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clinic with variable success. In truth, single targeted therapies may be successful in only
Keywords: a subset of malignancies but insufficient to address malignancies that often rely on multi-
MicroRNA ple pathways, thus evading single targeted agents. Investigators have recently identified
Non-coding RNA potentially functional components of the human genome that were previously thought
Epigenetics to have no biological function. This discovery has added to the already established com-

plexity of gene regulation in the pathogenesis of cancer. Non-coding RNAs represent key
regulators of gene expression. Improved knowledge of their biogenesis and function may
in turn lead to a better understanding of the heterogeneity of malignancies and eventually
be leveraged as diagnostic, prognostic and therapeutic targets. MicroRNAs (miRNAs or
miRs) for example, have the capacity for the regulation of multiple genes and thus redirec-
tion or reprogramming of biological pathways. However, several other members of the
non-coding RNA family may be of equal biological relevance. In this review, we provide
a perspective on emerging concepts in the clinical application of miRNA and other non-
coding RNAs as biomarkers in cancer with an eye on the eventual integration of both
miRNA and other non-coding RNA biology into our understanding of cancer pathogenesis
and treatment.
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1. Introduction

With the development of sophisticated platforms for interro-
gating the human genome, in the last several years, investiga-
tors have identified regions of the human genome (greater
than 90%) that were previously thought to be non-functional
and non-coding (thus termed non-coding RNAs)
(Dermitzakis et al., 2005). These families of non-coding RNAs
(ncRNAs) have an increasingly important role in gene regula-
tion and biological processes fundamental to both normal de-
velopment and disease. These paradigm shifting observations
have served as the basis for a rapidly expanding field of inves-
tigation in the biology of non-coding RNAs and elucidating
their role alongside protein-coding genes in cancer initiation
and progression. microRNAs (miRNAs or miRs) represent per-
haps the best studied of this group of non-coding RNAs(Grim-
son et al., 2007; Lee et al., 1993). Most recent estimates suggest
that there are over 1000 human miRNAs and that up to 60% of
the human genome may be under the regulation of miRNAs
(Friedman et al., 2009). miRNAs regulate a large number of es-
sential biological functions that are critical to normal develop-
ment with deregulation of these same miRNAs later in life
contributing to the development of diseases such as cancer.
In cancer, miRNA expression and function may be both tissue
and cell specific with miRNAs serving as tumor suppressors,
oncogenes or in some cases both (Calin et al., 2002). The tradi-
tional dogma has been that these small, 18—25 nt, molecules
can cause either mRNA degradation or inhibit translation
(Calin and Croce, 2006; Croce, 2009). However, there are lines
of investigation to suggest that miRNAs may induce gene ex-
pression as well. One identified mechanism is through effects
on nonsense-mediated decay that regulates both aberrant and
normal miRNAs (Bruno, Molecular Cell, 2011).

One particularly appealing characteristic of miRNAs lies in
their capacity for the regulation of multiple genes and thus
their ability to redirect or reprogram biological pathways(Voli-
nia et al., 2010). This has in part fueled the move towards un-
derstanding the role for miRNAs from a “systems biology”
perspective as well as the development of miRNA-based ther-
apeutics. However, this same appealing characteristic makes
the investigation of miRNA biology particularly challenging.
Strategies to prioritize miRNA/target candidates and organ di-
rected therapies have yet to be fully realized. As a result, the
translation of miRNA biology to everyday clinical practice re-
mains a challenge. Nevertheless, progress is being made. For
example, miRNA expression patterns are being tested and val-
idated as part of clinical decision algorithms in clinical trials.
After numerous studies of global miRNA profiling and reduc-
tionist approaches focused on single miRNA/single target
mRNA relationships, investigators have now transitioned to
the next chapter of miRNA investigation by focusing on
a few areas: 1)the integration of miRNA biology into a more
global picture of the reprogramming of biological pathways
2) the development of non-invasive assays for miRNA detec-
tion and novel delivery systems for miRNA-based therapeu-
tics and 3) further validation of the functional role for other
non-coding RNAs in cancer biology.

It is important to note that miRNAs represent only one of
a family of non-coding RNAs many of whose function is just

beginning to be uncovered (Figure 1). Other components of
the human genome include tRNAs, rRNAs, small nuclear
RNAs (snRNAs) and long non-coding RNAs (IncRNAs) to
name a few (Gibb et al., 2011). Among IncRNAs, long interven-
ing non-coding RNAs (lincRNAs) and ultraconserved regions
(UCRs) appear to be globally deregulated in cancer and carry
regulatory function (Calin et al., 2007). Our understanding
for these molecules, however, is in its infancy with the major-
ity of studies being confined to the identification of abnormal
expression patterns in cancer. It is clear that IncRNAs are
likely to play just as important of a role in both normal devel-
opment and tumorigenesis. Furthermore, studies suggest that
there may be interactions between both short and long non-
coding RNAs thus further complicating the picture. We are
just beginning to uncover the mechanisms by which these
family members function both independently and in concert
to promote or prevent tumor development.

2. miRNA deregulation and disease

First described in 2002 as being altered in Chronic Lympho-
cytic Leukemia (CLL), miRNAs are now known to be globally
altered in both solid and hematological malignancies (Calin
et al., 2002).The mechanisms for miRNA deregulation are
several-fold including their frequent location to fragile chro-
mosomal sites and cancer-associated genomic regions
(CAGRs), impaired processing, environmental exposures (eg.
cigarette smoke), oncogene or tumor suppressor targeting
and sequence variants of both miRNA and target mRNA
(Chang et al., 2011; Izzotti et al., 2010). Each of these areas is
the subject of intense investigation. There is increasing evi-
dence that miRNAs are susceptible to epigenetic modifica-
tions (Saito and Jones, 2006). Several individual miRNAs
including miR-126, miR-145, miR-127 and miR-29 have been
shown be at least partially under the regulation of methyla-
tion. A recent comprehensive review of 45 studies determined
that out of 122 epigenetically regulated miRNAs, 55 were asso-
ciated with more than one malignancy while 67 appeared to
be cancer specific (Kunej et al., 2011). The investigators further
identified chromosomes, 1, 7, 11, 14 and 19 as the most com-
mon locations for epigenetically modified miRNAs.

miRNA biogenesis represents a complex, multi-step pro-
cess that is dependent upon a series of enzymatic and protein
reactions which have previously been described (Lopez-Serra
and Esteller, 2011). Investigators have focused primarily on
deficiencies in essential components of the miRNA processing
machinery (Dicer, Drosha, Ago) and their link to tumor initia-
tion and progression (Chiosea et al., 2007; Kumar et al., 2007).
However, there are several other mechanisms that may com-
promise miRNA processing and function. For example, defec-
tive export of pre-miRNAs is another mechanism by which
miRNA production may be impaired (Melo et al., 2010). A mu-
tated form of the Exportin 5 gene (XPO5) within a subset of
cancer cell lines harboring microsatellite instability was local-
ized to the nucleus thus interfering with both pre-miRNA pro-
cessing and function. Interestingly, in vitro re-expression of
the wild type form caused an up-regulation of miRNAs with
known tumor suppressive functions.
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Figure 1 — Overview of non-coding RNAs: miRNAs (microRNAs), siRNAs (small interfering RNAs), piRNAs (piwi interacting RNAs),
snoRNAs (small nucleolar RNAs), snRNA (small nuclear RNAs), lincRNAs (long intergenic RNAs), tUCRs (transcribed ultraconserved regions).

In addition to the contributions of chromosomal aberra-
tions, epigenetic modifications and exogenous stimuli to
miRNA deregulation, which have been described elsewhere,
nucleotide polymorphisms within miRNA may also regulate
both miRNA processing and targeting. There are several
such examples in the literature. For example, single nucleo-
tide polymorphisms (SNPs) in the pri-miR-16 led to a decrease
in miRNA processing. This mutation resulted in with the de-
velopment of CLL in vivo (Calin et al., 2005). Pre-miR-196a2
SNPs have been associated with risk for the development of
solid tumors including esophageal, lung, gastric and breast
cancers (Chu et al., 2011). Target mRNA polymorphisms can
also compromise miRNA/mRNA binding and thus activity.
The Let-7/KRAS relationship is well established including suc-
cessful directed targeting in murine models of lung cancer
(Trang et al., 2010). More recently, studies have demonstrated
that single nucleotide polymorphisms (SNPs) in the 3'UTR of
KRAS have functional relevance by interfering with Let-7
binding and regulation. These findings have subsequently
been expanded to population based studies linking KRAS
3'UTR variants to cancer risk. For example, Paranjape et al. ex-
amined 2 separate groups of breast cancer patients (415 pa-
tients and 457 controls in group 1 and 690 patients and 360
controls in group 2) for a previously described KRAS 3'UTR var-
iant (Paranjape et al., 2011). They identified an association be-
tween KRAS 3"UTR variants and premenopausal patients with
tripe negative breast cancer (OR 2.3).

3. Emerging concepts in clinical applications for

miRNAs

Given the fundamental role for miRNAs in tumor develop-
ment and their global deregulation, they are ideally suited as
either surrogate or therapeutic biomarkers in cancer. Global
patterns of miRNA expression have been used for both diag-
nostic and prognostic purposes as well to guide therapeutic
decisions. For example, both elevated miR-155 and low
let7a-2 expression correlated with poor survival in lung cancer
(Yanaihara et al., 2006). Elevated levels of miR-21 correlated
with poor survival in breast cancer (Yan et al., 2008) and

increased miR-21 correlated with poor survival in colorectal
carcinoma (Schetter et al., 2008). The number of such studies
correlating individual or panels of miRNAs with clinical out-
come is constantly growing with variable reproducibility.
Therefore, the question of how such biomarkers should in-
form clinical decision making remains a matter of debate.
Two rapidly changing areas of investigation are that of circu-
lating miRNAs and targeted delivery systems. The non-
invasive detection or “liquid biopsy” of cancers has been par-
ticularly elusive for the majority of cancers. Such assays
would be beneficial in further risk stratifying at risk popula-
tions, provide less invasive means for diagnosis among pa-
tients deemed to be high risk for more invasive procedures
and could potentially be used as biomarkers for both treat-
ment response and surveillance. The development of an
in vivo miRNA delivery system that translates clinically is
a challenging task. However, initiatives to develop such on-
target miRNAs while minimizing toxicity are ongoing.

3.1. Circulating miRNA

Circulating tumors cells (CTCs), circulating DNA and gene ex-
pression are all being investigated with varying degrees of
success (Lianidou and Markou, 2011; Taniguchi et al., 2011).
In the last few years a multitude of studies have shown that
miRNAs are detectable in the peripheral circulation in cancer
as well as cardiac and rheumatological diseases (Mitchell
et al.,, 2008; Hunter et al., 2008). Investigators have identified
miRNA signatures in serum, plasma, peripheral blood mono-
nuclear cells (PBMCs) and whole blood that appear to distin-
guish patients with cancers such as prostate (miR-141), lung
(miR-21, miR-210 and miR-486-5 p), breast (miR-195 and let-
7a) and lymphoma from patients without disease (Heneghan
et al., 2010; Lawrie, 2007; Mitchell et al., 2008; Shen et al.,
2011). Circulating miRNA signatures have also been integrated
into clinical trials. One recent study by Boeri et al. demon-
strated the value of circulating miRNAs in patients enrolled
in a longitudinal lung cancer CT-screening trial (Boeri et al.,
2011). Patterns of miRNA expression were used to both distin-
guish patients with and without lung cancer as well as used as
a predictive tool for those at risk for the development of lung
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cancer. Investigators have yet to reach consensus on the ideal
platform for circulating miRNA detection but novel nanotech-
nology based approaches are on the horizon (Wang et al.,
2011).

Despite these findings, the actual functional implications
for circulating miRNA, their location and the optimal methods
of detection have yet to be clarified. The recent detection of
a subset of stable miRNAs within circulating exosomes has
generated a new area linking miRNA to cell—cell communica-
tion and function (Hunter et al., 2008). Importantly, exosomes
represent only one type of microvesicle along with apoptotic
bodies and ectosomes (Lee et al., 2011) each of which undergo
a distinct process of biogenesis. Exosomes are membrane
bound particles (30—100 nm) that originate from endosomes
in a variety of host cell types including platelets, macrophages
and tumor cells (Rani et al., 2011; Yang et al., 2011a). Depend-
ing on their host cell of origin and initiating event, exosomes
may carry miRNAs, lipids, mRNA or proteins leading to vary-
ing functions (Valadi et al., 2007). Investigators have known
for quite some time that microvesicles could carry molecules
implicated in carcinogenesis (Hawari et al., 2004; Kim et al,,
2002). However, the concept of microvesicles as carriers for
miRNA is still a relatively new and evolving concept. Microve-
sicle packaged miRNA may be released from several malig-
including renal cell (Grange et al, 2011),
hepatocellular (Kogure et al.,, 2011) and glioblastoma (Skog
et al., 2008). Some very interesting observations suggest that
microvesicles may not be the only source for circulating
miRNA. Arroyo et al recently detected a high percentage of cir-
culating protein bound miRNAs (Arroyo et al., 2011). Further
investigation revealed that these miRNAs co-purified with
the Ago2 ribonucleoprotein complex, an essential component
of the RNA-induced silencing complex (RISC). Clearly, this in-
creases the complexity of identifying the ideal circulating
miRNA signatures in disease and requires further validation.

nancies

3.2. miRNA delivery systems

The development of miRNA-based therapeutics is primarily
based on either selective inhibition of oncogenic miRNAs or
binding or selective over-expression of tumor suppressive
miRNAs. Both in vivo and in vitro approaches to augmenting
or silencing miRNA have been met with reasonable success.
Organ specific transgenic and knockout models are invaluable
for understanding the underlying mechanistic role for a given
miRNA. For example, targeted over-expression of the oncomiR
miR-21 increased tumorigenesis in a Kras-driven murine
model while targeted deletion of miR-21 reduced lung tumor-
igenesis (Hatley et al., 2010). While such approaches are nec-
essary to uncover molecular mechanisms of miRNA effect,
they may prove difficult to translate to human application.
Systemic delivery of a liver-specific DNA-LNA miR-122 anti-
miRNA (SPC3649) as therapy for chronic Hepatitis C infection
represents the most successful application of miRNA target-
ing to achieve clinical application in a model of chronic HCV
infection (Lanford et al., 2010).

In order to better translate targeted miRNA-based therapeu-
tics investigators are conducting complementary in vivo stud-
ies using various platforms for miRNA delivery in models of
cancer. However, issues of organ specificity, off target toxicity

and delivery stability still exist. There are several approaches
to miRNA targeting including antagomiRs that are modified
with a cholesterol conjugated 2'-O-methyl in order to maintain
stability while minimizing degradation (Garzon et al., 2010). In
contrast, Locked Nucleic Acids (LNAs) have a methylene bridge
that functionally locks ribose conformation (Garzon et al,
2010). This change results in increased binding affinity and sta-
bility. Anti-miRNA Oligonucleotides (AMOs) represent one of
the simplest forms of miRNA targeting by forming direct com-
plementarity and thus inhibit specific miRNA.

Given the redundancies that exist between miRNA seed se-
quences and target mRNA, individual targeting of miRNA may
be insufficient to achieve physiological effect. MiRNA sponges
represent one approach to targeting a family of miRNAs as op-
posed to single miRNA targeting with antisense oligonucleo-
tides (Ebert and Sharp, 2010). Sponges function by using
multiple complementary 3'UTR mRNA sites for a specific
miRNA. This approach has been successfully applied in vivo
for several cancers. Sponges targeting miR-9 and miR-31 (Ma
et al., 2010; Valastyan et al., 2009) have been used to reduce
and induce tumor development in murine models of breast
cancer. Another more recently adopted approach involves us-
ing locked nucleic acid (LNA) modified phosphothioate oligo-
nucleotides that are complementary to common seed
sequences for several miRNAs (Garzon et al., 2010). This al-
lows for targeted interference of clusters of miRNAs. Obad
et al demonstrated this approach in an elegant study for
miR-155, 21 and let-7 both in vitro and in vivo (Obad et al.,,
2011).

An emerging area of investigation involves the develop-
ment of nanotechnology based approaches to miRNA delivery.
Nanoparticle based formulations have been used primarily for
in vitro delivery of siRNAs. However, an increasing number of
studies are using similar technologies for miRNA delivery to
improve stability and targeted organ delivery. Trang et al dem-
onstrated that systemic delivery of miRNA mimics packaged
in a neutral emulsion could be used to reduce tumor burden
in both orthotopic and autochronous murine models of lung
cancer (Trang et al., 2011). We recently used a liposomal pack-
aged miRNA formulation to achieve short-term lung specific
delivery (Wu et al, 2011). Similarly, liposome-polycation-
hyaluronic acid (LPH) particles as a carrier for miRNA modified
with a tumor targeting monoclonal antibody (GC4 single-
chain variable fragment) have been used to target lung metas-
tases in a murine model of metastatic melanoma (Chen et al.,
2010).

4. LNCRNAs, UCRS, snoRNAs: new or old players

in cancer biology?

The advent of platforms for genome wide analyses including
deep sequencing has allowed for the identification of an in-
creasing number of other previously unrecognized ncRNAs.
ncRNAs are essentially divided into short (less than 200 nt)
and long non-coding RNAs (300 nt —100 kb) (IncRNAs) (Gibb
et al.,, 2011). While the majority of studies have focused on
miRNAs, IncRNAs are likely to be of equal importance to fun-
damental biology.
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4.1. Long non-coding RNAs

Long non-coding RNAs (IncRNAs) range in length between
300 nucleotides to 100 kb (Gibb et al., 2011). Investigators
have determined that these non-coding RNAs also have
arole in the regulation of biological processes such as im-
printing, cell cycle regulation, splicing, differentiation
and transcription. Two of the first described IncRNAs
H19 (imprinting) and XIST (X inactive specific transcript)
were actually identified prior to the discovery of miRNAs
but have not been investigated to the extent of miRNAs
(Brown et al., 1991; Hung and Chang, 2010). Since their
initial discovery, IncRNAs and their deregulation has
been described across both solid and hematological ma-
lignancies. Similar to miRNAs, IncRNAs have both cell
and tissue specificity and regulatory function. Several
studies now demonstrate their functional role in tumor
progression.

4.1.1. Hox antisense intergenic RNA (HOTAIR)

HOTAIR is a 2.2 kb, long intergenic non-coding RNA (lincRNA)
localized to the HOXC locus (12q13.3) (Rinn et al., 2007). A re-
cent, thorough examination of the HOTAIR sequence across
both mammals and non-mammalian vertebrates revealed
that HOTAIR is poorly conserved across species and only ex-
ists in mammals (Gupta et al., 2010). However, studies suggest
that variability may also exist in HOTAIR function between
mammals (Brannan et al., 1990). Co-expressed with HOXC
genes, HOTAIR binds to the Polycomb protein termed Poly-
comb Repressor Complex 2 (PRC2) (Tsai et al., 2010). Polycomb
group proteins (PcG) are critical to the maintenance of differ-
entiation during embryogenesis through gene silencing (Tsai
et al., 2010). PRC2 is a histone H3 lysine 27 (H3K27) methylase
silencing complex. By recruiting PRC2, HOTAIR targets PRC2 to
regulate in trans HOXD gene expression. Specifically, the func-
tions of HOTAIR are dependent upon binding to sub-
complexes of PRC2 (Schorderet and Duboule, 2011). The mu-
rine homolog for HOTAIR (termed mHOTAIR) has variable se-
quence homology and function compared to human HOTAIR.
Interestingly, while HOXc mutant null mice displayed very lit-
tle mHOTAIR, there were little differences in target HOXD ex-
pression or PRC2 targets (Schorderet and Duboule, 2011). The
underlying mechanisms for this discrepancy between human
and murine functions of HOTAIR are under investigation.
Gupta et al., measured HOTAIR levels in a 132 breast cancer tu-
mors and identified an association between high HOTAIR and
the presence of both metastases and death (Gupta et al., 2010).
They also confirmed that HOTAIR over-expression lead to an
alteration in genome wide PRC2 occupancy and that the
HOTAIR mediated effects on invasive capacity were PRC2 de-
pendent. Since that study, others have followed suit in exam-
ining the role for HOTAIR in other solid tumors. Kogo et al,
recently showed that HOTAIR levels were decreased in colo-
rectal carcinoma tissues compared to adjacent uninvolved tis-
sues (Kogo et al., 2011). Upon further stratifying cases into
“high” and “low” HOTAIR expressing tumors, the investigators
detected an association between high levels and both liver
metastases and poor survival. These findings were comple-
mented by in vitro studies demonstrating that HOTAIR gain

of function promoted tumor cell invasion and tissue analysis
further validating the link between HOTAIR expression and
PRC2 based genes. An independent study also showed that
high HOTAIR expression was an independent prognostic fac-
tor in patients with hepatocellular carcinoma (Yang et al,
2011b).

4.1.2. MALAT-1

First identified in (NSCLC) non-small cell lung cancer, metas-
tasis associated in lung adenocarcinoma transcript-1
(MALAT-1) is a non-coding RNA that has been implicated in
several malignancies (Ji et al., 2003). MALAT-1 is an intergenic
transcript (7 kb) located on chromosome 11 (Clark and
Mattick, 2011). In 2003, Ji et al. first noted that expression pat-
terns of the non-coding MALAT-1 transcript correlated with
metastases and prognosis in early stage NSCLC. MALAT-1 ex-
pression also correlated with chemotherapeutic response in
osteosarcoma (Fellenberg et al., 2007) and recurrence of hepa-
tocellular carcinoma in patients undergoing liver transplanta-
tion (Lai et al., 2011). As would be expected, in vitro studies
show that MALT-1 regulates migratory, invasive and survival
capacity in cancer cells (Lai et al., 2011; Tano et al., 2010).

4.1.3. HULC

Highly up-regulated in liver cancer (HULC) is a IncRNA first
identified in 2007 (Panzitt et al., 2007). Using HCC-specific
cDNA libraries by subtractive suppressive hybridization fol-
lowed by an HCC-specific cDNA microarray, Panzitt identified
an EST within the most increased cluster of genes. Termed
HULC, this IncRNA was found to be evolutionary conserved
in primates. HULC may also function as a biomarker. For ex-
ample, elevated levels of HULC in focal nodular hyperplasia,
a benign liver tumor, suggests that HULC deregulation may
contribute to early tumorigenesis. Colorectal carcinomas
that metastasize to the liver also exhibited increased HULC
(Matouk et al., 2009). The regulatory mechanisms for HULC
up-regulation in HCC remain relatively unknown. However,
Wang et al., identified a PKA dependent interaction between
phosphoCREB and the HULC promoter (Wang et al., 2010).
An intriguing aspect of IncRNA involves the observations
that InRNAs and sncRNAs such as miRNAs may functionally
interact in order to promote tumorigenesis. Wang et al., deter-
mined that HULC binds to miR-372, which then leads to de-
repression of PRKACB, phosphorylation of CREB and subse-
quent induction of HULC (Wang et al., 2010).

4.1.4. SPRY4-IT1

Another InCRNA termed SPRY4-IT1 is over-expressed in mel-
anoma and localized to the cellular cytoplasm. Gain of func-
tion of this InCRNAs attenuated cellular growth while
increasing death suggesting a tumor suppressive role
(Khaitan et al., 2011).

4.2.  Transcribed ultraconserved regions (tUCRS)

In 2004, Berjerano et al. first described in the human genome
the presence of 481 segments that were larger than 200 bp
and harbored 100% identity with mouse and rat (Bejerano
et al., 2004). Termed ultraconserved regions (UCRs), these
strictly conserved RNAs carry minimal to no variation within
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the human population and may be classified according to lo-
cation (intergenic, intronic, exonic, partly exonic and exon
containing). Given this conservation, UCRs are likely to be of
importance to both ontogeny and phylogeny and have func-
tionality in basic biology. Calin et al. first analyzed these 481
genomic segments within both normal and cancer tissues
and determined that transcripts of these UCRs termed ultra-
conserved genes (UCGs) harbored both tissue specificity as
well as distinct patterns of expression in solid and hematolog-
ical malignancies (Calin et al., 2007). For example, a five UCR
signature (uc.269A(N), uc.160(N), uc.215(N), uc.346A(P), and
uc.348(N)) distinguished two phenotypically distinct groups
of CLL. More recent studies have confirmed that much like
miRNAs, UCRs tended to be localized to CAGRs.

Up until recently, the mechanisms for the regulation of
UCR expression and function have remained a mystery. How-
ever, investigators are now starting to identify these mecha-
nisms. Not surprisingly, UCRs are susceptible to many of the
same regulatory mechanisms as miRNAs. Wojcik et al. identi-
fied both germline and somatic sequence variations and poly-
morphisms within 28 UCRs in the blood from a cohort of CLL
patients and colorectal carcinoma tissues compared to nor-
mal (Wojcik et al., 2010). Furthermore, sequence variations
in UCRs such as uc.276 have functional interactions with
both miR-125a and miR-638 depending on its orientation.
Yang et al. further supported this observation by identifying
arare G allele SNP (rs2056166) that was associated with breast
cancer risk (Yang et al., 2008). There is now evidence to sug-
gest that epigenetic modifications regulate UCRs (Lujambio
et al.,, 2010). Global profiling for UCRs in a HCT-116 colorectal
cancer cell line both prior to and following treatment with
the demethylating agent (5-aza-2deoxycytidine) led to the
identification of 6 UCRs that were up-regulated upon treat-
ment and had evidence of an upstream CpG island. (uc.392 an-
tisense, uc.469 antisense, uc.282 antisense, uc.160, uc.346 and
uc.283 antisense). Three of these UCRs (uc.160, uc.346 and
uc.283 antisense) were then further validated both in vitro
and in several solid tumors as silenced by methylation.

4.3. Small nucleolar RNAs (snoRNAs)

Small nucleolar RNAs (snoRNAs) are non-protein coding
(~70 nt) TNAs that have traditionally been utilized as endog-
enous controls for miRNA quantification. However, recent in-
vestigation that these RNAs may be deregulated in cancers,
thus they may contribute to tumorigenesis. SnoRNAs such
as RNU44, 48 and 43 direct 2’-O’-ribose methylation in ribo-
some biogenesis. Gee et al conducted a high throughput as-
sessment for snoRNAs in a cohort breast and head and neck
patients (Gee et al., 2011). They determined that not only did
the snoRNAs vary between samples but that specific snoRNAs
such as RNU44 correlated with molecular subtype and sur-
vival. Another study demonstrated a link between expression
patterns of snoRNAs and a host gene Growth arrest specific 5
(GASS5) and breast cancer (Mourtada-Maarabouni et al., 2009).
The mechanisms for snoRNAs in tumor development remain
largely unknown. However, the finding of deregulated snoR-
NAs in cancer should give one pause when considering suit-
able endogenous controls for non-coding RNA analysis.

5. Conclusions and future directions

The discovery of functional non-coding regions of the human
genome that were previously thought to be non-functional
has had a significant impact on our understanding of both
normal embryogenesis and the development of human dis-
ease. miRNAs have emerged as suitable diagnostic and prog-
nostic biomarkers with the capacity for guiding treatment
decisions in the clinic. Three particularly exciting and emerg-
ing areas of investigation include 1) the non-invasive detec-
tion of miRNAs as biomarkers with the recognition that
exosome packaged miRNAs may function as conduits for
cell—cell communication and 2) the continued development
of novel modalities for in vivo miRNA delivery in cancer and
3) the emergence of other functional ncRNAs. While the ma-
jority of investigation has been focused on miRNAs, it is now
clear that other non-coding RNAs may function to direct ge-
netic programming thus contributing to cancer initiation
and progression. Furthermore, there is likely to be a functional
interdependence of these classes of short and long ncRNAs.
We anticipate that such a complex yet elegant orchestration
of non-coding components of the human genome will lead
to an improved understanding of the molecular underpin-
nings of cancer and eventually to the development of novel
biomarkers and targeted therapies in cancer.
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