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Data Set Validation

Clustering Results

Mammalian heart development is regulated by an evolutionarily conserved genetic network that has
been defined from numerous studies of model organisms and the genetic investigation of human
congenital heart defects. Significant advancements in pluripotent stem cell technology have
established new in vitro experimental systems allowing for the investigation of complex
developmental mechanisms within a single tissue culture dish. An impressive procedure has been
developed that utilizes modulation of the Wnt signaling pathways using small molecules to robustly
and efficiently differentiate human pluripotent stem cells (hPSCs) into cardiomyocytes in a manner
that recapitulates early embryonic heart development (Figure 1). Although this procedure allows for
the rapid experimental study of cardiomyocyte differentiation in a tissue culture dish, a gene
expression comparison of in vitro and in vivo cardiomyocyte differentiation has yet to be performed.

To gain a deeper understanding of the differentiating cardiomyocyte gene expression profile and aid
our future studies of important cardiac regulatory genes, we have identified shared differentially
expressed genes between in vivo embryonic mouse heart development and in vitro cardiomyocyte
differentiation of human pluripotent stem cells from two previously published data sets. Li et al.
(2014) completed expression microarray analysis at several important developmental time points of
the embryonic mouse heart mouse to the adult heart and included important developmental samples
including embryonic stem cells (IMESCs) and the embryonic day (E) 7.5 embryo (Figure 1) . Liu et
al. (2017) performed RNA seq expression analysis of in vitro differentiation of human embryonic
stem cell (hESCs) into cardiomyocytes with data taken at time points given in Figure 2.

Our in-house differential gene expression analysis tool, CarDGEA, was utilized to

complete the analysis of several time points.

Our first task was to investigate the

robustness of the gene expression microarray and RNA-seq data sets that describe both

in vivo and in vitro differentiation.

Several differential gene expression contrasts (P <

0.01, fold-change > 2.0) were completed that investigated unique developmental
expression utilizing several “developmental marker” genes that characterize: pluripotency,

mesoderm, cardiac progenitors, and differentiated cardiomyocytes (Figure 3).

Our

analysis of these developmental markers verifies the integrity of the data sets: the
majority of developmental gene validators are upregulated and demonstrate their highest
(“Peak”™) expression at the appropriate time points in the embryonic mouse and human
differentiation data sets.
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Figure 1. Embryonic Mouse Heart Atlas. The Li et al. gene expression microarray data set
investigates several important development stages from the early developing embryo (mESC, E7.5
embryo), early developing embryonic heart, and adult heart. Adapted from X, Li et al. (2014).

Adult
heart

NN \® P A‘
e le, i A %‘
1 an ) - = - P , ?’_
Time 0 2 4 7 30
(days)

hiPSCs/hESCs Mesoderm Cardiac Mesoderm

4§ & &

RNA-seq RNA-seq RNA-seq

Beating Cardiomyocytes

$

RNA-seq

Figure 2. In vitro cardiomyocyte differentiation using human pluripotent stem cells (hiPSCs).
The Liu et al. RNA seq data set investigates important time points in the cardiomyocyte

differentiation of human induced and embryonic stem cells (hiPSCs and ESCs). Samples were
taken at days 0, 2, 4, and 30, with expression measured using RNA seq data from each sample.

Methods

Mouse Embryonic Heart Data Set Human Cardiomyocyte Differentiation Set
Stages Gene Symbol Significantly First Timepoint Peak | Significantly First Timepoint Peak.
Upregulated? Upregulated Upregulation Upregulated? Upregulated Expression

NANOG Yes mESC mESC Yes Day 0 Day 0

Pluripotent POU5F1 Yes mESC mESC Yes Day 0 Day 0
SOX4 No No

MESP1 Yes E7.5 Embryo E7.5 embryo Yes Day 2 Day 4

Mesoderm MIXL1 Yes mESC mESC Yes Day 2 Day 2

TBXT Yes mESC mESC Yes Day 2 Day 2
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Figure 4. Early embryonic development
cardiovascular genes

Top 5 significant Gene Ontology

Cluster Terms for Biological Process identified by Gene
Ontology Terms
Embryo development GO:0009790
1 Regionalization G0:0003002
Pattern specification process GO:0007389 Tbx6, WntA
Animal organ development GO:0048513
Anterior/posterior pattern specification G0O:0009952
None None

Epithelium development GO:0060429
3 Tissue morphogenesis G0:0048729
Tissue development G0O:0009888
Morphogenesis of an epithelium GO:0002009
Epithelial tube morphogenesis GO0:0060562

Mitotic cell cycle process GO:1903047
4 Cell cycle G1/S phase transition G0:0044843
Cellular aromatic compound metabolic process

CXCR4, TBX3, MESP1

CAD, OLFM1, TP53
GO0:0006725
Organic cyclic compound metabolic process GO0:1901360
G1/S transition of mitotic cell cycle G0O:0000082

FZD7, FGFR1, CACNGS8
None
Multicellular organism development GO:0007275
6 Developmental process G0O:0032502 STIL, LEFTY1, FGF19
Anatomical structure development G0:0048856
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Figure 4. Early embryonic development gene expression signature shared between early stages of
early mouse embryo development and in vitro cardiomyocyte differentiation. A total of 180 genes were
found to be both (a) upregulated in the E7.5 mouse embryo compared to mESCs and heart samples (b)
upregulated within cardiomyocyte-differentiation day 2 compared to other time points and (c) not significantly
upregulated in later mouse embryo heart development and cardiomyocyte-differentiation (with all comparisons
taken with P value < 0.01 and log-fold-change > 2.0). These possible early embryonic development genes
were clustered using PAM clustering, with clusters exhibiting interesting patterns worthy of further study.

Mouse Embryonic Heart Data Set Human Cardiomyocyte Differentiation Data Set
Stages Gene Symbol Significantly First Timepoint Pea k. Significantly First Timepoint Pea k.
Upregulated? Upregulated Expression Upregulated? Upregulated Expression
HCN4 No Yes Day 30 Day 30
ISL1 Yes E7.5 Embryo E8.5 Heart Tube Yes Day 4 Day 4
Cardiac KDR Yes E7.5 Embryo Adult Heart Yes Day 4 Day 4
Progenitor /
Cardiac NKX2-5 Yes E8.5 Heart tube | E8.5 Heart Tube Yes Day 4 Day 30
Mesoderm PDGFRA Yes E7.5 Embryo E12.5 Heart Yes Day 2 Day 4
TBX5 Yes E8.5 Heart tube | E8.5 Heart Tube Yes Day 4 Day 30
ISL1 Yes E7.5 Embryo E8.5 Heart Tube Yes Day 4 Day 4
MYH6 Yes E8.5 Heart tube Adult Heart Yes Day 4 Day 30
MYH?7 Yes mESC E12.5 Heart Yes Day 4 Day 30
NKX2-5 Yes E8.5 Heart tube | E8.5 Heart Tube Yes Day 30 Day 30
Cardiomyocyte NPPA Yes E8.5 Heart tube E12.5 Heart No
RYR2 Yes E8.5 Heart tube Adult Heart Yes Day 2 Day 30
SHOX2 Yes E8.5 Heart tube E12.5 Heart Yes Day 2 Day 2
TNNT2 Yes E7.5 Embryo Adult Heart No

Research Aim A survey of the literature (Spater et al. 2014) suggests a list of genes to look for at
key time points in embryonic heart development in vivo and during cardiomyocyte differentiation in
vitro. Figure 3 lists key stages in heart development and cardiomyocyte differentiation along with
genes that are expected to be up-regulated at each stage. One of our main research aims is to
determine whether these genes are indeed upregulated in the Li et al. and Liu et al. datasets.

Data Preparation Microarray expression data from Li et al. was downloaded from the Gene
Expression Omnibus (GEO id GSE51483) for analysis. For the Liu et al. data, raw Fastqg RNA seq
files were downloaded from the Sequence Read Archive (SRA id SRP081103). Raw Fastq data files

were trimmed for quality and adapter trimming using Cutadapt version 2.3, checked for quality using
FastQC version v0.11.8, aligned to human reference genome GRCh38.p12 using HISAT2 version

2.1.0, files converted using SAMtools version 1.9, and counts per gene computed using htseqg-count
from HTSeq version 0.11.2.

Differential Expression Microarray expression values from the Li et al. dataset and gene counts
from the Liu et al. dataset were imported into the CarDGEA (Cardiac Development Gene Expression

Analysis) R programming app that has been developed at ISU. CarDGEA was used to convert the
counts from the Liu et al. dataset into log2 expression values and to perform statistical differential
expression analysis for all genes in both datasets.

Figure 3. Gene expression analysis of developmental markers. CarDGEA was used to
validate the expression of developmental markers at their appropriate stage or time point in
both the Li et al. mouse embryonic heart data set and the Liu et al. cardiomyocyte
differentiation using hPSC data set. Multiple contrasts were completed between time points
identifying significantly upregulated genes that met the following criteria: P value < 0.01 and
fold change > 2.0. Genes meeting or exceeding this criteria are denoted “Yes.” Next, the
developmental stage or differentiation time point that first meets the criteria and exceeded
the criteria is identified. Note that many of the developmental markers correctly correspond
between the in vivo and in vitro data (e.g. mesodermal genes are highest in the mESC or
E7.5 mouse embryo and are upregulated at Day 2 in differentiating hPSCs).
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Figure 5. Genes selected which were upregulated in both (a) early mouse heart, (b) day 4 or day 30

cardiomyocyte-differentiation, resulting in 951 genes. Clustering performed using PAM clustering.
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