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The role of cardiac transcription 
factor NKX2-5 in regulating the 
human cardiac miRNAome
Deevina Arasaratnam1,2, Katrina M. Bell1, Choon Boon Sim1, Kathy Koutsis1, 
David J. Anderson1, Elizabeth L. Qian1, Edouard G. Stanley   1,3,4, Andrew G. Elefanty1,3,4, 
Michael M. Cheung1,3, Alicia Oshlack   1, Anthony J. White5, Charbel Abi Khalil6, 
James E. Hudson7, Enzo R. Porrello1,8 & David A. Elliott   1,2,3*

MicroRNAs (miRNAs) are translational regulatory molecules with recognised roles in heart development 
and disease. Therefore, it is important to define the human miRNA expression profile in cardiac 
progenitors and early-differentiated cardiomyocytes and to determine whether critical cardiac 
transcription factors such as NKX2-5 regulate miRNA expression. We used an NKX2-5eGFP/w reporter line 
to isolate both cardiac committed mesoderm and cardiomyocytes. We identified 11 miRNAs that were 
differentially expressed in NKX2-5 -expressing cardiac mesoderm compared to non-cardiac mesoderm. 
Subsequent profiling revealed that the canonical myogenic miRNAs including MIR1-1, MIR133A1 and 
MIR208A were enriched in cardiomyocytes. Strikingly, deletion of NKX2-5 did not result in gross changes in 
the cardiac miRNA profile, either at committed mesoderm or cardiomyocyte stages. Thus, in early human 
cardiomyocyte commitment and differentiation, the cardiac myogenic miRNA program is predominantly 
regulated independently of the highly conserved NKX2-5 -dependant gene regulatory network.

The heart is the first functional organ to develop in the human embryo, and the organ most commonly affected 
by disease in infants and adults. Heart development is tightly controlled by an evolutionarily conserved network 
of transcription factors and disruption of this network can result in a variety of congenital heart malformations. 
MicroRNAs (miRNAs), short (19–22 base pair) RNA regulatory molecules, add another layer of regulatory pre-
cision to reinforce core cardiac transcriptional networks1. Furthermore, the cardiogenic regulatory framework is 
reinforced by the direct control of certain microRNAs by critical myogenic transcription factors, including serum 
response factor (SRF), myocyte enhancer factor-2 (MEF2c) and GATA42–4. In addition to their key roles in heart 
development, miRNAs are critical to maintaining cardiac tissue homeostasis and function1,5. For example, global 
perturbation of the cardiac miRNAome via deletion of the microRNA processing enzymes Dicer and DGCR8 
leads to dilated cardiomyopathy6–8. In view of this, miRNAs emerged as a new class of functional regulators of 
cardiomyogenesis and heart disease1,9–12. Given their important role in both heart development and function, 
careful compellation of the human cardiomyocyte miRNAome will facilitate studies in a number of areas in 
cardiac biology. Human pluripotent stem cells offer an opportunity to study the expression profile of miRNAs in 
human heart muscle cells13–17.

Here, we have used a well-established NKX2-5 cardiac reporter line18 and loss-of-function model19 to deter-
mine whether the human cardiac miRNAome is directly dependent on NKX2-5, a transcriptional factor that is 
essential for mammalian heart development19–21. We show that the cardiomyogenic miRNA program is activated 
early during human cardiomyocyte differentiation in vitro. The expression of the myogenic miRNAs9, MIR1-1, 
MIR133A1, MIR208A and MIR499A, was established by day 10 of pluripotent stem cell differentiation into the 
cardiac lineage. However, NKX2-5 was dispensable for maintenance of the human cardiomyocyte miRNAome, 
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with no differentially expressed miRNAs identified in either cardiac committed mesodermal progenitors or 
immature differentiated cardiomyocytes. These data suggest that, in the main, establishing the cardiomyogenic 
miRNA program occurs independently of the highly conserved core NKX2-5 gene regulatory network.

Results
Defining miRNA expression profiles in hESC derived human cardiac progenitors.  We utilized the 
NKX2-5eGFP/w hESC reporter cell line, in which enhanced GFP (eGFP) is expressed from the NKX2–5 locus18, to 
isolate hESC-derived cardiac mesodermal progenitors and cardiomyocytes by flow cytometry. Using a monolayer 
differentiation protocol22,23 GFP+ myogenic-lineages emerged between days 6 to 14 of the differentiation (Fig. 1a). 
To obtain a profile of miRNAs during early cardiomyocyte differentiation, cells were harvested and sorted into 
three populations: NKX2-5 negative mesoderm (day 6 GFPneg cells), cardiac mesodermal progenitors (day 6 GFP+ 
cells) and early cardiomyocytes (day 10 GFP+ cells) for sequencing of small RNA species (Fig. 1b,c). A summary 
of small RNA sequencing data is shown in Supplementary Table 1. The average number of high-quality reads 
in the day 6 GFPneg, day 6 GFP+ and day 10 GFP+ populations were 2.01 ± 0.10 × 106 (n = 3), 1.71 ± 0.08 × 106 
(n = 3), and (2.35 ± 0.08) x 106 (n = 3), respectively. Small nucleolar RNAs (snoRNAs) were also detected in day 
6 GFP+ and GFPneg populations (1.18 ± 0.24 × 105 (n = 3) and 3.19 ± 1.7 × 105(n = 3),reads respectively) and day 
10 cardiomyocytes (1.6 ± 0.17 × 105 (n = 3)). Thus, other small non-coding RNA populations such as snoRNAs 
are also present during human cardiac differentiation, but their functions are currently unclear.

Unsupervised hierarchical clustering indicated that the miRNA profiles of day 6 GFP+ (cardiac mesoderm pro-
genitors) and GFPneg populations were more closely related to each other than to day 10 cardiomyocytes (Fig. 1d and 
Supplementary Table 2). The similarity of miRNA expression profiles between the NKX2-5 positive and negative 
populations at day 6 most likely reflects the recent emergence of the NKX2-5+ cells from the pool of mesodermal 
cells. Differential expression analysis between day 6 GFP+ and GFPneg cells identified seven miRNAs enriched in 
the GFP+ population (Fold change >2 with adjusted p-value < 0.05)(Fig. 1e; Supplementary Table 2). Among the 
seven overrepresented miRNAs, six have been reported to have important roles in murine cardiac development. 
For example, MIR133A1 and MIR133A2 play critical roles in promoting pre-cardiac mesoderm, while suppressing 
endodermal and neuroectodermal lineages24. We also observed higher levels of MIR125B1 in d6 cardiac progenitors, 
which plays a role in mesoderm development25 and regulates MEF2d in the HL-1 atrial myocyte cell line. Q-PCR of 
the cardiomyogenic miRNAs MIR1-1, MIR133A1 and MIR208A showed these were more highly expressed in day 
6 cardiac mesoderm while MIR499 was not differentially expressed between GFPneg and GFP+ cells (Fig. 1g,h). In 
addition, four miRNAs (MIR122, MIR126, MIR1247 and MIR127) were expressed at higher levels in GFPneg meso-
dermal progenitors than GFP+ cells. (Fig. 1e; Supplementary Table 2). These miRNAs have been implicated in a wide 
range of non-cardiac processes such as liver homeostasis, hematopoiesis and self-renewal of cancer stem cells26–28.

To identify miRNAs that may be important drivers of cardiomyocyte differentiation, we compared the 
expression profile of d6 and d10 GFP positive cells (Fig. 1d,f). This analysis identified a total of 112 differen-
tially expressed miRNAs (Supplementary Table 2). Studies in the mouse have identified a core miRNA network 
involved in cardiomyocyte function9. The known myomiRs (miRNA-1-1,-1-2,133b and -208)9 were all expressed 
at higher levels at day 10 compared to day 6. Moreover, MIR499, a miRNA located within the intron of myosin 
heavy chain 7b (MYH7b), which encodes a cardiomyocyte sarcomeric protein, showed the highest differential 
expression (5.62 fold) in day 10 cardiomyocytes29. Q-PCR profiling of miRNA expression in day 10 GFP+ car-
diomyocytes confirmed these key miRNAs are more highly expressed in cells committed to the cardiomyocyte 
lineage (Fig. 1h). MIR1-1, MIR133A1, MIR208A and MIR145 expression levels are further upregulated in the day 
10 NKX2-5eGFP/w GFP+ populations relative to day 6 populations. The data indicates that expression of canonical 
myogenic miRNAs is established early in cardiomyocyte differentiation.

A set of miRNAs that regulate DNA synthesis were more highly expressed in the mesoderm progenitor stage 
compared to day 10 cardiomyocytes (Supplementary Fig. 1). The Hippo-YAP pathway is an established driver 
of cardiomyocyte proliferation30–32 and miRNA regulators of this network are differentially expressed between 
day 6 mesodermal progenitors and the early cardiomyocyte cells at day 10 (Supplementary Fig. 2). For example, 
MIR30E, which is a known repressor of YAP1 expression33 is more highly (2 fold) expressed in day 10 cardio-
myocytes. Conversely, MIR302a (2.2 fold) and MIR302e (2.5 fold) are found in the highly proliferative cardiac 
progenitor population but are lower in day 10 cardiomyocytes. This finding is consistent with the known function 
of the miR302–367 cluster in repressing the Hippo pathway components Mst1, Lats3 and Mob1b and, therefore, 
cardiomyocyte proliferation31. Thus, the NKX2-5eGFP positive day 6 population expresses a cohort of miRNAs 
consistent with the highly proliferative nature of this cardiac progenitor population.

NKX2-5 is not required to establish the cardiac microRNAome.  In order to determine if NKX2-5 is 
required to establish the human cardiac miRNAome, we isolated cardiac progenitors and early cardiomyocytes 
from NKX2-5−/− (NKX2-5eGFP/eGFP) hESCs19. Day 6 cardiac mesodermal cells and day 10 cardiomyocytes were 
isolated by flow cytometry and subjected to small RNA sequencing (Fig. 2a,b). Similar to the heterozygous NKX2-
5eGFP/w cells, the day 10 NKX2-5−/− cells differentially expressed miRNAs, including members of the myomiRs 
consistent with the cardiomyogenic cell phenotype (Fig. 2b; Supplementary Table 3). This result was confirmed 
by Q-PCR for the myomiRs MIR1-1, MIR133A1, MIR208A and MIR499. Strikingly, non-hierarchical clustering 
and principal component analysis demonstrated that day of differentiation was a larger discriminator between 
samples than NKX2-5 genotype (Fig. 2d,e; Supplementary Table 3). The canonical cardiac myomiRs, such as 
MIR1-1, MIR126, MIR133 and MIR208, were unperturbed in NKX2-5 knockout cardiomyocytes (Fig. 2b,e,f,g). 
Further, even miRNAs with proximal NKX2-5 binding sites19, such as MIR138-2 were not dysregulated (Fig. 2g). 
Indeed, we did not identify any miRNAs that required NKX2-5 activity in day 10 cardiomyocytes (Fig. 2e,g) for 
appropriate expression.
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Discussion
Using differentiating human pluripotent stem cells as a model we describe the miRNAome of pre-contractile 
cardiac progenitor cells and contracting cardiomyocytes. Emerging NKX2-5 positive cardiac progenitors are 
capable of giving rise to three cell lineages, namely cardiac muscle, endothelial and smooth muscle cells18,23,34. 
The microRNA profile of these cardiac progenitors is similar to NKX2-5 negative mesoderm, which likely reflects 
the recent separation (less than 24 hours) of these lineages. However, the canonical cardiac miRNAs (referred to 
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Figure 1.  MicroRNA expression profiling of NKX2-5 positive cardiac progenitors and cardiomyocytes. 
(a) Epifluorescent images of differentiating NKX2-5eGFP/w cells (Scale bar, 100 μm). (b) Percentages of GFP 
positive and negative cells at day 6 and 10 of differentiation. Data shows mean ± SEM (n = 3) determined by 
flow cytometry. (c) Flow cytometric purification of cardiac progenitors and cardiomyocytes based on eGFP 
expression from the NKX2-5 locus. Percentage of cells are indicated on plots. (d) Heat map of unsupervised 
hierarchical clustering of microRNA sequence profile showing that samples cluster according to day of 
differentiation (log2 RPM values). (e) Dot plot representation of miRNA-seq absolute expression (log2 RPM 
values) for miRNAs at day 6 of differentiation. Dashed lines mark 2-fold differential expression level. (f) Dot 
plot representation of miRNA-seq absolute expression (log2 RPM values) comparing day 6 and day 10 GFP 
positive cells. Dashed lines mark 2-fold differential expression level. (g) Q-PCR profiling supports miRNA 
sequencing data and confirms upregulation of canonical myogenic miRNAs in GFP+ cells at day 6. (h) Q-PCR 
of myomiRs demonstrates they are more highly expressed in day 10 cardiomyocytes than day 6 GFP+ cells.
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as the myomiRs,9) are upregulated in the NKX2-5 positive day 6 population, consistent with the eventual differ-
entiation of these cells toward cardiomyocytes. By day 10 of differentiation the cardiomyocytes had upregulated 
112 microRNAs, many of which had been previously identified as key drivers of myocardial function in the 
mouse1,9. This increase may be a reflection of phenotypic complexity occurring as cardiac progenitors mature into 
functional cardiomyocytes and require the on-going regulation of the definitive cardiomyocyte gene expression 
program.

A highly conserved network of transcription factors drives both cell specification and spatio-temporal pat-
terning during heart development35,36. At present, our understanding of the regulatory relationships between car-
diac transcription factors and the cardiac miRNAome is limited, though systematic profiling provides a platform 
to further define these linkages4,37. Given its vital role in heart development38, we hypothesized that the transcrip-
tion factor NKX2-5 was necessary for the regulation of the cardiomyogenic miRNAs. Here we searched for NKX2-
5 dependent miRNAs and, surprisingly, found that no miRNAs were differentially expressed between NKX2-5 
heterozyogote and null cardiomyocytes. For example, in immature human cardiomyocytes in vitro, NKX2-5 is 
not required to up-regulate microRNAs, such as miR-1-239, that have been identified to play important roles in 
mouse heart development. Therefore, the phenotype observed in NKX2-5 null cultures is not due to perturbed 
miRNA expression but rather the disruption of the cardiac myogenic transcriptional network, including HEY219. 
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Figure 2.  NKX2-5 is dispensable for establishing the appropriate human cardiomyocyte microRNA profile. (a) 
Flow cytometric purification of NKX2-5 null (NKX2-5−/−) cardiac progenitors and cardiomyocytes based on 
eGFP expression from the NKX2-5 locus. Percentage of GFP+ cells shown on plots. (b) Dot plot representation 
of miRNA-seq expression (log2 RPKM values) for miRNAs in NKX2-5−/− GFP positive cells at day 6 and day 
10 of differentiation. Dashed lines mark 2-fold differential expression level. (c) Q-PCR profiling supports 
miRNA sequencing data and shows upregulation of canonical myogenic miRNAs during differentiation 
in NKX2-5 null cells. (d) Multidimensional scaling plot of miRNA expression profiles from differentiating 
NKX2-5 heterozyogote cells (GFPneg, GFP+) and NKX2-5 null (d6 or d10 GFP+ NKX2-5null) at day 6 and 10 
of differentiation. (e) Heat map of unsupervised hierarchical clustering of microRNA sequence profile (log2 
RPM values); (d,e) show that samples cluster according to day of differentiation and not NKX2-5 genotype. 
(f) Scatter plot of miRNA-seq expression (log2 RPM values) for miRNAs at day 6 of differentiation from 
NKX2-5eGFP/ + and NKX2-5−/− cells showing no significantly differential expressed miRNAs. (g) Scatter 
plot of miRNA-seq absolute expression (log2 RPM values) for miRNAs at day 10 of differentiation from NKX2-
5eGFP/ + and NKX2-5−/− cardiomyocytes showing that no miRNAs are NKX2-5 dependent. Yellow dot 
denotes MIR138-2.
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Thus, it is possible that the key developmental transcriptional networks driving cardiomyogenesis do not directly 
establish the miRNAome and that early stage heart development can tolerate miRNA dysregulation5.

A conditional knockout of Dicer, which results in a blockade of miRNA production, using Nkx2-5 as a driver 
of Cre recombinase resulted in embryonic lethality at 12.5 days post-coitum (dpc), with the embryos showing per-
icardial edema and poorly developed ventricular myocardium39. However, the early stages of cardiomyogenesis 
were not disrupted in Nkx2-5 driven Dicer knockouts with embryos at 11 dpc having normal appearance39. These 
findings suggest that cardiac microRNAs have restricted, non-critical roles early in heart development, in contrast 
to the essential roles that transcription factors within the cardiac gene regulatory network play. Furthermore, 
multiple studies implicate cardiac miRNAs in the pathophysiology of stress responsive cardiac hypertrophy40–44. 
Taken together these data suggest miRNAs have key roles in cardiomyocyte function and physiology, possibly 
as regulators of stress-responsive gene expression programs, rather than development. In this context, human 
pluripotent stem cell models provide an avenue to investigate the role of miRNAs in the pathogenesis of human 
myocardial disease and assess efficacy of miRNA-based therapeutics in a pre-clinical setting.

A caveat to this study is that differentiating human pluripotent stem cells lack the precise spatio-temporal cues 
present in the embryo. Therefore, it may be that the miRNA sequence profiles presented here do not fully reflect 
those found in the developing human foetus. In addition, this study focuses on very early stages of cardiogenesis 
and the regulatory role of NKX2-5 may change over developmental time. A second limitation is that miRNA 
expression may be perturbed in NKX2-5eGFP/w cardiomyocytes, however, we have previously demonstrated that 
NKX2-5 heterozygosity does not impact cardiomyocyte differentiation at this early stage18,19. It is possible that 
later in cardiomyocyte development NKX2-5 is important for maintaining the appropriate mix of miRNAs in the 
heart. Nevertheless, our data suggest that in the early stages of human heart development the miRNAome does 
not require NKX2-5. Conversely, other key regulators of cardiac muscle development such as MEF2c, TBX5 and 
GATA42–4,45,46, which are not disrupted in NKX2-5 null cardiomyocytes19, may have a role in regulating cardio-
myogenic miRNAs. Studies focussed on the regulatory nexus between the cardiac gene regulatory network19,47,48 
and the miRNAome17 in the human context will be required to fully understand the transcriptional regulation of 
the cardiac microRNA network.

Methods
Ethical approvals.  All experiments were approved by the Royal Children’s Hospital Research Ethics 
Committee (HREC 33001 A). Methods were carried out in accordance with the relevant guidelines and regu-
lations provided by National Health and Medical Research Council (National Statement on Ethical Conduct in 
Human Research).

Cell culture and cardiac differentiation.  All cell culture reagents were purchased from Thermo Fisher 
unless stated otherwise. HES3 NKX2-5eGFP/w and NKX2-5eGFP/eGFP cell lines were routinely passaged using TrypLE 
Select and maintained on tissue culture flasks, as previously described19. To induce differentiation, hESCs were 
dissociated into single-cell suspension using TrypLE Select and seeded onto Geltrex coated (1:100 dilution) cul-
ture plates at 2.5 × 105 cells/cm2 in basal differentiation media consisting of RPMI (Thermo 61870), B27 minus 
vitamin A (Thermo 12587) and 50 µg/ml ascorbic acid (Sigma A92902), further supplemented with 10 µM 
CHIR99021 (Tocris Bioscience 4423) and 80 ng/mL Activin A (Peprotech). Following 24 and 96 h of induction, 
media was replaced with basal media supplemented with 5 µM IWR-1 (Sigma I0161) and from day 5 onwards, 
differentiating cultures were maintained in basal media only until harvested for analysis.

FACS analysis.  To isolate cardiac-cell lineages from non-cardiac cell lineages, live cell sorting based on eGFP 
expression of differentiating cultures at either day 6 or day 10 were performed. Differentiating hESCs were disso-
ciated, filtered through a 40 µM cell strainer and resuspended in PBS containing 2% fetal calf serum and 1 µg/mL 
propidium iodide. Flow cytometric gates of GFP positive and negative cells were set using negative control HESCs 
cultured in basal media containing 100 ng/ml bFGF. Sorted GFP positive and negative cells on day 6 and day 10 of 
differentiation were collected and snap frozen prior to RNA extraction. Cell sorting was done using BD InfluxTM 
cell sorters (BD Biosciences) and flow cytometric data was analyzed using Flowlogic software (Inivai Scientific).

Next generation sequencing and bioinformatics analysis.  Total RNA from GFP sorted populations 
on day 6 and day 10 differentiating cultures were prepared in triplicate using the miRNeasy Mini (Qiagen 217004). 
A minimum amount of 500 ng of total RNA was analyzed for RNA integrity and submitted for sequencing. Small 
RNA libraries were prepared using Truseq Small RNA Sample Prep Kit (Illumina) and small RNA sequencing 
was performed on the Illumina Hi-Seq platform using the Illumina CASAVA 1.8.2 software (Australian Genomic 
Research Facility). Short RNAs were sequenced as 50 base pair single end reads and all adapter and primer 
sequences were removed using cutadapt49. Bowtie aligner was used to map the 17-26 base pair single end reads 
to the human reference genome (hg19) allowing one mismatch. The uniquely mapped reads were summarized 
across microRNAs with featureCounts (Rsubread v1.20.6)50 using ensemble miRNA gene annotation. Lowly 
expressed miRNAs were filtered out (less than 10 counts per million in fewer than three samples). The data was 
Voom transformed with cyclic loess normalization, and differential expression assessed using empirical Bayes 
moderated t-tests from the R Bioconductor limma package (Version 3.20.9)51 through the statistical language R. 
Unbiased hierarchical clustering was performed using standard complete linkage and Euclidean distance. Data 
has been deposited on GEO (GSE134852).

Quantitative PCR.  To analyze miRNA gene expression levels, quantitative real time PCR was performed 
on differentiating cultures at day 6 and day 10. 1 µg of RNA was reversed transcribed using SuperScript® III 
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(Invitrogen) and miRNA expression levels were determined using Taqman Gene Expression Assays with 
Taqman Universal PCR Master Mix (ThermoFisher) on the ABI 7300 Real-Time PCR detection system (Applied 
Biosystems). Transcript expression levels were normalized to the averaged expression of the reference gene 
snoRNA RNU24, and gene relative quantification was calculated using the 2−∆∆Ct method.

Data availability
The authors declare that all data supporting the findings of this study are available within the article and its 
supplementary information files or the GEO database (http://www.ncbi.nlm.nih.gov/geo/, accession codes 
GSE134852) or from the corresponding author (DAE) upon reasonable request.

Received: 7 August 2019; Accepted: 11 October 2019;
Published online: 04 November 2019

References
	 1.	 Hata, A. Functions of microRNAs in cardiovascular biology and disease. Annu Rev Physiol 75, 69–93, https://doi.org/10.1146/

annurev-physiol-030212-183737 (2013).
	 2.	 Liu, N. et al. An intragenic MEF2-dependent enhancer directs muscle-specific expression of microRNAs 1 and 133. Proc Natl Acad 

Sci USA 104, 20844–20849, https://doi.org/10.1073/pnas.0710558105 (2007).
	 3.	 Zhao, Y., Samal, E. & Srivastava, D. Serum response factor regulates a muscle-specific microRNA that targets Hand2 during 

cardiogenesis. Nature 436, 214–220, https://doi.org/10.1038/nature03817 (2005).
	 4.	 Schlesinger, J. et al. The Cardiac Transcription Network Modulated by Gata4, Mef2a, Nkx2.5, Srf, Histone Modifications, and 

MicroRNAs. PLoS Genet 7, e1001313 (2011).
	 5.	 Porrello, E. R. microRNAs in cardiac development and regeneration. Clin Sci (Lond) 125, 151–166, https://doi.org/10.1042/

CS20130011 (2013).
	 6.	 Chen, J. F. et al. Targeted deletion of Dicer in the heart leads to dilated cardiomyopathy and heart failure. Proc Natl Acad Sci USA 

105, 2111–2116, https://doi.org/10.1073/pnas.0710228105 (2008).
	 7.	 da Costa Martins, P. A. et al. Conditional dicer gene deletion in the postnatal myocardium provokes spontaneous cardiac 

remodeling. Circulation 118, 1567–1576, https://doi.org/10.1161/CIRCULATIONAHA.108.769984 (2008).
	 8.	 Rao, P. K. et al. Loss of cardiac microRNA-mediated regulation leads to dilated cardiomyopathy and heart failure. Circ Res 105, 

585–594, https://doi.org/10.1161/CIRCRESAHA.109.200451 (2009).
	 9.	 Liu, N. & Olson, E. N. MicroRNA Regulatory Networks in Cardiovascular Development. Dev Cell 18, 510–525 (2010).
	10.	 Wilson, K. D. et al. Dynamic microRNA expression programs during cardiac differentiation of human embryonic stem cells: role for 

miR-499. Circ Cardiovasc Genet 3, 426–435 (2010).
	11.	 Lee, D. S. et al. Defined MicroRNAs Induce Aspects of Maturation in Mouse and Human Embryonic-Stem-Cell-Derived 

Cardiomyocytes. Cell Rep 12, 1960–1967 (2015).
	12.	 Esteller, M. Non-coding RNAs in human disease. Nat Rev Genet 12, 861–874, https://doi.org/10.1038/nrg3074 (2011).
	13.	 Skelton, R. J. P., Kamp, T. J., Elliott, D. A. & Ardehali, R. Biomarkers of Human Pluripotent Stem Cell-Derived Cardiac Lineages. 

Trends Mol Med 23, 651–668, https://doi.org/10.1016/j.molmed.2017.05.001 (2017).
	14.	 Mummery, C. L. et al. Differentiation of human embryonic stem cells and induced pluripotent stem cells to cardiomyocytes: a 

methods overview. Circ Res 111, 344–358 (2012).
	15.	 Burridge, P. W., Keller, G., Gold, J. D. & Wu, J. C. Production of De Novo Cardiomyocytes: Human Pluripotent Stem Cell 

Differentiation and Direct Reprogramming. Cell Stem Cell 10, 16–28 (2012).
	16.	 Murry, C. E. & Keller, G. Differentiation of embryonic stem cells to clinically relevant populations: lessons from embryonic 

development. Cell 132, 661–680 (2008).
	17.	 Diez-Cunado, M. et al. miRNAs that Induce Human Cardiomyocyte Proliferation Converge on the Hippo Pathway. Cell Rep 23, 

2168–2174, https://doi.org/10.1016/j.celrep.2018.04.049 (2018).
	18.	 Elliott, D. A. et al. NKX2-5(eGFP/w) hESCs for isolation of human cardiac progenitors and cardiomyocytes. Nat Methods 8, 

1037–1040 (2011).
	19.	 Anderson, D. J. et al. NKX2-5 regulates human cardiomyogenesis via a HEY2 dependent transcriptional network. Nat Commun 9, 

1373, https://doi.org/10.1038/s41467-018-03714-x (2018).
	20.	 Lyons, I. et al. Myogenic and morphogenetic defects in the heart tubes of murine embryos lacking the homeo box gene Nkx2-5. 

Genes Dev 9, 1654–1666 (1995).
	21.	 Prall, O. W. J. et al. An Nkx2-5/Bmp2/Smad1 negative feedback loop controls heart progenitor specification and proliferation. Cell 

128, 947–959 (2007).
	22.	 Lian, X. et al. Robust cardiomyocyte differentiation from human pluripotent stem cells via temporal modulation of canonical Wnt 

signaling. Proc Natl Acad Sci USA 109, E1848–1857 (2012).
	23.	 Skelton, R. J. et al. CD13 and ROR2 Permit Isolation of Highly Enriched Cardiac Mesoderm from Differentiating Human Embryonic 

Stem Cells. Stem Cell Reports 6, 95–108, https://doi.org/10.1016/j.stemcr.2015.11.006 (2016).
	24.	 Izarra, A. et al. miR-133a enhances the protective capacity of cardiac progenitors cells after myocardial infarction. Stem Cell Reports 

3, 1029–1042, https://doi.org/10.1016/j.stemcr.2014.10.010 (2014).
	25.	 Wong, S. S. et al. miR-125b promotes early germ layer specification through Lin28/let-7d and preferential differentiation of 

mesoderm in human embryonic stem cells. PLoS One 7, e36121, https://doi.org/10.1371/journal.pone.0036121 (2012).
	26.	 Jopling, C. Liver-specific microRNA-122: Biogenesis and function. RNA Biol 9, 137–142, https://doi.org/10.4161/rna.18827 (2012).
	27.	 Lechman, E. R. et al. Attenuation of miR-126 activity expands HSC in vivo without exhaustion. Cell Stem Cell 11, 799–811, https://

doi.org/10.1016/j.stem.2012.09.001 (2012).
	28.	 Zhao, C., Li, Y., Zhang, M., Yang, Y. & Chang, L. miR-126 inhibits cell proliferation and induces cell apoptosis of hepatocellular 

carcinoma cells partially by targeting Sox2. Hum Cell 28, 91–99, https://doi.org/10.1007/s13577-014-0105-z (2015).
	29.	 van Rooij, E. et al. A family of microRNAs encoded by myosin genes governs myosin expression and muscle performance. Dev Cell 

17, 662–673, https://doi.org/10.1016/j.devcel.2009.10.013 (2009).
	30.	 Xin, M. et al. Hippo pathway effector Yap promotes cardiac regeneration. Proc Natl Acad Sci USA 110, 13839–13844, https://doi.

org/10.1073/pnas.1313192110 (2013).
	31.	 Tian, Y. et al. A microRNA-Hippo pathway that promotes cardiomyocyte proliferation and cardiac regeneration in mice. Sci Transl 

Med 7, 279ra238, https://doi.org/10.1126/scitranslmed.3010841 (2015).
	32.	 Wang, J., Liu, S., Heallen, T. & Martin, J. F. The Hippo pathway in the heart: pivotal roles in development, disease, and regeneration. 

Nat Rev Cardiol 15, 672–684, https://doi.org/10.1038/s41569-018-0063-3 (2018).
	33.	 Chen, Z. et al. miR-30e-5p and miR-15a Synergistically Regulate Fatty Acid Metabolism in Goat Mammary Epithelial Cells via LRP6 

and YAP1. Int J Mol Sci 17, https://doi.org/10.3390/ijms17111909 (2016).

https://doi.org/10.1038/s41598-019-52280-9
http://www.ncbi.nlm.nih.gov/geo/
https://doi.org/10.1146/annurev-physiol-030212-183737
https://doi.org/10.1146/annurev-physiol-030212-183737
https://doi.org/10.1073/pnas.0710558105
https://doi.org/10.1038/nature03817
https://doi.org/10.1042/CS20130011
https://doi.org/10.1042/CS20130011
https://doi.org/10.1073/pnas.0710228105
https://doi.org/10.1161/CIRCULATIONAHA.108.769984
https://doi.org/10.1161/CIRCRESAHA.109.200451
https://doi.org/10.1038/nrg3074
https://doi.org/10.1016/j.molmed.2017.05.001
https://doi.org/10.1016/j.celrep.2018.04.049
https://doi.org/10.1038/s41467-018-03714-x
https://doi.org/10.1016/j.stemcr.2015.11.006
https://doi.org/10.1016/j.stemcr.2014.10.010
https://doi.org/10.1371/journal.pone.0036121
https://doi.org/10.4161/rna.18827
https://doi.org/10.1016/j.stem.2012.09.001
https://doi.org/10.1016/j.stem.2012.09.001
https://doi.org/10.1007/s13577-014-0105-z
https://doi.org/10.1016/j.devcel.2009.10.013
https://doi.org/10.1073/pnas.1313192110
https://doi.org/10.1073/pnas.1313192110
https://doi.org/10.1126/scitranslmed.3010841
https://doi.org/10.1038/s41569-018-0063-3
https://doi.org/10.3390/ijms17111909


7Scientific Reports | (2019) 9:15928 | https://doi.org/10.1038/s41598-019-52280-9

www.nature.com/scientificreportswww.nature.com/scientificreports/

	34.	 Skelton, R. J. et al. SIRPA, VCAM1 and CD34 identify discrete lineages during early human cardiovascular development. Stem Cell 
Res 13, 172–179, https://doi.org/10.1016/j.scr.2014.04.016 (2014).

	35.	 Davidson, E. H. & Erwin, D. H. Gene regulatory networks and the evolution of animal body plans. Science 311, 796–800 (2006).
	36.	 Olson, E. N. Gene regulatory networks in the evolution and development of the heart. Science 313, 1922–1927 (2006).
	37.	 Sabour, D. et al. Parallel Genome-wide Profiling of Coding and Non-coding RNAs to Identify Novel Regulatory Elements in 

Embryonic and Maturated Heart. Molecular Therapy: Nucleic Acid 12, 158–173, https://doi.org/10.1016/j.omtn.2018.04.018 (2018).
	38.	 Harvey, R. P. Patterning the vertebrate heart. Nat Rev Genet 3, 544–556 (2002).
	39.	 Zhao, Y. et al. Dysregulation of cardiogenesis, cardiac conduction, and cell cycle in mice lacking miRNA-1-2. Cell 129, 303–317, 

https://doi.org/10.1016/j.cell.2007.03.030 (2007).
	40.	 Bernardo, B. C., Weeks, K. L., Pretorius, L. & McMullen, J. R. Molecular distinction between physiological and pathological cardiac 

hypertrophy: experimental findings and therapeutic strategies. Pharmacol Ther 128, 191–227, https://doi.org/10.1016/j.
pharmthera.2010.04.005 (2010).

	41.	 Bernardo, B. C. et al. Therapeutic inhibition of the miR-34 family attenuates pathological cardiac remodeling and improves heart 
function. Proc Natl Acad Sci USA 109, 17615–17620, https://doi.org/10.1073/pnas.1206432109 (2012).

	42.	 Jentzsch, C. et al. A phenotypic screen to identify hypertrophy-modulating microRNAs in primary cardiomyocytes. J Mol Cell 
Cardiol 52, 13–20, https://doi.org/10.1016/j.yjmcc.2011.07.010 (2012).

	43.	 Hirt, M. N. et al. Deciphering the microRNA signature of pathological cardiac hypertrophy by engineered heart tissue- and 
sequencing-technology. J Mol Cell Cardiol 81, 1–9, https://doi.org/10.1016/j.yjmcc.2015.01.008 (2015).

	44.	 Tham, Y. K., Bernardo, B. C., Ooi, J. Y., Weeks, K. L. & McMullen, J. R. Pathophysiology of cardiac hypertrophy and heart failure: 
signaling pathways and novel therapeutic targets. Arch Toxicol 89, 1401–1438, https://doi.org/10.1007/s00204-015-1477-x (2015).

	45.	 Ieda, M. et al. Direct reprogramming of fibroblasts into functional cardiomyocytes by defined factors. Cell 142, 375–386 (2010).
	46.	 Xin, M., Olson, E. N. & Bassel-Duby, R. Mending broken hearts: cardiac development as a basis for adult heart regeneration and 

repair. Nat Rev Mol Cell Biol 14, 529–541, https://doi.org/10.1038/nrm3619 (2013).
	47.	 Ang, Y. S. et al. Disease Model of GATA4 Mutation Reveals Transcription Factor Cooperativity in Human Cardiogenesis. Cell 167, 

1734–1749 e1722, https://doi.org/10.1016/j.cell.2016.11.033 (2016).
	48.	 Luna-Zurita, L. et al. Complex Interdependence Regulates Heterotypic Transcription Factor Distribution and Coordinates 

Cardiogenesis. Cell 164, 999–1014, https://doi.org/10.1016/j.cell.2016.01.004 (2016).
	49.	 Martin, M. Cutadapt removes adapter sequences from high-throughput sequencing reads. 2011(17), 3 https://journal.embnet.org/

index.php/embnetjournal/article/view/200 (2011).
	50.	 Liao, Y., Smyth, G. K. & Shi, W. featureCounts: an efficient general purpose program for assigning sequence reads to genomic 

features. Bioinformatics 30, 923–930, https://doi.org/10.1093/bioinformatics/btt656 (2014).
	51.	 Ritchie, M. E. et al. limma powers differential expression analyses for RNA-sequencing and microarray studies. Nucleic Acids Res 43, 

e47, https://doi.org/10.1093/nar/gkv007 (2015).

Acknowledgements
Funded by NHMRC project grant 1006304 (AW, DAE). DJA supported by the European Union’s Seventh 
Framework Programme (FP7/2007-2013) under grant agreement PIOF-GA-2010-276186. EGS, AGE and AO are 
Research Fellows of the NHMRC, E.R.P and JEH supported by National Heart Foundation fellowship. Research 
in the laboratories of DAE, EP, AGE and EGS was supported by the NHMRC, the Australian Research Council 
Strategic Initiative in Stem Cell Science (SR110001002), Stafford Fox Medical Research Foundation and The 
Royal Children’s Hospital Foundation. DE, EGS and CAK receive funding from the Qatar National Research 
Foundation (NPRP9-169-3-024). Supported by the Victorian Government’s Operational Infrastructure Support 
Program and Australian Government National Health and Medical Research Council (NHMRC) Independent 
Research Institute Infrastructure Support Scheme (IRIISS).

Author contributions
Conceptualization, A.J.W., D.A.E. Methodology D.A., E.G.S., A.G.E., A.J.W., J.E.H., E.R.P., D.A.E. Formal Analysis 
K.M.B., C.B.S., A.O. Investigation D.A., K.K., D.J.A., E.L.Q., A.J.W. Writing D.A., D.A.E. Writing-Review and 
Editing, D.A.E. Visualisation D.A., C.B.S., D.A.E. Supervision M.M.C., A.O., A.J.W., D.A.E. Funding Acquisition 
M.M.C., C.A.K., E.R.P., D.A.E.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-019-52280-9.
Correspondence and requests for materials should be addressed to D.A.E.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-52280-9
https://doi.org/10.1016/j.scr.2014.04.016
https://doi.org/10.1016/j.omtn.2018.04.018
https://doi.org/10.1016/j.cell.2007.03.030
https://doi.org/10.1016/j.pharmthera.2010.04.005
https://doi.org/10.1016/j.pharmthera.2010.04.005
https://doi.org/10.1073/pnas.1206432109
https://doi.org/10.1016/j.yjmcc.2011.07.010
https://doi.org/10.1016/j.yjmcc.2015.01.008
https://doi.org/10.1007/s00204-015-1477-x
https://doi.org/10.1038/nrm3619
https://doi.org/10.1016/j.cell.2016.11.033
https://doi.org/10.1016/j.cell.2016.01.004
https://journal.embnet.org/index.php/embnetjournal/article/view/200
https://journal.embnet.org/index.php/embnetjournal/article/view/200
https://doi.org/10.1093/bioinformatics/btt656
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.1038/s41598-019-52280-9
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	The role of cardiac transcription factor NKX2-5 in regulating the human cardiac miRNAome

	Results

	Defining miRNA expression profiles in hESC derived human cardiac progenitors. 
	NKX2-5 is not required to establish the cardiac microRNAome. 

	Discussion

	Methods

	Ethical approvals. 
	Cell culture and cardiac differentiation. 
	FACS analysis. 
	Next generation sequencing and bioinformatics analysis. 
	Quantitative PCR. 

	Acknowledgements

	Figure 1 MicroRNA expression profiling of NKX2-5 positive cardiac progenitors and cardiomyocytes.
	Figure 2 NKX2-5 is dispensable for establishing the appropriate human cardiomyocyte microRNA profile.




