MicroRNA: Bigger Isn’t Better!
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“David vs. Goliath”

First Samuel, Chapter 17 of the OIld Testament describes the battle between the
Philistines and the Israelites at the Valley of Elah. For 40 days, Goliath, the nine-foot tall
champion of the Philistines, comes out between the battle lines and challenges the Israelites to
send out a champion of their own to fight him and decide the outcome, but the Israelites are
afraid. David, a shepherd boy bringing food for his brothers, accepts the challenge. David and
Goliath confront each other, Goliath with his armor and shield, David with only a staff and sling.
The Philistine curses David, but David hurls a stone from his sling and hits Goliath in the center
of his forehead. Goliath falls to the ground and is killed as the Philistines flee.

The epic battle between David and Goliath is constantly repeated in all cells in our
bodies. In this battle, David is represented by microRNAs, short RNA molecules about 20
nucleotides in length. Goliath is represented by messenger RNAs, which are much larger,
around 2,000 nucleotides in length or 100-times larger than the microRNAs. Despite the
considerable size difference, microRNAs are capable of destroying RNAs.

The purpose of this review is to discuss the roles of microRNAs in biology and human
disease. The review is divided into three parts: The first part, entitled “David vs. Goliath”, will
discuss what microRNAs are and how they work. The second part, entitled “The Goldilocks
Principle”, will discuss the functions of microRNAs in biology and diseases. The third part,
entitled “Back to the Clinic” will discuss clinical aspects of microRNAs.

What are MicroRNAs?

Fig. 1 (left) depicts the “Central Dogma of Molecular Biology” as stated by Dr. James
Watson. According to the dogma, genetic information is contained in the sequence of DNA.
DNA can be replicated, allowing the genetic information to be transmitted to progeny, or the
DNA sequence can be copied into an RNA molecule, called messenger RNA (mRNA). The
synthesis of RNA from DNA occurs in the nucleus and is referred to as transcription. The mRNA
then exits the nucleus into the cytoplasm where it binds to ribosomes that translate the nucleic
acid sequence into the amino acid sequence of a protein. In this manner, the genetic
information contained in DNA is transferred to RNA and then to protein. In addition to mRNAs
that encode proteins, DNA can also be transcribed into RNA species that do not encode

proteins, so-called non-coding RNAs. As
shown in Fig. 1 (right), there are many @ @
types of non-coding RNAs, including

ribosomal RNAs (rRNAs) that compose Transcriotion / \
ribosomes, transfer RNAs (tRNAs) that P ‘RNA / l \ snRNA
are involved in translation, small nuclear mRNA tRNA__ TERC

RNAs (snRNAs) that are involved in RNA @

splicing, TERC, the RNA component of
telomerase, and microRNAs (miRNAs).
The diversity of non-coding RNAs and the
fact that some RNAs can function Figure 1. Coding (left) and non-coding RNAs (right)
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catalytically, similar to enzymes, has suggested the existence of an “RNA World” that may have
preceded the emergence of the current protein world.

MicroRNAs (miRNAs) are short, double-stranded RNA molecules that are typically 19-
25 nucleotides in length. miRNAs are too short to encode proteins. Instead, miRNAs play
regulatory functions. They bind to specific mRNA targets and inhibit their expression. Since this
regulation occurs after the mRNA has already been transcribed, it is a form of post-
transcriptional gene regulation. As will be seen shortly, miRNAs play important roles in
virtually all biological processes and diseases, including development, cancer, viral infection,
and tissue fibrosis (1-3).

How do MicroRNAs Work?

Fig. 2 illustrates how miRNAs work. The miRNA associates with a protein complex
depicted by the green oval. This protein complex is called the RNA-induced silencing
complex (RISC) and is comprised of subunits from the Argonaute and Piwi families (4, 5). Once
the miRNA binds to the RISC complex, one of the two strands of the miRNA (called the guide
strand) recognizes and binds to a complementary sequence in an mRNA target. Usually,
miRNAs bind to sites located in the 3’ untranslated region of mRNA. Recall that mRNAs
contain a coding sequence, or open-reading frame (ORF), consisting of the nucleic acid
sequence that is translated into protein. The coding sequence is flanked by additional
sequences that are not translated into proteins, the 5 untranslated region (5'UTR) and 3’
untranslated region (3’'UTR). In most cases, miRNAs bind to the 3' UTRs of mRNAs, although
binding to the 5" UTR has also been reported (6). Once a miRNA binds to its target mRNA, the
mRNA is degraded (4). In the case where the sequence of the miRNA is perfectly or nearly
complementary to the mRNA sequence, the RISC complex cleaves the target mRNA and
destroys it. This process is rare in mammals, where more commonly the miRNA is partially
complementary to the mRNA. In this latter case, the RISC complex can either inhibit protein
translation or promote mRNA degradation (7). The exact molecular mechanisms are still being
elucidated, but degradation first involves deadenylation (removal of the polyA tail) followed by
digestion by exonucleases (8). In some cases, the targeted mMRNA may be sequestered in
subcellular organelles called P bodies

where it is not available for translation Miﬂm

(9). Recent studies suggest that in v \a

mammals miRNAs primarily function by Perfect complementarity Partial complementarity
promoting mRNA degradation (10).

Regardless of the exact mechanism, '™ o801+ ;// s - 7
the result is that the expression of the } 4

protein encoded by the mRNA is Cleavage of target mRNA mRNA degradation
inhibited. However, it should be noted Translational repression

that in a small number of cases,
miRNAs can also stimulate gene
expression (11).

Figure 2. microRNAs bind to mRNA and inhibit post-
transcriptional gene expression
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sequences in mMRNA by

Watson-Crick base pairing (vertical lines). The red boxes depict the so-called “seed sequence”

that is located at the 5' end of the miRNA, from nucleotides 2-8. The seed sequence is required

for binding of an miRNA to its target (12). Different miRNAs may contain the same or different

seed sequences. miRNAs that share the same seed sequence usually recognize the same

mRNA targets, whereas miRNAs that have different seed sequences, as shown in Fig. 3,

recognize different mRNA targets (unless both seed sequences happen to be present in the

same mRNA). Outside of the seed sequence, the sequence of the miRNA does not need to be

complementary to the target mRNA, aithough such complementarity may enhance binding.

Since the sequences of all protein-coding genes have now been determined, it is possible to

predict the genes that may be regulated by a particular miRNA based on complementarity to the

seed sequence (12). Several software programs exist for this purpose (TargetScan, PicTar,

miRanda, etc.), although identifying and validating the actual mRNA targets of a particular
miRNA remains a daunting task.

Biosynthesis of MicroRNAs

Fig. 4 shows the biogenesis of microRNAs (4, 9). Like other non-coding RNAs, miRNAs
are transcribed from genomic DNA in the nucleus. The genetic loci that encode miRNAs may be
located in the DNA between genes (intergenic) or within genes themselves, typically in the
introns. In the first case, the expression of a miRNA is usually regulated by its own promoter. In
the second case, the expression
of the miRNA is regulated by the Nucleus Cytoplasm
promoter of the host gene. This
can produce interesting DNA
interactions  between  gene

transcription and post- 1 .

transcriptional gene regulation. In Deha; Exp’ortms rpm.miau,q
either case, the miRNA is first || N “ S— H o e |
transcribed as a long primary > mr pmmy l Dicer
miRNA (pri-miRNA), which is

then processed by an enzyme ——al s nature miRNA

called Drosha to produce a —
precursor mMiRNA (pre-miRNA) Figure 4. Biosynthesis of microRNAs
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that is typically 50-70 nucleotides in length. As shown in the figure, the pre-miRNA forms a
hairpin structure because of intramolecular base pairing. The pre-miRNA then exits the nucleus
via exportin 5. In the cytoplasm, the pre-miRNA is cleaved by a second enzyme called Dicer to
produce the mature miRNA, which will then be loaded onto the RISC complex to seek and
destroy its mRNA targets. In addition to the canonical miRNA biogenesis pathway shown in Fig.
4, miRNAs can also be produced via alternative pathways. For example, some microRNAs
bypass the Drosha step and are synthesized by the RNA splicing machinery instead (so-called
miRtrons).

MicroRNAs were first discovered in the roundworm, Caenorhabditis elegans (C.
elegans) (13). In 1993, two groups led by Victor Ambros and Gary Ruvkun reported the cloning
of a gene called lin-4 that was required for developmental timing in C. elegans (14, 15).
Curiously, when the lin-4 gene was sequenced, the investigators were unable to identify an
open-reading frame, so they concluded that /in-4 was a non-coding gene. The discovery of lin-4
went largely unnoticed outside the worm community until 1998, when Andrew Fire and Craig
Mello discovered RNA interference, also in C. elegans (16). They performed an elegant
experiment in which short RNA molecules were introduced into worms and silenced the
expression of the complementary mRNAs. Double-stranded RNA was required as the single
strands by themselves had no effect. Fire and Mello called this phenomenon RNA interference,
and we now know that the same process occurs in most multicellular organisms, including
plants. For their discovery of RNA interference, Fire and Mello received the 2006 Nobel Prize for
Physiology or Medicine.

MicroRNA Complexity

The year 2000 was a watershed year for miRNAs. In that year, the second miRNA was
cloned, called let-7 (17). In contrast to /in-4, which is only expressed in C. elegans, let-7 was
identified in worms, flies, and humans (18). Importantly, the 21-nucleotide sequence of let-7 is
absolutely conserved between these organisms, which span almost one billion years of

. B e = T evolutionary time. Only the

P -:-‘:1@—1-\? 288 o> S8s sequence of the mature let-
=8 9. st ANTV2® 7 miRNA is conserved; the
A\ ' A VI¥A V@ rest of the pre-miRNA is
) _ " . S not. This striking degree of
«-1 \ N MM 7\, \ - conservation suggested
S NNT ' LS WL/ 1 immense importance of this
i X % & i A short _RNA sequence. The
RS 7 . AN following vyear, it was
recognized that RNA
3 _ interference and miRNAs
o) Vi S e N & 9 work through the same

- L ® @ mechanism and that Dicer

is required for both

Figure 5. MicroRNA network in ovarian cancer. Blue indicates miRNAs. Red  processes (19). In addition,
indicates target genes. Orange indicates transcription factors that regulate :
miRNA expression. Ref: Schmeier S, et al. BMC Syst Biol, 2011 it was found that mammals
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express many different miRNAs in addition to /et-7 (20-22). Since 2001, work on miRNAs has
accelerated rapidly. To date, there are 16,332 publications on microRNAs in Pubmed. The
number of miRNAs that have been identified has also grown considerably, to 1,527 in humans
(miRBase 18), although less than a third have been validated. About half of the miRNAs reside
in intergenic regions, and half reside within host genes. Another property that has emerged is
that miRNAs are sometimes present in clusters containing 2-6 miRNAs whose expression is co-
regulated. Usually the members of a cluster have similar or identical seed sequences.

In addition to the large number of miRNAs in the genome, each miRNA can bind to
multiple different mRNA transcripts and regulate their expression. The 7-nucleotide seed
sequence of a particular miRNA will occur by chance once every 4’ nucleotides (=16,384 nt) in
the genome. Since, the human genome contains ~20,500 protein coding genes with an average
3'UTR length of 770 nucleotides (Human Genome Project), it can be estimated that each
miRNA could target as many as 960 mRNA transcripts. Since binding affinity is influenced by
sequences that are outside the seed sequence, the actual number of high-affinity targets will be
less, but is still estimated in the hundreds. This means that individual miRNAs can regulate the
levels of expression of hundreds of genes. Moreover, each mRNA transcript can contain binding
sites for multiple different miRNAs as well as multiple binding sites for the same miRNA. It has
been estimated that more than one-third of human genes are regulated by miRNAs (23). This
situation leads to an almost overwhelming degree of complexity involving networks of multiple
miRNAs working in concert or opposition to regulate the expression of thousands of mRNA
transcripts (Fig. 5) (24). However, it is precisely this degree of complexity that allows miRNAs to
regulate and coordinate the expression of multiple genes that may be involved in a particular
biological response or pathway.

“The Goldilocks Principle”

“Goldilocks and the Three Bears” is a
children’s fairy tale that was first published by the
poet Robert Sotheby in 1837 in a book ironically
named “The Doctor.” The original story has been
revised several times, and in its current form reads
as follows: “Once upon a time there were Three
Bears who lived in the woods, a great, huge Papa
Bear, a middle-size Mama Bear, and a little, wee
Baby Bear. One day, after they had made the
porridge for their breakfast, the three bears walked
out into the woods while their porridge was
cooling. And while they were walking, a little girl
named Goldilocks came to the house, peered in,
and saw the porridge on the table. First she tasted
the porridge of the Papa Bear, and that was too
hot. And then she tasted the porridge of the Mama
Bear, and that was too cold. And then she tasted

“The Three Bears” Arthur Rackham (1867-1939
the porridge of the Baby Bear, and that was neither SRR urSachami( )
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too hot nor too cold, but just right; and

S Tuning interaction she liked it so well that she ate it all

> ”

2 . up.

< Too much protein

= This tale forms the basis for

04 . . “The Goldilocks Principle”, which

E Optimal protein describes any situation where

c ) e .

o something must fall within a certain

§ - ! range, as opposed to reaching

o Too little protein extremes. The “Goldilocks Principles”

has been applied to astronomy to

Figure 6. MicroRNAs fine-tune gene expression. Ref: Bartel refer to planets that are neither too
DP, Cell, 2009. close nor too far from a star to support

life. Applied to economics, it refers to
an economy that sustains moderate growth and low inflation. The principle has even been used
to describe Obama’s foreign policy, neither too hot nor too cold.

Normal Functions of MicroRNAs

In biology, the Goldilocks Principle perfectly describes the function of microRNAs. Fig. 6
depicts the temporal relationship between a microRNA and its target protein (12). When the
level of the protein exceeds the optimal physiological range, the expression of the miRNA is
induced. As the expression of the miRNA rises, the expression of the mRNA encoding the
protein is inhibited, and the level of the protein falls into the optimal range. In this manner,
miRNAs function to maintain the levels of proteins within a narrow range, neither too high nor
too low. One additional point that this figure makes is that the changes in protein expression that
are produced by miRNAs are relatively modest (25). This turns out to be a general property of
miRNAs and explains how they are able to finely regulate gene expression (26).

One of the most elegant examples of miRNA function can be found in the organism in
which they were originally discovered, C. elegans (17). During development. C. elegans
progress through four Ilarval

stages before reaching W
adulthood. The entire process
from fertilization to adulthood l
takes about two days. Each
larval stage is separated by a r\%
molt and involves changes in
gene and protein expression. ¢ _ ’ -
The transitions between larval ‘éa LIN- 14, LIN-28 proteins LN-#1protein -2 protem
stages are regulated by miRNAs 53 \ \/
(Fig. 7). The first miRNA that < S |
o L1 stage L2 stage L3/14 stage Adult stage

was discovered, lin-4, is essential

for the transition from the.L1 Figure 7. MicroRNAs regulate developmental timing in C. elegans.
stage to the L2 stage. Lin-4 Adapted from Reinhart, Nature, 2000.



binds to two RNA transcripts, /in-14 and /in-28, and down-regulates their proteins. The down-
regulation of the LIN-14 and LIN-28 proteins is required for the transition from L1 stage to the L2
stage. Worms that lack the lin-4 gene fail to make this transition correctly and continue to
express early larval stage proteins later in development. Conversely, overexpression of lin-4
results in premature differentiation. Later in development, a second microRNA, let-7, is required
for the transition from late larval stages to adulthood. Let-7 binds to the /in-47 RNA and down-
regulates the expression of the LIN-41 protein. LIN-41 is a transcriptional repressor. When its
expression is inhibited, the expression of LIN-29 is increased, which allows the transition to
adulthood. These studies exemplify the crucial role that miRNAs play in development.

Over the past decade, it has been recognized that microRNAs play important roles in
virtually all biological processes in mammals. In addition to embryonic development, miRNAs
regulate hematopoiesis, cell differentiation, proliferation, cell death, angiogenesis, immune
response, stem cell division, and lipid metabolism (27-31). MicroRNAs are frequently involved in
maintaining normal tissue homeostasis. Given their important roles in normal physiology, it is
not surprising that abnormalities of microRNAs are frequently observed in human diseases. Not
only is abnormal miRNA expression a marker of disease, but miRNAs can also play significant
roles in disease pathogenesis. As one example, we will now discuss the roles of miRNAs in
cancer (2, 32-34).

Deregulation of MicroRNAs in Cancer

In a seminal study published in PNAS in 2002, Calin et al. discovered that the
expression of two microRNAs, miR-15a and miR-16, is frequently lost in chronic lymphocytic
leukemia (CLL) (35). miR-15a and miR-16 are located precisely within a chromosomal region
(13q14) that is frequently deleted in patients with CLL. miR-15a and miR-16 regulate the
expression of the oncogene Bcl2 (36). Therefore, when miR-15a and miR-16 are deleted, the
expression of Bcl2 increases, which promotes cell survival and tumorigenesis. The significance
of these miRNAs is elegantly illustrated by studies in which miR-15a and miR-16 are knocked
out in mice (37). The knockout mice develop a B-cell ymphoproliferative disorder, which verifies
that miR-15a and miR-16 can function as tumor suppressors (Table 1). Other miRNAs that

Table 1. Roles of miRNAs in cancer

MicroRNA | Function | Cancer type | Target genes
miR-17~92 | Oncogene Lymphoma, lung, breast, stomach, PTEN, BIM, CDKN1A,
colon, pancreatic, neuroblastoma DKK3, ZBTB4
miR-155 Oncogene Chronic lymphocytic leukemia, SHIP1, SOCS1, CEBPB
lymphoma, lung, breast, colon
miR-21 Oncogene Many PTEN, PDCD4, TPM1
miR-15/16-1 | Tumor Chronic lymphocytic leukemia, BCL2, MCL1, CDKeé,
suppressor | prostate CDC27, CCND1,
WNT3A
let-7 Tumor Lung, colon, gastric, ovarian, breast KRAS, MYC, HMGA2
suppressor
miR-26a Tumor Hepatocellular carcinoma, lung, CCND2, CCNEZ2, EZH2
suppressor | lymphoma, nasopharyngeal




function as tumor suppressors include let-7, the first miRNA that was discovered in humans.
Let-7 inhibits the expression of the Ras oncogene, and overexpression of /et-7 inhibits tumor
growth in a mouse model of non-small cell lung cancer (38, 39).

MicroRNAs can also function as oncogenes (Table 1). The first example of this type
that was discovered is miR-17~92, a cluster of six miRNAs located on Chr 13. Upregulation of
miR-17~92 is observed in many human cancers, which has led to the designation of miR-17~92
as an OncomiR. Overexpression of microRNAs may result from amplification of DNA sequences
encoding miRNAs or over-activity of transcription factors, such as c-Myc, that regulate miRNA
transcription (40). The upregulation of miRNAs may be important in cancer pathogenesis. For
example, overexpression of miR-17~92 accelerates tumor development in a mouse model of B-
cell ymphoma, suggesting that miR-17~92 can function as an oncogene (41). Among the genes
that are regulated by miR-17~92 is the tumor suppressor PTEN. These findings indicate that
miR-17~92 may function as an oncogene by inhibiting the expression of tumor suppressors.
The overexpression of miR-17 can be inhibited using antagomirs (see below). Administration of
miR-17 antagomirs to mice that have been implanted with neuroblastoma cells prevents tumor
growth, suggesting a possible future therapy (42). Another miRNA that can function as an
oncogene is miR-155. Upregulation of miR-155 was first found in B-cell malignancies, and
transgenic overexpression of miR-155 in mice also produces lymphoma (43).

MicroRNAs have also been implicated in

cancer metastases (44). Increased expression Twist
of miR-10b has been linked to breast cancer [\
metastasis (Fig. 8) (45). The mechanism appears Jr N

to involve |nh|b|.t|on of the transcr!ptlc')r? factor @im:m —

HoxD10 by miR-10b. HoxD10 inhibits the

expression of RhoC, a small GTPase that l

regulates the actin cytoskeleton. In this manner,

overexpression of miR-10b leads to ‘HoxD10) —8> @IH'JI
overexpression of RhoC and promotes tumor cell

migration and invasion. Remarkably, therapeutic J_ J_

silencing of miR-10b using anti-miRs suppressed -
the formation of lung metastases in a mouse

model of breast cancer (46). Another example is V%\
miR-200, a microRNA that is expressed \ /
-

exclusively in epithelial cells. Loss of miR-200 f \

results in upregulation of its targets ZEB1 and Promotion —>
ZEB2, which promote epithelial-mesenchymal Inhibition =mf

transition (EMT) and tumor metastases (47, 48).

e
\

In addition to cancer, microRNAs have now Figure 8. Roles of miRNAs in cancer
been implicated in virtually all human diseases Metastases. Ref: Zhang H et al, Oncogene,
affecting numerous organ systems (49-55).

Examples are shown in Table 2.
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Table 2. Deregulation of miRNAs in diseases

Disease miRNAs
Diabetic nephropathy miR-192
COPD miR-146a, let-7¢, miR-125b
Cardiac hypertrophy miR-23a, miR-208, miR-133
Tissue fibrosis miR-29, miR-21
Myocardial ischemia miR-15

Fatty liver disease

miR-241, miR-146b, miR-122

Diabetes miR-15a, miR-28, miR-126, miR-223, miR-320
Psoriasis miR-203
Sickle cell disease miR-320
Tuberculosis infection miR-144*
Systemic lupus erythematosus miR-155

Rheumatoid arthritis

miR-155, miR-146a

“Back to the Clinic”

This chapter will review clinical aspects of microRNAs. Although the focus will be on
cancer, where many of the original studies have been performed, the concepts can be
generalized to many diseases of interest. First, we will discuss the utility of miRNAs in
diagnosis, prognosis, and as non-invasive biomarkers. Next, we will review the results of the
first clinical trial of a microRNA-targeted therapy in humans.

miRNAs and Diagnosis

Based on the early observations of deregulated expression of specific miRNAs in CLL,
investigators have explored the utility of miRNAs for diagnosis of other types of cancer. During
this time, methods became available for measuring the expression of multiple different miRNAs
simultaneously, initially using microarrays and later deep sequencing. This approach is

analogous to the methods that had
Tssuetyoe IOV EECTEET

previously been used for mRNA
profiling in cancer. In one of the first Normal/ |

studies of this type, Lu et al measured  riggietype L i =T

the expression of 217 miRNAs in  EEcoon - - - a_:'—;:'.E

colon, kidney, prostate, uterus, lung, [N K¢ | R ey e

and breast cancer and compared the I Prost S .i Bﬁ?;
expression with normal tissues (Fig. =::ng __ 1w =1 %;

9)  (56). Several important o T - SoisEs
observations were made. First, the R e =
miRNA profiles of cancers are very ——— e ,‘_’;%: : 'j‘__
different from normal tissue, an [ rumour = e S e

observation that has subsequently
been borne out for all cancers that
Figure 9. miRNA deregulation in cancer. Heatmap is shown with

ha_ve been examined. Some. common - eq indicating higher expression and blue indicating lower
miRNAs are overexpressed in cancer, expression. Ref: Lu, Nature, 2005
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Figure 11. miRNA signatures in cancer. Ref:
Volinia, PNAS, 2006

whereas others are down-regulated. In general, Lu et
al found that miRNA expression was lower in cancer
compared to normal tissue. Second, the pattern of
miRNA expression is tissue-specific. That is, some
microRNAs are widely expressed but others are only
found in certain tissues. This implies that it may be
possible to identify a “miRNA signature” that identifies
a specific cancer (57).

Fig. 10 shows one such example, where
upregulation is shown in red and down-regulation is
shown in green (568). Each column depicts a different
cancer source. As can be seen, each cancer has a
distinct pattern of miRNA expression. Therefore, the
pattern of miRNA expression can be used to
distinguish between different cancers. MicroRNAs have
been used to distinguish normal tissue from tumor (59,
60). They have also been used for histologic
classification, e.g., to distinguish SCLC from NSCLC.
Although this distinction might be made easily by
histology, in some cases, such as fine-needle
aspiration, the material that is obtained may not be

conclusive. In this case, miRNA profiling might be

helpful in establishing the diagnosis. Another not 104
uncommon clinical problem is the cancer of =0l ‘Q_‘\'—L L(:\: 2"25)*
unknown primary. One study by Rosenfeld et al. 2
showed that miRNA profiling may be useful in such :g oL
cases and can successfully identify the tissue of 3§ 4, .
origin in 89% of cases (61). Compared with 2 H(,?;o“s,“
conventional mRNA profiling, miRNA profiling often © 0z
outperforms the older method (56, 61). A related 00 1 P=0.007
clinical problem is distinguishing primary vs. ol L
metastatic disease, e.g., lung nodules. Here, the 20
tissue-specificity of miRNA expression may be
useful. Finally, miRNA profiling may be useful for -Z 0s;
early diagnosis. For example, overexpression of ',?; as Low risk
miR-205 and miR-21 in pancreatic ductal @ e
adenocarcinoma precedes phenotypic changes in ‘; o4
the ducts (62). Although the use of miRNA profiling § 02 e
rema'lns' in '|ts infancy and is not.FDA-approved for = P=0.037 {N@;O)
any indication, these examples illustrate the great on; % ~

i . ) L. ) A ] 20 0 [ ] ] 00 120
potential of this technology in clinical diagnostics. Months

Figure 10. miRNAs predict lung cancer
prognosis. Ref: Yu, Cancer Cell, 2008
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miRNAs and Prognosis

Several studies have shown that miRNA profiling may be useful for determining the
prognosis of disease. In one of the first examples, published in NEJM in 2005, George Calin
and colleagues found that a 9-miRNA signature could separate patients with chronic
lymphocytic leukemia into those with a long vs. short time between diagnosis and start of
treatment (63). In one of the best-designed studies of this type, published in Cancer Cell in
2008, a Chinese group used miRNAs to predict prognosis in non-small cell lung cancer
(NSCLC) (64). First, they identified a 5-miRNA signature based on analysis of tumors from 112
consecutive patients with NSCLC, divided into a training set (n=56) and a testing set (n=56).
Two miRNAs were found to be protective (let-7a and miR-221) and three conferred high-risk
(miR-137, -372, -182). A risk score was calculated based on the expression of these five
miRNAs and was tested in an independent validation cohort from a different hospital. Fig. 11
shows the findings in the validation cohort in which the risk score predicted overall and relapse-
free survival. Importantly, the risk score was independent of stage and histology, suggesting
that it may be useful for prognosis within cancers with the same histology. Table 3 shows
additional examples in which miRNA profiling has been useful for predicting survival. In addition,
several studies have shown that miRNA profiling may be useful for predicting response to
therapy. For example, high miR-21 expression is associated with poor response to
chemotherapy or molecular therapy in colon and pancreatic cancer (65, 66), whereas low miR-
26 expression predicts better response to interferon alfa in hepatocellular carcinoma (67).

Table 3. Prognostic value of miRNAs

Cancer | MicroRNA | Outcomes

NSCLC let-7 Shorter postoperative survival

Lung adenocarcinoma let-7a, miR-155 Shorter survival

NSCLC 5-miRNA signature risk score | Poor overall and disease-free
survival

Chronic lymphocytic leukemia | 9-miRNA signature Time to treatment

Gastric cancer 7-miRNA signature Overall and relapse-free
survival

Melanoma miR-191, miR-193a Shorter survival time

Colon adenocarcinoma miR-21 Shorter survival, poor
response to therapy

Pancreatic cancer miR-21 Shorter survival, poor
response to gemcitabine

Hepatocellular carcinoma miR-26 Shorter survival but better
response to interferon alfa
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miRNAs as Biomarkers

In the examples discussed above, miRNA profiling has been performed on tissues.
Recent studies raise the possibility of measuring miRNAs in blood and other body fluids as
non-invasive biomarkers of human disease (68-70). MicroRNAs have been detected in serum,
plasma, urine, saliva, sputum, and CSF. Moreover, the expression of miRNAs in these fluids

may correlate with disease states.
MicroRNAs have several properties that
are ideal for biomarkers, including: high
stability, easily assayed by qRT-PCR or
other techniques (high sensitivity), and
tissue-specific (high specificity).

At first, it was surprising that
microRNAs could be detected in blood and
other body fluids. Those who have worked
with RNA in the laboratory know that it is
notoriously susceptibility to degradation.
Elaborate precautions must be taken to
prevent exposure to ribonucleases that are
present on many surfaces, including the

multvescutar bodies

skin. Therefore, it was not expected that Figure 12. Release of exosomes from the cell surface.
miRNAs would be present in fluids that Ref: Camussi, Kidney Int, 2010

contain high ribonuclease activity, such as

blood. The explanation is that circulating miRNAs are protected within exosomes (71).
Exosomes are small (30-100 nm diameter) lipid membrane vesicles that are released by cells
into blood, urine, and other fluids. Exosomes are produced within multivesicular bodies (MVB) in
the cell, then are released by fusion of the MVB with the cell membrane (Fig. 12). Exosomes
have been shown to contain proteins, receptors, mRNA, and miRNAs. The function of

miR-141 (tumor-associated miRNA)
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Figure 13. Serum miR-141 is a circulating biomarker
of prostate cancer. Ref: Mitchell, PNAS, 2008

exosomes in the blood, urine, and other fluids
is not clear, but they may function in cell-cell
signaling. For example, exosomes produced by
cells infected with Epstein-Barr virus can be
released and taken up by non-infected cells.
The exosomes contain miRNAs encoded by
EBV, which then inhibit gene expression in the
uninfected recipient cell (72). In this manner,
microRNAs may function as hormones!

Fig. 13 shows one of the first studies
using microRNAs as biomarkers published in
2008 (73). Mitchell et al purified the low-
molecular weight fraction of RNA from serum
from 25 patients with metastatic prostate
cancer and 25 healthy age-matched male
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controls. They measured the expression of six candidate miRNAs by gRT-PCR and found that
miR-141 showed the greatest differential expression. Serum levels of miR-141 were 46-fold
higher in prostate cancer than controls. The sensitivity o the assay was 60% and specificity was
100%. Receiver operating characteristic (ROC) analysis showed an area under the curve (AUC)
of 0.907. miR-141 is an epithelial-specific miRNA that is upregulated in epithelial cancers,
including breast, lung, colon, and prostate. These findings establish that tumor-derived miRNAs
can serve as circulating biomarkers of common human cancers. Since the initial studies in
2008, many studies have been performed to identify miRNA biomarkers for a variety of human
diseases. Examples are shown in Table 4.

Table 4. Examples of miRNA biomarkers

Disease | Source | MicroRNA
Myocardial infarction Plasma miR-449
Prostate cancer Serum miR-141
Bladder cancer Urine miR-126/miR-182 ratio
Oral squamous cell carcinoma | Saliva miR-1256a, miR-200a
Acute liver injury Plasma miR-122
Lung cancer Sputum miR-205, miR-210, miR-708
Renal allograft rejection Urine miR-210, miR-10

In the examples listed in Table 3, miRNAs are used as biomarkers to identify individuais
with established disease. More interesting might be the use of miRNAs to predict the future
development of disease. In a seminal paper published in PNAS last year, Boeri et al found that
plasma miRNA levels may predict those who will develop lung cancer (74). They took
advantage of several ongoing studies that are using annual CT scans to screen for lung cancer
in heavy smokers. As discussed in Dr. Ron Peshock’s grand rounds last week, screening with

CT scans is associated
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Figure 14. Plasma miRNAs predict the development of lung cancer. Ref: obtained 1-2 years prior to
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the first evidence of lung cancer by CT scanning. They identified 16 miRNA ratios that were
increased in patients who were subsequently diagnosed with lung cancer. They then tested the
predictive value of the miRNA ratios in an independent lung cancer screening study (MILD). As
shown in Fig. 14, analysis of miRNA ratios correctly predicted individuals who would
subsequently develop lung cancer with a sensitivity of 80%, specificity of 90%, and ROC AUC of
0.85. The predictive value of circulating miRNAs in lung cancer has subsequently been verified
by other investigators (75). These promising early studies suggest that circulating miRNA
biomarkers may be useful for identifying high-risk individuals who warrant closer observation.

miRNAs as Therapeutics

The observation that miRNAs can play pathogenic roles in diseases has raised hopes
that they might be targets for novel molecular therapies. Several approaches have been devised
for targeting miRNAs in vivo (Fig. 15). In diseases that are associated with down-regulation of
miRNAs, the deficient miRNAs may be replaced with miR-mimics, which are double-stranded
RNA molecules that are identical in sequence to the mature miRNA. Like mature miRNAs, miR-
mimics can be loaded on to the RISC complex and degrade target mRNAs. Alternatively,
miRNAs may be restored using viral vectors. In one such example, Dr. Josh Mendell, who is
now on the faculty at UT Southwestern, used adeno-associated virus to express miR-26a and
reduce tumorigenesis in an animal model of hepatocellular carcinoma (76). Issues that still need
to be addressed include how to target miR-mimics to the tissue of interest, potential toxicity of
AAV vectors, and off-target effects of the miR-mimic.

To treat diseases that are associated with overexpression of specific miRNAs, several
approaches have been considered. One of the first strategies, called antagomirs, uses
chemically modified oligonucleotides that are complementary in sequence to the overexpressed
miRNA (77). Antagomirs bind to the miRNA through Watson-Crick base pairing and thereby
prevent their association with mRNA targets. To facilitate their entry into cells, antagomirs are
modified with cholesterol. Fig. 16 shows an example of the use of antagomirs in a pre-clinical
study of cancer. As discussed earlier, overexpression of the miR-17~92 cluster is frequently
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Figure 15. miRNAs as therapeutic targets. Ref: Patel & Noureddine, Curr Opin Nephrol Hyperten, 2012
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Figure 16. miR-17 antagomir inhibits in vivo tumorigenesis. Ref: Fontana, PLoS One, 2008

observed in cancer. Fontana et al administered a miR-17 antagomir to nude mice that had been
implanted with human neuroblastoma cells (42). As shown in the figure, the growth of the
neuroblastoma tumor was prevented by the miR-17 antagomir. One encouraging finding in pre-
clinical studies using antagomirs is their long half-life and long duration of effect that may persist
for weeks after administration is stopped (78). These results raise the hope that miRNA
therapeutics will produce durable effects that require infrequent, perhaps monthly, dosing.
Another approach to inhibit miRNAs is the use of “miRNA sponges” (79). miRNA sponges
contain multiple copies of the recognition sequence for a particular miRNA and thereby bind to
and sequester the overexpressed miRNA. A third approach is the use of anti-miR
oligonucleotides (80). Anti-miRs can be shorter, which facilitates their entry into cells. Their
chemical backbones contain phosphorothioate oligonucleotides, which makes them resistant to
degradation by plasma ribonucleases. In addition, the base pairs are chemically modified using
“locked nucleic acids” (LNA), which gives them higher affinity despite their shorter length.

First Clinical Trials in
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Sequestration of miR-122 with antisense constructs targeting the miRNA reduces the replication
of HCV in cultured cells (81). Based on these findings, investigators have developed drugs that
target miR-122 for use in patients with chronic HCV infection. The drug that is farthest along in
development is called miravirsen (Santaris Pharma). Miravirsen (also known as SPC3649) is a
15-mer LNA-modified phosphorothioate oligonucleotide (anti-miR) that is complementary to the
5 end of miR-122. As shown in Fig. 18, miravirsen binds to miR-122 and prevents its
association with the HCV genome, which inhibits viral replication. Pre-clinical studies in African
green monkeys showed that miravirsen is well-tolerated and produces long-lasting decreases in
serum cholesterol due to inhibition of enzymes involved in cholesterol biosynthesis (78). Lanford
et al at the Southwest National Primate Center near San Antonio, TX tested miravirsen in
chimpanzees with chronic HCV infection. They found that miravirsen produced long-lasting
suppression of HCV viral load in both the serum and liver (84). Liver histology improved in
animals receiving the higher dose of miravirsen. miR-122 is a particularly attractive target for
systemic anti-miR therapy since its expression is liver-specific and the effects of inhibition in
other tissues should be less of a concern. Indeed, miravirsen was not associated with systemic
toxicity in non-human primates (78, 84).

Figure 19. Sequence of miR-122 and anti-miR (miravirsen)

Miravirsen is the first miRNA-based therapeutic that has been administered to humans
(79). Last month at the European Association for the Study of the Liver (EASL) meeting,
Reesink et al reported the final results of a phase 2a clinical trial of miravirsen in patients with
chronic HCV infection. The study, sponsored by Santaris Pharma, was a randomized, double-

blind placebo-
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The primary outcomes were safety and tolerability, and the secondary outcomes were viral load,
pharmacokinetics/pharmacodynamics, and HCV sequence analysis. Thirty-six subjects were
enrolled and randomized to receive five weekly subcutaneous doses of miravirsen (3, 7, or 7
mg/kg) or placebo, then were followed for 14 weeks (Fig. 19). Patients were allowed to receive
PEGylated interferon/ribavarine 3-6 weeks after the last dose.

Fig. 20 shows

that miravirsen produced %
a dose-dependent g2 " e = o
decline in HCV viral load. S o - I = =2 S
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continued  after the § § &
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7 mg/Kg -3.0 (1.6) 0.002

Moreover, five subjects
achieved undetectable Figure 20. Miravirsen decreases HCV viral load

viral titers. Side-effects

were mild, and there were no dose-limiting toxicities. Moreover, deep sequencing of the HCV
genome found no evidence of mutations of the miR-122 binding sites that might indicate
resistance. These preliminary findings suggest that anti-miRs may be safe and efficacious in
humans. Further studies are clearly needed, but miRNA-based therapeutics seem to have a
promising future.

Summary

Since the discovery of let-7 in 2000, there has been an explosion of interest in the class
of small, non-coding RNA molecules known as microRNAs. Studies have revealed that
microRNAs comprise the endogenous RNA interference system. Despite their small size, they
can bind to target mRNAs and mediate their degradation (David vs. Goliath). MicroRNAs inhibit
post-transcriptional gene expression and thereby maintain the abundance of proteins within an
optimal range (Goldilocks Principle). Humans express hundreds of different microRNAs, and
more than one-third of our genes may be regulated by microRNAs. MicroRNAs play important
roles in normal human biology, including embryonic development, stem cells, hematopoiesis,
immunity, and homeostasis. Deregulation of microRNAs is observed in many, perhaps all,
human diseases, including cancer, tissue fibrosis. MicroRNAs are being explored as possible
biomarkers for disease diagnosis and prognosis. Finally, microRNAs are promising therapeutic
targets for the treatment of common human diseases.

19



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

References

Mendell JT & Olson EN (2012) MicroRNAs in stress signaling and human disease. Cell
148(6):1172-1187.

lorio MV & Croce CM (2012) MicroRNA dysregulation in cancer: diagnostics, monitoring
and therapeutics. A comprehensive review. EMBO Mol Med 4(3):143-159.

Almeida MI, Reis RM, & Calin GA (2011) MicroRNA history: discovery, recent
applications, and next frontiers. Mutat Res 717(1-2):1-8.

Bartel DP (2004) MicroRNAs: genomics, biogenesis, mechanism, and function. Cell
116(2):281-297.

Farazi TA, Juranek SA, & Tuschl T (2008) The growing catalog of small RNAs and their
association with distinct Argonaute/Piwi family members. Development 135(7):1201-
1214.

Lytle JR, Yario TA, & Steitz JA (2007) Target mRNAs are repressed as efficiently by
microRNA-binding sites in the 5' UTR as in the 3' UTR. Proc Natl Acad Sci U S A
104(23):9667-9672.

Filipowicz W, Bhattacharyya SN, & Sonenberg N (2008) Mechanisms of post-
transcriptional regulation by microRNAs: are the answers in sight? Nat Rev Genet
9(2):102-114.

Fabian MR, Sonenberg N, & Filipowicz W (2010) Regulation of mRNA translation and
stability by microRNAs. Annu Rev Biochem 79:351-379.

Krol J, Loedige |, & Filipowicz W (2010) The widespread regulation of microRNA
biogenesis, function and decay. Nat Rev Genet 11(9):597-610.

Guo H, Ingolia NT, Weissman JS, & Bartel DP (2010) Mammalian microRNAs
predominantly act to decrease target mRNA levels. Nature 466(7308):835-840.
Vasudevan S, Tong Y, & Steitz JA (2007) Switching from repression to activation:
microRNAs can up-regulate translation. Science 318(5858):1931-1934.

Bartel DP (2009) MicroRNAs: target recognition and regulatory functions. Cell
136(2):215-233.

Ambros V (2001) microRNAs: tiny regulators with great potential. Cell 107(7):823-826.
Wightman B, Ha [, & Ruvkun G (1993) Posttranscriptional regulation of the heterochronic
gene lin-14 by lin-4 mediates temporal pattern formation in C. elegans. Cell 75(5):855-
862.

Lee RC, Feinbaum RL, & Ambros V (1993) The C. elegans heterochronic gene lin-4
encodes small RNAs with antisense complementarity to lin-14. Cell 75(5):843-854.

Fire A, et al. (1998) Potent and specific genetic interference by double-stranded RNA in
Caenorhabditis elegans. Nature 391(6669):806-811.

Reinhart BJ, ef al. (2000) The 21-nucleotide let-7 RNA regulates developmental timing in
Caenorhabditis elegans. Nature 403(6772):901-906.

Pasquinelli AE, et al. (2000) Conservation of the sequence and temporal expression of
let-7 heterochronic regulatory RNA. Nature 408(6808):86-89.

Grishok A, et al. (2001) Genes and mechanisms related to RNA interference regulate
expression of the small temporal RNAs that control C. elegans developmental timing.
Cell 106(1):23-34.

20



20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Lagos-Quintana M, Rauhut R, Lendeckel W, & Tuschl T (2001) Identification of novel
genes coding for small expressed RNAs. Science 294(5543).853-858.

Lau NC, Lim LP, Weinstein EG, & Bartel DP (2001) An abundant class of tiny RNAs with
probable regulatory roles in Caenorhabditis elegans. Science 294(5543):858-862.

Lee RC & Ambros V (2001) An extensive class of small RNAs in Caenorhabditis
elegans. Science 294(5543):862-864.

Lewis BP, Burge CB, & Bartel DP (2005) Conserved seed pairing, often flanked by
adenosines, indicates that thousands of human genes are microRNA targets. Cell
120(1):15-20.

Schmeier S, Schaefer U, Essack M, & Bajic VB (2011) Network analysis of microRNAs
and their regulation in human ovarian cancer. BMC Syst Biol 5:183.

Bartel DP & Chen CZ (2004) Micromanagers of gene expression: the potentially
widespread influence of metazoan microRNAs. Nat Rev Genet 5(5):396-400.

Baek D, et al. (2008) The impact of microRNAs on protein output. Nature 455(7209).64-
71.

Ward EJ, et al. (2006) Stem cells signal to the niche through the Notch pathway in the
Drosophila ovary. Curr Biol 16(23):2352-2358.

Schulze H, et al. (2006) Characterization of the megakaryocyte demarcation membrane
system and its role in thrombopoiesis. Blood 107(10):3868-3875.

Maier MA, et al. (2006) Evaluation of basic amphipathic peptides for cellular delivery of
antisense peptide nucleic acids. J Med Chem 49(8):2534-2542.

Ambros V (2004) The functions of animal microRNAs. Nature 431(7006):350-355.
Sonkoly E, Stahle M, & Pivarcsi A (2008) MicroRNAs and immunity: novel players in the
regulation of normal immune function and inflammation. Semin Cancer Biol 18(2):131-
140.

Lujambio A & Lowe SW (2012) The microcosmos of cancer. Nature 482(7385):347-355.
Garzon R, Calin GA, & Croce CM (2009) MicroRNAs in Cancer. Annu Rev Med 60:167-
179.

Farazi TA, Spitzer JI, Morozov P, & Tuschl T (2011) miRNAs in human cancer. J Pathol
223(2):102-115.

Calin GA, et al. (2002) Frequent deletions and down-regulation of micro- RNA genes
miR15 and miR16 at 13q14 in chronic lymphocytic leukemia. Proc Nat!/ Acad Sci U S A
99(24):15524-15529.

Cimmino A, ef al. (2005) miR-15 and miR-16 induce apoptosis by targeting BCL2. Proc
Natl Acad Sci U S A 102(39):13944-13949.

Klein U, et al. (2010) The DLEU2/miR-15a/16-1 cluster controls B cell proliferation and
its deletion leads to chronic lymphocytic leukemia. Cancer Cell 17(1):28-40.

Kumar MS, et al. (2008) Suppression of non-small cell lung tumor development by the
let-7 microRNA family. Proceedings of the National Academy of Sciences of the United
States of America 105(10):3903-3908.

Johnson SM, et al. (2005) RAS is regulated by the let-7 microRNA family. Cell
120(5):635-647.

Mendell JT (2008) miRiad roles for the miR-17-92 cluster in development and disease.
Cell 133(2):217-222.

21



41.

42,

43.

44,

45,

46.

47.

48.

49,

50.

51.
52.

53.

54.

55.

56.

57.

58.

59.

60.

He L, et al. (2005) A microRNA polycistron as a potential human oncogene. Nature
435(7043):828-833.

Fontana L, et al. (2008) Antagomir-17-5p abolishes the growth of therapy-resistant
neuroblastoma through p21 and BIM. PLoS One 3(5):€2236.

Costinean S, et al. (2006) Pre-B cell proliferation and lymphoblastic leukemia/high-grade
lymphoma in E(mu)-miR155 transgenic mice. Proceedings of the National Academy of
Sciences of the United States of America 103(18):7024-7029.

Zhang H, Li Y, & Lai M (2010) The microRNA network and tumor metastasis. Oncogene
29(7).937-948.

Ma L, Teruya-Feldstein J, & Weinberg RA (2007) Tumour invasion and metastasis
initiated by microRNA-10b in breast cancer. Nature 449(7163):682-688.

Ma L, et al. (2010) Therapeutic silencing of miR-10b inhibits metastasis in a mouse
mammary tumor model. Nat Biotechnol 28(4):341-347.

Korpal M, Lee ES, Hu G, & Kang Y (2008) The miR-200 family inhibits epithelial-
mesenchymal transition and cancer cell migration by direct targeting of E-cadherin
transcriptional repressors ZEB1 and ZEB2. J Biol Chem 283(22):14910-14914.

Park SM, Gaur AB, Lengyel E, & Peter ME (2008) The miR-200 family determines the
epithelial phenotype of cancer cells by targeting the E-cadherin repressors ZEB1 and
ZEB2. Genes Dev 22(7):894-907.

Ha TY (2011) MicroRNAs in Human Diseases: From Lung, Liver and Kidney Diseases to
Infectious Disease, Sickle Cell Disease and Endometrium Disease. Immune Nefw
11(6):309-323.

Li JY, Yong TY, Michael MZ, & Gleadle JM (2010) Review: The role of microRNAs in
kidney disease. Nephrology (Cariton) 15(6):599-608.

Dorn GW, 2nd (2011) MicroRNAs in cardiac disease. Trans! Res 157(4):226-235.

Small EM, Frost RJ, & Olson EN (2010) MicroRNAs add a new dimension to
cardiovascular disease. Circulation 121(8):1022-1032.

Kerr TA, Korenblat KM, & Davidson NO (2011) MicroRNAs and liver disease. Transl Res
157(4):241-252.

Abdellatif M (2012) Differential expression of microRNAs in different disease states. Circ
Res 110(4):638-650.

Sonkoly E, et al. (2007) MicroRNAs: novel regulators involved in the pathogenesis of
psoriasis? PLoS One 2(7):e610.

Lu J, et al. (2005) MicroRNA expression profiles classify human cancers. Nature
435(7043):834-838.

Calin GA & Croce CM (2006) MicroRNA signatures in human cancers. Nat Rev Cancer
6(11):857-866.

Volinia S, et al. (2006) A microRNA expression signature of human solid tumors defines
cancer gene targets. Proc Nat/ Acad Sci U S A 103(7):2257-2261.

Yanaihara N, et al. (2006) Unique microRNA molecular profiles in lung cancer diagnosis
and prognosis. Cancer Cell 9(3):189-198.

lorio MV, et al. (2005) MicroRNA gene expression deregulation in human breast cancer.
Cancer Res 65(16):7065-7070.

22



61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Rosenfeld N, et al. (2008) MicroRNAs accurately identify cancer tissue origin. Nat
Biotechnol 26(4):462-469.

du Rieu MC, et al. (2010) MicroRNA-21 is induced early in pancreatic ductal
adenocarcinoma precursor lesions. Clin Chem 56(4):603-612.

Calin GA, et al. (2005) A MicroRNA signature associated with prognosis and progression
in chronic lymphocytic leukemia. N Engl J Med 353(17):1793-1801.

Yu SL, et al. (2008) MicroRNA signature predicts survival and relapse in lung cancer.
Cancer Cell 13(1):48-57.

Schetter AJ, et al. (2008) MicroRNA expression profiles associated with prognosis and
therapeutic outcome in colon adenocarcinoma. JAMA 299(4):425-436.

Giovannetti E, et al. (2010) MicroRNA-21 in pancreatic cancer: correlation with clinical
outcome and pharmacologic aspects underlying its role in the modulation of gemcitabine
activity. Cancer Res 70(11):4528-4538.

Ji J, et al. (2009) MicroRNA expression, survival, and response to interferon in liver
cancer. N Engl J Med 361(15):1437-1447.

Etheridge A, Lee |, Hood L, Galas D, & Wang K (2011) Extracellular microRNA: a new
source of biomarkers. Mutat Res 717(1-2):85-90.

Cortez MA, et al. (2011) MicroRNAs in body fluids--the mix of hormones and biomarkers.
Nat Rev Clin Oncol 8(8):467-477.

Wittmann J & Jack HM (2010) Serum microRNAs as powerful cancer biomarkers.
Biochim Biophys Acta 1806(2):200-207.

Ivanov S, et al. (2007) Functional relevance of the IL-23-IL-17 axis in lungs in vivo. Am J
Respir Cell Mol Biol 36(4).442-451.

Pegtel DM, et al. (2010) Functional delivery of viral miRNAs via exosomes. Proc Natl
Acad Sci U S A 107(14):6328-6333.

Mitchell PS, et al. (2008) Circulating microRNAs as stable blood-based markers for
cancer detection. Proceedings of the National Academy of Sciences of the United States
of America 105(30):10513-10518.

Boeri M, et al. (2011) MicroRNA signatures in tissues and plasma predict development
and prognosis of computed tomography detected lung cancer. Proc Nat/ Acad Sci U S A
108(9):3713-3718.

Bianchi F, et al. (2011) A serum circulating miRNA diagnostic test to identify
asymptomatic high-risk individuals with early stage lung cancer. EMBO Mol Med
3(8):495-503.

Kota J, et al. (2009) Therapeutic microRNA delivery suppresses tumorigenesis in a
murine liver cancer model. Cell 137(6):1005-1017.

Krutzfeldt J, et al. (2005) Silencing of microRNAs in vivo with 'antagomirs'. Nature
438(7068).685-689.

Elmen J, et al. (2008) LNA-mediated microRNA silencing in non-human primates. Nature
452(7189):896-899.

van Rooij E, Purcell AL, & Levin AA (2012) Developing microRNA therapeutics. Circ Res
110(3):496-507.

23



80.

81.

82.

83.

84.

Stenvang J, Silahtaroglu AN, Lindow M, Elmen J, & Kauppinen S (2008) The utility of
LNA in microRNA-based cancer diagnostics and therapeutics. Semin Cancer Biol
18(2):89-102.

Jopling CL, Yi M, Lancaster AM, Lemon SM, & Sarnow P (2005) Modulation of hepatitis
C virus RNA abundance by a liver-specific MicroRNA. Science 309(5740):1577-1581.

Liu J, Jennings SF, Tong W, & Hong H (2011) Next generation sequencing for profiling
expression of miRNAs: technical progress and applications in drug development. J
Biomed Sci Eng 4(10):666-676.

Shimakami T, et al. (2012) Stabilization of hepatitis C virus RNA by an Ago2-miR-122
complex. Proc Natl Acad Sci U S A 109(3):941-946.

Lanford RE, et al. (2010) Therapeutic silencing of microRNA-122 in primates with
chronic hepatitis C virus infection. Science 327(5962):198-201.

24



