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Abstract

Histone deacetylase (HDAC) regulation is an essential process in myogenic differentiation. 

Inhibitors targeting the activity of specific HDAC family members have been shown to enhance 

the cardiogenic differentiation capacity of discrete progenitor cell types; a key property of donor 

cell populations contributing to their afforded benefits in cardiac cell therapy applications. The 

influence of HDAC inhibition on cardiac-derived mesenchymal stromal cell (CMC) 

transdifferentiation or the role of specific HDAC family members in dictating cardiovascular cell 

lineage specification has not been investigated. In the current study, the consequences of HDAC 

inhibition on patient-derived CMC proliferation, cardiogenic program activation, and 

cardiovascular differentiation/cell lineage specification were investigated using pharmacologic and 

genetic targeting approaches. Here, CMCs exposed to the pan-HDAC inhibitor sodium butyrate 

(NaBu) exhibited induction of a cardiogenic transcriptional program and heightened expression of 

myocyte and endothelial lineage-specific markers when coaxed to differentiate in vitro. Further, 

shRNA knockdown screens revealed CMCs depleted of HDAC1 to promote the induction of a 

cardiogenic transcriptional program characterized by enhanced expression of cardiomyogenic- and 

vasculogenic-specific markers, a finding which depended upon and correlated with enhanced 

acetylation and stabilization of p53. Cardiogenic gene activation and elevated p53 expression 

levels observed in HDAC1-depleted CMCs were associated with improved aptitude to assume a 

cardiomyogenic/vasculogenic cell-like fate in vitro. These results suggest that HDAC1 depletion-
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induced p53 expression alters CMC cell fate decisions and identify HDAC1 as a potential 

exploitable target to facilitate CMC-mediated myocardial repair in ischemic cardiomyopathy.

Graphical abstract

HDAC1 Regulates the Expression of a Cardiogenic Program in Human Cardiac Mesenchymal 

Stromal Cells (CMCs) through a p53-Dependent Mechanism. CMCs depleted of HDAC1 

exhibited induction of a cardiogenic transcriptional program characterized by enhanced expression 

of cardiomyogenic (MEF2C, NKX2.5, and TBX5)- and vasculogenic (CD31) factors. This 

phenomenon required and correlated with enhanced acetylation and stabilization of the tumor 

suppressor protein p53. Cardiogenic gene activation and elevated p53 expression levels observed 

in HDAC1-depleted CMCs were associated with heightened proclivity to assume a 

cardiomyogenic/vasculogenic cell-like fate in vitro. These results indicate HDAC1 depletion-

induced p53 expression alters CMC cell fate decisions and identify HDAC1 as a potential 

exploitable target to facilitate CMC-mediated myocardial repair in ischemic cardiomyopathy.
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Introduction

While cell therapy has demonstrated salutary effects on cardiac function in heart failure 

patients [1-5], the efficacy of this therapeutic modality is significantly limited by the poor 

engraftment, survival, and differentiation of transplanted cells [6, 7]. Understanding the 

precise mechanisms underlying stem cell-mediated cardiac repair will be vital for 

developing effective cell therapy strategies. Although the mechanism by which transplanted 

stem cells mitigate detrimental cardiac remodeling and improve ventricular performance 

remains unclear, both donor cell cardiogenic differentiation [8-10] and paracrine signaling 

[11] have been implicated as contributing factors.

Many investigators have focused on cardiogenic differentiation when developing novel 

strategies for cell therapy. For instance, cytokine-mediated guided cardiopoiesis was shown 

to enhance the cardiac reparative aptitude of transplanted bone marrow-derived 

mesenchymal stem cells (BM-MSCs) in a murine model of ischemic cardiomyopathy [10]. 

The reparative cytotype of these “cardiopoietically” primed BM-MSCs was characterized by 

elevated expression of cardiogenic transcription factors (i.e. Nkx2.5, Tbx5, and Mef2c) that 

function cooperatively to regulate genetic programs involved in cardiomyogenic 

differentiation. Further, cell types more oriented towards a cardiovascular phenotype, such as 

those derived from the heart, possess greater therapeutic potential than those derived from 

extra-cardiac sources (e.g. BM-MSCs). For example, cardiac-derived mesenchymal stromal 

cells (CMCs), which more efficiently express cardiogenic markers vis-à-vis those isolated 

from bone marrow (BMCs), exhibit superior tissue retention, infarct infiltration, and 

proclivity to differentiate into adult myocytes when injected into infarcted rat hearts [12]. In 

addition to their purported cardiomyogenic differentiation capabilities, in vivo genetic fate 
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mapping studies of endogenous CMCs in murine infarct models have shown these cells to 

directly contribute to cardiac neovascularization following cardiac injury [13]. These studies 

suggest that the cardiac stromal compartment is an important cell reservoir for more 

effective cardiac repair. Currently, the developmental potential of CMCs is poorly 

understood and little is known regarding the molecular pathways dictating their 

differentiation towards mature cardiovascular cell types.

Chromatin remodeling plays a central role in determining mesenchymal stem cell lineage-

specific differentiation [14]. Chromatin modifying agents, such as histone deacetylase 

(HDAC) inhibitors, have been shown to promote myogenic differentiation of various adult 

progenitor cell types (i.e. cardiac side population (SP) cells [15] and BM-MSCs [16]), 

presumably via the induction of cardiogenic transcription factors (e.g. Gata-4, Mef2c, and 

Tbx5). Additional studies have identified specific HDAC family members to be associated 

with the regulation of myogenic differentiation in distinct progenitor cell types, including 

HDAC4 in murine c-kitpos cardiac stem cells (CSCs) [17], HDAC7 in C2C12 myoblasts 

[18], and HDAC1 in rat BM-MSCs [19] – suggesting cell context specific effects for 

particular HDAC family members in directing cell fate decisions. To date, eighteen 

mammalian HDACs have been identified; these are stratified into four distinct families based 

on sequence homology to yeast original enzymes which include the zinc-dependent (class I 
[HDACs 1, 2, 3, and 8], class II [HDACs 4, 5, 6, 7, 9, and 10], and class IV [HDAC 11]) and 

nicotinamide adenine dinucleotide (NAD+) requiring enzymes (class III [Sirt 1-7]), referred 

to as sirtuins [20]. Contrary to what their name may suggest, there also exists a host of 

nonhistone protein substrates that are targeted and regulated by HDAC activity. Thus, in 

addition to their role in the epigenetic regulation of gene expression, chiefly through the 

deacetylation of nucleosomal histone proteins, alterations in the acetylation status of 

nonhistone substrates (e.g. transcription factors or other proteins) constitute an additional 

mechanism by which HDACs can modulate various cellular processes. Consistent with their 

epigenetic regulatory activity, HDAC inhibitors have been shown to function as chromatin 

modifying agents that can temporally regulate the control of gene expression in mammalian 

cells [20]. Furthermore, as the epigenetic landscape is central in modulating cellular events 

that direct progenitor cell differentiation, as well as somatic cell reprogramming [21], 

significant attention has been placed on the ability of HDAC inhibitors to alter or direct the 

differentiation of both stem and adult progenitor cell types (reviewed in [22]).

The influence of HDAC inhibition on CMC differentiation is unknown. Furthermore, the 

role of specific HDAC family members in dictating CMC cardiovascular cell lineage 

specification has not been investigated. Accordingly, we employed both pharmacologic and 

genetic approaches to investigate the consequences of HDAC inhibition on CMC biology 

and, specifically, on CMC cardiogenic gene transcription and its impact on cardiovascular 

cell lineage commitment. Our results demonstrate that the epigenetic regulator HDAC1 

modulates transcription of a core cardiogenic program in human CMCs through a 

mechanism involving the induced acetylation and elevated expression of the tumor 

suppressor protein p53. CMCs depleted of HDAC1 exhibited induction of a cardiogenic 

transcriptional program characterized by enhanced expression of cardiomyogenic, 

vasculogenic, and stemness-related transcripts, an effect that was diminished by p53 

inhibition. Augmentation of lineage-specific markers in HDAC1-depleted CMCs was 
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associated with heightened competency to adopt a cardiomyogenic/vasculogenic cell-like 

fate in vitro. Overall, these data suggest the inhibition of HDAC1 can indirectly alter CMC 

cell fate decisions via enhancing the expression of p53.

Materials and Methods

Cells, cell culture, and treatment

Primary normal human dermal fibroblasts (HDMFs; ATCC® PCS-201-010™) were 

maintained in DMEM medium (GIBCO) containing 20% FBS (Seradigm), 0.2 mM L-

Glutamine (Gibco), and 100 U/ml penicillin/streptomycin (Gibco). Murine myoblasts 

(C2C12; ATCC® CRL-1772) were cultured in DMEM medium + GlutaMAX™ (Gibco) 

containing 10% FBS (Seradigm) and 100 U/ml penicillin/streptomycin (Gibco). Primary 

patient-derived CMCs were propagated in Ham’s F12 medium (Gibco) supplemented with 

10% FBS (Seradigm), 20 ng/ml Recombinant Human bFGF (PeproTech), 0.2 mM L-

Glutamine (Gibco), 0.005 U/ml human Erythropoietin (Sigma), and 100 U/ml penicillin/

streptomycin (Gibco). Human HEK293FT cells (Life Technologies) used in lentiviral 

production were grown in DMEM medium (Gibco) containing 10% FBS (Seradigm) and 0.2 

mM L-Glutamine (Gibco). All cell lines were propagated under standard incubation 

conditions at 37°C with 5% atmospheric CO2 and, further, were enzymatically passaged 

using TrypLE™ (Life Technologies) when approaching ≈70% confluence.

Human cardiac stromal cell (CMC) isolation

Human CMCs were isolated from discarded atrial appendage specimens collected from 

patients during routine coronary artery bypass surgery at Jewish Hospital (University of 

Louisville, Louisville, KY). De-identified right atrial appendage specimens were acquired 

via written consent agreement according to the approved protocol by the Institutional 

Review Boards on human subject research (IRB number: 03.052J) at the University of 

Louisville. Right atrial auricles were transferred to 35mm dishes and washed three times 

with ice cold PBS. Tissues were then manually minced to obtain fragments <1mm3 in 

dimension and resuspended in serum free Ham’s F12. Auricle fragments were next 

incubated at 37°C in a shaking incubator and enzymatically digested using Collagenase type 

II solution (≈2 mg/ml; Worthington Biochemical Corporation). Following enzymatic 

dissociation, released cells were pelleted at 400×g for 5 min and washed in complete 

medium (Ham’s F12 (Gibco), 10% FBS (Seradigm), 20 ng/ml Recombinant Human bFGF 

(PeproTech), 0.2 mM L-Glutamine (Gibco), 0.005 U/ml human Erythropoietin (Sigma), and 

100 U/ml penicillin/streptomycin (Gibco). Cells were resuspended in complete medium and 

plated in 6-well tissue culture grade plates for passage 0 initial expansions. Medium was 

replaced at 24 h after the initial plating step and subsequently replaced every 48 h thereafter. 

Cells were expanded until 70% confluence at which time they were trypsinized (TrypLE™, 

Life Technologies) and transferred to T75 tissue culture flasks for further expansion. CMCs 

utilized in experiments were not used beyond passage 8.

Flow cytometry

Cells were immunophenotyped using PE-conjugated antibodies raised against human 

mesenchymal (CD73, CD90, CD105), hematopoietic (CD45), and stem cell (CD117) 
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markers, as directed by the manufacturer’s instructions. Live stained and unstained control 

cells were analyzed using a BD LSR II Flow Cytometer (BD Biosciences). 10,000 events 

were collected per sample and analyzed using Flowing Software version 2.5.0 (Perttu Terho, 

Turku Centre for Biotechnology). Live cells were gated according to light scatter 

characteristics and resultant population PE fluorescence intensity plotted on dot plots. The 

percentage of PE-positive cells corresponding to their respective cell surface antigens were 

determined by gating against unstained (autofluorescence controls) negative controls 

according to previously described guidelines [23, 24]. For intracellular protein staining, cells 

were fixed with 4% formaldehyde for 10 min at room temperature, washed in 1X PBS, and 

permeabilized with 90% methanol on ice for 30 min. Cells were incubated with primary 

antibodies or isotype controls diluted in incubation buffer (1% BSA, 1X PBS) for 1 h at 

room temperature, washed by centrifugation (600 × g) in incubation buffer, and resuspended 

in fluorochrome-conjugated secondary antibodies for 30 min at room temperature. Flow 

cytometry was performed as described above and the percentage of positive cells determined 

by gating against corresponding isotype controls. A complete list of utilized antibodies is 

listed in Supporting Information Table S1.

Statistical analysis

Statistical analyses were performed using the descriptive statistics data analysis toolpak 

available in the Microsoft Office Excel program. The Student’s two-tailed t-test, after 

ascertaining parametric distribution, was used to analyze differences between groups. Data 

are reported as means ± SEM.

Additional materials and procedures are detailed in Supporting Information Supplementary 

Methods.

Results

CMCs exhibit a mesenchymal immunophenotype

For the experiments described in the current study, cells exhibiting plastic adherence in 

tissue-culture grade dishes were utilized following their propagation in culture for no less 

than 24 h. CMCs displayed a distinctive mesenchymal immunophenotype characterized by 

positivity for CD73, CD90, and CD105 that closely resembled the phenotype of their 

dermal-derived stromal counterparts, HDMFs (human dermal fibroblasts) (Supporting 

Information Fig. S1). Both CMCs and HDMFs exhibited low or no expression of the 

hematopoietic marker CD45 and the putative cardiac stem cell (CSC) marker c-kit [25] 

(Supporting Information Fig. S1). Although they shared many similarities with HDMFs, 

CMCs were notably heterogeneous in CD90 expression, consistent with previous 

investigations of CMCs [12] and mesenchymal cells derived from tissues other than bone 

marrow [26]. CMCs exhibiting plastic adherence at 24 h were immunophenotypically 

indistinguishable from those propagated in long-term culture (passage 8; data not shown).
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Sodium butyrate reduces CMC proliferation, increases histone acetylation, and alters 
cardiac-specific gene transcription

The pan-HDAC inhibitor, sodium butyrate (NaBu), exerts both concentration- and cell type-

specific effects on proliferation and gene expression, and also influences tissue-specific stem 

cell differentiation dynamics [22, 27, 28]. The consequences of NaBu-mediated HDAC 

inhibition on CMC gene transcription and differentiation have not been previously 

described. We performed preliminary NaBu dose-response experiments on patient-derived 

samples to empirically investigate the effect of escalating doses of NaBu on CMC 

proliferation rates and their correlation with the extent of HDAC inhibition (Fig. 1). In Fig. 

1A, the growth of CMCs from two different patients was assessed at 24 h intervals for 5 

days with NaBu concentrations ranging from 0 to 10 mM. Although growth kinetics were 

different, CMCs from both patients revealed a similar dose-dependent decrease in cell 

proliferation with increasing concentrations of NaBu exposure. Notably, CMCs subjected to 

NaBu concentrations of 5 mM or greater exhibited near complete inhibition of growth (Fig. 

1A). Next, the level of HDAC inhibition within this concentration range was assessed 

following 72 h of NaBu exposure by immunoblotting for acetylated-lysine (AcK) or 

acetylated-lysine 9 of histone-H3 (AcK9-H3) (Fig. 1B). Immunoblots revealed a dose-

dependent increase in the quantity of acetylated histones (H3 and H4) with increasing 

concentrations of NaBu, which inversely correlated with declining CMC proliferation rates.

Previous studies have identified multiple genetic targets affected by HDAC inhibition in 

various mammalian cell types, including those associated with pluripotency [29], lineage-

specific differentiation [15, 16], and cytokine production [30]. In Fig. 2A, quantitative PCR 

(qPCR)-based gene expression assays were used to assess the concentration-dependent 

effects of NaBu on CMC gene transcription. Human CMCs exposed to NaBu for 72 h 

exhibited a dose-dependent increase in stemness-related transcripts (Fig. 2 A and B), as well 

as both early (homeobox transcription factor NKX2.5, T-box transcription factor TBX5, and 

GATA binding protein 4 GATA4) and late (myocyte enhancer factor MEF2C and myosin-

binding protein MYBPC3) cardiac lineage-specific markers (Fig. 2A and C); conversely, 

NaBu exposure failed to augment the expression of several investigated non-cardiac lineage 

markers (including lymphoid (CD8), primitive endoderm (AFP), or neuronal (TUBB3)), 

suggesting selectivity for cardiogenic gene transcription in CMCs (Supporting Information 

Fig. S2). The selective effects of NaBu on the induction of CMC cardiac-gene transcription 

also demonstrated cell context specificity as such observations were not recapitulated in 

HDMFs under the same conditions (Fig. 2A and D). NaBu exerted less pronounced effects 

on the expression of transcripts encoding soluble cytokines (i.e. ANG1, PDGFA, VEGFA, 

bFGF, HGF, SCF, and SDF1) (Fig. 2A and E) – paracrine factors implicated in stem cell-

mediated cardiac repair [31]. Elevated doses of NaBu (>2.5 mM) resulted in a significant 

reduction in ANG1 and SDF1 in CMCs (Fig. 2A and E). While many of these factors 

remained largely unchanged across all concentrations (e.g. PDGFA, bFGF, and HGF), NaBu 

concentrations exceeding 5 mM resulted in a significant increase in pro-angiogenic VEGFA 
and the chemotactic ligand/pro-proliferative stem cell factor SDF1 (Fig. 2A and E).
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Sodium butyrate-treated CMCs are more oriented towards a cardiomyogenic/vasculogenic 
cell fate following their differentiation in vitro

We next sought to investigate the consequences of NaBu-mediated cardiogenic program 

activation on CMC differentiation in vitro. Using a method routinely employed to promote 

the cardiomyogenic differentiation of adult cardiac progenitors [12, 25, 32, 33], CMCs were 

coaxed to differentiate in dexamethasone (Dex)-based medium under reduced serum 

conditions for 4 weeks (Fig. 3A). Relative to untreated and 10 nM Dex-treated controls, 

CMCs pretreated with 5 mM NaBu or in combination with dexamethasone (10 nM Dex; 5 

mM NaBu) showed evidence of cell aggregation by day 7 in culture, which became more 

complex and prominent by day 14 (Fig. 3B). On day 28, qPCR-based gene expression 

assays were performed using transcript-specific primers targeting various cardiac cell 

lineage markers (i.e. myocyte, endothelial, smooth muscle, and mesenchymal/fibroblast) 

(Fig. 3C and D). qPCR results summarized in the accompanying heat map reveal a marked 

increase in both myocyte (GJA5, βMHC, ANP, ACTC, MLC-2V) and endothelial (KDR and 

CD31)-specific markers with a concomitant reduction in a number of smooth muscle 

(SM22α, CNN1, and SM-MHC) transcripts in CMC samples pretreated with 5 mM NaBu or 

combination, relative to untreated controls (Fig. 3C). Dex alone showed minimal influence 

on CMC cardiogenic differentiation compared with samples containing NaBu and exhibited 

modest increases in only a fraction of the detected myocyte (GJA5 and ACTC, P<0.05 vs. 

untreated) and endothelial (KDR and CD31, P>0.05 vs. untreated)-specific transcripts 

relative to untreated CMCs (Fig. 3D) – demonstrating Dex to be an ineffective CMC 

cardiomyogenic differentiation agent. The combination of NaBu and Dex did not have a 

synergistic effect on cardiogenic differentiation. Although NaBu alone and combination 

treatments yielded markedly similar results regarding the identity and magnitude of activated 

myocyte (GJA5, βMHC, ANP, ACTC, MLC-2V) and endothelial lineage-specific genes 

(KDR and CD31), NaBu alone showed a marginal advantage over combinatorial-treatments 

in promoting CMC cardiomyocyte gene transcription (Fig. 3D); NaBu alone demonstrated a 

mean increase in all evaluated myocyte associated transcripts including GJA1, GJA5, and 

BNP, which were either significantly decreased in combination treated CMCs (GJA1 and 

BNP) relative to untreated or their mean expression was similar to Dex-treated controls 

(GJA5) (Fig. 3D). Although NaBu alone and combination exposed CMCs showed analogous 

effects in terms of decreased smooth muscle gene transcription, CMCs treated with 

combination exhibited a reduction in CD90 and DDR2 mesenchymal markers (this was not 

observed in CMCs treated with NaBu alone) (Fig. 3D). In summary, NaBu exposure resulted 

in the activation of a cardiogenic transcriptional program in CMCs whose expression pattern 

suggests heightened commitment towards a myocyte and/or vasculogenic cell fate following 

their cardiogenic differentiation in vitro.

Targeted inhibition of HDAC1 enhances the expression of pluripotent, cardiac, and 
endothelial lineage-specific markers in human CMCs

The pan-HDAC inhibitor NaBu targets both class I (HDAC1, 2, 3, and 8) and class IIa 

(HDAC4, 5, 7, and 9) HDAC family members [34]. Of these, HDAC1, HDAC4, and HDAC7 

have been individually implicated in the induction of cardiac lineage differentiation in 

distinct progenitor cell populations (e.g. BM-MSCs [19], c-kit+ cardiac progenitors [17], and 

C2C12 myoblasts [18], respectively) following their targeted inhibition. For this reason, 
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short hairpin RNA-interference (shRNAi) constructs, stably targeting HDAC1, 4, or 7 (Fig. 

4), were employed to i) investigate the effects of these HDAC family members on the 

activation of CMC cardiogenic gene transcription, ii) identify what lineage-specific 

transcriptional networks they modulate, and iii) ascertain which of these may underlie 

resultant cardiogenic gene expression alterations observed with NaBu-mediated HDAC 

inhibition. With lentiviral transduction efficiencies exceeding 85% (CMCs infected with 

GFP control vector [Fig. 4A]), CMCs harboring shRNAi constructs targeting HDAC1 

(shHDAC1), 4 (shHDAC4), or 7 (shHDAC7) exhibited significant reductions in cognate 

mRNA (4%, 32%, and 14%, respectively) and corresponding protein (<40%, <1%, and 

<1%, respectively) expression levels relative to non-target shRNA controls (NT shRNA) 

(Fig. 4B). Next, gene expression assays were performed (72 h after transduction) to assess 

early HDAC-knockdown-mediated transcriptional changes in stemness-related, cardiac, 

smooth muscle, and endothelial-specific transcripts (Fig. 4C-F). shHDAC1-transduced 

CMCs exhibited a discernible increase in stemness-related (OCT4, NANOG, SOX2, and 

KLF4) (Fig. 4C) and cardiac-specific (MEF2C, MYBPC3, NKX2.5, and TBX5) (Fig. 4C) 

transcripts relative to NT, shHDAC4, and shHDAC7 transduced CMCs. Such changes were 

accompanied by minor, yet statistically significant, increases in two of the three assessed 

smooth muscle markers (SM22α and CNN-1) in shHDAC1-transduced CMCs compared 

with NT, shHDAC4, and shHDAC7 (Fig. 4E). Further, although shHDAC1, 4, and 7 

produced no changes in the expression of the endothelial marker KDR (Fig. 4F), there was a 

robust increase in CD31 expression in shHDAC1 relative to NT shRNA (Fig. 4F); this was 

not observed with either shHDAC4 or shHDAC7.

Congruent with qPCR-based gene expression assays, immunoblots (Fig. 5) confirmed 

enhanced expression of MEF2C, GATA4, and TBX5b (the predominant isoform expressed 

in more differentiated cells [35]) proteins in shHDAC1-transduced CMCs relative to NT 

controls. Contrary to shHDAC1, the targeted inhibition of HDAC4 or HDAC7 did not result 

in the induction of MEF2C or TBX5b proteins; however, a marginal increase in GATA4 

protein was observed with HDAC7 knockdown compared to NT – but not to the magnitude 

detected in shHDAC1 CMCs (Fig. 5). Further, although HDAC1 knockdown was associated 

with enhanced NKX2.5 and CD31 gene transcription, neither of these proteins could be 

detected in total protein extracts isolated from shHDAC1 transduced CMCs or in other 

samples harboring shHDAC4, 7, or NT control constructs (data not shown). Taken together, 

these results show that depletion of HDAC1, but not HDAC4 or HDAC7, in CMCs results in 

the simultaneous activation of a cardiomyogenic and vasculogenic transcriptional program. 

This is accompanied by an early increase in the expression of cardiomyogenic transcription 

factor proteins (i.e. MEF2C, GATA4, and TBX5b), suggesting increase commitment towards 

cardiac parenchyma.

CMCs depleted of HDAC1 adopt a cardiomyocyte-/endothelial-cell-like fate following their 
differentiation in vitro

Next, the effects of HDAC1 depletion on CMC in vitro cardiogenic differentiation were 

examined. Untransduced, shHDAC1-transduced, or NT control CMCs were cultured in 

DMEM base medium under reduced serum conditions for a period of two weeks to promote 

cardiogenic differentiation (Fig. 6A). At the conclusion of differentiation, gene expression 
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assays were performed using transcript-specific primers targeting various cardiovascular cell 

markers to assess resultant lineage commitment. As illustrated in Fig. 6B, HDAC1-depleted 

CMCs exhibited a pronounced increase in the mean expression of both myocyte and 

endothelial-specific transcripts relative to NT shRNA and untransduced controls. Those 

showing the greatest changes (i.e. βMHC, ANP, ACTC, MLC-2V, KDR, and CD31) 

exhibited expression increases that ranged from 6 to 23 fold relative to NT shRNA-

transduced CMCs (Fig. 6B); the increase in MLC-2V, KDR, and CD31 expression was not 

statistically significant, possibly because of the variability among patient samples. In stark 

contrast to the heightened expression of myocyte and endothelial lineage markers, HDAC1-

depleted CMCs displayed a substantial decrease in all smooth muscle and mesenchymal-

specific transcripts – with the exception of αSMA, which showed a minor 0.5-fold increase 

in expression. In agreement with these observations, immunocytochemical (Fig. 6C) and 

flow cytometric (Fig. 6D-E) analyses revealed a significant increase in the total number of 

cells that express myogenic transcription factor Mef2c (25.3±4.5% vs. 7.5±1.2%; shHDAC1 

vs. NT shRNA; p<0.05) and contractile machinery component proteins, MHC (11.9±4.3% 

vs. 1.6±0.1%; shHDAC1 vs. NT; p<0.05) and MLC2 (79.4±0.4% vs. 38.7±6.2%; shHDAC1 

vs. NT; p<0.05), in differentiated HDAC1-depleted CMCs relative to NT controls. Despite 

showing greater expression of these myogenic proteins, spontaneous contractions were not 

observed in post differentiated HDAC1-depleted CMCs. Thus, overall, CMCs depleted of 

HDAC1 appear to lose expression of archetypal markers of mesenchymal and smooth 

muscle cell lineages and assume an expression pattern more characteristic of a 

cardiomyocyte-/endothelial-cell-like fate in vitro.

HDAC1 inhibition-mediated activation of cardiac- and endothelial-specific gene 
transcription is regulated by p53

Mechanisms underlying the induction of myocyte- and endothelial-specific gene 

transcription in HDAC1-depleted CMCs may include modification of chromatin structure 

and/or changes in protein function through alterations in nucleosomal-histone or non-histone 

protein acetylation, respectively. In light of the fact that p53 is known to be negatively 

regulated via HDAC1-mediated deacetylation [36] and that p53 can promote a shift in 

cardiac fibroblast cell fate via direct regulation of lineage-specific differentiation programs 

[13], we sought to investigate the effects of HDAC1 depletion on p53 expression and 

whether it has a role in mediating cardiogenic gene transcription in CMCs. qPCR was 

performed to evaluate the influence of HDAC depletion on p53 gene transcription (Fig. 7A). 

Compared with NT shRNA controls, HDAC7-depleted CMCs showed no change in P53 

expression whereas those depleted of HDAC4 exhibited a decrease (≈40%). In contrast to 

HDAC4 and HDAC7, HDAC1-depleted CMCs displayed a statistically significant increase 

in P53 mRNA (≈130%) relative to NT shRNA controls (Fig. 7A). These results were 

confirmed in p53 immunoblots containing total protein lysates isolated from NT, HDAC1, 

HDAC4, or HDAC7-transduced CMCs (Fig. 7B). Here, HDAC1 depleted CMCs showed a 

robust increase in p53 protein levels compared with HDAC4 or HDAC7-transduced cells 

which showed little to no change relative to NT controls.

Previous studies have shown ectopically expressed dominant negative HDAC1 isoforms to 

promote p53 acetylation (resulting in enhanced p53 stabilization/expression in murine 
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fibroblasts) [36] and HDAC inhibitor-induced p53 acetylation at K373/K382 to extend p53 

half-life (by blocking p53 ubiquitination), enhance p53 recruitment to promoter regions, and 

increase the transcriptional activity of downstream p53-responsive genes (i.e. p21) [37]. 

Thus, Western analysis was performed to evaluate whether HDAC1 depletion effectively 

induced p53 acetylation in CMCs (Fig. 7B). Immunoblots employing antibodies raised 

against acetylated lysine 382 of p53 (Acetyl-p53 [K382]) revealed a pronounced increased 

in the total amount of acetylated p53 in protein lysates isolated from HDAC1 depleted 

CMCs , whereas the depletion of either HDAC4 or HDAC7 in CMCs had no effect on p53 

protein acetylation (Fig. 7B). Thus, the targeted depletion of HDAC1, but not HDAC4 or 

HDAC7, resulted in increased p53 protein acetylation and enhanced p53 expression.

Next, we sought to investigate whether p53 functions to regulate cardiogenic gene 

transcription in HDAC1-depleted CMCs. If p53 is responsible for the activation of the 

cardiogenic transcriptional program observed in HDAC1-depleted CMCs, then inhibiting 

p53 expression should effectively mitigate this induction. To this end, the gene expression 

patterns of CMCs infected with either shHDAC1 alone or co-infected with shHDAC1 and 

shP53 were compared (Fig. 7C-F). Of note, the shP53 construct utilized here was shown to 

efficiently reduce P53 message levels by approximately 84% in shP53 alone-transduced 

CMCs, whereas co-transduction of CMCs with shP53 and shHDAC1 sufficiently reduced 

the enhanced expression of P53 message in response to HDAC1 depletion to a level equal to 

or below that of NT controls (Fig. 7A). qPCR-based gene expression assays showed that the 

induction of stemness- (OCT4, NANOG, SOX2, and KLF4), myocyte- (MEF2C, MYBPC3, 

NKX2.5, and TBX5), and endothelial (CD31)-related transcripts in HDAC1-depleted CMCs 

were attenuated in CMCs co-infected with shHDAC1 and shP53 (Fig. 7C, D, and F, 

respectively) relative shHDAC1 alone. Although smooth muscle markers were again shown 

to be largely unaffected by HDAC1 inhibition, CNN1 was enhanced in shHDAC1/shP53 

transduced CMCs, suggesting that P53 may negatively regulate its expression (Fig. 7E). The 

ability of shP53 to reduce the activation of stemness- , myocyte-, and endothelial-associated 

transcripts in HDAC1-depleted CMCs was not associated with transcriptional de-repression 

of HDAC1, as both shHDAC1 and shHDAC1/shP53-transduced CMCs exhibited similar 

levels of HDAC1 expression (Fig. 7G). qPCR assay results implicating p53 as a regulator of 

cardiogenic factor expression in HDAC1-depleted CMCs were further corroborated in 

complementary immunoblots comparing shHDAC1 and shHDAC1/shP53 transduced CMCs 

(Fig. 7H). Here the elevated levels of acetylated p53, total p53, p21, and myogenic 

transcription factor Mef2c in HDAC1-depleted CMCs were effectively reduced via the 

targeted inhibition of p53. Taken together, these results suggest that HDAC1 inhibition 

activates a cardiogenic transcriptional program and that this program is, at least in part, 

regulated by the tumor suppressor p53.

Discussion

HDAC inhibitors have distinct effects on the differentiation of tissue-specific adult 

progenitors towards mature parenchymal cell types that correspond to their tissue of origin. 

For example, HDAC inhibitors have been shown to promote the neuronal differentiation of 

adult neural progenitors [38], ductal differentiation of pancreatic cells [39], and 

cardiomyocytic differentiation of cardiac side populations cells [15]. Such findings have 
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significant therapeutic implications for the use of HDAC inhibitors in tissue regeneration. 

Deciphering the precise mechanisms of action of HDAC inhibitors and understanding the 

role of specific HDAC isoforms in regulating cell type-specific gene expression programs, 

differentiation dynamics, and cell lineage specification is important to enable their 

exploitation for tissue repair. In the current study we sought to investigate the impact of 

HDAC inhibition on CMC cardiogenic gene regulation and lineage-specific differentiation in 
vitro using both pharmacologic and gene targeting approaches.

Our results demonstrate that NaBu produces distinct effects on CMC cardiogenic gene 

transcription compared with their dermal-derived equivalents, HDMFs; specifically, NaBu 

resulted in a dose-dependent induction of early (NKX2.5, GATA4, and TBX5) and late 

(MEF2C) cardiac lineage-specific transcription factors in patient-derived CMCs, which may 

be interpreted as initiation of cardiogenic differentiation or at least priming for such a 

process. Consistent with the early upregulation of these cardiogenic factors, a 

comprehensive analysis of lineage-specific gene transcription, corresponding to various 

cardiovascular cell lineages, revealed that CMCs pretreated with NaBu displayed expression 

profiles reminiscent of cardiomyocytes and endothelium when stimulated to differentiate in 
vitro. This enhanced expression of both myocytic (connexin43, βMHC, ANP, cardiac actin, 

and MLC-2V) and endothelial markers (KDR and CD31) was accompanied by a 

concomitant reduction in a number of smooth muscle (i.e. SM22α, calponin-1, and SM-

MHC) and mesenchymal (i.e. CD90 and DDR2) transcripts. The effects elicited by NaBu 

exposure on CMC cardiogenic gene transcription and lineage-specific differentiation were 

closely recapitulated with shRNA-mediated, isoform-selective depletion of HDAC1, but not 

HDAC4 or HDAC7 (both of which have been previously implicated in the induction of 

myogenic differentiation of other progenitor cell types [17, 18]). Specifically, we found that 

shRNA-mediated HDAC1 depletion also induced the early upregulation of cardiogenic 

(MEF2C, MYBPC3, NKX2.5, and TBX5) and endothelial (CD31) associated markers. 

These early cardiogenic expression alterations were associated with elevated transcription of 

myocytic- and endothelial-lineage specific transcripts, and decreased expression of smooth 

muscle- (e.g. SM22α, calponin-1, and SM-MHC) and mesenchymal-associated markers 

(e.g. FSP1, CD90, and vimentin), when coaxed to differentiate in vitro. Taken together, our 

results indicate HDAC1 inhibition promotes a shift towards a developmental gene expression 

program that favors myocyte and endothelial commitment at the expense of the smooth 

muscle and mesenchymal cell fate in human CMCs – revealing a hitherto unknown role of 

HDAC1 in influencing CMC cell fate decisions.

Investigation into the mechanisms underlying cardiogenic gene activation in HDAC1-

depleted CMCs revealed enhanced p53 expression as a contributor to this induction. The p53 

transcription factor has been identified as a direct target of HDAC1 activity; the acetylation 

status of this protein is known to have important consequences on its stability, expression, 

and function [36, 37]. In illustrating this notion, Ito and colleagues demonstrated the 

overexpression of a dominant-negative HDAC1 mutant isoform in murine fibroblasts to 

enhance DNA damage-induced p53 acetylation [36]. This modification prevented MDM2-

dependent ubiquitination and resulted in enhanced p53 stability, elevated p53 expression, 

and more robust induction of its respective downstream transcriptional targets (i.e. p21 and 

MDM2) [36]. Whether p53 protein acetylation is required to enhance its transcriptional 
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activity has been a long standing debate, however, Zhao and colleagues demonstrated HDAC 

inhibition-mediated acetylation of p53 at K373/382 to enhance its binding to the promoter 

region of p21 and, in a related fashion, to increase p21 expression [37] – suggesting that 

acetylation of p53 influences both its stability and transcriptional activity. Whether p53 

acetylation alone is required for the induction of HDAC1 inhibition-induced cardiac gene 

transcription in CMCs is unknown. Consistent with such observations, HDAC1-depleted 

CMCs exhibited enhanced p53 protein acetylation at K382 and heightened expression levels 

of itself and p53-responsive genes (p21). This phenomenon was restricted to HDAC1 

depletion, as HDAC4 or HDAC7 knockdown had no effect on either p53 acetylation or 

expression. Furthermore, we were able to demonstrate that shRNA-mediated knockdown of 

p53 mitigated the induction of stemness (OCT4, NANOG, SOX2, and KLF4)-, cardiac- 

(MEF2C, MYBPC3, NKX2.5, and TBX5), and endothelial (CD31)-associated transcripts in 

CMCs depleted of HDAC1. These data implicate enhanced p53 acetylation and elevated p53 

protein expression levels as a potential mechanism facilitating cardiogenic gene activation in 

HDAC1-depleted CMCs. Thus, the results of our study provide a direct biological link 

between p53 signaling and lineage-specific transcriptional program activation in human 

CMCs.

While p53 has a well characterized role in the modulation of cell-cycle arrest, apoptosis, and 

DNA repair, a number of studies have identified additional functions for this protein in the 

regulation of cellular differentiation programs and developmental pathways [40]. Early 

studies have shown that p53 expression and its transcriptional activity are important for 

myogenic differentiation of embryonic stem cells (via regulating the expression of 

mesodermal master genes Brachyury and Mesp1) [41] and skeletal muscle precursors 

[42-44]. Our finding that HDAC1 inhibition stimulates the induction of a cardiogenic 

developmental program in CMCs through a p53-dependent mechanism is consistent with 

these prior observations. While the function of p53 in directing CMC cell fate decisions has 

not been well characterized, a recent study by Ubil and colleagues revealed that p53 

signaling constitutes an endogenous mechanism by which native CMCs can undergo 

mesenchymal-endothelial transition and contribute to cardiac neovascularization in the 

infarcted murine heart [13], an effect that was attributed to the ability of p53 to directly bind 

and activate the expression of endothelial-specific genes and transcription factors which 

coordinate endothelial differentiation [13]. Such data corroborate the findings of this study 

in which the artificial induction of p53 in CMCs by means of HDAC1 depletion was 

demonstrated to be associated with heightened expression of endothelial markers in vitro. It 

should be emphasized, however, that in addition to the upregulation of endothelial markers, 

we also observed a simultaneous activation of myocyte-specific transcripts, suggesting that 

p53 may also play a role in CMC cardiomyocyte commitment – a phenomenon that was not 

directly assessed in the aforementioned lineage tracing studies that followed the fate of 

endogenous cardiac fibroblasts in infarcted murine hearts [13]. Although endogenous CMCs 

have not been shown to directly contribute to the formation of new cardiomyocytes in vivo, 

Rossini and colleagues have recently shown that transplanted human CMCs can give rise to 

both cardiomyocytes and endothelium in a rat infarct model, which support cardiac repair 

[12] and suggests a degree of intrinsic cellular plasticity. In view of the inherent aptitude of 

CMCs for cardiomyocyte and endothelial differentiation, and given the role of p53 in driving 
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myogenic and endothelial differentiation programs, our study suggests that HDAC1 

inhibition-mediated activation of p53 in CMCs results in increased commitment towards 

such cardiovascular parenchymal cell types. While our study highlights p53 as a premier 

target responsible for cardiogenic gene activation in CMCs depleted of HDAC1, the 

existence of a panoply of other known and unidentified substrates (both histones and non-

histone proteins) that are likely subject to histone deacetylase activity makes it arduous to 

decipher the precise mechanisms responsible for this effect.

Summary

Our study demonstrates that human CMCs depleted of HDAC1 adopt a cardiomyocyte-/

endothelial-cell-like fate following their differentiation in vitro, and that cardiac- and 

endothelial-specific gene transcription induced by HDAC1 inhibition is regulated, in part, by 

the tumor suppressor p53. Taken together, our results implicate HDAC1 as a potential 

modulator of CMC cell fate decisions. Our findings have significant implications for the use 

of HDAC inhibitors in cardiac regenerative therapies. Specifically, this work suggests that 

isoform-selective inhibitors of HDAC1 may be a useful strategy to promote the 

transdifferentiation of endogenous or exogenously sourced CMCs and to enhance the effects 

of CMC-based cell therapy on cardiac function in the setting of heart failure.
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Figure 1. 
Sodium butyrate (NaBu) exerts dose-dependent effects on CMC proliferation and histone 

acetylation. (A): Growth curves corresponding to two independent patient-derived CMC 

samples exposed to increasing concentrations of NaBu. Relative cell viability was calculated 

at 24 h intervals over a period of 5 ds (n=3 for each). Values are mean ± SEM. (B): 
Representative immunoblots (n=2 for each) detecting acetylated nucleosomal histone 

proteins in cell lysates from CMCs treated with NaBu for 72 h; employed antibodies include 

anti-AcK (top panel; anti-acetylated lysine), anti-AcK9-H3 (middle panel; anti-acetylated 

lysine 9 of histone H3), and anti-β-actin (bottom panel).
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Figure 2. 
Concentration-dependent effects of NaBu exposure on CMC gene transcription. (A): 
Representative heat map summarizing qPCR-based gene expression assays employing gene 

specific primers targeting (B): stemness- (CMCs, n=6), (C-D): cardiac- (CMCs, n=8; 

HDMFs, n=3), and (E): paracrine- (CMCs, n=8) associated transcripts in cells treated with 

increasing concentrations of NaBu for 72 h. Yellow indicates an increase in fold change (>1) 

and blue a decrease in fold change (<1). Values are mean ± SEM. * P <0.05 (Relative to 0 

mM) and † P <0.005 (Relative to 0 mM).
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Figure 3. 
NaBu-treated CMCs assume a cardiomyogenic/vasculogenic cell-like fate in vitro. (A): In 
vitro cardiogenic differentiation schematic and timeline. Untreated, dexamethasone (Dex), 

sodium butyrate (NaBu), or combination (Dex; NaBu) treated CMCs were cultured under 

reduced serum conditions for 28 ds to induce cardiogenic differentiation. (B): 
Representative phase contrast images of untreated, Dex, NaBu, or combination treated 

CMCs at 7 and 14 ds post induction of differentiation. (C): Real-time qPCR assays 

assessing the expression of various cardiovascular cell lineages (myocyte, endothelial, 

smooth muscle and mesenchymal/fibroblast) in differentiated CMCs. Values are mean (n=8) 

± SEM. * P <0.05 (Relative to untreated) and † P <0.05 (Relative to Dex). (D): Heat map 

summarizing resultant qPCR-based gene expression assays. Yellow indicates an increase in 

fold change (>1) and blue a decrease in fold change (<1).

Moore et al. Page 18

Stem Cells. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
CMCs depleted of HDAC1 exhibit enhanced expression of stemness-, cardiac-, and 

endothelial lineage-specific markers. (A): Epifluorescence microscopy images depicting 

efficiency of CMC lentiviral transduction (PGK-GFP control vector). (B): The efficiency of 

HDAC knockdown in CMCs transduced with shHDAC1, shHDAC4, shHDAC7, or non-

targeting shRNA control (NT shRNA) was evaluated via real-time qPCR (bar graphs; n=7) 

and Western analysis (insets; n=3). Values are mean (n=7) ± SEM. † P <0.005 (Relative to 

NT shRNA). (C-F): The influence of HDAC knockdown on stemness-, cardiac-, smooth 

muscle- or endothelial-lineage specific gene transcription, respectively, was assessed via 

real-time qPCR 72 h after lentiviral transduction. Values are mean (n=7) ± SEM. * P <0.05 

(Relative to NT shRNA) and † P <0.005 (Relative to NT shRNA).
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Figure 5. 
HDAC1 knockdown augments cardiogenic protein expression in human CMCs. (A): 
Immunoblots evaluating the expression of cardiogenic-specific proteins (Mef2C; n=5, 

Gata4; n=5, and Tbx5b; n=4) 72 h after cell transduction with HDAC1, HDAC4, HDAC7, or 

non-target control (NT) shRNA constructs. (B): Densitometric quantification of 

accompanying Mef2c (n=5), Gata4 (n=5), or Tbx5 (n=4) immunoblots. Values represent 

mean protein expression (relative to β-actin) ± SEM. * P <0.05 (Relative to NT shRNA) and 

† P <0.005 (Relative to NT shRNA).
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Figure 6. 
HDAC1-depleted CMCs exhibit heightened commitment towards a myocyte- and 

endothelial-cell-like fate following their differentiation in vitro. (A): In vitro cardiogenic 

differentiation schematic and timeline. Untransduced, NT shRNA control, or shHDAC1 

transduced CMCs were cultured under reduced serum conditions for 14 d to induce 

cardiogenic differentiation. (B): Real-time qPCR assays assessing the expression of 

cardiovascular cell lineage markers (myocyte, endothelial, smooth muscle and 

mesenchymal/fibroblast) in differentiated CMCs. Values are mean (n=3) ± SEM. * P <0.05 

(Relative to NT shRNA) and † P <0.005 (Relative to NT shRNA). (C): 
Immunocytochemical (n=3) and (D): flow cytometric (n=3) detection of myocyte lineage-

specific proteins [Mef2C (myocyte-specific enhancer factor 2C), MLC2 (cardiac myosin 

light chain 2), and MHC (cardiac myosin heavy chain)] in differentiated CMCs. 

Differentiated C2C12 myoblasts (cultured under reduced serum conditions for 14 d) served 

as a positive control in FACS. (E): Graph depicting flow cytometric-based quantification of 

the percentage of differentiated CMCs expressing Mef2C, MLC2, or MHC proteins. Values 

are mean (n=3) ± SEM. * P <0.05 (shHDAC1 vs. NT shRNA).
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Figure 7. 
p53 regulates cardiogenic gene activation in HDAC1-depleted CMCs. (A): Real-time qPCR 

evaluating the expression of p53 in CMCs 72 h after transduction with NT control, HDAC1, 

HDAC4, HDAC7, p53, or HDAC1 and p53 shRNA constructs. Values are mean (n=4 patient 

samples) ± SEM. * P <0.05 (Relative to NT shRNA) and † P <0.05 (Relative to shHDAC1). 

(B): Representative immunoblots detecting p53 and acetylated p53 (Acetyl-p53; acetylated 

lysine 382) in total protein extracts derived from CMCs 72 h after infection with NT control, 

HDAC1, HDAC4, or HDAC7 shRNA lentiviral vectors. (C-F): Real-time qPCR assessing 

the expression of stemness-, cardiac-, smooth muscle- or endothelial-lineage specific 

transcripts, respectively, in CMCs transduced with NT control, HDAC1, or p53 and HDAC1 

shRNA constructs. Values are mean (n=4) ± SEM. * P <0.05 (Relative to NT-shRNA) and † 

P <0.05 (Relative to shHDAC1). (G): Real-time qPCR quantifying the expression of 

HDAC1 in CMCs transduced with NT control, HDAC1, or p53 and HDAC1 shRNA 

constructs. Values are mean (n=4) ± SEM. * P <0.05 (Relative to NT shRNA). (H): 
Representative immunoblots detecting p53 (n=3), p21 (n=2), acetylated p53 (n=3), and 

Mef2C (n=3) in protein extracts isolated from NT control, HDAC1, or HDAC1 and p53 

shRNA transduced CMCs.
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