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Abstract
Background—Network analysis techniques allow a more accurate reflection of underlying
systems biology to be realized than traditional unidimensional molecular biology approaches.
Here, using gene coexpression network analysis, we define the gene expression network topology
of cardiac hypertrophy and failure and the extent of recapitulation of fetal gene expression
programs in failing and hypertrophied adult myocardium.

Methods and Results—We assembled all myocardial transcript data in the Gene Expression
Omnibus (n = 1617). Since hierarchical analysis revealed species had primacy over disease
clustering, we focused this analysis on the most complete (murine) dataset (n = 478). Using gene
coexpression network analysis, we derived functional modules, regulatory mediators and higher
order topological relationships between genes and identified 50 gene co-expression modules in
developing myocardium that were not present in normal adult tissue. We found that known gene
expression markers of myocardial adaptation were members of upregulated modules but not hub
genes. We identified ZIC2 as a novel transcription factor associated with coexpression modules
common to developing and failing myocardium. Of 50 fetal gene co-expression modules, three
(6%) were reproduced in hypertrophied myocardium and seven (14%) were reproduced in failing
myocardium. One fetal module was common to both failing and hypertrophied myocardium.

Conclusions—Network modeling allows systems analysis of cardiovascular development and
disease. While we did not find evidence for a global coordinated program of fetal gene expression
in adult myocardial adaptation, our analysis revealed specific gene expression modules active
during both development and disease and specific candidates for their regulation.
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Despite advances in diagnosis and management, the clinical syndrome of heart failure
remains a leading cause of hospitalization and death in developed countries with a worse
five year prognosis than most cancers1. Disparate mechanisms of cardiac stress invoke a
common pathway of adaptive myocyte hypertrophy which progresses to impaired systolic
function and dilated, thinned myocardium. Expression of several genes is known to differ
reproducibly between normal adult myocardium and failing and hypertrophied myocardium.
Some of these differentially expressed genes, such as cardiac muscle alpha-myosin heavy
chain 6 (MYH6) and cardiac muscle beta-myosin heavy chain 7 (MYH7), comprise the
contractile apparatus of the sarcomere. Others, such as sarcoplasmic reticulum calcium
ATPase 2 (ATP2A2), phospholamban (PLN), and solute carrier family 2, facilitated glucose
transporter member 4 (SLC2A4), are principally involved in myocardial calcium cycling and
energetics2–7. It has thus been proposed that myocardial adaptation involves myosin switch
and a switch from fatty acid oxidation to glycolysis as the main metabolic pathway of the
cardiomyocyte. Similar differential gene expression has been observed in fetal myocardium,
leading to a hypothesis that there is a coordinated gene program that overlaps between fetal
and failing and hypertrophied myocardium5. It is, however, unclear whether such changes
represent a truly coordinated biological response mediated by common regulators.

The incomplete understanding of these shared genomic response pathways is largely due to
statistical and computational limitations inherent to traditional differential expression
experiments, in which the expression of a pre-defined set of genes is compared between two
different phenotypes. These limitations have been compounded by small sample sizes in
previous microarray experiments and have precluded prior unbiased genome-wide
evaluation of this hypothesis. Network based approaches can be used to identify patterns of
shared gene expression, regulation, or protein interaction while limiting the number of
statistical comparisons and thus the false discovery rate8, 9. We have previously used
literature derived networks to reveal potential targets for abrogation of restenotic
atherosclerotic coronary artery disease and in doing so recapitulated targets of known
therapeutic agents. Other investigators have used gene coxpression analysis to uncover
novel pathways regulated by disease susceptibility genes10. Candidate causal gene
relationships have subsequently been validated with high fidelity in transgenic and gene
knock-down experiments11, 12.

In this study we used unbiased marginal module analysis of gene coexpression networks13
from all murine myocardial transcript abundance data available in the published literature to
formally evaluate the hypotheses that there are gene programs unique to fetal myocardium
and these gene programs are re-capitulated in myocardial adaptation.

Methods
Data acquisition and normalization

The Gene Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/) is a publicly
available repository of all microarray data that are presented in the published literature. This
database was queried using the terms heart, myocardium, and cardiovascular to obtain all
datasets describing microarray experiments involving myocardial tissue (n = 2546). Because
absolute expression data is required for weighted gene coexpression network analysis, log
transformed dual dye datasets were excluded (n = 43). Of these datasets, 1617 contained
information regarding experimental conditions, species and a phenotype identifiable as
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developmental (fetal or post natal days 0 to 10 without experimental manipulation of
myocardium), normal adult (adult tissue with no experimental manipulation of
myocardium), hypertrophy (histologically or anatomically identifiable cardiac hypertrophy),
or heart failure (clinical syndrome of heart failure and impaired cardiac systolic and/or
diastolic dysfunction). Data combination and normalization was performed as described in
the Supplementary methods to allow comparison of gene expression data between different
platforms and experimental conditions. Summary statistics showing minimization of bias
with this method of normalization are provided in Supplementary Figure 1. As shown in
Supplementary Figure 2, gene array experiments clustered by species, suggesting a species
dependency for gene coexpression. Therefore, we focused our analysis on the species with
the most complete dataset, choosing the 757 arrays performed in mouse myocardium. An
additional 255 experiments involved transgenic deletion, insertion, or mutation of genes
important to myocardial function and/or myocardial gene expression and were thus
excluded. As physiological hypertrophy is a state distinct from pathological hypertrophy that
does not progress to heart failure, 24 datasets describing physiological hypertrophy induced
by chronic exercise were excluded (Figure 1). The final dataset contained 12,620 genes
represented in 478 samples.

Weighted gene coexpression network analysis
Weighted gene coexpression network analysis was performed to identify gene coexpression
modules, that is, groups of genes with similar patterns of expression across experimental
samples14. Gene coexpression networks are defined in this work as a weighted graph in
which genes are represented as vertices and connections strengths, or adjacencies, are
represented as edges between vertices. We first identified these gene modules in fetal
myocardial tissue and then evaluated their reproducibility in normal adult, hypertrophied,
and failing myocardial tissue samples. We derived gene modules in a training set of 43
randomly chosen fetal samples (67% of all fetal samples). The remaining 21 fetal samples
used for module validation were not used for this initial module identification. To carry out
module detection we used agglomerative hierarchical clustering of adjacencies given by the
topological overlap measure. The topological overlap measure is a network adjacency based
on shared network neighbors, which is in turn based on weighted Pearson correlation
between gene expression profiles as described in the Supplement. This network adjacency is
robust to noise and amplifies connectivity patterns in sparse networks.15 Separate
adjacencies were constructed for each phenotype considered. To cut branches of the tree into
gene modules, we used the dynamic tree cut algorithm which iteratively searches for stable
branch size and chooses clusters based on the shape of each tree branch16. This algorithm
allows manipulation of several parameters controlling resultant cluster size and
cohesiveness; sensitivity analysis as described in the Supplement was performed for each of
these parameters. The modules from the fetal network were then carried forward for all
subsequent analysis. Intramodular connectivity kin was defined for each gene as the sum of
adjacencies with all other genes in the module to which it was assigned. A hub gene was
then identified for each module as the gene with the single greatest kin. We further assessed
module composition according to defined gene ontologies (GO) using the DAVID analysis
tool17,18. All p values reported for GO analysis were corrected for multiple comparisons
using the Benjamini correction and both corrected and uncorrected p values are reported.
Networks were visualized using the visANT network visualization tool19.

Evaluating reproducibility of gene modules
To evaluate reproducibility of modules between networks, we calculated the extent of
intramodular connectivity preservation. To this end we calculated for each module the
correlation Mpres=cor(kl,km) between intramodular connectivity vectors kl and km. These
vectors described intramodular connectivities kin for genes within each module across two
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networks Nl and Nm The closer Mpres is to 1, the better preserved is the module structure
across networks Nl and Nm. An iterative significance test was used to assign a p value to this
measure of module reproducibility between networks Nl and Nm. The null hypothesis for this
significance test was that derived modules were preserved between networks Nl and Nm no
better than modules derived from random clustering. To evaluate this hypothesis, gene
module identifiers were randomly permuted such that gene modules of the same size but
random gene composition were generated. Ten thousand such permutations were performed
and Mrand, the module preservation of each random module assignment, was calculated for
each permutation. The probability of the null hypothesis p was then calculated as the
proportion of permutations in which the preservation of random modules between networks
Nl and Nm was greater than that of derived modules (Mrand > Mpres). This significance test
was used for module internal validation and evaluation of fetal module reproducibility in
adult normal, failing, and hypertrophied myocardial tissue.

Cluster validation
Clusters were first internally validated in 21 samples not used for module derivation. To
prevent spurious inference of association from repeated sampling across the set of gene
modules, the Bonferroni correction was employed in each comparison to determine
significance of p values derived via permutation derived significance testing described
above. Thus, module internal validity was inferred from a p value of less than 5.5 × 10−4 for
90 comparisons.

Conservation of fetal modules in normal adults, heart failure, and hypertrophy
Random permutation was again used to assess the reproducibility of fetal modules in normal
adult datasets. Modules with p > 6.9× 10−4 (corrected for 72 comparisons) were defined as
specific to fetal tissue. To identify additional modules with conserved topology but
significant differential expression between fetal and normal adult myocardium, we used
significance analysis of microarrays to evaluate gene-wise differential expression between
fetal and normal adult myocardium.20 A d-score was assigned to each gene that quantified
the significance of its differential expression between phenotypes. For each module, an
average d score was calculated by dividing this aggregate d score by the number of genes in
the module. A p value was assigned to this average d score via a permutation-derived
significance test. The p value for each average modular d score was given by the proportion
of ten thousand permutations in which random gene modules of the same size were
associated with a greater average d score than derived clusters. Significant modular
differential expression was inferred from p < 0.002 (corrected for 26 comparisons). This set
of modules together with the set of modules with topology specific to fetal tissue was thus
defined as the “fetal gene program” and evaluated further for reproducibility in
hypertrophied and failing myocardial tissue using the iterative module reproducibility
algorithm described above. Fetal module reproducibility in heart failure and hypertrophy
was inferred from a p value of 0.001 for 50 comparisons.

Transcription factor analysis
We next analyzed gene coexpression modules for over-representation of known
transcription factor targets. Each gene g was linked to a transcription factor if it was
identified as a target of that transcription factor as described in the Supplementary methods.
For each transcription factor t in each co-expression module, we tested the hypothesis that
transcription factor t was over-represented in the list of genes comprising the module when
compared to what was expected by chance alone. This association was measured using the
hypergeometric distribution as the probability of observing k or more genes targeted by t
transcription factors in the set of n genes, when there are K genes targeted by transcription
factor t in the whole set of N genes. Given that 56 total transcription factors were analyzed
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in the module shared between fetal and hypertrophied and failing myocardium, significance
of association was inferred from a p value less than 9 × 10−24.

Module membership of key genes and higher order topology of fetal gene transcriptome
To summarize the scaled gene expression profiles modules, we used the first singular vector
(referred to as the module eigengene) that resulted from singular value decomposition. The
module eigengene is equivalent to the first principal component and explains the largest
proportion of the variance of the module genes. Based on the correlations between the
module eigengenes of different modules, we constructed an eigengene network that can be
used to assess higher order topology of gene coexpression21. In this way the gene
coexpression network was reduced from thousands of genes to several representative
eigengenes that in turn form nodes in a meta-network describing higher-order topology of
the transcriptome. Similar eigengenes were calculated for modules in hypertrophied and
failing myocardium. To evaluate higher-order reproducibility of fetal gene modules in
myocardial adaptation, an adjacency matrix was calculated for eigengene networks in each
phenotype considered via the Pearson correlation between eigengenes across all microarrays
representing each phenotype. Preservation of inter-modular connections was then assessed
via the preservation density, which was calculated as follows:

(3)

Where D is the preservation density,  and  are adjacencies for each phenotype, and n is
the total number of genes. The closer the preservation density is to 1, the stronger the
evidence that the connectivity pattern is preserved between the two networks.

A measure of module membership kMEi=cor(xi, ME) can be defined as the correlation
between expression profile of gene i and the module eigengene. The closer the absolute
value of kMEi is to 1, the stronger the evidence that the gene belongs to the module
represented by the module eigengene22. Therefore, marker genes not assigned to fetal
modules (MYH6, PLN) were re-assigned to the module with highest kME. Module
membership of other marker genes (NPPA, MYH7, SLC2A4) was simply the module
assignment of each respective gene as given by the algorithm described previously.

Results
Network topology can be defined for large datasets of myocardial gene expression data

We first defined fetal gene programs as modules of gene co-expression specific to fetal
myocardial tissue. To this end, we constructed weighted gene co-expression networks for
fetal myocardial tissue using every murine transcript abundance dataset available in the
Gene Expression Omnibus (GEO) database. Our data search strategy and summary of
experimental conditions is presented in Figure 1. Modules were internally validated using a
data-splitting technique in which 43 (67%) samples were used as a training set and 21 (33%)
samples were used to validate the derived modules. In the training set, hierarchical
clustering of the topological overlap matrix identified 90 modules composed of between 25
and 1309 genes. A summary of analyzed genes and modules is presented in the Supplement.
The preservation of all gene-gene connections between training and validation datasets as
defined by the preservation density was 94%. Of the 90 original modules, 72 had network
topology that was significantly preserved in the validation set (p < 5.5 × 10−4 for
reproducibility) and were carried forward for all subsequent analysis.
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Gene expression in the developing heart involves modules not conserved in normal adults
Because there are modules of gene expression that represent constitutive genetic programs
of cardiac tissue, we next identified the subset of these validated modules that were not
reproduced in normal adult myocardium (n = 273 samples). Of the 72 valid modules
identified in fetal myocardium, 26 were also found in normal myocardium (p < 6.9× 10−4

for reproducibility between fetal and normal datasets, Figure 2). Four of these 26 modules
were reproduced in adult myocardium but also exhibited significant differential expression
(p value for average differential expression < 0.002) as a module. Thus, 50 modules of
between 25 and 914 genes were found to comprise the gene expression program of the
developing heart.

Known marker genes for heart failure are members but not hubs of conserved modules
We next examined the composition of these conserved modules using annotated gene
ontologies. Topology of gene modules containing key marker genes is described in
Supplementary Figure 7. Matching expected results, MYH7 and NPPA were members of a
module up-regulated in fetal tissue compared to normal tissue (156 members, average d
score 4.66). SLC2A4 was a member of a module down-regulated in fetal compared to
normal tissue (64 members, average d score −4.95). Though not contained in modules
specific to fetal cardiac tissue, MYH6 and PLN expression most closely aligned with
members of a module down-regulated in fetal compared to normal tissue (90 members,
average d score −1.6).

Limited recapitulation of fetal modules in failing myocardium
We next evaluated the hypothesis that fetal gene modules are re-capitulated in failing (n=41
samples) and pathologically hypertrophied myocardial tissue (n = 100 samples). These data
are summarized in Figure 3 and in tabular form in the Supplement. Seven (14%) of 50 fetal
gene modules were reproduced in failing myocardium with p < 0.001. Three (6%) of 50 fetal
gene modules were significantly reproduced in pathological hypertrophy. One module
(Figure 4) composed of 246 genes was reproduced in both failing and hypertrophied
myocardium. The hub gene for this module, dihydroepiandrosterone sulfotransferase
(SULT2A1) encodes an enzyme with high levels of expression in heart, adrenal glands, and
liver and catalyzes the conjugation of steroids and bile acids23, 24.

Transcription factors are significantly over-represented in discovered modules
We next analyzed over-representation of transcription factor targets in each module. Targets
of the transcription factor zinc finger protein 2 (ZIC2, product of gene ZIC2) were
significantly over-represented in the fetal module common to both failing and hypertrophied
myocardium (p = 3 × 10−4) after correcting for multiple comparisons. Fetal modules
reproduced in heart failure were enriched in targets of transcription factor HOXA5 (p = 3 ×
10−5) and fetal modules reproduced in hypertrophy were enriched in targets of the
transcription factor FOXN1 (p = 4 × 10−4).

Ontology analysis reveals key role of metabolic processes in fetal and failing myocardium
Common biological process pathways were found among fetal and failing myocardium. In
the fetal module reproduced in heart failure and cardiac hypertrophy, proteasomal protein
catabolic processes (p = 5.9 × 10−5, corrected p = 0.085) and protein catabolic processes (p
= 4.2 × 10−4, corrected p = 0.085) were overrepresented. Other biological processes
overrepresented in gene modules common to developing and failing myocardium (n = 7)
were cytoskeleton organization and biogenesis (corrected p =8.5 × 10−3) and fatty acid
oxidation (corrected p =9.2 × 10−3). Fetal modules recapitulated in hypertrophy (n = 3) were
enriched in genes involved in membrane lipid metabolic processes (corrected p =0.02).
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Other fetal modules with significant enrichment for biological processes were involved in
stress response, nervous system development, biopolymer metabolism, and innate and
humoral immunity (corrected p < 0.05).

Higher order topological overlap is poorly preserved between fetal and failing myocardium
Eigengene networks reveal connectivity patterns between modules, i.e. they allow one to
study higher order topology of the transcriptome and relationships between biological
pathways represented in each gene module. Derived eigengenes explained between 32% and
67% of the variance in gene expression for each module. Preservation of higher order
topology of the module network is presented in Figure 5 in both graphical form and as
cluster dendrograms. The preservation of fetal inter-modular connections in failing and
hypertrophied myocardial tissue was low (52% and 58%, respectively).

Discussion
In this study, we applied network analysis tools to the largest dataset of myocardial
transcriptomic data assembled to date. We identified and validated modular sets of genes
with a high degree of coexpression in developing myocardial tissue and tested their
conservation across different pathological states. Specially, we addressed the question of
whether a coordinated fetal gene expression program is recapitulated in heart failure and
hypertrophy.

In traditional differential gene expression analysis, investigators have applied statistical tools
that were developed for evaluation of associations between a small number of predictors
(i.e., clinical characteristics or medical interventions) and a large number of outcomes (i.e.,
mortality). However, these analytical approaches are often inadequate to describe the
associations between the large number of gene expression signatures and relatively small
number of phenotype experiments in genome-wide expression studies. Identification of a
relatively small number of modules and subsequent module-wise, rather than gene-wise,
analysis yields a lower false discovery rate than would be expected with more traditional
analyses. Modular gene expression analysis also facilitated evaluation of higher-order
topology of the transcriptome and associated transcriptional regulators in heart failure and
developing myocardium.

Using these analytical tools, we found that a significant proportion of modular gene
programs are either unique to fetal cardiac tissue or present but differentially expressed in
normal adult myocardium. Analysis of the composition of these fetal gene modules
corroborated prior evidence of differences in myocardial energetic pathways and sarcomeric
composition between fetal and normal adult myocardium2–5. Furthermore, we identified
fetal modules involved in membrane lipid metabolism, nervous system development, and
innate and humoral immunity whose importance to developing myocardium, if confirmed in
experimental model systems, enriches our understanding of myocardial development.

We also found that key fetal pathways of myocardial energetics previously demonstrated to
be recapitulated in myocardial adaptation25 were represented in gene modules that were
preserved between fetal and failing and hypertrophied myocardium. Novel pathways that
were shared between developing and failing/hypertrophied myocardium were also identified
in our analysis and may represent key stress response pathways important to both the fetal
circulation and myocardial adaptation. It is yet unclear which of these pathways may
represent maladaptive cardiovascular stress responses.

Surprisingly this set of recapitulated modules represented a small proportion of the
identified fetal gene program and there was little overlap between fetal modules
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recapitulated in heart failure and those recapitulated in cardiac hypertrophy. These findings
have important implications for the understanding of myocardial adaptation to injury. The
hypothesis that a coordinated program of developmental gene expression is recapitulated in
myocardial adaptation is widely accepted5, 7, 26. However, our results suggest that this
model of myocardial adaptation is inadequate to describe the genomic response to
myocardial stress. Instead, the spectrum of myocardial adaptation in which compensatory
hypertrophy progresses to myocardial failure appears to involve diverse and plastic
pathways of genomic response which are not easily distilled to one coordinated program of
fetal gene expression. Furthermore, we found that the higher order organization of genomic
response, represented by connections between modules of shared gene expression, was
equally disparate between developing, failing and hypertrophied myocardium.

Several regulators of expression, including transcriptional activators and repressors, histone
deacetylases, and microRNAs, have been shown to modulate transcription and translation of
portions of the gene expression program of the developing heart27–30 and heart failure and
hypertrophy31. Here we identified a novel association of the transcription factor ZIC2 with
gene coexpression modules common to myocardial development and adult myocardial
adapation. Loss of function mutations in this transcription factor are associated with a defect
of forebrain development, holoprosencephaly, complex skeletal defects and congenital heart
disease32. Modules common to developing and failing myocardium were enriched in targets
of HOXA5, a transcription factor with known roles in lung development in mammals33, 34
and apoptotic heart morphogenesis in amphibians35. Targets of the transcription factor
FOXN1, which is known to be involved in thymic development and lymphocyte regulation,
were found in modules shared between developing and hypertrophied myocardium36. This
transcription factor is involved in cardiomyocte-rich embryoid body development in
pharyngeal endoderm37 and other members of the forkhead box transcription factor family
have been implicated in human and murine heart failure38. In this study we present evidence
of the role of these transcription factors in modulation of the gene programs common to
developing myocardium and myocardial adaptation. With experimental confirmation of the
role of these transcription factors in modulation of gene expression programs of the
developing heart and identification of additional common transcription factor and
microRNA targets, it may be possible to identify regulators of fetal gene networks that allow
for manipulation of maladaptive portions of the program.

Limitations
Our study has limitations. We evaluated myocardial expression data from disparate sources
which utilized different experimental model systems and different tissue preparation,
transcript isolation, and microarray techniques. However, this is also a strength of our study.
It is unlikely that a single model from one laboratory adequately captures the diversity of
disease. By concentrating on the findings common to many different models and techniques
from many different laboratories, we are able to focus our attention on the most robust
changes common to all. Further, normalization minimized between-array differences, while
a module identification technique robust to noise was used with an iterative approach to
validate modules.

Due to inadequate data from human samples, we concentrated this analysis on murine
experimental models. As such, the generalizability of these findings to human samples
remains to be demonstrated. Recent data has emphasized the importance of microRNA
control of gene expression for heart failure31, 39. Our analysis did not address the potential
regulatory role of these RNAs40.
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Conclusion
In conclusion, we describe the gene expression topology of the developing and diseased
heart. We identify key transcriptional regulators of the fetal gene expression program and
apply novel module conservation algorithms to address the question of the recapitulation of
fetal gene markers and gene networks in heart failure and hypertrophy. While marker genes
are clearly upregulated in gene networks common to developing and diseased myocardium,
they are not found to be the most highly connected genes. In addition, limited evidence was
found for a coordinated recapitulation of gene expression programs found in the developing
heart that is recapitulated in myocardial adaptation.

CLINICAL SUMMARY

High-throughput techniques allow insight into differential regulation of genes in diverse
disease states. Investigation of higher order interactions between genes in networks
provides a rich context for exploring fundamental biological questions. Here, using
advanced statistical methods for network analysis of the largest collection of myocardial
gene expression data assembled to date, we test a fundamental hypothesis in
cardiovascular biology, namely, whether a fetal gene expression program is recapitulated
in the failing and hypertrophied adult heart. In doing so, we identified networks of genes
in developing, failing, and hypertrophied myocardium that may be important to both the
developing and failing heart. Limited evidence was found for a single, coordinated
program of gene expression shared between the developing and failing heart. However,
the definition of higher order organization of the myocardial transcriptome and novel
potential transcriptional regulators enriches our understanding of the genomic basis of
myocardial development and disease, and may someday lead to therapeutic interventions
targeting maladaptive cardiac stress responses.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Myocardial gene microarray expression data used in analysis. All murine microarray data
from the Gene Expression Omnibus (GEO) database were queried with the search terms
heart, myocardium, and cardiovascular.
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Figure 2.
Identification of gene coexpression modules specific to fetal tissue. Gene-gene adjacencies
were first defined by the topological overlap, which quantifies the degree of shared network
neighbors given by gene-wise Pearson correlation. Hierarchical clustering of adjacencies
was first performed in the training dataset of 43 fetal samples and resulting coexpression
modules were evaluated for significant reproducibility in the validation dataset of 21 fetal
samples. The seventy-two valid fetal modules were evaluated for reproducibility in normal
adult myocardium as well as differential expression. A.) Cluster dendrogram and barplot
describing module membership (according to clusters derived in the training fetal dataset)
for normal adult myocardium. B.) Reproducibility of valid fetal modules in normal adult
myocardium. Colors below the bargraph correspond to the module membership. Red line
indicates cutoff for statistical significance (p < 6.9× 10−4 or − log(p value) > 3.16). Modules
below this cutoff were defined as having topology specific to fetal myocardium and defined
as fetal modules. C.) Heatmap of average expression of each module in fetal and normal
adult myocardium. Colors above the heatmaps correspond to module membership. D.)
Average significance level of differential expression (average Significance Analysis of
Microarrays d score) for each module. Negative values correspond to lower expression
levels in normal than fetal myocardium.
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Figure 3.
Reproducibility of developmental gene modules in heart failure and cardiac hypertrophy.
The modules unique to fetal myocardium were evaluated for reproducibility in heart failure
and cardiac hypertrophy. Cluster dendrograms and barplots describe module membership
(according to clusters derived in the training fetal dataset) for A.) myocardium in murine
heart failure and B.) myocardium in murine cardiac hypertrophy. Bargraphs describe
significance of module reproducibility in C.) heart failure and D.) cardiac hypertrophy.
Colors below the bargraphs correspond to the module membership. Red line indicates cutoff
for statistical significance (p < 0.001 or − log(p value) > 3). E.) Proportion of fetal gene
modules recapitulated in heart failure only, cardiac hypertrophy only, both, or neither.
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Figure 4.
Topology of gene coexpression module common to developing myocardium and
hypertrophied and failing myocardium. The hub gene is colored red and all nodes are
colored green. Only edges with adjacency weight > 0.7 are shown for clarity. The proximity
of each gene to the center of the figure indicates its connectivity, or sum of connection
weights. Genes with connectivity < 50 are omitted for clarity.
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Figure 5.
Reproducibility of higher-order network topology between fetal myocardium and
myocardium in murine heart failure and cardiac hypertrophy. Singular value decomposition
was used to generate a representative eigengene for each fetal module that described most of
the variance in modular gene expression. Hierarchical clustering of eigengenes was then
used to identify inter-modular connections. Heatmaps describe the correlation between
eigengenes and the dendrograms represent clustering of module eigengenes in A.) fetal
myocardium, B.) myocardium in murine heart failure, and C.) myocardium in cardiac
hypertrophy. Colors to the left and top of each heatmap correspond to each module and the
color of each block represents the pairwise correlation between eigengene expression across
all experiments (thus the line of identity has correlation = 1 for all modules). The color bar
at bottom maps colors to eigengene identifiers (i.e., 1 = ME1). Graphical representation of
eigengene networks is represented for fetal myocardium in D.), heart failure in E.), and
cardiac hypertrophy in F.). Nodes colored red were reproduced in both heart failure and
cardiac hypertrophy, nodes colored yellow were reproduced in heart failure only and those
colored blue were reproduced in hypertrophy only. Values given for preservation refer to
preservation of fetal inter-modular connections in heart failure and cardiac hypertrophy.
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