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Systems biology provides opportunities to fully understand the genes and pathways in disease
pathogenesis. We used literature knowledge and unbiased multiple data meta-analysis paradigms

to analyze microarray datasets across different mouse strains and acute allergic asthma models. Our
combined gene-driven and pathway-driven strategies generated a stringent signature list totaling

933 genes with 41% (440) asthma-annotated genes and 59% (493) ignorome genes, not previously
associated with asthma. Within the list, we identified inflammation, circadian rhythm, lung-specific
insult response, stem cell proliferation domains, hubs, peripheral genes, and super-connectors that
link the biological domains (/l6, Il1f3, Cd4, Cd44, Stat1, Traf6, Rela, Cadm1, Nr3c1, Prkcd, Vwf, Erbb2). In
conclusion, this novel bioinformatics approach will be a powerful strategy for clinical and across species
data analysis that allows for the validation of experimental models and might lead to the discovery of
novel mechanistic insights in asthma.

Allergen exposure causes a complex interaction of cellular and molecular networks leading to allergic asthma in
susceptible individuals. Experimental mouse models of allergic asthma are widely used to understand disease
pathogenesis and elucidate mechanisms underlying the initiation of allergic asthma'. For example, gene profiling
of lung tissue from experimental mice during the initiation of allergic asthma in experiments with different proto-
© cols*7 validated well-known genes and identified new genes with roles in disease pathogenesis such as C5°, Arg18,
. Adam&, and Ponl’, and dissected pathways activated by I/13'° and Stat6"'. Despite these datasets revealing large
© numbers of genes expressed in lungs during the onset of allergic asthma, there is a skewed distribution of research
and literature coverage on a small number of genes, as has been noted in other fields'>-14.

Previous meta-analysis of asthma datasets generated either very small'> or very large gene lists'® using
approaches based on the analysis of gene lists. There is a need for new approaches that generate testable gene
lists. To fully understand the genes and pathways in the lung that are involved in the initiation of allergic asthma,
we reviewed all 23 published gene expression experiments performed on lungs from mice with allergic asthma
to select those of sufficient robustness to be utilized for a multi-dataset bioinformatics analysis. We focused on
6 studies that share a common microarray platform, have a robust disease phenotype and were derived from
experiments using different mouse strains and experimental protocols?~”. We used a novel bioinformatics strategy
combining gene-driven and pathway-driven approaches (see methods) to generate a stringent asthma signature
list. This list included a large set of protein-coding genes that had no published function or literature connecting
them to allergic asthma either at the level of the whole organism or for individual organs, tissues or cells, genes for
which the term “ignorome” was recently coined'’. Here, we present a gene signature list from mice consisting of
933 genes with 440 asthma-annotated and 493 “acute allergic asthma ignorome” genes. This novel bioinformatics
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Table 1. Gene expression studies of asthma used for the bioinformatics analysis. Six GEO Datasets
(http://www.ncbi.nlm.nih.gov/gds/) studies were selected for meta-analysis on the basis of the microarray
platform and in vivo experimental protocol. From those 6 studies, 10 asthmatic vs. healthy control comparisons
(A to]) have been extracted and further analyzed.

approach may also be powerful when used on large datasets from clinical studies, allowing for comparisons
between mouse and human datasets thus, leading to the discovery of disease-specific genes and pathways.

Results

Acute allergic asthma gene signature list.  To select the datasets for analysis, we analysed 23 microarray
studies of lung RNA from mice at the initiation of allergic asthma [Ref. 18 and GEO database (http://www.ncbi.
nlm.nih.gov/geo/)]. Our selection criteria included the phenotype elicited and data robustness (see methods).
Six microarray datasets [Refs 2,10,19,20 and GSE1301 and GSE3184] from 5 different mouse strains, 2 allergens,
6 experimental protocols were subdivided into 10 comparisons of control vs. asthmatic mice (A-J) (Table 1 and
Fig. 1).

To create an acute asthma signature list from these 6 microarray datasets, we used a multi-dataset bioinfor-
matics analysis strategy including a pathway-driven and gene-driven approach (see methods and supplementary
methods; Fig. 1) to ensure that both enriched pathways as well as robust genes not annotated to pathways were
maintained in the final signature (see methods). The pathway-enrichment-driven approach yielded 493 genes, the
gene-driven approach 602 genes, giving a final acute asthma signature list of 933 genes.

We validated the robustness of the signature by measuring 59 genes through qPCR in an independent experi-
mental model of allergic asthma (Supplementary Fig. S1). Despite the difference in experimental setup and tech-
nology platform, we observed a significant positive correlation of 0.8660 and 0.8819 (both p < 0.00001) between
the two datasets at 24h and 72h post-challenge, respectively (Fig. 2, Supplementary Fig. S3). These data indicate
that stringent and multi-dataset bioinformatics analysis across independent experiments can yield robust gene
signatures, which are found to be applicable regardless of experimental context and are representative of general
features of the disease.

Allergic asthma ignorome. To determine the already known association of the 933 genes with allergic
asthma, we enumerated publications associated with asthma, as well as asthma annotation in other sources (CTD
and Malacards, see supplementary methods). Figure 3A illustrates the number of genes associated with asthma
using these methods. There is an inverse correlation between these data sources and the number of genes, i.e. a
large number of publications are associated with relatively few genes: 13 genes (Ccl11, Ccl5, Cd14, Cysltrl, Gstm1,
Ifng, 1110, 1113, 1133, 114, Il4ra, Tlr2, and Tlr4) account for approximately 1/3 of the articles published on asthma
for these 933 genes (Fig. 3). In our dataset, there are 493 genes (Fig. 3B) that are as yet unrelated to asthma and
belong to the acute allergic asthma “ignorome”. These data, combined with the robustness of the gene signature
shown above, substantiate that the scientific community has so far focused only on a small subset of genes which
are likely to play a role in asthma and that there is a substantial set of genes which warrant further investigation.
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Figure 1. Schematic overview of analysis pipeline. Using experiment selection criteria, we selected six studies
that were further subdivided into 10 comparisons of control and asthmatic mice according to mouse strain

and time of analysis. After initial analysis with liner models to obtain differential gene expression, data from
each comparison were re-analyzed using pathway- and gene-driven approaches (for details please refer to
supplementary methods). Lists of differentially regulated genes generated in the 2 approaches were merged into
a final asthma signature list of 933 genes, which was used for literature-coverage searches in PubMed.

Network connectivity analysis. To define the allergic asthma gene network, we analysed the connec-
tions of 897 human orthologs from 933 acute asthma mouse genes (see methods). We detected a network of 779
densely connected genes in which there are 7 topological clusters containing 763 genes (Fig. 4A), whereas 118
genes were outside of the network (Supplementary Table S1). In the 7 topological clusters, 409 genes are associ-
ated with asthma publications (Fig. 4B) and 645 are related to “inflammation or immunity” (Fig. 4C) in at least
one relevant publication.

The 7 topological clusters were annotated for functional enrichments (see methods) (Table 2, Supplementary
Fig. S4). The clusters fall into 4 major biological domains, of which two are well studied, and two novel: 1) inflam-
mation, including clusters 1A,B: cytokine-cytokine receptor signaling, leucocyte endothelial migration (353
genes, 66.86% published in asthma) 2) circadian rhythm, cluster 2, including genes expressed in the lung as well
as CD4*, CD8*, CD56™ and CD71 cells (15 genes, 86.7% as yet unpublished in asthma), 3) lung-specific insult
response including clusters 3A-C: extracellular matrix remodelling, adherens and tight junctions, and mucus
secretion (309 genes, of which 48.5% are published in connection to asthma), and 4) stem cell proliferation in
CD347%,CD71%, CD105" cells (82 genes, of which 85.4% unpublished in asthma) (Table 2, Fig. 4A).

Investigating, in greater depth, the connectivity between the genes contained in these domains (see supple-
mental methods) enabled the characterization of the connectivity hierarchy amongst them (Fig. 5). As expected,
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Figure 2. Microarray data for 59 randomly selected genes from 10 comparisons of control and asthmatic
mice correlate to quantitative PCR data from our independent mouse asthma model. For qPCR, OVA-
sensitized BALB/c mice received PBS (controls) or OVA challenge 24 h or 72 h before extraction of total lung
RNA. Data are shown as mean + SEM. Pearson r coefficients and p values for each correlation are indicated.

clusters belonging to the inflammation domain have the strongest connectivity between themselves, as well as
lung to inflammation domains. Interestingly, the genes within the 2 novel domains identified (stem cell prolifera-
tion and circadian rhythm) are strongly connected to a specific cluster within the lung-specific insult response, i.e.
extracellular matrix remodelling. The same domains are also interconnected by a single gene, Rorc that belongs
to the circadian rhythm domain and couples the stem cell proliferation and the extracellular matrix remodelling
cluster in the lung-specific insult response domain (Fig. 5).

When these novel clusters are annotated for publications in inflammation or immunity, they reveal a substan-
tially larger body of literature (73.3% of circadian rhythm genes and 56.1% of the stem cell genes are associated),
indicating that their role in the broader field of immunology is already being investigated, although not yet asso-
ciated specifically to asthma.

The reliability of the identified functional gene clusters is corroborated by manual inspection of well estab-
lished key genes in asthma, e.g., the inflammation cluster contains lung allergic immune response genes (e.g., clus-
ter 1A: Il4, Il4r, 1113, 1133, Ccll11, Ccl17 and Ccl22; and cluster 1B: Cysitr1, Alox5ap, Argl, Adam8 and Feerlg), the
lung-specific insult response clusters with known extracellular matrix remodelling, tight junctions, and mucus
production genes (e.g., Gstm1, Vegfa, Chi3ll, and Pcna, in cluster 3B, e.g., Pard3, Prkci, and in cluster 3C, e.g.,
Muc4, Muc5b and Muc5ac). In contrast, stem cell proliferation clusters contain genes that are essential for DNA
replication and cell proliferation, which were not previously attributed to asthma. Enrichment analysis indicated
that these genes are expressed mainly in cells that mediate leukocyte proliferation [CD34" and CD717 cells*!->*]
and tissue regeneration [CD1057 cells?*] in allergic asthma. Cluster 2 contains well-known circadian rhythm
genes e.g., Nrldl (or Rev-Erba), Nrld2, Per2, and Per3. Most of them have not been related to asthma yet, but
growing evidence suggests they play a role in the immune system?>?. This evidence suggests that our approach is
able to identify valid functional clusters within the overall acute asthma gene signature and to identify genes that
are less explored in the context of asthma.

We utilized the network connectivity information to prioritize specific genes that are likely to play an impor-
tant role in the above domains. We concentrated on two categories of genes: hub genes, i.e. genes that are cen-
tral, given the network structure and peripheral genes, i.e. genes which, despite not having a large number of
connections themselves, are connected to a set of genes having full mutual interplay (cliques, see methods). The
assumption is that hub genes play an important role in the overall network, while peripheral genes have reciprocal
influence on specific cligues. This approach led to the identification of 34 hub genes and 8 peripheral genes in the
inflammation domain, and 29 hub genes and 11 peripheral genes in the lung-specific insult response domain.
The majority of the peripheral genes (14/22) have not yet been associated with asthma, but most of them have
been associated with inflammation (17/22; p = 0.0139 vs. asthma-associated peripheral genes, Fisher’s exact
test). In contrast, only 11/61 hub genes have not been associated with asthma (p = 0.0002 vs. asthma-associated
peripheral genes, Fisher’s exact test), and 4/61 have not been associated with inflammation (p = 0.051 vs.
inflammation-associated peripheral genes, Fisher’s exact test). Interestingly, some well-studied genes are hubs,
e.g., as Ifng, Tir4, and Ptprc, but several others are not, e.g., 1113, Il4, and Il4r. The ignorome hubs and peripheral
genes are summarized in Supplementary Table S2. They include Igsf6 and Slc15a3, which are expressed on anti-
gen presenting cells and involved in antigen recognition®?, as well as the peripheral gene Clec5a (also known as
MdI-1), which is involved in the innate immune response to microorganisms*->!. Within the lung-specific insult
response domain, a hub gene Tgfbi and a peripheral gene Bambi belong to the Tgff8 signalling pathway, important
for lung remodelling®.

Super-connector genes link functional domains. We then searched for “super-connectors”, i.e. genes
that link at least 5 clusters, and thus, identified 12 genes (Fig. 6). There are 9 super-connectors in the inflamma-
tion domain that are cytokines II6 and /I3, cell surface receptors Cd4 and Cd44, signaling molecules Stat1, Traf6,
and Rela, as well as Cadm 1, a receptor that mediates mast cell adhesion to lung structural cells® and the gluco-
corticoid receptor Nr3cl. The other 3 of 12 molecules belong to cluster 3 (extracellular matrix remodelling) and
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Alas2, Aldh18a1, Aldh3at, Amot, Ampd2, Ankrdd4, Anxa8*, Apex1, Aplnr, Aplp2, Ar, Arigb, Amt2, Arpcib, Atp1a2, Atp2b2, AW112010, Azgp1, Bdgalnt1, Bambi, Basp1, Bcap29, Bel10, Bel3, Bex2, Bhihed0, Bink, Bmi1, Bmp2k, Bmps,
Bmx, Bnip3, Bnip3, Bpifb1, Btrc, C1qa, C1gb, C1qc, Cira, C1s, Capg, Caspd, Cav2, Cedc109b, Cedc8O, Cede8Sa, Cedcd9, Cenet, Cd209a, Cd247, Cd24a, Cd300If, Cd37, Cd3d, Cd79b, Cd84, Cd97, Cdc20, Cde42ep3, Cdeds, Cdcas,
Cdh2, Cdhs, Cdt1, Cenpe, Cenpf, Cep55, Cfd, Cfi, Chad, Chaf1b, Chst2, Cit, Ckap4, Ckmt1, Cks1b, Cks2, Cldn18, Cldn22, Clec14a, Clec4a2, Clecdd, Clecde, ClecSa, Clic1, Clic3, Clip4, CIn6, Cmtm8, Cmtm7, Cmtm8, Col1a2, Col4a3,
Col6a2, ColBa2, Coldat, Coro1a, Coro2b, Cotl1, Cox7at, Cpxmf1, Creb3, Creb3I1, Creld2, Ctnnd1, Ctsa, Ctsb, Ctsk, Ctsz, Cttnbp2nl, Cybrd1, Cyp2b10, Cypdb1, Cyp4f18, Cyp7b1, Cyth3, D17HES56E-5, Dbp, Dck, Ddx39, Dock2, Dsn1,
Ear3, Ecsit, Edem1, Efhd2, Efnb2, Egfi7, Egin3, Ehd4, Eif1a, EIk3, Emilin1, Emp2, Emp3, Eng, Enpp1, Entpd1, Eps8, Epsti1, Errfi1, Esm1, Espl1, Etl4, Evi2a, Evl, Eya3, F7, Fabp3, Fabp5, Faim3, Fam174b, Fam49b, Fcgbp, Fen1, Fermt3,
Fetub, Fgf1, Fgfbp1, Fofr3, Fofrd, Fgi2, Figd, Fmo1, Fmo3, Foxf2, Fxydd, Fzd2, G0s2, Gaa, Galnt7, Gatm, Gbp2, Gbp3, Gbp8, Gda, Ghr, Glipr1, Glipr2, Gm13889, Gpm6a, Gpnmb, Gpr125, Gpsm1, Grb14, Gsta2, Gsta3, Gucy1a3,
Gucy1b3, Gusb, H2-DMb2, H2-Eb1, H2-Ob, H2-Q8, H2afx, H2afz, Hamp, Hels1, Hdac5, Heyl, Hfe, Hist3h2a, Hmgb2, Hmgb3, Hn1, HoxbS, Hpx, Htt, Ii2712a, Ifid7, Ifitm1, lgfbp6, Igj, lak, lgkv15-103, Igkvé-15, Igiv1, Igsf6, ligp1, I118bp,
11145, Incenp, Inmt, Inppl1, Irf8, Irg1, Itgb1bp2, Itgbl1, Itpkb, Kank3, Kenj15, Kenj8, Kenk2, Kif22, Krt19, Lairt, Lap3, Laptms, Lat2, Lep2, Lgmn, Lig1, Limeh1, Lime1, Lims2, Lipa, Litaf, Lmnb1, Lpxn, Lrg1, Lrmp, Lrre33, Lst1, Ltbp4, Mad2!1,
Matb, Malat1, Man1a, Manf, Mapdk1, Mapt, Marcksl1, Mcm2, Mcm3, Mcm4, Mem5, Mem6, Mcm7, Me1, Mef2a, Meis1, Metml, Metti7a1, Mpa2l, Mpp6, Ms4adc, Ms4add, Msdabb, Msdabc, Msda6d, Msda7, Msda8a, Msh2, Mt1, Mt2,
Mthfd2, Mtpn, Myct1, Myh7, Myl4, Myo1b, Myof, Myo1g, MyoSa, Myoz2, Nckap1l, Ndc80, Ndrg1, Neat1, Nek2, Nek6, Net1, Nfkbie, Nfkbiz, Niacr1, Nme1, Npr2, Npr3, Nrid1, Nr1d2, Nr2f1, Nr2f2, Nrp2, Nt5dc2, Nuak2, Nuf2, Nup37,
Nupr1, Nusap1, Oasl2, Olfm1, Orm1, Otub1, P2rx1, P2ry14, P2ry6, Papss2, Pbk, Pcolce2, Pde8b, Pdia5, Pdkd, Per3, Pgrme1, Pkd2, Plaa, Plac8, Plagl1, Plat, Plbd1, Picet, Pleg2, Plek, Plxdc2, Pnp, Pou2af1, Prickle1, Prkg2, Procr, Proz,
Prss8, Psmb, Psme1, Psme2, Ptrf, Pttg1, Pvri3, Qsox1, Rab3il1, Rad51, Ramp2, Rbpms, Rean2, Regdg, Rgs1, Rhoh, Rhou, Rnf128, Rnf186, Rnf19b, Rrbp1, Rrm2, Rsad2, Rtkn2, $100ad, Saat, Saa2, Samhd1, Samsn1, Sash3, Scarab,
Scel, Scube2, Sdf2i1, Sdpr, Sec1c, Selenbp1, Semadc, Serpind1, Sgol1, Sgol2, Sh2b2, Sh3bgri3, She, Sla, Slc15a3, Slc16at, Slc2a3, Slc37a2, Sle38a4, Slc39al4, Sled1a2, Slcat, Slc6a20a, Slc7al0, Slc7a2, Sifn1, Sifn2, Sifnd,
Smad6, Smc2, Smc4, Snrk, Snx10, Snx5, Sord, Sox18, Sox7, Spc25, Spn, Spry1, Stgald, Stab1, Stbd1, Steap2, Steap4, Syngr2, Tacc2, Tbx3, Tcfec, Tef, Tenc1, Tfpi2, Tgfbi, Thrsp, Thsd1, Tifa, Tk1, Tmcc2, Tmec3, Tmem100,
Tmem106a, Tmem173, Tmem51, Tnfaip2, Tnfaip8, Tnfrsf13c, Tppp3, Tril, Trim30a, Tspan7, Ttc39c, Ttil1, Tubb6, Twsg1, Ube2c, Uhrf1, Unc93b1, Ung, Upk3b, Usp18, Vmp1, Vin1, Vrk1, Vin, Xpc, Zbp1, Zfp91, Zfyve21

Abcb1a, Abi3bp, Acaalb, Agfg1, Alpl, Arhgdib, Batf3, Bid, Birc3, C4b, Ccld, Ccl8, Cer9, Cd163, Cd177, Cd22, Cd300a, Cd52, Cd53, Cd68, Cd72, Cdk1, Cdkn1a, Ch25h, Chi3ld, Cish, Cldn10, Clec10a, Cp, Cr2, Csf2ra, Csfar, Cstb, Ctse,
Cxel13, Cxcl16, Cxel9, Cyp2f2, Cyr61, Dab2, Dagt, Delk, Ddit3, Dic1, Dok?, Egr2, EIf3, Emri, Epb4.114b, Ephx2, Erap1, Ev5, F10, F13at, 5, Fga, Fgf7, Folr2, Foxp1, Frmd6, Fscni, Fyb, Gadd45g, Gbp1, Gelc, Girx, Gprasp1, Gpx2,

1 Griat, H2-DMa, H2-Oa, Hpgd, Hspata, Hspb1, Hvent, 1d3, Ifi30, Igf1r, Igtp, Irf5, Irgm1, Irs1, Itga7, Itga8, ltgh7, Junb, KIf2, KIf4, Lag3, Lama3, Lck, Lep1, Lgals1, Lgals3bp, Lilrb3, Lpin2, Ltb, Lyst, Map2k3, Marco, Mgl2, Msdadb, Msr1,
Myocd, Nef4, Nrp1, Osmr, Pard3, Per1, Pigr, Pim1, Pin, Polr3k, Prkeb, Prkei, Psap, Ptpn22, Pyhin1, Rac2, Rapgef3, Rasal2, Reck, Rgs4, Saa3, Scnn1b, Sdcd, Sema3a, Semadd, Sfip1, Slc2at, Slit2, Sox17, Spon2, Sran, St8sia2, Swap70,
Syne2, Tapbp, Tbx2, Tff1, Thbd, Thbs1, Timp3, Tirap, Tnfrsf13b, Tnfrsf19, Tnfsf9, Tnip1, Top2a, Trf, Tsc2, Tsc22d3, Tyrobp, Utm, Vav1, Vean, Vwf, Wnt5a, Xcr1, Zap70
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Mmp19, Mmp8, Myc, Ncf2, Ndst1, Ntrk2, Olr1, Park7, Per2, Pf4, Pglyrp1, Psmb8, Ptch1, Ptges, Ptpn2, Rbp4, Relb, Ripk2, Semada, Sfpi1, Slc11a1, Sipi, Socs2, Sox2, Sox9, Tap2, Tbxas1, Tek, Thy1, Tnfrsf9, Tnxb, Trp63, Uchl1, Vidir

Acvr1, Adam17, Adcy8, Adh1, Alox12, Cadm1, Ccl6, Ccl9, Cd48, Cfh, Csfi, Ctss, Cxclt, Cyp2d22, DIl4, Ear1, Epas1, Fabp4, Fn1, Gsto1, Hey1, Ifngr2, Inpp5d, Itgax, Kdr, Lat, Mki67, Muc4, Nef1, Nfkb2, Notch1, Npy, Ppara, Ptpn1, Pycard,
$100a9, Selplg, Serpina3c, Serpina3g, Serpina3m, Serpina3n, Sqstm1, Tnfsf10, Traf6
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s $100a8, Sod2, Sphk1, Stat5b, Tnfsf13b

610 Agr2, Anxas, Apoe, Aqp5, Areg, Arg2, Calca, Cat, Cav1, Ccl20, Ccl7, Cd274, Cd28, Cd38, Cd40, Csf2rb, Csf2rb2, Cxcl11, Cxcl12, Cyba, Cyp1at, Fas, Fegr2b, Fegr3, H2-Aa, H2-Ab1, H2-M3, Hdc, Ido1, Ighg, Ighm, 1116, II18r1, ll1a, li2rg,
Irf4, Itgad, ltgam, ltgb1, Itgh2, Kitl, Mif, Pdcd1ig2, Ptger4, Ptgs1, Ptpn6, Retnla, Rora, Selp, Siglec5, Slc26a4, Socs1, Socs3, Stat5a, Tff2, Tafb2, Timp1, Tir1, Tir6, Tnc, Tnfrsf1b

120 Ace, Adam8, Adora2b, Adra2a, Alox15, Alox5ap, Arg1, C3, C3ar1, CSar1, Ccl17, Ccl24, Cer2, CerS, Cd4, Cfp, Chia, Clca3, Cxcl10, Feerlg, Fcer2a, He, Hmox1, I11r1, Il1m, Ii2ra, Mmp12, MucSb, Pdedd, Spp1, Stat1, Sykb, Tir7, Vcam1,
& Vdr

2130 Chi3l1, Csf2, Ctlad, Ear2, Icamf, Il1b, Myd88, Nrc1, Pcna

3150  Ccl2, Cd2, 118, II1rl1, 116, MucSac, Tir2, Vegfa

>50  Celt1, Cl5, Cd14, Cysltr1, Gstmf, Ifng, 1110, 113, 1133, 114, lidra, Ptprc, Tird

Figure 3. An acute asthma ignorome. (A) PubMed literature coverage of 933 genes from acute asthma
signature list related to “asthma”. The x-axis represents the number of asthma-annotated literature for each gene
in PubMed in November 2014. The left y-axis shows the gene number (shown as bars), while the right y-axis
indicates the relative annotation to gene-disease association databases (Comparative Toxicogenomics Database
(CTD) or Malacards; shown as lines). (B) List of MGI gene symbols for 933 asthma signature genes according to
their number of asthma-annotated literature in PubMed according to the method described in supplementary
methods and exact number of publications is listed in Supplementary Table 2.

include Prkcd, a protein kinase that plays an important role in tissue remodelling®, an anti-haemophilic factor
Vwf with multiple pro-inflammatory roles®, and Erbb2, an orphan tyrosine kinase that plays an important role
in cancer®).

The super-connector fold change fluctuated considerably, albeit in limited ranges, as indicated by the median
fold changes that ranged from —0.01 and 0.32 within each microarray comparison (Fig. 7). This finding is con-
sistent with a previous analysis¥, indicating that genes with high connectivity have minimal fold change in gene
expression. Despite this, we found that the expression change determined by qPCR was significant for 9/12
genes and concordant with the microarray data for 8 of 12 (67%) super-connector genes (Fig. 7). Moreover, we
observed a significant positive correlation of 0.69 (p = 0.0132) between the two datasets at 72 h post-challenge
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Figure 4. Network representation of 759 human ortholog genes in 7 clusters from our asthma-signature
list. (A) Within the network, we have detected 7 main clusters using STRINGdb library in Bioconductor that
were further functionally annotated to reveal biological functions with online tool EnrichR (for details please
refer to supplementary material). Genes are coloured according to literature number associating each gene to
(B) “asthma” or (C) “inflammation OR immunity”. For each gene, we have retrieved number of publications in
PubMed in November 2014. Organic layout algorithm was used to produce this figure.

(Supplementary Fig. S5). These data indicate that genes, which are likely to play an important role, would often
escape attention in a single experiment analysis due to their minimal fold-change, but can emerge from an
approach that combines computational dataset analysis and gene network connectivity investigation.

Super-connectors, hubs and peripheral genes are affected by dexamethasone (DEX) treatment.
The glucocorticoid receptor Nr3cl is the only super-connector that linked all 4 major domains and robustly
changed expression across microarray comparisons and our qPCR. Given existing knowledge of the role of Nr3cI
in allergic asthma, we tested the effect of DEX, a steroid that binds to Nr3c1%, in our animal model on both
the disease phenotype and super-connector gene expression. As expected, DEX significantly suppressed airway
and lung inflammation, mucus hypersecretion and lung Th2 cytokine gene expression (Supplementary Fig. S6).
Out of the 9 super-connector genes that were significantly deregulated in our model, DEX partially or com-
pletely reverted 7 genes towards control values (Fig. 8). Although StatI was not deregulated in our model, it
was down-regulated significantly after DEX treatment, which is in agreement with a previous study®. Traf6 and
Vwf were the only 2 super-connectors significantly down-regulated in our model that were unaffected by DEX
treatment. Out of the 9 super-connectors belonging to the inflammation domain, 6 were partially or completely
reverted by DEX treatment, whereas of the 3 super-connectors belonging to extracellular matrix remodelling,
Erbb2 was partially reverted by DEX, Prkcd was not deregulated, and Vwf was not reverted by the treatment. To
determine whether genes other than super-connectors, were affected by DEX treatment, we randomly selected 12
hub genes and 4 peripheral genes from 6 large clusters in addition to the Muc5ac gene as a representative gene in
cluster 3C, because this cluster does not contain peripheral or hub genes. We found that 15 of 17 analyzed genes
(10 hub genes, 4 peripheral genes and Muc5ac) were differently regulated in our model and only one (hub gene
Ifng) was not fully or partially reverted by DEX treatment (Supplementary Fig. S7). These data indicate that sys-
temic treatment with glucocorticoids modulates genes regardless of their topological properties in the network.

Discussion

Here, we implement a novel computational approach used to analyse multiple microarray datasets derived from
lungs of mice with acute onset allergic asthma and integrate it with independent experiments to unravel the
asthma ignorome and dissect it into domains, clusters, hubs and peripheral genes.
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Table 2. Biological processes, pathways and tissue expression enrichment analysis of main clusters in
asthma-signature genes list, examples of hubs, peripheral genes, super-connectors and genes present in
Malacards, a gene-disease association database. 'Maximum of 5 enriched categories ordered by Enrichr
Combined score showing an adjusted P-value < 0.05. 2Maximum of 5 tissues within a list of 17 tissues
potentially found in the whole lung tissue samples in datasets under study (See *Supplementary Figure S4 for
details on Human Atlas Gene expression for all genes in each cluster). “Top 5 hub genes ordered by Betweenness
Centrality. *Peripheral genes defined as 1-degree nodes connected to a clique. *Malacards overlap for Asthma
(119 genes, as for Sept 2014).
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Figure 5. Schematic diagram depicting connectivity between 4 domains and individual clusters in acute
asthma signature list. Bars indicate number of asthma-related (blue) and —ignorome (red) genes in each
cluster or domain. Arrows indicating connections between clusters or domains are scaled according to relative
connection strength between clusters and domains (see supplementary methods for details).

Technical limitations reduce the power of microarrays in detection of potentially important genes with lim-
ited variation in expression levels, especially when the sample size is small***!. Gene signals from small spe-
cific cell populations in complex tissues, such as lung, are hence diluted to low levels that are not accurately
detected by microarray analysesi®*!. Diverse experimental protocols that use different allergens, mouse strains,
sampling times may generate gene lists that reflect differences in the kinetics of the underlying biology of the
allergic asthma response. Merging individual gene lists from experiments with varying conditions and different
microarray platforms may exclude key experimental condition-specific genes or pathways. To address this issue,
we utilized a pathway-driven approach, which only considers genes associated with significantly enriched GO.BP
terms. The novelty of our overall strategy is the use of this pathway-driven approach, and, more importantly,
the combination of both pathway- and gene-driven approaches. Our strategy reduced the biological noise and
detected genes with significant < 1.5-fold changes that were excluded from the previous individual microarray
studies®!**2° and meta-analysis'.

Our signature gene list consists of 41% asthma-annotated genes and 59% of genes not previously associ-
ated with disease, defined as the ignorome!”. Of the asthma-annotated genes, 13 genes associated with Th2 and
inflammatory responses account for 1/3 of all asthma related publications and the remaining genes play roles in
inflammation. Strikingly, there are a large number of ignorome genes involved in inflammatory pathways, DNA
replication, cell cycle and wound healing, which may include important disease targets. Taken together, these
data support the notion that biomedical research is skewed towards a relatively small number of ‘successful’
genes!>131742 We argue that novel insights into the pathogenesis of allergic asthma should be achieved irre-
spective of the current literature bias. The main ignorome clusters relate to stem cell proliferation and circadian
rhythm domains. Both functional domains are well established in asthma??%?4*? and yet the individual genes
identified in this study have as yet not been associated to it, thus providing interesting candidates to pursue these
functional areas in the disease.

Understanding hubs (predominantly asthma-annotated) and peripheral genes (mostly ignorome) is essen-
tial for establishing functional interplay within the clusters and determining why key Th2 genes e.g., Il13, Il4,
and Il4r are neither hub nor peripheral genes***. These data support the finding that there is no correlation
between a gene’s degree of interaction, importance in the pathogenesis, and frequency of occurrence in the sci-
entific literature'.

Notably, all super-connectors are asthma-annotated and belong to either inflammation or lung-specific insult
response domains. In the DEX experiment, we found that only Traf6 and Viwfhad not changed expression levels.
However, it is possible that they might have changed, if higher steroid doses were used, especially because steroids
are known to increase Vwf*®*” and Traf6*® expression. Although we focused on these super-connectors, there is
evidence that 41% (314) of genes interconnect 3 or more clusters, 1/3 of them being an ignorome, further demon-
strating a large constellation of interrelated clusters across tissues and biological domains.

There are caveats regarding the signature gene list and analyses presented here. Firstly, these analyses are based
on the early events at the initiation of acute allergic asthma in the lungs of mice and may not reflect the same
multiplicity of clusters and biological domains that would appear when testing chronic disease or disease relapse.
Secondly, according to the current paradigm, genes in the inflammatory and immune response are expected,
however, the remodelling response appears earlier than expected and these genes may reflect an early response of
the lung to inflammatory signals and may represent the activation of healing mechanisms. Thirdly, it is not known
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Figure 6. Schematic diagram depicting 12 super-connector genes in the asthma-signature gene list. Gene
circle colour indicates the cluster of origin and connected to the pertaining topological cluster. Topological
clusters are grouped into 4 biological domains by dotted rectangles.
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Figure 7. Expression profiles of 8 from 12 super-connectors were confirmed with quantitative PCR. Data
are presented as mean log, fold changes of gene expression by quantitative real-time PCR and microarray
relative to control mice. Quantitative real-time PCR data were determined in whole lung extracts and are pooled
from 2 independent experiments (n = 6). Microarray data are from 6 publicly available datasets broken down
into 10 direct comparisons of asthmatic and control mice (please refer to Supplementary data and Fig. 1 for
details). *p < 0.05 compared with PBS challenged mice (unpaired ¢-test).

whether human gene expression profiles from patient lungs would produce a similar gene list and functional
clusters, because there are only 2 publically available human microarray datasets on lung biopsy samples [GEO
database (http://www.ncbi.nlm.nih.gov/geo/)]. Importantly, this approach would enable comparisons between
human and mouse datasets providing excellent opportunities to validate experimental models.

Asthma is a heterogeneous disease that includes several distinct disease phenotypes and endotypes* and is
not usually studied at acute onset, but rather during ongoing disease. Multiple dataset analyses including more
gene expression profiles from mouse and man and at different stages of disease and in distinct patient subgroups
may result in the prioritization of essential genes and networks at the core of disease and simultaneously highlight
molecular differences between phenotypes.

In conclusion, the integration of prior literature knowledge and unbiased multiple dataset analysis paradigms
through the lens of systems biology provides important insights into asthma pathogenesis, allowing to bring novel
biology and existing knowledge on a balanced plate, highlighting connections between the two and providing
novel avenues to combat the disease.

Methods

Data selection. From the 23 experiments identified in the literature, we selected 6 datasets based on studies
using the Affymetrix Mouse Genome 430 2.0 or Murine Genome U74 Version 2 Arrays microarray platform
and mouse models of ovalbumin (OVA) and house dust mite induced acute asthma characterized by airway

SCIENTIFIC REPORTS | 6:24647 | DOI: 10.1038/srep24647 9


http://www.ncbi.nlm.nih.gov/geo/

www.nature.com/scientificreports/

A Completely reverted
NR3C1 CD4 IL-1p RELA CADM1

Relative difference
o

-34 # . _ - -
B Partially reverted C Down-regulated
IL-6 ERBB2 STAT1

8 s # i 8 s

S 2 o *l - S 2

O i [0)

o) e T O O
2 1 ] ﬂ g 1 =
T -2 1 8 -2 *
& 3 . # £ -3

D Not affected E No change to PBS
TRAF6 VWF CD44 PRKCD

*
-2 * 1 *

Relative difference
P2 Q2w

Relative difference
et
@

Legend: ::PBS  mm \Vehice B DEX

Figure 8. Expression of super-connectors in acute allergic asthma after DEX treatment. Total lung RNA was
extracted from mice intranasally challenged with PBS (controls) and mice that received vehicle or DEX before
and after OVA challenge to induce allergic asthma. Samples were collected at 72 h after allergen challenge and
super-connector expression was determined with quantitative PCR. Super-connectors are grouped according to
their change to DEX treatment into (A) completely reverted, (B) partially reverted, (C) further down regulated,
(D) not affected with DEX treatment, and (E) not changed in comparison to PBS controls. Data are presented

as mean + SEM log, fold changes of gene expression relative to control (PBS) mice and are pooled from 2
independent experiments (n = 6). *p < 0.05 compared with PBS challenged mice; *p < 0.05 compared with
vehicle-treated group (unpaired ¢-test).

eosinophilia, airway hyperresponsiveness (AHR), and mucus hypersecretion. Within these independent datasets,
we extracted in total 10 comparisons of asthmatic vs. control samples (see Table 1).

Multi-dataset bioinformatics analysis for selection of acute asthma signature list.  We retrieved
raw data from the GEO database' and analysed them using a common pipeline for signal normalization and
extraction of differentially expressed genes (see supplementary methods and Fig. 1). We extracted differentially
regulated genes for each experiment, which were then utilized for our multi-dataset bioinformatics analysis
combining two approaches: a top-down, biological process enrichment-driven approach, from now on called
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‘pathway-driven, and a bottom-up, ‘gene-driven’ approach (see supplementary methods). The two approaches
were merged to generate a final union list.

Gene annotation for acute asthma ignorome detection and its functional annotation.  To assess
the extent of the acute asthma ignorome, we performed an unambiguous literature search based on Entrez Gene
and PubMed databases (see supplementary methods). To annotate the genes from the acute asthma signature list
(including the asthma ignorome), we compiled a list of human orthologs, mapped it to the STRING interaction
network, and performed a topological analysis for clusters of densely connected genes (1 > 5; details in supple-
mentary methods). For each cluster, we identified three sets of genes: (i) hub genes (the top 10% of the genes in
the list ranked by betweenness centrality, defined as the ratio of shortest paths passing through a node, being a
common measure of centrality of a node parameter in descending order); (ii) peripheral genes (1-degree nodes
connected to a clique, i.e. a set of nodes completely connected to each other); and (iii) super-connectors (genes
connecting more than 5 clusters). Each cluster was then further characterized in terms of functional enrichment,
tissue specific expression and literature representation (see supplementary methods).

Biological validation experiments. We used 8-10 week old female BALB/c mice (Charles River, Sulzfeld,
Germany). All experimental protocols were approved by the ethical committee of the Medical University of
Vienna and the Animal Care Committee of the Austrian Ministry of Science and carried out in accordance with
the approved guidelines. All mice were immunized with OVA (Sigma Chemical Co., St. Louis, MO) dissolved in
PBS intraperitoneally on days 0 and 21 and intranasally on day 32 with OVA or PBS. In treatment experiments, we
administered vehicle or DEX (Sigma) intraperitoneally at 1 mg/kg 30 min before and 24 and 48 h after challenge.
Details on animal treatment and measurements of airway hyperresponsiveness, airway and lung inflammation,
mucus hypersecretion and serum OVA-specific antibody titers are reported in supplementary methods. Separate
groups of mice were used for lung mRNA extraction at 24 or 72 h after intranasal challenge with PBS or OVA.
Methods for RNA extraction, reverse-transcription, quantitative polymerase chain reaction and statistical analy-
sis are reported in supplementary information.
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