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SUPPLEMENTAL RESULTS S1 

Microarray Analysis of Novel hESC Markers. In addition to these known ES markers, 

however, we have also identified a significant number of novel genes with elevated expression in 

hESCs that may play important roles in the developmental or pluripotentiality. Of particular 

interest is Fzd5, the receptor for Wnt5a, which is 15-19 fold more highly expressed in hESCs, 

suggesting some canonical Wnt signaling occurring in this population, although there also 

appears to be a significant upregulation of a number of Wnt ligands at the EB stage. PIM2, an 

anti-apoptotic kinase whose relatives PIM1 and PIM3 are involved in ESC self-renewal, is also 

expressed 20 fold higher in hESCs than in EB, suggesting that it too plays a role in self-renewal, 

a role it may reprise in several hematopoietic malignancies [1,2]. Another gene that appears 

prominently in our experiments is phorbol-12-myristate-13-acetate-induced protein 1 (PMAIP1), 

whose RNA is 10 fold more highly expressed in hESCs [3,4]. PMAIP1, a BH3-only member of 

the Bcl2 family, appears to be a mediator of p53 dependent apoptosis, and is highly expressed in 

adult T-cell leukemia cell lines. 

 

Microarray Analysis of Embryoid Bodies. Between the hESC and EB stages, we identified 

4,407 genes that are significantly upregulated (Table S1 (A2)). Importantly, the most 

significantly upregulated gene is TWIST1, a bHLH family member which is one of the master 

regulators of mesodermal differentiation, and which is upregulated by 22 fold in the EB cells [5] 

while MEOX1, a gene necessary for somitogenesis, is 4 fold upregulated [6]. Almost as 

statistically significant, and much more highly upregulated at 46 fold, is Tbx2, a gene involved in 

regulating mesodermal genes and which is important later in regulating angiogenesis and cardiac 

development. Others include the closely related Tbx5 gene, which at 222 fold is one of the most 
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highly upregulated genes in EB, and the cardiac regulator Tbx1 (22 fold) [7,8]. Other early 

regulators of cardiac and vascular differentiation are also highly upregulated, including the 

forkhead box gene Foxc1 (50 fold induction) [9,10,11,12], the second heart field regulator Isl1 

(35 fold induction) [13], the master muscle regulator Mef2C (28 fold induction) [14], and the 

cardiac morphogenetic gene Hand2 (6.4 fold induction) and FoxH1 (5.2 fold induction). 

GATA4, a highly dosage sensitive regulator of cardiac development, is upregulated at a 

comparatively modest but still substantial level (6.7 fold induction) [15], and so are its relatives 

GATA5 (16 fold induction) and GATA6 (12 fold induction) [16,17], as well as Irx5 (8 fold 

induction) [18].  

The elevated expression levels of these cardiac master transcriptional regulators are 

reflected in very significantly upregulated cardiac specific structural and functional genes, 

including the following: Myoz2 (Calsarcin1), a calcineurin binding Z-disc protein implicated in 

cardiomyopathy, which is the most highly upregulated gene at 250 fold [19]; phospholamban 

(PLN), a major mediator of cardiomyocyte SERCA pump activity (upregulated 218 fold) [20]; 

cardiac muscle myosin alpha heavy chain 6 (MYH6, 100 fold); ventricular myosin light chain 3 

(MYL3, 30 fold); cardiac troponin T 2 (TNNT2, 27 fold), atrial myosin light chain 4 (MYL4, 19 

fold); cardiac myosin binding protein C (MYBPC3, 13 fold); cardiac myosin heavy chain 

(MYH7, 8.4 fold); cardiac myosin heavy chain 7B (MYH7B, 6.4 fold); myosin light chain 3 

(MYL3, 6 fold); cardiac alpha actin 1 (ACTC1, 4.7 fold); and ATPA2 (SERCA2, 2.6 fold).   

Clearly, this population of cells has differentiated with a significant bias toward 

mesodermal and cardiac lineages, but we do still see at this stage expression of genes 

characteristic of all three cell layers, endoderm, mesoderm and ectoderm. These include 

endodermal genes such as Foxa1 (HNF3A, 20 fold) [21,22], liver genes such as complement 
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factor I (CFI, 120-170 fold) [23] and liver arginase (ARG1, 89 fold), skeletal muscle genes such 

as fast skeletal myosin light chain 2 (MYLPF, 25 fold) and skeletal myosin light chain 1 (MYL1, 

7 fold), and neuroectodermal genes such as ectodermal-neural cortex (ENC1, 6 fold) and neural 

cell adhesion molecule (NCAM, 3 fold), demonstrating that beating EBs still contain cells from 

each lineage. Many developmental regulatory genes are also very much active in the beating EBs 

population, including Wnts (Wnt1, 2, 2b, 3a, 5a,  10b, and 11, and FZD1, 3, 4, and 10, all 

significantly upregulated) [24], and  homeobox genes (HOXA2, A3, A4, B2, B3, B4, B5, C5, 

D1, D2, D3, MSX1, 2, MEOX1, and a number of others) [25], demonstrating the multiplicity of 

developmental lineages represented. 

 

Microarray Analysis of hESC-CM Biological Processes. Biological process analysis of the 

hESC-CMs shows that cellular maturation processes such as cytoskeletal organization and 

biogenesis, cell localization, and developmental processes such as muscle development and 

angiogenesis predominate in the CMs when compared to the beating EB populations. This 

maturation of the CMs, which are still somewhat heterogeneous, is a necessary intermediate step 

between undifferentiated, rapidly cycling cells and the stable cells possessing a solid 

cytoskeleton that are beginning to become firmly anchored into place with ECM and ready to 

contract with significant force (Table S2 (A9 and A10)). We can also see that the cells in this 

population are continuing to slow the rampant cell cycling, nucleotide synthesis, transcription, 

and mRNA processing seen in the hESC populations, as well as to downregulate non-cardiac 

developmental programs such as mesenchymal cell differentiation, kidney development, and 

neural development, among others.   
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Microarray Analysis of Fetal Heart Cells. Comparing the transcriptional profile of the CM 

cells to cultured primary fetal cardiomyocytes (FH), we find that 1,451 genes are expressed at 

lower levels in the FH population, and that many of these genes are associated with 

differentiation programs other than the cardiomyocyte program, highlighting the fact that the FH 

cells are less heterogeneous than our differentiated CM cell populations (Table S1 (A5)). For 

example, the early pan-mesodermal gene Dkk2 [26] is expressed 92 fold less in FH,  the 

skeletogenic gene sclerostosis (SOST) is expressed 406 fold less, and a significant number of 

neurogenic genes including synaptotagmins-4 (141 fold) and -13 (88 fold), neurofilament light 

(23 fold), medium (86 fold), and heavy chains (4.8 fold), as well as regulatory genes such as 

EPHB1 (5 fold) and DCX (72 fold) [27] are also expressed at much lower levels in FH than CM.  

Compared to the CM cell population, we find that a total of 634 genes are expressed 

more highly in the transcriptional program of the FH cells (Table S1 (A6)). Among the most 

differentially elevated transcripts are several encoding tumor suppressor genes, including tumor 

suppressor candidate 1 (TUSC1, 42 fold more highly expressed) [28], cervical cancer suppressor 

gene 5 (ZNF434, 33 fold) [29], TSPYL5 (56 fold) [30], XAF1 (BIRC4BP, 20 fold) [31], and 

OSGIN1 (4.6 fold) [32], as well as the serum deprivation response gene (SDPR, 42 fold) [33], 

consistent with a terminally differentiated cell population.  We also see much higher expression 

of the later cardiac developmental genes CSRP1 (Heart Lim Protein, 26 fold) [34], FHL2 (5 fold) 

[35], and natriuretic peptide receptor 1 (NPR1, 5.2 fold) [36] in the FH population, consistent 

with their known developmental expression patterns. Other very interesting differences between 

our CM population and the primary FH cardiomyocytes are revealed when we perform GO 

process analysis. As might be expected, we see that processes that are less active in the FH cells 

include many having to do with developmental processes of other tissues, particularly neural 

developmental processes, body plan regulatory processes, and diverse signaling families such as 
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Wnt pathways. This suggests, as would be expected, that the FH cells are a somewhat more pure 

cardiomyocyte population than our differentiated CMs.   
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