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Introduction
The human embryonic stem cells (hESCs), derived from the 

inner cell mass (ICM) or epiblast of human blastocyst, are genetically 
stable with unlimited expansion ability and unrestricted plasticity, 
proffering a pluripotent reservoir for in vitro derivation of a large 
supply of disease-targeted human somatic cells that are restricted to 
the lineage in need of repair [1,2]. The pluripotence of hESCs implies 
such cells’ tremendous potential for tissue and function restoration, 
whereas how to channel the wide differentiation potential of human 
pluripotent cells efficiently and predictably to a desired phenotype 
has been a major challenge for both developmental study and clinical 
translation. Conventional approaches rely on multi-lineage inclination 
of pluripotent cells through spontaneous germ layer differentiation, 
which yields mixed populations of cell types that may reside in three 
embryonic germ layers and often makes desired differentiation not only 
inefficient, but uncontrollable and unreliable as well [1,2]. Following 
transplantation, these pluripotent-cell-derived grafts tend to display 
not only a low efficiency in generating the desired cell types necessary 
for reconstruction of the damaged structure, but also phenotypic 
heterogeneity and instability, hence, a high risk of tumorigenicity [2-
6]. In view of growing interest in the use of human pluripotent cells, 
including artificially-reprogrammed human induced pluripotent 

stem cells (hiPS cells) [6-11], teratoma formation and the emergence 
of inappropriate cell types have become a constant concern following 
transplantation. Developing a more practical approach that permits to 
channel the wide differentiation potential of pluripotent cells efficiently 
and predictably to a desired phenotype is vital to harnessing the power 
of hESC biology for safe and effective clinical translation.

The hESC lines initially were derived and maintained in co-
culture with growth-arrested mouse embryonic fibroblasts (MEFs) 
[1]. Although several human feeder, feeder-free, and chemically-
formulated culture systems have been developed for hESCs, the 
elements necessary and sufficient for sustaining the self-renewal of 
human pluripotent cells remain unsolved [2,12]. These exogenous 
feeder cells and biological reagents help maintain the long-term 
stable growth of undifferentiated hESCs whereas mask the ability of 
pluripotent cells to respond to developmental signals. Maintaining 
undifferentiated hESCs in a defined biologics-free culture system that 
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Abstract
Realizing the potential of human embryonic stem cells (hESCs) has been hindered by the inefficiency and 

instability of generating desired cell types from pluripotent cells through multi-lineage differentiation. We recently 
reported that pluripotent hESCs maintained under a defined platform can be uniformly converted into a cardiac or 
neural lineage by small molecule induction, which enables lineage-specific differentiation direct from the pluripotent 
state of hESCs and opens the door to investigate human embryonic development using in vitro cellular model 
systems. To identify mechanisms of small molecule induced lineage-specification of pluripotent hESCs, in this 
study, we compared the expression and intracellular distribution patterns of a set of cardinal chromatin modifiers 
in pluripotent hESCs, nicotinamide (NAM)-induced cardiomesodermal cells, and retinoic acid (RA)-induced 
neuroectodermal cells. Further, genome-scale profiling of microRNA (miRNA) differential expression patterns 
was used to monitor the regulatory networks of the entire genome and identify the development-initiating miRNAs 
in hESC cardiac and neural lineage-specification. We found that NAM induced nuclear translocation of NAD-
dependent histone deacetylase SIRT1 and global chromatin silencing, while RA induced silencing of pluripotence-
associated hsa-miR-302 family and drastic up-regulation of neuroectodermal Hox miRNA hsa-miR-10 family to high 
levels. Genome-scale miRNA profiling indentified that a unique set of pluripotence-associated miRNAs was down-
regulated, while novel sets of distinct cardiac- and neural-driving miRNAs were up-regulated upon the induction 
of lineage-specification direct from the pluripotent state of hESCs. These findings suggest that a predominant 
epigenetic mechanism via SIRT1-mediated global chromatin silencing governs NAM-induced hESC cardiac fate 
determination, while a predominant genetic mechanism via silencing of pluripotence-associated hsa-miR-302 family 
and drastic up-regulation of neuroectodermal Hox miRNA hsa-miR-10 family governs RA-induced hESC neural fate 
determination. This study provides critical insight into the earliest events in human embryogenesis as well as offers 
means for small molecule-mediated direct control and modulation of hESC pluripotent fate when deriving clinically-
relevant lineages for regenerative therapies.
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allows faithful expansion and controllable direct differentiation is one 
of the keys to their therapeutic utility and potential. A defined platform 
for the maintenance of pluripotent hESCs may overcome some of the 
major obstacles in translational biology, including de novo derivation 
of clinically-suitable hESCs and effectively directing such hESCs 
uniformly towards clinically-relevant lineages [2,12]. Substantial 
neural and cardiac differentiation appears to occur at relatively early 
stages in embryonic stem cell cultivation under conditions that induce 
differentiation, consistent with the early development of the central 
nervous system (CNS) and the heart from the cells of epiblast in 
embryogenesis [2,12]. In early embryogenesis, the epiblast is composed 
of more progressed pluripotent cells developed from the ICM, serving 
as the most immediate precursors of the early somatic lineages [13-
15]. Therefore, a defined culture system for maintenance of hESCs 
might not only render specification of clinically-relevant early lineages 
directly from the pluripotent state without an intervening multi-
lineage germ-layer stage, but also allow identify the signaling molecules 
necessary and sufficient for inducing the cascade of organogenesis in a 
process that may emulate the human embryonic development [2,12]. 

Previously, we found that small molecule nicotinamide (NAM) 
and retinoic acid (RA) induced respective cardiac- and neural-
lineage specification direct from the pluripotent state of hESCs 
maintained under a defined culture that further progressed to beating 
cardiomyocytes and neurons with high efficiency [12,16,17]. Having 
achieved uniformly conversion of pluripotent hESCs to a cardiac 
or neural lineage with small molecule induction, in this study, we 
examined the expression and intracellular distribution patterns of a set 
of cardinal chromatin modifiers in hEAC cardiac or neural fate switch 
direct of pluripotence in order to uncover the epigenetic mechanism 
governing early lineage specification direct from the pluripotent stage. 
To uncover key regulators, genome-scale profiling of microRNA 
(miRNA) differential expression patterns was further used to identify 
novel sets of human development-initiating miRNAs upon small-
molecule-induced neural and cardiac lineage specification direct from 
the pluripotent stage. NAM was found to induce nuclear translocation 
of NAD-dependent histone deacetylase SIRT1 and global chromatin 
silencing. A unique set of pluripotence-associated miRNAs was down-
regulated, while novel sets of distinct cardiac- and neural-driving 
miRNAs were up-regulated upon the induction of lineage specific 
differentiation from the pluripotent state of hESCs, including silencing 
of the most prominent pluripotence-associated hsa-miR-302 family 
and a drastic expression increase of Hox miRNA hsa-miR-10 family 
upon RA exposure. 

Materials and Methods
Culture of undifferentiated hESCs 

The hESC lines WA01 and WA09 (H1 and H9 from WiCell 
Research Institute, passages 30-50) were used in this study. The defined 
culture systems consist of DMEM/F-12 or KO-DMEM (knockout-
DMEM) (80%), Knockout Serum Replacement (KO) (20%), L-alanyl-
L-gln or L-gln (2 mM), MEM nonessential amino acids (MNAA, 1X), 
β-Mercaptoethanol (β-ME, 100 µM) (all from Invitrogen), human 
purified laminin (Sigma) or laminin/collagen (growth factor reduced 
Matrigel, BD Bioscience) as the matrix protein, and bFGF (basic 
fibroblast growth factor, 20 ng/ml) (PeproTech Inc). The KO can be 
replaced with defined essential factors containing MEM essential 
amino acids (MEAA, 1X), human insulin (20 µg/ml) (Sigma), and 
ascorbic acid (50 µg/ml) (Sigma), in which activin A (50 ng/ml, Sigma), 
human albumin (10 mg/ml, Sigma), and human transferrin (8 µg/

ml, Sigma) were added in order to increase cell survival and maintain 
normal shape and healthy colonies. 

Cellular immunofluorescence

The cells were fixed with 4% paraformaldehyde and blocked in PBS 
containing 0.2% Triton X-100 and 2% BSA. The cells were incubated 
with the primary antibody in 0.1% Triton X-100 in PBS at 4ºC 
overnight, and then with secondary antibody (Molecular Probe) in the 
same buffer at room temperature for 45 min. After staining with DAPI, 
cells were visualized under an immunofluorescence and deconvolution 
microscope. 

Cardiac lineage-specification direct from the pluripotent 
state of hESCs induced by NAM

Undifferentiated hESCs maintained under the defined culture 
conditions were treated with NAM (10 mM) 3 days after seeding for 
4-5 days to form cardiomesoderm, and then allowed to form floating 
cellular clusters (cardioblasts) in a suspension culture in the hESC 
media for 4-5 days. After permitting attachment to a tissue culture 
substrate, the cardiblasts were further treated with NAM (10 mM) for 
one more week and cultured in a differentiation media consisting of 
DMEM/F-12 (90%), defined FBS (Hyclone) (10%), and L-alanyl-L-gln 
or L-gln (2 mM). Beating cardiomyocytes were observed in about one 
week after withdrawal of NAM, increased in numbers with time. 

Neural lineage-specification direct from the pluripotent state 
of hESCs induced by RA

 hESC colonies maintained on purified laminin or laminin/collagen 
in the defined media supplemented with RA (10 µM) were allowed to 
grow to day 7 to form neuroectoderm. The differentiated hESCs were 
transferred to a serum-free suspension culture to allow floating cellular 
clusters (neuroblasts) to form in the hESC media for 4-5 days. The 
neuroblasts were then permitted to attach to a tissue culture plate or 
seeded in a laminin/collagen polymerized 3-dimensional matrix in 
a defined medium containing DMEM/F-12, N-2 supplement (1%), 
heparin (8 µg/ml), VEGF (vascular endothelial growth factor, 20 ng/
ml), NT-3 (neurotrophin-3, 10 ng/ml), and BDNF (brain derived 
neurotrophic factor, 10 ng/ml). Extensively neurite-bearing cells 
and pigmented cells were observed within 2 weeks of continuous 
cultivation, increased in numbers with time.

MiRNA microarray analysis 

Total RNAs, including miRNAs, were isolated from hESCs and their 
cardiac (treated with NAM) and neural (treated with RA) derivatives 
under the defined culture using the Qiagen miRNeasy kit (Qiagen, 
www.qiagen.com). The quality of purified total RNAs was verified by 
electrophoresis analysis. The human miRNA expression profiling was 
done and the microarray data analysis from two biological replicate 
sets (WA01 and WA09) was provided by LC Sciences (Huston, TX, 
www.lcsciences.com) as part of miRNA microarray service. Multiple 
redundant regions and control probes were included in the content 
of each chip. Each region further comprises a miRNA probe region, 
which detects miRNA transcripts listed in Sanger miRBase Release 
15.0 (http://www.sanger.ac.uk/Software/Rfam/mirna/). Statistic tests 
and clustering analysis were provided by LC Sciences as part of miRNA 
microarray service. The signal values were derived by background 
subtraction and normalization. Detectable transcripts were subjected 
to data processing statistics and signal intensities were listed in average 
values of repeating spots. 

http://www.qiagen.com
http://www.lcsciences.com
http://www.sanger.ac.uk/Software/Rfam/mirna/
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Results and Discussion
NAM-induced cardiomesodermal cells have acquired a 
silenced chromatin while RA-induced neuroectodermal cells 
retain an embryonic acetylated chromatin

In order to achieve uniformly conversion of human pluripotent 
cells to a particular lineage, previously, we employed a defined culture 
system capable of insuring the proliferation of undifferentiated 
hESCs to identify conditions for well-controlled efficient induction of 
pluripotent cells exclusively to a particular clinically-relevant lineage 
by simple provision of small molecules [12,16,17]. After screening 
the differentiation inducing effect of a variety of small molecules and 
growth factors on pluripotent hESCs maintained under a defined 
culture, RA was identified sufficient to induce the specification of 
neuroectoderm direct from the pluripotent state of hESCs that yielded 
β-III-tubulin- and Map-2-expressing neurons efficiently by promoting 
nuclear translocation of the neuronal-specific transcription factor 
Nurr-1 [12,16]. Similarly, the defined platform renders nicotinamide 
(NAM) sufficient to induce the specification of cardiomesoderm direct 
from the pluripotent state of hESCs by promoting the expression of the 
earliest cardiac-specific transcription factor Csx/Nkx 2.5 and triggering 
progression to beating cardiomyocytes efficiently [12,17]. Such a 
system emulating human embryonic development serves as a platform 
for a well-controlled efficient approach to specify pluripotent hESC 
differentiation exclusively to a particular clinically-relevant lineage by 
small molecule induction, which not only opens the door to investigate 
human embryonic development using in vitro cellular model systems, 

but also enables well-controlled efficient derivation of an unlimited 
supply of human cardiac and neuronal cells across the spectrum of 
developmental stages for cell-based therapeutics. 

The eukaryotic genome is packaged into chromatin, a nucleoprotein 
complex in which the DNA helix is wrapped around an octamer of core 
histone proteins, known as nucleosome, to form a nucleosomal DNA 
structure that is further folded into higher-order chromatin structures 
with the involvement of other chromosomal proteins [18,19]. 
Chromatin modifications serve as important epigenetic marks for active 
and inactive chromatin and have emerged as the principal epigenetic 
mechanism in early embryogenesis. In general, histone acetylation and 
histone H3 K4 methylation correlate with a transcriptionally active 
(open) chromatin state, whereas histone deacetylation and histone H3 
K9 methylation correlate with a transcriptionally repressed (closed) 
chromatin state [18,19]. Previously, chromatin states have been used 
to characterize and compare the intricate plasticity and potential of 
stem cell populations [20-23]. However, without a practical strategy 
to convert pluripotent cells direct into a specific lineage, previous 
studies and profiling of pluripotent hESCs and their differentiating 
multi-lineage aggregates have generated compromised implications to 
molecular controls in human embryonic development [20-23]. 

Having achieved uniformly conversion of pluripotent hESCs to a 
cardiac or neural lineage with small molecule induction (Figure 1A), 
we further examined and compared the expression and intracellular 
distribution patterns of a set of cardinal chromatin modifiers in 
pluripotent hESCs, NAM-induced cardiomesodermal cells, and RA-

Figure 1: NAM-induced cardiomesodermal cells have acquired a silenced chromatin while RA-induced neuroectodermal cells retain an embryonic 
acetylated chromatin. 
(A) NAM (cardiac) or RA (neural) treatment induced differentiation under the defined culture system, as indicated by the appearance of Oct-4 (red) negative cells 
within the colony. Untreated cells were used as the control. 
(B) The strong expression and nuclear localization of a set of active chromatin modifiers in untreated pluripotent hESCs (control), including acetylated histones H3 
(acH3, green), acetylated histones H4 (acH4, green), ATP-dependent active chromatin-remodeling factors Brg-1 (red) and hSNF2H (green), and HDAC1 (red), 
and cytoplasmic localization of histone methyltransferase SUV39H1 (red). NAM-induced cardiomesodermal cells (cardiac) displayed significantly decreased levels 
of histone H3 and H4 acetylation, and Brg-1 and HDAC1 expression, while RA-induced neuroectodermal cells (neural) retained the similar expression levels and 
localization patterns. All cells are indicated by DAPI staining of their nuclei (blue) in the insets. 
(C) The weak or undetectable expression of repressive chromatin remodeling factor Brm (green) and K9 methylated histone H3 (red).
(D) NAM induces nuclear translocation of NAD-dependent HDAC SIRT1 (red). All cells are shown by DAPI staining (blue) of their nuclei. Scale bars: 10 µm.
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induced neuroectodermal cells in order to uncover the epigenetic 
mechanism governing early lineage specification direct from the 
pluripotent stage (Figure 1B-D). We observed that RA-induced hESC-
derived neuroectodermal cells retained high levels of expression and 
nuclear localization of active chromatin modifiers that have been 
associated with the chromatin states of embryonic stem cells and their 
derivatives [20-23], including acetylated histones H3 and H4 (acH3 and 
acH4), ATP-dependent active chromatin-remodeling factors (Brg-1 and 
hSNF2H), and the histone deacetylase HDAC1 (Figure 1B), suggesting 
an acetylated globally active chromatin state. Chromatin remodeling 
factors are ATP-utilizing motor proteins that mediate the interaction 
of proteins with nucleosomal DNA by DNA/nucleosome-translocation 
[24]. Brg-1 is a subunit of the Swi/Snf chromatin remodeling complex 
implicated in the regulation of cellular proliferation and as a tumor 
suppressor; while hSNF2H is a human homolog of the ISWI family 
of chromatin remodeling proteins [25,26]. HDAC1 is a general 
maintenance histone deacetylase that sustains global transcription at 
a basal level [27]. Consistent with this observation, several repressive 
chromatin remodeling factors regulating histone H3K9 methylation 
and mediating chromatin-silencing [18,28,29], including the NAD+-
dependent histone deacetylase SIRT1, the histone methyltransferase 
(HMT) SUV39H1, K9 methylated histone H3 (meH3K9), and the 
chromatin remodeling factors Brm, were either expressed at low levels 
(MeH3 and Brm) or localized mostly to the cytoplasm (SIRT1 and 
SUV39H1) (Figure 1B-1C), suggesting that they remained inactive 
in RA-induced hESC-derived neuroectodermal cells, similar to the 
expression patterns in pluripotent hESCs. Our observations suggested 
that, in spite of neural lineage specification, RA-induced hESC-derived 

neuroectodermal cells retain an embryonic acetylated chromatin.

By contrast, NAM induced histone deacetylation, significant 
down-regulation of the expression of Brg-1 and HDAC1, and nuclear 
translocation of the class III NAD-dependent histone deacetylase 
SIRT1 (Figure 1B-D). This observation suggests that NAM triggers the 
activation of SIRT1 and NAD-dependent histone deacetylation that 
lead to global chromatin silencing yet selective activation of a subset 
of cardiac-specific genes, and subsequently cardiac fate determination 
of pluripotent hESCs [12,17]. NAD-dependent SIRT1 is a critical 
epigenetic regulator previously implicated in cardiovascular and 
metabolic diseases as well as during embryogenesis [30,31]. NAM acts 
as a noncompetitive product inhibitor of the forward deacetylation 
reaction of NAD-dependent SIRT1 and is likely regulating SIRT1 
activity in vivo [18]. 

Down-regulation of a unique set of pluripotence-associated 
miRNAs upon lineage specification of pluripotent hESCs by 
small molecule induction

MiRNAs are emerging as important regulators of stem cell 
pluripotence and differentiation [32-35]. MiRNAs are small, 
evolutionarily conserved non-coding RNAs that modulate gene 
expression by inhibiting mRNA translation and promoting mRNA 
degradation. MiRNAs act as the governors of gene expression 
networks, thereby modify complex cellular phenotypes in development 
or disorders [36-38]. MiRNA expression profiling using microarrays 
is a powerful high-throughput tool capable of monitoring the 
regulatory networks of the entire genome and identifying functional 

Figure 2: Genome-scale miRNA profiling of hESC cardiac and neural specification by small molecule induction.
(A) Hierarchal clustering of differentially expressed miRNAs in undifferentiated hESCs (hESC), cardiac-induced hESCs by NAM (cardiac), and neural-induced hESCs 
by RA (neural). Statistically significant p values and clustering analysis were provided by LC Sciences as part of miRNA microarray service. 
(B) Pie charts showing decreased contributions of a set of pluripotence-associated miRNAs (purple) and increased contributions of distinct sets of cardiac- (green) 
and neural- (blue) driving miRNAs to the entire miRNA populations upon cardiac and neural induction of pluripotent hESCs by small molecules.
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elements of cellular phenotypes in development and disorders. To 
identify regulatory networks of small molecule induced lineage 
specification of pluripotent hESCs, we further performed miRNA 
microarray analysis (LC Sciences, www.lcsciences.com) to profile 
the differential expression patterns of miRNAs in hESC cardiac and 
neural fate choices (Figure 2A). We found that the expression of two 
most prominent clusters of pluripotence-associated miRNAs hsa-
miR-302 and hsa-miR-371/372/373 was significantly suppressed 
upon lineage-induction of hESCs (Figures 2; 3A and 3C). The cluster 
of hsa-miR-302 family, which had a profile of the highest expression 
in pluripotent undifferentiated hESCs, was completely silenced upon 
neural induction by RA (average ~ 550-fold of down-regulation) 
(Figures 2A,3A and 3C). A novel group of abundant miRNA clusters 
in undifferentiated hESCs, including hsa-miR-1308, 3178, 4298, 3195, 
1280, 3141, 221/221, and 720, was found to be significantly down-
regulated upon small-molecule-induced lineage specification, albeit to 
less extents (Figures 2 and 3B). The clusters of hsa-miR-17 and hsa-
miR-20, which were strongly expressed in undifferentiated hESCs and 
which have near-identical seed sequences with hsa-miR-302 family 
that have been implicated in cell proliferation [33,34], were found to 
be significantly down-regulated upon RA-induced neural specification 
but not upon NAM-induced cardiac specification (Figures 2 and 3B). 
In most cases, significantly higher degrees of down-regulation of 
pluripotence-associated miRNAs were observed in RA induced neural 
specification in comparison with NAM-induced cardiac specification 
(Figures 2 and 3). 

Human embryonic cardiac-driving miRNAs revealed in 
cardiac fate switch direct of pluripotence 

A group of miRNAs displayed an expression pattern of up-
regulation upon cardiac induction by NAM and down-regulation upon 
neural induction by RA (Figure 2,4A and 4B). Among this group of 
cardiac-driving miRNAs, the clusters of hsa-miR-1268, 574-5p, and 92 
families contribute to the highest increased expression profile in NAM-
induced cardiac specification of hESCs (Figures 2B and 4B). A second 
group of miRNAs had an expression pattern of up-regulation upon 
cardiac induction by NAM but was not significantly affected upon 
neural induction by RA (Figures 2,4A and 4C). Among the second 
group of cardiac-driving miRNAs, the clusters of hsa-miR-320 family, 
1975, 1979, 103, and 107 contribute to the highest increased expression 
profile in NAM-induced cardiac specification of hESCs (Figures 2B 
and 4C). Recently, several groups identified miRNAs as the governors 
of gene expression in response to myocardial infarction (MI) and 
during post-MI remodeling of adult hearts [37,38]. Signature patterns 
of miRNAs identified that miR-1, 29, 30, 133, 150, and 320 were down-
regulated, while miR-21, 23a, 125, 195, 199 and 214 were up-regulated 
during pathological cardiac remodeling in rodents and humans 
[37,38]. Gain- and loss-of-function studies in mice revealed miR-1 
and miR-133 as key regulators in cardiac development and stress-
dependent remodeling, miR-138 in control of cardiac patterning, miR-
143/145 and miR126 in cardiovascular development and angiogenesis 
[37,38]. The miR-1 and miR-133 were previously shown to promote 

Figure 3: Down-regulation of a unique set of human pluripotence-associated miRNAs upon lineage-specific induction by small molecules. 
(A) The expression of two most prominent clusters of pluripotence-associated miRNAs hsa-miR-302 and hsa-miR-371/372/373 was significantly suppressed upon 
lineage-induction of hESCs by small molecules. 
(B) A novel group of miRNA clusters was found to be significantly down-regulated upon small-molecule-induced lineage differentiation, albeit to less extents. 
(C) Log2 ratios of down-regulation of the human pluripotence-associated miRNAs. The levels of down-regulation: *: 5-10 fold, **: 10-200 fold, and ***: 200-1000 fold 
(green lines: cardiac induction by NAM, blue lines: neural induction by RA).
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mesoderm and muscle differentiation from mouse and human ES cells 
by repressing nonmuscle gene expression [32]. Our study suggested 
that a novel set of miRNAs, many of which were not previously linked 
to cardiac development and function, contribute to the initiation of 
cardiac fate switch of pluripotent hESCs (Figures 2 and 4). 

Human embryonic neural-driving miRNAs revealed in 
neural fate switch direct of pluripotence 

A group of miRNAs displayed an expression pattern of up-
regulation upon neural induction by RA and down-regulation upon 
cardiac induction by NAM (Figures 2,5A,5B, and 5D). Among this 
group of neural-driving miRNAs, the clusters of hsa-miR-10 family, 
let-7 family (let-7a, c, d, e, f, g), 21, 100, 125b, 23 family, and 4324 
contribute to the highest increased expression profile in RA-induced 
neural specification of hESCs (Figures 2B,5B and 5D). Notably, the 
expression of hsa-miR-10 family was silenced in undifferentiated 
hESCs and displayed a drastic increase (~ 95-fold) upon neural 
induction of hESCs by RA (Figures 2B,5B and 5D). The miR-10 genes 
locate within the Hox clusters of developmental regulators [39]. In 
several species, miR-10 is coexpressed with a set of Hox genes and 
has been found to repress the translation of Hox transcripts [39]. The 
enhancer of the mouse Hoxb-1 gene, which controls the RA response 

and regulates expression predominantly in neuroectoderm, contains a 
RA response element (RARE) that is not only involved in the ectopic 
response to RA, but is also essential for establishing the early Hoxb-1 
expression pattern [40]. The drastic expression increase of hsa-miR-10 
upon exposure of hESCs to RA suggested that RA might induce the 
expression of Hox genes and co-expression of Hox miRNA hsa-
miR-10 to silence pluripotence-associated genes and miRNA hsa-
miR-302 to drive a neural fate switch of pluripotent hESCs, consistent 
with our observation of a neuroectodermal phenotype of RA-treated 
hESCs (Figures 2,3,5A,5B and 5D) [12,16]. The let-7 miRNAs silence 
the ESC self-renewal program in vivo and in culture, down-regulating 
pluripotence factors such as Myc and Lin28, an RNA binding protein 
that inhibits let-7 processing [35]. Let-7b is expressed in adult 
mammalian brains and exhibits increased expression during neural 
differentiation of adult CNS-derived neural stem cells [41]. 

A second group of miRNAs had an expression pattern of up-
regulation upon neural induction by RA but was not significantly 
affected upon cardiac induction by NAM (Figures 2,5A,5C and 5D). 
Among the second group of neural-driving miRNAs, the clusters of 
hsa-miR-181 family, 9, 125a-5p, 99 family, 26 family, 30b, and 335 
contribute to the highest increased expression profile in RA-induced 
neural specification of hESCs (Figures 2B,5C and 5D). The miR-9 is 

Figure 4: Up-regulation of a novel set of human embryonic cardiac-driving miRNAs upon cardiac induction by NAM. 
(A) Hierarchal clustering of differentially expressed miRNAs in cardiac-induced hESCs by NAM, compared with pluripotent hESCs and neural-induced hESCs by RA. 
Statistically significant p values and clustering analysis were provided by LC Sciences as part of miRNA microarray service.
(B) A group of cardiac-driving miRNAs displayed an expression pattern of up-regulation upon cardiac induction and down-regulation upon neural induction.
(C) A group of cardiac-driving miRNAs had an expression pattern of up-regulation upon cardiac induction but was not significantly affected upon neural induction. 
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implicated in regulation of spinal motor neuron function previously 
[36]. Knockdown of miR-9 inhibits hESC-derived human neural 
progenitor cells (hNPCs) proliferation, delays maturation, and 
promotes migration in vitro and in vivo [42]. Our study suggested that 
a distinct set of miRNAs, many of which were not previously linked to 
neural development and function, contribute to the initiation of neural 
fate switch of pluripotent hESCs (Figures 2 and 5).

Conclusion 
Distinct mechanisms governing small molecule induced 
cardiac and neural lineage specification of pluripotent hESCs

Due to the prevalence of cardiovascular disease worldwide and 
acute shortage of donor organs, there is intense interest in developing 

hESC-based therapies [43,44]. There is also a large unfulfilled need 
for a clinically-suitable human neuronal cell source for repair or 
regeneration of the damaged CNS structure and circuitry in today’s 
healthcare industry [2,12]. Lineage-specific differentiation direct 
from the pluripotent state of hESCs with small molecule induction 
not only enables well-controlled efficient derivation of an unlimited 
supply of human cardiac and neuronal cells across the spectrum of 
developmental stages for cell-based therapeutics, but also opens the 
door to investigate human embryonic development using in vitro 
cellular model systems [12,16,17]. To identify mechanisms of small 
molecule induced lineage specification of pluripotent hESCs, in this 
study, we compared the expression and intracellular distribution 
patterns of a set of cardinal chromatin modifiers. Further, genome-
scale profiling of miRNA differential expression patterns was used to 

Figure 5: Up-regulation of a novel set of human embryonic neural-driving miRNAs upon neural induction by RA. (A) Hierarchal clustering of differentially 
expressed miRNAs in neural-induced hESCs by RA, compared with pluripotent hESCs. Statistically significant p values and clustering analysis were provided by LC 
Sciences as part of miRNA microarray service. 
(B) A group of neural-driving miRNAs displayed an expression pattern of up-regulation upon neural induction and down-regulation upon cardiac induction. 
(C) A group of neural-driving miRNAs had an expression pattern of up-regulation upon neural induction but was not significantly affected upon cardiac induction. 
(D) Log2 ratios of up-regulation of the human embryonic neural-driving miRNAs. The levels of up-regulation: *: 5-10 fold, **: 10-50 fold, and ***: 50-200 fold.
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identify the regulatory networks in hESC cardiac and neural lineage 
specification. We found that NAM induced nuclear translocation of 
NAD-dependent histone deacetylase SIRT1 and global chromatin 
silencing, while RA induced silencing of pluripotence-associated hsa-
miR-302 family and drastic up-regulation of neuroectodermal Hox 
miRNA hsa-miR-10 family to high levels (Figures 1-5). Genome-
scale miRNA profiling indentified that a unique set of pluripotence-
associated miRNAs was down-regulated, while novel sets of distinct 
cardiac- and neural-driving miRNAs were up-regulated upon the 
induction of lineage specification direct from the pluripotent state of 
hESCs (Figures 2-5). In most cases, significantly higher degrees of up 
or down-regulation of miRNAs were observed in RA induced hESC 
neural lineage specification in comparison with NAM-induced hESC 
cardiac lineage specification (Figures 2-5). Taken together, these 
findings suggest that a predominant epigenetic mechanism via SIRT1-
mediated global chromatin silencing governs NAM-induced hESC 
cardiac fate determination, while a predominant genetic mechanism 
via silencing of pluripotence-associated hsa-miR-302 family and 
drastic up-regulation of neuroectodermal Hox miRNA hsa-miR-10 
family governs RA-induced hESC neural fate determination. Our 
study provides critical insight into the earliest events in human 
embryogenesis as well as offers means for small molecule-mediated 
direct control and modulation of hESC pluripotent fate when deriving 
clinically-relevant lineages for regenerative therapies. Finally, the 
results and conclusion we presented here are based on global profiling 
of chromatin modifications by immunofluorescence and deconvolution 
microscopy analysis and large-scale profiling of genomic regulatory 
networks by miRNA microarray analysis, which is limited by the 
current resolution of the techniques and which may vary at single gene 
regulatory level. 
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