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Abstract: Heritable profibrotic differentiation of lung fibroblasts is a key mechanism of idiopathic
pulmonary fibrosis (IPF). Its mechanisms are yet to be fully understood. In this study, individual
data from four independent microarray studies comparing the transcriptome of fibroblasts cultured
in vitro from normal (total n = 20) and IPF (total n = 20) human lung were compiled for meta-analysis
following normalization to z-scores. One hundred and thirteen transcripts were upregulated and
115 were downregulated in IPF fibroblasts using the Significance Analysis of Microrrays algorithm
with a false discovery rate of 5%. Downregulated genes were highly enriched for Gene Ontology
and Kyoto Encyclopedia of Genes and Genomes (KEGG) functional classes related to inflammation
and immunity such as Defense response to virus, Influenza A, tumor necrosis factor (TNF) mediated
signaling pathway, interferon-inducible absent in melanoma2 (AIM2) inflammasome as well as
Apoptosis. Although upregulated genes were not enriched for any functional class, select factors
known to play key roles in lung fibrogenesis were overexpressed in IPF fibroblasts, most notably
connective tissue growth factor (CTGF) and serum response factor (SRF), supporting their role as drivers
of IPF. The full data table is available as a supplement.
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1. Introduction

Multiple mechanisms affecting many resident cell types of the lung participate in the initiation
and progress of fibrosing lung disease such as idiopathic pulmonary fibrosis (IPF). Among
these mechanisms, pro-fibrotic activation of lung fibroblasts is of particular interest because this
gain-of-function phenomenon lends itself to therapeutic intervention. This aspect is illustrated by the
beneficial effects of small molecules such as pirfenidone and nintedanib, which both block activation of
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lung fibroblasts in vitro [1,2]. Improved understanding of the molecular mechanisms driving fibroblast
activation in IPF is the key to further therapeutic progress in this field.

Activation of lung fibroblasts in IPF is multifactorial and involves both alterations of the lung
microenvironment and heritable cell-autonomous determinants. In support of the latter, IPF lung
fibroblasts show phenotype changes in contrast with fibroblasts cultured from normal lungs, including
expression of contractile proteins and extracellular matrix components such as collagen-1 [3]. These
phenotype changes are maintained after the cells are passaged in vitro, and are sufficient to induce
lung fibrogenesis when the cells are adoptively transferred into mice [4]. Heritable differentiation of
lung fibroblasts may thus contribute to explain the intractable progression of IPF.

Identification of differentially expressed genes in cultured IPF lung fibroblasts may provide
key insight into the mechanisms of fibroblast activation in IPF. To this aim, multiple experiments
comparing the transcriptome of IPF lung fibroblasts to normal lung fibroblasts using RNA microarrays
were previously published [5–8]. These studies yielded conflicting results with little overlap [9],
most likely because of the generally small study size, of the high variability inherent to clinical samples,
and of possible center-related bias. We hypothesized that combining these individual studies into a
single meta-analysis may allow for the identification of robust alterations of mRNA expression in IPF
fibroblasts, with the potential to reveal or confirm pathogenic mechanisms and therapeutic targets.

2. Results

Preprocessed and normalized data from the four published microarray studies comparing the
transcriptome of explant-cultured IPF lung fibroblasts to normal lung fibroblasts (GSE1724, GSE10921,
GSE40839 and GSE44723) [5–8] were downloaded from the National Center for Biotechnology
Information Gene Expression Omnibus website [10]. Technical aspects for each dataset are summarized
in Table 1. For each dataset, the expression values of each oligonucleotide probe were transformed
to z-scores.

Table 1. Technical characteristics of the source studies. N/A: not available. RMA: Robust
Multi-array Average.

Dataset Number of
Culture Passages

Number of
Samples Microarray Platform Number of

Probes
Normalization

Method

GSE1724 4–5 3 controls, 3 IPF Affymetrix human U95Av2 12,625 N/A
GSE10921 4–7 3 controls, 4 IPF Codelink Human Uniset I 10,353 Median
GSE44723 Up to 11 4 controls, 10 IPF Affymetrix HG-U133 plus 2.0 21,095 RMA
GSE40839 2–5 10 controls, 3 IPF Affymetrix human U133Av2 22,215 Invariant set

The meta-analysis included 20 IPF fibroblast cultures and 20 control cultures. Expression data
were available for 17,414 distinct transcripts. The full dataset is available as Supplementary Table
S1. Since data were not available for all genes in all datasets, a number of data points were missing.
Full data (n = 20 Controls and n = 20 IPF) were available for 4238 genes (24% of the full dataset).
Comparison of expression levels identified 115 mRNAs that were expressed at higher levels in IPF
fibroblasts, and 113 downregulated genes, all listed in Supplementary Table S2. Table 2 shows the
10 most significantly upregulated and downregulated mRNAs in IPF fibroblasts.
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Table 2. The ten most significantly upregulated and downregulated genes in IPF fibroblasts compared
with control lung fibroblasts. Expression level was defined by z-score (IPF)–z-score (Controls).
N/A: not available.

Gene
Symbol Full Gene Name Expression Level

(z-Scores)
Implication in
Fibrogenesis

Upregulated Genes

NAP1L3 nucleosome assembly protein 1 like 3 1.49
PTHLH parathyroid hormone like hormone 1.10

KIAA0355 N/A 1.12
LIMS2 LIM zinc finger domain containing 2 1.24 Heart [11]
ASB1 ankyrin repeat and SOCS box containing 1 1.16
HHAT hedgehog acyltransferase 1.32
EIF1 eukaryotic translation initiation factor 1 1.04

PAWR pro-apoptotic WT1 regulator 1.15
NREP neuronal regeneration related protein 1.20 Lung [12]
CTGF connective tissue growth factor 1.09 Multiple [13]

Downregulated Genes

TRANK1 tetratricopeptide repeat and ankyrin repeat containing 1 −1.23
IFIT1 interferon induced protein with tetratricopeptide repeats 1 −1.20

SLC15A3 solute carrier family 15 member 3 −1.36
CPED1 cadherin like and PC−esterase domain containing 1 −1.38
PLSCR1 phospholipid scramblase 1 −1.13

IL1R1 interleukin 1 receptor. type I −1.12 Skin [14]
IFI44 interferon induced protein 44 −1.11 Lung [15]

HTATIP2 HIV−1 Tat interactive protein 2 −0.99
PLEKHA4 pleckstrin homology domain containing A4 −1.20
NFKBIA NFκB inhibitor α −1.22 Liver [16]

Among the 228 differentially expressed transcripts, 49 were previously associated with
fibrogenesis in the biomedical literature (Table 2 and Supplementary Table S2). Several of these
transcripts were among the 10 most significantly upregulated (LIMS2, NREP, CTGF) or downregulated
(IL1R1, IFI44, NFKBIA) in IPF fibroblasts. Of particular interest, two factors with prominent roles
in lung fibrogenesis, CTGF (Figure 1A) and Serum Response Factor (SRF, expression level +1.09 SD,
corrected p value= 0.03, Figure 1B), featured among the upregulated transcripts in IPF fibroblasts.

Int. J. Mol. Sci. 2016, 17, 2091 3 of 11 

Functional annotation analysis did not identify enrichment of Gene Ontology, pathway, functional 
class nor transcription factor binding site categories among transcripts upregulated in IPF fibroblasts. 

Table 2. The ten most significantly upregulated and downregulated genes in IPF fibroblasts 
compared with control lung fibroblasts. Expression level was defined by z-score (IPF)–z-score 
(Controls). N/A: not available. 

Gene 
Symbol 

Full Gene Name 
Expression Level 

(z-Scores) 
Implication in 
Fibrogenesis 

Upregulated Genes
NAP1L3 nucleosome assembly protein 1 like 3 1.49  
PTHLH parathyroid hormone like hormone 1.10  

KIAA0355 N/A 1.12  
LIMS2 LIM zinc finger domain containing 2 1.24 Heart [11] 
ASB1 ankyrin repeat and SOCS box containing 1 1.16  
HHAT hedgehog acyltransferase 1.32  
EIF1 eukaryotic translation initiation factor 1 1.04  

PAWR pro-apoptotic WT1 regulator 1.15  
NREP neuronal regeneration related protein 1.20 Lung [12] 
CTGF connective tissue growth factor 1.09 Multiple [13] 

Downregulated Genes
TRANK1 tetratricopeptide repeat and ankyrin repeat containing 1 −1.23  

IFIT1 interferon induced protein with tetratricopeptide repeats 1 −1.20  
SLC15A3 solute carrier family 15 member 3 −1.36  
CPED1 cadherin like and PC−esterase domain containing 1 −1.38  
PLSCR1 phospholipid scramblase 1 −1.13  

IL1R1 interleukin 1 receptor. type I −1.12 Skin [14] 
IFI44 interferon induced protein 44 −1.11 Lung [15] 

HTATIP2 HIV−1 Tat interactive protein 2 −0.99  
PLEKHA4 pleckstrin homology domain containing A4 −1.20  
NFKBIA NFκB inhibitor α −1.22 Liver [16] 
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medians and 95% confidence intervals. 

Among the 10 most significantly down-regulated genes (Table 2) were several genes related to 
the immune and inflammatory response, such as interferon induced protein with tetratricopeptide 
repeats 1 (IFIT1), the interleukin 1 receptor, type I (IL1R1), and NFκB inhibitor α (NFKBIA). Analysis 
of the downregulated gene list yielded enrichment of five functional annotation clusters, which were 
related to the inflammatory/immune response and apoptosis (Table 3). Expression levels of genes 
belonging to the deregulated functional classes are shown in Figure 2. 
  

Figure 1. Expression levels of CTGF (A) and SRF (B) in Control and IPF fibroblasts. Data were
obtained from the Gene Expression Omnibus GSE1724, GSE10921, GSE40839 and GSE44723 dataset
and transformed to z-scores. Expression of CTGF and SRF mRNAs is shown as individual values,
medians and 95% confidence intervals.
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Enrichment in genes putatively regulated by the microRNA miR-153 was observed among
upregulated transcripts (13 genes out of 153 in the annotation: ABAT, FAM168B, PPRC1, DVL3, ZMIZ1,
MFAPL3, SLC38A1, XYLT1, ARL4A, ADO, FAM168A, PLEKHA3, AUTS2, p = 1.2 × 10−2). Functional
annotation analysis did not identify enrichment of Gene Ontology, pathway, functional class nor
transcription factor binding site categories among transcripts upregulated in IPF fibroblasts.

Among the 10 most significantly down-regulated genes (Table 2) were several genes related to the
immune and inflammatory response, such as interferon induced protein with tetratricopeptide repeats
1 (IFIT1), the interleukin 1 receptor, type I (IL1R1), and NFκB inhibitor α (NFKBIA). Analysis of the
downregulated gene list yielded enrichment of five functional annotation clusters, which were related
to the inflammatory/immune response and apoptosis (Table 3). Expression levels of genes belonging
to the deregulated functional classes are shown in Figure 2.

Table 3. Functional annotation of downregulated genes. p values are computed following Benjamini
and Hochberg correction.

Category Source Genes in List/Genes
in Annotation p Value (B&H)

Defense response to virus Gene Ontology 21/399 5.9 × 10−18

Influenza A KEGG 12/100 9.8 × 10−6

TNF mediated signaling pathway Gene Ontology 9/234 3.2 × 10−4

Apoptotic process Gene Ontology 15/1314 1.5 × 10−3

AIM2 inflammasome complex Gene Ontology 3/7 2.7 × 10−2
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Figure 2. Expression levels of genes belonging to differentially expressed ontology and functional
categories. Expression z-scores are shown as a heat map, with red showing increased expression
and green showing lower expression. White denotes a missing value. Samples are identified as
either Control (CONT) or IPF, followed by their dataset of origin. (A) GO-Defense response to
virus; (B) KEGG-Influenza A; (C) GO-TNF mediated signaling pathway; (D) GO-Apoptotic process;
(E) GO-AIM2 inflammasome. GO: Gene Ontology. KEGG: Kyoto Encyclopedia of Genes and Genomes.
AIM2: Absent in melanoma.

Consistent with repression of processes involved in the immune/inflammatory response,
the downregulated list was enriched with genes bearing binding sites for the Interferon Response
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Factor (IRF) transcription factor (11 genes out of 158 in the annotation: DHX58, IDO1, IFI44, CASP1,
PSMB9, PSMB10, SLC15A3, UBA7, ASPA, SLC12A7, TAP1, p = 4.2 × 10−6) and the Interferon Consensus
Sequence Binding Protein (ICSBP) transcription factor (9 genes out of 203 in the annotation : IDO1, IFI44,
PSMB9, SLC15A3, IFI35, UBA7, ASPA, SLC12A7, TAP1; p = 3.2 × 10−3). No enrichment in putative
microRNA targets was observed among downregulated genes.

Despite the identification of differentially expressed genes, functional classes and microRNA or
transcription factor targets in IPF fibroblasts, unsupervised clustering did not allow for the separation
of control and IPF fibroblast populations, as shown in Figure 3.
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The dendrogram results from Unweighted Pair Group Method with Arithmetic Mean (UPGMA)
hierarchical clustering using all 17,414 genes in the dataset, using Pearson’s correlation as the similarity
measure. Samples are identified as either Control (CONT) or IPF, followed by their dataset of origin.

Because full data were available for only 24% of genes in the meta-analysis, an important question
to answer was whether missing data impacted the global results of the study. We thus used SAM and
the Database for Annotation, Visualization and Integrated Discovery (DAVID) to identify differentially
expressed genes and functional annotation categories in IPF fibroblasts when analysis was restricted
to genes without missing data (n = 4238). In the restricted analysis, 118 genes were significantly
upregulated, and 72 genes were significantly downregulated in IPF fibroblasts. 48% of the genes
upregulated in the whole dataset were upregulated in the restricted analysis, including NAP1L3,
KIAA0355, ASB1, EIF1, CTGF, and SRF. 47% of the genes downregulated in the whole dataset were
downregulated in the restricted analysis, including IFIT1, PLSCR1, IL1R1, IFI44, and HTATIP2. Similar
to what was observed in the full dataset, there was no significantly enriched functional class among
upregulated genes in the restricted analysis, while the most significantly enriched functional classes
among downregulated genes were Immune Response, Influenza A, and Proteasome. These results
were thus overall similar to those obtained with the full dataset.

3. Discussion

The main results of this study are that (1) select transcripts associated with lung fibrosis were
upregulated in IPF fibroblasts; and (2) that the predominant whole-transcriptome alteration in IPF
fibroblasts was the repression of interferon-driven viral defense programs.

Nucleosome assembly protein 1 like (NAP1L3) was the transcript most significantly upregulated
in IPF fibroblasts. NAP1L3 is part of nucleosome assembly complex and, therefore, participates in
chromatin compaction. It is highly expressed in brain and nerve tissue, but also in lung at lower
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levels. Due to its function in chromatin organization, it may be speculated that NAP1L3 participates in
epigenetic control of gene expression by histone acetylation, in analogy with NAP1L2 [17]. Perhaps
more relevant to the present study, several transcripts previously associated with tissue fibrosis were
upregulated in IPF fibroblasts. For instance, LIM zinc finger domain containing 2 (LIMS2) and neuronal
regeneration related protein (NREP) were among the most significant genes. LIMS2 is a nuclear and
focal adhesion protein that complexes with the integrin-linked kinase and represses cell spreading
and migration. LIMS2 also localizes in the nucleus [18]. Double inactivation of LIMS1 and 2 leads
to the development of heart failure and fibrosis in mice [11]. NREP regulates the TGF-β signaling
pathway, and overexpression of NREP in fibroblasts suffices to induce proliferation and myofibroblastic
transformation [12]. NREP is upregulated in hypertrophic skin scars [19], suggesting that this protein
may be important for fibrogenesis in vivo. Functional studies will be required to determine whether
these proteins participate in lung fibrogenesis.

CTGF and SRF, two genes quite strongly associated with lung fibrosis in previous studies, were
upregulated at the mRNA level in IPF fibroblasts in the present meta-analysis. CTGF, a member of
the CCN protein family, is a highly potent extracellular matrix-associated mitogen. In vitro, CTGF
induces collagen-1 expression in lung fibroblasts [20]. In vivo, overexpression of CTGF in fibroblasts
drives fibrogenesis in multiple organs including the lung [21]. CTGF is overexpressed in IPF, with
expression localized to alveolar epithelial cells and fibroblasts [22]. Consistent for a role of CTGF in IPF,
a recent open-label uncontrolled study suggested that a monoclonal antibody targeting CTGF, FG-3019,
may be beneficial in a subset of IPF patients in terms of lung function decline and imaging-assessed
fibrotic changes [23]. SRF is a transcription factor that is activated by the p38 MAP kinase pathway [24]
and by increased extracellular matrix stiffness through mechanotransduction [25]. SRF is essential
for collagen-1 expression by lung fibroblasts in vitro [26], while inhibition of the SRF pathway by the
small molecule CCG-203971 attenuates lung fibrogenesis in the bleomycin-induced lung fibrosis model
in mice [27]. Interestingly, SRF drives CTGF expression in fibroblasts [28], raising the hypothesis that
the stable overexpression of the SRF/CTGF axis may contribute to the heritable profibrotic phenotype
of lung fibroblasts in IPF.

Despite increased expression of select transcripts associated with fibrotic processes in IPF
fibroblasts, such alterations did not coalesce into coordinated changes as assessed by functional
annotation analysis. By contrast, multiple functional classes were significantly enriched among
downregulated genes. These were dominated by classes associated with inflammation and immunity,
such as Defense response to virus and Influenza A defense programs, the TNF-α mediated signaling
pathway, and the AIM2 inflammasome. Consistent with alteration of interferon-driven pathways,
downregulated genes were enriched in IRF and ICSBP target genes.

Interactions between inflammation and immunity pathways and pro-fibrotic pathways are
complex and context-dependent. Cytokines such as IL1-β, CCL2 and TNF-α induce collagen-1
expression in lung fibroblasts [29]. On the other hand, interferons inhibit growth of proliferating
fibroblasts [30], while interferon-γ suppresses collagen-1 expression in lung fibroblasts both
spontaneous [31] and induced by interleukin-1 [32], and inhibits TGF-β signaling by STAT1-dependent
mechanisms [33]. Inflammation and immunity pathways may have protective, antifibrotic roles
in IPF. An inactivating polymorphism in the Toll Like Receptor 3 gene, which is a key initiator of
anti-viral defense systems, is associated with increased lung function decline and mortality in IPF [34].
This hypothesis is further supported by experimental and clinical data. Tlr3−/− knockout mice have
increased fibrosis and reduced survival following bleomycin-induced lung injury, while fibroblasts
bearing the TLR3 Leu412Phe polymorphism have reduced NF-κB activation and keep proliferating in
spite of treatment with the TL3 agonist poly(I:C) [34]. The PANTHER trial demonstrated increased
mortality in IPF patients treated with corticosteroids and the immunosuppressive azathioprine [35].
Whether alteration of interferon-driven pathways in IPF can be addressed therapeutically is unclear in
light of the failure of two clinical trials of interferon-γ [36,37].
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The lack of a distinct functional or transcriptional mRNA overexpression signature in IPF
fibroblasts suggests that post-transcriptional mechanisms may play key roles in the acquisition
of the pro-fibrotic phenotype. Indeed, annotation analysis of overexpressed transcripts identified
enrichment in miR-153 target genes in IPF fibroblasts in our study, suggesting reduced activity of
this microRNA. Of interest, previous studies identified miR-153 as a potential endogenous repressor
of lung fibrogenesis. miR-153 expression is reduced in the lungs of mice with bleomycin-induced
fibrosis, while knockdown of miR-153 potentiates phosphorylation of Mothers against decapentaplegic
homolog (SMAD)2/3 and myofibroblastic transformation induced by TGF-β in a human fetal lung
fibroblast cell line [38]. Other micro-RNAs were implicated in the development of fibrotic lung
disease [39]. Other alterations of the post-transcriptional regulation of gene expression associated
with IPF fibroblasts are alterations in mRNA splicing and mRNA trafficking to ribosomes [40,41].
Additional screening studies relying on post-genomic information such as proteomics or metabolomics
will be required to fully elucidate the mechanisms of fibroblast profibrotic differentiation in IPF.

The meta-analysis approach offers unique advantages for the global interpretation of gene
expression changes reported in the original studies. In particular, the number of samples in the
four original studies was low, thus their compilation allowed to gather a meaningful sample size.
In addition, the meta-analysis approach reduced center-specific biases related to subject selection, lung
sampling, fibroblast culture, and choice of the microarray platform. Technical and methodological
issues must be kept in mind when analyzing the present results. Notably, identification of differentially
expressed hits on high-throughput experiments usually relies on filtering based on excluding (1) genes
with very low levels of expression and (2) genes with low fold-changes of expression, which are
then considered to be of no biological significance. Because z-score normalization implied the loss
of absolute expression values, it was not possible to identify genes with the highest or lowest level
of expression. Full data was available for a fraction of the genome, although omitting genes with
incomplete data did not impact the overall message of the analysis. The results presented here are
descriptive, and were not verified experimentally by other techniques such as reverse transcriptase
polymerase chain reaction. Transcriptome changes in IPF were also assessed in uncultured fibroblasts
which were analyzed immediately after enzymatic dissociation of the lungs [42]. Because the present
study was focused on heritable changes in gene expression, the corresponding dataset, where gene
expression likely reflected microenvironmental cues, was not included. It cannot be ruled out whether
a lack of power of the meta-analysis related to the high variability of microarray experiments led
to relevant alterations of the transcriptome being missed from our analysis. Indeed several mRNAs
shown to be expressed at higher levels in IPF fibroblasts, such as collagen-1, fibronectin-1 or α-smooth
muscle actin [3], were not identified as overexpressed in the present study. It must be raised, however,
that the number of samples in the current meta-analysis was quite higher than in any single-dataset
study into IPF fibroblast mRNA expression published so far. Up-regulation of IFN regulated genes
was observed in the lung of patients with SSc associated interstitial lung disease [15]. Because the
corresponding GSE40839 study provided three IPF samples and 10 control samples out of 20 in
our dataset, it may be raised that bias towards increased activation of inflammation and immunity
pathways in the controls may have driven the results in the larger analysis. A likely explanation may
be that heritable alterations in systemic sclerosis associated lung fibrosis are somewhat similar to
IPF [43].

4. Materials and Methods

4.1. Data Compilation

All data used for the meta-analysis were processed and normalized data downloaded from GEO
as provided in the “series matrix” files. Probe values were averaged into a single gene value when
multiple probes were available for individual genes before transformation to z-scores [44]. In each
dataset, the expression values of each gene were transformed to z-scores (z-score = individual gene
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value-mean gene value/standard deviation of all values for the gene). Z-scores were computed
by rows (i.e., normalizing within the same gene expression). Thus, a total number of 17,414 genes
were considered for analysis. Available gene expression data for each individual fibroblast culture
were then compiled into a single spreadsheet. Since data were not available for all genes in all
datasets, the corresponding data points were missing. Because all data were transformed to z-scores,
it was not possible to calculate fold-changes in expression. The complete data table is available as a
Supplementary Table S1.

4.2. Statistical Analysis

Variations in gene expression was defined by the difference between the z-scores of IPF and
control samples. The identification of mRNAs differentially expressed in IPF versus control fibroblasts
was performed using the web-enabled Significance Analysis of Microarrays tool [45], with a False
Discovery Rate set to 5%. Z-score normalization has been shown to be suitable for the integration of
microarray datasets [46]. Also, SAM has been shown to be suitable for meta-analysis of microarray
datasets [47]. The SAM algorithm computes a t-test for each gene, and assesses the strength of the
significance by permutation. SAM does not require any assumption on the distribution of the data, so it
is correct to use this method on z-score data. This method was showed to perform well for microarray
analysis [48]. The mean difference in transcript expression between IPF and control fibroblasts was
expressed in standard deviations of the mean (SD). To identify differentially expressed transcripts
with a putative participation in fibrogenesis, a review of the abstracted literature was performed with
Pubmed [49] using the gene symbol and “fibrosis” and “not cystic fibrosis” as keywords. The presence
of an association with fibrosis and a relevant reference were presented in the tables.

Clustered gene ontology categories and pathways enriched in the differentially expressed genes
were identified with the DAVID v6.8 online tool [50,51] using Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) annotation. The program computed the probability
that a GO or KEGG term was overrepresented by comparing the proportion of genes in the whole
genome which are part of that GO term, to the proportion of the differentially expressed genes which
are part of the same GO term using a modified Fisher’s exact test. Overrepresented GO or functional
class terms were considered significantly overrepresented if (1) they contained a minimum of five
relevant genes; (2) the p value was <0.05 following Benjamini-Hochberg (B&H) correction for multiple
comparisons; and (3) the enrichment score was >2. Each cluster was described by the constitutive
GO term name with the highest number of gene terms. To assess whether altered gene expression
in IPF fibroblasts was consistent with altered transcription factor or microRNA activity, over and
underexpressed gene lists were analyzed by interrogating the TargetScan and MSigDB databases using
the TOPPFUN online tool [52,53] with a p value <0.05 following B&H correction. Finally, to assess
whether mRNA expression profiles segregated IPF fibroblasts from control fibroblasts, hierarchical
clustering analysis using Pearson’s correlation coefficients was performed with Hierarchical Clustering
Explorer v3.5 (University of Maryland, College Park, MD, USA) [54].

5. Conclusions

Whether heritable profibrotic differentiation of lung fibroblasts in IPF results from genetic,
epigenetic, transcriptional or post-transcriptional alterations is an important question for the
development of novel therapeutics targeting these cells. The present results raise the hypothesis that
downregulation of interferon-driven inflammatory and immune response pathways may participate
in the profibrotic phenotype. In addition, the data are consistent with key roles of CTGF and SRF
in fibroblast activation in IPF. Future studies at the protein or metabolite levels may provide further
insight into the molecular mechanisms of cell-autonomous fibroblast activation in the fibrotic lung.

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/1422-0067/17/12/2091/s1.

www.mdpi.com/1422-0067/17/12/2091/s1


Int. J. Mol. Sci. 2016, 17, 2091 9 of 11

Acknowledgments: This work was funded by Paris Diderot University (Paris, France) and François Rabelais
University (Tours, France) through the researchers’ salaries. No specific funding was received to cover open access
costs. The authors thank Agnès Paquet (Institut de Pharmacologie Moléculaire et Cellulaire, Sophia Antipolis,
France) for helpful advice with statistical analysis.

Author Contributions: Laurent Plantier and Bruno Crestani designed the study. Laurent Plantier
and Hélène Renaud obtained, transformed, collated and analyzed the data. Renaud Respaud and
Sylvain Marchand-Adam analyzed the data. Laurent Plantier drafted the manuscript. All authors reviewed and
approved the final manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. King, T.E.; Bradford, W.Z.; Castro-Bernardini, S.; Fagan, E.A.; Glaspole, I.; Glassberg, M.K.; Gorina, E.;
Hopkins, P.M.; Kardatzke, D.; Lancaster, L.; et al. A phase 3 trial of pirfenidone in patients with idiopathic
pulmonary fibrosis. N. Engl. J. Med. 2014, 370, 2083–2092. [CrossRef] [PubMed]

2. Richeldi, L.; du Bois, R.M.; Raghu, G.; Azuma, A.; Brown, K.K.; Costabel, U.; Cottin, V.; Flaherty, K.R.;
Hansell, D.M.; Inoue, Y.; et al. Efficacy and safety of nintedanib in idiopathic pulmonary fibrosis. N. Engl.
J. Med. 2014, 370, 2071–2082. [CrossRef] [PubMed]

3. Crestani, B.; Besnard, V.; Plantier, L.; Borensztajn, K.; Mailleux, A. Fibroblasts: The missing link between
fibrotic lung diseases of different etiologies? Respir. Res. 2013, 14. [CrossRef] [PubMed]

4. Pierce, E.M.; Carpenter, K.; Jakubzick, C.; Kunkel, S.L.; Flaherty, K.R.; Martinez, F.J.; Hogaboam, C.M.
Therapeutic targeting of CC ligand 21 or CC chemokine receptor 7 abrogates pulmonary fibrosis induced by
the adoptive transfer of human pulmonary fibroblasts to immunodeficient mice. Am. J. Pathol. 2007, 170,
1152–1164. [CrossRef] [PubMed]

5. Renzoni, E.A.; Abraham, D.J.; Howat, S.; Shi-Wen, X.; Sestini, P.; Bou-Gharios, G.; Wells, A.U.;
Veeraraghavan, S.; Nicholson, A.G.; Denton, C.P.; et al. Gene expression profiling reveals novel TGFβ
targets in adult lung fibroblasts. Respir. Res. 2004, 5. [CrossRef] [PubMed]

6. Lindahl, G.E.; Stock, C.J.; Shi-Wen, X.; Leoni, P.; Sestini, P.; Howat, S.L.; Bou-Gharios, G.; Nicholson, A.G.;
Denton, C.P.; Grutters, J.C.; et al. Microarray profiling reveals suppressed interferon stimulated gene
program in fibroblasts from scleroderma-associated interstitial lung disease. Respir. Res. 2013, 14. [CrossRef]
[PubMed]

7. Peng, R.; Sridhar, S.; Tyagi, G.; Phillips, J.E.; Garrido, R.; Harris, P.; Burns, L.; Renteria, L.; Woods, J.;
Chen, L.; et al. Bleomycin induces molecular changes directly relevant to idiopathic pulmonary fibrosis: A
model for “active” disease. PLoS ONE 2013, 8, e59348. [CrossRef] [PubMed]

8. Vuga, L.J.; Ben-Yehudah, A.; Kovkarova-Naumovski, E.; Oriss, T.; Gibson, K.F.; Feghali-Bostwick, C.;
Kaminski, N. WNT5A is a regulator of fibroblast proliferation and resistance to apoptosis. Am. J. Respir. Cell
Mol. Biol. 2009, 41, 583–589. [CrossRef] [PubMed]

9. Melboucy-Belkhir, S.; Pradère, P.; Tadbiri, S.; Habib, S.; Bacrot, A.; Brayer, S.; Mari, B.; Besnard, V.;
Mailleux, A.; Guenther, A.; et al. Forkhead Box F1 represses cell growth and inhibits COL1 and ARPC2
expression in lung fibroblasts in vitro. Am. J. Physiol. Lung Cell. Mol. Physiol. 2014, 307, L838–L847.
[CrossRef] [PubMed]

10. Gene Expression Omnibus. Available online: http://www.ncbi.nlm.nih.gov/gds/ (accessed
20 November 2016).

11. Liang, X.; Sun, Y.; Ye, M.; Scimia, M.C.; Cheng, H.; Martin, J.; Wang, G.; Rearden, A.; Wu, C.;
Peterson, K.L.; et al. Targeted ablation of PINCH1 and PINCH2 from murine myocardium results in
dilated cardiomyopathy and early postnatal lethality. Circulation 2009, 120, 568–576. [CrossRef] [PubMed]

12. Pan, D.; Zhe, X.; Jakkaraju, S.; Taylor, G.A.; Schuger, L. P311 induces a TGF-β1-independent, nonfibrogenic
myofibroblast phenotype. J. Clin. Investig. 2002, 110, 1349–1358. [CrossRef] [PubMed]

13. Ihn, H. The role of TGF-β signaling in the pathogenesis of fibrosis in scleroderma. Arch. Immunol. Ther. Exp.
2002, 50, 325–331.

14. Liu, W.; Ding, I.; Chen, K.; Olschowka, J.; Xu, J.; Hu, D.; Morrow, G.R.; Okunieff, P. Interleukin 1β (IL1B)
signaling is a critical component of radiation-induced skin fibrosis. Radiat. Res. 2006, 165, 181–191. [CrossRef]
[PubMed]

http://dx.doi.org/10.1056/NEJMoa1402582
http://www.ncbi.nlm.nih.gov/pubmed/24836312
http://dx.doi.org/10.1056/NEJMoa1402584
http://www.ncbi.nlm.nih.gov/pubmed/24836310
http://dx.doi.org/10.1186/1465-9921-14-81
http://www.ncbi.nlm.nih.gov/pubmed/23915374
http://dx.doi.org/10.2353/ajpath.2007.060649
http://www.ncbi.nlm.nih.gov/pubmed/17392156
http://dx.doi.org/10.1186/1465-9921-5-24
http://www.ncbi.nlm.nih.gov/pubmed/15571627
http://dx.doi.org/10.1186/1465-9921-14-80
http://www.ncbi.nlm.nih.gov/pubmed/23915349
http://dx.doi.org/10.1371/journal.pone.0059348
http://www.ncbi.nlm.nih.gov/pubmed/23565148
http://dx.doi.org/10.1165/rcmb.2008-0201OC
http://www.ncbi.nlm.nih.gov/pubmed/19251946
http://dx.doi.org/10.1152/ajplung.00012.2014
http://www.ncbi.nlm.nih.gov/pubmed/25260753
http://www.ncbi.nlm.nih.gov/gds/
http://dx.doi.org/10.1161/CIRCULATIONAHA.109.864686
http://www.ncbi.nlm.nih.gov/pubmed/19652092
http://dx.doi.org/10.1172/JCI0215614
http://www.ncbi.nlm.nih.gov/pubmed/12417574
http://dx.doi.org/10.1667/RR3478.1
http://www.ncbi.nlm.nih.gov/pubmed/16435917


Int. J. Mol. Sci. 2016, 17, 2091 10 of 11

15. Christmann, R.B.; Sampaio-Barros, P.; Stifano, G.; Borges, C.L.; de Carvalho, C.R.; Kairalla, R.; Parra, E.R.;
Spira, A.; Simms, R.; Capellozzi, V.L.; et al. Association of Interferon- and transforming growth factor
β-regulated genes and macrophage activation with systemic sclerosis-related progressive lung fibrosis.
Arthritis Rheumatol. 2014, 66, 714–725. [CrossRef] [PubMed]

16. Park, J.H.; Chung, H.Y.; Kim, M.; Lee, J.H.; Jung, M.; Ha, H. Daumone fed late in life improves survival and
reduces hepatic inflammation and fibrosis in mice. Aging Cell 2014, 13, 709–718. [CrossRef] [PubMed]

17. Attia, M.; Rachez, C.; de Pauw, A.; Avner, P.; Rogner, U.C. Nap1l2 promotes histone acetylation activity
during neuronal differentiation. Mol. Cell. Biol. 2007, 27, 6093–6102. [CrossRef] [PubMed]

18. Zhang, Y.; Chen, K.; Guo, L.; Wu, C. Characterization of PINCH-2, a new focal adhesion protein that regulates
the PINCH-1-ILK interaction, cell spreading, and migration. J. Biol. Chem. 2002, 277, 38328–38338. [CrossRef]
[PubMed]

19. Tan, J.; Peng, X.; Luo, G.; Ma, B.; Cao, C.; He, W.; Yuan, S.; Li, S.; Wilkins, J.A.; Wu, J. Investigating the role of
P311 in the hypertrophic scar. PLoS ONE 2010, 5, e9995. [CrossRef] [PubMed]

20. Ponticos, M.; Holmes, A.M.; Shi-Wen, X.; Leoni, P.; Khan, K.; Rajkumar, V.S.; Hoyles, R.K.; Bou-Gharios, G.;
Black, C.M.; Denton, C.P.; et al. Pivotal role of connective tissue growth factor in lung fibrosis:
MAPK-dependent transcriptional activation of type I collagen. Arthritis Rheum. 2009, 60, 2142–2155.
[CrossRef] [PubMed]

21. Sonnylal, S.; Shi-Wen, X.; Leoni, P.; Naff, K.; van Pelt, C.S.; Nakamura, H.; Leask, A.; Abraham, D.;
Bou-Gharios, G.; de Crombrugghe, B. Selective expression of connective tissue growth factor in fibroblasts
in vivo promotes systemic tissue fibrosis. Arthritis Rheum. 2010, 62, 1523–1532. [CrossRef] [PubMed]

22. Allen, J.T.; Knight, R.A.; Bloor, C.A.; Spiteri, M.A. Enhanced insulin-like growth factor binding protein-related
protein 2 (Connective tissue growth factor) expression in patients with idiopathic pulmonary fibrosis and
pulmonary sarcoidosis. Am. J. Respir. Cell Mol. Biol. 1999, 21, 693–700. [CrossRef] [PubMed]

23. Raghu, G.; Scholand, M.B.; de Andrade, J.; Lancaster, L.; Mageto, Y.; Goldin, J.; Brown, K.K.; Flaherty, K.R.;
Wencel, M.; Wanger, J.; et al. FG-3019 anti-connective tissue growth factor monoclonal antibody: Results of
an open-label clinical trial in idiopathic pulmonary fibrosis. Eur. Respir. J. 2016, 47, 1481–1491. [CrossRef]
[PubMed]

24. Bébien, M.; Salinas, S.; Becamel, C.; Richard, V.; Linares, L.; Hipskind, R.A. Immediate-early gene induction
by the stresses anisomycin and arsenite in human osteosarcoma cells involves MAPK cascade signaling to
Elk-1, CREB and SRF. Oncogene 2003, 22, 1836–1847. [CrossRef] [PubMed]

25. Sharili, A.S.; Connelly, J.T. Nucleocytoplasmic shuttling: A common theme in mechanotransduction. Biochem.
Soc. Trans. 2014, 42, 645–649. [CrossRef] [PubMed]

26. Luchsinger, L.L.; Patenaude, C.A.; Smith, B.D.; Layne, M.D. Myocardin-related transcription factor-A
complexes activate type I collagen expression in lung fibroblasts. J. Biol. Chem. 2011, 286, 44116–44125.
[CrossRef] [PubMed]

27. Sisson, T.H.; Ajayi, I.O.; Subbotina, N.; Dodi, A.E.; Rodansky, E.S.; Chibucos, L.N.; Kim, K.K.;
Keshamouni, V.G.; White, E.S.; Zhou, Y.; et al. Inhibition of myocardin-related transcription factor/serum
response factor signaling decreases lung fibrosis and promotes mesenchymal cell apoptosis. Am. J. Pathol.
2015, 185, 969–986. [CrossRef] [PubMed]

28. Haak, A.J.; Tsou, P.-S.; Amin, M.A.; Ruth, J.H.; Campbell, P.; Fox, D.A.; Khanna, D.; Larsen, S.D.; Neubig, R.R.
Targeting the myofibroblast genetic switch: Inhibitors of myocardin-related transcription factor/serum
response factor-regulated gene transcription prevent fibrosis in a murine model of skin injury. J. Pharmacol.
Exp. Ther. 2014, 349, 480–486. [CrossRef] [PubMed]

29. Chapman, H.A. Disorders of lung matrix remodeling. J. Clin. Investig. 2004, 113, 148–157. [CrossRef]
[PubMed]

30. Elias, J.A.; Jimenez, S.A.; Freundlich, B. Recombinant γ, α, and β interferon regulation of human lung
fibroblast proliferation. Am. Rev. Respir. Dis. 1987, 135, 62–65. [PubMed]

31. Shoda, H.; Yokoyama, A.; Nishino, R.; Nakashima, T.; Ishikawa, N.; Haruta, Y.; Hattori, N.; Naka, T.;
Kohno, N. Overproduction of collagen and diminished SOCS1 expression are causally linked in fibroblasts
from idiopathic pulmonary fibrosis. Biochem. Biophys. Res. Commun. 2007, 353, 1004–1010. [CrossRef]
[PubMed]

32. Elias, J.A.; Freundlich, B.; Kern, J.A.; Rosenbloom, J. Cytokine networks in the regulation of inflammation
and fibrosis in the lung. Chest 1990, 97, 1439–1445. [CrossRef] [PubMed]

http://dx.doi.org/10.1002/art.38288
http://www.ncbi.nlm.nih.gov/pubmed/24574232
http://dx.doi.org/10.1111/acel.12224
http://www.ncbi.nlm.nih.gov/pubmed/24796965
http://dx.doi.org/10.1128/MCB.00789-07
http://www.ncbi.nlm.nih.gov/pubmed/17591696
http://dx.doi.org/10.1074/jbc.M205576200
http://www.ncbi.nlm.nih.gov/pubmed/12167643
http://dx.doi.org/10.1371/journal.pone.0009995
http://www.ncbi.nlm.nih.gov/pubmed/20404911
http://dx.doi.org/10.1002/art.24620
http://www.ncbi.nlm.nih.gov/pubmed/19565505
http://dx.doi.org/10.1002/art.27382
http://www.ncbi.nlm.nih.gov/pubmed/20213804
http://dx.doi.org/10.1165/ajrcmb.21.6.3719
http://www.ncbi.nlm.nih.gov/pubmed/10572066
http://dx.doi.org/10.1183/13993003.01030-2015
http://www.ncbi.nlm.nih.gov/pubmed/26965296
http://dx.doi.org/10.1038/sj.onc.1206334
http://www.ncbi.nlm.nih.gov/pubmed/12660819
http://dx.doi.org/10.1042/BST20130286
http://www.ncbi.nlm.nih.gov/pubmed/24849232
http://dx.doi.org/10.1074/jbc.M111.276931
http://www.ncbi.nlm.nih.gov/pubmed/22049076
http://dx.doi.org/10.1016/j.ajpath.2014.12.005
http://www.ncbi.nlm.nih.gov/pubmed/25681733
http://dx.doi.org/10.1124/jpet.114.213520
http://www.ncbi.nlm.nih.gov/pubmed/24706986
http://dx.doi.org/10.1172/JCI20729
http://www.ncbi.nlm.nih.gov/pubmed/14722604
http://www.ncbi.nlm.nih.gov/pubmed/3099617
http://dx.doi.org/10.1016/j.bbrc.2006.12.128
http://www.ncbi.nlm.nih.gov/pubmed/17198680
http://dx.doi.org/10.1378/chest.97.6.1439
http://www.ncbi.nlm.nih.gov/pubmed/2112081


Int. J. Mol. Sci. 2016, 17, 2091 11 of 11

33. Eickelberg, O.; Pansky, A.; Koehler, E.; Bihl, M.; Tamm, M.; Hildebrand, P.; Perruchoud, A.P.; Kashgarian, M.;
Roth, M. Molecular mechanisms of TGF-(β) antagonism by interferon (γ) and cyclosporine A in lung
fibroblasts. FASEB J. 2001, 15, 797–806. [CrossRef] [PubMed]

34. O’Dwyer, D.N.; Armstrong, M.E.; Trujillo, G.; Cooke, G.; Keane, M.P.; Fallon, P.G.; Simpson, A.J.; Millar, A.B.;
McGrath, E.E.; Whyte, M.K.; et al. The Toll-like receptor 3 L412F polymorphism and disease progression in
idiopathic pulmonary fibrosis. Am. J. Respir. Crit. Care Med. 2013, 188, 1442–1450. [CrossRef] [PubMed]

35. The IPF Clinical Research Network. Prednisone, Azathioprine, and N-Acetylcysteine for Pulmonary Fibrosis.
N. Engl. J. Med. 2012, 366, 1968–1977.

36. King, T.E.; Albera, C.; Bradford, W.Z.; Costabel, U.; Hormel, P.; Lancaster, L.; Noble, P.W.; Sahn, S.A.;
Szwarcberg, J.; Thomeer, M.; et al. Effect of interferon γ-1b on survival in patients with idiopathic pulmonary
fibrosis (INSPIRE): A multicentre, randomised, placebo-controlled trial. Lancet 2009, 374, 222–228. [CrossRef]

37. Raghu, G.; Brown, K.K.; Bradford, W.Z.; Starko, K.; Noble, P.W.; Schwartz, D.A.; King, T.E. Idiopathic
Pulmonary Fibrosis Study Group. A placebo-controlled trial of interferon γ-1b in patients with idiopathic
pulmonary fibrosis. N. Engl. J. Med. 2004, 350, 125–133. [CrossRef] [PubMed]

38. Liang, C.; Li, X.; Zhang, L.; Cui, D.; Quan, X.; Yang, W. The anti-fibrotic effects of microRNA-153 by targeting
TGFBR-2 in pulmonary fibrosis. Exp. Mol. Pathol. 2015, 99, 279–285. [CrossRef] [PubMed]

39. Pandit, K.V.; Milosevic, J. MicroRNA regulatory networks in idiopathic pulmonary fibrosis. Biochem. Cell
Biol. Biochim. Biol. Cell. 2015, 93, 129–137. [CrossRef] [PubMed]

40. Deng, N.; Sanchez, C.G.; Lasky, J.A.; Zhu, D. Detecting splicing variants in idiopathic pulmonary fibrosis
from non-differentially expressed genes. PLoS ONE 2013, 8, e68352. [CrossRef] [PubMed]

41. Larsson, O.; Diebold, D.; Fan, D.; Peterson, M.; Nho, R.S.; Bitterman, P.B.; Henke, C.A. Fibrotic myofibroblasts
manifest genome-wide derangements of translational control. PLoS ONE 2008, 3, e3220. [CrossRef] [PubMed]

42. Emblom-Callahan, M.C.; Chhina, M.K.; Shlobin, O.A.; Ahmad, S.; Reese, E.S.; Iyer, E.P.R.; Cox, D.N.;
Brenner, R.; Burton, N.A.; Grant, G.M.; et al. Genomic phenotype of non-cultured pulmonary fibroblasts in
idiopathic pulmonary fibrosis. Genomics 2010, 96, 134–145. [CrossRef] [PubMed]

43. Bagnato, G.; Harari, S. Cellular interactions in the pathogenesis of interstitial lung diseases. Eur. Respir. Rev.
2015, 24, 102–114. [CrossRef] [PubMed]

44. Campain, A.; Yang, Y.H. Comparison study of microarray meta-analysis methods. BMC Bioinform. 2010,
11, 408. [CrossRef] [PubMed]

45. Tusher, V.G.; Tibshirani, R.; Chu, G. Significance analysis of microarrays applied to the ionizing radiation
response. Proc. Natl. Acad. Sci. USA 2001, 98, 5116–5121. [CrossRef] [PubMed]

46. Yasrebi, H. Comparative study of joint analysis of microarray gene expression data in survival prediction
and risk assessment of breast cancer patients. Brief. Bioinform. 2016, 17, 771–785. [CrossRef] [PubMed]

47. Tseng, G.C.; Ghosh, D.; Feingold, E. Comprehensive literature review and statistical considerations for
microarray meta-analysis. Nucleic Acids Res. 2012, 40, 3785–3799. [CrossRef] [PubMed]

48. Cheadle, C.; Vawter, M.P.; Freed, W.J.; Becker, K.G. Analysis of microarray data using z score transformation.
J. Mol. Diagn. 2003, 5, 73–81. [CrossRef]

49. PubMed-NCBI. Available online: http://www.ncbi.nlm.nih.gov/pubmed (accessed on 29 August 2016).
50. Huang, D.W.; Sherman, B.T.; Lempicki, R.A. Systematic and integrative analysis of large gene lists using

DAVID bioinformatics resources. Nat. Protoc. 2009, 4, 44–57. [CrossRef] [PubMed]
51. Database for Annotation, Visualization, and Integrated Discovery (DAVID). Available online: https://david.

ncifcrf.gov/ (accessed on 13 August 2016).
52. Chen, J.; Xu, H.; Aronow, B.J.; Jegga, A.G. Improved human disease candidate gene prioritization using

mouse phenotype. BMC Bioinform. 2007, 8. [CrossRef] [PubMed]
53. TOPPFUN. Available online: https://toppgene.cchmc.org/enrichment.jsp (accessed on 13 August 2016).
54. Hierarchical Clustering Explorer v3.5. Available online: http://www.cs.umd.edu/hcil/hce/ (accessed on

13 October 2015).

© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1096/fj.00-0233com
http://www.ncbi.nlm.nih.gov/pubmed/11259398
http://dx.doi.org/10.1164/rccm.201304-0760OC
http://www.ncbi.nlm.nih.gov/pubmed/24070541
http://dx.doi.org/10.1016/S0140-6736(09)60551-1
http://dx.doi.org/10.1056/NEJMoa030511
http://www.ncbi.nlm.nih.gov/pubmed/14711911
http://dx.doi.org/10.1016/j.yexmp.2015.07.011
http://www.ncbi.nlm.nih.gov/pubmed/26216407
http://dx.doi.org/10.1139/bcb-2014-0101
http://www.ncbi.nlm.nih.gov/pubmed/25557625
http://dx.doi.org/10.1371/journal.pone.0068352
http://www.ncbi.nlm.nih.gov/pubmed/23844188
http://dx.doi.org/10.1371/journal.pone.0003220
http://www.ncbi.nlm.nih.gov/pubmed/18795102
http://dx.doi.org/10.1016/j.ygeno.2010.04.005
http://www.ncbi.nlm.nih.gov/pubmed/20451601
http://dx.doi.org/10.1183/09059180.00003214
http://www.ncbi.nlm.nih.gov/pubmed/25726561
http://dx.doi.org/10.1186/1471-2105-11-408
http://www.ncbi.nlm.nih.gov/pubmed/20678237
http://dx.doi.org/10.1073/pnas.091062498
http://www.ncbi.nlm.nih.gov/pubmed/11309499
http://dx.doi.org/10.1093/bib/bbv092
http://www.ncbi.nlm.nih.gov/pubmed/26504096
http://dx.doi.org/10.1093/nar/gkr1265
http://www.ncbi.nlm.nih.gov/pubmed/22262733
http://dx.doi.org/10.1016/S1525-1578(10)60455-2
http://www.ncbi.nlm.nih.gov/pubmed
http://dx.doi.org/10.1038/nprot.2008.211
http://www.ncbi.nlm.nih.gov/pubmed/19131956
https://david.ncifcrf.gov/
https://david.ncifcrf.gov/
http://dx.doi.org/10.1186/1471-2105-8-392
http://www.ncbi.nlm.nih.gov/pubmed/17939863
https://toppgene.cchmc.org/enrichment.jsp
http://www.cs.umd.edu/hcil/hce/
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Discussion 
	Materials and Methods 
	Data Compilation 
	Statistical Analysis 

	Conclusions 

