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Since the first small noncoding RNA was identified, our knowledge about microRNAs 
(miRNAs) has grown exponentially. MiRNAs (endogenous, evolutionarily conserved small 
noncoding RNAs) participate in numerous aspects of development, differentiation, and 
homeostasis, consequently playing important roles in the pathogenesis, including their 
roles in the pathogenesis of cancer, diabetes, obesity, genetic and metabolic diseases, aging, 
and regenerative medicine. Profound progress has been made and the studies of miRNAs 
have been evolved from the analysis of miRNA, targets and expression profiling, and gain-
or-loss of function to circulatory regulation and the post-transcriptional regulation of miR-
NAs. In addition, miRNAs have been shown to be stable in the biological fluid, can be 
easily isolated and measured, and closely associated with various diseases. There is a great 
potential of using miRNAs as novel diagnostic and prognostic biomarkers with high speci-
ficity and sensitivity. Even though miRNAs are increasingly popular drug targets, the direct 
use of mature miRNAs or their precursors for drugs, due to their stability and new in vivo 
delivery methodologi-es, has been much less explored. In addition, embryonic stem cell 
(ESC)-specific miRNAs have been shown to reprogram induced pluripotent stem (iPS) 
cells, which can be perpetually generated and produced the very ESC-miRNAs, providing 
a biogenic resource for potential drug production.

This book focuses on the analysis of miRNA, targets and expression profiling, various 
methods to determine its regulation of gene expression, the preparation and isolation of 
miRNAs in specific tissues, its detection in the biofluids as biomarkers, and potential appli-
cation in cancer, wound healing, and miRNA-induced iPSCs. The first several chapters deal 
with the biogenesis, isolation, profiling, and analysis of exosomal miRNAs. Many chapters 
provide target validation, expression profiling, and regulation of gene expression by miR-
NAs; the emphasis here is to provide various methods that are readily reproducible for the 
analysis of the functional significance of miRNAs. Additional chapters describe techniques 
for studying exosomal miRNAs from iPSC-derived cardiomyocyte proliferation and regen-
eration. Several chapters deal with screening miRNAs in various conditions and miR-
302/367-induced iPSCs. Finally, a chapter on glycylglycerins, recently discovered sugar-like 
RNA, in miRNA-mediated iPSCs was presented. The potential use of glycylglycerins in 
various biological processes, including wound healing, cardiovascular diseases, and cancer, 
may have immense practical benefit in developing miRNA-associated molecules as drugs.

Los Angeles, CA, USA Shao-Yao Ying 
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Chapter 1

The MicroRNA

Shao-Yao Ying, Donald C. Chang, and Shi-Lung Lin

Abstract

MicroRNAs (miRNAs), widely distributed, small regulatory RNA genes, target both messenger RNA 
(mRNA) degradation and suppression of protein translation based on sequence complementarity between 
the miRNA and its targeted mRNA. Different names have been used to describe various types of 
miRNA. During evolution, RNA retroviruses or transgenes invaded the eukaryotic genome and were 
inserted itself in the noncoding regions of DNA, conceivably acting as transposon-like jumping genes, 
providing defense from viral invasion and fine-tuning of gene expression as a secondary level of gene 
modulation in eukaryotes. When a transposon is inserted in the intron, it becomes an intronic miRNA, 
taking advantage of the protein synthesis machinery, i.e., mRNA transcription and splicing, as a means for 
processing and maturation. MiRNAs have been found to play an important, but not life-threatening, role 
in embryonic development. They might play a pivotal role in diverse biological systems in various organ-
isms, facilitating a quick response and accurate plotting of body physiology and structures. Based on these 
unique properties, manufactured intronic miRNAs have been developed for in vitro evaluation of gene 
function, in vivo gene therapy, and generation of transgenic animal models. The biogenesis of miRNAs, 
circulating miRNAs, miRNAs and cancer, iPSCs, and heart disease are presented in this chapter, highlight-
ing some recent studies on these topics.

Key words Small RNA, Noncoding RNAs, siRNA, miRNA, Intronic miRNA, Transposons, 
Biogenesis, Mechanism, Circulating miRNA, Cancer, iPSCs, Heart disease, Drug development

1 Introduction

The miRNA is a form of small, single-stranded RNA, 18- to 
25-nucleotides (nt) long. It is transcribed from DNA, and instead 
of being translated into protein, it regulates the functions of  
other genes in protein synthesis. Therefore, miRNAs are genes that 
modulate other protein-coding genes. Even after considering the 
thousands of new putative genes identified from sequencing of the 
human genome, as well as the genes encoding transfer RNAs 
(tRNAs), ribosomal RNA (rRNAs), and small nucleolar RNA 
(snoRNAs), nearly 95% of the genome is noncoding DNA, a per-
centage that varies from species to species. Changes in these 
sequences are frequently associated with clinical and circumstantial 
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malfunction. Some of these noncoding sequences are responsible 
for RNA-mediated gene silencing through an RNA interference 
(RNAi)-like mechanism. One potentially important class of genes 
corresponding to RNAs that lack significant open reading frames, 
and seem to encode RNA as their final product, is the miRNAs. 
These miRNAs can play critical roles in development, protein 
secretion, and gene regulation. Some of them are naturally occur-
ring antisense RNAs, whereas others have structures that are more 
complex. To understand the diseases caused by dysregulation of 
these miRNAs, a tissue-specific expression system is needed to rec-
reate the function and mechanism of individual miRNAs in vitro 
and in vivo.

This chapter provides a simple and general view of the concept 
that RNAs can directly regulate gene functions, with particular atten-
tion to a step-by-step approach to the study of miRNA. Hopefully, 
this information will help researchers who are new to this field to 
overcome problems encountered in the functional analysis of miRNA.

A noncoding RNA (ncRNA) is any RNA molecule that functions 
without being translated into a protein. A ncRNA is also called a 
small RNA (sRNA). Less frequently, it is called nonmessenger 
RNA, small nonmessenger RNA, tiny noncoding RNA, small 
modulatory RNA, or small regulatory RNA. Broadly speaking, the 
DNA sequence from which an ncRNA is transcribed can be con-
sidered a RNA gene. In this chapter, we will confine our discussion 
to sRNAs; that is, transcripts of fewer than 300 nt that participate 
directly in RNA processing and degradation, but indirectly in pro-
tein synthesis and gene regulation. Because type II RNA polymer-
ases (Pol-II) are inefficient in generating sRNAs of this size, the 
sRNAs are either directly transcribed by type III RNA polymerases 
or indirectly processed from a large transcript of Pol-II.

The most prominent example of ncRNA is tRNA, which is involved 
in the process of translation and is the first type of sRNA that was 
identified and characterized [1]. tRNA is RNA that transfers a spe-
cific amino acid to a growing polypeptide chain at the ribosomal site 
of protein synthesis during translation. The tRNA is a sRNA, 74- to 
93-nt long, consisting of amino acid attachment and codon recogni-
tion sites, allowing translation of specific amino acids into a polypep-
tide. The secondary and tertiary structures of tRNAs are cloverleafs 
with four to five domains and an L-shaped three- dimensional struc-
ture, respectively.

Another example of ncRNA is rRNA. rRNA is the primary con-
stituent of ribosomes. rRNA is transcribed from DNA and, in 
eukaryotes, it is processed in the nucleolus before being transported 
through the nuclear membrane. rRNA may produce snoRNAs, the 
second type of sRNA. Many of the newly discovered snoRNAs are 

1.1 Small RNAs or 
Noncoding RNAs

1.1.1 Transfer RNA

1.1.2 Nucleolar RNA

Shao-Yao Ying et al.
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synthesized in an intron-processing pathway. Several snoRNAs and 
sno-ribonucleoproteins (RNPs) are known to be needed for pro-
cessing of rRNA, but precise functions remain to be defined. In 
principle, snoRNAs could have several roles in ribosome synthesis 
including: folding of pre-rRNA, formation of rRNP substrates, 
 catalyzing RNA cleavages, base modification, assembly of pre- 
ribosomal subunits, and export of product rRNP particles from the 
nucleus to the cytoplasm.

The snoRNA acts as a guide to direct pseudouridylation and 
2′-O-ribose methylation of rRNA in the nucleolus. Consequently, 
the snoRNA guides the snoRNP complex to the modification site 
of the target rRNA via sequence hybridization. The proteins then 
catalyze the modification of bases in the rRNA. Therefore, this 
type of RNA is also called guided RNA.

The snoRNA is also associated with proteins forming part of 
the mammalian telomerase, as well as with proteins involved in 
imprinting on the paternal chromosomes. It is encoded in introns 
of genes transcribed by Pol-II, even when some of the host genes 
do not code for proteins. As a result, the intron, but not the exon, 
of these genes is evolutionarily conserved in vertebrates. In this 
way, some of the introns of the genes employed in plants or inver-
tebrates are still functioning in vertebrates.

The structure of snoRNAs consists of conserved sequences 
base-paired to their target RNAs. Nearly all vertebrate guide snoR-
NAs originate from introns of either protein-coding or ncRNAs 
transcribed by Pol-II, whereas only a few yeast guide snoRNAs 
derive from introns, suggesting that introns accumulated during 
evolution reflect the conservation of transgenes incorporated into 
the introns, as mentioned above [2–4]. These introns are processed 
through pathways involving endonucleolytic cleavage by ribonu-
clease (RNase) III-related enzymes, exonucleolytic trimming, and 
possibly RNA-mediated cleavage, which occur in large complexes 
called exosomes [5, 6].

Small nuclear RNA (snRNA) is a class of sRNA molecules that are 
found within the nuclei of eukaryotic cells. They are involved in a 
variety of important processes, such as RNA splicing (removal of 
introns from heteronuclear RNA) and maintaining the telomeres. 
snRNA are always associated with specific proteins, and the com-
plexes are referred to as snRNP. Some examples of snRNA are U2 
snRNAs, pre-5S rRNAs, and U6 snRNAs. U2 snRNAs in embry-
onic stem cells and pre-5S rRNAs in Xenopus oocytes facilitate cell 
survival after ultraviolet irradiation by binding to the conserved 
protein, R0. Eukaryotic U6 snRNAs are the five types of 
 spliceosomal RNA involved in messenger RNA (mRNA) splicing 
(U1–U6). These snRNAs have a secondary structure consisting of 
a stem- loop, an internal loop, a stem-closing internal loop, and the 
conserved protein-binding site [7].

1.1.3 Nuclear RNA

The MicroRNA
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Another form of small RNAs is 30 ribonucleotides in length and 
functions as a priming initiator for bacteriophage F1 DNA repli-
cation [8, 9]. This function is solely to initiate a given site on the 
phage DNA, suggesting a primitive defense against foreign patho-
gen invasion. The phage T4-derived intron is involved in a RNA–
RNA interaction in the inhibition of protein synthesis [10].

The small interfering RNAs (siRNAs) are small double-stranded 
RNA (dsRNA) molecules, 20- to 25-nt in length, that interfere 
with the expression of genes via a part of RNAi involving the 
enzyme Dicer. The siRNA story began with the observation of pig-
ment expression in the Petunia plant. van der Krol et al. [11] tried 
to intensify flower pigmentation by introducing additional genes, 
but unexpectedly observed reduced floral pigmentation in some 
plants, suggesting that gene silencing may be involved in naturally 
occurring regulation of gene function. This introduction of mul-
tiple transgenic copies of a gene into the Petunia plant resulted in 
gene silencing of not only the transgenic, but also the endogenous 
gene copy, as has been observed by others [12]. This suggests that 
cosuppression of homologous genes (the transfer gene and the 
endogenous gene) and possibly methylation are involved [12, 13]. 
This phenomenon is termed RNAi. Note that the transgene 
 introduced to the Petunia plant is a dsRNA, which is perfectly 
complementary to the target gene.

When dsRNA was injected into Caenorhabditis elegans, Fire 
and his coworkers noticed gene silencing and RNAi [14]. RNAi is 
a mechanism by which small regulatory RNAs possessing a sequence 
complementary to that of a portion of a target gene interfere with 
the expression of that gene. It is thought that the dsRNA, once it 
enters the cells, is cut up by an RNase-III familial endonuclease, 
known as Dicer. Dicer consists of an amino-terminal helicase 
domain, a PAZ domain, two RNase III motifs, and a dsRNA-bind-
ing motif. Therefore, Dicer binds to the dsRNA and excises the 
dsRNA into siRNAs. These siRNAs locate other single- stranded 
RNA molecules that are completely complementary to either strand 
of the siRNA duplex. Then, the RNA-degrading enzymes (RNases) 
destroy the RNAs complementary to the siRNAs. This phenome-
non is also called post-transcriptional gene silencing (PTGS) or 
transgene quelling. In other words, introducing transgenes, RNA 
viruses, or dsRNA sequences that are completely complementary to 
the targeted gene transcripts can silence gene expression.

In mammals, dsRNAs longer than 30 nt will activate an antivi-
ral response, which will lead to the nonspecific degradation of RNA 
transcripts, the production of interferon, and the overall shutdown 
of host cell protein synthesis [15]. As a result, long dsRNA will not 
produce gene-specific RNAi activity in mammalian cells [16].

1.1.4 Phage and Viral 
RNA

1.1.5 Small Interfering 
RNA

Shao-Yao Ying et al.
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Several terms have been used to describe the same or similar 
phenomenon in different biological systems of different species, 
including siRNAs [17], small temporal Ranks [18], heterochro-
matic siRNAs [19], and small modulatory dsRNAs [20].

miRNAs are small, single-stranded RNA genes possessing the 
reverse complement of the mRNA transcript of another protein- 
coding gene. These miRNAs can inhibit the expression of the target 
protein-coding gene. miRNA was first observed in C. elegans as 
RNA molecules of 18- to 23-nt that are complementary to the 3′ 
untranslated regions (UTR) of the target transcripts, including the 
lin-4 [21] and let-7 [22] genes. As a result, the development of the 
worm was regulated by these RNA genes. Subsequently, miRNAs 
were found to occur in diverse organisms, ranging from worms, to 
flies, to humans [23], suggesting that these molecules represent a 
gene family that has evolved from an ancient ancestral sRNA gene.

The miRNA is thought to be transcribed from DNA that is not 
translated, but regulates the expression of other genes. Primary tran-
scripts of the miRNA genes (pri-miRNAs) are long RNA transcripts 
consisting of at least a hairpin-like miRNA precursor. PrimiRNAs are 
processed in the nucleus to precursor (pre)-miRNAs by the ribonu-
clease Drosha, with the help of microprocessor [24] and exported 
from the nucleus by Exportin-5 [25]. The 60- to 90-nt miRNA 
precursors form the stem and loop structures, and the cytoplasmic 
RNase III enzyme, Dicer, excises the miRNA from the pre-miRNA 
hairpin stem region. miRNAs and siRNAs seem to be closely related, 
especially taking the dsRNA and hairpin structures into account. 
The siRNA can be considered a duplex form of miRNA in which the 
RNA molecule contains both miRNA and its reverse complement. 
Therefore, one can consider siRNAs a type of miRNA precursor.

miRNAs suppress gene expression based on their comple-
mentarity to a part of one or more mRNAs, usually at a site in the 
3′-UTR. The annealing of the miRNA to the target mRNA inhib-
its protein translation. In some cases, the formation of dsRNA 
through the binding of miRNA triggers the degradation of the 
mRNA transcript through a process similar to RNAi, although, in 
other cases, it is thought that the miRNA complex blocks the pro-
tein translation machinery or otherwise prevents protein transla-
tion without causing the mRNA to be degraded.

Because most of the miRNA suppresses gene function based 
on partial complementarity, conceivably, one miRNA may target 
more than one mRNA, and many miRNAs may act on one mRNA, 
coordinately modulating the intensity of gene expression in various 
tissues and cells. Therefore, miRNAs may have a broad function in 
fine-tuning the protein-coding genes. Indeed, the discovery of 
miRNAs has revolutionized our understanding of gene regulation 
in the postgenome era.

1.1.6 MicroRNA

The MicroRNA
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Some small regulatory RNAs are produced from intronic RNA 
fragments. For example, snoRNAs are produced from intronic seg-
ments from genes encoding ribosomal proteins and nucleolar pro-
teins. In addition, some sRNAs are produced from genes in which 
exons no longer have the capacity to encode proteins. This type of 
intron processing involves RNase III-related enzymes, exonucleo-
lytical trimming, and, possibly, RNA-mediated cleavage. Therefore, 
intronic miRNA is a new class of miRNA derived from the process-
ing of introns of a protein-coding gene.

The major difference between the intronic miRNAs and the 
previously described intergenic miRNAs, such as lin-4 and let-7, is 
the requirement of Pol-II and spliceosomal components for the 
biogenesis of intronic miRNAs [26]. Both intronic and intergenic 
miRNAs may share the same assembly process, namely the RNA- 
induced silencing complex (RISC), the effector of RNAi-related 
gene silencing. Although siRNA-associated RISC assembly has 
been used to predict miRISC assembly, the link between final 
miRNA maturation and RISC assembly remains to be determined. 
The characteristics of Dicer and RISC in siRNA vs miRNA mecha-
nisms are distinctly different [27, 28].

The intronic miRNAs need to fulfill the following requirements. 
First, they share the same promoter with their encoding gene tran-
scripts. Second, they are located in the non-protein- coding region of 
a primary gene transcript (the pre-mRNA). Third, they are coex-
pressed with the gene transcripts. Last, they are removed from the 
transcript of their coding genes by nuclear RNA splicing and exci-
sion processes to form mature miRNAs.

Certain of the currently identified miRNAs are encoded in the 
genomic intron region of a gene, but they are of an orientation 
opposite to that of the protein-coding gene transcript. Therefore, 
these miRNAs are not considered to be intronic miRNAs because 
they do not share the same promoter with the gene and they are 
not released from the protein-coding gene transcript by RNA 
splicing. The promoters of these miRNAs are located in the anti-
sense direction to the gene, probably using the gene transcript as a 
potential target for the antisense miRNAs. A good example of this 
type of miRNA is let-7c, which is an intergenic miRNA located in 
the antisense region of the intron of a gene.

The intronic and other ncRNAs may have evolved to provide a second 
level of gene expression in eukaryotes, enabling fine-tuning of the 
complex network of gene activity. In bacterial and organellar genomes, 
group II introns contain both catalytic Ranks and retrotransposable 
elements. The retrotransposable elements make this type of intron 
mobile. Therefore, these introns are reversely spliced directly into a 
DNA target site and subsequently reverse transcribed by the intron-
encoded gene. After insertion into the DNA, the introns are spliced 
out of the gene transcript to minimize the damage to the host.

1.1.7 Intronic miRNA

Transposon and Intronic 
miRNA

Shao-Yao Ying et al.
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There is a potential evolutionary relationship between group II 
introns and both eukaryotic spliceosomal introns and non-LTR- 
retrotransposons. Taking advantage of this feature, it is feasible to 
design mobile group II introns to be incorporated into gene- targeting 
vectors as “targetrons,” to specifically target various genes [29]. 
There is evidence that introns in Caenorhabditis genes are recently 
gained and some of them are actually derived from “donor” introns 
present in the same genome. Further, a few of these new introns 
apparently derive from other introns in the same gene [30]. Perhaps 
the splicing machinery determines where introns are added to genes. 
On the other hand, some newly discovered brain-specific snoRNAs 
of unknown function are encoded in introns of tandem repeats, and 
the expression of these introns is paternally imprinted.

From an evolutionary vantage, transposons are probably very old 
and may exist in the common ancestor genome. They may enter the 
host multiple times for selfish parasitical reasons. This feature of 
transposons is similar to that of retroviruses. Too much transposon 
activity can destroy a genome. To counterattack the activity of trans-
posons and viruses, some organisms developed a mechanism to 
remove and/or silence the activity of transposons and viruses. For 
example, bacteria frequently delete their genes so that transposons 
and retroviruses incorporated in the genome are removed. In eukary-
otes, miRNA is a way of reducing transposon activity. Conceivably, 
miRNA may be involved in resistance against viruses, similar to the 
diversity of antibody production in an immune system, or in a to-be-
identified mechanism for fighting disease.

Identical twins derived from the same zygote have the same 
genetic information in their nuclear DNA. Any differences between 
monozygotic twins later in life are mostly the result of environmen-
tal influences rather than genetic inheritance. However, monozy-
gotic twins may not share all of their DNA sequences. Female 
monozygotic twins can differ because of differences in X-chromosome 
inactivation. Consequently, one female twin can have an X-linked 
condition, such as muscular dystrophy, and the other twin can be 
free of the condition. Monozygotic twins frequently demonstrate 
slightly different (but definitely distinguishing) disease susceptibility 
and, more generally, different physiology. For example, myotonic 
dystrophy is a dominantly inherited, multisystemic disease with a 
consistent constellation of seemingly unrelated and rare clinical fea-
tures, including myotonia, muscular dystrophy, cardiac conduction 
defects, posterior iridescent cataracts, and endocrine disorders [31]. 
Type 2 myotonic dystrophy is caused by a CCTG expansion (mean, 
~5000 repeats) located in intron 1 of the zinc finger protein 9 gene 
[32]. It is possible that monozygotic twins with this disorder display 
symptom heterogeneity because of miRNAs or different levels of 
insertion of intronic genes.

Class II transposons can cut and paste. The enzyme transposase 
binds to the ends of the transposon, which are repeats, and the 
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 target site on the genome, which is cut to leave sticky ends. These 
two components are joined together by ligases. In this way, trans-
posons increase the size of the genome because they leave multiple 
copies of themselves in the genome. It is highly possible that trans-
posons are selectively advantageous for the genome to modulate 
gene regulation via miRNAs. It is not be too far-fetched to suggest 
that when transposons are inserted in the introns of the protein-
coding gene, under appropriate conditions, they, a part of them, or 
their secondary structures, may become intronic miRNAs.

PIWI Interacting RNAs, or piRNAs, are a class of small RNAs, first 
discovered in mammalian testes that are coupled with PIWI proteins, 
such as MILI, and control transposon activity [33]. piRNAs are 
 predominantly expressed in the germlines of various species. PIWI 
proteins, germline-specific Argonaute proteins such as Argonaute 3, 
Aubergine, and PiWi, are a part of the Argonaute family of proteins 
which can bind to miRNA or siRNA to form RNA-induced silencing 
complexes (RISC) [34]. Loss of function of PIWI proteins and/or 
the piRNA loci on the genome leads to derepression of transposons 
and causes severe defects in gametogenesis and fertility (Citation 
piRNA). There are primary and secondary piRNAs that serve differ-
ent purposes in the control of gametogenesis. The primary piRNA 
guides the PIWI proteins to possible transposon mRNA targets, and 
aids in the cleavage of the transposon, promoting the creation of a 
secondary piRNA from the cleaved mRNA which would target the 
antisense transposons [35]. A second cleavage event would lead to 
the original primary antisense piRNA that can target other transpo-
sons. This process is known as the Ping Pong cycle, which optimizes 
the existing piRNA to target active transposons [35].

Repeat Associated siRNA (rasiRNA) are a subcategory of piRNAs. 
Like piRNAs, it interacts with the Piwi-argonaute protein family and 
utilizes the Ping Pong cycle for its production [36]. It is longer than 
all the other small noncoding RNAs in RNA interference [37]. For 
its production RasiRNA does not require the dicer enzyme, which is 
essential in miRNA and siRNA production, but instead requires the 
argonaute proteins to direct the cleavage process. RasiRNA are 
 produced from antisense strands of transposable elements (TE), and 
affects the antisense strands of TE and repeated sequences [37]. 
RasiRNAs hold an important role in transcriptional silencing and 
regulating cell structure. The loss of rasiRNAs may lead to the loss of 
germ cells or important developmental elements in organisms [37].

Trans-acting siRNAs (tasiRNAs) are a subcategory of siRNAs in 
plants. Its production is guided by various plant miRNAs, for exam-
ple miR-390, 160, and 167 targets tasiRNA precursors like TAS3 
to cleave them with dicer-like proteins DCL4 and prepare them into 
tasiRNA [38]. Various miRNA pathways in tasiRNA production 

1.1.8 PIWI-Interacting 
RNA

1.1.9 Repeat Associated 
siRNA

1.1.10 Trans-acting 
siRNA
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have been found to be highly conserved between monocot and 
dicot plants, indication of a long history of tasiRNA production. 
TasiRNA has been shown to act, like other siRNA, in RNA interfer-
ence. In experiments with Arabidopsis thaliana, TAS3 tasiRNAs and 
their corresponding miRNAs have been linked to various ARF 
genes, which are instrumental in the growth and development of 
the plant [39]. The precise signaling pathways of tasiRNAs are sug-
gested to be similar to other siRNAs, though there have not been 
studies verifying it as such.

Emerging evidence shows that small double-stranded RNAs 
 targeting gene promoters are potent in inducing prolonged gene 
activation at the transcriptional level [40]. This phenomenon is 
termed RNA activation (RNAa) and is evolutionarily conservative. 
The small RNAs are referred to small activating RNAs (saRNA). 
Also, saRNAs induce epigenetic changes on the target promoter, 
resulting in alterations of gene expression [41]. Altogether, it is 
feasible that saRNAs with optimal properties can be used as thera-
peutic agents to induce de novo activation or re-expression of 
silenced tumor (or metastasis) suppressor genes.

Long noncoding RNAs (lncRNAs) are non-protein-coding 
 transcripts longer than 200 nucleotides in length and are mostly 
transcribed by RNA polymerase II from different regions across 
the genome [42]. LncRNAs act at the interface of chromatin- 
modifying machinery and the genome, and regulate homeotic 
gene expression, epigenetic imprinting, and dosage compensation 
of entire chromosomes [43, 44]. The function of lncRNAs depends 
on their subcellular localization. Many lncRNAs are recognized as 
important modulators for nuclear functions [43, 45].

2 Biogenesis and Mechanism of miRNAs

miRNA genes are distributed all throughout the genome. Many are 
localized in exonic or intronic regions, as well as intergenic loca-
tions [46]. The biogenesis of miRNAs starts with their transcription 
by RNA polymerase II [47], although some other miRNAs are 
transcribed by RNA polymerase III [47, 48].

Five steps are involved in miRNA biogenesis in vertebrates. 
First, miRNAs are transcribed from DNA by Type-II RNA poly-
merases [47, 49] to primary miRNAs (pri-miRNAs, 300–1000 nt). 
Second, the long pre-miRNAs is processed by Drosha-like endo-
nucleases and DGCR8 (which compose the “Drosha microproces-
sor” complex) and/or spliceosomal components. The pre-miRNA 
have hairpin special secondary structure, including regions of 
imperfectly paired dsRNA, which are sequentially cleaved to one or 
more miRNAs. This step depends on the origin of the pri-miRNA, 

1.1.11 RNA Activation

1.1.12 lncRNA
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whether located in an exon or an intron, respectively [24, 49]. This 
takes place because the Drosha microprocessor complex recognizes 
the base of the stem-loop hairpin structure, cleaves it, and releases 
in the nucleus to form miRNA precursors or pre-miRNAs (70–90 nt). 
Third, the pre-miRNA is exported out of the nucleus by Ran-GTP 
and a receptor, Exportin-5 [25, 50]. Fourth, in the cytoplasm, 
Dicer-like endonucleases further cleave the pre-miRNA by the 
RNase III enzyme Dicer and the cofactor transactivation- responsive 
RNA-binding protein (TRBP, also known as TARBP2) to generate 
a ~22-nt miRNA duplex. Only one of the two strands is the miRNA 
(the guide strand or leading strand); the other counterpart is named 
miRNA* (the passenger strand). The mature miRNA can block 
mRNA translation based on partial complementarity between the 
miRNA and the targeted mRNA, particularly via base pairing with 
the 3′ UTR of the mRNA. The strand with the weakest binding at 
its 5′-end, a U-bias at the 5′-end and an excess of purines is more 
likely to become the guide strand whereas the passenger strands 
have a perfect complementarity between the miRNA and the tar-
geted mRNA, a C-bias at the 5′-end, and an excess of pyrimidines 
gets degraded [51]. Last, the mature miRNA is incorporated into a 
RNP to form the RISC, which executes RNAi-related gene silenc-
ing [45, 52]. Autoregulatory negative feedback via miRNAs regu-
lates some genes, including those involved in the RNA silencing 
mechanism itself [53, 54].

Figure 1 shows a simplistic view of the four major parts of bio-
genesis of an miRNA such as miR-302 being transcribed from DNA 
by Type II RNA polymerase to primary miRNAs  (pri- miRNAs, 300–
1000 nt), processed by Drosha and DGCR8 (RNA endonucleases) 
in the nucleus to form miRNA precursors (70–90 nt), which have 
special hairpin secondary structure. Then, miRNA precursors such as 
miR-302 precursor (also called pre- miR- 302), being exported to  
the cytoplasm by Exportin-5, are further processed by Dicer-like 
RNaseIII endoribonucleases in the cytoplasm to form mature miR-
NAs (20–22 nt) such as miR-302, which form RISC with other pro-
teins to silence gene expression. Mir-302 precursor can be accumulated 
(in red oval) when the process of forming mature miR-302 and RISC 
complex is blocked by Dicer-negative, miR-302-expressing cells  
(in green square); Dicer is the enzyme responsible for the miRNA 
precursors into mature miRNA molecules.

In broad terms, both the 5′ UTR and the 3′ UTR of the intronic 
miRNA can be seen as a kind of intron extension; however, their pro-
cessing during mRNA translation is different from that of the intron 
located between two protein-coding exons, termed the in-frame 
intron. The in-frame intron was originally thought to be a huge 
genetic wasteland in gene transcripts, but this stereotypical miscon-
ception was abandoned because of the finding of intronic miRNAs.

There are Drosha/DGCR8-independent pathways for gener-
ating pre-miRNA-like hairpins such as intronic miRNAs, which are 
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excised by splicing and linearized by lariat debranching and further 
resection by nucleases. These non-canonical miRNAs, like canoni-
cal miRNAs, are incorporated to Ago1-4. Another example of 
non-canonical miRNAs is Pri-mir-451 which is processed by 
Drosha/DGCR8, and the resulting ~18-bp pre-mir-451 is directly 
incorporated to Ago2 [55]. Recently, agotrons, which escape both 
Drosha/DGCR8- and Dicer-processing, has been shown to form 
miRNA-like species by bypassing particular steps of the canonical 
miRNA biogenesis pathway [56].

The RISC, or RNA-induced silencing complex, is a complex of many 
associated proteins. These proteins contain RNA so they are ribonu-
cleoproteins, which combine an RNA and an RNA-binding protein 
together. In this way, a ribonucleoprotein incorporates one strand of a 
single-stranded RNA (ssRNA) fragment, such as microRNA (miRNA), 
or double-stranded small interfering RNA (siRNA). The single strand 
acts as a template for RISC to recognize complementary messenger 

2.2 Assembly 
of RISC

Fig. 1 Biogenesis of intronic microRNA miR-302. MiR-302 is a native intronic miRNA, encoded in the intronic 
region of the La ribonucleoprotein domain family member 7 (LARP7 or PIP7S) gene (host gene). During miR- 
302 biogenesis, primary miRNA precursors (pri-miRNA) are first transcribed by type-II RNA polymerases (RNA 
pol-II) along with the LARP7 gene transcripts; then, the pri-miR-302 is spliced by cellular spliceosomes (red) 
to form hairpin-like miRNA precursors (pre-miRNA, in red oval). Next, the miRNA precursors are exported out 
of the nucleus by Exportin-5 (Xpo5) (pink) and further processed by Dicer-like RNaseIII endoribonucleases in 
cytoplasm to form mature miR-302s (21–23 nt). Consequently, mature miR-302s are assembled into RNA- 
induced silencing complexes (RISC) (orange) with argonaute proteins (Ago1–4) that carry out specific gene 
silencing (in green square)

The MicroRNA
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RNA (mRNA) transcript. Once found, one of the proteins in RISC, 
called Argonautes, select the strand with the less stable 5′ end and 
integrate it into RISC, then activate and cleave the mRNA (with the 
aid of RNase III Dicer), resulting in RNA interference (RNAi) and 
gene silencing [57].

The loading of Argonaute proteins with small RNAs is aided by 
a number of auxiliary factors as well as ATP hydrolysis [58]. The 
RISC-loading complex (RLC), the essential structure required to 
load dsRNA fragments into RISC in order to target mRNA, consists 
of dicer, TRBP (the human immunodeficiency virus transactivating 
response RNA-binding protein), and Argonaute 2. As described 
before, Dicer is an RNase III endonuclease, which generates the 
dsRNA fragments to be loaded that direct RNAi. TRBP is a protein 
with three double-stranded RNA-binding domains. Argonaute 2 is 
an RNase and is the catalytic center of RISC. Other members of 
Argonaute protein also load small RNAs [55].

The duplex of miRNAs are loaded into Argonaute (Ago) pro-
teins, which preferentially retain the mature miRNA and eject the star 
strand. Ago proteins associate with cofactors of the GW182/TNRC6 
family, and are guided by miRNAs to target transcripts and mediate 
their destabilization and/or translational suppression [59]. Animal 
miRNA/Ago complexes recognize targets via  complements to their 
5′ ends, preferentially nts 2–8 [60–63]. The posttranslational modifi-
cations of Argonaute proteins, such as prolyl- hydroxylation, phos-
phorylation, ubiquitination, and poly- ADP- ribosylation, alter miRNA 
activity at global or specific levels.

Many factors can modify the biogenesis and mechanism of miRNAs. 
The multiple and sequential steps of the RISC assembly are aided by 
heat-shock organizing protein (Hsc70/Hsp90) chaperone machin-
ery [64]. GW182 (so named because of its molecular weight and the 
presence of glycine and tryptophan repeats) interacts with Argonaute 
proteins and is required for miRNA-mediated gene silencing [65]. 
Similar to TRBP and the interface between Dicer and TRBP, PACT 
(kinase R–activating protein) also forms Dicer-PACT complexes, 
which contribute to proper miRNA length and strand selection in a 
subset of mammalian miRNAs [66]. ADAR1 (RNA-specific adenos-
ine deaminase 1) catalyzes the hydrolytic deamination of adenosine 
to inosine in double-stranded RNA (dsRNA) referred to as A-to-I 
RNA editing. As a result, ADAR1 can edit miRNAs and affect RNA 
stability, splicing, and miRNA-target interactions [67]. On the other 
hand, some mRNAs can regulate ADAR1. Conceivably, overexpres-
sion of ADAR1 forms a reciprocal feedback loop with miRNA [68]. 
PARN [poly(A) specific ribonuclease] plays an important role in 
miRNA- dependent control of mRNA decay and into the mecha-
nisms behind the regulation of p53 expression, thus facilitating 
the biogenesis of several important noncoding RNAs [69, 70]. The 
N-terminal helicase, a dynamically evolving Dicer domain, can be 
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dimerized itself mediated by ATPase activity as a mechanism for 
RNA length discrimination by a Dicer family protein, resulting in 
recognition of miRNA targets [71, 72]. eIF1A is a novel component 
of the Ago2-centered RNA-induced silencing complexes (RISCs) 
and augments Ago2- dependent RNAi and miRNA biogenesis [73].

miRNAs guide RISC to specifically recognize messenger RNA 
(mRNA) and when RISC binds to target mRNAs, a high degree of 
miRNA–mRNA complementarity (6–8 nt) through Watson–Crick 
base pairing, resulting in translational repression and mRNA cleav-
age [74]. Alternatively, central mismatches prevent degradation 
and facilitate translational repression by the possible mechanisms 
of RISCs bind to target mRNAs and repress initiation at the cap 
recognition stage, or at the 60S ribosomal recruitment stage. RISC 
can also prevent mRNA to circularize or RISC attachment to tar-
get mRNAs also facilitates premature separation from ribosomes, 
thus repressing translation at the post-initiation stage [75]. Further, 
some miRNAs can bind as ligands to receptors of the Toll-like 
receptor (TLR) and act as paracrine agonists of TLRs [76] or selec-
tively activate innate immune effector cells via the TLR1-NF-κB 
signaling pathway [77].

3 Circulating miRNAs

miRNAs and their precursors have been thought to be unstable and 
frequently degradable, but now were found to be highly stable. 
Circulating miRNAs are found in the serum, saliva, urine, and other 
biological fluids. The levels of the circulating miRNAs have often 
been reported to be altered in patients. In addition, circulating miR-
NAs may be as effective as miRNAs. The stability of miRNAs in 
circulating fluids may be achieved by their association with Ago2 
protein, multivesicular body, and incorporation into exosomes, 
microvesicles, or apoptotic bodies or into high-density lipoprotein 
particles [78], which could serve as useful clinical biomarkers  
[78, 79]. Indeed, the detection of blood miRNA levels as biomark-
ers for a variety of disease processes has been frequently reported and 
correlation between a positive therapy and specific changes in plasma 
miRNAs has been reported [80]. The miRNAs are stable to degra-
dation and responsible for gene silencing in most eukaryotic cells 
that provide their potential usefulness as biomarkers for early detec-
tion in several diseases, including nearly many biological processes 
from development to oncogenesis.

Exosomes are tiny endosomal membrane vesicles (~40–150 nm 
in diameter). They are formed from the inward budding of endo-
somal members of the late endosomal compartment, subsequently 
become intracellular multi-vesicular endosomes (MVEs) [81, 82]. 
Many exosomes are packed in the MVEs and fused with the plasma 
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membrane, resulting in their release into the extracellular space 
and circulating miRNAs and may be as effective as miRNAs. 
Circulating miRNAs can be either bound to serum proteins and 
lipoproteins or be encircled in extracellular vesicles including exo-
somes, microvesicles, or apoptotic bodies [83, 84], making them 
one of the most promising biomarkers in various diseases for early 
diagnosis, prognosis, and therapeutic response prediction.

Despite their obvious potential as biomarkers, there are several 
problems that prevent the use of circulating miRNAs as diagnostic 
tools in clinical routine. Most importantly, despite years of inten-
sive research no consensus on optimal protocols for standardi-
zation of sample collection, data normalization, and analysis was 
reached. The qPCR and microarray used for the measurements of 
circulating miRNAs depend on the design of miRNA-specific 
primers or microarray probes, similarities between different miR-
NAs might result in further difficulties comparing one study from 
another. The lack of known positive and negative miRNAs for 
human serum samples further contributes to a poor comparability 
between studies. Therefore, the validation of miRNA profiles by 
specific and selective methodologies to achieve accurate measure-
ment as well as collecting overall numbers of a broad spectrum of 
different miRNAs are the steps for eventually implementing circu-
lating miRNAs in the estimation of the clinical fate of patients with 
various diseases [85].

The advent of circulating miRNAs may considerably improve the 
delivery of miRNAs in vivo. Targeting miRNAs by gain or loss of 
function approaches have brought therapeutic effects in various dis-
ease models. However, delivery of miRNA mimics as drugs in vivo 
has not been established due to early perception that miRNAs are 
frequently degraded. Now, microRNAs are optimal biomarkers 
owing to high stability under storage and handling conditions and 
their presence in blood, urine, and other body fluids, it is possible 
that miRNA mimics can be directly delivered in vivo for treating 
diseases.

Conventional delivery systems for miRNAs include liposomal 
transfection, liposomes modified by adding long carbon chains 
and/or positively charged chemical group such as glycolipids, poly-
ethylene glycol (PEG), glycerol esters, glycerol monooleate, ami-
nated/amide polys, and sugar-encapsulation. These reagents usually 
fuse with the phospholipid bilayer of the cell membrane by passive 
diffusion. However, there are two major obstacles: low penetration 
and high degradation of miRNAs. Liposomes are minute spherical 
sacs of phospholipid molecules enclosing a water droplet to carry 
miRNAs into the tissues. Liposomes are often composed of phos-
phatidycholine-enriched phospholipid and may also contain mixed 
lipid chains with surfactant properties such as egg phosphati-
dylethanolamine. Polyethylenimines (PEIs) are positively charged, 

3.1 Direct Delivery 
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 linear, or branched polymers that are able to form nanoscale 
 complexes with small RNAs, leading to a certain RNA protection, 
cellular delivery, and intracellular release.

Previously, we have used liposomes in vitro for miR-302 delivery 
[86]. MiR-302 mixed with polyethylenimine (PEI) were used for 
intratumoral injections based on jetPEI Delivery Reagent (Polyplus-
transfection, Inc.) [87]. Both delivery methods resulted in efficient 
silencing of target genes. Tail vein injections of miR- 302- 367 were 
delivered by Neutral Lipid Emulsion (NLE, MaxSuppressor in vivo 
RNALancerII, BIOO Scientific) [88]. Recently, intravenous delivery 
of miR-let-7g mimics attenuated high-fat diet-induced neointima 
formation and atherosclerotic lesions, accompanied by the significant 
downregulation of LOX-1 [89]. These findings suggest that direct 
delivery of miRNA mimics in vivo is effective. Given that miRNA 
precursors are as effective as mature miRNAs.

A recent report showed that glycylglycerins, novel sugar 
 alcohols, were tightly bounded with negatively charged miR-302 
precursor via electro-affinity and subsequently formed sugar-like 
coats as microcapsules [90]. MiR-302 mixed with glycylglycerins 
protect the miRNA from degradation even at room temperature 
[90]. In addition, such a coating of glycylglycerins protected siR-
302 from degradation and silenced the target genes of miR-302. 
An emulsion vehicle was developed, which contains only injectable 
pharmaceutical ingredients, i.e., excipients that have been used in 
FDA-approved intravenous injectable drug products or intrave-
nous clinical trial materials with additional special ingredients. The 
emulsion consists of oil droplets with an average diameter of 
≤200 nm, thus, it can be sterilized through a 0.2 μm filter. MiR- 
302 or miR-302 precursor mixed with the glycylglycerin emulsion 
was used for the delivery of glycylglycerin and miR-302/miR-302 
precursor. Given that miRNA precursors may have longer half-life 
than that of the mature miRNA and miRNA precursors have been 
found to be as effective as the mature miRNAs [91], it is feasible 
to develop direct delivery of miRNA precursor as drugs for treat-
ing and/or managing diseases. Conceivably, a new strategy of 
direct delivery of miRNA precursors in vivo will expedite the incor-
poration of miRNAs and/or miRNA precursors as drugs for 
 various diseases.

4 miRNAs and Cancer

The major explosion of interest and publications in the microRNA 
field has driven the rapid development of products and technologies, 
which address the potential application of miRNAs in cancer. Cancer 
is the leading cause of death in the United States. Development and 
metastasis of cancer is closely associated with cell proliferation, apop-
tosis, cell migration, cell invasion, and the epithelial- to mesenchymal 
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transition [92]. MiRNAs can act as tumor suppressors or oncogenes 
depending on their target genes [93]. A large body of evidence indi-
cates that miRNAs regulate the expression of different genes that 
play an important role in cancer cell growth, apoptosis, cell invasion, 
migration, and metastasis [93–96, 165]. A search for miRNAs and 
cancer in PubMed has generated more than 26,000 articles. Even a 
search for review articles resulted in more than 5000 entries. 
Interested readers may refer to review articles on the topic [97–100]. 
Further, miRNA mimics and molecules targeted at miRNAs (anti-
miRs) have shown promise in developing for therapeutics. Indeed, a 
few siRNA and miRNA have been approved for clinical trials against 
hepatitis, diabetes and fatty liver diseases, T cell lymphoma, sclero-
derma, mesothelioma, and multiple solid tumors [101].

Given that one miRNA frequently targets hundreds of mRNAs 
and miRNA regulatory pathways are complex, it is interesting to 
note that embryonic stem cell-specific miRNAs (ESC-specific 
 miRNAs) have anti-tumor activities in various cancers. The ESC- 
specific miRNAs, imiR-302-367 and miR-371-373, are abundant in 
early embryonic cells but suddenly reduced to undetectable levels 
when differentiated [102]. In addition, ESC-specific miR-302 
induced somatic cells or cancer cells to become pluripotent embry-
onic stem cells, which are tumor-free [86, 87, 103]. Subsequently, 
miR- 302 has been reported in various types of cancer targeting dif-
ferent gene expressions [105–117, 124, 125]. Potentially, the miR-
302 may be used to silence simultaneously the expression of several 
key genes essential for cancer progression and serve as a tumor sup-
pressor in treating/managing cancer, including expression of key 
genes in cell cycle, global demethylation, apoptosis, and DNA repair 
as well as BMI-1, CXCR4, AKT1/2, Runx-1, and EGFR genes.

Long noncoding RNAs (lncRNAs) also play important roles in 
diverse biological processes, such as transcriptional regulation, cell 
growth, and tumorigenesis based on the gain-of-function and loss- of- 
function studies. For instance, overexpression of H19, MALAT1, 
HOTAIR, HULC, LINC00672, PANDAR, SPRY4-IT1, and 
BANCR, CASC11 promotes tumor development and these lncRNAs 
were biomarkers for diagnosis [118–123]. On the other hand, MEG3, 
GAS5, and its SNORD44 (a C/D box small nucleolar RNA in the 
host GAS5) and small nucleolar RNA host gene-growth arrest-spe-
cific 5 (GAS5) growth arrest specific and MEG3 are tumor suppressor 
in a range of human tumors [126–130]. The activity of lncRNAs, in 
some, is mediated by acting on miRNAs [126, 129, 130].

5 miRNAs and iPSCs

miRNAs enhance the classic reprogramming of iPSCs by ectopic 
expression of four transcription factors, Oct4, Sox2, Klf4, and cMyc 
[131]. MiRNAs alone, without any exogenous  factors, can also 
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generate iPS cells more effectively than the classical 4 transcription 
factors. These special miRNAs are embryonic stem cell- specific 
(ESC-specific) miRNAs [132, 133]. Two miRNA clusters in mice, 
miR-290 and miR-302 and two in human, miR-371 and miR-302, 
are highly expressed in pluripotent stem cells [102, 132–134]. 
ESC-specific miR-302 is expressed at high levels at early stages of 
development and then declined [132, 133]. In hESCs and hiPSCs, 
miR-302 is the most predominant miRNAs and optimal levels of 
miR-302 are essential for cellular reprogramming [135]. Indeed, 
miR-302 family members are required for efficient reprogramming 
of somatic cells and are sufficient for iPSC generation in the absence 
of canonical reprogramming factors [133, 136]. By the same token, 
direct induction of pluripotent stem cells by miR-302 may convert 
one type of cells to another in vivo.

It is well known that some animals can regenerate large sections 
of the body, including amphibian limb regeneration; similar conver-
sion of one type of tissue to another is metaplasia, which involves 
the transformation of one type of differentiated cells to another. 
Transformation of B lymphocytes to macrophages [137], or pan-
creatic exocrine cells to various types of endocrine cells [138], has 
been experimentally demonstrated by over-expressing specific tran-
scription factors in these cells. As described above, induced embry-
onic-like puripotent stem cells from skin cancer cells by miR-302 
formed no teratomas when injected in an undifferentiated form 
into the muscle of SCID mice, suggesting that they are tumor-free 
[86] and miR-302/367 or other ESC-specific miRNAs also induced 
iPSCs [131, 139]. Even a combinational approach of using mature 
microRNAs such as miR-200c, mi-302, and miR-369 induced 
mouse and human iPSCs [140]. The mechanism(s) underlying the 
miR-302-induced iPSCs are mediated through an epigenetic repro-
gramming similar to the natural zygotic reprogramming process in 
the two- to eight-cell-stage embryos, targeting epigenetic regula-
tors such as AOF1/2, MECP1-p66, MECP2, and MBD2 [135]. 
In addition, cell cycle regulators such as Cyclin D1/D2, CDK2, 
BMI-1 [104] and PTEN [40], TGF-β regulators such as Lefty1/2 
[141] and TGFBR2, and BMP inhibitors including DAZAP2, 
SLAIN1, and TOB2 [86, 87, 133, 142–144] are the targeted 
genes. Thus, miR-302 suppresses tumor growth in various types of 
cancer by targeting various types of genes, the ESC-specific miRNA 
may be ideal for regenerative medicine.

A reciprocal feedback between Oct4/Sox, Lefty, and miR-
302 [133, 145–148] has been reported and miR-302-mediated 
iPSCs can produce miR-302 perpetually due to the miR-302/Oct 
4 reciprocal feed-back mechanism [34, 50], providing a model for 
making miR-302 precursors. Judging by the recent observations 
that long noncoding RNAs (lncRNAs) and miR-302 precursor 
have a half-life longer than that of mature miRNAs [55], a miR- 
302 precursor with hairpin structure could be a better reagent for 
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treating and/or managing diseases. Indeed, miRNAs are more 
efficient in incorporating into the RNA-induced silencing com-
plex [91, 149]. If a Pol-II-promoter-driven prokaryotic RNA 
transcription system can be developed, then, large amount, cost-
effective miR-302 precursor can be generated for targeted treat-
ment of various diseases. Conceivably, reprogramming cancer cells 
to form noncancerous/normal cells could pave the way for an 
innovative paradigm in treating/managing tumors in patients.

6 miRNAs and Heart Diseases

Cardiovascular diseases have a high-mortality rate. Several miR-
NAs have key roles in different aspects of the progression of car-
diovascular diseases such as cardiac hypertrophy and fibrosis and 
myocardial infarction [150, 151]. Although human embryonic 
heart and heart of lower vertebrates has full capacity, the adult 
human heart has limited capacity to regenerate lost or damaged 
cardiomyocytes following cardiac insult because of the low prolif-
erative rate of cardiomyocytes during adult life [152]. MiRNA are 
effective to stimulate cardiomyocyte proliferation and promote 
mammalian cardiac repair in vivo [152–156], including miR-15 
family, miR-590, miR-199a [157]. Cardiac miRNAs such as miR- 
1, miR133a, miR-208a/b, and miR-499 are abundantly expressed 
in the myocardium. They also play a central role in cardiogenesis, 
heart function, and pathology [158, 159]. Other miR-302 modu-
late cardiovascular differentiation of cardiomyocyte progenitor 
cells and stem cells [160], differentiation of vascular smooth mus-
cle cells (SMCs) [161, 162], and endothelial cells (ECs) [163]. 
Although a significant increase in miR-21 expression occurs in the 
failing myocardium, which is associated with fibrosis, a recent study 
stated that this miRNA is not essential for pathological cardiac 
remodeling [164].

It is intriguing to note that the microRNA cluster miR302-
 367 is important for cardiomyocyte proliferation during develop-
ment and is sufficient to induce cardiomyocyte proliferation in the 
adult and promote cardiac regeneration [88]. Increased miR302-
 367 expression led to a profound increase in cardiomyocyte prolif-
eration, in part through repression of the Hippo signal transduction 
pathway. Postnatal reexpression of miR302-367 and transient sys-
temic application of mature miR-302-367 reactivated the cell cycle 
in cardiomyocytes, resulting in reduced scar formation after exp-
erimental myocardial infarction. But, long-term expression of 
miR302-367 induced cardiomyocyte dedifferentiation and dys-
function, suggesting that the optimal concentration of the miRNA 
is critical for the cardiomyocyte regeneration and repair, reduction 
of fibrosis, and restoration of cardiac function after experimental 
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cardiac infraction. These observations are consistent with the 
report that optimal levels of miR-302 are critical to the miR- 302- 
induced iPSCs [135]. This study may lead to a single miRNA- 
mediated cardiomyocyte regeneration and repair for managing 
and/or treating heart failing in adults.

References

 1. Holley RW (1965) Structure of an alanine 
transfer ribonucleic acid. JAMA 194:868–871

 2. Maxwell ES, Fournier MJ (1995) The small 
nucleolar RNAs. Annu Rev Biochem 64: 
897–934

 3. Tycowski KT, Shu MD, Steitz JA (1996) A 
mammalian gene with introns instead of exons 
generating stable RNA products. Nature 
379:464–466

 4. Filipowicz W (2000) Imprinted  expression 
of small nucleolar RNAs in brain: time for 
RNomics. Proc Natl Acad Sci U S A 97: 
14035–14037

 5. Allmang C, Kufel J, Chanfreau G, Mitchell P, 
Petfalski E, Tollervey D (1999) Functions of 
the exosome in rRNA, snoRNA and snRNA 
synthesis. EMBO J 18:5399–5410

 6. van Hoof A, Parker R (1999) The exosome: a 
proteasome for RNA? Cell 99:347–350

 7. Frank DN, Roiha H, Guthrie C (1994) 
Architecture of the U5 small nuclear 
RNA. Mol Cell Biol 14:2180–2190

 8. Stavianopoulos JG, Karkus JD, Charguff E 
(1971) Nucleic acid polymerase of the devel-
oping chicken embryos: a DNA Polymerase 
preferring a hybrid template. Proc Natl Acad 
Sci U S A 68:2207–2211

 9. Stavianopoulos JG, Karkus JD, Charguff E 
(1972) Mechanism of DNA replication by highly 
purified DNA polymerase of chicken embryos. 
Proc Natl Acad Sci U S A 69:2609–2613

 10. Wank H, Schroeder R (1996) Antibiotic- 
induced oligomerisation of group I intron 
RNA. J Mol Biol 258:53–61

 11. van der Krol AR, Mur LA, Beld M, Mol JN, 
Stuitje AR (1990) Flavonoid genes in petunia: 
addition of a limited number of gene copies 
may lead to a suppression of gene expression. 
Plant Cell 2:291–299

 12. Napoli C, Lemieux C, Jorgensen RA (1990) 
Introduction of a chimeric chalcone synthase 
gene into Petunia results in reversible co- 
suppression of homologous genes in trans. 
Plant Cell 2:279–289

 13. Matzke MA, Primig MJ, Trnovsky J, Matzke 
AJM (1989) Reversible methylation and inac-
tivation of marker genes in sequentially trans-
formed tobacco plants. EMBO J 8:643–649

 14. Fire A, Xu S, Montgomery MK, Kostas SA, 
Driver SE, Mello CC (1998) Potent and spe-
cific genetic interference by double-stranded 
RNA in Caenorhabditis elegans. Nature 
391:806–811

 15. Shi Y (2003) Mammalian RNAi for the 
masses. Trends Genet 19:9–12

 16. Sui G, Soohoo C, Affar el B, Gay F, Shi Y, 
Forrester WC, Shi Y (2002) A DNA vector- 
based RNAi technology to suppress gene 
expression in mammalian cells. Proc Natl Acad 
Sci U S A 99:5515–5520

 17. Elbashir SM, Lendeckel W, Tuschl T (2001) 
RNA interference is mediated by 21- and 
22-nucleotide RNAs. Genes Dev 15:188–200

 18. Pasquinelli AE, Reinhart BJ, Slack F, Martindale 
MQ, Kuroda MI, Maller B, Hayward DC, Ball 
EE, Degnan B, Müller P, Spring J, Srinivasan 
A, Fishman M, Finnerty J, Corbo J, Levine 
M, Leahy P, Davidson E, Ruvkun G (2000) 
Conservation of the sequence and temporal 
expression of let-7 heterochronic regulatory 
RNA. Nature 408:86–89

 19. Reinhart BJ, Bartel DP (2002) Small RNAs 
correspond to centromere heterochromatic 
repeats. Science 297:1831

 20. Kuwabara T, Hsieh J, Nakashima K, Taira K, 
Gage FH (2004) A small modulatory dsRNA 
specifies the fate of adult neural stem cells. 
Cell 116:779–793

 21. Lee RC, Feinbaum RL, Ambros V (1993) The 
C. elegans heterochronic gene lin-4 encodes 
small RNAs with antisense complementarity 
to lin-14. Cell 75:843–854

 22. Lau NC, Lim LP, Weinstein EG, Bartel DP 
(2001) An abundant class of tiny RNAs with 
probable regulatory roles in Caenorhabditis 
elegans. Science 294:858–862

 23. Lagos-Quintana M, Rauhut R, Meyer J, 
Borkhardt A, Tuschl T (2003) New microR-
NAs from mouse and human. RNA 9:175–179

 24. Lee Y, Ahn C, Han J, Choi H, Kim J, Yim J, 
Lee J, Provost P, Rådmark O, Kim S, Kim VN 
(2003) The nuclear RNase III Drosha initiates 
microRNA processing. Nature 425:415–419

 25. Lund E, Guttinger S, Calado A, Dahlberg JE, 
Kutay U (2003) Nuclear export of microRNA 
precursors. Science 303:95–98

The MicroRNA



20

 26. Ying SY, Lin SL (2005) Intronic microRNAs 
(miRNAs). Biochem Biophys Res Commun 
326:515–520

 27. Lee YS, Nakahara K, Pham JW, Kim K, He Z, 
Sontheimer EJ, Carthew RW (2004) Distinct 
roles for Drosophila Dicer-1 and Dicer-2 in 
the siRNA/miRNA silencing pathways. Cell 
117:69–81

 28. Tang G (2005) siRNA and miRNA: an insight 
into RISCs. Trends Biochem Sci 30:106–114

 29. Lambowitz AM, Zimmerly S (2004) Mobile 
group II introns. Annu Rev Genet 38:1–35

 30. Coghlan A, Wolfe KH (2004) Origins of 
recently gained introns in Caenorhabditis. 
Proc Natl Acad Sci U S A 101:11362–11367

 31. Harper PS (1989) Myotonic dystrophy, 2nd 
edn. Saunders, London

 32. Liquori CL, Ricker K, Moseley ML, Jacobsen 
JF, Kress W, Naylor SL, Day JW, Ranum LP 
(2001) Myotonic dystrophy type 2 caused 
by a CCTG expansion in intron 1 of ZNF9. 
Science 293:864–867

 33. Aravin AA, Sachidanadam R, Girard A, Fejes- 
Toth K, Hannon GJ (2007) Developmentally 
regulated piRNA clusters implicate MILI in 
transposon control. Science 316:744–747

 34. Siomi MC, Miyoshi T, Siomi H (2010) 
piRNA-mediated silencing in Drosophila 
germlines. Semin Cell Dev Biol 21:754–749

 35. Betel D, Sheridan R, Marks DS, Sander C 
(2007) Computational analysis of mouse 
piRNA sequence and biogenesis. PLoS 
Comput Biol 3:2219–2227

 36. Shpiz S, Kwon D, Rozovsky Y, Kalmykova A 
(2009) rasiRNA pathway controls antisense 
expression of Drosophila telomeric trans-
posons in the nucleus. Nucleic Acids Res 
37:267–278

 37. Pelisson A, Sarot E, Payen-Groschene G, 
Bucheton A (2007) A novel repeat- associated 
small interfering RNA -mediated silencing path-
way downregulates complementary sense gypsy 
transcripts in somatic cells of the Drosophila 
ovary. J Virol 81:1951–1960

 38. Gasciolli V, Mallory AC, Bartel DP, Vaucheret 
H (2005) Partially redundant functions of 
Arabidopsis DICER-like enzymes and a role 
for DCL4 in producing trans-acting siRNAs. 
Curr Biol 15:1–7

 39. Allen E, Xie Z, Gustafson AM, Carrington JC 
(2005) MicroRNA-directed phasing during 
trans-acting siRNA biogenesis in plants. Cell 
121:207–221

 40. Li LC, Okino ST, Zhao H, Pookot D, 
Place RF, Urakami S, Enokida H, Dahiya R 
(2006) Small dsRNAs induce transcriptional 

 activation in human cells. Proc Natl Acad Sci 
U S A 103:17337–17342

 41. Place RF, Li LC, Pookot D, Noonan EJ, 
Dahiya R (2008) MicroRNA-373 induces 
expression of genes with complementary pro-
moter sequences. Proc Natl Acad Sci U S A 
105:1608–1613

 42. Zhang H, Zhu JK (2014) Emerging roles of 
RNA processing factors in regulating long 
non-coding RNAs. RNA Biol 11:793–797

 43. Batista PJ, Chang HY (2013) Long noncod-
ing RNAs: cellular address codes in develop-
ment and disease. Cell 152:1298–1307

 44. Lee JT, Bartolomei MS (2013) X-Inactivation, 
imprinting, and long noncoding RNAs in 
health and disease. Cell 152:1308–1323

 45. Chen LL, Carmichael GG (2010) Decoding 
the function of nuclear long non-coding 
RNAs. Curr Opin Cell Biol 22:357–364

 46. Altuvia Y, Landgraf P, Lithwick G, Elefant N, 
Pfeffer S, Aravin A, Brownstein MJ, Tuschl T, 
Margalit H (2005) Clustering and conserva-
tion patterns of human microRNAs. Nucleic 
Acids Res 33:2697–2706

 47. Lee Y, Kim M, Han J, Yeom KH, Lee S, Baek 
SH, Kim VN (2004) MicroRNA genes are 
transcribed by RNA polymerase II. EMBO 
J 23:4051–4060

 48. Borchert GM, Lanier W, Davidson BL (2006) 
RNA polymerase III transcribes human microR-
NAs. Nat Struct Mol Biol 13:1097–1101

 49. Lin SL, Chang D, DY W, Ying SY (2003) A 
novel RNA splicing-mediated gene silencing 
mechanism potential for genome evolution. 
Biochem Biophys Res Commun 310:754–760

 50. Yi R, Qin Y, Macara IG, Cullen BR (2003) 
Exportin-5 mediates the nuclear export of pre-
microRNAs and short hairpin RNAs. Genes Dev 
17:3011–3016

 51. Meijer HA, Smith EM, Bushell M (2014) 
Regulation of miRNA strand selection: follow 
the leader? Biochem Soc Trans 42:1135–1140

 52. Khvorova A, Reynolds A, Jayasena SD (2003) 
Functional siRNAs and miRNAs exhibit 
strand bias. Cell 115:209–216

 53. Hammond SM (2014) An overview of microR-
NAs. Nat Rev Mol Cell Biol 15:509–524

 54. Ha M, Kim VN (2015) Regulation of microRNA 
biogenesis. Adv Drug Deliv Rev 87:3–14

 55. Yang JS, Lai EC (2011) Alternative miRNA 
biogenesis pathways and the interpretation 
of core miRNA pathway mutants. Mol Cell 
43:892–903

 56. Daugaard I, Hansen TB (2017) Biogenesis 
and function of Ago-associated RNAs. Trends 
Genet 33:208–219

Shao-Yao Ying et al.



21

 57. Watson JD (2008) Molecular biology of the 
gene. Cold Spring Harbor Laboratory Press, 
San Francisco, CA, pp 641–648

 58. Dueck A, Meister G (2014) Assembly and 
function of small RNA - argonaute protein 
complexes. Biol Chem 395:611–629

 59. Meister G (2013) Argonaute proteins: func-
tional insights and emerging roles. Nat Rev 
Genet 14:447–459

 60. Brennecke J et al (2005) Principles of 
microRNA-target recognition. PLoS Biol 3:e85

 61. Doench JG, Sharp PA (2004) Specificity of 
microRNA target selection in translational 
repression. Genes Dev 18:504–511

 62. Lai EC (2002) microRNAs are complemen-
tary to 3′ UTR sequence motifs that mediate 
negative post-transcriptional regulation. Nat 
Genet 30:363–364

 63. Jee D, Lai EC (2014) Alteration of miRNA 
activity via context-specific modifications of 
Argonaute proteins. Trends Cell Biol 24: 
546–553

 64. Nakanishi K (2016) Anatomy of RISC: how do 
small RNAs and chaperones activate Argonaute 
proteins? Wiley Interdiscip Rev RNA 7:637–660

 65. Ana Eulalio A, Felix Tritschler F, Regina 
Büttner R, Oliver Weichenrieder O, Elisa 
Izaurralde E, Vincent Truffault V (2009) The 
RRM domain in GW182 proteins contributes 
to miRNA-mediated gene silencing. Nucleic 
Acids Res 37:2974–2983

 66. Wilson RC, Tambe A, Kidwell MA, Noland 
CL, Schneider CP, Doudna JA (2015) Dicer- 
TRBP complex formation ensures accurate 
mammalian microRNA biogenesis. Mol Cell 
57:397–407

 67. Grosshans H (2010) Regulation of MicroRNAs. 
Springer Science & Business Media, New York, 
NY

 68. Cho CJ, Myung SJ, Chang S (2017) ADAR1 
and microRNA; a hidden crosstalk in cancer. 
Int J Mol Sci 18(4):pii: E799. https://doi.
org/10.3390/ijms18040799

 69. Skeparnias I, Αnastasakis D, Shaukat AN, 
Grafanaki K, Stathopoulos C (2015) Expanding 
the repertoire of deadenylases. RNA Biol 7:1–6

 70. Zhang X, Devany E, Murphy MR, Glazman 
G, Persaud M, Kleiman FE (2015) PARN 
deadenylase is involved in miRNA-dependent 
degradation of TP53 mRNA in mammalian 
cells. Nucleic Acids Res 43:10925–10938

 71. Svobodova E, Kubikova J, Svoboda P (2016) 
Production of small RNAs by mammalian 
Dicer. Pflugers Arch 468:1089–1102

 72. Fitzgerald ME, Vela A, Pyle AM (2014) 
Dicer-related helicase 3 forms an obligate 

dimer for recognizing 22G-RNA. Nucleic 
Acids Res 42:3919–3930

 73. Yi T, Arthanari H, Akabayov B, Song H, 
Papadopoulos E, Qi HH, Jedrychowski M, 
Güttler T, Guo C, Luna RE, Gygi SP, Huang 
SA, Wagner G (2015) eIF1A augments Ago2- 
mediated Dicer-independent miRNA biogenesis 
and RNA interference. Nat Commun 6:7194. 
https://doi.org/10.1038/ncomms8194

 74. Pillai RS, Artus CG, Filipowicz W (2004) 
Tethering of human Ago proteins to mRNA 
mimics the miRNA-mediated repression of 
protein synthesis. RNA 10:1518–1525

 75. Richard WC, Erik JS (2009) Origins and 
mechanisms of miRNAs and siRNAs. Cell 
136:642–655

 76. Fabbri M, Paone A, Calore F, Galli R, Gaudio 
E, Santhanam R, Lovat F, Fadda P, Mao C, 
Nuovo GJ, Zanesi N, Crawford M, Ozer GH, 
Wernicke D, Alder H, Caligiuri MA, Nana- 
Sinkam P, Perrotti D, Croce CM (2012) 
MicroRNAs bind to Toll-like receptors to 
induce prometastatic inflammatory response. 
Proc Natl Acad Sci U S A 109:E2110–E2116

 77. He S, Chu J, Wu LC, Mao H, Peng Y, Alvarez- 
Breckenridge CA, Hughes T, Wei M, Zhang 
J, Yuan S, Sandhu S, Vasu S, Benson DM Jr, 
Hofmeister CC, He X, Ghoshal K, Devine 
SM, Caligiuri MA, Yu J (2013) MicroRNAs 
activate natural killer cells through Toll-like 
receptor signaling. Blood 121:4663–4671

 78. Hessvik NP, Sandvig K, Llorente A (2013) 
Exosomal miRNAs as biomarkers for prostate 
cancer. Front Genet 1819:1154–1163

 79. Phuyal S, Hessvik NP, Skotland T, Sandvig 
K, Llorente A (2014) Regulation of exosome 
release by glycosphingolipids and flotillins. 
FEBS J 281:2214–2227

 80. Marfella R, Di Filippo C, Potenza N, Sardu C, 
Rizzo MR, Siniscalchi M, Musacchio E, Barbieri 
M, Mauro C, Mosca N, Solimene F, Mottola 
MT, Russo A, Rossi F, Paolisso G, D’Amico M 
(2013) Circulating microRNA changes in heart 
failure patients treated with cardiac resynchro-
nization therapy: responders vs. non-responders. 
Eur J Heart Fail 15:1277–1288

 81. Raposo G, Stoorvogel W (2013) Extracellular 
vesicles: exosomes, microvesicles, and friends. 
J Cell Biol 200:373–383

 82. Harding CV, Heuser JE, Stahl PD (2013) 
Exosomes: looking back three decades and 
into the future. J Cell Niol 200:367–371

 83. Cortez MA, Bueso-Ramos C, Ferdin J, Lopez-
Berestein G, Sood AK, Calin GA (2011) 
MicroRNAs in body fluids--the mix of hor-
mones and biomarkers. Nat Rev Clin Oncol 
8:467–477

The MicroRNA

https://doi.org/10.3390/ijms18040799
https://doi.org/10.3390/ijms18040799
https://doi.org/10.1038/ncomms8194


22

 84. Creemers EE, Tijsen AJ, Pinto YM (2012) 
Circulating microRNAs: novel biomarkers 
and extracellular communicators in cardiovas-
cular disease? Circ Res 110:483–495

 85. Etheridge A, Lee I, Hood L, Galas D, Wang K 
(2017) Extracellular microRNA: a new source 
of biomarkers. Mutat Res 717:85–90

 86. Lin SL, Chang DC, Chang-Lin S, Lin CH, DT 
W, Chen DT, Ying SY (2008) Mir-302 repro-
grams human skin cancer cells into a pluripo-
tent ES-cell-like state. RNA 14:2115–2124

 87. Lin SL, Chang DC, Ying SY, Leu D, Wu 
DT (2010) MicroRNA miR-302 inhibits the 
tumorigenecity of human pluripotent stem 
cells by coordinate suppression of the CDK2 
and CDK4/6 cell cycle pathways. Cancer Res 
70:9473–9482

 88. Tian Y, Liu Y, Wang T, Zhou N, Kong J, 
Chen L, Snitow M, Morley M, Li D, Petrenko 
N, Zhou S, Lu M, Gao E, Koch WJ, Stewart 
KM, Morrisey EE (2015) A microRNA- 
Hippo pathway that promotes cardiomyocyte 
proliferation and cardiac regeneration in mice. 
Sci Transl Med 7(279):279ra38. https://doi.
org/10.1126/scitranslmed.3010841

 89. Liu M, Tao G, Liu Q, Liu K, Yang X (2017) 
MicroRNA let-7g alleviates atherosclero-
sis via the targeting of LOX-1 in vitro and 
in vivo. Int J Mol Med 40:57. https://doi.
org/10.3892/ijmm.2017.2995

 90. Chang-Lin S, Hung A, Chang DC, Lin YW, 
Ying SY, Lin SL (2016) Novel glycylated 
sugar alcohols protect ESC-specific microR-
NAs from degradation in iPS cells. Nucleic 
Acids Res 44:4894–4906

 91. Huang X, Jia Z (2013) Construction of HCC- 
targeting artificial miRNAs using natural 
miRNA precursors. Exp Ther Med 6:209–215

 92. Bartel D (2004) MicroRNAs: genomics, 
biogenesis, mechanism, and function. Cell 
116:281–297

 93. Zhang B, Pan X, Cobb GP, Anderson TA 
(2007) microRNAs as oncogenes and tumor 
suppressors. Dev Biol 302:1–12

 94. Baranwal S, Alahari SK (2010) miRNA con-
trol of tumor cell invasion and metastasis. Int 
J Cancer 126:1283–1222

 95. Palma Flores C, García-Vázquez R, Gallardo 
Rincón D, Ruiz-García E, Astudillo de la 
Vega H, Marchat LA, Salinas Vera YM, 
López-Camarillo C (2017) MicroRNAs driv-
ing invasion and metastasis in ovarian cancer: 
Opportunities for translational medicine. Int 
J Oncol 50:1461–1476

 96. Yan J, Ma C, Gao Y (2017) MicroRNA- 
30a- 5p suppresses epithelial-mesenchymal 
transition by targeting profilin-2 in high 

invasive  non-small cell lung cancer cell lines. 
Oncol Rep 37:3146–3154

 97. Jansson MD, Lund AH (2012) MicroRNA 
and cancer. Mol Oncol 6:590–610

 98. Farazi TA, Hoell JI, Morozov P, Tuschl T 
(2013) MicroRNAs in human cancer. Adv 
Exp Med Biol 774:1–20

 99. Acunzo M, Romano G, Wernicke D, Croce 
CM (2015) MicroRNA and cancer--a brief 
overview. Adv Biol Regul 57:1–9

 100. Iorio MV, Croce CM (2017) MicroRNA dys-
regulation in cancer: diagnostics, monitoring 
and therapeutics. A comprehensive review. 
EMBO Mol Med 4:143. 10.15252/emmm. 
201707779

 101. Rupaimoole R, Slack FJ (2017) MicroRNA 
therapeutics: towards a new era for the man-
agement of cancer and other diseases. Nat 
Rev Drug Discov 16:203–222

 102. Suh MR, Lee Y, Kim JY, Kim SK, Moon 
SH, Lee JY, Cha KY, Chung HM, Yoon HS, 
Moon SY, Kim VN, Kim KS (2004) Human 
embryonic stem cells express a unique set of 
microRNAs. Dev Biol 270:488–498

 103. Li HL, Wei JF, Fan LY, Wang SH, Zhu L, 
Li TP, Lin G, Sun Y, Sun ZJ, Ding J, Liang 
XL, Li J, Han Q, Zhao RC (2016) miR-302 
regulates pluripotency, teratoma formation 
and differentiation in stem cells via an AKT1/
OCT4-dependent manner. Cell Death Dis  
7:e2078. https://doi.org/10.1038/cddis. 
2015.383

 104. Liang Z, Ahn J, Guo D, Votaw JR, Shim H 
(2013) MicroRNA-302 replacement therapy 
sensitizes breast cancer cells to ionizing radia-
tion. Pharm Res 30:1008–1016

 105. Wang Y, Zhao L, Xiao Q, Jiang L, He M, Bai 
X, Ma M, Jiao X, Wei M (2016) miR-302a/
b/c/d cooperatively inhibit BCRP expression 
to increase drug sensitivity in breast cancer 
cells. Gynecol Oncol 141:592–601

 106. Zhao L, Wang Y, Jiang L, He M, Bai X, Yu 
L, Wei M (2016) MiR-302a/b/c/d coopera-
tively sensitizes breast cancer cells to adriamycin 
via suppressing P-glycoprotein (P-gp) by tar-
geting MAP/ERK kinase kinase 1 (MEKK1). 
J Exp Clin Cancer Res 35:25. https://doi.
org/10.1186/s13046-016-0300-8

 107. Ge T, Yin M, Yang M, Liu T, Lou G (2014) 
MicroRNA-302b suppresses human epithe-
lial ovarian cancer cell growth by targeting 
RUNX1. Cell Physiol Biochem 34:2209–2220

 108. Yan GJ, Yu F, Wang B, Zhou HJ, Ge QY, Su 
J, YL H, Sun HX, Ding LJ (2014) MicroRNA 
miR-302 inhibits the tumorigenicity of endo-
metrial cancer cells by suppression of Cyclin 
D1 and CDK1. Cancer Lett 345:39–47

Shao-Yao Ying et al.

https://doi.org/10.1126/scitranslmed.3010841
https://doi.org/10.1126/scitranslmed.3010841
https://doi.org/10.3892/ijmm.2017.2995
https://doi.org/10.3892/ijmm.2017.2995
https://doi.org/10.15252/emmm.201707779
https://doi.org/10.15252/emmm.201707779
https://doi.org/10.1038/cddis.2015.383
https://doi.org/10.1038/cddis.2015.383
https://doi.org/10.1186/s13046-016-0300-8
https://doi.org/10.1186/s13046-016-0300-8


23

 109. Cai N, Wang YD, Zheng PS (2013) The 
microRNA-302-367 cluster suppresses the 
proliferation of cervical carcinoma cells through 
the novel target AKT1. RNA 19:85–95

 110. Maadi H, Moshtaghian A, Taha MF, Mowla 
SJ, Kazeroonian A, Haass NK, Javeri A (2016) 
Multimodal tumor suppression by miR-302 
cluster in melanoma and colon cancer. Int 
J Biochem Cell Biol 81(Pt A):121–132

 111. Wang L, Yao J, Shi X, Hu L, Li Z, Song T, 
Huang C (2013) MicroRNA-302b  suppresses 
cell proliferation by targeting EGFR in 
human hepatocellular carcinoma SMMC- 
7721 cells. BMC Cancer 13:448. https://
doi.org/10.1186/1471-2407-13-448

 112. Koga C, Kobayashi S, Nagano H, Tomimaru 
Y, Hama N, Wada H, Kawamoto K, Eguchi H, 
Konno M, Ishii H, Umeshita K, Doki Y, Mori M 
(2014) Reprogramming using microRNA-302 
improves drug sensitivity in hepatocellular carci-
noma cells. Ann Surg Oncol Suppl 4:S591–S600

 113. Wang L, Yao J, Zhang X, Guo B, Le X, 
Cubberly M, Li Z, Nan K, Song T, Huang C 
(2014) miRNA-302b suppresses human hepa-
tocellular carcinoma by targeting AKT2. Mol 
Cancer Res 12:190–202

 114. Cai D, He K, Chang S, Tong D, Huang C 
(2015) MicroRNA-302b enhances the sen-
sitivity of hepatocellular carcinoma cell lines 
to 5-FU via targeting Mcl-1 and DPYD. Int 
J Mol Sci 16:23668–23682

 115. Bourguignon LY, Wong G, Earle C, Chen 
L (2012) Hyaluronan-CD44v3 interaction 
with Oct4-Sox2-Nanog promotes miR-302 
expression leading to self-renewal, clonal for-
mation, and cisplatin resistance in cancer stem 
cells from head and neck squamous cell carci-
noma. J Biol Chem 287:32800–12824

 116. Chen L, Min L, Wang X, Zhao J, Chen H, 
Qin J, Chen W, Shen Z, Tang Z, Gan Q, 
Ruan Y, Sun Y, Qin X, Gu J (2015) Loss of 
RACK1 promotes metastasis of gastric cancer 
by inducing a miR-302c/IL8 signaling loop. 
Cancer Res 75:3832–3841

 117. Khodayari N, Mohammed KA, Lee H, Kaye 
F, Nasreen N (2016) MicroRNA-302b tar-
gets Mcl-1 and inhibits cell proliferation and 
induces apoptosis in malignant pleural meso-
thelioma cells. Am J Cancer Res 6:1996–2009

 118. Hu Q, Wang YB, Zeng P, Yan GQ, Xin L, Hu 
XY (2017) Expression of long non- coding 
RNA (lncRNA) H19 in immunodeficient 
mice induced with human colon cancer cells. 
Eur Rev Med Pharmacol Sci 20:4880–4884

 119. Ji Q, Liu X, Fu X, Zhang L, Sui H, Zhou 
L, Sun J, Cai J, Qin J, Ren J, Li Q (2014) 
Resveratrol inhibits invasion and metastasis of 

colorectal  cancer cells via MALAT1 mediated  
Wnt/β-catenin signal pathway. PLoS One 
8:e78700. https://doi.org/10.1371/journal.
pone.0078700

 120. Ma T, Wang RP, Zou X (2016) Dioscin inhibits 
gastric tumor growth through regulating the 
expression level of lncRNA HOTAIR. BMC 
Complement Altern Med 16(1):383

 121. Li SP, HX X, Yu Y, He JD, Wang Z, YJ X, Wang 
CY, Zhang HM, Zhang RX, Zhang JJ, Yao Z, 
Shen ZY (2016) LncRNA HULC enhances 
epithelial-mesenchymal transition to promote 
tumorigenesis and metastasis of hepatocellular 
carcinoma via the miR-200a-3p/ZEB1 sig-
naling pathway. Oncotarget 7:42431–42446

 122. Li W, Li H, Zhang L, Hu M, Li F, Deng J, An 
M, Wu S, Ma R, Lu J, Zhou Y (2017) Long 
non-coding RNA LINC00672 contributes to 
p53 protein-mediated gene suppression and 
promotes endometrial cancer chemosensitiv-
ity. J Biol Chem 292:5801–5813

 123. Zhang Z, Zhou C, Chang Y, Zhang Z, Hu Y, 
Zhang F, Lu Y, Zheng L, Zhang W, Li X, Li 
X (2016) Long non-coding RNA CASC11 
interacts with hnRNP-K and activates the 
WNT/β-catenin pathway to promote growth 
and metastasis in colorectal cancer. Cancer Lett 
376:62–73

 124. Nagini S (2017) Breast cancer: current 
molecular therapeutic targets and new players. 
Anticancer Agents Med Chem 17:152–163

 125. Li AX, Xin WQ, Ma CG (2015) Fentanyl 
inhibits the invasion and migration of 
colorectal cancer cells via inhibiting the nega-
tive regulation of Ets-1 on BANCR. Biochem 
Biophys Res Commun 465:594–600

 126. Zhou X, Ji G, Ke X, Gu H, Jin W, Zhang G 
(2015) MiR-141 inhibits gastric cancer pro-
liferation by interacting with long noncod-
ing RNA MEG3 and down-regulating E2F3 
expression. Dig Dis Sci 60:3271–3282

 127. Guo Q, Cheng Y, Liang T, He Y, Ren C, Sun 
L, Zhang G (2015) Comprehensive analysis of 
lncRNA-mRNA co-expression patterns iden-
tifies immune-associated lncRNA biomark-
ers in ovarian cancer malignant progression.  
Sci Rep 5:17683. https://doi.org/10.1038/
srep17683

 128. Chang L, Li C, Lan T, Wu L, Yuan Y, Liu Q, 
Liu Z (2016) Decreased expression of long 
non-coding RNA GAS5 indicates a poor 
prognosis and promotes cell proliferation and 
invasion in hepatocellular carcinoma by regu-
lating vimentin. Mol Med Rep 13:1541–1550

 129. Xue Y, Ni T, Jiang Y, Li Y (2017) LncRNA 
GAS5 inhibits tumorigenesis and enhances 
radiosensitivity by suppressing miR-135b 

The MicroRNA

https://doi.org/10.1186/1471-2407-13-448
https://doi.org/10.1186/1471-2407-13-448
https://doi.org/10.1371/journal.pone.0078700
https://doi.org/10.1371/journal.pone.0078700
https://doi.org/10.1038/srep17683
https://doi.org/10.1038/srep17683


24

expression in non-small cell lung cancer. Oncol 
Res 25:1305. https://doi.org/10.3727/096
504017X14850182723737

 130. Mei Y, Si J, Wang Y, Huang Z, Zhu H, Feng 
S, Wu X, Wu L (2017) Long noncoding RNA 
GAS5 suppresses tumorigenesis by inhibiting 
miR-23a 5 expression in non-small cell lung 
cancer. Oncol Res 25:1027. https://doi.org
/10.3727/096504016X14822800040451

 131. Judson RL, Babiarz JE, Venere M, Blelloch R 
(2009) Embryonic stem cell-specific microR-
NAs promote induced pluripotency. Nat 
Biotechnol 27:459–461

 132. Li N, Long B, Han W, Yuan S, Wang K (2017) 
microRNAs: important regulators of stem cells. 
Stem Cell Res Ther 8:110. https://doi.
org/10.1186/s13287-017-0551-0

 133. Rosa A, Brivanlou AH (2013) Regulatory 
non-coding RNAs in pluripotent stem cells. 
Int J Mol Sci 14:14346–14373

 134. Stadler B, Ivanovska I, Mehta K, Song S, Nelson 
A, Tan Y, Mathieu J, Darby C, Blau CA, Ware 
C, Peters G, Miller DG, Shen L, Cleary MA, 
Ruohola-Baker H (2010) Characterization of 
microRNAs involved in embryonic stem cell 
states. Stem Cells Dev 19:935–950

 135. Lin SL, Chang DC, Lin CH, Ying SY, Leu 
D, Wu DT (2011) Regulation of somatic cell 
repro gramming through inducible mir-302 
expression. Nucleic Acids Res 39:1054–1065, 
2011

 136. Kuo CH, Ying SY (2012) Advances in 
microRNA-mediated reprogramming technol-
ogy. Stem Cells Int 2012:823709. https://doi.
org/10.1155/2012/823709

 137. Slack JM (2009) Metaplasia and somatic cell 
reprogramming. J Pathol 217:161–168

 138. Li W, Nakanishi M, Zumsteg A, Shear M, 
Wright C, Melton DA, Zhou Q (2014) In vivo 
reprogramming of pancreatic acinar cells to 
three islet endocrine subtypes. Elife 3:e01846. 
https://doi.org/10.7554/eLife.01846

 139. Anokye-Danso F, Trivedi CM, Juhr D, Gupta 
M, Cui Z, Tian Y, Zhang Y, Yang W, Gruber 
PJ, Epstein JA, Morrisey EE (2011) Highly 
efficient miRNA-mediated reprogramming of 
mouse and human somatic cells to pluripo-
tency. Cell Stem Cell 8:376–388

 140. Miyoshi N, Ishii H, Nagano H, Haraguchi N, 
Dewi DL, Kano Y, Nishikawa S, Tanemura M, 
Mimori K, Tanaka F, Saito T, Nishimura J, 
Takemasa I, Mizushima T, Ikeda M, Yamamoto 
H, Sekimoto M, Doki Y, Mori M (2011 Jun 3) 
(2011) Reprogramming of mouse and human 
cells to pluripotency using mature microRNAs. 
Cell Stem Cell 8(6):633–638. https://doi.
org/10.1016/j.stem.2011.05.001

 141. Barroso-delJesus A, Lucena-Aguilar G, Sanchez 
L, Ligero G, Gutierrez-Aranda I, Menendez 
P (2011) The Nodal inhibitor Lefty is nega-
tively modulated by the microRNA miR-
302 in human embryonic stem cells. FASEB 
J 25:1497–1508

 142. Liao B, Bao X, Liu L, Feng S, Zovoilis A, Liu 
W, Xue Y, Cai J, Guo X, Qin B, Zhang R, Wu 
J, Lai L, Teng M, Niu L, Zhang B, Esteban 
MA, Pei D (2011) MicroRNA cluster 302–
367 enhances somatic cell reprogramming by 
accelerating a mesenchymal-to-epithelial tran-
sition. J Biol Chem 286:17359–17364

 143. Subramanyam D, Lamouille S, Judson RL, 
Liu JY, Bucay N, Derynck R, Blelloch R 
(2011) Multiple targets of miR-302 and 
miR-372 promote reprogramming of human 
fibroblasts to induced pluripotent stem cells. 
Nat Biotechnol 29:443–448

 144. Lipchina I, Elkabetz Y, Hafner M, Sheridan 
R, Mihailovic A, Tuchil T, Sander C, Studer 
L, Betel D (2011) Genome-wide identifica-
tion of microRNA targets human ES cells 
reveals a role for miR-302 in modulating 
BMP response. Genes Dev 25:2173–2186

 145. Liu H, Deng S, Zhao Z, Zhang H, Xiao J, 
Song W, Gao F, Guan Y (2011) Oct4 reg-
ulates the miR-302 cluster in P19 mouse 
embryonic carcinoma cells. Mol Biol Rep 
38:2155–2160

 146. Card DA, Hebbar PB, Li L, Trotter KW, 
Komatsu Y, Mishina Y, Archer TK (2008) 
Oct4/Sox2-regulated miR-302 targets cyclin 
D1 in human embryonic stem cells. Mol Cell 
Biol 28:6426–6438

 147. Hu S, Wilson KD, Ghosh Z, Han L, Wang 
Y, Lan F, Ransohoff KJ, Burridge P, Wu JC 
(2013) MicroRNA-302 increases reprogram-
ming efficiency via repression of NR2F2. 
Stem Cells 31:259–268

 148. Lin SL (2011) Concise review: deciphering the 
mechanism behind induced pluripotent stem 
cell generation. Stem Cells 29:1645–1649

 149. Terasawa K, Shimizu K, Tsujimoto G 
(2011) Synthetic pre-miRNA-based shRNA 
as potent RNAi triggers. J Nucleic Acids 
2011:131579

 150. Gurha P (2016) MicroRNAs in cardiovascular 
disease. Curr Opin Cardiol 31:249–254

 151. van Rooij E, Olson EN (2012) MicroRNA 
therapeutics for cardiovascular disease: oppor-
tunities and obstacles. Nat Rev Drug Discov 
11:860–872

 152. van Amerongen MJ, Felix B, Engel FB (2008) 
Features of cardiomyocyte proliferation and 
its potential for cardiac regeneration. J Cell 
Mol Med 12:2233–2244

Shao-Yao Ying et al.

https://doi.org/10.3727/096504017X14850182723737
https://doi.org/10.3727/096504017X14850182723737
https://doi.org/10.3727/096504016X14822800040451
https://doi.org/10.3727/096504016X14822800040451
https://doi.org/10.1186/s13287-017-0551-0
https://doi.org/10.1186/s13287-017-0551-0
https://doi.org/10.1155/2012/823709
https://doi.org/10.1155/2012/823709
https://doi.org/10.7554/eLife.01846
https://doi.org/10.1016/j.stem.2011.05.001
https://doi.org/10.1016/j.stem.2011.05.001


25

 153. Wu G, Huang ZP, Wang DZ (2013) 
MicroRNAs in cardiac regeneration and cardio-
vascular disease. Sci China Life Sci 56:907–913

 154. Boon RA, Iekushi K, Lechner S, Seeger T, 
Fischer A, Heydt S, Kaluza D, Tréguer K, 
Carmona G, Bonauer A, Horrevoets AJ, 
Didier N, Girmatsion Z, Biliczki P, Ehrlich 
JR, Katus HA, Müller OJ, Potente M, Zeiher 
AM, Hermeking H, Dimmeler S (2013) 
MicroRNA-34a regulates cardiac ageing and 
function. Nature 495:107–110

 155. Porrello ER, Johnson BA, Aurora AB, 
Simpson E, Nam YJ, Matkovich SJ, Dorn 
GW II, van Rooij E, Olson EN (2011) MiR- 
15 family regulates postnatal mitotic arrest of 
cardiomyocytes. Circ Res 109:670–679

 156. Porrello ER, Mahmoud AI, Simpson E, 
Johnson BA, Grinsfelder D, Canseco D, 
Mammen PP, Rothermel BA, Olson EN, Sadek 
HA (2013) Regulation of neonatal and adult 
mammalian heart regeneration by the miR-15 
family. Proc Natl Acad Sci U S A 110:187–192

 157. Eulalio A, Mano M, Dal Ferro M, Zentilin 
L, Sinagra G, Zacchigna S, Giacca M (2012) 
Functional screening identifies miRNAs induc-
ing cardiac regeneration. Nature 492:376–381

 158. Ikeda S, He A, Kong SW, Lu J, Bejar R, 
Bodyak N, Lee KH, Ma Q, Kang PM, Golub 
TR, Pu WT (2009) MicroRNA-1 negatively 
regulates expression of the hypertrophy- 
associated calmodulin and Mef2a genes. Mol. 
Cell. Biol 29:2193–2204

 159. Montgomery RL, Hullinger TG, Semus HM, 
Dickinson BA, Seto AG, Lynch JM, Stack C, 
Latimer PA, Olsen EN, van Rooij E (2011) 

Therapeutic inhibition of miR-208a improves 
cardiac function and survival during heart fail-
ure. Circulation 124:1537–1547

 160. Sluijter JP, van Mil A, van Vliet P, Metz CH, 
Liu J, Doevendans PA, Goumans MJ (2010) 
MicroRNA-1 and -499 regulate differen-
tiation and proliferation in human-derived 
cardiomyocyte progenitor cells. Arterioscler 
Thromb Vasc Biol 30:859–868

 161. Yoo JK, Kim J, Choi SJ, Noh HM, Kwon YD, 
Yoo H, Yi HS, Chung HM, Kim JK (2012) 
Discovery and characterization of novel 
microRNAs during endothelial differentiation 
of human embryonic stem cells. Stem Cells 
Dev 21:2049–2057

 162. Zhao W, Zhao SP, Zhao YH (2015) MicroRNA- 
143/-145 in cardiovascular diseases. Biomed 
Res Int 2015:531740

 163. Chen T, Margariti A, Kelaini S, Cochrane 
A, Guha ST, Hu Y, Stitt AW, Zhang L, Xu 
Q (2015) MicroRNA-199b modulates vas-
cular cell fate during iPS cell differentia-
tion by targeting the Notch ligand Jagged1 
and enhancing VEGF signaling. Stem Cells 
33:1405–1418

 164. Montgomery RL, Yu G, Latimer PA, Stack 
C, Robinson K, Dalby CM, Kaminski N, 
van Rooij E (2014) MicroRNA mimicry 
blocks pulmonary fibrosis. EMBO Mol Med 
6:1347–1356

 165. Cheng AM, Byrom MW, Jeffrey Shelton J, 
Lance P, Ford LP (2005) Antisense inhibi-
tion of human miRNAs and indications for 
an involvement of miRNA in cell growth and 
apoptosis. Nucleic Acids Res 33:1290–1297

The MicroRNA



27

Shao-Yao Ying (ed.), MicroRNA Protocols, Methods in Molecular Biology, vol. 1733,
https://doi.org/10.1007/978-1-4939-7601-0_2, © Springer Science+Business Media, LLC 2018

Chapter 2

Target mRNA-Driven Biogenesis of Cognate MicroRNAs 
In Vitro

Mainak Bose and Suvendra N. Bhattacharyya

Abstract

miRNAs are 20–22 nucleotide long noncoding RNAs that act as post-transcriptional regulators of gene 
expression controlling more than half of protein coding genes in humans. Being the critical modulators of 
the mRNA translation process, biogenesis, function, and turnover of these small RNAs are tightly regu-
lated in cells. We have reported that target mRNAs induce increased biogenesis of cognate miRNAs from 
pre-miRNAs by increased activity of Ago-associated Dicer endonuclease that processes precursor miRNAs 
to their mature form. In the current chapter, we discuss how target mRNA-driven RISC loading can be 
monitored in vitro using affinity-purified miRISC or recombinant AGO2 and DICER1 proteins and scor-
ing the processivity of AGO2-associated DICER1 in vitro.

Key words miRNA, Precursor miRNA, Argonaute, Dicer processivity, RISC loading, Target mRNA

1 Introduction

Over the past one or two decades a plethora of small RNAs have been 
discovered that have different regulatory roles in eukaryotes [1–3]. 
The 20–22 nt long miRNAs comprise one of the most abundant 
classes of these small RNAs in somatic tissues. miRNAs are born as 
long primary transcripts (pri-miRNA) in the nucleus where they are 
processed by the Microprocessor complex (Drosha/DGCR8) into 
~70 nt precursor miRNAs (pre-miRNA). Pre- miRNAs undergo pro-
cessing in the cytoplasm by the DICER1/TRBP2 complex into dou-
ble-stranded duplexes of which one strand is selected as guide strand 
and the other is degraded. Efficient miRNA functioning requires its 
assembly into miRNPs in which the miRNA guide/sense strand serves 
as the specificity determinant for target RNA recognition and the 
effector proteins in which miRNAs are assembled, primarily Argonaute, 
mediate translation repression and/or target RNA degradation. 
Animal miRNAs usually hybridize with imperfect complementarity to 
the 3′-untranslated region (UTR) of target mRNAs and promote 
translation repression [4, 5].
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The exact mechanism of miRNA loading in humans needs fur-
ther investigation. A human miRLC (miRNA Loading Complex) 
has been identified that primarily comprises a miRNA-free AGO2, 
DICER1, and TRBP2 [5, 6]. As per the canonical model of miRNA 
loading, within the miRLC RNase III endonuclease DICER1 pro-
cesses the pre-miRNA followed by loading of the mature miRNA 
into AGO2. Furthermore, it has also been shown that once the 
AGO2 is loaded with the miRNA, the miRISC dissociates from the 
miRLC and the loaded miRISC can catalyze multiple rounds of 
target RNA repression [6].

We have shown that the presence of target mRNA increases pre-
miRNA processing by AGO2-associated DICER1 leading to ele-
vated biogenesis of cognate mature miRNA [7]. The processed 
miRNAs are loaded onto AGO2 to form functionally active miRISCs 
both in vivo and also in a cell-free system. Investigating the molecu-
lar mechanism of the event, we discovered that an increase in proces-
sivity of the enzyme DICER1 associated with the Ago proteins in 
the presence of target mRNA causes enhanced miRNA loading to 
Ago. However, after a successful miRNA loading, DICER1 remains 
associated with AGO2. The complex binds an mRNA and scans for 
a target site. Once the target site is found and a stable hybrid is 
formed, DICER1 dissociates from the miRLC and jumps to a fresh 
Argonaute for another round of miRNA loading. This step is accel-
erated when target mRNA is abundant, thereby contributing to 
increased processivity of DICER1, which leads to loading of a 
greater number of Argonaute molecules per unit of time (Fig. 1).

In this chapter we describe the in vitro RISC loading assay in the 
presence of target mRNAs, using affinity purified miRLC as well as 
miRLC reconstituted in vitro with recombinant AGO2 and DICER1. 
We also discuss the methodologies used to score the processivity of 
AGO2-associated DICER1 in the presence of target mRNA in an 
in vitro system.

Fig. 1 A model of target-driven miRNA biogenesis. Schematic model of target mRNA-driven miRNA biogenesis 
(reproduced from ref. 7 with permission from Nature Publishing Group)

Mainak Bose and Suvendra N. Bhattacharyya
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2 Materials

All buffers and solutions are prepared using ultrapure water 
(GIBCO) and Molecular Biology grade reagents. All assays are car-
ried out in RNase-free microcentrifuge tubes and pipette tips.

 1. HEK293 cells stably expressing FLAG-HA-AGO2 (FH- 
AGO2) protein.

 2. Dulbecco’s Modified Eagle’s Medium (DMEM) containing 
2 mM glutamine and supplemented with 10% Fetal Calf Serum 
(FCS, GIBCO) and antibiotics (Penicillin and Streptomycin, 
GIBCO).

 3. Anti-FLAG M2 affinity agarose (Sigma) beads.
 4. Cell Lysis buffer: 10 mM HEPES pH 7.4, 200 mM KCl, 

5 mM MgCl2, 1 mM DTT, 1× EDTA-free protease inhibitor 
(Roche), 5 mM vanadyl ribonucleoside complex (Sigma), 1% 
Triton X-100.

 5. Immunoprecipitation (IP) wash buffer: 20 mM Tris-HCl pH 
7.4, 150 mM KCl, 5 mM MgCl2, 1 mM DTT, 1× EDTA-free 
protease inhibitor (Roche).

 6. Synthetic pre-miR-122 or pre-let-7a with radiolabeled or unla-
beled phosphate at the 5′ end.

 7. In vitro transcribed target mRNAs (RL-con and RL-3×bulge- 
miR- 122/RL-3×bulge-let-7a) with m7G (7-methyl guanosine) 
cap and a polyA tail. Transcription carried out using mMES-
SAGE mMACHINE T7 transcription kit (Thermo Scientific) as 
per manufacturer’s protocol. Poly adenylation of transcribed 
mRNAs done using Poly (A) tailing kit (Thermo Scientific; 
AM1350).

 8. Reagents for synthetic pre-miRNA labeling: Synthetic pre- 
miR- 122, T4 Polynucelotide Kinase (Thermo Scientific), 10× 
T4 PNK Buffer, γ32P-ATP (Perkin Elmer) or ATP (Thermo 
Scientific), ultrapure water, G-50 RNA spin columns (Roche).

 9. RISC loading assay buffer: 20 mM Tris-HCl pH 7.5, 200 mM 
KCl, 2 mM MgCl2, 5% glycerol, 1 mM DTT, 40 U/ml RNase 
inhibitor (Fermentas).

 10. Reagents for RNA isolation: TRIzol LS reagent (Thermo 
Scientific), chloroform, Acidic phenol pH 4.5, 2-propanol, 
75% Ethanol, DEPC treated water (OmniPur).

 11. Carrier tRNA (E. coli Glutamyl tRNA, Sigma) or Glycogen 
carrier (Thermo Scientific).

 12. 8 M urea/12% polyacrylamide gel and midi-gel apparatus 
(Hoefer SE400 gel electrophoresis unit).

2.1 In Vitro RISC 
Loading Assay Using 
Affinity Purified miRLC
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 13. RNA loading dye (96% Formamide, Xylene Cyanol, Bromophenol 
blue).

 14. Phosphorimager (Perkin Elmer).
 15. Reagents for Reverse Transcriptase real-time (RT-PCR) for 

TaqMan miRNA assays (Thermo Scientific).
 16. Standard reagents for western blotting including primary anti-

bodies: anti-HA (Roche), anti-AGO2 (Novus Biologicals), 
and anti-DICER1 (Bethyl).

 1. Recombinant AGO2 (Sino Biologicals; see Note 1).
 2. Recombinant Dicer (Recombinant Human Dicer Enzyme kit, 

Genlantis; see Note 1).
 3. In vitro transcribed target mRNAs (RL-con and RL-3×bulge- 

miR- 122) with m7G (7-methyl guanosine) cap and a polyA tail.
 4. Assay buffer: 20 mM Tris-HCl pH 7.5, 200 mM KCl, 2 mM 

MgCl2, 5% glycerol, 1 mM DTT, 40 U/ml RNase inhibitor 
(Fermentas).

 5. Standard reagents for western blotting including primary anti-
bodies: anti-AGO2 (Novus Biologicals).

 6. Silver Staining kit (Thermo Scientific).
 7. 8 M urea/12% polyacrylamide gel and mini-gel apparatus 

(BioRad).
 8. Reagents for Reverse Transcriptase real-time (RT-PCR) for 

TaqMan miRNA assays (Thermo Scientific).

All reagents required for Subheading 2.1 are required here along 
with the following additional reagents.

 1. HEK293 cells stably expressing FH-AGO2 protein.
 2. N-HA-DICER1 plasmid.
 3. Lipofectamine 2000 for transfection.
 4. 3× FLAG peptide (Sigma).
 5. ProteinG agarose beads (Thermo Scientific).
 6. Protein G agarose bead Blocking buffer (5% BSA in Lysis buf-

fer). Composition of Lysis buffer described in Subheading 2.1.
 7. Primary antibodies: anti-AGO2 (Novus Biologicals), anti- DICER1 

(Bethyl).

All reagents required for Subheadings 2.1 and 2.3 are required 
here along with the following additional reagents.

 1. pre-let-7a (Pre-miR miRNA precursors, Thermo Scientific).
 2. In vitro transcribed target mRNAs (RL-con and RL-3×bulge- 

let- 7a) with m7G (7-methyl guanosine) cap and a polyA tail.

2.2 In Vitro Pre- 
miRNA Processing 
Assay Using 
Recombinant Proteins
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3 Methods

We first describe the protocols used to carry out the in vitro RISC 
loading assays and subsequently discuss the in vitro systems used to 
prove target-driven miRNA biogenesis by increased processivity of 
AGO2-associated DICER1.

 1. Resuspend the lyophilized synthetic pre-miR122/pre-let-7a 
(Eurogentec) in DEPC-treated water and store aliquots at −80 °C.

 2. For a single 20 μL labeling reaction, use 20 pmol of pre-
miRNA and add the other reagents according to the table 
below (see Note 2):

Reagents Volume (μL)

10× T4 PNK buffer 1.5

pre-miR-122/pre-miR-let-7a (50 μM) 0.4

γ32P ATP (10 μCi/μL) 2.0

T4 PNK enzyme 1.5

Water 9.6

Total volume 15

 3. Incubate the reaction at 37 °C for 30 min in a thermomixer, 
followed by quenching the reaction adding 85 μL Tris-EDTA 
(TE).

 4. Remove the excess radioactivity by column-purifying the whole 
reaction using a standard G-50 RNA spin column using the 
manufacturer’s instructions.

 5. Isolate RNA from the column-purified 100 μL reaction using 
TRIzolLS (Thermo Scientific, see Note 3).

 6. Resuspend RNA in 20 μL DEPC-treated water to generate a 
radiolabeled working stock of 1 pmol/μL (1 μM).

 1. Culture HEK293 cells stably expressing FH-AGO2 in DMEM 
supplemented with 10% FCS in two 10 cm tissue culture dishes 
(see Note 4). Harvest the cells using a cell scraper after a wash 
with PBS and collect the cells in a microcentrifuge tube. 
Centrifuge the cell suspension at 600 × g for 5 min at 4 °C in 
a cold centrifuge. Re-wash with PBS and repeat the centrifuga-
tion step.

 2. Add 500 μL of Cell Lysis Buffer to the cell pellet which has 
approximately 107 cells (see Note 5). Resuspend the cell pellet 
in the buffer and lyse the cells by rotating in a nutator at 4 °C.

3.1 Preparation 
of Pre-miRNA 
for In Vitro RISC 
Loading Assay

3.2 In Vitro RISC 
Loading Assay Using 
Affinity Purified miRLC
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 3. Post-lysis sonicate the cell lysate by three to four pulses of 60% 
amplitude (see Note 6). Centrifuge the sonicated lysate at 
16,000 × g for 10 min at 4 °C. Take out the clear supernatant 
and re-spin the supernatant at 16,000 × g for 10 min at 4 °C 
to collect the final cell lysate cleared of cellular debris.

 4. Meanwhile, pipette out approximately 40 μL of anti-FLAG 
M2 affinity agarose beads in a fresh 1.5 ml microcentrifuge 
tube (see Note 7) and wash the beads with IP wash buffer 
twice at 2000 × g for 2 min at 4 °C.

 5. Add the clarified cell lysate on the washed beads and carry out 
the immunoprecipitation reaction overnight or approximately 
16 h at 4 °C in a nutator.

 6. The following day, spin the tubes at 2000 × g for 2 min at 4 °C 
to pellet the agarose beads. Discard the supernatant and wash 
the beads with IP wash buffer three times at 2000 × g for 2 min 
at 4 °C. Check the immunoprecipitation of FH-AGO2 and 
also verify association of endogenous DICER1 by western 
blotting (Fig. 2a). Prior to the final wash, separate the beads 
into four tubes and centrifuge as these beads can now be 
directly used for the assay (see Note 7).

 7. Prepare a master mix with radiolabeled pre- miR- 122/pre-let-
7a (stock 1 pmol/μL) and the assay buffer. Distribute the mix 
equally into the assay tubes. Add target RNAs (working stock 
200 ng/μL) at a final concentration of 25 ng/μL and make up 
volume of the reaction to 20 μL.

Fig. 2 In vitro RISC loading assay using affinity purified miRLC. Increased DICER1 
activity in the presence of target mRNA contributes to enhanced miRNA produc-
tion from pre-miRNA. (a) Immunoprecipitation of FH-AGO2 from FH-AGO2 stable 
HEK293 cells. Presence of associated endogenous DICER1 protein confirmed by 
western blotting. (b) in vitro RISC loading assay in the presence and absence of 
miR-122 target mRNA, RL-3×bulge-miR-122. RL-con serves as the target mRNA 
control. Autoradiography shows higher mature miR-122 produced in the pres-
ence of RL-3×bulge-miR-122 compared to RL-con (reproduced from ref. 7 with 
permission from Nature Publishing Group)
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Master mix

1 pmol/μL pre-miR-122
RISC Loading Assay buffer

=0.2 μL
=4.8 μL

Total =5.0 μL

For each reaction

Components Volume added (μL)

Master Mix 5

Target mRNA (200 ng/μL) 2.5

FH-AGO2 beads 5

Assay Buffer 7.5

Final volume 20

 8. Carry out the reaction at 37 °C for 1 h in a thermomixer (shaking 
is optional).

 9. Wash the reactions using 500 μL IP wash buffer per loading 
reaction, three times at 2000 × g for 2 min at 4 °C.

 10. Add 50 μL of assay buffer to each tube along with 1 μL of car-
rier tRNA (10 μg/μL stock) and add equal volume of acidic 
phenol pH 4.5: chloroform (5:1). Mix well and isolate RNA 
using the standard RNA isolation protocol (see Note 8).

 11. Dissolve RNA in 1× RNA Loading dye for electrophoresis (see 
Note 9).

 1. Cast the 8 M Urea/12% polyacrylamide gel using the Hoefer 
midi-gel electrophoresis apparatus (see Note 10). Pre-run the 
gel using 1× RNA loading dye for about 30 min before loading 
the samples.

 2. Load the samples using a Hamilton syringe for accurate load-
ing and run the gel at 180 V for around 4 h or until the bro-
mophenol blue dye front has covered 90% of the gel length.

 3. Fix the gel in a fixing solution (10% Methanol, 10% Acetic acid 
in water) for 45 min followed by vacuum-drying the gel for 
30 min at 80 °C followed by another 1 h at room temperature.

 4. Image the gel using phosphorimager (Fig. 2b).

 1. Recombinant human AGO2 (rAGO2; Sino Biologicals) and 
recombinant human DICER1 (rDICER1; Genlantis) were 
commercially obtained. Verify the purity of the rAGO2 by SDS- 
PAGE and silver staining (Fig. 3a).

 2. In vitro pre-miR-122 processing assay was carried out using 
three different concentrations of rDICER1. For this assay, 

3.3 Detection 
of Mature miRNA 
Product of In Vitro 
RISC Loading Assay 
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miRNA Processing 
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incubate 0.1, 0.2 and 0.4 U of the rDICER1 enzyme with 
10 nM synthetic 5′radiolabeled pre-miR-122 for 1 h at 37 °C 
(Fig. 3b). The components of a single reaction are given below 
(see Note 11).

Reagents Amount

5′ radiolabeled pre-miR-122 0.2 μL

rDICER1 0.2 μL (0.1 U), 0.4 μL (0.2 U), 
0.8 μL (0.4 U)

RISC Loading assay buffer Make up volume to 20 μL

Total 20 μL

 3. In a general in vitro pre-miRNA processing assay, add 50 ng of 
rAGO2 and 0.1 U of rDICER1 in a vial with 10 nM 5′ phos-
phorylated pre-miR-122/pre-let-7a, 500 ng target mRNA 
(RL-con, RL-3×bulge-miR-122/RL-3×bulge-let-7a), and 
RISC loading assay buffer in a 20 μL reaction. See table below.

Reagents Amount

5′ phosphorylated pre-miRNA (1 μM) 0.2 μL (10 nM)

rDICER1 0.1 U (0.2 μL)

rAGO2 (10 ng/μL) 5 μL (50 ng)

Target mRNA 500 ng (add volume accordingly)

RISC Loading assay buffer Volume to 20 μL

Total 20 μL

Fig. 3 In vitro RISC loading assay using recombinant proteins. (a) Silver staining of rAGO2 to confirm the 
absence of DICER1 protein contamination. (b) Pre-miRNA processing activity of rDICER1 using increasing 
amounts of the enzyme. Arrowheads mark the exact rAGO2 band in the silver-stained gel and the mature miR- 
122 formed in the autoradiogram (reproduced from ref. 7 with permission from Nature Publishing Group). (c) 
Real-time-based quantification of amount of mature miR-122 formed in vitro
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 4. Mix properly, spin down the reaction, and incubate at 4 °C for 
45 min to allow binding of proteins with each other and target 
mRNA.

 5. After 45 min, shift the vials to 37 °C in a thermomixer and 
incubate for another 1 h for carrying out the DICER process-
ing reaction.

 6. Increase the reaction volume from 20 to 100 μL for the con-
venience of RNA isolation. Add 1 μL of carrier tRNA (10 μg/
μL) and add equal volume of acidic phenol pH 4.5: chloro-
form (5:1). Mix well and isolate RNA using the standard RNA 
isolation protocol.

 7. Detect the amount of mature miRNA formed by TaqMan- based 
real-time PCR as per the manufacturer’s protocols (Fig. 3c).

 1. HEK293 cells stably expressing FH-AGO2 were transfected 
with N-HA-DICER1 plasmid. Transfect a 10 cm diameter tis-
sue culture dish of 80% confluent HEK293 cells with 6 μg 
N-HA-DICER1. Split the cells after 24 h into two more 10 cm 
diameter dishes.

 2. Harvest the cells after another 24 h; lyse the cells and immuno-
precipitated FH-AGO2 using anti-FLAG agarose beads as 
described in Subheading 3.1.

 3. Prepare 3× FLAG peptide solution in RISC Loading assay buf-
fer by adding 3 μL of 3× FLAG Peptide (5 mg/ml stock) in 
100 μL buffer. After three washes with Immunoprecipitation 
buffer, incubate the beads with 3× FLAG peptide solution 
(150 ng/μL final concentration) for 30 min on ice with inter-
mittent tapping. Spin the beads at 6000 × g for 1 min and pipette 
out the supernatant, which is the eluted FH-AGO2 protein (see 
Note 12).

 4. Perform an in vitro pre-miR-122 processing reaction of 100 μL 
volume using 10 nM 5′phoshorylated pre-miR-122, 25 ng/μL 
RL-3×bulge-miR-122 and eluted FH-AGO2 for 60 min at 
37 °C.

 5. Post-reaction, add 100 μL of assay buffer and divide the reac-
tion into two equal halves. Move to the second immunopre-
cipitation reaction.

 6. For the second immunoprecipitation, wash ProteinG agarose 
beads (20 μL bead volume per reaction) and block the beads 
for 1 h at 4 °C in Bead Blocking buffer. Re-wash the beads and 
for antibody binding, incubate the beads with anti-AGO2 and 
anti- DICER1 antibodies (1:50 v/v) in 100 μL lysis buffer. Let 
antibody binding proceed for at least 2–3 h.

 7. Add one half of the reaction to anti-AGO2 containing vial and 
the other half to anti-DICER1 vial and immunoprecipitate for 
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16 h at 4 °C. Wash the beads for three times with IP wash buffer 
and isolate RNA using Trizol LS and chloroform as discussed 
earlier.

 8. Perform a real-time qRT-PCR using one common forward 
primer and two sets of reverse primers (Fig. 4). This is done to 
check the differential association of the two proteins, AGO2 
and DICER1, along the 3′UTR. If DICER1 dissociates from 
AGO2 upon the recognition/hybridization with target site, 
then association of DICER1 in close vicinity of miRNA bind-
ing site should be lower compared to its association with the 
remaining half of the 3′UTR. Conversely, AGO2 should be 
associated equally with the target-proximal region as well as 
the rest of the 3′UTR.

Fig. 4 Association of DICER1 and AGO2 with target site proximal and distal regions of the 3′UTR after in vitro 
pre-miRNA processing assay. The rationale behind the assay described in the top panel with a cartoon repre-
sentation of the RL-3×bulge-miR-122 3′UTR. Scheme of the assay has been outlined in the left panel. In vitro 
RISC loading assay with FH-AGO2 immunoprecipitated from FH-AGO2 stable HEK293 cells transiently express-
ing N-HA-DICER1. Post reaction, AGO2 and DICER1 are immunoprecipitated using antibodies against the 
endogenous proteins. Real-time PCR-based quantification of the region of 3′UTR associated with AGO2 and 
DICER1 has been plotted (reproduced from ref. 7 with permission from Nature Publishing Group)
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 1. HEK293 cells stably expressing FH-AGO2 were transfected 
with pre-let-7a miRNA precursor. Harvest the cells, lyse them, 
and perform immunoprecipitation as described in Subheading 
3.1. Elute miRISC (FH-AGO2) enriched in let-7a, as described 
in Subheading 3.5. Approximately, elute miRISC immunopre-
cipitated from 107 cells in 10 μL of assay buffer.

 2. Add miRISC, target mRNA (RL-con or RL-3×bulge-let-7a) 
and foreign precursor 5′ phosphorylated pre-miR-122 (10 nM) 
with RISC loading assay buffer in a 20 μL reaction.

 3. Mix well and incubate at 37 °C for 30 min followed by RNA 
isolation as described earlier (Subheadings 3.1 and 3.4).

Reagents Amount

miRISC (let-7a enriched) 10 μL

Target mRNA (RL-con/RL-3×bulge-let-7a) 500 ng  
(volume accordingly)

Pre-miR-122 (1 μM) 0.2 μL (10 nM)

RISC Loading assay buffer Upto 20 μL

Total 20 μL

 4. Measure the amount of mature miR-122 formed by TaqMan- 
based real-time PCR to score the processivity of the enzyme 
DICER1 (Fig. 5).

4 Notes

 1. It is necessary to check the purity of the recombinant proteins. 
AGO2 should be free of any associated DICER1. Verify by 
running a SDS-PAGE and silver staining for AGO2. Enzymatic 
activity of DICER1 can be confirmed by a simple pre- miRNA 
processing assay (Subheading 3.4). The same assay using 
rAGO2 alone should not yield any mature miRNA species, 
reconfirming that rAGO2 is free of any associated functional 
DICER1 protein.

 2. For the detection of mature miRNA product by qRT-PCR, 5′ 
end labeling is not required. However, the 5′ end of the syn-
thetic pre-miRNA needs to be phosphorylated for recognition 
by DICER1. 5′ phosphorylation can be done using the same 
protocol using T4 PNK; only γ32P ATP needs to be replaced 
by normal molecular biology grade ATP at a concentration of 
0.2 mM in a 20 μL reaction.

 3. For the isolation of the labeled RNA, it is advisable to use 
Glycogen as it is an inert carrier which significantly increases 

3.6 In Vitro Assay 
to Score 
the Processivity 
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the recovery of nucleic acids by alcohol precipitation. Add 
0.5–1 μL of Glycogen (20 mg/ml stock) during the isopropa-
nol precipitation step and refrigerate at −20 °C overnight for 
best yields.

 4. The cells should not be overgrown; 70–80% confluency is pref-
erable during harvesting. Research from our laboratory has 
shown that over-confluent cells or cells from high density cul-
tures differ in several physiological properties, including 
growth rate and miRNA metabolism [8].

 5. The amount of lysis buffer used is important. For approxi-
mately 107 cells 500 μL is sufficient. Lowering or increasing 
the cell number should be taken note of and the amount of 
buffer used for lysis to be adjusted accordingly.

 6. Note the rationale behind sonication of the cell lysate. Sonication 
is exclusively done for complete lysis of the cells and isolation of 
FH-AGO2 from all cellular compartments that might fail to lyse 
using 1% Triton X-100 alone. Experiments carried out in the 
absence of sonication yield less amount of FH-AGO2.

Fig. 5 In vitro assay to score the processivity of DICER1. Scheme of the assay has been outlined in the left 
panel. FH-AGO2 immunoprecipitated from FH-AGO2 stable HEK293 cells transiently expressing pre-let-7a was 
incubated with RL-3×ulge-let-7a target mRNA. Synthetic pre-miR-122 has been added to the assay so as to 
measure the processivity of DICER1. Real-time PCR-based quantification of the amount of mature miR-122 
formed from the reaction in the presence and absence of let-7a target mRNA has been plotted (reproduced 
from ref. 7 with permission from Nature Publishing Group)
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 7. It is mandatory to pipette out anti-FLAG M2 beads or even 
normal Protein G-agarose beads using tips with widened mouth 
in order to avoid pipetting error. To achieve that we cut the 
mouth of the tips before use. Also, pipette out double the vol-
ume of beads needed, i.e., if 20 μL beads is needed pipette out 
40 μL bead solution. Always autoclave cut tips before using.

 8. The carrier tRNA should be added in the reaction after the 
completion of the assay, just before RNA isolation. Overnight 
precipitation at −20 °C is recommended here as well.

 9. For real-time PCR-based detection of mature miRNA species 
from the assay, the RNA pellet should be dissolved in DEPC- 
treated water and not RNA loading dye.

 10. Wash the lanes thoroughly before loading the samples as urea 
deposits in the lanes precluding accurate sample loading. To 
prevent sample loss during loading, wash lanes with TBE run-
ning buffer using a syringe needle.

 11. Apart from purity checking, the pre-miRNA processing assay 
with increasing doses of rDICER1 is important to determine 
the amount of enzyme to be used for in vitro loading assays. 
For our experimental purpose, we required catalytic amounts 
of DICER1 with excess of AGO2 in order to detect the pro-
cessivity of the DICER1 enzyme. Hence, the lowest unit of 
rDICER1 that yielded visible mature miRNA was fixed for 
subsequent assays.

 12. Pipette out the eluted FH-AGO2 cautiously to avoid contami-
nation with agarose beads. If necessary, re-spin the eluted pro-
tein to remove any extra contaminating beads.
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Chapter 3

Isolation of Viral-Infected Brain Regions for miRNA 
Profiling from Formalin-Fixed Paraffin-Embedded Tissues 
by Laser Capture Microdissection

Anna Majer and Stephanie A. Booth

Abstract

Brain is a highly heterogeneous organ with numerous layers of specialized cells. Viral infection further adds 
complexity to downstream analysis because only a subpopulation of the brain is infected. In these instances, 
molecular changes that occur within infected cells are not truly reflected when whole tissue is used for down-
stream analysis. Laser capture microdissection (LCM) is a tool that allows for the selection and isolation of 
cells or regions of interest as determined by microscopic observation. It provides a platform for visually select-
ing the tissue that truly represents the material one wishes to study, such as viral infected cells. Formalin-fixed 
paraffin-embedded viral-infected tissue allows for safe handling and processing by LCM. Here, we describe a 
method whereby viral-infected regions of the brain were specifically isolated by LCM from the rest of the 
FFPE tissue. The isolated regions were then used to extract RNA for microRNA profiling. This approach can 
be applied to study microRNA changes from any viral infection in any given tissue.

Key words microRNA, Brain, Virus, Laser capture microdissection (LCM), Formalin-fixed paraffin-
embedded (FFPE)

1 Introduction

A common problem when studying the host response to infection in 
complex tissues is untangling the molecular changes that occur in spe-
cific cell types, in infected cells, and in bystander cells. As a result, molec-
ular changes that are identified in whole brain tissue represent an average 
response of all these effects. This effect is further compounded during a 
viral infection because only a subpopulation of cells undergoes active 
viral infection at any given time. In this case, changes in cellular constitu-
ents within virus-infected cells can be significantly diluted. Specific 
enrichment for cells or tissue areas that are highly infected by the virus 
can address these challenges and expose specific changes in cellular con-
stituents that are related to viral infection. One such approach is the use 
of laser capture microdissection (LCM) which enables the physical sepa-
ration of specific cells or regions of interest from the rest of the tissue.
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The LCM technology described in this protocol is performed 
on the ArcturusXT™ (Nikon Eclipe Ti-E, Thermo Fisher Scientific) 
which employs an infrared (IR) laser for capture and an ultraviolet 
(UV) laser for cutting. The fundamental procedure for the 
ArcturusXT™ LCM is to (1) visualize and select the cells or region 
of interest using a microscope, (2) melt a thermolabile polymer 
located on the bottom of a cap using the IR laser so that it adheres 
to the cell/tissue area, (3) activate the UV laser so that it precisely 
cuts around the region of interest (usually used to remove larger 
tissue areas without tearing), and (4) isolate the cells or region of 
interest by moving the cap from the tissue section. Once cells or 
tissue of interest is isolated from the section, extraction buffers are 
applied to the polymer allowing for the collection of molecules, 
such as microRNAs, for downstream analysis.

In this protocol, viral-infected mouse brain tissues that were 
formalin-fixed paraffin-embedded (FFPE) are used. The biological 
hazard that many viruses pose necessitates the need to inactivate the 
virus prior to handling the samples safely. This can be achieved by 
FFPE treatment of the tissue which results in cross-linking of pro-
teins with each other and with nucleic acids [1, 2]. As a result, this 
process inactivates key enzymes that viruses require for replication 
and spread. However, FFPE processing of tissue also damages the 
DNA and RNA molecules [3–6], making it challenging to isolate 
nucleic acids from these samples for downstream applications such 
as quantitative real-time reverse-transcription PCR (qRT-PCR). 
For example, RNA extracted from FFPE tissue is fragmented to 
approximately 100 base pairs in length [7, 8] and only a small frac-
tion of the mRNA population remains accessible for cDNA syn-
thesis [9]. Although degraded RNA can still be processed by 
microarrays, the results are less reproducible than when using RNA 
from fresh or frozen samples [10]. Next-generation sequencing 
approaches show better correlation between FFPE versus frozen 
samples [11]; however, detection of viral genomes from FFPE sam-
ples for phylogenetic analysis was less successful [12]. In contrary, 
microRNAs (miRNAs) remain less prone to degradation and modi-
fication by the FFPE process because of their small size (~21 nucle-
otides in length) and association with protein complexes [13]. 
Indeed, miRNA expression profiles in FFPE tissues correlate well 
with expression profiles detected in frozen tissues [14].

In terms of function, miRNAs are predicted to post-transcrip-
tionally regulate ~30% of all human genes [15] and many miRNAs 
are deregulated during diseases including viral infections [16]. In 
fact, many viruses actually encode their own miRNAs within their 
genomes [17, 18], further highlighting the important contribu-
tion miRNA have in terms of viral pathogenicity. Therefore, iden-
tifying miRNAs that are deregulated during viral infection will help 
enhance the understanding of the molecular pathways involved 
during disease.
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Herein, we describe the method used to physically isolate a 
region of interest from the mouse brain tissue using LCM. We 
describe the procedure to stain and dehydrate the FFPE sections so 
that they will be suitable for LCM. We highlight the key consider-
ations for successful LCM of viral-infected regions and describe the 
extraction of RNA from the isolated regions for downstream miRNA 
expression studies. The protocol described here can be followed to 
profile miRNA changes in any organ that is infected by any virus in 
order to illuminate molecular changes that occur during disease.

2 Materials

 1. FFPE tissue section(s) on polyethylene naphthalate (PEN) 
membrane glass slides (Thermo Fisher Scientific).

 2. RNAse Zap (Thermo Fisher Scientific).
 3. DEPC-treated water (Thermo Fisher Scientific).
 4. Arcturus® Paradise® Plus stain, slide jars and slides (Thermo 

Fisher Scientific).
 5. Cresyl Violet acetate stain (Sigma-Aldrich).
 6. 100% ACS grade ethanol alcohol (anhydrous) (Commercial 

Alcohols).
 7. Xylene, histological grade (Fisher Chemical).
 8. Nuclease-free water (Thermo Fisher Scientific).
 9. 95% ethanol in nuclease-free water (prepare 25 mL per jar).
 10. 75% ethanol in nuclease-free water (prepare 25 mL per jar).
 11. Forceps.
 12. Kimwipes® cleansing wipes or similar lint-free towels.

 1. CapSure® Macro LCM Caps (Thermo Fisher Scientific).
 2. ArcturusXT™ Laser Capture Microdissection System (model: 

Nikon Eclipse Ti-E, Thermo Fisher Scientific).

 1. RNAse Zap (Thermo Fisher Scientific).
 2. Forceps (Sigma-Aldrich).
 3. RNase-free 1.5 mL microcentrifuge tubes (Thermo Fisher 

Scientific).
 4. RNase-free 0.2 mL microcentrifuge tube (Thermo Fisher 

Scientific).
 5. Thermomixer or equivalent.
 6. Arcturus® Paradise® Extraction and Isolation Kit (Thermo 

Fisher Scientific).
 7. PureLink® DNase Set (Thermo Fisher Scientific).

2.1 Staining 
of Tissue Sections

2.2 Laser Capture 
Microdissection

2.3 RNA Extraction 
and qRT-PCR Profiling
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 8. TaqMan® MicroRNA Reverse Transcription Kit (Thermo 
Fisher Scientific).

 9. TaqMan® Universal Master Mix II, no AmpErase UNG (cata-
log #4440040, Thermo Fisher Scientific).

 10. TaqMan® miRNA Assays (specific miRNA requires assay ID as 
well, Thermo Fisher Scientific).

 11. ViiA™ 7 System or equivalent.

3 Methods

Clean all the surfaces with RNAse Zap to remove possible RNA 
degrading enzymes and make sure to also clean the inside of the 
tissue flotation water bath.

 1. Fix mouse brain tissue in 10% Neutral Buffered Formalin for 
14–24 h and prepare paraffin blocks following established pro-
tocols in your laboratory.

 2. Using a rotary microtome, place block into the specimen 
holder and trim excess paraffin from the block surface. Cut and 
discard first 4–5 sections.

 3. Cut two serial sections from the tissue block. One section 
(5–8 μm thick) will be used for immunohistochemistry (IHC) 
while the other section (8–30 μm thick) will be used for LCM.

 4. Once cut, float sections with a brush onto heated water bath 
(~42 °C) containing DEPC-treated water. Make sure the sec-
tions are in the water bath for <2 min.

 5. Float the thin section (5–8 μm thick) onto a glass slide and 
perform IHC following the protocols established in your labo-
ratory. This section will serve as a roadmap for identifying the 
region(s) of interest, such as viral-infected cells. In our experi-
ments, we performed IHC on an 8 μm thick section to identify 
viral-infected cells within mouse brain tissue [19].

 6. Float the thicker section (8–30 μm) onto the surface of a PEN 
membrane slide that will be used for LCM (see Note 1). Air-
dry the slide (1.5–3 h) at room temperature. Once dried, pro-
ceed to the next step or store the slide at −80 °C for up to 
3 months.

 1. Prepare 10 plastic slide jars containing ~25 mL of xylene, 100% 
ethanol, 95% ethanol, 75% ethanol, and nuclease-free water 
(Fig. 1) (see Note 2).

 2. Only if the slide was previously frozen, remove it from the 
freezer and place in a 55 °C oven for 2 min (see Note 3). 
Otherwise, skip this step.

3.1 Preparing 
Formalin-Fixed 
Paraffin-Embedded 
Sections

3.2 Processing FFPE 
Brain Sections 
for Laser Capture 
Microdissection
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 3. Place the slide gently in the first xylene wash for 2 min and 
then transfer to the second xylene jar for another 2 min.

 4. Place the slide in 100% ethanol for 2 min followed by 95% etha-
nol for 1 min and then 75% ethanol for 1 min.

 5. Place the slide in nuclease-free water for 30 s and then place flat on 
a Kimwipe (tissue side up). Add ~300 μL of Cresyl Violet stain 
directly to the tissue on the slide and incubate for 30 s (see Note 4).

 6. Gently tip the slide perpendicular to the Kimwipe to wick away 
excess stain and place the slide in 75% ethanol for 30 s.

 7. Transfer the slide to the 95% ethanol and incubate for 30 s. Place 
the slide in 100% ethanol for 1 min followed by gently dipping 
the slide in xylene until ethanol is washed off (see Note 5).

 8. Place the slide in another xylene jar to incubate for 5–10 min.
 9. Remove the slide from the last xylene wash, gently dab off 

excess liquid on a Kimwipe. Air-dry the slide in a fume hood 

Fig. 1 Schematic diagram of de-paraffinization, staining, and dehydration of 
FFPE sections for LCM. Incubate the slide in two xylene washes followed by 
100% ethanol to remove paraffin. Hydrate the section in 95% ethanol, 75% etha-
nol, and water followed by adding the stain onto the sectioned tissues. 
Subsequently wash off excess stain in 75% ethanol and dehydrate the slide in 
95%, 100% ethanols followed by incubation in xylene to remove traces of water 
and ethanol

LCM of FFPE Brain Region for miRNA Profiling
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for 5–10 min by placing on a Kimwipe with the tissue facing up 
(see Note 6). Once dried, proceed to the next step.

We performed the cut and capture feature which uses the IR laser 
to melt the thermoplastic film onto the tissue followed by the UV 
laser cutting around the area of interest. This process allows for the 
removal of a large region of interest from the rest of the tissue 
without tearing.

 1. Turn on the computer, the microscope, and the ArcturusXT 
instrument. Start the software for the ArcturusXT instrument.

 2. In the “Setup tool” pane click “Present Stage.” This will move 
the work surface so that the slides and caps can be loaded. 
Load the slides and LCM caps. Press the “i” icon on the top 
right corner of the “Setup tool” pane to open “Load Options.” 
In the “Load Options” window, click on the “Slides” tab and 
select the position corresponding to where you loaded the 
slide. Slide(s) can also be named at this point. Select the “Caps” 
tab and select the type of caps and their positions (see Note 7). 
Click OK once complete.

 3. “Inspect tools” pane allows you to view the slides by operating 
the microscope component of the instrument. The 2× magnifi-
cation is selected as default. Each time you change the magnifi-
cation you need to readjust the focus and brightness as necessary 
by selecting the up and down arrows. You can also select an 
autofocus and/or autobrightness option by clicking the icons 
located between the arrows for each respective setting.

 4. The stage can be moved to view the area of interest by moving 
the trackball or by selecting the hand icon under the “Select 
tools” pane. Adjust the focus and brightness when necessary.

 5. Select the 10× magnification and place a CapSure cap onto the 
slide by pressing the “Place cap” button in the “Microdissect 
tools” pane. Some of the cap should be positioned over a non-
tissue area. This area will be used to optimize the IR laser set-
tings. Move the field of view to this position.

 6. In the “Microdissect tools” pane click the “i” button (top 
right corner) which will open the “Microdissect Options” 
pane. Go to the “UV Locate” tab and press the “Locate UV” 
button. This will fire the UV laser and a bright laser spot will 
appear in the main image window. Place the cursor in the cen-
ter of the UV laser spot and click the spot. Then click OK in 
the “UV Locate” pane. A green circle will appear on the live 
image. This is the location of the UV laser (see Note 8).

 7. In the “Microdissect Options” pane, click the “IR Locate” 
tab. Click “AutoLocate IR” and confirm that a blue plus sign 
appears on the live image corresponding to the location of the 
IR laser shot.

3.3 Laser Capture 
Microdissection

Anna Majer and Stephanie A. Booth
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 8. Confirm that you are at a non-tissue area to test the IR laser 
settings. Click the “IR Laser Test Fire” button in the 
“Microdissect tools” pane. Inspect the laser spot for the pres-
ence of a dark ring surrounding a clear center. This will indi-
cate that the thermoplastic film is adequately melted and 
touches the tissue. Change these settings and click “Test IR 
shot” until you obtain the proper melting of the plastic (see 
Note 9). Once optimized, move the field of view back to the 
area of interest and fire the IR test spot near the area you wish 
to remove. This is to confirm that the IR settings remain ade-
quate to melt the plastic film onto the tissue (see Note 10).

 9. In the “Select tools” pane, use the Freehand Drawing tool to 
select the area for capture. Refer to the IHC stained section for 
relative coordinates for the area of interest. Once selected, go 
to the “Microdissect tools” pane and click the “Cut and 
Capture” button.

 10. Once the cut and capture is complete, you can repeat the pro-
cess by selecting another area for capture. When all the desired 
regions of interest are captured, in the “Microdissect tools” 
pane click the “Move cap to QC Caps station.” This allows the 
inspection of captured material (see Note 11).

 11. Unload the materials by clicking “Present Stage” in the “Setup 
tools” pane. Wearing gloves, carefully remove the cap from the 
QC Station area and continue to the next step.

Prior to isolation, clean all the surfaces with RNAse Zap to remove 
possible RNA degrading enzymes. Extract RNA using the 
Arcturus® Paradise® Extraction and Isolation reagents following 
the protocol recommended for the Macro LCM Caps.

 1. Using forceps, carefully peel off the thermoplastic film polymer 
that is present on the cap and place it in a 1.5 mL microcentri-
fuge tube (see Note 12).

 2. Prepare the Pro K Mix immediately before use by adding 
300 μL of the Reconstitution buffer to 1 vial of dried Pro K 
Mix (600 μg). Gently vortex to dissolve completely and place 
on ice (1 vial can be used for 12 extractions).

 3. Add 50 μL of the Pro K Mix, making sure that the tissue is 
immersed in the solution.

 4. Incubate the sample at 37 °C for ~16 h without shaking (see 
Note 13).

 5. Centrifuge the tube for 1 min at 800 × g and transfer the solu-
tion to a fresh tube provided in the kit, making sure to leave 
the thermoplastic film behind.

 6. Thaw the DNase buffer (DNB) at room temperature and also 
pre-condition the MiraCol purification column (add 200 μL of 

3.4 RNA Extraction
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conditioning buffer to the filter, incubate for 5 min, and 
centrifuge at 16,000 × g for 1 min).

 7. Add 53 μL of Binding buffer (BB) into the cell extract and mix 
well by gently pipetting up and down. Immediately add 103 μL 
of ethanol solution (EtOH) to the tube, mix and add to filter.

 8. Centrifuge at 100 × g for 2 min, immediately followed by 
16,000 × g for 1 min.

 9. Wash the column by adding 100 μL of Wash Buffer 1 (W1) into 
the purification column and centrifuge at 8000 × g for 1 min.

 10. To perform the on-column DNase digestion, mix 2 μL of DNase 
Mix with 18 μL of DNase buffer and add the entire amount to 
the column. Incubate for 20 min at room temperature.

 11. Add 40 μL of W1 to the column and centrifuge at 8000 × g for 
1 min.

 12. Add 100 μL of Wash Buffer 2 (W2) to the column and centri-
fuge at 8000 × g for 1 min.

 13. Add another 100 μL of W2 to the column and centrifuge at 
8000 × g for 2 min. Typically, no wash buffer remains on the 
column, however, if any residual buffer remains then re-centri-
fuge at 16,000 × g for 1 min.

 14. Transfer the column to a clean tube that is provided and add 
14 μL of elution buffer directly to the membrane. Incubate for 
1 min at room temperature and then centrifuge at 1000 × g for 
1 min followed by 16,000 × g for 1 min.

 15. Use immediately or store at −80 °C.

We performed a two-step real-time PCR reaction using the 
TaqMan® miRNA Assays.

 1. To profile several miRNAs from the same sample, we used a 
multiplex strategy at the cDNA step. Each cDNA reaction 
consisted of 2.5–4 μL of eluted RNA (see Note 14), 0.15 μL 
of dNTPs, 1 μL of MultiScribe Reverse Transcriptase, 1.5 μL 
of 10× Reverse Transcription Buffer, 0.19 μL of RNase 
Inhibitor, 4 μL of the primer mix (each primer was diluted 
1:4), and nuclease-free water up to 15 μL (see Note 15). Each 
reaction was mixed well by pipetting, centrifuged for 2 min at 
1000 × g and incubated in a thermocycler according to the 
manufacturer’s instructions.

 2. Each real-time PCR reaction consisted of 1.34 μL of cDNA, 
1 μL of miRNA specific probe, 10 μL of TaqMan® Universal 
Master Mix II, no AmpErase UNG, and 7.66 μL of nuclease-
free water. Mix well by pipetting and centrifuge for 2 min at 
1000 × g. We followed the manufacturer’s recommendations 
for the standard real-time PCR program on the ViiA™ 7 sys-
tem (see Note 16).

3.5 Profiling miRNAs 
by Real-Time PCR
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 3. Analyze the relative changes in miRNA expression between 
control and infected LCM cells/regions using the 2−ΔΔCT 
method [20] making sure to choose a reference miRNA as a 
normalizer that is not affected by the viral infection (see Note 17).

4 Notes

 1. The thickness of the section depends on the amount of cells/
regions intended for capture. We used 30 μm thick sections 
because we wanted to enrich the sample for viral infected cells.

 2. Use fresh solutions and discard them according to standard 
procedures after processing eight slides or if not used for more 
than 1–2 weeks. If planning to leave the solution in a fume 
hood for 1 week, seal the cap with parafilm to prevent evapora-
tion. When cleaning out the slide tubes, use 100% ethanol fol-
lowed by wiping with RNAse Zap and then rinsing with 
nuclease-free water. This is especially important when process-
ing infected and control tissue. Make sure that you clean out 
the containers when switching between the groups.

 3. This step is important for the tissue to attach to the slide. If this 
is not performed the tissue has a much higher chance of being 
washed away during the rehydration and dehydration steps.

 4. For proper staining, the tissue needs to be fully covered by 
Cresyl Violet to stain adequately. Therefore, the amount of stain 
added depends on the size of tissue sectioned. Other stains such 
as the Paradise stain can be substituted for Cresyl Violet.

 5. Gently dunk the slide repeatedly in ethanol until there are no 
visible streaks of ethanol residue remaining. This is important 
to completely remove the water and ethanol from the slide, 
otherwise the LCM procedure will be less effective.

 6. When tissue dries, you will notice that it becomes white. This 
is a good indication that the tissue is ready for LCM.

 7. There are two sizes of caps, depending on the amount of mate-
rial being captures select the appropriate caps. We used the 
Macro LCM Caps which have a larger area for capturing tissues 
because we were interested in capturing a larger area of interest. 
However, even if you plan to capture small areas but over numer-
ous serial sections, we still recommend using a larger cap.

 8. Make sure to confirm the location of the UV laser each time 
you place a new cap onto the slide, begin a new session or if the 
UV laser is not firing at the desired location.

 9. If nothing is visible or if the inside of the spot is black, adjust the 
Power and Duration of the laser in the IR Spot Sizes tab. We 
found that a power of 50 mW and duration of 45 ms is a good 
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starting point for optimizing the IR laser settings. As a general 
rule, if the plastic is not melting, increase the IR laser power. If 
the cells cannot be detached, increase the duration of the IR.

 10. We found that the IR settings may still need a slight adjust-
ment when IR laser is fired over the tissue of interest.

 11. If the area was not properly captured during microdissection, 
the same cap can be replaced in the area and the cut and cap-
ture procedure can be repeated. This can be done by right-
clicking the cap that is in the QC station and selecting “Replace 
Cap on Slide” option. Click the “UV Cut” button to repeat all 
cuts and click the “IR Capture” button to repeat all captures.

 12. We found that carefully removing the thermoplastic film from the 
cap resulted in no loss of tissue. However, care needs to be taken 
when performing this procedure as the tissue is very dry and can 
easily lift off the film. This is especially apparent when placing the 
sample into a microcentrifuge tube. Conversely, you can also use 
the Cap Insertion Tool available from Thermo Fisher Scientific to 
circumventing the need to peel off the thermoplastic film.

 13. Parafilm the tubes to prevent evaporation and/or opening of 
the tubes during the long incubation period.

 14. Depending on the type of sample and size of region of interest, 
the yield of RNA isolated may be too low to accurately detect 
by spectrophotometers such as Nanodrop or capillary electro-
phoresis system such as the Bioanalyzer. Furthermore, these 
do not directly measure the purity and integrity of the miRNAs 
within the sample. Therefore, we used a standard volumetric 
amount as input into the cDNA reaction to detect miRNAs 
from these samples. Specifically, we found that adding 2.5–4 μL 
of sample as a template was sufficient to detect medium to high 
abundant miRNAs.

 15. This modification allowed detection of all miRNAs of interest 
from the same cDNA reaction. Furthermore, always include a 
non-template control at this step to validate that the primer 
mix does not amplify any nonspecific target.

 16. When using probes for real-time PCR to detect miRNA tar-
gets, it is possible to extend the cycling beyond the 40 cycles 
set as the default for the program (i.e., can extend to 50 cycles). 
This will help detect lower abundant miRNAs from the sam-
ple, especially when only a small number of cells were col-
lected. However, it is crucial to monitor any possible nonspecific 
amplification that occurs within the non-template controls and 
note the cycle that amplification takes place in comparison to 
your sample.

 17. The reference miRNA chosen for normalization is particularly 
important. If screening only a small number of miRNAs, it is 
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recommended to test a number of potential reference miRNAs 
to determine which is the most stable and use that as a refer-
ence miRNA. This will change depending on the cell type 
under investigation. If performing a large-scale miRNA expres-
sion profiling study on these samples, mean expression value 
normalization is the best strategy for normalization [21].
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Chapter 4

Isolation and Analysis of Exosomal MicroRNAs 
from Ovarian Follicular Fluid

Juliano Da Silveira, Gabriella M. Andrade, Felipe Perecin, 
Flávio Vieira Meireles, Quinton A. Winger, and Gerrit J. Bouma

Abstract

Mammalian ovarian follicular growth is characterized by development of a large fluid filled antrum that 
separates mural granulosa cells and cumulus cells. Extensive communication between the different cell 
types is necessary for maturation of a developmentally competent oocyte. Here, we describe an approach 
for the isolation of cell-secreted exosomes from ovarian follicular fluid, identification of small RNAs (i.e., 
microRNAs) in exosomes, labeling of exosomes, and examining cell uptake of exosomes by follicular cells.

Key words Extracellular vesicles, microRNAs, Ovarian follicle

1 Introduction

This chapter describes the isolation and functional analysis of exo-
somal microRNAs isolated from ovarian follicular fluid. MicroRNAs 
are small, noncoding RNAs that bind 3′ untranslated regions of tar-
get mRNA directing them to the RNA-induced silencing complex 
resulting in mRNA degradation or posttranslational silencing [1]. 
Due to their relative small target recognition sequence (2–7 nt) they 
are able to bind and target potentially many different mRNAs, and 
numerous studies have highlighted their role in cell differentiation 
and function, including female reproductive physiology. For exam-
ple, inhibition of microRNA maturation leads to abnormal develop-
ment of the female reproductive tract [2]. In the ovary, absence of 
mature microRNAs leads to abnormal corpus luteum formation and 
disorganized spindle formation in oocytes leading to infertility [3].

Mammalian ovarian follicular development (folliculogenesis) is 
a highly coordinated process involving extensive signaling between 
somatic cells (granulosa and theca cells) and the oocyte. This bi- 
directional communication involves granulosa cells providing 
 factors necessary for oocyte maturation, and oocyte secreting 
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signaling molecules to surrounding granulosa cells that dictate 
follicle growth and development [4]. Folliculogenesis is character-
ized by the development of dominant, mature follicles, which 
develop a large fluid filled antrum within the granulosa cell layers 
leading to outer mural granulosa cells and inner, oocyte-surround-
ing cumulus cells (Fig. 1). This follicular fluid (FF) contains hor-
mones, growth factors, DNA, and RNAs (including microRNAs) 
and its contents often are used as indicators of oocyte quality and 
competence [5].

Initial experiments in our lab, using the mare as an animal 
model, focused on the idea that microRNAs are present in follicu-
lar fluid and could be used as a diagnostic marker of oocyte quality. 
A microRNA profiling PCR assay revealed the presence of the 
mature microRNA sequence for circulating miR-16 in ovarian fol-
licular fluid. During this time the question arose whether microR-
NAs were simply present in ovarian follicular fluid due to cell 
turn-over, or if in fact these microRNAs somehow were shuttled 
between different cells and part of the bi-directional signaling pro-
gram that exists between the somatic cells (granulosa and cumulus 
cells) or between the somatic cells and the oocyte. One way 
microRNAs could be shuttled from one cell to a different cell at 
some distance is if these microRNAs were packaged into cell- 
secreted vesicles. To that end studies were conducted to isolate, 
characterize, and examine cell-secreted vesicles within ovarian fol-
licular fluid. Using in vitro and in vivo experiments we demon-
strated for the first time that microvesicles and exosomes are 
present in ovarian follicular fluid, they contain proteins and 
microRNAs, and when isolated and labeled these vesicles can be 
taken up by surrounding granulosa cells in vivo. Subsequent stud-
ies demonstrated the presence of at least ~271 mature microRNA 
sequences in cell-secreted vesicles isolated from follicular fluid [6].

Microvesicles and exosomes are cell-secreted vesicles that differ 
in the way they are generated and secreted by cells, their contents, 

Fig. 1 Mature ovarian follicle. The ovarian follicle is composed by granulosa cells, 
cumulus cells, and oocyte. Within the mature follicle is a cavity called antrum 
filled with follicular fluid

Juliano Da Silveira et al.
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and their size (e.g., 200–1000 nm vs. <200 nm, respectively). Both 
microvesicles and exosomes contain microRNAs, and although 
there is overlap, each contains their own unique microRNAs in fol-
licular fluid [6]. Since our original finding of cell-secreted vesicles 
in ovarian follicular fluid, we primarily have focused on exosomes. 
Exosomes are likely to play a role in regulated and targeted cell-to-
cell communication: (a) There is evidence that microRNAs are 
specifically targeted for exosome incorporation [7]. (b) Contrary 
to microvesicles, which are released through outward cell budding 
or fission, exosomes are formed as intraluminal vesicles inside late 
endosomes (i.e., multivesicular bodies). Following stimulation 
(e.g., intracellular calcium increase) multivesicular bodies fuse with 
the plasma membrane and intraluminal vesicles/exosomes are exo-
cytosed and released into extracellular space [8]. (c) Exosome 
membranes contain transmembrane proteins and receptors that 
enable target cell-recognition leading to uptake and/or membrane 
fusion. Finally, studies from our lab and others have now described 
the presence of exosomes in ovarian follicular fluid, as well as ovi-
ductal [9, 10] and uterine fluid [11, 12] suggesting an important 
function for these cell-secreted vesicles and their cargo in cell com-
munication within female reproductive physiology.

In this chapter, we will describe methods to isolate exosomes 
from ovarian follicular fluid, approaches to fluorescently label exo-
somes to monitor cell uptake, and isolate small RNAs (microR-
NAs, from here on referred to as miRNA) for RNAseq or real-time 
PCR analysis. Furthermore, bioinformatics approaches will be 
highlighted as a tool to discover potential pathways regulated by 
exosomal miRNAs.

2 Materials

 1. Follicular aspiration apparatus [13].
 2. Conical collection tubes (50 mL) (Cornig®).
 3. Centrifuge capable to speed between 300 × g and 20,000 × g.
 4. Pipettes (Eppendorf®, Hamburgo, Germany) and filtered 

pipette tips (Axygen®).
 5. Plastic plates (100 mm) (Cornig®).
 6. Stereomicroscope.

 1. RNA/DNAse-free 1.5 ml tubes (Axygen®).
 2. Pipettes (Eppendorf®) and filtered pipette tips (Axygen®).
 3. Exoquick reagent (System Bioscience®).

 1. Pipettes (Eppendorf®) and filtered pipette tips (Axygen®).
 2. Centrifuge.

2.1 Sample 
Collection 
and Processing Prior 
to Analysis

2.2 Exosome 
Isolation

2.3 RNA Isolation

Isolation and Analysis of Exosomal MicroRNAs from Ovarian Follicular Fluid
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 3. Tri reagent (Life Technologies®).
 4. Polyacryl reagent.
 5. DNAse (Thermo Fisher Scientific®).
 6. Nanodrop spectrophotometer (Thermo Fisher Scientific®).

 1. Pipettes and filtered pipette tips.
 2. miRNA cDNA synthesis kit.
 3. Master mix reagents for miRNA analysis.
 4. miRNA forward primers.
 5. Real-Time PCR machine.

 1. Computer and internet access.
 2. Pre-analyzed miRNA spreadsheet data.

 1. Pipettes.
 2. Pipette tips.
 3. Plastic tubes 1.5 mL.
 4. Plastic plates.
 5. PKH67 dye (Sigma Aldrich).
 6. Nuclear stain DAPI.
 7. Paraformaldehyde (PFA).
 8. Bovine Serum Albumine (BSA).
 9. Phosphate buffered saline (PBS).
 10. DMEM/F12 medium.
 11. Stereomicroscope.
 12. Zeiss Axioplan 2 fluorescence microscope.

3 Methods

Follicular fluid samples are obtained through ovarian follicle aspi-
ration using an ultrasound-guided needle. The resulting follicular 
fluid is yellow and free of blood contaminants. After follicular fluid 
collection, the samples should be analyzed for the presence of a 
cumulus-oocyte-complex (COC). The follicular fluid sample can 
be stored at 37 °C until further processing. Samples should be 
processed after morphological evaluation of the recovered 
COC. This step should be performed to assess the quality and 
stage of follicular maturation associated with the isolated follicular 
fluid. Next the recovered follicular fluid can be processed prior to 
exosomes isolation.

2.4 miRNA Profiling

2.5 Bioinformatics 
and Pathway 
Discovery

2.6 Exosome 
Labeling and Cell 
Uptake

3.1 Sample 
Collection 
and Processing Prior 
to Analysis
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 1. Centrifuge follicular fluid at 300 × g for 10 min in order to 
remove live cells contained within the samples (see Note 1).

 2. After centrifugation move the supernatant and place in a new 
1.5 ml RNA/DNAse-free tube.

 3. Centrifuge the supernatant at 2,000 × g for 10 min in order to 
remove dead cells.

 4. After centrifugation move the supernatant and place in a new 
1.5 ml RNA/DNAse-free tube.

 5. Centrifuge the supernatant at 12,000 × g for 30 min in order 
to remove cell debris (see Note 2).

 6. After centrifugation move the supernatant to a new RNA/
DNAse-free tube and store in −80 °C until further use.

 1. Exosome isolation can be performed using ultracentrifugation 
or precipitation reagents such as Exoquick (see Note 3).

 2. Prior to exosome isolation, place the samples at room tempera-
ture until completely thawed.

 3. Exoquick isolation reagent works in a 1:5 ratio, thus a starting 
volume of 500 μL should be mixed with 100 μL of Exoquick 
reagent.

 4. After mixing place the mixture at 4 °C overnight (see Note 4).
 5. Following overnight incubation, centrifuge the sample at 

1,500 × g for 30 min at room temperature.
 6. After centrifugation, a white pellet will appear at the bottom of 

the tube.
 7. Remove the supernatant and use 50–100 μL of 1× PBS to 

dilute the exosome pellet.
 8. The diluted pellet can be used for exosome validation assays 

such as nanoparticle tracking analysis, transmission electron 
microscopy, and western blot. Additionally, the resuspended 
exosome pellet can be mixed with 200 μL of Tri reagent BD 
and stored at −80 °C or processed for RNA isolation (see 
Note 5).

 1. After mixing 200 μL of Tri reagent to the 50 μL diluted exo-
some pellet, add 8 μL of Poly Acryl carrier to the mixture and 
homogenize it thoroughly.

 2. Place the sample tube at room temperature for 5 min.
 3. Add 128 μL of Chloroform and vortex the sample tube for 

15 s (see Note 6).
 4. Place the sample tube at room temperature for 5 min.
 5. Centrifuge the sample at 12,000 × g for 15 min.
 6. The resulting sample will have three separate phases (Fig. 2).

3.2 Exosome 
Isolation

3.3 RNA Isolation

Isolation and Analysis of Exosomal MicroRNAs from Ovarian Follicular Fluid
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 7. Move the aqueous phase to a new RNA/DNAse-free tube.
 8. Add 500 μL of isopropanol and store at room temperature for 

5–10 min (see Note 7).
 9. Centrifuge the samples at 20,000 × g for 30 min. RNA will 

form a white pellet in the bottom of the tube (see Note 8).
 10. Remove the supernatant without disturbing the RNA pellet.
 11. Add 1 ml of 75% ethanol to the pellet.
 12. Wash the RNA pellet twice with freshly prepared 75% ethanol.
 13. After the last wash, remove the ethanol and place the tube on 

a piece of paper to dry out leftover ethanol (~15 min).
 14. The pellet will appear white and RNA/DNAse-free water can 

be added to the sample to dissolve the pellet.

MiRNA expression profile can be performed using different tech-
niques such as microarray, RNAseq, Taqman assays, or primer- 
based real-time PCR [14]. We will focus on the use of primer-based 
real-time PCR for miRNA analysis of 384 mature miRNA sequences 
in extracellular vesicles isolated from follicular fluid.

 1. Prepare cDNA using miScript PCR System with 100–200 ng 
per sample, following the manufacturer’s instructions (see 
Note 9).

 2. Incubate total RNA, including the small RNA fraction, with 
5× miScript HiSpec Buffer, 10× miScript Nucleic mix, RNase-
free water, and miScript reverse transcriptase at 37 °C for 
60 min, followed by 5 min at 95 °C.

 3. Relative levels of 384 mature miRNAs can be examined using 
mature miRNA sequences downloaded from mirBase data-
base [15].

3.4 MiRNA Profile 
in Extracellular 
Vesicles 
from Follicular Fluid

Fig. 2 Phase separation following chloroform and centrifugation. Aqueous phase 
is rich in RNA, while white and pink phases are rich in DNA and protein, 
respectively

Juliano Da Silveira et al.
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 4. Prepare the real-time PCR master mix in 10 μL reactions 
containing 2× Quantitec SYBR Green, 10 μM universal reverse 
primer, and miRNA-specific forward primer, and 0.024 μL of 
1:4 diluted cDNA.

×420

2× Quantitec SYBR Green 5 μL 2100 μL

10 μM universal reverse primer 1 μL 420 μL

cDNA 10 μL

RNAse-free water 2.98 μL 1250 μL

TOTAL: 9 μL per reaction

 5. Add 1 μL of the forward primer to each well in the plate.
 6. Place the real-time PCR plate in the PCR machine (see Note 10).
 7. Add the PCR cycle conditions: 95 °C for 15 min, 45 cycles of 

94 °C for 10 s, 55 °C for 30 s, and 70 °C for 30 s followed by 
a melt curve analysis to confirm amplification of single-cDNA 
products.

 8. To identify the abundancy of miRNAs isolated from EVs, raw 
Ct values <37 and with a single suitable melting curve are nor-
malized to the geometric mean of internal [16] controls. These 
can be miRNAs whose raw Cp values are (a) <37, (b) Cp values 
have a standard deviation <1.0 across all samples to be com-
pared, and (c) are not significantly different between the com-
parison groups. In the case of exosomal miRNAs isolated from 
equine follicular fluid, miR-99b has been used as a reference 
control [17, 18].

Identification of predicted mRNA targets or pathways can be per-
formed using individual miRNAs or groups of miRNAs. Here, we 
will outline the approach using groups of miRNAs to identify path-
ways regulated by these exosomal miRNAs with similar expression 
profile.

 1. When studying exosomal miRNAs isolated from non-rodent 
and non-primate species, compare identified exosomal miRNAs 
with human sequences in order to identify sequence similarities 
using mirBase (http://www.mirbase.org) [15] (see Note 11).

 2. After the identification of sequence similarity (95–100%) with 
human miRNAs, perform bioinformatics analysis.

 3. Submit miRNAs into DIANA-miRPath (http://diana.imis.
athena-innovation.gr/DianaTools/index.php?r=mirpath), a 
miRNA pathway analysis web-server [19]. Perform miRNA 
analysis either single or as a group. Since exosomal miRNAs 
are present in “groups” this is our preferred approach, and 

3.5 Bioinformatics 
and Pathway 
Discovery

Isolation and Analysis of Exosomal MicroRNAs from Ovarian Follicular Fluid
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would yield potential pathways regulated by all identified exosomal 
miRNAs (see Note 12).

 4. Identificate target genes using miRTarBase [20] and the simi-
larity of miRNA-gene target 3’UTR interactions between spe-
cies using TargetScan software [21] to confirm if your 
bioinformatics results are valid for the specie of interest (see 
Note 13).

Exosome labeling can be performed using different approaches. 
Here, we describe the use of PKH67 (Sigma Aldrich), a green fluo-
rescent dye that labels lipid membranes, to label extracellular vesi-
cles. After labeling, extracellular vesicles can be added to cell 
culture media, or can be injected into ovarian follicular fluid for 
in vivo analysis. Extracellular vesicles uptake by cells can be ana-
lyzed with fluorescence microscopy.

 1. Isolate exosomes of interest according to protocol above.
 2. Incubate exosomes in 2 μL of PKH67 (2 μM), for 30 min, at 

room temperature.
 3. Incubate again in 1% of BSA, for 10 min, at room temperature.
 4. Wash, four times, in FBS-free DMEM-F12 medium to remove 

dye excess (see Note 14).
 5. Resuspend the labeled exosomes with cell culture medium (see 

Note 15).
 6. Culture cells (granulosa cells a total of 5 × 105) in 4-well plates 

according to Portela et al. 2010 on the top of a coverslip.
 7. After 24 h of treatment with the labeled exosomes, fix the cells 

attached at a coverslip with 4% PFA or 70% ethanol.
 8. Perform nuclear staining using DAPI.
 9. Use a fluorescence microscope to confirm the presence of 

fluorescent- labeled exosomes inside the cells (see Note 16).

4 Notes

 1. Leftover cells can be used for RNA and protein isolation if 
needed.

 2. It is important to perform these differential centrifugation 
steps prior to storage at −80 °C, since any contaminating cells 
could rupture during freezing.

 3. Other precipitation reagents can also be utilized; however for 
the purpose of the present manuscript we will use Exoquick 
since it was the first described exosome precipitation solution.

 4. It is important to make sure that the sample is well mixed. Do 
not use vortex, but pipette thoroughly.

3.6 Exosome 
Labeling and Uptake 
by Cells in Culture

Juliano Da Silveira et al.
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 5. If the exosome pellet is not completely dissolved it can react 
with Tri reagent and form a solid pellet that is hard to lyse 
which will affect RNA quality and yields.

 6. Sample color should turn solid pink.
 7. In order to store the aqueous phase plus the isopropanol place 

it in −80 °C. This sample can be stored overnight if necessary.
 8. Depending on the sample type, RNA pellet can look white or 

have a gel-like appearance. RNA pellet can be attached to the 
bottom of the tube or float, be careful.

 9. It is important to keep the final concentration of cDNA per 
well between 5 and 50 pg.

 10. Before placing the plate in the thermocycler, centrifuge 
(2,000 × g for 3 min) it to allow contents to move to the bottom 
of the wells.

 11. This is an important step prior to bioinformatics analysis.
 12. MiRNA data processing can be used to identify exosomal miR-

NAs that are present or absent, as well as differentially expressed 
among experimental groups.

 13. miRTarBase (http://mirtarbase.mbc.nctu.edu.tw/) provides 
information regarding miRNA-targets interactions, while 
 Targetscan (http://www.targetscan.org/vert_71/) provides 
predict interactions. It is important to keep in mind the differ-
ences between species and tissues.

 14. This washing step can be performed with the medium that will 
be used to culture cells.

 15. For a negative control, use sterile PBS incubated with 
PKH67 in the same manner as described above.

 16. Usually, the labeled exosomes are localized near the cell 
nucleus.
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Chapter 5

Profiling of MicroRNAs in the Biofluids of Livestock 
Species

Jason Ioannidis, Judith Risse, and F. Xavier Donadeu

Abstract

The value of circulating microRNAs (miRNAs) as noninvasive biomarkers of human disease has been exten-
sively demonstrated. Significant potential also exists in other species, particularly in relation to control of 
veterinary diseases and selection/monitoring of production traits in livestock. Although robust protocols 
have been developed for miRNA profiling of human biofluids, significant optimization may be required 
before these can be applied to other species. In this chapter, we describe protocols for small-RNA sequencing 
and RT-qPCR analyses of plasma samples from livestock species. In addition, we provide brief data analysis 
protocols for small-RNA sequencing and RT-qPCR data. Finally, we highlight important considerations for 
these protocols such as low RNA yield, platform-specific biases, and optimal normalization approaches.

Key words Cow, miRNA, microRNA, Biomarker, Plasma, Follicular fluid, Sequencing

1 Introduction

MicroRNAs (miRNAs) are short noncoding RNAs with a generic 
role in post-transcriptional gene regulation during tissue develop-
ment and homeostasis [1–3]. MiRNAs are released from cells and 
many can be detected in a relatively stable form in body fluids 
including serum, plasma, saliva, urine, and follicular fluid [4]. In 
recent years, many miRNAs in biofluids have been proposed as 
useful diagnostic/prognostic biomarkers of diseases including can-
cer [5], type II diabetes [6], liver disease [7], and many others. A 
distinct advantage of the use of extracellular miRNAs as biomark-
ers is that, in contrast to standard tissue biopsies, most biofluid 
compartments in the body can be sampled noninvasively.

High-throughput sequencing has now been established as a 
methodology of choice in miRNA research, as it allows comprehen-
sive profiling of small RNA populations within tissues or develop-
mental stages of interest. Analyses of small RNAs have been more 
challenging in biofluids than in solid tissues due to much lower 
RNA content and the abundance of enzymatic inhibitors in many 
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biofluids; enzymatic inhibitors can affect PCR and thus the 
 preparation of sequencing libraries. Despite continuous advances in 
this field, which is dominated by Illumina sequencing platforms, 
recent studies have highlighted the relatively low concordance 
(~50%) in miRNA detection across different platforms (sequencing, 
microarray, and RT-qPCR), reflecting platform-specific biases such 
as adaptor ligation bias [8, 9]. Because of this, it has become critical 
to cross-validate results from miRNA biomarker studies using dif-
ferent complementary approaches.

Small RNA biomarker discovery studies typically utilize a high-
throughput profiling approach such as sequencing or PCR arrays to 
identify candidate sequences associated with a particular physiological 
or disease condition. Cell-free biofluid samples can be analyzed whole 
(e.g., plasma) or individual fractions containing small RNAs can be 
separated and analyzed in isolation (e.g., exosomal or lipoprotein 
fractions). Studies have shown that different fractions in plasma con-
tain different miRNA sequences [10], and thus comprehensive 
screening of miRNA populations may be better achieved using 
unfractionated biofluid samples. Biomarkers identified by high-
throughput approaches are validated in the same or a different cohort 
of samples using a different platform. In most cases validation is car-
ried out using individual RT-qPCR assays which allow some control 
of enzymatic inhibition and sample contamination. The validated 
biomarkers can then be tested in wider subject cohorts and/or their 
function investigated in vitro or in vivo using, for example, luciferase 
reporter assays and gain-of-function or loss-of-function approaches.

In addition to their demonstrated value in human medicine, miR-
NAs have significant biomarker potential in agriculture, particularly 
for disease control and selection for desirable traits in livestock, with 
the aim of improving animal health and productivity. These are two 
main targets of food animal industries worldwide, which are faced 
with the challenge of sustainable food production for an ever-expand-
ing human population. Limited studies in livestock species have 
already shown the potential of circulating miRNAs as biomarkers of 
stress and genetic background [11], infection [12], and grazing [13], 
as well as the potential of miRNAs in follicular fluid as reproductive 
biomarkers [14–16]. Continuous progress in this promising field will 
depend on the availability of robust protocols for screening and iden-
tification of small RNAs in a variety of biofluids, which can be used at 
both the individual and herd levels in a reproducible manner.

In this article, we describe protocols routinely used in our labo-
ratory for the collection, preparation, and small-RNA profiling 
(using sequencing and RT-qPCR) of biofluid samples from live-
stock. The protocols we present have been validated for use in bovine 
plasma, however, we have also applied them successfully to bovine 
follicular fluid and to both equine plasma and follicular fluid, and 
should be useful for other biofluids, such as serum, urine, and saliva, 
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although they may have to be optimized for each specific application. 
Finally, we also provide a basic outline for the analysis of small-RNA 
sequencing using the Illumina platform and of RT-qPCR data.

2 Materials

 1. 10 mL BD Vacutainer K2 EDTA Blood Collection Tubes 
(Becton Dickinson, USA).

 2. 18 G Venepuncture Needles (Becton Dickinson).
 3. BD Vacutainer Needle Holders (Becton Dickinson).
 4. 1.5 mL RNase-free micro-centrifuge tubes.

All water solutions to be prepared using RNase-free water.

 1. 1.5 mL RNase-free micro-centrifuge tubes.
 2. TRIzol LS Lysis Buffer (Life Technologies, USA).
 3. Syn-cel-miR-39-3p (Qiagen, NL); 1.8 × 108 copies/μL.
 4. Chloroform; 99.9%.
 5. RNA-Grade Glycogen (Sigma-Aldrich, USA); 20 mg/mL.
 6. Isopropanol (analytical grade); 99.9%.
 7. Ammonium acetate (Sigma-Aldrich); 5 M.
 8. Ethanol (analytical grade); 70%.
 9. RNase-free water (Qiagen).

We use Qiagen kits although several other companies, notably Exiqon 
(Denmark), provide a range of products for miRNA analyses.

 1. RNase-free PCR tubes; 200 μL.
 2. MiScript II RT kit (Qiagen); contains Reverse Transcriptase, 

Nucleic acid Mix, HiSpec Buffer, and RNase-free water.
 3. MiScript SYBR Green PCR kit (Qiagen); contains Universal 

Primer, SYBR Green Mix and RNase-free water.
 4. MiScript primer assays (Qiagen); reconstituted with 550 μL 

TE buffer.
 5. 96-well, clear round-well PCR plates with flat caps.
 6. A suitable platform for qPCR analyses (among the many differ-

ent available we use Agilent Mx3005P qPCR system, Agilent 
Technologies, USA).

 1. RT-qPCR analysis software (we use MxPro 4.1, Stratagene, 
USA).

 2. Microsoft Excel (Microsoft, USA).
 3. Statistics package (GraphPad, R, Minitab, or other).

2.1 Blood Sample 
Processing 
and Storage

2.2 RNA Extraction

2.3 RT-qPCR

2.4 RT-qPCR Data 
Analysis

Profiling of MicroRNAs in the Biofluids of Livestock Species
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 1. Illumina TruSeq Small-RNA Library Preparation Kit (Illumina, 
USA); contains 10 mM ATP, HML (Ligation Buffer), RA3 
(RNA 3′ Adapter), RA5 (RNA 5′ Adapter), RNase Inhibitor, 
STP (Stop Solution), T4 RNA Ligase, Ultrapure water, 25 mM 
dNTP Mix, PML (PCR Mix), RP1 (RNA PCR Primer), RNA 
PCR Primer Index, RTP (RNA RT Primer), 5× Fist Strand 
Buffer, 100 mM DTT, CRL (Custom RNA Ladder), HRL 
(High Resolution Ladder).

 2. T4 RNA Ligase 2 (Epicentre, USA); 200 U/μL.
 3. Superscript II Reverse Transcriptase (Life Technologies).
 4. Novex TBE gels; 6%, 10-well.
 5. Novex TBE running buffer; 5×.
 6. Ultrapure ethidium bromide (10 mg/mL).
 7. Razor blade.
 8. 5 μm filter tubes (IST Engineering).
 9. High Sensitivity DNA Kit (Agilent).
 10. High Sensitivity DNA Chip (Agilent).
 11. DNA loading dye.

 1. R programming language [17].
 2. R studio 0.98 [18].
 3. sRNAbench (part of sRNAtoolbox) [19].

3 Methods

This protocol describes steps involved in collection and processing of 
whole blood samples to obtain plasma with negligible cell content.

 1. Collect whole blood in a 10 mL EDTA collection tube using 
appropriate 18G needles and needle holders, taking care not to 
induce hemolysis.

 2. Invert each collection tube multiple times after sampling to 
ensure sufficient mixing of blood with anti-coagulant.

 3. Proceed to step 4 or store whole blood at 4 °C for as short a 
period as possible (see Note 1).

 4. Centrifuge whole blood at 1900 × g for 10 min at 4 °C.
 5. Aspirate the plasma supernatant (typically 40–60% of total 

blood volume) with a pipette, leaving a small volume to avoid 
disturbing the buffy coat. Aliquot the plasma into multiple 
micro-centrifuge tubes if required.

 6. Centrifuge the aliquoted plasma for a second time at 16,000 × g 
for 10 min at 4 °C.

2.5 Small RNA 
Sequencing Library 
Preparation

2.6 Sequencing Data 
Analysis Software

3.1 Blood Sample 
Processing
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 7. Aspirate the supernatant taking care not to disturb the cell pel-
let at the bottom of the tube.

 8. Store plasma at −80 °C or proceed to RNA extraction. Avoid 
repeated freeze thawing of plasma samples (see Note 2).

This protocol uses TRIzol LS (Life Technologies) to extract RNA 
from bovine plasma, with some modifications aimed at improving 
RNA yield. We usually extract 350 μL of each sample which yields 
about 4 ng of RNA. To obtain larger yields, the samples can be split 
into multiple 350 μL aliquots which are extracted simultaneously. 
In our experience, extracting 350 μL of plasma provides sufficient 
RNA for downstream RT-qPCR profiling of miRNAs, whereas 
1050 μL of plasma are sufficient for small-RNA sequencing.

 1. Pipette the desired volume of plasma in a micro-centrifuge 
tube.

 2. Add three volumes of TRIzol LS (1050 μL) to each tube 
 containing plasma and homogenize by pipetting up and down 
several times.

 3. Incubate the homogenate at room temperature for 5 min.
 4. Spike each tube with 3.5 μL of syn-cel-miR-39-3p (total, 

5.6 × 108 copies), prepared according to the manufacturer’s 
instructions, and mix by vortexing.

 5. Add 280 μL of chloroform to each tube and vortex for 15 s.
 6. Incubate at room temperature for 10 min.
 7. Centrifuge at 12,000 × g for 15 min at 4 °C.
 8. Aspirate the top aqueous layer from each tube and place into a 

new micro-centrifuge tube (see Note 3).
 9. Add 0.1 volumes of ammonium acetate salt and 20 μg of gly-

cogen to assist with RNA precipitation. Add an equal volume 
of isopropanol and mix gently.

 10. Incubate for 10 min at room temperature.
 11. Centrifuge at 12,000 × g for 10 min at 4 °C. Aspirate and dis-

card the supernatant (see Note 4).
 12. Wash the resulting RNA pellet in at least 1 mL of 75% ethanol 

by vortexing.
 13. Centrifuge at 8000 × g for 5 min at 4 °C. Remove the super-

natant and all residual ethanol (see Note 5).
 14. Dry the pellet by leaving the tube with the cap open for 10 min 

at room temperature.
 15. Resuspend the pellet in 10 μL of RNase-free water by pipetting 

up and down (see Note 6).
 16. Incubate the RNA solution in a heat block at 55 °C for 10 min.

3.2 RNA Extraction

Profiling of MicroRNAs in the Biofluids of Livestock Species



70

 17. As an optional step, an RNA quantification assay (e.g., RiboGreen 
by Thermo Fischer Scientific) can be used to determine RNA 
yield and exclude samples with exceptionally low yields. A signifi-
cant amount of RNA extract may be used in this step.

This protocol uses the miScript PCR system (Qiagen) with some 
modifications to reduce the reaction volume and obtain the opti-
mal amount of RNA for downstream applications. Note that results 
with at least the same quality can be generated using analysis plat-
forms from other manufacturers, such as Exiqon. All the steps 
should be carried out on ice unless stated otherwise.

 1. Set up a 10 μL reaction containing 2 μL of RNA, 1 μL of 
nucleics mix, 2 μL of HiSpec buffer, 1 μL of reverse transcrip-
tase, and 4 μL of RNase-free water. Mix gently. No-RT (NRT) 
and no-template (NTC) controls should be included in each 
RT-qPCR assay in order to control for DNA contamination 
and primer-dimer formation, respectively. When preparing a 
master mix for multiple reactions prepare an excess 10% to 
allow for pipetting error (see Note 7).

 2. Incubate the reaction in a PCR cycler for 60 min at 37 °C and 
then 5 min at 95 °C. Store cDNA at −20 °C until further use 
or proceed to qPCR.

 3. Dilute each cDNA sample 40-fold in RNase-free water  
(see Note 8).

 4. Prepare 10 μL qPCR reactions in a 96-well plate using 2 μL 
diluted cDNA, 1 μL universal primer, 1 μL miScript primer 
assay, 5 μL SYBR Green mix, and 1 μL RNase-free water.

 5. Centrifuge the samples for 1 min at 1000 × g at room tempera-
ture to remove air bubbles.

 6. Quantify the samples and controls (and standard curve if 
included) using technical replicates (duplicate or triplicate 
wells of a 96-well plate) on suitable qPCR equipment using the 
conditions outlined in Table 1.

3.3 RT-qPCR

Table 1 
Conditions used for qPCR analysis of miRNAs in biofluid samples using the miScript PCR system 
(Qiagen)

Step Duration Temperature (°C) Comments

Activation 15 min 95 –

Denaturation 15 s 94 Repeat for 40 cycles

Annealing 30 s 55 Repeat for 40 cycles

Extension 30 s 70 Repeat for 40 cycles

Jason Ioannidis et al.
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In this section, we briefly outline the steps required to analyze 
RT-qPCR data using a standard curve (see Note 7). If a standard 
curve is not used then data can be analyzed using the ΔΔCt 
method, information on which can be easily obtained online.

 1. Perform quality control checks on RT-qPCR data:

 (a)  Standard curve amplification efficiency should typically be 
85–115% and R2 should be >0.85.

 (b)  Negative controls (NRT and NTC) should ideally be 
undetectable but in all the cases they should be detected at 
no less than 5 Cq values from the least abundant sample.

 (c) Dissociation curve should show a single well-defined peak.
 2. Export sample Cq-values and copy number values (extrapo-

lated from values obtained from the standard curve) to 
Microsoft Excel and calculate the mean expression value from 
all the technical replicates for each sample.

 3. Normalize the mean expression level of the gene of interest to 
the mean expression level of the normalizer (or the mean expres-
sion of multiple normalizers; see Note 9) for each sample.

 4. Plot normalized expression levels and analyze using suitable 
statistics package.

In this section, we outline the steps for the preparation of small-RNA 
sequencing libraries from plasma RNA samples using the TruSeq 
small RNA library preparation kit. All the samples and reagents 
should be kept on ice unless otherwise specified. The protocol is for 
a single library; when using a master mix for multiple libraries, pre-
pare 10% additional reagents to account for pipetting error.

 1. Mix 1 μL of RA3 (3′ adapter) with 5 μL of RNA from each 
sample.

 2. Incubate the mix for 2 min at 70 °C on a thermal cycler.
 3. Prepare each 10 μL ligation reaction by combining the above 

mix with 2 μL HML (ligation buffer), 1 μL RNase inhibitor, 
and 1 μL T4 RNA ligase 2. Mix by pipetting.

 4. Incubate the reaction for 1 h at 28 °C.
 5. Add 1 μL οf stopping mix (STP) and mix by pipetting.
 6. Incubate for a further 15 min at 28 °C.
 7. Preheat 1 μL of RA5 (5′ adapter) at 70 °C for 2 min on a ther-

mal cycler.
 8. Add 1 μL of 10 mM ATP to the 5′ adapter. Mix by pipetting.
 9. Add 1 μL of T4 RNA ligase. Mix by pipetting.
 10. Add 3 μL of the above mix to the product of the 3′ adaptor 

ligation reaction (step 6).

3.4 RT-qPCR Data 
Analysis

3.5 Small RNA 
Sequencing Library 
Preparation
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 11. Incubate at 28 °C for 1 h.
 12. Combine 6 μL of the resulting reaction from the above step 

with 1 μL RNA RT Primer and mix by pipetting.
 13. Incubate the reaction for 2 min at 70 °C.
 14. Prepare the following mix in a separate tube: 2 μL of 5× first 

strand buffer, 0.5 μL of 12.5 mM dNTP mix, 1 μL of 100 mM 
DTT, 1 μL of RNase inhibitor, and 1 μL of SuperScript II 
reverse transcriptase. Mix by pipetting.

 15. Add the resulting mix (5.5 μL) to the mix from step 13 and 
incubate for 1 h at 50 °C.

 16. Prepare the following PCR master mix: 8.5 μL of ultrapure 
water, 25 μL of PML, 2 μL of RP1, 2 μL of RPIX. Mix by 
pipetting.

 17. Add the PCR master mix to the product of the reaction from 
step 15.

 18. Incubate following the conditions in Table 2.
 19. The quality of the resulting DNA library can be assessed using 

a Bioanalyzer DNA chip.
 20. Combine 2 μL CRL with 2 μL of DNA loading dye and mix 

by pipetting.
 21. Combine 1 μL HRL with 1 μL of DNA loading dye and mix 

by pipetting.
 22. Load 2 gel lanes with 2 μL CRL/loading dye mix.
 23. Load 1 gel lane with 2 μL HRL/loading dye mix.
 24. Load 2 gel lanes with 25 μL each of DNA / loading dye mix 

(total load volume, 50 μL).
 25. Run the gel at 145 V for 60 min (see Note 10).
 26. Stain the gel with ethidium bromide for 3 min and view in a 

UV trans-illuminator.

Table 2 
PCR conditions for the amplification of small-RNA sequencing libraries, using the TruSeq Small-RNA 
Library Preparation Kit (Illumina)

Step Duration Temperature (°C) Comments

Activation 30 s 98 –

Denaturation 10 s 98 Repeat for 11 cycles

Annealing 30 s 60 Repeat for 11 cycles

Extension 15 s 72 Repeat for 11 cycles

Termination 10 min 72 –
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 27. Carefully excise the gel bands at around 145–160 nucleotides 
(nt) and above in order to isolate the miRNA fragment of the 
library (see Note 11 and Fig. 1).

 28. Place the excised band in a gel breaker tube and centrifuge at 
20,000 × g for 2 min.

 29. Add 200 μL ultrapure water to the gel debris and rotate over-
night to elute the DNA.

Fig. 1 (a) Electropherogram produced from RNA extracted from blood cell (lanes 1–4) and plasma samples 
(lanes 5–10) using TRIzol LS. (b) Electropherogram from cDNA libraries constructed from RNA samples in  
(a) using the TruSeq Small-RNA Library Preparation Kit (Illumina). Notice the difference in RNA profiles between 
lanes due to dramatically lower RNA content in plasma. Samples were analyzed using a Bioanalyzer RNA Pico 
Chip (a) and a High Sensitivity DNA Chip (b), both from Agilent

Profiling of MicroRNAs in the Biofluids of Livestock Species
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 30. Transfer the eluted DNA to the top of a 5 μm filter and 
 centrifuge at 600 × g for 10 s.

 31. The resulting DNA library can be quality controlled on a 
Bioanalyzer DNA chip for the detection of a miRNA peak 
(see Note 12). The molarity of the resulting libraries can be 
adjusted to 2 nM using Tris–HCL 10 mM, pH 8.5 and stored 
at −20 °C.

 32. Submit small RNA libraries for sequencing at 50-base single-
end sequencing on the HiSeq 2500 Sequencing System (or a 
similar platform).

Small RNA sequencing data in FASTQ format can be analyzed 
using sRNAbench software which performs preliminary processing 
and QC, mapping and differential expression analysis. Here, we 
briefly outline the steps involved. For detailed information please 
see the software manual.

 1. The software can be run in genome mode using default 
 settings, providing the desired genome as a reference and the 
latest version of miRBase (for the desired species) as the refer-
ence database in order to identify native as well as homologous 
miRNAs (see Note 13).

 2. As an additional step, novel miRNAs as well as isomiRs 
 (isomeric miRNAs) can be identified using sRNAbench’s step-
wise identification algorithm.

 3. Prior to mapping, adapter sequences are trimmed from the reads 
and any reads with undetermined bases (N) and reads shorter 
than 15 nucleotides (a user-defined parameter) are auto matically 
removed from the data set.

 4. For mapping raw reads to the genome (or miRNA reference 
library) an alignment tool such as Bowtie can be used [20]. By 
default, this allows a single-nucleotide mismatch when map-
ping raw reads to the genome or to known miRNA sequences.

 5. Following mapping, read counts per miRNA can be concate-
nated based on the mature miRNA sequence or individual 
miRNA loci (see Note 14).

 6. sRNAbench can use edgeR internally for differential expres-
sion analysis in R language 3.2.1 [17, 21] (see Note 15).

4 Notes

 1. If wet ice is used, avoid direct contact with collection tubes as 
rapid chilling could induce haemolysis and alter sample miRNA 
profiles.

 2. Hemolysis typically alters miRNA profiles [22]. Hemolyzed 
plasma samples can be identified by visual inspection, 

3.6 Small RNA 
Sequencing Data 
Analysis
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 spectrophotometric measurements, and determination of 
miRNA expression ratios by RT-qPCR. The miR-451/miR-
23a ratio was recently shown to be a very sensitive indicator of 
hemolysis [23]. It is good practice to systematically determine 
this parameter in all plasma samples before they are used for 
small RNA profiling.

 3. Take care not to aspirate any of the colored layers as this will 
contaminate the RNA sample with phenol which will inhibit 
subsequent enzymatic reactions.

 4. In some cases, the RNA pellet may be difficult to visualize after 
centrifugation. Prior marking of the position in the tube where 
the pellet is expected to sit after centrifugation may help local-
ize the pellet.

 5. Ensuring most of the residual ethanol is removed is important 
for quick drying of the RNA pellet. Use a pipette to remove all 
visible ethanol and then invert the tubes on absorbent paper 
and leave to dry.

 6. The RNA solution will gradually turn cloudy during resuspen-
sion. Resuspending the RNA in less than 10 μL may be difficult.

 7. We simultaneously prepare a standard curve containing dilutions 
(twofold increments) of pooled cDNA from several samples. 
Including a standard curve in each qPCR reaction allows for con-
trol of amplification efficiency (see section 3.4).

 8. In our experience, freeze-thawing cDNA will have an impact 
on qPCR reaction efficiency and miRNA abundance; there-
fore, it is advisable to freeze multiple aliquots of cDNA and on 
the day of qPCR thaw a fresh aliquot for assaying.

 9. No single housekeeping gene can be used as a universal normal-
izer for extracellular miRNA data. A small RNA should ideally 
be used. Several normalizers have been proposed [24, 25], 
however we recommend identifying potential normalizers from 
a high-throughput data set that is relevant to your experiment. 
Tools such as NormFinder can assist in identifying suitable 
 normalizers [26].

 10. For optimal separation of short-length sequences, stop the gel 
when the dye reaches the bottom of the gel.

 11. The 147-nt band should primarily contain ~22-nt small RNA 
fragments consisting of mature miRNAs. The 157-nt band 
should contain ~30 nt RNA fragments of piwi-interacting RNAs, 
some miRNAs, and other regulatory small RNA molecules.

 12. Due to the low yield of RNA from plasma samples, in our 
experience a miRNA peak is not always obvious; however, such 
libraries may still be of reasonable quality and produce more 
than 70% of mappable reads as miRNAs.

Profiling of MicroRNAs in the Biofluids of Livestock Species
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 13. The quality of annotated miRNA data varies with each species. 
De novo identification of miRNAs is a better approach for 
poorly annotated species.

 14. When mapping in genome mode it is important to use “counts 
per miRNA” as most mature miRNA reads will map to  multiple 
genomic locations and sRNAbench counts are multi-mapping 
corrected. We found the mature_sense_singleA.grouped the 
most useful counts file to extract unique counts per miRNA.

 15. Alternatively, read counts can be exported from sRNAbench 
and normalized to the total number of mapped reads per 
 sample. These normalized values (reads per million mapped, 
RPMM) can be used for data presentation and statistical analy-
sis independently of sRNAbench (e.g., using R packages).
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Chapter 6   

Exosomal MicroRNAs as Potential Biomarkers 
in Neuropsychiatric Disorders             

Gabriel R. Fries and Joao Quevedo

Abstract

This chapter will discuss the potential use of microRNAs, particularly those located in peripherally-isolated 
exosomes, as biomarkers in neuropsychiatric disorders. These extracellular vesicles are released as a form of 
cell-to-cell communication and may mediate the soma-to-germline transmission of brain-relevant informa-
tion, thereby potentially contributing to the inter- or transgenerational transmission of behavioral traits. 
Recent novel methods allow for the enrichment of peripheral exosomes specifically released by neurons 
and astrocytes and may provide valuable brain-relevant biosignatures of disease.

Key words Biomarkers, Exosomes, MicroRNA, Neuropsychiatry, Periphery, Epigenetics

1 Introduction

A “biomarker” has been traditionally defined as a biological feature 
that can be used to detect the presence or progression of a disease 
or the effectiveness of a given treatment [1]. The use of biomarkers 
in medicine is a common and valuable approach in several clinical 
fields. However, no clinically relevant biomarker has been found 
for the field of neuropsychiatry, at least not of enough sensitivity 
and specificity to be actually used in the clinics. In particular, while 
several candidate biomarkers identified have shown high sensitivity, 
most of them are not specific to the particular disorder they were 
initially linked to.

While initial studies have focused on “candidate” markers, i.e., 
the investigation of specific proteins, genes, or metabolites hypoth-
esized to be involved with the disorder based on previous evidence, 
the current gold standard approach relies on broad nonspecific 
screening methods (“omics”). By doing so, the analysis is not lim-
ited to known predefined markers and takes a systems biology per-
spective that better fits the extremely complex nature of psychiatric 
disorders, i.e., multifactorial disorders involving the interaction 
between several genes, proteins, and environmental stimuli [2]. 



80

While proteomics and genomics have been traditionally the main 
focus of study in biomarkers research, epigenomic markers have 
been recently proposed as important players in the etiology, treat-
ment, and progression of neuropsychiatric illness, suggesting them 
as valuable biomarkers worthy of investigation. Such markers 
depend both on the genotype and on the environment exposure, 
making them particularly relevant for such disorders.

Among the known epigenetic markers, of which DNA meth-
ylation is the most commonly investigated, microRNAs (miRNAs) 
represent an interesting target based on their widespread and 
global mechanisms of action. In particular, miRNAs have been 
shown to present important roles in neurobiological processes, such 
as neurogenesis, neural differentiation, and synaptic plasticity [3]. 
Moreover, they are active molecules with the ability to modulate 
gene expression and DNA methylation, and have been suggested 
to reflect altered physiology more directly than messenger RNAs, 
as well [3]. This chapter will briefly discuss the potential use and 
implications of miRNAs as biomarkers in neuropsychiatric disor-
ders, with an emphasis on those located in peripheral exosomes.

2 Peripheral miRNAs as Biomarkers of Illness

Several different measures have been proposed as relevant bio-
markers in medicine, including neuroimaging parameters, individ-
ual proteins, proteomic profiles in blood, plasma, serum, or cerebral 
spinal fluid (CSF), gene expression of particular genes and tran-
scriptomic profiles in peripheral cells, among others [4]. Recently, 
biomarkers research has started to focus on miRNA as valuable 
measures with the potential to inform of pathophysiological mech-
anisms in disease.

In fact, miRNAs are particularly suitable as biomarkers since 
they can be found in several easily and noninvasively collected body 
fluids, such as saliva, urine, seminal plasma, tears, breast milk, and 
blood [5]. Moreover, miRNAs have also been detected in amniotic 
fluid, colostrum, bronchial lavage, cerebrospinal fluid, peritoneal 
fluid, and pleural fluid [3].

Accordingly, several studies have investigated differences  
in circulating miRNAs in neuropsychiatric diseases, including 
Alzheimer’s disease (AD), Huntington’s disease (HD), schizo-
phrenia, bipolar disorder (BD), major depressive disorder (MDD), 
and autism spectrum disorder (ASD) [3], most of which point to 
important differences between patients and controls. Importantly, 
as for other types of biomarkers, the analysis of miRNAs as it is 
commonly performed ‘suffers’ from their tissue-specific properties 
and the heterogeneity of clinical populations under investigation 
[3]. In this context, comprehensive correlation studies between 
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periphery and the central nervous system are warranted, as well as 
novel approaches for the identification of the tissue of origin of the 
peripheral miRNAs being measured.

3 Circulating miRNAs

MicroRNAs can reach the peripheral circulation by either a passive 
release from cells (which typically occurs after cell death and is an 
energy-free process) or an active and selective secretion in response 
to a stimulus [3]. In general, these small RNA molecules can  
be found in different forms in the circulation: packaged inside 
microvesicles (MVs), exosomes, apoptotic bodies (ABs), or exist as 
a microvesicle-free miRNA associated with several multi-protein or 
lipoprotein complexes [3], such as the high-density lipoprotein 
(HDL) [5]. Of particular relevance for biomarkers research, circu-
lating miRNAs are surprisingly stable and resistant to degradation 
from RNAse activity. Moreover, they have been shown to remain 
stable to severe conditions, as well, such as boiling, extreme pHs, 
extended storage, among others [3], which is likely due to the 
protection offered by their packaging into membrane-delimited 
vesicles.

Extracellular vesicles, such as those filled with miRNAs in the 
circulation, are thought to represent important vehicles in cell-to- cell 
communications in the body. These membrane-surrounded struc-
tures can be classified based on their sizes, components, and mech-
anisms of formation. While MVs are directly formed from the cell 
membrane, exosomes are released by exocytosis after the fusion of 
multivesicular bodies with the plasma membrane [5]. These multi-
vesicular bodies are formed at endosomes by the inward budding 
of their delimiting membrane and can either fuse with lysosomes 
(resulting in the degradation of their content) or with the plasma 
membrane (resulting in the release of their context in the form of 
exosomes) (Fig. 1a) [6].

Exosomes have typically between 40 and 100 nm in diameter and 
are secreted by most cell types, including neurons. These vesicles 
are known to be specially enriched in miRNAs, although their 
miRNA profiles do not necessarily reflect the profile of their cells 
of origin. This suggests an active sorting of the miRNAs to be 
packaged into the exosomes rather than a random and passive 
release. Accordingly, specific miRNAs have been shown to be pref-
erentially sorted into exosomes, such as the miR-320 and miR-150 
[5]. Of particular interest, exosomes have the ability to reach both 
neighboring and distant cells through circulation and deliver its 
content to these cells, ultimately transferring miRNAs and modu-
lating the recipient cell’s phenotype.

3.1 Exosomal 
miRNAs

Exosomal MicroRNAs as Potential Biomarkers in Neuropsychiatric Disorders
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Exosomal miRNAs have been proposed to act by two different 
mechanisms. One involves the typical action of miRNAs in nega-
tively interfering with specific messenger RNAs (as any intracellular 
miRNA), while the other has been proposed to involve their ability 
to bind as ligands to toll-like receptors and trigger an inflammatory 
response (as reported for the exosomal miR-21 and miR-29a) [7]. 
Of note, the transfer of miRNAs by exosomes can have important 
implications for disease mechanisms, most notably tumor meta-
stasis formation. In the context of neuropsychiatric illnesses, the 
implications have been proposed to include the transferring of epi-
genetic information from somatic to progenitor cells, thereby con-
tributing to a non-genetic inter- and transgenerational transmission 
of behavioral traits [8–10] (Fig. 1b). This is quite interesting 
 considering that a pool of circulating exosomes is thought to be 
released from neural tissues; neuronal exosomes can be released in 
response to synaptic activity [4] and might offer a valuable source 
of neuronal cell-specific information accessible in the periphery, as 
described in the next section.

GERM CELLS

INTERGENERATIONAL 
TRANSMISSION OF EPIGENETIC 

MARKERS

LISOSOME

ENDOCYTOSIS

EARLY 
ENDOSOME

MULTIVESICULAR 
BODIES

EXOSOMES

miRs

A B

Fig. 1 (a) Formation and release of exosomes. Exosomes are generated by the inward budding of the surround-
ing membrane of the microvesicular bodies. These exosome-filled microvesicle bodies can be either fused 
with the lysosome (resulting in the degradation of the cargo) or with the plasma membrane for release of 
exosomes to the circulation. (b) Of particular relevance for neuropsychiatric disorders, exosomes released by 
brain cells can reach the peripheral circulation and deliver their context to germ cells. This soma-to-germline 
communication through exosomes has been hypothesized as one of the mechanisms underlying the non- 
genetic inter- and transgenerational transmission of epigenetic markers (such as DNA methylation), thereby 
potentially contributing to the transmission of behavioral traits over generations

Gabriel R. Fries and Joao Quevedo
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The analysis of peripheral exosomes, particularly their miRNA, is 
certainly a novel and particularly exciting approach in the field of 
neuropsychiatry. However, given its relatively recent start in the 
clinical context, exosome investigation still faces significant meth-
odological challenges.

The study of exosomal miRNAs will typically require the initial 
isolation of exosome particles from the biological sample of inter-
est, be it serum, plasma, cell culture supernatant, urine, or others 
(as discussed above). Currently available protocols for exosome 
enrichment differ in terms of the yield of isolated exosomes and 
may also lead to slight differences in their content [11, 12]. These 
include ultracentrifugation, density gradient separation, immu-
noaffinity capture, size exclusion chromatography, and commercial 
kits [5]. All of them might face the challenge of isolating very low 
quantities of exosomes, depending on the input sample. In these 
cases, high volumes of input sample might be required, depending 
on the downstream application. For the analysis of plasma-derived 
exosomal small RNA transcriptome by next-generation sequencing 
(NGS), for example, a study has shown that as little as 250 μL of 
human plasma might be sufficient for the isolation of an adequate 
quantity of exosomal miRNAs [13].

Once isolated, the enriched exosome fraction can be character-
ized by a plethora of different methods [14–17]. These include, 
among others, the use of transmission microscopy, scanning elec-
tron microscopy, dynamic light scattering, nanoparticle tracking 
analysis [18], and the analysis of specific proteins typically found in 
exosomes, such as CD63, CD9, and CD81 [5]. For the characteriza-
tion of exosomal miRNAs, currently performed methods include 
miRNA microarrays, real-time quantitative PCR, and NGS. The 
main advantage of NGS compared to the other methods is that it 
is not limited to predefined known sequences, allowing for the 
potential discovery of novel RNA sequences and a deeper investi-
gation of the sample.

Important for neuropsychiatric research, novel current meth-
ods have been proposed to specifically study immunochemically- 
isolated neuronally-derived circulating exosomes. Following total 
exosome isolation from human plasma samples, Goetzl and col-
leagues (2015) have used an antibody against the CD171 (L1 cell 
adhesion molecule [L1CAM] neural adhesion protein) to immune- 
enrich neural-derived exosomes from patients with AD [19]. 
Characterization of neurally-derived exosomes included the assess-
ment of neuron-specific enolase and type 1 neural cell adhesion 
molecule (NCAM-1) along with the exosome marker CD81. A simi-
lar approach has been taken to enrich astrocyte-derived exosomes 
from peripheral plasma samples based on the immunolabeling of 
glutamine aspartate transporter (GLAST), as well [20]. Accordingly, 
miRNAs present in astrocyte-derived exosomes have been suggested 
to act as mediators of neuronal plasticity [21]. These innovative 

3.2 Methodological 
Considerations

Exosomal MicroRNAs as Potential Biomarkers in Neuropsychiatric Disorders
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approaches are quite interesting for neuropsychiatric research 
 considering the possibility of peripherally measuring markers that 
originated specifically in the central nervous system, i.e., may 
 represent a peripheral “window for the brain.”

4 Conclusions

As briefly discussed in this chapter, exosomal miRNAs represent 
exciting potential biomarkers for neuropsychiatric disorder, par-
ticularly due to: (1) their availability in peripheral tissues; (2) their 
high stability against RNAses and other extreme conditions due to 
their location within membrane-surrounded structures; and (3) 
the possibility of specifically analyzing exosomes derived from the 
nervous system, which can ultimately inform of brain pathophysi-
ological mechanisms. The latter is of particular relevance given that 
the tissue of origin of most peripherally-measured biomarkers so 
far is unknown.

Importantly, the study of exosomal miRNAs is still in its infancy 
in the field of Neuropsychiatry (particularly when compared to 
cancer research), and therefore the real clinical implications of their 
investigation are still quite hypothetical. Future longitudinal stud-
ies will need to be performed to investigate the potential use of 
exosomal miRNAs as biomarkers of risk, diagnosis/trait, state/
acuity stage, treatment response, or prognosis [22]. Compared to 
other biomarkers currently under investigation, it is believed that 
the study of neural- or astrocyte-derived exosomal miRNAs is likely 
to provide brain-relevant disease-specific biosignatures that can 
overcome current limitations of biomarker research and signifi-
cantly move the field forward.
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Chapter 7

Identification and Validation of Potential Differential 
miRNA Regulation via Alternative Polyadenylation

Max Hübner, Pedro A.F. Galante, Simone Kreth, 
and Ludwig Christian Hinske

Abstract

MiRNAs control gene expression via recognition of specific sequences in the 3′ untranslated region of 
target genes, leading to mRNA degradation and consequently translational repression. The regulatory 
impact of miRNAs does not only depend on their expression levels, but also on their targets’ mRNA con-
figuration. Via alternative polyadenylation mRNA isoforms are created that may or may not contain the 
respective miRNA target sequence, turning the regulatory between these two on or off. In the following 
article, we describe our protocol on how to combine a bioinformatics evaluation of a potential miRNA–
target gene interaction using the public web framework miRIAD with 5′ rapid amplification of cDNA  
ends (5′-RACE) in order to explore differential gene regulation by miRNAs through alternative 
polyadenylation.

Key words Differential miRNA targeting, 3′ RACE, Alternative polyadenylation, Intronic miRNAs, 
Tissue-specific regulation

1 Introduction

MiRNAs have established their role as potent regulators of the 
epigenome that are involved in a plethora of signaling pathways 
[1–4]. A significant fraction of miRNAs yield a relevant tissue spec-
ificity, leading to tissue-specific pathway regulation [5, 6]. However, 
apart from expression differences, gene-regulation through miR-
NAs can be modulated via another important mechanism: alterna-
tive polyadenylation [7, 8]. Since miRNA target identification 
relies on base-pair complementarity to the 3′-UTR of a gene, pro-
longation of shortening of such may turn miRNA for a certain 
gene on or off [9]. We recently found that this type of differential 
regulation appears to be a viable method to regulate host-targeting 
intronic miRNAs [7]. Moreover, recent publications show how 
alternative polyadenylation patterns are tissue specific [10–12]. It 
is therefore reasonable to assume that miRNAs may target certain 
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genes in one tissue, but don’t in another, an effect that is yet poorly 
investigated. Thus, we extended our previously published web 
resource miRIAD to incorporate alternative polyadenylation sites, 
distribution of site usage as well as miRNA and gene expression 
across tissues, protein interactions, and miRNA target predictions 
in order to allow the detection of differential miRNA targeting.

In the following article, we will show how to combine miR-
IAD with 3′ Rapid Amplification of cDNA Ends (RACE) to iden-
tify and validate differential miRNA targeting.

2 Materials

 1. RNA (see Note 1).
 2. dNTP Mix (25 mM) of dATP, dCTP, dGTP, dTTP.
 3. 3′ RACE Adapter.
 4. 10× RT Buffer.
 5. RNase Inhibitor.
 6. M-MLV Reverse Transcriptase.
 7. Nuclease-free water (ddH2O).

 1. RT reaction (from the previous step).
 2. 10× PCR Buffer.
 3. dNTP Mix (25 mM) of dATP, dCTP, dGTP, dTTP.
 4. 3′ RACE gene-specific outer primer (10 μM) (see Note 2).
 5. 3′ RACE Outer Primer.
 6. Nuclease-free water (ddH2O).
 7. Thermostable DNA polymerase (0.25 μL of 5 U/μL) (see Note 3).

 1. Outer 3′ RACE PCR (from the previous step).
 2. 10× PCR Buffer.
 3. dNTP Mix (25 mM) of dATP, dCTP, dGTP, dTTP.
 4. 3′ RACE gene-specific inner primer (10 μM).
 5. 3′ RACE Inner Primer to.
 6. Nuclease-free water (ddH2O).

3 Methods

 1. The webtool miRIAD is accessible at http://www.miriad-
database.org.

2.1 Reverse 
Transcription

2.2 Outer 3′RLM-
RACE PCR

2.3 Inner 3′ RLM-
RACE PCR

3.1 Identification 
of Differential miRNA 
Targeting Using 
miRIAD

Max Hübner et al.
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 2. On the main screen, select the species of interest (currently ten 
species available).

 3. Type the name of the gene of interest, e.g., “ZFR.”
 4. In the representation of the 3′-UTR (Fig. 1), click on the little 

circles that represent poly(A)-sites. This will show tissue-spe-
cific usage of that site. In the case of ZFR, brain for example 
has equal expression of a ZFR variant with a 341 base pair 
3′-UTR and a 1410 base pair 3′-UTR. Liver only presents 
with the 341 base pair variant.

 5. Now, search for miRNAs that are predicted to target the 
3′-UTR only in the longer variant: Move to the “miRNA bind-
ing sites” table, and use the filter fields below the table.

 6. Select the UTR index (in case there are completely indepen-
dent UTR regions) and the minimum poly(A) index (the 
count of alternating green colors in the UTR representation) 
to reduce the list of miRNAs to those that bind to the longer 
UTR isoform only.

 7. If one is interested in specific tissues, the list can further be 
reduced by filtering for the tissue of maximum expression. In 
the given example, filtering might be applied to miRNAs that 
yield maximum expression in the brain.

 8. Go through the list of miRNAs that remain in the table. Click 
on a miRNA of interest, little yellow boxes will show up in the 
UTR representation that represent potential target sites and 
verify that there are no additional target sites for that miRNA 

Fig. 1 Visual representation of the 3′-UTR of the gene ZFR. Alternative polyadenylation patterns are indicated by 
alternating shades of green. APA site usage across different tissues is shown for three polyadenylation sites. A 
potential target recognition site for miR-380-3p is indicated by a yellow box (position 1220–1227 bp after CDS)

Identification and Validation of Potential Differential miRNA Regulation via Alternative…
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close to the CDS. In the given example, hsa-miR-380-3p 
might be an interesting candidate.

 9. An optional, additional step could be to check ZFR’s interac-
tion network for overrepresentation of miR-380-3p targets. 
This can be achieved via clicking on “[Load Network]” in the 
top left of the “Protein-protein interactions” table and then 
search for the respective miRNAs (e.g., miR-380-3p) in the 
miRNA table.

After the identification of a potential miRNA–target gene interac-
tion, validate the existence of the UTR isoforms using Rapid 
Amplification of cDNA Ends.

 1. Gently mix RNA (1 μg total RNA or 50 ng poly(A) RNA), 
4 μL dNTP mix, 2 μL RACE Adapter, 2 μL 10× RT Buffer, 
1 μL RNAse inhibitor, 1 μL M-MLV Reverse transcriptase, 
and 8 μL nuclease-free water in a nuclease-free microcentrifuge 
tube on ice.

 2. Spin the tube briefly.
 3. Proceed to PCR or see Note 4.

 1. Use 1 μL RT reaction (from the previous step), and add 
5 μL 10× PCR Buffer(see Note 5), 4 μL dNTP, 2 μL 3′ 
RACE gene-specific outer primer (10 μM), 2 μL 3′ RACE 
Outer Primer, 1.25 U thermostable DNA polymerase 
(0.25 μL of 5 U/μL) and ddH2O to a total reaction volume 
of 50 μL in a nuclease-free microcentrifuge tube on ice.

 2. Spin the tube briefly.
 3. Perform amplification by PCR with the following cycling con-

ditions: 94 °C for 3 min denaturation, 35 cycles of 93 °C for 
30 s, 60 °C for 30 s, 72 °C for 30 s and a final extension at 
72 °C for 7 min (see Note 5) for targets longer than 1 kb, add 
1 Min/kb to the extension time.

 4. Separate PCR products on agarose gel (2%). If outer PCR yield is 
low or results in smear of bands, continue with inner 3′RLM 
RACE.

The Inner RACE further amplifies the PCR product of interest 
with a higher specificity. Here, the amplified PCR product(s) 
from the Outer RACE is selectively amplified by a specific 
primer.

 1. Insert 1 μL Outer 3′ RACE PCR (from the previous step), 
5 μL 10× PCR Buffer, 4 μL dNTP Mix, 2 μL 3′ RACE gene-

3.2 Validation 
of 3′-UTR Isoforms 
Using 3′-RACE

3.3 Reverse 
Transcription

3.4 Outer 3′RLM 
RACE

3.5 Inner 3′RLM 
RACE

Max Hübner et al.
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specific inner primer (10 μM), 2 μL 3′ RACE Inner Primer, 
1.25 U thermostable DNA polymerase, and ddH2O to a total 
reaction volume of 50 μL in a microcentrifuge on ice.

 2. Spin the tube briefly.
 3. Amplify the Outer RACE PCR products using the same PCR 

profile as in the Outer RACE PCR.
 4. Separate PCR products on agarose gel (2%) containing 

Ethidium Bromide or another DNA visualizing agent. Visualize 
on an UV transilluminator. Run the samples from both PCRs 
to compare the products.

 1. Excise and purify bands with a purification kit such as the 
Wizard® SV Gel and PCR Cleanup System (Promega).

 2. Clone into a suitable vector such as the psc-B-amp/kan. This 
vector also contains restriction enzyme sites for subcloning 
procedures if needed.

 3. Proceed to transformation and DNA plasmid preparation as 
described in [13].

 4. Check insert size by restriction digestion.
 5. Verify correct sequence by sequencing.

4 Notes

 1. Use high-quality, freshly prepared total RNA. Use of poly(A) 
RNA as a template may increase amplification efficiency of 
low-expressed or difficult-to-amplify targets.

 2. The self-provided forward primer for 3′RACE PCR should 
anneal to a nucleotide sequence within the coding sequence, 
preferably located approximately 200 bp upstream of the 
3′UTR.

 3. The type of DNA polymerase is highly dependent on multiple 
factors such as amplicon length and needs to be chosen 
carefully.

 4. Reverse transcription reaction may be stored at −20 °C.
 5. PCR cycling conditions are DNA polymerase-dependent and 

need to be adjusted individually. See reagent data sheet for 
further information.

 6. An example blot of a 3′-RACE (outer and inner) for ZFR is 
shown in Fig. 2.

3.6 Verification 
of Correct Sequence

Identification and Validation of Potential Differential miRNA Regulation via Alternative…
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Chapter 8

How to Explore the Function and Importance 
of MicroRNAs: MicroRNAs Expression Profile and Their 
Target/Pathway Prediction in Bovine Ovarian Cells

Anna E. Zielak-Steciwko and John A. Browne

Abstract

Micro RNAs (miRNA) are integral components of genetic regulatory networks and act by binding to the 
transcripts of their corresponding target genes, leading to a decrease in protein production levels either by 
mRNA degradation or by translational repression. While the role of miRNAs is ubiquitous, they have a 
particular importance with regard to cell differentiation. The miRNA-target mRNA interaction has a sig-
nificant impact on many signaling pathways and the cross-talk between them; playing a regulatory role in 
a variety of different physiological processes within the cells. Ovarian follicle development is a physiological 
process that is not fully understood with regard to miRNA regulation; there are many questions that 
remain with respect to the molecular regulation of this important process. Bovine follicular cells are a good 
experimental model for the investigation of these mechanisms, having direct implications on reproductive 
health in humans. This chapter describes how differentially expressed miRNAs are identified in the granu-
losa and theca cells of dominant and subordinate bovine ovarian follicles and the identification of their 
associated targets and pathways. This chapter systematically describes how the granulosa and theca cells are 
dissected from the ovarian follicles. Afterward, we present a detailed protocol for miRNA extraction, based 
on a combined TRI reagent/column clean-up method, and also miRNA expression profiling using both 
microarray and RT-qPCR. In addition, an outline is provided of the bioinformatic analysis which enables 
the prediction of miRNAs targets. Pathways associated with the differentially expressed miRNAs are also 
elucidated using DIANA-miRPath software.

Key words MicroRNAs expression, Target/pathway prediction, DIANA-miRPath, Ovarian follicles, 
Granulosa cells, Theca cells, Bovine

1 Introduction

Poor reproduction and fertility is a significant problem both for 
humans and other species including economically important live-
stock animals such as cattle and sheep. As a result of antagonistic 
pleiotropy, the use of artificial breeding programs to select for high 
milk yields in dairy cows has led to a significant reduction in their 
fertility [1]. Ultrasonography has firmly established that ovarian  



94

follicles develop in a wave-like pattern with two to three follicle 
waves of antral follicle growth occurring during human menstrual 
cycles [2] and bovine estrus cycles [3]. A wave is defined as the 
emergence of a cohort of small follicles, from which only one follicle 
is selected to become dominant and continue developing, while the 
rest undergo atresia via apoptosis at various stages of development 
[3]. The mechanism that regulates the selection of dominant follicle 
and the continuation of its growth is not clear. While much is known 
about ovarian follicle development, particularly the associated hor-
monal changes, many of the intracellular events remain unclear. 
Several studies, using a variety of molecular methods (e.g., microar-
ray, RT-qPCR and RNA-Seq), have identified genes differentially 
expressed between dominant and subordinate follicles, broadening 
our understanding of the regulation of follicle development [4–8]. 
A lack of knowledge of the critical pathways and the key control 
points within them hinders our deeper understanding of the devel-
opment of follicle.

MicroRNAs play an important regulatory function within the 
cell, directly affecting the abundance of messenger RNA molecules 
(mRNAs). Interpreting the biological role of miRNAs is a challenge 
as they can target multiple genes, and conversely genes can be tar-
geted by multiple miRNAs. The interaction between miRNAs and 
their mRNA targets significantly influences signaling pathways, 
playing a regulatory role in a variety of different physiological pro-
cesses. An online repository of miRNA sequences, miRBase, (www.
mirbase.org), has been established, wherein each submitted miRNA 
molecule has a unique and fixed identifier, the mature microRNA 
identifier (MIMAT ID). The present annotation of miRBase 
(Release 21, June 2014) accommodates 28645 entries representing 
hairpin precursor miRNAs that express 35828 mature miRNA 
products in 223 species, including livestock animals [9]. To analyze 
miRNAs expression profiles a variety of commercial platforms 
are available, e.g., Exiqon (miRCURY LNA miroRNA array), 
Affymetrix (GeneChip miRNA array), or Agilent (miRNA 
Microarray) [10]. These array platforms, based on collections of 
miRNAs sequences, derived mainly from miRBase, profiles expres-
sion of numerous miRNAs. Our research group has been using the 
Exiqon platform to examine the expression of miRNAs between 
dominant and subordinate follicles in granulosa and theca cells. The 
Exiqon platform contains a total of 1488 human microRNAs, from 
miRBase version 18 [11]. The introduction of next- generation 
sequencing (NGS) platforms for the profiling of miRNAs (e.g., 
Illumina) has created new opportunities leading to the discovery of 
thousands of novel miRNA. Juxtaposition of different profiling 
technologies indicated that NGS is characterized by exceptional 
high dynamic range and sensitivity [12, 13]. These platforms 
require a high level of bioinformatic proficiency as data analysis is 
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demanding, also their high expense and labor requirement mean 
there is still a demand for miRNA microarray platforms.

A number of bioinformatic tools have been developed to 
analyze the interactions between miRNAs and their targets. These 
applications use a variety of algorithms, however, most of them 
were created based on experimental conclusions that assume that 
the 5′ end of the miRNA initially binds to the target mRNA by 
2–7 nucleotides, called the “seed region.” The seed match 
between the miRNAs and its target site must have perfect comple-
mentary. Additionally, the sequence conservation of the seed 
sequence can be used to verify the functionality of predicted tar-
get, which is usually higher than in non-seed region. This indica-
tor is understood as preservation of a sequence across species. 
Furthermore, free energy can be used to assess binding energy/
stability between the miRNA and its target mRNA; a higher sta-
bility indicates that the mRNA is the true potential target. The 
prediction of mRNA secondary structure and the availability of 
targets sites to interact with miRNAs can be further used to evalu-
ate target predication. These four common features (seed match, 
conservation, free energy, and site accessibility) are used by most 
algorithms to predict miRNA targets [14]. Using these four crite-
ria a score can be calculated for each target gene in which proba-
bility of interaction of the analyzed miRNA molecule with the 
gene can be estimated. Some of the more commonly used algo-
rithms, based primarily on the criterion of conservatism, include: 
miRanda [15], TargetScan [16], and DIANA-microT [17]. For 
this study, we used the bioinformatic tools that are available on 
DIANA Lab (www.microrna.gr), which works on data accessible 
in the external databases such as: miRBase and Ensemble. 
Specifically, we worked with DIANA miRPath version 2 software, 
which evaluates the regulatory function of miRNAs and identifies 
molecular pathways associated with them. It should be noted that 
a version 3 is now available at www.microrna.gr/miRPathv3 [18]. 
This tool utilizes the results from microT- CDS and/or TargetScan 
v. 6.2 to predict targets using algorithms based on the conserva-
tion of miRNA-binding sites. The TarBase v. 7.0 option may also 
be used, restricting the analysis to experimentally validated 
miRNA:mRNA interactions. The identified potential targets can 
be map onto pathways using Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathways. This option enables the visualiza-
tion of all the pathways in which targets of interest are involved, 
highlighting miRNAs that function in the same pathway.

This chapter describes the identification of miRNAs differen-
tially expressed in the theca and granulosa cell of the bovine ovar-
ian follicle and the use of in silico tools to explore their potential 
function.

Function of MicroRNAs in Bovine Ovarian Cells
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2 Materials

Initially, disinfect the bench/laminar flow hood and all equipment 
with 70% ethanol and wipe with RNase Zap™, where possible pro-
cedures should be carried out on ice and biological samples should 
be snap frozen in liquid nitrogen (see Note 1). All the procedures 
should be performed in compliance with local health and safety 
guidelines.

 1. Ice bucket.
 2. Container with liquid nitrogen.
 3. −80 °C freezer.
 4. Waste container.
 5. Sterile plastic containers (capacity of 120 mL).
 6. Sterile petri dishes, one for each follicle.
 7. Light microscope.
 8. Sterile scalpel, # 11 blade.
 9. Sterile 26-gauge needle.
 10. Sterile syringe (1 mL).
 11. Sterile forceps (see Note 2).
 12. Sterile scraper (see Note 2).
 13. Sterile scissors.
 14. Sterile 2 mL tubes with screw cap (DNase/RNase free).
 15. Centrifuge with cooling system (see Note 3).
 16. Ice-cold phosphate-buffered saline (PBS), pH 7.4 (DNase/

RNase free).

 1. TissueLyser (Qiagen).
 2. Stainless steel beads (5 mm diameter, Qiagen) for use with the 

TissueLyser system.
 3. Set of pipettes reserved for RNA work (P10, P200, P1000).
 4. Sterile filter pipette tips (DNase/RNase free).
 5. 1.5 mL micro-centrifuge tubes (DNase/RNase free).
 6. Microcentrifuge with cooling system.
 7. Vortex mixer.
 8. Waste container.
 9. TRI reagent (Sigma Aldrich).
 10. 1-Bromo-3-chloropropane (Sigma Aldrich).
 11. Ethanol (100%) (Sigma Aldrich).
 12. RNeasy® Mini Kit (Qiagen).

2.1 Isolation 
of Granulosa 
and Theca Cells 
from Bovine Ovarian 
Follicles

2.2 MicroRNA 
Extraction
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 13. NanoDrop (ND-1000 spectrophotometer, Technologies, 
Wilmington).

 14. Agilent Bioanalyzer 2100.
 15. RNA 6000 Nano Chip kit (Agilent Technologies).

In our study the miRNA microarray analysis was performed by 
Exiqon (Vedbaek, Denmark). Their sixth generation miRNA array, 
miRCURY LNA™ microRNA Array, contained 1488 capture 
probes targeting mature human miRNA sequences based on miR-
Base version 18, in addition to several positive and negative con-
trols. High-quality undegraded RNA is essential for optimum 
analysis, all the samples analyzed had RIN values greater than 7.5. 
The samples were labeled using the miRCURY LNA™ microRNA 
Hi-Power Labeling Kit, after which the samples were hybridized to 
the miRCURY microRNA Array. The slides were scanned using 
an Agilent G2565BA Microarray Scanner System (Agilent 
Technologies, Inc., USA) and analysis was performed using the 
ImaGene® 9 Analysis Software. Exiqon services supplied the final 
report containing the raw data, the QC analysis, and some prelimi-
nary differential miRNA expression analysis.

 1. Set of accurate pipettes reserved for PCR work (P 2, P10, P20, 
P200).

 2. Sterile filter pipette tips (DNase/RNase free).
 3. 0.5 mL tubes (DNase/RNase free).
 4. 1.5 mL micro-centrifuge tubes (DNase/RNase free).
 5. Vortex mixer.
 6. Standard PCR thermocycler.
 7. Microcentrifuge.
 8. Centrifuge for 96 wells PCR plates.
 9. Optical 96-well reaction plates with optical cover (Applied 

Biosystems).
 10. Real-time PCR cycler.
 11. TE, pH 8.0 (Sigma-Aldrich).
 12. miScript II Reverse Transcriptase (Qiagen).
 13. miScript SYBER Green PCR Kit (Qiagen).
 14. miScript Primer Assay (Qiagen) for selected miRNAs includ-

ing internal control RNU6 (see Note 4).
 15. qBase+ Software (Biogazelle, Ghent).

To carry out the bioinformatic analysis using DIANA-miRPath 
software a computer with access to Internet is required. This soft-
ware allows users to create a personal account, which greatly facili-
tates analysis; however, registration is not mandatory and analysis 
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can be performed without it. In this program, we used the 
microT-CDS algorithm which predicts target genes based on the 
miRNA binding sites on the mRNA, the 3’UTR regions, and 
the coding sequences. Additionally, the software facilitates the 
identification and visualization of KEGG signaling pathways 
enriched in the specified predicted targets. The determination of 
targets/pathways can be conducted for one or multiple miRNAs, 
input lists are easily imported and results can be saved in several 
different formats (e.g., txt, xls, jpg, etc.) and directly downloaded.

3 Methods

Ovaries were collected from animals whose estrus cycle was syn-
chronized. Prior to slaughter, estrus behavior was observed and 
the pattern of follicle development in the ovaries was monitored 
using transrectal ultrasonography (see Note 5). In the abattoir, 
ovaries from each animal were collected in ice-cold PBS and 
promptly returned to the laboratory for directly processing, all the 
subsequent procedures should be performed using the aseptic 
technique.

 1. Dissect out each follicle from the ovary using a scissors and 
scalpel (Fig. 1).

 2. Using a 1 mL syringe fitted with a 26-gauge needle, carefully 
withdraw the follicular fluid from each follicle. The follicular 
fluid can subsequently be used to determine the hormone con-
centration of each follicle (see Note 6).

 3. Add 1 mL of cold PBS to each follicle and cut the follicle in 
half with a sterile scalpel. Granulosa cells appear as a white 
cloudy layer with extremely fine granularity. While observing 
the follicle under the microscope scrape the granulosa cells 

3.1 Isolation 
of Granulosa 
and Theca Cells 
from Bovine Ovarian 
Follicles

Fig. 1 Bovine ovary with follicles in different stages of development
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away from the theca interna. Carefully place the collected 
granulosa cells along with the PBS into a sterile screw cap tube 
and centrifuge at 5000 × g for 5 min, remove the PBS from the 
pellet of cells using a pipette and snap freeze the samples in 
liquid nitrogen (see Note 7).

 4. During the centrifugation of the granulosa cells add an addi-
tional 1 mL of cold PBS to the remaining follicle. Collect theca 
cells under the microscope; pull out the theca layer using a 
forceps and chop into small pieces, place the samples in a screw 
cap tube and snap freeze in liquid nitrogen (see Note 7).

 5. The snap frozen isolated granulosa and theca cells should then 
be stored at −80 °C for miRNA or alternatively they can be 
processed immediately after dissection.

Total RNA including the miRNA fraction is isolated using a com-
bined TRI reagent/column clean-up protocol, standard precau-
tions when handling RNA should be followed.

 1. Thaw the samples on ice. Prior to homogenization add 1.0 mL 
of TRI reagent and a single 5 mm stainless steel bead to each 
sample. Place the tubes in TissueLyser™ (Qiagen) and homog-
enize at maximum speed for 2 min, alternative homogeniza-
tion methods may be used (see Note 8).

 2. Incubate the samples at room temperature for 5 min.
 3. Add 200 μL of 1-Bromo-3-chloropropane to each sample (see 

Note 9). Shake vigorously for 15 s and then incubate at room 
temperature for 3 min.

 4. Centrifuge the samples at 12,000 × g for 15 min at 4 °C. Three 
phases should be visible, an upper aqueous phase enriched for 
RNA, a white interphase enriched for DNA, and a lower red 
colored organic phase enriched for proteins.

 5. Transfer the upper phase (approx. 450 μL) to a fresh labeled 
1.5 mL tube; add 1.5 volumes of 100% ethanol (approx. 
675 μL) and mix thoroughly by vortexing for 10 s.

 6. Transfer the mixture directly into an RNeasy column (Qiagen) 
in two aliquots of approx. 600 μL and centrifuge at 8000 × g 
for 30 s between each addition. Discard the flow-through after 
each spin.

 7. Wash the column with 700 μL of RW1 followed by two washes 
with RPE (500 μL) as per the manufacturer’s instructions 
(Qiagen).

 8. Spin column at maximum speed for 2 min to remove all resid-
ual wash buffers and to dry the column, place the column in a 
newly labeled 1.5 mL tube.

 9. To elute the RNA, including the small RNAs, pipette 35 μL of 
RNase/DNase-free water directly onto the column, incubate 

3.2 MicroRNA 
Extraction
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for 1 min at room temperature and centrifuge at 8000 × g for 
60 s. The eluted RNA should be stored at −80 °C and kept on 
ice when in use.

 10. Determine the RNA quantity using the NanoDrop™ and RNA 
quality using the RNA 6000 chip on the Agilent Bioanalyzer 
(see Note 10).

 1. Load the raw data file into limma R- package of Bioconductor 
(“https://bioconductor.org/biocLite.R“).

 2. After background correction (method = “subtract”) and nor-
malization of samples (normalizeWithinArrays—no offset) 
remove probes with no name, control probes and spike in 
probes from the analysis.

 3. Use the lmFit and empirical Bayes functions within the Limma 
package to analyze differential expression between samples.

 4. Use a Benjamini-Hochberg false discovery rate (FDR) correc-
tion set at 1% to control for type I errors (false positives).

 5. The raw data from our experiment has been deposited in the 
Gene Expression Omnibus repository under accession number 
GSE55890.

 1. Thaw the RNA samples on ice, reverse transcribe 1000 ng of 
RNA using miScript II RT in 20 μL of reaction volume, as per 
the manufacturer’s instructions (Qiagen). It is important to 
choose the appropriate buffer, for mature miRNAs analysis the 
5× miScript HiSpec buffer should be used.

 2. Using a standard PCR thermocycler incubate the samples at 
37 °C for 60 min followed by a 5 min incubation at 95 °C to 
inactivate the enzymes. Proceed directly to performing the 
RT- qPCR analysis, alternatively the cDNA can be stored at 
−20 °C.

 3. Using a 96-well plate format prepare a 25 μL qPCR reaction 
for each sample as per the manufacturer’s instructions; add 
12.5 μL of 2× QuantiTec SYBER Green PCR Master Mix, 
2.5 μL of 10× miScript Universal Primer, 2.5 μL of 10× miS-
cript Primer Assay, 5 μL of RNase-free water, and 5 μL of the 
diluted template cDNA (see Note 11). Include RNU6 as a 
positive control. Perform each sample reaction in duplicates.

 4. Suitable negative controls should be prepared including a “no 
RT control” to control for the presence of contaminating 
genomic DNA (see Note 12).

 5. Seal the reaction plate with an optical cover and centrifuge it at 
1000 × g for 2 min. Place the plate into the qPCR instrument 
and perform the reaction using the following cycling condi-
tions; initial activation of 95 °C for 15 min and 45 cycles of 

3.3 miRNA 
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denaturation for 15 s at 94 °C, annealing for 30 s at 55 °C, 
followed by extension for 30 s at 70 °C, a melt curve analysis 
should be included (see Note 13).

 6. After the run has completed export the Cq values using the 
Qiagen recommended default settings, examine the melt 
curves to confirm the presence of a single distinct peak corre-
sponding to a single PCR product and assess the negative and 
positive controls.

 7. Perform the data analysis using the qBASE+ analysis package 
(Biogazelle, Ghent), normalized relative expression values 
were calculated using a global mean normalization strategy 
and the data analyzed using unpaired T-tests.

 1. To determine which miRNAs function in the same signaling 
pathways, highly significant (p ≤ 0.01) differentially expressed 
miRNAs from the microarray data were selected for analysis. 
After opening the miRPath interface, select the species and 
either the microT-CDS/TargetScan algorithm or the TarBase 
option. Subsequently, enter the name of a specific miRNA 
sequence or the miRBase mature ID (MIMAT) from miRBase 
into the “Add miRNAs” window. For multiple miRNAs analy-
sis, the list of selected miRNAs (name of sequences or MIMAT 
ID) can be uploaded by selecting the relevant text using the 
“Add miRNAs” option.

 2. In the open panel, after uploading the data, decide which way 
the results will be merged. There are four options to choose: 
gene union, gene intersection, pathway union, and pathway 
intersection (see Note 14). Next, set the p-value threshold and 
MicroT threshold. To obtain sensitive and specific results of 
miRNA-mRNA interaction lower the threshold, it is suggested 
to begin with a value of 0.8 for MicroT. Additionally, you may 
apply a false discovery rate (FDR) with a significance threshold 
set at p ≤ 0.01 or lower.

 3. On the scoreboard pathways names are ranked by p-value, 
beside the p-value, the number of genes targeted in the par-
ticular pathway is given. Open “see genes” to find information 
about the targets (gene name, Ensembl ID, and their interac-
tions in TarBase or microT-CDS). The number of miRNAs 
involved in the selected pathway out of all miRNAs used in the 
analysis is shown next. The last column, “details” displays 
information about which gene is regulated by which miRNA.

 4. To visualize a KEGG map click on the name of a given signal-
ing pathway. The map shows targets and their locations in the 
molecular pathway. Putative targets regulated by only one 
miRNA are highlighted in yellow, while putative targets 

3.4 Target 
and Signaling Pathway 
Analysis 
for Differentially 
Expressed miRNAs 
Using miRPath
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regulated by more miRNAs are highlighted in orange. To see 
the regulator miRNAs, move the cursor over the label with the 
gene’s name. The function “Disable” hides genes, whereas 
“Enable” highlights the gene of interest with a red frame.

 5. Save the results by pressing “download result” located on the 
top right side of the table. The output files contain a list of 
significantly enriched signaling pathways associated with the 
differentially expressed miRNAs ordered by p-value (from the 
most to least significant).

4 Notes

 1. Due to the nature of the cells used here, RNAlater™ should 
not be used as a preservative as the protocol does not enable 
their effective recovery.

 2. Forceps and scraper are essential elements of the granulosa and 
theca dissection. Therefore, we suggest having a variety of differ-
ent types of forceps, e.g., normal, serrated, grooved, and toothed. 
We found the rigid “Lascod” scraper, a dental instrument (see 
Fig. 2), to be very useful for isolating the granulosa cells.

 3. All centrifugations should be carried out at 4 °C.
 4. miScript amplification kit contains only a miRNA-specific for-

ward primer of investigated miRNA; before use centrifuge 
each vial and dissolve the content by adding 550 μL of TE, 
pH 8.0, aliquot out in smaller volumes for storage. Universal 
reverse primer and a universal reverse primer added to the tar-
get molecules during the RT-step.

Fig. 2 Scraper “Lasod” for granulosa cells
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 5. Collecting follicles from synchronized animals facilitates the 
study of temporal gene expression associated with specific 
developmental stages.

 6. Place the follicular fluid in a sterile screw cap tube, centrifuge 
at 500 × g for 10 min. Supernatant should be frozen in liquid 
nitrogen and stored at −80 °C until estradiol and progesterone 
analysis.

 7. The isolated pellets of granulosa or theca cells may be snap 
frozen directly, alternative for RNA isolation add 1.0 mL of 
TRI reagent prior to freezing.

 8. If a TissueLyser™ is not available, each sample of granulosa 
cells suspended in TRI reagent can be homogenized by passing 
it through a 20-gauge needle 5–10 times to disrupt clumps 
and cells. Each sample of theca suspended in TRI reagent can 
be homogenized using any suitable rotor-stator homogenizer 
such as the TissueRuptor (Qiagen) at maximum speed for 30 s, 
care should be taken to avoid heating of the sample. The 
homogenizer should be cleaned with ethanol and distilled 
water between each sample.

 9. As chloroform is a suspected mutagen we recommended the 
use of 1-Bromo-3-chloropropane as an alternative, there is no 
discernible difference between the performances of the two 
reagents (see ref. 19).

 10. Only samples with RIN values greater than 7.5 were used for 
further analysis (see Fig. 3a, b).

 11. Prior to performing the RT-qPCR dilute each cDNA sample 
1:40 using RNase/DNase-free water.

 12. To prepare “no RT control” add to PCR reaction RNA tem-
plate, instead of cDNA. Additionally, to exclude contamina-
tion or primer dimer formation for each primer on the plate 
run a “no template control” no template reaction.

 13. Add the melt curve at the end of PCR cycling as per the instru-
ments settings.

 14. The “Genes Union” option finds all the genes that are targeted 
by at least one selected miRNA, whereas the “Genes 
Intersection” finds all the genes targeted by all the selected 
miRNAs or by the number of miRNAs defined by users; both 
the options are a priori methods. The “Pathways/Categories 
Union” option finds all the significantly targeted pathways by 
at least one selected miRNA, while “Pathways/Categories 
Intersection” finds all the significantly targeted pathways by all 
the selected miRNA; they are a posteriori methods.

Function of MicroRNAs in Bovine Ovarian Cells
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Chapter 9

Gene Silencing In Vitro and In Vivo Using Intronic 
MicroRNAs

Shi-Lung Lin and Shao-Yao Ying

Abstract

MicroRNAs (miRNAs), small single-stranded regulatory RNAs capable of interfering with intracellular 
messenger RNAs (mRNAs) that contain either complete or partial complementarity, are useful for the 
design of new therapies against cancer polymorphism and viral mutation. Numerous miRNAs have been 
reported to induce RNA interference (RNAi), a post-transcriptional gene-silencing mechanism. Recent 
evidence also indicates that they are involved in the transcriptional regulation of genome activities. They 
were first discovered in Caenorhabditis elegans as native RNA fragments that modulate a wide range of 
genetic regulatory pathways during embryonic development, and are now recognized as small gene silenc-
ers transcribed from the noncoding regions of a genome. In humans, nearly 97% of the genome is noncod-
ing DNA, which varies from one individual to another, and changes in these sequences are frequently 
noted to manifest in clinical and circumstantial malfunction; for example, type 2 myotonic dystrophy and 
fragile X syndrome were found to be associated with miRNAs derived from introns. Intronic miRNA is a 
new class of miRNAs derived from the processing of non-protein-coding regions of gene transcripts. The 
intronic miRNAs differ uniquely from previously described intergenic miRNAs in the requirement of RNA 
polymerase (Pol)-II and spliceosomal components for its biogenesis. Several kinds of intronic miRNAs 
have been identified in C. elegans, mouse, and human cells; however, their functions and applications have 
not been reported. Here, we show for the first time that intron-derived miRNA is not only able to induce 
RNAi in mammalian cells but also in fish, chicken embryos, and adult mice cells, demonstrating the evo-
lutionary preservation of this gene regulation system in vivo. These miRNA-mediated animal models pro-
vide artificial means to reproduce the mechanisms of miRNA-induced disease in vivo and will shed further 
light on miRNA-related therapies.

Key words MicroRNA (miRNA), RNA interference (RNAi), RNA polymerase type II (Pol II), RNA 
splicing, Intron, RNA-induced gene-silencing complex (RISC), Gene silencing in vivo

1 Introduction

Nearly 97% of the human genome is noncoding DNA, which varies 
from one species to another, and changes in these sequences are fre-
quently noted to manifest in clinical and circumstantial malfunction. 
Numerous non-protein-coding genes are recently found to encode 
miRNAs, which are responsible for RNA-mediated gene silencing 
through RNAilike pathways [1–3]. RNAi is a post-transcriptional 
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gene-silencing mechanism that can be triggered by small regulatory 
RNA molecules, such as miRNA and small interfering RNA (siRNA). 
miRNAs, which are small single-stranded regulatory RNAs, can 
interfere with intracellular mRNAs that contain either complete or 
partial complementarity; a trait useful for the design of new therapies 
against cancer polymorphism and viral mutation [4, 5]. A much more 
rigid complementarity is required for double-stranded siRNA-
induced RNAi gene silencing.

miRNAs were first discovered in C. elegans as native RNA frag-
ments that modulate a wide range of genetic regulatory pathways 
during embryonic development [6]. Currently, varieties of natural 
miRNAs have been found to be derived from hairpin-like RNA 
precursors in almost all eukaryotes, including yeast (Schizosac
charomyces pombe), plant (Arabidopsis spp.), nematodes (C. elegans), 
flies (Drosophila melanogaster), fishes, mice, and humans; they have 
been found to provide intracellular defense against viral infections 
and regulation of certain gene expressions during development 
[7–17]. In contrast, natural siRNAs were abundantly discovered in 
plants and low-level animals (worms and flies), but rarely in mam-
mals [18, 19]. The intronic miRNA is a new class of miRNAs 
derived from the processing of gene introns. As shown in Fig. 1, 
the intronic miRNAs differ uniquely from previously described 
intergenic miRNAs in the requirement of Pol II and spliceosomal 
components for their biogenesis [20, 21]. We have shown, for the 
first time, that these intron-derived miRNAs are able to induce 
RNA interference in not only human and mouse cells, but also in 
zebrafish, chicken embryos, and adult mice, demonstrating the 
evolutionary preservation of the intron-mediated gene regulation 
through miRNA-associated mechanisms in vertebrates in vitro and 
in vivo. These findings suggest the existence of an intracellular 
miRNA-mediated gene regulatory system for fine-tuning the deg-
radation of protein-coding mRNAs [22].

The introns occupy the largest proportion of noncoding 
sequences in the protein-coding DNA of a genome. The transcrip-
tion of the genomic protein-coding DNA generates precursor (pre)-
mRNA with four major parts: a 5′-untranslated region (UTR), a 
protein-coding exon, a noncoding intron, and a 3′-UTR [23]. In a 
broad definition, both 5′- and 3′-UTRs can be seen as a kind of 
intron extension; however, their processing during mRNA transla-
tion is different from the intron located between two protein-coding 
exons, termed the in-frame intron. The in-frame intron can be up to 
several tens of kilobase nucleotides long and was thought to be a 
huge genetic waste in gene transcripts. Recently, this stereotypical 
misunderstanding was changed with the discovery of intronic miR-
NAs. Approximately 10–30% of some spliced introns are found in 
the cytoplasm, with moderate half-lives [24, 25].
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The biogenic process of intronic miRNA presumably involves 
five steps (Fig. 1). First, miRNA is generated as a long primary pre-
cursor miRNA (pri-miRNA) encoded within a gene transcript (pre-
mRNA) by Pol II [20, 26]. Second, the pre-mRNA is excised by 
spliceosomal components and/or Drosha-like ribonuclease (RNase)  

Fig. 1 Comparison of biogenesis and RNA interference (RNAi) mechanisms among small interfering RNA 
(siRNA); intergenic (exonic) microRNA (miRNA) and intronic miRNA. siRNA is likely formed by two perfectly 
complementary RNAs transcribed from two different promoters (remains to be determined) and further pro-
cessing into 19- to 22-bp duplexes by the ribonuclease (RNase) III familial endonuclease, Dicer. The biogenesis 
of intergenic miRNAs, e.g., lin-4 and let-7, involves a long transcript primary precursor (pri-miRNA), which is 
probably generated by RNA polymerase (Pol) II or III RNA promoters, whereas intronic miRNAs are transcribed 
by the Pol II promoters of its encoded genes and coexpressed in the intronic regions of the gene transcripts 
(pre-messenger RNA [mRNA]). After RNA splicing and further processing, the spliced intron may function as a 
pri-miRNA for intronic miRNA generation. In the nucleus, the pri-miRNA is excised by Drosha RNase to form a 
hairpin-like pre-miRNA template and then exported to the cytoplasm for further processing by Dicer* to form 
mature miRNAs. siRNA and miRNA pathways are processed by different Dicers. All three small regulatory RNAs 
are finally incorporated into a RNA-induced-silencing complex, which contains either a strand of siRNA or a 
single-strand of miRNA. The effect of miRNA is considered more specific with fewer adverse consequences 
than that of siRNA because only one strand is involved. However, siRNAs primarily trigger mRNA degradation, 
whereas miRNAs can induce either mRNA degradation or suppression of protein synthesis depending on the 
sequence complementarity to the target gene transcripts
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III endonucleases to release hairpin-like intronic structures and 
form pre-miRNA [20, 27]. Third, the pre-miRNA is exported out 
of the nucleus, probably by Ran–guanosine triphosphate and a 
receptor Exportin-5 [28, 29]. In the cytoplasm, Dicer-like nucle-
ases cleave the pre-miRNA to form mature miRNA. Lastly, the 
mature miRNA is incorporated into a ribonuclear particle (RNP), 
which becomes the RNA-induced gene-silencing complex (RISC), 
capable of executing RNAi-associated gene-silencing effects [30, 
31]. Although the in vitro model of siRNA-associated RISC assem-
bly has been studied, the link between the final miRNA maturation 
processes and RISC assembly remains to be determined.

The characteristics of Dicer and RISC have been reported to 
be distinct between the siRNA and miRNA mechanisms [32, 33]. 
In zebrafish, we have recently observed that the stem-loop struc-
ture of pre-miRNAs is involved in the strand selection for mature 
miRNA during RISC assembly [21]. These findings suggest that 
the duplex structure of siRNA may be not essential for the assem-
bly of miRNA-associated RISC. Conceivably, a method to distin-
guish the individual properties and differences between miRNA 
and siRNA biogenesis would facilitate our understanding of the 
evolutional and functional relationship between these two RNA-
mediated gene-silencing pathways. In addition, the differences 
may provide an explanation for the prevalence of native siRNAs in 
invertebrates and their rarity in mammals.

The intronic miRNA must fulfill the following conditions: 
first, they must share the same promoter with their encoded genes, 
and second, they are spliced out of the transcript of their encoded 
genes and further processed into mature miRNAs. Although some 
of the currently identified miRNAs are encoded in the genomic 
intron region of a gene but in the opposite orientation to the gene 
transcript, those miRNAs are not intronic miRNAs because they 
neither share the same promoter with the gene nor need to be 
released from the gene transcript by RNA splicing. The promoters 
of those miRNAs are located in the antisense direction to the gene, 
likely using the gene transcript as a potential target for the anti-
sense miRNAs. For example, let-7c was found to be an intergenic 
miRNA located in the antisense region of a gene intron.

More than 90 intronic miRNAs have been identified using 
bioinformatics approaches [34, 35], but the functions of the vast 
majority of these intronic molecules remain undetermined. 
According to the strictly expressive correlation of intronic miRNAs 
to their encoded genes, one may speculate that the levels of condi-
tion-specific, time-specific, and individual-specific gene expressions 
are determined by interactions of different miRNAs on single or 
multiple genes. This interpretation accounts for a more accurate 
genetic expression of various traits, and any deregulation of the 
interactions, thus, will result in genetic diseases. For instance, 
monozygotic twins frequently demonstrate slightly, but definitely 
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distinguishing, disease susceptibility and physiological behaviors. 
For instance, a long CCTG expansion in intron 1 of the zinc finger 
protein-9 gene has been correlated to type 2 myotonic dystrophy 
in one twin with a higher susceptibility [36]. Although the expan-
sion motif confers high affinity to certain RNA-binding proteins, 
the interfering role of intron-derived expansion fragments remains 
to be elucidated.

Another more-established example, involving intronic expan-
sion fragments in its pathogenesis, is fragile X syndrome, which 
represents approx 30% of human-inherited mental retardation. An 
intronic CGG repeat (rCGG) expansion in the 5′-UTR of the 
FMR1 gene causes mutation in 99% of individuals with fragile X 
syndrome [37]. FMR1 encodes an RNA-binding protein, fragile X 
mental retardation protein, which is associated with polyribosome 
assembly in an RNP-dependent manner, and is capable of sup-
pressing translation through an RNAi-like pathway. Fragile X men-
tal retardation protein also contains a nuclear localization signal 
and a nuclear export signal for shuttling certain mRNAs between 
the nucleus and cytoplasm [38]. Jin et al. proposed an RNAi-
mediated methylation model in the CpG region of the FMR1 
rCGG expansion, which is targeted by a hairpin RNA derived from 
the 3′-UTR of the FMR1 expanded allele transcript [37]. The 
Dicer-processed hairpin RNA triggers the formation of RNA-
induced initiator of transcriptional gene silencing on the homolo-
gous rCGG sequences and leads to heterochromatin repression of 
the FMR1 locus. These examples suggest that natural evolution 
gives rise to more complexity and more variety of introns in higher 
animals and plants for coordinating their vast gene expression vol-
umes and interactions; therefore, any deregulation of miRNAs 
derived from introns may lead to genetic diseases involving intronic 
expansion or deletion, such as myotonic dystrophy and fragile X 
mental retardation.

To understand diseases caused by the deregulation of intronic 
miRNAs, an artificial expression system is needed to recreate the 
function and mechanism of the miRNA in vitro and in vivo. The 
same approach may be used to design and develop therapies for 
various intronic miRNA-related diseases. Using artificial introns 
carrying hairpin-like pre-miRNA, we successfully generated mature 
miRNA molecules with a full capacity to trigger RNAi-like gene 
silencing in human prostate cancer (LNCaP), human cervical can-
cer (HeLa), and rat neuronal stem (HCN-A94-2) cells [20, 39].

The artificial intron of Fig. 2a was located in a mutated HcRed1 
red fluorescent membrane protein (rGFP) gene to form a recom-
bined SpRNAi–rGFP gene, in which the functional fluorescent struc-
ture was disrupted by the splicing-competent RNA intron (SpRNAi) 
insertion. Thus, we were able to determine the occurrence of intron 
splicing and rGFP–mRNA maturation through the appearance of red 
fluorescent emission on the membranes of transfected cells. There is  
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Fig. 2 Strategy for analysis of intronic microRNA (miRNA) mechanisms using artificial SpRNAi–rGFP gene vectors.  
(a) The SpRNAi–rGFP gene consists of a 5′-RNA promoter (P), an artificial intron (SpRNAi) flanked with two red fluo-
rescent proteins (rGFP) exon fragments, and a 3′-proximity of transcription and translation termination codons (Ts). 
The construction of SpRNAi includes a 5′-splice donor site (DS), a 3′-splice acceptor site (AS), a poly-pyrimidine tract 
(PPT), a branch-point domain (BrP), and an inserted pre-miRNA oligonucleotide (insert) in the 5′-proximity of SpRNAi 
between the DS and BrP sites. During messenger RNA (mRNA) maturation, the SpRNAi is spliced out of the SpRNAi–
rGFP pre-mRNA and further processed into miRNAs for gene silencing, whereas the mature rGFP mRNA is translated 
into rGFP for the target identification. (b) Simultaneous expression of rGFP and silencing of Aequorea victoria green 
fluorescent protein (eGFP) by various SpRNAi–rGFP transfections. At 24 h after transfection, approximate total cell 
numbers and eGFP-positive cell populations were observed with very few apoptotic or differentiated cells, whereas 
no detectable silencing of eGFP occurred. The RNA interference (RNAi) effect was detected 42 h after transfection, 
showing that the gene knock-down potency of the SpRNAi–rGFP genes containing inserts homologous to hairpin-
eGFP was much greater than the sense-eGFP, which was approximately equal to the antisense-eGFP, which was  
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no homology or complementarity between the SpRNAi–rGFP gene 
and its expression vectors. After transfection of SpRNAi–rGFP genes 
containing synthetic inserts homologous to a targeted gene exon, we 
found that a hairpin insert comprising both sense and antisense exon 
strands resulted in maximal effects of gene silencing.

As shown in Fig. 2, the transfection of various SpRNAi–rGFP 
genes targeting the nucleotides 279–303 open-reading frame 
region of the enhanced Aequorea victoria green fluorescent protein 
(eGFP) was found to be highly significant (n = 4; p < 0.01) in 
silencing eGFP protein expression. The use of eGFP-positive 
HCN-A94-2 rat neuronal stem cells offered an excellent visual aid 
to observe the decreased green fluorescent emission of eGFP in the 
red fluorescent rGFP reporter gene-expressing cells. Silencing of 
eGFP was detected 42–48 h after transfection, indicating a poten-
tial requirement for precise timing of the production of sufficient 
small interfering intron inserts from the SpRNAi–rGFP gene.

Quantitative knock-down levels of eGFP protein were signifi-
cantly altered (Fig. 2b), and there were modest reduction rates of 
56 ± 6% for the transfection of inserts homologous to the sense 
strand of the eGFP target, of 50 ± 4% for the antisense strand of 
the GFP target, and a significant rate of 81 ± 2% for the hairpin 
inserts containing both strands of the eGFP target. No knockdown 
specificity to eGFP was detected by the transfection of intron-free 
rGFP gene, or for the SpRNAi–rGFP gene containing hairpin 
inserts homologous to either integrin-β1 exon 1 or the human 
immunodeficiency virus (HIV)-1 gag-p24 gene. The Western blot 
results shown in Fig. 2c confirmed the knock-down regulation 
observed and demonstrated that such a gene-silencing effect is 
determined by the hairpin structures of the pre-miRNA inserts.

The intron-derived miRNA system is able to be activated in a 
specific cell type under the control of a Pol II-directed transcrip-
tional machinery. Our research group was the first to discover the 
biogenesis of miRNA-like precursors from the 5′-proximal intron 
regions of gene transcripts (pre-mRNAs) produced by the mam-
malian Pol II. Depending on the promoter of the miRNA-encoded 
gene transcript, intronic miRNA is coexpressed with its encoding 
gene in the specific cell population, which activates the promoter 
and expresses the gene. This type of miRNA generation relies on 
the coupled interaction of nascent Pol II-mediated pre-mRNA 
transcription and intron excision, occurring within certain nuclear 
regions proximal to genomic perichromatin fibrils [4, 20, 40, 41].

Fig. 2 (continued) much greater than the hairpin-human immunodeficiency virus (HIV) p24 (negative controls).  
(c) Western blot analyses confirmed the knock-down potency of (b). The lanes from left to right indicate the SpRNAi–
rGFP transfection with genes containing various inserts homologous to the open-reading frame of eGFP, namely: (1) 
rGFP(−) (blank controls); (2) hairpin-integrin-β1 exon 1 (negative controls); (3) hairpin-HIV gag-p24; (4) sense-eGFP; 
(5) antisense-eGFP; (6) hairpin-eGFP; and (7) rGFPΔ (DS-defective controls)
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After Pol II RNA processing and splicing excision, some of the 
intron-derived miRNA fragments can form mature miRNAs and 
effectively silence the target genes through the RNAi mechanism, 
whereas the exons of pre-mRNA are ligated together to form a 
mature mRNA for protein synthesis [4, 20]. Because miRNAs are 
single-stranded molecules insensitive to double-stranded RNA-
dependent protein kinase R (PKR) and 2′,5′-oligoadenylate syn-
thetase (2-5A)-induced interferon systems, the use of this Pol 
II-mediated miRNA generation can be safe in vitro and in vivo, 
preventing the cytotoxic effects of double-stranded RNAs (dsR-
NAs) and siRNAs. Interferon-induced protein kinase PKR can 
trigger cell apoptosis, whereas activation of the interferon-induced 
2-5A system leads to extensive cleavage of single-stranded RNAs 
(i.e., mRNAs) [42, 43]. Although both the PKR and the 2-5A 
systems contain dsRNA-binding motifs that are highly conserved 
for binding to dsRNAs, these motifs do not bind to either single-
stranded RNAs or RNA–DNA hybrids. These findings indicate a 
new function for mammalian introns in intracellular miRNA gen-
eration and gene regulation, which can be used as a tool for analy-
sis of gene functions, improvement of current RNAi technology, 
and development of gene-specific therapeutics against cancers and 
viral infections.

The components of the Pol II-mediated SpRNAi system 
include several consensual nucleotide elements: a 5′-splice site, a 
branch-point domain, a poly-pyrimidine tract, and a 3′-splice site 
(Fig. 2a). Additionally, a pre-miRNA insert-sequence is placed 
within the artificial intron between the 5′-splice site and the 
branch-point domain. This portion of the intron would normally 
form a lariat structure during RNA splicing and processing. We 
currently know that spliceosomal U2 and U6 small nuclear RNPs, 
both helicases, may be involved in the unwinding and excision of 
the lariat RNA fragment into pre-miRNA; however, the detailed 
processing remains to be elucidated. Further, the SpRNAi contains 
translation stop codon domains in its 3′-proximal region to facili-
tate the accuracy of RNA splicing, which, if present in a cytoplas-
mic mRNA, would signal the diversion of a splicing-defective 
pre-mRNA to the nonsense-mediated decay pathway and, thus, 
cause the elimination of any unspliced pre-mRNA in the cell.

For intracellular expression of the SpRNAi, we need to insert 
the SpRNAi construct into the DraII cleavage site of a rGFP gene 
from mutated chromoproteins of coral reef Heteractis crispa. The 
cleavage of rGFP at its 208th nucleotide site by the restriction 
enzyme, DraII, generates an AG–GN nucleotide break, with three 
recessing nucleotides in each end, which forms 5′ and 3′ splice 
sites, respectively, after the SpRNAi insertion. Because this intronic 
insertion disrupts the expression of functional rGFP, it becomes 
possible to determine the occurrence of intron splicing and rGFP–
mRNA maturation via the appearance of red fluorescent emission 
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around the membrane surface of the transfected cells. The rGFP 
also provides multiple exonic splicing enhancers to increase RNA-
splicing efficiency.

To test the requirement of a siRNA-like duplex construct in a 
miRNA-associated RISC (miRISC) assembly, the pre-miRNAs 
were designed to contain perfectly matched stem arm domains. 
Although most of the native pre-miRNAs contain a mismatched 
area in their stem arms, it is not necessary for us to construct an 
imperfectly paired stem arm to trigger RNAi-related gene silenc-
ing. Previous studies have demonstrated that a mature miRNA can 
be generated by placing a perfectly matched siRNA duplex in the 
miR-30 pre-miRNA structure [27, 44]. Further, there are many 
genes not subjected to the regulation of native miRNAs, in par-
ticular, eGFP, which can be otherwise silenced by intracellular 
transfection of a pre-miRNA containing a perfectly matched stem 
arm construct. Therefore, we define a mature miRNA based on its 
biogenetic function and mechanism, rather than the structural 
complementarity of its precursor. In this view, any small hairpin 
RNA can be a pre-miRNA, if a mature miRNA is successfully pro-
cessed from the small hairpin RNA and further assembled into 
miRISC for target gene silencing.

This designed miRNA system has been tested in zebrafish, 
establishing the fact that intronic miRNAs can be used as an effective 
strategy to silence specific target genes in vivo. We first tried to 
resolve the structural design of pre-miRNA inserts for the best gene-
silencing effect and found that a strong structural bias exists in the 
selection of a mature miRNA strand during the assembly of the 
RNAi effector, RISC. RISC is a protein–RNA complex that directs 
either target gene transcript degradation or translational repression 
through the RNAi mechanism. Formation of siRNA duplexes has 
been reported to play a key role in the assembly of the siRNA-asso-
ciated RISC. The two strands of the siRNA duplex are functionally 
asymmetric, but assembly into the RISC complex is preferential for 
only one strand. Such preference is determined by the thermody-
namic stability of each 5′-end base pairing in the strand.

Based on this siRNA model, the formation of miRNA and its 
complementary miRNA (miRNA*) duplexes was thought to be an 
essential step for the assembly of miRISC. If this were true, no func-
tional bias would be observed in the stem-loop of a pre-miRNA. 
Nevertheless, we observed that the stem-loop of the intronic pre-
miRNA was involved in the strand selection of a mature miRNA for 
the RISC assembly in zebrafish. In these experiments, we con-
structed miRNA-expressing SpRNAi–rGFP vectors, as previously 
described [4, 20]; and two symmetric pre-miRNAs, miRNA–stem-
loop–miRNA* (0) and miRNA* –stem-loop–miRNA (8), were 
synthesized and inserted into the vectors, respectively. Both pre-
miRNAs contained the same double-stranded stem arm region, 
which was directed against the eGFP nucleotide 280–302 sequence. 
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Because the intronic insert region of the SpRNAi–rGFP  recombined 
gene is flanked with a PvuI and an MluI restriction site at the 5′- 
and 3′-ends, respectively, the primary insert can be easily removed 
and replaced by various gene-specific inserts (e.g., anti-eGFP) pos-
sessing cohesive ends. By changing the pre-miRNA inserts directed 
against different gene transcripts, this intronic miRNA generation 
system provides a valuable tool for genetic and miRNA-associated 
research in vivo.

To determine the structural preference of the designed pre-
miRNAs, we isolated the zebrafish small RNAs by mirVana® miRNA 
isolation columns (Ambion, Austin, TX) and precipitated all poten-
tial miRNAs complementary to the target eGFP region by latex 
beads containing the target RNA sequence. One effective miRNA 
identity, miR-eGFP (280/302), was verified in the transfections  
of the 5′-miRNA–stem-loop–miRNA*-3′ construct, as shown in 
Fig. 3a (gray-shading sequences). Because the effective mature 
miRNA was detected only in the zebrafish when transfected by the 
5′-miRNA–stem-loop–miRNA*-3′ construct, the miRISC seems 
to prefer interacting with the 8 construct rather than the 0 
 pre-miRNA. The eGFP expression was constitutively driven by the 
β-actin promoter located in almost all zebrafish cells, whereas 
Fig. 3b shows that transfection of the SpRNAi–rGFP vector into 
the transgenic (UAS:gfp) zebrafish coexpressed rGFP, serving as a 
positive indicator for the miRNA generation in the transfected cells. 
This approach has been successfully used in several mouse and 
human cell lines to demonstrate RNAi effects [20, 39].

We applied the liposome-capsulated vector (total 60 μg) to the 
fish and found that the vector easily penetrated almost all tissues of 
the 2-week-old zebrafish larvae within 24 h, achieving fully sys-
temic delivery of the miRNA effect. The indicator rGFP was 
detected in all of the fishes transfected by either 5′-miRNA*–stem-
loop–miRNA-3′ or 5′-miRNA–stem-loop–miRNA*-3′ premiRNA, 
whereas the silencing of target eGFP expression (green) was 
observed only in the fishes transfected by the 5′-miRNA–stem-
loop–miRNA*-3′ pre-miRNA (Fig. 3b, c).

The suppression level of eGFP in the gastrointestinal tract was 
found to be less effective, probably because of the high RNase 
activity in this region. Switching the stem-loop position has 
changed the thermostability of the 5′-end of the siRNA-like stem 

Fig. 3 (continued) Because the color combination of EGFP and RGFP displayed more red than green (as shown 
in deep orange), the expression level of target EGFP (green) was significantly reduced in , while miRNA indica-
tor RGFP (red) was evenly present in all vector transfections. (c) Western blot analysis of the EGFP protein levels 
confirmed the specific silencing result of (b). No detectable gene silencing was observed in fishes without (Ctl) 
and with liposome only (Lipo) treatments. The transfection of either a U6-driven siRNA vector (siR) or an empty 
vector (Vctr) without the designed pre-miRNA insert resulted in no gene silencing significance
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Fig. 3 Structural preference of miRNA–miRNA* asymmetry in miRNA-induced gene silencing complex (RISC) 
in vivo. Different preferences of RISC assembly were observed by transfection of 5′-miRNA*-stemloop-miRNA-3′ 
( ) and 5′-miRNA-stemloop-miRNA*-3′ ( ) pre-miRNA constructs in zebrafish, respectively. (a) Based on the 
RISC assembly rule of siRNA, the processing of both  and  should result in the same siRNA duplex for RISC 
assembly; however, the experiments demonstrate that only the  construct was used in the RISC assembly for 
silencing target EGFR. Due to the fact that miRNA is predicted to be complementary to its target messenger RNA, 
the “antisense” (black bar) refers to the miRNA and the “sense” (white bar) refers to its complementarity, 
miRNA*. One mature miRNA, namely miR-Aequoreq victoria green fluorescent protein (eGFP)-(280/302), was 
detected in the -transfected zebrafishes, whereas the  transfection produced different miRNA: miR*-
EGFR(301–281), which was partially complementary to the miR-eGFP(280/320). (b) In vivo gene silencing 
 efficacy was only observed in the transfection of the  pre-miRNA construct, but not the  construct.  
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arm, resulting in different miRNA maturation patterns; thus, we 
suggest that the stem-loop of a premiRNA may be involved in 
Dicer recognition and strand selection of a mature miRNA for 
effective RISC assembly and the resultant gene silencing. Given 
that the cleavage site of Dicer in the stem arm determines the 
strand selection of mature miRNA [27], the stem-loop may func-
tion as a determinant for the recognition of specific cleavage sites. 
Therefore, different from the dual open-ends of siRNA, a hairpin-
like pre-miRNA has the advantage of using its stemloop structure 
to control the asymmetry of miRNA maturation for a more effi-
cient RISC assembly.

Consistent evidence of miRNA-induced gene-silencing effects 
in mammalian cell lines and zebrafish demonstrates the preservation 
of an ancient intron-mediated gene regulation system in eukaryotes. 
In these in vitro and in vivo models, the intron-derived miRNAs 
determine the activation of RNAi-associated gene-silencing path-
ways. We herein provide the first evidence for the biogenesis and 
function of intronic miRNAs, both in vitro and in vivo. Evolution 
gives rise to more complexity and more variety of introns in higher 
animal and plant species for coordinating their vast gene expression 
volumes and interactions. Deregulation of these miRNAs due to 
intronic expansion or deletion could be the likely cause of various 
genetic diseases, such as myotonic dystrophy and fragile X mental 
retardation. Gene expression produces not only a gene transcript for 
its own protein synthesis but also for intronic miRNAs, capable of 
interfering with the expression of other genes. Thus, the expression 
of a particular gene may result in the gain of function of that particu-
lar gene but the consequent loss of function of other genes that are 
complementary to the mature intronic miRNAs. In volatile environ-
ments, an array of genes can swiftly and accurately coordinate their 
expression patterns with each other through the mediation of their 
intronic miRNAs, bypassing time-consuming translation processes.

Conceivably, intron-mediated gene regulation may be as impor-
tant as the mechanisms by which transcription factors regulate the 
gene expression. It is likely that intronic miRNA is able to trigger 
cell transitions quickly in response to external stimuli without 
tedious protein synthesis. Undesired gene products are reduced by 
both transcriptional inhibition and/or translational suppression via 
miRNA regulation. This could enable a rapid switch to a new gene 
expression pattern without the need to produce various transcrip-
tion factors. This regulatory property of miRNAs may serve as one 
of the most ancient gene modulation systems before the emergence 
of proteins. With the vast variety of miRNAs and the complexity of 
genomic introns, a thorough investigation of miRNA variants in 
the human genome will markedly improve the understanding of 
genetic diseases and improve the design of miRNA-based drugs. 
Learning how to exploit such a novel gene regulation system for 
future therapies will be a forthcoming challenge.
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2 Materials

 1. Sense SpRNAi sequence: 5′-dephosphorylated 
GTAAGTGGTC CGATCGTCGC GACG CGTCAT 
TACTAACACTAT CATACTTATC CTGTCCCTTT 
TTTTTCCACA GCTAG GACCT TCGTGCA-3′ (100 pmol/
μL in autoclaved ddH2O).

 2. Antisense SpRNAi sequence: 5′-phosphorylated 
TGCACGAAGG TCCTAGCTGT GGA AAAAAAA 
GGGACAGGAT AAGTATGATA GTTAGTAATG 
ACGCGTCGCG ACG ATCGGAC CACTTAC-3′ 
(100 pmol/μL in autoclaved ddH2O).

 3. 2× Hybridization buffer: 200 mM KOAc, 60 mM HEPES-
KOH, 4 mM MgOAc, pH 7.4 at 25 °C.

 4. 0.5 μg/μL pHcRed1-N1/1 plasmid vector (BD Biosciences, 
Palo Alto, CA).

 5. Incubation chambers at 94, 65, and 4 °C.

 1. 10× L buffer: 100 mM Tris–HCl, pH 7.5 at 37 °C; 100 mM 
MgCl2; and 10 mM dithiothreitol (DTT).

 2. Restriction enzymes, including DraII, BfrI, NheI, and BsmI.
 3. DraII digestion reaction mix: 14 μL autoclaved ddH2O, 4 μL 

of 10× L buffer, and 2 μL DraII; prepare the reaction mix just 
before use.

 4. DraII/BfrI digestion reaction mix: 2 μL autoclaved ddH2O, 
4 μL of 10× L buffer, 2 μL DraII, and 2 μL BfrI; prepare the 
reaction mix just before use.

 5. 10× Ligation buffer: 660 mM Tris–HCl, pH 7.5 at 20 °C; 
50 mM MgCl2; 50 mM DTT; and 10 mM adenosine triphos-
phate (ATP).

 6. 5 U/μL T4 DNA ligase.
 7. Ligation reaction mix: 4 μL autoclaved ddH2O, 4 μL of 10× 

ligation buffer, and 2 μL T4 ligase; prepare the reaction mix 
just before use.

 8. 10× M buffer: 100 mM Tris–HCl, pH 7.5 at 37 °C; 500 mM 
NaCl; 100 mM MgCl2; and 10 mM DTT.

 9. NheI digestion reaction mix: 4 μL autoclaved ddH2O, 4 μL of 
10× M buffer, and 2 μL.

NheI; prepare the reaction mix just before use.
 10. 10× H buffer: 500 mM Tris–HCl, pH 7.5 at 37 °C; 1 M NaCl; 

100 mM MgCl2; and 10 mM DTT.
 11. BsmI digestion reaction mix: 4 μL autoclaved ddH2O, 4 μL of 

10× H buffer and 2 μL BsmI; prepare the reaction mix just 
before use.

2.1 Synthetic 
Oligonucleotides Used 
for SpRNAi–rGFP Gene 
Construction

2.2 Restriction 
Enzyme Digestion 
and Sequential 
Ligation with Cohesive 
Ends
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 12. 10 U/μL T4 polynucleotide kinase.
 13. Ligation/phosphorylation reaction mix: 2 μL autoclaved 

ddH2O, 4 μL of 10× ligation buffer, 2 μL T4 ligase, and 2 μL 
T4 polynucleotide kinase; prepare the reaction mix just 
before use.

 14. Incubation chambers at 65, 37, 16, and 4 °C.
 15. 1% agarose gel electrophoresis.
 16. Gel extraction kit (Qiagen, Valencia, CA).
 17. Microcentrifuge: 17,900 × g.

 1. 10× H buffer: 500 mM Tris–HCl, pH 7.5 at 37 °C; 1 M NaCl; 
100 mM MgCl2; and 10 mM DTT.

 2. Restriction enzymes, including XhoI and XbaI.
 3. XhoI/XbaI digestion reaction mix: 2 μL autoclaved ddH2O, 

4 μL of 10× H buffer, 2 μL XhoI, and 2 μL XbaI; prepare the 
reaction mix just before use.

 4. 10× Ligation buffer: 660 mM Tris–HCl, pH 7.5 at 20 °C; 
50 mM MgCl2; 50 mM DTT; and 10 mM ATP.

 5. 5 U/μL T4 DNA ligase.
 6. Ligation reaction mix: 4 μL autoclaved ddH2O, 4 μL of 10× 

ligation buffer, and 2 μL T4 ligase; prepare the reaction mix 
just before use.

 7. Low salt Luria-Bertani culture broth.
 8. Expand cloning kit (Roche Diagnostics, Indianapolis, IN).
 9. DH5α transformation-competent E. coli cells (Roche).
 10. 10× MgSO4 solution: 1 M MgSO4.
 11. 1× CaCl2 solution: 0.1 M CaCl2.
 12. 10× Glucose solution: 1 M glucose.
 13. Incubation shaker: 37 °C; 285 rpm vortex.
 14. Incubation chambers: 37, 16, and 4 °C.
 15. Luria-Bertani agar plate containing 50 mg/mL kanamycin.
 16. Spin Miniprep kit (Qiagen).
 17. Microcentrifuge: 17,900 × g.

 1. Sense pre-miRNA sequence: 5′-GTCCGATCGT 
CAAGAAGATG GTGCGCTCCT GGA TCAAGAG 
ATTCCAGGAG CGCACCATCT TCTTCGACGC GTCAT-
3′ (100 pmol/μL in autoclaved ddH2O).

 2. Antisense pre-miRNA sequence: 5′-ATGACGCGTC 
GAAGAAGATG GTGCGCTCCT GGAATCTCTT 
GATCCAGGAG CGCACCATCT TCTTGACGAT CGGAC-
3′ (100 pmol/μL in autoclaved ddH2O).

2.3 Cloning 
of the SpRNAi–rGFP 
Gene Construct

2.4 Insertion 
of Pre-miRNA 
Into the SpRNAi–rGFP 
Gene Construct
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 3. 2× Hybridization buffer: 200 mM KOAc, 60 mM HEPES-
KOH, and 4 mM MgOAc, pH 7.4 at 25 °C.

 4. 10× H buffer: 500 mM Tris–HCl, pH 7.5 at 37 °C; 1 M NaCl; 
100 mM MgCl2; and 10 mM DTT.

 5. Restriction enzymes, including PuvI and MluI.
 6. PuvI/MluI digestion reaction mix: 2 μL autoclaved ddH2O, 

4 μL of 10× H buffer, 2 μL PuvI, and 2 μL MluI; prepare the 
reaction mix just before use.

 7. 10× Ligation buffer: 660 mM Tris–HCl, pH 7.5 at 20 °C; 
50 mM MgCl2; 50 mM DTT; and 10 mM ATP.

 8. 5 U/μL T4 DNA ligase.
 9. Ligation reaction mix: 4 μL autoclaved ddH2O, 4 μL of 10× 

ligation buffer, and 2 μL T4 ligase; prepare the reaction mix 
just before use.

 10. Incubation chambers: 65, 37, and 16 °C.
 11. 1% agarose gel electrophoresis.
 12. Gel extraction kit (Qiagen).
 13. Microcentrifuge: 17,900 × g.

 1. RPMI-1640 cell culture medium, serum-free.
 2. FuGENE transfection reagent (Roche).
 3. Cell culture incubator.

3 Methods

The SpRNAi artificial intron is formed by hybridization of the 
sense and antisense SpRNAi sequences, which are synthesized to 
be perfectly complementary to each other. Both of the SpRNAi 
sequences must be purified by polyacrylamide gel electrophoresis 
(PAGE) before use and stored at −20 °C.

 1. Hybridization: mix the sense and antisense SpRNAi sequences 
(5 μL for each sequence) in 10 μL of 2× hybridization buffer, 
heat to 94 °C for 3 min, and cool to 65 °C for 10 min. Stop 
the reaction on ice.

Two rGFP exons are provided by DraII cleavage of the 
pHcRed1-N1/1 plasmid vector between the 881st and 882nd 
nucleotide sites, forming an AG–GN nucleotide break with 
5′-G(T/A)C protruding nucleotides in the cleaved ends. The 
5′-GTC protruding nucleotides need to be removed from the 
end of the first exon for blunt-end ligation, whereas the 5′-GAC 
protruding end of the second exon is used to ligate with the 
3′-DraII-restricted end of the SpRNAi intron. After the  ligation  

2.5 Liposomal 
Transfection 
of the SpRNAi–rGFP 
Gene Construct

3.1 Synthetic 
Oligonucleotides Used 
for SpRNAi–rGFP Gene 
Construction

3.2 Restriction 
Enzyme Digestion 
and Sequential 
Ligation With Cohesive 
Ends
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of the SpRNAi intron and the second rGFP exon, add the first 
rGFP exon to the 5′ end of the ligated sequence by blunt-end 
ligation, so as to form a complete SpRNAi–rGFP gene cassette 
(see Note 1).

 1. DraII cleavage: add the DraII digestion reaction mix to the 
SpRNAi hybrid. Add the DraII/ BfrI digestion reaction mix to 
30 μL of the pHcRed1-N1/1 plasmid vector. Incubate both 
the reactions at 37 °C for 4 h and stop the reaction on ice.

 2. Purification of the DraII- and DraII/BfrI-digested sequences: 
load and run the above reactions from step 1 in 1% agarose gel 
electrophoresis and cut out of the DraII-digested SpRNAi 
hybrid sequence and two other oligonucleotide fragments 
(one 1760 bp and another 715 bp), which are derived from 
the DraII/BfrI-cleaved pHcRed1-N1/1 plasmid vector. 
Separately recover these three oligonucleotide sequences into 
different tubes in 30 μL autoclaved ddH2O, using the gel 
extraction columns and following the manufacturer’s sugges-
tions. Store the 1760-bp pHcRed1-N1/1 fragment at 4 °C 
for 2 week before use (see Note 2).

 3. Ligation: mix 15 μL of the DraII-digested SpRNAi hybrid 
sequence with 15 μL of the 715 bp pHcRed1-N1/1 fragment 
and add the ligation reaction mix. Incubate the reaction at 
16 °C for 16 h and stop the reaction on ice.

 4. Purification of the ligation product: load and run the ligation in 
1% agarose gel electrophoresis and cut out the ligated sequence 
(~800 bp) using a clean surgical blade. Recover the sequence in 
one tube of 30 μL autoclaved ddH2O, using the gel extraction 
column and following the manufacturer’s suggestions.

 5. Cleavage by NheI and BsmI: add the BsmI digestion reaction 
mix to the ligation product. Add the NheI digestion reaction 
mix to the 1760-bp pHcRed1-N1/1 fragment. Incubate both 
the reactions at 37 °C for 4 h and stop the reaction on ice.

 6. Purification of the NheI and BsmI-digested sequences: load 
and run the reactions in 1% agarose gel electrophoresis and cut 
out the NheI- and BsmI-digested sequences, respectively, 
using a clean surgical blade. Recover the two oligonucleotide 
sequences in one tube of 30 μL autoclaved ddH2O, using the 
gel extraction columns and following the manufacturer’s 
suggestions.

 7. Ligation: add the ligation/phosphorylation reaction mix to 
the extraction. Incubate the reaction at 16 °C for 16 h and 
stop the reaction on ice.

 8. Purification of the ligation product: load and run the ligation 
in 1% agarose gel electrophoresis and cut out the ligated 
sequences using a clean surgical blade. Recover the sequence 
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in one tube of 30 μL autoclaved ddH2O, using the gel 
 extraction column and following the manufacturer’s sugges-
tions. The final ligation product forms the SpRNAi–rGFP 
gene cassette (see Note 1).

To express the SpRNAi–rGFP gene in transfected cells, clone the 
SpRNAi–rGFP gene cassette into the pHcRed1-N1/1 plasmid 
vector, replacing the original HcRed protein sequence. Because 
the functional fluorescent structure of HcRed is disrupted by the 
SpRNAi intron insertion, one can determine the occurrence of 
intron splicing and miRNA maturation through the appearance of 
red fluorescent emission on the cell membranes. The red rGFP 
serves as a visual indicator for the generation of intronic miRNAs. 
This intron-derived miRNA system is activated under the control 
of cytomegalovirus-IE promoter.

 1. Cleavage by XhoI and XbaI: add the XhoI/XbaI digestion 
reaction mix to the SpRNAi– rGFP gene cassette and the 
pHcRed1-N1/1 plasmid vector, respectively. Incubate both 
the reactions at 37 °C for 4 h and stop the reactions on ice.

 2. Purification of the XhoI/XbaI-digested sequences: load and 
run the reactions in 1% agarose gel electrophoresis and cut out 
the XhoI/XbaI-digested SpRNAi–rGFP sequence and the 
4000-bp pHcRed1-N1/1 fragment, respectively, using a clean 
surgical blade. Recover the two oligonucleotide sequences in 
one tube of 30 μL autoclaved ddH2O, using the gel extraction 
column and following the manufacturer’s suggestions.

 3. Ligation: add the ligation reaction mix to the extraction. Incubate 
the reaction at 16 °C for 16 h and stop the reaction on ice.

 4. Plasmid amplification: transfect the ligation product into 
the DH5α transformation-competent E. coli cells using the 
expanded cloning kit and following the manufacturer’s 
suggestions.

 5. Plasmid recovery: isolate and collect the amplified SpRNAi–
rGFP plasmid in one tube of 30 μL autoclaved ddH2O, using 
a spin Miniprep filter and following the manufacturer’s 
suggestions.

The SpRNAi–rGFP vector does not contain any intronic pre-miRNA 
structure. Because the intronic insert region of the SpRNAi–rGFP 
vector is flanked with a PvuI and an MluI restriction site at the 5′ 
and 3′ ends, respectively, the primary insert can be easily removed 
and replaced by various gene-specific inserts (e.g., anti-eGFP) pos-
sessing cohesive ends (see Note 3).

 1. Hybridization: mix the sense and antisense pre-miRNA 
sequences (5 μL for each sequence) in 10 μL of 2× hybridiza-
tion buffer, heat to 94 °C for 3 min, and cool to 65 °C for 
10 min. Stop the reaction on ice.

3.3 Cloning 
of the SpRNAi–rGFP 
Gene Construct

3.4 Insertion 
of Pre-miRNA 
into the SpRNAi–rGFP 
Gene Construct
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 2. Cleavage by MluI and PvuI: add the MluI/PvuI digestion 
reaction mix to the SpRNAi–rGFP vector and the pre-miRNA 
hybrid construct, respectively. Incubate the reaction at 37 °C 
for 4 h and stop the reaction on ice.

 3. Purification of the MluI/PvuI-digested sequences: load and 
run the reactions in 1% agarose gel electrophoresis and cut out 
the MluI/PvuI-digested SpRNAi–rGFP sequence and the 
pre-miRNA fragment, respectively, using a clean surgical 
blade. Recover the two oligonucleotide sequences in one tube 
of 30 μL autoclaved ddH2O, using the gel extraction column 
and following the manufacturer’s suggestions.

 4. Ligation: add the ligation reaction mix to the extraction. 
Incubate the reaction at 16 °C for 16 h and stop the reaction on 
ice.

 5. Plasmid amplification: transfect the ligation product into the 
DH5α transformation-competent E. coli cells using the expanded 
cloning kit and following the manufacturer’s suggestions.

 6. Plasmid recovery: isolate and collect the amplified SpRNAi–
rGFP plasmid in one tube of 30 μL autoclaved ddH2O, using 
a spin Miniprep filter and following the manufacturer’s sug-
gestions (see Note 4).

To increase transfection efficiency, we use liposomal reagents to 
facilitate the delivery of the SpRNAi–rGFP vector into target cells.

 1. Preparation of FuGENE: add 6 μL of the FuGENE reagent 
into 100 μL of RPMI-1640 medium in a clean tube and gently 
mix the solution, following the manufacturer’s suggestions. 
Add 20 μg (in less than 50 μL) of the SpRNAi–rGFP vector 
into the liposomal dilution from Subheading 3.4, step 6, and 
gently mix the solution following the manufacturer’s sugges-
tions. Store the mixture at 4 °C for 30 min.

 2. Transfection: add the mixture into the center of the cell cul-
ture and gently mix the cell culture medium.

 3. Cell culture: culture the treated cells in a cell culture incubator 
under the condition essential for the cell type.

4 Notes

 1. Because of the low efficiency of blunt-end ligation and 
5′-nucleotide hydrolysis of the first rGFP exon, the chance to 
obtain a correct SpRNAi–rGFP gene sequence is approx. 
1 in 50 (2%). The final SpRNAi–rGFP gene sequence must 
be confirmed by DNA sequencing.

3.5 Liposomal 
Transfection 
of the SpRNAi–rGFP 
Gene Construct
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 2. Because there is no enzymatic method to remove the 5′-protruding 
trinucleotide of the first rGFP exon, we need to use hydrolysis, 
which takes approx 2–3 weeks to remove three nucleotides from 
the end of an oligonucleotide sequence.

 3. The synthetic pre-miRNA sequences that we present here 
are directed against the 279- to 303-nt region of enhanced 
eGFP. The principle for designing an intronic pre-miRNA 
insert is to synthesize two mutually complementary oligonu-
cleotides, including one 5′-GTCCG
ATCGTC, 19- to 27-nt antisense target gene sequence—
TCAAGAGAT (stem-loop)—19- to 27-nt sense target gene 
sequence, CGACGCGTCAT-3′; and another 5′-ATGA 
CGGTCG, 19- to 27-nt antisense target gene sequence—
ATCTCTTGA (stem-loop)—19- to 27-nt sense target gene 
sequence, GACGATCGGAC-3′. The hybridization of these 
two oligonucleotide sequences forms the intronic pre-miRNA 
insert, which contains a 5′-PuvI and a 3′Mlu1 restriction site for 
further ligation into the intron region of an SpRNAi–rGFP 
gene cassette. All synthetic oligonucleotides must be purified by 
PAGE to ensure their highest purity and integrity.

 4. The sequence of the final SpRNAi–rGFP gene cassette and its 
pre-miRNA insert must be confirmed by DNA sequencing.
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Chapter 10

Mining Exosomal MicroRNAs from Human-Induced 
Pluripotent Stem Cells-Derived Cardiomyocytes for Cardiac 
Regeneration

Sang-Ging Ong, Won Hee Lee, Yang Zhou, and Joseph C. Wu

Abstract

Myocardial infarction is the leading cause of morbidity and mortality worldwide. Recent advances in 
 cardiac regenerative therapy have allowed for novel modalities in replenishing the damaged myocardium. 
However, poor long-term engraftment and survival of transplanted cells have largely precluded effective 
cell replacement. As an alternative to direct cell replacement, the release of paracrine protective factors may 
be a more plausible effector for cardioprotection which may partially be mediated through secretion of 
microvesicles, or exosomes, that contribute to cell-cell communication. In this chapter, we describe the 
isolation of exosomes from induced pluripotent stem cells-derived cardiomyocytes for subsequent 
microRNA profiling for a better understanding of the biological cargo contained within exosomes.

Key words Exosomes, iPSC-CMs, microRNA, Stem cell, Heart

1 Introduction

Cardiovascular diseases (CVDs) are the primary cause of morbidity 
and mortality worldwide [1]. Following myocardial infarction, 
there is a major loss of cardiomyocytes due to necrosis, and replace-
ment of damaged myocardium is an intense area of research in the 
field of cardiac regenerative medicine [2]. Various cell types, inclu-
ding mesenchymal stem cells (MSCs), cardiac progenitor cells 
(CPCs), embryonic stem cells-derived cardiomyocytes (ESC- 
CMs), and induced pluripotent stem cells-derived cardiomyocytes 
(iPSC-CMs), have been investigated in both preclinical and clinical 
studies with mixed results, with a common issue being the poor 
survival of transplanted cells [3–7]. Positive outcomes of such 
studies are being associated with the secretion of paracrine factors 
in the absence of adequate cell survival, which may be mediated by 
the release of a novel class of small vesicles termed exosomes [7, 8].

Exosomes are endosomal membrane vesicles with diameters of 
~40–150 nm that originate in the late endosomal compartment 
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from the inward budding of endosomal membranes, leading to the 
formation of intracellular multi-vesicular endosomes (MVEs) [9, 10]. 
Groups of exosomes are packed in the MVEs and upon their fusion 
with the plasma membrane, these exosomes are released into the 
extracellular space. Various studies have reported the role of exo-
somes in mediating intercellular communication by serving as 
vehicles for transferring various biological molecules, including 
DNA, RNA, proteins, and lipids between cells [11–14]. Consistent 
with these studies, the roles of exosomes isolated from various 
types of stem cells such as MSCs, CPCs, ESCs, iPSCs, and CD34+ 
have been investigated in mediating cardiac regeneration. These 
exosomes are known to possess anti-apoptotic effects in both host 
and transplanted cells, and they also stimulate angiogenesis, reduce 
infarct size, and improve cardiac recovery [15–19]. Importantly, 
enrichment of protective microRNAs appears to be responsible for 
the beneficial effects of exosomes in cardiac regeneration [11, 15, 
20, 21].

In the following text, we have outlined a protocol for differen-
tiating human iPSCs into cardiomyocytes, and described the 
 methods required for isolating exosomes secreted by iPSC-CMs 
for subsequent microRNA analysis, which will help advance our 
understanding of exosomes and how they can be used for mediat-
ing cardiac regeneration moving forward.

2 Materials

 1. Essential 8 medium (ThermoFisher).
 2. BD Matrigel.
 3. ROCK Inhibitor, Y-27632.
 4. DMEM/F12 media.
 5. 0.5 M EDTA.
 6. Dulbecco’s phosphate-buffered saline (DPBS) 1×, without 

Ca2+/Mg2+.
 7. Tissue culture plates, 6-well.
 8. Humidified 5% CO2 incubator.

 1. RPMI 1640 medium (ThermoFisher).
 2. RPMI 1640 medium, no glucose (ThermoFisher).
 3. B27 Supplement (50×), serum free (ThermoFisher).
 4. B27 Supplement (50×), minus insulin (ThermoFisher).
 5. CHIR99021.
 6. IWR-1.
 7. Tissue culture plates, 6-well.
 8. Humidified 5% CO2 incubator.

2.1 Cultivation 
and Passaging 
of Human iPSCs

2.2 Cardiac 
Differentiation 
of Human iPSCs
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 1. Amicon Ultra-15 centrifugal units, 100 kDa (Millipore).
 2. Dulbecco’s phosphate-buffered saline (DPBS) 1×, without 

Ca2+/Mg2+.
 3. Bovine serum albumin.
 4. Centrifuge.

 1. Conical tubes, 50 mL.
 2. Refrigerated centrifuge.
 3. Optional: exosome-depleted FBS.
 4. 0.22 μM filter units.
 5. Hydrated 100 kDa centrifugal units.

 1. Total exosome isolation reagent from cell culture media 
(ThermoFisher).

 2. Fridge.
 3. Refrigerated centrifuge.
 4. Dulbecco’s phosphate-buffered saline (DPBS) 1×, without 

Ca2+/Mg2+.
 5. Eppendorf tubes.

 1. miRCURY™ RNA isolation kit—cell & plant (Exiqon).
 2. Centrifuge.
 3. 96–100% ethanol.
 4. β-mercaptoethanol (add 10 μL per 1 mL lysis buffer).
 5. RNase-free water.

3 Methods

 1. Thaw an aliquot of Matrigel at 4 °C, and dilute it at 200–300 
times in DMEM/F12 media. Mix well and add 1 mL of 
Matrigel solution per well into 6-well plates.

 2. Incubate the Matrigel-coated plates in a 37 °C cell culture 
incubator for at least 30 min prior to use, plates can be kept for 
several days before use.

 3. Prepare essential 8 (E8) medium by adding 10 mL of supple-
ment into 500 mL of basal medium, and keep it at 4 °C for up 
to 2 weeks. Allow the medium to reach room temperature 
prior to use.

 4. Thaw a vial of frozen iPSCs, and add the thawed cell sus-
pension into 4 mL of E8 medium in a sterile 15 mL conical 
tube.

2.3 Hydration 
and Saturation 
of Filter Units 
for Concentration

2.4 Preparation 
and Concentration 
of iPSC-CMs 
Conditioned Medium

2.5 Isolation 
of Exosomes

2.6 RNA Isolation 
from Exosomes

3.1 Cultivation 
and Passaging 
of Human iPSCs

Mining Exosomal MicroRNAs from Human-Induced Pluripotent Stem Cells-Derived…
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 5. Centrifuge the tube at 300 × g for 3 min at room 
temperature.

 6. Aspirate the supernatant and gently resuspend cells into 2 mL 
of E8 medium supplemented with 10 μM of Rho-associated 
protein kinase (ROCK) inhibitor (S1049, Selleck Chemicals).

 7. Plate cells in 1 well of 6-well plate and incubate the cells in a 
37 °C 5% CO2 incubator.

 8. Replace with fresh medium without ROCK inhibitor the next 
day, and continue maintaining the cells with daily medium 
exchange until ~85% confluency (typically 4 days after plating).

 9. Cells can then be passaged at split ratios between 1:6 and 1:12. 
For passaging, aspirate the media from cells to be passaged and 
wash briefly with 1 mL of PBS (without Ca2+ and Mg2+). 
Aspirate the PBS wash.

 10. Add 1 mL of room temperature 0.5 mM EDTA solution to the 
cells and incubate at room temperature for 5–6 min. During 
the wait, prepare 24 mL of E8 medium with 10 μM of ROCK 
inhibitor.

 11. Carefully aspirate the EDTA solution from the well without 
rinsing the cells.

 12. Take 1 mL out of the 24 mL of E8 medium with 10 μM of 
ROCK inhibitor and add gently into the well to dislodge the 
cells, resuspend 1 to 2 more times if needed.

 13. Recover the 1 mL cell suspension and add it back to the 
remaining 23 mL of E8 medium with 10 μM of ROCK 
inhibitor.

 14. Resuspend gently once, and pipet 2 mL of cell suspension into 
each well of two 6-well plates for a 1:12 split ratio.

 15. Replace cell culture media daily as mentioned in step 8 and 
passage as needed.

 1. Cardiac differentiation is initiated when iPSCs are between 
70% and 85% confluency. Aspirate the spent E8 medium, and 
replace with 2 mL of RPMI/B27-Ins medium supplemented 
with 8 μM of CHIR99021 (day 0) (S2924, Selleck Chemicals). 
Return the cells to the 37 °C 5% CO2 incubator for 48 h.

 2. On day 2, aspirate the spent medium and replace with 2 mL of 
RPMI/B27-Ins medium. Return the cells to the incubator.

 3. On day 3, aspirate the spent medium and replace with 2 mL of 
RPMI/B27-Ins medium supplemented with 5 μM of IWR-1 
(S7086, Selleck Chemicals). Return the cells to the incubator 
for 48 h.

 4. On day 5, aspirate the spent medium and replace with 2 mL of 
RPMI/B27-Ins medium. Return the cells to the incubator for 
48 h.

3.2 Cardiac 
Differentiation 
of Human iPSCs
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 5. On day 7, aspirate the spent medium and replace with 2 mL of 
RPMI/B27+Ins medium. Return the cells to the incubator for 
48 h.

 6. On day 9, aspirate the spent medium and replace with 2 mL of 
RPMI/B27+Ins medium. Return the cells to the incubator for 
24 h.

 7. On day 10, aspirate the spent medium, and glucose starvation 
(for eliminating contaminating cells) is started by the addition 
of 2 mL of RPMI no glucose/B27+Ins medium. Return the 
cells to the incubator and repeat this step every 2 days.

 8. On day 15 (end of glucose starvation), aspirate the spent 
medium and replace with 2 mL of RPMI/B27+Ins medium. 
Return the cells to the incubator and repeat this step every 
2 days. Spontaneously contracting troponin T cardiac type 2 
positive cardiomyocytes will be present and ready for use, or 
can be further cultured as desired (see Note 1).

Amicon columns of 50 kDa or 100 kDa from Millipore or Vivaspin 
columns from Sartorius are recommended, with polyethersulfone 
(PES) as membranes.

 1. Columns are washed with 10 mL of PBS (1×) at 3000 × g for 
20 min at room temperature.

 2. Membrane is then saturated with 10 mL of 1% BSA diluted in 
PBS (1×). Incubate the columns overnight to decrease nonspe-
cific binding of proteins and thus exosomes to the column.

 3. On the following day, remove the 1% BSA and wash manually 
with 2 mL of PBS (1×). Decant the liquid.

 4. Wash the membrane with 10 mL of PBS (1×) with a 10 min 
centrifugation at 3000 × g at room temperature.

 5. Conditioned medium (see the next section) can be loaded on 
the membrane at this point.

 1. iPSC-CMs are allowed to grow in RPMI/B27+Ins medium 
for 24–48 h (see Note 2). Conditioned medium is then col-
lected and can be stored at 4 °C for short-term storage. 
Alternatively, the conditioned medium can be frozen at −80 °C 
for long-term storage.

 2. Centrifuge the conditioned medium at 500 × g for 5 min at 
4 °C. Collect the supernatant and discard the pellet.

 3. Centrifuge the supernatant at 3000 × g for 10 min at 4 °C. 
Collect the supernatant and discard the pellet.

 4. Filter the supernatant through a 0.22 μM filter.
 5. The filtrated conditioned medium can then be loaded into 

 filter units (see the previous section) for concentration.

3.3 Hydration 
and Saturation 
of Filter Units 
for Concentration

3.4 Preparation 
and Concentration 
of iPSC-CMs 
Conditioned Medium

Mining Exosomal MicroRNAs from Human-Induced Pluripotent Stem Cells-Derived…



132

 6. Upon loading of filtrate into filter units, the columns can be 
concentrated by centrifugation at 3000 × g at room tempera-
ture. Length of centrifugation and sample volume input will 
need to be optimized to obtain a desired concentration factor, 
a 20×-fold concentration is recommended to avoid exosome 
aggregation, vesicle damage, or loss.

 7. The concentrate can then be recovered manually by pipetting 
and stored at 4 °C. It is recommended to continue subsequent 
processing steps within the next few hours to prevent degrada-
tion of exosomal sample (see Note 3).

There are various methods for isolation of exosomes, including 
ultracentrifugation, precipitation-based methods, and immuno-
beads. Here, we describe a method (Total exosome isolation 
reagent from cell culture media, ThermoFisher) that only requires 
general laboratory equipment and hence is broadly applicable to 
most laboratories.

 1. 0.5 volumes of total exosome isolation reagent is added to the 
concentrated conditioned medium (e.g., 500 μL of reagent to 
1 mL of concentrate) (see Note 4). Mix well by vortexing until 
the solution is homogenous.

 2. Incubate the samples at 4 °C overnight.
 3. On the following day, centrifuge the samples at 13,000 × g for 

1 h at 4 °C.
 4. Aspirate and discard the supernatant. Care should be taken to 

prevent accidental dislodging of the pellet (may be invisible at 
times).

 5. Resuspend the pellet in a desired volume of 1× PBS, and the 
exosomes are now ready for subsequent analysis and can be 
stored at 4 °C for short-term storage or −20 °C for long-term 
storage. A representative image of iPSC-CMs-derived exo-
somes as characterized by transmission electron microscopy is 
shown in Fig. 1.

 6. Alternatively, the pellet can be used immediately for RNA iso-
lation by resuspension in lysis buffer.

The authors have routinely used miRCURY™ RNA isolation kit–
cell & plant from Exiqon to isolate exosomal RNA.

 1. Add 350 μL of lysis solution with β-mercaptoethanol directly 
to the exosome pellet and resuspend well.

 2. Add 200 μL of 100% ethanol to the lysate and mix well by 
vortexing.

 3. Assemble a column with provided collection tubes. Apply all 
the lysate with ethanol onto the column and centrifuge for 
1 min at 13,000 × g.

3.5 Isolation 
of Exosomes

3.6 RNA Isolation 
from Exosomes
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 4. Discard the flow-through and reassemble the spin column with 
its collection tube.

 5. Add 400 μL of wash solution to the column and centrifuge for 
1 min at 13,000 × g.

 6. Discard the flow-through and reassemble the spin column with 
its collection tube.

 7. Repeat washing the column two more times by adding another 
400 μL of wash solution and centrifuge for 1 min at 13,000 × g.

 8. Discard the flow-through and reassemble the spin column with 
its collection tube.

 9. Spin the column for 2 min at 13,000 × g to thoroughly dry the 
resin. Discard the collection tube.

 10. Place the column into a new elution tube. Add 35 μL of 
RNase-free water to the column.

 11. Centrifuge for 2 min at 200 × g, followed by 1 min at 
13,000 × g.

 12. The purified RNA sample can now be stored at −80 °C for 
subsequent processing including microRNA analysis and 
sequencing.

Using this isolation method, the authors have detected 
microRNAs based on several platforms, including TaqMan assays, 
SYBR-Green-based microRNA qPCR arrays, and Illumina HiSeq 
2000. An electropherogram of exosomal microRNA extracted 
using the methods above, and analyzed by Bioanalyzer 2100 on a 
small RNA chip, is shown in Fig. 2.

Fig. 1 Characterization of iPSC-CMs-derived exosomes by transmission electron 
microscopy. A round (~120 nm diameter) exosome containing a lipid bilayer is 
shown (arrowhead). It has an electron-dense content

Mining Exosomal MicroRNAs from Human-Induced Pluripotent Stem Cells-Derived…
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4 Notes

 1. iPSC-CMs should be at a high purity before being used for 
exosome production and isolation to reduce the presence of 
contaminating exosomes from non-cardiac cells such as fibro-
blasts or endothelial cells.

 2. FBS should not be used as it contains a high abundance of 
cow- derived exosome vesicles. If absolutely required, exosome- 
depleted FBS growth supplement which is commercially 
 available (e.g., System Biosciences) should be used instead of 
regular FBS. Users may also consider an alternate chemically 
defined media for growth of human iPSC-CMs [22].

 3. Handling and isolation of exosomes can be performed in a 
non- sterile condition for downstream applications such as 
immunoblotting, RNA analysis, or proteomic studies.

 4. We recommend concentrating cell culture medium by ultrafil-
tration prior to isolation of exosome for ease of handling (e.g., 
reduced volume, visible pellet).

Fig. 2 Electropherogram of exosomal small RNAs isolated from iPSC-CMs conditioned medium measured by 
Bioanalyzer 2100 with the Small RNA assay. The electropherogram is plotted as fluorescence intensity (Y-axis) 
versus size (X-axis). Two distinct regions are defined with the Small RNA assay including small RNA region 
from 0 to 150 nt (delineated by dashed green lines) and the microRNA region from 10 to 40 nt (delineated by 
dotted gray lines). Nearly 40% of miRNAs were detected for this particular sample. The data can also be dis-
played as a densitometry plot as shown on the right

Sang-Ging Ong et al.
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Chapter 11   

Quantitative Analysis of Precursors MicroRNAs and Their 
Respective Mature MicroRNAs in Cancer Exosomes 
Overtime             

Nuno Bastos and Sónia A. Melo

Abstract

Exosomes are a cell-to-cell communication system that transports information to neighbor and/or distant 
cells. Their content is composed of lipids, proteins, RNAs, and DNA. The role of exosomes released by 
cancer cells in disease progression has been widely studied. Here, we report a detailed protocol to quantify 
precursor microRNAs and mature microRNAs overtime in exosomes of cancer cells. Those precursor 
microRNAs that are packaged together with RISC proteins will get further processed in the exosomes 
overtime and an accumulation of the mature form of the microRNAs will occur.

Key words Exosomes, Exosomes isolation, Pre-microRNAs, MicroRNAs, qPCR

1 Introduction

Exosomes, extracellular vesicles of 40–150 nm in diameter, are 
important mediators of intercellular communication with neigh-
bor/distant cells [1]. For the past years, extensive research in can-
cer brought new insights into the pivotal role of exosomes-mediated 
communication in several biological processes such as prolifera-
tion, angiogenesis, and migration/metastasis [2–6]. Exosomes are 
able to modulate recipient cells through transfer of their cargo, 
which consists of proteins, DNA, and RNAs (mRNAs, microR-
NAs, and other noncoding RNAs) [7, 8]. Exosomal RNAs have 
been described as key mediators of exosomes role in cancer [9]. We 
have shown that specific microRNAs in cancer exosomes become 
enriched overtime in these extracelular vesicles while in culture.  
At the same time, their respective precursor microRNAs (pre- 
microRNAs) are downregulated. The presence of RISC-loading 
complex proteins in exosomes concludes that specific pre- 
microRNAs get packaged in exosomes while engaged with RISC 
proteins and finish their biogenesis process while in these 
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 extracelular vesicles. Here, we demonstrate how to perform the 
analysis of microRNA maturation in cancer exosomes, highlighting 
the do’s and dont’s to efficiently measure this process.

2 Materials

T75cm2 flasks.
T25cm2 flasks.
RPMI Complete Medium: RPMI medium, 10% FBS, 1% 

penicylin-streptomycin.
Exosomes-depleted RPMI Complete Medium: RPMI medium, 

10% Exosomes-depleted FBS, 1% penicylin-streptomycin.
Trypsin 1×.
PBS 1×.

10 mL syringe.
Whatman™ 0,2 μm filtre.
PBS 1×.
11 and 30 mL ultracentrifuge tubes.

Protease-free Rnase.
10× RNase inhibitor.
Trizol.
Chloroform.
Isopropanol.
Ethanol 75%.
RNase/Dnase-free H2O.

q-PCR plate.
Invitrogen™ SuperScript® III RT/ Platinum® Taq Mix (including 

RNaseOUT™).
2× SYBR® Green Reaction Mix.
Target pre-microRNA forward primer.
Target pre-microRNA reverse primer.
ROX reference dye.
RNase/Dnase-free H2O.
dNTPs.
Reverse Transcriptase enzyme.
10× Reverse Transcription buffer.

2.1 Cell Culture

2.2 Exosomes 
Isolation 
and Purification

2.3 Exosomes RNA 
Extraction

2.4 RNA 
Quantification

Nuno Bastos and Sónia A. Melo
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RNase inhibitor.
TaqMan microRNA primer.
TaqMan 2× Universal PCR Master Mix.

3 Methods

 1. Plate the cells in a T75cm2 flask to obtain an inicial confluence 
of 50%.

 2. Wash the cells with PBS 1× on the next day and add 11 mL of 
exosomes-depleted RPMI medium.

 3. After 24 h, cell culture medium is collected for exosomes isola-
tion and purification.

 1. Cell culture media collected to a 50 mL falcon tube is centri-
fuged for 10 min at 800 × g to remove cell debris.

 2. Perform an additional centrifugation of 5 min at 2000 × g.
 3. Filter the supernatant using a Whatman™ 0.2 μm filter directly 

into an ultracentrifuge tube.
 4. After calibrating the tubes, perform an ultracentrifugation at 

100,000 × g for 2 h for exosomes isolation.
 5. Remove the supernatant and add PBS 1× to the exosomes 

 pellet. Do not ressuspend the pellet at this stage.
 6. Perform an ultracentrifugation at 100,000 × g for 2 h— washing 

step.
 7. After the washing step, remove the supernatant and slowly 

 ressuspend exosomes pellet in 5 mL RPMI media with FBS 
depleted of exosomes.

 (a)  An exact duplicate sample is ressupended in a saline solu-
tion (0.9%) and analyzed on the NanoSight.

 1. The same number of exosomes (for samples to be compared 
overtime) in culture media should be placed in a T25 cm2 flask.

 2. After 72 h, remove cell culture medium and isolate exosomes 
as stated previously. Exosomes are also cultured for only 24 h 
to act as control.

 1. Prior to RNA extraction, treat exosomes with 500 mg/mL 
proteinase K dissolved in RNase-free water for 60 min at 
37 °C followed by heat inactivation of the protease for 10 min 
at 60 °C.

 2. Next, incubate exosomes with 2 mg/mL protease-free RNase 
for 15 min at 37 °C followed by adding 10× concentrated 
RNase inhibitor.

3.1 Cell Culture

3.2 Exosomes 
Isolation 
and Purification

3.3 Exosomes 
Culture

3.4 Exosomes RNA 
Extraction
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 3. Resuspend exosomes in 500 μL of Trizol LS and store at 
−80 °C or initiate RNA extraction.

 4. Add 100 μL of chloroform and vortex strongly.
 5. Centrifuge at 12,000 × g for 15 min at 4 °C.
 6. Transfer the upper phase (aqueous phase) to an RNase-free 

tube.
 7. Add 250 μL of isopropanol and vortex.
 8. Incubate overnight at −20 °C for efficient RNA precipitation.
 9. On the next day, centrifuge at 12,000 × g for 10 min.
 10. Remove the supernatant and wash with 1 mL of ethanol 75% 

diluted in RNase and Dnase-Free H2O.
 11. Centrifuge at 7500 × g for 5 min at 4 °C.
 12. Remove the supernatant and briefly dry the RNA for 5–10 min 

(Note: do not use speed vacuum).
 13. Add 30 μL of RNase and Dnase-Free H2O to the pellet.
 14. Treat RNA with DNase for 20 min at 37 °C.
 15. Add 1 μL of 0.5 M EDTA (to a final concentration of 5 mM).
 16. Heat inactivate at 75 °C for 10 min.
 17. Store the RNA at −80 °C.

Pre-microRNAs are quantified using the SuperScript III Platinum 
One-Step RT-qPCR kit (Invitrogen) in a Real-Time PCR 
Thermocycler. Set up reactions in a qPCR plate on ice. Volumes 
used for a single run are described below.

Invitrogen™ SuperScript® III RT/ Platinum® Taq 
Mix (including RNaseOUT™)

0.4 μL

2× SYBR® green reaction 10 μL

Forward primer (10 μM) 1 μL

Reverse primer (10 μM) 1 μL

Rox reference dye 0.4 μL

RNA (150 ng) ≤10 μL

RNase/DNase free H2O to 20 μL

Cycling program used is listed below:

●● 50 °C for 3 min hold.
●● 95 °C for 5 min hold.
●● 40 cycles of

 – 95 °C for 15 s.
 – 60 °C for 30 s.

3.5 Real-Time PCR 
Quantification

3.5.1 Precursor 
MicroRNAs
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●● 40 °C for 1 min.

Melting curve:

●● 95 °C for 15 s.
●● 60 °C for 1 min.
●● 95 °C for 30 s.
●● 60 °C for 15 s.

MicroRNA expression analysis is performed using reverse tran-
scription followed by real-time PCR analysis.

Reverse Transcription
Mix (single run):

dNTPs 0.05 μL

Reverse transcriptase enzyme 0.33 μL

10× RT buffer 0.5 μL

RNase inhibitor 0.068 μL

Primer 1 μL

RNA (10 ng/μL) 1 μL

RNase/DNase free H2O 2.06 μL

Incubate reaction mix at 16 °C for 30 min, 42 °C for 30 min, 
and 85 °C for 5 min to obtain cDNA for each specific microRNA 
and the respective loading control.

Perform a qPCR analysis in a Real-Time PCR Thermocycler for 
each target microRNA.

Mix (single run):

TaqMan 2× universal PCR master mix 5 μL

RNase/Dnase-free H2O 2.5 μL

TaqMan MicroRNA primer 0.5 μL

Reverse transcriptase product 2 μL

Cycling program used is listed below.

●● 50 °C for 2 min hold.
●● 95 °C for 10 min hold.
●● 40 cycles of

 – 95 °C for 15 s.
 – 60 °C for 1 min.

3.5.2 MicroRNAs

3.6 Real-Time PCR

Quantitative Analysis of Precursors MicroRNAs and Their Respective Mature MicroRNAs…
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Expression of microRNAs is normalized to the expression of 
18S rRNA that serves as loading control. Each measurement should 
be performed in triplicate (experimental) and three independent 
experiments (biological). MicroRNA fold change is determined 
using the 2−ΔΔCt formula, as previously reported [10]. Comparisons 
should only be made between the samples which were isolated 
together and divided for different culture times (one isolation 
divided in as many fractions needed for overtime quantification).

4 Notes

 1. The number of T75 flasks platted will depend on the number 
of exosomes produced by a cell line. Cell lines with low rates of 
production of exosomes (like the MCF10A), plate more cells 
in more flasks, so that after exosomes isolation you have com-
parable amount with cancer cells-derived exosomes. Numbers 
can be normalized after measuring the concentration of exo-
somes by nanoparticle tracking analysis (NanoSight).

 2. When doing the ultracentrifugations, if the volume from dif-
ferent media tubes is not equal, calibrate the tubes by adding 
to the media the required volume of PBS 1×.

 3. After exosomes isolation from cell culture supernatants, add 
PBS 1× to wash the pellet, but do not ressupend it. This can 
compromise the integrity of the exosomes in the preparation.

 4. After the washing step of the exosomes, pellets in different 
tubes can be pulled together so the final yield of exosomes is 
better.

 5. In Subheading 3.3, step 2, the exosomes for 72 and for 24 h 
culture should be taken from the same isolated pool. Isolate 
exosomes, calculate their concentration on NanoSight and, 
from the same isolated sample/tube, take the exact same 
 volume for 24 and 72 h culture. In this way you guarantee that 
the same sample is being looked at, at different time points, 
and not that different isolated samples are being looked at dif-
ferent time points.
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Chapter 12

Quantum Language of MicroRNA: Application  
for New Cancer Therapeutic Targets

Yoichi Robertus Fujii

Abstract

MicroRNA (miRNA) is the noncoding gene: therefore, the miRNA gene inheritably controls protein gene 
expression through transcriptional and post-transcriptional levels. Aberrant expression of miRNA genes 
causes various human diseases, especially cancers. Although cancer is a complex disease, cancer/miRNA 
implication has yet been grasped from the perspective of miRNA profile in bed side. Since miRNA is the 
mobile genetic element, the clinical verification of miRNA in microvesicle of blood is too much straggle to 
predict potential cancer/miRNA associations without bioinformatical computing. Further, experimental 
investigation of miRNA/cancer pathways is expensive and time-consuming. While the accumulated data 
(big data) of miRNA profiles has been on line as the databases in cancers, using the database algorithms 
for miRNA target prediction have reduced required time for conventional experiments and have cut the 
cost. Computational prediction of miRNA/target mRNA has shown numerous significant outcomes that 
are unobtainable only by experimental approaches. However, ID of miRNA in the annotation is an arbi-
trary number and the ID is not related with miRNA its functions. Therefore, it has not been physicochemi-
cally shown why multiple miRNAs in blood or tissues are useful for diagnosis and porgnosis of human 
diseases or why function of single miRNA in cancer is rendered to oncomir or tumopr suppressor. In 
addition, it is less cleared why environmental factors, such as temperature, radiation, therapeutic anti- 
cancer immune or chemical agents can alter the expression of miRNAs in the cell. The ceRNA theory 
would not be enough for the investigation of such subjects. Given miRNA/target prediction tools, to 
elucidate such issues with computer simulation we have previously introduced the quantum miRNA/
miRNA interaction as a new scoring using big database. The quantum score was implicated in miRNA 
synergisms in cancer and participated in the miRNA/target interaction on human diseases. On the other 
hand, ribosomal RNA (rRNA) is the dominant RNA species of the cells. It is well known that ribosomopa-
thies, such as Diamond-Blackfan anemia, dyskeratiosis congenital, Shwachman-Diamond syndrome, 
5q-myelodysplastic syndrome, Treacher Collins syndrome, cartilage-hair hypoplasia, North American 
Indian childhood cirrhosis, isolated congenital asplenia, Bowen-Conradi syndrome and cancer are caused 
by altered expression of ribosomal proteins or rRNA genes. We have proposed the hypothesis that the 
interaction among miRNAs from rRNA and/or other cellular miRNAs would be involved into cancer as 
the ribosomopathy. Subsequently, we found rRNA-derived miRNAs (rmiRNAs) by using the sequence 
homology search (miPS) with miRNA database (miRBase). Further, the pathway related with cancer 
between rmiRNA/target protein gene was predicted by miRNA entangling target sorting (METS) algo-
rithm. In this chapter, we describe about the usage of in silico miRNA identification program, miRNA/
target prediction search through the database and quantum language of miRNA by the METS, and the 
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ontology analysis. In particular, the METS algorithm according to the quantum value would be useful 
simulator to discover a new therapeutic target aganist cancer. It may also partly contribute to the elucida-
tion of complex mechanisms and development of agents of anti-cancer.

Key words AluRNA, Big data, Biomarker, Cancer, microRNA, Quantum, Ribosomal RNA

1 Introduction

MicroRNAs (miRNAs) are single-stranded, noncoding, and small 
RNAs. A function of them is fine-tuning by suppression or aug-
mentation of protein gene expression by targeting the messenger 
RNAs (mRNAs) 3′-UTR with incomplementary paring of bases of 
the nucleotide [1]. A miRNA regulates hundreds of messenger 
RNAs (mRNAs) and vice versa, therefore, most of all protein- 
coding genes would be controlled by cellular miRNAs. Although 
cellular miRNAs modulate biological pathways, aberrant expres-
sion of the miRNA genes could induce carcinogenesis. Since envi-
ronmental carcinogens, such as viruses, chemicals, and hormones, 
induce tumor and it is associated with dysregulation of miRNAs, 
miRNAs can be applied for biomarkers of cancers [2].

RNA wave 2000 is the theory about characteristic of miRNAs 
[3, 4], and it consists of four critical pillars: (1) the miRNA gene  
is a mobile genetic element inducing transcriptional and post- 
transcriptional regulation via networking processes; (2) the miRNA 
information expands to intracellular, intercellular, intraorgan, 
interorgan, intraspecies, and interspecies under a lifecycle of the 
global environment; (3) mobile miRNAs self-proliferate; (4) cells 
contain two types of information as the resident and genomic miR-
NAs. Mechanisms of tumorigenesis and metastasis are involved in 
the RNA wave 2000 theory [5]. Further, resident miRNAs are 
localized in the cytoplasm as the non-DNA form, for instance, 
erythrocytes are anucleated; however, miRNAs in the red blood 
cells control their metabolisms without de novo miRNA produc-
tion. As such evidences, we have been interested in miRNA bio-
generation from ribosomal RNA (rRNA) in cancer.

rRNA is an essential RNA for the structure and the function of 
ribosomes. rRNA is consistently transcribed in the nucleus and is 
the dominant species of RNAs. In the human genome, the rRNA 
gene (rDNA) organizes tandem repeat on the short arms of acro-
centric chromosomes (Chr), such as Chr 13, 14, 15, 21, and 22 
[6]. The repeating unit is composed of non-transcribed spacer 
(NTS) and RNA45S. The RNA45S contains seven components as 
5′-exterminal transcribed spacer (5′-ETS), 18S rRNA, internal 
transcribed spacer 1 (ITS1), 5.8S rRNA, ITS2, 28S rRNA, and 
3′-ETS. In the nucleus, rDNA region forms a large structure 
known as the nucleolus, in which the multiple and massive 
 transcripts of rRNA under rRNA processing and biogenesis are 
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observed [7]. The RNA45S gene is initially transcribed as 47S pre- 
rRNA through multiple processing. Mature rRNAs are transported 
into the cytoplasm and construct the mature ribosomal complex 
with ribosomal protein complexes (RPs) [8]. Defects of RPs or the 
rRNA genes cause functional insufficiency of ribosome, called 
ribosomopathy [9]. This kind of ribosomal dysfunction is observed 
in cancer [10]. While increasing ribosome synthesis enhances pro-
tein production to rapidly proliferate tumor cells, inhibition of 
ribosome upregulation would have been available for anti-cancer 
therapy [11]. Further, ribosome dysfunctions may be implicated in 
aber ration of miRNA expression. Intriguingly, miRNA biogeneration-
related proteins, Drosha, Dicer, and Ago, have an important role 
for rRNA processing [12]. Human Alu, a member of short inter-
spersed element (SINE), has been related to rRNA biogenesis and 
Alu RNA interacts with miRNAs in the nucleolar [13]. We have 
hypothesized that the resident miRNAs from rRNA would be a 
factor in a necessary-sufficient condition of cancer.

The interaction between miRNA and target mRNA is impor-
tant to investigate the molecular pathways in cancer cells; however, 
as described above, multiple interactions among miRNAs and 
 targets are too complicated to confirm tumorigenesis pathway. To 
solve this problem, development of computing tools has been 
 necessary. Algorithms for miRNA target prediction have been 
developed with sequence complementally, seed region-based com-
plementary, thermodynamic stability, conservation and flanking 
sequence searches, etc. [1]. For instance, TargetScan and miRTar-
Base identify candidates of the miRNA target protein gene as the 
web tools based on the strength of interaction between the seed 
region and target site of miRNAs [14]. However, miRNA/target 
network pathway prediction is complex because all predicted 
miRNA/target interactions are numerous in a disease. Therefore, 
novel ideas are necessary for miRNA/target computation and the 
layer analysis of miRNA/target associations to develop novel ther-
apeutic agents of cancers. We have shown in the previous MicroRNA 
Protocols that miRNA sequences can be transformed into the 
quantum ket alignments under the RNA wave 2000 theory [4]. 
Synergies of miRNA/miRNA have been implicated in the regula-
tion of miRNA/target [15]. Although we have proposed to score 
the quantum miRNA/miRNA interaction as dynamic nexus score 
(DNS) (Fig. 1) [16], the values of DNS were correlated with 
miRNA synergistic effects, and the changing values between DNSs 
and the context scores of miRNA/target SNPs and target muta-
tions were deeply implicated in the relation of miRNA/disease. In 
recent advanced computation by the integration of miRNA/
miRNA functional similarity, human-disease association has been 
shown with high levels (AUC in ROC; approximate 0.9) [17, 18]. 
As the implementations of the previous ket alignments upon 
 miRNAs, the quantum language of miRNA has been integrated 
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into the pipeline of comprehensive computer-based miRNA/ 
target analysis [19]. Subsequently, we found 17 of human ribo-
somal RNA-derived resident miRNAs (rmiRNAs) and the top 5 of 
high DNS were in rmiRNAs, rmiR-4466 in 5′ETS, rmiR-3656 in 
28S, rmiR-1268a and rmiR-1268b in 3′ETS, and rmiR-6729. 
These high DNS rmiRNAs were predicted to be associated with 
cancer in GO and KEGG pathway analysis. miR-3656 has been 
associated with breast cancer as a biomarker [20]. It is strongly 
suggested that rmiRNA would have a function in cancer stress. 
The processing protocol could be applied for other diseases, such 
as Alzheimer disease and HIV-1 infection [1]. In this chapter, we 
show the processes of our miRNA gene analysis with three pro-
grams, miPS, MESer, and METS. The quantum language of 
miRNA would virtualize as a novel strategy for the prediction  
of novel cancer targets.

miR-A
miR-B

miR-A

miR-B

a

b
P1

Pn

P1 + ---------------------------------- + Pn  =  Q1

Pm + -------------------------------- + Pnm = Qm

DNS = Q1 + Q2 +  ----- + Qm

c

d

1 0 1

1 1
10 0

0 0 00
miR-A ket

miR-B ket

n = m

Fig. 1 MESer1 calculation. The kets of miR-A and miR-B are loaded into the upper gray panel (panel a) (win-
dow; 3). The decreasing diagonal (solid line b) in the matrix is SNS (P1 + ---- + Pn). Rotation between ket A and 
ket B (panel c) makes DNS (Q1 + ---- + Qm, n = m) (panel d)
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2 Materials

 1. miRNA sequence data (mature.fa and hairpin.fa) was down-
loaded from miRBase release 21 (http://www.mirbase.org). 
Human genome coordinate data (hsa.gff3) was also obtained 
from miRbase.

 2. Human rRNA sequence data was downloaded from European 
Nucleotide Archive release 127 (ENA) (http://www.ebi.ac.uk/
ena) and National Center for Biotechnology Information 
(NCBI) (http://www.ncbi.nim.nih.gov). rRNA data, RNA45S5 
(NR_046235), and human rRNA complete repeating unit 
(U13361.1) were used (see Note 1). Human tRNA sequence 
data was downloaded from Genomic tRNA database, GtRNAdb 
(http://gtmadb.ucsc.edu).

 3. tRF data was obtained from tRFdb (http://genome.bioch.
verginia.edu/trfdb).

 4. Alu sequence data was downloaded from SINE Base (http://
sine.eimb.ru) (see Note 2).

3 Methods

 1. miPS program is prepared for the detection of miRNA 
sequences by using C++ computing language. The miPS can 
search the sequence of query RNAs (miRNAs) from the target 
RNA sequence (rRNA or Alu) in sense and antisense (see Note 3). 
The conventional homology analysis tools could also be avail-
able for the detection of miRNA sequences, such as Genetyx- 
Win (Software development Co. Ltd., Tokyo, Japan). In the 
case of rRNA, the miPS program is run to detect the sequences 
of 1881 human precursor miRNAs and 2588 mature miRNAs 
against RNA45S5 (NR_046235).

 2. To examine a hairpin-shaped precursor of the pre-miRNAs, 
the secondary structure of annotated pre-miRNAs is inves-
tigated in miRBase. The passenger strands of detected pre-
miRNA are defined (see Note 4). The miPS is run to detect the 
defined passenger strands in rRNA or Alu.

 3. High or low similarity group of pre-miRNAs is prepared and 
high groups were selected from the obtained pre-miRNAs.

 1. The precursor sequences of high similarity groups are pre-
sumed and listed comparing with the original pre-miRNA 
sequences in miRbase.

2.1 Preparation 
of RNA Sequence Data

3.1 Detection 
of miRNA Sequences 
in miPS Program

3.2 Prediction 
of Secondary 
Structures
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 2. In the case of rRNA, rRNA-hosted miRNA analogs (rmiRNAs) 
are presumed (see Note 5).

 3. The secondary structure of the listed pre-miRNAs is checked 
by using Mfold web server (http://unafold.ma.albany.edu/ 
?q=mfold/ma-folding-form) (see Note 6).

 1. The quantum state of miRNA has been the physicochemical 
equivalent of the binary ket information in the quantum 
 computing. Quantum ket interaction of miRNA/miRNA or 
miRNA/target RNA is set up in the matrix to simply under-
stand (Fig. 1, panel a). The superposed state between a and b 
miRNAs is represented as,

 
f a b

i j

n

ij ij= Ä( )
=
å
, 1  

The 5′ ends of two miRNAs are i=1 and j=1.
The whole static quantum interaction between miRNA A 

and B can be calculated into an intersecting points (P) as static 
nexus score (SNS)(Fig. 1, solid line b).

 
SNS =

=
å
i

n

iP
1  

Back to the Schrödinger equation,

 i H
¢ =y y  (1)

ψ is the wave function.

 y = > + >a b0 10 1| |  

As a0 and b1 are the amplitudes corresponding to a and b 
miRNA kets respectively,

 a b0
2

1
2 1+ =  

Hamiltonian H is given by

 H = - = -g w BI Iz z
0  

γ is a gyromagnetic ratio and B is a magnetic field. ω0 is a 
 natural frequency of the rotator.

 w g0 = - B  

Since energy of ground state |0> (the bases of nucleic acids A, 
U and C) and excite state |1> (the base of nucleic acid G),

 
0

1
2 0= - w

 

3.3 Quantum Score 
for MESer Program
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1
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2 0= w

 

ψ on time t is,

 y ( ) ( ) ( )t a t b t= > + >0 10 1| |  (2)

Substitute (2) into (1)

 H a t b t a t b t( ( ) | ( ) | ) ( ( )| ( ) | )0 1 0 0 10 1 0 1> + > = - > + >w Iz  

Iz is an operator for z-directional component of spin.
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In the form of determinant as follows,
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Ordinary differential of (3) is performed as follows,
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Along to (2) and when t = 0,
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Therefore, the whole static quantum interaction between 
miRNA a and b can be rotated (Fig. 1, panel c). Since kets of 
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two miRNAs revolve in the matrix, SNS between two kets of 
miRNAs (Ai and Bj) shows different values in each relative 
location shifting. Subsequently, the different values (Q) are 
summed up as dynamic nexus score (DNS) (Fig. 1, panel d).

 
DNS =

=
å
i

n

iQ
1  

(4)

When kets of two miRNAs are different length, the surplus 
space of 3′ end region of miRNA is filled up with zeros.

 2. Matrix for DNS values is calculated by Excel Visual Basic 
(VAB) for the application macro program of MESer1 (Fig. 2). 
After MESer1 executed the program in a sheet of Excel, the 
area of the matrix (Fig. 1, panel a) could copy and paste into 
another Excel sheet. In the MESer, the DNS are computed 
between miRNA/miRNA, or miRNA/rmiRNA, or miRNA/
Alu. Algorithm MESer is depicted in Fig. 1 according to 
 formula (4).

00 Sub meser1 () 
01  ,
02  ,  meser1 Macro
03  ,
04
05  ,
06 
07 Dim i, j, k As Integer 
08 
09 Range(Columns(1), Columns(100)).ColumnWidth = 3 
10 Range(Rows(1), Rows(100)).RowHeight = 21 
11 
12 Range(Cells(2, 6), Cells(3, 29)).Interior.ColorIndex = 15 
13 Range(Cells(5, 2), Cells(28, 4)).Interior.ColorIndex = 20 
14 Range(Cells(30, 6), Cells(32, 29)).Interior.ColorIndex = 20 
15 
16 For i = 2 To 4 
17 For j = 5 To 28 
18 k = i + j - 1 
19 If k > 29 Then k = k - 24 
20 Cells(j, i).FormulaR1C1 = "=R2C" & k 
21 Next 
22 Next 
23 
24 For i = 30 To 32 
25 For j = 6 To 29 
26 k = i + j - 30 
27 If k > 29 Then k = k - 24 
28 Cells(i, j).FormulaR1C1 = "=R3C" & k 
29 Next 
30 Next 
31 
32 Cells(5, 6).FormulaR1C1 = "=RC2*R30C+RC3*R31C+RC4*R32C" 
33 Cells(5, 6).AutoFill Destination:=Range(Cells(5, 6), Cells(5, 29)), Type:=xlFillDefault
34 Range(Cells(5, 6),Cells(5, 29)).AutoFill Destination:=Range("F5:AC28"), Type:=xlFillDefault
35 
36 End Sub

Fig. 2 VBA macro. The macro program for Excel is represented
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 3. Load miR-A ket and miR-B ket (5′ → 3′) in (panel a) lines of 
the upper panel. Each intersection points (solid line b) in the 
matrix are summed up from P1 to Pn in the lower panel. Q1 is 
the total value.

 4. One by one, move the kets each other on the counter clock 
direction (panel c). Collect from Q1 to Qm (n = m).

 5. Sum up from Q1 to Qm (panel d). It is DNS between miR-A 
and miR-B. MESer tool computes the processing.

miRNA entangling target sorting (METS) algorithm is aimed to 
simplify the complex of miRNA/target networks by DNS. Since 
multi-miRNA interaction is correlated with synergy of miRNA/
miRNA and with human diseases, DNS could be used as a filter.

 1. Predicted targets of miRNAs are searched by TargetScanHuman 
(http://www.targetscan.org/). Two series of  miRNA/target 
network data are extracted from completely predicted miRNA/
target (A) and experimentally validated miRNA/target (B).

 2. miRNAs from completely predicted and experimentally 
 validated targets are reversely searched by miRTarBase (http://
mirtarbase.mbc.nctu.edu.tw/). And then DNS of miRNA/
miRNA is calculated between original miRNAs and the sorted 
miRNAs. Select top 5–10 of DNSs between the miRNA first 
choice in (1) and miRNA. Targets in top 5–10 DNSs of miR-
NAs are selected as well in completely predicted data (C) and 
experimentally validated data (D). Targets validated with at 
least one strong evidence or more than three less strong evi-
dence are extracted top 10 targets in conserved sites that are 
selected.

 3. The same predicted or validated targets are matched from data 
A and data C or data B and data D. Partially predicted targets 
(E) and completely validated targets (F) are obtained. Simulta-
neously, miRNA/miRNA interactions are predicted from the 
selected target data D and E.

 4. miRNA/target networks are extracted. miRNA/ validated 
 target networks (probably ready-made pathway) and miRNA/
predicted target networks (possible new pathway) are combined 
under multi-miRNA interaction. The processes of algorithm are 
shown in Fig. 3. The results of miR-17/92 cluster and miR-21 
are shown in Fig. 4a and b, respectively (see Note 7).

 1. Biological function analysis is performed from obtained target 
data with Gene Ontology (GO) (http://www.geneontology.
org/) and Kyoto Encyclopedia of Genes and Genomes (KEGG) 
(http://www.genome.jp/kegg/) through GeneCodis3 web 
tool (http://genecodis.cnb.csic.es/).

 2. Network of miRNA target/miRNA target is searched by 
STRING (string-db.org) [1].

3.4 METS Algorithm 
to Detect Multi-miRNA 
Interaction

3.5 Prediction 
of Biological Function 
of Protein Genes
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4 Notes

 1. The sequence polymorphisms are presented in rDNA.
 2. The branch of Alu family is constructed in big nodes; there-

fore, Alu sequence data should be selected according to the 
purpose of the investigation.

 3. The miRNA sequence has to be detected by in sense and 
 antisense.

 4. Since the passenger strand of a detected miRNA is not listed in 
the data of mature miRNA sequence in some cases, the pas-
senger strand has to be defined. For instance, miR-663a is only 
recorded as the guide strand. The 5p sequences of miR-663a 
as precursor pre-miRNA are CCUUCCGGCGUCCCAGGC 
GGGGCGCCGCGGGACCGCCCUCGUGUCUGUGGC 
GGUGGGAUCCCGCGGCCGUGUUUUCCUGGUGG 
CCCGGCCAUG and the mature of it is AGGCGGGGCGCC
GCGGGACCGC. Therefore, the miRNA-3p is defined by the 
secondary structure, such as GUGGGAUCCCGCGGCCGU 
GUUUUCCU.

 5. Although rDNA locates in Chr 13, 14, 15, 21, and 22, 
 hsa-miR-663a locates in 26208186–26208278 [-] in Chr 20. 
Therefore, miR-663a is classified into the rmiRNA gene.

 6. Mfold parameters; 37 °C; 1M NaCl; linear RNA; percent 
 suboptimality 5; upper bound on the number of computed 

miRNA

TargetScanHuman

Predicted Target data A Validated Target data B

miRTarBase

miRNAs miRNAs

Top 10 Target data C Top 10 Target data D

Completely validated data FPartially predicted data E

Match A and C Match B and D

Combined data 
E and F

Fig. 3 METS analysis. The process of METS is shown
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Fig. 4 The miRNA/target pathways and miRNA/miRNA interactions. miR-17/92 cluster/target (A) and miR-21/
target (B) pathways and miRNA/miRNA association are depicted. miR-17/92 and miR-21 are bifunctional. For 
example, miR- 17/92 is oncomir in lung cancer and is tumor suppressor in B-cell leukemia. miR-21 is oncomir 
in brain cancer and is tumor suppressor in breast cancer. Therefore, after this analysis, pathway analysis in 
each cell or organ is needed

Quantum Language of MicroRNA



156

foldings 50; window parameter default; the maximum  interior/
buldge loop size 30; the maximum asymmetry of an interior/
buldge loop 30; the maximum distance No limit.

 7. In the case of miR-21-5p, prediction data only shows the area 
under the curve (AUC) 0.53 in receiver operating characte-
ristic (ROC) but by combined with validated data, AUC is 
increased up to 0.78. However, too much high AUC would 
prevent discovery of neo-network between miRNA/target. By 
using the top 5 of DNS, sensitivity is increased up to 0.961 and 
accuracy is increased up to 0.866. As the same that above 
AUC, high accuracy by high levels of limitation on Top cate-
gory would kill the new putative target of miRNA which is no 
one isolates. In Fig. 4B, only four targets are predicted with 
high top score of DNS and validated data (bold squares).
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Chapter 13   

In Vitro Methods for Analyzing miRNA Roles in Cancer Cell 
Proliferation, Invasion, and Metastasis             

Jian Xu, Xuelian Xiao, and Daheng Yang

Abstract

MicroRNAs (miRNAs) are small noncoding, single-stranded RNAs consisting of 20–24 nucleotides 
(Bartel, Cell 116:281–297, 2004), which regulate target genes expression by interacting with 3′-untrans-
lated regions (3′-UTRs) of target mRNAs, leading to translation repression or mRNA degradation 
(Filipowicz et al., Nat Rev Genet 9:102–114, 2008; Nilsen, Trends Genet 23:243–249, 2007). Accu-
mulating evidence has elucidated them as oncogenes or tumor suppressors in cancers such as hepatocel-
lular carcinoma, breast cancer, and lung cancer (Liu et al., Gastroenterology 136:683–693, 2009; Yu et al., 
Cell 131:1109–1123, 2007; Zhou et al., Sci Rep 7:42680, 2017; Iorio and Croce, Carcinogenesis 
33:1126–1133, 2012). MiRNAs are involved in various biological processes, including cell proliferation 
(Liu et al., Mol Cancer Res 11:1314–1325, 2013), differentiation (Liu et al., Mol Cancer Res 11:1314–
1325, 2013), apoptosis (Pan et al., Oncol Res 24:429–435, 2016), invasion and metastasis (Liu et al., Nat 
Commun 8:14270, 2017). Understanding the role of miRNAs in tumor gives new perspective on cancer 
diagnosis and therapy (Rupaimoole and Slack, Nat Rev Drug Discov 16:203–222, 2017; Berindan-Neagoe 
et al., CA Cancer J Clin 64:311–336, 2014). This chapter will focus on the in vitro methods for identifying 
miRNAs roles in cell proliferation, invasion, and metastasis in tumor development, which includes CCK-8 
assay, Wound Healing assay, and Transwell assay.

Key words MiRNA, Proliferation, Invasion, Metastasis

1 Introduction

This chapter presents biochemical approaches for exploring effect 
of miRNA on tumor cell proliferation, invasion, and metastasis. We 
will take miR-145 as an example and the tumor cell line investi-
gated here is lung adenocarcinoma cell line A549 [1], the methods 
are applicable to other miRNAs and tumor cell lines in general.

A549 cells were maintained in DMEM media with 10% (v/v) fetal 
bovine serum (FBS). We plated A549 cells (3 × 105/well) in 2 mL 
complete media without antibiotics into a 6-well cell culture plate. 
You should adjust cell number seeded per well according to cell 
volume and cell growth rate. Gently rock the dish so that the cells 

1.1 Up/Downregulate 
miR-145 Level 
by Transfection



160

are dispersed evenly. Incubate the cells at 37 °C in a 5% CO2 
 incubator for 24 h.

Transfection should be performed when the cells grow to 
70–80% confluence. Too high or too low cell density may reduce 
transfection efficiency. The transfection reagent we used was 
Lipofectamine 2000(Invitrogen), which is a proprietary formula-
tion for transfecting nucleic acids into a wide range of eukaryotic 
cells. Positively charged liposomes form complexes with negatively 
charged phosphate group of nucleic acids, which are endocytosed 
by cells afterward.We used cy3 labeled miR-145 mimic or inhibitor 
(Ribobio) to upregulate or downregulate miR-145 level in A549. 
MiR-145 mimic/negative control (NC) or inhibitor/negative 
control (NC) as well as Lipofectamine 2000 were diluted in Opti- 
MEM (Gibco) media respectively. We optimized the final concen-
tration of miR-145 mimic/NC for 100 nM and inhibitor/NC for 
200 nM. Then gently mix the two prepared solutions above in 
5 min, incubate for about 20 min at room temperature to ensure 
adequate adsorption of nucleic acids by liposomes. The complex 
keeps stable in 6 h. Media contains no FBS and antibiotics can be 
a replacement of Opti-MEM media in general. A great deal of neg-
atively charged protein in serum may interfere with the adsorption 
of nucleic acids by cationic liposomes, thus affecting the efficiency 
of transfection. Moreover, antibiotics should not be added to the 
media since that liposomes increase permeability of cell membrane, 
otherwise it will increase cytotoxicity and decrease transfection effi-
ciency as well. Then we added prepared solutions into the wells 
after cell washing. Five hours later, we changed the solutions into 
DMEM media with 10% FBS.

We observed the fluorescence in A549 cells at 48 h after transfec-
tion to assess the transfection efficiency (Fig. 1a). Then we har-
vested A549 cells and extracted total RNA using miRcute miRNA 
isolation kit (TIANGEN). Similar to conventional RNA extraction 
techniques, the cells are lysed and nucleic acid-protein is disassoci-
ated. Then RNA is absorbed by spin column which has stronger 
affinity for RNA especially for small RNA (<200 nt). We typically 
retrieve 5–15 μg RNA from 106 cells. The A260/A280 ratio was 
measured by protein nucleic acid spectrometer to detect the purity 
and concentration of the extracted RNA. cDNA was obtained by 
reverse transcriptionusing TaqMan microRNA reverse transcrip-
tion kit (Applied Biosystems). The MiR-145 expression level was 
detected by qRT-PCR (Fig. 1b).

Cell viability was detected by CCK-8 assay. Compared with MTT 
assay, CCK-8 assay is more sensitive and less toxicity to cells. We 
collected A549 cells at 48 h after transfection, and seeded in 
 quintuplicate at a density of 2000 cells/well in the 96-well plate. 

1.2 Detect miR-145 
Expression Level 
by qRT-PCR

1.3 Detect Cell 
Proliferation by CCK-8 
Assay
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The number of cells seeded per well varies between different cell 
lines to keep cell growing in monolayer, which is favor of drug 
entering into cells. PBS or water would better be added into the 
wells on the edge of the plate rather than solutions in case of sam-
ple evaporating. 100 μL DMEM media diluted CCK-8 (Beyotime) 
(v/v = 10:1) solutions were added into the wells at regular inter-
vals when the cells were well adherent. OD values were measured 
at detection wavelength of 450 nm after incubation for 0.5–4 h 
(Fig. 2). We set up blank control without A549 cells in parallel 
with experimental group.

Wound healing assay is a simple method imitating cell migration 
in vivo to some extent. It is based on observation of cells migration 
into a gap namely “wound” that is created on a cell monolayer. 
This assay is commonly used in combined with transfection to eval-
uate the effect of a certain gene on cell migration [2, 3]. We plated 
A549 cells (3 × 105/well) in the 6-well plate, then transfected with 
miR-145 mimic/NC or inhibitor/NC at second day. The 100% 
confluent cell monolayer formed at 48 h after transfection and we 
scraped it using a p200 pipet tip, then changed into FBS-free media 
for that obvious cell proliferation induced by FBS will give bias to 
assess cell migration. The image of initial (0 h) gap and residual 
width (48 h) after wounding were acquired and then the average 
distance was calculated by Image J software (Fig. 3).

1.4 Detect Cell 
Migration by Wound 
Healing Assay

Fig. 1 MiR-145 expression levels in A549 cells transfected with miR-145 mimic/NC or inhibitor/NC labeled by 
cy3 fluorescent dye. (a) Images of A549 cells under light and fluorescence scope at 48 h after transfection. Red 
fluorescence was observed in vast majority of cells. (b) MiR-145 expression levels in A549 cells at 48 h after 
transfection were detected by qRT-PCR. Data is presented as mean ± SD. Each assay is repeated for tree 
times. MiR-145 level was significantly upregulated or downregulated by miR-145 mimic or inhibitor. 
***P < 0.001, statistically significant

In Vitro Methods for Analyzing miRNA Roles in Cancer Cell Proliferation, Invasion…
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Fig. 2 The effect of miR-145 on A549 cells proliferation detected by CCK-8 assay. A549 cells were transfected 
with miR-145 mimic/NC or inhibitor/NC for 48 h, then the cells were seeded into a 96-well plate, CCK-8 was 
added into the cells at 24, 48, 72, 96 and 120 h, and OD values were measured accordingly. Data is presented 
as mean ± SD. Cells transfected with miR-145 mimic proliferated slower significantly than the control, while 
miR-145 inhibitor promoted cell proliferation. *P < 0.05, statistically significant

Fig. 3 The effect of miR-145 on A549 cells migration detected by wound healing assay. A549 cells were trans-
fected with miR-145 mimic/NC or inhibitor/NC for 48 h, and images were acquired at 0 h and 48 h after 
wounding. Migration rate was calculated based on the average distance analyzed by Image J, take miR-145 
mimic/NC group as an example, migration rate = (Width0 h−Width48 h)/Width0 h. Data is presented as mean ± 
SD. Each assay is repeated for three times. Cells overexpressing miR-145 migrated slower than the control, on 
the contrary, cells transfected with miR-145 inhibitor had a higher migration rate compared with control. 
**P < 0.01, statistically significant

Jian Xu et al.
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The device used in transwell assay mainly consists of a transwell 
chamber at bottom and a transwell insert inside a chamber. The 
bottom of the insert is a kind of membrane filters, polycarbonate 
membrane, for example, which is matrigel-coated manually to 
 simulate the extracellular matrix (ECM) in vivo. Cells must secret 
matrix metalloproteinase (MMP) to go through the matrigel [4, 5]. 
1 × 105 transfected A549 cells resuspended in FBS-free DMEM 
media were seeded into each insert, and 500 μL complete media 
was added into the lower chamber. Make the inoculated cell num-
ber similar between experiment group and control group as far as 
possible. Bubbles must be removed once it emerges between poly-
carbonate membrane and liquid level of the lower chamber. Cell 
number on the migrated side of membrane was counted at multi-
ple views after cell washing and staining at 24 h (Fig. 4).

2 Materials

 1. A549 cell line from the Cell Bank of the Chinese Academy of 
Sciences.

 2. Fetal bovine serum (GibcoBRL, Gaithersburg, MD) and 
DMEM media (Hyclone, USA).

 3. Antibiotics solution: 1,000,000 U Penicillin and 1,000,000 U 
Streptomycin diluted in 100 mL sterile ddH2O.

1.5 Detect Cell 
Invasion 
by Transwell Assay

2.1 Up/Downregulate 
miR-145 Expression 
Level by Transfection

Fig. 4 The effect of miR-145 on A549 cells invasion detected by transwell assay. A549 cells were transfected 
with miR-145 mimic/NC or inhibitor/NC for 48 h, and images were acquired at 24 h after transfected cell seed-
ing into inserts. Data is presented as mean ± SD. Each assay is repeated for three times. The ability of invasion 
in cells transfected with miR-145 mimic was stronger than the control, while transfection of miR-145 inhibitor 
contributed to the opposite. ***P < 0.001, statistically significant
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 4. PBS, pH 7.3 (Hyclone, USA).
 5. Trypsin-EDTA Solution (Beyotime, China).
 6. Cy3 labled miR-145 mimic/negetive control and miR-145 

inhibitor/negetive control (Ribobio, China).
 7. Lipofectamine® 2000 reagent (Invitrogen, USA).
 8. Opti-MEM media (Gibco, USA).
 9. Improved Neubauer Hemocytometer (CANY, China).
 10. 6-well cell culture plate (Greiner, Germany).
 11. Fluorescence microscope (Olympus, Japan).

 1. MiRcute miRNA Isolation Kit(TIANGEN, China): lysate MZ, 
Buffer RW, Buffer MRD, RNase-Free ddH2O, RNase-Free 
SpinColumns miRelute, RNase-Free Spin Columns miRspin, 
RNase-Free Centrifuge Tubes, RNase-Free Collection Tubes.

 2. Chloroform.
 3. Isopropyl alcohol.
 4. Ethanol (95–100%).
 5. Nucleic acid spectrometer (Pharmacia, USA).

 1. TaqMan MicroRNA Reverse Transcription Kit (Applied 
Biosystems, USA): 10× RT buffer (10×), dNTPs (100 mM), 
RNase inhibitor (20 U/μL), Reverse transcriptase (50 U/μL) 
(Applied Biosystems, USA).

 2. TaqMan MicroRNA Primers and Probes (Applied Biosystems, 
USA): 5× RT miR-145, 20× TM miR-145; TaqMan U6 
snRNA Primers and Probes (Applied Biosystems, USA): 5× 
RT U6 snRNA, 20× TM U6 snRNA.

 3. TaqMan Gene Expression Master Mix (20×) (Applied 
Biosystems, USA).

 4. PCR amplification system 2720 (Applied Biosystems, USA), 
PCR amplification system 7500 (Applied Biosystems, USA).

 5. 96-well reaction plate (AXYGENE, USA).

 1. 96-well cell culture plate (Greiner, Germany).
 2. Fetal bovine serum (GibcoBRL, Gaithersburg, MD) and 

DMEM media (Hyclone, USA).
 3. PBS, pH 7.3 (Hyclone, USA).
 4. Cell Counting Kit-8 reagent (Beyotime, China).
 5. iMark Microplate Reader (Bio-Rad, USA).

 1. 6-well cell culture plate or culture plates in other size (Greiner, 
Germany).

 2. Ruler, marker pen.

2.2 Detect miR-145 
Expression Level 
by qRT-PCR

2.2.1 Total RNA 
Extraction

2.2.2 Quantification 
of miRNA Expression Level 
by Real-Time PCR

2.3 Detect Cell 
Proliferation by CCK-8 
Assay

2.4 Detect Cell 
Migration by Wound 
Healing Assay
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 3. P200 pipet tip.
 4. PBS, pH 7.3 (Hyclone, USA).
 5. DMEM media (Hyclone, USA).
 6. Inverted microscope (Olympus, Japan).

 1. Transwell Permeable Supports (CORNING, USA): 6.5 mm 
Insert, 24-Well Plate, 8.0 μm Ploycarbonate Membrane.

 2. MaxGel™ ECM mixture (Sigma, USA).
 3. Fetal bovine serum (GibcoBRL, Gaithersburg, MD) and DMEM 

media (Hyclone, USA).
 4. Cotton swabs.
 5. PBS, pH 7.3 (Hyclone, USA).
 6. 95% (v/v) ethanol.
 7. 1% crystal violet: dilute 0.4 g crystal violet in 40 mL PBS.
 8. Glass slides.
 9. Inverted microscope (Olympus, Japan).

3 Methods

 1. Harvest cells in logarithmic growth phase and resuspend in 
media (see Note 1), count cell number with improved Neubauer 
hemocytometer under an optical microscope.

 2. Plate A549 cells (3 × 105/well) in 2 mL complete media with-
out antibiotics into the 6-well cell culture plate (see Note 2), 
gently rock the dish to make cells dispersed as evenly as possi-
ble instead of getting into a huddle. Adjust cell number seeded 
per well according to different cell volumes and cell growth 
rates or different size dishes.

 3. Incubate at 37 °C in a 5% CO2 incubator for 24 h so that the 
cells reach 70–90% confluence on the day of transfection.

 4. Transfection reagents preparation:

 (a)  Dilute miRNA mimic/control or inhibitor/control in 
250 μL Opti-MEM media (see Note 3), pipet gently, then 
incubateat room temperature for 5 min.

 (b)  Dilute Lipofectamine 2000 in 250 μL Opti-MEM media, 
pipet gently, then incubate at room temperature for 5 min.

 (c)  Mix diluted miRNA mimic/control or inhibitor/control 
with diluted Lipofectamine 2000 respectively, pipet gently, 
then incubate at room temperature for 20 min.

 5. Remove media from the wells and wash the cells with PBS 
twice, add 1.5 mL Opti-MEM media into each well.

2.5 Detect Cell 
Invasion 
by Transwell Assay

3.1 Up/Downregulate 
miRNA Expression 
Level by Transfection
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 6. Add the 500 μL prepared solutions into each well respectively, 
rock the dish back and forth gently to mix.

 7. Change the media into complete media without antibiotics 
after 4–6 h.

 8. Incubate at 37 °C in a 5% CO2 incubator for 24–72 h.

 1. RNA extraction can be performed at 24–48 h after transfection 
referred to the manufacturer’s instructions (see Notes 4 and 5).

 (a)  For monolayer cells: discard the media and add 1 mL lysis 
MZ directly into the well per unit (10 cm2) without wash-
ing and digestion, pipet to mix and ensure that no cell 
clumps are visible, then collect lysate in a RNA-free tube.

 (b)  For cell suspension: centrifuge at 2100 rpm (400 × g) for 
5 min, carefully remove all supernatant by aspiration, then 
disrupt cell clumps by adding 1 mL MZ per (1–5) × 106 
cells, vortex vigorously for ~30 s to mix. Do not wash  
cells before adding Buffer MZ, otherwise mRNA will be 
degraded.

 2. Place the tube containing the homogenate on the benchtop at 
room temperature for 5 min, to fully separate nucleic acids and 
protein.

 3. Optional: centrifuge the lysate at 12,000 rpm (~13,400 × g) 
for 5 min at 4 °C to remove any particulate material when pre-
paring samples with high content of fat, proteins, polysaccha-
rides, or extracellular material. Then transfer the supernatant 
to a new tube.

 4. Add 200 μL chloroform per 1 mL MZ into the tube and close 
the lid securely, vortex vigorously for 15 s, put it at room tem-
perature for 5 min.

 5. Centrifuge at 12,000 rpm (~13,400 × g) at 4 °C for 15 min. 
The sample is divided into three phases: an upper colorless, 
aqueous phase containing RNA; a white interphase; a lower 
organic phase. The volume of aqueous phase is around 50% of 
Buffer MZ added.

 6. Transfer the supernatant to a new tube and be careful not to 
touch the interphase, measure the total volume of the superna-
tant during the process.

 7. Add ethanol (95–100%) 1.5 times that of the supernatant 
 volume into the tube, pipet or rotate to mix thoroughly (pre-
cipitate may form after addition of ethanol, but this will not 
affect the procedure).

 8. Transfer the solution into a Spin Column miRspin (the volume 
transfered should be less than 700 μL each time), centrifuge at 

3.2 Detect miRNA 
Expression Level 
by qRT-PCR

3.2.1 Total RNA 
Extraction
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12,000 rpm (~13,400 × g) at room temperature for 30 s, 
 discard the flow-through in a collection tube. MiRspin can be 
used again until transfer of all the solution.

 9. Add 500 μL Buffer MRD into the miRspin (ensure that  alcohol 
has been added), close the lid, and incubate at room tempera-
ture for 2 min, centrifuge at 12,000 rpm (~13,400 × g) at 
room temperature for 30 s to remove residual protein, discard 
the flow-through.

 10. Add 600 μL Buffer RW into the miRspin (ensure that alcohol 
has been added), close the lid, and incubate at room tempe-
rature for 2 min, centrifuge at 12,000 rpm (~13,400 × g) at 
room temperature for 30 s to wash the column, discard the 
flow-through.

 11. Repeat step 8.
 12. Centrifuge at 12,000 rpm (~13,400 × g) at room temperature 

for 1 min, discard the flow-through, put the miRspin at room 
temperature for ~2 min to dry it in case of residual buffer RW 
influencing on RT-PCR.

 13. Transfer the miRspin into a new RNase-free centrifuge tube, 
add 30 ~100 μL RNase-free ddH2O into the miRspin, close 
the lid and incubate at room temperature for 2 min, centrifuge 
at 12,000 rpm (~13,400 × g) at room temperature for 2 min 
to elute the RNA. Repeat it if you want to obtain more RNA.

 14. Measure the concentration of RNA by a nucleic acid spectrom-
eter and dilute RNA concentration into ~2 ng/μL. RNA solu-
tion should be stored at −70 °C avoiding repeated freeze- thaw 
cycles for ~1 year.

 1. Prepare RT master mix on ice. The components and volumes 
for each 15 μL reaction are listed below, which can be scaled 
up to the desired number of RT reactions.

Component Volume

10× RT buffer 1.5 μL

dNTPs, 100 mM 0.15 μL

RNase inhibitor, 20 U/μL 0.19 μL

Reverse transcriptase, 50 U/μL 1 μL

Total RNA 10 ng

RNA-free ddH2O Add to 12 μL

Total volume 12 μL

 2. Cap the tube, vortex gently, and centrifuge for 3–5 s to bring 
the solution to the bottom of the tube, then place on ice.

3.2.2 Quantification 
of miRNA by qRT-PCR

Reverse Transcription
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 3. Take out RT primers, then vortex gently and centrifuge for 
3–5 s.

 4. Add 12 μL RT master mix above into a well of 96-well reaction 
plate for each 15 μL reaction, set up 2 replicates for each group.

 5. Add 3 μL 5× RT primer which includes 1.5 μL 5× RT miR-
145 and 1.5 μL 5× RT U6 snRNA into corresponding well, 
cap the wells securely.

 6. Vortex gently, then centrifuge for 3–5 s, and make sure to get 
rid of bubbles by flipping gently, then place on ice.

 7. Perform reverse transcription subjected to the following pro-
gram of heating: 16 °C 30 min, 42 °C 30 min, 85 °C 5 min 
and hold at 4 °C.

 8. Set the reaction volume to 15 μL.
 9. Load the plate wells into the thermal cycler, then start the RT 

run.

 1. Prepare qPCR reaction mix. Pipet the following components 
into each well of 96-well reaction plate and set up 2 replicates 
for each group.

Component Volume

TaqMan gene expression master mix (20×) 10 μL

Specific probe (miRNA or U6) (20×) 1 μL

cDNA 1.33 μL

Nuclease-free H2O 7.67 μL

Total volume 20 μL

 2. Cap the wells securely, vortex gently and centrifuge briefly, 
make sure to get rid of bubbles by flipping gently.

 3. Perform qPCR subjected to the following program of heating: 
50 °C 2 min for 1 cycle, 95 °C 10 min for 1 cycle, 95 °C 15 s, 
60 °C 1 min for 45 cycle.

 4. Load the plate wells into the thermal cycler, then start the 
qPCR run.

 5. Data analysis: relative quantification is applied for calculating 
miRNA expression level using U6 as internal control. △Ct = 
CtmiRNA−CtU6, △△Ct = △CtmiR-145−△CtmiR-NC, 2−△△Ct rep-
resents the fold change of miRNA level.

 1. Harvest cells at 48 h after transfection and plate 2000/well 
A549 cells in 100 μL complete median to 96-well cell culture 
plate (see Note 6), set up 5 × 5 repeats for each group and set 
up blank control without cells in parallel with experimental 

Quantitative Real-Time 
PCR (qRT-PCR)

3.3 Detect Cell 
Proliferation by CCK-8 
Assay
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group. Adjust the number of cells depending on different cell 
types.

 2. Incubate at 37 °C in a 5% CO2 incubator.
 3. Add 10 μL CCK-8 reagent into each group which contains five 

repeats at 24 h (see Note 7), gently make it to avoid the occur-
rence of bubbles to prevent effect on OD value detection. 
Change fresh media for residual cells every 2 days.

 4. Incubate at 37 °C in a 5% CO2 incubator.
 5. Detect the OD values at detection wavelength of 450 nm after 

incubation for 0.5–4 h using iMarkMicroplate Reader.
 6. Repeat steps 3–5 at 48, 72, 96, and 120 h.
 7. Draw growth curves of cells based on OD values by software, 

GraphPad prism 6.

 1. Mark the 6-well cell culture plate on the outer bottom of the 
dish as reference lines of the image capture, draw at least 5 lines 
in parallel every 0.5–1 cm.

 2. Plate A549 cells (3 × 105/well) in a 6-well plate the day before 
transfection. Transfect the cells at second day according to the 
instructions presented in Subheading 3.1.

 3. Incubate at 37 °C in a 5% CO2 incubator for 24–48 h until the 
formation of 100% confluent cell monolayer.

 4. Scratch the cell monolayer with the help of a ruler to create a 
“wound” vertical to reference lines using a p200 pipettip.

 5. Wash the cells with PBS three times, rock the dish back and 
forth carefully to remove the cells scratched.

 6. Capture the first image of the wound, refer to the marks on the 
dish.

 7. Add FBS-free media into the well along the edge of it carefully, 
then incubate at 37 °C in a 5% CO2 incubator for 6–72 h.

 8. Capture a second image of the wound in the same field based 
on the reference lines in step 5 at 6 h, 12 h, 24 h, 48 h, 72 h. 
Incubation time should be determined empirically based on 
different cell types, but time longer than 72 h is not recom-
mended for that different rate of cell proliferation may contrib-
ute to bias of migration analysis.

 9. Analyze the first and second images with software Image Jto 
calculate the average distance between cells and the migration 
rate.

 1. Matrigel preparation.

 (a)  Dilute ECM mixture in media containing no FBS and 
antibiotics at a proportion of 1/9 (v/v), rotate to mix.

3.4 Detect Cell 
Migration by Wound 
Healing Assay

3.5 Detect Cell 
Invasion 
by Transwell Assay
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 (b)  Add 70 μL prepared solution into the bottom of insert 
attached to 24-well plate, gently make it to avoid produc-
ing bubbles.

 (c)  Incubate at 37 °C in a CO2 incubator for 2–4 h until 
matrigel concretion.

 2. Harvest cells at 48 h after transfection, add A549 cells (1 × 105/
well) in 100–200 μL FBS-free media into the insert, set up 2 
repeats for each group. Adjust the number of cells depending 
on invasion ability of different cell types or different size dishes.

 3. Add 500 μL complete media into the lower chamber, put the 
insert in the chamber. Make sure the media touches the bot-
tom of membrane and get rid of bubbles.

 4. Incubate at 37 °C in a 5% CO2 incubator for 12–48 h. Time 
for incubation various from different cell types.

 5. Staining.

 (a)  Take the insert out of the chamber, remove matrigel and 
cells from the unmigrated side with cotton swabs gently 
(see Note 8), wash with PBS twice gently.

 (b)  Discard media in the lower chamber, then wash with PBS 
twice to remove unattached cells.

 (c)  Fix cells on the migrated side by steeping insert in 95% etha-
nol for 10–15 min, wash with PBS once, allow it to dry.

 (d)  Stain cells by soaking insert in 1% crystal violet solution for 
15–20 min, allow the membrane to dry.

 (e)  Wash with PBS twice to remove excess stain, turn the 
insert upside-down and allow it to dry.

 6. Put the insert on a glass slide, capture images under high power 
(×10) at 5–15 regular fields and calculate average number of 
invasive cells per HPF.

4 Notes

 1. Tare care to keep cell culture in sterile conditions to avoid 
contamination.

 2. To weaken cell toxic in transfection, antibiotics should not be 
added into media during the proceed of cell seeding to 
cell harvest.

 3. As for transfection, one needs to optimize the final concen-
tration of miRNA mimic or inhibitor and Lipofectamine 2000 
referred to the manufacturer’s instructions and continuing 
exploration as well.

Jian Xu et al.
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 4. Change your gloves regularly during RNA extraction, because 
bacteria carried by your skin may result in RNase contamination.

 5. Use RNase-free materials including tubes and tips to isolate 
RNA.

 6. Add PBS or water into the wells on the edge of 96-well plate 
instead of solutions in case of sample evaporating, when you 
detect cell proliferation by CCK-8 assay.

 7. CCK-8 reagent can be added into media directly in general, 
but one needs to change fresh media after cell washing if the 
sample under test owns oxidizability and reducibility.

 8. As for transwell assay, the cells on the unmigrated side of the 
membrane must be completely removed with cotton swabs.
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Chapter 14

Isolation and Identification of Gene-Specific MicroRNAs

Shi-Lung Lin, Donald C. Chang, and Shao-Yao Ying

Abstract

Computer programming has identified hundreds of genomic hairpin sequences, many with functions yet 
to be determined. Because transfection of hairpin-like microRNA precursors (pre-miRNAs) into mam-
malian cells is not always sufficient to trigger RNA-induced gene silencing complex (RISC) assembly, a key 
step for inducing RNA interference (RNAi)-related gene silencing, we have developed an intronic miRNA 
expression system to overcome this problem by inserting a hairpin-like pre-miRNA structure into the 
intron region of a gene, and hence successfully increase the efficiency and effectiveness of miRNA- 
associated RNAi induction in vitro and in vivo. This intronic miRNA biogenesis mechanism has been 
found to depend on a coupled interaction of nascent messenger RNA transcription and intron excision 
within a specific nuclear region proximal to genomic perichromatin fibrils. The intronic miRNA so 
obtained is transcribed by type-II RNA polymerases, coexpressed within a primary gene transcript, and 
then excised out of the gene transcript by intracellular RNA splicing and processing machineries. After 
that, ribonuclease III (RNaseIII) endonucleases further process the spliced introns into mature miRNAs. 
Using this intronic miRNA expression system, we have shown for the first time that the intron-derived 
miRNAs are able to elicit strong RNAi effects in not only human and mouse cells in vitro but also in zebra-
fishes, chicken embryos, and adult mice in vivo. We have also developed a miRNA isolation protocol, based 
on the complementarity between the designed miRNA and its targeted gene sequence, to purify and iden-
tify the mature miRNAs generated. As a result, several intronic miRNA identities and structures have been 
confirmed. According to this proof-of-principle methodology, we now have full knowledge to design vari-
ous intronic pre-miRNA inserts that are more efficient and effective for inducing specific gene silencing 
effects in vitro and in vivo.

Key words MicroRNA (miRNA) biogenesis, Gene cloning, RNA interference (RNAi), RNA-induced 
gene silencing complex (RISC), Asymmetric assembly, Zebrafish

1 Introduction

More than 90 intronic microRNAs (miRNA) have been identified 
using the bioinformatic approaches to date [1], but the functions of 
the vast majority of these intronic miRNAs remain unclear. According 
to the strictly expressive correlation of intronic miRNAs to their 
encoded genes, one may speculate that the levels of condition- 
specific, time-specific, and individual-specific gene expression are 
determined by interactions of distinctive miRNAs on single or 
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multiple gene modulation. This interpretation accounts for more 
accurate expression of various genetic traits and any dysregulation of 
the interactions will thus result in genetic disorders. For instance, 
monozygotic twins frequently demonstrate slightly, but definitely 
distinguishing, disease susceptibility and physiological behavior. Such 
as, a long CCTG expansion in the intron 1 of a zinc finger protein 
ZNF9 gene has been correlated to type 2 myotonic dystrophy in 
either one of the twins with higher susceptibility [2]. Since the expan-
sion motif often obtains high affinity to certain RNA-binding pro-
teins, the resulting intron-derived expansion fragments may play an 
important role in this disease. Another more established example 
involving intronic expansion fragments in its pathogenesis is fragile X 
syndrome, which represents about 30% of human-inherited mental 
retardation. Intronic CGG repeat (rCGG) expansion in the 5′-UTR 
of FMR1 gene is the causative mutation in 99% of individuals with 
fragile X syndrome [3]. FMR1 encodes an RNA-binding protein, 
FMRP, which is associated with polyribosome assembly in an RNP-
dependent manner and capable of suppressing translation through an 
RNAi-like pathway. FMRP also contains a nuclear localization signal 
(NLS) and a nuclear export signal (NES) for shuttling certain mRNAs 
between the nucleus and cytoplasm [4]. Jin et al. proposed an RNAi-
mediated methylation model in the CpG region of FMR1 rCGG 
expansion, which is targeted by a hairpin RNA derived from the 
3′-UTR of the FMR1 expanded allele transcript [3]. The Dicer-
processed hairpin RNA triggers the formation of RNA-induced ini-
tiator of transcriptional gene silencing (RITS) on the homologous 
rCGG sequences and leads to heterochromatin repression of the 
FMR1 locus. These examples suggest that natural evolution gives 
raise to more complexity and more variety of introns in higher ani-
mals and plants for coordinating their vast gene expression volumes 
and interactions; therefore, any dysregulation of miRNAs derivation 
from introns may thus lead to genetic diseases involving intronic 
expansion or deletion, such as myotonic dystrophy and fragile X 
mental retardation.

To understand the diseases caused by dysregulation of intronic 
miRNAs, an artificial expression system is needed to recreate the 
functions and mechanisms of the miRNAs involved in vivo. The 
same approach may be used to develop and test potential therapies 
for the diseases. Using artificial introns carrying hairpin-like 
miRNA precursors (pre-miRNA), we have successfully generated 
mature miRNAs with full function in triggering RNAi-like gene 
silencing in zebrafish [5]. We introduced hairpin-like pre-miRNAs 
into 2-week-old zebrafish larvae and successfully tested the pro-
cessing mechanism and functional significance of different miRNA–
miRNA* structures, using an intronic miRNA expression system 
reported previously [6, 7]. The pre-miRNA expression was driven 
by a cytomegalovirus (CMV) IE promoter, which has been estab-
lished as a viable approach for manipulating RNA expression in 
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zebrafish [8]. Based on conventional reasoning, the stem-loop 
structure located in either end of the miRNA-miRNA* duplex 
should be equally cleaved by Dicer in order to form siRNA and 
hence functional bias would not be seen in pre-miRNAs with dif-
ferent stem-loop locations. However, we observed different gene 
silencing responses when comparing the transfection results from a 
pair of symmetric hairpin pre-miRNA constructs, as shown in 
Fig. 1a between 5′-miRNA*-stem-loop-miRNA-3′ (construct #1) 
and 5′-miRNA-stem-loop-miRNA*-3′ (construct #2). Although 
both pre-miRNAs contained the same perfectly matched siRNA-
like duplex in the stem-arm region, different kinds of mature miR-
NAs were identified, suggesting that the stem-loop structures of 
pre-miRNAs can affect Dicer recognition and result in different 
siRNA products. Therefore, this type of stem- loop asymmetry 
leads to more preferential strand selection of the mature miRNA 
for more effective RISC assembly.

To determine the structural preference of the hairpin pre- 
miRNAs, we have isolated the small RNAs in zebrafish using mir-
Vana miRNA isolation columns (Ambion, Austin, TX) and then 
precipitated all potential miRNAs complementary to the target 
EGFP region, using latex beads containing the target RNA 
sequence. The designed pre-miRNA constructs were directed 
against the target green fluorescent protein (EGFP) mRNA 
sequence nucleotides 280–302 in the transgenic (UAS:gfp) zebraf-
ish, of which the EGFP expression was constitutively driven by the 
β-actin promoter in almost all cells. As shown in Fig. 1b, two major 
miRNA identities were verified to be active (gray-shading 
sequences). Because of the fast turn-over rate of small RNAs in vivo 
[9, 10], the shorter miR-EGFP(282/300) may be a degraded 
form of the miR-EGFP(280–302). The first 5′-cytosine (labeled 
by an asterisk *) of the miR-EGFP(280–302) was not included in 
the designed target region and probably provided by the original 
intron sequence because the cytosine (C*) is the most adjacent 
nucleotide close to the 5′-end of the designed pre-miRNA in the 
intron. Because the miR-EGFP(280–302) miRNA was detected 
only in the zebrafish transfected with the 5′-miRNA-stem-loop- 
miRNA*-3′ construct (#2), the stem-loop of the #2, rather than 
the #1, pre-miRNA is able to determine the correct anti-sense 
EGFP sequence for effective miRNA-associated RISC (miRISC) 
assembly. Given that Dicer cleavage resulted in different mature 
miRNAs generated from two symmetric pre-miRNA constructs 
with the same siRNA stem arm (Fig. 2), switching the pre-miRNA 
stem-loop location may change the cleavage orientation in Dicer, 
so as to make different siRNAs. One possibility for this preference 
is that the structure and/or sequence of the stem-loop preferably 
facilitate miRNA maturation from one orientation than the other. 
Alternatively, the stem-loop may change the Dicer recognition 
and, thus, may generate differently asymmetric profiles to the 
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Fig. 1 Structural preference of miRNA–miRNA* asymmetry in miRISC in vivo. (a) We have demonstrated that 
only the #2 construct was used in effective miRISC assembly. Because a mature miRNA is defined to be 
complementary to its targeted messenger RNA, the label “anti” (anti-sense; black bar) refers to the miRNA and 
the “sense” (white bar) refers to its complementarity, miRNA*. (b) Two designed mature miRNA identities were 
found only in the #2-transfected zebrafishes, namely miR-EGFP(280/302) and miR-EGFP(282/300). (c) In vivo 
gene silencing efficacy was only observed in the transfection of the #2 pre-miRNA, but not the #1 construct. 
Since the mixture color of EGFP and RGFP displayed more red than green (as shown in deep orange), the 
expression level of target EGFP (green) was significantly reduced in #2-transfected fishes, while miRNA indica-
tor RGFP (red) was evenly present in all transfections. A strong strand selection was observed in favor of the 
5′-stem strand of the designed pre-miRNAs in RISC. (d) Western blot analysis of protein expression levels 
confirmed the specific EGFP silencing result of (c). No detectable gene silencing was observed in fishes with-
out (Ctl) and with liposome only (Lipo) treatments. The transfection of either a U6-driven siRNA vector (siR) or 
an empty vector (Vctr) without the designed pre-miRNA insert resulted in no gene silencing significance
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pre- miRNA stem-arm. In either way, the cleavage site of Dicer in 
the pre-miRNA stem arm determines the strand selection of a 
mature miRNA, and the pre-miRNA stem-loop likely functions as 
a determinant for the recognition of the special cleavage site. Based 
on this proven principle of the intronic pre-miRNA structures, we 
are now able to design correct and effective pre-miRNA inserts for 
the intronic miRNA expression systems.

2 Materials

 1. mirVana miRNA isolation kit (Ambion, Austin, TX).
 2. Incubation chamber: 65 and 4 °C.
 3. 1× nuclease-free hybridization buffer: 100 mM KOAc, 30 mM 

HEPES KOH, 2 mM MgOAc, pH 7.4 at 25°C (see Note 1).
 4. Microcentrifuge: 17,900 × g (see Note 2).

 1. Synthetic 5′-fluorescein-linked oligonucleotides homologous 
to the targeted gene sequence (Sigma-Genosys), e.g., as shown 
here a synthetic anti-EGFP oligonucleotide 5′-fluorescein- 
AGAAGATGGT GCGCTCCTGG A-3′ (100 pmol/μL in 
DEPC-treated ddH2O).

 2. Anti-fluorescein monoclonal antibody, biotin-conjugated 
(Invitrogen, Carlsbad, CA).

 3. Streptavidin bead suspension (Invitrogen).
 4. Incubation shaker: 25°C, 120 rpm.
 5. Incubation chamber: 65 and 4 °C.

2.1 Small RNA 
Isolation

2.2 Complementary 
Affinity Precipitation 
and Poly(A) Tailing

Fig. 2 Bias of miRNA–miRNA* asymmetry in miRISC assembly in vivo. Different preferences of RISC assembly 
were observed in the transfections of 5′-miRNA*-stem-loop-miRNA-3′ (#1) and 5′-miRNA-stem-loop- 
miRNA*-3′ (#2) pre-miRNA constructs in zebrafish, respectively. Based on the assembly rule of siRISC, the 
processing of both #1 and #2 pre-miRNAs should result in the same siRNA duplex for RISC assembly; however, 
the present experiments demonstrated that only the #2 construct was able to silence target EGFP. An effective 
mature miRNA, namely miR-EGFP(280/302), was detected in the #2-transfected zebrafishes directed against 
target EGFP mRNA, whereas transfection of the #1 construct produced another different miRNA, miR*-
EGFR(301–281), which was partially complementary to the miR-EGFP(280/302) and possessed no gene 
silencing effects on EGFP expression
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 6. Microcentrifuge: 17,900 × g.
 7. DEPC-treated H2O: Stir double distilled water with 0.1% 

DEPC for longer than 12 h and autoclave twice at 120 °C 
under approx 1.2 kgf/cm2 for 20 min twice.

 8. RNA tailing: Poly(A) tailing kit (Ambion, Austin, TX).

 1. Oligo(dT)20 primer: 5′-dephosphorylated TTTTTTTTTT 
TTTTTTTTTT-3′ (100 pmol/μL in DEPC -treated ddH2O).

 2. 100 U/μL SuperScript II MMLV reverse transcriptase and 5× 
reverse transcription buffer (250 mM Tris–HCl, pH 8.3, 
250 mM KCl, 15 mM MgCl2, and 10 mM dithiothreitol).

 3. Reverse transcription mix: 8 μL DEPC-treated ddH2O, 6 μL 
of 5× reverse transcription buffer, 2 μL of 10 mM deoxyribo-
nucleoside triphosphate mix (10 mM each for deoxyadenosine 
triphosphate, deoxyguanosine triphosphate, deoxycytosine tri-
phosphate, and deoxythymidine triphosphate), 1 μL of 25 U/
μL RNase Inhibitor, 2 μL SuperScript II MMLV reverse tran-
scriptase; prepare the reaction mix just before use.

 4. Incubation chamber: 94, 65, 42, and 4 °C.
 5. Electrophoresis system for polyacrylamide gel (Bio-Rad, 

Hercules, CA).
 6. 15% Tris-borate-ethylenediaminetetraacetic acid/urea poly-

acrylamide gel for oligonucleotides (Bio-Rad).
 7. Mini whole gel eluter (Bio-Rad).

3 Methods

The small intracellular RNAs (fewer than 200 nucleotides) are iso-
lated and collected on a glass-fiber filter using the mirVana miRNA 
isolation kit. These small RNAs include 5S ribosomal RNA, trans-
fer RNA, small nucleolar RNA (snoRNA), small nuclear RNA, 
small mitochondrial noncoding RNA (smnRNA), miRNA, and 
probably siRNA.

 1. Small RNA isolation: apply 100 to 107 cells to a mirVana 
miRNA isolation reaction, following the manufacturer’s 
 protocol. Collect the final RNAs in 30 μL of 1× nuclease-free 
hybridization buffer.

Small RNAs complementary to the target sequence are recovered 
by binding to fluorescein-linked target oligonucleotides and then 
precipitated by further binding to biotin-conjugated anti- 
fluorescein monoclonal antibodies and streptavidin beads. The 
resulting small RNAs are protected by adding poly(A) tails in their 
3′-termini using E coli poly(A) polymerase I.

2.3 Complementary 
DNA Generation 
and Polyacrylamide 
Gel Purification

3.1 Small RNA 
Isolation

3.2 Complementary 
Affinity Precipitation 
and Poly(A) Tailing
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 1. Complementary annealing: Add 2 μL of synthetic 5′-fluorescein- 
linked oligonucleotides to the isolated small RNAs and mix 
well. Incubate the mixture in an incubation chamber at 65 °C 
for 5 min, and then switch the mixture to an incubation shaker 
at 25 °C for 30 min.

 2. Precipitation: Add 10 μL of the biotin-conjugated anti- 
fluorescein monoclonal antibodies to the mixture and incubate 
the mixture in an incubation shaker at 25 °C for 30 min. Add 
10 μL of streptavidin bead suspension to the mixture and con-
tinue to incubate the mixture in an incubation shaker at 25 °C 
for 30 min. Precipitate the bound RNAs by centrifugation at 
17,900 × g for 10 min and discard the supernatant. Dissolve 
the pellet in 10 μL of DEPC-treated ddH2O.

 3. Poly(A) RNA tailing: Add poly(A) tails to the 3′-termini of the 
purified RNAs using E. coli poly(A) polymerase I, following 
the manufacturer’s suggestions.

 4. Reaction stop: Heat the reaction at 94 °C for 2 min and then 
cool on ice immediately. Remove the beads by centrifugation 
at 17,900 × g for 10 min and transfer the supernatant to a 
clean new tube.

The starting material is approx. 1 μg of the poly(A)-tailed small 
RNAs. The complementary DNAs are synthesized by reverse tran-
scription from the poly(A)-tailed small RNAs with the oligo(dT)20 
primer. The use of MMLV reverse transcriptase also adds a short 
poly(dC) tail in the 3′-end of each cDNA sequence, which is used 
for DNA sequencing in conjunction with a poly(dG)10 primer.

 1. Primer annealing: Mix 10 μL of the RNA supernatant with 
1 μL oligo(dT)20 primer, heat to 65 °C for 5 min to minimize 
secondary structures, and then cool on ice.

 2. Complementary DNA (cDNA) synthesis: Add 14 μL of the 
reverse transcriptase mix to the above hybrids, heat to 42 °C 
for 20 min, and then cool on ice.

 3. Denaturation of RNA-cDNA hybrids: Heat the reaction at 
94 °C for 2 min and then cool on ice immediately.

 4. Polyacrylamide gel electrophoresis: Load and run the dena-
tured cDNAs on a 15% Tris-borate-thylenediaminetetraaetic 
acid/urea gel and recover each cDNA band using the mini 
whole gel eluter system, following the manufacturer’s sugges-
tions. The cDNAs so obtained are ready for DNA sequencing 
using the poly(dG)10 primer. The resulting cDNA sequences 
are perfectly complementary to the miRNAs, from which the 
cDNAs are reverse-transcribed (see Note 3).

3.3 Complementary 
DNA Generation 
and Polyacrylamide 
Gel Purification
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4 Notes

 1. Autoclave the 1× hybridization buffer twice at 120 °C under 
about 1.2 kgf/cm2 for 20 min.

 2. Relative centrifugal force (RCF) (g) = (1.12 × 10−6)×(rpm)2×r, 
where r is the radius in centimeters measured from the center 
of the rotor to the middle of the spin column, and rpm is the 
speed of the rotor in revolutions per minute.

 3. Although most of the native pre-miRNAs contain mismatched 
area in their stem-arms, it is not necessary for us to construct 
an imperfect paired stem-arm in order to trigger RNAi-related 
gene silencing. Previous studies have demonstrated that a 
mature miRNA can be generated by placing a perfectly matched 
siRNA duplex in the miR-30 pre-miRNA structure [11, 12]. 
Furthermore, there are many genes not subjected to the regu-
lation of native miRNAs, in particular, EGFP, which can be 
otherwise silenced by intracellular transfection of the pre-
miRNA containing a perfectly matched stem-arm construct. 
Therefore, we define a mature miRNA based on its biogenetic 
function and mechanism, rather than the structural comple-
mentarity of its precursor. In this view, any small hairpin RNA 
can be seen as a pre-miRNA if a mature miRNA is successfully 
processed from the small hairpin RNA and further assembled 
into miRISC for target gene silencing.
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Chapter 15

Comprehensive Measurement of Gene Silencing Involving 
Endogenous MicroRNAs in Mammalian Cells

Masashi Fukuoka and Hirohiko Hohjoh

Abstract

MicroRNAs (miRNAs) are functional small noncoding RNAs that work as mediators in gene silencing and 
that play important roles in gene regulation. A number of miRNAs have been found and their expression 
profiles have been examined by means of various microarray systems and real-time polymerase chain reac-
tion (PCR) systems. Conventional microarrays as well as real-time PCR are able to detect existing miR-
NAs, in which inactive miRNAs that hardly contribute to gene silencing may be also contained. Here, we 
describe a comprehensive miRNA bioassay system with reporter genes for the detection of active miRNAs 
that are present in the RNA-induced silencing complexes, and actually working as mediators in gene 
silencing.

Key words Active miRNAs, Comprehensive bioassay, Luciferase reporter gene, psiCHECK2 vector, 
Heat shock

1 Introduction

MicroRNAs (miRNAs) are 21~23-nucleotide-long small noncoding 
RNAs that are processed from longer (initial) transcripts by diges-
tion with RNase III enzymes, Drosha in the nucleus, and Dicer in 
the cytoplasm. The processed, or matured, miRNA is incorporated 
into the RNA-induced silencing complex (RISC) and functions as 
a mediator in gene silencing (review articles [1–3]). MicroRNAs 
play important roles in gene regulation by inhibiting translation of 
messenger RNAs (mRNAs) that are partially complementary to 
the miRNAs, and by digestion of mRNAs that are nearly comple-
mentary to the miRNAs, or RNA interference (RNAi); and such a 
gene regulation involving miRNAs appears to contribute to vari-
ous vital functions and phenomena such as cell proliferation, dif-
ferentiation, development, and senescence [1–6].

A number of miRNA genes have been found in animals and plants 
[see the microRNA database (miRBase):  http://www.mirbase.org/

http://www.mirbase.org/index.shtml
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index.shtml]. Most of miRNA genes are expressed by RNA  polymerase 
II [7], and expression profiles of miRNAs have been examined by 
using a conventional array system with capture probes for miRNAs 
and by reverse transcription quantitative polymerase chain reaction 
(RT-qPCR) with specific primers and probes. Many studies exhibited 
tissue- and stage-specific miRNA expression patterns [8–14], and 
such a specific expression of miRNAs suggests that they may be capa-
ble of becoming useful biomarkers.

Conventional microarrays and RT-qPCR are capable of detect-
ing miRNAs that exist on-site, but not capable of discriminating 
inactive miRNAs from active miRNAs that are indeed working as 
mediators in gene silencing. It may be of importance to see the real 
nature of active miRNAs associated with various vital functions. In 
this chapter, we describe a comprehensive miRNA bioassay using 
reporter genes for the detection of active miRNAs that are func-
tioning as mediators in cells, and provide an example of investiga-
tion of active miRNAs under heat-shock conditions by using the 
assay system [15].

2 Materials

 1. psiCHECK™-2 Vector (Promega, Fitchburg, WI, USA).
 2. Chemically synthesized oligonucleotide DNAs directed against 

miRNAs (Sigma-Aldrich, St. Lois, MO, USA).
 3. 10× annealing buffer [100 mM Tris–HCl (pH 8.0), 10 mM 

EDTA, 1 M NaCl].
 4. Restriction enzymes: XhoI (Nippon gene, Tokyo, Japan), SpeI 

(Nippon gene), NheI (Nippon gene), and PmeI (New England 
Biolabs, Ipswich, MA, USA).

 5. 2× Ligation Mix (Nippon gene).
 6. JM109 Competent Cells, >108cfu/μg (Promega).
 7. S.O.C. Medium (Thermo Fisher Scientific, Waltham, MA, 

USA).
 8. LB-agar plates containing 100 μg/mL ampicillin.
 9. LB media containing 60 μg/mL ampicillin.
 10. Wizard® SV Gel and PCR Clean-Up System (Promega).
 11. PureYield™ Plasmid Miniprep System (Promega).
 12. Agarose [Agarose ME (Iwaikagaku, Tokyo, Japan) was used in 

our experiment.].
 13. 1× Tris-Acetate EDTA (TAE) buffer [50× TAE (Bio-Rad, 

Hercules, CA, USA) was diluted and used in our experiment.].
 14. Ethidium bromide.

2.1 Construction 
of Reporter Genes

Masashi Fukuoka and Hirohiko Hohjoh
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 15. λ-Hind III digest (TAKARA BIO, Kusatsu, Shiga, Japan) as a 
DNA marker.

 16. T7 EEV promoter primer (Promega).

 1. HeLa cells.
 2. T75 cell culture flasks (Greiner bio-one, Kremsmünster, 

Austria).
 3. Nunc™ Edge 96-Well Plate, sterile (Thermo Fisher scientific) 

(see Note1).
 4. D-MEM(High Glucose) with l-Glutamine, Phenol Red and 

Sodium Pyruvate (Wako, Osaka, Japan) supplemented with 
10% fetal bovine serum (Thermo Fisher scientific), 100 units/
mL penicillin, and 100 μg/mL streptomycin (Wako).

 5. 0.25% Trypsin-EDTA solution (Sigma-Aldrich).
 6. D-PBS (−) (Wako).

 1. Lipofectamine® 2000 Transfection Reagent (Thermo Fisher 
scientific).

 2. Opti-MEM® I Reduced Serum Medium (Thermo Fisher 
scientific).

 3. UltraPure™ DNase/RNase-Free Distilled Water (Thermo 
Fisher scientific).

 4. 96-well PCR plates [BMPCR-96-C PCR plates (BM-Bio, 
Tokyo, Japan) were used in our experiment.].

 5. 8-strip PCR tube cap [PCR-8C (BM-Bio) caps were used in 
our experiment].

 6. Reagent reservoirs.

 1. Dual-Luciferase® Reporter Assay System (Promega).
 2. Plate shaker [A MS3 digital shaker (IKA, Staufen im Breisgau, 

Germany) was used in our experiment.].
 3. White 96-well plates [Nunc™ F96 MicroWell™ Black and White 

Polystyrene Plates (Thermo Fisher scientific) were used in our 
experiment].

 4. Luminomer [A Fusion Universal Microplate Analyzer (Perkin 
Elmer, Waltham, MA, USA) was used in our experiment].

3 Methods

We used the psiCHECK™-2 vector (promega) carrying the Renilla 
and Photinus luciferase genes for the construction of reporter plas-
mids in our assay for miRNAs (Fig. 1). The target sequences of 
miRNAs of interest were chemically synthesized and inserted into 

2.2 Cell Culture

2.3 Transfection 
of Reporter Plasmids

2.4 Dual Luciferase 
Reporter Assay

3.1 Construction 
of Reporter Plasmids
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the 3′-untranslated region (UTR) of the Renilla luciferase gene. 
The Renilla luciferase mRNAs carrying the target sequences of 
miRNAs as well as the Photinus luciferase mRNAs (as a control) 
were expressed in cells after transfection of the reporter plasmids. 
When miRNAs of interest were present in the cells and working as 
mediators in gene silencing, the Renilla luciferase mRNAs carrying 
the targets of the miRNAs should be degraded by a strong gene 
silencing, or RNA interference (RNAi), thereby resulting in a 
decrease in the level of the Renilla luciferase activity equal to its 
protein level. The Photinus luciferase mRNAs and proteins, on the 
other hand, would be expressed without suppression, and used as 
a control for normalization of the Renilla luciferase expression. We 
constructed such reporter plasmids for the detection of 143 miR-
NAs [15].

 1. Based on the miRbase (http://www.mirbase.org/), a miRNA 
database, target sequences for miRNAs of interest are designed. 
The designed sequences are as follows:
Sense-strand: 5′-TCGAGNNNNNNNNNNNNNNNNNN 
NNNNTTACTAGT- 3′.
Antisense-strand: 5′-ACTAGTAANNNNNNNNNNNNNN 
NNNNNNNNC- 3′.

3.1.1 Design of Target 
Sequences of miRNAs

SV40 Renilla luc.

XhoI PmeI

Photinus luc.TK

CDR 3’-UTR

TCGAGNNNNNNNNNNNNNNNNNNNNNNTTACTAGT 3’
CNNNNNNNNNNNNNNNNNNNNNNAATGATCA 5’

SpeIComplementary sequence of miRNA

ssOligo: 5’
asOligo: 3’

NheI

Fig. 1 Schematic drawing of constructed reporter plasmid. Reporter plasmids were constructed with the psi-
CHECK™-2 vector by inserting synthetic oligonucleotide duplexes directed to miRNAs of interest into the 
3′-UTR of the Renilla luciferase gene. Target sequences of miRNA are indicated by N, and the sequence in the 
sense-strand (indicated by N in ssOligo) is corresponding to the complementary sequence of a miRNA of inter-
est. The inserted oligoDNA duplexes carry the SpeI restriction enzyme site for judgment of proper clones, and 
possess a cohesive and a blunt ends matched to the XhoI and PmeI digested ends, respectively. The SV40 and 
TK promoters and the Photinus luciferase gene as a control reporter gene are indicated. CDR: coding region. 
When the reporter plasmids are introduced into mammalian cells, both the reporter genes in the plasmids are 
expressed. If miRNAs function in cells, the Renilla luciferase transcripts carrying the target sequences of the 
miRNAs should be degraded by a strong gene silencing, or RNAi. The Photinus luciferase transcripts that  
are simultaneously expressed would be free from such a gene silencing and become a control for normaliza-
tion of the target Renilla luciferase

Masashi Fukuoka and Hirohiko Hohjoh
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Note that the sequence indicated by N in the sense-strand is 
the complementary sequence of miRNA of interest.

 2. Chemically synthesize sense and antisense oligonucleotide 
DNAs of the designed target sequences (see Note 2).

 1. Mix the following reagents in a 0.5 mL tube:

 (a) 1 μL of 10× annealing buffer.
 (b) 1 μL of 100 μM sense-strand oligoDNA.
 (c) 1 μL of 100 μM antisense-strand oligoDNA.
 (d) 7 μL of distilled water (10 μL in total).

 2. Heat-denature at 80 °C for 5 min, and anneal at room tem-
perature over 30 min. Store at 4 °C.

 3. The resultant (annealed) double-strand oligoDNAs have a 
cohesive XhoI end and a blunt end, and also generate the SpeI 
site that is absent in the psiCHECK™-2 vector (Fig. 1).

 1. Prepare 50 μL of reaction mix as follows:

 (a) 5 μL of 10× Restriction enzyme buffer.
 (b) 1 μL of the psiCHECK™-2 vector (1 μg/μL).
 (c) 42 μL of distilled water.
 (d) 1 μL of XhoI (5–20 units/μL).
 (e) 1 μL of PmeI (10 units/μL).

 2. Incubate at 37 °C for 6 h~overnight.
 3. Electrophoretically separate digested vectors on 1% agarose 

gels in 1× TAE buffer (see Note 3).
 4. Cut a band containing the vector DNA fragment out of the 

gels after ethidium bromide staining.
 5. Purify the DNA fragment by a Wizard® SV Gel and PCR 

Clean-Up System according to the manufacturer’s instructions 
(Promega).

 6. Measure the concentration of the purified vector fragment. 
Store at 4 °C or −20 °C.

 1. Prepare 6 μL of ligation mix in a 0.5 mL tube as follows:

 (a) 2 μL of the purified vector DNA fragment (≈10 ng/μL).
 (b) 1 μL of the annealed (double-stranded) target oligoDNAs.
 (c) 3 μL of 2× Ligation Mix (Nippon gene).

 2. Incubate at 16 °C for 30 min.
 3. Add the whole reaction (6 μL) into 20 μL of JM109 compe-

tent cells (see Note 4) on ice.
 4. Incubate the cells for 30 min on ice.

3.1.2 Annealing

3.1.3 Preparation 
of Reporter Plasmids

3.1.4 Ligation, 
Transformation, Isolation 
Plasmids and Check 
of Insertion
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 5. Heat shock at 42 °C for 1 min, and immediately chill on ice.
 6. Incubate on ice for 2 min.
 7. Add 100 μL of S.O.C. Medium (Thermo Fisher Scientific) and 

incubate at 37 °C for 1 h.
 8. Seed the cells onto LB-agar plates containing 100 μg/mL 

ampicillin.
 9. Incubate at 37 °C overnight.
 10. Pick up about ten transformants (bacteria colonies) and  culture 

them in 3 mL of LB medium containing 60 μg/mL ampicillin 
at 37 °C overnight with vigorous shaking.

 11. Isolate and purify plasmid DNAs by a PureYield™ Plasmid 
Miniprep System (Promega) according to the manufacturer’s 
instructions.

 12. Prepare 15 μL of restriction enzyme reaction mix as follows:

 (a) 1.5 μL of 10× restriction enzyme buffer.
 (b) 3 μL of plasmid solution.
 (c) 10 μL of distilled water.
 (d) 0.25 μL of SpeI (5–20 units/μL).
 (e) 0.25 μL of NheI (5–20 units/μL).

 13. Incubate the reaction at 37 °C for 5 h.
 14. Examine the reaction by gel electrophoresis with 1% agarose 

gels in 1× TAE buffer, followed by ethidium bromide (0.5 μg/
mL) staining.

 15. Positive plasmids are expected to have one original NheI site 
and one newly generated SpeI site after ligation (see  Subheading 
3.1.2). Therefore, plasmids that can exhibit two digested bands 
as positive clones (Fig. 2).

 16. Confirm the plasmids by means of sequence determination 
with the T7 EEV promoter primer.

 17. Prepare 100 ng/μL reporter plasmid solution after confirmation.

Transfection of many reporter plasmids at the same time into cells 
would be of particular importance for obtaining reproducible data, 
but is quite difficult. We used 96-well PCR plates for handling such 
many reporter plasmids for their transfection.

 1. Add 90 μL of UltraPure DNase/RNase-Free Distilled Water 
(Thermo Fisher Scientific) into each well of 96-well PCR 
plates.

 2. Dispense 10 μL of purified reporter plasmids (100 ng/μL) 
into the wells one by one (see Note 5).

3.2 Transfection 
of Reporter Plasmids 
into HeLa Cells 
and Heat-Shock

3.2.1 Preparation 
of 96-Well PCR Plates 
Containing Density- 
Controlled Plasmid 
Solution
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 3. Cover the wells with 8-strip PCR caps tightly, and then vortex 
the plates followed by centrifugation at 1200 × g for 3 min at 
room temperature.

 4. Use the diluted reporter plasmids (10 ng/μL) as working 
materials thereafter. Store them at 4°C (see Note 6).

When miRNA activity is examined using 143 reporter plasmids, 12 
control wells containing empty psiCHECK™-2 vectors and 4 blank 
wells together with 143 test wells containing the reporter plasmids 
should be prepared (159 wells in total) (see Fig. 3). Therefore, in 
case of using 96-well culture plates for assay, the examinations 
must be divided into two groups and carried out, i.e., two 96-well 
culture plates are needed for one assay. The protocol below 
describes a case of duplicate examinations (transfections).

 1. The day before transfection, seed 5 × 103 HeLa cells onto each 
well of 96-well culture plates (4 plates) in growth medium 
without antibiotics.

 2. Incubate the cells at 37 °C in a 5% CO2 humidified chamber 
overnight.

 3. Take 4 μL (2 μL/assay) of each reporter plasmid solution from 
the working 96-well PCR plates using a multichannel pipette, 
and transfer it to new 96-well PCR plates.

3.2.2 Transfection

564

2027
2322

4361
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9416
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Fig. 2 Check of constructed reporter plasmids with restriction enzymes. 
Constructed reporter plasmids were digested with NheI and SpeI, and examined 
by agarose-gel electrophoresis followed by ethidium bromide staining. Positive 
clones exhibit two digested DNA bands, whereas empty psiCHECH-2 vectors 
(negative) show just a single DNA band. M: λ-HindIII marker
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 4. Prepare a transfection mix enough for transfection to 350 wells 
[(159 wells and 16 extra wells) × 2 (duplication)]:

 (a)  70 μL (0.2 μL × 350wells) of Lipofectamine® 2000 
Transfection Reagent.

 (b)  7 mL (20 μL × 350wells) of Opti-MEM® I Reduced Serum 
Medium (see Note 7).

 5. Incubate at room temperature for 5 min.
 6. Transfer the Lipofectamine2000/Opti-MEM mix into a 

reagent reservoir.
 7. Add 40 μL (20 μL/assay) of the Lipofectamine2000/Opti- 

MEM mix into each well of the 96-well PCR plates containing 
reporter plasmids using a multichannel pipette, and mix them 
by pipetting several times.

 8. Incubate at room temperature for 20 min.

Cell seeding Transfection Heat shock

Dual luciferase assay

a) Take reporter plasmids from 
working plates and transfer them 
into new 96-well PCR plates

c) Apply the transfection mix to 
each well containing HeLa cells

b) Ready Lipofectamine2000/Opti-MEM 
mix in a reservoir and prepare transfection 
mix in the new 96-well PCR plates

37 (Control)

40 (Heatshock)

18h 12h

Blank (water)

Reporter plasmids
(test wells)

Control
(empty psiCHECK-2 vectors)

plate#1
(reporter#1~88)

plate#2
(reporter#89~143)

#1

#2

#1

#2

Lipofectamine2000
Opti-MEM
reporter plasmid

working
plates

Lipofectamine2000 / Opti-MEM mix

Fig. 3 Schematic transfection procedure and heat-shock treatment. HeLa cells are seeded onto 96-well cul-
ture plates. The next day, transfection of reporter plasmids is carried out as follows: (a) take a necessary 
amount of reporter plasmids from working 96-well plates and transfer them to new 96-well PCR plates; (b) 
mix the reporter plasmids with Lipofectamine2000/Opti-MEM mix; (c) add the transfection mix into 96-well 
culture plates containing HeLa cells. A half group of the culture plates are subjected to a heat-shock treatment 
at 40 °C, and luciferase activities were analyzed by a dual luciferase assay
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 9. If necessary, centrifuge the plates at 1200 × g for 3 min.
 10. Add 20 μL of each Lipofectamine2000/Opti-MEM/plasmid 

mix into a culture well containing HeLa cells using a multi-
channel pipette, and duplicate the operation.

 11. Incubate at 37 °C in a 5% CO2 humidified chamber.

 1. Ready a 5% CO2 humidified chamber the temperature of which 
is at 40 °C.

 2. After 18 h–incubation following the transfection described 
above (3-2-2-10, 11), a half group of transfected cells are sub-
jected to a heat shock at 40 °C.

 3. Incubate the cells at 40 and 37 °C (as a control) for further 
12 h (see Note 8).

 1. Remove growth media from wells of 96-well culture plates and 
wash cells with D-PBS.

 2. Add 35 μL of 1× Passive Lysis Buffer (Promega) into each 
well.

 3. Shake the culture plates by a plate shaker at 1000 rpm for 
15 min at room temperature.

 4. Determine the Photinus and Renilla luciferase activities by a 
Dual-Luciferase reporter assay system (Promega) with 20 μL 
of each cell lysate according to the manufacturer’s instructions. 
Details are as follows:

 (a)  While shaking (3-3-3), dispense 20 μL of LARII into 
white 96-well plates (Thermo scientific) (see Note 9).

 (b)  Add 20 μL of each cell lysate into LARII and mix them  
(see Note 10).

 (c) Measure the Photinus luciferase activity.
 (d)  Add 20 μL of the Stop&Glo reagent to each well, and 

shake the plates by a plate shaker at 1000 rpm for 1 min 
(see Note 11).

 (e) Measure the Renilla luciferase activity.
 5. Calculate the expression level of target reporter genes for 

miRNAs.

 (a)  Subtract a background signal (obtained from blank wells) 
from the data.

 (b)  Normalize the Renilla luciferase activity to the Photinus 
luciferase activity.

 (c)  Further normalize the data to the data obtained from the 
empty psiCHECK-2 vector as a control. Figure 4 indicates 
the data of gene silencing that were obtained using 143 
reporter plasmids (see Notes 12 and 13).

3.2.3 Heat-Shock

3.3 Luciferase Assay
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4 Notes

 1. We recommend using 96-well plates that are designed to 
reduce the edge effect, which occurs when culture medium 
evaporates from the plate (mostly around the edge) during 
incubation, and which may alter cell viability.

 2. The sense oligonucleotide DNA sequences we designed are 
available at https://doi.org/10.1371/journal.pone.0103130.

 3. Isolation and purification of digested vector DNAs by agarose- 
gel electrophoresis would produce a better ligation and a bet-
ter yield of proper reporter plasmids.

 4. JM109 competent cells (Promega) are divided into 20 μL 
 aliquots into 1.5 mL tubes in advance and stored at −80 °C. 
During ligation, divided competent cells are put on ice for 
gradually thawing.
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Gene silencing profile involving endogenous miRNAs

Fig. 4 Gene silencing profile involving endogenous miRNAs. The data of gene 
silencing that were obtained with 143 constructed reporter plasmids were 
arranged in increasing order of the normalized luciferase expression ratios at 
37 °C, and aligned from the lowest value (left) to the highest one (right). Each bar 
graph indicates Mean ± SD (n = 4). The data obtained at 37 °C (blue bars) were 
overlapped with the data that were obtained at 40 °C (yellow bars), in which the 
data showing a statistically significant decrease (Student’s t-test, two-tailed, 
P < 0.05) were indicated by red bars
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 5. In addition to the wells containing reporter plasmids, blank 
and control wells containing distilled water and empty 
 psiCHECK- 2 vectors, respectively, should be prepared. We 
recommend preparing at least three control wells for the calcu-
lation of an average and normalization thereafter.

 6. Before using the working plates, the plates should be centri-
fuged to reduce contamination.

 7. Prepare a little more transfection mix than you need, because 
of a loss of the transfection mix during transfection operation.

 8. To confirm a heat-shock response in cells treated at 40 °C, we 
examined the activation of HSF1 in the cells by means of a 
reporter assay using the pGL4.41[luc2P/HSE/Hygro]  Vector 
(Promega) carrying a heat shock element (HSE) in the pro-
moter region of the Photinus luciferase reporter gene. We also 
examined the phosphorylation state of HSF1 protein by west-
ern blotting [15].

 9. We recommend using white microplates such as Nunc™ F96 
MicroWell™ Black and White Polystyrene Plates (Thermo 
 scientific) in luminescence measurement for minimizing auto-
luminescence and maximizing true reflection.

 10. Make sure that the bottom of wells is filled with LARII and 
that cell lysate is mixed well with LARII. Insufficient reaction 
causes false result.

 11. If necessary, reduce the “rpm” of the plate shaker used not to 
spill out of the LARII/cell lysate mix from the wells.

 12. The luciferase activity may be influenced by different tempera-
tures. We recommend performing a pilot experiment using 
empty psiCHECK-2 vectors to see what degree of temperature 
would be influenced to the expression of reporter genes.

 13. When mammalian cells other than HeLa cells are used, we 
 recommend performing a pilot experiment to see a suitable 
amount of reporter plasmids for cells you would like to use, for 
obtaining reproducible results.
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  Chapter 16   

Screening miRNA for Functional Significance by 3D Cell 
Culture System             

Bo Han

Abstract

Cell-based assays play important roles in cell biology and drug discovery. 3D cell culture, which allows cells 
to grow or interact with their surrounding in all three dimensions, provides more physiological informa-
tion for the in vivo tests. Here, we describe a tunable collagen-based 3D cell culture system based on col-
lagen material crosslinked with transgluminase, to study the function of miR. Methods including gel 
handling, proliferation assays, gene, and protein expressions in a 3D setting are described.

Key words 3D culture, Col-Tgel, Gelatin, Transglutaminase, miRNA, Proliferation assay, Gene 
expression, Immunohistochemical staining

1 Introduction

MicroRNAs (miRNAs) are short (20–26 nucleotides), noncoding 
RNAs that are important regulators of gene expression and cellular 
functions [1]. They are generated from genomic DNA and posi-
tively or negatively regulate gene expression through translational 
repression, mRNA destabilization, and/or mRNA cleavage [2–4]. 
miRNAs need as few as 7 nucleotides to complementarily bind to 
their targets; therefore, a wide range of genes can be subject to 
regulation. miRNAs regulate many aspects of the cellular pro-
cesses, and provide new therapeutic targets for drug development. 
In general, miRNA therapy could be categorized into two mecha-
nisms: miRNA replacement therapy that restores the miRNA 
expression and miRNA inhibition therapy that inhibits the miRNA 
expression [5, 6].

miRNA biology has been extensively studied, but the function 
of many miRNAs is still unknown. A critical limitation has been the 
lack of high-throughput yet biological relevant in vitro models. 
The function of miRNA has usually been studied in two  dimensional 
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(2D) cell culture models. However, 2D culture systems do not 
accurately reflect the situation in vivo, where cells grow within a 
complex three-dimensional (3D) microenvironment and cells are 
surrounded by extracellular matrices (ECM). Characterizations of 
miRNA stability in biological fluids, penetration efficiency in tis-
sue, uptake rate by the target cells, and their functions under 
hypoxic or normoxic environment are beyond the capability of the 
2D model. Thus 3D cultures were introduced to improve the sim-
ulation of such conditions in the living organism to study the func-
tion of miRNA.

Design criteria for 3D scaffolds include biomaterial selection, 
degradation rate and mode, physical properties, and cell-matrix 
interactions [7]. Here are example protocols to study miRNA 
functions using collagen-based transglutaminase crosslinked 3D 
culture models [8].

2 Materials

Prepare all the solutions using ultrapure water.

Dissolve 3 g microbial transglutaminase (ACTIVA TI Ajinomoto, 
Japan) from Streptomyces mobaraense in buffer A (20 mM phos-
phate and 2 mM EDTA, pH 6.0). Mix dissolved TGase with 3 mL 
of pre-equilibrated S Sepharose FF beads (Sigma) and incubate at 
4 °C overnight with occasional vortexing. Load protein solution 
and beads mixture into a column. Wash beads with 4 volumes of 
bead with buffer A. Elute TGase with buffer B (Buffer A with 
800 mM NaCl) with a fraction collector. Aliquot 10 μL of solution 
from each vial and monitor protein concentration with Bradford 
(Bio-Rad), utilizing BSA as a standard. Change three 1 mL vials of 
peak elations and dilute proteins with eluting buffer to 20 μg/mL 
TGasse. Aliquot 100 μL of TGase in each vial and store TGase at 
−80 °C until use [9].

Prepare 10% gelatin water solution by adding 10 g of gelatin powder 
(bovine skin type B, 225 bloom, Sigma) into 100 mL of 
d-H2O. Sterilize the gelatin solution with autoclave liquid cycle 
and store at 4 °C until use. To prepare cell embedding gel, warm 
the gelatin solution in 37 °C water bath for at least 30 min. The 
final gel concentration used in the experiment is cell type and study 
purpose decides (see Note 1).

250 mM Tris pH 6.8, 10% SDS, 50% glycerol, 2.5 mg/mL of bro-
mophenol blue.

2.1 Transglutamiase 
Purification

2.2 Gelatin Gel 
Preparation

2.3 SDS 
Sample Buffer

Bo Han
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50 mM Tris, 5 mM CaCl2, and 200 mM NaCl, pH 7.5.

62.5% ethanol, 25% acetic acid, and 0.125% Coommasie blue 
R250 (Bio-Rad, CA).

3 Methods

Carry out all the procedures at room temperature unless otherwise 
specified.

Culture human breast carcinoma cell MDA MB-231, pancreatic 
cancer cell line CFPAC-1, and colorectal carcinoma cell line HCT- 
116 cells (ATCC, American Type Cell Collection, VA) with high 
glucose Dulbecco’s modified Eagle medium, Iscove's Modified 
Dulbecco's Medium, or McCoy5a modified medium (DMEM, 
IMDM, and McCoy5a, Corning, VA) with 10% (v/v) fetal bovine 
serum (FBS, Hyclone, ThermoScientific) and 1% (v/v) penicillin- 
streptomycin (PS, Corning, VA) supplement respectively in a 
humidified atmosphere of 5% CO2 and 37 °C. Change culture 
medium every 2–3 days.

 1. Detach 80% confluent monolayer cultured cells with 0.25% 
trypsin in HBSS (Corning, VA). Neutralize digestive enzyme 
with complete medium and perform cell count with 10 μL of 
cell aliquot with hemacytometer. Aliquot 2 × 106 cells into a 
micro-centrifugal tube and centrifuge for 5 min at 1000 × g to 
pellet cells (see Note 2). Add 0.5 mL of culture medium with-
out serum to suspend cell pellet. Add 0.5 mL of 10% gelatin 
solution into 0.5 mL of cell suspension, and then add 50 μL of 
pre-thawed TGase, mix with gentle pipetting (see Note 3). 
The final gel concentration is 5% and cell density is 1 × 106 
cells/mL.

 2. Pipette 20 μL of cell-gel mixture and cast on the surface of 
each well of a 48-well suspension cell culture plate. Incubate 
the plate at 37 °C for 1 h to solidify gel on the surface of non- 
treated tissue culture plate. Add 500 μL of corresponding cul-
ture medium to submerge a half-dome-shaped 3D construct 
for cell culture and drug treatment (see Note 4).

 3. Add miR-302 preparations to the culture medium with serial 
dilutions; incubate the plate for an appropriate length of time 
in the incubator depending on the assay purpose. For example, 
add miR-302 reagent at day 0 to study cancer cell tumoid for-
mation in 3D culture. Or, add miR-302 reagent at day 7 to 
study miR-302 effects on the disruption of tumoroid or on the 
inhibition of cell proliferation.

2.4 Zymograft 
Developing Buffer

2.5 Coomassie Blue 
Solution

3.1 Tumor Cell 
Subculture

3.2 3D Culture 
Preparation and Drug 
Treatment

Screening miRNA for Functional Significance by 3D Cell Culture System
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 1. Cell number counts: At the end of the experiments (Fig. 1) (see 
Note 5), release the cells from the constructs with 200 μL of 
0.1% collagenase in HBSS for 1 h at 37 °C with rocking. 
Neutralize the digested constructs with 200 μL culture medium 
and further dilute to 10 mL with PBS. Count cells using the 
Z™ Series COULTER COUNTER® Cell and Particle Counter 
(Beckman Coulter, CA). Gate the particle size at 9.49 μm to 
exclude cell debris and average triplet well counting.

 2. Cell viability: At determined time points, add 200 μL of CCK-8 
working solution (CCK-8, Dojindo Molecular Technologies, 
MD) directly to the culture medium and incubate at 37 °C for 
an appropriate length of time (e.g., 2, 4, 6, 12, 24 h depending 
on cell metabolism rate) in the incubator. Transfer 100 μL of 
medium into each well of a flat-bottom 96 well-plate. Read 
absorbance at 450 nm with multiplate reader (Molecular 
Device, CA), subtracting solution control of CCK-8 working 
solution (see Note 6).

 3. Qualitative and imaging of cell viability: Prepare 5 mg/mL 
MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium 
bromide, Sigma-Aldrich, MO) solution with culture medium 
and filter with 0.22 μm syringe filter to sterilize. Replace the 
medium with fresh MTT containing medium (MTT: medium 
ratio 1:10) and incubate cell constructs for 2–8 h at 37 °C 
depending on the cell metabolism rate (Fig. 2). Record image 
under light microscope with digital camera (Nikon, Japan). 
Remove the medium, wash construct with PBS for three times, 
and add 200 μL of DMSO into each well and incubate at room 
temperature for 2 h. Read colored solution at 570 nm and sub-
tract the background absorbance at 690 nm (see Note 7).

3.3 Cell Proliferation 
and Viability Assay

Fig. 1 (a) Schematic illustration of 3D culture. (b) HCT116 cells form tumoroids 
after 10 days in 3D culture

Bo Han
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 1. Visualize cell morphology change by F-actin staining: Fix cell/
gel constructs at predetermined time points with 10% 
phosphate- buffered formalin for 10 min at room temperature. 
Wash with Tris-buffered saline and tween-20 (TBST) for three 
times, each 15 min. Stain with 30 nM rhodamine phalloidin 
and 30 nM DAPI dihydrochloride in the dark at room tem-
perature (Life Technologies, NY). The Col-Tgel-Cell con-
struct was rinsed with Tris-buffered saline with 0.05% Tween 
20 (TBST, pH 7.4), fixed in 10% neutral formalin solution 
(VWR International, PA) for 10 min, and incubated in block-
ing buffer (5% BSA in TBST) for 30 min. Then, 50 μL of 
Rhodamine 110 Phalloidin (Biotium, CA) was diluted in each 
2 mL blocking buffer, and 500 μL of the solution was used to 
stain each sample. After 2 h of incubation at 4 °C, the Col-
Tgel-Cell construct was counterstained with DAPI (Biotium, 
CA) for 5 min and visualized under an EVOS fluorescence 
microscope (Advanced Microscopy Group, WA).

 2. Live and dead cells staining: At the test time point, aspirate cell 
culture medium and wash cell gel construct with PBS three 
times, 10 min each. Prepare test solution of LIVE/DEAD 
Viability/Cytotoxicity kit (Life Technologies, NY) following 
manufacture protocol. Add 200 μL of the combined LIVE/
DEAD® assay reagents into each well to cover 3D construct. 

3.4 Immuno‑ 
cytochemistry

Fig. 2 MTT staining of CFPAC cells treated with miR-302 for 48 h in 3D model

Screening miRNA for Functional Significance by 3D Cell Culture System
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Incubate the 3D cells for 60 min at room temperature. 
View and record labeled cells under a fluorescence microscope 
(Fig. 3) (see Note 8).

 1. Detect matrix metalloproteinases activity in the 3D cell layer by 
gelatin-based zymography. Culture 3D cells with miRNA for 
different lengths of time. Aspirate culture medium and wash 
3D constructs with PBS for three times. Add 50 μL of PBS in 
each well and use scraper to de-attach gel 3D gel from surface. 
Transfer gel debris and solution into a microtube and homog-
enize (manual or electronic) with 0.25% Triton X-100. Perform 
three cycles of freeze-thaw in a −80 °C freezer. Centrifuge at 
16,000 × g for 10 min and collect the supernatant for zymo-
graph assay. Add SDS sample buffer to the collected superna-
tant at a 1:1 ratio. Apply samples to Ready Gel Zymogram Gel 
(Bio-Rad, CA) at 90 V for 3 h. Rinse gel 2.5% (v/v) Triton 
X-100 and incubate gel with developing at 37 °C for 24 h. 
Stain gel with Coomassie blue solution and de-staining gel 
with (30% methanol and 1% formic acid). Record results with 
digital camera (see Note 9).

3.5 Gelatinolytic 
Zymograph Assay

Fig. 3 Live/dead staining of CFPAC cells treated with miR-302 or vehicle for 48 h in Col-Tgel 3D model

Bo Han
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 1. Remove the cell culture medium, wash the sample twice with 
TBST.

 2. Fix cell gel construct with a 10% neutral formalin solution for 
10 min.

 3. Incubate in a peroxidase suppressor solution (Thermo 
Scientific, NH) for 30 min. Incubate in the blocking buffer 
(5% BSA in TBST) for 30 min.

 4. Incubate the sample with the primary antibody working solu-
tion (anti-β1-Integrin polyclonal antibody in blocking buffer, 
1:400, Thermo Scientific, NH) overnight.

 5. Incubate in the secondary antibody working solution (bioti-
nylated anti-rabbit produced in goat in blocking buffer, 1:800, 
Sigma, MO) for 1 h.

 6. Incubate in the SPPU working solution (ultrasensitive 
streptavidin- peroxidase polymer in blocking buffer, 1:800, 
Sigma, MO) for 30 min to amplify detection signals.

 7. Incubate the sample in the DAB working solution (metal- 
enhanced substrate solution diluted with stable peroxide buf-
fer, 1:10, Thermo Scientific, NH) to develop color.

 8. Stop the reaction by washing the sample with TBST when the 
desired color developed (~5 min). Examine the anchored cells 
with a microscope (see Note 10).

 1. Extract total RNA of cells grown in the 3D Col-Tgel using 
Trizol reagent (Invitrogen, CA) according to the single-step 
acid-phenol guanidinium extraction method [10].

 2. Collect gel constructs with scrapper in 1.5 mL tubes contain-
ing 1 mL Trizol reagent (see Note 11). Homogenize thor-
oughly and removal of insoluble substances by centrifugation 
at 13,000 × g for 5 min. Treat sample with 1-bromo-3- 
chloropropane. Precipitate total RNA using chilled ethanol, 
and dissolve acquired RNA with RNase-free water.

 3. Quantify RNA concentration spectrometrically at 260 and 
280 nm and determine the purity at 230 and 260 nm. Perform 
real-time PCR with one-step SYBR green reagents according 
to the manufacturer’s protocol (Bio-Rad, CA). Normalize the 
expression of target gene according to the GAPDH gene refer-
ence by using the ΔΔCt method.

4 Notes

 1. Gel stiffness can be adjusted by gel concentration when using 
Col-Tgel. For example, 9% gelatin exhibits a yield strength 
about 32.32 ± 1.9 kPa, 6% is about 13.51 ± 2.13 kPa, and 3% 
is about 1.58 ± 0.42 kPa [11].

3.6 Study Cell‑ 
Matrix Interaction 
by Immunostaining 
of β1‑Integrin

3.7 Total RNA 
Extraction and RT‑PCR 
Analysis of the Gene 
Expression

Screening miRNA for Functional Significance by 3D Cell Culture System
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 2. Tilt centrifuge tube and aspirate medium as much as possible 
from cell pellet to prevent disturbing cell pellets.

 3. Very gently pipette to mix cells and gel well without introduc-
ing air bubble. If need more time to prepare other samples, 
leave cell and gel mixture at room temperature in the capped 
tubes. After adding TGase, there is 10–30 min working win-
dow before gels solidify.

 4. Keep the cell-gel mixing tube to check on the gelling status. 
Stick a pipet tip into the tube to make sure gel solidified. Add 
culture medium carefully on the top of the gel.

 5. The biocompatibility and transparency of the Col-Tgel allows 
for direct observation under a light microscope, and direct 
staining to avoid tedious steps like sectioning and antigen 
retrieval.

 6. Cells sense extracellular matrix rigidity through bidirectional 
interaction with the surrounding ECM and respond accord-
ingly. 3D matrix composition and rigidity affects cell prolifera-
tion and metabolism rate [8, 11].

 7. In 2D culture, cell proliferation rate sometimes could be rep-
resented by indirect metabolism markers such as MTT assay or 
CCK-8 assay. However, in 3D culture, either the matrix itself 
or matrix-created microenvironment exerts a big impact on 
the cell metabolism rate. For example, MTT negative cells may 
only be slow or dormant metabolism cells instead of dead cells. 
Multiple assays such as live/dead staining, thymidine incorpo-
ration, BrdU staining should be used to define cell prolifera-
tion status.

 8. The gel provides a stable and durable platform for long-term 
studies. Tumor cells and stromal are cultured in 3D gel for 
28 days and beyond [12]. Cells not only respond to chemical 
stimuli such as growth factors, cytokines, and hormones or 
miRs [13–15], but also the mechanical properties of the extra-
cellular matrix, such as elastic modulus or rigidity, pore size, 
porosity, and dynamic mechanical vibration [16–18]. Thus, 
select correct controls are critical for performing 3D culture 
assays.

 9. Since 3D gel forms a barrier for MMP diffusion, the MMPs 
released in culture medium, in the gel, and cell associated 
MMPs can be separated and analyzed.

 10. Compared to 2D culture, extra steps and longer washing time 
are needed to remove nonspecific bindings and gel-trapped 
dye.

 11. Make sure the samples are homogenized with sufficient Trizol 
reagent since gel construct contains water.

Bo Han
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Chapter 17

Neonatal Rat Cardiomyocytes Isolation, Culture, 
and Determination of MicroRNAs’ Effects in Proliferation

Lichan Tao, Yihua Bei, Yongqin Li, and Junjie Xiao

Abstract

Cardiomyocytes loss is a major contributor for many cardiovascular diseases including heart failure and 
myocardial infarction. Although extremely limited, adult cardiomyocytes are able to proliferate. 
Understanding the molecular mechanisms controlling cardiomyocytes proliferation is extremely important 
for enhancing cardiomyocyte proliferation to promote cardiac regeneration and repair. MicroRNAs (miR-
NAs, miRs) are powerful controllers of many essential biological processes including cell proliferation. 
Here, we described in detail a protocol for isolation and culture of neonatal rat cardiomyocytes and the 
determination of miRNAs’ effects in proliferation based on two well-established methods including EdU 
and Ki67 immunofluorescent stainings.

Key words Cardiomyocyte, MicroRNA, Proliferation, Ki67, EdU

1 Introduction

The loss of cardiomyocytes or its insufficient capability to prolifera-
tion is a major cause for many cardiovascular diseases including 
myocardial infarction and heart failure [1]. However, unlike 
amphibians and fish, which retain a strong capacity of cardiac 
regeneration throughout the whole life [2], the heart in mammals 
has been considered to be a post-mitotic organ without any prolif-
erative capacity fostered by the notion that cardiomyocytes in 
mammals withdraw from cell cycle and terminally differentiate 
after birth [3, 4]. Recently, accumulating evidence has indicated 
that cardiomyocytes could proliferate albeit at extremely low fre-
quencies (<1%) in adult mammalian hearts, including in human [3, 
5–8]. In physiological conditions, cardiomyocyte turnover mainly 
originates from activation of resident cardiomyocytes at a rate of 
1.4–4% per year in a normal mouse heart [9]. In pathological con-
ditions, especially in ischemic hearts, the rate of cardiomyocyte 
renewal may increase significantly [10]. Many signaling pathways 
have been associated with cardiomyocytes proliferation [1]. Thus, 
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it is highly needed to provide a common protocol to measure 
cardiomyocytes proliferation.

To determine cardiomyocytes proliferation, the standardized 
method for neonatal rat cardiomyocytes isolation should be pro-
vided. Following mechanical and enzymatic dissociation of the 
heart tissue [11], some protocols for neonatal rat cardiomyocytes 
isolation frequently have two important issues: First, low cell yield 
and viability. Due to mechanical damage and operational problems, 
the cardiomyocyte yield is frequently extremely low and even failed 
to support one single experiment [11]. Second, insufficient deple-
tion of non-contractile cardiac stromal cells, especially fibroblasts,  
would affect the phenotype and function of cardiomyocytes [12–14]. 
In light of this, extraordinary efforts are needed to improve the 
protocol characterizing primary isolation of cardiomyocytes.

5-ethynyl-2-deoxyuridine (EdU) incorporated into cellular 
DNA during DNA replication is a common strategy to detect 
DNA synthesis in proliferating cells [15, 16]. Besides that, the 
assessment of the expression of nuclear protein Ki67 is also a classic 
experiment to detect cell proliferation [17]. MicroRNAs (miR-
NAs, miRs) are powerful controllers of many essential biological 
processes including cell proliferation [18–20]. Here, we provided 
a detailed protocol for using them as the determination of miR-
NAs’ effects in neonatal rat cardiomyocytes proliferation.

Taken together, in this chapter, we will in detail describe the 
protocol for isolation and culture of neonatal rat cardiomyocytes 
and the determination of miRNAs’ effects in proliferation based on 
two well-established methods including EdU and Ki67 immuno-
fluorescent stainings. Although karyokinesis, cytokinesis, and direct 
cell number counting should be measured to fully prove neonatal 
rat cardiomyocytes proliferation, this protocol is extremely useful to 
rapidly screen miRNAs that might be able to promote neonatal rat 
cardiomyocytes proliferation, providing the promise for develop-
ment of novel therapeutics for the treatment of many cardiovascular 
diseases based on enhancing cardiomyocytes proliferation.

2 Materials

Tissue samples: heart tissues were derived from neonatal rats (from 
0–3-day old Sprague-Dawley rats). Animals were first anesthetized 
with carbon dioxide and sacrificed by cervical dislocation, then car-
diac ventricular tissues were removed and washed in ice-cold ADS 
(see Note 1). Heart tissues were washed again with cold ADS and 
finally minced into pieces of approximately 1 mm3.

Prepare all solutions with ultrapure water (prepared by purify-
ing deionized water) and analytical grade reagents. During the 
process of cardiomyocytes isolation and culture, all the items 
strictly follow sterilization principles.

Lichan Tao et al.
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 1. 10× ADS (100 mL) solution: 6.8 g NaCl, 4.76 g HEPES, 
0.138 g Na2HPO4, 0.6 g glucose, 0.4 g KCl and 0.051 g 
MgSO4 (containing 7 H2O). Make up to 100 mL with ultra-
pure water, adjust pH value to 7.35–7.45, and finally filtrate 
with 0.22 μm filter. 1× ADS (1 L) solution: dissolve 100 mL 
10× ADS in 900 mL sterile water. Store at 4 °C.

 2. Trypsin-collagenase 2 buffer (100 mL): 60 mg trypsin and 
40 mg collagenase 2. Make up to 100 mL with 1× ADS solu-
tion. Incubate at 37 °C for 1–2 h before use.

 3. Horse serum (HS). Incubate at 37 °C for 30 min before use.
 4. Culture medium for neonatal rat cardiomyocytes: 500 mL 

DMEM-F12, 25 mL fetal calf serum (FBS), 50 mL HS and 
6 mL penicillin-Streptomycin solution (P/S). Incubate at 
37 °C for 30 min before use.

 5. Percoll solution: Percoll stock solution (100 mL): 90 mL 
Percoll solution and 10 mL 10× ADS solution. Top Percoll 
solution (20 mL): 9 mL Percoll stock solution and 11 mL 1× 
ADS solution. Bottom Percoll solution (20 mL): 13 mL 
Percoll stock solution and 7 mL 1× ADS solution (see Note 2). 
All Percoll solutions were stored at 4 °C.

 6. Coating buffer: 1% gelatin: 0.2 g gelatin and 20 mL PBS. Store 
at 4 °C.

 1. Mimic/Inhibitor/negative control (NC) stock (20 nmol): 
5 nmol mimic/Inhibitor (Ribobio) and 250 mL sterile water. 
Store at −20 °C.

 2. Opti-MEM: store at 4 °C.
 3. Transfection reagent: Lipofectamine ™ 2000 reagent (lipo 

2000, Invitrogen), store at 4 °C.

 1. Click-iT® EdU imaging kit with alexa fluor® 488/594 
(Invitrogen, C10086), including: 5 mg material EdU powder 
(A), 4 mL Alexa Fluor azide (B), 4 mL DMSO (C), 4 mL 
Click-iT® EdU reaction buffer (D), 400 mg Click-iT® EdU 
additive powder (F), 4 mL CuSO4 (E), and 35 μL hoechst (G). 
Store at 4 °C.

 2. Monoclonal anti-α-actinin antibody (Sigma, A7811). Store at 
−20 °C.

 3. Monoclonal anti-Ki67 antibody (Abcam, ab16667). Store at 
−20 °C.

 4. Fixing solution: 4% PFA: 4 mL PFA and 96 mL PBS. Store at 
room temperature.

 5. Permeabilized buffer: 0.5% PBST (100 mL): 100 mL PBS and 
500 μL Triton-x-100. Store at room temperature.

2.1 Cardiomyocytes 
Isolation and Culture

2.2 miRNA Mimic 
and Inhibitor 
Transfection

2.3 EdU and Ki67 
Immunostaining

Neonatal Rat Cardiomyocytes Isolation, Culture, and Determination of MicroRNAs̕…
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 6. Blocking solution: 10% goat serum (100 mL): 10 mL goat 
serum and 90 mL PBST. Store at 4 °C.

 7. Secondary antibody conjuncted with 488/594 (Jackson 
ImmunoResearch Laboratories). Store at −20 °C.

 8. DAPI (Invitrogen). Store at −20 °C.

3 Methods

All the procedures were carried out at room temperature unless 
otherwise specified.

 1. Minced cardiac ventricular tissues were transferred to a 200 mL 
glass bottle and resuspended in 30 mL (see Note 3) trypsin-
collagenase 2 buffer for 30 min in the preheated cell vibrator at 
100 rpm, 37 °C.

 2. The cell suspensions (trypsin-collagenase 2 buffer containing 
isolated cells) were collected, transferred to a fresh 50 mL cen-
trifuge tube (collecting tube) (see Note 4) and enzyme activity 
was terminated by the addition of 6 mL horse serum.

 3. Cell suspensions from a collecting tube were centrifuged for 
5 min at 1000 rpm and the resulting cell pellet was resus-
pended in a 2 mL warmed neonatal cardiomyocytes culture 
medium.

 4. Fresh 30 mL trypsin-collagenase 2 buffer was added to the 
remaining tissue pieces for 20 min in the preheated cell vibra-
tor at 100 rpm, 37 °C.

 5. Repeat steps 2–4 until ventricular tissues fragments were com-
pletely dissolved (see Note 5).

 6. Coating 3–4 pieces of 24-well cell culture plate, each well 
added 500 μL coating buffer. Incubate at 37 °C for over 2 h 
before use.

 7. Prepare percoll buffer: 4 mL top percoll solution and 3 mL bot-
tom percoll solution in a 15 mL centrifuge tube (see Note 6).

 8. Cell suspensions from all collecting tubes were pooled, filtered 
(see Note 7), and centrifuged for 5 min at 1000 rpm and the 
resulting cell pellet was resuspended in 8 mL cold 1× ADS.

 9. The cell suspension was layered on the top of the percoll solu-
tion, each percoll solution added 2 mL cell suspension (see 
Note 8).

 10. 15 mL tubes were centrifuged at 3000 rpm, 4 °C for 30 min 
using standard protocols of acceleration and deceleration 
speed 0.

 11. Cardiomyocytes could be removed from the newly formed 
layer between the percoll solutions (band 2). Stromal cells 

3.1 Cardiomyocyte 
Isolation and Culture

Lichan Tao et al.
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including fibroblasts on the top of the transparent percoll 
solution (band 1) were harvested separately (Fig. 1).

 12. Cardiomyocytes were pooled, diluted in 1:4 warmed neonatal 
cardiomyocytes culture medium, and centrifuged at 1000 rpm 
for 5 min. The cell pellet was resuspended in a 10 mL neonatal 
cardiomyocytes culture medium.

 13. Add 10 μL cell suspension to count total number of isolated 
cells. After acquiring the quantity of cardiomyocytes, cell sus-
pension was diluted in corresponding volume of neonatal car-
diomyocytes culture medium according to experimental needs.

 14. Cardiomyocytes were seeded at a density of 2 × 105/mL on 
gelatin-coated multiwell plates and placed in a humidified 
incubator at 37 °C and 5% CO2 (see Note 9) (Fig. 1).

 1. Cardiomyocytes were prepared 6–8 h in antibiotic and serum- 
free culture medium (DMEM-F12) before transfection (see 
Note 10).

 2. Prepare mimic/inhibitor or their respective negative control 
reaction mixture (24-well cell culture plate):

 (a)  Solution 1: 1.25 μL mimic/2.5 μL Inhibitor and 50 μL 
Opti-MEM (see Note 11).

3.2 miRNA Mimic 
and Inhibitor 
Transfection

Fig. 1 Primary isolation of cardiomyocytes from neonatal rats. (a) Morphological characterization of cells after 
percoll gradient centrifugation. Band 1 referred to cardiac stromal cells including fibroblasts. Band 2 referred 
to cardiomyocytes. (b) Purity of cardiomyocytes in culture. Bright field image taken after 2 days of cardiomyo-
cytes isolation. Scale bar represented 100 μm
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 (b)  Solution 2: 2 μL lipo 2000 and 50 μL Opti-MEM.
 (c)  Solution 3: add solution 2 to solution 1 with sufficient 

mixing and stand at room temperature for 15 min.
 (d)  Transfection mixture: add 150 μL DMEM-F12 to solu-

tion 3 with sufficient mixing.
 3. Remove half of the culture medium from each cell plate and 

add transfection mixture (see Note 12).
 4. After 6–8 h, remove the culture medium and change to fresh 

DMEM-F12 Medium.

Immunofluorescent staining was performed after 4 days in culture 
(see Note 13).

 1. Remove the culture medium, rinse cardiomyocytes gently with 
PBS 3 times, 5 min each time.

 2. Cardiomyocytes were fixed with 4% PFA for 20 min (see 
Note 14), then remove 4% PFA.

 3. Wash cardiomyocytes with PBS 3×, 5 min each time.
 4. Cardiomyocytes were permeabilized with PBST for 20 min, 

then remove PBST.
 5. Wash as in step 3.

3.3 Ki67/α-Actinin 
Immunofluorescent 
Staining (Fig. 2)

Fig. 2 Cell proliferation was measured by Ki67 (red)/α-actinin (green)/DAPI (blue) immunofluorescent staining. 
Scale bar represented 50 μm
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 6. Add 10% goat serum and block for 1 h, then remove blocking 
solution.

 7. Diluted primary antibodies (Ki67/α-actinin) were added and 
placed at 4 °C overnight (see Note 15).

 8. Remove diluted primary antibodies, wash as step 3.
 9. Diluted second antibodies were added and placed in a cassette 

at room temperature for 2 h (see Note 16).
 10. Wash as in step 3.
 11. Diluted DAPI (1:1000 dilution, diluted in blocking solution) 

was added to mark cell nuclei for 20 min.
 12. Wash as in step 3.
 13. Analysis was performed at a confocal microscope (Carl Zeiss). 

15-20 fields (200× magnification) were taken from every sam-
ple and the rate of Ki67-α-actinin double positive cells to 
α-actinin positive cells was calculated.

 1. Immunofluorescent staining of α-actinin was demonstrated as 
in Ki67/α-actinin immunofluorescent staining step (see Note 17).

 2. Prepare EdU stock solutions (see Note 18):
 (a)  10 mM material EdU stock solutions (A): 2 mL DMSO 

and 5 mg material EdU powder, mixed and stored at 4 °C. 

3.4 Edu/α-Actinin 
Immunofluorescent 
Staining (Fig. 3)

Fig. 3 Cell proliferation was measured by EdU (red)/α-actinin (green)/DAPI (blue) immunofluorescent staining. 
Scale bar represented 50 μm
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10 μM material EdU working solution: 10 mL culture 
medium and 10 μL EdU stock solution (see Note 19).

 (b)  Alexa Fluor azide (B) working solution: 70 μL DMSO and 
4 mL Alexa Fluor azide. Mixed and stored at 4 °C.

 (c)  1× Click-iT® EdU reaction buffer (D): 4 mL Click-iT® 
EdU reaction buffer and 36 mL ultrapure water. Mixed 
and stored at 4 °C.

 (d)  10× Click-iT® EdU additive buffer (D): 2 mL ultrapure 
water and 400 mg Click-iT® EdU additive powder. Mixed 
and store at −20 °C.

 3. EdU labeling
 (a)  Prepare material EdU working solution (10 μM): 10 mL 

culture medium and 10 μL EdU stock solution.
 (b)  Remove half of the culture medium and add same volume 

of material EdU working solution (10 μM) 24 h before 
immunofluorescent staining (see Note 20).

 4. EdU detection
 (a)  1× Click-iT® EdU additive buffer: 9 mL ultrapure water 

and 1 mL 10× Click-iT® EdU additive buffer (D) (see 
Note 21).

 (b)  Prepare reaction mixture (1 mL): 860 μL 1× Click-iT® 
EdU reaction buffer, 40 μL CuSO4, 2.5 μL Alexa Fluor 
azide, and 100 μL 1× Click-iT® EdU additive buffer (see 
Note 22).

 (c)  Add EdU reaction mixture and place in a cassette at room 
temperature for 30 min.

 (d) Wash cardiomyocytes with PBS 3×, 5 min each time.
 (e)  Diluted DAPI (1:1000 dilution, diluted in blocking solu-

tion) was added to mark cell nuclei for 20 min.
 (f) Wash as in step 4.
 5. Analysis was performed at a confocal microscope (Carl Zeiss). 

15-20 fields (200× magnification) were taken from every  sample 
and the rate of EdU-α-actinin double positive cells to α-actinin 
positive cells was calculated.

4 Notes

 1. When taking the ventricular tissue away from the rat body, 
remove irrelevant substances such as lung, blood vessels, and 
atria. Before mincing into pieces, ventricular tissues are needed 
to be washed with ice-cold 1× ADS for several times to remove 
blood cells.

Lichan Tao et al.
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 2. The Percoll stock solution can be stored at 4 °C for 1 week. 
Also top percoll solution and bottom percoll solution need to 
be freshly prepared before use.

 3. Following enzymatic dissociation of the heart tissue, a certain 
number of heart tissues correspond to a certain volume of 
trypsin-collagenase 2 buffer. In our lab, 15 rats correspond to 
30 mL trypsin-collagenase2 buffer each time.

 4. Before transferring cell suspension, stand the glass bottle for 
3–5 min after taking out from cell vibrator, which will help in 
obtaining maximized amount of cardiomyocytes.

 5. During the process of dissolution, slightly reduce the amount 
of trypsin-collagenase 2 buffer and dissolved time according to 
the remaining tissue fragments.

 6. To acquire maximized amount of cardiomyocytes, 7 rats cor-
respond to 1 piece of percoll solution. Percoll solution is a 
two-layer density gradient consisting of 4 mL top percoll solu-
tion and 3 mL bottom percoll solution. When preparing per-
coll solution, add top percoll solution first, then slowly add 
bottom percoll solution with 2 mL injector from the bottom 
of centrifuge tube.

 7. The purpose of the filter of pooled cell suspensions is to remove 
the collagen.

 8. To avoid destroying the two-layer structure of percoll solution, 
slowly add cell suspension to the top of percoll solution.

 9. Cardiomyocytes cultures are left undisturbed for 36 h and sub-
sequent media changes performed every 48 h.

 10. Before transfection, the density of cardiomyocytes needs to 
achieve >70% confluence.

 11. The working concentrations of mimic and Inhibitor are differ-
ent. For mimic: working concentration is 50 nmol, while for 
Inhibitor: the working concentration is 100 nmol.

 12. To reduce the damage of transfection on cardiomyocytes, the 
half-changing method is used: remove half of the culture 
medium and add another half volume of fresh culture medium 
with transfection mixture.

 13. To avoid affecting proliferative detection, culture medium for 
cardiomyocytes needs to change to DMEM-F12 without FBS 
or HS after culturing for 36 h.

 14. For a 24-well cell culture plate, 200 μL fixing solution/per-
meabilized buffer/blocking solution/diluted primary anti-
body/diluted second antibody per well is enough for 
immunofluorescent staining.

 15. Different antibodies have different dilution ratios. For primary 
antibodies, anti α-actinin monoclonal mouse IgM: 1:100 
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dilution, dilute in blocking solution, anti Ki67 monoclonal 
rabbit IgG: 1:50–1:100 dilution. For second antibodies, Alexa 
Fluor 488-conjugated polyclonal donkey anti-mouse IgM: 
1:100 dilution, Alexa Fluor 594-conjugated polyclonal donkey 
anti- rabbit IgG: 1:100 dilution.

 16. After adding fluorophore-conjugated secondary antibodies, all 
the procedures need to be shielded from light.

 17. When performing EdU/α-actinin co-immunofluorescent 
staining, α-actinin is stained first and all the procedures of EdU 
staining need to be shielded from light.

 18. Before preparing stock solutions, all the materials of EdU kit 
except Hoechst needed to be placed at room temperature for 
3–5 min.

 19. EdU stock solutions can be stored at 4 °C or −20 °C for 1 year. 
The material EdU (A) working solution needs to be freshly 
prepared before use.

 20. In order to reduce the stimulation of cardiomyocytes, half of 
culture medium is removed and add the same volume of EdU 
working solution (10 μM).

 21. 1× Click-iT® EdU additive buffer needs to be freshly prepared 
before use.

 22. When preparing EdU reaction mixture, strictly follow the 
order and finish within 15 min.
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Chapter 18

Gene Manipulation with Micro RNAs at Single-Human 
Cancer Cell

Andres Stucky, Xuelian Chen, and Jiang F. Zhong

Abstract

Micro RNAs (miRNAs) are small RNAs processed from longer precursor RNA transcripts that can fold 
back on themselves to form Watson-Crick paired hairpin structures. Once processed from the longer mol-
ecule, the small RNA is much too short to code for proteins but can play other very important roles, like 
gene regulation. The phenomenon of RNA interference was initially observed by Napoli and Jorgensen in 
transgenic petunia flowers, where gene suppression was observed after introducing a transgene of chalcone 
synthase (CHS) belonging to the flavonoid biosynthesis pathway. miRNAs were first discovered for their 
roles in development but it has quickly become evident that they have causal roles in cancer as well. 
miRNA can also be used to manipulate genes for the investigation of carcinogenesis. Single-cell transcrip-
tome profiling studies in our laboratory suggest that carcinogenesis often is the result of the malfunction 
of multiple members of a molecular pathway. Here, we describe a protocol to manipulate multiple cancer-
related genes in a single human cell to investigate how multiple genes interact during carcinogenesis.

Key words Gene manipulation, Cancer, Single-cell

1 Introduction

In 2006, the Nobel Prize in Medicine was jointly awarded to Craig 
Mello and Andrew Fire for the discovery of RNA interference or 
gene silencing by double-stranded RNA in Caenorhabditis elegans. 
Since then, a variety of miRNA families have been discovered in 
almost all metazoan organisms and have been well studied in a variety 
of model organisms including C. elegans and Arabidopsis thaliana.

The phenomenon of RNA interference was initially observed 
by Napoli and Jorgensen in transgenic petunia flowers, where gene 
suppression was observed after introducing a chalcone synthase 
(CHS) transgene belonging to the flavonoid biosynthesis pathway 
[1]. This resulted in white petunia petals, instead of the expected 
dark blue coloration. Later in 1992, a similar phenomenon known 
as “quelling” was observed in Neurospora crassa while attempting 
to enhance orange pigmentation by the al1 gene of this fungus [2].
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Micro RNAs (miRNAs) are small RNAs processed from longer 
precursor RNA transcripts that can fold back on themselves to 
form Watson-Crick paired hairpin structures. Once processed from 
the longer molecule, the small RNAs are too short to code for 
proteins but they play other important roles, like gene regulation.

Much like other genes, miRNAs can be highly conserved 
among various species with very similar orthologs in humans, flies, 
and worms. There can also be several miRNA homologs within a 
single species that can produce highly similar, if not identical cop-
ies, of the same miRNA. In humans, there are 277 miRNA-coding 
genes constituting 153 families of miRNAs conserved in mamma-
lian species. Of the 153 families conserved in mammals, 87 of them 
are shared with zebrafish and up to 33 are shared with flies and 
worms. Scientists rapidly recognized the potential uses of miRNAs 
in the treatment of disease and the silencing of any gene of interest 
upon demand. Moreover, the discovery of RNA interference added 
another layer of complexity to our understanding of gene regula-
tory networks.

RNA interference is a process inside eukaryotic and prokary-
otic cells by which mRNA sequences are selected and targeted for 
destruction so that no protein is produced from the message. 
Interfering RNAs can come in three different flavors: small inter-
fering RNAs (siRNAs), short hairpin RNAs (shRNAs), and micro 
RNAs (miRNAs). All three types perform similar gene silencing 
functions, but they vary with respect to the way they are produced, 
the extent of gene silencing they accomplish, and the process 
through which they achieve it.

In eukaryotes, the three key proteins required for the manufac-
ture of miRNAs are Argonaut (AGO) and two endonucleases, 
Drosha and Dicer. The first step in the process is the initial tran-
scription of a larger 100–120 nt primary RNA (pri-miRNA) 
 transcript by Pol2 polymerase. While still in the nucleus, pri-miR-
NAs are bound by a Drosha/Pasha (DGCR8) binding complex 
that recognizes a specific motif in the hairpin molecule, which is 
then cleaved about one helical turn from the base of the hairpin. 
This releases a 70 nt pre-miRNA hairpin which exits the cell 
nucleus with the aid of the exportin 5 complex [3]. Once in the 
cytoplasm, the miRNA encounters Dicer, which then cleaves off 
the miRNA loop, leaving only a 15–21 nt pre-miRNA duplex with 
a 2 nt overhang at the 3′ region and a 5′ monophosphate. Following 
cleavage, the miRNA:miRNA*duplex strand is loaded onto the 
RNA binding pocket in the Argonaut (AGO) protein, the major 
component of the RNA-Interfering Silencing Complex (RISC). It 
is not yet clear which strand of the miRNA duplex is loaded, but 
there are indications that it is the strand with the least stable pair-
ing at its 5′ end which has a higher binding probability. The pas-
senger strand is then released and the active miRNA complex 
migrates to the targeted mRNA and forms a nuclear hybrid 
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 structure with the target structure. Once nucleated, Argonaut 
 recognizes the dsRNA and cleaves the mRNA, leaving the bound 
miRNA intact.

In humans, the Argonaut family is composed of four distinct 
proteins, human Argonaut 1-4 (hAgo1-hAgo4), all of which share 
similar architectural domains. The Mid, N, and PIWI domains 
form a base upon which the PAZ domain rests. This structure is 
critical for the binding and slicing of interfering RNAs. Consistent 
with the biochemistry of the slicer function, the PIWI domain of 
Argonaut has been shown to resemble a RNase H enzyme. A bind-
ing site in the Mid domain anchors the phosphate backbone of the 
guide strand at the 5′ end [4], whereas the 3′ end attaches to the 
PAZ domain [5]. A highly conserved DEDH catalytic tetramer in 
the PIWI active site is the critical slicing component in Argonaut 
[6, 7]. The remaining components needed for targeted mRNA 
cleavage are the RNA guide strand and a Mg2+ molecule [8].

In most cases, miRNA-mRNA pairing is not fully complemen-
tary; thus, the key target site of miRNA is a set of 6 nt, called the 
seed of the miRNA, that extends from nucleotides 2 through 7 at 
the 5′ end. This sequence can be often complemented by a pair in 
nucleotide 8 or an A in the position 1 complementary site, so either 
or both of these complementary sites would form a seed of 8 pair-
ing nucleotides which are most frequently conserved in the untrans-
lated regions (UTRs) [9]. Interestingly, pairing at the 3′ end in the 
center of the miRNA appears to play very little role in target recog-
nition or binding, though occasionally some pairing at the 3′ end 
will supplement the seed pairing, even compensating at times for a 
certain teeter due to mismatch in the seed region, but these events 
are very rare and only account for about 1–5% of functional miRNA 
[10]. The length of the actual seed pairing site ensures that a single 
miRNA can have numerous mRNA targets and indicates that mam-
malian mRNAs are under powerful selective pressure to preserve 
their pairing to miRNA in their UTRs. It has even been observed 
that on average there are a roughly 400 conserved targets per 
miRNA family and up to 4 or 5 conserved miRNA binding sites per 
conserved target. Therefore, a single target can be monitored by 
several different miRNAs, depending on the cellular context, and 
often multiple miRNAs are working together to orchestrate the 
magnitude and timing of gene silencing [9]. A single miRNA can 
have multiple targets. Conversely, a single miRNA might not be 
sufficient to silence a single target, so genetic engineering kits for 
gene silencing provide a set of up to three miRNAs to ensure strong 
silencing and target specificity. For these reasons, miRNAs are ideal 
tools to manipulate multiple genes in a molecular pathway, such as 
those responsible for carcinogenesis.

Here, we describe a protocol for gene manipulation with 
miRNA. These techniques hold potential for the development of 
miRNA cancer therapy. For instance, loss of the miR-34 tumor 
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suppressor leads to faulty regulation of its downstream mytotic 
(MET, WNT, MYC) [11–13] and anti-apoptotic (BCL-2, SIRT-1 
and Survivin) targets and cell cycle regulators (CyclinD, CDK6, 
and CDK4) [14]. Pathway inhibition can be restored by miR-34 
supplementation, or with the addition of a CDK4-targeting siRNA, 
thereby repressing the associated pathway [15]. Although miRNA 
therapeutics have been found to suppress gene expression effec-
tively compared to anti-sense oligonucleotides, they are still lim-
ited by their high biological instability and off-target effects, and 
the difficulty of delivering them to the desired cell system. To a 
certain extent, some of these hurdles have been overcome by using 
chemically synthesized molecules with special modifications such 
as cholesterol conjugates, morpholinos, cationic lipids, and 
nanoparticles [16]. Current progress in developing miRNA-based 
anticancer therapies has been most promising in the modulation of 
cancer cell miRNA by various chemoprophylactic agents.

2 Materials and Methods

All the solutions should be prepared beforehand, with buffers 
using ultrapure RNase-free water and molecular-grade reagents. 
Follow proper sterile and safe laboratory techniques, as well as all 
chemical and biological waste disposal regulations.

 1. Select a DNA sequence, preferably more than 50–100 nt 
downstream of the start codon within the open reading frame 
of your cDNA of choice. 5′ or 3′ untranslated regions (UTRs) 
as UTR-binding proteins could restrict RISC binding to the 
target RNA [17].

 2. Search for a sequence 19–21 nt between a 5′ AA and a 3′ UU 
(5′-AA(N19-21)UU), in an mRNA sequence that shows an 
approximate 50% G/C content. High-G-content sequences 
should be avoided as they are likely to form G-quartet struc-
tures. Synthesize the sense siRNA as 5′-(N19)TT, and the 
sequence of the antisense siRNA as 5′-(N′19)TT, where N′19 
denotes the reverse complement sequence of N19. N19 and 
N′19 indicate ribonucleotides; T indicates 2′-deoxythymidine.

 3. Perform a basic local alignment search (BLAST) of the 
selected siRNA sequences against expression sequence tags 
(EST) mRNA libraries for your organism of interest to con-
firm that only a single gene is targeted. Preferred sites for 
BLAST are NCBI (www.ncbi.nlm.nih.gov/BLAST)and 
Ensembl (www.ensembl.org).

 4. Synthesis of several siRNA duplexes might be required to con-
trol for knock-down target specificity; effective siRNA duplexes 
should produce the same phenotype. A scrambled nonspecific 

2.1 Selection 
of siRNA Sequences
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siRNA duplex should be designed as a negative control. Most 
RNAI kits will provide this control duplex. The use of an unre-
lated target gene that is absent from the selected model can be 
used as a positive RNAI control. If the siRNA does not work, 
make sure that the mRNA sequence used for the selection of 
the siRNA duplexes is reliable; it could contain sequencing 
errors, mutations, or polymorphisms.

 5. Most predesigned DNA oligos purchased from a vendor will 
come already annealed. Otherwise, dsDNA should be incu-
bated for 1 min at 90 °C, followed by 1 h at 37 °C in anneal-
ing buffer (4 mM magnesium acetate, 200 mM potassium 
acetate, 60 mM Hepes–KOH, pH 7.4). To prepare 100 μL of 
a 20 μM siRNA duplex solution, combine 50 μL 2× annealing 
buffer, sense siRNA to a 20 μM final concentration, antisense 
oligonucleotide to a 20 μM final concentration, and sterile 
RNase-free water.

 6. Store the RNA suspension solution at −20 °C. The solution 
may be frozen and thawed several times without requiring any 
further heat-shock treatments. During use, it is recommended 
that the RNA solutions be thawed over ice and kept on ice as 
much as possible to minimize the hydrolysis of RNA.

 7. The MW of the siRNA may be assessed by loading 0.5 μL 
20 μM of sense, antisense, and duplex siRNA onto 4% agarose 
gels for loading of the samples. First, dilute the samples with a 
few microliters of 0.5× TBE buffer (45 mM Tris base, 45 mM 
boric acid, 1 mM Na2 EDTA) and sucrose loading buffer. 
Run the gel in 0.5× TBE buffer at 80 V for 1 h. The RNA 
bands can be visualized under UV light after ethidium bro-
mide staining. Preferably, the ethidium bromide should be 
added to the 4% gel/0.5× TBE solution at a concentration of 
0.04% mg/L prior to casting of the gel.

 8. Culture the cell line of interest in a humidified incubator with 
5% CO2 and 95% humidity at 37 °C in Dulbecco’s modified 
Eagle’s medium (DMEM) supplemented with 10% fetal 
bovine serum (FBS), 100 units/mL penicillin, and 100 μg/
mL streptomycin (in the case of embryonic or progenitor stem 
cells, use the cell type-specific medium). Passage cells when 
they reach 90% confluency to maintain exponential growth. 
For a general reference for cell culture, please see Freshney 
2016 [18]. The number of passages could affect DNA and 
siRNA transfection efficiencies as well as the experimental out-
come. As a rule, do not exceed 30 passages for transformed 
cells or the 3rd or 4th passage in the case of embryonic or 
progenitor stem cells. Freeze and store low-passage number 
cells in liquid nitrogen, so they can be thawed and used when 
convenient.

Gene Manipulation with Micro RNAs at Single-Human Cancer Cell
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 9. To prepare for the experiment, passage cells 24 h before siRNA 
transfection. Trypsinize 90% confluent cells with enough tryp-
sin–EDTA to cover the bottom of the culture plate for 5 min 
or until the cells have detached completely. Dilute the cell sus-
pension 1:5 with fresh DMEM medium, transfer to a 15 or 
50 ml tube and spin at 600 × g to pellet the cells. Wash and 
spin the cells twice with PBS, then add enough medium to 
transfer 500 μL aliquots of 5 × 103 cells/cm2 into each well of 
a 24-well plate.

 10. If an immunofluorescent reporter is used to visualize transfec-
tion efficiency [19], cells should be plated on round coverslips 
and placed at the bottom of the 24-well plates prior to addi-
tion of cell suspension. Transfection should be performed 
according to cell confluence indicated by the manufacturer of 
the transfection reagent that will be used.

 11. Transfection of duplex RNAs into tissue culture cells can usu-
ally be achieved using cationic lipids. Testing a variety of lipid 
agents with each cell type might be necessary to identify the 
optimal reagent to introduce the RNA duplex into the cells 
with the highest efficiency and least toxicity. A fluorescently 
labeled transfection control duplex may be added to the trans-
fection mix (10 nm) to visually assess the transfection efficiency. 
The cells should show both fluorescent puncta and cytoplasmic 
diffusion while still appearing healthy. In cases where the cells 
are resistant to cationic lipid transfection, introduction of the 
siRNA can be achieved by electroporation.

 12. On the day of transfection, replace old medium with 0.5 mL of 
fresh DMEM. To prepare the transfection mixture, add 2 μL 
Lipofectamine (or preferred transfection reagent, according to 
the manufacturer’s recommendation) to 50 μL serum-free 
medium. Mix by gently inverting the tube and incubate the 
suspension for 5 min at room temperature without movement.

 13. In a separate tube, add 2 nM of your siRNA duplex and 10 nM 
fluorescent probe to 50 μL serum-free medium and vortex, 
then spin down briefly on a tabletop centrifuge. Allow incu-
bating at room temperature for 5 min.

 14. Combine the transfection mixture with the siRNA suspension, 
gently mix, and allow the formation of liposome complexes by 
incubating for 20–25 min at room temperature. Be careful not 
to exceed a 30 min incubation time.

 15. Add the 100 μL liposome complexes to the well containing 
0.5 mL of DMEM, mix gently for 30 s, and incubate the plate 
for 20–48 h at 37 °C. Cytoplasmic fluorescent diffusion should 
be visible 48 h following the transfection.

Andres Stucky et al.
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 1. Fix and permeabilize the cells by removing the medium and 
incubating the cells in a 10% formalin solution for 30 min. 
Wash the formalin-fixed cells with phosphate-buffered saline 
(PBS: 137 mM NaCl, 7 mM Na2HPO4, 1.5 mM KH2PO4, 
2.7 mM KCl, pH 7.1) remove excess PBS. If no further stain-
ing is required, mount cover slips on microscope slides using a 
mounting solution and seal the edges of the coverslip with a 
small amount of clear nail polish.

 2. If further staining is required, place the coverslips in a covered 
chamber prepared by soaking filter paper in water and placing 
on the bottom of the chamber. It is important that the pre-
pared cells do not dry out during the staining process. Spread 
1 mL of primary antibody appropriately diluted in PBS and 
10% FBS evenly over the entire surface of the coverslip and 
incubate at room  temperature for 60 min. Wash the cells with 
PBS 3× and add an appropriately diluted fluorescent-tagged 
secondary antibody. Incubate for 30 min, wash three times 
and coverslip as before. Visualize the cells under a fluorescent 
microscope (Fig. 1).

 1. Remove the tissue culture medium from the siRNA-treated 
cells. Rinse the cells twice with 200 μL PBS and add 200 μL 
trypsin–EDTA. Incubate for 5 min at room temperature and 
resuspend the cells in 800 μL DMEM medium to quench 
trypsin.

 2. Transfer the cells to a 1.5 mL tube. Collect the cells by cen-
trifugation at 3000 rpm (600 × g) for 4 min at 4 °C to pellet 
the cells. Resuspend the pellet in ice-cold PBS and centrifuge 
again. Remove the supernatant and add 25 μL of 2× concen-
trated Laemmli buffer with 10% concentration of sodium 
dodecyl sulfate (SDS) to the cell pellet obtained from one well 
of a 24-well plate. Incubate the sample for 10 min in a boiling 
water bath and vortex.

2.2 Fluorescent 
Visualization

2.3 Detection 
of Protein by Western 
Blotting

Fig. 1 Fluorescent visualization of TYE563-tagged RNA inside cells. RNA tagged with red fluorescent dye 
TYE563 is inside the majority of cells

Gene Manipulation with Micro RNAs at Single-Human Cancer Cell
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 3. Load the samples onto minigels with an appropriate acryl-
amide concentration to resolve the corresponding molecular 
weight of the targeted protein [20]. Perform SDS–PAGE 
electrophoresis using a constant 20 mA current. Transfer pro-
teins from the acrylamide minigels onto nitrocellulose mem-
brane using transfer buffer (25 mM Tris, 192 mM glycine, 
0.01% SDS, 20% methanol), with a constant 333 mA current 
for 2 h in a cold room. Incubate the membrane in blocking 
solution (5% milk powder in TBST (0.2% Tween 20, 20 mM 
Tris–HCl, 150 mM NaCl, pH 7.4)) for 1 h at 37 °C.

 4. Add the appropriate dilution of primary antibody and incu-
bate for 2 h at room temperature or at 4 °C overnight. Wash 
the blot three times with TBST for 10 min. Incubate the blot 
with horseradish peroxidase (HRP)-conjugated secondary 
antibody at a dilution of 1:2000. Proceed to ECL detection 
according to the vendor’s instructions. Details of the Western 
blotting procedure were published previously [20].

3 Note

Unlike messenger RNAs, the precursor RNAs for interfering 
RNAs are double-strand. Primary or precursor miRNAs can be 
produced in several different ways. In the case of miRNA, a single 
miRNA stem loop transcript is produced from a gene. For shRNA, 
three individual hairpins are produced from the same transcript; 
each hairpin is a 20–25 nt sequence that fold backs onto itself to 
form a short hairpin structure. The hairpin is exported from the 
nucleus and Dicer cleaves both RNA strands to form two comple-
mentary sequences. Finally, in the case of siRNA, a large double-
stranded mRNA transcript is synthesized from the same locus 
after Dicer processing. This system can produce a large amount of 
smaller RNA duplexes called small interfering RNAs (siRNAs). 
Other differences between miRNA and siRNA include the fact 
that miRNAs are single-stranded and come from endogenous 
noncoding RNA found within the introns of long RNA mole-
cules, whereas siRNAs are usually found as exogenous double-
stranded RNA. These siRNAs then guide the siRNA-AGO 
complex to silence the same loci from which they were produced, 
ensuring a very efficient feedback loop to silence transgenes, trans-
posons, and viruses. This stands in contrast to miRNAs, which can 
inhibit many different mRNAs because their pairing is imperfect. 
siRNAs typically show perfect pairing with their mRNA target. 
Given the major roles that siRNA and miRNA play in the control 
of gene expression, it is not surprising they have both been exten-
sively studied for therapeutic application in RNA-induced tran-
scriptional silencing (RITS) [21].
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Chapter 19

Laser Capture Microdissection of Epithelium from a Wound 
Healing Model for MicroRNA Analysis

Alyne Simões, Zujian Chen, Yan Zhao, Lin Chen, Virgilia Macias, 
Luisa A. DiPietro, and Xiaofeng Zhou

Abstract

MicroRNAs are ~22 nucleotide-long noncoding RNAs influencing many cellular processes (including 
wound healing) by their regulatory functions on gene expression. The ability to analyze microRNA in dif-
ferent cells at the wound site is essential for understanding the critical role(s) of microRNA during various 
phases of wound healing. Laser capture micro-dissection (LCM) is an effective method to distinguish 
between relevant and non-relevant cells or tissues and enables the researcher to obtain homogeneous, 
ultra-pure samples from heterogeneous starting material. We present here our protocol for procuring epi-
thelial cells from a mouse wound healing model using a Leica LMD7000 Laser Microdissection system, as 
well as the RNA isolation and downstream microRNA analysis. Using this method, researchers can selec-
tively and routinely analyze regions of interest down to single cells to obtain results that are relevant, 
reproducible, and specific.

Key words LCM, MicroRNA, Wound healing, RNA isolation, Epithelial cells, Mouse, Frozen sample

1 Introduction

Laser Capture Microdissection (LCM) was developed in 1996 at 
the National Cancer Institute [1]. It is an automated sample prepa-
ration technique that enables isolation of specific cells from a mixed 
population under microscopic visualization. This technique is char-
acterized by the use of a laser coupled to an inverted light micro-
scope to selectively extract a pure cell population of interest from a 
heterogeneous mixture of cells in a typical tissue section [2]. There 
are two general classes of LCM: The infrared (IR) laser capture 
system and the ultraviolet (UV) laser-cutting system. In the IR sys-
tem, while viewing the target cells, an IR, low power laser is pulsed 
through the top of the cap, hitting the transfer film, which then 
melts and bonds to the identified cells. Cells are then removed 
selectively from the tissue section when the cap is lifted [3]. In the 
UV-system, the tissue sections are attached to a specific membrane 
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slide. The laser energy melts the demarked membrane area, allow-
ing the selected cells to fall into a collection device by gravity [3].

LCM allows for more efficient and accurate results with down-
stream applications, including microgenomic analysis of microRNAs 
using next-generation sequencing, microarrays, and quantitative PCR 
(qPCR) techniques. However, common challenges observed during 
LCM collection are related to low yield and suboptimal RNA quality. 
The quantity and quality of LCM-derived RNA are affected by many 
factors, including the quality of starting material, tissue fixation proce-
dure, time to preservation before microdissection, type of preserva-
tion, tissue handling during sectioning, efficiency of microdissection, 
and the post-LCM RNA isolation procedure [4, 5]. Proper optimiza-
tion of these procedures will substantially improve the effectiveness of 
LCM and provide greater utility for investigating critical questions in 
complex biological systems, such as the role of microRNA in would 
healing. In this chapter, we demonstrate LCM-epithelial cell collec-
tion from tissue harvested from a wound healing model; these samples 
were collected for future analysis of microRNAs.

MicroRNAs, non-protein-coding small endogenous RNAs, 
have been shown to regulate many developmental, physiological, 
and disease processes, including wound healing [6, 7]. The mecha-
nism underlying epithelial tissue healing and pathologies, such as 
failure to repair, are not fully understood. This is an important topic 
in basic biomedical research since it involves a fundamental princi-
ple of survival [8]. An oral mucosal wound healing model was cho-
sen because it nearly always shows superior wound healing when 
compared with other tissues. Thus oral mucosa wound healing is an 
optimal model for investigating the mechanism underlying the 
highly orchestrated healing process.

2 Materials and Equipment

An RNase-free environment is essential when working with RNA 
samples. It is important to designate a special area for RNA work 
only. All the surfaces and the tools (including glassware and plastic 
ware) that will be in contact with the samples need to be cleaned 
with RNaseZap (ThermoFisher Scientific) or another RNase decon-
tamination solution and then rinsed with DEPC-treated nuclease-
free water. Prepare all the solutions using DEPC-treated 
nuclease-free water and analytical grade reagents. If not indicated, 
the reagents are prepared and stored at room temperature. Always 
wear sterile disposable gloves when handling reagents and RNA 
samples and discard all biohazard material in appropriate  containers. 
Change gloves frequently as the protocol progresses from crude 
extract to more purified material.

Alyne Simões et al.
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 1. Surgical instruments, such as incisors, forceps, scalpel, etc.
 2. Disposable base molds (15 × 15 × 5 mm).
 3. Optimal Cutting Temperature (OCT) Compound (Fisher 

HealthCare). OCT is a ready-to-use embedding medium for 
embedding tissue samples prior to frozen sectioning on a 
microtome-cryostat.

 4. Permanent marker to label samples.
 5. Dry ice (avoid direct skin contact).
 6. −80 °C freezer.
 7. Cryostat for the preparation of frozen tissue sections. The 

cryochamber temperature should be at −20 °C.
 8. Glass slides.
 9. Microscope.
 10. Polyethylene naphthalate (PEN) membrane glass slides 

(ThermoScientific, catalog #: LCM0522). For LCM, special 
membrane mounted slides should be used to facilitate the 
photo ablation and sample collection. PEN membrane slides 
are suitable for both the IR laser capture system and the UV 
laser-cutting system.

 11. 50 mL centrifuge sterile tubes to store individual slides.

 1. 100% ethanol (ethyl alcohol, absolute, 200 proof for molecu-
lar biology).

 2. Freshly prepared 50% (vol/vol) ethanol in DEPC-treated 
Nuclease-free water. Add 250 mL of ACS grade 100% ethanol 
and 250 mL of DEPC-treated Nuclease-free water to a bottle 
labeled “50% Ethanol.” Mix well.

 3. Freshly prepared 75% (vol/vol) ethanol in DEPC-treated 
Nuclease-free water. Add 375 mL of ACS grade 100% ethanol 
and 125 mL of DEPC-treated Nuclease-free water to a bottle 
labeled “75% Ethanol.” Mix well.

 4. Freshly prepared 95% (vol/vol) ethanol in DEPC-treated 
Nuclease-free water. Add 475 mL of ACS grade 100% etha-
nol and 25 mL of DEPC-treated Nuclease-free water to a 
bottle labeled “95% Ethanol.” Mix well.

 5. Cresyl violet stain (contained in LCM Staining Kit, Ambion; 
stored at 4 °C).

 6. Absorbent paper, timer, pipette, and tips.
 7. Xylene.
 8. Slide chambers, slide tubes, and slide holder.
 9. Hydrophobic barrier pen (Thermo Fisher Scientific), designed 

for use with frozen or paraffin-embedded tissue sections 
mounted on glass slides.

2.1 Sample Harvest 
and Section

2.2 Staining 
and LCM

LCM-Mediated Epithelial Cell Isolation for MicroRNA Analysis
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 10. Forceps to insert and remove slides from solutions.
 11. Collection tubes with caps (0.5 mL).
 12. Special collection devices for caps and microcentrifugation tubes.
 13. QIAzol Lysis reagent, included in miRNeasy Mini Kit (Qiagen).
 14. Mini centrifuge.

 1. QIAzol Lysis reagent, included in miRNeasy Mini Kit 
(Qiagen).

 2. Chloroform.
 3. Collection tubes (1.5 and 2 mL), included in miRNeasy Mini 

Kit (Qiagen).
 4. 100% ethanol (ethyl alcohol, absolute, 200 proof for molecu-

lar biology).
 5. RNeasy Mini Spin Columns, included in miRNeasy Mini Kit 

(Qiagen).
 6. RNase-free water.
 7. RNase-free DNase Set (Qiagen). This kit contains DNase I 

(lyophilized), RNase free water (to dissolve the DNase), and 
Buffer RDD.

 8. Buffer RWT, included in miRNeasy Mini Kit (Qiagen). This 
buffer is supplied as a concentrate. Before using for the first time, 
add 2 volumes of ethanol (96–100%) to prepare a working 
solution.

 9. Buffer RPE, included in miRNeasy Mini Kit (Qiagen). This buf-
fer is supplied as a concentrate. Before using for the first time, 
add 4 volumes of ethanol (96–100%) to prepare a working 
solution.

3 Methods

The mouse oral mucosal wound healing protocol was followed and 
the tissue specimens were harvested as previously described [9, 10]. 
In brief, 8-week-old female Balb/c mice were anesthetized with 
ketamine (100 mg/kg) and xylazine (5 mg/kg) and a palate inci-
sion was made (1.0 mm width and 4 mm length, approximately) 
using a scalpel blade surgical #15. At 24 h post-wounding, the ani-
mals were sacrificed and specimens were harvested. The animal 
study was approved by the Institutional Animal Care and Use 
Committee at University of Illinois at Chicago.

The quality of starting material is essential for the RNA yield 
and quality. For best results, use either fresh samples or samples 
that have been quickly frozen in liquid nitrogen and stored at 

2.3 RNA Isolation

3.1 Sample Harvest 
and Section

Alyne Simões et al.
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−80 °C. This will minimize degradation of crude RNA by limiting 
the activity of endogenous RNases.

 1. Clean all contacting surface with RNaseZap.
 2. Add OCT Compound to the cryomold (about 2/3 full).
 3. Immediately after tissue collection, embed tissue directly in 

the OCT Compound. Use forceps to orient the tissue (if nec-
essary) and add more OCT Compound until the tissue is com-
pleted covered (Fig. 1a, b). Place OCT-embedded tissue upon 
a flat surface of dry ice (see notes regarding the specimen ori-
entation inside the embedded medium).

 4. Once frozen, store the samples at −80 °C until the sections 
will be prepared.

 5. Precool the cryostat to −20 °C.
 6. Clean the knife holder with 100% ethanol and treat the brushes 

with RNaseZap to eliminate RNase contamination.
 7. Mark the base of the sample with a permanent marker for correct 

orientation. Next, remove the block from the cryomold and 
attach it to the stainless-steel tissue holder usingOCT compound. 
Place the tissue holder on the metal grid of the cryochamber.

 8. Trim the excess frozen OCT until you start to see the wound 
tissue on the microscope (use a glass slide to collect the sec-
tions until the wound is observed).

 9. Set the cutting thickness to 10 μm (Fig. 1c).
 10. Cut at least eight frozen sections per slide, avoiding the top 

and bottom thirds of the slide (Fig. 1d). Sections should be 
placed upon a labeled PEN membrane slide.

 11. Place the slide inside a sterile slide tube previously cooled at 
−20 °C. Keep all the slides at −20 °C until they can be stored 
at −80 °C. (Frozen sections for RNA isolation can be stored at 
−80 °C for up to 1 month [5]).

This step is required to visualize the cells of interest under the 
microscope for the LCM procedure. The steps described below are 
modified from a LCM Staining Kit protocol (Ambion). Other 
commercially available kits such as the Arcturus HistoGene LCM 
Frozen Section Staining Kit or a simple Toluidine Blue Staining 
can also be used.

 1. Remove the slides from −80 °C (using dry ice) and place them 
at −20 °C.

 2. Dip the slide in a tube with 95% ethanol solution for 35 s.
 3. Dip the slide in a tube with 75% ethanol solution for 35 s.
 4. Dip the slide in a tube with 50% ethanol solution for 30 s. Cap and 

invert the tube gently during this step to help dissolve the OCT.

3.2 Staining 
of the LCM Slides

LCM-Mediated Epithelial Cell Isolation for MicroRNA Analysis
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 5. Lay the slide on a flat surface. Mark the location of the tissue 
section on the edges of the slide with a hydrophobic barrier pen.

 6. Add 300 μL of Cresyl Violet to the tissue section using a pipette 
and wait 40 s (Note: The exact time of each step of the staining 
procedure may be different depending on the tissue type).

 7. Drain off stain in a plastic tube and dip the slide in a tube with 
50% ethanol solution for 30 s.

 8. Transfer the slide to a tube with 75% ethanol solution for 30 s.
 9. Transfer the slide to a tube with 95% ethanol solution for 35 s.
 10. Place the slide in the first 100% ethanol solution for 35 s.
 11. Transfer the slide to a tube with the second 100% ethanol 

solution for 35 s.
 12. Rinse the slide in a tube with a solution of Xylene (under 

fume hood)
 13. Place the slide in a tube with a second Xylene solution for 

5 min (under fume hood).
 14. Immediately after the final Xylene step, place the slide on ice. 

The samples are now ready for the LCM procedure. (The slides 

Fig. 1 Overall procedure. This cartoon demonstrates an approach regarding LCM-mediated epithelial cell collec-
tion from a mouse oral mucosa wound healing model. (a) Mouse oral mucosa tissue obtained from wound 
healing model. (b) Tissue specimen is embedded in Optimal Cutting Temperature (OCT) Compound. (c) Specimen 
is sectioned and (d) placed on PEN membrane glass slide. (e) After staining and dehydration, LCM was per-
formed and the cells of interest were selectively harvested and fall into a collection device by gravity. (f) RNA 
isolated and RNA quality and quantity analyses. (g) MicroRNA expression analysis using the RNA samples iso-
lated from LCM-captured epithelial cells from the wound healing model

Alyne Simões et al.
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can be kept in −80 °C for short-term storage. For best RNA 
quality and yields, perform LCM procedure on the same day).

The LCM procedure described here is based on a Leica LMD7000 
Laser Microdissection system.

 1. Clean the LCM staging area and contacting surface with 
RNaseZap. Turn on the microscope, laser, and computer.

 2. Access the LCM software program and load the collection 
tubes and LCM slides on their respective holder assembles. 
The cap of the collection tube is used for collecting the LCM-
captured cells, and it is secured in the holder. The LCM slide 
is clamped in the specimen holder with the membrane to the 
bottom.

 3. The collection tube holder and the LCM slide holder can be 
selected through LCM software. Movement and focusing, for 
example, can be adjusted with a joystick controller.

 4. Calibrate the laser in a region far away of the specimen 
(“Laser”, “Calibrate”).

 5. Use a 1.25× objective to localize the section.
 6. Change to objective 10×.
 7. Select the respective cap (the location of the collector to 

receive the LCM harvested cells).
 8. Select “Line,” “Close Lines” (Draw shapes), and “Draw + Cut” 

(Cut shapes) to draw a line around the interested area. Several 
pieces can be marked and cut consecutively (“Multiple Shapes”).

 9. After the selection, set the power, aperture, and speed of laser 
to 50, 20, and 10, respectively.

 10. Select “Start Cut” to start laser cut (Fig. 1e, f). The laser cut-
ting can be monitored on the computer screen in real time, 
and the selectively dissected tissue pieces should drop to the 
cap of the collection tube by gravity.

 11. If the sample does not drop, click “Move + Cut” on the “Cut 
Shape” toolbar and move the laser manually to cut the bridges 
of tissues (Figs. 1g and 2a–d).

 12. Move to another section and repeat the procedure.
 13. To remove the slide and the collection tube, click “Unload.” 

Detach the collection tube carefully and put the tube onto the 
cap to close.

 14. Immediately after LCM collection the samples will be centri-
fuged (10,000 × g for 1 min).

 15. Add 700 μL QIAzol Lysis Reagent to the samples. Homogenize 
the samples by vortexing for 1 min. Homogenized cell lysate 
can be stored at −80 °C for several months.

3.3 Laser Capture 
Microdissection (LCM)

LCM-Mediated Epithelial Cell Isolation for MicroRNA Analysis
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The total RNA (including small RNA) isolation protocol presented 
here is based on a miRNeasy Mini Kit from Qiagen. A number of 
other commercially available kits can be used for this step (with 
proper modification), including the mirVana miRNA Isolation Kit 
(Ambion) and the Direct-zol RNA MiniPrep (Zymo Research). 
RecoverAll Total Nucleic Acid Isolation Kit (Ambion) can be used 
for extracting total nucleic acids (RNA, miRNA, and DNA) from 
LCM captured cells from formalin-fixed paraffin-embedded 
(FFPE) tissues.

 1. Incubate the homogenate at Room Temperature (RT) for 5 min.
 2. Add 140 μL chloroform to samples and cap the tube securely. 

Shake vigorously for 20 s.
 3. Incubate at RT for 2–3 min.
 4. Centrifuge for 15 min at 12,000 × g at 4 °C.
 5. Transfer the upper aqueous phase to a new collection tube. 

Avoid transferring any interphase.

3.4 RNA Isolation 
and Downstream 
MicroRNA Analysis

Fig. 2 LCM-mediated epithelial cell collection from a wound healing model. Representative images of LCM medi-
ated isolation of epithelial cells from the wound edge (a and b) and unwounded (c and d) areas from a mouse oral 
mucosal wound healing model. a and c: before LCM. b and d: after laser ablation. Magnification 200×

Alyne Simões et al.
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 6. Add 1.5 volume (usually 525 μL) of 100% ethanol and mix 
thoroughly by pipetting.

 7. Pipet up to 700 μL of the sample, including any precipitate, 
into a RNeasy Mini column in a 2 mL collection tube. Close 
the lid and centrifuge at 10,000 × g for 30 s at RT. Discard the 
flow-through.

 8. Repeat step 7 for the remainder of the samples.
 9. Pipet 350 μL Buffer RWT into the RNeasy Mini Spin Column 

and centrifuge for 30 s at 10,000 × g to wash. Discard the 
flow-through.

 10. Add 10 μL DNase I stock solution to 70 μL Buffer RDD. Mix 
by gently inverting the tube. Do not vortex.

 11. Pipet the DNase I incubation mix (80 μL) directly onto the 
RNeasy Mini Spin Column membrane and place on the bench-
top at 20–30 °C for 15 min (make sure to pipet the DNase I 
incubation mix directly onto the RNeasy membrane).

 12. Pipet 500 μL Buffer RWT into the RNeasy Mini Spin Column 
and centrifuge for 30 s at 10,000 × g. Keep the flow-through.

 13. Apply the flow-through to the same RNeasy Mini Spin 
Column and centrifuge for 30 s at 10,000 × g. Discard the 
flow-through.

 14. Add 500 μL Buffer RPE to the same RNeasy Mini Column. 
Close the lid and centrifuge for 2 min at 10,000 × g.

 15. Place the RNeasy Mini column into a new 2 mL collection 
tube. Centrifuge at full speed for 1 min to further dry the 
membrane.

 16. Transfer the RNeasy Mini column to a new 1.5 mL collection 
tube. Pipette 30 μL RNase-free water directly onto the RNeasy 
Mini column membrane. Close the lid, and centrifuge for 
1 min at 10,000 × g to elute the RNA.

 17. Use the flow-through to analyze the RNA quantity and quality 
(Fig. 1f). RNA concentration is typically quantified based on 
OD absorbance using a spectrophotometer (e.g., NanoDrop 
from Thermo Fisher Scientific). However, due to the relatively 
low RNA yield from the LCM-captured cells, an alternative 
quantification method may be used in addition to (or instead 
of) the OD method, such as the Qubit RNA HS Assay Kit from 
ThermoFisher Scientific. Typical RNA quality control methods 
include electrophoresis-based analysis using instruments such as 
TapeStation System from Agilent Technologies. The TapeStation 
System offers the RIN algorithm (RNA Integrity Number) to 
determine RNA quality using a numerical system which repre-
sents the integrity of RNA. With high-quality starting material, 
optimized procedure, and proper technique, an RIN value as 
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high as 7.0 can be achieved for RNA isolated from LCM-
captured cells.

 18. If sufficient RNA quality and quantity are achieved, downstream 
microgenomic analysis based on next-generation sequencing, 
microarray, and qPCR technologies can be performed to assess 
the levels of specific microRNAs (Figs. 1g and 3). A representa-
tive result from TaqMan-based qPCR analysis is shown in 
Fig. 3, demonstrating a decrease in the miR-100 level in epithe-
lial cells harvested from a wounded area as compared to epithe-
lial cells from an unwounded area (control sample). This is in 
agreement with our previously published findings [11, 12].

4 Notes

 1. Pay attention to the orientation of the sample when embedding it. 
The wound should be perpendicular to the blade. Mark the direc-
tion of the cut that should be performed on the disposable base 
mold (cryomold).

 2. Avoid bubbles in the OCT Compound when embedding the 
sample.

 3. The staining process is crucial for the tissue layer visualization as 
it permits accurate selection of the desired areas of the tissue.

Fig. 3 QPCR-based microRNA analysis on LCM-captured epithelial cells from a wound healing model. 
Representative qPCR analysis of RNA samples isolated from LCM-captured epithelial cells from wounded and 
unwounded (control) areas. TaqMan microRNA assays for miR-100 and U6 small nuclear RNA (Applied Biosystems) 
were used for the qPCR analysis using a 7900HT Fast Real-Time PCR system (Applied Biosystems). The qPCR 
amplification curves were shown in (a). The relative miR-100 levels were computed using the 2−delta delta Ct method, 
where U6 was used as an internal reference (b)

Alyne Simões et al.
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 4. To preserve RNA integrity during sample fixation, storage, and 
staining, as well as during the LCM procedure and isolation pro-
cess, perform all the procedures as quickly as possible and avoid 
storing the sections for too long between the procedures.

 5. During the sectioning process, the microscope slide should be 
kept in the cryochamber while the sections are placed onto it 
to avoid RNA degradation.

 6. If you are cutting different tissues, you should use a different 
blade area for each one to avoid contamination between them.

 7. Use a new blade to perform the sections.
 8. Do not allow the slides to thaw before starting the staining steps.
 9. During the staining steps, in between transferring the slides 

from one solution to another, blot the slides gently on absor-
bent paper to remove access solution.

 10. For best staining results, change the wash solutions (the four 
solutions after using Cresyl Violet dye) every four slides and 
the Xylene solutions every six slides.

 11. Some of the stained tissue mounted LCM slides (especially those 
retrieved from −80 °C storage) may be too wet to proceed to 
LCM immediately. These slides can be dried on a 42 °C hot 
plate for short time. However, this drying step should be kept to 
a minimum because long-term exposure to elevated temperature 
will lead to RNA degradation.

 12. When performing LCM, be sure that you insert the slide in 
the specimen holder with the tissue facing downward. 
Otherwise, the desired area will be dissected but not dropped 
on the cap.

 13. PEN Membrane Glass Slides (ThermoFisher Scientific) can be 
used for both IR laser capture and UV laser cutting. PEN 
Membrane Frame Slides (ThermoFisher Scientific) provide 
additional flexibility by allowing microdissection of non-dehy-
drated samples.

 14. Depending on the cells of interest, pooling LCM-captured 
samples from multiple slides may be necessary to obtain suffi-
cient amounts of RNA. For example, to obtain sufficient RNA 
for microRNA analysis on epithelial cells from the wound 
edges of our oral mucosa wound healing model, we typically 
pool samples from six slides (with at least eight sections on 
each slide).

 15. During LCM, the sections must be sufficiently dehydrated to 
drop into the cap of the collection tube after laser ablation.

 16. After the initial LCM cut, occasionally some target tissues 
(especially large pieces) may not fall into the collection cap. 
Further cutting these tissue pieces in half may help them to fall 
by the force of gravity.

LCM-Mediated Epithelial Cell Isolation for MicroRNA Analysis
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 17. When removing the collection tube with the microdissected 
samples, you should detach the tube very carefully because if 
the cap hits the holder, the samples may be lost.

 18. The homogenization step before the RNA isolation is critical 
for disrupting the cell membranes. Incomplete homogeniza-
tion may lead to significantly reduced RNA yields.

 19. The On-Column DNase Digestion step with the RNase-Free 
DNase Set (Qiagen) is optional based on the downstream 
application. For example, removal of genomic DNA contami-
nation is highly recommended for qPCR and small-RNA-seq 
analysis. An additional DNA removal procedure can be carried 
out after the RNA isolation using kits such as RNA Clean-up 
& Concentration from Zymo Research.
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  Chapter 20   

Transgene-Like Animal Models Using Intronic MicroRNAs             

Shi-Lung Lin, Shin-Ju E. Chang, and Shao-Yao Ying

Abstract

Transgenic animal models are valuable tools for testing gene functions and drug mechanisms in vivo. They 
are also the best similitude for a human body for etiological and pathological research of diseases. All phar-
maceutically developed medicines must be proven to be safe and effective in animals before approval by the 
Food and Drug Administration (FDA) to be used in clinical trials. To this end, the transgenic animal 
models of diseases serve as the front line of drug evaluation. However, there is currently no transgenic 
animal model for microRNA (miRNA)-related research. MiRNAs, small single-stranded regulatory RNAs 
capable of silencing intracellular gene transcripts (mRNAs) that contain either complete or partial comple-
mentarity to the miRNA, are useful for the design of new therapies against cancer polymorphism and viral 
mutation. Recently, varieties of natural miRNAs have been found to be derived from hairpin-like RNA 
precursors in almost all eukaryotes, including yeast (Schizosaccharomyces pombe), plant (Arabidopsis spp.), 
nematode (Caenorhabditis elegans), fly (Drosophila melanogaster), fish, mouse and human, involving intra-
cellular defense against viral infections and regulation of certain gene expressions during development. To 
facilitate the miRNA research in vivo, we have developed a state-of-the-art transgenic strategy for silencing 
specific genes in zebrafish, chicken, and mouse, using intronic miRNAs. By the insertion of a hairpin-like 
pre-miRNA structure into the intron region of a gene, we have found that mature miRNAs were success-
fully transcribed by RNA polymerases type II (Pol-II), coexpressed with the encoding gene transcripts, and 
excised out of the encoding gene transcripts by intracellular RNA splicing and processing mechanisms. In 
conjunction with retroviral transfection, the designed hairpin-like pre-miRNA construct has also been 
placed in the intron regions of a cellular gene for tissue-specific expression, specifically regulated by the 
gene promoter of interest. Because the retroviral vectors are integrated into the genome of its host cells, we 
can select and propagate the most effective transgenic animals to form a stable model line for further 
research. Here, we have shown for the first time that transgene-like animal models were generated using 
the intronic miRNA expression system reported previously, which has been proven to be useful for study-
ing miRNA function as well as the related gene regulation in vivo.

Key words MicroRNA (miRNA), RNA interference (RNAi), Transgenic animal, Type II RNA poly-
merases type (Pol-II), RNA splicing, Intron, Embryonic development

1 Introduction

Conventional transgenic animal models rely on the utilization 
of antisense oligonucleotide and dominant-negative technolo-
gies to generate loss-of-function mutants in vivo. Antisense 
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oligonucleotides complementary to a gene transcript [messenger 
RNA (mRNA)] directly bind to the mRNA and then either to 
degrade the target mRNA or to suppress the translation of the 
gene; while dominant-negative methods generate defective 
proteins to negatively compete with a targeted normal protein 
for reducing the protein function. Both of the methods contain 
problems for transgenic animal research. Single-stranded anti-
sense DNA or RNA, including phosphothio-, methylthio-, and 
morpholino- oligonucleotides, are relatively inefficient for gene 
silencing in vivo because its effect only lasts for a short time and 
is often required for pharmacological (nearly toxic) dosage to 
be effective. Nevertheless, dominant-negative methods are not 
better because defective proteins cannot completely eliminate 
normal protein function and frequently generate inconsistent 
results due to variable gene knockdown conditions.

To circumvent these problems, recent approaches using RNA 
interference (RNAi) mechanisms provide a stable, effective, and 
highly specific alternative [1, 2]. RNAi is a post-transcriptional 
gene-silencing phenomenon triggered by small regulatory RNAs, 
such as small interfering RNA (siRNA) and miRNA [3, 4]. These 
small RNA molecules usually function as a gene silencer, interfer-
ing with intracellular expression of genes complementary to the 
small RNAs. miRNAs, small single-stranded regulatory RNAs 
capable of interfering with intracellular mRNAs that contain either 
complete or partial complementarity, are useful for designing new 
therapies directed against cancer polymorphism and viral mutation 
[1, 4]. This flexible characteristic is different from double-stranded 
siRNAs because a much more rigid complementarity is required 
for triggering siRNA-induced RNAi effects. Currently, varieties of 
natural miRNAs have been found to be derived from hairpin-like 
RNA precursors in almost all eukaryotes, including yeast 
(Schizosaccharomyces pombe), plant (Arabidopsis spp.), nematode 
(Caenorhabditis elegans), fly (Drosophila melanogaster), fish (Danio 
rerio), avian, mouse and human, and have been found to be 
involved in intracellular defense against viral infections and regula-
tion of life-essential gene expressions during development [5–15]. 
Because of these advantages, we used miRNA as a tool for estab-
lishing transgenic animal models for research.

Most of protein-coding genes are transcribed by Pol-II, which 
are very inefficient in generating short RNA sequences fewer than 
100 nucleotides; thus, the minimal mRNA size in eukaryotes is 
usually greater than 300 nucleotides [16, 17]. To generate the 
short transcripts of siRNA (19–23 bp), current vector-based RNAi 
systems used Pol-III promoters to transcribe the siRNA. The appli-
cation of Pol-III-directed siRNA-expressing vectors has been 
found to offer better efficacy and stability for RNAi induction in 
many cell lines in vitro [2, 18–20]; however, several in-vivo studies 
[21, 22] using the Pol-III-mediated siRNA expression systems 
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have failed to provide tissue-specific effectiveness in the targeted 
cell population because of the ubiquitous existence of Pol-III 
activities in almost all cell types. Moreover, because the read- 
through effect of Pol-III frequently occurs on a short transcription 
template, long siRNAs can be synthesized and thus cause interferon- 
mediated cytotoxicity [23, 24]. Such a problem can also result 
from the competitive conflict between the Pol-III promoter and 
another viral promoter of the vector (i.e., long terminal repeat and 
cytomegalovirus promoters).

Furthermore, Sledz et al. and we have noted that high-dose 
siRNA (e.g., >250 nM in human T cells) can trigger interferon- 
induced toxicity similar to that of long double-stranded RNA 
(dsRNA) [25, 26]. It is known that interferon-induced double- 
stranded RNA-dependent protein kinase (PKR) can trigger cell 
apoptosis, while activation of interferon-induced 2′,5′-oligoade-
nylate synthetase leads to extensively non-specific cleavage of 
single- stranded RNAs (i.e., mRNAs) [27]. Both PKR and 2′,5′-oli-
goadenylate synthetase contain dsRNA-binding motifs that are 
highly conserved for binding to dsRNAs, but these motifs are 
insensitive to single-strand RNAs. Because miRNAs are single- 
stranded RNA molecules, a Pol-II-mediated miRNA generation 
system provides a much safer and less cytotoxic means for both 
in-vitro and in-vivo gene silencing applications [28]. These find-
ings indicate the advantages of Pol-II-mediated intronic miRNA 
expression and its related gene regulation, which can be used as a 
tool for testing gene functions, improving current RNAi technolo-
gies, and developing gene-specific transgenic animal models for 
studying disease mechanisms and the possible therapies.

We are the first research group who discovered the biogenesis 
of miRNA precursors (pre-miRNAs) derived from the 5′-proximal 
intron regions of primary gene transcripts (pre-mRNAs) produced 
by the mammalian Pol-II [29] (Fig. 1a). Depending on the pro-
moter of the miRNA-encoding gene, intronic miRNA is co- 
expressed with its encoding gene transcripts in a specific cell 
population or under a special condition, in which the gene pro-
moter can be properly activated. Using artificial introns carrying 
pre-miRNA structures, we have successfully generated mature 
miRNA molecules with full function in triggering RNAi-related 
gene silencing in human prostate cancer (LNCaP), human cervical 
cancer (HeLa), and rat neuronal stem cell lines in vitro and zebraf-
ish in vivo [29, 30].

We have designed an artificial intron (SpRNAi) for expressig 
intronic miRNAs. The artificial intron was placed in a mutated 
HcRed1 red fluorescent protein (RGFP) gene to form a recom-
bined SpRNAi-rGFP gene cassette, in which the functional fluo-
rescent protein structure was disrupted by the intron insertion. 
Therefore, we were able to determine the occurrence of intron 
splicing and miRNA generation through the appearance of red 
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fluorescent emission in the transfected cells. The red RGFP here 
serves as a visual indicator for the generation of intronic miRNAs. 
This intron-derived miRNA system can be activated under the 
control of a specific Pol-II promoter of interest.

As shown in Fig. 1b, after Pol-II RNA processing and splicing 
excision, some of the intron-derived miRNA fragments form 
mature miRNAs and can effectively silence the target genes via the 
RNAi mechanism, while the exons of the encoding gene transcripts 

Fig. 1 Biogenesis and function of intronic miRNAs. (a) The native intronic miRNA is co-transcribed with a long 
primary messenger RNA (pre-mRNA) by Pol-II and cleaved out of the pre-mRNA by an intracellular RNA splic-
ing machinery, spliceosome. The spliced intron with one or more hairpin-like secondary structures is further 
processed into mature miRNAs capable of triggering RNA interference (RNAi) effects, whereas the ligated 
exons become a mature mRNA for protein synthesis. (b) We designed an artificial intron containing miRNA 
precursor (pre-miRNA), namely SpRNAi, to mimic the biogenesis processes of the native intronic miRNAs. 
(c) When a designed intronic miR-EGFP(280–302)–stem-loop construct was tested in the EGFP-expressing 
transgenic (UAS:gfp) zebrafishes, we detected a strong RNAi effect only on the target EGFP (lane 4). No detect-
able gene silencing effect was observed in other lanes. From left to right: 1, blank vector control (Ctl); 2, 
miRNA–stem-loop targeting human immunodeficiency virus-p24 (mock); 3, miRNA without stem-loop (anti); 
and 5, stem-loop–miRNA* complementary to the miR-EGFP(280–302) sequence (miR*). The off-target genes, 
such as the vector red fluorescent protein (RGFP) and fish actin, were not affected, indicating the high target 
specificity of miRNA-mediated gene silencing. (d) Three different miR-EGFP(280–302) expression systems 
were tested for miRNA biogenesis. From left to right: 1, vector expressing intron-free RGFP, no pre-miRNA 
insert; 2, vector expressing RGFP with an intronic 5′-miRNA-stem-loop-miRNA*-3′ insert; and 3, vector similar 
to the construct in lane 2, but with a defected 5′-splice site in the intron. Northern bolt analysis probing the 
miR- EGFP(280–302) sequence showed that the mature miRNA was released only from the spliced intron of 
the lane 2 construct 
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are ligated together to form mature mRNAs for protein synthesis 
(e.g., RGFP). Based on this miRNA generation model, we have 
tested various pre-miRNA constructs, and observed that the pro-
duction of intron-derived miRNA fragments was originated from 
the 5′-proximity of the intron sequence between the 5′-splice site 
and the branching point. These miRNAs were able to trigger 
strong suppression of genes possessing more than 70% of comple-
mentarity to the miRNA sequences, whereas non-homologous 
miRNAs, i.e., an empty intron without the pre-miRNA insert, an 
intron with an off-target miRNA insert (negative control), and a 
splicing-defective intron, showed no silencing effects on the tar-
geted genes. Similar gene silencing results can be recreated in the 
zebrafish directed against enhanced green fluorescent protein 
(EGFP) expression (Fig. 1c), indicating the consistent preserva-
tion of the intronic miRNA biogenesis system in vertebrates. 
Further, no effect was detected on off-target genes, such as RGFP 
and β-actin, suggesting the high specificity of miRNA-directed 
RNA interference (RNAi). We have confirmed the identity of the 
intron-derived miRNAs, which were sized approx 18–25-nt, simi-
lar to the intronic miRNAs in C. elegans [31]. Moreover, the 
intronic small RNAs isolated by guanidinium-chloride ultracentri-
fugation can elicit strong, but short-term gene-silencing effects on 
the homologous genes in the transfected cells, indicating their 
temporary RNAi effects [1]. Thus, the long-term (>1 month) 
gene-silencing effect that we observed in vivo, using the Pol-II- 
mediated intronic miRNA expression system, is likely maintained 
by constitutive miRNA generation from the vector rather than by 
the stability of the miRNAs.

We have successfully tested the feasibility of localized gene 
silencing in chicken embryos in vivo using the intronic miRNA 
approach and discovered that the interaction between pre-mRNA 
and genomic DNA may be essential for the miRNA biogenesis. 
The in-vivo model of chicken embryos has been widely used in the 
research of developmental biology, signal transduction, and flu 
vaccine development. As an example, the β-catenin gene was 
selected because it plays a critical role in the biological develop-
ment and ontogenesis [32]. β-catenin is known to be involved in 
the growth control of skin and liver tissues in chicken embryos. 
The loss-of-function of β-catenin is lethal in many transgenic 
animals.

As shown in Fig. 2, experimental results demonstrated that the 
miRNAs derived from a designed intronic pre-miRNA construct 
transfected into the cell nucleus were capable of inhibiting β-catenin 
gene expression in the liver and skin of developing chicken 
embryos. In this animal model, we found that the intronic miRNA 
generation relies on a coupled interaction of nascent  Pol-II- directed 
pre-mRNA transcription and intron excision occurring proximal to 
genomic perichromatin fibrils. This observation also indicates that 
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the pre-mRNA–genomic DNA interaction may facilitate new 
miRNA generation by Pol-II-mediated RNA excision for rela-
tively long-term gene silencing. Alternatively, Pol-II may function 
as an RNA-dependent RNA polymerase for producing more 
miRNAs because mammalian Pol-II has been reported to possess 
RNA-dependent RNA polymerase activities [33, 34]. Taken 
together, the data suggest that Pol-II-mediated RNA generation 
and excision is involved in intronic miRNA biogenesis, resulting 

Fig. 2 In vivo gene silencing effects of man-made anti-β-catenin (a-c) and anti-noggin miRNA (d) on special 
organ development in chicken embryos. (a) The mixtures of an intronic miRNA expression construct and fast 
green dye were injected into the chicken embryos near the liver primordia area below the heart. (b) Northern 
blots of extracted RNAs from chicken embryonic livers with (lanes 1–3) and without (lanes 4–6) anti-β-catenin 
miRNA treatments were shown. All three knockouts (KO) showed a >98% specific silencing effect on β-catenin 
expression but not that of house-keeping genes, such as glyceraldehyde phosphate dehydrogenase. (c) Liver 
formation of the β-catenin KOs was significantly hindered (upper right 2 panels). Microscopic examination 
revealed a loose structure of hepatocytes, indicating the loss of cell-cell adhesion particularly in adherens 
junctions formed between β-catenin and cell membrane E-cadherin during early liver development. In most 
affected regions, feather growth in the skin close to the injection area was also inhibited (lower right two 
panels). Immunohistochemistry staining for β-catenin protein expression (brown) showed a significant 
decrease in the feather follicle sheaths. H&E, hematoxyline and eosin staining. (d) The lower beak development 
was increased by the mandible injection of the anti-noggin pre-miRNA construct (lower panel) in comparison 
with the wild type (upper panel). Right panels showed bone (alizarin red) and cartilage (alcian blue) staining to 
demonstrate the outgrowth of bone tissues in the lower beak of the noggin KO. Further Northern blot analysis 
(inserts) confirmed a 60–65% decrease of noggin mRNA expression in the lower beak area

Shi-Lung Lin et al.



245

in single-stranded small RNAs of approx 20 nt comparable to the 
general sizes of Dicer-processed miRNAs frequently observed in 
the regulations of numerous developmental events.

To generate loss-of-function animal models using intronic 
miRNAs, we transfected chicken embryos with the SpRNAi-rGFP 
construct containing an intronic hairpin anti-β-catenin pre- 
miRNA, which was directed against the protein-coding region of 
the chicken β-catenin gene sequence (NM205081) with perfect 
complementarity. A perfectly complementary miRNA theoretically 
triggers targeted mRNA degradation more efficient than transla-
tional repression. Using embryonic day 3 chicken embryos, a dose 
of 25 nM of the SpRNAi-rGFP construct was injected into the 
body region close to where the liver primordia would form 
(Fig. 2a). For efficient delivery into target tissues, the construct 
was mixed with the FuGENE liposomal transfection reagent 
(Roche Biomedicals, Indianapolis, IN). A 10% (v/v) fast green 
solution was also added during the injection as a dye indicator. The 
mixtures were injected into the ventral side, near the liver primor-
dia area, below the heart, using heat-pulled capillary needles. After 
injection, the embryonic eggs were sealed with sterilized scotch 
tapes and incubated in a humidified incubator at 39–40 °C until 
day 12, when the embryos were examined and photographed 
under a dissection microscope. Several malformations were 
observed, however the embryos still survived and there was no vis-
ible overt toxicity or overall perturbation of embryo development. 
The liver was the closest organ to the injection site and, thus, was 
most dramatically affected in its phenotypes. Other regions, par-
ticularly the skin close to the injection site, were also affected by 
the diffused miRNA effects. As shown in Fig. 2b, Northern blot 
analysis detecting the target β-catenin mRNA expression in the dis-
sected livers showed that β-catenin expression in the wild-type liv-
ers remained normal (lanes 1–3), whereas those of the 
miRNA-treated samples were decreased dramatically (lanes 4–6). 
The miRNA-mediated silencing effect markedly down-regulated 
more than 98% of β-catenin mRNA expression in the embryonic 
chicken, but had no influence in the housekeeping gene, glyceral-
dehydes phosphate dehydrogenase (GAPDH) expression, 
 indicating its high target specificity and very limited interferon-
related cytotoxicity in vivo.

Ten days after the primordial injection with the anti-β-catenin 
pre-miRNA construct, the embryonic chicken livers showed an 
enlarged and engorged first lobe, but the size of the second and 
third lobes of the livers were dramatically decreased (Fig. 2c). 
Histological sections of normal livers showed hepatic cords and 
sinusoidal spaces with few blood cells. In the anti-β-catenin 
miRNA-treated embryos, the general architecture of the hepatic 
cells in lobes 2 and 3 remained unchanged; however, there were 
islands of abnormal regions in lobe 1. The endothelium development 
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seemed to be defective, and blood was leaked outside of the blood 
vessels. Abnormal types of hematopoietic cells were also observed 
between the spaces of hepatocytes, particularly dominated by a 
population of small cells with round nuclei and scanty cytoplasm. 
In severely affected regions, hepatocyte connections were dis-
rupted (Fig. 2c, inserts) and the diffused miRNA effect further 
inhibited the feather growth in the skin area close to the injection 
site. The results showed that the anti-β-catenin miRNA was very 
effective in knocking down the targeted gene expression at a very 
low dose and was effective over a long period of time (≥10 days). 
Furthermore, the miRNA-mediated gene silencing effect seemed 
to be very specific and safe because off-targeted organs were nor-
mal, indicating that the small, single-stranded composition of 
miRNA possessed no overt toxicity.

In another attempt to silencing noggin expression in the man-
dible beak area using the same approach (Fig. 2d), it was observed 
that an enlarged lower beak morphology is reminiscent of the pre-
viously reported bone morphogenetic protein (BMP4)-
overexpressing chicken embryos [35, 36]. Skeleton staining 
showed the outgrowth of bones and cartilage tissues in the injected 
mandible area (Fig. 2d, right panels), and Northern blot analysis 
further confirmed that approx 60% of noggin mRNA expression 
was knocked out in this region (inserts). Because BMP4, a member 
of transforming growth factor-β superfamily, is known to promote 
bone development and the noggin is an antagonist of BMP2/4/7 
genes, it is not surprised to discover that our miRNA-mediated 
noggin knockouts created a morphological change resemble to the 
BMP4-overexpressing results as previously reported in chicken and 
other avian models. Thus, our finding of the intronic miRNA- 
mediated gene silencing pathway presents a great potential of using 
this localized transgene-like approach in creating animal models 
for developmental biology research.

To further test the intronic miRNA effects on adult mammals 
(Fig. 3), we used the same intronic miRNA expression approach as 
previously reported in zebrafish for silencing mouse skin pigments. 
Patched albino (white) skins of melanin-knockout mice (W-9 
black) were created by a succession of intracutaneous transduction 
of 50 μg of anti-tyrosinase (Tyr) pre-miRNA construct for 4 days 
(total 200 μg). The Tyr, a type I membrane protein and copper-
containing enzyme, catalyzes the critical and rate-limiting step of 
tyrosine hydroxylation in the biosynthesis of melanin (black pig-
ment) in skins and hairs. After 13-day incubation, the expression of 
melanin was blocked due to a great loss of its intermediates resulted 
from the anti-Tyr miRNA silencing effect. On the contrary, the 
blank control and the U6-directed siRNA-transfected mice pre-
sented normal skin color (black), indicating that the loss of mela-
nin is specifically effective in the miRNA transfections. Moreover, 
Northern blot analysis using RNA-polymerase chain reaction-amplified 

Shi-Lung Lin et al.



247

mRNAs from hair follicles showed a 76.1 ± 5.3% decrease of Tyr 
expression 2-days after the miRNA transfection, whereas mild 
degradation of off-target gene transcripts was detected in the 
siRNA-transfected skins (seen from smearing patterns of both 
housekeeping control GAPDH and target Tyr mRNAs). Thus, 
these results suggest that the use of intronic miRNA expression 
provides a powerful new strategy for developing in vivo applica-
tions, particularly for localized tissue treatments. Under the 
same dosage, the miRNA transfections did not cause detectable 

Fig. 3 In vivo effects of anti-tyrosinase (Tyr) miRNA on the mouse pigment production in local skins. Transfection 
of the designed anti-Tyr miRNA induced a strong gene silencing effect on tyrosinase (Tyr) expression but not 
house-keeping glyceraldehyde phosphate dehydrogenase (GAPDH) expression, whereas transfection of 
U6-directed small interfering RNA (siRNA) triggered mild non-specific RNA degradation of both Tyr and GAPDH 
gene transcripts. Because Tyr is an essential enzyme for black pigment melanin production, the success of Tyr 
silencing can be observed by a significant loss of the black color in mouse hairs. The red circles indicate the 
location of intracutaneous injections. Northern blot analysis of Tyr mRNA expression in local hair follicles con-
firmed the effectiveness and specificity of the intronic miRNA-mediated gene silencing effect (inserts)

Transgene-Like Animal Models Using Intronic MicroRNAs
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cytotoxicity effect, whereas the siRNA transfections showed non-
specific mRNA degradation, as previously reported [25, 26]. 
This finding demonstrates the fact that intronic miRNA is safe and 
effective even under in vivo conditions, without the side effects of 
dsRNA. The results also indicate that this miRNA- mediated gene-
silencing effect is stable and efficient in knocking down the target 
gene expression for a relatively long period of time, because the 
hair regrowth requires at least 10-day recovery. Therefore, the 
intronic miRNA approach offers relatively long- term, effective, and 
safe gene manipulation in specific animal tissues or organs, prevent-
ing the lethal effects of global gene knockouts in the conventional 
transgenic animal model.

To date, more than 135 miRNAs have been identified to be 
highly conserved between mammals and other animals [37]. This 
may be an underestimate because the information based on non-
coding regions of a variety of genome species remains largely 
unknown and new ortholog annotation of miRNAs, such as 
intronic miRNAs, are not considered. Approximately 10–30% of a 
spliced intron is exported into cytoplasm, with a moderate half-life 
[38]. Also, several types of intronic miRNAs have been identified 
in C. elegans, mouse and human genomes [29, 31, 37]. Hence, it 
is understandable that the current miRNA computing programs 
do not fully predict the number of potential miRNA-like mole-
cules. The finding of intronic miRNAs has opened up a new ave-
nue for predicting miRNA varieties. Although there may be more 
than one type of new miRNAs to be found and many new param-
eters needed to be defined for different miRNAs, the similarities 
and differences among these different types of miRNAs will pro-
vide better understanding of the small regulatory RNA world. 
Indeed, the new miRNA species identified in a variety of plants and 
animals have gradually and greatly broadened our difinition of 
“small regulatory RNA” in the recent years. 

2 Materials

 1. Sense pre-miRNA sequence: 5′-GTCCGATCGTC ATCAAG 
TCAGCTTGGGTTGCCA TCAAGAGAT TGGCAACCCA 
AGCTGACTTGAT CGACGCGTCAT-3′ (100 pmol/μL in 
autoclaved ddH2O).

 2. Antisense pre-miRNA sequence: 5′-ATGACGCGTCG ATCA 
AGTCAGCTTGGGTTGCCA ATCTCTTGA TGGCAAC 
CCAAGCTGACTTGAT ACGATCGGAC-3′ (100 pmol/μL 
in autoclaved ddH2O).

 3. 2× hybridization buffer: 200 mM KOAc, 60 mM HEPES 
KOH, 4 mM MgOAc, pH 7.4 at 25 °C.

 4. Incubation chamber: 94, 65 and 4 °C.

2.1 Preparation 
of Pre-miRNA Inserts
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 1. SpRNAi-rGFP gene vector (University of Southern California 
File #3443).

 2. 10× H buffer: 500 mM Tris–HCl, pH 7.5 at 37 °C, 1 M NaCl, 
100 mM MgCl2, 10 mM dithioerythritol DTT).

 3. Restriction enzymes, including PuvI and MluI (5 U/μL for 
each enzyme).

 4. PuvI/MluI digestion reaction mix: 12 μL autoclaved ddH2O, 
4 μL 10× H buffer, 2 μL PuvI and 2 μL MluI; prepare the 
reaction mix just before use.

 5. 10× ligation buffer:660 mM Tris–HCl, pH 7.5 at 20 °C, 
50 mM MgCl2, 50 mM dithioerythritol, 10 mM ATP.

 6. T4 DNA ligase (5 U/μL).
 7. Ligation reaction mix: 4 μL autoclaved ddH2O, 4 μL 10× liga-

tion buffer and 2 μL T4 ligase; prepare the reaction mix just 
before use.

 8. Incubation chamber: 65, 37, and 16 °C.
 9. 1% agarose gel electrophoresis.
 10. Gel extraction kit (Qiagen, Valencia, CA).
 11. Low salt Luria-Bertani (LB) culture broth.
 12. Expand cloning kit (Roche Diagnostics, Indianapolis, IN).
 13. DH5α transformation competent E. coli cells (Roche).
 14. 10× MgSO4 solution: 1 M MgSO4.
 15. 1× CaCl2 solution: 0.1 M CaCl2.
 16. 10× Glucose solution: 1 M Glucose.
 17. Incubation chamber: 42 and 4 °C.
 18. Incubation shaker: 37 °C, 285 rpm vortex.
 19. Luria-Bertani agar plate containing 50 μg/mL kanamycin.
 20. Spin miniprep kit (Qiagen).
 21. Microcentrifuge: 17,900 × g.

 1. Retroiral vector: e.g., eplication-competent avian sarcoma 
virus (RCAS) vector.

 2. 10× H buffer: 500 mM Tris–HCl, pH 7.5 at 37 °C, 1 M NaCl, 
100 mM MgCl2, 10 mM DTT.

 3. Restriction enzymes, including XhoI and XbaI.
 4. XhoI/XbaI digestion reaction mix: 2 μL autoclaved ddH2O, 

4 μL 10× H buffer, 2 μL XhoI and 2 μL XbaI; prepare the 
reaction mix just before use.

 5. 10× ligation buffer:660 mM Tris–HCl, pH 7.5 at 20 °C, 
50 mM MgCl2, 50 mM dithioerythritol, 10 mM ATP.

 6. 5 U/μL T4 DNA ligase.

2.2 Change of Pre- 
miRNA Inserts Located 
in the SpRNAi-rGFP 
Gene Cassette

2.3 Cloning 
of the SpRNAi-rGFP 
Gene Cassette into a 
Viral Vector
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 7. Ligation reaction mix: 4 μL autoclaved ddH2O, 4 μL 10× ligation 
buffer, and 2 μL T4 ligase; prepare the reaction mix just before 
use.

 1. Serum-free RPMI 1640 cell culture medium.
 2. FuGENE transfection reagent (Roche).
 3. Chicken embryonic fibroblast (CEF) cell culture.
 4. Cell culture incubator.
 5. Lentivirus purification kit (Cell Biolabs).
 6. Microcentrifuge: 17,900 × g.

3 Methods

The intronic pre-miRNA insert is formed by hybridization of the 
sense and antisense pre-miRNA sequences, which are synthesized 
to be perfectly complementary to each other. Both of the SpRNAi 
sequences must be purified by polyacrylamide gel electrophoresis 
(PAGE) before use and stored at −20 °C.

 1. Hybridization: Mix the sense and antisense pre-miRNA 
sequences (5 μL for each sequence) in 10 μL of 2× hybridiza-
tion buffer, heat to 94 °C for 3 min, and cool to 65 °C for 
10 min. Stop the reaction on ice.

Because the intronic insert region of the SpRNAi-RGFP vector is 
flanked with a PvuI and an MluI restriction site at its 5′- and 
3′-end, respectively, the primary pre-miRNA insert can be easily 
removed and replaced by various gene-specific inserts (e.g., anti- 
EGFP) possessing matched cohesive ends (see Note 1).

 1. Cleavage by MluI and PvuI: Add the PvuI/MluI digestion 
reaction mix to the 20 μL of SpRNAi-rGFP vector and the 
above pre-miRNA hybrid, respectively. Incubate the reaction 
at 37 °C for 4 h and stop the reaction on ice.

 2. Purification of MluI and PvuI-digested sequences: Load and 
run the above reactions in 1% agarose gel electrophoresis and 
cut out the MluI and PvuI-digested SpRNAi-rGFP sequence 
and the pre-miRNA fragment, respectively, using a clean surgi-
cal blade. Recover the two oligonucleotide sequences in one 
tube of 30 μL autoclaved ddH2O using the gel extraction col-
umn and following the manufacturer’s suggestions.

 3. Ligation: Add the ligation reaction mix to the above extrac-
tion. Incubate the reaction at 16 °C for 16 h and stop the reac-
tion on ice.

 4. Plasmid amplification: Transfect the above ligation product 
into the DH5α transformation competent E. coli cells using 

2.4 Viral Packaging 
and Titer Quantitation

3.1 Preparation 
of Pre-miRNA Inserts

3.2 Change of Pre- 
miRNA Inserts Located 
in the SpRNAi-rGFP 
Gene Cassette
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the expand cloning kit and following the manufacturer’s 
suggestions.

 5. Plasmid recovery: Isolate and collect the amplified SpRNAi- 
rGFP plasmid from the DH5α transformation competent E. 
coli cells into a tube of 30 μL autoclaved ddH2O using a spin 
Miniprep filter following the manufacturer’s suggestions (see 
Note 2).

To express the SpRNAi-rGFP gene in chicken embryos, transfer 
the SpRNAi-rGFP gene cassette from the pHcRed1-N1/1 plas-
mid vector to the RCAS vector. Because the functional fluorescent 
structure of HcRed is disrupted by the SpRNAi intron insertion, 
one can determine the occurrence of intron splicing and miRNA 
maturation through the appearance of red fluorescent rGFP emis-
sion on the cell membranes. The RGFP protein also serves as a 
quantitative marker for measuring the titer activity of the pre- 
miRNA- expressing RCAS virus using flow cytometry. This intron- 
derived miRNA system is activated under the control of the 
Xenopus elongation factor 1-α enhancer-promoter located in the 
RCAS vector.

 1. Cleavage by XhoI and XbaI: Add the XhoI/XbaI digestion 
reaction mix to the pHcRed1-N1/1 plasmid vector containing 
an SpRNAi-rGFP gene cassette and the RCAS retroviral vec-
tor, respectively. Incubate both the reactions at 37°C for 4 h 
and stop the reaction on ice.

 2. Purification of XhoI/XbaI-digested sequences: Load and run 
the above reactions in 1% agarose gel electrophoresis and cut 
out of the XhoI/XbaI-digested SpRNAi-rGFP sequence and 
the big RCAS fragment, respectively, using a clean surgical 
blade. Recover the two oligonucleotide sequences in one tube 
of 30 μL autoclaved ddH2O using the gel extraction column 
and following the manufacturer’s suggestions.

 3. Ligation: Add the ligation reaction mix to the above extrac-
tion. Incubate the reaction at 16 °C for 16 h and stop the reac-
tion on ice.

To increase transfection efficiency, we use liposomal reagents to 
facilitate the delivery of the SpRNAi-rGFP vector into the packag-
ing cells.

 1. Preparation of FuGENE: Add 6 μL of the FuGENE reagent 
into 100 μL of RPMI 1640 medium in a clean tube and gently 
mix the solution, following the manufacturer’s suggestions. 
And add 20 μg (in less than 50 μL) of the SpRNAi-rGFP vec-
tor into the liposomal dilution and gently mix the solution, 
following the manufacturer’s suggestions. Store the mixture at 
4 °C for 30 min.

3.3 Cloning 
of the SpRNAi-rGFP 
Gene Cassette into a 
Viral Vector

3.4 Viral Packaging 
and Titer Quantitation
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 2. Transfection: Add the above mixture into the center of the 
chicken embryonic fibroblast cell culture and gently mix the 
cell-culture medium. Grow the transfected cells in a cell cul-
ture incubator at 37 °C, 5% CO2 for 48–72 h.

 3. Purification of viral particles: Harvest and concentrate the viral 
particles from the medium suspension using a lentivirus purifica-
tion filter, following the manufacturer’s protocol (see Note 3).

4 Notes

 1. The synthetic pre-miRNA sequences that we show here are 
directed against the 5′-coding region of the chicken β-catenin 
gene sequence (NM205081, sense 110–131 nts) with perfect 
complementarity. The principal rule for designing an intronic 
pre-miRNA insert is to synthesize two mutually complemen-
tary oligonucleotides, including one 5′-GTCCGATCGTC—19- 
to 27-nt antisense target gene sequence—TCAAGAGAT 
(stemloop)—19- to 27-nt sense target gene sequence—
CGACGCGTCAT- 3′ and another 5′-ATGACGGTCG—19- 
to 27-nt antisense target gene sequence—ATCTCTTGA 
 (stem- loop)—19- to 27-nt sense target gene sequence—
GACGATCGGAC- 3′. The hybridization of these two oligo-
nucleotide sequences forms the intronic pre-miRNA insert, 
which contains a 5′-PvuI and a 3′-Mlu1 restriction site for fur-
ther ligation into the intron region of an SpRNAi-rGFP gene 
cassette. All synthetic oligonucleotides must be purified by 
PAGE to ensure their highest purity and integrity.

 2. The sequence of the final SpRNAi-rGFP gene cassette and its 
pre-miRNA insert must be confirmed by DNA sequencing.

 3. The RGFP protein can serve as a quantitative marker for mea-
suring the titer levels of the pre-miRNA-expressing RCAS 
virus using either flow cytometry or the lentivirus quantitation 
kit (Cell Biolabs). The RGFP-specific monoclonal antibody 
can be purchased from BD Biosciences (Palo Alto, CA).
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Chapter 21   

Application of TALE-Based Approach for Dissecting 
Functional MicroRNA-302/367 in Cellular Reprogramming             

Zhonghui Zhang and Wen-Shu Wu

Abstract

MicroRNAs are small 18–24 nt single-stranded noncoding RNA molecules involved in many biological 
processes, including stemness maintenance and cellular reprogramming. Current methods used in loss-of- 
function studies of microRNAs have several limitations. Here, we describe a new approach for dissecting 
miR-302/367 functions by transcription activator-like effectors (TALEs), which are natural effector pro-
teins secreted by Xanthomonas and Ralstonia bacteria. Knockdown of the miR-302/367 cluster uses the 
Kruppel-associated box repressor domain fused with specific TALEs designed to bind the miR-302/367 
cluster promoter. Knockout of the miR-302/367 cluster uses two pairs of TALE nucleases (TALENs) to 
delete the miR-302/367 cluster in human primary cells. Together, both TALE-based transcriptional 
repressor and TALENs are two promising approaches for loss-of-function studies of microRNA cluster in 
human primary cells.

Key words TALE, TALEN, Transcriptional repressor, MicroRNA, Cellular reprogramming, Human 
cells

1 Introduction

MicroRNAs (miRNAs) are important gene regulators that bind to 
partially complementary target sites in messenger RNAs (mRNAs) 
and result in degradation of target mRNAs or translational repres-
sion of encoded proteins [1]. To date, there are 1281 and 2042 
mature miRNAs in mouse and human genomes, respectively. 
These miRNAs are implicated in many biological processes, dis-
eases, development, and cellular reprogramming [1, 2]. Several 
approaches for knockdown of miRNAs have been extensively used, 
such as locked nucleic acid (LNA) oligonucleotides, antagomirs, 
and miRZip inhibitors [3–5]. Unfortunately, LNA and antagomirs 
can only transiently inhibit miRNA function. In contrast, miRZips 
are stably expressed RNAi hairpins and can permanently inhibit 
miRNA function; however, their inhibitor efficiency, similar to that 
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of LNA and antagomir, is dependent on their dosage in each cell. 
In addition, the specificity of these three miRNA inhibitors is 
inversely proportional to their dosage delivered in cells. Therefore, 
there are significant concerns regarding the specificity and potency 
of these miRNA inhibitors [4].

To overcome these obstacles, we describe two approaches for 
studying miRNA functions: (1) TALE-based transcriptional repres-
sor for knockdown of miRNA cluster, and (2) TALENs for knock-
out of miRNA clusters. TALE is protein consisting of multiple 
repeated, highly conserved 33–34 amino acid sequences [6], which 
can be quickly engineered to bind virtually and desired DNA 
sequence. Thus, TALE can regulate expression of endogenous genes 
when tethered with transcription activator or repressor domains and 
edit the genome when fused with the Fok I cleavage domain. 
TALEN is an emerging technology for genome editing [7].

Here, we applied these two approaches to study roles of the 
endogenous-specific miR-302/367 cluster in cellular reprogram-
ming, which is polycistronic miRNA consisting of five mature 
miRNAs. In this study, we efficiently knocked down the expression 
of mature miR-302/367 miRNAs using the TALE-based tran-
scriptional repressor and deleted the entire miRNA cluster by 
TALENs to investigate the roles of this cluster in cellular 
reprogramming.

2 Materials

 1. 293T cells were maintained by our lab. Primary human fore-
skin fibroblasts were purchased from Millipore Company. 
Human primary hepatocytes were obtained from ScienCell 
Research Laboratories. Human iPSCs were generated from 
human primary cells.

 2. 293T cells were cultured in Dulbecco’s Modified Eagle’s 
Medium (DMEM) (high glucose) containing 10% fetal bovine 
serum (FBS) and 1% penicillin/streptomycin. Human hepato-
cytes were cultured in DMEM/F12 supplemented with 10% 
FBS and 1% penicillin/streptomycin. Human foreskin fibro-
blasts were cultured in FibroGRO™-LS complete media 
(Millipore). Human iPSCs were cultured in conventional 
hESC culture medium containing DMEM/F12, 20% knock-
out serum replacement, 1% Glutamine, 1% nonessential amino 
acids, 1% penicillin/streptomycin, 0.1 mM β-mercaptoethanol, 
and 20 ng/ml human FGF-2. For long-term use, all medium 
is stored at 4 °C and warmed prior to every use.

 3. 6-well and 12-well plates.
 4. 0.025% Trypsin-EDTA solution, 1× PBS buffer.

2.1 Cell Culture

Zhonghui Zhang and Wen-Shu Wu
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 1. pCL-Ampho (IMGENEX) is a retroviral packaging vector.

 2. Lenti-Pac HIV Expression Packaging Kit containing packaging 
vectors for lentivirus generation is purchased from Genecopoeia.

 3. Fugene HD transfection reagent (Roche) for transfection of 
DNA into 293T cells.

 1. Primers to amplify ~1 kb of miR-302/367 promoter region: 
5′-CTGACGGGCCCCAAATCCATCCATTC-3′ and 5′-CTG 
ACAAGCTTGGAGCCCACCCAACA-3′.

 2. Specific sequences to target the promoter region of human 
miR-302/367 cluster: TALE1: 5′-TACATTCCCTGAGA 
GCT- 3′ and TALE2: 5′-TGTTAACATTGACATCT-3′.

 3. Specific sequences to delete the human miR-302/367 cluster: 
TALEN-a: 5′-ttctaaagttatgccatt-3′; TALEN-b: 5′-tcagagtatt-
tagagctg- 3′; TALEN-c: 5′-tctattttccttggaagc-3′; TALEN-d: 
5′-attcagaaagacatcat-3′.

 4. Primers for the construction of miR-302/367 donor vector to 
target the miR-302/367 cluster:

 (a) Primers for amplifying the left arm:
 Forward primer: 5′-gttgtaaaacgacggccagtgaattcgagctcctc 
cactgtctgtttccatttctgactc- 3′
 Reverse primer: 5′-CTCAAGCATGCTCTTCTCCAC 
aacaaaatggcat aactttagaagaa- 3′

 (b) Primers for amplifying GFP-puro expression cassette:
 Forward primer: 5′-ttgttGTGGAGAAGAGCATGCTT 
GAG- 3′
 Reverse primer: 5′-ggaagTCAGGCACCGGGCTTGCGG 
GTC- 3′

 (c) Primers for amplifying the right arm:
 Forward primer: 5′- GACCCGCAAGCCCGGTGCCT 
GActtccttaatgatgtctt tctgaataa- 3′
 Reverse primer: 5′-GGAAACAGCTATGACCATGATT 
ACGCCAAGCTTGTAGAGGTAAGAATCAAGAATAA 
CTA- 3′
The left arm, GFP-puro expression cassette, and right arm 

were fused together by overlapping PCR and cloned into SacI 
and HindIII sites of pUC19.

 1. Passive cell lysis buffer and luciferase assay kit were purchased 
from Promega and used for luciferase reporter assay according 
to the manufacturer’s instructions.

 2. Luciferase reporter plasmid for miR-302/367 promoter 
(pGL3-basic vector) (Promega) containing an insert from 

2.2 Preparation 
of Retrovirus 
and Lentivirus

2.3 Plasmid 
Construction

2.4 Luciferase 
Reporter Assay
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~1 kb promoter region of the miR-302/367 cluster at a 
 concentration of 100 ng/μl, and pCMV-LacZ for normaliza-
tion at a concentration of 50 ng/μl.

 3. Z buffer with 4 mg/ml o-nitrophenyl-β-d-galactopyranoside 
(ONPG): 60 mM Na2HPO4, 40 mM NaH2PO4, 10 mM KCl, 
1 mM MgSO4, 40 mM 2-mercaptoethanol (2-ME), 4 mg/ml 
ONPG. Store the solutions at 4 °C.

 4. White-walled 96-well plates for measurement of luciferase 
activities and clear-walled 96-well plates for measurement of 
galactosidase activities in cell lysates.

 1. QIAamp DNA Mini Kit (Qiagen) for genomic DNA 
preparation.

 2. Quick-RNA™ MicroPrep Kit (Zymo Research) for total RNA 
preparation.

 3. ZymoPURE™ Plasmid Midiprep Kit (Zymo Research) for 
plasmid DNA preparation (see Note 1).

 4. The CFX96 Touch™ Real-Time PCR Detection System (Bio- 
Rad) is used to perform qPCR.

 5. TaqMan MicroRNA Reverse Transcription Kit (Applied 
Biosystems) for mature microRNA reverse-transcription.

 6. Superscript III Fist-Strand Synthesis System (Invitrogen) for 
total RNA reverse-transcription.

 1. Sodium butyrate (500 mM), Y27632 (ROCK inhibitor, 10 mM) 
is purchased from Sigma and dissolved in ultrapure water, store 
at −20 °C. SB431542, and PD0325901 is purchased from 
Sigma and dissolved in DMSO and stored at −20 °C.

 2. 6-well or 48-well cell culture plates coated with 2 ml Matrigel 
(hESC-qualified).

 1. Alkaline Phosphatase Detection Kit (Stemgent) for alkaline 
phosphatase staining.

 2. Paraformaldehyde: 4% solution in phosphate-buffered saline 
(PBS). Store the solutions at 4 °C.

 3. 1× PBS solution. Store at room temperature.

3 Methods

 1. 293T cells were cultured in 24-well plate overnight and then 
co-transfected with 100 ng of luciferase reporter, 50 ng of 
pCMV-LacZ (used for normalization of transfection effi-
ciency), and 350 ng of plenti-EF1α-TALE1-KRAB or plenti-
EF1α- TALE2-KRAB or plenti-EF1α-TALE-control by using 
Fugene HD.

2.5 Extraction 
of Genomic DNA, RNA, 
and RT-PCR

2.6 Human iPSC 
Generation

2.7 Alkaline 
Phosphatase Staining

3.1 Luciferase 
Reporter Assay
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 2. After 48 h post-transfection, remove cell culture media, rinse 
the wells carefully with 1 ml of PBS, and remove PBS.

 3. Add 250 μl of 1× passive lysis buffer to each well of the 24-well 
plate that contains cells.

 4. Transfer the cells into new 1.5 ml Eppendorf tubes and centri-
fuging at top speed at 4 °C for 5 min.

 5. Take 5 μl of supernatant to a 0.5 ml Eppendorf tube prior to 
luciferase activity reading.

 6. Turn on the luminometer. Add 50 μl of luciferase assay reagent 
into the tube. A 2-s premeasurement delay should be followed 
by a 10 s measurement period for each reporter assay.

 7. Place 5 μl of supernatant to a clear-walled 96-well plate, add 
100 μl of 4 mg/ml Z buffer ONPG, mix well by pipetting, and 
incubate until the sample becomes yellow. Stop the reaction by 
adding 100 μl of 1 M sodium carbonate. Mix well. Measure 
A420nm by plate reader.

 8. Process raw data by dividing each luciferase measurement by 
its corresponding β-galactosidase measurement, giving cor-
rected/normalized luciferase activity. Statistical analysis of the 
data should also be performed using Microsoft Excel.

 1. To produce the retrovirus and lentivirus, 8 × 105 293T cells 
were cultured in 60 mm dish the day before transfection.

 2. For OKSM retrovirus generation, 1.5 μg of pCL-Ampho 
(IMGENEX) plus 2.5 μg of pMig-OKSM, by Fugene HD 
(Roche), according to the manufacturer’s instruction.

 3. For lentivirus production, 293T cells were transfected with a 
mixture of DNA containing 2.5 μg of plenti-EF1α-KRAB- 
TALE1 or plenti-EF1α-TALE-control and 2.5 μg packaging 
mixture (Genecopoeia) by Fugene HD.

 4. After 48 h of transfection, the virus-containing media were 
collected and filtered with 0.45 μm filter. For each construct, 
three dishes of cells are transfected and the virus-containing 
media were mixed together (see Note 2).

 1. Replace the DNA fragment containing the NLS sequence and 
VP16 activation domain in the pLenti-EF1α-Backbone vector 
[8] with a 339 bp of DNA fragment covering a NLS sequence 
and the KRAB domain by Nhe I and Xba I double digestion, 
the resultant plasmid was named plenti-EF1α-TALE-KRAB 
(Fig. 1).

 2. The target sequences for TALE and TALEN were selected by 
online TAL effector design tools (https://tale-nt.cac.cornell.
edu/node/add/single-tale). TALE1 and TALE2 were designed 
to target the specific sequences (TACATTCCCTGAGAGCT 

3.2 Retrovirus 
and Lentivirus 
Preparation

3.3 Design 
and Construction 
of TALE-KRAB Specific 
for the Promoter 
Region of Human 
miR-302/367 Cluster

Application of TALE-Based Approach for Dissecting Functional MicroRNA-302/367…
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and TGTTAACATTGACATCT), respectively, at upstream of 
the transcription start of the miR-302/367 promoter. Assemble 
TALE1 and TALE2 using the first generation of PCR assemble 
approach [8] and then inserted into the BsmB I site of pLenti-
EF1α-KRAB vector.

 1. The target sequences for TALEN were selected by online 
TALEN design tools (https://talent.cac.cornell.edu/node/
add/talen and http://zifit.partners.org/ZiFiT/TALZiFiT 
Nuclease.aspx) and were assembled and cloned into corre-
sponding pTAELN_v2 vectors provided in the TALE toolbox 
kit (Addgene, Cambridge, MA), using the second generation 
of PCR assembly approach recently developed by Zhang’s 
group [9]. To facilitate deletion of the miR-302/367 cluster, 
we designed two pairs of TALENs with following target 
sequences: (1) ttctaaagttatgccatt (TALEN-a), (2) tcagagtatt-
tagagctg (TALEN- b), (3) tctattttccttggaagc (TALEN-c), and 
(4) tattcagaaagacatcat (TALEN-d).

 2. To construct the donor DNA plasmid for replacing the miR- 
302/367 cluster, 1 kb of homologous arms corresponding to 
the miR-302/367 cluster were amplified, cloned into pUC19 
and a CMV-eGFP-2A-puromycin (GFP-puro) expression cas-
sette was then inserted between the two arms (Fig. 2).

 3. All inserts were confirmed by DNA sequencing. A total of five 
constructs were ready for further functional studies.

 1. Seed the human cells into 6-well plates the day before 
infection.

 2. Add the fresh filtered supernatant containing viral particles  
and 1 μg/ml polybrene into the wells. Spin the plates at 
1000 × g (see Note 3).

3.4 Design 
and Construction 
of TALENs and Donor 
Plasmid for Deletion 
of Human miR- 
302/367 Cluster

3.5 Viral Infection

Fig. 1 Design of a miR-302/367-specific TALE1-KRAB transcriptional repressor 
for knockdown of the miR-302/367 cluster. A DNA-binding domain was designed 
to bind the indicated sequence within the proximal region upstream of the tran-
scription start of the miR-302/367 cluster and fused to the N terminus of the 
KRAB transcriptional repressor domain, which is fused in-frame with GFP gene 
via 2A sequence. NLS nuclear localization signal

Zhonghui Zhang and Wen-Shu Wu
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 3. After centrifugation, place the plate in the CO2 incubator for 2 h.
 4. Remove all media and add fresh culture media.

 1. 1 × 104 human fibroblasts are seeded in a 6-well plate at 1 day 
before transduction.

 2. Add fresh OKSM retroviral particles containing 4 μg/ml poly-
brene, followed by centrifugation (1000 × g for 30 min).

 3. Four days post-infection, the cells were split by using 0.025% 
trypsin-EDTA and plate on 1× MEF feeder cultured in fibro-
blast medium.

 4. After 24 h, the medium was switched to the hESC culture 
medium with 0.5 mM sodium butyrate, 2 μM SB431542, and 
0.5 μM PD0325901.

 5. The media were changed every other day.
 6. Colonies will appear around day 15 and should be picked onto 

1 well of a fresh Matrigel-coated 48-well plate into hESC cul-
ture medium containing 10 μM Y27632. Total protocol time 
for hiPSCs generation should be approximately 1 month  
(see Note 4).

 7. Perform alkaline phosphatase staining. Count the positive 
 colonies (Fig. 3).

3.6 Generation 
of Human iPSCs

Fig. 2 Diagram of strategy for TALENs-mediated knockout of the miR-302/367 cluster. Two pairs of TALENs 
(TALEN-a/b and TALEN-c/d) targeted their specific binding sites in the 5′ and 3′ ends of the miR-302/367 
cluster, respectively. In the donor vector, the CMV-eGFP-2A-Puro expression cassette was flanked by the two 
homology arms (red font color) at the 5′ and 3′ ends, respectively. Homologous recombination (HR) was medi-
ated by the expression of the TALENs in the presence of the donor vector. Targeting leads to site-specific 
integration of the CMV-eGFP-2A-Puro expression cassette (green font color). Primers F1 and R1 were located 
in the 50 and 30 homology arms and near the CMV promoter and SV40pA, respectively. Forward primer F11 
was located upstream of the 5′ arm and reverse primer R11 was located in GFP

Application of TALE-Based Approach for Dissecting Functional MicroRNA-302/367…
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 1. Prepare total RNA by using Quick-RNA™ MicroPrep Kit. 
Dilute RNA to 5 ng/μl with RNase/DNase-free water.

 2. Use 10 ng of total RNA per the reverse transcription. Prepare 
12 μl of RT reaction mixer with 0.15 μl of 100 mM dNTPs 
with dTTP, 1 μl of MultiScribe™ Reverse Transcriptase (50 U/
μl), 1.5 μl of 10× Reverse Transcription Buffer, 0.19 μl of 
RNase Inhibitor (20 U/μl), 5 μl of RNA (2 ng/μl), and 
4.16 μl of Nuclease-free water. Add 3 μl of 5× RT primer. The 
RT PCR conditions are: 16 °C for 30 min, 42 °C for 30 min, 
85 °C for 5 min.

 3. Prepare qPCR reaction with 1 μl of TaqMan MicroRNA Assay 
(20×), 1.33 μl of product from RT reaction, 10 μl of TaqMan 
Universal PCR Master Mix II, 7.67 μl of Nuclease-free water. 
The qPCR condition are: 95 °C for 10 min and then 15 s at 
95 °C and 1 min at 60 °C for 40 cycles. GADPH is used as 
endogenous control.

4 Notes

 1. All plasmid DNAs are prepared by Zymo Research Kit without 
endotoxin.

 2. Retroviral and lentiviral particles can be collected from 24 to 
96 h after transfection.

3.7 TaqMan qPCR 
Assay of the miRNAs

Fig. 3 Alkaline phosphatase staining of wild-type and miR-302/367 KO HFFs 
during reprogramming. Wild-type and miR-302/367 KO HFFs were transduced 
with OKSM-expressing retroviruses and then were seeded on feeder cells in 
12-well plates at a density of 10,000 transduced cells per well 4 days after infec-
tion. Infected cells were cultured in hESC culture medium for 3 weeks. iPS-like 
colonies were then stained by alkaline phosphatase staining
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 3. Viral infection should be performed at 35–37 °C for 30 min.
 4. For human iPSC generation, Matrigel-coated plates are 

 essential for the adherence and reprogramming stage. Keep 
everything cold. After the diluted Matrigel is added to each 
plate, these plates can also be wrapped and stored at 4 °C for 
1 week. During reprogramming process the media should be 
changed every 2 days.
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Chapter 22

Mechanism and Method for Generating Tumor-Free iPS 
Cells Using Intronic MicroRNA miR-302 Induction

Shi-Lung Lin and Shao-Yao Ying

Abstract

Today’s researchers generating induced pluripotent stem cells (iPS cells or iPSCs) usually consider their 
pluripotency rather than potential tumorigenicity. Oncogenic factors such as c-Myc and Klf4 are fre-
quently used to boost the survival and proliferative rates of iPSCs, creating an inevitable problem of 
tumorigenicity that hinders the therapeutic usefulness of these iPSCs. To prevent stem cell tumorigenic-
ity, we have examined mechanisms by which the cell cycle genes are regulated in embryonic stem cells 
(ESCs). Naturally, ESCs possess two unique stemness properties: pluripotent differentiation into almost 
all cell types and unlimited self-renewal without the risk of tumor formation. These two features are also 
important for the use of ESCs or iPSCs in therapy. Currently, despite overwhelming reports describing 
iPSC pluripotency, there is no report of any tumor prevention mechanism in either ESCs or iPSCs. To 
this, our studies have revealed for the first time that an ESC-specific microRNA (miRNA), miR-302, 
regulates human iPSC tumorigenicity through cosuppression of both cyclin E-CDK2 and cyclin 
D-CDK4/6 cell cycle pathways during G1-S phase transition. Moreover, miR-302 also silences BMI-1, 
a cancer stem cell gene marker, to promote the expression of two senescence-associated tumor suppressor 
genes, p16Ink4a and p14/p19Arf. Together, the combinatory effects of inhibiting G1-S cell cycle transi-
tion and increasing p16/p14(p19) expression result in an attenuated cell cycle rate similar to that of 
2-to-8-cell-stage embryonic cells in early zygotes (20–24 h/cycle), which is however slower than the fast 
proliferation rate of iPSCs induced by the four defined factors Oct4-Sox2-Klf4-c-Myc (12–16 h/cycle). 
These findings provide a means to control iPSC tumorigenicity and improve the safety of iPSCs for the 
therapeutic use. In this chapter, we review the mechanism underlying miR-302-mediated tumor suppres-
sion and then demonstrate how to apply this mechanism to generate tumor-free iPSCs. The same strategy 
may also be used to prevent ESC tumorigenicity.

Key words miR-302, MicroRNA (miRNA), Tumor suppressor, iPSC, ESC, Stem cell, Cell cycle, 
CDK2, CDK4/6, Cyclin D, BMI-1, p16Ink4a, p14/p19Arf, p21Cip1/Waf1, CDKN1A, RNAi

1 Introduction

Somatic cell reprogramming (SCR) is an epigenetic mechanism 
required for the generation of induced pluripotent stem cells 
(iPSCs). The process of SCR is initiated by global DNA demethyl-
ation, which erases most of genomic methylation sites and resets all 
kinds of different somatic gene expression patterns to a unique 
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embryonic stem cell (ESC)-like transcriptome profile. In human 
iPSCs, we have identified the functional roles of miR-302 in SCR 
[1, 2]. MiR-302, the most abundant microRNA (miRNA) in 
human ESCs (hESCs), not only silences the expression of lysine- 
specific histone demethylase 1/2 (LSD1/2, AOF2/1 or 
KDM1/1B) and DNA (cytosine-5-)-methyltransferase 1 
(DNMT1) to induce global DNA demethylation but also stimu-
lates cellular Oct4-Sox2-Nanog coexpression to promote the 
full reprogramming of somatic cells into ESC-like iPSCs [2]. 
Hence, miR-302 can replace all four previously defined factors 
(either Oct4-Sox2-Klf4-c-Myc or Oct4-Sox2-Nanog-Lin28) for 
iPSC induction. Accompanying this miR-302-induced SCR mech-
anism, we further identified a parallel tumor suppression mecha-
nism, in which miR-302 attenuates both cyclin E-cyclin-dependent 
kinase 2 (CDK2) and cyclin D-CDK4/6 cell cycle pathways to 
inhibit iPSC tumorigenicity [3]. This tumor suppression mecha-
nism provides a breakthrough advantage in the preparation of 
tumor-free iPSCs, which are useful for clinical trials and therapies. 
Based on the dual function of miR-302 in SCR induction and 
tumor suppression, we have successfully developed and tested an 
inducible miR-302 expression system for generating various tumor- 
free iPSCs derived from normal and cancerous human cells [1–3]. 
To distinguish the miRNA-induced pluripotent stem cells from 
other four-factor-induced iPSCs, we herein refer to these miR- 
302- induced tumor-free iPSCs as mirPSCs.

Each individual mirPSC can grow into a single colony or 
embryoid body with a relatively slow cell cycle rate (20–24 h/
cycle). Due to miR-302-mediated cell cycle attenuation, mirPSCs 
often present a quiescent cell-like morphology and form three- 
dimensional sphere colonies similar to that of a morula stage zygote 
(Fig. 1a). These mirPSCs strongly express Oct4, Sox2, Nanog, 
Lin28, and many other major hESC markers (Fig. 1b, c), resem-
bling the gene expression pattern of hESCs, determined by immu-
nocytochemical staining and western blotting analyses. The 
transcriptome of mirPSCs also contains an average of >92% similar-
ity to that of hESCs,  determined by microarray analysis of global 
gene expression [1, 2]. Further, genomic DNA demethylation, the 
first sign of SCR, has been well established in the mirPSCs [1, 2]. 
Particularly, we noted that mirPSCs are pluripotent but not tumor-
igenic because they form teratoma-like tissue cysts only in the 
uterus or peritoneal cavity of pseudopregnant immunocompro-
mised SCID-beige mice, but not elsewhere [1, 2]. These tissue 
cysts, not like teratomas, contain various but relatively organized 
tissue regions derived from all three embryonic germ layers. 
Notably, the presence of partial homeobox (HOX) gradient expres-
sion was also frequently observed in these tissue cysts (Lin et al. 
unpublished). Furthermore, when xenografted into normal male 
mice, the mirPSCs can be differentiated and assimilated into 
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surrounding tissues, indicating a potential in-vivo application for 
regenerative medicine [3]. Taken together, our findings have dem-
onstrated that miR-302 functions to reprogram somatic cells into 
hESC-like iPSCs with a high level of pluripotency but less or no 
tumorigenicity.

MiR-302-mediated gene silencing is dose-dependent. The 
tumor suppression function of miR-302 only occurs when its cel-
lular concentration reaches over 1.1–1.3-folds of the miR-302 level 
in hESC H1 or H9 cells, which is also the optimal miR- 302 level 
for inducing iPSC formation [2, 3]. As shown in Fig. 2, when 
the miR-302 level is equal to or lower than that in hESCs, only 
large tumor suppressor homolog 2 (LATS2), but not CDK2, is 
silenced. Yet, when the miR-302 level is higher than that in hESCs, 
both CDK2 and LATS2 are silenced and hence cell cycle is attenu-
ated at the G1-phase check point [3]. Given that LATS2 inhibits 
the cyclin E-CDK2 pathway to block G1-S cell cycle transition [4], 
the co-suppression of CDK2 by miR-302 can further ensure this 
LATS2 function even in the absence of LATS2. Moreover, the 
CDK2 silencing effect also counteracts the suppressive effect of 
miR-367 on CDKN1C (p57, Kip2), a cell cycle  inhibitor against 
both CDK2 and CDK4, subsequently leading to a reduced cell 
cycle rate (Lin et al. unpublished). Through this dose- dependent 
gene silencing mechanism, miR-302 fine-tunes the functions of its 

Fig. 1 Morphological and genetic properties of mirPSCs. (a) A morphological comparison between a morula- 
stage rat embryo and a mirPSC colony at 16–32-cell stage. BF-DIC refers to bright field with differential 
interference contrast. (b) Fluorescent microscope examination showing the homogeneous expression of the 
core reprogramming factors Oct3/4, Sox2 and Nanog in a mirPSC-derived embryoid body. (c) Western blots 
confirming the expression patterns of major hESC-specific markers in mirPSCs, of which the results are com-
parable to those found in hESCs H1 and H9 (n = 4, p < 0.01)

Mechanism and Method for Generating Tumor-Free iPS Cells Using Intronic MicroRNA…
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target genes at different levels during reprogramming [2, 5]. These 
findings may account for the fact that 2-to- 8-cell-stage embryonic 
cells have a relatively slower cell cycle rate (20–24 h/cycle) than 
that of hESCs (15–16 h/cycle) [6]. Even though both early zygotes 
and hESCs are known to display a short G1 phase, the G1 phase of 
2-to-8-cell-stage zygotic cells is still significantly longer (4 ± 1 h) 
than that of hESCs. Interestingly, iPSC derivation has been reported 
to be either a cell-cycle- dependent (with Klf4) or a cell-cycle-inde-
pendent (with Nanog) reprogramming process [7]. Since Klf4 is an 

Fig. 2 Schematic procedure for iPSC generation using intronic miR-302 expression. A pre-designed miR- 302- 
expressing SpRNAi-RGFP vector is transduced into human somatic cells by either electroporation or liposomal 
transfection. The expression of miR-302 is processed through the natural intronic miRNA biogenesis pathway, 
in which the miR-302 familial cluster is placed in the intron region of a red fluorescent protein (RGFP) 
gene, coexpressed with the RGFP gene transcripts, and then further processed into individual miR-302 mole-
cules by RNA splicing enzymes (spliceosomal components) and RNaseIII Dicers [24]
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upstream transcription factor of Nanog [8, 9], Klf4 may induce not 
only Nanog but also many other oncogenes, which promote fast 
cell proliferation unrelated to the function of Nanog in reprogram-
ming [8–11]. Therefore, fast cell cycle, although can increase iPSC 
number, is not essential for SCR initiation to form iPSCs.

MiR-302 functions differently in normal cells versus in 
tumor/cancer cells. Our previous studies have shown that miR- 
302 triggers massive reprogrammed cell death (apoptosis) in fast 
proliferative tumor/cancer cells, whereas slow growing normal 
cells can tolerate this tumor suppression effect [1, 3]. It is conceiv-
able that tumor/cancer cells may not survive in such a relatively 
slow cell cycle state due to their high metabolism and rapid con-
sumption rates, providing a beneficial advantage in preventing 
tumor formation.

Based on the mechanism by which miR-302 suppresses tumor/
cancer formation (Fig. 3), miR-302 not only inhibits both the 

Fig. 3 Mechanism of miR-302-mediated tumor suppression in human iPSCs. 
MiR-302 not only concurrently suppresses several G1-phase checkpoint regula-
tors such as CDK2, cyclin D and BMI-1 but also indirectly activates p16Ink4a and 
p14/p19Arf to quench most (>70%) of the cell cycle activities during reprogram-
ming. E2F is also a predicted target of miR-302. Inducing cell cycle quiescence 
at the G0/G1 state prevents fast cell proliferation and tumor transformation of 
the reprogrammed iPSCs, leading to a more accurate and safer reprogramming 
process, by which all possible pre-mature cell differentiation and tumorigenicity 
are inhibited
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cyclin E-CDK2 and cyclin D-CDK4/6 pathways to block >70% of 
the G1-S cell cycle transition but also silences polycomb ring finger 
oncogene BMI-1 to increase the expression of two cell cycle inhib-
itors p16Ink4a and p14/p19Arf [3]. As a result, 16Ink4a inhibits 
cyclin D-dependent CDK4/6 activity via phosphorylation of reti-
noblastoma protein Rb and subsequently prevents Rb from releas-
ing E2F-dependent transcription required for S phase entry [12, 
13]. Furthermore, p14/p19Arf prevents HDM2, an Mdm2 p53 
binding protein homolog, from binding to p53 and permits the 
p53-dependent transcription responsible for G1 arrest or apoptosis 
[14]. Through simultaneously activating multiple cell cycle attenu-
ation and tumor suppression pathways, miR-302 induces iPSC 
generation while preventing stem cell tumorigenicity. In addition, 
since DNMT1-deficient ESCs have been observed to present a sig-
nificant decrease of gene loss and mutation rates [15], miR-302 
may also facilitate the genomic stability of both ESCs and iPSCs 
via LSD1/AOF2/KDM1-associated DNMT1 degradation [2, 3]. 
In view of these miR-302 functions, it is conceivable that the 
 tumorigenicity of iPSCs and ESCs may be prevented by elevating 
their miR-302 expression.

Over-expression of miR-302 is not always beneficial. Human 
iPSCs have been reported to exhibit problems including early 
senescence and limited cell life expansion [16, 17]. When the miR- 
302 level is increased beyond 1.5–1.7-folds of that in hESCs, the 
degree of iPSC senescence is also increased in proportion to the 
concentration of miR-302. Normal somatic cells always undergo a 
limited number of cell divisions and then reach a quiescent state 
called replicative senescence. Cells that escape replicative senes-
cence often become immortal cells; thus, replicative senescence is a 
cellular defense mechanism against tumor/cancer formation. 
Because miR-302 increases both p16Ink4a and p14/p19Arf 
expressions, two of the major regulators in replicative senescence, 
its over-expression may also cause early senescence in iPSCs. 
Previous studies have identified several genes encoded in the 
Ink4a/Arf locus, such as p16Ink4a and p14/p19Arf, which pose a 
barrier to the success of iPSC reprogramming [16, 18–20]. In par-
ticular, both of the p16Ink4a-RB and p14/19Arf-p53 activities are 
gradually enhanced and finally commit to the onset of early 
senescence after serial passaging of iPSCs [16, 19]. In murine 
iPSCs, p19Arf rather than p16Ink4a is the main factor activating 
senescence, whereas in humans p16Inka plays a more important 
role than p14Arf [16, 18]. Our recent observations have further 
ruled out the effect of telomerase in mirPSC senescence (Fig. 4). 
Due to forced miR-302 elevation, mirPSCs often present a higher 
degree of senescence than the iPSCs induced by the four defined 
factors. Under the same feeder-free conditions, the four-factor-
induced iPSCs could be cultivated over 30–50 passages while 
mirPSCs only reach a maximum of 26 passages. However, this 
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early senescence was not due to the shortening of telomere length. 
It is known that LSD1/AOF2/KDM1 and histone deacetylase 2 
(HDAC2) suppress the transcription of human telomerase reverse 
transcriptase (hTERT) and the deficiency of these epigenetic regu-
lators has been shown to increase hTERT expression [21, 22]. 
Both LSD1/AOF2/KDM1 and HDAC2 are also the targets of 
miR-302 [2]. Using telomeric repeat amplification protocol 
(TRAP) and telomerase activity ELISA assays, we have confirmed 
that miR-302 silences both LSD1/AOF2/KDM1 and HDAC2 to 
enhance the hTERT activity and subsequently maintain normal or 

Fig. 4 Analysis of telomerase activity in various mirPSC lines in response to an elevated miR-302 level 
expressed over 1.3-folds of the normal miR-302 level in hESCs. (a) Telomerase activities shown by TRAP 
assays (n = 5, p < 0.01) in the upper panel. Telomerase activity is sensitive to RNase treatment (hHFC + RNase). 
Western blotting (lower panel) confirming the increase of hTERT and the decrease of LSD1/AOF2/KDM1 and 
HDAC2 expression in various mirPSC lines (n = 5, p < 0.01). (b) Telomerase activities measured by telomerase 
PCR ELISA assays (OD470–OD680; n = 3, p < 0.01)
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longer telomere length in mirPSCs (Fig. 4a, b). In view of this 
concurrent regulation of p16Ink4a, p14/p19Arf, and hTERT 
activities by miR-302, mirPSCs may serve as a model for investi-
gating the early senescence of iPSCs.

The balance between the mechanisms of tumorigenicity and 
senescence determines the safety and efficiency of iPSC generation. 
Our studies have shown that both mechanisms are regulated by the 
p16Ink4a-RB and p14/19Arf-p53 pathways [3]. In mirPSCs, 
miR-302 modulates the levels of p16Ink4a and p14/19Arf via 
fine-tuning the BMI-1 expression [3], providing important insight 
into the mechanism underlying stem cell self-renewal without the 
risk of tumor formation. Yet, in four-factor-induced iPSCs, the 
activities of Oct4, Sox2 and Klf4 were found to repress the expres-
sion of p16Ink4a and p14/19Arf, leading to fast iPSC prolifera-
tion [18]. Conceivably, the counteracting effect between miR-302 
and Oct4-Sox2-Klf4 on the p16Ink4a and p14/19Arf expression 
may be the key for reaching the balance between tumorigenicity 
and senescence in iPSCs. Moreover, we also found that the expres-
sion of miR-302 and Oct4-Sox2-Nanog can form a positive feed-
back cycle to fulfill the full reprogramming of iPSCs [2]. In this 
reprogramming cycle, miR-302 and Oct4-Sox2-Nanog are recip-
rocally induced to constantly maintain the ESC-like pluripotent 
state of iPSCs. Therefore, at a certain point in the reprogram-
ming cycle, the interaction between miR-302 and Oct4-Sox2- 
Nanog/Klf4 may lead to a stable iPSC state without the problem 
of either tumorigenicity or senescence. Based on this understand-
ing, finding the correct combination of miR-302 and Oct4-
Sox2- Nanog/Klf4 expression for generating tumor-free and 
senescence-free iPSCs will be a future challenge.

Through the natural mechanism of intronic miRNA biogenesis, 
we have identified the optimal miR-302 concentration for induc-
ing tumor-free iPSCs [3, 23, 24]. MiR-302 is encoded in the 
intron region of the La ribonucleoprotein domain family member 7 
(LARP7, PIP7S) gene and expressed via an intronic miRNA bio-
genesis mechanism [1, 23, 25]. The miR-302 family consists of 
four familial sense homologues (miR-302b, c, a and d) and three 
distinct antisense members (miR-302b*, c* and a*), all of which 
are transcribed together as a polycistronic RNA cluster along with 
another miRNA, miR367 [26]. Many attempts were made to 
investigate the “miR-302” function, but no complete expression 
of all miR-302a–d familial members had ever achieved. Also, no 
studies were centered on the dose-dependent effect of miR-302, 
which however determines the real miR-302 function. To over-
come this problem, our current study using intronic miR-302 
expression was the first successful approach to display the full spec-
trum expression of all miR-302a-d familial members in human 
iPSCs, confirmed by microarray and northern blot analyses [1, 2]. 
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We have developed a pSpRNAi-RGFP vector to adopt the 
process of intronic miRNA biogenesis [23, 24, 27]. As shown in 
Fig. 2, primary intronic miRNA precursors (pri-miRNAs) are tran-
scribed by type-II RNA polymerases (Pol-II) and excised by spli-
ceosomal components and/or Drosha to form miRNA precursors 
(pre-miRNAs), which are then exported out of the cell nucleus by 
Ran-GTP and Exportin-5 and further processed by a Dicer-like 
RNaseIII endoribonuclease in cytoplasm to form mature miRNAs 
[23, 28, 29–31]. However, the role of Drosha may be important 
but not required in this mechanism because the depletion of >85% 
Drosha with siRNA reduces less than a half of the miR-302 expres-
sion (Lin et al. unpublished), indicating that some other nuclear 
RNaseIII-like enzymes may replace Drosha for processing intronic 
pre-miRNAs [29]. Also, because mammalian intron often contains 
nonsense (i.e., translational stop) codons recognized by the 
nonsense- mediated decay (NMD) system, a cellular RNA surveil-
lance mechanism [32, 33], the non-hairpin structures of an intron 
can be quickly degraded by NMD to prevent excessive RNA accu-
mulation. RNA over-saturation has been reported to be a major 
problem for the direct (exonic) expression of short hairpin RNAs 
(shRNAs) and miRNAs in mammalian cells [34]. Under this tightly 
coordinated regulation by Pol-II transcription, RNA splicing, and 
NMD mechanisms, intronic miRNA expression presents a great 
advantage in the safeguard of cellular miRNA concentrations. As a 
result, we successfully established an effective means to express  
miR-302 through the cellular intronic miRNA biogenesis pathway, 
so as to provide a safer and more efficient approach for generating 
tumor-free iPSCs.

2 Materials

 1. All synthetic oligonucleotides required for the construction of 
the miR-302 familial cluster are listed in Table 1 (see Note 1). 
Each synthetic oligonucleotide was prepared in a final concen-
tration of 200 pmol/μL.

 2. 2× hybridization buffer: 200 mM KOAc, 60 mM HEPES 
KOH, 4 mM MgOAc (pH 7.4 at 25 °C).

 3. Incubation chambers: 94–65 °C and 4 °C.

 1. 10× digestion buffers for each individual restriction enzyme.
 2. Restriction enzymes, such as XhoI, MluI, BglII, NdeI, XbaI, 

PvuI, and BamHI, were prepared with a stock concentration 
of 10 U/μL.

 3. Digestion reaction mix: 10 μL of autoclaved ddH2O, 2 μL of 
10× digestion buffer, 4 μL of restriction enzyme(s), and 4 μL 

2.1 Synthetic 
Oligonucleotides

2.2 Construction 
of the miR-302 Cluster
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of each individual hybridized oligonucleotide (for example, 
the hybrid of miR-302a-sense and miR-302a-antisense); the 
reaction mix was prepared right before use.

 4. 10× ligation buffer: 660 mM Tris–HCl (pH 7.5 at 20 °C), 
50 mM MgCl2, 50 mM dithioerythritol, and 10 mM ATP.

 5. T4 DNA ligase (5 U/μL).
 6. Ligation reaction mix: 6 μL of each of the digested hybridized 

oligonucleotides (four kinds of hybridized oligonucleotides in 
total 24 μL), 3 μL of 10× ligation buffer, and 3 μL of T4 ligase; 
the reaction mix was prepared right before use.

 7. Incubation chambers: 37, 75, 10, and 4 °C.
 8. 70-base-pair (bp) cut-off purification filters, such as, but not 

limited, QIAquick Gel Extraction Kit (Qiagen, Valencia, CA).
 9. 100-bp cut-off purification filters, such as, but not limited, 

QIAquick PCR Purification Kit (Qiagen).
 10. Microcentrifuge ≥10,000 × g (13,000 rpm).

 1. Expression vector (0.5 μg/μL), such as pSpRNAi-RGFP (see 
Note 2; refs. 23, 27) and pLVX-AcGFP-N1 (Clontech 
Laboratories, Mountain View, CA). Any expression vector 
containing an either MluI/PvuI or XhoI/BamHI multiple 
cloning site for the insertion of the miR-302 cluster in the 
5′-untranslated region (5′-UTR) or in-frame intron of an 
reporter gene (i.e., EGFP or RGFP) can be used here.

2.3 Insertion 
of the miR-302 Cluster 
into an 
Expression Vector

Name Sequencea

miR-302a-sense 5�-GATATCTCGA GTCACGCGTT CCCACCACTT AAACGTGGAT GTACTTGCTT TGAAACTAAA
GAAGTAAGTG CTTCCATGTT TTGGTGATGG ATAGATCTCT C-3�

miR-302a-antisense 5�-GAGAGATCTA TCCATCACCA AAACATGGAA GCACTTACTT CTTTAGTTTC AAAGCAAGTA
CATCCACGTT TAAGTGGTGG GAACGCGTGA CTCGAGATAT C-3�

miR-302b-sense 5�-ATAGATCTCT CGCTCCCTTC AACTTTAACA TGGAAGTGCT TTCTGTGACT TTGAAAGTAA
GTGCTTCCAT GTTTTAGTAG GAGTCGTCAT ATGAC-3�

miR-302b-antisense 5�-GTCATATGAC GACTCCTACT AAAACATGGA AGCACTTACT TTCAAAGTCA CAGAAAGCAC
TTCCATGTTA AAGTTGAAGG GAGCGAGAGA TCTAT-3�

miR-302c-sense 5�-GCCATATGCT ACCTTTGCTT TAACATGGAG GTACCTGCTG TGTGAAACAG AAGTAAGTGC
TTCCATGTTT CAGTGGAGGC GTCTAGACAT-3�

miR-302c-antisense 5�-ATGTCTAGAC GCCTCCACTG AAACATGGAA GCACTTACTT CTGTTTCACA CAGCAGGTAC
CTCCATGTTA AAGCAAAGGT AGCATATGGC-3�

miR-302d-sense 5�-CGTCTAGACA TAACACTCAA ACATGGAAGC ACTTAGCTAA GCCAGGCTAA GTGCTTCCAT
GTTTGAGTGT TCGCGATCGG ATCCAC-3�

miR-302d-antisense 5�-GTGGATCCGA TCGCGAACAC TCAAACATGG AAGCACTTAG CCTGGCTTAG CTAAGTGCTT
CCATGTTTGA GTGTTATGTC TAGACG-3�

Table 1 
Synthetic sequences used for constructing the miR-302 familial cluster

aRed letters indicate the sequences of each individual miR-302 precursor (pre-miR302)
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 2. 10× restriction buffer, such as MluI and PvuI for digesting 
pSpRNAi-RGFP or XhoI and BamH1 for digesting 
pLVX-AcGFP-N1.

 3. Restriction enzymes, such as MluI and PvuI (for pSpRNAi- 
RGFP) or XhoI and BamH1 (for pLVX-AcGFP-N1) in a stock 
concentration of 10 U/μL.

 4. Digestion reaction mix: 13 μL of the miR-302 cluster, 2 μL of 
10× digestion buffer, 4 μL of restriction enzymes (MluI/PvuI 
or XhoI/BamHI), and 1 μL of the expression vector; prepare 
the reaction mix right before use.

 5. 100-bp cut-off purification filters, such as, but not limited, 
QIAquick PCR Purification Kit (Qiagen).

 6. Microcentrifuge ≥10,000 × g (13,000 rpm).
 7. 10× ligation buffer: 660 mM Tris–HCl (pH 7.5 at 20 °C), 

50 mM MgCl2, 50 mM dithioerythritol, and 10 mM ATP.
 8. T4 DNA ligase (5 U/μL).
 9. Ligation reaction mix: 25 μL of the digested miR-302 cluster 

and expression vector mix, 3 μL of 10× ligation buffer, and 
2 μL of T4 ligase; prepare the reaction mix just before use.

 10. Incubation chambers: 37, 75, 10, and 4 °C.
 11. Luria-Bertani (LB) agar plates containing 50 mg/mL kanamy-

cin for pSpRNAi-RGFP or 100 mg/mL ampicillin for pLVX-
AcGFP-N1 clone selection.

 12. Low salt LB broth containing 50 mg/mL kanamycin for 
pSpRNAi-RGFP or 100 mg/mL ampicillin for pLVX-AcGFP-
 N1 clone amplification.

 13. Ready-to-use transformation competent E. coli cells, such as, 
but not limited, Z-Competent E. coli-DH5α Kit (Zymo 
Research, Irvine. CA).

 14. Incubation shaker: 37 °C, >180 rpm vortex.
 15. Plasmid extraction kit, such as, but not limited, QIAprep Spin 

Miniprep Kit (Qiagen).

 1. Electroporator, such as, but not limited, Neon Transfection 
System (Invitrogen, Carlsbad, CA) or Multiporator Electro-
poration System (Eppendorf, Hamburg, Germany).

 2. Electroporation buffer (see Note 3).
 3. Polysomal or liposomal reagents, such as, but not limited, 

FuGENE HD Transfection Reagent (Roche Diagnostics, 
Indianapolis, IN).

 4. Target cells (>2000 cells).
 5. Cell culture medium, depending on the cell type of interest.
 6. 1× trypsin/EDTA solution.

2.4 Transfection or 
Electroporation
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 1. Feeder-free mirPSC medium: KnockOut DMEM/F-12 
medium supplemented with 10% KnockOut serum replace-
ment (Invitrogen), 1% MEM nonessential amino acids, 
100 μM β-mercaptoethanol, 1 mM GlutaMax, 1 mM sodium 
pyruvate, 0.1 μM A83-01, 0.1 μM valproic acid (Stemgent, 
San Diego, CA), 10 ng/mL bFGF, 10 ng/mL FGF-4, 5 ng/
mL LIF, and a mix of 50 IU/mL penicillin and 50 μg/mL 
streptomycin (see Note 4).

 2. G418 (a final concentration ranged from 100 to 300 μg/mL 
for culturing pSpRNAi-RGFP-transfected cells) or puromycin 
(a final concentration ranged from 15 to 100 μg/mL for cul-
turing pLVX-AcGFP-N1-transfected cells).

 3. Incubator for cell culture: 37 °C, 5% CO2.

3 Methods

The double-stranded DNA of each individual miR-302 precursor 
is formed by annealing the sense strand of each miR-302 familial 
member to its respective antisense strand; for example, miR-302a- 
sense to miR-302a-antisense, miR-302b-sense to miR-302b- 
antisense, miR-302c-sense to miR-302c-antisense, and 
miR-302d-sense to miR-302d-antisense (see Table 1). Then, the 
double-stranded DNAs of all four miR-302 (a, b, c and d) precur-
sors are separately cleaved by different restriction enzymes to gen-
erate various cohesive ends. Based on these cohesive ends, all four 
miR-302 precursors can be sequentially ligated into one familial 
cluster ready for coexpression. All synthetic strands of miR-302 
members must be purified by polyacrylamide gel electrophoresis 
(PAGE) and stored at −20 °C.

 1. Hybridization: Mix the synthetic sense and antisense strands of 
each miR-302 member (each 1 nmol) in 10 μL of autoclaved 
ddH2O; add 10 μL of 2× hybridization buffer, mix and heat to 
94 °C for 3 min, and then slowly cool to 65 °C in 30 min. Stop 
the reaction on ice.

 2. Restriction enzyme digestion: Prepare one digestion reaction 
mix for each hybridized miR-302 member (a, b, c, and d, 
respectively), containing 4 μL of the hybridized DNA, 2 μL of 
10× digestion buffer, 4 μL of restriction enzymes, and 10 μL 
of autoclaved ddH2O. Use 4 μL of BglII for miR-302a cleav-
age, 2 μL of BglII and 2 μL of NdeI for miR-302b cleavage, 
2 μL of NdeI and 2 μL of XbaI for miR-302c cleavage, and 
4 μL of XbaI for miR-302d cleavage. Incubate the reaction at 
37 °C for 4 h and then stop at 4 °C. Purify each of the digested 
miR-302 member (a, b, c, and d, respectively) using a 70-bp 
cut-off purification filter, following the manufacturer’s protocol, 
and recover the DNA in 30 μL of autoclaved ddH2O.

2.5 Selection 
and Cultivation 
of miR-302-Positive 
mirPSCs

3.1 Construction 
of the miR-302 Cluster
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 3. Cohesive end ligation: Combine all four miR-302 members 
and mix well. Prepare a ligation reaction mix, containing 24 μL 
of the miR-302 mixture, 3 μL of 10× ligation buffer, and 3 μL 
of T4 ligase, and incubate the reaction at 10 °C for 16 h and 
then stop at 4 °C. This forms the miR-302 familial cluster con-
taining miR-302a, b, c, and d in a 5′ to 3′ sequential order. 
Purify the miR-302 cluster using a 100-bp cut-off purification 
filter and recover it in 30 μL of autoclaved ddH2O.

Intronic miRNA can be expressed from the 5′-UTR, 3′-UTR or 
in-frame intron region of a gene; hence, any expression vector con-
taining an insertion site in these regions can be used for miR-302 
expression. For example, the pSpRNAi-RGFP plasmid vector [23, 
27] possesses an MluI/PvuI insertion site in its in-frame intron, 
while the retroviral pLVX-AcGFP-N1 vector (Clontech) contains a 
XhoI/BamHI cloning site in the 5′-UTR of its AcGFP gene. Both 
the vectors have been tested for successfully expressing the miR- 
302 cluster. However, due to the low stability of the highly struc-
tured miR-302 cluster, we have noticed that during the processes 
of vector amplification and extraction, the transformed E. coli com-
petent cells cannot be stored at 4 °C or some of the hairpin pre- 
miRNA structures may be lost. For storage, the vector containing 
the miR-302 cluster is stable at 4 °C for up to 4 months and at 
−80 °C for over 2 years.

 1. Restriction enzyme digestion: Mix 1 μL of the expression vec-
tor to 13 μL of the miR-302 cluster and prepare one digestion 
reaction mix containing the 14 μL mixture, 2 μL of 10× diges-
tion buffer, and either 2 μL of MluI and 2 μL of PvuI (for 
pSpRNAi-RGFP) or 2 μL of XhoI and 2 μL of BamH1 (for 
pLVX-AcGFP-N1). Incubate the reaction at 37 °C for 4 h and 
then 4 °C. Purify the digested reaction using a 100-bp cut-off 
purification filter and recover the DNAs in 30 μL of autoclaved 
ddH2O.

 2. Cohesive end ligation: Prepare a ligation reaction mix, con-
taining 25 μL of the cleaved vector and miR-302 cluster mix-
ture, 3 μL of 10× ligation buffer, and 2 μL of T4 ligase. 
Incubate the reaction at 10 °C for 16 h and then 4 °C. This 
forms the miR- 302- expressing vector.

 3. Vector selection: Add 5 μL of the miR-302-expressing vector 
to the ready-to-use transformation competent E. coli-DH5α 
cells, mix and incubate the mixture at 4 °C for 10 min, follow-
ing the manufacturer’s protocol. Next, pour and smear the 
mixture evenly onto an antibiotic-containing LB agar plate 
(50 mg/mL kanamycin for pSpRNAi-RGFP or 100 mg/mL 
ampicillin for pLVX-AcGFP-N1) and incubate the transformed 
E. coli-DH5α cells at 37 °C, overnight.

3.2 Insertion 
of the miR-302 Cluster 
into an 
Expression Vector
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 4. Vector amplification: Pick and transfer each single-cell colony, 
with a sterilized platinum loop or pipet tip, from the LB agar 
plate into 30 mL of antibiotic-containing LB broth (50 mg/
mL kanamycin for pSpRNAi-RGFP or 100 mg/mL ampicillin 
for pLVX-AcGFP-N1), respectively. Further incubate the cell- 
containing LB broth on a shaker (>180 rpm) at 37 °C, 
overnight.

 5. Vector extraction: Isolate and recover the amplified vector in 
30 μL of autoclaved ddH2O using a plasmid extraction mini-
prep filter, following the manufacturer’s protocol. To confirm 
the insertion of the miR-302 cluster, the isolated vector can be 
digested with either MluI and PvuI (for pSpRNAi-RGFP) or 
XhoI and BamH1 (for pLVX-AcGFP-N1) to generate a ~350 
base-pair DNA band on 2% agarose gel electrophoresis.

To express the miR-302 cluster in the cells of interest, we recom-
mend either electroporation or liposomal/polysomal transfection. 
Although the pLVX-AcGFP-N1 vector can also be used for lentivi-
ral production, this approach must be performed with extreme 
care due to the unknown function of miR-302 in vivo. For miR- 
302- induced iPSC generation, the cell types currently tested are 
human skin/hair-derived somatic cells, including melanocytes, 
keratinocytes and fibroblasts, and neural-like HEK-293 as well as 
several tumor/cancerous cell lines, such as human melanoma 
Colo-829, breast cancer MCF7, prostate cancer PC3, hepatocel-
lular carcinoma HepG2, and embryonal teratocarcinoma Tera-2 
cells. Notably, the reprogramming efficiency may vary in different 
cell types; for example, using electroporation, the average iPSC 
formation rates are >70% for HEK-293 cells, 15–20% for keratino-
cytes, 7–10% for melanocytes, <1–3% for adult fibroblasts, and <1% 
for all tested tumor/cancerous cells, respectively. The reprogram-
ming efficiency in other cell types remains to be determined.

 1. Electroporation: Add 2000–200,000 cells and 15–40 μg of 
the miR-302-expressing vector in 250 μL of electroporation 
buffer, mix well and place into a 400 μL cuvette with alumi-
num electrodes. Perform electroporation tests following the 
manufacturer’s protocol (see Note 3). After electroporation, 
grow the cells in the feeder-free mirPSC medium at 37 °C 
under 5% CO2.

 2. Liposomal/Polysomal transfection (see Note 5): Grow cells to 
50% confluency in a 100 mm culture dish and replace the cell 
culture medium by 9 mL of serum-free cell culture medium 4 h 
before transfection. For transfection preparation, add 15 μg of 
the miR-302-expressing vector into 1 mL of serum-free cell 
culture medium and mix well. Next, add 50 μL of FuGENE 

3.3 Transfection or 
Electroporation
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HD reagent into the center of the vector-medium mixture and 
vortex for 10 s. Place the mixture at room temperature for 
15 min (see Note 6). After the incubation, add the mixture 
drop-wise, covering the whole 100 mm culture dish and shake 
the culture dish back-and-forth and right-and-left several times 
to evenly distribute the mixture (see Note 7). Incubate the cells 
at 37 °C under 5% CO2 for 12–18 h and then replace the 
medium with a feeder-free mirPSC medium. Continue to grow 
the transfected cells in the feeder-free mirPSC medium at 37 °C 
under 5% CO2.

Since the pSpRNAi-RGFP and pLVX-AcGFP-N1 vectors contain 
an antibiotic-resistant gene against G418 and puromycin, respec-
tively, the positive miR-302-transfected cells can be selected by 
using either G418 (for pSpRNAi-RGFP) or puromycin (for pLVX- 
AcGFP- N1). The positive miR-302-transfected cells also express 
either red fluorescent RGFP (pSpRNAi-RGFP) or green AcGFP 
(pLVX-AcGFP-N1) for color identification under a fluorescent 
microscope or cell sorting by a FACS flow cytometry machine. 
Both antibiotic selection and color identification/sorting ensure 
the purity of the miR-302-transfected cell population.

 1. Antibiotic selection: When the transfected cells start to express 
red or green fluorescent GFP, add either G418 (100–300 μg/
mL for pSpRNAi-RGFP-transfected cells) or puromycin (15–
100 μg/mL for pLVX-AcGFP-N1-transfected cells) to the cell 
culture medium and mix well. The optimal antibiotic concen-
tration for mirPSC selection may vary dependent on the origi-
nal cell types. Incubate the cells at 37 °C under 5% CO2 for 
24–48 h and then replace the medium with the fresh feeder-
free mirPSC medium. Continue to grow the cells in the feeder-
free mirPSC medium at 37 °C under 5% CO2 for 3 more days 
and observe the purity of the fluorescent cells. If there are still 
many non-transfected (non-fluorescent) cells, repeat the steps 
of this section using a higher antibiotic concentration until the 
fluorescent cell population is relatively pure.

 2. mirPSC culturing and passaging: Under the above feeder-free 
culture condition, mirPSCs tend to form large embryoid body- 
like colonies. When a mirPSC colony contains more than 2000 
cells, divide the colony into several small pieces with a scalpel 
and transfer the cells to a new collagen-coating culture dish in 
the feeder-free mirPSC medium. Incubate the cells at 37 °C 
under 5% CO2 (see Note 8).

3.4 Selection 
and Cultivation 
of miR-302-Positive 
mirPSCs
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4 Notes

 1. All synthetic oligonucleotides are purified by polyacrylamide 
gel electrophoresis (PAGE) to ensure their highest purity and 
sequence integrity.

 2. The detailed method for constructing the SpRNAi-RGFP 
expression vector has been described in our previous publica-
tions [23, 27].

 3. Electroporation buffer varies depending on your electropora-
tion machine. Please follow the manufacturer’s suggestions.

 4. The addition of A83-01, a SMAD2 inhibitor, and valproic 
acid, a HDAC inhibitor, is optional, depending on the cell type 
of interest.

 5. The protocol shown here is optimized for FuGENE HD 
(Roche). For other liposomal/polysomal reagents, a different 
protocol may be adopted. Please follow the manufacturer’s 
protocols for this section if not using FuGENE HD. Also, the 
transfection volume is prepared for a 100 mm culture dish 
containing cells at 50% confluency (in 10 mL of cell culture 
medium). If a smaller volume is desired, please reduce the 
amount of all materials and reagents in proportional to the 
volume of cell culture medium.

 6. Maximal 30 min at room temperature.
 7. Do not swirl the cell culture dish to mix the mixture. This 

results in an uneven distribution of the transfection mixture.
 8. When the mirPSC colony grows too big (>5000 cells), the 

cells in the center of the colony may undergo apoptosis, which 
causes whole colony differentiation or death. The apoptotic 
mirPSC colony cannot be recovered for further passaging. 
Even under the best cell culture condition, the mirPSCs can 
maximally be passaged up to 26 generations, based on the cur-
rent studies [2, 3].
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Chapter 23

The miR-302-Mediated Induction of Pluripotent Stem Cells 
(iPSC): Multiple Synergistic Reprogramming Mechanisms

Shao-Yao Ying, William Fang, and Shi-Lung Lin

Abstract

Pluripotency represents a unique feature of embryonic stem cells (ESCs). To generate ESC-like-induced 
pluripotent stem cells (iPSCs) derived from somatic cells, the cell genome needs to be reset and repro-
grammed to express the ESC-specific transcriptome. Numerous studies have shown that genomic DNA 
demethylation is required for epigenetic reprogramming of somatic cell nuclei to form iPSCs; yet, the mecha-
nism remains largely unclear. In ESCs, the reprogramming process goes through two critical stages: germline 
and zygotic demethylation, both of which erase genomic DNA methylation sites and hence allow for differ-
ent gene expression patterns to be reset into a pluripotent state. Recently, miR-302, an ESC-specific 
microRNA (miRNA), was found to play an essential role in four aspects of this reprogramming mechanism—
(1) initiating global genomic DNA demethylation, (2) activating ESC-specific gene expression, (3) inhibiting 
developmental signaling, and (4) preventing stem cell tumorigenicity. In this review, we will summarize 
miR-302 functions in all four reprogramming aspects and further discuss how these findings may improve 
the efficiency and safety of the current iPSC technology.

Key words miR-302, MicroRNA, Induced pluripotent stem cell, Epigenetic reprogramming, DNA 
demethylation, Pluripotency

Abbreviations

3′-UTRs The 3′-untranslated regions
5hmC 5-Hysroxymethylcytosine
Ago 1–4 Argonaute proteins 1–4
AID Activation-induced cytidine deaminase
AOF1/2 (LSD1/2 or KMD1/1B)  Flavin-containing amine oxidase domain-containing 

protein ½
BER A base excision DNA repair
BMI-1  B Lymphoma mouse Moloney leukemia virus inser-

tion region
BMP Bone morphogenetic protein
cMyc c-Myelocytomatosis oncogene
CXCR4 C-X-C Chemokine receptor type 4
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DAZAP2 DAZ-associated protein 2
DNMT1 DNA (Cytosine-5-)-methyltransferase 1
EIF2C Eukaryotic translation initiation factor 2C
ESC Embryonic stem cells
GCNF or NR6A1 Germ cell nuclear factor
H3K4me2/3 Methylation of histone 3 on lysine 4
HDAC2/4 Histone deacetylase 2 and 4
HDM2 E3 ubiquitin ligase for p53
iPSCs Induced pluripotent stem cells
Klf4 Kruppel-like factor 4
LARP7 or PIP7S La ribonucleoprotein domain family member 7 gene
LIN28 RNA-binding protein LIN-28
mdm2 P53 E3 ubiquitin protein ligase
MEPC1/2 Methyl-CpG binding 1 and 2
miR-302 MicroRNA-302
miRNA MicroRNA
miRNAs MicroRNAs
mirPS cells miR-302-mediated pluripotent stem cells
NANOG  A transcription factor critically involved with self-renewal of undiffer-

entiated embryonic stem cells
ncRNAs Noncoding RNAs
NR2F2 Nuclear receptor subfamily 2, group F, member 2
Oct4  Octamer-binding transcription factor 4; a protein that is critically 

involved in the self-renewal of undifferentiated embryonic stem cells
PCAF p300-CBP-associated factor
PGC Primordial germ cells
pre-miRNA Hairpin-like miRNA precursors
pri-miRNA Primary miRNA precursors
RAS-MAPK Ras-mitogen-activated protein kinase
RISC RNA-induced silencing complexes
RNA pol II Type-II RNA polymerases
SCNT Somatic cell nuclear transfer
SCR Somatic cell reprogramming
SLAIN1 SLAIN motif family, member 1
Sox2 SRY (sex determining region Y)-box 2
SSEA ¾ 3-Mercaptopyruvate sulfurtransferase-3 or 4
Tcf3 Transcription factor 3
Tet Tet methylcytosine dioxygenase 1 or 2
TGFβ-SMAD  Transforming growth factorβ-mothers against DPP homolog family 

members
TOB2 Protein Tob2; transducer of erbB-2 2
UTF1 Undifferentiated embryonic cell transcription factor 1

1 Introduction

Stem cells are responsible for generating new cells to maintain 
biological function; yet, once differentiated, a stem cell usually 
does not revert to an earlier developmental stage. The mechanism 
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underlying this one-way development is DNA methylation. During 
stem cell differentiation, methylation of the cell genome triggers 
various tissue-specific gene expression patterns and hence deter-
mines the final properties of the differentiated cells. As a result, 
methylation and subsequently events prevent the reversion of the 
differentiated cells and make fate alteration impossible. However, 
the population of stem cells in the body is limited, and stem cells 
can be damaged by numerous environmental and pathogenic fac-
tors, such as pollutants, toxic materials, free radicals, stress, micro-
bial/viral infections, and various illnesses during the life span. When 
the pool of stem cells becomes depleted and/or exhausted, the 
body grows old. For this reason, rejuvenation is almost impossible 
because the reversal of ageing would require generating new stem 
cells. It is essential to unlock and revert the properties of differenti-
ated somatic cells to those of a stem-cell-like state if rejuvenation is 
to be achieved. Thus, the mechanism of stem cell generation via 
DNA demethylation may hold the key to slowing or even reversing 
the ageing process.

The global demethylation of genomic DNA normally occurs in 
only two stages of development. One is during the migration of 
primordial germ cells (PGC) into embryonic gonads (that is, germ-
line demethylation at approximately embryonic day E10.5 to E13.5) 
and the other in the 2–16-cell-stage zygote after fertilization 
(i.e., zygotic demethylation) [1–4]. The majority of parental 
imprints are erased and re-established in germline PGCs but pre-
served in post-fertilized zygotic cells [5, 6], this suggests that the 
mechanisms by which demethylation occurs in germline and zygotic 
cells are not identical. However, the differences between these two 
normally occurring demethylation processes remain largely unclear. 
We have discovered a novel reprogramming mechanism in induced 
pluripotent stem cells (iPSCs) and implicated a new kind of global 
DNA demethylation mechanism comparable to the naturally occur-
ring ones [7–9]. This man-made reprogramming mechanism trig-
gers massive erasure of genomic DNA methylation sites but preserves 
many parental imprints similar to those affected by zygotic demeth-
ylation [9, 10]. Due to the high preservation of parental imprints 
associated with this new reprogramming mechanism, certain herita-
ble properties of cells such as epigenetic memory and immunogenic 
compatibility have been preserved in iPSCs [11–13].

Takahashi and Yamanaka first developed the method to generate 
iPSC in 2006 [14]. Using retroviral delivery of four defined transcrip-
tion factors (Oct4, Sox2, Klf4, and c-Myc; called OSKM) in vitro, 
reprogramming of somatic fibroblasts to embryonic stem cell (ESC)-
like iPSCs was successfully observed [14, 15]. Subsequently, Yu et al. 
developed another method using a different set of four defined factors, 
Oct4, Sox2, Nanog, and LIN28 (OSNL) [16]. The utilization of 
iPSCs not only addresses the ethical concerns of using human ESCs 
but also may provide a patient-friendly therapy when used in conjunction 
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with somatic cell nuclear transfer (SCNT) technologies. Due to these 
advantages, iPSC-based SCNT therapy had been used to treat sickle 
cell anemia in a transgenic mouse model [17]. Nevertheless, the mech-
anism underlying the four-factor-induced iPSC transformation is still 
elusive, and there remain several concerns. First, oncogenic c-Myc is 
required to boost the success rate of iPSC formation, and the success 
rate is less than 0.002% when c-Myc is omitted. Second, the iPSC 
population is heterogeneous due to the variable delivery efficiency of 
the four factors. Up to this date, the best stoichiometric combination 
of four factors for reprogramming has not been identified. Lastly, the 
combined effect of the four defined factors seems to maintain merely 
the intrinsic network of embryonic gene expression [18, 19]; whereas 
the effect that leads to a global cancellation of somatic gene expression 
patterns remains largely unknown. Therefore, the efficiency and safety 
of the four-factor-induced iPSCs is questionable.

The demethylation of genomic DNA is necessary for initiating 
epigenetic reprogramming of somatic cell nuclei to form pluripotent 
stem cells [10, 20–22]. Epigenetic reprogramming involves not only 
global cancellation of somatic gene methylation profiles but also 
activation of ESC-specific gene expression. In light of zygotic 
demethylation during early embryogenesis, we have learned that 
exclusion of DNA (cytosine-5-)-methyltransferase 1 (DNMT1) 
from zygotic nuclei causes passive demethylation of maternal DNA 
in 2–16-cell-stage embryos while paternal DNA is mainly demethyl-
ated by another undefined active mechanism before the first embry-
onic cleavage [3–6]. As DNMT1 functions to maintain inherited 
CpG methylation patterns by methylating the newly replicated DNA 
during the S-phase of the cell cycle, the deficiency of DNMT1 activ-
ity leads to passive global DNA demethylation in the daughter cells 
following early zygotic cell divisions [23–25]. Yet, in this scenario, 
none of the previously defined reprogramming factors (either OSKM 
or OSNL) is involved in this critical epigenetic mechanism of repro-
gramming. In fact, all these defined factors are expressed after 
zygotic demethylation, showing no direct correlation with the epi-
genetic reprogramming. Hence, the activation of the defined factors 
described above is the result, not the cause, of the global DNA 
demethylation. Conceivably, factor(s) other than these defined fac-
tors may account for the epigenetic reprogramming.

Our recent studies have revealed, for the first time, that a group 
of noncoding RNAs (ncRNAs) rather than proteins are responsible 
for initiating global DNA demethylation in human iPSCs [7–9]. 
These ncRNAs belong to an ESC-specific microRNA (miRNA) 
family, miR-302, which is expressed most abundantly in human 
ESCs and iPSCs but not in differentiated somatic cells [25–27]. 
Native miR-302 consists of four familial sense homologues (miR-
302b, c, a, and d) and three distinct antisense members (miR-
302b*, c*, and a*), all of which are transcribed together as a 
polycistronic RNA cluster along with another miRNA, miR-367 [25]. 

Shao-Yao Ying et al.



287

It is noted that the elevation of miR-302 is highly coordinated 
with zygotic demethylation in 2–16-cell-stage embryos [25, 26]. 
Also, another study found that mouse iPSCs also express an ele-
vated level of miR-291/294/295, members of the miR-302 family 
and the regular markers for mouse ESCs [26]. These findings 
suggest that the miR-302 family serves as a major reprogram-
ming factor in both human and mouse pluripotent stem cells. 
However, miR-302 is a gene silencer, not an activator. As shown in 
Fig. 1, miR-302 functions to suppress the translation of its target 
genes through complementary binding and formation of RNA-
induced silencing complexes (RISCs) in the 3′-untranslated regions 

Fig. 1 The natural biogenesis mechanism of the intronic microRNA miR-302. MiR-302 is a natural intronic 
microRNA (miRNA), encoded in the intronic region of the La ribonucleoprotein domain family member 7 (LARP7 
or PIP7S) gene. During miR-302 biogenesis, primary miRNA precursors (pri-miRNA) are first transcribed by 
type-II RNA polymerases (Pol-II) along with the LARP7 gene transcripts and spliced by cellular spliceosomes to 
form hairpin-like miRNA precursors (pre-miRNA), which are then exported out of the nucleus by Exportin-5 
(Xpo5) and further diced by Dicer-like RNaseIII endoribonucleases in cytoplasm to form mature miRNAs. 
Consequently, mature miR-302 molecules are assembled into RNA-induced silencing complexes (RISC) with 
argonaute proteins (Ago1–4) that elicit gene-specific silencing
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(3′-UTRs) of the targeted gene transcripts [28, 29]. Due to this 
unique function in gene silencing, miR-302 may play a role in sup-
pressing DNMT1 to induce global DNA demethylation and hence 
initiate epigenetic reprogramming in both human ESCs and iPSCs.

2 Global Genomic DNA Demethylation

The somatic cell reprogramming (SCR), essential for generat-
ing iPSCs, begins with global genomic DNA demethylation. 
Subsequent molecular events were first reported by Lin et al. 
[7–9]. Furthermore, the concentration of cellular miR-302 deter-
mines the extent of genomic DNA demethylation in iPSCs [9, 10]. 
As shown in Fig. 2, miR-302 functions as a gene silencer to simul-
taneously downregulate several key epigenetic regulators, includ-
ing DNMT1, lysine-specific histone demethylases 1 and 2 
(AOF2/1, LSD1/2, or KDM1/1B), methyl-CpG-binding pro-
teins 1 and 2 (MECP1/2), and histone deacetylase 2 and 4 
(HDAC2/4). Concurrent silencing of these important epigenetic 
regulators induces global DNA demethylation, which is the first 
sign of the epigenetic reprogramming required for establishing 
stem cell pluripotency [7, 9, 10]. Given that DNA methylation 
often serves as a transcriptional block to repress ESC-specific gene 
expressions [20], miR-302 can thus induce global DNA demethyl-
ation to remove these transcriptional blocks and then re-activate a 
nearly full spectrum (>91–93%) of ESC-specific transcriptome 
expression, consequently resulting in reprogramming of somatic 
cells to iPSCs.

Fig. 2 A time-course comparison between zygotic and reprogramming-mediated global DNA demethylation 
and related ESC-specific gene activation. Both DNA demethylation events in ESCs and iPSCs occur most 
prevalently during the 2-to-16-cell stages when miR-302 reaches its maximal expression; however, ESCs 
exhibit another active demethylation mechanism which removes paternal DNA methylated sites at the one-cell 
stage. As a result of such global DNA demethylation, the entire cellular gene expression suite is reset and, 
hence, many ESC-specific genes are activated, such as Oct4, Sox2, UTF1, Nanog, Lin28, SSEA3, and SSEA4
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We have examined iPSC formation in a time-dependent 
fashion (Fig. 3) and found that the downregulation of AOF1/2, 
DNMT1, MECP1/2, and HDAC2 was most prominent in the 
first 3 days following miR-302 elevation, while the expression of 
Oct4, Nanog, and Sox2 was raised to a maximal level on the fifth 
day [7, 9]. During this time, miR-302-transfected cells rest for a 
few days and then 1–2 cell divisions were detected in 3–5 days. 
This cell-division-dependent process highly resembles the zygotic 
demethylation of a maternal genome, and it takes place in both 
parental genomes in iPSCs. Previous transgenic animal studies 
have shown that, in the absence of AOF1, germ cells fail to undergo 
de novo DNA methylation during oogenesis [30], while AOF2 
deficiency leads to embryonic lethality due to a progressive loss of 
genomic DNA methylation and lack of cell differentiation [22]. 
Inhibition of either AOF1 or AOF2 also promotes methylation of 
histone three on lysine 4 (H3K4me2/3), a standard chromatin 
mark specific for ESCs and fully reprogrammed iPSCs [22, 30–32]. 
Therefore, silencing both AOF1 and 2 is sufficient to cause global 
DNA demethylation and chromatin modification required for 
reprogramming [9, 10]. Additionally, suppression of MECP1/2 
may further enhance the AOF1/2-mediated DNA demethylation 
effect in iPSCs [7].

Fig. 3 The miR-302-induced epigenetic reprogramming mechanism in iPSCs. Global DNA demethylation is 
required for reprogramming the somatic cell genome to a pluripotent stem cell state. When the cellular miR-
302 concentration is raised beyond 1.1–1.3-fold of the level found in human ESCs, miR-302 silences multiple 
key epigenetic regulators, such as AOF1/2, DNMT1, MBD2, and MECP1/2, to induce global DNA demethylation 
and, hence, allow the cell genome to be reset to a pluripotent state. On the other hand, miR-302 also silences 
several transcriptional repressors, such NR2F2 and GCNF/NR6A1, to promote Oct4 and Nanog gene transcrip-
tion, subsequently leading to a significant increase in ESC-specific gene expression
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DNMT1 is another important downstream target of miR-302 
because AOF2 is responsible for stabilizing DNMT1 [9, 22]. In 
iPSCs, miR-302 silences AOF2 to reduce DNMT1 activity [9]. 
Alternatively, the analytic results of a miRNA-target prediction 
program provided by the European Bioinformatics Institute 
EMBL-EBI [33] also suggest that miR-302 may directly inhibit 
DNMT1 translation. As a result, miR-302 strongly downregulates 
DNMT1 via both translational suppression and posttranslational 
degradation. During early embryogenesis, DNMT1 inherited from 
oocytes is excluded from zygotic nuclei by an undefined mecha-
nism while zygotic DNMT1 expression is very limited due to miR-
302 overexpression [4, 34–36]. The function of DNMT1 is to 
methylate the newly replicated DNA in daughter cells during cell 
divisions; hence, diminished DNMT1 activity leads to a passive 
global DNA demethylation in early zygotes [4, 23, 24]. Similarly, 
miR-302-mediated DNMT1 silencing in iPSCs also elicits passive 
global DNA demethylation comparable to the zygotic demethyl-
ation process. However, since passive demethylation is unable to 
remove the methylated sites originally left in a somatic genome 
before reprogramming, this reprogramming model will generate 
two hemi-methylated cells in every single-iPSC colony. To this, 
whether these hemi-methylated cells degrade via programmed cell 
death (apoptosis) during reprogramming or further demethylated 
by another active mechanism remains to be determined.

A number of active DNA demethylation mechanisms that play a 
role in reprogramming have been proposed. First, activation-induced 
cytidine deaminase (AID) initiates active DNA demethylation in early 
mouse embryos [3, 37, 38]. MiR-302 promotes AID expression in 
iPSCs [9]. AID is normally expressed in B cells, PGCs, oocytes, and 
early stage embryos and functions to remove 5-methylcytosine (5mC) 
by deaminating 5mC to thymine (T), subsequently resulting in 
T-guanine (G) mismatch base pairing [39, 40]. To correct such T-G 
mismatch pairing, a base excision DNA repair (BER) pathway was 
proposed for replacing the mismatched T with a C [41, 42]; yet, the 
enzyme required for this BER correction has not been identified in 
mammals. Another hypothesis involving excision repair of 5-hydroxy-
methylcytosine (5hmC) proposed that Tet familial enzymes, which 
first convert 5mC to 5hmC, can further convert it to C by spontane-
ous loss of its formaldehyde group [43] or by a currently undefined 
DNA repair system. The formation of 5hmC in ESCs and iPSCs 
enhances passive DNA demethylation since DNMT1 does not recog-
nize 5hmC as a substrate for replication [44, 45]. Nevertheless, sev-
eral recent studies did not support this hypothesis [45, 46]. First, Tet 
expression is subject to Oct4 regulation; thus, active DNA methyla-
tion cannot occur before Oct4 expression in iPSCs [45]. Second, Tet 
depletion has no effect on Oct4, Sox2 and Nanog expression in ESCs 
[45, 47]. Third, Tet depletion in mouse embryos only affects troph-
ectoderm development and its downstream developmental signaling, 
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a stage much later than zygotic demethylation [46, 48]. Lastly, Tet 1 
and 2 do not regulate global DNA demethylation in mouse ESCs 
and promordial germ cells in vitro [49]. Given these unresolved ques-
tions, the active mechanism by which genomic DNA is demethylated 
in iPSCs remains to be elucidated.

3 Activation of ESC-Specific Gene Expression

Emerging evidence has shown that global genomic DNA demeth-
ylation promotes Oct4–Nanog expression in early mouse embryos 
and mouse-human fused heterokaryons [37, 38]. Many ESC-
specific genes are suppressed by DNA methylation in their pro-
moter regions, particularly Oct4 and Nanog [20, 50, 51]. Our 
studies further showed that induction of iPSC formation requires 
a 1.1–1.3-fold higher miR-302 concentration than that found in 
human ESCs (>0.9–1.1 million copies per ESC) [9]. As shown in 
Fig. 2, such a high cellular miR-302 concentration induces both 
global DNA demethylation and coexpression of Oct4, Sox2, and 
Nanog (OSN) in iPSCs [9, 10]. The expression of Lin28 and many 
other ESC-specific markers was also observed 1–3 days following 
OSN coexpression. In human ESCs, induced miR-302 expression 
exceeding the normal level could increase Oct4-Nanog expression 
by twofold [52]. Further studies revealed that miR-302 may 
directly suppress the expression of nuclear receptor subfamily 2, 
group F, number 2 (NR2F2), a transcriptional repressor resposible 
for methylating Oct4 promoter, to enhance Oct4 expression [53]. 
Taken together, these findings strongly suggest that miR-302 trig-
gers global DNA demethylation, and in turn, removes the tran-
scriptional blocks on ESC-specific gene promoters, thus activating 
ESC-associated gene expressions.

Previous studies have also identified NR2F2 and germ cell 
nuclear factor (GCNF or NR6A1) as transcriptional repressors of 
Oct4 promoter [53, 54]. According to the online miRNA-targeting 
prediction programs, both NR2F2 and GCNF are direct targets of 
miR-302, which silences these transcriptional repressors to activate 
Oct4 expression in iPSCs. As OSN genes described above are 
involved in a feed-forward regulatory network essential for main-
taining stem cell pluripotency [9, 19], the activation of Oct4 in 
 conjunction with global DNA demethylation can thus lead to marked 
increases of all three OSN factors, resulting in the iPSC formation. 
When the miR-302 expression declines, NR2F2 and GCNF are 
inversely increased and thus again suppress Oct4 transcription; while 
corresponding levels of Sox2 and Nanog are also decreased in 
response to the Oct4 suppression. Interestingly, OSN had also been 
found to bind to the promoter regions of miR-302 and stimulate its 
expression [55]. Therefore, these factors are all part of a positive reg-
ulatory loop that induces a reciprocal expressions of miR-302 and 
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OSN for establishing and maintaining stem cell pluripotency (Fig. 2). 
To this, our recent studies suggest that global demethylation can be 
attributed to miR-302 function rather than OSN coexpression. 
Global demethylation in mouse embryos and mouse-human fused 
heterokaryons also results in elevated Oct4 and Nanog expressions 
[37, 38]. Further, the formation of miR-302-induced iPSC colonies 
takes a much shorter time (1–2 weeks) than that of iPSCs induced by 
either OSKM or OSNL (2–3 weeks) because OSN may need to func-
tion through miR-302-induced global demethylation to complete 
the full reprogramming process.

Our current understanding of miR-302-mediated reprogram-
ming mechanisms may also provide significant insights into the 
mechanisms underlying the OSNL/OSKM-induced iPSC forma-
tion. Both OSNL/OSKM- and miR-302-induced reprogramming 
methods lead to a forced epigenetic reprogramming similar to 
zygotic demethylation but completely bypassing germline demeth-
ylation. When compared to SCNT-induced pluripotent stem cells, 
OSKM-induced iPSCs have shown less epigenomic and transcrip-
tomic similarity to ESCs [11]. SCNT is a well-established technol-
ogy for generating ESC-like pluripotent stem cells by introducing 
a somatic cell nucleus into the oocyte cytoplasm [56, 57]. Due to 
the use of oocytic ingredients, SCNT has also been proven to 
deliver a better reprogramming rate than OSKM-induced iPSC 
methods. Noteworthily, when the cytoplasm of miR-302-induced 
iPSCs was used in place of oocytes for SCNT, most (93%) of the 
hybrid cells were successfully reprogrammed to ESC-like pluripo-
tent cells [9]. This finding resembles the previous SCNT results 
using oocyte cytoplasm, indicating that several oocytic miRNAs 
such as miR-200c and miR-371–373 may play a functional role 
similar to that of miR-302. Given that miR-302 is a cytoplasmic 
effector whereas the OSKM/OSNL are all nuclear proteins, it is 
obvious that miR-302 is responsible for initiating reprogramming 
through global DNA demethylation in the SCNT-induced plurip-
otent stem cells. Furthermore, miR-302 may also stimulate certain 
undefined factors similar to those in the oocyte cytoplasm to facili-
tate the completion of somatic cell reprogramming.

Thus far, the activation of ESC-specific genes and their mutual 
interactions have only been studied in mammalian ESCs [18, 19], not 
in iPSCs. iPSCs generated by different induction methods from vari-
ous somatic cell types all share a highly similar epigenetic and tran-
scriptomic profile such as that found in ESCs, implicating a similar 
global DNA demethylation mechanism involved in erasing and reset-
ting different somatic epigenomes and transcriptomes into a unique 
ESC-like pluripotent state. In the time-course of iPSC formation 
(Fig. 2), we found that iPSCs take a longer time to reach the point of 
cell division compared to post-fertilized zygotes, probably due to the 
lack of germline elements such as paternal protamines and maternal 
oocyte transcripts. After the first cell division, the process of global 
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DNA demethylation is nearly identical between iPSCs and the 
2–16-cell-stage zygotes up to the morula stage. During this period, 
the expression of OSN and undifferentiated embryonic cell transcrip-
tion factor 1 (UTF1) is gradually elevated to a maximal level within 
1–2 days, while Lin28 and many other ESC marker genes are expressed 
1–3 days later than the OSN coexpression. Microarray analyses of 
genome-wide gene expression patterns in iPSCs and human ESCs 
have indicated that they share over 91% similarity [7, 9]. Further 
miRNA microarray analyses have also shown that many ESC-specific 
miRNAs are stimulated by miR-302 and likely function together with 
miR-302 to promote and/or maintain the pluripotency of iPSCs 
[7, 8]. As a result, the time-course of ESC-specific gene activation 
following miR-302 induction in iPSCs is summarized in Fig. 2.

4 Inhibition of Differentiation Signals

Like other miRNAs, miR-302 serves as a major gene silencer, but 
specifically in human ESCs and zygotes. Based on the analytic results 
of the online miRNA-target prediction programs TARGETSCAN 
[58] and PICTAR-VERT [59], the majority of miR302-targeted 
genes are transcripts of differentiation-associated genes and develop-
mental signals, such as members of the RAS-MAPK, TGFβ-SMAD, 
activin/inhibitin and Nodal-Lefty signaling pathways, clearly indi-
cating the significance of miR-302 in inhibiting stem cell differentia-
tion [60, 61]. In vertebrates, specification of the anterior-posterior 
axis and left-right asymmetry depends on TGFβ-related signal pro-
teins, such as activin/inhibin, Nodal, Lefty, and bone morphoge-
netic proteins (BMPs) [62]. Lefty1 and 2 are also involved in neural 
cell induction [63]. Additionally, Nodal signals are responsible for 
patterning the visceral endoderm through SMAD2-dependent path-
ways [64]. The silencing of Lefty1/2 by miR-302 leads to a signifi-
cant delay in early ESC differentiation before germ layer specification 
[60], while miR-302 can also suppress BMP inhibitors TOB2, 
DAZAP2, and SLAIN1 to promote ESC pluripotency via prevent-
ing neural induction [61] (Figs. 4 and 5). Given that the silencing of 
either Lefty1/2 or BMP inhibitors results in the same inhibitory 
effect on neural  differentiation, these findings strongly indicate that 
miR-302 can simultaneously target multiple parallel signaling path-
ways to block a specific cell lineage differentiation.

Other miRNAs are also involved in SCR. Using miRNA microar-
ray analyses, we have observed that the expressions of other ESC-
specific miRNAs, such as members of miR-17–92, miR-93, miR-367, 
miR-371–373, miR-374, and miR-520 families, are concurrently 
elevated in iPSCs [7–9]. MiR-302 shares over 440 target genes with 
these miRNAs, suggesting their potential roles in iPSC induction 
and/or formation. These conserved target genes include not only 
many members of the RAS-MAPK, TGFβ-SMAD, and Nodal-LEFTY 
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signaling pathways but also numerous transcription factors, oncogenes, 
and cell differentiation factors, such as E2F transcription factors, Myb-
like transcription factors, HMG-box transcription factors, Sp3 tran-
scription factors, NFkB activating protein genes, BMI-1 oncogene, 
Rho/Rac guanine nucleotide exchange factors, IGF receptors, proto-
cadherins, CXCR4, EIF2C, PCAF, and many nuclear receptors and 
cell surface molecules. Given that these target genes are highly involved 
in embryonic development and/or cancer tumorigenicity, miR-302 
may stimulate these homologous miRNAs to further enhance its func-
tion in preventing stem cell differentiation and tumor formation. Due 
to the complexity of these intricate miRNA-miRNA and miRNA-tar-
get interactions, understanding the full spectrum of these gene regula-
tion mechanisms will be a great challenge.

MiR-302 plays a critical role in four aspects of iPSC formation, 
including the initiation of global DNA demethylation, activation of 
ESC-specific gene expression, inhibition of developmental signaling, 
and prevention of stem cell tumorigenicity. Because of these impor-
tant functions, the present approach of miR-302-mediated iPSC 

Fig. 4 The role of miR-302 in preventing stem cell differentiation. MiR-302 targets over 400 different develop-
mental genes, including many members of the RAS-MAPK, TGFβ-SMAD, and Nodal-LEFTY signaling pathways. 
Current studies have shown that miR-302 silences SMAD2, Lefty1/2, and activin to inhibit certain TGFβ signal-
ing pathways that are highly involved in early ESC differentiation. On the other hand, miR-302 suppresses 
several BMP inhibitors including TOB2, DAZAP2, and SLAIN1 to promote BMP signaling and thus prevent neural 
induction. Both downregulation of TGFβ signaling and upregulation of BMP signaling result in a strong block-
ade of stem cell differentiation

Fig. 5 The role of miR-302 in tumor suppression. MiR-302 functions as a tumor suppressor when its cellular 
concentration surpasses the level found in human ESCs. Occurring at nearly the same time as its reprogram-
ming effect, miR-302 silences several key cell cycle regulators, such as CDK2, cyclin D1 and D2 (CCND1&2), 
and BMI-1, resulting in cell cycle attenuation at the G1-phase checkpoint. Also, silencing BMI-1 can further 
stimulate p16Ink4a and p14/p19Arf expression to prevent tumor formation in iPSCs
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generation is simpler, safer, and more effective compared to the 
previous three-/four-factor induction methods. miR-302-induced 
pluripotent stem cells (mirPSCs) may be the best candidate for 
tumor-free iPSCs based on the current FDA regulations regarding 
concerns about tumor formation risk. Furthermore, the induced 
miR-302 expression can further stimulate the expression of native 
miR-302 and many other ESC-specific miRNAs, such as miR-92, 
miR-93, miR-200c, miR-367, miR-371, miR-372, miR-373, miR-
374, as well as the miR-520 family. Analyses of the target genes 
among these miRNAs using [54] the miRBase::Sequences program 
[65] demonstrated that they share over 400 target genes with each 
other, suggesting that all these miRNAs may play critical roles in 
maintaining stem cell pluripotency and renewal, which in turn 
improve the efficiency and stability of somatic cell reprogramming to 
form iPSCs.

5 Prevention of Cancer Cell Tumorigenicity

The tendency to form tumors is one of the major problems inherent 
in stem cell therapy. Developing tumor-free ESCs/iPSCs is critical 
given of the current Food and Drug Administration (FDA) regula-
tions regarding cancer stem cells. However, oncogenic transcription 
factors such as c-Myc and Klf4 are frequently used to boost the sur-
vival and proliferative rates of the OSK-induced iPSCs, increasing 
the probability of tumorigenicity in these cells. MiR-302 has been 
shown to induce reprogramming while preventing stem cell tumori-
genicity [66]. Tumor-free pluripotency is one of the key advantages 
of miR-302-induced iPSCs compared to those induced by the 
three/four factors. However, the mechanism underlying stem cell 
tumorigenicity is still poorly understood. The fact that miR-302 
functions in the prevention of tumors may lead to developing safer 
and more efficacious iPSCs or ESCs for stem cell therapy.

We have examined the mechanism by which tumor formation 
is prevented during normal embryogenesis. Usually, early zygotes 
before the morula stage (16–32 cell stage) exhibit a relatively slow 
cell cycle period (20–24 h/cycle), whereas cycling is faster in later 
blastocyst-derived ESCs (15–16 h/cycle) [67]. Embryonic cells in 
early zygotes possess two unique features of stemness: pluripotent 
differentiation into almost all cell types and unlimited self-renewal 
in the absence of tumor formation. Clearly, these two features are 
also important for the clinical applications of ESCs or iPSCs. Our 
study revealed for the first time that miR-302 is responsible for 
inhibiting human iPSC tumorigenicity through cosuppression of 
both cyclin E–CDK2 and cyclin D–CDK4/6 cell cycle pathways to 
block >70% of the G1-S phase transition [66] (Fig. 5). Furthermore, 
miR-302 also silences BMI-1, a cancer stem cell marker, to pro-
mote the expression of two tumor suppressor genes, p16Ink4a and 
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p14/p19Arf. p16Ink4a inhibits cyclin D-dependent CDK4/6 
activity via phosphorylation of retinoblastoma protein Rb and sub-
sequently prevents Rb from facilitating E2F-dependent transcrip-
tion required for S phase entry [68, 69]. p14/p19Arf prevents 
HDM2, an Mdm2 p53-binding protein homolog, from binding to 
p53 and permits p53-dependent transcription responsible for G1 
arrest or apoptosis [70]. Taken together, the combined effect of 
reducing G1-S cell cycle transition and increasing p16/p14(p19) 
expression results in an attenuated cell cycle period similar to that 
of 2–8-cell-stage embryonic cells in early zygotes (20–24 h/cycle). 
Hence, this longer period may reflect the time required for iPSCs 
to fully pass cell cycle checkpoint surveillance for preventing pre-
mature differentiation and tumor formation.

The mechanisms of miR-302-induced reprogramming and tumor 
suppression/prevention are parallel to each other. After induction of 
miR-302 expression, we found that both events occur almost simulta-
neously at a miR-302 concentration of 1.1–1.3-fold the level found in 
human ESCs, indicating that this specific concentration is the minimal 
threshold for reprogramming somatic cells to iPSCs while preventing 
iPSC tumorigenicity [7, 9, 10, 66]. Based on this understanding, 
many tumor-free iPSC lines have been successfully generated from 
human normal skin keratinocytes and melanocytes as well as cancer-
ous melanoma Colo-829, prostate cancer PC3, breast cancer MCF7, 
hepatocellular carcinoma HepG2, and embryonal teratocarcinoma 
Tera-2 cell lines [7, 9, 66]. Notably, normal and cancerous somatic 
cells respond very differently to the miR-302-mediated tumor sup-
pression effect. miR-302 overexpression often induces apoptosis in 
over 98% of the fast-growing cancer/tumor cells, while only a few 
remaining cells become iPSCs. On the contrary, the majority (>90%) 
of the miR-302-transfected normal cells can tolerate this inhibitory 
effect on cell proliferation [7, 66]. It is understandable that tumor/
cancer cells may not survive with such relatively slow cell cycling due 
to their high metabolism and rapid substrate consumption. These 
results identify miR-302 as a tumor suppressor in iPSCs and hence 
imply a beneficial advantage in using miR-302 for not only repro-
gramming but also preventing cell tumorigenicity.

Furher, overexpression of miR-302 has been shown to suppress 
cancer progression, sensentize drug-/radio-resistant cells, and pre-
vent metastasis, as a result of targeting gene exprssion in varuous 
pathways including epigenetic factors, cells cycle, and Akt and 
CXCR4 pathways [18, 22, 28–34, 71–88] (Table 1). These find-
ings suggest that the SEC-specific, tumor-suppressing miR-302 can 
be explored for treating tumor progression and metastsis. The over-
all mehanisms by which miR-302 suppresses tumor formaiton still 
remain to be elucidated.
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Fig. 6 Mechanistic summary underlying the induction of tumor-free pluripotent stem cells by miR-302: MiR-
302, located at the intron region of the LAPR7 gene, is transcribed and processed, then functions to silence 
specific target genes. As a result, it induces four reprogramming effects: First, miR-302 suppresses key epi-
genetic gene expression, resulting in genome-wide DNA demethylation and consequently resetting different 
gene expression profiles into an ESC-like transcriptome state. Second, it also inhibits Oct4 & Nanog gene 
suppressor, leading to an increased expression of Oct4 and Nanog as well as other downstream ESC-specific 
gene expressions. Third, it further regulates the expression of certain developmental signaling genes, such as 
reducing TGFb signaling while elevating BMP expression, subsequently leading to an inhibitory effect on dif-
ferentiation. Last, miR-302 concurrently knocks down both CDK2-cyclin E and CDK4/6-cyclin D pathways and 
hence blocks G1-S cell cycle transition as well as increases p16Ink4a and p14/19Arf expressions, all of which 
prevent tumor formation during reprogramming. These four mechanisms initiate and maintain the normal 
process of somatic cell reprogramming in order to form tumor-free iPSCs
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6 Conclusion

The development of mirPSC-associated technologies holds great 
promises in discovering new therapies for regenerative medicine. 
Deciphering the mechanisms underlying mirPSC induction and pre-
vention of stem cell tumorigenicity has led to the identification of new 
methods for improving the reprogramming efficiency and safety of 
iPSCs (Fig. 6). As a result, mirPSCs represent a new kind of tumor-
free iPSCs capable of overcoming the two major problems in stem cell 
therapy: supply and safety. Compared to the previous three-/four-
factor induction methods, these mirPSC-based technologies have 
prominent advantages in both reprogramming efficiency and safety. 
Moreover, miR-302 is a tumor suppressor in humans, whereas c-Myc, 
one of the four defined factors, is a well-known oncogene. In fact, it 
has been reported that the optimal reprogramming efficiency for miR-
302 vs. the four-factor induction method is >10% vs. <1%, respec-
tively, showing >10-fold improvement already [7, 9, 25].
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Chapter 24

Identification and Isolation of Novel Sugar-Like RNA 
Protecting Materials: Glycylglycerins from Pluripotent 
Stem Cells

Shi-Lung Lin

Abstract

Pluripotent stem cells are a resourceful treasure box for regenerative medicine. They contain a large variety 
of novel materials useful for designing and developing new medicines and therapies directed against many 
aging-associated degenerative disorders, including Alzheimer’s disease, Parkinson’s disease, stroke, diabe-
tes, osteoporosis, and cancers. Currently, identification of these novel stem cell-specific materials is one of 
major breakthroughs in the field of stem cell research. Particularly, since the discovery of induced pluripo-
tent stem cells (iPSC) in year 2006, the methods of iPSC derivation further provide an unlimited resource 
for screening, isolating, and even producing theses novel stem cell-specific materials in vitro. Using iPSCs, 
we can now prepare high quality and quantity of pure stem cell-specific agents for testing their therapeutic 
functions in treating various illnesses. These newly found stem cell-specific agents are divided into four 
major categories, including proteins, saccharides, nucleic acids, and small molecules (chemicals). In this 
article, we herein disclose one of the methodologies for isolating and purifying glycylglycerins—a group of 
glycylated sugar alcohols that protect hairpin-like microRNA precursors (pre-miRNA) and some of tRNAs 
in pluripotent stem cells. In view of such a unique RNA-protecting feature, glycylglycerins may be used to 
preserve and deliver functional small RNAs, such as pre-miRNAs and small interfering RNAs (siRNA), 
into human cells for eliciting their specific RNA interference (RNAi) effects, which may greatly advance 
the use of RNAi technology for treating human diseases.

Key words Induced pluripotent stem cell (iPSC), MicroRNA (miRNA), RNA interference (RNAi), 
Glycylglycerin

1 Introduction

RNA is known to be a highly degradable material in nature. Due 
to this instability problem, RNA interference (RNAi), a Nobel 
Prize winning technology in year 2006, is still not applicable to any 
disease treatment in vivo yet. Hence, discovery of a novel RNA- 
protecting agent may greatly advance the use of RNAi for develop-
ing new medicines and therapies directed against a variety of human 
diseases. To fulfill this goal, we had devised a method to reprogram 
human somatic cells into tumor-risk-free induced pluripotent stem 
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cells (iPSCs) [1–3] and then used it to generate a large number of 
iPSCs, which were further served as a unlimited source for screen-
ing, identifying, and isolating novel stem cell-specific materials 
from the iPSC lysate. As a result, we had discovered and purified a 
new group of world’s first found RNA-protecting agents—glycyl-
glycerins—in human iPSCs [4]. The same kind of glycylglycerins 
can also be found in human embryonic stem cells (ESCs) and early 
blastocyst-stage mouse embryos, indicating that these sugar-like 
glycylglycerin molecules are likely responsible for preserving ESC- 
specific RNAs in particular, microRNAs (miRNAs) and their pre-
cursors in pluripotent stem cells [4].

Glycylglycerins are a kind of glycylated sugar alcohols modified 
by a novel reaction called “glycylation.” By definition, glycylation 
replaces the hydroxyl (HO-) groups of a sugar or sugar alcohol 
with glycine’s glycyl (NH2CH2COO-) groups and thus results in 
the formation of an ether (R-O-R) linkage between each 
OH-removed carbon of the sugar/sugar alcohol and the glycyl 
group. This reaction involves a process of molecular condensation 
via dehydration. As shown in Fig. 1a, b, the majority of these gly-
cylated sugar alcohols in iPSC lysate are glycylated glycerins (called 
glycylglycerins or glycylglycerols), including three major kinds of 
products: one is 1-, or 2-, or 3-monoglycylglycerin (MGG), 
another is 1,2-, or 2,3-, or 1,3-diglycylglycerin (DGG), and the 
other is 1,2,3-triglycylglycerin (TGG) [4]. Notably, MGG and 
DGG can further form ring-like structures similar to the five- 
member or six-member ring conformations of fructose and glu-
cose. Also, glycylation can be a partial or completed reaction, 
resulting in MGG and DGG as partially glycylated products and 
TGG as a completely glycylated molecule. In a mixed solution of 
glycine, glycerin (glycerol) and L-ascorbic acid (vitamin C) at 
≥37 °C, glycylation of glycerins can occur at a relatively low level 
(<0.54 mM) [4]; yet, the presence of a higher amount (0.73–
0.95 mM) of glycylglycerins in iPSC lysate indicates that there may 
be another enzymatic system responsible for glycylglycerin pro-
duction as well (Fig. 2a). Under a pH < 7.2 condition, MGG, 
DGG, and TGG are all positively charged molecules that highly 
interact with negatively charged materials, in particular the double 
helix portions of RNAs, via ionic/electrostatic affinity (Fig. 2b) 
[4]. Due to this unique feature, glycylglycerins have been used as 
an excellent RNA-protecting agent for formulating and delivering 
small interfering RNA (siRNA)- and miRNA-based drugs in vari-
ous RNAi-associated pharmaceutical and therapeutic applications.

Glycylglycerin-formulated miRNAs and siRNAs have been 
tested as candidate drugs in several animal trials in vivo. The use of 
glycylglycerin-encapsulated miR-302 precursors (pre-miR-302s) 
for enhancing wound healing and tissue regeneration is one of 
reported proof-of-principle examples [5]. In this case, the 
glycylglycerin- encapsulated pre-miR-302s were further formulated 
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with a cream-based antibiotic ointment for in-vivo treatments. As 
miR-302 is the most abundant ESC-specific miRNA species in 
human ESCs and iPSCs, it has been proposed that the somatic cell 
reprogramming function of miR-302 may be able to induce and/
or maintain adult stem cell renewal as well, so as to facilitate the 

Fig. 1 Structural conformations of monoglycylglycerins (MGG), diglycylglycerins (DGG), and triglycylglycerin 
(TGG). (a) The molecular formulas for MGG, DGG, and TGG are C5H11N1O4, C7H14N2O5, and C9H17N3O6, respec-
tively. Under a <pH 7.2 condition, all glycylglycerins form positively charged molecules due to the amino 
groups in the ends of their linear form structures. Notably, MGG and DGG can further form 5-member and 
6-member ring structures, which highly resemble the ring conformations of fructose and glucose, respectively. 
(b) High-performance liquid chromatography–mass spectrometry (HPLC-MS) analysis detects MGG 
(m/z = 149), DGG (m/z = 206), and TGG (m/z = 263) in the spectra of iPSC cytosol extracts
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processes of tissue repairing and regeneration in vivo. To test this 
theory, mouse skin wounds were generated by scalpel dissection 
and sized approximately 1 cm square. The pre-prepared ointments 
(0.3 mL) with or without pre-miR-302s were directly applied on 
the wounds, respectively, and covered the whole wounded areas, 
and then further sealed by liquid bandage. As shown in Fig. 3a, the 
results of this animal trial demonstrated that miR-302 treatments 
significantly enhanced the speed of wound healing over twice faster 
than other miR-434 treatments and blank controls. Moreover, 
10 days after treatments (once per day), miR-302-treated wound 
areas showed normal hair regrowth and left less or almost no scar 
(n = 6/6), whereas other treatments and controls resulted in rela-
tively large scars with no hair growth. To further measure the 
miRNA penetration rate in skins, we isolated total RNAs from the 

Fig. 2 Analysis of the interaction between glycylglycerins and pre-miRNAs/siRNAs using HPLC. (a) Comparison 
of glycylglycerins, miRNAs, and the related miRNA precursors (pre-miRNAs) between the cytosol extracts of 
human adult fibroblasts (top) and those of the fibroblast-derived iPSCs (bottom). High levels of ESC-specific 
DGG/TGG and pre-miRNAs were detected in iPSCs but not in adult fibroblasts. (b) Chemical 3-dimension 
modeling of electro-affinity interaction between DGG/TGG and pre-miRNA/siRNA, showing that the linear 
structures of 1,3-DGG and 1,2,3-TGG fit into the minor grooves of the pre-miRNA/siRNA double helixes and 
then the positive amino groups in the ends of DGG/TGG bind to the negatively charged phosphodiester back-
bones of pre- miRNA/siRNA molecules (indicated by green shadow), so as to form a layer of sugar-like coating 
for protecting pre-miRNA/siRNA integrity. This sugar-like coating may also facilitate pre-miRNA/siRNA delivery 
into cells via SGLT and GLUT transporters
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biopsies of the newly healed tissues and then run quantitative 
reverse transcription-polymerase chain reaction (qRT-PCR) 
assays with a set of miR-302a-specific primers to confirm that 
glycylglycerin- encapsulated pre-miR-302s were successfully deliv-
ered and processed into mature miR-302 in the treated tissues 
in vivo (Fig. 3b).

Recent trials using a glycylglycerin-encapsulated Cyanine5.5 
(Cy5.5)-labeled siRNA mimic of miR-302a (siR-302*) to repeat 
the same wound healing experiments as aforementioned in mice 
further revealed that glycylglycerins can effectively deliver  siR- 302* 
deep enough to reach the epidermis-dermis junction, where skin 
adult stem cells are located (Fig. 3c). This evidence strongly sug-
gests that miR-302 may function to stimulate stem cell expansion 
and differentiation for generating more various new tissue cells, so 

Fig. 3 The trial results of in-vivo wound healing treatments in mice using glycylglycerin-encapsulated 
pre- miR- 302s in conjunction with a cream-based antibiotic ointment. (a) The trial results demonstrated that 
miR- 302 treatments (10 μg/mL of pre-miR-302s per treatment per day, n = 6) significantly increased the 
speed of wound closure about 2–3 times faster than other miR-434 treatments (10 μg/mL of pre-miR-434 per 
treatment per day, n = 6) and blank controls (ointment only, n = 6). (b) qRT-PCR analyses of miR-302a levels 
in miRNA-treated and control tissues, respectively, showed that a high miR-302a concentration was detected 
only in miR-302-treated samples but not other treatments or controls (n = 6 for each group). (c) Fluorescent 
microscopic examination of the in-vivo distribution of a glycylglycerin-encapsulated Cy5.5-labeled siRNA 
mimic (siR-302*) further revealed that glycylglycerins protect and deliver siR-302* (labeled in red) into cells 
ranged from epidermis to the epidermis-dermis junction area, where skin adult stem cells reside
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as to completely repair the wounded areas and thus result in 
scarless wound healing. Furthermore, a more advanced in-vivo 
study using intravenous injection of glycylglycerin-encapsulated 
siR-302* into mouse tail veins showed that glycylglycerins success-
fully deliver siRNA into many major organs and tissues, including 
heart, lung, spleen, liver, blood vessels, and bone marrows (Fig. 4). 
Noteworthily, the success of these animal trials not only marks the 
first use of miRNA- and siRNA-based drugs for in-vivo treatments 
but also sheds light on a possible means for stimulating stem cell 
renewal and tissue regeneration in vivo using the renowned RNAi- 
associated technologies in conjunction with glycylglycerin- 
mediated delivery. As a result, the findings of these trials are very 
useful for designing and developing novel RNAi-based regenera-
tive medicines, which may eventually lead to new treatments for 
many aging-related degenerative disorders, such as Alzheimer’s 
disease, Parkinson’s disease, stroke, diabetes, osteoporosis, cancers, 
and probably even aging itself.

The metabolism of glycylglycerins has been studied and found 
to go through an intracellular pathway similar to glycolysis. In this 
study, we used high performance liquid chromatography coupled 
with tandem mass spectrometry (HPLC-MS) to detect the changes 
of intracellular metabolites between 14C-labeled MGG (1 mM)-
treated and untreated human adult fibroblasts. We found that the 
concentrations of glycine, dihydroxyacetone phosphate (DHAP), 
and phosphoenolpyruvate (PEP) were significantly increased over 
6–10 folds in the cell lysate of treated human fibroblasts compared 
to that of the untreated ones. Moreover, based on the result of a 
further 14C-MGG metabolite tracking assay, Fig. 5 summarizes the 
metabolic pathway of glycylglycerins in human cells. Due to its 
structural similarity to monosaccharides, MGG is likely absorbed 
by cells through glucose and/or fructose transporter proteins, 
such as the Na+-glucose cotransporters (SGLTs) and the facilitative 
glucose transporters (GLUTs), of which the detail uptake mecha-
nism remains to be determined. After absorption, MGG is first 
processed into glycine and DHAP and then DHAP is further 
turned into its isomer d-glyceraldehyde-3-phosphate (GADP). 
After that, glyceraldehyde phosphate dehydrogenase (GAPDH) 
converts GADP into d-1,3-bisphosphoglycerate (1,3-BPG), which 
is then converted by phosphoglycerate kinase (PGK) into 
3- phosphoglycerate (3-PG), by phosphoglycerate mutase (PGM) 
into 2-phosphoglycerate (2-PG), by enolase into phosphoenolpyr-
uvate (PEP), and finally by a kinase (PK) into pyruvate. The end 
product—pyruvate—can be further utilized by the cells for 
 generating energy (via Kreb’s cycle or citric acid cycle), for produc-
ing sugars (via gluconeogenesis), and for taking part in other cel-
lular metabolisms. In sum, the net reaction of MGG metabolism 
generates 1 glycine, 1 pyruvate, 2 reduced nicotinamide adenine 
dinucleotide (NADH), 2 adenosine triphosphate (ATP), and 1 
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H2O, leading to no toxic byproduct in the cells. In view of such a 
safety feature, glycylglycerins are not only one of the safest protect-
ing agents for miRNA and siRNA delivery in vivo but also a poten-
tial sugar substitute for treating diabetes.

Pluripotent stem cells contain numerous novel ESC-specific 
materials, many of which are still not named in the current 

Fig. 4 Study of in-vivo siRNA distribution after intravenous injection of glycylglycerin-encapsulated siR-302* 
(200 μg) into the tail veins of C57BL/6J strain mice (n = 6). Microscopic examination confirmed that glycylg-
lycerins are able to not only protect but also deliver siR-302* (red) into many major organs and tissues in vivo, 
including heart, lung, spleen, liver, blood vessels, and bone marrows, but not intestines and some gastrointes-
tinal glands. Photos represent the in-vivo distribution of siR-302* approximately 24 h after the tail vein injec-
tion in mice
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chemistry index yet. To this, our recent finding of glycylglycerins 
demonstrates the first practical model for the search of these novel 
materials in iPSCs, providing a whole new direction for the devel-
opment of today’s regenerative medicine. Following more and 
more new ESC-specific materials found, our further understand-
ings of their functions and uses may eventually lead to great break-
throughs in novel pharmaceutical and therapeutic designs for 
treating a variety of human diseases. Expectedly, the application of 
these novel ESC-specific materials in real clinical practice is highly 
desirable in the near future.

2 Materials

 1. 1–1.2 billion iPSCs, which are generated using either three/
four-factor induction [6–8] or miR-302 induction [1–3] 
methods (see Note 1).

 2. Normal saline (0.9% NaCl, pH 6.5–6.9 at 37 °C) (see Note 2).

2.1 iPSC Preparation

Fig. 5 The proposed metabolism pathway of glycylglycerins, such as MGG, in human cells. Due to its structural 
similarity to monosaccharides, MGG is absorbed via either SGLT/GLUT-mediated carrier transportation or 
endocytosis, or both. After uptake by the cells, MGG is processed through a mechanism similar to glycolysis 
into pyruvate, which is then involved in some other important biological pathways, such as Krebs cycle and 
gluconeogenesis
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 3. Sterilized cell scraper.
 4. 1.5–2.5 mL high-speed centrifugation microtubes, sterilized 

(resistant over 22,500 × g).

 1. Ultracentrifuge: >22,500 × g with temperature control (see 
Note 3).

 2. 1 mL pipetman.
 3. 0.01 μm ultrafilter column (30 kDa; Amicon Ultra-0.5 30 K, 

Millipore, Billerica, MA).
 4. 0.001 μm nanofilter column (3 kDa; Amicon Ultra-0.5 3 K).
 5. Double-autoclaved diethyl pyrocarbonate (DEPC)-treated 

ddH2O (pH 5.2–5.7) (see Note 2).
 6. A stainless steel, silver or platinum-based microelectrode pH 

meter (such as an AquaPro pH combination electrode probe, 
Thomas Scientific, Swedesboro, NJ) (see Note 4).

 1. HPLC machine, such as an Ultimate 3000 HPLC machine 
(Thermo Scientific, Waltham, MA) with a DNAPac PA-100 
column (BioLC Semi-Prep 9×250 mm).

 2. Starting buffer: 40 mM Tris–HCl (pH 6.5–7.6) (see Note 2).
 3. Mobile buffer: 40 mM Tris–HCl (pH 6.5–7.6) with 500 mM 

sodium perchlorate (see Note 2).

3 Methods

Traditional cell lysate extraction methods use chemicals and buffers, 
which tend to destroy the natural properties of some useful ingre-
dients inside the iPSC cytosol. To prevent this problem, we adopt 
a pure physical isolation method to collect iPSC cytosol for further 
screening, identifying, and purifying novel ESC-specific materials, 
which may provide significant insight into new medicines and ther-
apies for advancing today’s regenerative medicine. We herein dis-
close one of these methodologies for isolating glycylglycerins—one 
new kind of ESC-specific modified sugar alcohols—as an example 
to demonstrate the detail procedures.

 1. Approximately 1–1.2 billion iPSCs are cultivated in 110–130 
75-mL culture flasks at >50% confluency.

 2. Cell washing: Remove cell culture medium and then use 
10 mL of normal saline (pH 6.5–7 at 37 °C) to gently rinse 
and wash iPSCs two times.

 3. Cell collection: Remove normal saline and then use a sterilized 
cell scraper to scratch down iPSCs from the surface of culture 
flasks. Collect all the iPSCs and the related broken cell lysate 

2.2 Ultra- 
centrifugation 
andFiltration

2.3 HPLC Purification

3.1 iPSC Preparation
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into sterilized microtubes (maximal 1.5 mL volume for each 
microtube). Place the microtubes on ice and then use them in 
the next Subheading 3.2 immediately. Do not store the fresh 
iPSCs and the broken cell lysate.

Cells are broken by ultracentrifugation and then cell nucleus and 
large debris are precipitated to the bottom of microtubes during 
high-speed centrifugation. As our current studies mainly focus on 
small-sized iPSC ingredients (<30 kDa or <100 nucleotides), we 
try to remove all >30 kDa larger ingredients using 0.01 μm ultra-
filter columns. After that, we further separate the remaining cell 
lysate into two parts, one is sized between 3 and 30 kDa and the 
other is less than 3 kDa. Most of the miRNA-bound glycylglycer-
ins are located in the 3–30 kDa portion, while the free-form glycyl-
glycerins stay in the <3 kDa portion. However, due to the fast 
metabolism rate of these free-form glycylglycerins, only a limited 
amount of glycylglycerins, particularly MGG, was detected in the 
<3 kDa portion of iPSC lysate. This evidence indicates that, with-
out the mutual protection between pre-miRNAs and glycylglycer-
ins, the free-form glycylglycerins are highly degradable in cytosol.

 1. High-speed centrifugation: Place microtubes containing the 
iPSCs and the broken cell lysate into an ultracentrifuge and 
spin at a speed over 17,500 × g for 30 min at 4 °C.

 2. Lysate collection: Use a sterilized 1 mL pipet to transfer and 
collect cytosol supernatants into 0.01 μm ultrafilter columns 
(maximal 1 mL volume for each ultrafilter column). Then, 
place the ultrafilter columns into a centrifuge and spin at a 
speed 12,000 × g for 30 min at 4 °C. Collect the flow-though 
portion for the next filtration process.

 3. Lysate separation: Use a sterilized 1 mL pipet to transfer the 
above flow-through liquid into 0.001 μm nanofilter columns 
(maximal 1 mL volume for each ultrafilter column). Then, 
place the nanofilter columns into a centrifuge and spin at a 
speed 12,000 × g for 30 min at 4 °C. Collect both of the flow-
though and filter-retained portions into two different micro-
tubes, following the manufacturer’s suggestions. Then, use the 
filter- retained portion for the next Subheading 3.3.

 4. Sample preparation for HPLC: Redissolve the filter-retained 
iPSC lysate in normal saline, of which the volume is equal to 
the flow-through portion of the iPSC lysate.

 5. pH measurement: Measure the pH value of the iPSC lysate to 
ensure that the range is within pH 6.2–6.9.

Due to the fast degradation rate of the free-form glycylglycerins 
in cytosol, we can first collect abundant miRNA/pre-miRNA-
bound glycylglycerins and then further separate them using HPLC 

3.2 Ultra- 
centrifugation 
andFiltration

3.3 HPLC Purification
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purification methods. The final collection of either free-form or 
miRNA/pre-miRNA-bound glycylglycerins is dependent on the 
pH values of the HPLC buffers used. Buffers at ≥pH 7.2 are used 
for purifying free-form glycylglycerins, whereas miRNA/pre-
miRNA-bound glycylglycerins are collected using buffers at 
≤pH 6.7. Both of the final products are useful for developing new 
medicines and treatments directed against various human diseases, 
in particular Alzheimer’s disease [9], diabetes [10], and cancers [11, 12].

 1. HPLC program: Set up a 20 min HPLC program as follows—
(1) 100% starting buffer for 2.5 min, (2) 85% starting buf-
fer + 15% mobile buffer for 9.5 min, (3) 45% starting 
buffer + 55% mobile buffer for 3 min, (4) 25% starting buf-
fer + 75% mobile buffer for 2.5 min, and (5) 100% starting 
buffer for 2.5 min.

 2. HPLC condition: Set up HPLC condition as follows—(1) col-
umn temperature is 50 °C, (2) buffer flow speed is 3.6 mL/
min and the resulting column pressure is less than 130 Bar, and 
(3) UV light detector is set at 260 nm.

 3. HPLC purification: Load 50 micro-litters (μL) of the redis-
solved filter-retained iPSC lysate into the HPLC machine. Run 
the preset HPLC program under the preset HPLC condition. 
Then, as shown in Fig. 2a, collect the flow-through segment 
containing glycylglycerins at the timing around 1–5 min, of 
which the time variation is depending on the types of the 
HPLC machines used.

4 Notes

 1. 1–1.2 billion iPSCs are collected from 110–130 75-mL culture 
flasks of iPSCs grown at >50% confluency, which provide 
approximately 0.8–1.0 mL of cytosol for one extraction based 
on the present procedure.

 2. All the solutions must be made by using type 1 deionized water 
(ISO 3696 Grade 1). Make sure that there is no contamination 
of any divalent ion in the solutions, which will destabilize the 
interaction between glycylglycerins and miRNAs/pre-miRNAs.

 3. RCF (g) = (1.12 × 10−6)×(rpm)2×r, where r is the radius in 
centimeters measured from the center of the rotor to the mid-
dle of the spin column, and rpm is the speed of the rotor in 
revolutions per minute.

 4. pH meters with a membrane-based ion-exchange electrode 
cannot be used for measuring the pH value of cell lysate, which 
may not provide accurate reading.
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