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Introduction
For decades, the central dogma that misregulated DNA, RNA, 
and proteins can result in disease states such as cancer has domi-
nated our understanding of complex cellular processes. While 
many crucial, highly conserved metabolic and environmental 
protein-based feedback loops have been studied, a majority of 
these systems do not address the underlying genetic complex-
ity associated with higher eukaryotic systems. This complexity 
is most likely derived from the noncoding RNA (ncRNA) por-
tion of the genome, once thought of as “junk DNA.” In fact, 
approximately 98% of the human genome consists of noncod-
ing DNA (1), and approximately 70% of the genome is actively 
transcribed, 2% of which codes for known protein-coding genes 
(2). Research over the last two decades revealed new classes of 
ncRNAs, including microRNAs (miRNAs), small nucleolar RNAs 
(snoRNAs), long ncRNAs (lncRNAs), and circular RNAs (cir-
cRNAs), all with different regulatory functions that effectively 
feed back into a larger RNA communication network that ulti-
mately regulates the fundamental protein effectors of cellular 
function (Figure 1 and refs. 3–10).

The first observation that RNA interference (RNAi) was pos-
sible occurred in transgenic plants, where an attempt was made 
to alter flower color in Petunia hybrida by reducing the expression 
of chalcone synthase by single-stranded antisense RNA (11). Soon 
after, Fire, Mello, and colleagues reported that injection of short 

dsRNA into Caenorhabditis elegans resulted in robust gene silencing 
(12). These early antisense technologies, however, used an endog-
enous RNA-induced silencing pathway. This concept was real-
ized when miRNAs were discovered in C. elegans (8). Subsequent 
research identified miRNAs as regulators of biological processes, 
including development, proliferation, apoptosis, and cell metabo-
lism (4, 13–18). These endogenous small RNAs are transcribed by 
RNA polymerase II, 5′-capped, and 3′-polyadenylated, and undergo 
sequential processing in the nucleus and cytoplasm by the RNase 
III enzymes DROSHA and DICER to generate an approximately 
19- to 22-nt mature miRNA (19–21). The miRNA guides RNA-
induced silencing complex (RISC) to the 3′-UTR of target mRNAs 
via sequence complementarity, resulting in degradation/destabili-
zation or translational repression (22, 23). miRNAs regulate more 
than 60% of human protein-coding genes (24), and aberrant miR-
NA expression can alter the translational landscape within a cell, 
leading to deleterious phenotypic outcomes or disease states (18).

Another subset of ncRNAs transcribed by RNA polymerase 
II are lncRNAs (8). These transcripts are greater than 200 nt in 
length and are found in sense or antisense orientation to protein-
coding genes, or within intergenic regions. lncRNAs regulate gene 
expression through a number of mechanisms, including epigen-
etic regulation via chromatin remodeling, transcriptional activa-
tion or repression, posttranscriptional modification of mRNA, or 
modulation of protein activity. lncRNAs can serve as scaffolds 
that recruit RNA-binding proteins (RBPs) into spatial proximity to 
each other, and/or guide RBPs to DNA. lncRNAs also function as 
decoys to compete for and disrupt protein-binding interactions, or 
to sponge miRNAs away from their natural mRNA targets (8, 25, 
26). The X-inactive–specific transcript (XIST), which produces an 
approximately 20-kb RNA, was the first lncRNA discovered, and 
functions to balance X chromosome gene expression by recruiting 
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apeutics (31) has made it very likely that hundreds of novel RNA-
based therapeutic agents may be developed within the next decade.

The current strategy to express or inhibit miRNA function 
involves delivering synthetic oligoribonucleotides (ORNs) that 
mimic the native miRNA duplex in cases in which miRNA over-
expression is required, or generating a single-stranded antisense 
RNA to sequester the endogenous miRNA of interest for inhibi-
tion studies (Figure 2). As expected, use of unmodified ORNs 
encounters substantial stability and delivery barriers. To maintain 
RNA stability, modifications to protect ORNs against nucleases 
and enhance RNA binding affinity have been explored (32, 33). 
One of the first advancements was development of a 2′-O-methyl 
(2′-OMe) substitution in the sugar backbone of the RNA (34, 35), 
which significantly enhanced the stability of these RNAs in vitro. 
However, a variety of chemical modifications were developed 
over the past decade, including changes to the backbone struc-
ture of the ORN such as 2′-O-methoxyethyl (2′-MOE), 2′-fluoro, 
or locked nucleic acid (LNA) bases, along with oligomerization of 
the ORN with phosphorothioate linkages instead of a canonical 
phosphodiester bond (36–39). 2′-MOE– and LNA-based antisense 
oligonucleotide (ASO) strategies enhance RNA stability such that 
systemic delivery of these agents in vivo at doses of 10–20 mg/
kg results in desired gene targeting within certain tissues (39, 40). 
Targeting moieties can also be directly conjugated to the ORN, 
such as N-acetylgalactosamine (GalNAc) for delivery to hepa-
tocytes in liver disease. Regulus Therapeutics has developed an 
anti–miR-122 compound specifically for hepatitis C patients.

ORN modifications have been widely exploited for antisense 
approaches to sequester mature miRNAs. However, in thinking 
of methodologies to therapeutically reintroduce or re-express  

polycomb repressive complex 2 (PRC2) to the inactive X chromo-
some. SHARP, SAF-A, and LBR are also required for XIST-mediat-
ed transcriptional silencing (27). Efforts to understand the epigen-
etic regulation mediated by lncRNAs have led to the finding that 
GWAS identify cancer risk loci outside of protein-coding regions, 
such as PTCSC3 in papillary thyroid carcinoma and ANRIL in type 
2 diabetes, indicating that aberrant expression of lncRNAs associ-
ates with disease states (28–30).

As the biological significance of both small and long ncRNAs 
is becoming increasingly appreciated, numerous efforts have 
been initiated to target these ncRNAs in disease. Here we discuss 
development of therapeutic tools to target miRNA and lncRNAs in 
disease, the implications of these trials, and how continued elu-
cidation of the underlying biology will serve as the basis for more 
effective rationales for ncRNA drug design and delivery.

General therapeutic strategies for ncRNA 
targeting and delivery
Essential RNA chemical modifications. As a class of molecules,  
miRNAs hold particular therapeutic potential because they regu-
late multiple gene targets within a particular signaling pathway, or 
a number of targets across several independent pathways (4, 18). 
Thus, the pleiotropic regulatory potential of miRNAs can alter cell 
growth and survival depending on the proper cell context, e.g., 
whether the miRNA targets functional pathways that are highly 
expressed in the specific cell or tissue of interest. Therefore, certain 
miRNAs may harbor stronger therapeutic effects when reintro-
duced or inhibited within a specific cell type. Efforts over the past 
decade have indicated that numerous miRNAs have the potential to 
become therapeutic targets, and the renewed interest in RNA ther-

Figure 1. The complexity of noncoding RNA gene networks. In this scenario, four genes are transcribed. However, only the splice variants mRNA-1 and 
mRNA-2 encoded by gene A are translated into protein products. These protein products can be regulated by noncoding RNAs (ncRNAs) that are encoded 
by genes B, C, and D, which interact with gene A at the RNA level in what is referred to as an RNA language or RNA network. Gene B encodes miRNA, 
which can interact with mRNAs at their 3′-UTR. Gene C encodes long noncoding RNA (lncRNA), which can interact with the protein products of gene A or 
serve as a decoy for certain miRNAs. Gene D encodes circular RNA (circRNA), which can sponge or serve as a decoy for any RNA binding event that indi-
rectly regulates gene A protein products, such as lncRNA or miRNA interactions.
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jugated to cholesterol moieties to increase hydrophobicity, but 
also to cell-penetrating peptides to facilitate cellular uptake and 
enhanced tissue targeting. Adding lysine groups on PNAs can facil-
itate the endosomal release of PNA once taken up by target cells. 
Despite these advancements, a major impediment to RNA-based 
therapeutics is that ORN doses of more than 5 mg/kg are required 
before substantial therapeutic effects are observed in vivo, and 
these high doses pose risks of toxicity. Nanotechnology-based 
delivery strategies have significantly reduced the challenges of sta-
bility and target tissue specificity. These technologies allow RNA 
delivery at therapeutic doses of less than 2 mg/kg, reducing their 
toxicity profile (45). The most established nanodelivery agents 
used are lipid-based nanocarriers. These complexes are normally 
modified by PEGylation or through ionization to avoid unwanted 
aggregation in serum and bypass nonspecific tissue uptake. Cat-
ionic lipid complexes can also be decorated with tumor-targeting 
agents such as single-chain fragment variable (scFv) or transferrin 
(45, 46). Other lipid approaches involve neutral emulsion, where 
neutral phospholipids are used to package the miRNA, and there-
fore avoid issues of charge when attempting to deliver a highly 
polar RNA molecule across the cell membrane (47). This approach 
has proven successful for delivery of let-7 and miR-34a in preclini-
cal KrasLSL-G12D lung cancer mouse models (47–49).

miRNAs, the available chemical modifications become rate-limit-
ing. Synthetic miRNA duplexes must be stable and nuclease resis-
tant, able to unwind to allow only mature guide strand loading into 
RISC, and have the guide strand properly recognize and bind its 
cognate mRNA target. Most chemical modifications involve addi-
tion of 2′-OMe groups across the passenger strand of the miRNA 
duplex, while 2′-OMe modifications can occur on the 3′ end of the 
mature miRNA strand (41). The 2′-OMe modification is sufficient to 
protect the ORN from degradation and immune detection and obvi-
ates the need for stable modifications, such as LNAs and phospho-
rothioate linkages, which might interfere with the required unwind-
ing of the duplex while in RISC. Developing modified duplex RNAs 
that remain biologically active is a challenge, however. Attempts to 
deliver a single-stranded mature miRNA have failed (42), presum-
ably because of its inability to load into RISC. Therefore, continued 
efforts are being undertaken to enhance the stability and cellular 
uptake of miRNA mimics for therapeutic applications.

RNA delivery vehicles. miRNA function is cell context depen-
dent, and the ability to direct miRNA-based therapeutics to cer-
tain tissues remains a goal. Therefore, modifications are required 
to enhance cellular uptake of ORNs. ORNs with an electroneutral 
peptide-like backbone, such as peptide nucleic acids (PNAs), have 
been developed to silence miRNAs (43, 44). PNAs can be con-

Figure 2. Oligoribonucleotide modifications for therapeutic delivery. (A) Various oligoribonucleotide (ORN) modifications have been developed to 
improve RNA stability, including (i) substitutions of the 2′-OH of the ribose sugar, such as 2′-O-methyl (2′-OMe, light blue), 2′-O-methoxyethyl (2′-MOE, 
yellow), and 2′-fluoro (2′-F) substitutions (red); (ii) replacement of the phosphodiester linkage with a phosphorothioate (dark blue); (iii) locking of the con-
formation of the backbone with a methylene bridge using LNA modification (green); and (iv) DNA modification of the ribose sugar to a deoxyribose sugar 
(purple). (B) Examples of current modifications used in anti-miRNA ORN therapeutic strategies. Figure adapted with permission from Silence (ref. 33;  
Creative Commons user license available at http://creativecommons.org/licenses/by/2.0).
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several phase I/II clinical trials have been initiated to treat patients 
with bladder, ovarian, and pancreatic cancer. Therefore, there has 
been excitement over the prospect of developing therapeutic tools 
to modulate misregulated lncRNAs in disease.

While lncRNAs can be found in the cytoplasm, they are pre-
dominantly nuclear (63). Therefore, modified ASOs have been 
used in an effort to target the lncRNA in the nuclear compartment 
to initiate RNase H–dependent degradation of the particular tar-
get lncRNA. Continued advancement of this technology includes 
the use of 2′-OMe RNA and LNA modifications at both the 5′ and 
the 3′ end of the ASO to protect against nuclease activity (64, 65). 
Despite improvements, the highly structured nature of lncRNAs 
can preclude ASO binding to a predicted site within the lncRNA 
molecule. While one solution is to generate many siRNAs to a 
particular lncRNA, the cost of assessing off-target effects for each 
molecule attempted can be prohibitive.

Another approach to modulate lncRNA expression in cells is to 
target promoter regions of genes. A majority of gene loci contain 
promoter-associated RNA (pRNA) transcripts that are transcribed 
in the sense orientation just upstream of an mRNA or lncRNA 
transcriptional start site (66, 67). pRNAs function as cis-regulatory 
elements by keeping the surrounding chromatin in an epigeneti-
cally active state. The use of ASOs or LNAs directed toward these 
pRNAs induces the recruitment of the nuclear RISC complex and 
a subsequent remodeling of the local chromatin (59). This involves 
recruitment of HDAC1, EZH2, and DNMT3A, which promotes 
enrichment of silent-state chromatin modifications, heterochro-
matin formation, and ultimately transcriptional gene silencing.

Although lncRNAs represent appealing pharmacological and 
therapeutic targets, inhibiting lncRNAs in vivo remains a chal-
lenge. Many limitations of delivering ASOs for lncRNAs are similar 
for all RNAi-based therapies. However, one tractable approach has 
been the use of small molecules that disrupt lncRNA-chromatin–
modifying complexes to alter the epigenetic state of the target cell. 
It is well accepted that lncRNAs can regulate JARID2 and EZH2 
(68), and if small molecules can be developed to target the binding 
cleft between the lncRNA and its protein-binding partner, these 

Numerous advances in delivery methodologies that do not rely 
on lipid-based approaches include polymer- and peptide-based 
systems. Poly(lactic-co-glycolic acid) (PLGA) nanoparticles can 
be used to deliver both siRNAs and charge-neutral PNA-modified 
miRNAs (50, 51). In addition to mitigating charge and electrostat-
ic interactions that result in unfavorable miRNA delivery, PLGA 
nanoparticles can be decorated with surface peptides such as pen-
etratin, to aid in the cellular uptake of the miRNA. Poly(amine-co-
ester) terpolymer (PACE) nanoparticles are also attractive deliv-
ery platforms composed of a biodegradable and nontoxic polymer. 
They release therapeutic payloads gradually over time and can be 
coated with molecules such as polyE-mRGD to improve tumor 
targeting (52, 53). Additional delivery approaches include direct 
ORN conjugation using peptides such as pH low insertion peptide 
(pHLIP), which can deliver anti–miR-155 PNA to mice harbor-
ing B cell lymphomas in a pH-dependent manner (54, 55). Use of 
tumor-specific aptamers, small nucleic acids whose 3D structure 
binds to specific cell surface proteins identified by systematic evo-
lution of ligands by exponential enrichment (SELEX), is also used 
to improve targeting of PNAs (56, 57). Importantly, many of these 
nanoparticle delivery methods are safe and biodegradable, indi-
cating that they could rapidly be developed into “next-generation” 
miRNA therapeutics for clinical testing (Table 1 and Figure 3).

New tools for lncRNA delivery. lncRNAs function as decoys, reg-
ulators of translation, and modular scaffolds that guide chromatin-
modifying enzymes to specific genomic loci (8). lncRNAs are an 
attractive class of therapeutic target given the tight transcriptional 
regulation, tissue-specific expression, and dysregulation in dis-
ease. Associations of HOTAIR in breast cancer (58, 59) as well as 
MALAT1 in metastatic lung cancer (60, 61) are notable examples 
of this relationship. The first evidence that modulating lncRNAs 
or using their flanking regulatory regions could have therapeutic 
value originated from studies of the H19 gene, an lncRNA with 
oncogenic properties that is highly expressed in a wide range of 
tumors. Intratumoral injection of plasmids expressing diphtheria 
toxin under control of the H19 promoter led to tumor reduction 
in bladder cancer xenograft mouse models (62). From this work, 

Table 1. Different delivery vehicles/carriers for ncRNAs

Method of delivery Description
Peptide nucleic acid (PNA) PNAs are oligonucleotides with a peptide backbone, which improves stability and binding affinity. They can be combined with cell-

penetrating peptides and aptamers to enhance targeting to specific cells, cholesterol moieties to increase hydrophobicity, and lysine 
groups to enhance solubility.

Lipid-based Lipid-based nanocarriers are a well-established delivery method that has been used in many clinical trials. They can be constructed 
from multiple types of phospholipids, including both cationic and neutral lipids. Specificity can be enhanced by attachment of tumor-
targeting agents. Additionally, cationic lipid-based carriers can be modified with PEG to improve stability and solubility.

Peptide/polymer delivery systems
 Poly(lactic-co-glycolic acid) (PLGA) PLGA nanoparticles are another popular delivery system. They are biodegradable and FDA-approved. Surface peptides can be added  

to enhance targeting specificity.

 Poly(amine-co-ester) terpolymer (PACE) Poly(amine-co-ester) terpolymers are another nontoxic, biodegradable delivery option. Similar to PLGAs, they can be modified with 
the addition of surface peptides to improve targeting.

 pH low insertion peptide (pHLIP) pHLIP is a peptide system that inserts itself into the lipid membrane only at low pH. This allows for targeting of acidic environments, 
including that of tumors.
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levels dramatically increase in mice before the onset of hypergly-
cemia (77). Therefore, while miR-375 is itself essential for normal 
glucose homeostasis and β cell turnover, dampening the effects of 
aberrant miR-375 expression in hyperglycemic patients represents 
a viable therapeutic strategy.

Despite preclinical evidence for use of certain miRNAs in 
the treatment of diabetes, Regulus Therapeutics has developed 
lead compounds such as RG-125(AZD4076), a GalNAc-conju-
gated anti–miR-103/107 ORN that can improve insulin sensitiv-
ity in preclinical mouse models. Use of anti–miR-103/107 and 
transient adenovirus-mediated expression of miR-103/107 in 
Mir103-transgenic mice was sufficient to induce an impairment 
of glucose homeostasis and alter insulin sensitivity (78, 79). Use 
of RG-125(AZD4076) in a diet-induced obesity model promoted 
reduced fasting blood glucose and plasma insulin levels as well as 
enhanced glucose tolerance, suggesting that miR-103/107 plays 
a central role in insulin sensitivity. AstraZeneca purchased RG-
125(AZD4076) from Regulus, and together these companies are 
developing the compound to treat nonalcoholic steatohepatitis in 
patients with type 2 diabetes (80).

ncRNAs and the aging heart. ncRNAs control important processes 
in cardiac development and physiology, and aberrant expression of 
these ncRNAs have been linked to cardiovascular disease. α-MHC-
Cre–mediated deletion of Dicer results in postnatal lethality due to 
cardiomyopathy (81), and a series of miRNAs abundantly expressed 
in striated muscle (myomiRs) are thought to be crucial regulators of 
cardiomyocyte proliferation, morphogenesis, and remodeling (82, 
83). Inhibition of one of these myomiRs, miR-208a, by systemic 
delivery of antisense ORNs can improve cardiac function and sur-
vival during hypertension-induced heart failure in Dahl hyperten-
sive rats (84). Importantly, approximately 80% of mice harboring 
a homozygous deletion of Mir208a had significant disruption of 
normal electrical conductivity resulting in atrial fibrillation (85). 
Therefore, proper dosing strategies will be required in nonhuman 
primates before therapeutic approaches are implemented.

miRNA profiling also indicated that members of the miR-15 
family, including miR-195, miR-15a, miR-16, and miR-497, were 
important regulators of postnatal cardiomyocyte mitotic arrest 
by controlling cell cycle regulators, including Chek1. miR-15a is 
also upregulated during cardiac ischemia and heart failure (84). 
rAAV9-mediated delivery of anti–miR-15a, which has been used 

interactions may be disrupted. Similar approaches have been used 
for targeting miRNA function or disrupting the miRNA processing 
machinery (69–71). Taken together, these delivery efforts, along 
with further elucidation of lncRNA regulatory mechanisms, will 
ultimately lead to the development of effective therapeutic strate-
gies that target lncRNAs in vivo.

The role of ncRNAs in chronic disease
Development of ncRNA-based therapies could be considered a 
novel tool in treating a number of chronic diseases. For instance, 
protein products that are known culprits of the disease (e.g., MYC 
in cancer) have proven difficult to target (72). The development 
of RNAi-based drugs enabled highly specific targeting of genes 
of interest at the mRNA level. An extension of RNAi-based thera-
pies is the ability to target the endogenous ncRNA transcriptome 
within a particular disease. Indeed, aberrant miRNA and lncRNA 
expression has been linked to a number of chronic illnesses, from 
heart disease to diabetes to cancer. Given the cell-specific context 
in which most ncRNAs operate, identifying the key misregulated 
ncRNAs within a particular disease context will lead to identifica-
tion of ncRNA candidates for therapeutic targeting (Table 2).

ncRNAs support development of diabetes. Investigators have elu-
cidated that ncRNAs are key players in metabolic pathways that 
support development of both type 1 and type 2 diabetes. Mice 
with an inducible β cell deletion of Dicer harbor a diabetic pheno-
type due to a reduction in insulin production, despite normal islet 
architecture (73). Loss of miR-26a, miR-148, miR-182, and miR-
200, among other miRNAs, may be responsible for the reduced 
insulin phenotype, as these miRNAs positively regulate insulin 
transcription. A more actionable therapeutic target is miR-375, 
given its high abundance in pancreatic β cells. Modulation of miR-
375 activity by 2′-OMe, ORN knockdown, or recombinant adeno-
virus overexpression in MIN6 cells, an insulin-secreting glucose-
responsive pancreatic β cell line, alters glucose-stimulated insulin 
secretion and exocytosis through a novel pathway involving myo-
trophin (encoded by Mtpn) (74). miR-375 KO mice are hypergly-
cemic owing to decreased pancreatic β cell mass secondary to 
reduced proliferation, while in leptin KO mice, miR-375 levels are 
elevated and correlate with increased β cell mass (75). Clinically, 
miR-375 shows potential as a biomarker, as it is overexpressed in 
the serum of type 2 diabetic patients (76), and circulating miR-375 

Figure 3. Delivery vehicles/carriers for ncRNAs. The images depict the various delivery methodologies described in Table 1. Peptide nucleic acid (PNA) 
approaches (A) and lipid-based nanocarriers (B) are the most well-characterized delivery methods for RNA. Recently, new carriers have been developed, includ-
ing poly(lactic-co-glycolic acid)–coated (PLGA-coated) nanoparticles (C), poly(amine-co-esters) such as PACE (D), and pH-sensitive peptides such as pHLIP (E).
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to deliver siRNAs to cardiac tissue in rats (85) and is a safe and 
effective delivery method widely used in clinical trials, may be 
an approach to alleviate the pathological hypertrophy and fibro-
sis associated with reduced cardiac function and failure. How-
ever, miRagen Therapeutics is currently in the preclinical stage 
of development of MGN-1374, an LNA-based anti–miR-15/195 
compound (86). MGN-1374 was shown to enhance heart function 
and promote cardiomyocyte proliferation in murine and porcine 
models (87), indicating that this compound has potential to move 
forward for phase I trials.

lncRNAs are also associated with cardiac disease and could be 
targeted by standard ORN approaches. The lncRNA ANRIL was 
identified in large-scale GWAS for coronary artery disease (88) 
and is expressed in vascular endothelial and coronary smooth 
muscle cells (89). ANRIL may regulate the INK4a/b locus by 
recruiting PRC2 to impose a repressive chromatin state, thereby 
altering the senescent state of cells (90). It is not clear whether 
overexpression or knockdown of ANRIL would affect cardiomyo-
cytes; therefore, the therapeutic augmentation of cardiac function 

by targeting of ANRIL during ischemic events is unclear. It will be 
important to elucidate the mechanisms of lncRNAs in other car-
diac injury models, such as chemotherapy-induced cardiotoxic-
ity, or inflammation-mediated ischemia, before fully pursuing 
lncRNA-based therapeutic strategies.

ncRNAs in neurogenesis and Alzheimer’s disease. Within the 
CNS, ncRNAs are expressed in specific spatiotemporal patterns 
and play a crucial role in buffering gene products along neuro-
nal processes and synaptic junctions (91, 92). Improper integra-
tion of this information, perhaps through loss of the regulatory 
networks imparted by ncRNAs, can result in disease pathogen-
esis. For instance, ATXN8OS, an antisense RNA that encodes a 
CUG repeat, has been implicated in spinocerebellar ataxia type 8 
(SCA8). SCA8 is an autosomal dominant disorder thought to be 
caused by a polyglutamine repeat expansion within the ATXN8 
gene (93, 94). However, transgenic mice expressing ATXN8OS 
harbor dysregulated muscleblind-like splicing regulator 1–medi-
ated pre-mRNA splicing. It would be interesting if a siRNA-based 
therapeutic strategy could be developed to target either ATXN8OS 

Table 2. The ongoing clinical trials using ASO- or ORN-based therapies for disease treatment

Condition Intervention Purpose Identifier Phase Sponsor
Liver cancer; squamous cell lung  
cancer; lymphoma; melanoma;  
multiple myeloma; renal cell  
carcinoma; NSCLC

MRX34; miR-34 liposomal injection Safety evaluation of MRX34 in patients with 
primary liver cancer

NCT01829971 Phase 1 Mirna  
Therapeutics Inc.

Malignant pleural mesothelioma;  
NSCLC

TargomiRs; targeted minicells containing a 
miR-16 mimic, within a drug delivery vehicle — 

EDVs (EDVs are nonliving bacterial  
minicells with a targeting moiety, with  

an anti-EGFR bispecific antibody)

Dose-escalation studies in patients  
with recurrent malignant pleural  

mesothelioma and NSCLC

NCT02369198 Phase 1 University of 
Sydney

Chronic lymphocytic leukemia SPC2996; an LNA ASO against Bcl-2 Determine whether SPC2996 is effective  
and safe in the treatment of chronic 

lymphocytic leukemia

NCT00285103 Phase 1, 
phase 2

Santaris Pharma 
A/S

Advanced cancers; diffuse large  
B cell lymphoma; lymphoma

IONIS-STAT3Rx; an ASO inhibitor of STAT3 Dose-expansion study for the treatment  
of patients with advanced cancers

NCT01563302 Phase 1, 
phase 2

Ionis 
Pharmaceuticals 

Inc.

Diffuse large B cell lymphoma MEDI4736 (an anti–PD-L1 mAb), 
tremelimumab (an anti-CTLA4 mAb),  
AZD9150 (an ASO inhibitor of STAT3)

Evaluate the safety and efficacy of MEDI4736 
alone or in combination with tremelimumab  

or AZD9150 in patients with refractory  
diffuse large B cell lymphoma

NCT02549651 Phase 1 MedImmune  
LLC

Squamous cell lung cancer Apatorsen (OGX-427; an ASO against Hsp27); 
gemcitabine; carboplatin

Determine the effectiveness of apatorsen in 
combination with gemcitabine/carboplatin  

in treating squamous cell lung cancer

NCT02423590 Phase 2 Queen Mary 
University of 

London

Neoplasms; liver metastases EZN-2968; an ASO against HIF-1α Determine the safety and effectiveness  
of EZN-2968 on liver cancer

NCT01120288 Phase 1 National Cancer 
Institute

Solid tumors; multiple myeloma;  
non-Hodgkin’s lymphoma;  
pancreatic neuroendocrine  
tumors; PNET; NHL

DCR-MYC; a novel synthetic double-stranded 
RNA in a stable lipid particle suspension  

that targets the oncogene MYC

Assess the safety and tolerability of the 
investigational anticancer drug DCR-MYC

NCT02110563 Phase 1 Dicerna 
Pharmaceuticals 

Inc.

Hepatocellular carcinoma DCR-MYC; a novel synthetic double-stranded 
RNA in a stable lipid particle suspension that 

targets the oncogene MYC

Assess the safety and tolerability of the 
investigational anticancer drug DCR-MYC

NCT02314052 Phase 1, 
phase 2

Dicerna 
Pharmaceuticals 

Inc.

Diffuse large B cell lymphoma IMO-8400 Evaluate the safety and tolerability of IMO-
8400 in patients with relapsed or refractory 

Waldenström’s macroglobulinemia

NCT02252146 Phase 1, 
phase 2

Idera 
Pharmaceuticals 

Inc.

NSCLC, non–small cell lung cancer.
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or the repeat expansion tracts within the regulatory regions of the 
ATXN8 or the ATXN8OS gene, or to correct the splicing defects of 
downstream effector genes such as Gabt4.

ncRNAs have also been reported to be dysregulated in 
Alzheimer’s disease (AD). For instance, miR-9 controls neuro-
nal stem cell differentiation, is enriched within synapses, and is 
downregulated in AD. miR-9 appears to regulate the amyloid-β 
(Aβ) induction of the CAMKK2/AMPK pathway, and is itself con-
trolled by Aβ42 (95). In primary neuronal cultures, miR-9 overex-
pression inhibited CAMKK2, attenuated Aβ42-induced synapto-
toxicity, and regulated the hyperphosphorylation of tau proteins, 
which combine to form toxic intracellular aggregations. There-
fore, ncRNAs are actionable targets for treating neurological dis-
orders. However, a more robust panel of ncRNA targets to correct 
the phenotypes associated with AD without causing unexpected 
toxicity to normal brain or spinal function is needed. Once these 
candidates are identified, delivering ORNs across the blood-brain 
barrier will present another challenge. The antisense strategies 
originally used to target miRNAs in vivo, termed antagomiRs, are 
delivered to many tissues, with the notable exception of the brain 
(96). This suggests that certain chemical modifications of a single- 
stranded RNA are not sufficient for robust delivery and uptake 
into the CNS without an additional carrier. While certain delivery 
agents are being developed, companies including miRagen Thera-
peutics have an anti–miR-155 compound using LNA-based chem-
istries that may enable investigational new drugs for patients with 
ALS (97). Relying on newer chemically modified antisense ORNs 
may prove effective, given that modulation of certain miRNAs can 
promote tau phosphorylation in rat primary hippocampal neurons 
and impaired learning when injected directly into the hippocam-
pal dentate gyrus in 3-month-old C57BL/6 WT mice (98).

ncRNAs in cancer
Hanahan and Weinberg’s landmark review describes six molecular 
hallmarks that are shared among all cancer types (99). In particu-
lar, successful initiation of tumorigenesis requires that cells devel-
op the ability to sustain proliferative signaling, evade growth sup-
pressors, enable replicative immortality, resist cell death, induce 
angiogenesis, and activate invasion and metastasis. It is clear that 
ncRNAs are dysregulated in cancer and have been implicated in 
regulating fundamental tumorigenic processes (Table 3). This is 
explained by reciprocal or double-negative transcription factor–
miRNA feedback loops that result in the fine-tuning of gene expres-
sion during normal cellular function (100–102). During tumorigen-
esis, these regulatory loops become disrupted. Similarly, lncRNAs 
such as MALAT-1, HOTAIR, and ANRIL are elevated in cancer 
while MEG3, lincRNA-p21, and PTENP1 appear to be downregu-
lated (103). While the mechanisms by which lncRNAs contribute to 
cancer pathogenesis are still unclear, accumulating evidence sug-
gests that lncRNAs regulate chromatin-modifying proteins such 
as PRC2 and coREST (104, 105). Given that hypermethylation of 
gene promoter regions occurs often in cancer, lncRNAs may har-
bor tumor-suppressive or oncogenic functions depending on how 
dysregulation of the respective lncRNA affects the activity of the 
aforementioned chromatin-modifying complexes.

Oncogenic ncRNAs can inhibit growth suppressors. For 
instance, a key regulator of CDKN1B is the miR-221/222 family of 
miRNAs, which are overexpressed in multiple cancer types. Tar-
geting of CDKN1B by this miRNA family promotes enhanced cell 
cycle progression from G1 to S phase resulting in sustained prolif-
eration (100). miR-Zip knockdown of miR-221 in an MDA-MB-231 
triple-negative breast cancer mouse model inhibited tumor 
growth, confirming the pro-proliferative effect of miR-221 in vivo 

Table 3. Novel miRNAs and lncRNAs as putative therapeutic targets in cancer

Therapeutic target Disease type Phenotypic effects In vivo model Reference
miRNAs miR-31 Lung adenocarcinoma Induction of lung hyperplasia, adenoma formation,  

and adenocarcinoma development
Transgenic 137

miR-1246 and  
miR-1290

Non–small cell lung cancer Highly expressed during tumor initiation and cancer progression;  
process is inhibited by LNAs to these miRNAs

PDX 138

miR-34 and let-7 Non–small cell lung cancer Tumor growth was suppressed by systemic delivery of miRNA  
mimics encapsulated in neutral lipid emulsion

Transgenic;  
KrasLSL-G12D Tp53LSL-R172H

48, 49, 104

miR-34a Breast cancer Tumor growth was delayed by systemic delivery  
of tNP-encapsulated miR-34a mimic

Xenograft 53

miR-155 Lymphoma Tumor growth inhibited by pHLIP- and ANTP-NP–encapsulated  
anti–miR-155 particles

Transgenic 50, 55

miR-21* Squamous cell carcinoma Enhancement of tumor progression Xenograft 139

miR-200b Diabetic retinopathy Angiogenesis was suppressed by intravitreal injection  
of miR-200b DNA nanoparticles

Transgenic 140

lncRNAs MALAT-1 Breast cancer Slower tumor growth accompanied by significant differentiation  
into cystic tumors and a reduction in metastasis by systemic 

administration of MALAT-1 ASO inhibitors

Transgenic 141

HOTAIR Nasopharyngeal carcinoma Tumor growth and angiogenesis were attenuated  
by HOTAIR knockdown

Xenograft 142

MEG3 Colorectal cancer Tumor cell proliferation was inhibited  
by MEG3 overexpression

Xenograft 143

LNA, locked nucleic acid; PDX, patient-derived xenograft; pHLIP, pH low insertion peptide.
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lncRNA ANRIL was also implicated in resistance to cell death. 
ANRIL was discovered by mapping of a germline deletion in a 
family with melanoma–neural system tumor syndrome. ANRIL 
functions by epigenetically silencing its target genes via recruit-
ment of PRC2 to gene regions, including the P15 (also known as 
CDKN2B) gene loci (113). Therefore, under a normal physiologi-
cal state, ANRIL functions as a balancer of p15 expression, and 
this homeostatic relationship becomes disrupted in cancer (114).  
siRNA studies in xenograft mouse models indicated that knock-
down of ANRIL results in slower tumor growth and lower tumor 
weight than in controls (115). Overall, this suggests that ANRIL is a 
regulator of the key genetic networks controlling cell death in can-
cer, and could be a potential therapeutic target.

ncRNAs can also regulate neovascularization, a key feature 
of the tumorigenic process described by Judah Folkman nearly 
5 decades ago (116). As tumors increase in size, associated cap-
illary outgrowth occurs from the tumor to surrounding stroma 
and host blood vessels. This dependence on vessel formation for 
tumor growth indicated that tumor angiogenesis could be target-
ed therapeutically (117). ncRNAs play a role in tumor angiogen-
esis, given that miRNA-deficient tumors generated from Dicer 
KO mice are poorly vascularized and hypoxic (118, 119). Numer-
ous miRNAs have been shown to modulate angiogenesis in mice 
(120–122). miR-7, for example, was delivered as a biodegradable 
polymeric nanoparticle to inhibit angiogenesis in a chick chorio-
allantoic membrane assay, as well as in a human glioblastoma 
xenograft model (123). A growing number of lncRNAs, such as 
HULC and HOXD-AS1, have also been identified as angiogenesis 
regulators (124). However, the lncRNA MEG3, part of the TP53 
regulatory feedback loop, appears to play a more predominant 
role in angiogenesis (125). Enhanced expression of proangiogen-
ic genes coincides with low MEG3 levels in human tumors, and 
in mice maternal deletion of Meg3 results in a significant increase 
in microvessel formation in the brain. These studies highlight 
the growing list of angiogenic factors that could serve as targets  
for cancer treatment.

While the molecular underpinning of metastasis has yet to be 
elucidated, it is clear that ncRNAs are fundamental regulators of 
this epithelial-to-mesenchymal transition (EMT). miR-21 is a clas-
sic example of an ncRNA that promotes the migration and invasion 
of cells in a broad range of cancers, primarily through downregula-
tion of phosphatase and tensin homolog (PTEN) and programmed 
cell death protein 4 (PDCD4). Inhibition of miR-21 in chicken 
embryo metastasis assays is associated with less intravasation of 
colorectal tumor cells (126, 127). miR-21–mediated regulation of 
PTEN results in increased IL-6 signaling, subsequently induc-
ing key characteristics of EMT, including PI3K activation and 
enhanced levels of phosphorylated STAT3 and NF-κB in HER2-
positive breast cancer cells (128). In a different in vivo study using 
MDA-MB-231 breast cancer cells, delivery of anti–miR-10b in a 
nanoparticle formulation prevented lymph node metastasis (129). 
Additionally, a number of antimetastatic targets are regulated by 
miR-10b, including HOXD10, TBX5, and PTEN, and blocking 
miR-10b activity inhibits the expression of prometastatic factors 
such as RhoC (130, 131). Other groups have targeted the cell-
extrinsic composition of the metastatic microenvironment. Le 
et al. found that extracellular vesicles derived from highly meta-

(101, 102). The targeting of another oncogenic miRNA, miR-155, 
is being pursued given that miR-155 supports lymphoma devel-
opment in mouse models in the absence of Myc (50). miRagen  
Therapeutics has announced a phase I clinical trial for use of an 
unmodified LNA anti–miR-155 molecule, MRG-106, against cuta-
neous T cell lymphoma (CTCL). Since delivery of MRG-106 will 
be via direct injection into skin lesions, this compound’s delivery 
efficacy should be high, and it will be interesting to know how 
CTCL lesions respond to MRG-106 treatment.

Additionally, tumor-suppressive ncRNAs can target growth 
promoters. While numerous miRNAs are implicated in this pro-
cess, recently, miR-34a has made headlines as the first miRNA 
mimic–based therapy to enter human clinical trials (ClinicalTri-
als.gov, NCT01829971). In preclinical models, systemic admin-
istration of miR-34a, packaged as a neutral lipid emulsion, either 
alone or in combination with let-7 (48, 49), reduced lung tumor 
volumes in KrasLSL-G12D p53loxP/loxP mice. The therapeutic effective-
ness of tumor regression induced by miR-34a is unsurprising, 
given that miR-34a harbors strong tumor-suppressive properties 
across a broad spectrum of tumor types. A recent approach devel-
oped by the Asbestos Diseases Research Institute and EnGeneIC 
was instead used to re-express miR-16 in patients with malignant 
pleural mesothelioma and advanced non–small cell lung cancer 
(NSCLC) failing standard therapy (NCT02369198). These Tar-
gomiRs are hoped to deliver miR-16 in NSCLC as effectively as 
MRX34 in liver cancer. Interestingly, recent work indicates that 
the growth-suppressive effect of miR-16 is enhanced when it is 
coupled with miR-34a (105), highlighting the importance of com-
binatorial miRNA therapeutic approaches.

ncRNAs can also alter the senescent state of cancer cells. The 
miRNA regulation of sirtuins (e.g., miR-34a and SIRT1; ref. 47) is 
a classic example, given that sirtuins regulate the activity of gene 
products involved in cellular metabolism, inflammation, transcrip-
tion, and cell survival. ncRNAs also regulate telomeric regions of 
chromosomes, which progressively shorten during cell division, 
eventually triggering senescence. Cancer cells circumvent this by 
expressing telomerase reverse transcriptase (TERT), which adds 
telomeric repeats to the 3′ end of chromosomes. The lncRNA 
TERRA is transcribed from the same locus and binds to telomer-
ase, inhibiting its activity in vitro (106). Subsequently, tumor cells 
actively downregulate TERRA, extending the longevity of cancer 
cells through telomerase-mediated lengthening of chromosomal 
ends. An additional senescence-promoting ncRNA is GAS5, which 
induces downregulation of CDK6 in pancreatic, bladder, and gas-
tric cancer and in some cases is anticorrelated with tumor size and 
advanced clinical stage (107, 108). Inhibition of GAS5 is associated 
with an increased frequency of cells in S phase, increased CDK6 
protein levels, and altered p21/WAF1 levels, such that the inci-
dence of cellular senescence is reduced (108). In an in vivo colorec-
tal cancer model, tumors ectopically expressing GAS5 harbored 
significantly reduced tumor volumes and tumor burden, suggest-
ing that targeting GAS5 is a potential therapeutic (109).

ncRNAs can also alter the cellular survival response to uncon-
trolled proliferation and DNA damage (110). miR-221/222 can 
abrogate programmed cell death in numerous cancers, and inhi-
bition of these miRNAs increases apoptosis through activation of 
SIRT1 and/or downregulation of PUMA (111, 112). The oncogenic 
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second-generation miRNA-based therapeutics offer the potential 
for a greater delivery payload to the tissue site while reducing RNA-
mediated toxicity. Overall, the continued development of innova-
tive RNA modifications and delivery entities such as nanoparticles 
will aid in the development of future RNA-based therapeutics for a 
broader range of chronic diseases.

Acknowledgments
This work was supported by grants to FJS from the NIH (P50 
CA196530, R01 CA157749, and R01 CA131301). BDA was support-
ed by a Career Development Award from P50 CA196530. CP was 
supported by a Sackler/National Science Foundation REU grant 
and by the Bowdoin College Alumni Council Internship Fund. We 
thank Eleni Anastasiadou for critical reading of the manuscript.

Address correspondence to: Brian D. Adams, Research Faculty, 
The RNA Institute, University at Albany, State University of New 
York, 1400 Washington Avenue, Albany, New York 12222, USA. Or 
to: Brian D. Adams, Investigative Medicine Program, Yale Univer-
sity Medical School, 2 Church Street South, Suite 114, New Haven, 
Connecticut 06520, USA. Phone: 518.437.4447; E-mail: brian.
adams@yale.edu. Or to: Frank J. Slack, Institute for RNA Medi-
cine, Department of Pathology, Cancer Center, Beth Israel Dea-
coness Medical Center, Harvard Medical School, 330 Brookline 
Avenue, Boston, Massachusetts 02115, USA. Phone: 617.735.2601; 
E-mail: fslack@bidmc.harvard.edu.

CP’s present address is: Department of Medicine, University of 
Connecticut Health Center, Farmington, Connecticut, USA.

static 4T1E breast cancer cells promoted the metastasis of weakly 
metastatic 4T07 cells in vivo (132). miR-200 was implicated in this 
process as a prometastatic factor despite the canonical role of the 
miR-200 family in suppressing EMT (133–135). Similarly, Zetter 
and colleagues found that metastatic cells from the lymph nodes 
of mice with prostate tumors exhibited an increasingly epithelial 
phenotype and an increased level of miR-200 (136). These studies 
raise the prospect of targeting exosomes to block tumor metastasis 
as a new and innovative therapeutic approach.

Conclusions
The number of ncRNAs that have the potential to become thera-
peutic targets is steadily growing. ncRNAs can regulate numerous 
aspects of cellular biology. Canonical miRNAs such as miR-34, 
miR-155, and miR-200b were developed or are in development into 
therapeutic drugs to treat specific patient populations with chronic 
or rare diseases. Over the past 5 to 10 years, new ncRNA targets 
have emerged on the basis of strong in vitro and in vivo data indi-
cating that these ncRNAs regulate fundamental cellular processes. 
Many novel lncRNAs are being discovered, and the mechanism of 
action for each lncRNA varies depending on the cellular context. In 
this Review, we have focused on key ncRNAs that may eventually 
be developed into novel therapies in the respective disease setting. 
Currently, over 100 antisense-based oligonucleotide therapies 
are in clinical trials. While the stability of these small yet powerful 
RNAs has been vastly improved, the issues associated with target-
ing these RNAs to the correct tissues of interest still remain. Bio-
medical engineering and nanoparticle developmental efforts have 
begun to develop the tools that allow for this tissue targeting. These 
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