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Abstract
There are currently 1527 known microRNAs (miRNAs) in human, each of which may regulate
hundreds or thousands of target genes. miRNA expression levels vary between cell types; for
example, miR-302 and miR-290 families are highly enriched in embryonic stem cells, while
miR-1 is a muscle specific miRNA. miRNA biosynthesis and function are highly regulated and
this regulation may be cell type specific. The processing enzymes and factors that recognize
features in sequence and secondary structure of the miRNA play key roles in regulating the
production of mature miRNA. Mature miRNA enriched in stem cells control stem cell self-
renewal as well as their differentiation. Though specific miRNAs have been shown to control
differentiation towards various lineages such as neural or skin cells, some of the most well
characterized miRNAs have been found in promoting the formation of cardiac cells. In addition,
miRNAs also play a critical role in cardiomyocyte hypertrophy, especially in a pathological
context. Such miRNAs are predicted to be therapeutic targets for treating cardiovascular diseases.
In this review we will discuss how miRNAs act to maintain the stem cell state and also explore the
current knowledge of the mechanisms that regulate miRNAs. Furthermore, we will discuss the
emerging roles of miRNAs using cardiomyocyte differentiation and maturation as a paradigm.
Emphasis will also be given on some of the less ventured areas such as the role of miRNAs in the
physiological maturation of cardiomyocytes. These potentially beneficial miRNAs are likely to
improve cardiac function in both in vivo and in vitro settings and thus provide additional strategy
to treat heart diseases and more importantly serve as a good model for understanding
cardiomyocyte maturation in vitro.
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1. INTRODUCTION
microRNA (miRNA) expression has been found to vary significantly between different cell
types and cell states and miRNAs have been found to be important for maintenance of a cell
state as well as differentiation. Hence miRNAs are of great interest when studying stem cells
or differentiating tissues such as the specification of cardiomyocytes in the formation of
heart during embryogenesis and in tissue regeneration in response to cardiac hypertrophy.
When investigating miRNA based regulation the key goal has been to identify the targets
regulated by the miRNA in question. Recent work on miRNA biogenesis has revealed
several regulatory mechanisms from transcription to target silencing that may control
specific groups of miRNAs and therefore deserve a closer look. Especially knowing that
miRNAs can be causal for a cell state makes investigating the mechanisms behind regulation
of miRNA maturation critical. In this review we will discuss what is currently known about
the regulatory mechanisms of miRNA biogenesis with an emphasis on the impact of miRNA
secondary structure and the features that are of potential interest at the different processing
steps. Furthermore, we will review some of the mechanistic roles of miRNAs in stem cell
maintenance and elaborate on the recent findings related to miRNAs in cardiomyocyte
differentiation and hypertrophy in both in vitro and in vivo settings.

2. REGULATION OF MICRORNA BIOSYNTHESIS
miRNAs are small RNAs that along with an Ago protein form the RNA-induced silencing
complex (RISC) and regulate gene expression in the cell by binding to mRNAs. The
mechanism is mostly inhibitory although there are cases when miRNA-mRNA target
interactions lead to up-regulated translation instead [1]. Primarily the 3′ UTR is targeted but
binding of the miRNA to the coding region as well as the 5′UTR of its target has also been
reported [2]. In addition each miRNA may target thousands of transcripts, and one mRNA
may contain several target sites so the targeting mechanisms show a great deal of
complexity. Currently there are 1527 known miRNAs in human and more are constantly
being discovered and added to the miRBase database [3]. The mature miRNA on average
has a length of 22 nucleotides, although the length varies considerably, which can partly be
explained by the structure of the miRNA hairpin which tends to contain several mismatches
and accordingly may express some variability in its interactions with processing enzymes.

The primary miRNA (pri-miRNA) is transcribed in the nucleus by either RNA polymerase
II or III [4, 5], from promoters that share the same regulatory features as those of protein
coding genes [6]. Autoregulation of miRNAs through negative feedback loops using
transcription factors is a mechanism that helps keep miRNA levels stable and accordingly
also its target genes [7]. The pri-miRNA varies in length up to as long as several thousand
nucleotides and contains one or several hairpin regions, sometimes in clusters. The hairpins
are frequently mismatched, but mostly have the conserved features of 3 double stranded
regions, each 11 nucleotides long, a terminal loop, as well as flanking regions below the
hairpin (Fig. 1). The size of the terminal loop varies considerably, but in vitro experiments
have shown that a a minimum size of 10 nucleotides is necessary for efficient processing by
Drosha [8]. Some primary transcripts are subject to editing where single adenosines are
converted to inosines, which further may alter the secondary structure [9].

In the nucleus the pri-miRNAs are recognized and cleaved by the microprocessor, an
enzyme complex whose primary components are Drosha and DGCR8. Drosha is the
catalytic component, which performs the cleavage, whereas DGCR8 lacks catalytic activity,
but appears to do most of the binding to the substrate. The exact structure of the DGCR8-
substrate complex is currently unknown, but it has been reported that DGCR8 recognizes the
junction between the single stranded and double stranded region at the base of the pri-
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miRNA hairpin [10]. Structural analysis of DGCR8 also implies that two 11nt double
stranded regions are being recognized, and if bound simultaneously on the same pri-miRNA
the substrate would have to be bent since the two double-stranded RNA binding domains
(dsRBD) of DGCR8 are positioned in an angle relative to each other [11]. The
microprocessor cleaves the hairpin approximately 11 bases above the flanks releasing an
approximately 22nt long hairpin, called the miRNA precursor (pre-miRNA). The cleavage
tends to leave a 2nt overhang although variations do occur. Recent data suggest that Drosha
levels may vary by cell type [12] and microprocessor levels can be a limiting factor in
miRNA processing as knockdowns of Drosha have resulted in an accumulation of pri-
miRNAs whereas Dicer is generally not a rate limiting step which may partly be explained
by the levels of pre-miRNA being comparatively low compared to pri-miRNAs [13]. In
vitro experiments have also shown that different pri-miRNAs can be processed by Drosha
with different efficiencies, where highly conserved miRNAs appeared to be processed more
efficiently than the poorly conserved [14]. Further support that different miRNAs are
processed with varied efficiency has also been found in vivo, where miRNAs from the same
primary transcript turned out to have different expression levels of the mature forms [15].
Besides transcriptional regulation the microprocessor is also self-regulating as it recognizes
and cleaves hairpin structures in the DGCR8 mRNA [16]. At the moment it is not know how
much variation on Drosha levels is observed in vivo, how this is regulated and whether this
is an important, controlling factor for differential processing of microRNAs.

Besides Drosha and DGCR8 the microprocessor consists of other components which help
stabilize the complex and facilitate the processing of select miRNAs, e.g. the Smads, the
tumor suppressor p53 and the DEAD-box helicases p68 and p72 [17–19]. The
heterogeneous ribonucleoprotein AI (hnRNP AI) facilitates the Drosha processing of
mir-18a by binding to the loop region of the miRNA hairpin, but interestingly not the other
miRNAs that are part of the same cluster [20].

The Drosha cleavage step can also be completely bypassed as is the case with mirtrons,
which are processed by the spliceosome instead of the microprocessor [21]. A majority of
the miRNAs are located in introns, but only a subset whose pre-miRNA ends are located by
the splicing sites are mirtrons [22].

With Drosha selectively processing certain miRNAs with select levels of efficiency, and
Drosha levels varying from cell type to cell type regulation of microprocessor levels could
be yet another way for the cell to regulate endogenous levels of select miRNAs. Based on
the current knowledge of the substrate binding mechanism of the microprocessor the
transition state may require the substrate to be significantly bent, in which case the high
variability in mismatch compositions of pri-miRNAs significantly could impact the
energetic properties of each miRNA during Drosha cleavage since the mismatch
composition of an RNA hairpin significantly impacts its flexibility.

After processing by the microprocessor the pre-miRNA is recognized by Exportin5 and its
co-factor Ran-GTP and is transported out of the nucleus. In the cytoplasm it is then further
processed by a complex consisting of Dicer and TAR RNA binding protein (TRBP). Dicer
acts like a ruler and cleaves the miRNA 22nt from the Drosha cleavage site, separating the
double stranded portion from the terminal loop leaving a 5′ overhang, typically 2 nt long
similarly to the Drosha cleavage step [23]. In vitro experiments have shown that there is
some variability to the exact location of the Dicer cleavage site, where miRNAs with many
mismatches show less specificity in the location of the cutting site, presumably due to the
extra flexibility of the hairpin making the length of the tertiary structure more variable
compared to a hairpin with few mismatches [24]. The extra magnitude of miRNAs and
target sites that this flexibility may result in is currently unknown. The crystal structure of
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Dicer has not been determined in human, but comparisons to existing crystal structures of
Dicer homologues along with electron microscopy and photocrosslinking experiments have
shown that Dicer has the shape of an L where the long arm contains the catalytic center, and
the short arm is attached to the TRBP protein which consists of three small domains
connected by flexible linkers and appears to stabilize the pre-miRNA as it is being cleaved
by Dicer [25]. Following cleavage the resulting RNA duplex is being released and reloaded
back onto Dicer/TRBP which along with the argonaute protein Ago2 forms the RISC-
loading complex (RLC). The reloaded product is bound in a different position than the
substrate, with the less stable end attached to the PAZ domain of Dicer, and the more
thermodynamically stable end bound to the PAZ domain of Ago2 (Fig. 1). The strand with
its 3′ end bound to the Ago2 PAZ domain is selected to be the guide strand [26]. It was long
thought that the miRNA was being immediately loaded into the Ago protein following
cleavage, which left the variation in choice of guide strand and passenger strand as
somewhat of a mystery. The release of the cleaved miRNA duplex followed by rebinding
before RISC loading is an interesting find as it provides an explanation how the guide strand
is selected. Specific inhibitors exist for the Dicer cleavage step, such as the protein Lin-28
which binds to miRNAs from the let-7 family, thus not only blocking Dicer, but also in its
bound state Lin-28 acts as a wedge on let-7 and disrupt the hairpin structure which may
render Dicer unable to recognize the substrate [27].

The RISC complex binds to mRNAs and may cause repression by deadenylation,
translational suppression or degradation of the mRNA [28], as well as in some cases
translational activation. Ago2 possesses catalytic activity which besides degradation of
mRNAs also facilitates the processing of mir-451, which thereby bypasses the Dicer
cleavage step [29]. The pre-mir-451 is significantly shorter than most other pre-miRNAs,
which may explain why this particular miRNA is singled out from the Dicer cleavage step.
It is worth noting that most regulatory mechanisms involving the microprocessor are
enhancing the processing of miRNAs, whereas for Dicer the mechanisms tend to be
inhibitory, which may share a connection with different miRNA processing efficiencies of
the two complexes. As for the role of the miRNA secondary structure in the two processing
steps it is worth noting that for Dicer binding and RISC-loading the length of the miRNA
and the thermodynamic properties by the Drosha and Dicer cleavage sites seem to be the
primary determinants of how the miRNA is being processed. Since the microprocessor may
bind the substrate in a bent position the structure and flexibility of the miRNA between the
two cutting sites would possibly matter more in Drosha cleavage than in latter steps. In
addition, although mismatches are found scattered throughout the hairpin, they are
overrepresented at the central region equidistant from the two cleavage sites [30], so there is
reason to believe that the secondary structure in that position is of significant importance,
and that it would play a role in processing by Drosha rather than Dicer.

On the level of miRNA-mRNA target interactions SNPs have been shown to provide some
diversity among miRNAs as they do in the rest of the genome [31]. Due to the limited size
of the miRNAs a single SNP may result in completely different targeting networks, or even
complete deactivation of the miRNA. The miRNA target interactions may also be subject to
inhibition by mRNA-binding factors that sterically interfer with miRNA-mRNA binding
[32]. The targeting is also affected by competition as has been shown through transfection of
small RNAs, which caused upregulation of genes targeted by endogenous miRNAs [33].

The decay and lifespan of miRNAs remain somewhat of a mystery in animals as the
nucleases that control miRNA degradation remain to be identified. The average miRNA
half- life has been estimated to 119 hours [34], but there is plenty of variation, which implies
that the mechanisms behind miRNA degradation affect miRNAs selectively, rather than
collectively. The selective degradation of miRNA groups is further supported by

Kuppusamy et al. Page 4

Curr Mol Med. Author manuscript; available in PMC 2014 January 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



experiments where a few miRNAs have rapidly depleted upon sudden environmental
changes, such as the loss of cell adhesion [35] and upon the activation of neuronal cells [36].

3. MICRORNA FUNCTION
miRNAs are required for stem cell state and self-renewal as well as their differentiating
progeny. In this review we briefly summarize the current knowledge of miRNA function in
embryonic stem cells and will further concentrate on one of the ESC differentiation progeny,
cardiomyocyte differentiation.

3.1. miRNAs in the Stem Cell State
Stem cells have the capacity to self-renew and regenerate throughout the lifetime of an
organism. While adult stem cells can be multipotent, the embryonic stem cells (ESC) are
pluripotent cells that can regenerate all germ layers in an organism. It is therefore critical to
understand the regulation of self-renewal and the control of embryonic stem cell state and
differentiation. During recent years it has become clear that miRNAs play a key role in these
processes, in normal and disease development [37–41]. This first became clear when stem
cell differentiation was shown to be impaired in Dicer deficient cells displaying the overall
importance of the miRNA pathway in ESC [42–44]. Further miRNA profiling and
sequencing analysis revealed that ESCs display a specific group of miRNAs [45–49].
Interestingly, the key stem cell transcription factors, Oct4, Sox2 and Nanog bind to the
promoters of these miRNA genes [50]. The functional experiments have revealed that the
overall reduction of miRNAs in ESC attenuates cell proliferation and that cell growth can be
restored to a large extent through a rescue involving overexpression of key miRNAs [48, 51,
52]. Among others, miR-92b, miR-290, miR-195 and miR-372 have shown to be key
regulators of the process [48, 51, 52]. Furthermore, the miRNA profile changes significantly
at a very early stage during stem cell differentiation, such as by decreasing levels of the
miR-302, -17, and -515 families, and the miR-371–373 cluster [49].

miRNAs have also been shown to control the differentiation of ESCs. Interestingly, let-7, a
key differentiation miRNA that is silenced in ESCs by Lin-28, has a capacity to
downregulate stem cell factors [53]. Let-7 regulation by lin28 is an example of miRNA’s
posttranscriptional/biosynthetic control that critically defines which cells can express the
mature form of this key cell fate regulator.

The importance of miRNAs in stem cell maintenance is further supported by experiments
showing the ability of the miR-302–367 cluster to cause a reversal to a stem cell like state
when overexpressed in somatic cells [54, 55]. These so called induced pluripotent stem cells
(iPSC) have an increased expression of the miR-371–373 and miR-17–92 cluster compared
to the cells they are derived from [56]. The miR-290 cluster, which has an overall high
expression in mouse embryonic stem cells, helps maintain the stem cell state by targeting the
NF-κB subunit p65 (RelA) which is known to promote differentiation, giving further insight
to the pathways of miRNA regulation of the stem cell state [57].

The powerful potential of the miRNA regulatory networks needs to be taken into
consideration while studying differentiating cells and the overall strong conservation of
miRNAs and their regulatory networks make them a suitable mechanism to study in model
organisms while investigating the development of tissues [58–61]. When investigating the
role of miRNAs in cell states the focus has often been on what target genes are regulated by
miRNAs, but as more is being discovered about the regulatory mechanisms of the miRNA
biogenesis modifiers of certain groups of miRNAs will be of interest regarding their role in
triggering differentiation as well as cell state maintenance.
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3.2. miRNAs in Cardiac Development
Heart formation requires complex regulatory interactions among various cell types from
several lineages including cardiomyocytes, endothelial and vascular cells and fibroblasts.
Such coordinated interaction is achieved by the tight control of gene-expression among
these cell types. Enrichment of miRNAs in specific cardiac cell types and further genetic
ablation and anti-sense mediated knockdown studies have clearly indicated that miRNAs
have important regulatory functions in controlling such complex cardiac gene expression.
Few examples of such miRNAs and their functions in cardiac development are reviewed
here.

The two striated muscle specific miRNAs that are widely conserved and robustly expressed
in adult heart are miR-1 and miR-133a. These are derived from a common bicistronic
precursor [62, 63]. The mature forms of mir-1/mir-133a are encoded by two conserved loci,
mir-1-1/mir-133a-2 and mir-1-2/133a-1, located on chromosome 2 and 18 respectively [64].
Two MADS-box transcription factors, myocyte enhancer factor -2 (MEF2) and serum
response factor (SRF) directly regulate the cardiac transcription of miR-1/miR-133a pairs
[63]. While SRF can activate the transcription of mir1/mir-133 transcript by binding to a
serum response element located on the enhancer region of miR-1/miR-133 [63], MEF2
promotes the expression of these miRNAs via an intragenic muscle specific enhancer [65].
Studies in mice have shown that miR-1 begins to be expressed in E8.5 mouse and continues
to increase throughout its development. Overexpression of miR-1 diminishes cardiac growth
by targeting a basic helix-loop-helix protein, Hand2, which is involved in ventricular
myocyte expansion [63]. Mice lacking miR-1 die at E10.5 due to ventricular hypoplasia and
decreased trabeculation of the left ventricle [63]. Chen et al. (2006) demonstrated that in
cultured myoblasts, miR-1 promotes myoblast differentiation by translationally repressing
histone deacetylase 4 (HDAC4) which in turn is a repressor MEF2 dependent muscle
specific genes. In contrast to miR-1, miR-133 stimulates myoblast proliferation mostly by
targeting SRF, which is important in muscle proliferation as well as activation of mir-1/
mir-133 transcript thus creating a negative feedback loop [62]. Studies in mouse and human
ESCs have revealed that miR-1/miR-133 pair promotes the specification of the mesodermal
cell fate while suppressing differentiation into the ectodermal and neuroectodermal lineages
[66]. Although they work in concert to suppress the non-muscle lineages, miR-1 and
miR-133 have antagonistic role on further differentiation into muscle lineages - whereas
miR-1 promotes differentiation of ESCs into cardiac fate most likely by inhibiting the notch
ligand Delta-like (Dll-1), miR-133 inhibits their differentiation into cardiac muscle [66].
Since miR-1 and miR-133 are processed from the same bicistronic precursor, their opposite
actions in each differentiation state begs for further analysis of differential processing.

The only cardiac patterning miRNA known till date is miR-138. Studies in zebra fish heart
have clearly shown that miR-138 is specifically expressed in the ventricular chamber [67].
Fish lacking mir-138 function demonstrate expansion of atriaventricular canal (AVC) gene
expression and failure of ventricular cardiomyocytes to fully mature thus implying the role
of miR-138 in cardiac patterning. miR-138 in part functions by repressing the retinoic acid
pathway. This results in repression of the AVC restricted cell adhesion molecule called
cspg2 encoding for versican [67]. Thus miR-138 maintains cardiac patterning in zebra fish
by controlling gene expression in discrete domains of the heart. It’s yet to be seen if this
function of miR-138 stands true in the mammalian four chambered heart.

Analyses of miRNAs expressed in undifferentiated ESCs and differentiating cardiomyocytes
were recently published in two independent large scale profiling studies, one using mouse
ES cells and the other with human ES cells [68, 69]. A selection of miRNAs that are
enriched during the differentiation of ESCs to cardiomyocytes in both the systems are shown
in Table 1. Interestingly, a considerable number of miRNAs upregulated in differentiating
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human cardiomyocytes are also enriched in differentiating mouse cardiomyocytes
(unpublished observation, KTK and HRB; Table 1). This suggests that the miRNA signature
expression pattern is overall conserved in the differentiating cardiomyocytes of the two
model systems at least in a cultured setting. This list reveals miRs with known roles in
cardiomyocyte development such as miR-1, 133, etc. Interestingly, a number of miRs that
have not been explored in the cardiomyocyte differentiation program including 125a-5p, 652
and 103 also are revealed from these two studies suggesting that the function of several new
miRNAs during cardiogenesis still remain to be elucidated.

3.3. miRNAs in Cardiac Hypertrophy
The adult heart undergoes hypertrophic growth and cardiac remodeling to compensate for
sustaining cardiac output and impairing cardiac function. Cardiac hypertrophy has two
forms: a) physiological, where the heart enlarges in healthy individuals following rigorous
exercise and is not associated with any cardiac damage and b) pathological, where the size
of the heart initially increases to compensate for the damage to cardiac tissue, but
subsequently declines in its function.

Pathological hypertrophy is the phenotype endpoint that has been mostly studied in relation
to miRNAs to date. In animal models of pathological hypertrophy, whole arrays of miRNAs
have indicated that separate miRNAs are upregulated, downregulated or remain unchanged
[70–75]. Among those that are frequently reported to be upregulated with hypertrophy
include miR-208, miR-21, miR-125, miR-129 and miR-195, whereas miR-1, miR-133,
miR-29, miR-30 and miR-150 have often found to be downregulated. Invitro experiments
using either overexpression or knockdown of miRNAs in cultured cardiomyocytes indicate
that a subset of these miRNAs is indeed actively involved in cardiomyocyte hypertrophy.
Reports from Olson lab have elegantly demonstrated that mir-208 family, encoded by an
intron of the α-MHC (mir-208a) and β- MHC (mir-208b) is required for cardiac hypertrophy
[76, 77]. Transgenic overexpression of miR-208a in the heart results in pronounced
repression of miR-208a regulatory targets- thyroid hormone associated protein 1 (THRAP1)
and myostatin, 2 regulators of muscle growth and hypertrophy and thus is sufficient to
induce hypertrophic growth in mice heart [76, 77]. Most notably, miR-208a null mice fail to
upregulate β- MHC in response to stress and inhibition of T3 signaling in the adult heart thus
suggesting that miR-208b is a downstream regulator of miR-208a. A molecular hallmark of
hypertrophy is the reactivation of a set of fetal cardiac genes including β- MHC in the adult
heart [76]. Interestingly, a recent study has demonstrated that therapeutic inhibition of
miR-208a during hypertension-induced heart failure in rats by subcutaneous delivery of
antimir-208a prevents the pathological myosin switching while improving cardiac function,
overall health and survival [78]. Thus, miR-208a appears to be a promising candidate to be
used as a potent therapeutic target for the modulation of cardiac function and remodeling
during heart disease progression. Similarly, miR-195 was sufficient to drive pathological
cardiac growth when overexpressed in transgenic mice [75]. It will be interesting to test
whether miR-195 target, Wee1, a negative regulator of G2-M state of cell cycle might play a
role in this context as it did in hESCs [48]. By contrast to miR-195 and miR-208, in vitro
over expression of miR-150 and miR-181b, which are downregulated in cardiac
hypertrophy, resulted in reduced cardiomyocyte size [75]. In the same line, overexpression
of miR-133 by infecting both neonatal and adult mouse myocytes reduced the hypertrophic
response to agonist stimulation [79]. Conversely, in vivo knockdown of miR-133 by
antisense RNA oligonucleotide appeared sufficient to induce significant hypertrophic
growth of the heart compared with saline treated animals [79] suggesting an active role of
miR-133 in inhibiting cardiac hypertrophy.
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In contrast to pathological hypertrophy, the role of miRNAs in physiological hypertrophy
has been a less explored area. So far, only one study has demonstrated that rats subjected to
exercise training and transgenic mice with selective cardiac overexpression of a
constitutively active mutant of the Akt kinase had reduced levels of the muscle specific
miRNAs, mir-1 and mir-133 [79]. In line with this finding, miR-1 and miR-133 were found
to be downregulated in the plantaris muscle of mice in response to functional overload [80].
Since the miR-1/miR-133 pair shows similar behavior during pathological hypertrophy, it
appears to participate in a general hypertrophic program. Although both these hypertrophic
models may be considered compensatory in that the heart biochemically and physiologically
adjusts to cellular alterations that occur according to the severity of the overload, yet the
factors determining the two kinds and their progression towards the phenotypes are very
different [81]. Studies related to the physiological maturation of hESC- derived
cardiomyocytes in the in vitro settings are beginning to gain more attention especially due to
their importance in transplantation studies to treat heart diseases and for their utility for drug
toxicity screens. In understanding the role of miRNAs in the model of pathological
hypertrophy leading to cardiovascular diseases, we have seen that the in vivo studies have
often complimented for the in vitro studies. Thus in this context, understanding the
mechanistic role of miRNAs and their targets during physiological cardiac hypertrophy and
in vitro cardiomyocyte maturation will be highly significant.

CONCLUSIONS
Despite current insights into the secondary structure, biogenesis and the regulation of
miRNAs, our understanding of how miRNAs function in various developmental and disease
pathways is far from complete and numerous conceptual and experimental questions still
remain. To date, only a handful of the hundreds of miRNAs expressed in cardiovascular
system have been functionally analyzed. The ability of these miRNAs to fine-tune gene
expression programs portends their importance in many facets of cardiac biology. It’s a
virtual certainty that many unexplored roles of miRNAs in control of normal and abnormal
cardiac function are awaiting discovery. Recent advances in understanding the role of
miRNAs in pathological cardiac hypertrophy has indeed opened up a pandora of
opportunities for using such miRNAs as drug therapeutics during cardiac failure and as
potential agonists for physiological maturation in the in vitro setting. Taken together,
understanding the miRNA biology and its regulation undoubtedly offers promising and
untapped opportunities for elucidating developmental pathways and treating diseases.
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Fig. 1.
Regulation of the microRNA biogenesis pathway.
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Table 1

Summary of Regulated miRs in Differentiating Cardiomyocytes from Mouse and Human ES Cells

Species Upregulated miRs Downregulated miRs

mouse 1, 21, 23b, 26a, 28a, 30a, 30b, 30c, 30d, 34a, 99b, 103, 125a-5p, 133a,
133b, 143, 145, 210, 298, 652

20b, 92a, 106a, 290-3p, 290-5p, 292-5p, 293, 467a,
501-3p

human 1, 21, 26a, 26b, 30a, 30b, 30c, 99b, 125a-5p, 126, 129-3p, 133a, 133b,
145, 148a, 181b, 652

17, 20a, 20b, 106a, 106b, 124, 182, 183, 183*, 200c,
205, 302c, 302c*

Information in this table was extracted from Wilson et al. (2010) and Gan et al. (2011).
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