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Abstract 

A variety of signaling pathways contribute to mouse
embryonic cell line P19CL6 differentiation into cardiac
muscle cell lineage. Of these, the bone morphogenic pro-
teins (BMP) pathway was shown to be required for the
early onset of myocyte differentiation and expression of
cardiac specific factors. Noggin, a soluble factor that
binds to multiple members of BMPs, antagonizes BMP
activities. Applying Noggin to pluripotent cell lines, such
as P19CL6 cells, blocks DMSO-induced cardiac lineage
specification by reducing BMP activities. It is not clear
what other important genes are affected by this inhibition. 

Agilent’s mouse oligonucleotide DNA microarrays (22K)
were applied to examine gene expression changes in
DMSO- and Noggin-treated P19CL6 cells. Trend analysis
showed temporal changes of gene expression and distin-
guished genes involved in early stage of differentiation
from those involved in mid- or late-stage differentiation.
Hierarchical clustering analysis indicated patterns of
gene expression profiling upon DMSO and Noggin treat-
ment. Genes whose expressions were  up-regulated during
cardiac myogenesis were either completely blocked or
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down-regulated by Noggin, whereas most genes that
were down-regulated by DMSO remained down-regulated
in response to Noggin treatment. Our results show the
complexities of gene regulation during cardiac myogene-
sis, and the cross-talk between BMP signaling and other
signaling events during the differentiation process.

Introduction

There has been much interest in the past decade in
identifying key genes and signaling events that are
involved in vertebrate cardiogenesis. Of the limited
cell culture models currently available, the mouse
embryonic carcinoma cell line P19CL6 was shown
to be differentiated into cardiac myocytes after
DMSO treatment [1]. During this differentiation
process, the cells express cardiac-specific genes
and proteins such as Nkx2.5, GATA4, MEF2C, and 
α-MHC. The expressions of these cardiac-specific
markers are shown to be regulated through multiple
factors, including BMPs [1, 2]. Both BMP2 and
BMP4 genes are induced to be expressed at low
levels at early stage of myocyte differentiation
(days 4–5), increase to higher levels on days 8–10,
and return to low levels on day 12 [2]. BMP signal-
ing is essential but not sufficient for P19CL6 cells
to differentiate into cardiac myocytes: other signal-
ing pathways, such as Wnt- and ß-catenin-dependent
pathways, are also implicated in this process [2].
The relationships between BMP signaling and
other signaling molecules have yet to be clarified.

DNA microarray technology provides a powerful
tool to study gene expression at the genome level.
As one of market leaders in the DNA microarray
field, Agilent offers an integrated product solution,
from in situ 60-mer oligonucleotide microarrays
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and reagent kits to software tools for gene expres-
sion studies [3, 4]. It enables researchers to per-
form high quality expression analysis with great
sensitivity, flexibility, and reproducibility.

This note demonstrates the use of Agilent’s DNA
microarrays to study differential gene expression
in the pluripotent model system, P19CL6 cells,
during DMSO-induced and Noggin-inhibited cardiac
myocyte differentiation. The temporal gene expres-
sion was examined at a global level. Hierarchical
clustering analysis reveals interesting patterns of
gene regulation that should aid researchers to
unveil critical signaling networks involved in
mouse cardiogenesis. 

Materials and Methods

Cell Culture and Differentiation

P19CL6 mouse embryonic carcinoma cells were
provided by I. Komuro (Chiba University, Chiba,
Japan). Cells were grown on 10-cm dishes in 
α-MEM (Invitrogen), supplemented with 10% FBS
(HyClone), penicillin, and streptomycin. To induce
differentiation, cells were seeded at a 1:40 dilution
with α-MEM/10% FBS/1% DMSO. For each experi-
ment, cardiomyocyte differentiation was apparent
in the control cultures as spontaneous beating,
starting at days 9–10. To inhibit differentiation,
Noggin was added to the cells in the presence of
1% DMSO.

RNA Isolation and Reverse Transcription-Polymerase
Chain Reaction (RT-PCR)

RNA was isolated by using TRIzol (Invitrogen). To
ensure the integrity of the RNA samples before
use, they were examined using the RNA 6000 Nano
LabChip® Kit (p/n 5065-4476) on the Agilent 2100
Bioanalyzer (G2940BA). Sequences of primers and
probes corresponding to each mRNA are available
on request. RNA (0.1 µg) was subjected to quanti-
tative RT-PCR, using TaqMan® (Applied Biosystems),
and then run using the 7700 Sequence Detector
System (Applied Biosystems). The copy number for
each transcript is expressed relative to that of 
glyceraldehyde-3-phosphate dehydrogenase
(GAPDH).

Western Blot Analysis and Immunocytochemistry 

Western blot analysis and immunocytochemistry
were performed as described by Nakamura et al [2].

Generating Labeled Targets 

Cyanine 3- and 5-labeled CTP (10.0 mM) were pur-
chased from Perkin-Elmer/NEN Life Science 
(p/n NEL 580, 581). Targets of cRNA were ampli-
fied and fluorescently labeled from 1 µg of total
RNA in each reaction using the Agilent Low RNA
Input Fluorescent Linear Amplification Kit 
(p/n 5184-3523), and following the protocol
described in the user’s manual. Yields of cRNA
were determined by ultraviolet (UV) spectropho-
tometry. For each sample pair, one was labeled
with cyanine 3 and the other with cyanine 5. Fluor
reversal (dye swap) duplicates were used in 
two-color DNA microarray experiments.

Hybridization

Hybridization was performed following the Agilent
oligonucleotide microarray hybridization user’s
manual and the Agilent in situ Hybridization Plus
kit (p/n 5184-3568). One microgram of labeled
cRNA from each channel was combined and mixed
with 50 µL of 10× control targets and nuclease-free
water to a final volume of 250 µL. Then 10 µL of
25× fragmentation buffer was added to each
sample tube and incubated at 60 °C for 30 min in
the dark. The addition of 250 µL of 2× hybridiza-
tion buffer terminated the reaction. A volume of
500-µL hybridization mix was applied to each 22K
60-mer Mouse Oligonucleotide Microarray (p/n
G4121-60510) and hybridized in a hybridization
rotation oven (p/n G2505-80081) at 60 °C for 17 h.
The slides were first disassembled in 6× SSC,
0.005% Triton X-102, washed with 6× SSC, 0.005%
Triton X-102 for 10 min at room temperature, then
washed with 0.1× SSC, 0.005% Triton X-102 for 
5 min on ice, and finally dried using a nitrogen-
filled air gun.

Expression Analysis

The arrays were scanned using the Agilent dual
laser DNA microarray scanner (p/n G2565AA)
with SureScan technology. The information was
then extracted from images by Agilent’s Feature
Extraction software 7.1.1 (p/n G2566AA). The 
Agilent Feature Extraction software uses a 
parameterized error model to compute the signifi-
cance (P-values) of log ratios, and the default error
model terms were applied.

The differential gene expression data were ana-
lyzed using Resolver® software. An average of two
replicate samples (dye swap) was used for each
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experiment. Self-self control hybridizations were
used to evaluate the confidence threshold and
system noise. Genes were defined as differentially
expressed if the fold change was equal to two, and
the P-value is less than 0.01. In the two-dimensional
Agglomerative Hierarchical Clustering analysis,
the gene clustering and the experiment clustering
were determined based on average link (heuristic
criteria) and Pearson correlation (similarity 
measure) weight by error.

Results 

P19CL6 cells were treated with 1% DMSO for vari-
ous times from day 0 to day 12, and examined for
spontaneous contraction and the expression of
cardiac-specific markers by quantitative RT-PCR,
Western blot analysis, and immunocytochemistry as
shown in Figure 1A, 1B, and 1C respectively [2].

In the absence of DMSO, cells did not express any
cardiac-specific genes and remained undifferenti-
ated. Upon treatment with 1% DMSO, the expres-
sion of cardiac transcription factors such as
Nkx2.5, GATA4, and MEF2C was induced within
3–8 days. BMP2 and BMP4 were induced to low
levels on day 4 and persisted to day 12 (Figure 1A).
The induction of GATA4 and sarcomeric myosin
heavy chain (MHC) proteins was consistent with
their gene expressions (Figure 1B). The differenti-
ated state of cardiac myocytes after DMSO upon
immunochemistry was demonstrated by sarcomeric
MHC staining, shown in Figure 1C.

To study the time course of gene expression, total
RNA was isolated from P19CL6 cells on day 0, 3, 6,
8, and 10 under different treatments. These sam-
ples were amplified, labeled, and hybridized to 
Agilent’s mouse oligonucleotide DNA microarrays
(22K). Gene expression from samples of various
time points were compared to that of day 0 and
expressed as log ratios. We first examined the
system noise level of the DNA microarray using
self-self hybridization of control samples (day 0).
Of the total number of features (20,832), 99% lay
tightly along the diagonal line (P ≤0.01), suggesting
that there is no differential expression between the
red (cyanine 5) and green (cyanine 3) channels
(Figure 2A).

Figure 1. Expression of cardiac-specific genes in DMSO-
treated P19CL6 cells. (A) Quantitative RT-PCR show-
ing cardiac differentiation in P19CL6 cells, preceded
by the induction of endogenous BMPs. (B) Western
blot analysis shows the induction of GATA4 and sar-
comeric MHCs. Tubulin was used as a control. (C)
Immunocytochemistry demonstrates the induction of
sarcometric MHCs. Cells were cultivated for 12 days
with (right) and without (left) 1% DMSO, and stained
with MF20 (red) and 4',6-diamidino-2-phenylindole
(blue, data from Reference 2).

A

B

C
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Figure 2. Two-color log intensity plots of self-self hybridization and differential hybridization. cRNA targets were ampli-
fied and labeled using total RNA from P19CL6 cells treated with 1% DMSO (day 0 or day 8) and the Agilent Low
RNA Input Fluorescent Linear Amplification Kit. Cyanine 3- and cyanine 5-labeled targets were then combined and
hybridized to mouse oligonucleotide microarrays. The log intensity of red-processed signal was plotted against
that of green-processed signal and represented in (A) for self-self hybridization (day 0). The log ratio versus inten-
sity plot of differential hybridization of day 8 compared to day 0 is shown in (B). Blue + represents any data point
whose log ratio is  not significantly different from 0; red + and green + represent data points whose log ratios are
greater or less than 0, respectively (P ≤0.01).

A

B
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Fewer than 1% of features are considered to be sig-
nificantly expressed. As expected, features with low
signal intensities tend to be more scattered from the
diagonal. The average of all log ratio values is
0.00037 with standard deviation of 0.067, consistent
with the low noise on the 60-mer oligonucleotide
microarray.

We then conducted differential gene expression
analysis by comparing DMSO-treated samples with
control samples (day 0), and DMSO/Noggin treated
samples with samples treated with DMSO alone at
the same time. cRNA targets were generated and
labeled with cyanine 3 or cyanine 5, and subse-
quently hybridized to mouse 22K oligonucleotide
microarrays. Figure 2B shows a differential gene
expression result using DMSO-treated RNA samples

Figure 3. Temporal gene expression of P19CL6 cell differentiation induced by DMSO. Trend analysis was performed using
Resolver to examine gene expression changes during the time course of P19CL6 cell differentiation upon DMSO
treatment. The log ratios of genes were compared to those at day 0 which were normalized to be “0”.

at day 8, compared to those genes at day 0. Thirty
percent of genes are detected as being significantly
different in expression, of which 15% were 
up-regulated and the rest down-regulated by DMSO. 

Next, we performed trend analysis of gene expres-
sion during cardiac differentiation from day 0 to
day 10 (Figure 3). The log ratios of genes under 
differentiation were compared to those from day 0.
Signature genes (8,662) were identified as being 
significantly regulated at least at one time point
(fold change >2, P ≤0.01). Numerous expression
trends were identified showing up-regulation, 
down-regulation, transient regulation, and sus-
tained regulation of genes, suggesting the complex-
ities of gene expression during cardiogenesis in
P19CL6 cells.
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To discover patterns of gene expression regulated
by the BMP inhibitor, Noggin, a two-dimensional
hierarchical clustering algorithm was applied to
cluster both the experiments and the genes that
were differentially expressed (fold change >2, 
P <0.01) in at least three experiments. As shown in
Figure 4, experiments were classified into two cate-
gories based on their expression patterns: the one
treated with DMSO alone, and the other treated

Figure 4. Hierarchical clustering analysis of global gene expression during induction and inhibition of cardiac myogenesis. Two-
dimensional clustering analysis was performed using an agglomerative hierarchical clustering algorithm to cluster both
experiments (horizontal dimension) and genes (vertical dimension) whose expressions patterns were similar. Only genes
with fold changes >2 in at least three experiments were included in the clustering. Genes that were up-regulated are colored
in red, genes that were down-regulated are colored in green, and genes whose expressions were unchanged are colored in
black. Experiments and genes with the most similar expression patterns are clustered together in hierarchical order. Green or
red shown in the experiments treated with Noggin denotes a block to the developmental regulation of genes, shown as red
or green in the DMSO treatment alone experiment.

with both DMSO and Noggin. Fewer genes were 
up- or down-regulated at the very early stage of
DMSO treatment (day 3). Starting from day 6 to 
day 10, a large number of genes were differentially
expressed in response to DMSO. Significant block to
the DMSO-induced genes was observed from day 6
to day 10 in the presence of Noggin (shown as green
in lanes 6 to 8). Most of the genes down-regulated by
DMSO remained down-regulated in the presence of
Noggin (rescue shown as red in lanes 5 to 8).
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Table 1 shows a partial list of genes whose expres-
sion regulation is important for cardiac-specific
myocyte differentiation and inhibition. The early
transcription factors for mesoderm formation, such
as brachyury (T) and Smad transcription factors
(Madh6 and Madh7), were induced by DMSO but
inhibited by Noggin on day 6. As expected, Noggin
blocked the induction of growth arrest-specific
genes such as Gadd45g, Gas5, and Gas6 by DMSO,
but had little effect on the down-regulation of
growth-related genes such as Pola1, Pole, and Pole2.
Furthermore, Noggin blocked later differentiation,
inhibiting cardiac-specific structural genes encoding
the sarcomeric and cytoskeletal proteins shown.
Consistent with the previous report [2], endogenous
BMPs (BMP2–7) were induced at mid- and late-stages
of cardiac differentiation; their expression was
blocked by Noggin, implying the likely importance of
BMP auto-regulation here.

Table 1. A Partial List of Genes Significantly Regulated by DMSO and Noggin

Conclusions

Our results suggest Agilent’s oligonucleotide DNA
microarray is a powerful tool to study P19CL6 cell
differentiation, which provides valuable information
on how genes are regulated and how their expres-
sion impacts the eventual cellular and physiological
phenotypes during mouse cardiogenesis.

Many genes were up-regulated upon DMSO treat-
ment, whose expression was suppressed by
Noggin. Molecular function and pathway analysis
suggests that a variety of genes and pathways were
impacted during the course of P19CL6 cardiac
myocyte differentiation. Clustering analysis indi-
cates patterns of gene expression that may be
important for our understanding of mouse 
cardiogenesis.
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