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Abstract

Over the last decade, a family of noncoding RNA molecules, including microRNA (miRNA) has
been discovered. MiRNAs have been implicated as key regulators of different cellular processes
many of which are associated with cancer. They contribute to the pathogenesis of human cancers;
in addition, they may function as oncogenes or tumor suppressors in tumor development. The
unique expression profile of microRNAs in different types and subsets of tumor, besides to their
possible identification in biological fluids indicate that they might serve as molecular biomarkers
for cancer diagnosis, prognosis, and prediction of therapeutic responses. However, they should
achieve remarkable sensitivity and specificity, reproducibility and consistency between different
studies. Accumulating evidence suggests that alterations of miRNAs expression may ultimately
yield new therapeutic strategies against cancer or at least guide clinical decision making. The cur-
rent review will give an overview on miRNAs, with a focus on their applications in human cancer
diagnosis, prognosis, and therapy.
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Introduction

After the completion of the human ge-
nome sequencing, it became clear that
over ninety percent of this genome encode
for RNA transcripts that are not translated
to protein®. One such example is the mi-
croRNAs (miRNA) firstly discovered in 1993.
In the last two decades, they have become
the subject of several researches, which
revealed a large number of information re-
garding miRNA biogenesis, function and
significance in gene regulation. The biolog-
ical significance of miRNAs was further
tested in cancer biology and recent studies
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have demonstrated that dysregulation of
miRNAs expression is characteristic of hu-
man malignancies, mainly through its direct
regulation of different pathways involved
in cancer development®?. This review fo-
cuses on the current evidences for the in-
volvement of miRNAs in the etiology of
human cancer and the potential uses of
miRNAs in human cancer diagnosis and
therapy.

Overview of miRNA history and biogenesis
In 2000, Zamore et al. studied the RNA in-
terference (RNAi) process and described
how double-stranded RNA fragments of
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21-23 nucleotides (nt) target mRNA cleav-
age and block gene expression®. Within
the following years, a large pool of non-
protein-coding RNAs (ncRNA) has been
identified, and much attention has been
focused on miRNAs because of their func-
tion as posttranscriptional modulators of
gene expression during development and
disease®).

MiRNA genes encodes for long precursor
molecules that are further processed to
produce mature miRNAs. Two RNase Il
endonucleases, Drosha and Dicer, subse-
quently process the primary transcripts (or
pri-miRNA) to generate mature miRNAs(®
(figure 1). In the nucleus, the primary tran-
scripts contain one or more stem-loop
structures of ~ 60-70 nt. The ribonuclease
Drosha excises the stem-loop structure to
form the precursor miRNA (or pre-
miRNA)?. This pre-miRNA is actively ex-
ported to the cytoplasm by Ran-GTP and
the export receptor Exportin-s(s). In the
cytoplasm, Dicer recognizes the double-
stranded portion of the pre-miRNA, then,
cleaves it generating a short RNA duplex
(MIRNA:miRNA*)®), After untwisting, one
RNA strand becomes the mature single-
stranded miRNA, while the complementary
strand, miRNA*, is usually rapidly degrad-
ed.

The mature single-stranded miRNA
forms a complex with proteins, termed the
RNA-induced silencing complex (RISC); this
silencing complex can bind to the target
mMRNA based on base pairing, causing inhi-
bition of protein translation and/or degra-
dation of the target mRNA (Figure 1))
Such regulation leads to a decrease in pro-
tein level of the target gene while the
number of mMRNAs per cell is not affected.
An alternate pathway emphasizes the role
of miRNA in destabilization of mRNA con-
taining adenine/uridine-rich element (ARE)
in their 3° UTR region. By targeting this
ARE, miRNA induces mRNA decay™. Fur-

thermore, mMRNA expression changes asso-
ciated with miRNA may be mediated indi-
rectly through their down-regulation of
transcription factors, RNA regulating pro-
teins, and proteins that will interact with
other target protein. Subsequently, mi-
RNAs may indirectly exert their regulatory
effect by alteration of transcription of oth-
er gene, and levels of other mRNAs"™. In
humans, miRNAs mainly inhibit protein
translation of their target genes, while deg-
radation or cleavage of the mRNA is an in-
frequent process(®.

Currently, there are 2,555 mature human
miRNA sequences listed in the miRNA reg-
istry (Sanger miRBase release 20;
http://www.mirbase.org/). Computational
predictions of miRNA targets suggest that
each miRNA regulates tens or hundreds of
protein coding genes. In fact, it is estimat-
ed that miRNAs may regulate up to two-
thirds of the human genome™. This accen-
tuates the important role of these miRNAs
in downregulation of mRNA levels, and
subsequently repression of translation of
hundreds of genes, directly and
indirectly™.

MiRNA and tumorogenesis

The first link between miRNA and cancer
was described by Calin et al. in 2002. They
found that miR-15a and miR-16-1 were dis-
rupted by translocations or deletions in
chronic lymphocytic leukemia (CLL) pa-
tients. This genetic alteration was associat-
ed with decreased expression of the two
mature miRNA. The authors suggested that
these two miRNAs could be the tumor
suppressors involved in the pathogenesis
of CLL since they were downregulated or
suppressed in most CLL cases™. MiRNAs
are involved in vital cellular processes in-
cluding the cell cycle control. Alteration in
their expression might induce malignant
transformation'®), impair response to DNA
damage™, andjor result into metastasis"'®.
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Several mechanisms have been suggested
to explain the miRNA expression
dysregulation that might lead to tumoro-
genesis including: 1) chromosomal abnor-
malities, as miRNAs are located in fragile
regions of the genome. This was confirmed
by a genetic study in ovarian carcinoma,
breast cancer, and melanoma”; 2) muta-
tions, as detected in an in vivo study on
CLL®Y; 3) polymorphisms as described in
lung cancer®; 4) defects in the miRNA bi-
ogenesis machinery, as supported by the
changes in miRNA levels consequent to al-
tered Drosha or Dicer activity in different
tumor types®*?; and finally 5) epigenetic
regulation, such as promoter methylation
or histone acetylation. These mechanisms
can modulate miRNA genes expression,
since approximately half of these genes are
rich in CpG islands, suggesting that they
could be subjected to such regulatory
mechanisms®%.

Several miRNAs has been correlated to
specific DNA regions related to cancer de-
velopment®®. They have been classified as
oncogenic, tumor-suppressive, or context-
dependent miRNAs(®), By acting as onco-
genes or tumor suppressor genes, miRNAs
can modulate the oncogenic potentiality or
change the levels of specific tumor sup-
pressor proteins. In cancers, oncogenic
miRNAs are frequently overexpressed,
while tumor suppressive miRNAs are delet-
ed®®, Mutation in the miRNA can disrupt
its binding recognition site to its targets; it
can also result in its activation as oncogene
and/or repression if it is a tumor suppr-
essor™), In addition, miRNAs might target
epigenetic modifiers, resulting in wide-
spread epigenetic alterations including
methylation of promoters of other miRNAs
that target oncogenes®®*®, For instances,
miR-21 is one of the microRNAs with a well
established role as oncogene, their over-
expression is associated with several hu-
man neoplasia. It has been considered a

molecular prognostic marker for breast
cancer. Increased miR-21 levels have been
correlated to specific breast cancer patho-
logical features, including advanced tumor
stage and lymph node metastasis, in addi-

tion to poor patient's survival and progno-
sis9),

MiRNA applications in human cancer
MiRNA profiling is now considered an in-
teresting area of research to decipher their
potential use in tumor classification, diag-
nosis and prognosis. With the advance of
high-throughput sequencing, large scale
profiling of miRNA became more easily as-
sessed in normal and diseased tissues®.
Genome-wide profiling showed that miRNA
expression signatures (miRNome) allowed
discrimination between different types of
cancer with high accuracy. In addition, the
tissue of origin of poorly differentiated tu-
mors can be easily identified®".

i. Use of miRNA in cancer Diagnosis:
Although pathology is considered the most
useful diagnostic tool of cancer diagnosis,
yet limitations of tissue biopsy necessitate
the development of non-invasive bi-
omarkers for some malignancies. The con-
cept of circulating miRNA in cancer diagno-
sis is relatively new, however several stud-
ies demonstrated its feasibility for detec-
tion of malignant tumors®?. Moreover, the
use of miRNAs in diagnosis is more effec-
tive than mRNA because it is readily more
stable. This enables their extraction in suit-
able amount from paraffin-embedded tis-
sues, as well as from different biological
fluids, and their quantification effectively
with strong diagnostic and prognostic po-
tentials®. Examples of circulating miRNAs
involved in human cancer are summarized
in table 1. One of the most important as-
pects of the miRNA fingerprints is not only
to distinguish between normal and cancer-
ous tissues but also to discriminate be-
tween different cancer subtypes.
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Table 1: Circulating miRNA dysre

ulated in common human cancers

Cancer type Type of miRNAs Expression Prognostic value
sample pattern
Breast cancer Serum e miR-21,-106a,- | Upregulated miR-155 associated to PR
155, -25,-223 | Downregulated | status.
Whole blood | ¢ miR-126, - Upregulated miR-21, -10b associated to
1993, -335 ER.

e -miR-195 Reduced let-7a correlate
with lymph node metasta-
sis.

Hepatocellular Serum e miR-25, -375, | Upregulated -
carcinoma let-7f, -21, -
Plasma 122,-223
e miR-21
Prostate cancer Serum e miR-20b, Upregulated miR-21 overexpression is
-874, 1274, associated to docetaxel
1207, -93, Downregulated | resistance
-106a, -21 Low miR-24 correlated to
e miR-24,-223, metastasis
-26b, -30c
Burkitt’s & Hodgkin | Serum e miR-155 Upregulated -
lymphomas
ALL Serum e miR-125b-1 Downregulated -
CLL Serum e miR-15% -16-1 | Downregulated -
e miR-19b-1, Upregulated
-92-1
Colorectal cancer Plasma e miR-221 Upregulated Associated with poor over-
e miR-143,-145 | Downregulated | all survival
Pancreatic carcino- Serum e miR-141 Upregulated -
ma Plasma e miR-21, -155,
-196a
Papillary thyroid Serum e miR-221,-222, | Upregulated -
carcinoma -146
NSCLC Serum e miR-486, Upregulated miR-486, -30d, -1, -499 ex-
-30d, -10b, Downregulated | pression correlate with
-155 overall survival

e miR-1,-499 miR-10b correlated with
lymph node
Metastasis

HNSCC Plasma e miR-184 Upregulated Not related to prognosis
Serum e miR-34,-10b, | Upregulated Correlate with
-155 Metastasis

ALL: acute lymphocytic leukemia; CLL: chronic lymphocytic leukemia; ER: estrogen receptor; HNSCC: Head

and Neck Squamous Cell Carcinoma; NSCLC: Non-small cell lung cancer; PR: progesterone receptors

(59-60).

tively®¥. For example, miR-200 is up-
regulated in well-differentiated luminal
breast. They directly target two transcrip-
tion factors that control the epithelial-to-

For instance, miRNAs expression can dif-
ferentiate between basal and luminal
breast cancer subtypes, originating from
epithelial and myoepithelial cells, respec-
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mesenchymal (EMT) transition, an essential
process that enables cancer cells to be-
come motile, invasive, and more metats-
tatic®®. On the other hand, miR-145 and
miR-205, normally expressed in myoepi-
thelial cells, are dramatically down-
regulated in basal breast cancer negative
to estrogen, progesterone and HER2/Neu
receptors, giving a clue for worst prognosis
in this subtype(36). MiR-205 expression can
also discriminate between squamous and
non-squamous nonsmall cell lung carcino-
ma®”). MiRNA expression profile might be a
useful tool in identifying the origin of tu-
mors that are difficult to be determined
when the tumor is associated with metas-
tasis in multiple sites. Cancers of unknown
primary origin account for approximately
4% of all malignancies and are associated
with poor prognosis 58, Therefore, specific
miRNA pattern may be of benefit in tumor
classification, diagnosis and subsequent
treatment®". Moreover, early diagnosis of
cancer is usually associated with better
prognosis. MiRNAs have proved high effec-
tiveness as biomarkers for an early diagno-
sis. For example, miR-205 and miR-21 over-
expression in ductal adenocarcinoma pre-
cede phenotypic changes in the ducts®?,

The area of research in miRNA signature
profiling and the identification of candidate
miRNA in specific type of cancer have
grown tremendously in the last few years.
Despite the encouraging reports, miRNA
profiling has several limitations including,
identification of the ideal tool for assess-
ment, application of adequate bioinformat-
ics analysis (e.g. use of controls for normal-
ization), achieving reproducibility and con-
sistency between different studies as well
as minimizing the cost of the test®,

ii. Use of miRNA in cancer prognosis and
therapeutic response:

miRNAs have also a role in prediction of
cancer prognosis as well as diagnosis,

and/or response to specific therapies. Sev-
eral groups have reported success in utiliz-
ing miRNAs as prognostic markers to pre-
dict cancer outcome. Calin et al.?® de-
scribed a unique microRNA expression sig-
nature composed of 13 genes that were
associated with prognostic factors and dis-
ease progression in CLL patients. Li et al.4"
described seven miRNAs signature that can
predict overall survival and relapse-free
survival in patients with gastric cancer.
MiR-155 overexpression and let-7a down-
regulation were able to predict poor out-
come in lung cancer®?. Furthermore, low
miR-191 and high miR-193a levels were as-
sociated with a significantly shorter survival
time in melanomas*®. MiRNAs profiling
might also be important in prediction of
response to therapies in malignancies. For
example, hepatocellular carcinoma pa-
tients with low miR-26 responded well to
treatment with interferon-o with an im-
proved survival rate?. Moreover, high
levels of miR-125b in breast cancer predict
poor response to taxol-based treatments in
vitro. Another potential role for miRNAs
is alteration of chemotherapeutic re-
sponse. MiRNA repletion or silencing may
be used to augment chemotherapeutic ef-
fect. For instances, targeting miR-21 has
been implicated in chemotherapeutic re-
sponse across several malignancies, i.e.
breast cancer®), Silencing of miR-1 in lung
cancer improve the sensitivity to traditional
chemotherapeutics”). Additionally, miRNA
signatures might guide chemotherapeutic
decisions, as miRNAs profiling studies have
been used for classification of patients with
various type of cancer into responders and
nonresponders to therapy(48). The effect of
miRNA is not only restricted to chemother-
apy, but also it might extend to induction
of sensitization for radiotherapy. MiRNAs
may modulate the DNA damage response,
thus sensitizing tumor cells to both chemo-
therapy and radiotherapy™.
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iii. Use of miRNA in cancer therapy:

MiRNA manipulation to be used in cancer
therapy is considered an interesting area of
research, although it is quite challenging.
The usefulness of this approach is that it is
not only targeting a single gene, but it is
able to interact with multiple molecules,
making them extremely efficient in regulat-
ing distinct biological processes related to
cancer development and progression©",
Two main principles of miRNA manipula-
tion are involved in cancer therapy. These
include either repletion of selective tumor-
suppressive miRNAs or directed silencing
or reduction of tumor promoting
miRNAs9), Indirect therapeutic strategies
involve the use of drugs to modulate
miRNA expression by targeting their tran-
scription and processing®”. Taking into
consideration the two main therapeutic
uses of miRNAs, two forms of potent oli-
gonucleotides have been generated: one
targeting miRNAs, known as anti-miRs, and
the second involves production of a syn-
thetically active form of miRNAs, or miR
mimics/mimetics®®.

Reintroduction of miRNA might
help in inhibition of cancer. For instances,
repletion of miR-15a and miR-16-1 in
leukaemic cells (MEG01) induces apoptosis,
and this causes inhibition of tumour
growth in vivo in a xenograft model®". In
this therapeutic approach, synthetic RNA
duplexes are designed to mimic or re-
express a miRNA restoring its endogenous
functions. They are designed with modifi-
cations to ensure their stability and cellular
uptake®®. For example, subcutaneous ad-
ministration of miR-34a that transiently in-
hibited human colon cancer progression in
vivo®. Intranasal administration of an ad-
enovirus expressing let-7a miRNA reduced
tumor formation in a mouse lung cancer
model®®. However, it is important to un-
derline the possible hazards in reintroduc-

ing a miRNA with a viral system. In addi-
tion, the site of integration is unpredicta-
ble, and there is always a risk of insertional
mutagenesis and activation of proto-
oncogenes®). Another drawback is that,
although this method would replace the
miRNA levels lost during disease progres-
sion, it will also result in the uptake by tis-
sues that do not normally express the
miRNA of interest, resulting in potential
side effects").

On the other hand, the best-studied
modality of miRNA therapy is mediated by
targeting miRNA for suppression through
the use of antimiRs. These molecules bind
by complementary to their target miRNA,
causing either their repression or complete
silencing (3. Recent data emphasized the
potential use of anti-miR compounds that
inhibit specific miRNAs, as a new class of
drugs. The advantage of using this ap-
proach is that miRNAs are small and their
sequence is known and highly conserved
among species. This made them an attrac-
tive point from which drug development
can start®®. To achieve miRNA loss-of-
function, chemically modified antimiR oli-
gonucleotides (AMOs) have been devel-
oped®?. For example, silencing oncogenic
miR-21  with antisense oligonucleotides
generates a proapoptotic and anti-proli-
ferative response in vitro in different cellu-
lar models, and also reduces tumor devel-
opment and metastatic potential in vivo®s).
In addition, miR-10b has shown a crucial
role as metastmiR [MicroRNA playing a
crucial role in the metastatic process] in
breast cancer. Systemic treatment of tu-
mor-bearing mice with miR-10b antagomirs
[chemically engineered oligonucleotides
able to silence endogenous miRNAs] sup-
presses breast cancer metastasis®®. An ex-
ample of a highly promising miRNAs in
therapy is miRNA-122. MiR-122 is a hepatic-
specific miRNA that has shown to be of
critical importance for the replication of
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hepatitis C virus (HCV)®”. Subsequently,
miR-122 was targeted using antisense oli-
gonucleotides, this resulted in significant
reduction of HCV viral load in a chimpanzee
model of chronic HCV infection with mini-
mal toxicity, suggesting that miR-122 might

be used as antiviral therapy(sg). Subse-
quently, a human phase lla trial was con-
ducted using a modified miR-122 antago-
nist. This trial showed high efficacy of the
anti-miR as antiviral agent, in addition to its
high safety(™.
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Conclusion

The role of miRNA in human cancer patho-
genesis has provoked a significant number
of researches. The high specificity of
miRNAs makes these small molecules high-
ly informative as cancer biomarkers. They
are also considered potential markers for
molecular analysis, since they can be ex-
tracted from a wide range of tissues as well
as body fluids. The perspective of using
miRNA in clinical practice is not restricted
only to early detection of cancer but also as
a putative therapeutic agent. However, be-
fore starting clinical trials on miRNAs, sev-
eral problems should be addressed and
solved. First, a full understanding of
miRNAs role in cancer development should
be accomplished. Secondly, extensive pro-
fiing of mIiRNA signature has to be
achieved in normal and malignant tissues.
Thirdly, data regarding the use of a specific
miRNA as biomarker has to be reproducible
in relation to a certain type of cancer.
Fourthly, the possible application of miRNA
molecules in cancer therapy needs further
assessment to investigate how they might
modulate cell growth and proliferation. In
general, full understanding of the role of
miRNAs will provide new insights on the
molecular basis of cancers, and will help
development of new biomarkers for cancer
diagnosis, prognosis as well as new thera-
peutic agents.
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