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Differential expression of microRNAs in cardiac
myocytes compared to undifferentiated P19 cells
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Abstract. microRNA (miRNA) expression is tightly controlled
in a tissue-specific and developmental stage-specific manner;
some are highly and specifically expressed in cardiovascular
tissues. miRNA expression profiling, using miRNA micro-
arrays facilitates studying the biological function of miRNAs.
We investigated changes in miRNA expression profiles
during differentiation of P19 cells into cardiac myocytes in
order to elucidate the mechanisms of heart development. The
morphology of P19 cells during differentiation was observed
using an inverted microscope. Western blot analysis was
performed to detect cardiac troponin I (cTnl) expression. Total
RNA was extracted from P19 cells for microarray and real-time
quantitative reverse transcription-polymerase chain reaction
(real-time qRT-PCR) analyses to determine the miRNA expres-
sion profile. The miRNA microarray revealed differential
expression of 49 miRNAs, of which 26 were down-regulated
and 23 were up-regulated in differentiated cardiac myocytes,
compared to normal P19 cells. This was confirmed by real-
time qRT-PCR. We also utilized target prediction analysis to
identify gene targets. Some miRNAs may have important roles
in cardiac development and congenital heart defects (CHDs).
Further analysis of miRNA function to confirm their target
genes during cardiac development will determine the potential
for novel miRNA-based therapeutic strategies.

Introduction

Animal studies and advances in human genetics have demon-
strated the precise regulation of key molecular pathways during
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embryonic development. This is particularly true for the cardio-
vascular system, in which haploinsufficiency of essential genes
often causes cardiac malformations (1), the most common birth
defects in humans occurring in roughly 1% of newborns (2)
and resulting from defects in cell lineage or morphogenetic
decisions. Recently, a class of small non-coding RNAs, called
microRNAs (miRNAs), has emerged as a central regulator of
many cardiogenic processes. miRNAs are involved in various
cellular processes, such as proliferation, differentiation, apop-
tosis, stress response, oncogenesis, tumor suppression (3-8)
and developmental timing (9) in both animals and in humans.
miRNAs are derived from characteristic hairpins in primary
transcripts through two sequential cleavages, Drosha and Dicer
(10). They regulate gene expression post-transcriptionally by
binding to the target mRNA, causing translational inhibition
or degradation (11-13). Incomplete base pairing usually occurs
at the 3'-untranslated region (3'UTR) of the target mRNA and
at the seed sequence, the first 6-8 bases from the 5'-end of the
mature miRNA. Although miRNAs most commonly lead to
decreased gene expression, they can also induce up-regulation
of genes by negatively modulating the expression of inhibi-
tory genes. Alternatively, down-regulation of miRNAs may
also induce up-regulation of genes that have been previously
suppressed (14). miRNAs regulate diverse biological processes,
including tissue differentiation and maintenance, and contribute
to varied disease processes (15,16).

Identification of miRNAs expressed in specific cardiac cell
types could define important regulatory roles for these miRNAs
during cardiomyocyte differentiation, cell cycle progression,
conduction, and adult cardiac hypertrophy. P19 cells, isolated
from an experimental embryo-derived mouse teratocarcinoma,
are multipotent and can differentiate into cell types representing
all 3 germ layers. In the presence of DMSO, P19 cells differen-
tiate into cardiac myocytes with embryoid body formation (17).
Because they can differentiate into cardiac myocytes, P19 cells
are used to investigate cardiac-specific transcription factors
and upstream signaling pathways in cardiac cell differentiation
(18-20). P19 cells are an excellent model system for studying
myocardial electrophysiological differentiation regulation at the
molecular and functional levels (21).

Given that P19 cells can develop into cardiac myocytes,
elucidation of the regulatory mechanisms controlling their
self-renewal, proliferation and differentiation could provide
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Table I. RT primers sequences.

Gene name

RT primers

mmu-mir-690
mmu-mir-25
mmu-mir-92a
mmu-mir-302b

5'-CGTCGCGGCATCGAGTGGAGCAGACCGACAGCGCGACGTTTGGTTGT-3'
5'-CGTCGCGGCATCGAGTGGAGCAGACCGACAGCGCGACGTCAGACC-3'
5'-CGTCGCGGCGGTCGGACTACATCATCGCGACGCAGGCC-3'
5'-CGTCGCGGCGGTCGGACTACATCATCGCGACGCTACTA-3'

Table II. Primers for real-time RT-PCR.

Gene name Primers Ta (°C)

mmu-mir-690 P5: 5-GGCAAAGGCTAGGCTCACA-3' 55
P3: 5-GCATCGAGTGGAGCAGACC-3'

mmu-mir-25 P5: 5-CCCATTGCACTTGTCTCGG-3' 55
P3: 5-GCATCGAGTGGAGCAGACC-3'

mmu-mir-302b P5: 5-GGTAAGTGCTTCCATGTTT-3' 55
P3: 5-GCGGTCGGACTACATCAT-3'

mmu-mir-92a P5: 5'-GGTATTGCACTTGTCCCG-3' 55
P3: 5-GCGGTCGGACTACATCAT-3'

U6 P5: 5'-CAGGGGCCATGCTAAATCTTC-3' 55

P3: 5'-CTTCGGCAGCACATATACTAAAAT-3'

new venues to explore the underlying mechanisms of heart
development. miRNA microarrays are a high throughput
global analysis tool for miRNA expression profiling, which
will facilitate the study of miRNA biological function. In this
report, we determine miRNA expression in normal P19 cells
and cardiac myocytes using a microarray. We validated the
microarray results using real-time quantitative reverse tran-
scription PCR (real-time qRT-PCR) for specific differentially
expressed miRNAs.

Materials and methods

Cell culture. P19 cell culture and induction of differentiation.
P19 cells were obtained from the American Type Culture
Collection (ATCC, Manassas, VA). The cells were cultivated
as aggregates for 4 day in 1% a-minimal essential medium
(a-MEM, Gibco-BRL, Grand Island, NY) containing 10%
fetal bovine serum (FBS, Gibco-BRL) and 1% dimethyl-
sulfoxide (DMSO, Sigma, St. Louis, MO) in bacteriological
dishes in a 5% CO, atmosphere at 37°C (19). The medium
was replaced every 2 days. On day 4, the cell aggregates were
transferred to cell culture flasks. Cells were harvested on
differentiation day O and day 10. The morphological changes
in P19 cells were examined under an inverted microscope
(Nikon Eclipse TE300, Tokyo, Japan) equipped with phase-
contrast objectives and a digital camera (Nikon E4500).

Western blotting. Cultured cells were directly transferred to
tubes containing lysis buffer (1% Triton X-100, 50 mmol/l
Tris-HCI, 0.2% SDS, 0.2% sodium deoxycholate, and 1 mmol/l

EDTA at pH 7.4) and vortexed briefly. The lysate supernatant
was collected after centrifugation at 15,200 x g for 15 min
at 4°C. Protein concentration determinations using a protein
assay reagent kit, and Western blotting using a monoclonal
rabbit anti-cardiac troponin I (anti-cTnl) antibody (Chemicon,
San Diego, CA, USA) and a monoclonal rabbit anti-GAPDH
antibody (Proteintech Group, Inc., China), were performed as
previously described (22).

miRNA microarray. Total RNA extraction was performed with
the mirVana extraction kit (Ambion, Austin, TX), following
the manufacturer's protocol. The quality of the extracted
RNA was assessed by an electropherogram and gel analysis,
and an RNA integrity number (RIN) was calculated by the
Agilent Bioanalyzer™ for each RNA sample. The microarray
assay was performed using a service provider (LC Sciences,
Houston, TX). The assay was performed with a 2-5 ug total
RNA sample, which was size fractionated using a YM-100
Microcon centrifugal filter (Millipore) and the isolated small
RNAs (<300 nt) were 3'-extended with a poly(A) tail using
poly(A) polymerase. An oligonucleotide tag was then ligated
to the poly(A) tail for subsequent fluorescent dye staining.
Hybridization was performed overnight on a microParaflo
microfluidic chip using a microcirculation pump (Atactic
Technologies, Houston, TX) (23,24). On the microfluidic chip,
each detection probe consisted of a chemically modified nucle-
otide coding segment complementary to the target microRNA
(from miRBase, Release 14.0, http://microrna.sanger.ac.uk/
sequences) or other RNA (control) and a polyethylene glycol
spacer segment to extend the coding segment away from the
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Day 8

Day 10

Figure 1. Morphology of P19 cells during differentiation. P19 cells were
aggregated for 4 days and the colonies of beating cells were observed on day
10 under an inverted microscope as described in Materials and methods.
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Figure 2. Expression of cTnl protein in P19 cells. Total proteins were isolated
from P19 cells and analyzed by western blotting. Lane 1, day 8; Lane 2, day 10.
The experiment was repeated 3 times with consistent results.

substrate. The detection probes were synthesized in sifu using
photogenerated reagent (PGR) chemistry. The hybridization
melting temperatures were balanced by chemical modifi-
cations of the detection probes. For hybridization we used
100 pl1 6X SSPE buffer (0.90 mol/l NaCl, 60 mmol/l Na,HPO,,
6 mmol/l EDTA, pH 6.8) containing 25% formamide at 34°C.
After hybridization, miRNAs were detected by fluorescent
labeling using tag-specific Cy5 dyes. Hybridization images
were obtained using a laser scanner (GenePix 4.1, Molecular
Device) and digitized using the Array-Pro image analysis
software (Media Cybernetics).

Data were analyzed by first subtracting the background
and then normalizing the signals using a Lowess filter (locally-
weighted regression) (25). In order for a transcript to be listed
as detectable at least two conditions needed to be met: the
signal intensity needed to be >3X (background standard
deviation) and the spot CV <0.5. The CV was calculated
by the ratio of (standard deviation)/(signal intensity). When
repeating probes were present on an array, a transcript was
listed as detectable only if the signals from at least 50% of the
repeating probes were above detection level.

Experimental validation. Total RNA was isolated from cultured
P19 cells using the TRIzol reagent (Invitrogen, Carlsbad, CA).
Single-strand cDNA was synthesized as follows: the reverse

transcription mixture contained 2 ul total RNA, 1 yl mmu-
miRNA reverse primer (Table I), 1 ul ReverIra Ace (Toyobo
FSK100, Osaka, Japan), 4 ul 5X buffer, 2 ul dANTP mix
(10 mmol/1), 1 ul RNasin, 1 pl random primer and 8 1 RNAse-
free H,O, in a 20 ul total volume. The reaction was performed
at 30°C for 10 min and at 42°C for 20 min, followed by heat
inactivation at 99°C for 5 min and then at 4°C for 5 min. For
real-time PCR, 2 ul cDNA was added to 28 ul master mix
containing 0.5 ul SYBR-Green (Applied Biosystems, Foster
City, CA) and 0.5 pl reverse and forward primers. cDNA was
amplified for 35 cycles with the Applied Biosystems 7300
real-time PCR system. The primer sequences used are listed
in Table II. The amount of PCR product was calculated from
the threshold cycle (Ct), the amplification cycle at which the
emission intensity of the product rises above a set threshold
level.

Target prediction analysis. We used TargetScan 5.1 (http:/
www.targetscan.org/) to perform bioinformatics-based target
prediction analysis.

Statistical analysis. Data were analyzed using the Student's
t-test with the SPSS 15.0 statistical package. A P-value <0.05
was considered significant.

Results

P19 cell differentiation. Cell aggregation is a requirement
for DMSO-induced P19 cell differentiation into cardiac
myocytes. Efficient P19 cell differentiation depends on
the prior formation of non-adhering aggregates (18). To
investigate how P19 cells can be differentiated into cardiac
cells, we examined morphological changes in P19 cells. P19
cells were aggregated for 4 days and the colonies of beating
cells were observed on day 10 (Fig. 1). Western blotting was
used to detect cI'nl (a myocyte differentiation marker) protein
expression (Fig. 2). cInl expression was much higher on day
10 compared to day 8. The beating cell colonies generated
on day 10 of P19 cell differentiation, as well as the high ¢Tnl
protein expression, indicated that the cells had differentiated
into cardiac myocytes.

miRNA microarray. We performed microarray analysis on
three replicate samples of cells on day 0 and day 10 of DMSO
exposure. Patterns of differentially expressed miRNAs were
observed (Fig. 3). Those with a signal value >500, with a
P-value <0.01, were selected as the high signal group (differ-
entially expressed). As summarized in Table III, a total of 49
differentially expressed miRNAs in cardiac myocytes (day 10)
compared to normal P19 cells (day 0) were identified. Among
them, 23 were up-regulated and 26 were down-regulated.

Validation of differentially expressed miRNAs. To validate
the microarray results, we performed real-time qRT-PCR
expression analysis on the cells at day 0 and day 10. miRNAs
regulate gene expression post-transcriptionally by binding
to the target mRNA, causing translational inhibition or
degradation. In order to more closely examine target genes
that promote differentiation, the expression of 4 miRNAs
down-regulated (mir-25, mir-92a, mir-302b and mir-690) was
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Table III. miRNAs differentially expressed between differen-
tiated (day 10) and undifferentiated (day 0) P19 cells.

miRNA P-value log2
(day 10/day 0)
mmu-mir-1892 4 .28E-10 391
mmu-mir-762 3.64E-09 391
mmu-mir-689 2.06E-08 3.25
mmu-mir-1224 2.70E-08 2.84
mmu-mir-2134 5.37E-08 322
mmu-mir-1894-3p 3.15E-07 1.98
mmu-mir-2132 4.00E-07 227
mmu-mir-2138 7.18E-07 2.32
mmu-mir-705 8.35E-07 3.13
mmu-mir-2133 1.63E-06 324
mmu-mir-2135 2.59E-06 4.17
mmu-mir-494 3.65E-06 2.09
mmu-mir-2141 9.83E-06 3.81
mmu-mir-671-5p 2.10E-05 3.09
mmu-mir-1956 2.17E-05 5.26
mmu-mir-2146 2.70E-05 4.24
mmu-mir-2145 2.75E-05 1.78
mmu-mir-714 5.18E-05 4.56
mmu-mir-680 1.14E-04 2.35
mmu-mir-2140 1.90E-04 1.56
mmu-mir-294 9.01E-04 1.09
mmu-mir- 1 1.56E-03 0.63
mmu-mir-199a-3p 2.96E-03 5.90
mmu-mir-19b 4.50E-10 -3.99
mmu-mir-690 1.34E-08 -1.97
mmu-mir-720 8.38E-08 -2.64
mmu-mir-125a-5p 1.13E-07 -1.96
mmu-mir-805 1.27E-07 -1.99
mmu-mir-1937b 3.63E-06 -1.54
mmu-mir-106a 5.60E-06 -1.29
mmu-mir-25 7.01E-06 -1.52
mmu-mir-1937a 7.07E-06 -1.31
mmu-mir-21 1.06E-05 -1.79
mmu-mir-92b 1.26E-05 -1.49
mmu-mir-15b 2.67E-05 -1.35
mmu-mir-382 2.97E-05 -143
mmu-mir-16 4.25E-05 -2.09
mmu-mir-20a 5.03E-05 -1.55
mmu-mir-92a 5.34E-05 -1.95
mmu-mir-335-5p 6.23E-05 -0.94
mmu-mir-20b 1.00E-04 -1.25
mmu-mir-23b 1.11E-04 -1.21
mmu-mir-17 1.25E-04 -1.66
mmu-mir-125b-5p 1.51E-04 -1.30
mmu-mir- 302b 2.58E-04 -1.00
mmu-mir-292-5p 2.79E-04 -0.61
mmu-mir-302a 4 49E-04 -0.61
mmu-mir-379 9.52E-04 -1.28
mmu-mir-23a 2.72E-03 -0.52
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Figure 3. Representative images of chip regions. The miRNA profiles can
be read directly from these Cy5 images. The images are displayed in pseudo
colors to expand the visual dynamic range. As the signal intensity increases
from 1 to 65,535 the corresponding color changes from blue to green, to
yellow and then to red. Left panel, day 0; right panel, day 10.
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Figure 4. Comparison of miRNA expression measurements by microarray
and real-time qRT-PCR. Triplicate assays were performed from each RNA
sample. Data are normalized using U6 as an endogenous control for RNA
input. Fold-changes for these miRNAs from array and real-time qRT-PCR
are shown as the mean.

analyzed. The expression data obtained by real-time qRT-PCR
analysis were comparable to the microarray data (Fig. 4).

Target prediction analysis. For this analysis, we selected the
down-regulated miRNA (mmu-mir-19b) which demonstrated
the highest degree of differential expression with the lowest
P-value (most significant difference) in order to identify its
potential gene targets. We thus obtained the mmu-mir-19b
target genes wntl, wnt3 and wnt7b.

Discussion

The heart is one of the first organs to function in the developing
embryo. Although several key elements of the transcriptional
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network that orchestrates vertebrate heart development have
been successfully identified, little is known about the post-
transcriptional control mechanisms of this process (26). In this
study, we differentiated normal P19 cells into beating cardiac
myocytes, and confirmed the differentiation by detecting cTnl
expression. Forty-nine differentially expressed miRNAs were
found in cardiac myocytes compared to normal P19 cells; 23
were up-regulated and 26 down-regulated. The microarray
results were confirmed for 4 selected miRNAs genes (mir-25,
mir-92a, mir-302b and mir-690) with real-time qRT-PCR.
We also obtained the targets gene wntl, wnt3 and wnt7b of
mmu-mir-19b by target prediction analysis. Wnt signaling
promotes the differentiation of cardiomyocytes (19,27). It is
therefore possible that mir-19b plays an important role during
the differentiation of P19 cells into cardiac myocytes through
the wnt genes.

The precursor transcript derived from the mir-17-92 cluster
contains six tandem stem-loop hairpin structures that ulti-
mately yields six mature miRNAs: miR-17, miR-18a, miR-19a,
miR-20a, miR-19b-1 and miR-92-1 (28). Expression profiling
studies have revealed the widespread overexpression of these
miRNAs in diverse tumor subtypes including tumors from
both hematopoietic malignancies and solid tumors such as
those derived from the breast, colon, lung, pancreas, prostate,
and stomach (7,29). Ventura et al documented that loss-of-
function of the miR-17-92 cluster resulted in smaller embryos
and immediate postnatal death of all animals. This was
likely due to severely hypoplastic lungs and ventricular septal
defects in the hearts of mice lacking miR-17-92 (30). In the
present study, mir-17, mir-19b, mir-20a, mir-20b, mir-92a and
mir-92b were down-regulated, and may therefore participate
in maintaining P19 cell self-renewal and inhibiting cardiac
differentiation. The mir-21 expression level is dysregulated
in the heart and vasculature in cardiovascular diseases such
as proliferative vascular disease, cardiac hypertrophy, heart
failure and ischemic heart disease (31). Members of the
mir-302 family are down-regulated rapidly in response to
embryonic stem cell (ESC) differentiation (32). Lee et al
also demonstrated that functional miR-302b is necessary to
maintain stem cell self-renewal and inhibit the differentiation
of human embryonic carcinoma cells (ECCs) (33), which is
consistent with our results. The function of these miRNAs,
and the mechanism by which they participate in heart devel-
opment, requires further study.

While many of the miRNAs identified as differentially
expressed in the present study have known disease correla-
tions, others, such as mir-1892, mir-2132, and mir-2133, do
not. The results of this study suggest that investigation into
their function and mechanism could provide further informa-
tion about the regulation of cardiomyocyte differentiation.
Diagnostic use and therapeutic modulation of individual
miRNAs or miRNA clusters in cardiovascular diseases may
become a promising clinical solution.
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