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Chapter 20

Quantitative Real-Time PCR Analysis of MicroRNAs
and Their Precursors Regulated by TGF-g Signaling

Hara Kang and Akiko Hata

Abstract

The signaling pathway of TGFE-p and its family member BMP has been implicated in vascular development
and maintenance of homeostasis by modulating expression of small noncoding microRNAs (miRNAs).
MiRNAs repress target genes, which play a critical role in regulating vascular smooth muscle cell (VSMC)
growth, phenotype, and function. To understand the mechanisms by which specific miRNAs control the
TGEF-B and BMP signaling pathway in VSMC, it is essential to quantitate levels of specific miRNAs and
their precursors whose expression are controlled by TGF-B,/BMP signaling. Here, we describe a real-time
quantization method for accurate and sensitive detection of miRNAs and their precursors, such as primary
transcripts of miRNAs (pri-miRNAs) and precursor miRNAs (pre-miRNAs). This method requires two
steps; synthesis of single-stranded complementary DNAs (cDNAs) from total RNA samples and quantiza-
tion of specific pri-, pre-, or mature miRNAs by quantitative polymerase chain reaction (PCR) using a
real-time PCR machine.
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1 Introduction

The transforming growth factor-p (TGF-f) family of growth factors
is evolutionarily conserved. These growth factors are critical
modulators of various biological processes such as cell fate deter-
mination, cell differentiation, proliferation, and migration in
embryos and adults from insects to mammals [1 ], including vascular
development and the maintenance of homeostasis. The TGF-p
family of growth factors, such as TGE-f and BMP, has been shown
to promote differentiation of VSMC by upregulating the expression
of contractile genes and inhibiting VSMC growth and migration
[2, 3]. In recent studies, several miRNAs were found to be
expressed in the vascular cells and deregulation of these miRNAs is
involved in vascular diseases [4, 5]. Moreover, Smad proteins, as
signal transducers of the TGF-p family of growth factors, have
been demonstrated to regulate generation of subset of miRNAs at
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1.1 Biogenesis
of miRNAs

1.2 Control of miRNA
Biogenesis by Smads
and Quantitative
Analysis of Pri-, Pre-,
and Mature miRNAs

the transcriptional and /or posttranscriptional level [6, 7]. In this
chapter we summarize the mechanism of regulation of miRNA
biogenesis by the TGF-p family of growth factors and techniques
to quantitate the levels of miRNAs and their precursors upon
stimulation with the TGF-f family of growth factors.

miRNAs are transcribed by RNA polymerase II as long primary
transcripts known as pri-miRNAs which contain a hairpin structure.
Although mature form of miRNAs is ~22 nucleotides (nt) in
length, pri-miRNAs can be as long as a few kilo nt long, and are
cleaved sequentially by two ribonuclease enzymes; Drosha and
Dicer [8-11]. After the first processing by Drosha in the nucleus,
pre-miRNAs, which are ~60-100 nt hairpins, are exported from
the nucleus to the cytoplasm by Exportin 5. In the cytoplasm, the
pre-miRNAs associate with Dicer, which cleaves the pre-miRNA
into an approximately 22 nt miRNA. The miRNA duplex is then
loaded into Argonaute (Ago) proteins, which select one strand and
present it to the RNA-induced silencing complex (RISC) for rec-
ognizing target mRNAs. The mature miRNAs regulate expression
of protein coding genes by promoting degradation of mRNAs or
repressing their translation [12] (Fig. 1a). Although miRNAs rep-
resent a relatively abundant class of RNAs, their expression levels
are found to vary greatly in different cell types, tissues, and devel-
opmental stages. To elucidate a critical role of miRNA during nor-
mal physiological and developmental processes, as well as
pathogenesis of various disorders, sensitive, efficient, and accurate
quantitation of miRNA levels is essential.

One of the best-characterized steps of miRNA biogenesis is at the
point of pri-to-pre-miRNA processing by the Drosha microproces-
sor complex. It was discovered that when pulmonary artery smooth
muscle cells (PASMCs) are stimulated with ligands of the TGF-$
tamily, such as TGF-f and bone morphogenetic protein 4 (BMP4),
pri-miR-21 levels are unchanged while mature miR-21 expression
increases significantly [3, 6]. This result suggested a transcription-
independent mechanism of miR-21 regulation, which was con-
firmed by the induction of miR-21 even in the presence of the
transcriptional inhibitor a-amanitin [3, 6]. Biochemical analysis
showed that the increase in mature miR-21 is caused by faster
turnover in the biogenesis of miR-21 mediated by the nuclear
translocation of Smad proteins [ 3, 6].

Smads represent the primary signal-transduction molecules of
the TGF-p family of growth factors. Receptor activation by TGF-f
family ligands induces phosphorylation of several Smad proteins,
collectively called the Receptor-specific Smads (R-Smads) [1].
Phosphorylated R-Smads form a complex with the common-Smad
(co-Smad), Smad4, and translocate to the nucleus where they act as
transcriptional regulators to promote or inhibit gene expression [1].
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Fig. 1 Schematic diagram of miRNA biogenesis and its regulation by the TGF-p signaling pathway. (a) Pri-miRNAs
are transcribed and processed into hairpin-structured pre-miRNAs by Drosha complex. The pre-miRNAs are
exported from the nucleus to the cytoplasm and are cleaved by the Dicer complex into ~22 nt miRNAs. The
mature miRNA is loaded into the RISC complex and mediates posttranscriptional repression of target mRNA by
translational repression and/or deadenylation and degradation. (b) Activation of receptor Smads by TGF-p
family ligands leads to their translocation into the nucleus. In the nucleus, R-Smads bind, independent of the
transcriptionally necessary co-Smad, to a conserved sequence in pri-miRNAs which they recruit to the Drosha
microprocessor complex and facilitate pri- to pre-miRNA maturation

R-Smad/co-Smad hetero-dimerization is required for the tran-
scriptional regulation mediated by TGF-f signaling [ 1]. Surprisingly,
Smad4 is dispensable for TGF-f mediated induction of miR-21 [3,
6]. Furthermore, stimulation with TGF-p ligands induced an asso-
ciation between Smads and the RNA helicase p68, indicating a
direct recruitment of R-Smads to the Drosha microprocessor com-
plex [3, 6].

More recent miRNA expression profiling experiments have
revealed that stimulation of PASMCs with either TGF-p or the
related BMP4 induces the expression of approximately 20 miRNAs
[6]. Following stimulation, many of these miRNAs are bound
directly by Smad proteins through a 5-base RNA sequence motif
(R-SBE) that closely resembles the Smad DNA binding element
(SBE; 5'-CAGAC-3’) in a region overlapping the encoded mature
miRNA [6]. Thus, R-Smads associate with pri-miRNA in a
sequence specific manner and facilitate the Drosha microprocessor
activity to enhance mature miRNA expression (Fig. 1b).
Interestingly, in silico analyses have found that pre-miRNA
sequences encode a higher number of transcription factor biding
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sites than would be predicted by chance [13]. These results suggest
that the mechanism for Smad-dependent regulation of pri-miRNAs
may represent a widespread, though under appreciated, strategy
for controlling miRNA expression.

During the last decade, more than 30 miRNA quantitation
methodologies have been developed, including northern blot
[14], miRNA microarray [15], next generation sequencing [16],
and quantitative real-time PCR (qPCR) [17, 18]. Of these meth-
ods, qPCR is most sensitive and easily applicable to validate the
data obtained from the high-throughput approaches. Our group
has found that it is difficult to detect small changes in miRNA
expression upon growth factor stimulation using next generation
sequence (A.H. unpublished observation). qPCR-based miRNA
analysis is also convenient as it does not require the use of radioac-
tive material. Because of the small size, detection of mature miR-
NAs by PCR s technically challenging. A number of specific qPCR
techniques have been developed for the detection of miRNAs.
Here, we present QPCR methods based upon reverse transcriptase
reaction with a stem-loop primer followed by a TagMan PCR anal-
ysis to detect changes in expression levels of miR-21 and miR-302c¢
in the cell in response to stimulation with the TGF-f family of
growth factors [7, 19] (Fig. 2).

miRNA
stem-loop RT primer
Reverse
Transcription
[T IT T )
cDNA
PCR l
primer

_}

primer

Fig. 2 Schematic description of miRNA detection by gPCR. Stem-loop RT primer
binds to the 3’ end of miRNA and is reverse-transcribed. The synthesized cDNA
is amplified using miRNA specific PCR primers
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2 Materials

Table 1

Cell cultuve reagents: Human pulmonary artery smooth muscle
cells (PASMC) and SmGM-2 smooth muscle growth medium
(CC-2581 and CC-3182) are purchased from Lonza. Dulbecco’s
Modified Eagle’s Medium (DMEM), fetal bovine serum (FBS),
penicillin /streptomycin sulfate, 0.25 % Trypsin—EDTA, and phos-
phate buffered saline (PBS) are purchased from Invitrogen. For
cytokine stimulation, human recombinant TGF-p1 and BMP4 are
purchased from R&D systems.

RNA isolation components: TRIzol and glycogen are purchased
from Invitrogen. Chloroform, ethanol, and isopropanol are pur-
chased from Sigma.

Reverse-transcription (RT) components. To synthesize cDNA of
mature miRNAs, TagMan miRNA reverse transcription kit (PN
4366596) and TagMan MicroRNA Assays for human U6 snRNA
(#001973), hsa-miR-21 (#000397), and hsa-miR-302¢ (#000533)
including miRNA-specific RT primers are purchased from Applied
Biosystems (Table 1). To synthesize cDNA of pri- or pre-miRNA,
iScriptcDNA synthesis kit is purchased from Bio-Rad. For RT reac-
tions, S1000 Thermal cycler (Bio-Rad) is used.

qPCR components: Each TagMan MicroRNA Assay contains a mix
of a miRNA-specific forward PCR primer, a specific reverse PCR
primer, and miRNA-specific TagMan probe linked to FAM dye.
AmpliTaq DNA polymerase with buffer I (N8080160) and 10 mM
dNTP mix are purchased from Applied Biosystems. To detect pri-
and pre-miRNA levels, primers are synthesized from IDT and iQ

miRNA, control U6 snRNA, and primer sequences used for qPCR

Name Sequence
Has-miR-21 UAGCUUAUCAGACUGAUGUUGA
Has-miR-302c¢ UAAGUGCUUCCAUGUUUAGG

Human U6 snRNA

Human pri-miR-302¢
Human pre-miR-302c
Human pri-miR-21
Human pre-miR-21
Human GAPDH

GTGCTCGCTTCGGCAGCACATATACTAAAATTGGAACGATACA
GAGAAGATTAGCATGGCCCCTGCGCAAGGATGACACGCAAA
TTCGTGAAGCGTTCCATATTTT

TGAATCCAATTTACTTCTCCA and TCCTTTAACCTGTAACAAGC
CCTTTGCTTTAACATGGGGG and CCTCCACTGAAACATGGAAG
TTTTGTTTTGCTTGGGAGGA and AGCAGACAGTCAGGCAGGAT
TGTCGGGTAGCTTATCAGAC and TGTCAGACAGCCCATCGACT
ACCACAGTCCATGCCATCAC and TCCACCACCCTGTTGCTGTA
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SYBR Green Supermix is purchased from Bio-Rad. Primer
sequences are shown in Table 1. Hard-shell thin-wall 96-well
skirted PCR plates and microseal “B” adhesive seals are purchased
from Bio-Rad. For qPCR reactions, the MJ Research Opticon2
continuous fluorescence detection system is used.

3 Methods

3.1 CGell Culture
and Stimulation
with TGF-$ Family
Growth Factors

3.2 RNA Isolation

3.3 cDNA Synthesis

for Detection
of Mature miRNAs

Human PASMC are maintained in SmGM-2 media containing 5 %
fetal calf serum. Early passage (passage 6—8) PASMC are split into
6-well plates with 120,000 cells/well. To examine changes of
miRNA expression levels upon TGE-f signals, cells are cultured in
DMEM with 0.2 % FBS for 24 h before growth factor stimulation.
TGF-p (400 pM) or BMP4 (3 nM) is treated under starvation
conditions (DMEM with 0.2 % FBS) for 24 h. Cells are cultured at
37 °C in the presence of 5 % CO,.

1. Rinse cells with PBS and add 500 pL of TRIzol directly to the
cells in a well of the 6-well plate to isolate total RNA.

2. Incubate the plate on a rotator for 5 min at room temperature
and lyse the cells directly by pipetting.

3. Collect and transfer the mixture of cells and TRIzol into an
eppendorf tube (E-tube). Homogenized samples can be stored
at room temperature for several hours or at —-80 °C for at least
1 month.

4. Add 100 pL of chloroform, shake vigorously for 15 s, and spin at
15,000 x g for 15 min at 4 °C. The homogenate will separate into
a clear upper aqueous layer containing RNA, an interphase, and a
red lower organic layer containing the DNA and proteins.

5. Collect the upper aqueous layer and transfer it into a new
E-tube and add 250 pL of isopropanol and 40 pg of glycogen
to the sample. Incubate for 10 min at room temperature. RNA
is precipitated from the aqueous layer by the isopropanol.

6. Centrifuge the sample at 15,000 x4 for 15 min at 4 °C.

7. Decant the supernatant and wash the pellet with 1 mL of 75 %
ethanol to remove impurities.

8. Spin at 15,000 x4 for 5 min at 4 °C to remove any remaining
ethanol. Air-dry the pellet for 5-10 min.

9. Dissolve the RNA pellet in 20 pL. of nuclease-free water and
incubate at 55 °C for 10 min. Isolated total RNA can be frozen
and stored at -80 °C.

cDNA is reverse-transcribed from the isolated total RNA using
specific miRNA primers from the TagMan MicroRNA Assays and
reagents from the TagMan MicroRNA Reverse Transcription Kit.



3.4 qPCR Analysis

for Detection
of Mature miRNAs

3.5 cDNA Synthesis

for Detection of

Pri- and Pre- miRNAs
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All experimental procedure should be done on ice. Vortex samples
thoroughly between each step to be sure to mix.

1.

Dilute the isolated total RNA to 10 ng/pL in nuclease-free
water.

. Prepare RT master mix. For each 15 pL RT reaction, RT mas-

ter mix consists of 9.66 pL of nuclease-free water, 1.5 pL of
10x reverse transcription buffer, 0.19 pL of RNase inhibitor
(20 U/pL), 0.15 pL. of 100 mM dNTPs, and 1 pL of
MultiScribe reverse transcriptase (50 U/pL).

. Gently mix 1 pL of the diluted total RNA, 1.5 pL of specific

miRNA primer with 12.5 pL of RT master mix.

. Spin to bring solution to the bottom of the tube and incubate

the tube on ice until a thermal cycler is ready.

. To perform reverse transcription, program a thermal cycler.

The reaction proceeds for 30 min at 16 °C, 30 min at 42 °C,
and 5 min at 85 °C.

. Load the reaction tube into the thermal cycler and start the

reverse transcription run.

For qPCR, performed three replicates each of 10 pL. PCR reactions
(triplicate). All experimental procedure should be done on ice.

1.

Prepare PCR master mix. For each 10 pL PCR reaction, PCR
master mix consists of 7.2 pl. of nuclease-free water, 1 pLL of
10x PCR buffer, 0.2 pL. of 10 mM dNTPs, and 0.1 pL of
AmpliTaqg DNA polymerase.

. Gently mix the PCR master mix with 0.5 pL of the specific

miRNA PCR primer from TagMan MicroRNA Assay.

. Add 1 pL of the synthesized cDNA from the RT reaction tube

into the PCR reaction tube.

. Mix and spin to bring the solution to the bottom of the tube

and prepare the PCR reaction plate by transferring 10 pL. of
the complete PCR reaction mix into each well.

. Seal the plate with an optical adhesive cover and centrifuge the

plate at 220 x4 for 2 min at 4 °C to spin down the contents
and eliminate any air bubbles.

. Load the reaction plate into the MJ Research Opticon2 con-

tinuous fluorescence detection system and start the run. The
reactions are incubated at 95 °C for 10 min, followed by 40
cycles of 95 °C for 15 s and 60 °C for 1 min.

We have found that the 5x iScript reaction mix generates some
precipitation upon thawing occasionally. Mix thoroughly to resus-
pend the precipitate.
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3.6 qPCR Analysis
for Detection

of Pri- and Pre-
miRNAs

1. For each 20 pL RT reaction, mix 4 pL of 5x iScript reaction
mix, 1 pL of iScript reverse transcriptase, and 1 pg of total
RNA. Add nuclease-free water to make total volume of 20 pL.

2. Mix gently and spin to bring solution to the bottom of the
tube.

3. To perform reverse transcription, incubate the reaction mix for
5 min at 25 °C, 30 min at 42 °C, and 5 min at 85 °C in the
thermal cycler.

To amplify pri-miRNAs, forward and reverse primers are designed
to anneal to the outside stem portion of the hairpin sequence of
the miRNA precursors. On the other hand, to amplify pre-miRNAs,
primers are designed to be located within the hairpin sequence of
the pre-miRNA. In theory, pre-miRNA primers are able to anneal
and amplify pri-miRNAs, however, due to a secondary structure of
long pri-miRNAs, pre-miRNA primers do not amplify pri-miRNAs
efficiently under the PCR condition described below, and selec-
tively measure the quantity of pre-miRNAs. Pre-miRNA sequences
are obtained from the miRBase website (www.mirbase.org). The
extended pre-miRNA sequences to design pri-miRNA primers are
obtained from Ensembl Genome Browser (www.ensembl.org).
Primers are designed using Primer3Plus (http:/frodo.wi.mit.edu/).
Primers are designed with a maximal Tm difference between both
primers of less than 2 °C and a primer length between 18 and
24 nt. An ideal Tm of 55-60 °C is selected for the primers.
Following design and purchase of primers from IDT (Table 1),
qPCR s carried out as follows.

1. Thaw iQ SYBR Green supermix and store on ice protected
from light.

2. Prepare PCR reaction mix. For each 10 pL PCR reaction, PCR
master mix consists of 5 pl. of iQ SYBR Green supermix,
0.5 pL of both 10 pM forward and reverse primers, 3.5 pL of
nuclease-free water, and 0.5 pL of cDNA.

3. Mix gently and spin to bring the solution to the bottom of the
tube and prepare the PCR reaction plate by transferring 10 pL
of the complete PCR reaction mix into each well.

4. Seal the plate with an optical adhesive cover and centrifuge the
plate at 220 x4 for 2 min at 4 °C to spin down the contents
and eliminate any air bubbles.

5. Load the reaction plate into the MJ Research Opticon2 con-
tinuous fluorescence detection system and start the run. PCR
cycling conditions are 94 °C for 3 min and 40 cycles of 94 °C
for 15 s, 60 °C for 20 s, and 72 °C for 40 s.
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3.7 Analysis
of qPCR Data
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Data analysis is performed using the comparative Cr method in the
accompanying MJ Opticon Monitor 3 software. The threshold
cycle (Cr) is defined as the fractional cycle number at which the
fluorescence passes the fixed threshold. An average of three experi-
ments, each performed in triplicate with standard errors is
presented. To normalize human miR-21 or miR-302c, the consti-
tutively expressed endogenous control, human U6 snRNA, is used.
Expression levels of pri- and pre-miRNAs are normalized to the
endogenous expression level of human glyceraldehyde-3-phosphate
dehydrogenase (GAPDH).

4 Notes

1. Use RNase ZAP spray, filter tip, and nuclease-free water
throughout all the experimental procedures to avoid RNase
contamination.

2. We find that the RNA is often invisible prior to centrifugation
and forms a gel-like pellet on the side and bottom of the tube.

3. Do not allow the RNA to dry completely, because the RNA
pellet will become difficult to solubilize. Purity of RNA sam-
ples should be examined by measuring the ODyg/250 ratio,
which should be greater than 1.6.

4. RT reactions should include negative controls without addi-
tion of RNAs. All PCR reactions should include samples that
are not treated with RT as negative controls.

5. Keep all TagMan MicroRNA Assays protected from light dur-
ing storage in the freezer until ready to be used. Excessive
exposure to light affects the fluorescent probes and decreases
the sensitivity of quantization during qPCR.

6. The RT primers which contain the stem-loop structure increase
the specificity and sensitivity of the assay in comparison with
regular linear RT-primers because of base stacking and spatial
constraint of the stem-loop structure [17].

7. TagMan miRNA assays are specific for mature miRNAs and
discriminate between related miRNAs that differ by as little as
one nucleotide. Furthermore, they are not atfected by genomic
DNA contamination.

8. This method uses commercially available miRNA detection
kits and primer sets. It requires a unique probe and set of prim-
ers for each miRNA assay, and therefore is neither cost effective
nor suitable for high-throughput analysis of miRNAs.
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5 Concluding Remarks

Control of miRNA biogenesis is an integral component of cell
biological activities. Deregulation of miRNA biogenesis results
in aberrant expression of multiple mRNAs, which can lead to
developmental defects and human diseases. Increasingly studies
highlight the importance understanding transcriptional regulation
as well as posttranscriptional regulation of miRNA biogenesis upon
stimulation with different growth factors. We anticipate that in the
future more accurate and easy methodology to quantitate miRNAs
will be developed. In the meanwhile, the RT-PCR method
described above provides a basis for the quantization of miRNAs
and their precursors upon growth factor signaling and during
pathogenesis of various human disorders.
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