GA, Croce CM. Chromosomal rearrangements and microRNAs: a new cancer link with
clinical implications. J Clin Invest. 2007;117:2059-66.

Michael MZ, O’Connor SM, van Holst Pellekaan NG, Young GP, James RJ. Reduced accumu-
lation of specific microRNAs in colorectal neoplasia. Mol Cancer Res. 2003;1:882-91.
Volinia S, Calin GA, Liu CG, Ambs S, Cimmino A, Petrocca F, et al. A microRNA expression
signature of human solid tumors defines cancer gene targets. Proc Natl Acad Sci U S A.
2006;103:2257-61.

Vincent K, Pichler M, Lee GW, Ling H. MicroRNAs, genomic instability and cancer. Int J Mol
Sci. 2014;15:14475-91.

Palesty JA, Dudrick SJ. What we have learned about cachexia in gastrointestinal cancer.
Digestive Dis. 2003;21:198-213.

Cairns RA, Harris IS, Mak TW. Regulation of cancer cell metabolism. Nat Rev Cancer.
2011;11:85-95.

Chen B, Liu Y, Jin X, Lu W, Liu J, Xia Z, et al. MicroRNA-26a regulates glucose metabolism
by direct targeting PDHX in colorectal cancer cells. BMC Cancer. 2014;14:443.
Lebiedzinska-Arciszewska M, Oparka M, Vega-Naredo I, Karkucinska-Wieckowska A,
Pinton P, Duszynski J, et al. The interplay between p66Shc, reactive oxygen species and cancer
cell metabolism. Eur J Clin Invest. 2015;45 Suppl 1:25-31.

Bernstein CN, Blanchard JF, Kliewer E, Wajda A. Cancer risk in patients with inflammatory
bowel disease: a population-based study. Cancer. 2001;91:854-62.

Elfstrom P, Granath F, Ye W, Ludvigsson JF. Low risk of gastrointestinal cancer among
patients with celiac disease, inflammation, or latent celiac disease. Clin Gastroenterol Hepatol.
2012;10:30-6.

Iliopoulos D, Hirsch HA, Struhl K. An epigenetic switch involving NF-kappaB, Lin28, Let-7
MicroRNA, and IL6 links inflammation to cell transformation. Cell. 2009;139:693-706.

Tili E, Croce CM, Michaille JJ. miR-155: on the crosstalk between inflammation and cancer.
Int Rev Immunol. 2009;28:264—-84.

Rodriguez A, Vigorito E, Clare S, Warren MV, Couttet P, Soond DR, et al. Requirement of bic/
microRNA-155 for normal immune function. Science. 2007;316:608—11.

Iliopoulos D, Jaeger SA, Hirsch HA, Bulyk ML, Struhl K. STAT3 activation of miR-21 and
miR-181b-1 via PTEN and CYLD are part of the epigenetic switch linking inflammation to
cancer. Mol Cell. 2010;39:493-506.

Olaru AV, Selaru FM, Mori Y, Vazquez C, David S, Paun B, et al. Dynamic changes in the
expression of MicroRNA-31 during inflammatory bowel disease-associated neoplastic trans-
formation. Inflamm Bowel Dis. 2011;17:221-31.

Chiba T, Marusawa H, Ushijima T. Inflammation-associated cancer development in digestive
organs: mechanisms and roles for genetic and epigenetic modulation. Gastroenterology.
2012;143:550-63.

Duffy MJ, van Dalen A, Haglund C, Hansson L, Holinski-Feder E, Klapdor R, et al. Tumour
markers in colorectal cancer: European Group on Tumour Markers (EGTM) guidelines for
clinical use. Eur J Cancer. 2007;43:1348-60.

Mitchell PS, Parkin RK, Kroh EM, Fritz BR, Wyman SK, Pogosova-Agadjanyan EL, et al.
Circulating microRNAs as stable blood-based markers for cancer detection. Proc Natl Acad
Sci U S A. 2008;105:10513-8.

Ajit SK. Circulating microRNAs as biomarkers, therapeutic targets, and signaling molecules.
Sensors. 2012;12:3359-69.

Ng EK, Chong WW, Jin H, Lam EK, Shin VY, Yu J, et al. Differential expression of microR-
NAs in plasma of patients with colorectal cancer: a potential marker for colorectal cancer
screening. Gut. 2009;58:1375-81.



102

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

A.L. Ress et al.

Huang Z, Huang D, Ni S, Peng Z, Sheng W, Du X. Plasma microRNAs are promising novel
biomarkers for early detection of colorectal cancer. Int J Cancer. 2010;127:118-26.
Ogata-Kawata H, Izumiya M, Kurioka D, Honma Y, Yamada Y, Furuta K, et al. Circulating
exosomal microRNAs as biomarkers of colon cancer. PLoS One. 2014;9, €92921.

Toiyama Y, Hur K, Tanaka K, Inoue Y, Kusunoki M, Boland CR, et al. Serum miR-200c is a
novel prognostic and metastasis-predictive biomarker in patients with colorectal cancer. Ann
Surg. 2014;259:735-43.

Wang LG, Gu J. Serum microRNA-29a is a promising novel marker for early detection of
colorectal liver metastasis. Cancer Epidemiol. 2012;36:e61-7.

Wang J, Huang SK, Zhao M, Yang M, Zhong JL, Gu YY, et al. Identification of a circulating
microRNA signature for colorectal cancer detection. PLoS One. 20149, e87451.

Cheng H, Zhang L, Cogdell DE, Zheng H, Schetter AJ, Nykter M, et al. Circulating plasma
MiR-141 is a novel biomarker for metastatic colon cancer and predicts poor prognosis. PLoS
One. 20116, e17745.

Brase JC, Wuttig D, Kuner R, Sultmann H. Serum microRNAs as non-invasive biomarkers for
cancer. Mol Cancer. 2010;9:306.

Kamimae S, Yamamoto E, Yamano HO, Nojima M, Suzuki H, Ashida M, et al. Epigenetic
alteration of DNA in mucosal wash fluid predicts invasiveness of colorectal tumors. Cancer
Prev Res (Phila). 2011;4:674-83.

Burch JA, Soares-Weiser K, St John DJ, Duffy S, Smith S, Kleijnen J, et al. Diagnostic accu-
racy of faecal occult blood tests used in screening for colorectal cancer: a systematic review.
J Med Screen. 2007;14:132-7.

Yamazaki N, Koga Y, Yamamoto S, Kakugawa Y, Otake Y, Hayashi R, et al. Application of the
fecal microRNA test to the residuum from the fecal occult blood test. Jpn J Clin Oncol.
2013;43:726-33.

LiJM, Zhao RH, Li ST, Xie CX, Jiang HH, Ding WJ, et al. Down-regulation of fecal miR-143
and miR-145 as potential markers for colorectal cancer. Saudi Med J. 2012;33:24-9.

Wu XD, Song YC, Cao PL, Zhang H, Guo Q, Yan R, et al. Detection of miR-34a and miR-
34b/c in stool sample as potential screening biomarkers for noninvasive diagnosis of colorectal
cancer. Med Oncol. 2014;31:894.

Kalimutho M, Del Vecchio BG, Di Cecilia S, Sileri P, Cretella M, Pallone F, et al. Differential
expression of miR-144* as a novel fecal-based diagnostic marker for colorectal cancer.
J Gastroenterol. 2011;46:1391-402.

Wu CW, Ng SS, Dong YJ, Ng SC, Leung WW, Lee CW, et al. Detection of miR-92a and miR-
21 in stool samples as potential screening biomarkers for colorectal cancer and polyps. Gut.
2012;61:739-45.

Ghanbari R, Mosakhani N, Asadi J, Nourace N, Mowla SJ, Poustchi H, et al. Decreased
expression of fecal miR-4478 and miR-1295b-3p in early-stage colorectal cancer. Cancer
Biomark. 2014;15(2):189-95.

Yau TO, Wu CW, Dong Y, Tang CM, Ng SS, Chan FK, et al. microRNA-221 and microRNA-
18a identification in stool as potential biomarkers for the non-invasive diagnosis of colorectal
carcinoma. Br J Cancer. 2014;111:1765-71.

Wu CW, Ng SC, Dong Y, Tian L, Ng SS, Leung WW, et al. Identification of microRNA-135b
in stool as a potential noninvasive biomarker for colorectal cancer and adenoma. Clin Cancer
Res. 2014;20:2994-3002.

Link A, Balaguer F, Shen Y, Nagasaka T, Lozano JJ, Boland CR, et al. Fecal MicroRNAs as
novel biomarkers for colon cancer screening. Cancer Epidemiol Biomarkers Prev.
2010;19:1766-74.

Menendez P, Villarejo P, Padilla D, Menendez JM, Montes JA. Diagnostic and prognostic
significance of serum microRNAs in colorectal cancer. J Surg Oncol. 2013;107:217-20.
Lanford RE, Hildebrandt-Eriksen ES, Petri A, Persson R, Lindow M, Munk ME, et al.
Therapeutic silencing of microRNA-122 in primates with chronic hepatitis C virus infection.
Science. 2010;327:198-201.



97.

98.

99.

microRNAs and Colorectal Cancer 103

Zhang J, Zhang K, Bi M, Jiao X, Zhang D, Dong Q. Circulating microRNA expressions in
colorectal cancer as predictors of response to chemotherapy. Anticancer Drugs.
2014;25:346-52.

Svoboda M, Sana J, Fabian P, Kocakova I, Gombosova J, Nekvindova J, et al. MicroRNA
expression profile associated with response to neoadjuvant chemoradiotherapy in locally
advanced rectal cancer patients. Radiat Oncol. 2012;7:195.

Nishida N, Yamashita S, Mimori K, Sudo T, Tanaka F, Shibata K, et al. MicroRNA-10b is a
prognostic indicator in colorectal cancer and confers resistance to the chemotherapeutic agent
5-fluorouracil in colorectal cancer cells. Ann Surg Oncol. 2012;19:3065-71.



Chapter 7
microRNAs and Prostate Cancer

Sajni Josson, Leland W.K. Chung, and Murali Gururajan

Abstract microRNAs are noncoding RNAs that are important for embryonic stem
cell development and epithelial to mesenchymal transition (EMT). Tumor cells
hijack EMT and stemness to grow and metastasize to distant organs including bone.
In the tumor microenvironment, tumor cells interact with the stromal fibroblasts at
the primary and metastatic sites and this interaction leads to tumor growth, EMT,
and bone metastasis. Tumor-stromal interactions are a dynamic process that involves
both cell-cell communications and extracellular vesicles and soluble factors.
Growing body of evidence suggests that microRNAs are part of the payload that
comprises the extracellular vesicles. microRNAs induce reactive stroma and thus
convert normal stroma into tumor-associated stroma to promote aggressive tumori-
genicity in vitro and in vivo. Landmark published studies demonstrate that expres-
sion of specific microRNAs of DLK1-DIO3 stem cell cluster correlates with patient
survival in metastatic prostate cancer. Thus, microRNAs mediate tumor growth,
EMT, and metastasis through cell intrinsic mechanisms and extracellular communi-
cations and could be novel biomarkers and therapeutic targets in bone metastatic
prostate cancer.

Keywords microRNA e Prostate cancer e DLK1-DIO3 cluster s EMT e Extracellular
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Introduction

Cancer cells metastasize to distant organs by hijacking of embryonic processes such
as EMT and through intercellular communication via secretomes. The role of non-
coding RNAs in EMT and metastasis of cancer cells remains poorly understood.
Recent studies highlight the directive functions of noncoding RNAs including
microRNAs (miRNAs) and long noncoding RNAs (IncRNAs) in modulating cancer
cell growth, survival, EMT, and metastasis [1-5]. In contrast to IncRNAs, miRNAs
are small (~20-23 nucleotides) noncoding ribonucleic acid (RNA) molecules that
bind to complementary sites in the messenger RNAs (mRNAs) of their target genes,
thereby inducing the posttranscriptional silencing of genes [6]. It is predicted that
miRNAs might regulate up to one-third of all genes. The presumed number of
unidentified miRNAs is large. Currently, about 1881 miRNAs are annotated in
Homo sapiens (human) based on miRBase. MiRNAs are located throughout the
genome including intergenic regions and in the introns of both protein-coding and
noncoding genes. Intronic miRNAs are primarily expressed with their host gene
expression. The nonintronic miRNA encoding sequences are clustered at distinct
genomic positions and are often coexpressed as a single polycistronic transcript.

Role of miRNA in the Epigenetic Reprogramming of Prostate
Cancer Metastasis

DLK1-DIO3 cluster in prostate cancer bone metastasis: One of the largest miRNA
clusters in the genome is on human chromosome 14q32 [7]. The delta-like 1 homo-
log-deiodinase, iodothyronine 3 (DLK1-DIO3) contains about 10 % of the miRNAs
currently known in mouse and human. This cluster is located within a well-known
maternally imprinted region that is characterized by mono-allelic expression of the
encompassed genes [7].

Evidence suggests deregulated expression of DLKI1-DIO3 miRNAs and
IncRNAs in cancer progression and metastasis [8, 9]. Key miRNAs in this cluster
including miR-409-3p/-5p, miR-154%*, and miR-379 have been shown to be upregu-
lated in prostate cancer and play a critical role in bone metastasis [10—12]. The
DLK1-DIO3 miRNA members, known to affect embryonic development, were
shown to be expressed by clinical prostate cancer specimens and actively partici-
pated in tumor-stromal interactions in cell and animal models of prostate cancer
bone metastasis [8, 9, 13, 14].

The DLK1-DIO3 gene cluster was previously shown to be aberrantly silenced in
human- and mouse-induced pluripotent stem cells (iPSCs) but not in fully pluripo-
tent embryonic stem cells, indicating the importance in the generation of fully functional
iPSCs [13, 14]. In these studies, miR-409-3p and miR-379 were expressed in
embryonic cells and silenced in iPSC, which were not functional. In other studies
compared mouse germline competent and incompetent cells and showed elevated
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levels of miR-379 and miR-409-5p in the germline competent cells compared to
incompetent cells [13]. This suggests that these miRNAs are involved in embryo-
genesis and totipotency. The DLK1-DIO3 members appear to be activated during
the metastatic process of cancer development. Several transgenic mouse models of
prostate, liver and lung cancer also exhibit deregulated levels of DLK1-DIO3 clus-
ter miRNA members [15-19]. Interestingly, miRNA members of the DLK1-DIO3
cluster have been shown to be upregulated in the serum of cancer patients. Members
of this cluster, miR-379, miR-154*, and miR-409-3p, show increased levels in the
circulating exosomes of patients with prostate cancer [20], breast cancers [21], and
lung adenocarcinomas [22].

Specifically, in prostate cancer, miR-409-3p has been shown to be upregulated in
the serum of high-risk prostate cancer patients compared to low-risk prostate cancer
patients [20]. Using MSKCC database it was demonstrated that miR-409-3p and
miR-379 expression is strongly associated with progression-free survival of prostate
cancer patients [10, 11]. It was also shown that miR-409-3p/-5p and miR-154* have
higher expression in human prostate cancer tissues with higher Gleason (>7) score
compared to benign prostatic hyperplasia using in situ hybridization and quantum
dot analysis. Interestingly, increased staining of miR-409-3p/-5p and miR-154*
expression was observed in prostate cancer bone metastatic tissue specimens.
miR-379 expression was elevated in the tissues of metastatic prostate cancer com-
pared to localized prostate cancer [10, 11]. These studies demonstrate that some
of the members of the DLK1-DIO3 cluster are elevated in both localized prostate
cancer tissues, and metastatic prostate cancer tissues and in the serum of prostate
cancer patients, and could be potential biomarkers for predicting the transition of
indolent to aggressive form of prostate cancer.

miR-409-3p/-5p: miR-409-3p/-5p were shown to be elevated in prostate cancer
tissues [11]. Previous studies demonstrated that miR-409 is tumorigenic in mouse
models of prostate cancer. miR-409 was oncogenic when delivered orthotopically
into intact mouse prostate gland using lentiviral miR-409 expressing plasmids.
Overexpression of miR-409 led to transformation of normal mouse epithelial cells
and prostatic hyperplasia and adenocarcinoma [11]. Thus, remarkably a single
miRNA was shown to induce prostate cancer in mouse models. In prostate cancer
cell models, overexpression of miR-409 led to decrease in expression of several
tumor suppressor genes (Fig. 7.1).

Interestingly, miR-409-3p and miR-409-5p have distinct and shared target genes.
Both miR-409-3p and miR-409-5p target Ras suppressor protein 1 (RSU1). RSU1
protein blocks the oncogenic RassMAPK pathway and integrin-linked kinase (ILK)
pathway in prostate cancer [23-25]. miR-409-5p also targets stromal antigen 2
(STAG2). In the tumor cells, STAG?2 is part of the cohesion complex. In cancer cells
STAG?2 is decreased and results in the deregulation of the cohesion complex, which
is thought to cause aneuploidy, cancer initiation, and progression [26, 27]. miR-
409-3p also targets key proteins such as polyhometic complex 3 (PHC3) and Von-
Hippel-Lindau protein (VHL). PHC3 is part of the polycomb group complexes,
involved in epigenetic reprogramming [28, 29]. Through analysis of MSKCC data-
base, we observed that high miR-409-3p and low PHC3 expression correlated with
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Fig. 7.1 miRNA-mediated pathways in prostate cancer

disease-free survival of prostate cancer patients. Since PHC3 in the polycomb
repressive complex 1 (PRC1) maintains the transcriptional repressive state of many
genes and is critical for stem cell renewal, inhibition of PHC3 through miR-409-3p
resulted in the reactivation of genes that promote cellular reprogramming and
induce cancer stemness [28, 30].

The VHL protein is an ubiquitin ligase which ubiquitinates hypoxia-inducible
factor-1oe (HIF-1or) and marks it for proteasome degradation [31]. Thus, inhibition
of VHL by miR-409-3p leads to activation of HIF-1a pathway. Interestingly, The
DLK1-DIO3 cluster in embryogenesis is thought to be modulated by hypoxia [32].
The DLK1-DIO3 miRNA cluster is active in the early embryonic stages and is
silenced subsequently [32]. Xie et al., compared initial-passage embryonic stem
cells (ihESCs, <10 passages) and early passage ESC (ehESCs, 20-30 passages)
from diverse cell types and demonstrated that in most of the cells DLK1-DIO3
cluster is silenced in ehESCs but not in ihESCs. They concluded that silencing of
DLK1-DIO3 is triggered by high oxygen conditions (20 %) and this cluster is active
only under low (5 %) oxygen conditions [32]. Additionally, miR-409 overexpres-
sion in prostate cancer cells also increased mitochondrial superoxide production by
inhibition of mitochondrial manganese superoxide dismutase (Josson et al., unpub-
lished observations).

Since combined miR-409-3p/-5p promote aneuploidy, activate oncogenic Ras,
and hypoxia-induced signaling network through increased HIF-la and elevated
reactive oxygen species, this leads to the induction of EMT and cancer cell invasion
and metastasis [10]. Consistent with these observations, inhibition of miR-409-5p
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in a human prostate cancer ARCaP EMT model we observed a reversal of ARCaPy
to ARCaPg, or mesenchymal to epithelial transition (MET) and decreased cancer
cell growth, invasion, and metastasis [11]. We demonstrated whereas in immune-
deficient SCID mice, after inoculated with ARCaP,, cells, 100 % incidence of bone
metastasis was observed, mice inoculated with ARCaPy, cells with miR-409-5p
knockdown prevented both tumor formation and tumor metastasis [11]. These
results together suggest miR-409 plays a directive role conferring the development
of aggressive prostate cancer and bone metastasis.

miR-154* and miR-379: miR-154* is located adjacent to miR-409 within the long
noncoding RNA, MEG9. miR-379 lies upstream of miR-154* in the DLK1-DIO3
cluster. Interestingly, consistent with the expression pattern of miR-409, miR-379
and miR-154* was also found to be elevated in prostate cancer human tissues [10].
Expression levels of miR-379 correlated with prostate cancer patient progression-
free survival. miR-154* and miR-379 also promote EMT of prostate cancer cells.
miR-154* was elevated in several isogenic prostate cancer ARCaP and LNCaP lines
driving EMT and bone metastasis in mice. Additionally, miR-154* was elevated in
embryonic stem cells. Inhibition of miR-154* in aggressive ARCaP), prostate cancer
cells led to reversal of EMT with increased E-cadherin and decreased invasion
in vitro [10]. Consistently, miR-154* inhibition also lead to reduced bone metastasis
and increased survival in mice [10]. Mechanistically, miR-154* targets include
tumor suppressors such as STAG2 and SMAD7. Decrease in STAG2 has been shown
to induce aneuploidy in cancer cells [26, 27]. SMAD7 plays a critical role in inhibit-
ing TGF-f pathways [33] that lead to EMT [34]. miR-379 is also elevated in meta-
static prostate cancer patients when compared to patients with localized disease [35].

In summary, overexpression of all four miRNA members (miR-409-3p, miR-
409-5p, miR-154*, and miR-379) in nonmetastatic prostate cancer cells led to
induction of EMT whereas inhibition of these cluster members led to the reversal of
EMT in metastatic prostate cancer cells. Several targets such as STAG2 which is
repressed by miR-409-5p and miR-154* and RSUI, targeted by miR-409-3p and
miR-409-5p work synergistically to mediate the downstream effects. The oncogenic
pathways that are activated in response to expression of this mega-cluster in cancer
cells include, chromosomal aneuploidy, altered Ras-, HIF-1a-, TGF-g-, E2F-, Akt-,
and polycomb-mediated signaling pathways [10]. Thus, members of this mega-
cluster primarily function together to repress tumor suppressors and modulate the
expression of genes involved in oncogenesis, EMT, and stemness to mediate down-
stream convergent signal axes.

miR-145 and miR-143: Unlike the imprinted clusters of miRNAs, miR-145 and
miR-143 are significantly decreased in prostate cancer and in bone metastatic patients
compared to normal prostate tissues [36]. miR-145 plays a critical role in EMT by
targeting a master transcription regulator, ZEB2 [37]. Additionally, ZEB2 inhibits
miR-145 forming a negative-feedback loop [37]. Other studies demonstrate that miR-
145 targets mRNAs of ERG [38] and DNMT3b [39], whereas miR-143 targets ERKS
[40]. miR-145 is regulated through DNA methylation and p53 mutation pathways
[41]. Overexpression of miR-145 and -143 decreased invasion and migration, with
increased E-cadherin and decreased fibronectin. These cells underwent MET and had
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decreased prostate cancer bone metastasis [36]. Thus, downregulation of these miRNA
are critical for EMT and prostate cancer bone metastasis and strongly predict disease-
free survival [36, 37].

Epigenetic Silencing by EZH2 Regulate miRNA

Cao et al. demonstrated that several miRNAs were downregulated in prostate can-
cer, resulting in the activation of members of the polycomb group complexes [42].
The polycomb repressive complexes (PRC) include PRC1 and PRC2. These are
involved in silencing of genes through histone modification and compaction of
chromatin [43, 44]. The PRC2 complex methylates histones and allows for the bind-
ing of the PRC1 complex to the methylated site. PRC1 complex further ubiquinates
histones and leads to compaction of chromatin. This prevents RNA Pol II activity
and SWI-SNF accessibility to promoters leading to gene silencing [44].

miR-200 cluster: miR-200 cluster includes miR-200a, miR-200b, miR-200c,
miR-141, and miR-429. Several of these miRNA are shown to be downregulated in
human prostate cancer tissues compared to normal tissues [45, 46]. While the
steady-state levels of these miRNAs are upregulated in normal epithelial cells,
downregulation of miR-200 members has shown to induce EMT and cancer metas-
tasis in several cancer types [4, 47]. These miRNAs repress EMT master regulators
such as ZEB1 and ZEB2 [48]. MiR-200 cluster members target PRC1 members of
the epigenetic machinery [42]. Both, miR-200b and miR-200c repress RING2 of
PRC1 complex and miR-200a, b target BMII [42]. miR-200b and miR-200c are
also negatively regulated by PRC2 protein EZH?2 (a histone methyl transferase).
EZH?2 is elevated in human prostate cancer tissues [49]. EZH2 protein downregu-
lates miR-200b and miR-200c. Decreased miR-200 in turn derepresses PRC1 mem-
bers resulting in activation of PRC1 members and transcriptionally represses their
target genes [42]. Overexpression of these miRNA in prostate cancer cells lead to
decreased cell growth, invasion, decreased growth soft agar, and prostatosphere
formation [42].

miR-181a and miR-181b: Similar to miR-200b,c, these miRNAs are also signifi-
cantly downregulated in human prostate cancer tissue compared to normal [42].
These miRNA are also downregulated by EZH?2 leading to activation of PRC1
member (RING2) and transcription repression of genes. Overexpression of these
miRNA in prostate cancer cells blocked growth invasion and self-renewal capacity
of cancer cells [42].

miR-203: miR-203 expression is decreased in prostate cancer tissues compared
to normal prostate. Several studies demonstrate the role of miR-203 in EMT and
cancer metastasis [50, 51]. miR-203 target genes include, BMI1, Ras inhibitor
(Rap1A) [52], LIM and SH3 domain protein 1 (LASP1, involved in dynamic actin-
based cytoskeletal activities) [SO] and SNAI2 [53]. These proteins are regulators of
EMT and cancer metastasis. Overexpression of miR-203, as expected, suppressed
prostate cancer bone metastasis through inhibition of invasion and migration and
EMT. miR-203 was shown to downregulate pro-metastatic genes such as ZEB2,
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survivin, and Runx2, which are believed to be key master regulators of bone metas-
tasis [51]. LASP, a target of miR-203 has been linked to metastatic disease in breast,
colon, liver, and bladder cancer [50]. Negative-feedback action was shown between
miR-203 and EZH?2 [42]. Increased EZH2 in prostate cancer cells downregulated
miR-203, which could potentially drive the migratory, invasive, and metastatic pro-
grams in prostate cancer cells [42].

miR-101: miR-101 was shown to be significantly downregulated in human prostate
cancer tissues and serum compared to normal prostate [49, 54]. It has been shown
that one or two of the genomic loci encoding miR-101 is lost in one-third of the
localized prostate cancer cells and in two-third of the metastatic disease cells [49].
miR-101 targets EZH2, and downregulation of miR-101 lead to activation of EZH2
expression levels in prostate cancer tissues. miR-101 appears to be upstream of
miR-200b,c and miR-181a,b signaling [42, 55]. Several studies in different prostate
cancer cells demonstrated that overexpression of miR-101 decreased cell prolifera-
tion in vitro [42, 56, 57]. Prostate cancer cells expressing miR-101 also had
decreased tumor growth in xenograft mouse models [57, 58]. Upstream regulators
of miR-101 include androgen signaling and HIF1a signaling [56].

Role of Stromal miRNA in Prostate Cancer Development

Aberrant tumor-stromal interactions in the tumor microenvironment could trigger can-
cer progression [59]. The stromal fibroblasts have been shown to drive cancer growth
and metastasis [60]. In prostate cancer, the cancer-associated “reactive” stromal fibro-
blasts obtained from prostate cancer patients at the primary site and bone metastatic
site (i.e., marrow stromal or osteosarcoma) accelerated prostate cancer growth, inva-
sion, and metastasis in a highly cell contact-dependent manner, readily demonstrable in
3-D in vitro coculture or in vivo tumor models [59]. Tumor-stromal interactions
resulted in the co-evolution of prostate cancer and stroma which occurred under 3-D
cocultured conditions. As a consequence of this co-evolution, the epithelium and
stroma express shared biomarkers, which offer predictive value for prostate cancer
invasion and metastasis [59, 61]. Several stroma-derived miRNA have been described
to promote prostate tumor growth, EMT, stemness, and bone metastasis [12, 62, 63].

miRNA from the DLK1-DIO3 cluster: Interestingly, members of the DLK1-DIO3
cluster were highly expressed in cancer-associated stromal (CAS) fibroblasts derived
from human prostate cancer patients. These miRNAs include miR-409-3p/-5p, miR-
379, and miR-154* [12] (Fig. 7.2).

miR-409 was highly elevated in the CAS from both the prostate and the bone.
MiR-409-3p and miR-409-5p expression analysis was performed using in situ hybrid-
ization and quantum dots multiplex labeling by employing human prostate cancer and
normal prostate tissues [12]. Results of these studies demonstrated that miR-409-3p
was significantly elevated in the stroma of patients with high Gleason score (>7) com-
pared to low Gleason (<7). miR-409 was transduced and overexpressed in normal
prostatic stromal cells. Interestingly, these stromal cells had morphologic features of
myofibroblasts and became highly secretory [12].
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Fig. 7.2 Stromal miRNA-mediated pathways in prostate cancer

The secretory microvesicles had elevated levels of miR-409-3p and miR-409-5p.
miR-409-3p was significantly more abundant than miR-409-5p. Cancer cells, main-
tained in conditioned media collected from normal and miR-409 expressing pros-
tate stromal cells, underwent EMT with an increase in miR-409-3p and miR-409-5p.
These miRNA were taken up by the cancer cells, and downregulated miR-409-3p
and miR-409-5p target genes such as STAG2, RSU1, and PHC3 in the cancer cells;
decreased function of these tumor suppressors could be the underlying molecular
basis leading to activation of EMT and oncogenic pathways in the cancer cells [12].
When the stroma cells expressing miR-409 were co-inoculated with prostate cancer
cells (not expressing miR-409) in nude mice, they developed tumors with explosive
growths. Stromal miR-409 was shown to be secreted into the microenvironment,
taken up by the adjacent cancer cells, and directed cancer migration, invasion, and
spread through the tumor areas. miR-409 release through extracellular vesicles
resulted in tumor growth by inhibiting tumor suppressors such as RSU1 and STAG2
both in vitro and in vivo. Stromal miR-409 expression orchestrates secretion of
miR-409-3p/-5p and other soluble factors, such as f2-M which induces EMT and
increases metastatic ability of prostate cancer cells [12].

Since miR-409 is activated during embryogenesis, we observed some of the stem
cell markers (SOX2) upregulated in miR-409-expressing stromal cells. Stroma-
derived miR-409 is capable of promoting tumor growth and EMT of adjacent tumor
epithelia. Thus, miR-409 may be a new therapeutic target to break away the vicious
cycle between stromal-epithelial interaction leading to EMT and prostate cancer
bone and visceral organ metastases [12].

Recently, it was reported that breast cancer-associated exosomes contain pre-
miRNAs, along with Dicer, argonaute protein (AGO2), and TAR (HIV-1) RNA
Binding Protein (TRBP) [64, 65]. This process was mediated by CD43 that pro-
moted accumulation of Dicer specifically in cancer exosomes. Melo et al. demonstrated
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that cancer exosomes mediated an efficient and rapid silencing of mRNAs in the
target cells to reprogram the target cell transcriptome [64]. Exosomes derived from
cancer cells and serum of patients with breast cancer provoked nontumorigenic epi-
thelial cells to form tumors in a Dicer-dependent manner [64]. It will be interesting
to see if the miRNAs payload from exosomes can alter permanently the phenotype
of nontumorigenic or bystander tumor cells and whether these communications,
mediated by miRNAs, are targetable.

Musumeci et al., demonstrated that miR-15 and miR-16 are dowregulated in
CAS. Decreased miR-15 and miR-16 resulted in increased tumor growth and pro-
gression through repression of FGF2 and FGFR1 signaling known to mediate tumor-
stroma interaction in prostate cancer [66]. Stromal-derived miR-21 was shown to
predict biochemical recurrence in prostate cancer patients with Gleason grade 6 [67].

Pathophysiological Relevance of DLK1-DIO3 Cluster
microRNAs in Prostate Cancer and Its Implications
for Prostate Cancer Biology, Biomarker Studies, and Therapy

Since imprinted cluster of miRNAs are upregulated, the knockdown studies generally
reveal more pathophysiologic relevant information than the downregulated miRNAs
which has to be overexpressed to establish their role in cancer biology and metasta-
sis (Table 7.1). In this context, the recent findings on the oncogenic and metastatic
role for DLK1-DIO3 cluster miRNAs utilizing knockdown approaches establish the
functions of specific miRNAs in the pathphysiology of prostate cancer and thus
uncover potential biomarker and therapeutic targets for treating lethal bone meta-
static prostate cancer.

Recent studies suggest another class of noncoding RNAs called IncRNAs in can-
cer development and progression. LncRNAs are more than 200 nucleotides long
and regulate mRNAs by multiple mechanisms. However, unlike miRNAs, IncRNAs

Table 7.1 Summary of microRNAs with a mechanistic role in prostate cancer

microRNAs in prostate cancer Up/Downregulated References
miR-200a, b, ¢ Downregulated (tumor) [45, 46]
miR-181a,b Downregulated (tumor) [53]
miR-145 Downregulated (tumor) [38]
miR-143 Downregulated (tumor) [36]
miR-101 Downregulated (tumor) [56]
miR-203 Downregulated (tumor) [50]
miR-15, miR-16 Downregulated (tumor/stroma) [60]
miR-21 Upregulated (tumor/stroma) [57]
miR-409 Upregulated (tumor/stroma) [11, 12]
miR-379 Upregulated (tumor/stroma) [10, 12]

miR-154* Upregulated (tumor/stroma) [10, 12]
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are not processed by the Dicer machinery and hence are not generated at equal
lengths (unlike miRNAs which are 22 nucleotides in length) and have different
mechanisms of target repression. However, increasing evidence suggests miRNAs
and potentially IncRNAs helped pathologists diagnose and distinguish indolent
from aggressive cancer. In addition to its role in biomarker evaluation, therapeutic
targeting of miRNAs should sensitize prostate cancer cells to radiation therapy and
chemotherapy.

Conclusions

Accumulating evidence suggest oncogenic and metastatic role for specific miRNAs
of DLK1-DIO3 cluster in prostate cancer and that inhibition of cluster members led
to reversal of EMT and reduced bone metastasis of prostate cancer. More impor-
tantly, elevated levels of miR-409 and miR-379 predict progression-free survival of
patients, and thus promising potential biomarker for prostate cancer patients.
DLK1-DIO3 cluster miRNAs have prognostic value in other cancer types including
lung cancer. Future studies will need to explore large cohorts of patients for bio-
marker use of DLK1-DIO3 cluster miRNAs and small molecule approaches to tar-
get specific miRNAs of DLK1-DIO3 cluster to treat prostate cancer bone metastasis
utilizing preclinical animal or 3-D growth models.
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Chapter 8
microRNA and Ovarian Cancer

Ream Langhe

Abstract Ovarian cancer is the fifth most common cancer in women and the leading
cause of death from gynaecological malignancy in the Western world. The majority
of ovarian cancers are diagnosed at an advanced stage and this is due to lack of a
reliable screening test and the vagueness of symptoms. Early diagnosis is key as the
5-year survival rate for women diagnosed with late-stage disease is less than 20 %
compared to up to 90 % for women diagnosed at early-stage disease. Early-stage
disease that has a good prognosis cannot be detected easily.

Currently, no standardized reliable screening test exists. Lack of a reliable
screening test is due to the fact that the underlying molecular biology of oncogen-
esis in ovarian cancer is a complex pathway. Once the molecular biology of the
ovarian cancer is known, more reliable and sensitive screening tests can be estab-
lished and a better and effective treatment can be found. Current diagnostic tools
include imaging and CA125 have their limitations in terms of accuracy.

There is a strong need for prognostic and predictive markers to diagnose it early
and to help optimize and personalize treatment. microRNAs were recently found to
be involved in the pathophysiology of all types of analyzed human cancers mainly
by aberrant gene expression. microRNA profiling has allowed the identification of
signatures associated with diagnosis, prognosis, and response to treatment of human
tumors. Several studies showed that microRNAs are deregulated in ovarian cancer.
This chapter reviews the role of microRNAs in ovarian cancer and their utility of
microRNAs as diagnostic and prognostic markers for ovarian cancer
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Introduction

Incidence of Ovarian Cancer

Ovarian cancer is the fifth most common cause of cancer death in women, and the
leading cause of death from gynaecological malignancy in the western world [1].
The incidence rates of the disease vary significantly across different regions with
world age-standardized rates in more developed areas being almost twice as high
as those in less developed countries. In 2008, the estimated world age-
standardized incidence rate for the more developed regions of the world was 9
per 100,000 and 5 per 100,000 for the less developed countries [2]. Figures 8.1
and 8.2 display the worldwide age distribution of incidence and mortality of
ovarian cancer. Ovarian cancer is associated with poor long-term survival,
which is due to the insidious asymptomatic nature of this disease in its early
onset, the lack of robust and minimally invasive methods for early detection, and
development of chemoresistance.

Estimated age-standardised incidence rate per 100,000
Ovary, all ages

W <37 W <49 <64 MW<85 MW<16
GLOBOCAN 2008 (JARC) - 2011 2012

Fig. 8.1 Estimated age standardized worldwide incidence rate of ovarian cancer. Source: Globocan
2008 http://globocan.iarc.fr/
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Estimated age-standardised mortality rate per 100,000
Ovary, all ages

W <27 W <33 <41 MW<55 MW<99
GLOBOCAN 2008 (ARC) - 2011 2012

Fig. 8.2 Estimated age standardized worldwide mortality rate of ovarian cancer. Source: Globocan
2008 http://globocan.iarc.fr/

Etiology of Ovarian Cancer

The cause of ovarian cancer is still unknown although there are several factors asso-
ciated with the development of ovarian cancer. Age is the strongest risk factor, the
incidence of ovarian cancer increases with each additional year of life [3]. In addi-
tion early menarche and late menopause have also been linked to an increased risk
of ovarian cancer [4]. Conditions such as polycystic ovarian syndrome (PCOS) and
endometriosis have all been linked to increased ovarian cancer risk due to an imbal-
ance of reproduction hormones [5, 6].

Factors such as chronic anovulation, breastfeeding and multiparity, use of con-
traceptive pills, and childbirth are found to be protective for ovarian cancer [7].
Published data showed that pregnancy is associated with decreased risk of develop-
ing the disease.

The greatest protection is afforded by the first pregnancy with a 20 % reduction
in the risk is conferred by each additional child [8]. Lactation also reduces the risk
[9-11]; however, uncertainties remain in the evidence [9, 10]. Long-term oral con-
traceptive use has been linked to reduced risk of ovarian cancer [12, 13]. Protection
increases with increasing duration of use, and remains following cessation of use.
The reduction in risk continues for more than 30 years after use has stopped [9].
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Risk is also reduced by mechanical sterilization and by hysterectomy [14—16].
Bilateral salpingo-oophorectomy and hysterectomy are shown to reduce risk of
ovarian cancer [17]. Recent evidence suggests that the majority of ovarian tumors
actually arise in the fallopian tube, and it has been suggested that removal of fallo-
pian tubes post-menopause could be beneficial in terms of reducing risk with virtu-
ally no side-effects [18].

Histological Classification of Ovarian Cancer

Ovarian cancer comprises a heterogeneous group of neoplasms. The histological
classification of ovarian cancer as presented by World Health Organization (WHO),
is based on histogenesis of the normal ovary, which categorizes ovarian neoplasms
with regard to their derivation (Figs. 8.3 and 8.4) from coelomic surface epithelial
cells, germ cells, and mesenchyme (the stroma and the sex cord) [19, 20].
Approximately 90 % of primary malignant ovarian tumors are epithelial and arise
from the ovarian surface epithelium (OSE) or more likely from surface epithelial
inclusion cysts [21-23]. The four major types of epithelial tumors (serous, endome-
trioid, clear cell, and mucinous) (Fig. 8.5) bear strong likeliness to the normal cells
lining different organs in the female genital tract [23].

Normal Ovary

_ Origin of three
ovarian cancer types

Stromal cells 5-10%
Germ cells 10-15%

Epithelium (surface cells)  80%

Fig. 8.3 Origin of three types of ovarian cancer
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Fig. 8.4 Derivation of ovarian cancer
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Fig. 8.5 Representative examples of the major histological types of ovarian carcinoma

Recently, epithelial ovarian tumors have been broadly classified into two distinct
groups Type I and Type II [24, 25]. Type I tumors include low-grade serous, muci-
nous, endometrioid, clear cell, and transitional cell carcinomas and are less responsive
to chemotherapy. Type II tumors comprise high-grade serous carcinomas, undifferen-
tiated carcinomas, and carcinosarcomas responsive to chemotherapy [24, 25].

The etiology of epithelial ovarian cancer is still unclear. A number of hypotheses
regarding ovarian cancer etiology have been described in one study [26]. All of
these hypotheses can be related to the risk factors identified for ovarian cancer, e.g.,
incessant ovulation—early menarche and late menopause confer increased risk.
Ovarian cancer is thought to occur as a result of transformation of the surface
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epithelium [27], although recent studies have postulated that ovarian cancer might
have developed in the fallopian tube and metastasized [28—30]. Two major theories,
the incessant ovulation [31] and the gonadotropin hypotheses [32] have been pro-
posed to explain the development of the disease.

Symptoms of Ovarian Cancer

Ovarian cancer symptoms develop insidiously and are nonspecific. These symptoms
occur when the disease is widely disseminated throughout the abdominal cavity [33]
and include abdominal bloating, discomfort or vague pain, bowel habit changes, abdom-
inal fullness early satiety, dyspepsia are frequent presenting symptoms [34, 35].

Occasionally some patients may present with bowel obstruction, or shortness of
breath that is due to pleural effusion. Early-stage disease, when the tumor is confined
to the ovary is usually asymptomatic. However, such patients may present with pres-
sure symptoms (urinary frequency, constipation, pelvic pain/pressure, dyspareunia).
Less frequent symptoms include abnormal vaginal bleeding in premenopausal and
postmenopausal women.

Treatment of Ovarian Cancer

Debulking surgery followed by platinum-based chemotherapy schemes is consid-
ered standard care for patients diagnosed with ovarian cancer. When ovarian cancer
is diagnosed in stage 1 more than 90 % of patients can be cured with conventional
surgery and chemotherapy. At present, however, only 25 % of ovarian cancers are
detected in stage 1. Neoadjuvant chemotherapy, a preoperative chemotherapy that is
given to reduce the tumor size before debulking is considered the optimum treat-
ment for patients, who present with late-stage ovarian cancer [36].

While the majority of patients (80 %) initially respond well to chemotherapy, a
large percentage relapse, and become resistant to chemotherapy [37]. Recently, the
addition of bevacizumab; an antiangiogenic monoclonal antibody targeted against
VEGEF to standard chemotherapy has been explored [38]. The VEGF inhibitor bevaci-
zumab has been shown to prolong progression-free survival but not overall survival;
however, in another study of recurrent ovarian cancer, it was found that treatment with
bevacizumab in platinum-sensitive cancers improved overall survival [39].

Diagnosis of Ovarian Cancer

Diagnosis of ovarian cancer is based usually on a pelvic examination for palpation of
abdominal masses and radiological imaging such as transvaginal ultrasound and/or
computed tomography (CT) scanning and magnetic resonance imaging (MRI) [40, 41].
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Screening of Ovarian Cancer

Currently diagnosis of early-stage disease is very limited as there have been no
standardized tests or screening mechanisms approved for this purpose. Pelvic exam-
ination is practiced widely, but it is not sensitive enough to be used as a reliable
screening tool for diagnosis of ovarian cancer. Women at high risk of developing
ovarian cancer might undergo screening with transvaginal ultrasound and CA125
[42]. Recently, the Prostate, Lung, Colorectal and Ovarian (PLCO), a screening ran-
domized trial in the USA designed to determine whether ovarian cancer screening
improves survival has reported its results. In this trial women were randomly
assigned to undergo either annual CA125 testing plus Transvaginal Ultrasound
(TVU) or to receive the usual care [43]. The trial reported no mortality benefit for
annual screening with CA125/TVU compared to the usual care, however, it results
in an increase in invasive medical procedures performed [44].

Another trial in the UK (UKCTOCS), assessing screening with ultrasound and
CA125. Here, women randomly assigned to undergo annual pelvic examination,
annual TVU or annual measurement of CA125, where CA125 was evaluated over
time using the Risk of Ovarian Cancer Algorithm (ROCA) to try to predict the
woman’s risk of having the disease [41]. The results of this trial will be available in
the latter part of 2015 (http://www.ukctocs.org.uk/).

Current Diagnostic Biomarkers

Currently the only biomarker that is widely used in clinical practice is cancer antigen
125 (CA125) [45]. This high MW glycoprotein CA 125 is elevated in 90 % of patients
with advanced stage disease. The use of CA125 for early diagnosis is limited as only
50 % of symptomatic stage 1 cases have elevated CA125 levels in serum. Also,
monitoring of CA-125 blood serum levels is useful to determine how ovarian cancer
is responding to treatment and to predict the prognosis after treatment and as a strong
predictor of the recurrence of ovarian cancer [46—48].

A number of false positive results could also occur since levels of CA125 could
naturally be elevated during ovulation and may also be elevated due to a range of
benign gynaecologic causes such as fibroids, endometriosis, and pelvic inflammatory
disease among others. CA125 can also be elevated in a variety of cancers other than
ovarian such as pancreatic, lung, and breast cancer [49, 50].

In addition to CA125, other biomarkers are used routinely in medical practice
and these include CA 19-9, CA 15-3, CA 72-4, and CEA. CA 19-9 has the advantage
of high sensitivity for mucinous ovarian cancers that fail to express CA125 [51].
Serum levels of CA 19-9 are elevated in 68—83 % of mucinous ovarian cancers but
in only 28-29 % of non-mucinous types, whereas CA-125 is elevated in 80 % of
non-mucinous ovarian tumors [52-55]. CA 15-3, CA 72-4, and CEA levels are
found to be elevated in 50-56 %, 63—71 %, and 25-50 % of patients with ovarian
cancer [52, 56-64]. However, serial measurement of these tumor markers still plays
a vital role in the management of patients with a CA125 negative tumor [51].
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One study shows that CA125 correlates with the clinical course of disease better
than the other antigens, and in patients with positive CA125 assay at diagnosis the
concomitant evaluation of CA 19.9 or CA 72.4 or CA 15.3 does not offer any addi-
tional benefit for monitoring ovarian carcinoma [51]. However serial measurement
of the other markers could be useful in the monitoring of patients with normal
CA125 values prior to initial surgery [65].

Recently, addition of a new biomarker such as HE4 a secreted glycoprotein prod-
uct of the WFDC2 gene [66] has shown great promise as a diagnostic biomarker for
ovarian cancer. The US Food and Drug Administration have recently approved it for
monitoring recurrence and progression in patients with epithelial ovarian cancer
(EOC) [67-69]. The diagnostic and prognostic potential of serum HE4 levels has been
examined in numerous ovarian cancer studies. HE4 has been detected at high concen-
tration in serum of patients of ovarian cancer particularly women with serous and
endometrioid adenocarcinoma and furthermore was found to be increased in more
than half of the ovarian cancers, which do not express CA125 [69-73]. Several studies
found that high preoperative HE4 measurements was associated with advanced stage
disease and poor prognosis in patients with ovarian cancer [72, 74, 75]. Therefore
HE4 could act as a potential prognostic marker in patients with ovarian cancer.

microRNAs

In recent years new biomarkers with diagnostic implications have been identified.
Such biomarkers are microRNAs [76, 77]. microRNAs have been found to be dif-
ferentially expressed in tumor versus normal tissues in a range of solid and hemato-
poietic tumors [78, 79]. The expression of microRNA may act as a novel class of
tumor suppresser genes or oncogenes [76, 80—84]. The first possible link between
microRNAs and cancer was seen in B-cell chronic lymphocytic leukemia, where
miR-15 and miR-16, located on chromosome 13q14.3, were found to be downregu-
lated or deleted in the majority of tumors [80, 85]. A second study showed that the
expressions of miR-143 and miR-145 were reduced in adenomatous and cancer
stages of colorectal neoplasia [86].

microRNAs in Ovarian Cancer

An increasing number of studies have revealed the vital role microRNAs play in
ovarian cancer carcinogenesis [16, 87-89]. The first study, which suggested that
microRNAs might play a role in ovarian cancer, showed that around 40 % of
microRNAs display changed DNA copy number [84]. Thereafter two more studies
demonstrated that high expression levels of Dicer, Drosha, and elF6, proteins,
which are involved in the biogenesis of microRNAs, are associated with a favorable
prognosis of ovarian cancer [90, 91].
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Furthermore other studies reported that the deregulated microRNAs seen in ovar-
ian cancer are associated with histological subtypes, stage/grade of the tumor,
BRCA mutated/epigenetically changed, primary or recurrent tumors and survival
[76, 92-98]. Most of these studies have been performed on ovarian tissue samples.
Besides diagnosis, microRNAs have the potential to be used as biomarkers for mon-
itoring of the disease and to predict the chemosensitivity so treatment can be best
tailored [95, 99, 100].

miR-200 Family

One example of microRNAs, which have been found highly expressed in ovarian
cancer, is miR-200 family [76, 93, 96, 98, 101]. The miR-200 family contains miR-
200a, miR-200b, miR-200c, miR-141, and miR-429. High levels of expression of
miR-200 family are also found to be associated with decreased progression-free
survival and decrease overall survival rate [93]. One study reported that miR-200a
is upregulated in a significant proportion of advanced ovarian carcinomas. The ele-
vated expression level of miR-200a facilitates tumor progression. These findings
support the notion that miR-200a acts as oncogene for ovarian cancer, and its ele-
vated level is a useful potential diagnostic indicator [102].

Another study found that upregulation of miR-200a in advanced disease was cor-
related with poor ovarian cancer outcome [103]. Furthermore miR-200c was found
in one study to be downregulated in stage 1 epithelial ovarian cancer (EOC) relaps-
ers compared to nonrelapsers and it was associated with PFS, overall survival, in
multivariate analysis [104]. Moreover, one study suggested that expression of miR-
200 might increase the sensitivity to microtubule-targeting chemotherapeutic
agents; therefore upregulation of miR-200c levels in an ovarian cancer cell line
increased the sensitivity for these drugs up to 85 %. However, low levels of miR-
200c have been associated with chemoresistance [105].

Moreover, one recent study assessed the 200 family members which were highly
expressed in serous epithelial ovarian cancer cell lines (SEOC) as candidate bio-
markers [106]. They found that miR-200a, miR-200b and miR-200c and miR-103
were significantly higher in the SEOC cohort with the best predictive classifier of
SEOC being the combination of miR-200b, miR-200c, and miR-103 [106].

let-7 Family

The let-7 family was frequently downregulated in ovarian cancer [76, 93, 94, 100,
107]. Low expression levels of let-7b were found in one study to be associated with
poor prognosis in patients with serous ovarian carcinomas [93]. Furthermore, high
expression levels of let-7 miRNA inhibitors (1in28, 1in28b) [108] coordinate with
shorter progression-free survival and overall survival in ovarian cancer patients
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[109]. However, another study, which investigated the potential roles, clinicopatho-
logical functions, and prognostic values of let-7 miRNA family in high-grade serous
ovarian cancer (HGSOC), showed that elevated expression of let-7b is associated
with poor survival rates [110].

Low level of let-7i expression was significantly associated with the shorter
progression-free survival of patients with advanced ovarian cancer. This might
suggest that let-7i might be used as a potential biomarker to predict the response
to chemotherapy and survival in ovarian cancer patients [100]. Despite most
members of the let-7 family being reported as suppressors [111], isoform let-7a-3
was thought to act as an oncogene and enhance carcinogenesis [112], therefore
epigenetic silencing of the let-7a-3 locus in ovarian cancer is associated with a
good prognosis [113].

In addition to that, let-7 and miR-200 families are reported to be linked with
regulation of “epithelial to mesenchymal transition” (EMT), where differentiated
cells of epithelial phenotype separate from each other, gain mesenchymal proper-
ties, and become mobile. EMT, which plays a vital role during embryo development
and wound healing, was found to be involved in carcinogenesis [114—116]. Tumors,
which have undergone EMT, are less invasive, more aggressive, and more advanced.
EMT process is similar to cancer progression, where cells downregulate E-cadherin
and upregulate Vimentin expression.

One study reported miR-200 family as a powerful marker for cells that express
E-cadherin but lack expression of Vimentin. In this study high level of miR-200
expression caused upregulation of E-cadherin in cancer cell lines and reduced their
motility through direct targeting of the mRNA of the E-cadherin transcriptional
repressors ZEB1 (TCF8/_EF1) and ZEB2 (SMAD-interacting protein 1 [SIP1]/
ZFXH]1B). Inhibition of miR-200 decreased expression of E-cadherin and increased
expression of Vimentin and induced EMT [117].

Another study reported a positive correlation between miR-200a and E-cadherin
in EOC, where both miR-200a and E-cadherin were upregulated in EOC compared
to benign epithelial ovarian cysts and normal ovarian tissues [118]. Furthermore,
miR-200a was downregulated in advanced disease compared with early-stage and
grade disease. The expression of E-cadherin was low or absent in late-stage dis-
ease but was frequently expressed in benign disease. Taken together, these results
indicate that miR-200 may act as a potential marker for diagnosis of early-stage
disease [118].

miR-200 family showed different expression levels in different ovarian cancer
tissue types [119]. Boyerinas et al. showed that miR-200a and miR-200c are
expressed in serous adenocarcinoma, clear cell adenocarcinoma, and endometrioid
adenocarcinoma, and miR-200b and miR-141 occur in endometrioid adenocarci-
noma and mucinous adenocarcinoma [120].

EMT in cancers has been linked with chemoresistance [121]. Low expression
levels of miR-200c are reported to be associated with a mesenchymal phenotype
and therefore associated with chemoresistance. Conversely miR-200 expression
may increase the sensitivity to microtubule-targeting drugs [105].
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miR-7

miR-7 was downregulated in metastatic epithelial ovarian cancer tissues compared
with primary EOC tissues. Furthermore, miR-7 was found to reverse EMT through
AKT and ERK1/2 pathway inactivation by reducing the expression of EGFR in cell
lines. These results suggest that miR-7 might be a potential prognostic biomarker
and therapeutic target for ovarian cancer metastasis intervention [122].

miR-9

miR-9 was also downregulated in serous ovarian cancer cells compared to normal
ovarian cells. miR-9 acts as a tumor suppressor inhibiting cell growth and invasion
by downregulating the expression of talin 1 (TLN1), a focal adhesion protein, which
is overexpressed in cancer tissues compared to normal tissues and highly expressed
in metastatic tumors compared to primary tumor [123].

miR-15a and miR-16

One study investigated whether microRNA deregulation influences the regulation of
Bmi-1, an oncogene that is found widely in epithelial malignancy including ovarian
cancer [124]. In this study two microRNAs, miR-15a and miR-16 were identified
and found to be underexpressed in ovarian cancer cell lines and primary ovarian tis-
sues compared to normal ovarian epithelial cells and normal ovarian tissues.
Transfection of cell lines with miR-15 and miR-16 downregulated Bmi-protein level
and caused a significant reduction in ovarian cancer cell proliferation and clonal
growth. These findings suggest that miR-15a and miR-16 may be used as potential
therapeutic intervention in ovarian cancer and in other cancers that involve upregu-
lation of Bmi-1 [124]. Moreover, miR-15 was associated with cellular resistance to
many drugs through targeting the BCL2 gene [125].

miR-22

miR-22 is another microRNA, which was downregulated in EOC tissues compared
to normal ovarian tissues [126, 127]. Li et al. reported a negative correlation between
miR-22 and the metastatic potential in ovarian cancer cells, which suggests that
miR-22 may be involved in inhibiting metastasis in ovarian cancer [126]. Low
expression of miR-22 correlated with FIGO stage, tumor grade, and lymph node
metastases indicating that miR-22 might be involved in the carcinogenesis and
metastasis of EOC. Low miR-22 was also associated with poor overall survival and
progression-free survival of EOC patients. These findings indicate that low miR-22
could be served as a promising prognostic biomarker for EOC patients [127].
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miR-29b

Flavin et al. showed that miR-29b was downregulated in a significant proportion of
ovarian serous carcinomas [128]. Furthermore, high expression levels of miR-29b
were associated with reduced disease-free survival [128]. miR-29 family and pre-
dicted target genes were found in one study among the strongest negative correlated
miRNA:mRNA pairs; overexpression of miR-29a in vitro repressed several anti-
correlated genes (including DNMT3A and DNMT3B) and substantially reduced the
viability of ovarian cancer cells [129]. miR-29 family members have been reported
to act as tumor suppressors in acute myeloid leukemia and lung cancer, partly by
reverting aberrant methylation patterns via its targeting of DNA methyltransferases
(DNMT) and methylation-silenced tumor suppressors [130, 131].

miR-34

miR-34 family expression was significantly reduced in human EOC, particularly in
patients with p53 mutations in several studies [132, 133]. Reduced miR-34b*/c
expression might be particularly important for progression to the most advanced
stages. Thus inactivation of miR-34 family contributes to the carcinogenesis and
progression of serous ovarian carcinomas [132].

miR-152

miR-152 has shown potential in ovarian cancer and was significantly reduced in ovarian
cancer tissues compared to normal ovarian epithelium tissues [134]. Cell proliferation
was significantly inhibited following transfection of miR-152 and miR-148a into ovar-
ian cancer cell lines. These findings suggest that miR-152 and miR-148a is involved in
the carcinogenesis of ovarian cancer through deregulation of cell proliferation [134].

miR-124

miR-124 was downregulated in ovarian cancer cell lines and tumor tissues compared
with normal ovarian surface epithelial cells and normal ovarian tissues [135]. miR-
124 overexpression inhibited migration and invasion in EOC cells through targeting
SphK1 an invasion and metastasis-related gene in human cancers. Therefore loss of
miR-124 may contribute to the invasion and migration in EOC cells [135].

miR-497

Wand et al. reported that miR-497 expression was underexpressed in human ovarian
cancer tissues. Low level of miR-497 expression was significantly associated with
increased angiogenesis. Exogenous miR-497 was found to suppress the formation
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of capillary endothelial cells in ovarian cells. miR-497 inhibited angiogenesis by
suppressing expression of VEGFA in ovarian cancer cells and thus impairing the
VEGFR2-mediated PI3K/AKT and MAPK/ERK pathways. These findings suggest
that downregulation of miR-497 may contribute to angiogenesis in ovarian cancer.
Taken together miR-497 may be a potential target for prevention and treatment of
ovarian cancer [136].

miR-100

Several studies showed that miR-100 was found to be downregulated in most of the
ovarian cancer cell lines, particularly clear cell ovarian carcinoma cell lines and
ovarian cancer tissues [137-139]. The level of miR-100 expression in 98 EOC tis-
sues was significantly lower compared to 15 adjacent normal epithelial tissues. Low
expression of miR-100 was associated with advanced stage, higher serum CA125,
lymph node involvement, and shorter overall survival. This may indicate that low
miR-100 expression might act as an independent poor prognostic factor for ovarian
cancer [138]. Moreover miR-100 represses mTOR signaling and increases sensitiv-
ity to the cancer drug everolimus in clear cell carcinomas cell lines [140].

miR-133a

Luo et al. showed that miR-133a was downregulated in EOC. Low miR-133a
expression was associated with advanced clinical stage, poor histological differen-
tiation, and lymph node metastasis [141]. Moreover, miR-133a was found to act on
the cell viability, apoptosis, invasion, and migration of ovarian cancer OVCAR-3
cells. These findings suggest that miR-133a may act as a potential biomarker for the
prediction of ovarian cancer progression and a useful promising target for gene
therapy [141]. Guo et al. found that the suppressive effect of miR-133a on cell pro-
liferation was through targeting insulin-like growth factor 1 receptor (IGFIR) [142].

miR-145

miR-145 was downregulated in ovarian cancer [143, 144]. Zhang et al. found that
upregulation of miR-145 in ovarian cancer cell lines inhibited cell proliferation and
promoted cell apoptosis by targeting c-Myc 3’-UTR [144]. Wu et al. showed that
overexpression of p70S6K1 and MUCI, which are negatively regulated by miR-
145 could lead to restoration of colony formation and cell invasion. These findings
indicated that miR-145 could be used as a potential therapeutic target in ovarian
cancer [143, 144]. Furthermore, miR-145 was identified as a tumor suppressor by
indirectly downregulating the expression of hypoxia-inducible factor 1 (HIF-1) and
vascular endothelial growth factor (VEGF) by targeting p70S6K1, which leads to
inhibition of tumor growth and angiogenesis [145].
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Wang et al. investigated whether the increased expression of miR-203 can be used
as a potential diagnostic and prognostic biomarker in EOC. They found that miR-
203 was significantly upregulated in EOC tissues compared to adjacent normal
ovarian tissues [146]. In addition, high miR-203 expression was closely correlated
with advanced FIGO stage, undifferentiated tumor, lymph node involvement, and
recurrence. Furthermore, miR-203 upregulation associated with shorter overall sur-
vival and progression-free survival. These findings prove that the high expression
levels of miR-203 may serve as a novel biomarker to predict the progression of
aggressive tumor and unfavorable prognosis of EOC patients [146].

miR-508-3p, miR-509-5p, and miR-510

YU et al. validated a microRNA expression profile that could discriminate the early-
stage ovarian serous carcinoma (OSC) from advanced stages, also correlated the
resulted microRNA expression with prognosis of OSC. miR-510, miR-509-5p, and
miR-508-3p were significantly downregulated while miR-483-5p was upregulated
in stage III OSC compared with stage I. Low miR-510 expression, low miR-509-5p
expression, and advanced FIGO stage, and chemoresistance were significantly asso-
ciated with poorer overall survival. These results suggested that microRNAs may
play a role in the progression of OSC, and miR-510 and miR-509-5p may be served
as promising biomarkers for predicting the outcome of OSC [147].

miR-21

miR-21 was significantly upregulated in EOC tissue specimens compared with
benign ovarian cysts and normal ovarian tissues [148]. Overexpression of miR-21
correlated well with clinicopathological features such as advanced clinical stage,
high-grade, and lymph node metastases suggesting that miR-21 deregulation might
be involved in the development, progression, and metastasis of EOC. Expression of
PTEN, a tumor suppressor gene for ovarian cancer expression negatively correlated
with the expression of miR-21 in EOC tissues [148]. These findings suggest that
miR-21 promotes tumor invasion and metastasis through downregulating expres-
sion of PTEN [148].

miR-148b

Chang et al. compared miR-148b expression levels in ovarian cancer and normal
tissues [149]. miR-148b was overexpressed in the vast majority of ovarian cancer
samples; however, overexpression of miR-148b was not associated with poor prog-
nosis of patients with ovarian cancer. Taken together, miR-148b may play an
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important role in the early stage of ovarian carcinogenesis; therefore miR-148b
could be used as an efficient diagnostic biomarker for ovarian cancer [149].

miR-25

The expression level of miR-25 in EOC tissue was significantly higher than in adjacent
normal tissue [150—152]. Apoptosis was induced by downregulation of miR-25 in ovar-
ian cancer cells, while overexpression of miR-25 enhanced cell proliferation. Also there
was an inverse relationship between the pro-apoptotic protein Bim and expression of
miR-25 expression in ovarian cancer tissues. These results suggested that miR-25
directly regulates apoptosis through targeting Bim in ovarian cancer and miR-25 may
serve as a potential therapeutic target for ovarian cancer [150]. Higher levels of miR-25
had significantly poorer survival than those with lower expression of this microRNA
[151]. Contradicting these findings miR-25 was found to be downregulated in cancer
patients compared to their benign controls [153]. These results might suggest that miR-
25 may serve as a potential biomarker to monitor targeted therapies.

miR-378

Chan et al. examined the utility of miR-378 as a biomarker in ovarian cancer patients
receiving to antiangiogenic therapy. They found that that miR-378 was overex-
pressed in ovarian cancer cells and tumors compared to normal ovarian epithelial
cells [154]. Furthermore, overexpressing miR-378 in ovarian cancer cells changed
expression of genes associated with angiogenesis, apoptosis, and cell cycle regula-
tion. miR-378 expression was found as an independent predictor for PFS after anti-
angiogenic treatment. These results suggest that miR-378 and its downstream
targets may serve as markers for response to antiangiogenic therapy [154].

microRNAs as Noninvasive Biomarkers in Serum, Plasma,
and Blood of Ovarian Cancer

Several studies have demonstrated that microRNAs are circulating freely in serum
and other body fluids in a highly stable, cell-free form [155-161]. In addition,
microRNAs are reported to be released into the circulation from tumor cells [155].
These circulating miRNAs are highly tissue-specific; therefore they can identify the
origin of metastasis [155, 162]. microRNAs have been profiled in serum and plasma
in cancer and other diseases [155, 156, 159, 160]. This indicates the feasibility of
using microRNAs as novel noninvasive diagnostic and prognostic biomarkers. The
first study reported extraction and reliably determined microRNAs in serum was in
2008. This study showed that sera level of miR-21 was associated with relapse-free
survival in patients diagnosed with diffuse large B-cell lymphoma [159].
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Recently, the feasibility of profiling microRNAs from serum of ovarian cancer
patients was described in one study [163]. In this study three overexpressed microR-
NAs were identified as potential oncomirs; miR-21, 92 and 93 with miR-92 being
the most consistent overexpressed microRNA in serum from ovarian cancer patients
compared to healthy controls. High expression level of miR-93 was associated with
shorter progression-free and overall survival in ovarian cancer patients [163]. Recent
studies showed that the level of miR-21 expression was significantly higher in serum
of patients with epithelial ovarian cancer (EOC) compared to healthy controls.
Moreover, increased serum miR-21 expression was associated with advanced stage,
high tumor grade, and shortened overall survival. This in turn might indicate that
serum miR-21 could represent a diagnostic and prognostic marker for EOC [164].

miR-221 is another microRNA which was reported to be upregulated in serum of
patients with ovarian cancer. The expression of miR-221 was measured using real-
time reverse polymerase reaction (RT-PCR) in serum from patients with ovarian
cancer before having their surgery and compared to those of healthy control. miR-
221 was elevated in ovarian cancer patients compared to normal controls, further-
more miR-221 expression correlated with advanced stage and high-grade tumor and
was associated with a poor outcome [165].

Kan et al. investigated whether serum levels of microRNA could discriminate
women with high-grade SEOC from healthy controls. In this study serum were
significantly elevated levels of miR-200a, b and ¢ in SEOC cell lines were also
elevated in serum from patients with SEOC compared to healthy group, which
indicates that circulating microRNAs were shed from cancer tissues and could be
used as noninvasive diagnostic biomarkers for ovarian cancer [106].

Chung et al. found that serum miR-132, miR-26a, let-7b, and miR-145 were
significantly underexpressed in epithelial ovarian cancer compared to healthy con-
trols [87]. Furthermore miR-127, 155 and 99b were underexpressed in the serum of
ovarian cancer patients. Interestingly, miR-127 was identified previously as potent
suppressor in ovarian cell lines [94], which supports the underexpression in this
study.

miR-99a was underexpressed in EOC tissues, serums, and cell lines SKOV-3
[166]. miR-99a targets fibroblast growth factor receptor 3 (FGFR3) directly. FGFR3
expression was higher in EOC cells. Moreover, FGFR3 expression at both mRNA
and protein levels was decreased dramatically by overexpression of miR-99a These
findings proved that FGFR3 is inversely correlated with miR-99a. In this study
overexpression of miR-99a could significantly inhibit proliferation of EOC cell by
decreasing the expression of FGFR3 which also reduced the EOC cell growth after
siRNA knockdown. In summary, miR-99a expression was obviously downregulated
in serums, tissues, and cell and suppresses EOC cell proliferation by targeting
FGFR3, suggesting miR-99a as a potential promising prognostic biomarker and
tumor suppressor for EOC therapeutics [166].

Langhe et al. found a panel of four microRNAs; let-7i-5p, miR-152, miR-122-5p,
and miR-25-3p that were significantly downregulated in the serum of ovarian can-
cer patients compared to patients with benign ovarian neoplasm [153]. Bioinformatic
analysis of the validated targets for these microRNAs revealed numerous pathways
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involved in cancer such as WNT signaling, AKT/mTOR, and TLR-4/MyD88. These
miRNAs have shown some potential as serum-based biomarkers in other cancers
and some have already shown important roles in the biology of ovarian cancer
including their invasive potential which is one of the key hallmarks that segregates
benign and malignant tumors. Further work will need to be done to validate this
signature in a clinical trial setting [153].

In another study the expression levels of microRNAs that showed a consistent
regulation tendency through serum, ascites, and tissue specimens from ovarian can-
cer patients were compared to those of healthy controls with more than a twofold
difference in serum. Five microRNAs, which include miR-132, miR-26a, let-7b,
miR-145, and miR-143, were markedly downregulated in the serum from ovarian
cancer compared to those of healthy controls. Of those microRNAs, four microR-
NAs were significantly underexpressed in the serum of ovarian cancer patients [87].

More recently, the utility of serum miR-145 as potential biomarker was exam-
ined in one study. Serum level of miR-145 was significantly downregulated in
patients with ovarian cancer compared to healthy controls. Low levels of serum
miR-145 were associated with a significant shorter median overall survival rate
[167].

Another study showed that miR-200c and miR-141 were significantly higher in
the serum of patient with ovarian cancer compared to healthy controls. miR-200c
expression level showed a descending trend from early stages to advanced stages,
while the level of miR-141 had an ascending pattern. Two-year survival rate was
significantly higher in patients with high miR-200c level compared to the other
group while low miR-141 group showed a significantly higher survival rate. These
findings suggest that serumnmiR-200c and miR-141 as prognostic biomarkers for
ovarian cancer [168].

The feasibility of circulating plasma microRNAs as suitable biomarkers for
ovarian cancer was examined in few studies [169-172]. One study performed
microRNA profiles on presurgical plasma samples from 42 with confirmed serous
epithelial ovarian cancer, 36 women diagnosed with a benign disease, and 23
healthy controls. 19 microRNAs were significantly downregulated in cancer
patients compared to healthy group. Six microRNAs were underexpressed in can-
cer group compared to women diagnosed with a benign disease. The utility of
microRNAs in predicting the outcome in women confirmed with ovarian cancer
was examined as well. Furthermore, there was a significant difference in
microRNA expression in presurgical plasma from women diagnosed with ovarian
cancer that had short overall survival compared to women with long overall sur-
vival [170].

Zheng et al. found that lower plasma level of let-7f expression in EOC patients
compared with healthy controls. These lower levels were correlated with poor prog-
nosis. Moreover, plasma miR-205 was overexpressed in EOC patients than in
healthy controls. No difference in miR-205 expression between EOC tumor tissues
and adjacent healthy tissues. miR-483-5p was upregulated in late stages (Il and IV)
compared with stages I and II, which in turn was consistent with its expression pat-
tern in tumor tissues [171].
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miR-26a was overexpressed in plasma in EOC patients compared to the healthy
controls and the expression level in EOC specimens was much higher in EOC sam-
ples than in normal ovary samples. miR-26a was found to promote the proliferation
of EOC cells through targeting ERa. Inhibition of miR-26a decreased the growth of
EOC cells in culture and in nude mice. These findings suggest that overexpression
of miR-26a might contribute to the development of ovarian cancer. Patients with
positive ERa were found to have a significant better progression-free survival than
patients with no expression. Taken together these results indicate that miR-26a
could act as a potential target for therapeutic intervention in ovarian cancer [172].

Profiling of whole blood microRNAs in ovarian cancer patients was examined
in one study. However, the pattern of profiling was not sensitive enough to be used
for screening or monitoring of progression of ovarian cancer [173]. Profiling of
peripheral blood microRNA could be combined with other serum biomarkers such
as CA125 and transvaginal ultrasound to improve the overall screening of ovarian
cancer [173].

Exosomes as Potential Biomarkers for Ovarian Cancer

Exosomes are small (30-100 nm in diameter) extracellular membrane-enclosed
vesicles released by different cell types [174] and are formed by inward budding of
late endosomes, producing multivesicular bodies (MVBs). Exosomes are released
into the environment by fusion of the MVBs with the plasma membrane [20, 175].
Exosomes are thought to contribute in T-cell activation and immunosuppressive
function. Therefore drugs interfere with exosome secretion can restore immunity
and reduce progression of the disease [175].

A wide range of cells has been shown to release these vesicles such as B cells,
T cells, epithelial cells, mast cells, tumor cells, dendritic cells, lymphoid cells, embry-
onic cells or cells from different tissues or organs. However, their accumulation in the
peripheral circulation appears to be unique to pregnancy and cancer [21-23].

Exosomes have been detected to date in several biological fluids, such as urine,
serum, CSF, plasma, blood, saliva, ascites, and breast milk [176]. Exosomes have
been found to carry internal cargo representative of their cell of origin, such as
membrane and cytoplasmic proteins, mRNA and miRNAs [160, 177, 178]. A vari-
ety of functions have been demonstrated for exosomes, such as cellular communica-
tion, immune system modulation and tumor progression, and the transfer of RNA
[179-181].

The presence of exosomes in ovarian cancer cell cultures and plasma/serum or
ascites of ovarian cancer patients has been demonstrated in several studies [160,
182-192] and other cancers. Diagnostic microRNAs were reported from exosomes
from ovarian cancer patients’ serum using magnetic beads and anti-EpCAM anti-
body [160]. In this study specific microRNAs have been profiled from tumor tissue
samples and compared to microRNAs from exosomes from the peripheral circula-
tion. Eight microRNAs (miR-21, 141, 200a/b/c, 203, 205, and 214) were upregu-



8 microRNA and Ovarian Cancer 137

lated in cancer exosomes [160]. Profiles of circulating tumor exosomal microRNAs
from ovarian cancer patients are closely related with microRNA expression in
primary tumors and could be used to distinguish cancer patients from patients with
benign ovarian disease and from normal control [160].

These results suggest that microRNA profiling of circulating tumor exosomes
could be used as potential diagnostic markers for diagnosing and monitoring of
disease and also predicting response to treatment.

Furthermore, one study showed that the level of circulating tumor-derived exo-
somes in the serum of women with invasive ovarian cancer was higher than their
level in women with benign ovarian disease and normal controls. In addition to that
the level of the exosomes was significantly greater in women with advanced disease
[193]. These results suggest that profiling of microRNAs of the circulating tumor
exosomes could be used as potential diagnostic markers for screening of asymptom-
atic women and monitoring of the disease recurrence [160, 188].

microRNAs and Chemoresistance

Chemoresistance is one of the most important obstacles to the successful treatment
of ovarian cancer. microRNAs play important roles in disease processes, including
the development of drug resistance. Several microRNAs have been involved in
chemosensitivity.

miR-21 was overexpressed in the resistant ovarian cell line and its inhibition
induced apoptosis. knockdown of miR-21 was found to increase the expression of
PDCD4, a tumor suppressor and attenuate apoptosis inhibitor c-IAP2. Interestingly,
women with tumors that overexpressed miR-21 were associated with a shorter
progression-free survival [194].

Frederick et al. evaluated the differential expression of microRNAs among
tumor cells in ascites and matched omental metastasis in patients with EOC, who
were undergoing primary surgical cytoreduction. Cell viability and microRNA pro-
filing were evaluated in patients’ samples following treatment with carboplatin,
paclitaxel, and combination chemotherapy. Malignant cells in ascites showed
greater cell viability when treated with carboplatin compared to omental metastasis.
miR-21 and miR-214 were significantly upregulated in malignant cells from ascites
compared to omental metastasis [195].

Another microRNA which showed potential in chemosensitivity is miR-29.
Cisplatin-resistant cells expressed a lower level of miR-29a/b/c. Ectopic expression
of miR-29 alone or in combination with cisplatin treatment efficaciously reduced
the tumorigenicity of ovarian cancer cell lines in vivo. Downregulation of miR-29
increases cisplatin resistance in ovarian cancer cells. This suggests that miR-29
overexpression is a potential sensitizer to cisplatin treatment, which might have
therapeutic implications [196].

Low levels of miR-199a might act as a reliable predictor for chemoresistance in
patients with recurrent tumors [93] by targeting IKKB, which induces a pro-
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inflammatory environment that is associated with cancer progression and chemore-
sistance. This might indicate miR-199a as a biomarker to monitor the response to
chemotherapy [197]. Furthermore, one study reported that cisplatin resistance could
be reversed by miR-199a through the inhibition of mammalian target of rapamycin
(mTOR) and that mTOR may be the target of miR-199a during this process [127].

miR-199a and miR-125b were found to be downregulated in ovarian cancer tis-
sues and cell lines. Overexpression of miR-199a and miR-125b inhibited tumor
angiogenesis associated with the decrease of expression of HIF-1a and VEGF in
ovarian cancer cells. Forced expression of HER2 and HER3, which are direct tar-
gets of miR199a and miR-125 retrieve miR-199a- and miR-125b-inhibiting angio-
genesis responses and Akt/p70S6K1/HIF-1a pathway. These results indicate that
miR-199a, miR-125b could be used as potential therapeutic markers to suppress
tumor angiogenesis ovarian cancer treatment in the future [89].

Yang et al. found that miR-214 was frequently expressed in ovarian cancer tis-
sues and that let-7i, which enhances re-sensitization to platinum resistance, was
expressed less in the same tissues [100]. miR-214 has been found to induce cell
survival and cisplatin resistance by targeting PTEN, which regulates cell prolifera-
tion [101]. Knockdown of miR-214 was found to decrease cisplatin resistance in
cisplatin-resistant cell line, while exogenous expression of miR-214 makes cisplatin-
sensitive cell lines resistant to cisplatin-induced apoptosis. miR-214 was found to
activate the Akt pathway, which leads to chemoresistance by targeting
PTEN. Therefore, miR-214 may play a critical role in cisplatin resistance by target-
ing the PTEN/Akt pathway [137, 198].

Other microRNAs, which might have a role in chemoresistance, are miR-130a,
which targets the prometastatic and chemoresistance-associated M-CSF [99] and
miR-27a and miR-451, which regulate the expression of a protein involved in drug
resistance in ovarian cancer [199-201]. Overexpression levels of miR-130a corre-
lated with cisplatin resistance in ovarian cancer. Accordingly inhibition of expres-
sion of miR-130a might counteract cisplatin resistance of ovarian cancer [202].
miR-27a and miR-451, which regulate the expression of a protein involved in drug
resistance in ovarian cancer [199-201].

miR-449a was significantly underexpressed in the cisplatin-resistant ovarian cell
lines compared with their sensitive parent line. Overexpression of miR-449a inhibits
proliferation and promotes apoptosis thus increasing cisplatin sensitivity of cell
lines. miR-449a was found to function through suppressing NOTCH1 directly. These
results suggest that the ectopic expression of miR-449a may be a potential therapeu-
tic candidate for the management of cisplatin resistance in ovarian cancer [203].

miR-106a was upregulated in the CDDP-resistant ovarian cancer cell line com-
pared with the parental OVCAR3 cell line. Overexpression of miR-106a contributes
to the generation of CDDP-resistant ovarian cancer cells, partly by targeting
PDCD4, which enhance CDDP-induced apoptosis via death of receptor-mediated
pathway [204].

Huh et al. compared microRNA expression in paclitaxel-resistant cell lines with
that of Paclitaxel-sensitive, parental ovarian cancer cell line. They found that upreg-
ulation of miR-106a and downregulation of miR-591 was associated with Paclitaxel
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resistance [205]. Modulation of miR-106a and miR-591 in paclitaxel-resistant can-
cer cells re-sensitized the cells to paclitaxel through the increase of several pro-
apoptotic genes of TNF ligand/receptor and caspase families, and by directly
targeting ZEB1, BCL10, and caspase-7. Therefore, suggesting that the modulation
of these microRNAs may be a potential therapeutic strategy to overcome Paclitaxel
resistance in ovarian cancer [205].

Kim et al. compared microRNA expression in taxol-resistant patients compared
to taxol-sensitive group. microRNA profiling showed that miR-663 and miR-622
were identified as significant prognostic biomarkers of the chemoresistant patient
group. Downregulation of these microRNAs increased the sensitivity of cancer cells
to Taxol and were associated with better survival. In the chemosensitive patient
group, only miR-647 was identified as a potential prognostic biomarker. Taken
together, the data indicate that the three miRNAs are closely associated with Taxol
resistance and potentially better prognosis factors, therefore would be used in the
development of microRNA therapies in treating ovarian cancer [206].

Hong et al. showed that miR-376c reduces signaling of Nodal/activin receptor-
like kinase 7 (ALK?7), which is involved in drug sensitivity, and reduces the effects
of cisplatin and carboplatin [119, 207]. Ectopic expression of miR-376¢ signifi-
cantly promoted cell proliferation, spheroid formation, and survival through target-
ing ALK7. Knockdown of ALK7 could lead to an increase in cell proliferation,
viability, and spheroid formation. Overexpression of miR-376c¢ blocked cisplatin-
induced cell death, whereas anti-miR-376¢ enhanced the effect of cisplatin.
Moreover, in serous carcinoma samples taken from ovarian cancer patients who
responded well to chemotherapy, ALK7 levels were higher and miR-376c levels
were lower in chemosensitive tumors than in their chemoresistant counterparts, By
contrast, ALK7 expression was weak and miR-376¢ levels were high in samples
from patients who responded poorly to chemotherapy [208].

The effect of let-7a expression on survival outcomes of EOC patients treated
with different chemotherapy was investigated by Lu et al. [209]. The expression of
Let-7a was not correlated with the stage of the disease, tumor grade, histology, and
debulking status. Let-7a expression was significantly lower in patients who
responded to platinum with paclitaxel compared to those who did not. High let-7a
associated with better survival compared to Low let-7a when patients were treated
with platinum without paclitaxel. However, when platinum was added to paclitaxel,
high let-7a was associated with worse progression-free and overall survival. Patients
treated with paclitaxel in addition to platinum with low let-7a, had a better survival
than those treated without paclitaxel. There was no difference in survival among
patients with high let-7a, who had two types of treatment [209]. Let-7 g was found
to be involved in drug resistance. Boyerinas et al. showed that let-7 g suppressed
IMP-1, which is involved in multidrug resistance and increased sensitivity to tax-
anes [119, 120].

Liu et al. identified a panel of microRNAs-related drug resistance. miR-152 and
miR-381 expressions were significantly higher in drug-resistant OC tissue com-
pared with those in drug-sensitive tissue. While miR-200a-3p and miR-429 were
downregulated in drug-resistant tissues. miR-152, miR-200a-3p, miR-381, and
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miR-429 may contribute in the formation of chemoresistance in EOC through the
target genes predicted [210].

The expression of miR-125b in cisplatin-sensitive ovarian cancer cell line was
compared with the expression in its resistant variant. miR-125b was upregulated in
cisplatin-resistant cells. The upregulation of miR-125b led to marked inhibition of
cisplatin-induced cytotoxicity and apoptosis and a subsequent increase in the resis-
tance to cisplatin in resistant and sensitive cells by suppressing Bak1. These results
have important impact on the development of targeted therapeutics for overcoming
cisplatin resistance in ovarian cancer [211].

Expression of miR-128 was significantly decreased in the cisplatin-resistant
ovarian cancer cell line compared with parental cells and reduced following treat-
ment with cisplatin. miR-128 overexpression was found to resensitize resistant cells
to cisplatin and reduced the expression of cisplatin-resistant-related proteins
ABCCS and Bmi-1, while miR-128 inhibitors increased cisplatin resistance in par-
ent cells. These findings suggest that miR-128 may act as a promising potential
therapeutic target for improvement of chemosensitivity in ovarian cancer [212].

The expression of miR-197 was measured in normal ovarian cells, ovarian cancer
cells, and Taxol-resistant ovarian cancer cells. miR-197 was significantly increased
in Taxol-resistant ovarian cancer cells. Overexpression of miR-197 can enhance
Taxol resistance, cell proliferation, and invasion of ovarian cancer cells through
downregulating NLK, a negative regulator of WNT signaling pathway. Furthermore,
of miR-197 repression in ovarian cancer cells can sensitize response of the cells to
Taxol and promote attenuated cell proliferation and invasion ability [213].

Mitamura et al. found that lower level of miR-31 expressions and higher expres-
sions of MET (also known as c-Met or hepatocyte growth factor receptor) were sig-
nificantly correlated with paclitaxel resistance and poor prognosis in ovarian cancer
patients [214]. Creighton et al. showed that miR-31 was underexpressed in both serous
ovarian cancer cell lines and tissues compared to normal ovarian epithelium. miR-31
was found to act as tumor suppressor in ovarian cancer and inhibits the expression of
cell cycle regulators, e.g., E2F2 and STK40 thus inhibited proliferation, and induced
apoptosis. Deficiency of miR-31 was associated with mutation in TP53 pathway
and functions in serous ovarian cancer. These results suggest that miR-31 might be
beneficial for patients with cancers that are deficient in TP53 activity [215].

Vecchione et al. identified a panel of microRNAs (miR-217, miR-484, and miR-
617) that could predict chemoresistance in 198 serous ovarian cancer samples. miR-
484 found to have a potential to improve chemosensitivity through the modulation
of tumor angiogenesis, by directly targeting VEGFB and KDR [216].

Conclusion

Currently no established ovarian cancer screening programs exist, early diagnosis
of ovarian cancer and successful optimal debulking surgery are the key determi-
nants in the overall outcome for the patient. A key focus of current studies is to
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diagnose the disease early and to define which patients are likely to respond to
particular chemotherapeutics or biological agents, by identifying molecular markers
in the cancer tissue or serum in a move towards personalized cancer treatment.

An enormous number of studies reports that microRNAs are aberrantly expressed
in human cancer. Several microRNA signatures from tumor cells/tissues or serum/
plasma have been described in ovarian cancer. microRNAs expression profiles are
quite different in ovarian cancer compared to normal control tissue. Profiling of
microRNA using arrays might contribute to the detection of tissue type, stage, and
prognosis. Accumulating body of evidence supports the rationale of suppression of
upregulated microRNAs, or substitution of downregulated microRNAs could be
novel therapeutic approaches for ovarian cancer.

However, despite all the advances there is still a long way to understand and
implement microRNA in the management of cancer and ovarian cancer in particu-
lar. We hope that increased understanding of the role of microRNAs in cancer devel-
opment will give a new input to the management of ovarian cancer.
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Chapter 9
microRNA and Lung Cancer

Valerio Del Vescovo and Michela A. Denti

Abstract Lung cancer is the leading cause of cancer mortality worldwide. microR-
NAs (miRNAs) have been established as players with a relevant role in lung cancer
development, epithelial-mesenchymal transition and response to therapy.
Additionally, in the last decade, miRNAs, measured in resected tumor samples or in
fine-needle aspirate samples have emerged as compelling biomarkers for tumor
diagnosis, prognosis, and prediction of response to treatment, due to the ease of
their detection and in their extreme specificity. Moreover, miRNAs present in spu-
tum, in plasma, in serum or in whole-blood have increasingly been explored in the
last 5 years as less invasive biomarkers for the early detection of cancers.

Keywords miRNA ¢ Lung cancer * Biomarker ¢ Diagnosis ¢ Circulating miRNA

Introduction

Lung cancer is the leading cause of cancer mortality worldwide [1]. About 270,000
individuals were predicted to die of lung cancer in the European Union in 2013 [2].
The poor prognosis of the disease caused by a late disease presentation, tumor het-
erogeneities within histological subtypes, and the relatively limited understanding
of tumor biology are responsible for this high mortality. Most patients with lung
cancer are diagnosed at an advanced stage of the disease, and, a small subset of
these patients can be treated with new drugs offering improved survival and tolerant
quality of life, otherwise the majority of patients can only be treated with palliative
chemotherapy. In general survival remains poor, and many patients die within a few
months of diagnosis.

Lung cancer is not a unique condition, but indeed a group of diseases: small-cell
lung carcinomas (SCLCs) are high-grade neuroendocrine tumors (NET), metasta-
size earlier and are initially more chemosensitive than the so called non-small-cell
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lung carcinomas (NSCLC). The two main subgroups of NSCLC are adenocarci-
noma (AD) and squamous cell carcinoma (SCC), with a remaining third class of
carcinomas devoid of histological features of adeno- or squamous- differentiation,
named LCC (large-cell carcinoma) [3]. The appearance of these tumors at light
microscopy is substantially different, suggesting that their biology and etiology
diverge as well. Importantly, the histological subgroups of NSCLC respond differ-
ently to some chemotherapeutic substances [4—7] and side effects of some therapies
appear to vary among subgroups [8].

As well as SCLC, NETs include a spectrum of tumors from the low-grade typical
carcinoid (TC) and intermediate-grade atypical carcinoid (AC) to the high-grade
large-cell NE carcinoma (LCNEC). The distinction among these various entities
may be occasionally difficult on histological grounds, but is of great therapeutic
importance.

Biomarkers that are able to stratify for the specific subtype of lung cancer, prog-
nosticate the course of disease, or predict the treatment response are in rising
demand. Lung cancer subtyping has traditionally relied on the histopathological
observation of resected specimens, bronchoscopic biopsies, fine-needle aspirations
or sputum, which represent samples with decreasing invasiveness for the patient,
but also of increasing challenge for the pathologist, as proportionally fewer tumor
cells are captured [9-11]. Recently, the introduction of immunohistochemical mark-
ers has rendered lung cancer subtyping more accurate and clinically useful [12].

In the last decade, microRNAs (miRNAs), measured either from tumor samples
or in biofluids, have emerged as biomarkers for diagnosis, prognosis, and prediction
of response to treatment.

miRNAs and Lung Cancer

As far as lung cancers are concerned, the role of miRNAs in lung carcinogenesis
was indicated as early as 2004, when the Croce lab demonstrated that more than half
of the miRNA genes then known were located in cancer-associated genomic regions
or in fragile sites and that several miRNAs located in these deleted regions have low
expression levels in lung cancer cell lines as well as in chronic lymphocytic leuke-
mia samples [13]. Takamizawa and colleagues, during the same year, reported
reduced expression of the let-7 microRNA in human NSCLC lung cancers [14],
followed by distinct independent reports [15—17]. The let-7 family was later shown
to have an oncosuppressor activity in NSCLC tumor development in mice xeno-
grafts [18]. One of the consequences of let-7a downregulation in lung cancer has
been demonstrated to be the upregulation of RAS protein [15]. A single nucleotide
polymorphism (SNP)in a let-7 complementary site of KRAS mRNA was found to
be associated with increased risk of NSCLC in moderate smokers [19]. Based on
in vitro experiments and analyses of patient samples the authors concluded that this
SNP alters the ability of let-7 to regulate translation of KRAS, leading to overex-
pression of KRAS and increased lung cancer risk.
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Other miRNAs may also interact with RAS. For instance, Wang and colleagues
[20] found that miR-451 is downregulated in NSCLC, and that low expression cor-
related with poor survival. The authors were able to show that miR-451 inhibits the
expression of ras-related protein 14 (RAB14), suggesting that lower expression of
miR-451 may allow this oncogene to escape regulation.

There are evidences that other miRNAs can act as oncosuppressor agents. The
overexpression of miR-126 in NSCLC cell lines is able to decrease cell proliferation
in vitro, and tumor growth in the nude mouse xenograft model, by targeting PI3KR2
mRNA, and repressing its protein product, and consequently regulating the PI3K-
Akt pathway [21]. miR-145 can target c-myc and suppress the c-Myc/eIF4E path-
way, inhibiting the G1/S transition, influencing cell proliferation in A549 and H23,
NSCLC cell line models [22]. Additionally, in NSCLC patient samples, decreased
level of tumor suppressive miRNA-16 lead the inhibition of tumor cell lines growth
and motility: this miRNA target and suppress hepatoma-derived growth factor
(HDGF) [23]. Most recently, miR-340 expression was shown to be inversely cor-
related with the four clinical stages in a small cohort of NSCLC patients. miR-340
target multiple negative regulators of p27, i.e., PUMI1, PUM2, and SKP2 [24].

Additionally, also epigenetic changes are mechanisms of transcriptional silenc-
ing of miRNAs in cancer. In a novel research it was reported that the expression
level of miR-373 was enhanced by suberoylanilide hydroxamic acid (SAHA), a
histone deacetylase (HDAC) inhibitor, and importantly, miR-373 was found to be
downregulated in NSCLC tissues and cell lines. Transfection of miR-373 into A549
and Calu-6 cells attenuated cell proliferation, migration, and invasion and reduced
the expression of mesenchymal markers. Microarray analysis of miR-373-
transfected cells and computational predictions identified IRAK2 and LAMPI1 as
targets of miR-373 and the knockdown of these two genes showed similar biologi-
cal effects to those of miR-373 overexpression. In clinical samples, overexpression
of IRAK?2 correlated with decreased disease-free survival of patients with non-
adenocarcinoma. The purposed mechanism indicate that miR-373 is silenced by
histone modification in lung cancer cells and it functions as a tumor suppressor and
negative regulator of the mesenchymal phenotype through downstream IRAK?2 and
LAMPI target genes [25].

Researchers have reported that miRNAs whose expression is altered in tumors,
may function also as a novel class of oncogenes. The oncogenic miR-17-92 cluster
is markedly overexpressed in lung cancers, especially with SCLC histology and
enhances cell proliferation in vitro, therefore possibly playing a role in the develop-
ment of lung cancers [26]. On the other hand, deletion of the miR-17-92 cluster, in
mice, is lethal and causes lung and lymphoid cell developmental defects [27]. The
increased expression of oncogenic miRNA-221/miRNA-222 was shown to be more
aggressive in NSCLC compared with less invasive or normal tissues, those miRNAs
target PTEN and metalloproteinase inhibitors 3 (TIMP3), to induce TNF-related
apoptosis-inducing ligand (TRAIL) resistance and lead to cell migration by the acti-
vation of AKT signaling pathway [28].

Overexpression of miR-21 augmented tumorigenesis by repression of negative
regulators of the RassMEK/ERK pathway and inhibition of apoptosis too [29].
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miR-21 was observed additionally to inhibit (PTEN) and stimulate growth and inva-
sion in NSCLC derived cell lines [30].

Recently, miR-1271 and its predicted targets were identified differentially
expressed in NSCLC samples. Specifically, the study indicated that miR-1271 regu-
lates the cell proliferation and invasion, via the downregulation of HOXAS [31].

The tumor suppressor protein p53 is mutated in a large number of lung cancer-
derived cell lines and tumor specimens from patients with lung cancer [32, 33].
There is growing evidence that p53 regulates the expression of several miRNAs
[34-39]. p53 directly regulates the expression of miR-34 family members, and the
upregulation of these miRNAs result in the downregulation of genes associated with
cell cycle control [39] and promotion of apoptosis [37] in cultured lung cancer cells.
Further miRNAs, including miR-125a, have more recently also been linked to
p53-regulated apoptosis in lung cancer cells [38].

miRNAs and Resistance

The treatments against lung cancer use routinely chemotherapy in combination with
radiotherapy, especially for NSCLC, being favorable to improved disease control
and reduction of metastasis events. Chemoresistance and radiation resistance are
common, precluding successful long-term therapy. Researchers are continually
engaged for the developing new therapies by investigating the mechanisms behind
resistance. The development and progression of tumors has been correlated with
misregulation of several miRNAs, and the reversal of their expression is able to
modulate the cancer phenotype, suggesting the potential of targeting miRNAs with
anticancer drugs.

Chemotherapy Resistance

There are evidences that miRNA have been implicated in cisplatin resistance. In
2010 it was demonstrated that a specific panel of miRNAs is upregulated by NSCLC
cells in response to CDDP (cisplatin), and some of these miRNAs also strongly
modulate this cytotoxic response. Specifically, miR-181a sensitized A549 cell line
to the lethal action of CDDP Conversely, miR-630 conferred robust cytoprotection
against CDDP, resulting from decreased proliferation coupled to upstream inhibi-
tion of the signaling cascades that are caused from damaged DNA and gather on p53
activation [40].

Using the same cell line model, it was demonstrated that ectopic expression of
miR-451 could sensitize A549 cells to cisplatin by inducing apoptosis by the inac-
tivation of Akt signaling pathway [41]. In the same year it was showed that transfec-
tion with miR-98/miR-453 was able to inhibit p53 expression, and upon treatment
with cisplatin, the expression of miR-98 decreases, while p53 increases, so it was
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speculated that regulation of p53 pathway might play an important role in the action
of cisplatin on A549 cell growth [42]. It was observed that miR-155 inversely cor-
relate to Apaf-1 (apoptotic protease activating factor-1) in lung cancer tissues, then
the silencing of miR-155 or overexpressing Apaf-1 in A549 cells, considerably
increased the sensitivity to cisplatin treatment, by the interplay between miR and
Apaf-1-mediated pathway, involving an increased expression of Bax and caspase-9
[43]. Overexpression of miR-513a-3p could enhance cisplatin-induced apoptosis in
human lung adenocarcinoma cell lines, A549/CDDP and SPC-A-1, by targeting and
repressing Glutathione S-transferase P1 (GSTP1) [44].

Other miR are shown to be able to regulate the resistance to CDDP in cell lines:
miR-503 by targeting Bcl-2 [45], miR-135a/b by targeting MCL1 [46], miR-495 by
the modulation of copper-transporting P-type adenosine triphosphatase A (ATP7A)
[47], miR-31 by regulating the drug transporter ABCB9 [48] and miR-15b by tar-
geting phosphatidylethanolamine-binding protein 4 (PEBP4) [49]. As additional
level of genetic control, silencing of tumor-suppressive miRs in cancer can occur
through epigenetic modifications, recently was shown that the re-expression of
miR-512-5p and niR-373 by treatment with 5’aza-deoxycytidine plus Trichostatin
A to reverse DNA methylation and histone deacetylation, is able to augment
cisplatin-induced apoptosis and then inhibit cell migration, by the targeting of
TEAD4 mRNA, by miR-512-5p and RelA and PIK3CA mRNA by miR-373 [50].

Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) can induce
apoptosis in certain tumor cells. However, a significant proportion of human cancer
cells are resistant to TRAIL-induced apoptosis, and the mechanisms of sensitization
vary among cell types. A miRNA signature was identified in 2008 by Garofalo and
colleagues about TRAIL resistance in human NSCLC. An increased level of miR-221
and miR-222 was found in TRAIL-resistant CALU-1 cells and moderately resistant
A459 and A549 NSCLC cells, compared to TRAIL-sensitive H460 cells. An induced
repression of miR-221 and miR-222 by inhibitors, sensitized TRAIL-resistant cells to
TRAIL-induced apoptosis, while overexpression of TRAIL-sensitive cells with pre-
miRs led to a TRAIL-resistant phenotype. miR-221 and miR-222 inhibit TRAIL
function by downregulating the expression of key cell cycle regulatory proteins, such
as p27kip1 blocking progression at the G1 phase of the cell cycle. Overexpression of
these miRNAs has previously been reported also in aggressive NSCLC tumors [51].
It was further demonstrated that miR-130a, expressed at low level in lung cancer cell
lines, can target MET, and through this inhibition is able to reduce TRAIL resistance
in NSCLC cells, by a c-Jun-mediated downregulation of miR-221 and miR-222 [52].

Radiotherapy Resistance

Ionizing radiation (IR) plays an important role in the treatment of epithelial tumors.
The mechanisms of radioresistance remain unclear, however, recent evidences sup-
port that miRNAs can have a role in the modulation of key cellular pathways medi-
ating the response to this treatment.
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Among the IR-responsive genes, activation of NFkB1 following genotoxic stress
allows time for DNA-damage repair and ensures cell survival accounting for
acquired chemoresistance, an impediment to effective cancer therapy [53] and it
was demonstrated that its inhibition promote the sensitivity of cancer cells to che-
motherapeutic agents and radiation exposure [54]. The induced overexpression of
miR-9 can downregulate the level of NFkB1 in y-irradiated H1299 human lung
cancer cell line and decrease the surviving fraction of y-irradiated cells, moreover
let-7g also is able to suppress the expression of NFkB1, by targeting a noncanonical
target in NFkB1 3’-UTR [55]. It has also been reported that expression of miR-214
is upregulated in radioresistant NSCLC cell lines compared to their radiosensitive
counterparts.

Knockdown of miR-214 augmented the sensitivity to radiotherapy of previ-
ously radioresistant NSCLC cell line, U-1810, and stimulated senescence by the
upregulation of a senescence regulator, p27Kip1 following irradiation, leading to
a prolongation of the G2 arrest. On the contrary, induction of miR-214 in the
radiosensitive NSCLC cell line, H23, protected cells from radiotherapy-induced
apoptosis, by decreasing the number of cells with active caspase-3 [56]. On the
one hand studies have suggested a connection between expression of several miR-
NAs and radiotherapy, on the other hand, more recent reports have emerged dem-
onstrating the upregulation of a specific set of miRNAs by hypoxia. Recently,
investigators reported for the first time that several normoxic cancer cell lines
expressing the “hypoxamir” miR-210 exhibit radioresistance similar to that found
in hypoxic control cells [57]. All the information reported are summarized in
Table 9.1.

Table 9.1 miRNA in resistance

miRNAs Target Drug/treatment Resistance/sensitivity References
miR-181 N/A Cisplatin S [40]
miR-451 N/A Cisplatin S [41]
miR-98 TP53 Cisplatin R [42]
miR-21 PTEN, BCL2 Cisplatin R [105]
miR-221, P27kipl TRAIL R [51]
miR-222
miR-130a MET TRAIL S [52]
miR-9, NFkB1 Radiotherapy S [53]
let-7¢g
miR-214 N/A; PTEN Radiotherapy; R [55]
gefitinib
miR-210 Stabilizes Radiotherapy R [56]
HIF-1Ain
normoxia

N/A non available, R resistance, S sensitivity
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miRNAs as Biomarkers

In 2005, the Horvitz and Golub labs used a bead-based flow cytometric miRNA
expression method to identify complex profiles consisting of approximately a hun-
dred of dysregulated miRNAsS, able to classify 11 different tumor types, among which
lung tumors [58]. Subsequently, the Croce lab used a custom-made oligonucleotide
miRNA microarray to compare lung carcinomas to normal tissue, and identified a
group of three downregulated and 35 upregulated miRNAs. Among these, miR-21
was commonly upregulated in the six cancer types analyzed (lung, breast, stomach,
prostate, colon, and pancreatic tumors) and miR-17-5p, miR-128b, miR-155, miR-
191, and miR-199a-1 were upregulated in at least other two cancer types [59].

miRNAs as Biomarkers for the Diagnosis of Lung Cancer
and for Stratifying Lung Cancer Subtypes

Yanaihara and colleagues in 2006 [16] performed a comparison of miRNAs expres-
sion profiles in a list of 104 pairs of lung cancer tissues and corresponding noncan-
cerous lung tissue, identifying a unique profile made of 43 differently expressed
miRNAs (Table 9.2), this allowed the distinction of lung cancer from the noncancer-
ous lung tissue. Of the 15 upregulated and 28 downregulated miRNAs, miR-21 and
miR-205 are specifically located in a chromosomal region amplified and miR-32,
miR-126-5p, and miR-126-3p in a region deleted in lung cancers, respectively; then
they validated the profiling results by qRT-PCR, confirming the upregulation of
miR-21 and miR-205 and miR-126-5p downregulation in lung cancer tissues when
compared with the corresponding healthy lung tissues.

Comparison analyses between ADC vs. noncancerous tissues and SCC vs. non-
cancerous tissues revealed 17 and 16 miRNAs with statistically different expres-
sion, respectively (Table 9.2). A panel of six distinct miRNAs (miR-21, miR-155,
miR-191, mir-126-5p, miR-210, and miR-224) were shared in both histological
types of NSCLC. Yanaihara and colleagues also directly compared the two most
common histological types of NSCLC, identifying two miRNAs (miR-99b and
miR-102) that were higher in ADC and 4 miRNAs (miR-202, miR-203, miR-205,
and the precursor of miR-204) that were higher in SCC. However, the authors do not
explore further the issue of distinguishing ADCs from SCCs, in this paper.

It was observed by qRT-PCR in lung cancer tissues and cell lines a decreased
expression of miR-107, miR-185, and let7a, and the overexpression of miR-31a,
compared to normal lung tissue [60].

Landi and colleagues showed a panel of 34 miRNAs that significantly differ-
entiated SCCs from ADs in male smoker patients, of which two were downregu-
lated and 32 upregulated in AD vs. SCC [61]. Raponi and colleagues [62] used
Ambion microarrays to profile total RNA from a number of 61 SCC samples and
10 reference normal lung samples, and identified 15 miRNAs that were differen-



160

V. Del Vescovo and M.A. Denti

Table 9.2 miRNAs from resected samples as biomarkers for the diagnosis of lung cancer

miRNA

mir-21, mir-191, mir-210, mir-155, mir-
205, mir-24-2, mir-212, mir-214, mir-
17-3p, mir-106a, mir-197, mir-192,
mir-146, mir-203, mir-150, (UP) mir-
126-5p, mir-143, mir-192-prec, mir-224,
mir-126, mir-30a-5p, mir-140, mir-9, mir-
124a-1, mir-218-2, mir-95, mir-145, mir-
198, mir-216-prec, mir-219-1,
mir-125a-prec, mir-26a-1-prec, mir-199b-
prec, let-7a-2-prec, mir-27b, mir-32, mir-
29b-2, mir-220, mir-33, mir-181c-prec,
mir-101-1, mir-124a-3, mir-125a (DOWN)
mir-21, mir-191, mir-155, mir-210, mir-
24-2 (UP) mir-126-5p, mir-126-3p, mir-
219-1, mir-95, mir-192-prec, mir-220,
mir-216-prec, mir-204-prec, mir-188, mir-
198, mir-145, mir-224 (DOWN)

mir-205, mir-191, mir-210, mir-17-3p, mir-
203, mir-155, mir-21, mir-214, mir-212,
mir-197 (UP) mir-224, mir-126*, mir-140,
mir-29b, mir-143, mir-30a-5p (DOWN)
miR-31 (UP) miR-107, miR-185, let-7a
(DOWN)

miR-26a, let-7g, let-7f, miR-98, miR-29a,
let-7¢, miR-30b, let-7i, let-7b, miR-29b,
miR-26b, let-7a, miR-146b-5p, miR-195,
miR-29¢, miR-30d, miR-20a, miR-17,
miR-19b, miR-106a, miR-16, let-7d, miR-
106b, miR-181a, miR-498, miR-103, miR-
107, miR-191, mir-663, miR-491-5p,
let-7e, mir-654-5p (UP) miR-453, miR-
509-3p (DOWN)

miR-17-5p, miR-20a, miR-20b, miR-93,
miR-106a, miR-106b, miR-182, miR-183,
miR-200a, miR-200c, miR-203, miR-210,
miR-224 (UP) miR-125a, let7e (DOWN)
miR-30a, miR-140-3p, miR-182, miR-210,
miR-486-5p

miR-182, miR-200c, miR-141, miR-375,
miR-7, miR-429, miR-200a, miR-370,
miR-200b, miR-382 (UP) miR-126, miR-
451, miR-195, miR-486-5p, miR-214,
miR-199a-5p (DOWN)

Scope

Lung cancer vs.
Normal

ADs vs. normal

SCC vs. normal

Lung cancer tissue
vs. normal

AD vs. SCC; male
smoker patients

SCC vs. normal

Stage I-11I vs.
normal
Primary lung
tumors vs.
metastases

Sample

Solid (not
specified)

Solid (Not
specified)

Solid (not
specified)

Solid (not
specified)
Solid,
formalin-
fixed,
paraffin-
embedded
(FFPE)

Solid,
snap-frozen

Solid,
snap-frozen
Solid,
formalin-
fixed,
paraffin-
embedded
(FFPE)

References
[16]

[16]

[16]

[60]

[61]

[62]

[63]

[64]

(continued)
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Table 9.2 (continued)

miRNA
miR-205, miR-21 (Relative Expression)

miR-21, miR-155 (UP)

miR-205, miR-27a, miR-29a, miR-29b,
miR-34a (DOWN in NSCLC) miR-25,
miR-375 (UP in NSCLC)

miR-29a, miR-29b, miR-34a, miR-375
(DOWN in SQ) miR-205, miR-25, miR-
27a (UP in SQ)

miR-7, miR-21, miR-29b, miR-106a, miR-
125a-5p, miR-129-3p, miR-205, miR-375
(Relative Expression)

miR-21, miR-155, miR-7 (UP)

miR-21, miR-155 (UP)

miR-205, miR-210, miR-708 (Relative
Expression)

miR-21, miR-200b, miR-375 and miR-486
(Relative Expression)

miR-31, miR-210 (Relative Expression)

miR-31, miR-210 (Relative
Expression) + Computed Tomography
miR-21, miR-31, miR-210 (Relative
Expression)

Scope
AD vs. SCC

LCNECs and
SCLCs vs. TCs
and Acs

SCLC vs. NSCLC

SQvs. AC

Carcinoid, SCLC,
and squamous and
nonsquamous
NSCLC

Tumor vs. normal

NSCLC vs.
normal

SCC vs. normal

AD vs. normal

Stage I NSCLC vs.

normal

Stage I NSCLC vs.

normal

Malignant solitary
pulmonary
nodules (SPNs)

Sample
Solid,
formalin-
fixed,
paraffin-
embedded
(FFPE)
Solid,
formalin-
fixed,
paraffin-
embedded
(FFPE)
Solid,
formalin-
fixed,
paraffin-
embedded
(FFPE)
Solid,
formalin-
fixed,
paraffin-
embedded
(FFPE)
Solid, Fresh
Biopsy

Solid,
fine-needle
aspirate
(FNA)
Sputum
Sputum
Sputum
Sputum

Sputum

Sputum

161

References
[65]

[69]

[70]

[70]

(71]

[72]

[81]

[82]

[83]

[84]

[85]

[87]

AD adenocarcinoma, SCC squamous cell carcinoma, LCNEC large-cell neuroendocrine carci-
noma, SCLC small-cell lung carcinoma, 7C typical carcinoid, AC atypical carcinoid, NSCLC non-

small-cell lung cancer
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tially expressed between normal lung and SCC (Table 9.2). Two miRNAs were
downregulated in SCCs (miR-125a and let7e) while the remaining 13 miRNAs
were upregulated (miR-17-5p, miR-20a, miR-20b, miR-93, miR-106a, miR-
106b, miR-182, miR-183, miR-200a, miR-200c, miR-203, miR-210, miR-224).
More recently, a classifier based on five miRNA, was built by microarray analy-
sis (miR-30a, miR-140-3p, miR-182, miR-210, miR-486-5p,) that could distin-
guish stage I-III SCC from normal lung tissues [63]. This classifier performs
with an accuracy of 94.1 % in a training cohort (34 patients) and 96.2 % in a test
cohort (26 patients).

16 miRNAs were reported to differentiate among primary lung tumors and
metastases to the lung of various origin (Table 9.2) [64]. This panel involves miR-
182, which was most strongly overexpressed in the lung primary tumors, and miR-
126, which was overexpressed in the metastatic tumors.

One of the most ambitious aim for researchers, is also to define one or few
miRNAs that can be used as a convenient tool for lung cancer diagnosis.
Lebanony and colleagues [65] used a microarray to measure miRNA levels in
AD and SCC FFPE samples, verifying the results by qRT-PCR. They identified
miR-205 as a highly specific marker for SCC, when combined with the mea-
sured miR21 levels. The finding was confirmed by other papers [66, 67]. In
addition, an algorithm for accurate classification of NSCLC cases, diagnosed as
LCC on purely morphologic grounds, was proposed by integrating immune-
histochemical markers (Anp63, DSC3, and napsin A) with miR-205 and miR-21
measurement [68].

Lee and coauthors [69], by the evaluation of FPPE specimens from NETs, found
that the levels of miR-21 and miR-155 were significantly higher in high-grade NET
carcinomas (LCNECs and SCLCs) compared to carcinoid tumors (TCs and ACs).

An high diagnostic accuracy in discriminating SCLC from NSCLC was achieved
by two miRNA panels (miR-29a and miR-375) and in differentiating SCC from AD
(miR-205 and miR-34a) starting from FFPE surgical lung samples [70]. In addition,
the same miRNA panels accurately discriminated SCLC from NSCLC and SCC
from AD in bronchial brushing specimens.

Gilad and colleagues provided a single assay useful for the classification of the
four main types of lung cancer (Table 9.2): carcinoid, SCLC, and squamous and
nonsquamous NSCLC. This test is based on the measurement of eight miRNAs
(miR-7, miR-21, miR-29b, miR-106a, miR-125a-5p, miR-129-3p, miR-205, miR-
375) [71]. Such assay has an efficient outcome both on resected and on cytologic
(fine-needle aspiration (FNA) and bronchial brushing and washing) lung cancer
specimens.

In 2013, a study has also evaluated the diagnostic efficacy of miRNAs measure-
ments in FNA NSCLC biopsies [72], results showed that miR-21, miR-155, and
miR-7 showed a higher level in tumoral FNA compared to normal FNA specimens,
while let-7a showed a lower level. The direct comparison of FNAs with resected
specimens, from the same patients, indicated that the measured miRNAs had the
same trend in the two types of specimens.
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miRNAs as Biomarkers for Lung Cancer Prognosis

Reduced expression of the miRNAs comprised in the let-7 family has been correlated
with poor postoperative survival in NSCLC [14]. Later, it was shown that AD patients
with an increased expression of either mir-155, mir-17-3p, mir-106a, mir-93, or mir-
21 and low expression of either let-7a-2, let-7b, or mir-145 have notably a worse
prognosis (Table 9.3) [16]. It was also demonstrated as predictive of poor survival the
overexpression of the precursor of miR-155 and reduced expression of let-7-a.

The analysis of frozen resected specimens derived from NSCLC patients [73],
yielded to the identification of a five-microRNA signature that can predict the sur-
vival and relapse of patients with lung cancer (Table 9.3). miR-221 and let-7a were
protective (i.e., their downregulation correlated with poor survival and high relapse
probability), while miR-137, miR-182-3p, and miR-372 were related to a risk, and
their upregulation was predictive of poor survival and high relapse probability. It
was also demonstrated that miR-221, miR-137, miR-182-3p, and miR-372 can alter
the invasive ability of lung cancer cell lines.

In the already described work by Raponi and colleagues [62] 20 miRNAs were
described as having a significant association with overall survival in lung SCC
patients (Table 9.3). Among these miRNAs, miR-146b specifically was identified to
have the strongest prediction accuracy as the group with high miR-146b expression
had significantly worse overall survival.

The miR-34 family, p53-dependent, was observed downregulated in surgically
resected NSCLC tumor samples compared with normal tissue, and low levels of miR-
34a expression were correlated with a high probability of relapse [74]. miRNA expres-
sion profiles, that included mir-124-5p, mir-146b-3p, mir-200b-5p, mir-30c-1-3p,
mir-510, mir-585, mir-630, mir-657, and mir-70, were also identified that may predict
recurrence of localized stage I NSCLC after surgical resection [75] (Table 9.3).

High levels of miR-16, measured in resected NSCLC samples, were disclosed as
a prognostic factor for poor disease-free survival and poor overall survival [76].
Low miR-145 and high miR-367 are associated with shorter time to relapse (TTR)
in resected NSCLC specimens [77]. Remarkably, p53 regulates miR-145 expres-
sion, which, in turn, inhibits the translation of SRY-related HMG box (SOX)2 and
octamer-binding transcription factor (OCT)4, then these transcription factors con-
trol the expression of the miR-302-367 cluster.

A microarray analysis depicted a panel of 27 miRNAs which were observed to
be deregulated in NSCLC resected samples, compared to normal lung tissue, iden-
tifying three miRNAs whose levels were related to clinicopathologic characteristics
or patient prognosis: low levels of miR-143 were significantly correlated with
smoking status, high miR-21 expression, and low miR-181a expression were asso-
ciated with poor survival [78].

A signature based on 5 miRNA with lower expression level (miR-25, miR-
34c-5p, miR-191, let-7e, and miR-34a) was correlated with poor overall survival
among SCC patients (Table 9.3) [61], and high expression of miR-31 was associ-
ated with poor survival in Chinese SCC patients [63].
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Table 9.3 miRNAs as biomarkers for the prognosis and to predict response to therapy

miRNA
let-7a family (DOWN)

mir-155, mir-17-3p,
mir-106a, mir-93,
mir-21 (UP) let-7a-2,
let-7b (DOWN)
miR-221, let-7a
(DOWN) miR-137,
miR-182-3p, miR-372
(UP)

miR-146b, miR-191,
miR-155, miR-15a,
miR-511, miR-100,
miR-10a, miR-21,
miR-126 (UP) miR-206,
miR-299-3p, miR-122a,
miR-513, miR-184,
miR-453, miR-379,
miR-202, miR-494,
miR-432, miR-370
(DOWN)

miR-34a (DOWN)

miR-16 (UP)

miR-143 (DOWN)

miR-21 (UP) miR-181a
(DOWN)

miR-25, miR-34c-5p,
miR-191, let-7e,
miR-34a (DOWN)

miR-31 (UP)

miR-325, miR-326,
miR-328, miR-329-2-
pre, miR-330-3p,
miR-500a-3p, miR-370,
miR-650-pre (UP)

Experiment

lung cancer
tissue vs.
normal

AD vs. SQ

NSCLC vs.
normal

SCC vs. normal

NSCLC vs.
normal

NSCLC vs.
normal
lung cancer
tissue vs.
normal
lung cancer
tissue vs.
normal

AD vs. SQ

SCC vs. normal

BM (Brain
Metastasis) —
NSCLC vs.
BM+NSCLC

Scope

NSCLC poor
postoperative
survival

AD poor survival

NSCLC poor
survival

SCC Overall
Survival

NSCLC
Probability of
relapse

NSCLC poor
survival

smoking status

NSCLC poor
survival

SCC survival

SCC poor survival

NSCLC, risk for
brain metastasis

References
[14]

Sample

Solid, (not
specified)

Solid, (not
specified)

[16]

Solid,
snap-frozen

[73]

Solid,
snap-frozen

[62]

Solid, (not
specified)

[74]

Solid, (not
specified)
Solid,
snap-frozen

[76]

(78]

Solid,
snap-frozen

[78]

Solid,
formalin-
fixed,
paraffin-
embedded
(FFPE)
Solid,
snap-frozen
Solid,
formalin-
fixed,
paraffin-
embedded
(FFPE)

[61]

[63]

[79]

NSCLC non-small-cell lung cancer, AD adenocarcinoma, SCC squamous cell carcinoma, BM brain

metastasis
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An analysis performed in NSCLC FFPE samples from patients with brain metas-
tases compared with patients without brain metastases (Table 9.3) [79] showed eight
miRNAs significantly differentially expressed. Notably, the miR-328 and miR-330-3p
overexpression was indicated as a marker for patients at risk for brain metastases, and
a role for miR-328 in conferring migratory potential to NSCLC cells was suggested.

miRNA in Sputum as Noninvasive Lung Cancer Biomarkers

An early diagnosis of cancer remains a challenge and, in this context, it is important
to find a noninvasive and sensitive tool able to detect early neoplastic changes. One
relatively noninvasive source of miRINAs for the diagnosis of lung cancers is spu-
tum [80]. Endogenous miRNAs are stably present in sputum specimens. Differential
level of miR-21 and miR-155 were detected by qRT-PCR, of which miR-21 was
significantly overexpressed in sputum of NSCLC patients as compared with cancer-
free subjects [81]. Additionally, elevated miR-21 expression was more sensitive (70
%) than conventional sputum cytology (48 %) in diagnosing lung cancer. The same
research group defined miRNA signatures for different histologic types of lung can-
cer in studies of similar design [82, 83].

For the diagnosis of SCC, the combination of miR-205, miR-210, and miR-708 pro-
duced classifier with 73 % sensitivity and 96 % specificity. A panel consisting of miR-
21, miR-200b, miR-375, and miR-486 yielded 81 % sensitivity and 92 % specificity in
discriminating sputum of AD patients from controls. The investigators found no asso-
ciation between miRNA expression and stage of lung cancer, suggesting that the miRNA
signatures can be used as a tool in the detection of early lung cancer. The same research
group stated that combined quantification of miR-31 and miR-210 copy number by digi-
tal PCR in sputum of the cases and controls provided 65.71 % sensitivity and 85.00 %
specificity for stage | NSCLC diagnosis [84]. In addition they also reported that combin-
ing miR-31 and miR-210 detection by qRT-PCR and Computed Tomography there is an
improvement in NSCLC diagnosis specificity [85].

In an independent study, a profile comprising five miRNAs (miR-21, miR-143,
miR-155, miR-210, miR-372) measured by qRT-PCR on sputum samples detected
NSCLC with 83.3 % sensitivity and 100 % specificity [86].

Recently, a panel of three miRNA biomarkers (miR-21, miR-31, and miR-210),
obtained evaluating sputum miRNA signatures, was developed, producing 82.93 %
sensitivity and 87.84 % specificity for identifying malignant solitary pulmonary
nodules (SPNs) [87].

Circulating miRNAs as Lung Cancer Biomarkers

miRNAs measured in body fluids can reflect altered physiological conditions, rep-
resenting new efficacious biomarkers [88]. miR-155, miR-197, and miR-182 can be
potential biomarkers for early detection of lung cancer with 81.33 % sensitivity and
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86.76 % specificity. The levels of these miRNAs in plasma of NSCLC patients are
higher compared with healthy controls [89]. But also another set of plasma miRNAs
(miR-21, miR-126, miR-210, and miR-486-5p), had 86.22 % sensitivity and 96.55
% specificity in discriminating NSCLC patients from the healthy controls. In addi-
tion, the panel of four miRNAs produced 73.33 % sensitivity and 96.55 % specific-
ity in identifying stage I NSCLC patients. The miR panel had higher sensitivity
(91.67 %) in diagnosis of AD compared with SCC (82.35 %) [90]. Authors from the
same lab reported also that quantification of miR-21-5p and miR-335-3p extracted
from plasma blood, by digital PCR, provided 71.8 % sensitivity and 80.6 % speci-
ficity in distinguishing lung cancer patients from cancer-free subjects [91].

Higher plasma miR-21 and miR-155 and lower plasma miR-145 expression lev-
els distinguish lung cancer patients from healthy smokers with 69.4 % sensitivity
and 78.3 % specificity [92]. Levels of miR-361-3p and miR-625-3p might have a
protective influence on the development of NSCLC, and the measurement of these
miRNAs in serum could be useful for the diagnosis of NSCLC, particularly in
smoker patients [93].

It was provided evidence that some serum-circulating miRNAs are important to
identify asymptomatic high-risk individuals with early stage lung cancer among the
others, there was highlighted the importance of let-7 family, members of miR-17-92
cluster, miR-126 and miR-486 in NSCLC patients derived sera [94].

A recent study was based on the use of gqRT-PCR to assess miR-205-5p, miR-
205-3p, and miR-21-3p expressions in serum and tissue samples [95]. The relative
expressions of miR-205-5p and miR-205-3p were significantly higher in NSCLC
tissues compared with cancer-adjacent paired specimens. Specifically, in the serum,
higher miR-205-5p, miR-205-3p, and miR-21-3p relative expressions were observed
in the NSCLC group, compared with healthy volunteers or patients diagnosed with
a benign lung disease (pneumonia, pulmonary tuberculosis, chronic obstructive
pulmonary disease, or interstitial pneumonia). The relative expressions of miR-
205-5p and miR-21-3p in NSCLC tissues and serum were significantly correlated,
although there was no significant correlation for miR-205-3p. Expressions of miR-
205-5p and miR-205-3p in SCC specimens were significantly higher than in lung
adenocarcinoma specimens. In a similar way, higher serum miR-205-5p and miR-
205-3p levels were measured in SCC patients.

miRNAs expression profiling preformed in whole-blood depicted the presence
of miR-190b, miR-630, miR-942, and miR-1284 in a majority of classifiers gener-
ated during the analyses to distinguish lung cancer cases from controls [96]. In a
different study, miR-22, miR-24, and miR-34a were found more expressed in RNA
extracted from whole-blood of NSCLC patients vs. healthy controls [97].

Recently, a specific panel of miRNAs (miR-205, -19a, -19b, -30b, and -20a) is
decreasing in plasma of patients after SCC surgery. Interestingly, high levels of
these miRNA are found in tumor-specific exosomes [98].

The introduction and the use of Next-Generation Sequencing (NGS) has been
used to describe the differential expression of miRNAs in peripheral blood of lung
cancer patients discovering 76 previously unknown miRNAs and 41 novel mature
forms of known precursors. Additionally, the authors of this research identified 32
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annotated and seven unknown miRNAs that were significantly altered in NSCLC
patients [99].

A classifier-based 24-miRNA signature derived by plasma blood with predictive,
diagnostic, and prognostic value was described, whose use could reduce the false-
positive rate of low-dose computed tomography (LDCT), improving then the effi-
cacy of lung cancer screening [100, 101].

Concerning the potential role of circulating miRNAs as prognostic factors, the
levels of miR-155 and miR-197 have been found higher in plasma from lung cancer
patients with metastasis compared to those without metastasis [89].

Adopting NGS approach, it was described that serum levels of miR-486, miR-
30d, miR-1, and miR-499 are significantly associated with overall survival [102].
Patients with NSCLC and healthy controls differ in vesicle-related miRNAs
extracted from plasma: let-7f and miR-30e-3p levels decreased in plasma vesicles
of NSCLC patients and the expression of these miRNAs is associated with poor
outcome [103]. Furthermore, serum miR-125b may represent a biomarker in
NSCLC with an independent prognostic potential for overall survival [104].

The ability to predict response to treatment was explored for circulating miRNA too.
miR-21 expression has trends similar in plasma and matched resected samples, and was
significantly overexpressed in platinum-based chemotherapy-resistant patients, in which
induction of miR-21 was associated with the shorter disease-free survival [105].

The expression of miR-21 and miR-10b was much higher in plasma samples
derived from patients with NSCLCs with EGFR mutation than without mutation
[106]. Patients who had upregulated miR-21 expression had shorter overall survival,
but a better response to gefitinib than patients who had low expression of the
microRNA. Moreover, miR-10b is described to be highly expressed in progressive
disease compared with complete remission or stable disease.

Another scientific article, reported a correlation between overexpression of miR-
22 in whole-blood and the lack of response in NSCLC patients treated with peme-
trexed [97].

Investigators also measured miR-138 and one of its target mRNA (PDK1) levels
in serum of NSCLC and their associations with patients prognosis. miR-138 down-
regulation and PDK1 upregulation were both significantly associated with advanced
tumor-node-metastasis (TNM) stage and positive lymph node metastasis of NSCLC
patients. Moreover, the overall survival of NSCLC patients with low miR-138
expression or high PDK1 mRNA expression was shorter than those with high miR-
138 expression or low PDK1 mRNA expression. Notably, NSCLC patients with
combined miR-138 downregulation and PDK1 upregulation (miR-138-low/PDK1-
high) had shortest overall survival [107].

miR-125a-5p, miR-145, and miR-146a measured from serum, were found to be
overexpressed in NSCLC patients compared with healthy controls. Classifiers
obtained from this analysis yielded a sensitivity and specificity of 73.53 % and
55.71 %, 92.75 % and 61.43 %, 84.06 %, and 58.57 %, respectively in differentiat-
ing NSCLC patients from healthy controls [108].

Another study, comprising 152 NSCLC patients and 300 healthy controls, found
serum miR-148a, miR-148b, and miR-152 significantly downregulated in NSCLC
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patients, while miR-21 was measured as overexpressed. The combination of these
four candidate miRNAs exhibited the highest predictive accuracy in NSCLC screen-
ing compared with individual miRNAs (AUC=0.97). Low level of miRNA-148/152
members may associate with advanced stage, large tumor size, malignant cell dif-
ferentiation, and metastasis. High expression of miR-21 was possibly correlated
with large size tumor and advanced cancer stage [109].

Recently, investigators identified a serum microRNA signature (called “miR-
Test”), based on the expression of 13 miR (miR-92a-3p, miR-30b-5p, miR-191-5p,
miR-484, miR-328-3p, miR-30c-5p, miR-374a-5p, let-7d-5p, miR-331-3p, miR-
29a-3p, miR-148a-3p, miR-223-3p, miR-140-5p) that could identify the optimal
target population that needs to be screened by low-dose computed tomography
screening (LDCT). It was validated by a large-scale study in high-risk individuals
(n=1115). The overall accuracy, sensitivity, and specificity of the miR-Test were
74.9 %, 77.8 %, and 74.8 %, respectively [110].

A resume of all researches reported is summarized in Table 9.4.

Table 9.4 Circulating miRNAs as biomarkers in lung cancer

miRNA Function Scope Sample | References
miR-155, miR-197, Diagnostic Lung cancer patients Plasma [89]
miR-182 (UP) vs. healthy controls

miR-21, miR-210, Diagnostic NSCLC patients vs. Plasma [90]
miR-126, miR-486-5p healthy controls

(Relative Expression)

miR-21-5p (UP) and Diagnostic Lung cancer patients | Plasma [91]
miR-335-3p (DOWN) vs. healthy controls

miR-21, miR-155 (UP), Diagnostic Lung cancer patient Plasma [92]
miR-145 (DOWN) vs. healthy smokers

miR-361-3p, miR-625%* Diagnostic Lung cancer patients | Serum [93]
(DOWN) vs. healthy controls

miR-92a, miR-484, Diagnostic Asymptomatic Serum [94]
miR-486-5p, miR-328, NSCLC patients vs.

miR-191, miR-376a, healthy smokers

miR-342, miR-331-3p,
miR-30c, miR-28-5p,
miR-98, miR-17-5p,
miR-26b, miR-374,
miR-30b, miR-26a,
miR-142-3p, miR-103,
miR-126, let-7a, let-7d,
let-7b, miR-22, miR-148b,
miR-139 (DOWN),
miR-32, miR-133b,
miR-566, miR-432-3p,
miR-223, miR-29a,
miR-148a, miR-142-5p,
miR-140-5p (UP)

(continued)
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Table 9.4 (continued)

miRNA
miR-205-5p, miR-205-3p,
and miR-21-3p (UP)

miR-190b, miR-630,
miR-942 and miR-1284
(Relative Expression)
miR-22, miR-24, and
miR-34a (UP)

miR-205, miR-19a,
miR-19b, miR-30b,
miR-20a (DOWN)

miR-7, miR-21, miR-200b,
miR-210, miR-219-1,
miR-324 (UP), miR-126,
miR-451, miR-30a,
miR-486 (DOWN)
miR-101, miR-106a
miR-126, miR-133a,
miR-140-3p, miR-140-5p,
miR-142-3p, miR-145,
miR-148a, miR-15b,
miR-16, miR-17, miR-197,
miR-19b, miR-21,
miR-221, miR-28-3p,
miR-30b, miR-30c,
miR-320, miR-451,
miR-486-5p, miR-660, and
miR-92a (Relative
Expression)

miR-155, miR-197 (UP)

miR-486, miR-30d, miR-1,
miR-499 (Relative
Expression)

let-7f, miR-30e-3p
(DOWN)

miR-125b (Relative
Expression)

miR-21 and miR-10b (UP)

miR-22 (UP)

Function

Diagnostic

Diagnostic

Diagnostic

Diagnostic

Diagnostic

Diagnostic

Prognostic

Prognostic

Prognostic
Prognostic

Response to
treatment

Response to
treatment

Scope

NSCLC patients vs.

benign lung disease

and healthy controls
Lung cancer patients
vs. healthy controls

NSCLC patients vs.
healthy controls
Patients after lung
cancer surgery vs.
healthy controls
NSCLC patients vs.
healthy controls

NSCLC patients vs.
healthy controls

Lung cancer patients
with metastasis vs.
patients without
metastasis

NSCLC patients vs.
healthy controls

NSCLC patients vs.
healthy controls
NSCLC patients vs.
healthy controls
NSCLC patients with
EGFR mutation vs.
patients without
mutation

NSCLC patients vs.
healthy controls

Sample

Serum
Whole-
blood

Whole-
blood

Plasma

Plasma

Plasma

Plasma

Serum

Plasma
Serum

Plasma

Whole-
blood

169

References

[95]

[75]

[97]

[98]

[100]

[101]

[89]

[102]

[103]
[104]

[106]

[97]

(continued)
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Table 9.4 (continued)

miRNA Function Scope Sample | References

miR-138 (DOWN) Prognostic advanced tumor-node- | Serum [107]
metastasis (TNM)
stage and positive
lymph node
metastasis of NSCLC
patients vs. healthy

controls
miR-125a-5p, miR-145 and | Diagnostic NSCLC patients vs. Serum [108]
miR-146a (UP) healthy controls
miR-148a, miR-148b, and Diagnostic NSCLC patients vs. Serum [109]
miR-152 (DOWN) miR-21 healthy controls
(UP)
miR-92a-3p, miR-30b-5p, Diagnostic NSCLC high-risk Serum [110]
miR-191-5p, miR-484, individuals

miR-328-3p, miR-30c-5p,
miR-374a-5p, let-7d-5p,
miR-331-3p, miR-29a-3p,
miR-148a-3p, miR-223-3p,
miR-140-5p (Relative
Expression)

NSCLC non-small-cell lung cancer

Conclusion

miRNAs have increasingly been pointed as important players in carcinogenesis,
cancer progression, chemo- and radioresistance but also as potential diagnostic and
prognostic biomarkers.

Circulating miRNAs could open new opportunities in the field of diagnosis and
prognosis in various types of human cancers. The ease, specificity, and sensitivity of
determining body fluid miRNA profiles paves the way for several applications and
provides hope to accomplish this task. However, from the technical and applicative
point of view, there are still several limitations to consider. Further studies are nec-
essary to establish panels of miRNAs distinct to each tumor type, taking into account
early or advanced cancer stages, response to treatment, patient outcome, and
recurrence.
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Chapter 10
microRNAs and Soft Tissue Sarcomas

Tomohiro Fujiwara, Toshiyuki Kunisada, Koji Uotani, Aki Yoshida,
Ken Takeda, and Toshifumi Ozaki

Abstract Soft tissue sarcomas are a highly heterogenous group of malignant
tumors that originate from mesenchymal tissues including muscle, adipose and
fibrous tissues, blood vessels, and peripheral nerves. A large variety of histological
subtypes that current diagnostic approaches recognize present a diagnostic chal-
lenge because their clinical and histopathological characteristics are not always dis-
tinct. One of the important clinical problems is a lack of useful biomarkers; therefore,
the discovery of biomarkers that can be used to detect tumors or predict tumor
response to chemotherapy or radiotherapy could help clinicians provide more effec-
tive clinical management. Recent reports on microRNAs (miRNAs) in soft tissue
sarcomas have provided clues to solve the problem. Evidence for miRNAs in tumor
tissues as well as circulating miRNAs in patients’ blood is accelerating the potential
to transform clinical applications. In this chapter, we summarize the emerging
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evidence of dysregulated miRNAs in tumor tissues and patients’ blood and discuss
the potential of miRNAs as novel biomarkers and therapeutic targets.

Keywords microRNA e Soft tissue sarcoma ® Biomarker ¢ Therapeutics

Introduction

Soft tissues are defined as nonepithelial extraskeletal tissues of the body, exclusive
of the reticuloendothelial system, glia, and supporting tissues of various organs [1].
Soft tissues are represented by fibrous and adipose tissues, voluntary muscles, blood
vessels, and peripheral nerves. Soft tissue sarcomas are malignant tumors of soft
tissues, from which the name “sarcoma” is derived from the Greek word ‘“sarkoma,”
which means fleshy outgrowth [2]. The World Health Organization (WHO) classi-
fication system is generally accepted as the basis for classification of soft tissue
sarcomas. According to the data from the Surveillance, Epidemiology, and End
Results (SEER), which included 26,758 cases from 1978 to 2001, leiomyosarcomas
(LMSs) were the most common form, accounting for 23.9 % of all cases. Other
major histological types were malignant fibrous histiocytomas (MFHs; 17.1 %),
liposarcomas (11.5 %), dermatofibrosarcomas (10.5 %), rhabdomyosarcomas
(RMSs; 4.6 %), angiosarcomas (4.1 %), malignant peripheral nerve sheath tumors
(MPNSTs; 4.0 %), fibrosarcomas (3.6 %), synovial sarcomas (2.3 %), and clear cell
sarcomas (0.4 %) [3]. Notably, the diagnostic term “MFH” was removed from the
2002 edition of the WHO classification, in which it was synonymous with undif-
ferentiated pleomorphic sarcoma (UPS). UPS, now includes the separate and new
category of undifferentiated/unclassified sarcomas in the 2013 edition of WHO
classifications.

Surgical resection and adjuvant chemotherapy and radiotherapy are the main-
stays of the treatment for most patients with soft tissue sarcomas. Although treat-
ment outcomes have gradually improved in recent years, a significant proportion of
patients with sarcomas poorly respond to chemotherapy, leading to local recur-
rences or distant metastases. The main cause of death among patients is lung metas-
tases [4, 5]. Therefore, early detection of recurrent or metastatic diseases or early
decision making according to tumor responses to chemotherapy is important and
could improve prognoses. However, there are no useful biomarkers for early diag-
noses or the ability to predict drug responses. Although imaging methods including
computed tomography (CT) or magnetic resonance imaging (MRI) are available, it
is not until tumors grow up to several millimeters that they can be detected using
these methods. Therefore, the discovery of novel biomarkers to detect tumors, pre-
dict their drug sensitivities, and monitor tumor growth is one of the most important
challenges that must be overcome.

In these recent years, a growing amount of evidence in favor of utilizing
microRNA (miRNA) profiling in the diagnosis of soft tissue sarcomas has emerged.
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In this chapter, we review the accumulating evidence for miRNAs in soft tissue
sarcomas, highlighting their function in each histological type of soft tissue sar-
coma as well as their clinical relevance. In addition, we update the clinical trials on
the basis of miRNA profiling using patients’ blood as well as address the potential
of miRNAs as novel biomarkers and therapeutic targets for soft tissue sarcomas.

Aberrant miRNA Expression in Soft Tissue Sarcomas

The importance of miRNA in malignant diseases was suggested in 2004 when
miRNA genes were found to be specifically deleted in leukemia [6, 7]. Subsequent
reports have demonstrated that miRNAs are dysregulated in many malignant tumors,
and these dysregulated miRNAs can initiate carcinogenesis or drive progression [7].
miRNA dysregulation can arise from either genetic or epigenetic means. Many
miRNAs are located within chromosomal fragile sites, and these are often deleted
or rearranged in malignant tumors [8].

Mutations in miRNAs have been found in rare cases [9, 10]. The first systematic
profiling report detailing miRNA expression in soft tissue sarcomas was published
in 2008. Subramanian et al. performed global miRNA expression profiling on a
series of 27 sarcomas, five normal smooth and two normal skeletal muscle tissues
using microarrays and individual molecule sequencing. Their data showed that dif-
ferent histological types of sarcomas have distinct miRNA expression patterns,
reflecting the apparent lineage and differentiation status of the soft tissue tumors
[11]. To date, more than 50 reports have examined miRNA expression in soft tissue
sarcomas (Tables 10.1 and 10.2) [12].

Leiomyosarcoma

LMSsare malignant sarcomas showing smooth muscle differentiation. LMS of soft
tissues usually occurs in middle-aged or older individuals, although it may develop
in young adults and even in children [13]. It arises in retroperitoneal lesions (40—45
%), extremities (30-35 %), skin (15-20 %), and larger blood vessels (5 %). Surgical
resection is the most reliable treatment, and the effectiveness of chemo- and radio-
therapy is uncertain, while a clear survival benefit of chemo- or radiotherapy is
evident if surgical margins are not adequate. The 5-year survival rate is 60—70 % for
patients with LMS in the extremities, which is much better than those with LMS in
the retroperitoneum [14].

Emerging evidence from miRNA profiling of LMS has focused on those of sar-
comas originating from the extremities as well as the uterus. All studies have identi-
fied up- or downregulation of miRNAs in LMS in comparison with those in
leiomyomas, benign counterparts, or other soft tissue sarcomas. Subramanian et al.
[11] reported that miR-1, -133a, and -133b, which play major roles in myogenesis
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and myoblast proliferation, are significantly upregulated in LMS relative to normal
smooth muscle. miR-206, highly expressed in normal skeletal muscle, was down-
regulated in both LMS and normal smooth muscle [11].

Two recent reports have demonstrated miRNA dysregulation in LMS com-
pared with the other soft tissue sarcomas. Guled et al. [15] profiled 10 high-grade
LMS and 10 high-grade UPS samples with miRNA microarrays and identified
upregulated miR-320a in LMS relative to UPS. Similarly, Renner et al. [16]
reported that miR-133a, -1, and -449a were upregulated, while miR-483-5p, -656,
and -323-3p were downregulated, when LMS was compared with the other sar-
coma subtypes. These results partially agreed with those of Subramanian et al.
[11].

Several researchers have investigated miRNA profiling of uterine LMS. Danielson
et al. [17] demonstrated that the miR-17-92 cluster was upregulated in uterine LMS
compared with myometrium. Shi et al. [18] focused on the downregulation of
HMGA? in uterine LMS and found that it was caused by let-7 repression. Nuovo
et al. [19] performed in situ hybridization and found that miR-221 was upregulated
in uterine LMS but was not detected in leiomyomas or benign metastasizing
leiomyomas.

Undifferentiated Pleomorphic Sarcoma

MFHs were first described in 1963 and became widely accepted as a specific soft
tissue sarcoma type in the 1970s. The term “MFH” implies that the tumor cells are
of fibroblastic and histiocytic origin. However, the precise origin of MFH cells
has been disputed, and the concept of fibrohistiocytic differentiation has been
changed. In 2002, WHO declassified MFH as a formal diagnosed entity and
renamed it an UPS not otherwise specified [20]. In 2013, UPS/MFH was classi-
fied as undifferentiated/unclassified sarcomas [21]. Undifferentiated/unclassified
sarcomas account for up to 20 % of all sarcomas and have no clinical or morpho-
logical characteristics that would otherwise place them under specific types of
sarcomas.

Since it remains a challenge to differentiate between LMS and UPS, Guled and
colleagues conducted miRNA profiling on a series of both samples to identify spe-
cific signatures useful for differential diagnoses. Profiling of 10 LMS and 10 UPS
samples, using two cultured human mesenchymal stem cell samples as controls,
revealed that 38 and 46 human miRNAs were determined to be significantly differ-
entially expressed in UPS and LMS, respectively, compared with control samples
[15]. In UPS samples, miR-126, -223, -451, and -1274b were significantly upregu-
lated, and miR-100, -886-3p, -1260, -1274a, and -1274b were significantly down-
regulated compared with controls [15]. In the comparison of the profiles of LMS
and UPS, miR-199-5p was highly expressed in UPS, while miR-320a was highly
expressed in LMS [15]. In addition, several genes, including IMP3, ROR2, MDM?2,
CDKH4, and UPA, were revealed to be the targets of differentially expressed miR-
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NAs, and their expression was verified by immunohistochemistry in both
sarcomas.

Liposarcoma

Liposarcomas are subdivided into the following four major types: atypical lipoma-
tous tumor/well-differentiated liposarcomas (WDLSs), myxoid liposarcomas
(MLSs), pleomorphic liposarcomas (PLSs), and dedifferentiated liposarcomas
(DDLSSs). The definition of DDLS is described as a WDLS that shows an abrupt
transition to a nonlipogenic sarcoma. MLS is relatively sensitive to chemotherapy
and radiotherapy in comparison with the other types [22]. The prognosis of WDLS
is good, while that of DDLS is much worse with a survival rate of approximately
28-30 % at the 5-year follow-up [13].

Among the various histological subtypes of liposarcomas, DDLS has been
mostly analyzed. Upregulated miRNAs include miR-21, -26a, -155, and -218-1%,
while downregulated miRNAs include miR-143, -144, -145, -193b, -1238, and
-1257. Ugras et al., who performed deep sequencing of small RNA libraries and
hybridization-based microarrays, was the first to report miRNA dysregulation.
More than 40 miRNAs were dysregulated in DDLS (not in normal adipose tissues)
and WDLS, which included upregulated miR-21 and -26, and downregulated miR-
143, and -145 [23]. miR-143 re-expression in DDLS cell lines inhibited cell prolif-
eration and induced apoptosis through downregulation of BCL2, topoisomerase 2A,
protein regulator of cytokinesis 1, and polo-like kinase 1 [23]. A similar approach
was adopted by Zhang et al., who determined that miR-155 was upregulated in
DDLS, which had not been identified by Ugras et al. [24]. miR-155 silencing in
DDLS cells inhibited cell growth and colony formation, induced G1-S cell-cycle
arrest in vitro and blocked tumor growth in vivo. One of the miR-155 direct targets
was casein kinase la, which enhanced fB-catenin signaling [24]. Renner et al. [16]
identified miR-218-1* as an upregulated miRNA and miR-144 and -1238 as down-
regulated miRNAs relative to that in normal adipose tissues. Taylor et al. performed
unbiased genome-wide methylation sequencing and identified that miR-193b was
downregulated in DDLS relative to normal adipose tissues through the methylation
of miR-193b promoters [25]. Hisaoka et al. [26] identified a decreased expression
of miR-1257, which targets calreticulin, an inhibitor of adipocyte differentiation.

MLS, the second most common type of liposarcoma representing 30—40 % of all
liposarcomas, has a unique genomic abnormality characterized by t(12;16)(q13;p11)
translocation, which creates the TLS-CHOP chimeric oncoprotein. The investiga-
tion of the molecular functions of TLS-CHOP by Borijigin et al. [27] revealed that
miR-486 was downregulated in both TLS-CHOP-expressing fibroblasts and
MLS. The plasminogen activator inhibitor-1 (PAI-1) was identified as a target of
miR-486; therefore, TLS-CHOP-miR-486-PAI-1 could be critical for MLS tumori-
genesis and development [27]. Renner et al. investigated miRNA profiling of MLS
relative to normal adipose tissue and determined that miR-9, -891a, and -888 were
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upregulated, and miR-486-3p and -1290 were downregulated. Notably, these results
were partially consistent with the report by Borijigin et al. [16], who also reported
that miR-296-5p, -455-5p, and -1249 were upregulated, and miR-139-3p, -200, and
-200b* were downregulated.

A clinical correlation of miRNA dysregulation of liposarcomas has been recently
demonstrated. A single SNP array of 75 liposarcoma samples by Lee et al. [28]
identified frequent amplification of miR-26a-2c, which was upregulated in WDLS/
DDLS and MLS. Furthermore, high miR-26a-2 expression significantly correlated
with poor patient survival, regardless of histological subtypes. The regulator of
chromosome condensation and BTB domain-containing protein 1 was revealed to
be one of the targets of miR-26a-2, which regulates cellular apoptosis [28].

Rhabdomyosarcoma

RMSs are the most common soft tissue sarcomas in children under 15 years of age,
representing 5-8 % of all pediatric malignancies [29]. RMS is histopathologically
classified into the following four subtypes: embryonal RMS (eRMS), alveolar
RMS (aRMS), pleomorphic RMS (pRMS), and spindle cell/sclerosing
RMS. Multiagent chemotherapy is performed for most patients with RMS, and
most will also undergo either radiotherapy or surgery depending on the size and
location of the primary tumor. Adult patients with RMS who showed complete
response to chemotherapy have a 5-year survival rate of 57 % compared with only
7 % for poor responders [30].

The muscle-specific miRNAs, involved in skeletal muscle development, have
been focused on in most studies, since RMS has been predicted to originate from
mesenchymal progenitor cells located in muscle tissue [31-33]. Subramanian et al.
[11] performed global miRNA expression analyses and demonstrated that muscle-
specific miRNAs (miR-1 and -133) were relatively downregulated in pRMS relative
to normal skeletal muscle, while miR-335 was upregulated in aRMS relative to
normal skeletal muscle. miR-335 resides in intron 2 of MEST, which has been indi-
cated to play a role in muscle differentiation. Importantly, MEST is a downstream
target of PAX3, the gene involved in the PAX3—FKHR fusion that is typical for
aRMS. Rao et al. [34] also reported that miR-1 and -133a were drastically reduced
in both eRMS and aRMS cell lines. Taulli et al. and Yan et al. [35, 36] examined the
role of the muscle-specific miR-1 and -206 in RMS and showed that their re-
expression in RMS cells targeted c-Met mRNA to promote myogenic differentia-
tion, decreased cell growth and migration, and inhibited tumor growth in xenografted
mice. In addition, Li et al. [37] showed that miR-1, -206, and also miR-29 could
regulate PAX3 and CCND2 expression. Taulli et al. recently further investigate a
miR-206 target, BAF53a, a subunit of the SWI/SNF chromatin remodeling com-
plex, which is important for chromatin remodeling in the transcriptional changes
occurring during myogenic differentiation. BAF53a silencing in RMS cells inhib-
ited cell proliferation and anchorage-independent growth in vitro, inhibited eRMS
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and aRMS tumor growth, and induced myogenic differentiation in vivo [38]. The
clinical relevance of these muscle-specific miRNAs was demonstrated by Missiaglia
et al. [39], who analyzed miR-1, -206, -133a, and -133b expression in 163 primary
RMS samples.

A clinical correlation between overall survival and miR-206 expression was
identified, whereas no correlation was observed with miR-1 or -133a/b. In particu-
lar, low miR-206 expression correlated with poor overall survival in metastatic
eRMS and aRMS cases without PAX3/7-FOXO1 fusion genes [39]. Among the
muscle-specific miRNAs, Ciarapica et al. [40] found that miR-26a was also down-
regulated in RMS cells via regulation of the expression of Ezh2. miR-203 was found
to be downregulated in RMS by Diao et al. [41], which was due to promoter hyper-
methylation and could be re-expressed after DNA demethylation. Re-expression of
miR-203 suppressed tumor growth by directly targeting p63 and LIFR and inhibited
the Notch and JAK1/STAT1/STAT3 pathways [41].

Non-muscle-specific miRNAs have also been reported as key molecules of RMS.
miR-29 was downregulated in RMS and acted as a tumor suppressor [11, 37, 42].
Wang et al. reported that NF-xB and YY1 downregulation caused derepression of
miR-29 during myogenesis, whereas in RMS, miR-29 was epigenetically silenced
by an activated NF-kB-YY 1 pathway. Sarver et al. [43] reported that EGR] is regu-
lated by miR-183 in multiple tumor types in addition to RMS. miR-183 silencing in
RMS cells revealed deregulation of an miRNA network composed of miR-183—
EGR1-PTEN [43]. Armeanu-Ebinger et al. [44] demonstrated that miR-9* was
overexpressed in aRMS, whereas miR-200c was expressed at lower levels in aRMS
but not in malignant rhabdoid tumors (MRTSs). Another important study on ARMS
was reported by Reichek et al. [45], who investigated the 13q31 amplicon that con-
tains the miR-17-92 cluster gene. The 13q31 amplicon was present in 23 % of
ARMS cases, particularly in PAX7-FKHR-positive cases compared with PAX3—
FKHR-positive and fusion-negative cases. Importantly, high expression of the miR-
17-91 cluster significantly correlated with poor prognosis in the 13q31-amplified
group of patients, most of whom represented PAX7-FKHR-positive cases [45].

miRNA associated with drug-resistant RMS includes miR-485-3p, expressed at
lower levels in drug-resistant lymphoblastic leukemia cells than in parental cells
[46]. miR-485-3p targets NF-YB, which may be a mediator of topoisomerase 2.
Chen et al. [46] replicated these results in drug-sensitive and -resistant RMS cells
and found that the miR-485-3p-Top2a-NF-YB pathway represented a general phe-
nomenon associated with drug sensitivity.

Synovial Sarcoma

Synovial sarcomas account for up to 5 % of soft tissue sarcomas and can occur
anywhere in the body. They feature local invasiveness and a propensity to metasta-
size [47]. More than half of patients with these sarcomas are teenagers and young
adults. The two major histological subtypes are biphasic and monophasic [48]. This
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tumor has a specific chromosomal translocation t(X;18)(p11;q11) that leads to for-
mation of an SS7/8-SSX fusion gene. Although treatment is mainly based on the
surgical resection, adjuvant radiotherapy or chemotherapy may be beneficial, par-
ticularly in high-risk patients. The reported 5-year overall survival is 55 % for axial
synovial sarcoma and 84 % for synovial sarcomas of the extremities [47].

The first miRNA profiling of synovial sarcomas was performed by Subramanian
and colleagues in 2008. They utilized microarrays, cloning, and northern blot analy-
ses and demonstrated that miR-143 was downregulated in synovial sarcomas rela-
tive to the other sarcomas, gastrointestinal stromal tumors (GIST), and LMS [11].
Since SSX1 is predicted to be a target for miR-143 in computer-simulated (in silico)
databases, it is speculated that decreased miR-143 expression could enable the pro-
duction of the SS18-SSX1 oncoprotein. Sarver et al. focused on the molecular fea-
tures of synovial sarcomas in which the SS18-SSX oncoprotein repressed EGRI
expression through a direct association with the EGRI promoter. They identified
that miR-183 is significantly overexpressed in synovial sarcomas and investigated
the correlation between EGRI and miR-183 [43]. In their analyses, miR-183 could
target EGRI mRNA, which contributed to cell migration and invasion in synovial
sarcoma cells and was found to have an oncogenic role through the miR-183-EGR1-
PTEN pathway in synovial sarcomas, RMS, and colon cancers [43]. Notably,
Renner et al. also indicated that miR-183 is upregulated in synovial sarcomas rela-
tive to other sarcomas. Additional upregulated miRNAs were miR-200b* and -375,
while the downregulated miRNAs included miR-34b*, -142-5p, and -34¢-3p [16].

The global miRNA expression in synovial sarcomas compared with Ewing sar-
comas and normal skeletal muscle was examined by Hisaoka et al. [49], which
revealed 21 significantly upregulated miRNAs, including let-7e, miR-99b, and
-125-3p. Functional analyses showed that the silencing of let-7e and miR-99b in
synovial sarcoma cell lines resulted in the suppression of cell proliferation. The
expression of HMGA2 and SMARCAS, the putative targets of these miRNAs, was
modulated by these miRNAs [49]. A recent investigation, based on functional anal-
yses using the OncomiR mina Precursor Virus Library, was reported by Minami
et al. Consequently, miR-17-5p was identified from the large colonies of Fuji cells
that were transfected by the virus library. Overexpression of miR-17-5 into the other
cell lines resulted in increased cell growth and colony formation and increased
tumor size in mice [50]. CDKNIA (p21) was identified as a miR-17 target, evoked
by doxorubicin treatment, suggesting that miR-17 rescued doxorubicin-induced cell
growth suppression [50].

Malignant Peripheral Nerve Sheath Tumor

MPNSTs are malignant nerve sheath tumors arising from peripheral nerves, from a
preexisting benign nerve sheath tumor (usually neurofibroma), or in a patient with
neurofibromatosis type 1 (NF1). Approximately 50 % of MPNSTSs occur spontane-
ously, with the remaining originating in patients with NF1 [13]. Patients with NF1
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have higher risk of developing MPNSTSs, which are aggressive tumors with poor
prognoses for patients.

Most reports have performed the global miRNA profiling of MPNSTs in com-
parison with benign counterparts (neurofibromas). Using these methods,
Subramanian et al. found a relative downregulation of miR-34a expression in most
MPNSTs. They also determined the gene expression signatures for benign tumors
and MPNSTs, which indicated that p53 inactivation occurred in the majority of
MPNSTs [51]. Consequently, they concluded that p53 inactivation and the subse-
quent loss of miR-34a expression may significantly contribute to MPNST develop-
ment [51]. Our group also utilized a similar approach and identified the
overexpression of miR-21 in MPNSTs compared with neurofibromas. In silico
research predicted programmed cell death protein 4 as a putative target of miR-21
[52]. Silencing of miR-21 in an MPNST cell line could induce apoptosis of MPNST
cells [52]. Presneau et al. [53] also compared miRNA profiling of MPNSTs with
NFs and identified two upregulated (miR-210 and -339-5p) and 14 downregulated
miRNAs (miR-29c, -30c, -139-5p, 195, -151-5p, 342-5p, 146a, -150, and -223).
Among the downregulated miRNAs, enforced expression of miR-29¢ reduced cell
invasion of MPNST cells, thus regulating the expression of MMP2 [53]. Using a
similar approach, Gong et al. [54] identified downregulated miR-204 expression in
MPNSTs and its targets, Ras and HMGA?2. A different approach was used by Chai
et al. [55] miR-10b was found to be upregulated in primary Schwann cells isolated
from NF1 neurofibromas as well as in the cell lines and tumor tissues from MPNSTs.
Importantly, NFI mRNA appears to be the target for miR-10b [55]. Zhang et al. [56]
focused on the expression of the polycomb group protein enhancer of zeste homo-
log 2 (Ezh2), an important regulator for various human malignancies, and identified
significant overexpression in MPNSTs. Ezh2 inhibited miR-30d expression by
binding to its promoter, and KPNB1 was a miR-30d target, which was identified in
an in silico database. Therefore, EZH2-miR-30d-KPNB1 signaling could be critical
for MPNST survival and tumorigenicity [56].

Angiosarcoma

Angiosarcomas are malignant tumors that retain many of the morphological and
functional characteristics of normal endothelium [13]. They comprise less than 1 %
of all sarcomas and usually originate in the deep muscles of the lower extremities
[1]. A high rate of tumor-related deaths was reported, and more than half of patients
die within the first year [13].

In the Sarcoma miRNA Expression Database generated by Sarver et al. (http://
www.oncomir.umn.edu/) [57], miRNAs that are significantly dysregulated in angio-
sarcomas compared with other sarcomas (>80-fold change) included miR-520c-3p,
-519a, and -520h. Italiano et al. investigated miRNA profiling based on MYC abnor-
malities in angiosarcomas. These abnormalities were identified in 3 of 6 primary
and 8 of 12 secondary angiosarcomas by array-comparative genomic hybridization
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and fluorescence in situ hybridization analyses. By comparing the miRNA profile of
MYC-amplified and MYC-unamplified angiosarcomas using deep sequencing of
small RNA libraries, the miR-17-92 cluster was identified to be preferentially over-
expressed in MYC-amplified angiosarcomas. MYC-amplified angiosarcomas were
associated with lower expression of thrombospondin-1 (THBS1), the first endoge-
nous inhibitor of angiogenesis. MYC amplification may be important in the angio-
genic phenotype of angiosarcomas through upregulation of the miR-17-92 cluster,
which appears to downregulate THBS1 expression [58].

Fibrosarcoma

Fibrosarcomas of soft tissue are classified into infantile and adult fibrosarcomas.
The infantile fibrosarcoma has a distinctive ETV6-NTRK3 gene fusion and favor-
able outcome, although histologically it is similar to classic adult fibrosarcoma.
Most of adult fibrosarcoma cases (>80 %) were reported to be high-grade in the
recent series of strictly defined cases [59].

To date, miRNA profiling has not been investigated for fibrosarcoma tissue spec-
imens but has been limited to the fibrosarcoma cell line, HT1080. Liu and Wilson
[60] investigated the correlation between matrix metalloproteinases (MMPs) and
miR-520c and -373 using HT1080, which have been reported to play important
roles in cancer cell metastasis as oncomiRNAs. Their data showed that miR-520c
and -373 suppressed the translation of mTOR and SIRT! by directly targeting the
3’-untranslated region (UTR). Since mTOR and SIRT1 are negative regulators of
MMP?9 via inactivation of the Ras/Raf/MEK/Erk signaling pathway, these miRNAs
increased MMP9 expression by directly targeting mTOR and SIRT1, which stimu-
lated cell growth and migration [60]. Another investigation using HT1080 cells was
performed by Weng et al., who focused on the regulatory mechanism of angiogenin
(ANG) expression. In their in silico analysis, they found that ANG mRNA was tar-
geted by miR-409-3p via its 3'UTR, and overexpression of miR-409-3p in HT1080
cells silenced ANG expression [61]. Their in vitro analyses demonstrated that ecto-
pic expression of miR-409-3p inhibited tumor growth, vascularization, and metas-
tasis through downregulation of ANG expression [61].

Epithelioid Sarcoma

Epithelioid sarcomas represent about 1 % of all sarcomas and are most prevalent in
adolescents and young adults between 10 and 35 years [62, 63]. These are the most
common soft tissue sarcomas in the hands and wrists, followed by aRMS and syno-
vial sarcomas [1]. There are two clinicopathological subtypes: (1) the conventional
or classic (distal) form, characterized by its proclivity for acral sites and pseudo
granulomatous growth patterns and (2) the proximal-type (large-cell) variant, which
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originates mainly in proximal/truncal regions and consists of nests and sheets of
large epithelioid cells. The reported 5- and 10-year overall survival rates are 60—80
% and 42-62 %, respectively [64—66]. The prognoses for patients with the proxi-
mal-type are worse than that for patients with the classic form [66—68].

Proximal-type epithelioid sarcomas have genetic similarities with MRTs, includ-
ing the lack of nuclear immunoreactivity of SMARCBI (also known as INI1, BAF47,
or hSNF5). Papp et al. investigated the miRNAs that regulate SMARCBI expression
and analyzed eight candidate miRNAs selected by in silico analysis. Quantitative
PCR using epithelioid sarcomas and MRT specimens identified the overexpression
of miR-206, -381, -671-5p, and -765 in epithelioid sarcomas [69]. Among them,
three upregulated miRNAs (miR-206, miR-381, and miR-671-5p) could silence
SMARCBI mRNA expression by transfection into cell cultures, and the most effec-
tive miRNA was miR-206. Therefore, the loss of SMARCBI expression in epitheli-
oid sarcomas might be due to an epigenetic mechanism of gene silencing by these
miRNAs [69].

Circulating miRNA AS a Possible Novel Biomarker of Soft
Tissue Sarcomas

Tumor cells have been recently shown to secrete miRNAs into the circulation [70].
Analysis of circulating miRNA levels in serum or plasma presents a novel approach
for diagnostic cancer screening or monitoring. Lawrie et al. [71] were the first to
report that tumor-associated miRNA levels in the patient sera were higher than
those in healthy individuals, indicating that circulating miRNAs can be used as
biomarkers to monitor cancer cells. This group also demonstrated that high miR-21
expression was associated with poor prognoses for patients with large B-cell lym-
phomas [71]. Expression of other circulating miRNAs in blood has been widely
reported and, to date, differential expression of circulating miRNA has been reported
in cancers of the breast, lung, stomach, liver, kidney, bladder, prostate, and ovaries,
among others [70, 72-74]. To date, the studies of circulating miRNAs of soft tissue
sarcomas have been limited to those of RMS and MPNST (Table 10.3) [75].

Rhabdomyosarcoma

In 2010, Miyachi et al. [76] performed the first clinical trial of circulating miRNAs
as novel biomarkers in soft tissue sarcomas using serum samples derived from
patients with RMS. They focused on muscle-specific miRNAs (miR-1, -133a,
-133b, and -206) that were highly expressed in RMS. Expression levels of miR-206,
one of the muscle-specific miRNAs, were abundantly expressed in RMS cell lines
compared with those in neuroblastoma, Ewing sarcoma, and MRT cell lines.
Notably, these results were dependent on the culture medium used for these cell
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lines. In addition, muscle-specific miRNAs (miR-1, -133a, -133b, and -206) were
significantly upregulated in RMS tumor specimens, and serum levels of these miR-
NAs were also significantly higher in patients with RMS compared with those with-
out RMS. Among these muscle-specific miRNAs, serum miR-206 showed the
highest sensitivity and specificity [76].

These results in the RMS patient serum was consistent with results from previ-
ous studies using RMS tissues [35, 36, 39], indicating that miRNA deregulation in
patient tissue specimens could reflect those in patients’ sera.

Malignant Peripheral Nerve Sheath Tumor

Weng et al. have shown the possibility of miRNAs representing noninvasive biomark-
ers for the diagnosis of MPNST. Genome-wide serum miRNA expression analysis
was performed to distinguish MPNST patients with and without NF1. Patients with
NF1 have a high lifetime risk of developing MPNST. Solexa sequencing was applied
to screen for differentially expressed miRNAs in the serum from 10 patients with
NF1, 10 patients with spontaneous MPNST, and 10 patients with NF1 MPNST. Based
on the large studies on more patient sets, miR-214 and -801 showed higher expres-
sion in patients with MPNST (both sporadic and NF1 cases) than NF1 patients [77].
In addition, miR-24 was significantly upregulated only in MPNST patients with NF1.
Thus, the combination of the three miRNAs (miR-24, -214, and -801) could differen-
tiate patients with sporadic MPNST from those with NF1 MPNST [77].

Conclusions

To date, there are few useful biomarkers to diagnose and monitor soft tissue sarco-
mas. In the past three decades, genetic investigations, such as identification of
fusion genes, have greatly improved the diagnoses for soft tissue sarcomas. However,
these findings are applicable to the limited histological subtypes including synovial
sarcoma, MLS, aRMS, or clear cell sarcoma. Therefore, the identification of miR-
NAs specific to histological subtypes may be a novel breakthrough for sarcoma
research.

Recent reports have indicated various types of miRNA dysregulation in soft tis-
sue sarcoma tissues as shown in Tables 10.1 and 10.2. However, these investigations
could be clinically applicable only after tissue specimens are resected by invasive
procedures, and such investigations have less diagnostic impact compared with cur-
rently used fusion gene analysis. A significant step forward would be achieved by
development of noninvasive “liquid biopsy.” Since these trials have been limited to
a few histological subtypes (Table 10.3), further investigations to cover a variety of
subtypes are expected. In addition, identification of circulating miRNAs serving as
biomarkers that reflect drug resistance would help clinicians to determine optimal
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individual treatment options, thus leading to the improvement of the prognoses of
the patients.

Recent studies also suggested the possibility of miRNA therapeutics in sarco-
mas. For example, supplementary administration of miR-143 mimics or miR-133a
inhibitors into osteosarcoma-bearing mice has been shown to inhibit lung metasta-
ses [78, 79]. However, no preclinical evaluation has been performed against soft
tissue sarcomas, despite various information about dysregulated miRNAs in tumor
tissues. Some researchers have done in vivo trials for soft tissue sarcomas, most of
which utilize viral transduction into cells before xenografting into mice, while few
trials have utilized systemic administration of oligonucleotides. Since the high num-
ber of mRNAs could be targeted by a single miRNA, miRNA therapeutics might
represent a therapeutic advantage compared with specific gene silencing by siRNAs.
Identification of the miRNAs that are critical and specific to each sarcoma subtype
would be an important step to the clinical application of miRNA therapeutics.

While some issues remain unresolved regarding the methods of evaluation of the
expression levels of circulating miRNAs or tissue miRNAs, novel trials of miRNA-
based diagnoses and therapeutics will be an important step for patients with soft
tissue sarcomas.
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Chapter 11
microRNA and Bone Cancer

Mary Nugent

Abstract MicroRNA molecules have a variety of roles in cellular development and
proliferation processes, including normal osteogenesis. These effects are exerted
through post-translational inhibition of target genes. Altered miRNA expression has
been demonstrated in several cancers, both in the tumor tissue and in the peripheral
circulation. This may influence carcinogenesis if the specific miRNA targets are
encoded by tumor suppressor genes or oncogenes. To date, most research investigat-
ing the role of microRNAs and primary bone tumors has focused on osteosarcoma
and Ewing sarcoma. Several microRNAs including the miR-34 family have been
implicated in osteosarcoma tumorigenesis via effects on the Notch signaling path-
way. Progression, invasion, and metastasis of osteosarcoma tumor cells is also influ-
enced by microRNA expression. In addition, microRNA expression may affect the
response to chemotherapy in osteosarcoma and thus hold potential for future use as
either a prognostic indicator or a therapeutic target. The EWS-FLII1 fusion protein
produced in Ewing sarcoma has been shown to induce changes in miRNA expres-
sion. MicroRNA expression profiling may have some potential for prediction of
disease progression and survival in Ewing sarcoma. There is limited evidence to
support a role for microRNAs in other primary bone tumors, either malignant or
benign; however, early work is suggestive of involvement in chondrosarcoma, mul-
tiple osteochondromatosis, and giant cell tumors of bone.

Keywords miRNA ¢ Osteosarcoma ¢ Ewing sarcoma ® Chondrosarcoma

Introduction

Malignant lesions in bone encompass primary bone tumors, lesions resulting from
hematologic malignancies, and secondary metastatic deposits from primary tumors
at other sites. Although the most frequently encountered malignant tumors with bone
involvement are metastases from carcinomas [ 1], the relationship between microRNA
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(miRNA) and these tumors is covered extensively in other chapters, as are the main
hematological malignancies. Therefore this chapter focuses mainly on miRNA and
primary bone tumors with only a brief section considering metastasis to bone.

The field of microRNA research is relatively young, with identification of the
first of these small single-stranded non-coding ribonucleic acids (RNAs) as recently
as 1993 (in C. elegans) [2]. Since then more than 35,000 mature miRNA sequences
in 223 species have been identified with over 2600 in humans at the time of writing
(although this number continues to grow exponentially) [3-8].

Initially the biological roles of these molecules were unknown; however, those
functions are now known to include roles in regulation of biochemical pathways in
cell differentiation, cell-cycle progression, and apoptosis [9]. MiRNAs downregu-
late the expression of target genes either by induction of messenger RNA (mRNA)
degradation or by translational inhibition at the post-transcription level [9-13].

MiRNA expression was first linked with cancer in 2002. This association was
initially with chronic lymphocytic leukemia (CLL), but subsequently with many
other types of malignancies [14]. Since then expression of many individual miR-
NAs has been found to be altered in malignancy (either overexpressed or reduced,
depending on the specific miRNA). It is thought that some of these miRNAs behave
as tumor-suppressor genes while others effectively function as oncogenes with roles
in tumorigenesis, typically through influencing cell proliferation, migration, and
invasion or effects on apoptosis [15].

Thus, dysregulation of miRNA expression may contribute to development of
cancer through loss of the normal regulatory controls in cell turnover and prolifera-
tion. In addition to contributing to oncogenesis, knowledge of the mechanisms of
action and functions of miRNAs may also represent opportunities for development
of diagnostic and therapeutic interventions for management of malignancy and
other diseases.

Primary bone tumors include a wide range of tumor types with variable clinical
outcomes and prognoses; however, many of these are relatively rare with a corre-
spondingly low volume of relevant research. Therefore the vast majority of the cur-
rently available evidence for miRNA involvement in primary bone tumors relates
mainly to osteosarcoma and Ewing sarcoma and there is a relatively incomplete
knowledge of the relationship with other less common tumors. Nevertheless this is
a rapidly expanding field of research, not just in relation to osteosarcoma, but also
chondrosarcoma and giant cell tumor (GCT) of bone, both of which have been the
subject of some recently published studies.

MicroRNAs in Normal Osteogenesis

MiRNAs are involved in the control of many cellular processes including develop-
ment, differentiation, apoptosis, and metabolism (see Chap. 1 of the volume
“microRNA: Basic Science” for an introduction to miRNA biology). They are
known to have a number of regulatory roles in normal bone metabolism and
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osteogenesis. Although these functions are becoming more clearly understood,
many of the mechanisms involved have not been clearly elucidated to date.

Normal bone turnover and homeostasis is dependent on the interplay between
osteoblasts and osteoclasts among other factors. Both osteoclastogenesis and osteo-
blastogenesis are tightly controlled by several biochemical pathways, many of
which are in turn regulated by specific miRNAs. One of the most important path-
ways in control of normal osteoclastogenesis is the Notch signaling pathway which
encompasses a number of factors such as Notch-1, Notch-2, JAG1, and Hay1 [16].
Osteoblastogenesis is also regulated by several gene factors including special
AT-rich sequence-binding protein 2 (Satb2), runt-related transcription factor 2
(Runx2), Osterix (Osx), collagen type I alpha 1 (Collal), and osteocalcin (Ocn)
[16]. Several individual miRNAs have been found to influence these pathways, most
notably the miR-34 family. mir-34a functions as a suppressor of excessive osteo-
clastogenesis through inhibition of transforming growth factor pB-induced factor 2
(Tgif2) while miR-34c has been shown to regulate both osteoblastogenesis and
osteoclastogenesis through targeting of Runx2, Satb2, and multiple targets in the
Notch signaling pathway [16, 17].

Other miRNAs have also been identified as important regulators of osteogene-
sis—these include miR-26a, miR-133a, and miR-542-3p. Expression of miR-26a is
increased during receptor activator of nuclear kappa B ligand (RANKL)-induced
osteoclastogenesis. mir-26a inhibits RANKL-induced osteoclast formation and
may also have a role in the regulation of osteoclast function through blocking of
resorption pit formation [18]. miR-133a also serves as an important regulator in
osteogenesis. Bone morphogenetic protein (BMP)-induced osteogenesis is associ-
ated with marked downregulation of miR-133a expression which can target and
suppress Runx2 expression to inhibit osteoblast differentiation [19]. MiR-542-3p
regulates osteoblast differentiation by directly affecting the activity of BMP-7, a
member of the transforming growth factor § (TGF-f3) family that has a major role in
osteoblast differentiation and function [20].

It is likely that many other individual miRNAs are also involved in the regulation
of these processes, although their specific roles have not yet been elucidated.

MicroRNAs in Oncogenesis

Recent work has detected significant changes in miRNA expression patterns in a
range of human diseases including many malignancies and several other disease
processes [21]. Each miRNA has specific target mRNAs and, when these mRNAs
are encoded by tumor suppressor genes or oncogenes, changes in the miRNA
expression level can directly influence oncogenesis. These effects are complex as
each individual miRNA has a potentially large number of targets (up to hundreds in
some cases). Thus even small variations in expression level may have significant
implications for the cell processes [22, 23]. Many of the human miRNA genes iden-
tified to date are thought to be located in cancer-associated regions or at fragile sites
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of chromosomes which are prone to deletion, amplification, and mutations in cancer
cells [21, 22, 24]. Any changes in these chromosome regions will therefore have
direct effects on the expression level of the miRNAs encoded there.

As alluded to earlier, miRNAs function as negative regulators of gene expres-
sion, with an inverse relationship between changes in miRNA expression and that of
the relevant target gene(s). Thus overexpression of oncogenic miRNAs can contrib-
ute to tumorigenesis by promoting cellular proliferation and evasion of apoptosis.
Conversely, reduced expression of tumor-suppressive miRNAs may have similar
effects as they no longer exert the same inhibitory influence on their oncogenic tar-
gets [14]. Specific miRNAs may be either increased or decreased in pathological
states such as cancer and several different miRNAs may show aberrant expression
within a single disease process. While some of these changes in miRNA expression
levels seem to be common to a range of malignancies (and, in some cases, other
disease processes), many seem to be tissue-specific and characteristic of cancer type
[22, 24].

Osteosarcoma

Osteosarcoma is the most common malignant primary tumor of bone. It occurs
mainly in adolescents and young adults and has an incidence of approximately 4-5
cases per million [25]. Osteosarcoma cells arise from mesenchymal stem cells
(MSC) which undergo disruption to normal osteoblast differentiation.

The tumors generally affect the metaphyses of long bones although they can
occur in other locations [26, 27]. Since the advent of chemotherapy the 5-year sur-
vival rate has markedly improved to approximately 60-70 % overall [28]. Response
of the tumor to chemotherapy is one of the most important prognostic indicators in
osteosarcoma and 10-year survival rates of up to 73 % are possible in those with a
good response to chemotherapy.

Unfortunately, despite maximal chemotherapy, a significant proportion of
patients still respond poorly and have a risk of relapse or metastasis even after cura-
tive resection and chemotherapy [25, 28, 29]. There are currently no established
biomarkers which can be used in clinical practice to identify those patients with
particularly aggressive tumors or those who are likely to respond well to conven-
tional chemotherapy regimes.

Tumorigenesis in Osteosarcoma

Development of malignant osteosarcoma cells is thought to be influenced by several
different processes, many of which are at least partially regulated by miRNAs. Thus
disruption of the normal miRNA expression patterns may have a profound influence
on osteosarcoma tumorigenesis.
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One of these processes is the Notch signaling pathway which is involved in
maintaining the balance between cell proliferation and differentiation. Altered
Notch signaling has been associated with various disorders, including cancer [30,
31]. As described above, the miR-34 family (miR-34a, miR-34b, and miR-34c)
affects expression of several target genes involved in this pathway. MiR-34c has
been shown to inhibit osteoblast differentiation and increase osteoclastogenesis
through suppression of Notch signaling (resulting in inhibition of osteoprotegrin
expression) in mouse models [16]. Reduced expression levels for the entire miR-34
family are seen in osteosarcoma tissue samples compared to adjacent normal tissues
[32]. These changes in miR-34 expression levels are also thought to influence the
activity of the P53 tumor-suppressor pathway as miR-34a has been shown to be a
direct transcriptional target of the P53 and to inhibit osteosarcoma cell proliferation
and metastasis, possibly via downregulation of the c-Met gene [33].

Diallyl trisulphide (DATS) is a naturally occurring organosulfur compound
derived from Allium vegetables. It can inhibit cell-cycle progression and induce
apoptosis [34]. One study found that DATS suppressed cell survival, invasion, and
angiogenesis in osteosarcoma cells. These effects were associated with decreased
expression of Notch-1 and its downstream genes as well as increased expression of
a panel of tumor-suppressive miRNAS including miR-34a, miR-143, miR-145, and
miR-200b/c that are typically lost in osteosarcoma [35]. Reexpression of miR-34a
and miR-200b by transfection led to reduced expression of Notch-1 [35].

Lysophosphatidic acid acyltransferase § (LPAATp) is thought to regulate osteo-
sarcoma cell proliferation, at least partially via the mammalian target of rapamycin
(mTOR) gene and Raf-1 signaling pathways; however, the mechanisms responsible
for regulation of LPAATP expression remain unclear. Enhanced LPAATf expres-
sion correlates with osteosarcoma cell proliferation and this is inhibited by inducing
overexpression of miR-24, which is reduced in osteosarcoma cells [36].

Insulin-like growth factor-1 receptor (IGF1R) is a receptor tyrosine kinase that
mediates IGF1-induced signaling events and has pivotal roles in cellular processes
such as cell proliferation, migration, and differentiation [37]. MiR-16 overexpres-
sion inhibits the Rafl-MEK1/2-ERK1/2 pathway and silences IGF1R, inducing
cell-growth inhibition and a GO/G1 phase arrest; however, miR-16 is downregulated
in osteosarcoma cell lines and tissues [38].

The chromosome 14q32 locus encodes a microRNA cluster which includes miR-
127-3p, miR-154, miR-299-5p, miR-329, miR-337-3p, miR-376a, miR-376¢, miR-
377, miR-382, miR-409-3p, miR-409-5p, miR-410, miR-432, miR-453, miR-493,
miR-495, miR-654-5p, and miR-758. This cluster of miRNAs is significantly down-
regulated in osteosarcoma compared to normal bone tissues [39]. The c-Myc onco-
gene which is known to be dysregulated in many malignant tumors is inhibited by
this miRNA cluster. As c-Myc inhibits apoptosis, miRNA downregulation at this
locus results in inhibition of apoptosis through increased c-Myc activity [39, 40].

Other miRNA clusters have also been implicated in osteosarcoma tumorigenesis.
The miR-17-92 cluster, also known as oncomir-I, and its two paraloga miR-106a-363
and miR-106b-25 were among the earliest families of miRNAs found to be upregu-
lated in several malignant tumors. Several of the miRNAs related to this cluster have
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been shown to accelerate tumor development, induce angiogenesis, prevent apopto-
sis, and influence osteoblastic proliferation and differentiation [41, 42]. Many of
these cluster-related miRNAs were consistently upregulated in tumor biopsy sam-
ples compared to both human osteoblasts and MSC [43].

Numerous other individual miRNAs have been shown to have consistently
altered expression levels in osteosarcoma. Tables 11.1 and 11.2 list those with
increased and decreased expression levels respectively, along with their roles and
target genes, where known.

Progression and Invasion of Osteosarcoma

Osteosarcoma may metastasize to other sites and in approximately 20-25 % patients
there is clinically or radiographically detectable metastatic disease at presentation.
In those who have confirmed metastatic disease at the time of presentation, a 5-year
survival of only around 30 % is likely [81]. The most common site for initial

Table 11.1 MiRNAs shown to have increased expression levels in osteosarcoma tissues or cell
lines (with their role and target gene where known)

miRNA Role and target gene (if known)

miR-9 Higher levels associated with increased tumor size and metastases [44]
miR-19a Induce angiogenesis and prevent apoptosis [41-43]

miR-19b Induce angiogenesis and prevent apoptosis [41-43]

miR-20a Induce angiogenesis and prevent apoptosis [41-43]

miR-21 Cell invasion and migration via regulation of RECK [45, 46]

miR-92a Induce angiogenesis and prevent apoptosis [41-43]

miR-93 Increases cell proliferation and invasion [47]

miR-106b Induce angiogenesis and prevent apoptosis [41-43]
miR-128 Associated with metastases, target PTEN [48]
miR-135b [49, 50]

miR- [49]

146a-5p

miR-150 [50]

miR-181a [51]

miR-181b [51]

miR-181c [51]

miR- Involved in Notch signaling [52]

199b-5p

miR-210 [53]

miR-214 Promotes cell proliferation, invasion and tumor growth in nude mice, reversible

by overexpression of leucine zipper (LZTS1) [54]
miR-221 Induces cell survival via inhibition of PTEN [55]
miR-542-5p | [50]
miR-652 [50]
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Table 11.2 MiRNAs shown to have decreased expression levels in osteosarcoma tissues or cell
lines (with their role and target gene where known).

miRNA
miR-16
miR-24
miR-29a
miR-29b

miR-31

miR-34a
miR-34b
miR-34c
miR-
100-3p
miR-101

miR-125b
miR-126
miR-
127-3p
miR-132
miR-133a
miR-133b

miR-135b

miR-
142-5p
miR-143
miR-145
miR-154
miR-183
miR-
199a-3p
miR-
199b-5p
miR-200b
miR-200c
miR-206
miR-223
miR-
299-5p
miR-320

Role and target gene (if known)

Inhibition of cell proliferation via IGFIR [38, 51]

Inhibition of osteosarcoma cell proliferation via LPAAT downregulation [36]
Induces apoptosis [56]

Inhibits cell proliferation, migration and invasion, induces apoptosis via inhibition
of vascular endothelial growth factor (VEGF) [51, 56, 57]

Osteogenic differentiation of mesenchymal stem cells via regulation of bone
transcription factor Osterix [58]

Inhibition of cell proliferation via Notch-1 inhibition [35, 59, 60]

[61]

Suppresses proliferation of osteoblasts by downregulation of Runx2 [62]
[49]

Decreases expression of mTOR gene, inhibiting proliferation and promoting
apoptosis [63]

Suppresses proliferation via downregulation of STAT3 [64]

Inhibits cell proliferation, migration and invasion via Sox2 [65]

Loss results in inhibition of apoptosis through increased c-Myc activity [39, 40]

Facilitates angiogenesis [66, 67]

Promotes apoptosis by targeting Bcl-xL and Mcl-1 [68]

Inhibits osteosarcoma cell proliferation, migration and invasion, and promotes
apoptosis via target genes BCL2L2, MCL-1, IGF1, MET, phospho-Akt and FAK
[69]

Inhibits cell proliferation, migration and invasion, reduces c-Myc protein product
[70]

[51]

[35, 46]

Inhibition of cell proliferation via Notch-1 inhibition [35, 71]

Loss results in inhibition of apoptosis through increased c-Myc activity [39, 40]
Suppresses Ezrin-linked migration and invasion [72]

Regulates cell proliferation [46, 73]

[46, 49]

Inhibition of cell proliferation via Notch-1 inhibition [35]

Inhibition of cell proliferation via Notch-1 inhibition [35]

Involved in apoptosis and inhibition of cell invasion and migration [74]
Regulates Ect2 [75]

Loss results in inhibition of apoptosis through increased c-Myc activity [39, 40]

Inhibition of cell proliferation through negative regulation of fatty acid synthase
[76]

(continued)
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Table 11.2 (continued)

miRNA Role and target gene (if known)

miR-329 Loss results in inhibition of apoptosis through increased c-Myc activity [39, 40]
miR-335 Suppresses migration and invasion by targeting ROCK1 [77]

miR- Loss results in inhibition of apoptosis through increased c-Myc activity [39, 40]
337-3p

miR-340 Suppresses proliferation, migration and invasion by targeting ROCK1 [78]
miR-376a | Loss results in inhibition of apoptosis through increased c-Myc activity [39, 40]

miR-376¢ | Loss results in inhibition of apoptosis through increased c-Myc activity [39, 40]
miR-377 Loss results in inhibition of apoptosis through increased c-Myc activity [39, 40]
miR-382 Loss results in inhibition of apoptosis through increased c-Myc activity [39, 40]
miR- Loss results in inhibition of apoptosis through increased c-Myc activity [39, 40]
409-3p

miR- Loss results in inhibition of apoptosis through increased c-Myc activity [39, 40]
409-5p

miR-410 Loss results in inhibition of apoptosis through increased c-Myc activity [39, 40]
miR-424 Inhibits migration and invasion via fatty acid synthase [79]

miR-432 Inhibition of apoptosis through increased c-Myc activity [39, 40]

miR-451 Inhibits cell proliferation and migration, increases apoptosis [80]

miR-453 Inhibition of apoptosis through increased c-Myc activity [39, 40]

miR-493 Inhibition of apoptosis through increased c-Myc activity [39, 40]

miR-495 Inhibition of apoptosis through increased c-Myc activity [39, 40]

miR- Inhibition of apoptosis through increased c-Myc activity [39, 40]

654-5p

miR-758 Inhibition of apoptosis through increased c-Myc activity [39, 40]

metastatic disease in osteosarcoma is the lung and the second most common is
another bone distant from the primary tumor [82]. In general, patients with metas-
tases limited to the lungs have a better outcome than do those with metastases to
other sites or to the lungs combined with other sites [81, 83].

The ability for osteosarcoma cells to migrate and invade is influenced by miR-
NAs, although not all of the mechanisms involved have been fully elucidated yet.
One such mechanism is thought to be related to expression of Fas receptors (also
known as apoptosis antigen 1 or tumor necrosis factor receptor superfamily member
6 (TNFRSF6)) on the osteosarcoma cell surface. The Fas ligand (FasL) is constitu-
tively expressed in lungs and can mediate apoptosis in Fas* cells, thus the ability of
osteosarcoma cells to metastasize to lungs is inversely correlated with cell surface
Fas expression [84, 85]. miR-20a is encoded by the miR-17-92 cluster and overex-
pression in cell lines results in downregulation of Fas expression [86]. As described
earlier, many of the miRNAs from the miR-17-92 cluster are upregulated in
osteosarcoma.

This is not the only miRNA mediated means of metastases in osteosarcoma.
One study showed that miR-143 was the most downregulated miRNA in human
osteosarcoma cell lines in a mouse model; however, in vitro transfection of miR-
143 decreased cell invasiveness and intravenous injection of miR-143 sup-
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pressed lung metastasis of 143B sarcoma cells in the mouse model thus
supporting a possible role for low miR-143 expression in the development of
lung metastasis [87].

Rho-associated, coiled-coil-containing protein kinase 1 (ROCK1)is a GTP-
dependent serine/threonine protein kinase interacting with the Rho G-protein
through its Rho-binding domain, and thereby mediating Rho signaling [88]. It has
arole in regulation of the actin cytoskeleton reorganization and has been identified
as a target gene for a number of miRNAs including miR-145, miR-335, and miR-
340, all of which have been found to be underexpressed in osteosarcoma [77, 78,
89]. miR-335 expression is lower in osteosarcoma tissues and cell lines than in
normal controls, and the extent of this downregulation is significantly associated
with lymph node metastases [77]. ROCK1 expression has been found to be inversely
correlated with miR-335 in osteosarcoma tissues [77]. Knockdown of ROCK1
inhibits osteosarcoma cell migration and invasion in vitro, however, as ROCKI is
also a target of miR-340 which is frequently downregulated in osteosarcoma
tumors, changes in its expression level may be due to underexpression of either one
or both of these miRNAs [77, 78]. The extent of downregulation of miR-340 in
osteosarcoma appears to be associated with larger tumor size, positive metastasis
and a poor response to pre-operative chemotherapy in a pediatric osteosarcoma
population [90].

Upregulation of ROCKI1 is also significantly associated with positive metastasis
and a poor response to pre-operative chemotherapy. In this study, a combination of
miR-340 downregulation and ROCK1 upregulation occurred more frequently in
osteosarcoma tissues from patients with positive metastases than those with no
metastases [90]. Ectopic expression of miR-145 has also been shown to suppress
protein expression of ROCK1 in cell lines without affecting the ROCK1 mRNA
level. This resulted in reduced cell proliferation and invasion, which was reversed
by restoration of ROCK1, however at the time of writing there are no published
studies confirming a role for miR-145 in promotion of metastases via ROCKI
in vivo [89].

Several other miRNAs have been linked to osteosarcoma progression and inva-
sion or specifically associated with development of metastases, mainly through pro-
motion of cell proliferation and migration. These include miR-26a, miR-27a,
miR-34a, miR-93, miR-132, miR-133a, miR-135b, miR-144, miR-181c, miR-183,
199a-3p, miR-206, miR-214, miR-217, and miR-451.

MiR-26a expression is markedly reduced in both osteosarcoma tissues and cell
lines. This is found more frequently in tissue specimens taken from patients with
disease at an advanced clinical stage and with presence of distant metastases com-
pared to patients with early stage, non-metastatic disease. Although the precise
mechanism of action is yet to be fully evaluated, miR-26a can directly inhibit
enhancer of zeste homolog2 (EHZ2) [91]. EHZ2 is the catalytic subunit of poly-
comb repressive complex 2, which mediates epigenetic gene silencing by trimethyl-
ating histone H3 lysine 27. EHZ2 is known to enhance tumorigenesis through
aberrant silencing of tumor-suppressor genes and is commonly overexpressed in
several types of cancer [92].
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Tissue samples from patients with non-metastatic osteosarcomas have been
found to display higher expression levels of miR-27a, miR-93, and miR-181c com-
pared to tissues from patients with metastatic osteosarcomas [47, 51, 93]. miR-27a
expression is also increased in some other cancers. It is known to target mitogen-
activated protein kinase kinase 4 (MAP2K4), thus reducing MAP2K4 levels.
MAP2K4 normally functions to inhibit cell proliferation and migration through the
JNK/p38 signaling pathway; however, this inhibition is reduced when MAP2K4
expression is lower [93]. The precise mechanism of action for miR-93 and miR-181c
to influence metastasis is not yet fully established.

MiR-34a expression is reduced in several cancers. The c-Met oncogene has
been identified as one of its targets and the normal suppression effect of miR-
34a on c-Met is reduced in the presence of lowered expression. In osteosar-
coma, a single nucleotide polymorphism (SNP) in the pre-miR-34a coding
region has been identified that reduces miR-34a expression and promotes osteo-
sarcoma cell proliferation and migration. These effects on osteosarcoma cell
proliferation were shown in vitro; however, reduced miR-34a expression levels
have also been shown in tissue and serum samples from patients [94]. MiR-34a
and miR-199a-3p together have been shown to inhibit in vitro proliferation of
human osteosarcoma cells. This may be mediated through inhibitory effects on
targets including mTOR and the MET proto-oncogene which regulate P53-
mediated apoptosis [59].

MiR-132 expression is lower in osteosarcoma tissues compared to normal non-
cancerous tissue. Although the precise details of its mechanism of action remain
unclear, miR-132 is known to target cyclin E1 (CCNEI1) which is involved in cell
proliferation [95].

MiR-133a is downregulated in both human osteosarcoma cell lines and osteosar-
coma tissues when compared to normal tissues and cells. This decrease in tissue
levels of miR-133a is directly correlated with tumor progression and prognosis [68].
In vitro restoration of miR-133a reduced cell proliferation, promoted cell apoptosis,
and suppressed tumorigenicity in tumor cell lines [68]. Known targets of miR-133a
include B-cell lymphoma-extra large (Bcl-xL) and myeloid cell leukemia 1 (Mcl-1)
expression, and the anti-tumor effect is probably due to targeting and repression of
these genes [68].

MiR-135b expression is significantly decreased in both osteosarcoma tissues and
osteosarcoma cell lines when compared to paired samples of adjacent non-tumor
bone tissue. In addition, lower levels of miR-135b tissue specimens were associated
with the presence of metastases. In vitro inhibition of miR-135b resulted in acceler-
ated rates of osteosarcoma cell proliferation, migration, and invasion. In the same
study, ectopic expression of miR-135b leads to a significant reduction in detectable
levels of the c-Myc protein product, thus suggesting this pathway as a mechanism
for the effects of miR-135b suppression [70].

MiR-144 is also downregulated in both osteosarcoma cell lines and primary tissue
samples. Its downstream target is known to be transgelin (TAGLN), expression
levels of which are inversely correlated with those of miR-144 in vitro. Ectopic
expression of miR-144 prevents cell proliferation and invasion [96].
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Lower expression of miR-183 in tumor tissues correlates with the presence of
lung metastases and local recurrence [72]. MiR-183 is thought to inhibit the metas-
tasis of osteosarcoma through inhibiting motility and invasion, mainly by down-
regulation of the Ezrin gene [97]. Tissue expression of MiR-206, which is thought
to act as a promoter of apoptosis, is inversely associated with clinical stage in osteo-
sarcoma [74].

MiR-217 targets the Wiskott Aldrich syndrome protein family member 3
(WASF3) gene [98]. The protein products of this gene are involved in transmission
of signals from tyrosine kinase receptors and small GTPases to the actin cytoskel-
eton, thus playing an important role in regulating cytoskeletal dynamics [99]. MiR-
217 is significantly downregulated in both osteosarcoma tissues and osteosarcoma
cell lines, and lower tissue levels are associated with the presence of metastases.
Inhibition of miR-217 in vitro markedly suppressed cell proliferation, invasion, and
migration [98].

Osteosarcoma tissues also express lower levels of miR-45] compared to non-
cancerous bone tissue. This downregulation occurred more frequently in specimens
from patients with a more advanced clinical stage of disease, presence of metastases
and those who had a poor response to chemotherapy. After miR-451 transfection
in vitro, cell proliferation, migration, and tumorigenesis were all inhibited in osteo-
sarcoma cell lines and with an associated increase in apoptosis [80].

Finally, miR-214 is significantly upregulated in osteosarcoma tissues compared
to normal tissues, and also in osteosarcoma cell lines. Both the phosphatase and
tensin homolog (PTEN) gene, which regulates epidermal growth factor receptor
(EGFR), and the leucine zipper (LZTS1) gene have been identified as downstream
targets of miR-214 [54, 100, 101]. Higher tissue miR-214 levels demonstrate a sig-
nificant association with shorter overall and progression-free survival in patients
with osteosarcoma [100]. In addition, in functional assays, miR-214 promoted cell
proliferation, invasion, and tumor growth in nude mice. These effects were revers-
ible by overexpression of LZTS1 [54].

Prognosis and Prognostic Indicators in Osteosarcoma

As referred to above, the most important prognostic indicator in osteosarcoma is the
response to neoadjuvant chemotherapy. A tumor necrosis rate of >90 % post-
chemotherapy is deemed a good response, while those patients with necrosis of <90
% are considered chemoresistant or poor responders. To date, there is no satisfac-
tory means of selecting those who are likely to respond well; however, miRNAs
appear to play a role in modulating the response to chemotherapy.

A number of studies have looked at the effects of miRNAs on commonly used
chemotherapy agents such as methotrexate, ifosfamide, 5-fluorouracil, and ralti-
trexed. In one study, a panel of five miRNAs were studied in 27 fresh frozen paraffin-
embedded (FFPE) tissue samples, cell lines, and samples from a rat model.
Significant differences in miRNA expression between good responders to ifosfamide
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and poor responders were observed (miR-92a, miR-99b, miR-193a-5p, and miR-
422a were increased and miR-132 was reduced in good responders) [102]. MiR-221
is significantly increased in osteosarcoma cell lines compared to osteoblasts and has
been shown to induce cell survival and cisplatin resistance and reduce apoptosis
while miR-221 knockdown reverses these effects [55]. MiR-210 expression is also
increased in osteosarcoma tissues compared to non-cancerous bone tissues from the
same patients and upregulation is associated with larger tumor size, poor response
to pre-operative chemotherapy and lower overall survival and progression-free sur-
vival [53]. Overexpression of miR-140 has also been shown to cause chemoresis-
tance to methotrexate and 5-fluorouracil in xenograft models [103]. In one small
study, tissue samples from patients with chemoresistant osteosarcomas underex-
pressed miR-15b and miR-451 compared to samples from those with chemosensi-
tive tumors [51].

Other miRNAs have also been implicated in the development of chemoresistance
in osteosarcoma. The high-mobility group box 1 (HMGB1) gene plays an important
role in facilitating autophagy and promoting drug resistance in osteosarcoma cells.
One study demonstrated that miR-22 downregulates HMGB1 expression and
blocked the HMGB 1-mediated autophagy process during chemotherapy (in vitro).
Osteosarcoma cell proliferation, migration, and invasion were inhibited by this
blockage of autophagy [104].

Expression of miR-128 is increased and expression of its downstream target,
PTEN, frequently decreased in osteosarcoma. One study demonstrated that elevated
miR-128 levels and reduced PTEN expression either alone or in combination were
associated with a poor response to neoadjuvant chemotherapy and were also inde-
pendent prognostic factors for both disease-free and overall survival [48].

Similarly, miR-223 is reduced in osteosarcoma tissues compared to non-tumor
bone tissue with a concomitant increase in expression of its target, epithelial cell
transforming sequence 2 (Ect2). Ect2 is involved in cell-cycle progression and cell
proliferation. Combined low expression of miR-223 and increased Ect2 expression
is associated with higher tumor grades, a poor response to chemotherapy, presence
of metastases, and disease recurrence. This combination is also an independent
prognostic factor for the shortest periods of overall and disease-free survival [75].

A study analyzing cancerous and non-cancerous bone tissues in 92 pediatric
patients with osteosarcoma showed significant upregulation of miR-214 in the
osteosarcoma tissues [100]. This study also found significant correlations between
miR-214 expression and prognostic factors such as tumor size, presence of metasta-
ses, and poor response to neoadjuvant chemotherapy as well as shorter overall and
progression-free survival [100].

The TWIST gene product belongs to the family of basic helix-loop-helix (bHLH)
transcription factors and plays an essential role in differentiation of all mesoderm
derived tissues. This gene is frequently deleted in osteosarcoma tumors and the
presence of TWIST haploinsufficiency has been associated with poorer overall out-
comes [105]. TWIST has been reported to decrease osteosarcoma cell survival
against cisplatin by inhibiting p-catenin signaling and endothelin-1/endothelin A
receptor signaling pathways. This suggests that TWIST may be an important
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negative regulator in the development of chemoresistance in osteosarcoma [106,
107]. Recently miR-33a has been shown to inhibit expression of TWIST. miR-33a
is overexpressed in chemoresistant osteosarcoma tumors compared to those with a
good response to chemotherapy and thus may influence chemosensitivity via its
effect on TWIST expression [108].

A number of additional miRNAs have shown altered expression associated with
poor disease-free and/or overall survival in osteosarcoma, including miR-9, miR-
132, miR-145, miR-183, miR-206, and miR-214.

MiR-9 expression is significantly elevated in osteosarcoma tissues when
compared to non-cancerous bone tissue. The level of expression is significantly
associated with tumor size, stage of disease, and the presence of distant meta-
static lesions. Patients whose tumors expressed lower levels of miR-9 also had a
significantly increased survival in comparison to those with the highest miR-9
Levels [44].

MiR-132 expression levels are also frequently altered in osteosarcoma. Low
expression is associated with a poorer overall and disease-free survival in
patients with primary osteosarcoma [67]. Low miR-145 expression is also seen
in osteosarcoma (and many other malignancies). It has also been shown to be an
independent prognostic factor for both overall and disease-free survival in a
cohort of 166 patients with osteosarcoma. Those who had lower osteosarcoma
tissue levels of miR-145 had significantly poorer 5-year overall and disease-free
survival [71].

Also referred to in the previous section, miR-183 acts as a tumor suppressor by
inhibition of migration and invasion through its targeting of an oncogene, Ezrin.
Downregulation of miR-183 negatively correlates with upregulation of Ezrin in tis-
sue specimens from patients with osteosarcoma. Furthermore, a combination of low
miR-183 levels and elevated Ezrin expression was associated with high tumor
grades, a poor response to chemotherapy, presence of metastases, and recurrence of
disease. This combination was also an independent prognostic factor for overall and
disease-free survival [109].

As referred to earlier, underexpression of the miRNA cluster at the 14q32 chro-
mosomal locus is seen in osteosarcoma and thought to have an inhibitory effect on
apoptosis. An inverse correlation has been demonstrated between aggressive tumor
behavior (such as increased metastatic potential and accelerated time to death) and
the residual expression of representative 14q32 miRNAs (miR-134, miR-382, and
miR-544) in samples from human osteosarcoma patients [110]. In addition, a study
of 65 human FFPE osteosarcoma tissues (from biopsies) and 26 paired post-
chemotherapy resection specimens demonstrated an association between expres-
sion of several 14q32-associated miRNAs (miR-139-5p, miR-299, miR-299-3p,
miR-323-3p, miR-323-5p, miR-379, miR-382, miR-411, miR-493, miR-539, and
miR-758) and recurrence-free survival [110]. Thus the level of expression of this
miRNA cluster appears to be predictive of response to chemotherapy, recurrence,
and overall survival [110, 111].

Table 11.3 summarizes the miRNAs that have been found to have some prognos-
tic value in osteosarcoma to date.
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Table 11.3 MicroRNAs as prognostic indicators in osteosarcoma

miRNA
miR-9
miR-19a
miR-19b
miR-20a
miR-34a
miR-92a

miR-99b
miR-106b
miR-128
miR-132

miR-
139-5p
miR-140
miR-145
miR-183

miR-
193a-5p
miR-206

miR-210

miR-223

miR-299
miR-
299-3p
miR-
323-3p
miR-
323-5p
miR-335

miR-379
miR-382
miR-411
miR-422a
miR-493
miR-539
miR-758

Association with prognosis

Higher expression associated with shorter survival [44]

Levels inversely associated with survival (part of miR-17-92 cluster) [43]
Levels inversely associated with survival (part of miR-17-92 cluster) [43]
Levels inversely associated with survival (part of miR-17-92 cluster) [43]
Associated with greater event-free and overall survival [112]

Levels inversely associated with survival (part of miR-17-92 cluster) [43]
Increased in good responders to ifosfamide for osteosarcoma [102]
Increased in good responders to ifosfamide for osteosarcoma [102]
Levels inversely associated with survival (part of miR-17-92 cluster) [43]
Inversely associated with disease-free and overall survival [48]
Associated with disease-free and overall survival in osteosarcoma [67]
Reduced in good responders to ifosfamide for osteosarcoma [102]

Part of 14932 cluster, inverse association with recurrence-free survival [110]

Associated with chemoresistance to methotrexate and 5-fluorouracil [103]
Inversely associated with disease-free and overall survival in osteosarcoma [71]

Inversely associated with lung metastases and local recurrence in osteosarcoma,
inhibition of motility and invasion via downregulation of the Ezrin gene [72, 97]

Increased in good responders to ifosfamide for osteosarcoma [102]

Inversely associated with clinical stage in osteosarcoma—functions as a promoter
of apoptosis [74]

Associated with larger tumor size, poor response to pre-operative chemotherapy
and lower overall survival and progression-free survival in osteosarcoma [53]

Underexpression combined with elevated Ect2 associated with high tumor grade,
poor response to chemotherapy, presence of metastases, recurrence and shorter
overall and disease-free survival [75]

Part of 14932 cluster, inverse association with recurrence-free survival [110]
Part of 14932 cluster, inverse association with recurrence-free survival [110]

Part of 14932 cluster, inverse association with recurrence-free survival [110]
Part of 14932 cluster, inverse association with recurrence-free survival [110]

Inversely associated with presence of lymph node metastases in osteosarcoma
through effects on cell migration and invasion via ROCKI target gene [77]

Part of 14932 cluster, inverse association with recurrence-free survival [110]
Part of 14932 cluster, inverse association with recurrence-free survival [110]
Part of 14932 cluster, inverse association with recurrence-free survival [110]
Increased in good responders to ifosfamide for osteosarcoma [102]

Part of 14932 cluster, inverse association with recurrence-free survival [110]
Part of 14932 cluster, inverse association with recurrence-free survival [110]
Part of 14932 cluster, inverse association with recurrence-free survival [110]
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Tumor Markers in Osteosarcoma

Tumor markers are increasingly used as tools to aid early detection, monitoring of
therapeutic response or detection of recurrence in a number of malignancies.
Unfortunately there are no well-established minimally invasive tumor markers in
osteosarcoma; however, the identification of a reliable indicator of disease activity
could potentially have significant benefits, either in diagnosis or in evaluation of an
individual’s response to treatment. Any potential tumor marker needs to be obtain-
able through relatively noninvasive and low-risk techniques in order to have a wide-
spread useful clinical application.

The majority of research to date relating to altered miRNA profiles in osteosar-
coma (and other primary bone tumors) is based on quantification of miRNA expres-
sion in tumor tissue or in vitro osteosarcoma cell lines. However, recent studies
relating to other malignancies have demonstrated that miRNAs are detectable in
blood, serum and plasma. Furthermore, these circulating miRNAs are sufficiently
stable for extraction and quantification. Circulating levels of miRNAs appear to be
reflective of altered tissue expression in disease states [113—116].At the time of
writing, a Pubmed search revealed only five published studies investigating the rela-
tionship between circulating miRNAs and primary bone tumors. All of these are
specific to osteosarcoma, with no published work to date in relation to other primary
bone tumors.

The earliest study in this area quantified serum levels of miR-21 in 65 osteosar-
coma patients and 30 healthy controls. Aberrant miR-21 expression is not unique to
osteosarcoma as it has previously been shown to be overexpressed in several differ-
ent malignancies; however, this was the first study to investigate circulating levels
in osteosarcoma patients. In this cohort, serum miR-21 levels were significantly
higher in the osteosarcoma patients than the healthy controls. Levels were also sig-
nificantly correlated with advanced clinical stage and poor response to chemother-
apy [117].

A subsequent study quantified plasma levels of miR-21, miR-143, and miR-
119a-3p. All of these miRNAs have previously been shown to have altered expres-
sion levels in osteosarcoma tissues. Plasma levels of miR-2] were significantly
higher while plasma miR-199a-3p and miR-143 were decreased in samples from 40
osteosarcoma patients compared with 40 healthy controls. Circulating miR-21 and
miR-143 expression correlated with both metastasis status and histological subtype;
however, miR-199a-3p levels only correlated with histological subtype [46].

More recently, both miR-196a and miR-196b levels were found to be signifi-
cantly higher in tumor tissues compared to non-cancerous bone tissues and also in
corresponding serum samples (from the same patients) compared to healthy con-
trols. Elevation of both sera and tissue levels both occurred more frequently in
patients with high-grade tumors, known metastases or recurrent disease. High serum
miR-196a, high serum miR-196b, and combined high serum levels of both miR-
196a and miR-196b were all independent prognostic factors for overall survival and
disease-free survival [118].
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Plasma levels of miR-34b have also been shown to be significantly lower in
patients with osteosarcoma than healthy controls. These plasma miR-34b levels
were also significantly decreased in patients with metastatic disease compared to
those with no known metastases [61].

Finally, expression levels of both miR-133b and miR-206 were significantly
decreased in osteosarcoma tissues compared to matched non-cancerous tissues and
also in serum samples from patients with osteosarcoma compared to healthy con-
trols. This downregulation occurred more frequently in patients with high-grade
tumors, known metastases, and recurrent tumors. Low miR-133b expression, low
miR-206 expression, and combined underexpression of both miR133b and miR-206
were all independent prognostic factors for overall and disease-free survival [119].

Although none of these miRNAs are yet clinically useful as minimally invasive
tumor markers, this is an area which holds huge potential for the future. It may be
the case that the ultimate circulating tumor markers will be based on a panel of aber-
rant miRNAs, rather than overexpression or underexpression of a single miRNA.

Ewing Sarcoma

Ewing sarcoma is the second most common primary bone tumor in children and
young adults (after osteosarcoma) with an overall incidence of approximately 1.43
cases per million people. Despite significant progress in treating Ewing sarcoma,
the prognosis remains poor for those with primary disseminated disease at diagnosis
(up to 20 %), with an event-free survival of less than 20 % overall [120].

This malignancy is a member of the Ewing family of tumors (EFT) and is distin-
guished from most other primary tumors of bone by a characteristic translocation
which most commonly (in approximately 85 % of cases) involves chromosomes 11
and 22 [121]. Other translocations have been identified in addition to that at
t(11;22)—a minority of cases have variant translocations at t(21;22) or t(7;22) [122,
123]. All three of these translocations give rise to fusion genes comprising EWS and
one of the several of its family members of transcription factors [124]. The most
common fusion gene product formed is EWS-FLI1 which is expressed in 85-90 %
of EFT [124, 125]. EWS/FLI1 forms a transcriptional complex with RNA helicase
A (RHA) and this complex has been implicated in the pathogenesis of Ewing sar-
coma [126].

Several miRNAs have altered expression levels in Ewing sarcoma, apparently
due to changes induced by EWS/FLI1. These include let-7a, miR-22, miR-23a,
miR-31, miR-34a, miR-92a, miR-125b, miR-126, miR-130b, miR- 145, miR-490-3p,
and miR-708. Let-7a is a direct EWS-FLI-1 target implicated in EFT cell tumorige-
nicity through its effect on expression of the target oncogene HMGA?2 [127].
Systemic delivery of /et-7a into EFT bearing mice restored its expression in tumor
cells, decreased HMGA?2 expression levels, and resulted in EFT growth inhibition
in vivo [127].
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MiR-22 is also repressed by the EWS/FLII gene fusion product. Its targets
include lysine-specific demethylase 3A (KDM3A), a chromatin modifier whose
demethylase activity in the promoter regions tends to enhance gene expression.
Induced miR-22 overexpression in Ewing sarcoma cell lines resulted in inhibition of
colony formation and lower expression levels of KDM3A [128]. MiR-31 was shown
to reduce proliferation, decrease invasiveness, and induce apoptosis in several
Ewing sarcoma cell lines, although the precise mechanisms of action are yet to be
fully elucidated [129].

Microarray analysis of samples from 49 patients with primary Ewing sarcoma
identified a signature of 5 miRNAs (miR-23a, miR-34a, miR-92a, miR-130b, and
miR-490-3p) as an independent predictor of risk for disease progression and sur-
vival [112]. Furthermore, miR-34a expression was significantly associated with
both event-free and overall survival in this study. Those patients who had the highest
expression levels of miR-34a experienced no adverse events in 5 years, in contrast
to those with the lowest expression levels who had disease recurrence within 2 years
[112]. Further functional analysis of miR-34a in EWS cell lines indicated that when
miR-34a expression was enforced, cells were less proliferative and showed greater
sensitivity to doxorubicin and vincristine [112]. This is consistent with a subsequent
study which also found that higher expression of miR-34a in localized Ewing sar-
coma tumors was significantly related to better event-free and overall survival.
Expression of miR34a was also notably lower in metastatic lesions than in primary
tumors [130]. miR-34a expression was inversely correlated with expression of
cyclin D1 and Ki-67. Ki-67 has previously been shown to be a poor prognostic
indicator in localized Ewing sarcoma [130]. Cyclin D1 has a role in regulation of
the cell cycle but is also involved in induction of cellular migration and invasion,
enhancement of angiogenesis, inhibition of mitochondrial metabolism, and enhance-
ment of DNA damage sensing and DNA damage repair [131].

MiR-125b expression is reduced in Ewing sarcoma; however, in vitro restoration
of miR-125b expression in the A673 cell line significantly inhibited cell prolifera-
tion, migration, and invasion. It also arrested cell-cycle progression and induced cell
apoptosis. These effects appear to be mediated via suppression of phosphoinositide-
3-kinase catalytic subunit delta (PIK3CD) which downregulates expression of
phospho-AKT and phospho-mTOR and inhibit cell-cycle progression [132].

Unlike most of the other miRNAs investigated so far in relation to Ewing sar-
coma, miR-126 has significantly increased expression levels in Ewing sarcoma tis-
sue samples when compared to MSC [129]. Its precise role in Ewing sarcoma
pathology is not yet fully explored.

MiR-145 is significantly reduced in Ewing sarcoma cell lines; however, its
expression is increased on knockdown of EWS-FLII. In the same study, ectopic
expression of miR-145 in Ewing sarcoma cell lines strongly reduced EWS-FLI1
protein levels and transfection of an anti-miR to miR-145 increased the EWS-FLI1
levels. This modulation of EWS-FLI1 protein was mediated by miR-145 targeting
the FLI1 3" UTR. Forced miR-145 expression halted the Ewing sarcoma cell line
growth [133].
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Table 11.4 Some of the miRNAs shown to be underexpressed in Ewing sarcoma—the role of
each miRNA has not yet been fully elucidated

miRNA Role and target gene (if known)

let-7a Increased expression of HMGA?2 oncogene promotes cell growth in EFT [127]
family

miR-22 Repression by EWS/FLI1 enhances gene expression through KDM3A

demethylase activity [128]
miR-30a-5p | Binds to CD99 3’ UTR decreasing cell proliferation and invasion [135]
miR-31 Reduces proliferation and increases apoptosis [129]

miR-34a Reduces cell proliferation and increases sensitivity to doxorubicin (targets cyclin
D1 and Ki-67) [112, 130, 131]

miR-125b Reduces proliferation, migration and invasion, induces apoptosis [132]
miR-145 Negative feedback control of EWS-FL1 [133, 136]
miR-708 Regulation of DNA repair and transcription via EYA3 gene [134]

The DNA repair protein and transcriptional cofactor, eyes absent homolog 3
(EYA3), is highly expressed in Ewing sarcoma cell lines compared with MSC and
it is regulated by the EWS/FLI1 fusion protein transcription factor via repression of
miR-708, a microRNA that targets the 3" UTR of EYA3 [134]. EYA3 expression
levels show an inverse relationship with miR-708 expression in Ewing sarcoma tis-
sue samples and are associated with chemoresistance [134].

Table 11.4 lists several miRNAs which are significantly underexpressed in Ewing
sarcoma.

Other Primary Bone Tumors

As stated previously, published research to date in the area of miRNAs and primary
bone tumors focuses mainly on osteosarcoma and Ewing sarcoma. In relation to
other types of primary bone tumors, there is a paucity of information regarding the
role of miRNAs, with a relatively small number of studies relating to chondrosar-
coma and GCT of bone and no significant body of knowledge regarding other more
rare tumors. However, given the exponential rate of growth in miRNA-based
research in recent years, this deficit is likely to be addressed in the future.

Chondrosarcoma

Chondrosarcoma is the second most common primary bone malignancy overall and
represents approximately 20 % of malignant primary tumors of bone. Unlike osteo-
sarcoma and Ewing sarcoma, it mainly affects adults and is relatively rare in children
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and adolescents [137]. The best indicator of prognosis in chondrosarcoma is the his-
tological grade, with high-grade tumors predictably having worse outcomes [121].
Surgical resection forms the mainstay of current chondrosarcoma treatment as these
tumors are resistant to both radiation and standard chemotherapy regimes [138].

At the time of writing, there are only a very small number of published stud-
ies investigating microRNA expression in chondrosarcoma. These did identify
alterations in miRNA expression, thus it is possible that the role of miRNAs in
chondrosarcoma is as extensive as for other malignancies; however, the dearth
of evidence in this regard makes this somewhat speculative. The following miR-
NAs have been shown to be significantly dysregulated in chondrosarcoma: let-
7a, miR-20a, miR-96, miR-100, miR-125b, miR-136, miR-183, miR-192,
miR-199a, miR-222, miR-335, miR-376a, miR-490-3p, miR-509-3p, miR-518b,
miR-550, and miR-589. Potential targets and mechanisms of action in chondro-
sarcoma have not yet been established for all of these miRNAs. Some, such as
the let-7a family, are not unique to chondrosarcoma and are dysregulated in
many malignancies.

One study found that several miRNASs (let-7a, miR-100, miR-136, miR-222, miR-
335, and miR-376a) had significantly reduced expression levels in chondrosarcoma
tissue samples from 20 patients and chondrosarcoma cell lines when compared to
expression in normal chondrocytes. In addition, miR-96 and miR-183 showed
increased expression in the chondrosarcoma tissue samples [139]. A separate study
also identified miR-100 as a tumor suppressor that is downregulated in chondrosar-
coma cells and human chondrosarcoma tissues [140]. In addition, mTOR (involved
in control of protein synthesis) was identified as a direct target for inhibition by
miR-100 and cisplatin-resistant chondrosarcoma cells were shown to have lower
expression levels of miR-100. Conversely, forced overexpression of miR-100 inhib-
ited mTOR and sensitized chondrosarcoma cells to cisplatin [140]. This finding
may point to a future means of expanding the treatment options for patients with
chondrosarcoma, given the limited sensitivity to current chemotherapy and radia-
tion regimes.

MiR-199a has also been found to be reduced in human chondrosarcoma cells.
It is thought to be suppressed by the chemokine CCLS5 and this suppression
promotes vascular endothelial growth factor (VEGF) expression and induces
angiogenesis in human chondrosarcoma cells [141]. miR-518b expression is
increased in human chondrosarcoma cell lines, with associated downregulation
of the anti-apoptotic protein Bcl-2 and upregulation of the pro-apoptotic protein
Bax [142].

Finally, human chondrosarcoma cell lines treated with antiproliferative proline-
rich polypeptide (PRP-1), an inhibitor of mTORC1, showed a significant upregula-
tion in the expression of three tumor suppressor miRNAs (miR-20a, miR-125b, and
miR-192) and downregulation of four oncomiRs (miR-490-3p, miR-509-3p, miR-
550, and miR-589) [143].

When considered together, these studies are suggestive of a role for miRNAs in
chondrosarcoma; however, at this stage there is insufficient information for a direct
clinical application.
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Multiple Osteochondromatosis

Multiple osteochondromatosis (MO) is an autosomal dominant disease character-
ized by the growth of multiple osteochondromas. Although benign, they have the
potential to undergo malignant transformation into peripheral chondrosarcomas,
estimated to occur in 1-5 % of patients [144]. There is currently insufficient evi-
dence to determine the role of miRNAs in this pathological process; however, one
study did investigate miRNA expression in cartilage samples from 19 unrelated MO
patients and 4 controls (undergoing surgery for reasons unrelated to MO). This
showed a range of differentially expressed miRNAs on microarray, with a signature
of eight miRNAs (miR-21, miR-140, miR-145, miR-214, miR-195, miR-199a, miR-
451, and miR-483) whose combined expression could distinguish between MO
samples and control growth plate samples [145]. However, this is a small study and
the only one in the area, therefore the role of miRNA expression in MO is largely
unknown.

Giant Cell Tumor of Bone

Giant cell tumor of bone (GCTB) is a benign lesion; however, it may be locally
aggressive and can occasionally metastasize to the lungs [146]. GCTB constitutes
approximately 5 % of all primary bone tumors and is most commonly located in the
metaphyseal region of long bones. These tumors induce expansive osteolytic defects
associated with bone destruction and consist histologically of multinucleated giant
cells, histiocytes, and fibroblast-like stromal cells. These giant cell tumor stromal
cells (GCTSC) are thought to develop from MSC (MSC) and are the neoplastic
components of GCTB. They play a role in localized osteolysis by secreting cyto-
kines and matrix metalloproteinases (MMPs), particularly high levels of MMP-13
which acts as an interstitial collagenase and influences osteoclast differentiation and
bone resorption [147-149].

To date there are very few studies investigating a possible relationship between
miRNAs and GCTB. One small study examined tissue samples from 10 GCTB
patients, half of whom developed lung metastases and demonstrated a reduced level
of miR-136 in tissues taken from patients with metastases compared to those with
non-metastatic tumors. In addition, miR-136 expression was shown to be inversely
related to the expression of nuclear factor 1B (NF1B) in the primary tumor tissues
that developed metastases. NF1B is a predicted target gene of miR-136 [150].

A second study found a significant reduction in the expression of miR-126-5p in
GCTSCs compared to MSCs. miR-126-5p was also shown to repress MMP-13 at
the posttranscriptional level thus loss of this control is likely to facilitate GCTB
expansion [151].

In addition, miR-127-3p, miR-136, miR-376a, miR-376¢, and miR-377 are all
underexpressed in cultured GCTSCs compared to MSCs. Interestingly, all five of
these miRNAs are encoded within the DIlk1-Dio3 locus on chromosome 14 [152].
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Clearly further studies are required before these findings can be extrapolated into
clinically useful information.

Metastatic Bone Tumors

Malignant tumors involving bone are most commonly metastases from a variety of
carcinomas. The most frequent malignancies involved are prostate, breast, and lung
cancer, however renal cell carcinoma, thyroid carcinoma, and melanoma are also
common [1].

MiRNAs were first linked to metastatic disease in 2007 when miR-10b was
shown to initiate breast cancer invasion and metastasis [153]. Following this, a
miRNA hypermethylation profile characteristic of human metastasis was identified.
This was highly suggestive of DNA methylation-associated silencing of tumor-
suppressor miRNAs as a plausible mechanism for the development of human cancer
metastasis [154]. This study used colorectal cancer (SW620), melanoma (IGR37)
and head and neck cancer (SIHN-011B) cell lines derived from lymph node metas-
tases. The authors showed that reintroduction of miR-148a, miR-34b, and miR-34c
into cancer cells with epigenetic inactivation inhibited motility, tumor growth, and
metastasis formation in xenograft models, with associated downregulation of
miRNA oncogenic target genes such as c-Myc, E2F3, cyclin-dependent kinase 6
(CDK®6), and TGIF2 [154]. Additionally, miR-224 overexpression is thought to pro-
mote metastasis of human breast cancer cells to bone via inhibition of the Raf kinase
inhibitor protein (RKIP), which normally functions as a tumor suppressor [155].

A Chinese study using human small cell lung cancer cells in mouse xenograft
models found that levels of miR-335 and mir-29a were reduced in SBC-5 cells
(which metastasize to bone) compared to SBC-3 cells (which do not), as were
RANKL and IGF-1R (key mediators in bone metastases) [156]. This study also
demonstrated that overexpression of miR-335 in SBC-5 cells significantly reduced
cell migration, invasion, proliferation, colony formation, and osteoclast induction
in vitro [156]. Overexpression of miR-335 reduced RANKL and IGF-1R expres-
sion [156]. Loss of miR-335 was associated with metastatic osteolytic skeletal
lesions [156]. Expression of miR-33a is significantly reduced in lung cancer and
underexpression may be associated with bone metastasis as a result of increased
activity of parathyroid hormone-related protein (PTHrP) and the resultant osteo-
clastogenesis [157].

A crucial step in the development of tumor cell metastases is the epithelial-mes-
enchymal transition (EMT). The EMT process is regulated by several factors,
including human enhancer of filamentin 1 (HEF1). HEF1 promotes EMT, thus
encouraging migration, invasion, and metastases. It is negatively regulated by bind-
ing of miR-145 to its 3 UTR which serves to reduce HEF1 expression levels [158].
HEF1 levels show a negative correlation with miR-145 in prostate cancer and are
higher in those with bone metastases, higher prostate-specific antigen (PSA) levels
or higher Gleason grades [158]. MiR-143 has also been associated with bone
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metastasis of prostate cancer and may also be involved in the regulation of EMT
[159]. MiR-203 acts as an “anti-metastatic’ miRNA in prostate cancer through reg-
ulation of pro-metastatic genes including zinc finger E-box binding homeobox 2
(ZEB2), Bmi, survivin, and bone-specific effectors including Runx2. Expression is
attenuated in metastatic prostate cancer and reintroduction or overexpression in cell
lines has been shown to suppress metastases [160, 161].

Potential Clinical Applications of miRNAs in Bone Cancer

There are no currently available miRNA-based diagnostic tests or therapeutic inter-
ventions for management of bone cancers. However, this is a rapidly expanding area
of research with immense potential for useful clinical application in the future.

MiRNAs are readily detectable in cell lines and in fresh frozen or FFPE tissues
[162]. Although the majority of published work focuses on tissues and cell lines,
recent evidence indicates that they are also resistant to degradation by endogenous
circulating ribonucleases and hence stable in circulation, thus readily quantifiable in
plasma, serum, and whole blood [116]. As outlined in the osteosarcoma section of
this chapter, circulating miRNAs do appear to reflect the pathological changes in
miRNA profiles within tissues. Thus, utilizing miRNA-based blood testing for diag-
nosis or monitoring the response to treatment may be a potentially significant
advance. miRNA profiling may also have a future role in identifying those individu-
als who are most likely to respond to chemotherapy, thus improving patient selec-
tion for treatments which frequently have considerable adverse effects.

Future work on miRNA pathways as therapeutic targets may also allow develop-
ment of chemotherapy regimes that are more specifically tailored to the disease
process under treatment. Potential therapeutic options include means of reducing
the expression of pro-oncogenic miRNAs, such as miRNA silencing, antisense
blocking, and miRNA modifications. Alternatively, inducing higher levels of those
miRNAs known to have a tumor suppressor function may be effective in limiting
tumor growth or metastasis.

Use of miRNA signatures to ensure targeted delivery of treatment is an area that
shows promise. A recently published study investigated the use of the miRNA
response elements (MREs) of miR-34 and miR-122 to enable selective expression of
tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) by adenoviral
vectors in osteosarcoma cells. The main issue currently limiting the application of
TRAIL gene therapy is its lack of selectivity for tumor cells. However, adenovirus
(Ad)-TRAIL-34-122, which expressed TRAIL in a miR-34 and miR-122-regulated
manner, was shown to selectively express TRAIL in the osteosarcoma cells. Higher
levels of apoptosis and cytotoxicity were also detected in the osteosarcoma cells,
compared with the normal cells and subsequent animal experiments suggested that
Ad-TRAIL-34-122 reduced the growth of osteosarcoma xenografts without signifi-
cant liver toxicity [163]. This may lead to future clinical benefits from miRNA-
based therapies for patients with osteosarcoma and other tumors.
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This is an exciting new area of cancer research and management with immense
potential for diagnostic and therapeutic advances. However, despite this enormous
potential, thorough validation and evaluation of unwanted or unforeseen side effects
is essential for any novel therapy based on miRNA biology.
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