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Background 
 
Dilated cardiomyopathy (DCM) is a leading cause of heart failure (HF) and cardiac 
transplantations in Western countries (Barth et al., 2006, AHA, 2007). Gene 
expression studies have applied different methodologies to gain insights into the 
aetiology of this disease (King et al., 2005; Barth et al., 2006; Wittchen et al., 2007). 
However, it remains uncertain whether the integration of those independent data sets 
may improve systems-level knowledge and support potential clinical applications. 
Moreover, there are concerns in connection to the reproducibility of prediction results.  
The main hypothesis of this study is that the integration of publicly available data and 
information sources (Bijnens et al., 2006), may support the identification of 
potentially relevant, reproducible disease biomarkers. This study identified disease 
signature genes by analysing the expression profile of human DCM and non-DCM 
samples derived from different studies. First, two heterogeneous, lab-independent data 
sets with DCM and non-DCM samples were integrated. Second, gene expression 
analyses identified significantly differentiated genes among the two classes. Third, the 
Nearest Shrunken Centroid algorithm identified class-distinguishing genes, whose 
expression profiles can be used to identify DCM samples automatically. Results 
regarding the class-distinguishing genes and the differentially expressed genes’ 
expression profiles were analysed in a third, independent data set. To analyse 
significant biological responses and relationships, class- distinguishing genes and 
differentially expressed genes, as well as their corresponding associated KEGG and 
Reactome pathways were mapped onto a Protein-Protein Interaction (PPI) network. 
This network, which is one of the by-products of this research, represents a global 
human heart failure survey of PPIs obtained from the Human Protein Reference 
Database (HPRD) (Peri et al., 2003). This sequence of analyses identified potentially 
novel DCM signature genes, whose class prediction results based on expression 
patterns could be replicated using an independent testing dataset. The integration of 
expression profiles and PPI network analysis identified genes that are involved in 
several biological pathways, which may be relevant to the disease evolution. This 
study demonstrates that the integration of microarray data and other sources of 
functional information may support the generation of testable hypotheses about 
potentially novel disease bio-markers and drug targets for DCM in humans.  
 
Results 
 
Gene expression analysis 
 
Three microarray data sets generated by independent studies in human heart failure 
were obtained from the GEO (Gene expression Omnibus), accession numbers 
GDS2205, GDS2206 and GSE2143. The latter (testing dataset) was used to reproduce 



prediction results obtained from the integration of the first two data sets. In GDS2206 
and GSE2143 there were 40 samples in total: 20 corresponding to Non-DCM and 20 
to DCM samples. After data transformation and normalisation, a total of 2482 probe 
sets were selected for further analyses. A first analysis phase applied the significance 
analysis of microarray method (SAM) (Tusher et al., 2001) to identify significantly 
differentiated genes between Non-DCM and DCM samples. This test identified 97 
significantly differentiated genes: 6 down-regulated and 91 up-regulated in DCM. Of 
them, genes AP3M2 (adaptor-related protein complex 3), EEF1A1 (eukaryotic 
translation elongation factor 1 alpha 1), LAMB1 (laminin, beta 1) and ODC1 
(ornithine decarboxylase 1) were also significantly differentiated when expression 
analyses were independently carried out on the data sets by the authors of the original 
studies (Barth et al., 2006). A second analysis phase applied Nearest Shrunken 
Centroid (Tibshirani et al., 2002) to identify class-distinguishing genes, whose 
expression patterns may be used to differentiate Non-DCM from DCM samples. This 
analysis identified 15 class-distinguishing genes, which provided the basis for overall 
classification accuracy equal to 90.0% (based on 10-fold cross-validation). The set of 
optimal inputs to this classifier comprised the following genes: HTRA1, LAPTM4B, 
ANAPC13, DLD, CSDE1, CAT, NPPA, SNX3, UBB, HSP90AB1, TAF7, CAP2, 
TMEM66, SKP1A and ODC1. These genes also ranked the highest in the SAM (FDR 
<0.001).  
 
In order to support the assessment of the potential biological relevance of these 
results, classification analyses were replicated, using the class-distinguishing genes 
previously identified, on an independent, testing data set. This analysis showed that 
class-distinguishing genes were also down-regulated in DCM. Genes LAPTM4B and 
NPPA were the highest ranked by SAM (FDR <0.001, folding change > 2). Figure 1 
depicts the class-distinguishing genes’ expression profiles observed in the testing data 
set. Expression profile corresponding to LAPTM4B is illustrated at the bottom of the 
graph.  
 

 
Figure 1 Expression values (Log2) of class-distinguishing genes as reproduced in testing data set. Graph depicts expression 
distribution of class- distinguishing genes across N-DCM and DCM samples.  
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Figure 2 PPI network composed of proteins encoded by significantly differentiated or class-distinguishing genes (green nodes), 
Protein interaction partners (teal nodes), KEGG pathways (dark blue nodes) and Reactome (purple nodes) pathways. Circles 
represent single proteins. Boxes represent functional pathways. (a) UBB PPI network (b) EEF1A1 PPI network. 
 
 
PPI network analysis 
 
The second part of the study analysed gene expression profiles in the context of a 
human HF-related PPI network. We applied a slightly similar approach as Lu et al. 
(2007), who analysed allergic response in experimental asthma by linking gene 
expression data versus the topology of a PPI network. The graphical representation of 
our DCM network (Fig. 2) depicts nodes (proteins) colour-coded as follows. Nodes in 
green encode significantly differentiated, which included class-distinguishing genes. 
Their interacting partner proteins were represented by nodes in teal. KEGG functional 
pathways were represented by boxes in dark blue. Reactome functional pathways 
were represented by boxes in purple. The PPI network analysis showed that nodes 
representing proteins encoded by class-distinguishing genes (e.g. DLD, CAT, UBB, 
HSP90AB1, TF7, SKP1A or NPPA) interact, directly or indirectly, with a number 



KEGG and Reactome pathways, which have been previously suggested as relevant 
processes in the development of human HF, e.g. MAPK signalling, apoptosis, p53-
Independent DNA Damage Response, p53-Independent G1/S DNA damage 
checkpoint pathways. To facilitate the interpretation of the map, nodes representing 
the proteins encoded by the class-distinguishing genes are depicted with a bigger size. 
A closer view of the region occupied by UBB (ubiquitin B) in this network is shown 
in Figure 2 (a). The topological analysis of the network identified highly connected (> 
30) nodes, some of which represented either significantly differentiated or class-
distinguishing genes. For example, genes such as EEF1A1 (65 connections), UBB (53 
connections) or SKP1A (32 connections) encode proteins that are strongly connected 
in the network. What is more, proteins encoded by these genes interacted with known 
HF-associated genes, such as TP53, AKT1 (this one is involved in more that 20 
functional pathways) and STAT3. Close-up views of the network region involving 
EEF1A1 is shown in Figure 2 (b). Regarding the gene LAPTM4B, neither interacting 
partner proteins nor functional pathways were found to be associated with the protein 
encoded by this gene. However, according to Entrez, LAPTM4B has an active role in 
disease progression of malignant cells and is involved in cell proliferation and multi-
drug resistance. Thus, the functional roles of this gene and its association with the 
development of HF motivate further experimental analyses. 
 
Conclusions 
 
The main hypothesis of this study was that the integration of independent microarray 
data sets could lead to the identification of signatures genes in human DCM. This 
required rigorous data pre-processing procedures to assure the integration of data sets 
obtained from different studies on DCM. This was followed by data analyses to select 
class-distinguishing genes. These genes show expression profiles that may be used to 
aid in the identification of DCM samples. In order to support the assessment of the 
potential biological relevance of these results, analyses were replicated, using the 
class-distinguishing genes previously identified, on an independent data set. In 
addition, we built a PPI interaction network to analyse biological responses and 
relationships of these DCM predictor genes. This network-based analysis suggested 
that proteins encoded by these genes are involved in several, specific biological 
pathways such as apoptosis, DNA repair and checkpoint, focal adhesion or cytokine-
cytokine receptor interaction, which are known to be involved in the development of 
HF. Moreover, new potentially relevant pathways have been identified. The HF PPI 
assembled here represents by itself a useful compendium of the current status of 
human HF-relevant interactions. The network also discloses curated biological 
interactions, which may give additional insights into the relationship gene expression 
and functional responses through PPI.  
 
This investigation suggests that the significant genes identified may be reliable, 
reproducible DCM predictors. This investigation also showed how the large-scale, 
computational integration of independent microarray data sets, functional networks, 
functional annotation databases and published literature may support the identification 
and assessment of potential therapeutic targets. In this particular case, a set of 
representative disease-related genes were detected, which are suggested as testable 
hypotheses in relation to their roles in DCM progression. Finally, given the results 
obtained through the PPI network assessment, we suggest that the exploratory 
integrative analysis of differential gene expression and PPI network analysis may 



facilitate a better understanding of functional roles and identification of potential 
therapeutic targets in human HF.  
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