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ABSTRACT
Histone deacetylase (HDAC) inhibition plays a crucial role in mediating cardiogenesis and myocardial protection, whereas HDAC degradation

has recently attracted attention in mediating the biological function of HDACs. However, it remains unknown whether HDAC inhibition

modulates cardiogenesis and embryonic stem cell (ESC) survival through the proteasome pathway. Using the well-established mouse ESC

culture, we demonstrated that HDAC inhibitors, both trichostatin A (TSA,50 nmol/L) and sodium butyrate (NaB, 200mmol/L) that causes the

pronounced reduction of HDAC4 activity, decreased cell death and increased viability of ESCs in response to oxidant stress. HDAC inhibition

reduced the cleaved caspases 3, 6, 9, PARP, and TUNEL positive ESCs, which were abrogated with MG132 (0.5mmol/L), a specific proteasome

inhibitor. Furthermore, HDAC inhibition stimulates the growth of embryoid bodies (EB), which are associated with a faster spontaneous

rhythmic contraction. HDAC inhibition increases the up-regulation of GATA4, MEF2C, Nkx2.5, cardiac actin, and a-SMAmRNA and protein

levels that were abrogated byMG132. TSA and NaB resulted in a significant increase in cardiac lineage commitments that were blocked by the

proteasome inhibition. Notably, HDAC inhibitors led to noticeable HDAC4 degradation, which was effectively prevented by MG132.

Luciferase assay demonstrates an activation of MEF2 cardiac transcriptional factor by HDAC inhibition, which was repressed by MG132,

revealing that the degradation of HDAC4 allows for the activation of MEF2. Taken together, our study is the first to demonstrate that HDAC

inhibition through proteasome pathway forms a novel signaling to determine the cardiac lineage commitment and elicits the survival

pathway. J. Cell. Biochem. 112: 3246–3255, 2011. � 2011 Wiley Periodicals, Inc.
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H istone acetyltransferases (HATs) and histone deacetylases

(HDACs) have recently garnered attention because they

emerged as important mechanisms in the regulation of a variety of

cellular responses. Histone acetylation is mediated by HAT, which

results in the modification of the structure of chromatin leading to

nucleosomal relaxation and altered transcriptional activation. In

contrast, the reverse reaction is mediated by HDAC inducing

deacetylation, chromatin condensation, and transcriptional repres-

sion [Luger et al., 1997; Hansen et al., 1998; Cheung et al., 2000;

Strahl and Allis, 2000; Turner, 2000]. The opposing actions of HAT

and HDACs allow for gene expression to be exquisitely regulated

through chromatin remodeling.

Since the identification of HDAC 1 (named HD 1) [Hassig et al.,

1998], 18 HDACs have been characterized in mammals [Verdin et al.,

2003]. These HDACs can be categorized into three distinct classes.

Class I HDACs consist of HDACs 1, 2, 3, and 8, which are
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ubiquitously expressed and predominantly located in the nuclei.

Class II HDACs include HDAC 4, 5, 7 and 9. In contrast to class I, class

II HDACs exhibit a tissue specific pattern of expression. HDAC 4 and

HDAC 5 are highly expressed in the heart, brain, and skeletal

muscles and shuttle between the nucleus and cytoplasm [Fischle

et al., 1999; Grozinger et al., 1999; Wang et al., 1999]. Class III

HDACs were identified on the basis of sequence similarity with

Sir, a yeast transcriptional repressor that requires the cofactor

NDAþ for its deacetylase activity (Vigushi and Coombes, 2004).

We and others have recently demonstrated that inhibition of

HDAC elicited a cardioprotective effect and antagonized cardiac

hypertrophy response [Kee et al., 2006; Kong et al., 2006; Zhao

et al., 2007].

Mouse genetics have demonstrated an essential role of HDAC in

embryogenesis [Lagger et al., 2002; Rusty et al., 2007; Dovey et al.,

2010; Foster et al., 2010] and alsomany HDAC components of HDAC

complexes. Germ-line deletion of HDAC1 results in early embryonic

lethality around embryonic day (e) 10.5. In contrast to these early

embryonic phenotypes, constitutive HDAC4 and HDAC5 knockout

mice survive embryogenesis to adulthood and develop severe

cardiac hypertrophy in response to hypertrophic stimuli [Zhang

et al., 2002; Trivedi et al., 2007]. It has been proposed that an

epigenetic event may be rate-limiting in the derivation of new

embryonic stem cells (ESCs) [Thomson et al., 1998; Smith, 2001] and

may further operate in selecting for ESCs that adapt to standard

culture conditions. Consistent with these observations is the recent

demonstration that efficiency of iPS cell formation was enhanced

upon addition of valproic acid, a HDAC inhibitor [Huangfu et al.,

2008]. It is intriguing that ESC can extensively self-renew in

response to butyrate, without the need for feeder conditioning or

recombinant growth factor, pointing to the existence of a core

machinery for ESC self-renewal that is under HDAC control and that

can be activated upon HDAC inhibition [Ware et al., 2009; Yuan

et al., 2011]. Recent advances have recognized the proteasome

pathway as a pivotal mechanism for controlling basic cellular

processes such as the cell cycle, differentiation, transcription, and

maintenance of cellular quality control [Su and Wang, 2010].

HDAC4 and HDAC5 were recently reported to activate MURF1 E3

ligase to mediate neurogenic muscle atrophy [Moresi et al., 2010].

An earlier study shows that HDAC5 was targeted by the proteasome

system in muscles [Potthoff et al., 2007], implying that post-

translational modification of HDACs is one of the important

mechanisms for the regulation of the biological role of HDACs. It

remains unknown whether the proteasome pathway through

mediating HDAC degradation governs the self-renewal and cardiac

differentiation of ESCs. The ability of ESCs to differentiate into

specific cell types holds great potential for therapeutic use in cell

therapy. In particular, it will be interesting to identify whether HDAC

inhibition through the proteasome pathway facilitates cardiac

specification, which would provide further insight into the

mechanisms that control cellular plasticity and make it possible

to determine the differentiation of ESCs into cardiac tissues. Here,

we have fully characterized that HDAC inhibitors stimulate HDAC4

degradation through the proteasome system, which allows for

activation of MEF2 that are capable of facilitating the adaptation of

ESCs into cardiac decision.

MATERIALS AND METHODS

CHEMICAL SUPPLIES AND ANTIBODIES

Trichostatin A was obtained from Calbiochem (San Diego, CA).

MG132, Sodium butyrate, monoclonal anti-smooth muscle actin,

monoclonal anti-actinin, leukemia inhibitory factor (LIF), and

protease inhibitor cocktail were purchased from Sigma (St. Louis,

MO). HDAC 4 polyclonal antibody and apoptosis antibody sampler

kits were purchased from Cell SignalingTm (New England, MA).

Nkx2.5, b-actin, MEF2C, GATA4 rabbit polyclonal antibodies were

obtained from Santa Cruz Biotechnology (Santa Cruz, CA). The anti-

rabbit HRP antibody was purchased from Amersham (Hercules, CA).

The goat anti-mouse HRP antibody and trizol reagent were

purchased from Invitrogen (Carlsbad, CA). LDH cytotoxicity

detection kit was purchased from Clontech (Mountain View, CA).

Non-essential amino acids, penicillin, streptomycin, l-glutamine,

b-mercaptoethanol, sodium pyruvate, DMEM, and fetal bovine

serum were purchased from Hyclone, CGR8 ESCs were obtained

from HyperCLDB (UK).

EMBRYONIC STEM CELLS CULTURE

Mouse ESCs (CGR8, generation 12–14) were used in this study. Stem

cells were cultivated in gelatin-coated petri-dishes in ESC culture

medium consisting of DMEM, 1� non-essential amino acids,

100mg/ml penicillin, 100U/ml streptomycin, 2mmol/L l-glutamine,

0.1mmol/L b-mercaptoethanol, 1mmol/L sodium pyruvate, 15%

fetal bovine serum, and 103 U/ml LIF. Cells were maintained at 378C
in a humidified atmosphere of 5% CO2. Monolayers were passed by

trypsinization at 70%–80% confluence.

IN VITRO DIFFERENTIATION

The ‘‘hanging drop’’ method [Maltsev et al., 1994] was used to

induce ESC differentiation [Maltsev et al., 1994]. CGR8 ESCs were

dissociated by 0.25% trypsin–0.01% EDTA and re-suspended in the

differentiation medium (i.e., ESC medium without LIF). Cell drops

(400 cells/20ml) were placed onto the lids of culture dishes for 2 days

to form embryonic bodies (EBs). EBs were then transferred to

bacteriological dishes for 5 days. Some of the EBs were further

cultured in bacteriological dishes for 7 days. The rest of the EBs were

cultured in gelatin-coated 6-well culture plates (8–10 EBs/well). On

day 8 of differentiation, the EBs received treatments as follows: 1)

Control; 2) TSA (50 nmol/L); 3) Sodium butyrate (NaB, 0.2mmol/L);

4) MG132 (0.5mmol/L), 5) TSAþMG132; and 6) NaBþMG132. The

medium containing these individual treatments was changed daily.

The EB growth was monitored on days 8, 10, 12, and 14 of EB

differentiation. Spontaneous rhythmic contraction of EB was

assessed under microscopy and measured daily starting from

day 9 continuing to 14 of differentiation. The beating rates of EBs

were expressed as beats per minutes and determined on day 14

[Maltsev et al., 1994].

CELLULAR OXIDATIVE STRESS, CELL VIABILITY ASSAY AND

CYTOTOXICITY ASSAY

ESCs were plated into 6-well plates (5� 105 cells/well) in

differentiation medium overnight. ESCs were plated onto coverslips

coated with 0.1% polylysine. The cells were further cultured in

JOURNAL OF CELLULAR BIOCHEMISTRY A NOVEL MECHANISM IN CARDIOGENESIS AND SURVIVAL 3247



differentiation medium for 24 h. The ESCs were pretreated for 1 h

with: 1) Control; 2) TSA (50 nmol/L); 3) NaB (0.2mmol/L); 4) MG132

(0.5mmol/L), 5) TSAþMG132; and 6) NaBþMG132 before ESCs

were exposed to 100mmol/L hydrogen peroxide for 2 h and resumed

with differentiation medium for 1 h. Finally, cytotoxicity and cell

viability were measured according to manufacturers’ instructions

with minor modifications and expressed as percentage (%) change of

LDH to measure cytotoxicity [Zhang et al., 2010].

WESTERN BLOT ANALYSIS

The ESCs were lysed with RIPA buffer (150mM sodium chloride,

1.0% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 50mM Tris, pH

8.0), supplemented with protease inhibitor cocktail. The proteins

were detected including anti-a-smooth muscle actin, anti-a-actinin

monoclonal antibodies; Nkx2.5, GATA4, MEF2C, and beta-actin

rabbit polyclonal antibodies and Apoptosis Antibody Sampler Kit

(mouse specific, cleaved caspase-3, 6, 9, and PARP). Proteins (30mg/

lane) were separated by 7% (HDAC 4) and 10% SDS–PAGE for

others. The proteins were then transferred onto a nitrocellulose

membrane. The membrane was blocked with 5% non-fat dry milk in

PBS containing 0.5% Tween 20 for 1 h. The blots were incubated

with their respective primary antibodies (1:1,000) overnight at 48C
and visualized by incubation with anti-rabbit or anti-mouse

horseradish peroxidase-conjugated antibodies (1:5,000 dilution)

for 1 h. The immunoblots were developed with ECL Chemilumines-

cence Detection Reagent (GE Healthcare, Piscataway, NJ). The

densitometric results were normalized to the control group and

expressed as percentages of control values.

IMMUNOFLUORESCENT STAINING

On day 14 of ESC differentiation, cultured EBs in suspension were

fixed in 4% paraformaldehyde for immunocytochemical analysis

using rabbit anti-GATA4, MEF2C or Nkx2.5 (diluted 1:200) for

myocyte; mouse anti-a-SMA for mouse smooth muscle actin. A

secondary antibody, FITC linked anti-rabbit IgG (1:200) was applied

for 1 h at room temperature. Coverslips were counterstained with 40,
6-diamidino-2-phenylindole (DAPI) to visualize the nuclei. The

images were captured with a Zeiss Axiovert 200 fluorescence

microscope. Another set of experiments were carried out to

determine the percentage of each positive staining in the

differentiated cells. The EBs were digested into single cells and

plated onto coverslips coated with 0.1% polylysine overnight to

evaluate the positive staining described above. The percentage of

positive nuclei was normalized with the total number of stained

nuclei [Tseng et al., 2010].

REVERSE TRANSCRIPTION POLYMERASE REACTION (RT-PCR)

Total cellular RNA was isolated from the treated EBs (day 14) with

Trizol reagent. RNA (5mg) was reversely transcribed to generate

cDNA using standard methodology [Zhao et al., 2001]. The reverse

transcribed cDNA (5ml) was amplified to a final volume of 50ml by

PCR under standard conditions. Based on the sequence for murine

cardiac actin, GATA4, MEF2C, Nkx2.5, a-SMA, and GAPDH cDNA,

the primers were synthesized with the sequences shown below

[Tamaki et al., 2008]. The experimental conditions for PCR were 40

cycles and GAPDH (30 cycles) for 60 s at 94, 55, and 728C,

respectively. After amplification, 10ml of PCR product per lane was

loaded on a 2.0% agarose gel containing ethidium bromide in

0.5� TBE buffer. The separated PCR products were visualized under

ultraviolet (UV) light, and the integrated optical density was

determined for each PCR product using AlphaImagerTM 2200.

Primers used for each specific product are as follows: Cardiac actin:

Forward: 5-TAC CCT GGT ATT GCC GAT CGT-3, Reverse: 5-ACA

TCT CAG AAG CAC TTG CGG T-3; GATA4: Forward: 5-

TGGGACTTTCTCCAGCACAGA-3, Reverse: 5-CAATGTTAACGGGT-

TGTGGAGG -3; MEF2C: Forward: 5-CAC GCC TGT CAC CTA ACA

TCC-3, Reverse: 5-TGT TAGCTC TCA AAC GCC ACA C-3; Nkx2.5:

Forward: 5-TGT CTC GGA CCT GGC AGA GC-3, Reverse: 5-GGC

GAC GGC AAG AC A AC C AG-3; a-SMA: Forward: 5-GCA AAC

AGG AAT ACG ACG AAG C-3, Reverse: 5-GCT TTG GGC AGG AAT

GAT TTG-3; GAPDH: Forward: 5-ACC ACA GTC CAT GCC ATC AC-

3, Reverse: 5-TCC ACC ACC CTG TTG CTG TA-3.

MEASUREMENT OF EB DIAMETER

The suspension EBs that were treated on days 8, 10, 12 and 14 were

photographed, and the diameters were measured using image J

(Image J software, NIH).

LUCIFERASE ACTIVITY ASSAY

MEF2 luciferase reporter (4X-MEF2-luc) activity assays were

described with modification [Zhang et al., 2010]; the differentiated

ESCs at 70–80% confluences were transiently transfected with

luciferase reporter construct MEF2 4�-Luc or empty vector by the

LipofectamineTM 2000method (Invitrogen). Twenty-four hours after

transfection, cells were treated with TSA, sodium butyrate with or

without MG132 at the concentrations described above. Cell lysates

were generated and luciferase activity was determined according to

the manufacturer’s instructions by using the Luciferase Assay

System (BioVision Inc). Luciferase activities were measured with

TD-20/20 Luminometer (Turner Designs Instrument) five times and

results were normalized to the basal levels of the empty vector

group.

MEASUREMENT OF HDAC ACTIVITY OF ESCs

To determine effects of HDAC inhibitors on HDAC activity, HDAC

activity ESCs after 1-h treatments with HDAC inhibitors and MG132

was measured using the colorimetric HDAC activity assay kit

(BioVision Research, Mountain View, CA).

STATISTICS

The results are expressed as the mean� SEM. Differences among the

groups were analyzed by one-way analysis of variance (ANOVA),

followed by Bonferroni’s correction. Statistical differences were

considered significant with a value of P< 0.05.

RESULTS

HDAC INHIBITION PROTECTS ESC FROM OXIDATIVE STRESS THAT

REQUIRES PROTEASOME SYSTEM

In order to examine whether HDAC inhibition prevents ESCs from

oxidant injury, ESCs were subjected to oxidant stress. Loss of plasma

membrane integrity (cell necrosis) was assessed by measurement of
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the activity of lactate dehydrogenase (LDH) in the supernatant. As

shown in Figure 1B, LDH release from ESCs in the H2O2-treated

group was measured at 18.9%, which was reduced to 10.7 and 10.3%

by TSA and NaB, respectively, suggesting that the cytotoxicity

elicited by H2O2 was effectively mitigated by HDAC inhibition

(P< 0.01). In contrast, the reductions of LDH by TSA and NaB were

completely abrogated by MG132, which yielded values of 18.3 and

18%, respectively (P< 0.01). In order to examine cell viability in

response to oxidant stress, we used trypan blue staining to estimate

cell viability. As shown in Figure 1C, cell viability in the control

group is 96.7%, which dramatically decreased to 81.6% in the

presence of H2O2 stimulation. As compared to that of the H2O2-

treated group, TSA or NaB significantly improved the numbers of

viable ESCs (P< 0.05), but the effect on viability was eliminated by

pretreatment of MG132, a proteasome inhibitor (P< 0.05). HDAC

activities were significantly inhibited in ESCs treated with

Fig. 1. A: Experimental protocol: See methods for the list of groups and treatments; (B) the LDH release of ESC in culture medium after reperfusion (n¼ 4 per group); (C) cell

viability was measured and quantified (n¼ 3 per group); ESCs were exposed to oxidant stress (100mmol/L H2O2); a description of oxidant stress is provided under methods;

(D) HDAC activities were measured ESCs that were treated with HDAC inhibitors with or without proteasome inhibitor (n¼ 5 per group).Values represent mean� SEM; HDAC

inhibitor, trichostatin A (50 nmol/L), sodium butyrate (200mmol/L), MG132 (0.5mmol/L) were maintained in culture medium. �P< 0.05 versus H2O2 group,
#P< 0.05 versus

TSAþMG132, $P< 0.05 versus NaBþMG132 group; ¥P< 0.001 versus the control group, TSAþMG132 & NaBþMG132.
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trichostatin A and sodium butyrate as compared to the control

group, which was abrogated by MG132 (Fig. 1D). In addition, we

evaluated ESC morphology under the influence of oxidative stress.

Treatments with H2O2 displayed poor ESC morphology, while ESC

shape was preserved by pretreatment with TSA or NaB. These results

indicate that HDAC inhibition protects ESC from oxidant stress

injury, which relies on the proteasome system.

We next analyzed the effects of HDAC inhibition on ESC

apoptosis. Apoptosis was measured by TUNEL staining. As shown in

Supplementary Figure 1, abundant apoptotic positive stainings were

demonstrated in ESCs that were exposed to oxidant stress. However,

both TSA and NaB significantly reduced the numbers of apoptotic

positive stainings, but such an anti-apoptotic effect was abrogated

by treatment with MG132. Furthermore, we validated the effect of

HDAC inhibitors on the specific apoptotic signaling in ESCs. As

illustrated in Supplementary Figure 2, both TSA and NaB resulted in

the reductions of cleaved caspase 3, 6, 9 and PARP protein levels

induced by H2O2, but reduction of such apoptotic proteins by TSA

and NaB was abolished by pretreatment with MG132. MG132 alone

in the absence of TSA and NaB did not change protein expression

levels of cleaved caspases and PARP aforementioned. This indicates

that the protective effects of HDAC inhibition in ESCs from

oxidative stress were directly associated with the proteasome

pathway.

HDAC INHIBITION FACILITATES CARDIAC COMMITMENT THAT

DEPENDS ON THE PROTEASOME PATHWAY

We next sought to examine whether and how HDAC inhibition

controls the facilitation of ESCs into cardiogenesis and, whether

cardiac lineage commitments elicited by HDAC inhibition were

determined by proteasome pathway. We detected ESC-derived

cardiac lineage commitments during the EB growth. The culture

protocol of ES, EB growth, and individual treatments are described

in Figure 2A. As shown on the left panel of Figure 2A and

supplementary Figure 3, ESC-derived cardiac structures stained with

GATA4, MEF2C, and Nkx2.5 were reliably detected on day 14 EB;

the levels of cardiac specific transcription factors positive-stained

cells including GATA4, MEF2C, and Nkx2.5 in TSA or NaB

treatment were 12.8� 1.5% and 14.7� 1.9% (6.0� 1.0% in control);

16.1� 1.1% and 18.1� 2.1% (9.0� 1.5% in control); and

13.4� 1.2% and 15� 2.0% (6.7� 1.2% in control), respectively

(P< 0.05 vs. control). In addition, the Western blot demonstrated

that HDAC inhibition significantly increased protein expressions

of alpha-actinin, alpha-SMA, GATA4, MEF2C, and Nkx2.5 as

compared to the control group. The increased proteins were

prevented by the administration of MG132 (Fig. 3 A and B). We next

employed RT-PCR to analyze the transcriptional profiling of cardiac

and smooth muscle genes. As compared to the control group, both

TSA and NaB favored the increased mRNA expressions of a-actinin,

a-SMA, GATA4, and MEF2C, whereas MG132 significantly

mitigated the effect of HDAC inhibition on the mRNA expressions

in cardiogenesis and angiogenesis (Fig. 3 C and D). Furthermore,

using siRNA gene silencing and well-established in vitro cell culture

model, we found that the specific knockdown of HDAC4 with

HDAC4 siRNA exhibited the reduction of HDAC4 as compared to

control-scrambled siRNA. Remarkably, genetic knockdown of

HDAC 4 significantly enhanced mRNA expression in cardiogenesis

and angiogenesis as described above, indicating the contribution

of HDAC4 inhibition in the regulation of cardiogenesis (Supple-

mentary Figure 4).

Fig. 2. A: Differentiation experimental protocol: See Methods for the list of groups and treatments; (B) quantification analysis of effect of TSA and NaB on GATA4 positive,

MEF2C positive, Nkx2.5 positive staining cells, respectively(n¼ 3 per group). Values represent mean� SEM; �P< 0.05 versus control group; C: control.
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THE PROTEASOME PATHWAY IMPACTS THE HDAC

INHIBITION-STIMULATED EB GROWTH

We further assessed whether the proteasome pathway is involved

in mediating the growth of EBs after HDAC inhibition following

the initiation of the differentiation. We next monitored the

growth of suspension EBs during differentiation. The diameters of

suspension EBs were measured on days 8, 10, 12, and 14,

respectively. EB diameters steadily increased in all of the groups.

Although EB diameters were not found to be different on day 8 in

all groups, HDAC inhibition with TSA and NaB preferentially

stimulates EB growth on day 10, which was mitigated by treatment

with MG132 (Fig. 4). Furthermore, HDAC inhibition led to the

degradation of HDAC4 of differentiated ESC, which was blocked

by treatment with MG132. We did not find the effect of HDAC

inhibition on HDAC4 mRNA as compared to the control

(Supplementary Figure 5). In addition, we found that TSA or NaB

did not affect HDAC1, HDAC3, HDAC6, HDAC7 protein expres-

sions (Supplementary Figure 6). Therefore, the results suggest the

critical role of HDAC4 reduction in mediating EB growth in this

study.

Fig. 3. Effect of HDAC inhibition on cardiac specific proteins and the transcriptional levels of cardiac gene: (A) Representative Western blot showing the effect of TSA, NaB,

and MG132 on the contents of GATA4, MEF2C, Nkx2.5, cardiac actin, and a-smooth muscle actin (a-SMA). B: Quantification of GATA4, MEF2C, Nkx2.5, cardiac actin, and

a-smooth muscle actin among individual groups(n¼ 3 per group); (C) representative DNA gel showing the effect of TSA, NaB, and MG132 on the contents of GATA4, MEF2C,

NKX2.5, cardiac actin, and a-smooth muscle actin (a-SMA); (D) quantification of GATA4, MEF2C, Nkx2.5, cardiac actin, and a-smooth muscle actin among individual groups

(n¼ 3 per group); values represent mean� SEM; �P< 0.05 versus control group, #P< 0.05 versus TSAþMG132 group, $P< 0.05 versus NaBþMG132 group.
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BLOCKADE OF PROTEASOME PATHWAY DEMONSTRATES

DEFICIENCY OF ESC-DERIVED CARDIOMYOCYTES BY HDAC

INHIBITION

To evaluate the effect of HDAC inhibition on the phenotype of ESC-

derived myocytes, spontaneous rhythmic contractions were esti-

mated starting from day 9 to day 14, and the beating rates of EBs

within individual treatments were measured. During the differenti-

ation stage, noticeable beating EBs appeared in all of the groups.

Although the beating rate of EBs was approximately 20% in each

group on day 9, the number of beating EBs significantly increased

with the treatment of TSA or NaB from day 12 to day 14 as compared

to the control group. Interestingly, MG132 blocked the beating

percentage increase promoted by TSA and NaB (Fig. 5A). EB beating

rates on day 14 are summarized in Figure 5B. The spontaneous

beating rate is around 40% in the control group, rising to around

75% following treatment of HDAC inhibition. However, this increase

in response to HDAC inhibition was inhibited by MG132, suggesting

that HDAC inhibition promotes the formation of cardiac contracting

EBs that involves the existence of proteasome system.

ACTIVATION OF MEF2 REQUIRES PROTEASOME PATHWAY IN THE

DIFFERENTIATED ESCs

MEF2 is known to be crucial for directing the development of

cardiogenesis. Activation of MEF2 will promote the cardiac lineages

specification. The formation of HDAC4 with MEF2 complexes has

been reported to repress MEF2 activity [Chan et al., 2003]. It is likely,

but unknown, whether HDAC4 degradation will alleviate its

inhibitory effect on MEF2, which subsequently acts as the

determinant to affecting the formation of ESCs-derived myocytes.

Since HDAC inhibitor treatments resulted in HDAC4 protein

degradation, which was prevented by inhibition of proteasome,

we next examined their effects on MEF2 reporter activity using the

transient luciferase assays. As shown in Figure 6, inhibition of HDAC

significantly increased the luciferase activity of 4�-MEF2-luc

reporter construct, but an increase in MEF2 activity was abolished

by MG132. These results demonstrate that inhibition of the

proteasome in ESCs, which prevents HDAC4 degradation, reduces

the activation of MEF2, supporting the notion that HDAC inhibition

relying on the proteasome system precisely regulates activation of

MEF2 that impact ESC-derived myocytes.

DISCUSSION

SALIENT FINDINGS

We have demonstrated that 1) HDAC inhibition increased the

resistance of ESCs in response to oxidant stress, as indicated by an

increase in ESC viability and decreases in cell death and apoptosis.

These beneficial effects were mitigated by inhibition of proteasome

system with MG132, suggesting that ESC survival is governed by

HDAC inhibition and proteasome pathway; 2) HDAC inhibition

facilitated the lineage restriction of cardiogenesis and angiogenesis,

as evidenced by increases in the expression of transcriptional

Fig. 4. Effect of HDAC inhibition on EB growth: (A) Representative image showing the growth of EB among the different treatments; Bar¼ 100mm (B) quantification of EB

diameters from growing EBs among individual groups (n¼ 6 per group); (C) representative Western blot showing HDAC4 protein levels on day 14 EBs; (D) quantification of

HDAC4 protein levels (n¼ 3 per group); values represent mean� SEM; �P< 0.05 versus control group, #P< 0.05 versus TSAþMG132 group, $P< 0.05 versus NaBþMG132

group.
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cardiac and angiogenic genes. These were closely associated with a

remarkable increase in EB growth as well as spontaneous rhythmic

contractions, which were blocked with MG132, supporting the

notion that HDAC inhibition co-ordinates with the proteasome

system to control ESC specification; 3) HDAC inhibition specifically

led to HDAC4 degradation in ESCs in addition to inhibiting its

activity, whereas blockade of the proteasome pathway reversed this

process, which implicates the importance of HDAC4 degradaton in

regulating ESC lineage commitments; 4) HDAC inhibition resulted

in activation of MEF2 during the differentiation of ESCs, which

requires a functional proteasome pathway, pointing out that HDAC

inhibition/proteasome system and MEF2 constitute a unique

cascade in directing the lineage decision and survival of ESCs.

Taken together, this study is the first to demonstrate that HDAC

inhibition and the proteasome pathway plays a crucial role in

mediating ESCs to commit cardiogenesis, angiogenesis, and cell

survival.

There is plenty of experimental evidence stating that most ESC-

derived cardiomyocytes initially die soon after transplantation into

the infarcted myocardium. One of the major reasons for this is the

vulnerability of ESCs to oxidant stress [Rota et al., 2006]. Given that

we identified the abundant expression of HDAC4 in ESCs, we first

attempted to examine whether HDAC inhibition could increase the

resistance of ESCs to oxidant stress using in vitro cultured ESCs from

our previous studies [Tseng et al., 2010; Zhang et al., 2010].

Treatment of ESCs with HDAC inhibitors augmented resistance to

Fig. 6. Activities of luciferase were used to assess the MEF2 transcriptional

activity by HDAC inhibitors with or without proteasome inhibitor. ESCs were

transiently transfected with the MEF2-luciferase reporter construct

(4X-MEF2-luc) luciferase reporter construct. Twenty-four hours after trans-

fection, cells were treated with or without TSA or NaB and luciferase activities

were determined and results were normalized to the basal levels (empty vector).

Results are mean� SE (n¼ 5/group), ¥P< 0.001 versus empty vector, MEF2-

luc, TSAþMG132, NaBþMG132, and MG132.

Fig. 5. Effect of HDAC inhibition on the spontaneous rhythmic contracting EB: (A) Percentage of Beating EBs among the different groups (n¼ 3 per group); (B) quantification

of EB beating rate among the groups (n¼ 8 per group); values represent mean� SEM; �P< 0.05 versus control group, #P< 0.05 versus TSAþMG132 group, $P< 0.05 versus

NaBþMG132 group.
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oxidant stress by enhancing cell viability and decreasing cell death,

both of which are associated with the reduction of apoptotic cell

numbers. In this study, we demonstrated that HDAC inhibition

suppressed the expression of cleaved caspases and PARP, which

might represent an event associated with the inhibition of apoptosis.

The direct target of HDAC4 inhibition that constitutes major

pathway to activate the apoptosis remains unclear. Also, it is

interesting to evaluate whether anti-apoptotic effects of HDAC

inhibition contributes to cardiac commitments. Strikingly, these

protective effects elicited by HDAC inhibitors were totally

diminished in ESCs treated with proteasome inhibitor MG132.

This suggests the requirement of the proteasome system for HDAC

inhibition to protect ESCs from oxidant injury. It is supported by our

recent observation that HDAC inhibition played a primary role in

reducing cellular injury of embryonic H9C2 cell and ischemic hearts

[Zhang et al., 2010].

It is known that development and cell fate determination require

genetic and epigenetic co-ordination. As a naı̈ve cell differentiates

toward a particular lineage, modifications of the chromatin occur to

activate lineage-specific genes and silence ‘‘stemness’’ genes and

those associated with alternative cell fates [Song et al., 2006]. The

most striking example shown here is that small molecules and HDAC

inhibitors increase the reprogramming efficiency of human

fibroblasts into iPS and ESC self-renewal across species [Ware

et al., 2009]. Our intriguing evidence here shows that the formation

of EB in the presence of both trichostatin A and sodium butyrate was

noticeably larger than the control group, but this effect of HDAC

inhibition disappeared in the presence of the proteasome inhibitor.

Furthermore, the effect of HDAC inhibition on ESC-derived cardiac

lineage comments was eliminated by MG132, addressing the

indispensible function of the proteasome system in initiating ESC

lineage specification. Although we demonstrated that trichostatin A

and sodium butyrate effectively inhibited HDAC activity, HDAC4

degradation displayed after HDAC inhibition was reversed in the

presence of the proteasome inhibitor, implying that the proteasome

system preferentially targets this specific HDAC isoform and led to

HDAC4 degradation in ESCs. The mechanism that directs degrada-

tion of HDAC4 in ESCs after HDAC inhibition remains to be

determined. It is tempting to speculate that post-modification of

HDACs serves as a signal for ubiquitination or poly-sumoylation.

Identification of these signals regulating HDAC4 degradation

after HDAC inhibition in ESCs is currently under investigation.

MEF2 protein interacts with HDAC4, resulting in the repression of

MEF2-dependent genes [McKinsey et al., 2000], whereas genetic

deletion of MEF2 resulted in embryonic lethal death [Lin et al.,

1997]. Evidence from these transgenic animal studies illustrates that

class II HDACs are associated with MEF2 and negatively regulate the

development of cardiogenesis. Interestingly, increased transcrip-

tional activity of MEF2 of HDAC inhibition was repressed by

proteasome inhibitors, emphasizing the co-ordination between

HDAC and the proteasome pathway in mediating cardiac commit-

ments of ESCs directly through MEF2. Additionally, we have

recently demonstrated that HDAC inhibition enhanced histone 4

acetylation in myocytes. It is also interesting to elucidate whether

HDAC inhibition interacts with the proteasome pathway to impact

epigenetic regulation to modulate ESC specification and survival,

which will provide additional important information for under-

standing its mechanism.

CONCLUSION

In this study, we demonstrated that HDAC inhibition increased the

resistance of ESCs to oxidant stress, as indicated by the reduction of

cell death, the increase in the cell viability, the decreases in

apoptosis. These effects disappeared in the presence of proteasome

inhibition. Furthermore, both trichostatin A and sodium butyrate

triggered the degradation of HDAC4, which was reversed by MG132,

suggesting that the proteasome system determines HDAC4

degradation after HDAC inhibition. On the other hand, HDAC

inhibition did not significantly change the expressions of other

HDAC isoforms, suggesting that HDAC4 may play a major role in

determining the cardiogenesis. Notably, trichostatin A and sodium

butyrate stimulate the growth of EBs, which are closely associated

with a faster spontaneous rhythmic contraction, a cardiac lineage

commitment, increased up-regulation of cardiac actin, and cardiac

specific transcriptional factors, which were abolished by MG132.

Finally, HDAC inhibition-induced increase in cardiac transcription-

al factor, MEF2 activity, was repressed by the inhibition of

proteasome. Taken together, HDAC inhibition coordination with the

proteasome pathway constitutes a major cascade in controlling

cardiogenesis and promoting the survival of ESCs.
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