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Abstract—Proteins of the LIM family play important roles in a variety of fundamental biological processes including cell lin-
eage specification and organ development. Here we examined the function in cardiogenesis of a new member of the LIM
family, hhLIM, by molecular analysis of early stages of cardiomyocyte differentiation in hhLIM-deficient P19 cell line and
P19 cells stably overexpressing hhLIM. The results indicate that hhLIM is a potent transcriptional activator of several cardiac
muscle-specific genes. Inhibition of hhLIM expression by antisense transcripts can interfere with expression of cardiac mus-
cle genes and block development of beating cardiomyocytes in P19 embryonic stem cells. Overexpression of hhLIM in P19
cells can enhance expression of cardiac marker genes Nkx2.5 and GATA-4 and potentiate development of cardiomyocyte-like
morphology. These findings suggest that, in addition to its role in activation of the cardiac genetic program, hhLIM may be

the nuclear target of inductive factor for precardiac cells.
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In higher vertebrates, heart formation is a complex
process that starts at early stages of embryogenesis, prior
to the end of gastrulation, with commitment of anterior
lateral plate mesoderm cells to the cardiogenic lineage.
These committed precursors subsequently differentiate
into cardiomyocytes, and the heart develops principally
through proliferation of the differentiated myocytes. A
delicate balance between cell differentiation, prolifera-
tion, and apoptosis is crucial for proper organogenesis,
and cell-specific transcription factors, which play pivotal
roles in cell fate determination, are critical for under-
standing the molecular pathways underlying cell behavior
during organ formation [1]. Unfortunately, little is known
about the molecular events, including expression of can-
didate genes, which are required for either cardiac muscle
cell differentiation or heart morphogenesis, although
gene inactivation studies have been started to identify
genes that may be involved in the latter process.

Homeodomain-containing protein Nkx2.5 is a fac-
tor required for heart development and the earliest known

Abbreviations: DMSO) dimethylsulfoxide; EC) embryonal car-
cinoma; RA) retinoic acid.
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marker of vertebrate heart development [2]. Zinc-finger-
containing protein GATA-4 also plays an important role
in early cardiogenesis. GATA-4 null mice display a severe
defect in formation of the cardiac tube, which is required
for migration and folding morphogenesis of precardio-
genic splanchnic mesodermal cells [3].

The LIM protein contains a zinc finger structure that
is present in several protein types consisting of several
LIM domains [4]. Proteins containing LIM domains have
been discovered to play important roles in a variety of fun-
damental biological events including cytoskeleton organ-
ization, cell lineage specification, and organ develop-
ment. Recently, a new gene named #ALIM (human heart
LIM protein, also known as myogenic factor LIM3)
(GenBank AF121260) was cloned by three element PCR-
select cDNA subtraction [5]. It belongs to the LIM fami-
ly since it has the typical LIM domain. We have reported
that hhLIM protein plays a role as an effector of the
hypertrophic response [6]. For example, the recent study
showed an increase in hhLIM RNA level or transcription-
al activity in pressure-induced cardiac hypertrophy. In
addition, transfection assay in cardiac myocytes showed
that hhLIM could enhance the cell growth [7, 8]. During
embryogenesis, hhLIM transcripts are detected in cardiac
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cell progenitors, suggesting that expression of the hhLIM
gene is tightly linked to cardiomyocyte specification.

To determine the role of hhLIM in cardiac muscle
differentiation, we utilized the pluripotent embryonal
carcinoma (EC) P19 cell line as an in vitro model system.
In this system, we found that hhLIM expression was
restricted to cells destined to cardiac muscle differentia-
tion. Moreover, inhibition of hhLIM expression with
hhLIM antisense constructs specifically blocked cardiac
muscle gene expression and inhibited the appearance of
beating cardiac cells, indicating that hhLIM is involved in
differentiation of cardiac muscle cells.

MATERIALS AND METHODS

Cell culture and in vitro differentiation. P19 cells were
obtained from Peking Union Medical College. Cells were
grown in a minimum essential medium (Gibco, USA)
supplemented with 10% fetal bovine serum. 10° cells per
ml were grown in suspension in bacteriological Petri dish-
es in medium containing 1 mM retinoic acid (RA; Sigma,
USA) and 0.8% dimethylsulfoxide (DMSO; Sigma) for
neuronal and cardiac muscle differentiation, respectively.
After 4 days, the cells adhered to each other to form small
aggregates, which were then plated into tissue culture-
grade plastic dishes and maintained without any drug.
Days of differentiation were numbered consecutively after
the first day of aggregation.

Transfection. Undifferentiated P19 cells were main-
tained in a minimum essential medium and transiently
transfected using ESCORT™ Transfection Reagent
(Sigma). For stable transfections, 1 ug of hhLIM anti-
sense expression vector and 1 pg of hhLIM expression
vector previously described were added to P19 cells,
respectively. Selections were conducted at 800 pug of G418
(Gibco) per ml.

RNA extraction and analysis. Total cellular RNA was
extracted by the thiocyanate—phenol—chloroform
method. Transcripts were detected by semi-quantitative
reverse transcription-PCR (RT-PCR). The PCR condi-
tions were 94°C for 1 min, 54 to 61°C for 1 min depend-
ing on the melting temperature (T,,) of the primers, and
72°C for 1 min, repeated for 30 cycles. The quantity of
cDNA used in each PCR reaction was chosen in the lin-
ear range of the signal according to a dose—response
curve carried out for each set of primers. The following
pairs of primers were designed, hhLIM: (5'-GCT-
GTCTCAGCACAGACA-3', 5-CACAGATGGCACA-
GCGGA-3"); GATA-4: (5'-TCATTAAGCCTCAGCG-
CCGCCT-3, 5-CTCACCCTCGGCATTACGAC-3");
Nkx2.5: (5'-ACCTGTCTGATCTGTCCTCT-3', 5'-
TGCCTTCTGGGTTGTCTGCC- 3').

The level of transcript for the constitutive house-
keeping gene product, GAPDH, was quantitatively meas-
ured for each sample to control differences in RNA con-
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centrations. The data were analyzed by Bio 1D software
(Kodak, USA).

Western blot analysis. Cells were harvested and pro-
tein extracts were prepared in RIPA buffer (1% NP40, 1%
SDS, 150 mM NacCl, 50 mM Tris-HCI, pH 7.5, 10% glyc-
erol, | mM NaVO;, | mM PMSF) as described previous-
ly [8, 9]. Protein concentration was determined by a mod-
ified Lowry protein assay. Protein (50 ug per sample) was
separated by polyacrylamide gel electrophoresis, trans-
ferred to nitrocellulose membrane, and blocked in 5%
milk/TTBS (0.5 M NaCl, 0.05% Tween 20, 50 mM Tris-
HCI, pH 7.5). Membranes were incubated overnight at
4°C with hhLIM antibody (a gift from Dr. K. H. Chen)
and then incubated with an alkaline phosphatase-conju-
gated secondary antibody. Bands were detected by chemi-
luminescence (Visa ECF, Amersham Pharmacia Biotech).

Immunocytochemistry. P19 cell aggregates were dis-
persed mechanically and plated in 35-mm-diameter cul-
ture dishes. After cells attached (2 to 3 h), they were
directly fixed with 4% paraformaldehyde for 30 min at
room temperature. The cells were blocked with a solution
of 1% BSA and then incubated overnight at 4°C with anti-
body against hhLIM (1 : 100) (a gift from Dr. K. H.
Chen). TRITC conjugated secondary antibody was used
at 1 : 100 for 2 h at room temperature. Stained cells were
observed with a Leica DMRE confocal laser-scanning
microscope (Leica Microsystems, Germany). All figures
were made using Adobe Photoshop 5.5 (Adobe Systems
Inc., USA).

Statistics. Results are reported as the mean values +
SEM. Unpaired Student’s 7-test was performed for statis-
tical analysis.

RESULTS

hhLIM expression is restricted to differentiating car-
diac cells. When aggregated and treated with different
drugs, P19 cells differentiate into a variety of cell types.
RA treatment induces P19 cell differentiation into neu-
rons and other neuroectodermal derivatives, whereas
DMSO treatment leads to development of beating car-
diac cells by 7 days in culture. hhLIM transcripts were
detected only in DMSO-treated P19 cell cultures which
contain beating cardiac muscle cells (Fig. 1), but not in
undifferentiated cultures or in cultures differentiating
into neurons (data not shown).

The time course of gene expression during P19 cell
differentiation into cardiac cells was established using
RT-PCR. Figure 2a shows that GATA-4 appears to be
expressed at early stages of P19 cell cardiac differentia-
tion, and there was a steady increase over 7 days of the
experiment. The profile of Nkx2.5 and hhLIM expression
was similar to that of GATA-4, and the appearance of
beating cardiac cells was observed on day 7. Western blot
showed that cardiomyocyte marker protein sarcomeric o
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Fig. 1. Expression of hhLIM during P19 cell differentiation into
cardiomyocytes. P19 cells were grown in a minimum essential
medium supplemented with 10% fetal bovine serum. Cells were
grown in suspension in bacteriological Petri dishes in medium
containing 0.8% DMSO for cardiac muscle differentiation.
hhLIM expression was analyzed by Western blot on different days
of P19 cell differentiation induced by DMSO.

actin expression was detected on day 7 and day 8 after
DMSO treatment (Fig. 2c).

Ectopic expression of hhLIM potentiates cardiomyo-
cyte formation. To confirm the role of hhLIM in car-
diomyocyte differentiation, we performed gain-of-func-
tion experiments by overexpressing hhLIM in P19 cells.
P19-hhLIM-expressing cells did not show morphological
or biochemical evidence of cardiomyogenesis (data not
shown). Beating cardiomyocytes were evident in P19 cells
upon aggregation induced by DMSO (Fig. 3a, see color
insert, p. 6). However, when hhLIM-expressing clones
were aggregated and treated with DMSO, beating foci
appeared earlier, and their number was markedly
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increased (Fig. 3b, see color insert, p. 6). Ectopic expres-
sion of hhLIM did not markedly alter cell number in
these experiments but had a beneficial effect on cell
aggregates that were especially obvious in the absence of
DMSO. Indeed, when P19 cells were aggregated without
any inducer, they showed poor survival and, by day 5-6,
most cells were detached in the media. Cell viability in
the absence of inducer was rescued in P19 clones ectopi-
cally expressing hhLIM, which showed that overexpres-
sion of hhLIM protein promoted P19 cell survival (data
not shown). Consistent with the earlier appearance of
beating cells, accelerated cardiogenesis was evidenced at
the mRNA level by the earlier expression of cardiac
marker gene Nkx2.5. Additionally, increased amount of
GATA-4 mRNA was obvious by day 6-7 in hhLIM-
expressing cells compared to normal P19 cells treated
with DMSO (Fig. 4). Together, the data are consistent
with an important role of hhLIM in differentiation of
mesodermal cells along the cardiogenic pathway.

hhLIM expression is required for development of car-
diac muscle cells. The role of hhLIM in establishment of
the cardiac phenotype was directly tested in stable P19-
derived cell lines, which express the antisense hhLIM
sequence. These functional hhLIM null cell lines (P19-
hhLIM-deficient cells) were analyzed for the ability to be
differentiated into cardiac myocytes or neuronal cells.
The presence of the hhLIM antisense sequence had no
effect on ability of P19 cells to undergo RA-induced dif-
ferentiation into neuroectoderm derivatives (data not
shown). However, a pronounced phenotypic effect was
observed when transfectants were treated with DMSO for
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Fig. 2. Expression of cardiac marker genes during P19 cell differentiation into cardiomyocytes. Differentiating P19 cells were harvested at
indicated times (1 to 7 days) after DMSO treatment. hhLIM, GATA-4, Nkx2.5, and GAPDH expressions were analyzed by RT-PCR (a).
Similar results were obtained in two independent differentiation experiments and standardized using GAPDH, and densitometric scanning
data are shown (b). The sarcomeric o actin was detected by Western blot (c) on day 7 and day 8 after DMSO treatment. * p < 0.05 compared

with the expression of day 1.
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Fig. 4. P19 cell differentiation induced by DM SO was stimulated by hhLIM overexpression. P19-hhLIM-overexpression cells were induced
by DMSO. GATA-4, Nkx2.5, and GAPDH expressions were analyzed by RT-PCR on different days of P19 cell differentiation induced by
DMSO (a). Similar results were obtained in two independent differentiation experiments and standardized using GAPDH, and densitomet-
ric scanning data are shown (b). * p < 0.05 compared with the expression of day 1.

cardiac muscle differentiation. Indeed, the hhLLIM anti-
sense clones differentiated very poorly when being
induced with DMSO; this was evident by 5 to 6 days fol-
lowing DMSO treatment, whereas aggregates of control
P19 cell clones were well spread and cells looked healthy,
with very few undifferentiated-like cells remaining. In
contrast, aggregates of hhLIM antisense clones treated
with DMSO were compact and poorly spread and con-
tained a large proportion of undifferentiated EC-like
cells; on day 7, these aggregates appeared to disintegrate,
and many dead cells were floating; there was never evi-
dence of cardiomyocyte-like morphology, and no beating
cells were ever detected (Fig. 5, see color insert, p. 6).
These observations suggest that P19 cells deficient in
hhLIM cannot differentiate into cardiomyocytes and
raise the possibility that hhLIM is required for develop-
ment of cardiac cells. In contrast, overexpression of
hhLIM in P19 cells appeared to enhance cardiac differ-
entiation, as determined on the basis of both morphology
and expression of cardiac marker genes. However, aggre-
gation was still required for development of beating car-
diomyocytes, suggesting that hhLIM alone may not be
sufficient to commit undifferentiated cells to a cardiac
fate. The morphological studies were corroborated by
RNA analysis of several cardiac markers. Transcripts for
the cardiac muscle-specific Nkx2.5 and GATA-4 gene was
later in total RNA prepared from hhLIM antisense clones
treated with DMSO (Fig. 6). These data are consistent
with the absence of differentiated cardiomyocytes in
hhLIM null P19 clones and suggest that hhLIM is a key

activator of the cardiac genetic program and a necessary
factor for cardiac cell differentiation.

DISCUSSION

The heart is the first organ to form in mammals.
Cardiogenic lineages originate from paired regions of
anterior lateral mesoderm, the cardiac crescent, soon
after gastrulation and develop into parallel cardiac pri-
modia that fuse to form the primitive heart tube along the
ventral midline of the embryo [10]. Several recent studies
have revealed cis-regulatory elements that direct cardiac
development events. The homeodomain-containing pro-
tein Nkx2.5 is the earliest known marker of vertebrate
heart development. Nkx2.5 is expressed concomitant
with cardiac specification and is a known marker of the
cardiac lineage [11]. Zinc-finger-containing protein
GATA-4 is a cardiac muscle-specific member of the
GATA family of transcription factors, which plays a crit-
ical role in cell differentiation. GATA-4 is expressed with
Nkx2.5 in developing heart. In fact, GATA-4 and
Nkx2.5, two of the earliest markers of precardiac cells, are
essential for heart development [10]. Recently, a new
gene named hhLIM was cloned. It belongs to the LIM
family since it has the typical LIM domain. In recent
years, accumulating results have continued to attribute
essential functions to LIM proteins in a variety of differ-
ent biological processes. But little is known about the role
of the new gene hhLIM. We have found that nuclear
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Fig. 6. P19 cell differentiation induced by DMSO was inhibited by hhLIM antisense RNA. P19 cells were transfected with hhLIM antisense
plasmids. Then the cells were induced by DMSO for cardiac muscle differentiation. GATA-4, Nkx2.5, and GAPDH expressions were ana-
lyzed by RT-PCR on different days of P19 cell differentiation induced by DMSO (a). Similar results were obtained in two independent dif-
ferentiation experiments and standardized using GAPDH, and densitometric scanning data are shown (b). * p < 0.05 compared with the

expression of day 1.

accumulation of hhLIM is associated with induction of
cell hypertrophy. The interaction of hhLIM with GATA-
4 and Nkx2.5 could regulate the cardiac hypertrophy
responses. We also found that the pattern of hhLIM
expression overlaps with that of GATA-4 and Nkx2.5 in
the heart-forming region in various species [12].

The analysis of early cardiac markers has allowed the
establishment of a cascade of transcription factor expres-
sion, which will undoubtedly prove useful in analyzing
molecular events underlying cardiac phenotypes. In this
respect, it is worth mentioning that the P19 system is
especially amenable to establishing the time course of
appearance of cardiac transcription factors because it is
more homogenous than the other available in vitro model
of cardiogenesis consisting of EC-derived embryoid bod-
ies. The data obtained in this system using both gain and
loss of hhLIM function show that hhLIM is an inducible
cardiac transcription factor that plays a key role in car-
diomyocyte differentiation. The similarity between
hhLIM function in cardiac cell differentiation and the
crucial role of MLP (muscle LIM protein) in develop-
ment and maturation of erythroid cells is especially inter-
esting given that in both cases tissue-restricted LIM fac-
tors are involved in early differentiation events that are
necessary for development of the primitive cardiovascular
system of the embryo [13]. In addition, molecular analy-
sis of cardiac muscle differentiation has been hampered
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by the lack of an in vitro culture system. The in vitro
approach used here demonstrates that P19 cells provide a
useful system for further dissecting molecular networks
involved in the early developmental decisions underlying
cardiogenesis. Our in vitro study suggests that hhLIM is
crucial for cardiogenesis and is therefore likely to be
essential for normal embryonic development. Thus,
hhLIM may share conserved roles in lineage development
and terminal cell differentiation. At this stage, it is note-
worthy that studies so far show that hhLIM plays impor-
tant roles in transcription and differentiation of cells
derived from the lateral plate mesoderm, particularly cells
of the cardiac lineages.

Although hhLIM overexpression enhanced cardio-
genesis, cell aggregation was required for development of
terminally differentiated cardiomyocytes. In fact, ectopic
expression of hhLIM led to only subtle changes in
untreated monolayer P19 cells; these included regulation
of cell markers such as transcription factors GATA-4 and
Nkx2.5. However, in hhLIM-overexpressing cells, car-
diac differentiation could be achieved in the presence or
absence of DMSO, suggesting that hhLIM may relay dif-
fusible and/or cell contact-generated signals required for
cardiomyocyte differentiation.
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