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Abstract Islet 1 (ISL1), a marker of cardiac progenitors,
plays a crucial role in cardiogenesis. However, the precise
mechanism underlying the activation of its expression is
not fully understood. Using the cardiac differentiation
model of P19CL6 cells, we show that POU homeodomain
protein, OCT1, modulates Isl/ expression in the process of
cardiac differentiation. Oct/ knock-down resulted in
reduction of Is// expression and downregulated mesoder-
mal, cardiac-specific, and signal pathway gene expression.
Additionally, the octamer motif located in the proximal
region of Isl] promoter is essential to Isl] transcriptional
activation. Mutation of this motif remarkably decreased
Isl] transcription. Although both OCT1 and OCT4 bound
to this motif, it was OCT1 rather than OCT4 that modu-
lated Isl] expression. Furthermore, the correlation of OCT1
in regulation of s/ was revealed by in situ hybridization in
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early embryos. Collectively, our data highlight a novel role
of OCT]1 in the regulation of Isl] expression.
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Introduction

Islet 1 (ISL1), a LIM-homeodomain transcription factor,
was originally identified as an insulin gene-enhancer
binding protein [1]. ISL1 is important for the motor neuron
specification and pancreatic development [2—4]. Recently,
it has been reported that ISL1 also plays a crucial role in
regulation of early-stage cardiogenesis [5—10]. Studies
from Moretti and Bu et al. have documented that the
multipotent ISL17 cardiovascular progenitors derived from
embryonic stem cells resemble developmental precursors
in the embryonic heart and exhibit the pluripotent proper-
ties that can give rise to diverse cardiovascular cell types,
such as cardiomyocytes, endothelial cells, and smooth
muscle cells in vitro [7, 11]. Therefore, ISL11 cells
authentically represent a native population of cardiac pro-
genitors and have great potential in regenerative
cardiovascular medicine [12].

Fate mapping evidence demonstrated that ISL1 mainly
marks the second heart field (SHF) progenitors, which
contributed to the outflow tract, right ventricle, and much
of the atria. Ablation of Isl/ results in lethality at
embryonic day 10.5 (ED10.5) with defects in cardiac
structures derived from the SHF [5, 9]. These defects are
believed to be caused by severe decrease in proliferation or
even apoptosis of ISL1" progenitor cells [5]. RNA tran-
script analysis further reveals that Is/] is expressed early in
the cardiac crescent stage (ED7.5) and continues to be
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expressed until ED10.5. Its expression is restricted in the
splanchnic and pharyngeal mesoderm, but not within
myocardium. During early cardiac crescent stages, ISL1™
progenitors migrate into the forming heart from dorsal to
medial regions, progressively differentiating as they con-
verge with the cells of the first myocardial precursor
lineage and finally forming the majority of cells of the right
ventricle, outflow tract, and remainder of the atria. Once
precursors differentiate, Is// expression is progressively
downregulated and extinguished from ED12.5 to ED18.5
[5, 6]. Moreover, ISL1T" progenitors also contribute to
specific regions of the left ventricle, including a junctional
region between left and right ventricles, trabeculae, and the
inner curvature [5]. Therefore, it is worth noting that during
embryonic development, ISL1 function is required to
maintain an undifferentiated state and/or may be incom-
patible with a differentiated state. Is// expression may
delineate the undifferentiated progenitor state from differ-
entiated cardiomyocytes.

As a transcription factor, ISL1 has been validated to lie
on the top of a conservative transcriptional network gov-
erning SHF development. It interacts with other
transcriptional factors such as GATA zinc-finger and
forkhead transcripton factors, setting in motion a cascade
of downstream transcriptional events involving MEF2c,
NKX2.5, HAND2, and ultimately influencing SHF deve-
lopment [13]. Disruption of ISL1 resulted in more severe
defects in the right ventricle and outflow tract formation
than disruption of its downstream factors, suggesting that
ISL1 served as a master regulator and played a leading role
in embryonic heart development [13]. Moreover, Isl]
expression also requires inputs from extrinsic factors to
facilitate the development of the SHF [14, 15]. For
example, loss of FGFS in the cardiac crescent mesoderm
led to aberrant phenotype of Is// and its target Mef2c in the
SHF [14]. Ablation of Wnt/f-catenin signaling resulted in
significantly decreased expression of FGF ligands, which
inhibited the expansion of ISL1* progenitors [15]. A recent
report showed that Notch pathway is negatively involved in
the f-catenin-mediated Is// regulation for the maturation
and differentiation of ISL17" progenitors [16].

Although the ISL1-dependent transcriptional network
for SHF development has been delineated and multiple
signaling pathways have been integrated to elicit the effect
on the expression of Is//, the mechanisms, especially the
upstream transcription factors, that regulate Is// transcrip-
tional activity remain virtually unknown. In the current
study, using the in vitro cardiac differentiation model of
P19CL6 cells, we focused on determining the regulatory
elements and trans-acting factors involved in Isl] expres-
sion. We found that a POU homeodomain family member,
OCT1, but not OCT4, favored Is/]/ expression and tran-
scriptional activation in the early stage of cardiogenesis,
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and that downregulation of OCT1 in the later stage was
implicated in the silencing of Isl/ expression. Moreover,
data from in situ hybridization also showed a good corre-
lation in the distribution of Oct/ and Is// mRNAs in early
developmental embryos. Thus, our data provide a novel
insight into how Isl] expression is controlled within the
defined program of cardiac differentiation.

Materials and methods
Cell culture and induction of differentiation

P19CL6 cells were cultured and induced to cardiac dif-
ferentiation as described by Habara-Ohkubo et al. [17].
Differentiation efficiency was calculated by counting
a-actinin-positive cells as described below in the immuno-
fluorescence assay.

RT-PCR and real-time RT-PCR

RNA extraction was performed using Trizol reagent (Invit-
rogen) in accordance with the manufacturer’s instructions.
For RT-PCR, Tag DNA polymerase (Promega) and Gene-
Amp PCR System 9700 (Applied Biosystems) were utilized.
The following thermal profile was used for all PCR experi-
ments: 95°C for 5 min; and then appropriate cycles at 95°C
for 30 s, annealing temperature (online supplemental mate-
rial, Table S1) for 30 s, and 72°C for 30 s; and terminated by
a final extension at 72°C for 8 min. For real-time RT-PCR,
ABI Prism 7700 sequence detector and SYBR® Green real-
time Master Mix (Toyobo) were utilized. The mRNA level
was quantified as described by Livak et al. [18]. Relative
PCR signals were normalized to the average expression
levels of the undifferentiated samples, and normalized ratios
were used to indicate up- and downregulation. Primers for
RT-PCR and real-time RT-PCR are listed in the supple-
mental material, Table S1.

Immunofluorescence

P19CL6 cells on coverslips were induced for 8 or 12 days
by DMSO and then fixed with 4% paraformaldehyde for
10 min at room temperature. After being rinsed with PBS,
cells were permeabilized with 0.3% Triton X-100 (Sigma)
for 15 min, and then blocked with normal goat serum for
30 min. In order to find out whether cells differentiated into
cardiomyocytes, they were incubated overnight at 4°C with
mouse monoclonal antibody against a-actinin (1:200
Sigma) and subsequently incubated with TRITC-conju-
gated goat anti-mouse IgG (1:200). Nuclei were
counterstained with Hoechst 33342 (Sigma). Quantitative
evaluation of differentiation efficiency was performed by
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counting «-actinin-positive cells. A minimum of five ran-
domly imaged fields of each coverslip were counted from
at least five coverslips. The percentage of o-actinin-positive
cells out of the total number of cells counted represents the
differentiation efficiency.

Primer extension analysis

Total RNA was isolated from induced day 4 P19CL6 cells
using Trizol Reagent according to the manufacturer’s
instructions. An antisense oligodeoxynucleotide, 5-AAC
TGG GGG AAA CAG CAG CC-3, corresponding to the
Isl] sequence from —138 to —119 bp upstream of the
translation start codon was labeled with [y-32P]ATP
(3000 mCi/mmol; FuRui, Beijing, China). Primer exten-
sion assay was performed following the manufacturer’s
instructions (Promega). The transcriptional start site was
determined by comparison with the Is// mRNA sequence
from the GenBank database.

Cloning of the Isl] 5’ flanking region and construction
of a series of luciferase reporter vectors

A 1,058 bp putative Isl] promoter region was amplified by
PCR using primers based on the genomic DNA sequence of
Isl] (accession number NM_021459). The amplified PCR
fragment was cloned into pGEM-T Easy vector (Promega),
digested with Kpnl/Hindlll, and transferred into the pGL3-
basic reporter vector (Promega). This construct was desig-
nated as pGL(—909/4-133), relative to the transcriptional
start site (41), and used for generating a series of deletion
constructs. For 5’ nested truncation, the unique restriction
sites Ball at position —563, Blpl at —406, and AarlIl at —122
in the Isl] promoter region were chosen, and the pGL(—909/
+133) was digested with Kpnl/Ball, Kpnl/Blpl, and Kpnl/
Aatll, respectively. Finally, the large fragments containing
the vector sequence were end-blunted with T4 DNA poly-
merase (Promega) and self-ligated with T4 DNA ligase
(Promega), designated pGL(—563/4+133), pGL(—406/
+133), or pGL(—122/4133). The other deletion constructs
were generated by PCR through specific primers and des-
ignated pGL(—246/4-133) and pGL(—57/4+133). All the
constructs were confirmed by DNA sequencing. The primers
are shown in the online supplemental material, Table S2.

Transfection and luciferase assays

Cells were seeded at a density of 10 x 10* per well in a 24-
well plate and transfected using Lipofectamine™ 2000
(Invitrogen) when they reached 80% confluence. pRL-
CMV (Promega) was co-transfected in all experiments as
an internal control to standardize transfection efficiency.
For co-transfection experiments, the total amount of DNA

was kept constant with empty plasmid DNA (maximum
600 ng/well). After 2448 h of transfection, cell lysates
were assayed for firefly and renilla luciferase activity on a
Microplate Luminometer (FOLAR star reporter assay
system, BMG) using the Dual-luciferase Reporter Assay
System (Promega) and compared with that of the control
vector. Each assay was performed in triplicate and repeated
at least three times. The data were statistically analyzed
using the unpaired, two-tailed Student’s ¢ test, and differ-
ences were considered significant when P < 0.05.

Electrophoretic mobility shift assays

Nuclear extracts (NE) from uninduced or induced P19CL6
cells at indicated time points were prepared as described by
Zhu et al. [19]. Oligonucleotides used in EMSA were
labeled by [y-*P]JATP. EMSA was carried out at room
temperature for 30 min in 20 pl reaction mixtures con-
taining 10 pg of NE, 20 pCi **P-labeled oligonucleotides,
500 ng of poly (dI-dC) (Sigma), 20 mM HEPES, pH 7.9,
1 mM dithiothreitol, and 10% glycerol. For competition
assay, an unlabeled competitor was added at 100-fold
excess prior to the labeled probe. For supershift EMSA,
2 pg of anti-OCT1 (sc-25399; Santa Cruz) or anti-OCT3/4
(sc-9081, Santa Cruz) antibodies were incubated with NE
prior to the labeled probe. Protein-DNA complexes were
resolved by nondenaturing 6% polyacrylamide gel elec-
trophoresis. The sequences of the sense strand of these
oligonucleotides, mutants of Oligo-3 with two base sub-
stitutions, and competitors of Oligo-3 with mutated or
deleted octamer motifs are depicted below.

DNase I footprinting

DNase I footprinting experiments were carried out with NE
from induced day 4 P19CI6 cells. The DNA fragment con-
taining the —246 to —122 bp of Is// minimal promoter was
amplified by PCR and then 3’-end-labeled (coding strand)
with [¢-"*P]dATP. After incubation with the labeled probe
and NE at room temperature for 30 min, DNase I was added
for exactly 1 min. Footprinting was carried out using a core
footprinting system kit (Promega). The size of the DNA
bands was estimated by referring to a “G + A” Maxam-
Gilbert sequencing ladder of the same labeled probe.

Site-directed mutagenesis

The luciferase reporter constructs harboring the double point
substitutions of the octamer motif were generated using Site-
Directed Mutagenesis Kit (Stratagene). Each mutant primer
was synthesized and annealed to the template of pGL(—246/
+133) vector. PfuTurbo® DNA Polymerase was used to
synthesize the mutagenic promoter, followed by digestion of
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the parental plasmid by Dpnl according to the manufac-
turer’s instructions. All resulting plasmid constructs were
sequenced to confirm the mutations.

Chromatin immunoprecipitation (ChIP) assays

ChIP experiments were performed according to the method
described by Shang et al. [20]. After crosslink reversal,
precipitated DNA was analyzed by PCR for a fragment of
the IslI promoter (—246 to +133). The primers are 5'-TAA
TCC TCT CCT GCG GGC TCG C-3' and 5-AGA GGA
TGC TGG TGC TGT GGC TAG G-3'.

Western blotting

Nuclear protein (20 pg) was prepared and subjected to 10%
SDS polyacrylamide gel electrophoresis and subsequently
transferred onto nitrocellulose membranes (Amersham),
which were then blocked in 5% nonfat milk and incubated
with anti-OCT1 or anti-OCT4 antibodies. Horseradish-
peroxidase-conjugated anti-human or mouse antibodies
(1:2,000) were used as secondary antibodies. Visualization
was performed using ECL Western blotting detection
reagents (Amersham).

RNA interference (RNAI)

P19CL6 cells were induced by DMSO for 2 days, then
transfected with chemically synthesized specific Octl
siRNA (sc-36120, Santa Cruz) in Opti-MEM® I Reduced
Serum Medium (Invitrogen). After 6 h, the culture medium
was replaced with differentiation medium (containing
1%DMSO). At induced day 4, PI9CL6 cells were har-
vested and subjected to real-time PCR assay to evaluate
mesodermal, cardiac-specific, and signal pathway gene
expression under the condition of Oct! knock-down. Octl
irrelevant control RNA was used as a control. In order to
evaluate the effect of Oct/ siRNA on the differentiation
efficiency of P19CL6 cells, cells were plated on coverslips
and subjected to immunofluorescence analysis as described
above. To increase the Octl knock-down effect, Octl
siRNA was transfected twice. At induced day 2, P19CL6
cells were transfected with Octl siRNA for the first time,
and at day 4, the cells were transfected with Octl siRNA
again. At day 8, the cells on coverslips were subjected to
immunofluorescence analysis, and differentiation effi-
ciency was evaluated by counting «-actinin-positive cells
as described above.

In situ hybridization

In order to prepare the mRNA probes used for in situ
hybridization, the specific fragments of Is// and Octl DNA
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sequences were cloned by PCR using the following prim-
ers: Isll primers are 5'-TGT GGT GGA GAG AGC CAG
CCT-3' and 5'-GCA TAC CAG GTC CGC AAG GT-3;
Octl primers are 5'-GCA CAG TGC TGC TGG GGC
CAC-3’ and 5'-CCT GGG GGG TCT GTG AGA TGA-3'.
The amplified products were then subcloned into the
pGEM-T vectors and a 201- or 206-nucleotide comple-
mentary RNA for Isl] or Octl antisense probes was
prepared by in vitro transcription and labeled with
digoxigenin (Roche). Subsequently, in situ hybridization
was performed to investigate the distribution of Octl and
Isl] at the mRNA level in the early embryos. To visualize
hybridization signals, consecutive paraffin-embedded tis-
sue sections from embryos of EDS8.5, ED9.5, EDIO0.5,
ED11.5, and ED12.5 were incubated for 1 h with anti-
digoxigenin-AP antibody (1:500; Roche) and the reaction
products were colorized with nitro blue tetrazolium toge-
ther with 5-bromo-4-choloro-3-indolyl phosphate (NBT/
BCIP, Promega), resulting in a blue signal. Signal speci-
ficity was assessed by substituting the probe using the sense
probe specific for Is// or Oct] mRNAs. To further dem-
onstrate the co-localization of Is// and Octl mRNA, a
double staining in situ hybridization for sectioned embryos
of ED8.5 was performed using digoxigenin-labeled Isl/
probe and biotin-labeled (Roche) Octl probe simulta-
neously. Staining reaction was performed for /s// mRNA
with NBT/BCIP (blue) after incubating with alkaline
phosphatase (AP)-conjugated anti-digoxigenin antibody,
while Oct] mRNA was detected with aminoethylcarbazole
(AEC, Invitrogen) peroxidase substrate (red) after incu-
bating with horseradish peroxidase (HRP)-conjugated
streptavidin (Vector Lab). If Is/J] mRNA was co-localized
with Octl mRNA, the overlapping regions would be dark
purple. Signal specificity was assessed by substituting the
probe using the sense probe specific for Is// or Octl.

Statistical analysis

All data were expressed as the mean £ SD from at least
three independent experiments. The statistical significances
of difference between groups were calculated using Stu-
dent’s two tailed ¢ test or ANOVA with SPSS10.0 software.
Differences were considered to be significant at
P value < 0.05.

Results

The expression of Isl] during cardiac differentiation
of P19CL6 cells

In our effort to understand the regulation of Is// expression,
P19CL6 cells induced by DMSO in adherent culture were
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employed as a model of cardiogenesis [17]. After exposure
to DMSO for 8 days, P19CL6 cells efficiently differenti-
ated into mononucleated, rhythmically contracting
cardiomyocytes. The dispersed clones of spontaneous
contractions further expanded and fused together as mul-
tiple large-scale beating areas at day 12. About 90% of
P19CL6 cells differentiated into cardiomyocytes as con-
firmed by immunostaining of sarcomeric «-actinin
(Fig. 1a). Isll exhibited a dynamic expression profile dur-
ing the differentiation process (Fig. 1b, c¢). It was elevated
after DMSO induction and peaked at 4 days of differenti-
ation, reaching over 200-fold that found in noninduced
cells. Noticeably, the level of Is/] mRNAs was attenuated 8
days after differentiation. In contrast, the expression of
cardiac-specific transcription factors Nkx2.5 and Gata4 was
upregulated after 2 days of differentiation. The expressions
of cardiac contractile protein genes -MHC, «-MHC, and
Troponin I were detected at day 6 after induction and
remained positive throughout the late stage of differentia-
tion (Fig. 1c). These results reveal a stage-specific kinetic
of Isll expression during cardiogenesis, suggesting that
Isl] characterizes a progenitor state/early cardiogenic state
and becomes downregulated when the cells differentiate
into cardiomyocytes.

Fig. 1 The expression of Is//
during cardiomyocytic
differentiation of P19CL6 cells.
a Uninduced and induced 12
day P19CL6 cells were
analyzed by
immunofluorescence staining
with a monoclonal antibody
against sarcomeric o-actinin
(red in cytoplasm). Nuclei were
counterstained with
Hoechst33342 (blue). Scale
bars 20 pm. Differentiation
efficiency is shown on the right
panel. b Real-time RT-PCR was
performed to evaluate Is//
expression during P19CL6 cell
differentiation at indicated time
points. Data are shown as
relative Is// mRNA level

compared with that of B 250 1
uninduced cells (0d) with 3 m IslI
mean + SD from three 2 200 4
independent experiments, each g
in triplicate. ¢ RT-PCR was = 150
used to analyze the expression v
of Is/] and cardiac-specific E 45 1
genes with RNA extracted from :f'
P19CL6 cells at indicated time =z 304
points é -
g Is
0 -

0d 2d

A-

4d

Characterization of the 5’ flanking region of Isl] gene

As the first step toward the study of the transcriptional
control mechanism of Is//, we mapped the transcriptional
start site of Isl/ using primer extension analysis. As shown
in Fig. 2a, a single extension product of 79 bp was detec-
ted, suggesting that only one Is// transcription initiation
site exists. Subsequent comparison with the genomic
sequence defined the T nucleotide in the sequence
CCGCTC as the transcription start site located at 197 bp
upstream of ATG in the Is// promoter.

To characterize the 5’ flanking region of Isl1, a series of
luciferase reporter constructs containing successive 5’
deletions of Isl] promoter were transiently transfected into
induced day 4 PI9CL6 cells. As shown in Fig. 2b, the
luciferase activity caused by pGL(—909/4-133) promoter
was 160-fold greater than the basal level of pGL3-basic
vector. Deletions of the segment from the 5’ end —909 to
—246 had no significant effect on promoter activity. How-
ever, further deletion of the region from —246 to —122
caused a sharp drop of Is/] promoter activity, indicating that
the region between —246 and —122 harbored critical
positive regulatory elements and defined the region as a
minimal promoter of the Isl/ gene. The putative binding

Differentiation efficiency (%)

0d 12d

8 12 Days

Isli

Nkx2.5

GATA4

| ———V

a-MHC

Troponin I

188 rRNA

8d

6d 12d
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Fig. 2 Analysis of the 5’ A
flanking region of Is/] gene.

a Primer extension assay was
used to identify the
transcriptional start site of Isl/.
Lane 1 ¢x174 Hinfl DNA
marker, lane 2 control RNA,
lane 3 induced day 4 P19CL6
RNA. The arrowheads indicate
the products of the primer
extension from control (87 bp)
and experimental groups

(79 bp). The map of Isi1
transcriptional start site is
shown in the right panel.

100bp—
$2bp—
66bp—

-mi—

L -

tuc] pGL(-909/+133)

. Free probe —
b Luciferase assay was P
performed to evaluate the B
activities of Is// promoter and
. [-009
its truncated constructs. Data
are shown as fold activation [E63

]LUCI pPGL(-563/+133)

over that of PGL3-basic
promoter with means = SD
(n = 3). ¢ Potential binding
sites of transcription factors
between the nucleotide —246
and —122 are indicated by
boxes

=246

PGL(-406/+133)
PGL(-246/+133)

pGL(-122/+133)
PGL(-57/+133)

Transciption
start site

Translation
start codon

<t 87bp | 7/ | | |
< 79bp 7/

-909 CCGCTC +133
1 i |

+197

Isl1 5' flanking region

pGL3-Basic

0 40 80 120 160 200 240 280
Fold activation

E2F

TAATCCTCTCCTGCGGGCTCGCCGAGCGGGCAGTGGCGCGCGGAGGC

TATA Box OCTI1

FKHD EBox

GCCGGGGCTGAAA-AGAACAG CTGCGCCGCGCGCCCCG

-122

CAGCCAATGGGCGCGGCGCTCGCCTGACGT

sites for transcriptional factors, such as E2F, TATA box,
OCT, FKHD, and E Box, on Is// minimal promoter were
revealed by professional MatInspector Database (Fig. 2c).

In order to identify the cis elements involved in the
regulation of Isl] expression, EMSA was performed. The
results showed that two specific complexes, C1 and C2,
were formed with Oligo-3 probe, one of five overlapping
oligonucleotides spanning the region between —246 and
—122 (Fig. 3a, b, lane 8). A weak binding complex, C3,
was formed to Oligo-5 (Fig. 3b, lane 14), while no
significant retarded band was detected using Oligo-1, -2,
and -4 as a probe (Fig. 3b, lanes 2, 5, and 11, respectively).
Specificity of the complexes was confirmed by incubation
with a 100-fold excess of unlabeled oligonucleotide prior
to the addition of the labeled probe (Fig. 3b, lanes 3, 6, 9,
12, and 15). Oligo-3 produced two stronger migrated bands
than Oligo-5, indicating the corresponding transactivators
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were more abundant or had higher binding affinities. In
addition, labeled Oligo-3 failed to induce the formation of
any specific complexes when incubated with nuclear
extracts from newborn rat cardiomyocytes (data not
shown). It seemed that the corresponding transactivators of
Oligo-3 were present in cardiac stem/progenitor cells rather
than in mature cardiomyocytes. Thus, it was assumed that
the Oligo-3 contained critical elements for regulating Isl/
expression during cardiogenesis. Furthermore, DNase I
footprinting was performed to determine the exact binding
sites of transcription factors. As shown in Fig. 3c, the
nuclear extracts from induced day 4 P19CL6 cells gave rise
to a region protected from DNase I digestion in the mini-
mal promoter. Interestingly, the protected area was not
observed within nuclear extracts derived from differenti-
ated P19CL6 cells at day 12 (data not shown). Precise
positioning of the protected area by comparison of the
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Fig. 3 Identification of cis
elements involved in the
regulation of Is// expression.

a The *P-ATP labeled
oligonucleotides are indicated
as Oligo-1, -2, -3, -4, and -5.
Octamer motif is highlighted by
dark gray box. b EMSA was
performed using the labeled
probes and nuclear extracts
(NE) prepared from induced day
4 P19CL6 cells. The DNA—
protein complexes formed are
indicated as C1, C2, and C3.

¢ DNase I footprinting identified
the protected region by NE on
the s/ minimal promoter.

d The bases responsible for
DNA binding activities on the
Isl] minimal promoter were
determined by EMSA. The
mutant probes are labeled as
mtl to mtl7

footprints with Maxam-Gilbert sequencing ladder revealed
that this segment was CCGGGGCTGAAATATGATAA
TCA, which shared core nucleotides with Oligo-3.

To further clarify the bases within Oligo-3 responsible
for protein binding, 17 sets of 2 bp substitutions were
synthesized and subjected to EMSA. As shown in Fig. 3d,

1975
igo-2
A Olllgo-
Oligo-1 | |
| ' | |
-246 -225 -216 -198 -195
TAATCCTCTCCTGCGGGCTCGCCGAGCGGGCAGTGGCGCGCGGAGGCGCCGGGGCTGAAAT
Oligo-4
1
OﬁgD-S I | Oligo-5
1

| [ |
145

octamer motif 165 151 -122
GAACAGCTGCGCCGCGCGUCCCGLCAGCCAATGGGCGCGGCGCTCGCCTGACGT

B Oligo-1 Oligo-2 Oligo-3 Oligo-4 Oligo-5
Nuclear extracts -+ 4+ -+ 4+ -+ + -+ 4+ -+ +
100x Unlabeled competitor - - +

123 456 789 101112 131415

D Oligo-3 GCCG GG GC TG AAAT AT GATA AT CA GA ACAG CT GC
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:
:
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Free probe
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g“"’é‘”é’é‘é’

Lo >
FSSFESs

when the bases AT were mutated to cg, GA to tc, and AT to
cg, all the migrated bands were completely eliminated,
suggesting that the motif “ATGATAAT” was indispens-
able for DNA binding affinity. Bioinformatic analysis
identified the motif “ATGATAAT” as an octamer-binding
sequence recognized by POU-homeodomain family
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factors. Taken together, our data identified the octamer
motif “ATGATAAT” in the minimal promoter of Is// gene
as, at least, one of the major protein-binding sites.

The requirement of the octamer motif on the activation
of Isll promoter

To functionally elucidate the contribution of the octamer
motif acquired from DNase I footprinting and EMSA
toward the Is/] promoter activity, site-directed mutagenesis
was carried out to introduce corresponding double-point
mutations into the Is// minimal promoter, destroying the
octamer motif (Fig. 4a). All the mutants transfected into
induced day 4 P19CL6 cells led to a sharp drop in luci-
ferase activity (Fig. 4b). The mutant constructs pGL(—246/
+133) mt8, mt9, and mtl1 exhibited levels of luciferase

Octamer motif
GCCGGGGCTGAAAT[ATGATAATCAGAACAGCTGC  Oligo-3-wt

e s GATAAT eeeenessseesanenaensess Oligo-3-mit8
AT te TAAT ===esese=ss seex Oligo-3-mt9

o ATGATA cg essmemssenssnnrennes Oligo-3-mtll

= AFGATAAT ==+ =eenesenrerrsraannes Oligo-3-octamer deletion

B—IIIH}—:‘- pGL-246/+133) | NG
—rmma L, 1L-246/+133)-mes [N Q* .
—ssnn T mmpGL(-246/+133)}mo [ *
—unmirr T GL(-246/+133)-m11 [

- pGL3-Basic I
] 20 40 60 80 100 120
Percent activation
C 1234567
Nuclear extracts B g
100 Unlabeled competitor R
100 Mutation unlabeled competitor - - - + + + -
100 Deletion unlabeled competitor - - - - - - +*
Cll @ -

Free probe .‘J

Fig. 4 The requirement of octamer motif for activation of Is/]
minimal promoter. a A series of 2 bp mutants of octamer motif
(lowercase letters) and octamer deletion (crossed-out lines) from
Oligo-3 were used for EMSA in c. b Luciferase assay was performed
to evaluate the transcriptional activity of Is// minimal promoter with
mutants of octamer motif. x represents two mutant bases and black
boxes represent the wild-type bases. Data are shown as percent
activation over that of PGL(—246/+133) with mean £+ SD (n = 3)
[*P < 0.05, vs. PGL(246/+133)]. ¢ EMSA was performed to evaluate
the DNA binding affinity of mutant bases within the octamer motif.
The binding complexes are indicated as C/ and C2
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activity decreased to 25.6, 19.0, and 17.5%, respectively, of
the wild-type promoter. Subsequently, DNA binding
affinities further confirmed that all the mutant sequences
partially blocked complex formations (Fig. 4c, lanes 4-6),
while truncation of the octamer motif completely elimi-
nated the DNA binding activity. These results suggest that
an intact octamer motif is indispensable for the interaction
with transactivators to activate the Is// promoter activity.

Regulation mechanisms of OCT1 on Isl/ expression

It is assumed that OCT transcription factors preferentially
bound to the octamer motif through the POU domain [21].
EMSA was conducted to identify the binding factors using
nuclear extract from induced day 4 PI9CL6 cells. As
shown in Fig. 5a, addition of anti-OCT1 antibody led to a
super-shift of C1, indicating that C1 might represent OCT1
complex. In contrast, addition of anti-OCT4 antibody did
not yield any super-shifted bands, but instead significantly
attenuated the formation of C2 (lane 4). This suggests that
the protein-DNA complex of C2 might contain OCT4
protein. Thus, our results determined that nuclear proteins
that recognize the octamer motif are comprised of at least
OCT1 and OCT4.

Subsequently, we employed ChIP assay to evaluate the
cellular binding property of OCT1 and OCT4 during car-
diac differentiation of P19CL6 cells. As shown in Fig. 5b,
OCT1 recruited onto Is// proximal promoter was drama-
tically augmented after DMSO induction for 4 days. A
weak binding of OCT4 was detected at day 0, and DMSO-
induced differentiation did not alter the binding amount of
OCT4 on Isll proximal promoter. Obviously, the octamer
motif was prominently occupied by OCT1 rather than by
OCT4 during the differentiation of P19CL6 cells. Our data
reveal the possible roles of OCT1 in Isl/ expression reg-
ulation during the process of DMSO-induced cardiac
differentiation of P19CL6 cells.

Given the affinity of OCT1 and OCT4 with the octamer
motif, we further tested whether OCT1 and/or OCT4 could
activate Is// gene transcription in P19CL6 cells. As shown
in Fig. 5c, forced expression of OCT1 evoked a 14-fold
increase in the Is// mRNA level compared with the control.
However, over-expression of OCT4 failed to activate Isl/
transcription, though it produced a weak repression. Taken
together, our results strongly suggest that OCTI1, not
OCT4, is the predominant transactivator responsible for
Isl] expression.

The inhibition of Isl/ gene expression
and cardiogenesis by Octl knock-down

As demonstrated above, Isl/] displayed a stage-specific
expression pattern during cardiac differentiation. In order to
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Fig. 5 Regulation of OCT1 on the Isl] expression. a EMSA was
performed using the labeled Oligo-3 with NE from induced day 4
P19CL6 cells and antibodies against OCT1 or OCT4. Addition of anti-
OCT]1 antibody yields a supershift band as indicted by the arrowhead
(lane 5), while addition of anti-OCT4 antibody produced a weakened
band as indicated by the asterisk (lane 4). Nonspecific band and free
probes are also indicated by arrows. b ChIP assay was performed with
antibodies against OCT1 or OCT4 in day O or induced day 4 P19CL6
cells. The immunoprecipitated DNA fragments were amplified by PCR
for the Is// promoter region from —246 to +133. Input represents 10%
of the total input chromatin, and IgG served as a negative control. The
quantitative presentation of the bands in the left panel, based on the
ChIP data in ¢ was analyzed by Multi Gauge V3.0 software and is shown
with mean £ SD (¥*P < 0.05) (right panel). ¢ Real-time RT-PCR
analysis of effect by overexpression of OCT1 or OCT4 on the Isl]
expression. Data are shown as relative Is// gene expression over that of
mock with means £ SD (n = 3) (*P < 0.05, vs. mock group)

elucidate the correlation between OCT1 and the dynamic
expression of Isl1, Western blot was performed to investigate
the OCT1 variation. As expected, the protein level of OCT1
was increased at the early stage and reached a maximum at
day 4 before declining to a lower level at the later stage of

differentiation (Fig. 6a). The changes in OCT1 expression
during cardiogenesis exhibited a high correlation with those
of Isl1. Similar DNA binding activity alteration of OCT1
throughout the entire process of differentiation was observed
(Fig. 6b), while Isl] transcriptional activity did not correlate
with OCT4 binding affinity. To further elucidate whether
OCT1 is a crucial upstream factor of Isl/, the effects of Oct!
knock-down on the expression of Isl/; mesodermal genes
including Brachyury and Mespl; cardiac transcription fac-
tors such as Nkx2.5, Gata4, Mef2c, Myocardin; and some
important signaling molecules including Fgf8, Fgf10, and
Bmp7, were examined. As shown in Fig. 6¢c, siRNA-
dependent reduction of Octl expression led to a marked
decrease in the mRNA levels of the genes mentioned above.
Furthermore, Oct! knock-down in P19CL6 cells inhibited
cardiogenesis to some extent. The differentiation efficiency
was less in the Octl knock-down group (54.33 + 6.73%)
compared to the control group (75.93 + 10.55%, P < 0.05,
Fig. 6d). Therefore, our results established a close link
between OCT1 and Is/] expression regulation and suggest
that OCT1 plays an important role in the differentiation of
P19CL6 cells.

The correlation between Octl and Isll during early
embryo development

To further investigate the possible link between Oct! and
Isl] in heart development, an in situ hybridization assay was
performed on embryos from ED8.5 to ED12.5 to examine
the spatial expression of Is// and Octl at the mRNA level
during embryonic heart development. As shown in Fig. 7, at
ED8.5, a heart tube stage, both Isl/ and Octl were
expressed in the splanchnic mesoderm (SM), outflow tract
(OFT), and ventricles (V). As development progressed to
ED?9.5, Isi] and Octl expression were also overlapped in the
OFT and V (data not shown). Furthermore, at ED11.5, Is/]
and Octl were both expressed in right atria, right ventricle,
and a specific region of the left ventricle, and then their
expression progressively decreased. However, at ED12.5,
Isl] and Oct] mRNAs were hardly detected as the myo-
cardium of the heart virtually came to maturity. Double
staining in situ hybridization analysis of Is// and Octl on
sectioned embryos of EDS8.5 further confirmed the
co-localization of Isl/ and Octl] mRNA in SM, OFT, and V
(Figure S1). Thus, Octl is directly correlated with Isil,
which strongly suggests that OCT1 as an activator partici-
pates in the regulation of Isl/ expression.

Discussion

Isl] has been characterized as an important marker for
cardiovascular  progenitors, which give rise to
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Fig. 6 The influence of Oct!/ A
knock-down on cardiogenesis

during P19CL6 differentiation.
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cardiomyocytes and endothelial and smooth muscle lin-
eages in vitro and in vivo [5-9]. However, the precise
mechanism by which Is/]/ expression is activated in car-
diovascular progenitors remains unclear. In this report, we
found a stage-specific expression profile of the Isl/ gene
during in vitro cardiac differentiation of P19CL6 cells.
Based on promoter analysis and EMSA, our data proved
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for the first time that OCT]1 is a vital transcription factor
that modulates the pattern of Is// expression during cardiac
differentiation.

OCT1 belongs to the POU family of transcription fac-
tors, which recognize target sequences through bipartite
POU DNA-binding domains. With the exception of OCT1,
all of the known POU domain factors are expressed in
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Fig. 7 In situ hybridization

Isl] antisense probe

Octl antisense probe Isl] sense probe

analysis of Isl] and Octl
mRNAs on the embryos at
EDS8.5, ED11.5, and ED12.5.
Serial sections of embryos were
hybridized in situ with an
antisense probe of Is// or Octl.
Strong positive signals were
seen in SM, OFT, and V at
EDB8.5 and RA, RV, and a
specific area of LV at ED11.5,
but no signals were detected at
ED12.5. Corresponding sense
probes were used as negative
controls. The results of Isl/
sense probe are shown. Black
triangles indicate SM. The
outlined areas are shown in the
upper left corners. Scale bars
100 pm. SM Splanchnic
mesoderm, OFT outflow tract, A
atria, LA left atria, RA right
atria, V ventricles, RV right
ventricle, LV left ventricle

restricted temporal and spatial patterns during develop-
ment. Transgenic experiments demonstrate that POU
protein families play a crucial role in the determination of
cell fates, as well as cell proliferation, migration, and
survival [22]. For example, OCT4 is required for main-
taining self-renewal and pluripotency of stem cells [23].
However, the biological function of OCT1 is more com-
plicated. Mice harboring two disrupted Oct! alleles died in
gestation, implying the essential role of OCT1 during the
embryonic development [24]. The fibroblasts isolated from
Octl-deficient mice were sensitive to cytotoxic agents, and
the expression of a number of stress/oxidative genes were
influenced [25]. In embryos of Xenopus, a delineation of
restricted spatiotemporal distribution of OCT1 implied that
dynamical modulation of OCT]1 is relevant to tissue mor-
phogenesis [26]. OCT1 regulates target gene expression as
either an activator or a repressor. In our study, the
expression of Octl and Isl] was associated with undiffer-
entiated cell phenotypes. Overexpression or knock-down
Octl led to upregulated or downregulated Is// expression,
suggesting that OCT1 acts as an activator participating in
the Isl] expression. Kang et al. demonstrated that OCT1

-

OFT
v
LA
RA
LV
RV
LA
RA
LV
RV

and OCT4 were associated with cellular growth and stress
responsiveness. Genotoxic and oxidative stress-induced
OCT1 binding to physiological targets regulated native
gene expression [27]. It has also been reported that OCT1
functions as a transcriptional repressor [28-31]. Recently,
Shakya et al. reported that several genes involved in the
Krebs-TCA cycle, including pdk4, pgc-1o, and ppargcla,
RNA, and protein increased in Octl ™~ MEFs and thus
resulted in a coordinated metabolic shift, which opposed
tumorigenicity [25]. Therefore, it is assumed that OCT1
plays a pivotal role in modulating cell proliferation.
However, to our knowledge, few studies have been
investigated the role of OCT1 in mesoderm development.
An early observation found that the expression of
Brachyury, a marker of mesodermal gene expressed in
early embryogenesis, was significantly downregulated in
early gastrula stage embryos when injected with RNA of
truncated OCT1 lacking N-terminal activation domain
[32]. This result indicates that OCT1 may be related to
mesoderm development.

Our data show that OCT1 is involved in cardiogenesis
during P19CL6 cell differentiation. Octl knock-down, to
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some extent, inhibited differentiation efficiency and
decreased the expressions of Is// and some mesodermal and
cardiac-specific genes, suggesting a novel role of OCT1 in
mesodermal and early cardiac differentiation. Notably, the
content and DNA affinity of OCT1 is also dynamic. The
variations of OCT1 at the protein level and DNA binding
activity parallel the alteration of Is// mRNA, establishing a
good correlation between Octl and Isl] expression. The
significant decrease of OCT1 at day 8 of differentiation
could account for synchronous Isi/ downregulation.
Intriguingly, our findings from in situ hybridization show
that Octl and Isl] mRNAs have similar distributions in the
SM, OFT, and V at EDS.5, and in the right atria, right
ventricle, and the specific area of the left ventricle at
ED11.5, but simultaneously became undetectable at ED12.5
(Fig. 7), when the four-chamber heart gradually matures.
Thus, the high level of OCT1 protein seems to be essential
at the early stage of development but is dispensable for
fulfilling the entire differentiation program.

OCT1 is associated with the switch of growth and
maturity status of diverse cells. It has been documented
that OCT1 modulates the expression of cell cycle-specific
genes, such as histone H2B gene [33] and cyclinD1 [34].
OCT]1 is present in virtually all proliferating cell lines of
neuronal origin but is undetectable in mature nondividing
neurons. Cell cycle arrest in GO/G1 and morphological
differentiation of neuronal cells are accompanied by a
decline in DNA affinity and the transcription level of Octl!
[35]. In addition, quiescent vascular smooth muscle cells
(SMCs) in the mature vessel display an undetectable Oct/.
Upon disruption of cell-extracellular matrix interactions,
the proliferation potential of SMCs is evoked in parallel
with a rapidly induced and constitutive expression of Octl
[36]. It seems that the expression of Oct] may exert its
effect on maintaining the proliferation and undifferentiated
status of cardiac progenitors during P19CL6 differentia-
tion, indicating a function similar to Is//. In combination
with our observation, we hypothesize that further differ-
entiation occurs with the cessation of proliferation and the
expression of cardiac contractile genes, attenuated Octl
activity, and the turning off of Is// expression.

Besides OCT1, an appropriate dose of OCT4 sustained
in early heart development is also important to maintain the
status of ES cells. OCT4 is considered a self-renewal
marker. Once ES cells differentiate, the expression of Oct4
is markedly downregulated, which is consistent with our
results. Therefore, it is not surprising that Is// does not
seem to be under the control of OCT4, though OCT1 and
OCT4 share identical DNA binding patterns.

Our results show that the octamer motif is requisite but
not sufficient for triggering IslI expression in undifferen-
tiated P19CL6 cells. Upon the addition of DMSO, Isi/
expression was elicited. It has been reported that WNT,
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BMP, and FGF8 are key upstream factors that drive the
expression of Isl] in cardiac progenitors [14, 15, 37].
Ablation of B-catenin caused aberrant production of ISL17
progenitors and multiple malformations of the heart [15,
37, 38]. Promoter analysis also suggests that there are
several putative Smads binding sites on [s// promoter
mediating BMP signals [37]. Therefore, a coordinated
program composed of OCT1 and signaling proteins acti-
vated by extracellular stimuli may exist. Additionally, the
upregulation of Octl at the early stage of development
could activate the downstream cascades resulting from
extracellular stimuli. Thereby, augmented Oct! is available
to partially confer a signaling responsiveness to Is// pro-
moter. However, the precise relationship between the
initiation of Is// expression and the upregulation of Oct! in
the early stage needs further investigation.

On the other hand, Oct! is frequently involved in tran-
scriptional repression in an HDAC-dependent manner [28].
Previous documents had found that MyoD in partnership
with HDAC1 was functionally linked to the silencing of
muscle-specific genes prior to skeletal myogenesis [39].
We hypothesize that an analogous molecular mechanism
including epigenetic modifications may act in cardiac
myogenesis. Further investigations will focus on the effect
of DNA methylation and histone modifications in Is//
expression, and Octl in the epigenetic reconstruction of
Isl] promoter.

In the present study, we found that Is// and Octl posi-
tively stained in the outflow tract, ventricle, and atria of
earlier embryos, such as ED8.5 and ED11.5, and Is// and
Octl expression were more localized in right atria, right
ventricle, and a specific region of the left ventricle. A
number of papers showed IslI* precursors remained
embedded in the embryonic mouse heart after its formation
and their number decreases progressively from ED12.5 to
ED18.5. After birth, relatively few Isi1™" cardioblasts were
still detectable, averaging 500—600 in the myocardium of a
5-day-old rat [6]. In a recent report performed with rat
embryo from ED11 (corresponding to ED9.5 in mice), the
pool of IslI™ cells was expanding after entering the heart
with staining in right atrium. At ED15 (corresponding to
ED13.5 in mice), more IslIT cells seemed to coexpress
cardiac markers such as TnT, while few IslIT cells were
actively dividing and remained undifferentiated [40].

During the preparation of this manuscript, two groups
reported the identification of regulatory elements down-
stream of the translational stop codon of ISL1. Kang et al.
demonstrated that ISL1 is a direct target of Forkhead
transcription factors [41], while Kappen et al. revealed that
Foxol as well as Gata4 contribute to the activity of the
enhancer in the developing embryonic heart [42]. How-
ever, the core promoter region of Is// has not been
described so far. The direct regulation of the proximal
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promoter of Is/] has not been reported. The core promoter
is required for proper initiation of a gene transcription. The
identification of the core promoter of Is// will form a basis
to study the transcription regulation of Is// and therefore
provide important information for further investigation.

Taken together, OCT1 is a critical regulator for the
expression of Isl/. Considering the temporal pattern of
Octl expression, we presume that OCT1 is a major acti-
vator that dynamically regulates Is// expression and plays a
pivotal role in early cardiomyocyte differentiation. Based
on the extensive expression and multiplex function of
ISL1, the role of OCT1 in regulating Is// expression may
contribute to cardiogenesis.
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