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Abstract Standard cancer therapies for solid malignan-
cies, such as chemotherapy and radiotherapy, are not target
specific against cancer cells and are often not fully effica-
cious. Chemotherapy and radiotherapy may cause side
effects, and the need to develop additional strategies for
cancer treatment is urgent. MicroRNAs (miRNAs) are
small non-coding RNAs with heterogeneous functions and
have been described in almost every known cancer model.
Besides their basic tumor-suppressive and oncogenic
functions, they also have the potential to modulate
chemotherapy and radiotherapy and to be manipulated with
chemical compounds to make them chemically suitable for
efficient delivery to cancer cells. It has been suggested that
the level of expression of specific miRNAs could increase
treatment efficacy by determining the stage of
chemotherapy/radiotherapy sensitivity. Application of
miRNAs alone or in combination with standard therapeutic
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strategies may significantly improve the success of cancer
treatments in the future.

Key Points

One microRNA (miRNA) can be used as both a
target for cancer therapy or be therapeutic itself.

miRNAs as therapeutics or drug targets may
significantly increase therapy success and modulate
the side effects of the therapy.

Combinations of miRNAs and standard therapeutic
strategies may be an important tool for cancer
treatment.

1 Introduction

Malignant transformation results from the combined effect
of genetic and epigenetic changes that lead to cancer for-
mation of various types of cells. Along with these genetic
and epigenetic changes, such as promoter hypermethyla-
tion, cancer pathogenesis is frequently associated with
small non-protein-coding genome elements, known as
microRNA (miRNA) molecules. miRNAs are single-
stranded molecules, approximately 19-24 nucleotides long,
that tune gene expression at the posttranscriptional level by
binding to the 3’ untranslated region (UTR) of their par-
tially complementary messenger RNA (mRNA) targets.
The effect of their activity is translational repression and
reduced protein synthesis [1]. mRNA levels and the levels
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of translation of mRNA into the protein depend on miRNA
levels, and the recognition of 3’UTR by the ‘seed’
sequence on miRNA molecule [2, 3]. Since miRNAs
repress translation of tumor suppressor and oncogenes,
they can be both oncogenic and tumor-suppressive [4], and
this can result in the formation of different cancer pheno-
types and disease progression.

Diverse miRNA signatures (changes in combinations of
various miRNA expression levels) have been linked with
both hematological and solid malignancies [5]. According
to Li et al. [6], miRNA expression level profiling, rather
than mRNA expression profiling, may also soon be used as
an additional factor and criterion in the classification of
human cancers; this suggests they may be potential thera-
peutic targets in cancer research.

Besides the miRNA features used in tumor classification
and prediction of disease progression, miRNA molecules
have been discussed, examined, and proposed as a pow-
erful tool for the development of additional drug and
therapeutic options in cancer treatment. The heterogeneity
of their function and behavior in different cancer types and
subtypes make them suitable for various therapeutic
approaches and strategies. miRNA molecules can be
modified chemically and used in replacement therapy as
miRNA mimics or can be inhibited by different chemical
compounds and genetic systems.

2 Limitations of Current Cancer Therapies

Classical chemotherapy disrupts the activity of vital cel-
lular elements, such as the cytoskeleton and ribosomes;
blocks key enzyme action to inhibit replication, transcrip-
tion, or translation; or simply harms DNA to arrest cancer
cell proliferation and induce production of free radical
cells. Yet, classical cancer therapy is not target specific
against cancer cells. It also causes toxicity in rapidly
dividing normal tissue cells in the gastrointestinal tract and
in bone marrow, causing side effects.

Next, target-specific approaches, such as tyrosine kinase
inhibitors and growth factor receptor inhibitors, were
introduced to inhibit molecular targets, managing cancer
formation and progression [7]. Unlike chemotherapy,
which cannot discriminate between tumor cells and rapidly
proliferating non-tumorous cells, targeted therapy has
greater specificity to kill tumor cells than non-transformed
cells because their targets have intracellular localization.
They can also be easily combined with conventional
chemotherapy because their cytotoxicity affects different
mechanisms and can work synergistically. The inhibitors
bind to a wide range of receptors and downstream ele-
ments, decreasing specificity and increasing toxicity [7].
However, targeted therapy also has limitations, because it
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does not have sufficient specificity. In fact, targeted therapy
frequently cannot target and identify early events in
malignant transformation, development of drug resistance
via the formation of tumor cell sub clones, and the selec-
tion of appropriate patients according to the required target,
so these therapies serve as second- and third-line tumor
defenses [7].

More than 50% of patients with solid malignancies
undergo radiotherapy [8]. Radiotherapy prevents the highly
proliferative cancer cells from dividing. Irradiation also
induces cell and DNA damage and activates repair mech-
anisms. If the activation of cell repair systems and the
microenvironment is too strong, the tumor may become
resistant to radiation treatment. Resistance to radiation
leads to earlier tumor recurrence and poor prognosis [8].
The introduction of therapeutics such as miRNA mimics or
anti-miR molecules could soon overcome problems such as
radioresistance and radiotoxicity, or could be used to
modulate radiotherapy in various cancers, such as prostate
cancer, glioblastoma (GB), breast cancer (BC), etc. [9].
Given the heterogeneity of miRNAs involved in the biol-
ogy of malignant tumors, as described in our previous
article [10], it is also important not to neglect their
heterogeneity when discussing drug resistance. The
heterogeneity of miRNAs means they may be used (1)
either as drugs or as drug targets in cancer treatment, (2) as
the major therapeutic, and as adjuvant therapy to sensitize
tumors to treatment, (3) to prevent or reduce resistance to
therapeutics/therapy, and (4) to reduce the toxic effects of
treatment. The long-term goal of improving therapeutic
efficacy involves identifying agents or molecules to
enhance cancer cell sensitivity to therapy [11], as sum-
marized in Fig. 1.

3 Advantages of MicroRNA (miRNA)-Based
Cancer Therapies

miRNAs can simultaneously control the levels of a wide
range of genes used in cancer therapy. It has been sug-
gested that targeting a group of associated oncogenic
pathways or genes concurrently was associated with good
outcomes in patients with cancer [12]. Furthermore, miR-
NAs, which are natural antisense nucleotides, displayed
lower toxicity and a more decreased immune response than
protein-based drug complexes and plasmid DNA-based
gene therapy. Therefore, miRNAs may have a remarkable
function in cancer treatment [13].

Several strategies have been developed to target onco-
genic miRNAs in cancer therapy, such as miRNA inhibi-
tors, which bind to mature overexpressed miRNA,
disabling their processing with either RNA-induced
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Potential use of miRNAs as therapeutics or therapeutic targets

Cancer development Improvement of radiotherapy Improvement of
success chemotherapy success

To prevent cancer formation

To mbhibiti cancer progression

To decrease invasive and
metastatic potential

Toreverse radioresistance to
radiosensitivity

For radiosensitivity modulation

For elimimation of radiotoxicity

To overcome chemoresistance

For improvement of specificity
of chemotherapeutics towards
tumor cells, rather than healthy
highly proliferative cells

For elimimation of
chemotherapeutic toxicity

Fig. 1 Potential use of microRNAs (miRNAs) as therapeutics or therapeutic targets in cancer pathogenesis, improving radiotherapy and

chemotherapy success

silencing complex (RISC), or their maturation, or the
process of translational repression [14, 15].

The basic strategy lies in the oncogenic feature of
miRNAs overexpressed in several cancers. Their onco-
genic ability can be repressed with various molecules,
named miRNA inhibitors. These inhibitors represent syn-
thetic single-stranded oligonucleotides, mainly represented
as anti-sense oligonucleotides (ASOs) with full or partial
complementary binding to the endogenous miRNA. Sev-
eral synthetic anti-miRNA strategies with either immature
or mature miRNA molecules as targets have been descri-
bed: locked nucleic acid (LNA) anti-miRNAs, anti-miR
oligonucleotides (AMOs), small-molecule chemical com-
pounds (small molecule inhibitors of miRNAs [SMIRs]),
antagomiRs, miRNA-zippers [16], and miRNA sponges
[15, 17], as shown in Fig. 2.

Modulation and targeting of specific miRNAs in cancer
using a range of anti-miRNA techniques can block

miRNAs with altered and undesirable activities and free up
previously silenced gene transcripts to translate into pro-
teins. These are usually tumor suppressors, and they acti-
vate their downstream regulatory networks, including pro-
apoptotic or DNA-repairing signaling pathways, or can
increase drug/therapy sensitivity, thus improving treatment
outcome and survival.

4 miRNAs in Drug, Chemotherapy,
and Radiotherapy Resistance and Sensitivity

Because cancer is a very heterogeneous disease, and
malignant tumors frequently comprise genetically hetero-
geneous cells, the tumor might develop resistance to
chemotherapy [18]. Recent reports indicate that miRNAs
have an important role in inducing resistance to anti-cancer

Type of potential miRNA therapeutic molecules

Anti-microRNA oligonucleotides (AMOs)
AntagomiRNAs
Locked nucleic acid (LNA) anti-miRNAs

Small molecules inhibitors of miRNAs (SMIRs)

miRNA sponges
Small RNA zipper molecules

Small molecules inhibitors of miRNAs (SMIRs)

miRNA mimics

miRNAs coded by expression vectors

Fig. 2 Type of microRNA (miRNA) mostly investigated as potential therapeutic molecules in both inhibitory and substitution strategies
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drugs. Specific miRNA alterations occur selectively in
cancer cells, rendering these cells resistant to various
chemotherapeutic agents. For example, resistance to
5-fluorouracil is mediated by alterations in miR-21, miR-
27a/b, and miR-155, and sensitivity to docetaxel is influ-
enced by miR-98, miR-192, miR-194, miR-200b, miR-212,
miR-424, and miR-214 [18].

miR-451 was overexpressed in tissue from non-small-
cell lung carcinoma (NSCLC) when compared with normal
lung tissue, and overexpression of miR-451 increased cis-
platin (DDP)-based chemosensitivity in A549 cells by
suppressing cell development and triggering apoptosis
formation. Bian et al. [19] showed that miR-451 upregu-
lation increased caspase-3-dependent apoptosis via Akt
signaling cascade inactivation, which in turn reduced
B-cell lymphoma 2 (Bcl-2), while elevating Bcl-2-associ-
ated X (Bax) protein levels. Moreover, miR-31 is overex-
pressed in NSCLC cell lines and has been shown to trigger
resistance to DDP. To prove this, Glavinas et al. [20]
transfected DDP-sensitive human lung cancer SPC-A-1
cells with miR-31 mimics, which caused a remarkable
elevation in the resistance of the SPC-A-1 cell line,
whereas transfection with miR-31 inhibitors rendered the
initially resistant NSCLC line (NCI-H1299) sensitive to
DDP therapy.

Adjuvant treatment is used after or alongside initial
treatment to boost efficiency and enhance disease man-
agement. It would be advantageous if adjuvant therapy
could prevent general resistance mechanisms from
appearing, generally via genetic and epigenetic alterations
in the cancer cell or in their microenvironment, by
making the resistant cancer cells sensitive to a related
agent. Numerous preclinical studies have demonstrated
miRNA-based therapy agents as hopeful targets for this
type of adjuvant treatment. For instance, colorectal car-
cinoma (CRC) cells were rendered sensitive to
methotrexate by miR-192 [21] and to S5-fluorouracil by
miR-143 [22], whereas miR-222 has been thought to take
a role in drug resistance via controlling a disintegrin and
metalloprotease 17 (ADAM17) [23]. In lung cancer, miR-
379 increases chemosensitivity to cisplatin via eukaryotic
translation initiation factor 4 gamma 2 (EIF4G2) [24].

FOLFOX (folinic acid, fluorouracil, and oxaliplatin) is
the most common primary chemotherapy used in advanced
CRC; however, only half of the patients benefit from this
therapy, and there is no perfect way to anticipate the
development of resistance [25]. Chen et al. [25] proved the
upregulation of serum miR-19a in FOLFOX chemother-
apy-resistant patients, proposing that the serum miR-19a
level may be a molecular biomarker for anticipating and
screening resistance to primary FOLFOX chemotherapy in
advanced CRC [25].
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miRNA may be targeted in radiotherapy to reduce
radioresistance, induce radiosensitivity, or predict or
reduce acute or late radiotoxicity [9]. miR-21 is an
important regulator of radioresistance in a plethora of
solid tumors [26]. The same authors showed the impor-
tance of miR-21 avoiding radiation-induced cell death in
leading to radioresistance in a malignant glioma model.
Conversely, using anti-miR-21 to inhibit miR-21 activity
sensitized glioma cells to radiation, describing a novel
therapeutic clue for the future treatment of glioma
malignancies [26]. In an NSCLC model, miR-7 and miR-
885 were described as potential prognostic biomarkers of
better overall survival after chemotherapy and radiother-
apy [27]. Another study in NSCLC showed that radio-
therapy-resistant cases had significantly lower levels of
miR-126 and let-7a than radiotherapy-sensitive cases.
Lower levels of miR-126 and let-7a were also associated
with poor overall survival. miR-126 overexpression in a
lung cancer cell line model induced sensitivity of cells to
radiation by inducing apoptosis [28]. miRNAs may be
used as indicators of radiotoxicity in surrounding non-
transformed tissue and in personalized approaches to
radiotherapy application (dosage) and prediction of
response to therapy.

S Selected Examples of miRNAs as Drug/
Therapeutic Targets of miRNA Inhibitors

The characterization of specific miRNAs involved in
oncogenesis has enabled the formulation of new miR-
based anticancer therapies finalized to rehabilitate normal
physiological functions of deregulated miRNAs. These
therapeutic approaches focus on inhibiting oncogenic
miRNA activity (miRNA inhibitors) or restoring the
function of tumor-suppressor miRs (miRNA mimics).
Selected examples of miRNAs as targets of drugs and
therapeutics of miRNA inhibitors are summarized in
Table 1.

5.1 Anti-miR oligonucleotides (AMOs),
AntagomiRs, Locked Nucleic Acid Anti-miR
Molecules, and Chemically Modified Anti-Sense
Oligonucleotides

AMOs are a type of anti-sense miRNA-inhibiting
oligonucleotide, chemically modified and fully comple-
mentary to the desired miRNA molecules. AntagomiRs are
conjugated with cholesterol [15], completely complemen-
tary to the mature miRNA sequence of interest, and can
prevent miRNAs from binding to mRNAs and introduce
them into the RISC complex. They are chemically modi-
fied to increase the stability of mRNA to prevent
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Table 1 Selected microRNA examples as drug/therapeutic targets of various microRNA inhibitors
Model Type miRNA Drug/molecule  Effect References
molecule as
drug target
In vitro, CLL-like MEC-1 cells miR-17 AMO Decreased cell proliferation [30, 31]
In vivo  §CID mice
In vitro MCF7, BT-474, and ZR- miR-21 AntimiR-21 and Treatment of ER+ BC [32]
75-1 breast cancer (BC) 4-OHT drug
cell line model combination
In vivo,  MCF7 cell line miR-21 Antisense-miR-  Neutralize translational silencing of Bcl-2 [33, 34]
In vitro 21
Invitro GB miR-21 LNA-modified Significantly lower rates of miR-21 molecules and [34]
ASO higher rates of caspases, which reduced glioma cell
complexed viability, by sensitization of glioma cells to radiation
with LNC
In vivo MCF7 and MDA-MB- miR-17, miRNA-zipper Reduced nearly 90% of oncomiRNA levels [16]
231 BC cell line model ~ miR-221 molecule miR-221 zipper reverses resistance to doxorubicin
In vivo Colon carcinoma HCT miR-21, AntagomiR-21 Reduced miR-21, miR-30 levels, transcriptional and [29]
116 cell line model miR-30 post-transcriptional silencing, increase of miR-21
degradation rates
In vitro  BGC823 and SGC7901 miR-152 Long non- For sponging prevention and decreasing miR-152 [43]
GC cell lines coding RNA activity
PVTI1
In vitro ~ Bladder cancer cell lines miR-101-3p LncRNA SPRY- Therapeutic that affects miR-101-3p activity on its [43]
T24T, EJ, UMUC3 IT1 downstream targets in bladder cancer
In vitro MDA-MB-231 in BC cell miR-221 PNA Reduced oncomiR-221, increased translation of cylin-  [35]
line model dependent kinase inhibitor (p27*P")
In vitro MCF7 ER+ BC cell lines miR-221/ ASOs AS-miR-  Downregulation of mIR-221/222 in ER+ MCF7 BC [36]
222 221 and AS- reverses resistance to tamoxifen
miR-222

4-OHT 4-hydroxytamoxifen, AMO anti-miR oligonucleotide, ASO anti-sense oligonucleotide, BC breast cancer, Bcl-2 B-cell lymphoma 2, CLL
chronic lymphocytic leukemia, ER+ estrogen receptor positive, GB glioblastoma, GC gastric cancer, LNA locked nucleic acid, LNC lipid
nanocapsule, miRNA/miR microRNA, PNA peptide nucleic acid, SCID severe combined immunodeficiency

degradation. AMOs and antagomiRs have different lengths
and chemical modifications, and to date, both are under-
going preclinical studies in animal models [15]. LNA anti-
miRNAs represent a type of AMO molecule containing an
additional methylene bridge that locks the ribose into the
more thermodynamically stable conformation.

For example, Song and Rosi [29] found antagomiR-21
targeting miR-21 on two levels: transcriptional and post-
transcriptional in a human colon carcinoma HCT-116 cell
line model. AntagomiR-21 also significantly increased
rates of mature intracellular miR-21 degradation by com-
peting for and compensating RISC components, necessary
for complete miRNA maturation. Interestingly, antagomiR-
21 also decreased rates of pro-angiogenic miR-30, ‘hitting’
two oncomiRs with one type of molecule. These results
indicate the benefits of and potential uses for miR-21 as a
drug target in colon cancer and the multifunctional roles of
antagomiR-21 [29].

Dereani et al. [30] described miR-17/92, members of the
oncogenic miR-17-92 cluster, as potentially good targets
for anti-miR therapy. The authors introduced antagomiR-
17 as having the ability to bind to miR-17. The introduction
of antagomiR-17 molecules significantly lowered miR-17
levels and the proliferation rates of chronic lymphocytic
leukemia (CLL)-like MEC-1 cells. Additionally, in an in-
vivo experiment, the induction of tumor formation by
injecting MEC-1 cells into severe combined immunodefi-
cient (SCID) mice showed that the AMO significantly
reduced disease progression and significantly improved
mouse survival [31].

miR-21 was proposed as a potentially good anti-miR
therapeutic target in BC models, especially in combination
with 4-hydroxytamoxifen (4-OHT), delivered by poly(p,L-
lactide-co-glycolide)-block-poly(ethylene glycol) PLGA-
b-PEG polymer-coated nanoparticles [32]. Devulapally
et al. [32] combined ASO anti-miR-21-PS with 4-OHT and
administered it in estrogen receptor-positive (ER+4-) MCF7,
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BT-474, and ZR-75-1 human BC cell line models and 4T1
mouse BC cells in vitro. Anti-miR-21 administered by
PLGA-b-PEG polymer nanoparticles did not show signifi-
cant antiproliferative features but significantly influenced
proliferation rates when delivered with 4-OHT. Further-
more, they observed significant reductions in proliferative
rates when 4-OHT was combined with anti-miR-21 in
nanoparticles, suggesting PLGA-b-PEG polymer nanopar-
ticles may be a good choice for co-delivery of these two
molecules and that the combination of these two drugs may
be effective for the treatment of ER+ BC.

The application of antisense-miR-21 in BC MCF7 cells
has been shown to suppress tumor cell growth in a cell
culture model and to suppress tumor growth in a xenograft
mouse tumor model [33]. The authors also showed that
inhibition of cell proliferation depends on the dose of anti-
miR agent and that reduced miR-21 levels rendered tumor
cells more sensitive to anticancer factors, and increased
apoptosis rates by neutralizing translational silencing of
Bcl-2 [33]. This example is more evidence for the potential
significance of miR-21 targeting in cancer therapy. In
another experimental confirmation of how miR-21 might
be targeted by antagomiR molecules in cancer, Griveau
et al. [34] conducted an in vitro experiment, silencing miR-
21 with LNA-modified ASO complexed with lipid
nanocapsule (LNC). The authors observed significantly
lower levels of miR-21 molecules and higher levels of
caspases, which reduced U87MG GB cell viability by
sensitizing GB cells to radiation, resulting in radiated cell
deaths.

Brognara et al. [35] targeted miR-221 in an MDA-MB-
231 BC cell line with a peptide nucleic acid (PNA), which
resulted in a significant reduction of oncomiR-221 binding
to its target mRNA. In this case mRNA translates into
cyclin-dependent kinase inhibitor 1B (p27%"') protein,
which allows the control of cell cycle progression. Tar-
geting miR-221/222 with ASOs AS-miR-221 and AS-miR-
222 can restore sensitivity to tamoxifen treatment [36] and
regenerate the tumor-suppressing activity of miR-221/222
targets such as TIMP3 tumor suppressor, which is associ-
ated with the progression of ER+ invasive BC [37, 38].

Zhang et al. [39] used a negatively charged liposomal
delivery system as a target for antisense therapy to apply
antisense miR-221 oligonucleotide (anti-miR-221) in hep-
atocellular carcinoma (HCC)-derived HepG2 cells over-
expressing the transferrin receptor. In an in vivo
experimental model, chemically modified antisense miR-
221 molecules coated with transferrin-targeted negatively
charged liposome were injected into a xenograft mouse
tumor model. This resulted in increased expression levels
of phosphatase and tensin homolog (PTEN), cyclin-de-
pendent kinase inhibitor 1B (CDKNIB), and metallopro-
teinase inhibitor 3 (TIMP3), suggesting the feasibility of
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the delivery system for targeted anti-miR therapy for HCC
[39].

miR-10b is overexpressed in numerous tumor types. Ma
et al. [40] showed that miR-10b suppression, with the
activity of a particular antagomiR, did not decrease pri-
mary tumor development but blocked the formation of lung
metastases and elevated the expression of the target
Hoxd10 in 4T1 mammary tumor cells transplanted in a
Balb/c mouse model. The molecule was extremely specific
and well tolerated by healthy animals that received the
antimiR-10b therapy under similar conditions. Plummer
et al. [13] showed that miR-10b and miR-196b targeting of
miR-10b and miR-196b by LNA-modified ASO negatively
influenced angiogenesis and tumor formation and pro-
gression in mouse models suggesting that their targeting
may be used in future novel therapeutic approaches to
inhibit angiogenesis in BC [13].

Given that GB-initiating stem-like cells (GSCs) are
highly resistant to standard chemotherapy/radiotherapy,
Teplyuk et al. [41] investigated the properties of miR-10b
GB in GB-GSCs as future therapy targets and demonstrated
that downregulation of miR-10b by ASO lowered the levels
of several mRNA molecules [41] in human xenograft and
mouse allograft models.

5.2 miRNA-Zippers, miRNA Sponges, and SMIRs

Recently, miRNA-zippers were tested as another approach
to targeting miRNAs. miRNA-zippers are miRNA inhibi-
tors that result in an miRNA loss-of-function phenotype.
An miRNA-zipper contains a nucleotide gap between two
miRNAs generating the space to ensure the formation of a
stable form and assure specificity in binding for miRNA
[16] (Fig. 3). Meng et al. [16] tested miR-17 and miR-221
in human BC cell lines and found miRNA levels to be
reduced by almost 90%. Moreover, the authors concluded
that, with this strategy, the miR-221 zipper reversed dox-
orubicin resistance with greater efficiency than anti-miR-
221 in BC cell lines.

miRNAs can also be the targets of miRNA sponges in
cancer. Long non-coding RNAs represent a class of epi-
genetic endogenous elements that saturate miRNA

§ miRNA molecule miRNA molecule F 4

¥a ¥

¥ Small RNA zipper molecule s

Fig. 3 Small RNA zipper molecule: collecting, and connecting
(a) microRNA molecules by binding to the 3’ end of one microRNA
(b) and to the 5’ end of another microRNA molecule (¢). Small
miRNA zipper molecules contain nucleotide gaps (d) to stabilize and
improve the specificity of binding to microRNA molecules. miRNA
microRNA
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molecules like “sponges,” and—by binding to them—
prevent miRNAs from binding to their target genes, pre-
venting translational repression or transcript degradation
[42]. LncRNAs usually contain several binding sites on its
sequence for miRNA molecules. Liu et al. [43] showed
that (LncRNA) LncSPRY4-IT1 positively regulated the
expression of histone-lysine N-methyltransferase-enhancer
of zeste homolog 2 (EZH2) via sponging of miR-101-3p,
an oncogenic molecule in bladder cancer, and suggested
this IncRNA as a therapeutic option that effects miR-101-
3p activity on its downstream targets. The second example
of miRNA targeted by sponge-acting molecules was
described by Li et al. [44] in BGC823 and SGC7901 gastric
cancer (GC) cell lines. Li et al. [44] proposed long non-
coding RNA PVTI as a sponge molecule for suppressor
miRNA miR-152. miR-152 overexpression suppresses
translation of cluster of differentiation 151 (CDI151) and
fibroblast growth factor 2 gene (FGF2). In this case, miR-
152 is not the desired target; this would be the long non-
coding RNA PVT1, which could be targeted by a drug to
prevent sponging and miR-152 activity [44].

SMIRs are presented as potential drugs targeting onco-
miRNA molecules. First, Melo et al. [45] described them as
small compounds targeting specific miRNAs, with the role
of inhibiting predominantly oncomiRNA activities. Small
molecules can inhibit miRNA oncogenic activities on three
levels—pre-transcriptional, transcriptional, and post-tran-
scriptional—by preventing their maturation. These small
molecules would target either primary (pri-miRNA), pre-
cursor (pre-miRNA), or mature miRNA sequences, on one
hand and—on the other—molecules and factors involved
in miRNA processing and biogenesis. In addition, these
small molecules may also target the promoter region of
miRNA genes, thus changing/decreasing the transcription
rates of a specific miRNA [46].

Gumireddy et al. [47] described inhibitors of compo-
nents of the miRNA biogenesis pathway and described the
action of small-molecule inhibitors of miRNA function.
For example, small molecules regulate transcriptional
regulation of miR-21 rather than inhibition of target
recognition by miR-21. Young et al. [48] reduced the viral
replication of hepatitis C virus (HCV), known to increase
the chance of HCC developing in liver cells, by introducing
small inhibitory molecule of miR-122, which is shown to
be highly overexpressed in HCC cells. Furthermore, small-
molecule inhibitors reduced levels of pri-miR-122 in liver
cancer cells and induced apoptosis, which might emphasize
its potential role in potential combined treatment with
chemotherapeutics [48].

Monroig et al. [46] described an additional feature of
small molecules: the ability to increase the levels of tumor-
suppressive miRNAs. Small molecules can restore levels of
tumor-suppressive  miRNAs, which may lock down

translation of oncogenes. For example, Shan et al. [49]
showed the effects of the small molecule enoxacin, which
can enhance the maturation of specific pri-miRNAs. They
detected twofold increased levels of examined miRNAs
and suggested that the quantity of restored expression
probably depends on the initial levels of precursor
miRNAs.

Watashi et al. [50] investigated two non-toxic small
molecules, trypaflavine (TPF) and polylysine (PLL), with
the ability to suppress the activity of miRNA-RISC com-
plex or maturation of miRNA molecules. In fact, PLL has
the potential to silence processing of pre-miRNA to mature
miRNA by Dicer and Drosha, whereas the TPF molecule
reduces the formation of miRNA AGO2 complex. As a
result, cells treated with PLL contained fewer mature
miRNAs and more pri-miRNA, whereas TPF-treated cells
contained more miRNA levels that could not have been
properly associated with their target genes. Their results
suggested that TPF and PLL cells significantly decreased
tumorigenic features of examined cells [50] by decreasing
the levels of two oncomiRs, miR-93 and miR-130b. Those
compounds block miRNA activity and RISC-miRNA-
mRNA formation and release the translation of miRNA
target genes.

Small molecules that modulate miRNA activity may be
used to restore the activity and amounts of deregulated
miRNAs in cancer pathology, both decreasing and
increasing levels of specific miRNA.

6 Systemic Delivery Options of miRNAs
as Therapeutic Molecules

miRNAs encoded by expression vectors or miRNA mimics
can be utilized to restore the physiological function of
miRNAs [51]. Delivery mechanisms, including viral or
non-viral (polymers, liposomes) approaches to targeting
cells in vivo, are now being investigated to increase the
efficiency of the molecules suggested in Sect. 5.1. Nan-
otechnology-based strategies have been improved and
analyzed for their probable clinical usage in solid tumors.
Transportation by nanoparticles presents numerous benefits
in vitro and, particularly, in vivo, because of their
immunogenicity, low toxicity, target specificity, and uni-
form size. Much research on pre-clinical in vivo models
has defined the possible efficiency of miR-based treatment
choices in various tumor types [52].

Virus-based transporters, such as adenoviruses, adeno-
associated viruses, or lentiviruses, can more effectively
carry miRNAs to the cells of interest and save them from
the activity of nucleases, extending the half-life of miRNAs
in the blood. Unfortunately, viral transporters have draw-
backs, such as limited DNA packaging capacity, restricted
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vector generation, and life-threatening consequences such
as immunogenicity reactions or systemic toxicity [53].

Nanoparticle-based non-viral transport mechanisms
were designed to optimize transport with fewer problems.
Nanoparticles protect miRNAs from lysosomal and/or
endosomal degradation and can transport miRNAs to the
nucleus or the cytoplasm of the target cell without pro-
ducing high levels of toxicity or powerful immune
responses. Cationic polymers are the most widely preferred
nanoparticles; these are positively charged molecules that
can readily be combined with nucleic acids and display low
immunogenic reaction and toxicity [54]. The artificially
derived polymer polyethylenimine (PEI) and its conjugates
have commonly been used for gene transport objectives
because of their low molecular weight, which supports
their efficiency and rapid uptake and release of the nucleic
acid inside the cell [55]. However, the main restriction to
the use of PEI is its weak biodegradability inside the cell,
which causes aggregation and cytotoxicity.

7 Selected Examples of miRNA Molecules
as Treatment Options

miRNA mimics or miRNAs coded by expression vectors
can be the best choices to restore the physiological function
of miRNAs. Their biological features and functions mean

that miRNAs can be used as suitable agents for therapeutic
purposes and as biomarkers of chemotherapy, radiotherapy,
and targeted therapy success. Suppression or restoration of
miRNA action has great potential for the control of cancer.
A great deal of research on pre-clinical patterns has shown
the efficiency and applicability of miRNA-based treat-
ments. Nevertheless, despite the exciting potential, a
number of difficulties must be overcome to achieve pas-
sage to clinical administration, including issues of bio-
distribution or probable hazardous effects [56]. Selected
examples of miR mimics combined with various delivery
systems are summarized in Table 2.

Lung cancer is one of the deadliest cancer types, glob-
ally. Therefore, the need to uncover the pathological
molecular mechanisms and create innovative treatment
choices is urgent. For example, let-7 can directly suppress
the progression of lung carcinoma both in vitro and in vivo
in xenograft immunodeficient mice [57]. Moreover, intra-
nasal application of an adenovirus expressing let-7 was
found to inhibit growth and lung carcinoma production in
LSL-K-ras G12D mice with G12D K-Ras mutations. Fur-
thermore, Trang et al. [58] verified these outcomes, high-
lighting the therapeutic potency of let-7 in NSCLC.
Systemic transport of let-7 and miR-34a mimics to lung
carcinomas in mice was realized via intravenous adminis-
tration of miR mimics coated with neutral lipid emulsion
(NLE), a neutral lipid-based carrier. These complexes do

Table 2 Selected examples of microRNA molecules as treatment options

Model Type miRNA as Delivery system Effect References
treatment
option
In vivo, H460 NSCLC cells, xenograft let-7, miR- Systemic transport of Significant reduction of tumor mass [57, 58]
in vitro  mouse model 34a entivirus expressing let-7a
and adenovirus
In vivo Mouse xenograft model of miR-124 Liposome complexes Blocked tumor growth through [59]
HCC activation of tumor-specific apoptosis,
and blocked tumor progression
In vivo miR-122-knockout mouse and miR-122 Cationic lipid LNP-DP1 Induced 50% decrease in tumor size [48]
DEN and Sk-Hep-1 xenograft nanoparticles
nude mice models
In vivo, MDA-MB-231 BC mice miR-145 Ad-miR-145 adenoviral Upregulation of miR-145 significantly  [61]
in vitro assembly reduced BC development and
progression
In vivo MDA-MB-231 human BC miR-34a T-VISA-miR-34a plasmid Significant reduction of tumor size [62]
mouse model without side effects
In vivo, DLDI and SW480 CRC cell miRNA Adenoviral construct [65]
in vitro lines targeting synthetic miRNAs
p21 targeting p21 (Ad-p53/
miR-p21)
In vivo, HCTI116 and LS1741T CRC miR-145 PEI-complexed miR-145, 50% decrease in tumor progression [66]
in vitro  cells, xenograft nude mouse PEI-miR-33a

model

BC breast cancer, CRC colorectal carcinoma, HCC hepatocellular carcinoma, miR microRNA, NSCLC non-small-cell lung cancer, PEI

polyethylenimine
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not include cationic lipids and can make it easier to
transport miRNAs within the tumor mass. Mice exposed to
miR-34a and let-7 presented with substantially decreased
tumor size, supporting the efficiency of the therapy [58].

miR-124 was defined as a downstream stimulator of the
hepatocyte nuclear factor 4o (HNF-4o). miR-124 is an
important molecule that activates hepatocytes and liver
growth. It is a central component of an inflammatory
feedback mechanism consisting of miR-629, miR-24, sig-
nal transducer and activator of transcription 3 (STAT3), and
interleukin 6 receptor (IL6R), responsible for initiating
tumorigenesis by repressing HNF-4a when activated [59].
Administration of miR-124 with liposome complexes
restored its activity in an HCC mouse model and blocked
tumor growth via tumor-specific apoptosis and tumor
progression [59]. In addition, miR-122 is a liver-specific
tumor suppressor generally downregulated in HCC [60].
Cationic lipid LNP-DP1 nanoparticles enclosing miR-122
were used in an in vivo miR-122-knockout mouse model
exposed to the carcinogenic DEN and a Sk-Hep-1 xeno-
graft nude mice model. miR-122 mimics coated with LNP-
DP1 were convenient, lacked toxicity, and, when admin-
istered intra-tumor, were associated with a 50% decrease in
xenograft tumor development, indicating a possible use for
this nano-complex in HCC therapy [40].

Furthermore, miR-145 has been found to be downreg-
ulated in BC and to control the regulation of insulin-like
growth factor 1 receptor (IGF-IR), fascin-1, SMAD2/3, and
myelocytomatosis oncogene (c-myc). Ad-miR-145 aden-
oviral assembly was applied to MDA-MB-231 BC mice.
Upregulation of miR-145 substantially reduced the devel-
opment of BC. Therapy with combined 5-fluorouracil and
Ad-miR-145 strengthened the curative efficiency [61]. To
evaluate the curative potency of miR-34a, Li et al. [62]
constructed a T-VISA-miR-34a plasmid that was triggered
in BC. With the help of a liposomal transport mechanism,
T-VISAmiR-34a was intravenously administered to an
MDA-MB-231 human BC mouse model. T-VISA-miR-34a
administration provided miR-34a activity within cancer
cells and reduced tumor mass without noteworthy side
effects [62].

CRC is the third most frequent cancer type worldwide
[63]. It has been determined that p53 activation triggers the
cyclin-dependent kinase inhibitor p21, which can further
move to block p53-mediated apoptosis [64]. A recombinant
adenoviral vector, which facilitated co-cistronic expression
of p53 and synthetic miRNAs targeting p21 (Ad-p53/miR-
p21), was constructed to assess its therapeutic efficiency in
an in vivo model of nude mice administered with DLD1 or
SW480 CRC cells. When the tumor reached a stable size,
adenoviral constructs were applied directly inside the
tumor mass. A remarkable increase in apoptosis,
chemosensitivity, and tumor downsizing were seen in

animals receiving Ad-p53/miR-p21 compared with those
exposed to Ad-p53 alone [65]. Moreover, PEI
(polyethylenimine)-complexed miR-145, an miR down-
regulated in colon cancer that targets c-myc and extracel-
lular receptor kinase (ERK5) was administered
intraperitoneally in an HCT116 or LS1741T colon carci-
noma cell xenograft nude mouse model, resulting in a 50%
decrease in tumor progression. The same animal model was
further exposed to PEI-miR33a, leading to Pim-1 onco-
genic kinase suppression and blocking of tumor develop-
ment [66]. Dai et al. [67] engineered a vector-based
plasmid to evaluate the anti-cancer efficiency of tumor
suppressor miR-15a/16-1, whose activity was inversely
related to cyclin Bl (CCNBI) in CRC [67]. Systemic
transport of structures enclosed in cationic liposomes led to
remarkable suppression of angiogenesis and tumor devel-
opment. Zhai et al. [68] analyzed the function of miR-502,
an miRNA downregulated in CRC, which inhibits autop-
hagy via targeting Rab1B, on CRC tumor development in
an HCT116 xenograft mouse model. They showed that
miR-502 intra-tumor administration decreased tumor
development [68].

8 Application of miRNAs in Therapy Success
Prediction

In a study investigating the possible usage of circulating
miR-451 in serum to predict neoadjuvant chemotherapy
(NACT) resistance in BC, the relative expression of miR-
451 was remarkably reduced in both the NACT-sensitive
group and the NACT-resistant group compared with con-
trols [66]. The authors also observed that relative miR-451
expression was decreased in the NACT-resistant group
compared with the NACT-sensitive group. Therefore, these
findings suggest that the circulating miR-451 level might
be of functional importance in predicting NACT resistance
in patients with BC [69]. Anti-epidermal growth factor
receptor (EGFR) monoclonal antibodies (anti-EGFR mAb)
are used in the treatment of metastatic CRC (mCRC), but
patients with a Kirsten rat sarcoma viral oncogene homo-
log/v-raf murine sarcoma viral oncogene homolog Bl
(KRAS/BRAF) mutation, and nearly one-half of those
without the mutation do not benefit from the treatment
[70]. Mosakhani et al. [70] used miRNA profiling to pre-
dict the therapeutic efficiency of (anti-EGFR) mAB in
patients with and without the KRAS/BRAF mutation and
found significant miR-592 underexpression and miR-31
overexpression in progressive disease compared with the
control group and upregulation of let-7 miRNA family
members in patients with poor overall survival. Moreover,
miR-1224-5p underexpression and miR-140-5p overex-
pression were associated with poor overall survival. In
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patients with mCRC with wild-type KRAS/BRAF, miRNA
profile may effectively predict the success of anti-EGFR
mAb therapy [70].

The treatment success ratio of preoperative chemora-
diotherapy (CRT) ranges from complete regression to
resistance in locally advanced rectal carcinoma. Local
resection (LR) applications were recently investigated to
lessen surgical morbidity and to enhance functional con-
sequences for patients responding well to CRT.
Suitable grading processes are necessary to maintain
oncologic efficacy, but the latest clinical evaluation and
imaging methods require further enhancement. Five miR-
NAs related to rectal carcinoma (miR-31, miR-18b, miR-
17, miR-193-3p, and miR-20a) were investigated in the
plasma of patients with rectal cancer. Expression levels
were evaluated before, during, and after CRT and were
tested with respect to lymph node status. Four miRNAs had
trustworthy outcomes in plasma. Levels of miR-17, miR-
18b, miR-20a, and miR-193-3p changed at previously
described time points. The expression of miR-20a and
miR-18b during CRT was associated with negative lymph
node status. The coincidence of decreased miR-20a and
miR-18b expressions with lymph node negativity after
preoperative CRT may assist in stratification of surgical
procedures in terms of complete meso-rectal excision [71].

9 Conclusions

The worth of miRNAs as potential therapeutic agents is
widely recognized among researchers worldwide.
Recently, the precise molecular specification of cancers has
made it feasible to anticipate response to treatments and
generate targeted drugs and personalized schemes to
manage cancer. The expression status of miRNAs is
associated with tumor growth and aggressiveness, and the
estimation of chemotherapy/radiotherapy/targeted treat-
ment success. In vivo and in vitro experimental studies
have displayed the applicability of rehabilitating the nor-
mal or, conversely, repressing the abnormal activity of
deregulated miRNAs in cancer: miRNA formation presents
low antigenicity, and mimics have been readily transported
via effective and well-tolerated vectors, such as nanopar-
ticles. miRNA activity has been repressed independently
by short synthetic structures particularly designed to
enhance specificity, stability, and binding efficiency to
target. According to the literature listed in this review,
targeting of miRNAs might be much more effective in
cancer treatment when combined with standard therapy
approaches, suggesting that miRNA targeting may also
improve existing therapeutic models in the future. Some
miRNA molecules can be excellent targets for various
types of drugs that silence their oncogene activity and
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revert resistance to other drugs and radiotherapy, or both,
adding a new level to cancer treatment strategies treatment.

Using a range of approaches to silence miR-21, either
LNA anti-miRs or SMIRs, might be a promising model for
future combined therapeutic approaches, with CRT for GB,
BC, and lung cancer; combined with radiotherapy in
patients with prostate cancer, and combined with
chemotherapy in patients with colon cancer. Silencing of
miR-122 by SMIRs or antagomiRs may prevent the
development of HCC in patients with HCV infection and
improve therapy success rates in patients with HCC, as
well as ASO-based miR-221/222 silencing combined with
tamoxifen in the breast carcinoma treatment.

miRNAs may be very valuable targets for various
therapeutic mechanisms, increasing the success of cancer
treatment, but the miRNA therapeutic research niche needs
further characterization and improvement, including the
specificity and selectivity of silencing, choice of delivery
system, or potential side effects (because miRNAs can
silence multiple targets), before use in clinical practice.
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