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Abstract
Progressive cell loss due to apoptosis is a pathological 
hallmark implicated in a wide spectrum of degenera-
tive diseases such as heart disease, atherosclerotic 
arteries and hypertensive vessels, Alzheimer’s disease 
and other neurodegenerative disorders. Tremendous 
efforts have been made to improve our understanding 
of the molecular mechanisms and signaling pathways 
involved in apoptosistic cell death. Once ignored com-
pletely or overlooked as cellular detritus, microRNAs 
(miRNAs) that were discovered only a decade ago, 
have recently taken many by surprise. The impor-
tance of miRNAs has steadily gained appreciation and 
miRNA biology has exploded into a massive swell of 
interest with enormous range and potential in almost 
every biological discipline because of their widespread 
expression and diverse functions in both animals and 
humans. It has been established that miRNAs are criti-
cal regulators of apoptosis of various cell types. These 
small molecules act by repressing the expression of 
either the proapoptotic or antiapoptotic genes to pro-
duce antiapoptotic or proapoptotic effects. Appealing 
evidence has been accumulating for the involvement 
of miRNAs in human diseases associated with apop-
totic cell death and the potential of miRNAs as novel 
therapeutic targets for the treatment of the diseases. 
This editorial aims to convey this message and to 
boost up the research interest by providing a timely, 
comprehensive overview on regulation of apoptosis by 

miRNAs and a synopsis on the pathophysiologic impli-
cations of this novel regulatory network based on the 
currently available data in the literature. It begins with 
a brief introduction to apoptosis and miRNAs, followed 
by the description of the fundamental aspects of miR-
NA biogenesis and action, and the role of miRNAs in 
regulating apoptosis of cancer cells and cardiovascular 
cells. Speculations on the development of miRNAs as 
potential therapeutic targets are also presented. Re-
marks are also provided to point out the unanswered 
questions and to outline the new directions for the fu-
ture research of the field.
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INTRODUCTION
It has been nearly 40 years since Kerr named the novel 
death process ‘‘apoptosis,’’ from the Greek word mean-
ing ‘‘falling of  the leaves’’, an active process that leads to 
cell death[1]. The human body destroys approximately 60 
× 109 cells/d through an apoptotic process in response 
to various stresses such as physiological, pathogenic, or 
cytotoxic stimuli[2]. Unlike necrosis, apoptosis is a com-
plex endogenous gene-controlled event that requires 
an exogenous signal-stimulated or inhibited by a variety 
of  regulatory factors, such as formation of  oxygen free 
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radicals, ischemia, hypoxia, reduced intracellular K+ con-
centration, and generation of  nitric oxide. Progressive 
cell loss due to apoptosis is a pathological hallmark im-
plicated in a wide spectrum of  degenerative diseases such 
as heart disease, atherosclerotic arteries and hypertensive 
vessels, and Alzheimer’s disease and other neurodegenera-
tive disorders[3-9]. And facilitating apoptosis is also an ap-
pealing therapeutic approach in the treatment of  human 
cancers[10-12]. Understanding the signaling pathways and 
mechanisms of  apoptosis is of  paramount importance for 
developing novel therapeutic strategies for human disease. 

Recently, microRNAs (miRNAs), a newly recognized 
class of  small, non-coding RNAs, have emerged as a 
central player in controlling cell fate: survival, growth, 
differentiation and death[13-16]. Since their discovery in 
1993, the importance of  miRNA in gene regulation has 
steadily gained appreciation and now miRNA biology has 
exploded into a massive swell of  interest with enormous 
range and potential in almost every biological discipline. 
An ample amount of  information on miRNAs has been 
accumulated in this rapidly evolving research field. Aber-
rant miRNA expression has been documented in human 
disease and in animal models as well, with evidence for 
a causative role in tumorigenesis and other pathological 
processes[15,16]. One of  the most active fields of  miRNA 
research is miRNA regulation of  apoptosis. Thus far, 
more than 30 of  820 human miRNAs have been experi-
mentally validated to regulate apoptosis, and the number 
in the list is likely to increase with more future studies. 
This editorial aims to give a comprehensive summary of  
basics of  miRNAs and analysis of  the currently available 
data regarding miRNAs in controlling apoptosis. For con-
venience, I term the miRNAs that are involved in regulat-
ing apoptosis “apoptosis-regulating miRNAs”. The tran-
scriptional controls, target genes and signaling pathways 
linking the apoptosis-regulating miRNAs and apoptotic 
cell death will be discussed. The implication of  manipu-
lating the apoptosis-regulating miRNAs as a potential 
new strategy for molecular therapy of  human disease, 
particularly cancer and heart disease, will be highlighted. 
Finally, some unanswered questions/unsolved problems 
and future directions of  the research on apoptosis-regu-
lating miRNAs will be pinpointed and speculated.

BIOgeNesIs Of miRNAs
Transcriptional regulation
Genes for miRNAs are located in the chromosomes, 
and many of  them are identified in clusters that can be 
transcribed as polycistronic primary transcripts. Some 
miRNAs are encoded by their own genes and oth-
ers are encoded by the sequences as a part of  the host 
protein-coding genes. Based on the genomic arrange-
ment of  miRNA genes, miRNAs can be grouped into 
two classes[15]: (1) intergenic miRNAs (miRNA-coding 
genes located in between protein-coding genes); and 
(2) intragenic miRNAs (miRNA-coding genes located 
within their host protein-coding genes). The intragenic 
miRNAs can be divided into the following subclasses: (a) 
intronic miRNAs (miRNA-coding genes located within 

introns of  their host protein-coding genes); (b) exonic 
miRNAs (miRNA-coding genes located within exons of  
host protein-coding genes); (c) 3’ untranslated region (3’
UTR) miRNAs (miRNA-coding genes located within 
3’UTR of  host protein-coding genes); and (d) 5’UTR 
miRNAs (miRNA-coding genes located within 5’UTR 
of  host protein-coding genes). 

According to our analysis, for the human miRNAs 
identified thus far, a majority of  miRNAs belong to 
intergenic (42%) and intronic miRNAs (44%), and the 
other three categories are rare with the exonic miRNAs 
(7%), 3’UTR miRNAs (1.5%) and 5’UTR miRNAs (1%).

Post-transcriptional processing
Clearly, miRNAs either have their own genes or are associ-
ated with their host genes. Accordingly, miRNAs are gener-
ated by two different mechanisms. Biogenesis of  miRNAs 
can be summarized as a five-step process (Figure 1) as 
follows.

Generation of  primary miRNAs: transcription of  miRNA  
genes: The intergenic miRNA genes are first transcribed 
as long transcripts, called primary miRNAs (pri-miRNAs) 
mostly by RNA polymerase Ⅱ or RNA polymerase Ⅲ[17]. 
The pri-miRNAs are capped and polyadenylated, and can 
reach several kilobases in length[18,19]. The clustered miRNA 
genes in polycistronic transcripts are likely to be coordi-
nately regulated[20]. The intronic miRNAs are processed by 
sharing the same promoter and other regulatory elements 
of  the host genes. They are first transcribed along with their 
host genes by RNA polymerase Ⅱ and then processed by 
Drosha independent pathway from excised introns by the 
RNA splicing machinery for their biogenesis in Drosophila, 
C elegans and mammals[21-23].

Generation of  precursor miRNAs: endonuclease pro-
cessing of  pri-miRNAs: The pri-miRNAs are processed 
to precursor miRNAs (pre-miRNAs) by the RNase endo-
nuclease-Ⅲ Drosha and its partner DGCR8/Pasha in the 
nucleus[24-27]. These pre-miRNAs are about 60-100 nucleo-
tides (nts) with a stem-loop or hairpin secondary struc-
ture. Specific RNA cleavage by Drosha predetermines the 
mature miRNA sequence and provides the substrates for 
subsequent processing steps. Cleavage of  a pri-miRNA by 
microprocessor begins with DGCR8 recognizing the junc-
tion between single-stranded RNA and double-stranded 
RNA typical of  a pri-miRNA[28]. Then, Drosha is brought 
close to its substrate through interaction with DGCR8 
and cleaves the stem of  a pri-miRNA 11 nts away from 
the two single-stranded segments. 

miRNA precursor-containing introns have recently 
been designated as “mirtrons”[29]. Mirtrons are derived 
from certain debranched introns that fold into hairpin 
structures with 5′ monophosphates and 3′ 2-nt hydroxyl 
overhangs, which mimic the structural hallmarks of  pre-
miRNAs and enter the miRNA-processing pathway[22,23]. 
The discovery of  mirtrons suggests that any RNA, with 
a size comparable to a pre-miRNA and all the structural 
features of  a pre-miRNA, can be utilized by the miRNA 
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processing machinery, and potentially give rise to a func-
tional miRNA.

Nucleus to cytoplasm translocation of  pre-miRNAs: 
Pre-miRNAs then get exported to the cytoplasm from 
the nucleus through nuclear pores by RanGTP and ex-
portin-5[30-32]. After a pre-miRNA is exported to the cyto-
plasm, RanGTP is hydrolyzed by RanGAP to RanGDP, 
and the pre-miRNA is released from Exp-5. 

Generation of  mature miRNAs: endonuclease process-
ing of  pre-miRNAs: In the cytoplasm, pre-miRNAs are 
further processed by Dicer in animals, which is a highly 
conserved, cytoplasmic RNase Ⅲ ribonuclease that chops 
pre-miRNAs into the duplex form of  mature miRNAs of  
around 22 nts containing a guide strand and a passenger 
strand (miRNA/miRNA*), with 2-nt overhangs at the 
3’ termini[19]. Like other RNase Ⅲ family proteins, Dicer 
interacts with double-stranded RNA-binding protein 
partners. In mammalian cells, Dicer associates with trans-
activation-response element RNA-binding protein (TRBP) 
and protein activator of  the interferon-induced protein 
kinase (PACT)[33,34]. In plants, miRNAs are cleaved into 
miRNA:miRNA* duplex possibly by Dicer-like enzyme 1 
in the nucleus rather than in the cytoplasm[20,24], then the 
duplex is translocated into the cytoplasm by HASTY, the 
plant ortholog of  exportin 5[20]. The strands of  this du-

plex separate and release mature miRNA of  19-25 nts in 
length[20,24]. Plant miRNAs undergo further modification 
by methylation at the 3’ end by HEN1[35].

Formation of  miRISC: Mature miRNAs gets integrated 
into a RNA-induced silencing complex (RISC) to form 
the miRNA:RISC complex (miRISC). Only one strand 
of  miRNA/miRNA*, the guide strand, is successfully 
incorporated into RISC, while the other strand, the pas-
senger strand, is eliminated. Strand selection may be 
determined by the relative thermodynamic stability of  
two ends of  miRNA duplexes[36,37]. The strand with less 
stability at the 5’ end is favorably loaded onto RISC, 
whereas the passenger strand is released or destroyed. 
miRISC contains several proteins such as Dicer, TRBP, 
PACT, and Gemin3, but the components directly as-
sociated with miRNAs are Argonaute proteins (Ago). 
These proteins contain four domains: the N-terminal, 
PAZ, middle, and Piwi domains. The PAZ domain binds 
to the 3’ end of  guide miRNA, while the other three 
domains form a unique structure, creating grooves for 
target mRNA and guide miRNA interactions[38-41]. In 
mammalian cells, four Ago proteins have been identi-
fied, all of  which can bind to endogenous miRNAs[42]. 
Despite the sequence similarity among these Ago pro-
teins, only Ago2 exhibits endonuclease activity to slice 
complementary mRNA sequences between positions 10 
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and 11 from the 5’ end of  guide strand miRNA. There-
fore, human Ago2 is a component of  both miRISC and 
siRISC (siRNA-induced silencing complex), a RISC as-
sembled with exogenously introduced siRNA. The roles 
of  various Ago proteins in mammalian RISC are am-
biguous, but the division of  labor among Ago proteins 
in Drosophila is well defined. Drosophila Ago1 and Ago2 
have been shown by biochemical and genetic evidence 
to participate in two separate pathways: Ago1 interacts 
with miRNA in translational repression, whereas Ago2 
associates with siRNA for target cleavage[15,43,44].

BIOlOgICAl ACTIONs Of miRNAs
Mechanisms of actions
miRNAs exist in double-stranded form (duplex), activate 
in single-stranded form (simplex), and act in complex 
form miRISC. Mature miRNAs confer sequence speci-
ficities to the RISC complex. Subsequent binding of  
a miRNA in the miRISC to the 3’UTR of  its target 
mRNA through a Watson-Crick basepairing mechanism 
with its 5’-end 2-8 nts exactly complementary to recogni-
tion motif  within the target (taking into account that an 
RNA-RNA hybrid can also contain G-U matches). This 
5’-end 2-8 nt region is termed “seed sequence” or “seed 
site”, for it is critical for miRNA actions[45,46]. Partial 
complementarity with the rest of  the sequence of  a miR-
NA also plays a role in producing post-transcriptional 
regulation of  gene expression, presumably by stabilizing 
the miRNA:mRNA interaction. Moreover, the mid and 
3’-end regions of  a miRNA may also be important for 
forming miRISC. Studies have shown that in addition to 
3’UTR, coding region and 5’UTR can also interact with 
miRNAs to induce gene silencing[47-49].

In mammalian species, the assembly of  the miRNA/
RISC on a 3′UTR can potentially influence protein pro-
duction by enhancing de-adenylation with subsequent 
degradation of  the mRNA or by repressing translation 
initiation or both[50-53], depending upon at least the fol-
lowing factors (Figure 2): (1) The overall degree of  
complementarity of  the binding site; (2) The number of  
recognition motif  corresponding to 5’-end 2-8 nts of  
the miRNA; and (3) The accessibility of  the bindings 
sites (as determined by free energy states)[54-56].

The greater the degree of  complementarity of  ac-
cessible binding sites, the more likely a miRNA degrades 
its targeted mRNA. The loose binding constraints allow 
one miRNA to bind to several sites within one 3′UTR. 
Perfectly complementary targets (full miRNA:mRNA 
interaction) are efficiently silenced by the endonucleo-
lytic cleavage activity of  some Ago proteins[50,57,58], but 
the vast majority of  predicted targets in animals are 
only partially paired (partial miRNA:mRNA interac-
tion)[45,46,59-62] and can hardly be cleaved[63]. Some miRNAs 
have only seed-site complementarity (seed-site miRNA:
mRNA) and this interaction primarily leads to translation 
inhibition. And those miRNAs that display imperfect se-
quence complementarities with target mRNAs primarily 
result in translational inhibition[45,46,54-56]. The mechanisms 
for translational inhibition remain largely unknown, 

although inhibition of  translation initiation has been 
identified as one such mechanism by several studies[51,64]. 
Greater actions may be elicited by a miRNA if  it has 
more than one accessible binding sites in its targeted 
miRNA, presumably by the cooperative miRNA:mRNA 
interactions from different sites. mRNA degradation by 
miRISC is initiated by deadenylation and decapping of  
the targeted mRNAs[56]. A recent study demonstrated, 
however, that miRNAs can also act to enhance transla-
tion when AU-rich elements and miRNA target sites 
coexist at proximity in the target mRNA and when the 
cells are in the state of  cell-cycle arrest[65].

The loose binding constraints also allow one miRNA 
to bind multiple mRNA targets within the transcriptome. 
This multiplicity endows miRNAs in principle with the 
ability to inhibit several genes at once, leading to a much 
stronger biological response due to multiple effects on 
one pathway or coordinated effects on several pathways. 
It has been predicted that each single miRNA can have 
> 1000 target genes and each single protein-coding gene 
can be regulated by multiple miRNAs[45,46,54-56,66,67]. This is 
at least partially a result of  a lax requirement of  comple-
mentarity for miRNA:mRNA interaction[52]. This implies 
that actions of  miRNAs are sequence- or motif-specific, 
but not gene-specific; different genes can have same 
binding motifs for a given miRNA and a given gene can 
have multiple binding motifs for distinct miRNAs. On 
the downside, the relaxed stringency of  miRNAs, with 
regard to their potential targets, enhances the possibility 
of  disadvantageous off-target effects on inappropriate 
mRNAs. Another disadvantage is the difficulty for re-
searchers trying to interpret the biological significance 
of  altered expression of  a given miRNA by determina-
tion of  its relevant downstream targets. Based on the 
characteristics of  miRNA actions, I have postulated that 
a miRNA should be viewed as a regulator of  a cellular 
function or a cellular program, not of  a single gene[14].

Cellular functions of miRNAs
miRNAs are an abundant RNA species constituting > 
3% of  the predicted human genes, which regulates about 
30% of  protein-coding genes[52]. The high sequence con-
servation across metazoan species and the ability of  in-
dividual miRNAs to regulate the expression of  multiple 
genes confer strong evolutionary pressure and participa-
tion of  miRNAs in essential biologic processes such as 
cell proliferation, differentiation, apoptosis, metabolism, 
stress-response, etc.[66,67].

miRNAs AND APOPTOsIs
To date, no less than 30 individual miRNAs have been 
known to play a role in regulating apoptosis. These in-
clude the let-7 family, miR-1, miR-1d, miR-7, miR-14, 
miR-15a, miR-16-1, miR-17 cluster (miR-17-5p, miR-18, 
miR-19a, miR-19b, miR-20 and miR-92), miR-21, miR-29, 
miR-34a, miR-133, miR-146a, miR-146b, miR-148, 
miR-191, miR-204, miR-210, miR-214, miR-216, 
miR-278, miR-296, miR-335, miR-Lat, and bantam. The 
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list is expected to expand quickly with more studies. 
Indeed, we have performed a bioinformatics prediction 
of  the vertebrate miRNAs available to date in miRBase 
using a target scan computational analysis with miR-
Base and miRanda and surprisingly found that nearly all 
known vertebrate miRNAs (approximately 70%) have at 
least one target gene related to cell death or survival. This 
suggests that a majority of, if  not all, vertebrate miRNAs 
can regulate apoptosis in at least some cell types.

Among the known apoptosis-regulating miRNAs, 
some are designated as anti-apoptotic and others as pro-
apoptotic miRNAs. This distinction is primarily based 
on experimental results from a particular cell type.

Anti-apoptotic miRNAs 
In general, the following miRNAs are considered anti-
apoptotic: miR-17-5p, miR-20a, miR-21, miR-133, miR-
146a, miR-146b, miR-191, miR-14, bantam, miR-1d, 
miR-7, miR-148, miR-204, miR-210, miR-216, miR-296, 
and miR-Lat. For example, inhibition of  miR-17-5p and 
miR-20a with their antisense oligonucleotides, induces 
apoptosis in lung cancer cells, indicating that miR-17-5p 

and miR-20a can protect these cells against apoptosis[68]. 
Knockdown of  miR-21 in cultured glioblastoma cells 
resulted in a significant drop in cell number. This reduc-
tion was accompanied by increases in caspase-3 and -7 
enzymatic activities and TUNEL staining[69,70]. Similarly, 
in MCF-7 human breast cancer cells, miR-21 also elicits 
anti-apoptotic effects[71,72]. miR-Lat was reported to pro-
tect neuroblastoma cells against apoptotic death[73].

Proapoptotic miRNAs 
On the other hand, several miRNAs have been referred 
to proapoptotic ones, which include let-7 family, miR-
15a, miR-16-1, miR-29, miR-34a, miR-34b, miR-34c, 
miR-1, and miR-214. The best example of  proapoptotic 
miRNAs is probably miR-15a and miR-16-1 that when 
forced to express induces apoptosis in chronic lympho-
cytic leukemia cells[74]. Equally interesting is the finding 
that when Wi38 human diploid fibroblasts transduced 
with an AMO against miR-34 were treated with the 
apoptosis-inducing agent staurosporine, fewer early 
apoptotic cells and more viable cells were observed. It 
has been proposed that miR-34 can mediate key effects 
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associated with p53 function for p53 transactivates gene 
expression of  miR-34[75]. Similar relationships between 
miR-34a and p53 have also been confirmed in other 
cells, such as H1299 human lung cancer cells, MCF-7 
human breast cancer cells, U-2OS osteosarcoma cells[76], 
and in p53 wild-type HCT116 colon cancer cells[77]. Ex-
pression of  miR-34a causes dramatic reprogramming 
of  gene expression and promotes apoptosis[78]. A most 
recent study further revealed that overexpression of  
miR-34a causes a dramatic reduction in cell proliferation 
through the induction of  a caspase-dependent apoptotic 
pathway in three neuroblastoma cell lines, Kelly, NGP 
and SK-N-AS[79]. On the other hand, Bommer et al[80] 
demonstrated that the expression of  miR-34b and miR-
34c was dramatically reduced in 6 of  14 (43%) non-small 
cell lung cancers (NSCLCs) and that the restoration of  
miR-34 expression inhibited growth of  NSCLC cells. 

It is noticed that the previous work on miRNAs 
and apoptosis has been mostly limited to the context 
of  cancer, while studies on apoptosis regulation by 
miRNAs in non-cancer cells have been sparse. We have 
recently found that miR-133, one of  the muscle-specific 
miRNAs, produced antiapoptotic actions in neonatal 
rat ventricular myocytes[81]. Noticeably, this cytoprotec-
tive effect may be weakened in hypertrophic heart since 
miR-133 level has been found significantly reduced 
under such conditions and this may contribute to in-
creased tendency of  apoptosis induction in hypertrophic 
myocytes[82-84]. Our study demonstrated that miR-1, an-
other muscle-specific miRNAs, promotes the apoptosis 
induced by oxidative stress in cardiac cells counteracting 
with miR-133[81]. Intriguingly, our earlier study revealed 
that miR-1 level was elevated by 2-3 folds in ischemic 
myocardium[85]. Whether this altered miR-1 expression 
is linked to increased apoptotic cell death in myocardial 
infarction[86,87] merits further studies to verify. 

miRNAs with both antiapoptotic and proapoptotic 
properties
Nonetheless, precaution must be taken when attempt-
ing to categorize a miRNA by its role in apoptosis. Each 
miRNA has the potential to regulate > 1000 protein-
coding genes that could well be a mixture of  some anti-
apoptotic and proapoptotic genes[29]. Whether a miRNA 
is antiapoptotic or proapoptotic may largely depend 
upon the cell-specific expression of  genes involving in 
apoptosis and survival. There indeed have been a few 
instances reinforcing the needs to consider cell context 
as an important index for the role of  miRNAs in apop-
tosis. As mentioned above, miR-21 has been considered 
as antiapoptotic in glioblastoma[69] and MCF-7 cells[71]. 
In HeLa cells, however, miR-21 does the opposite; in-
hibition of  miR-21 increased the number of  surviving 
cells[88]. Moreover, inhibition of  miR-21 in A549 human 
lung cancer cells fails to alter cell death or growth[88]. Ev-
idently, a same miRNA can have three different actions, 
antiapoptotic, proapoptotic or neutral, in different cell 
types. Similarly, miR-24 promotes growth in A549 cells, 
but inhibits growth in HeLa cells[88]. 

PATHOPHYsIOlOgICAl IMPlICATIONs 
Of APOPTOsIs RegUlATION BY miRNAs
Many human diseases are related to cell proliferation and 
cell death or a loss of  balance between cell proliferation 
and cell death. The regenerative types of  disease (such 
as cancer) are associated with increased cell proliferation 
and/or decreased cell death (particularly apoptosis). On 
the contrary, the degenerative types of  disease (such as 
heart failure) are in general linked to increased apoptotic 
cell death. From this point of  view, it is quite plausible 
that the miRNAs able to regulate apoptosis are impor-
tantly involved in the human diseases associated with 
cell proliferation and apoptosis, and are vivid targets for 
therapeutic interventions of  the disease.

miRNAs and cancer
Mounting evidence from both basic and clinical stud-
ies indicates that miRNAs are aberrantly expressed in 
cancer, and different types of  cancer have different 
expression profiles of  miRNAs, which can lead to a 
novel cancer-specific and cancer type-selective treatment 
strategy. The implication of  miRNAs in cancer therapy 
is obvious and there have been several excellent review 
articles detailing miRNAs and cancer[89-105]. 

miRNAs involved in cancer cell apoptosis: Around 
30 miRNAs have been characterized for their pro- or 
anti-apoptotic properties. This editorial does not intend 
to do an exhausted description of  every single miRNAs; 
instead it aims to highlight a few important points. (1) 
Deregulated expression of  miRNAs has been character-
ized in a variety of  human cancers including chronic 
lymphocytic leukemia[106], breast[107], lung cancers[108], 
pancreatic cancer, and six solid tumors including breast, 
colon, lung, pancreas, prostate and stomach[109]. The 
miRNAs that have attracted tremendous attention from 
both scientists and clinicians mainly include miR-21, miR-
34a, miR-15a, miR-16-1, miR-17-5p, miR-20a, and let-7. 
The findings could aid in the diagnosis and prognosis 
of  cancer[108]; (2) Some of  the miRNAs are conserved 
and the others are distinct among various types of  hu-
man cancers in terms of  their expression deregulation. 
For example, miR-21, miR-191 and miR-17-5p are abnor-
mally overexpressed in six solid tumors studied, includ-
ing breast, colon, lung, pancreas, prostate and stom-
ach[109]. By comparison, other miRNAs such as miR-155, 
miR-146 and miR-20a are more restricted to certain types 
of  tumors. The differential alterations of  miRNAs pro-
vide opportunities for interventions aiming at particular 
types of  cancer; (3) Studies have well demonstrated the 
feasibility of  targeting the relevant miRNAs to facilitate 
cancer cell death and/or to inhibit cancer cell growth 
under in vitro conditions. Use of  the xenograft mouse 
model to confirm the anti-tumor efficacy under in vivo 
conditions has also been documented. Si et al[71] showed 
that one transient transfection with knockdown of  
miR-21 by AMO is sufficient to cause substantial inhibi-
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tion of  tumor growth in MCF-7 human breast cancer 
cells and in the xenograft tumors generated by MCF-7 
cells, by effectuating an increase in apoptosis associated 
with downregulation of  Bcl-2 expression. This finding 
with miR-21 and MCF-7 in nude mice was confirmed by 
an independent group[72]. In another study on miR-21, 
the intracranial graft survival of  miR-21-antagonized (by 
AMO) gliomas was shown to be diminished, as indicated 
by a sharp reduction of  tumor volumes in vivo compared 
with control-treated gliomas[70]. Meng et al[111] described a 
detailed investigation on the anticancer potential of  let-7 
depletion by AMO and the underlying molecular mecha-
nisms. The authors revealed an increase in basal expres-
sion of  phosphor-Stat3 and decrease in neurofibroma-
tosis 2 (NF2) in homogenates from xenograft tumors 
generated by Mz-IL-6 human malignant cholangiocytes 
injected subcutaneously. Intratumoral administration 
of  let-7a AMO increased NF2 and decreased phosphor-
Stat3 expression in Mz-IL-6 xenografts in vivo. Moreover, 
they observed a decrease in tumor growth consistent 
with increased gemcitabine toxicity in response to let-7a 
AMO when compared with the tumors that were un-
treated. Subcutaneous administration of  exogenous miR-
34a considerably suppressed in vivo growth of  HCT116 
and RKO human colon cancer cells in tumors in nude 
mice[77]. The c13orf25/miR-17 cluster, which is responsi-
ble for 13q31-q32 amplification in malignant lymphoma, 
contains the miRNA-17-18-19-20-92 polycistron. Tazawa 
et al[77] demonstrated that the nude mice injected with rat 
fibroblasts pretreated with both miR-17 polycistron and 
Myc by transfection showed accelerated tumor growth as 
compared with those injected with only Myc transfectant 
cells. The finding suggests that an anti-miR-17 antisense 
should be able to suppress tumor growth; and (4) Also 
important is that some of  the signaling molecules that 
can mediate the apoptosis-regulating actions of  miRNAs 
have been identified. Understanding the molecular mech-
anisms should allow for more rational considerations of  
miRNAs as a target for cancer therapy. 

Signaling pathways mediating the effect of  miRNAs 
on cancer cell apoptosis: The miRNAs known to be 
involved in regulation of  apoptosis seem to be associated 
with most of  the signaling pathways (Figure 3). Cimmino 
et al[74] demonstrated that miR-15a and miR-16-1 expres-
sion is inversely correlated to Bcl-2 expression in chronic 
lymphocytic leukemia and that both miRNAs negatively 
regulate Bcl-2 at a post-transcriptional level. The regula-
tion of  Bcl-2 protein levels by these two miRNAs de-
pends on the potential binding site in the 3’UTR of  Bcl-2. 
Bcl-2 repression by these miR-15a and miR-16-1 induces 
apoptosis in the leukemic cell line model. Johnson et al[112] 
found that the 3′UTRs of  the human RAS oncogenes 
contain multiple complementary sites for let-7, allowing 
let-7 to regulate RAS expression through post-transcrip-
tional repression. Lung tumor tissues display significantly 
reduced levels of  let-7 and significantly increased levels 
of  RAS protein relative to normal lung tissue, suggesting 
let-7 regulation of  RAS as a mechanism for let-7 in lung 
oncogenesis. RAS as target for let-7 repression was verified 

by their experimental results. In a separate study by Meng 
et al[111], however, let-7a was shown to act by a different 
mechanism; it enhances IL-6 production and subsequent 
constitutive Stat-3 phosphorylation and activation via 
direct post-transcriptional repression of  NF2 in human 
malignant cholangiocytes Mz-1 and Mz-IL-6 cells. Intra-
tumoral administration of  AMO against let-7a increased 
NF2 and decreased Stat-3 phosphorylation in Mz-IL-6 
xenografts in vivo[110]. Overexpression of  miR-21 paradoxi-
cally upregulates Bcl-2 in MCF-7 breast cancer cells, pos-
sibly via an indirect pathway[71]. Regulation of  PTEN/Akt 
and Bcl-2 by miR-21 is in agreement with its cytoprotec-
tive ability against apoptosis. Two most recent studies 
revealed that the tumor suppressor protein programmed 
cell death 4 (PDCD4) is a functionally important target 
for miR-21 in breast cancer cells[113] and colorectal cancer 
cells[114]. E2F1, a direct downstream target for c-myc, is 
negatively regulated by miR-17-5p and miR-20a, which 
may account partially for the antiapoptotic effects of  
these miRNAs[115,116]. miR-29 was found to be an endog-
enous regulator of  Mcl-1 protein expression, and thereby, 
apoptosis[117]. Enforced miR-29b expression reduced ex-
pression of  Mcl-1 protein, an anti-apoptotic Bcl-2 family 
member, in KMCH malignant cholangiocarcinoma cells, 
and sensitized the cancer cells to tumor necrosis factor-
related apoptosis-inducing ligand cytotoxicity. This effect 
was direct, as miR-29b negatively regulated the expression 
of  a Mcl-1 3’UTR-based reporter construct. miR-34a has 
recently attracted tremendous attention owing its ability 
to mediate p53-induced apoptosis[75,76,78,80]. Data have now 
been available indicating that miR-34a directly targets the 
E2F3 mRNA and significantly reduces the levels of  E2F3 
protein in neuroblastoma[79]. Similar results were obtained 
by an independent group in two colon cancer cell lines, 
HCT 116 and RKO. The authors showed that introduc-
tion of  miR-34a into the cells elicits a profound inhibition 
of  cell proliferation accompanying the down-regulation 
of  the E2F family[77]. In addition, the same group also 
found that miR-34a causes upregulation of  the HBP1 
gene, which is associated with oncogenic RAS-induced 
premature senescence. miR-27a reportedly produces an-
tiapoptotic effect in SKBr3 human breast cancer cells[118]. 
Reverse transcriptase polymerase chain reaction (RT-PCR) 
study showed that miR-27a AMO significantly upregulates 
ZBTB10/RINZF, a Sp1 repressor, and RYBP/DEDAF, 
an apoptotic facilitator, in SKBr3 cells. Northern blots 
confirmed the up-regulation. Repression of  these two 
target genes by miR-27a may underlie its antiapoptotic ef-
ficacy. The latency-associated transcript (LAT) of  herpes 
simplex virus-1 (HSV-1) inhibits apoptosis and maintains 
latency by promoting the survival of  infected neurons. 
Gupta and colleagues[73] found that the antiapoptotic ac-
tion of  LAT depends on a miRNA. The group first iden-
tified a new miRNA from the exon 1 region of  the HSV-1 
LAT gene and they named it miR-LAT. Subsequently, they 
confirmed that miR-LAT exerts its antiapoptotic effect by 
downregulating the transforming growth factor (TGF)-1 
and SMAD3 expression, both of  which are functionally 
linked in the TGF-pathway (Figure 4). 
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miRNAs IN CARDIOvAsCUlAR sYsTeM
miRNAs and cardiomyocyte apoptosis
It is noticed that the previous work on miRNAs and 
apoptosis has been mostly limited to the context of  can-
cer, while studies on apoptosis regulation by miRNAs 

in non-cancer cells have been sparse. The first evidence 
for the role of  miRNAs in cardiomyocyte apoptosis was 
obtained in 2007 from my laboratory demonstrating the 
proapoptotic effect of  miR-1 and anti-apoptotic effect 
of  miR-133 in response to oxidative stress[81]. Subsequent 
studies in 2010 and 2008 revealed the involvement of  
other miRNAs such as miR-21, miR-24 and miR-29 in 
ischemic myocardial injury[119,120]. The currently known 
apoptosis-regulating miRNAs in cardiomyocytes are illus-
trated in Figure 5.

Role of  miR-1 and miR-133: Oxidative stress constitutes 
one of  the major threats to the living system and accu-
mulative oxidative damage has been implicated in many 
degenerative conditions including the aforementioned 
diseases such as heart failure, atherosclerosis and Al-
zheimer’s disease[121-125], and even aging process, all of  
which are associated with progressive decrease in cell 
density. Indeed, oxidative stress is one of  the most cru-
cial factors causing neurodegenerative disorders. There 
is also a growing body of  evidence that oxidative stress 
increases in myocardial failure and may contribute to 
the structural and functional changes that lead to dis-
ease progression[123]. Moreover, oxidative stress is a well-
known factor promoting apoptosis[126-129].

We found that miR-1 level is significantly increased 
in response to oxidative stress in cardiomyocytes[81]. This 
overexpression is involved in regulation of  apoptotic 
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Figure 3  DNA damage and cellular stress-induced apoptosis.
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cell death. Overexpression of  miR-1 in H9c2 rat myo-
blasts provoked apoptotic cell death, which was partially 
rescued by treatment with miR-133[81]. Similar effects 
on oxidative stress-induced apoptosis were observed in 
hydrogen peroxide (H2O2)-treated H9c2 cells, wherein 
cotransfection with miR-1 led to 60% reduction in the 
IC50 value necessary for oxidative stress-induced DNA 
fragmentation, and cotransfection with miR-133 resulted 
in a 40% increase in the IC50 value required for oxidative 
stress-induced DNA fragmentation. Qualitatively similar 
results were obtained when rat neonatal ventricular myo-
cytes were exposed to H2O2. Subsequent computational 
analyses predicted that heat shock protein HSP60 and 
HSP70 were targets for miR-1 and that caspase-9 was 
a target for miR-133. This was verified experimentally 
by showing that miR-1 suppressed HSP60 and HSP70 
protein levels by about 70% and 60%, respectively, 
whereas miR-133 decreases protein levels of  caspase-9 
and caspase-9 activity levels in rat H9c2 cells. The post-
transcriptional repression of  HSP60 and HSP70 and 
caspase-9 was confirmed by luciferase reporter experi-
ments. We postulated that the relative levels of  miR-1 
and miR-133 may determine cell fate. 

It is noteworthy that expression of  miR-1 is upregulat-
ed in coronary disease, acute myocardium ischemia (AMI) 
and ischemia/reperfusion injury (I/R-I)[85,130], but is down-
regulated in cardiac hypertrophy/heart failure[121,131,132], 
wherein apoptosis is an important mode of  cell death[86,87]. 
In this regard, it seems that increase in miR-1 during AMI 
and I/R-I contributes to apoptosis in these settings, and 
decrease in miR-1 in cardiac hypertrophy/heart failure is 
an adaptive change to minimize its deleterious effect. On 
the other hand, the cytoprotective effect of  miR-133 may 
be weakened in cardiac hypertrophy/heart failure since 
miR-133 level has been found significantly reduced un-
der such conditions and this may contribute to increased 

tendency of  apoptosis induction in hypertrophic myo-
cytes[82-84]. These notes merits future studies to verify. 

The proapoptotic action of  miR-1 in cardiomyocytes 
has been subsequently reproduced by other laborato-
ries. A 2008 study by Yu et al[133] investigated the possible 
miRNA mechanism for glucose cardiotoxicity. Glucose 
toxicity is an important initiator of  cardiovascular dis-
ease, contributing to the development of  cardiomyocyte 
death and diabetic complications. Yu et al[133] showed that 
H9C2 cells exposed to high glucose have increased miR-1 
expression level, decreased mitochondrial membrane 
potential, increased cytochrome-c release, and increased 
apoptosis. Glucose induced mitochondrial dysfunction, 
cytochrome-c release and apoptosis were blocked by 
IGF-1. miR-1 mimics, but not mutant miR-1, blocked the 
capacity of  IGF-1 to prevent glucose-induced mitochon-
drial dysfunction, cytochrome-c release and apoptosis. 
The finding indicates that IGF-1 inhibits glucose-induced 
mitochondrial dysfunction, cytochrome-c release and 
apoptosis via downregulating miR-1 expression. The find-
ing, according to the authors, provides a miRNA mecha-
nism for the deleterious effects of  glucose in the develop-
ment of  cardiomyocyte death and diabetic complications.

In a most recent study in 2009, Tang et al[130] studied 
the role of  miR-1 in a rat model of  I/R-I. The level of  
miR-1 was found inversely correlated with Bcl-2 protein 
expression in cardiomyocytes with I/R-I. The in vitro 
level of  miR-1 was dramatically increased in response 
to H2O2. Overexpression of  miR-1 facilitated H2O2-
induced apoptosis in cardiomyocytes. Inhibition of  
miR-1 by antisense inhibitory oligonucleotides caused 
marked resistance to H2O2. Through bioinformatics, the 
authors identified the potential target sites for miR-1 
on the 3’UTR of  Bcl-2. miR-1 significantly reduced the 
expression of  Bcl-2 at both mRNA and protein levels. 
The post-transcriptional repression of  Bcl-2 was further 
confirmed by luciferase reporter experiments. The data 
indicate that miR-1 is not only proarrhythmic in AMI[85] 
but also proapoptptic in I/R-I. The findings from these 
above studies also indicate that the proapoptotic action 
of  miR-1 involves multiple death signaling pathways 
including HSP60/70, IGF-1 and Bcl-1, in a coordinated 
manner or separately under different situations.

Role of  miR-21: In addition to miR-133, it appears that 
miR-21 is also an anti-apoptotic miRNA. miR-21 has 
been found upregulated in various cancers (malignant 
glioblastoma, colorectal carcinoma, cervical adenocarci-
noma) and, based on its in silico-predicted proapoptotic 
gene targets, has been proposed as a potential antiapop-
totic miRNA[71,114,115]. Knockdown of  miR-21 in glioblas-
toma cells leads to caspase activation and apoptotic cell 
death, and depletion of  miR-21 in vascular smooth mus-
cle cells (VSMCs) results in a dose-dependent increase in 
apoptosis and decrease in cell proliferation[68]. As noted 
above, several independent groups have shown that the 
expression levels of  miR-21 are increased by 2-4 folds in 
hypertrophied heart[134-137]. Although miR-21 levels were 
not examined in relation to myocyte apoptosis in these 
studies, the upregulation of  miR-21 may represent a 
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prosurvival stress response in response to hemodynamic 
pressure overload.

Yin et al[138] investigated the role of  miRNA in protec-
tion against I/R-I in heart. Mice subjected to cytoprotec-
tive heat-shock (HS) showed a significant increase of  
miR-1 by 80%, miR-21 by 100% and miR-24 by 60% in 
the heart, as determined by qPCR. miRNAs isolated from 
HS mice and injected into non-HS mice significantly re-
duced infarct size after I/R-I, which was associated with 
the inhibition of  pro-apoptotic genes and increase in 
anti-apoptotic genes. Chemically synthesized miR-21 also 
reduced infarct size, whereas a miR-21 inhibitor abol-
ished this effect. These studies provide evidence for the 
potential role of  endogenous miRNA in cardioprotec-
tion following I/R-I. miRNA treatment caused profound 
changes in several apoptotic related genes as determined 
by gene microarray analysis. The caspase family mem-
bers 1, 2, 8 and 14 were suppressed in the hearts of  HS 
mice treated with miRNA as compared with the controls. 
Except for BNIP-3, most of  the pro-apoptotic genes, 
including Bid (BH3 interacting domain death agonist), 
Bcl-10 (B-cell leukemia/lymphoma 10), Cidea (cell death-
inducing DNA fragmentation factor, alpha subunit-like 
effector A), Ltbr (lymphotoxin B receptor), Trp53 (trans-
formation related protein 53), Fas (TNF receptor super-
family member) and Fasl (Fas ligand, TNF superfamily, 
member 6), were also repressed. On the other hand, the 
anti-apoptotic genes, Bag-3 (Bcl-2-associated athanogene 
and Prdx2 (Peroxiredoxin 2) were increased. According 
to previous studies, miR-1 has apoptosis-promoting ef-
fect[81,130,133], miR-21 is anti-apoptotic in cardiac cells, and 
miR-24 is anti-apoptotic in cancer cells[139]. In particular, 
miR-1 was found to induce cardiomyocytes apoptosis in a 
rat model of  I/R-I[130]. It is possible that the anti-apoptotic 
effect of  these miRNAs in I/R-I is a net outcome of  the 
counteracting effects of  these miRNAs. Moreover, most 
of  the apoptosis-related proteins reported in this study 
are predicted not to be the targets for these miRNAs and 
whether the observed changes in their expression were 
ascribed to the upregulation of  these miRNAs are not 
certain; by logic, the upregulation of  the anti-apoptotic 
proteins could not be the direct consequence of  the up-
regulation of  the miRNAs.

In a subsequent study, Cheng et al[139] confirmed the 
anti-apoptoptic effect of  miR-21 in cardiac cells. Using 
quantitative real-time RT-PCR (qRT-PCR), the authors 
demonstrated that miR-21 was upregulated in cardiac 
myocytes after treatment with H2O2. H2O2-induced car-
diac cell death and apoptosis were increased by miR-21 
inhibitor and was decreased by pre-miR-21. PDCD4 was 
established as a direct target of  miR-21 in cardiac myo-
cytes. Pre-miR-21-mediated protective effect on cardiac 
myocyte injury was inhibited in H2O2-treated cardiac 
cells via adenovirus-mediated overexpression of  PDCD4 
without miR-21 binding site. Moreover, activator protein 
1 was a downstream signaling molecule of  PDCD4 that 
was involved in miR-21-mediated effect on cardiac myo-
cytes. The results suggest that miR-21 is sensitive to H2O2 
stimulation. miR-21 participates in H2O2-mediated gene 

regulation and functional modulation in cardiac myocytes. 
miR-21 might play an essential role in heart diseases re-
lated to oxidative stress such as cardiac hypertrophy, heart 
failure, myocardial infarction, and myocardial I/R-I.

Role of  miR-29: Pioglitazone, a peroxisome proliferator-
activated receptor (PPAR)-γ agonist, has been docu-
mented by numerous studies to be able to limit myocar-
dial infarct size in experimental animals[115,116]. Ye et al[119] 
assessed the effects of  PPAR-γ activation on myocardial 
miRNA expression and the role of  miRNAs in I/R-I 
in the rat heart after pioglitazone administration using 
miRNA microarray methods, followed by Northern blot 
verification. They found that miR-29a and miR-29c levels 
were decreased after 7-d treatment with pioglitazone. In 
H9c2 cells, the effects of  pioglitazone and rosiglitazone 
on miR-29 expression levels were blocked by a selective 
PPAR-γ inhibitor GW9662. Down-regulation of  miR-29 
by antisense inhibitor or by pioglitazone protected H9c2 
cells from simulated IR injury, with increased cell survival 
and decreased caspase-3 activity. In contrast, overexpress-
ing miR-29 promoted apoptosis and completely blocked 
the protective effect of  pioglitazone. Antagomirs against 
miR-29a or -29c significantly reduced myocardial infarct 
size and apoptosis in hearts subjected to I/R-I. Western 
blot analyses demonstrated that Mcl-2, an anti-apoptotic 
Bcl-2 family member, was increased by miR-29 inhibi-
tion, similar to the finding in cancer cells[117]. Clearly, 
down-regulation of  miR-29 protected hearts against I/R-I 
through its anti-apoptotic activity. miR-29 thus represents 
another proapoptotic miRNA in cardiac cells, in addition 
to miR-1[81].

miRNAs and vascular apoptosis
It is known that proliferative vascular diseases share simi-
lar cellular events and molecular mechanisms with cancer, 
and neointimal lesion formation is the pathological basis 
of  proliferative vascular diseases. Neointimal growth 
is the balance between proliferation and apoptosis of  
VSMCs. The increased VSMC proliferation or the relative 
decreased VSMC apoptosis are responsible for neointimal 
lesion formation. In a recent study of  the potential roles 
of  miRNAs in VSMCs proliferation and apoptosis[68], 
the authors found that miR-21 level was up-regulated in 
proliferative VSMCs and depletion of  miR-21 resulted in 
decreased cell proliferation and increased cell apoptosis in 
a dose-dependent manner in cultured rat aortic VSMCs. 
This suggests that miR-21 has a proproliferative and anti-
apoptotic effect on VSMCs. miR-21 inhibition upregu-
lated, whereas miR-21 overexpression downregulated, 
expression of  PTEN protein in VSMCs, using both “loss-
of-function” and “gain-of-function” approaches. They 
further demonstrated that inhibition of  miR-21 downreg-
ulated, whilst overexpression of  miR-21 upregulated, the 
level of  Akt protein that mediates survival signal in a cell. 
These results are consistent with the expression changes 
of  PTEN. In contrast to PTEN, miR-21 knockdown 
decreased and overexpression increased expression of  
antiapoptotic Bcl-2 protein. The authors suggested that 
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Bcl-2 might be an indirect target of  miR-21 in VSMCs by 
suppressing expression of  a gene that negatively regulates 
Bcl-2 expression or that miR-21 might be able to directly 
affect Bcl-2 expression via binding to the sequence out-
side the 3’UTR. Thus, Bcl-2 might be involved in the 
anti-apoptotic action of  miR-21 in VAMCs. The authors 
believe that miR-21 may be a new therapeutic target for 
proliferative vascular diseases such as atherosclerosis, 
postangioplasty restenosis, transplantation arteriopathy, 
and stroke[68].

One of  the major roles miRNAs play is the abil-
ity of  these molecules to control cell death that bears a 
wide range of  biological and pathological implications. 
While this issue has been firmly established and well ad-
vanced in the field of  oncology with a realistic hope in 
developing novel diagnostic/prognostic biomarkers and 
therapeutic agents as well, relatively little is yet known 
about the regulation of  cardiac and vascular apoptosis by 
miRNAs and the role of  the regulation in cardiovascular 
pathogenesis. Nonetheless, there are many reasons to be-
lieve that miRNAs are much more importantly involved 
in apoptosis in the cardiovascular system than we currently 
know; future studies will prove it. We are now just begin-
ning to understand their role as gatekeepers of  cell death.

CONClUsION
Though a great advancement in elucidating the role and 
mechanisms of  miRNAs in apoptosis and their impli-
cations has been made over the past years, many ques-
tions remain unanswered. Whether aberrant expression 
of  apoptosis-responsive miRNAs is a consequence or 
a cause or both or merely a bystander? How do miR-
NAs in a pool, which are associated with a pathological 
condition with some being antiapoptotic and others 
proapoptotic, interplay to produce a final net outcome? 
How does a single miRNA which can target both pro- 
and anti-apoptotic protein-coding genes avoid producing 
skewed effect? The apoptosis-regulating miRNAs may 
be antiapoptotic or proapoptotic or even neutral, de-
pending upon the cell context (cell types and cellular en-
vironment), or specifically, upon whether a cell contains 
relevant genes for the miRNAs. Intricate fine-tuning of  
gene expression by miRNAs is presumably under dif-
ferential influence of  degrees of  homology and numbers 
of  target sites as well as the context of  expression pro-
files of  various genes in the cells of  interest. The apop-
tosis-regulatory effects of  miRNAs are likely mediated 
by multiple signaling pathways in a cell. It is also possible 
that different signaling pathways underlie the actions 
of  miRNAs in different cells. Moreover, a particular ef-
fect of  a given miRNA on apoptosis may also be a net 
outcome of  the balance between apoptotic and survival 
signaling pathways. The apoptosis-regulatory effects of  
miRNAs are also related to tissue-specific expression of  
miRNAs. Different tissues/cells have distinct miRNA 
expression profiles, though the expression of  an indi-
vidual miRNA may not be tissue/cell-specific. The ex-
pression patterns of  miRNAs in a given tissue/cell may 

be different under different pathological conditions[16]. 
These facts make miRNAs amenable for therapeutic in-
tervention of  human disease. The obvious implications 
of  miRNAs related to their ability to regulate apoptosis 
are the potential applications of  miRNA-interfering ap-
proaches to the treatment of  human cancer and cardio-
vascular disease. Studies on miRNAs related to cancer 
have been much more advanced compared with those to 
heart problems. At present, several strategies are avail-
able for miRNA-interfering; they include AMO tech-
niques, exogenous miRNA, miR-Mask techniques, and 
miRNA Mimic techniques[15]. It is therefore plausible to 
anticipate the promise of  unitizing miRNA-interfering 
as a vivid approach for gene therapy of  human disease. 
Yet we have merely made a first step towards the appli-
cation of  miRNA-interfering technologies. Not until we 
will have had thorough answers to these questions after 
rigorous fundamental and clinical studies, will we have 
better ideas about miRNAs as targets for the develop-
ment of  therapeutic agents for human disease.
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