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JPEN Comorbidity of asthma and
hypertension may be mediated by
shared genetic dysregulation and
drug side effects

Olga Zolotareva 5V, Olga V., Saik?, Cassandra Kanigs?, Elena'y, Bragina ™',
Irina A, Goncharova®, Maxim B, Freidin®, Victor E, Dosenke®, Viadimir A, vanisenko® &
Ralf Hofestidt?

Asthma and hypertension are complex diseases calnclding mere frequently than expected by chance.
Unreveling the mechanisms of comorbidity of asthma and hypertension is necessany for choosing the
rrost appropriate trestment plan for patients with this cormorbidity. Since bath diseases have a strang
genetic component in thes artide we aimed to find and study genes simultaneousiy assocated with
asthma and hypertension. We identhied 330 shared genas and found that they form six madules on
the interaction netwark. & strong overlap between genss sssot isted with ssthms and lypertension
wras foundd an the level of eQTL reguloted geoes ond between targets of drigs relevant for sathma
and hypertensian, This suggests that the phenarmenan of comarbidity of asthrma and hypertenaion
rrdy be sxplained by altered genetic regulati an ar feault fram drug dde efecti. In this werk we ales
demonstrate that not only drug indications but alsocontraindications provide an important source of
il ecular evidence help il to unesver disessemecharsimd. Thess Endings give & dlue te the poibls
mechanisms of comarbidity and highlight the direction for future research,

Asthmma end hypertension affect bundreds of millions of people woddwide'* and coincide in sdults mowe fne-
quenthy than expected by chance. Patients with asthma are more likely to have high blood pressure’ and, in
tum., the pressnce of hﬂ':-rlrnsirn ix assniciabed with the increased severiby of asthma®. This associatinn between
asthma and hypertension was canfirmed in mulfiple scudies of differect patient cohorts® 7 but its anderlying
causes remadn unknown. The coexistence of two or more diseases, called comorbidity, was shown for many
hiroan disonders® %, Moreover, nol anly complex disorders demonstrate comuorbidity nn slso several Menddian
diseass enincide with complex disorders"*", Comorbidity can be direct or inverse! 12 hen the presence of one
disense protects from the rl.ﬂ!e]n'prr:: nt o another one. For ::l.:.mpl-:'. the coincidenc= of r-r.-«n-Tl].'lsms with several
nervoas system disarders is Iowes than expected™,

Comarbldity may peist (o causs] relationships between fwe diseases. For instance, hyperfénsion may cause
cardiovascular danage, leading bo consequences such a3 heart faihire, sroke, and kidney problems®. Alternarively,
comurbidity meay resudt from-cmbrunder effects; g lifestyle or envirommental Bctors, predisposiog to multi-
PI.II health pn.'ﬂ}]rms. For inst ance, sml:-ki.nE i a risk foctor for rt1.|.|]|:i|:'l|= diseases'®, |.r|.-.-_."|.|.d.|.r|.E l'l}'F-E:I’ tension” and
asthma®, Alsy, siress may Irif:gr.' axthma atiack’, and Iurl.g-rerm stress exposure & asociaied with the risk of
hypertension”. Finally, comorhidity of two diseases may be an effect of a 1E}.rn1 diszase, For mstance, ohesity is
another conrmon risk Gecior for asthma and bypertensbon and decreasing of the body-mass index is helphul For
pnasgemen] of both disemses™T.

In addition to these risk factors, some anti-asthmatic d.I.'I.I.E,I. Ay worsen hg.'|:1|.'rt|:m:inr|. and visce versa, amd
several arrl'i-]'r:.'prrtrruh'r d.rl.1ﬂl..l.l-'|! conbraindicated in ssthma For r:-::nnp'ln.'.'h-el.:-hlmhns uzed o cootrod blood
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Er-muru can cause sathma attacks'™ ™ and therefore are contrandicated foe asthma patienis. Af the same the,
eta-agonists, uwsed for treatment of asthe nway increase heart rate™ and should be used with caition in patiesis
wiith hiyperte nsbon. Corticosteralsls e sbmed ot suppressing the imavuss sysbeny and ars used against ssthos’, bat
cah at the e v elevate Waod proeaicre due to their effect on kidneye, leading to enhapced ligukd reterition™

Mevertheless, cormorbidity betweer asthma and hypertension can only o pact be explained by excessboe
weight, smoking and the use of apecific drugs and persists after consideration of these varisbles, although
b cnipey - Besides epviroaments] rak Bctors, induding other dbesses and drugs, comorbidity may anse
as the resalt of shared molecular geretic basis™, predispening e patient o the development of both diseases.
Copporbbd diseaeds may share asociated gemoy themselvae™ 7 or demenstrabe strong sommectivity betwam Do
st of msociated genes in profetn interaction! =, gene coespresion™ ar metabalic networks™.

Hecent atudies have shown that many epldembalogically correlated disenses and radts share pisk Jock adestified
in genome-wide sssocation siudbeés (GWAS]™, bul this & nol true for hyperiension apd mthma®. However,
GWAS results are not the only informasion source of gene-disease associations. Many different approaches are
used in establish associations between genes and diseases. For example, genes aliering expression in disease and
ganes encoding drug targets are [oely o be aden imeolved En b pathopenests,

Dresprte the Fuct that ey genes are s socated with isolaled asthag and hypectession, nsodecular mechaniams
underlyieg thebr comorbidity rensale wnclear, To lvestigate the genetic Basis of tis comodidity, we constructed
comprehensive st of ashma and lypertension asscckaions of different nabwre and Meatified gends implicated
in both diseases. We analvzed the relatiombips between these genes, revealed six gl imterconnectied gene
mindules end charscterioed these modules by enriched GO termes, pathways and fissue specificity. [dentificationof
the geived aid pene modiles patentially birvlved bn both disorders may sdvance the unraveling the mechanims
of thelr comerbidity, and help get further imsiht into the pathogenesis of asthma and lypectension comorhidicy.

Results

Eenﬁujpminusif associated with asthma and hypertension.  Although the phenomenon of comie-
bidity ol asthns and bypertension has long been known, oely 2 few works discussing genes potentially involved
in both diseases or related pathophysiological processes have been published before 2012, We have found six
publicatons which discussed ten genes in total potentlly relevant to both asihma and hypertension snd summa-
eized the results of our lerature search o Table L. These studies were nsostly focused on genesand ther functions
and did ot aim bo discover the mechaniens of comorbidity betwesn the two dissases,

L our recent wark™, we gpplied ANDSyster™ @ perform the automaric reconstroction of the assiciative
gene network for asthma and hypertension from scientific Berature, The resultant associative network incduded
105 penes ]:I-ul::nﬁal]r n.-sp-u-n:iliz for comorhid asthma and hypertension. We Ilmn]mncd. gene prioritimfion
nm!ﬁduluﬂ baged on ten criterks ncluding relevance scoves caleulated by stabe-of - the-art gere priaeitization
tools"™, association with binlogical processes. position in the assecintive network dnd evidence of genetic asso-
ciatioms and regulatioms. The [L20, TLES, and CAT genes had the highest ranks among all candidate genes, and
ADRHZE was ranked sbith, Oure later works demomsirated experimental evidence supporting possible miles of
IL 1 and TLRY in comorbid asthms and bypertescen. Direvyieks ef ol crested an animal smadel of comarbad
asthivs amd hypertenszion — SHE with OVA-induced asthms - and demanstrated that FLTO krock-down b this
minde] immproves cardiac ansd lung function parameters”, Braging ef o, identified expression quantitatie trait
Lot | e} TL) associated with asthma and hypertension comarbidity for CAT, TLRA, ANG and ENASES genes an
the cotart of 387 isdividuals from WestShers™. More recently, Sabk o ol reanalyeed sssociative aghmalbvper-
temeion network and, beped on the cross- talk centrality, propored ten wore inmene- eloted genes for farther
experimental valbdat on™'.

All the previous works investegated the genetic basis of asthesalypertension comarbudity evaluated the sel-
evanes of ngle genes, In confrast with previous dudies, in this wark, among all the associations extracted from
a variety of data sourves, we kdentified and characterized proups of unctionally related genes. Our approach
altgns with correit understardding of asthma and hyperienson as comples disorders, which thoaght to be poly-
garnis and heterogeneous "5 Yot ancther advantage of this work is that we incorporatind types of sseactations nog
cosidered in previoussiudies noe provided by kusge gese-disease associstion porials, such as Open Targes'' or
Di=GeNET, In particular, we included knto the anslysis genes controlled by eQTLs assocsted with asthina and
hyperiension and tarpet penes of drugs contraindicated in these diseases,

The owverlap between genes associated with asthma and hypertension independently.  Aiming
Lo compoan comprohensive s of genes associated with ssthoms and hypertenaton and bvvestigate thelr overlap,
we collected gene-disease ssnciatioms auppodted by a varlety of evidence types: genetic asociations, differential
EXprassion, Co-accurmence i e, and trgeting by drigs used sgainst asthma and hypertension. Also, to expand
Lhese gene lists, we esed GWAS hits mapped o knowe ) TLs and selectad genes regulated by thes: eQTLe
Fimally, we bnpathesized, that genes targeted by dregs cansieg adverse effects similar to asthma and Iypertension
iy alse be invelved b tlheir pothogemesis Therelors, b addithon to dnags that can teeat asthma ared byperten-
by, w ook o scoount drsgs that exagperate theee diceases and added their targete bn the lste of penes for
asthrss o hyperension,

Afier comsbination of gene-disesse associstions from varkos evidence sources (see Methods and Fig. 1],
the lsts of 980 penes assockabed with asthisa and 1204 genes 2sockated with byperteession were compiled. Out
of them, 330 genes were assod lated with both dissases according to at least one data source (upplementary
Takde 513, To focilitete further uee of saiociations selivant for asthima and hypertenaton comorbiding we addid
theie be Cendablet dataliaset
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Table 1. Gepes potentially ivvolved in the pathophysiology of asthma and bypertension, conrding ko literature
preatd st d before 2008,
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Figure 1. Identification and characierization of gene modules sssociated with asthma and hypertension.
Metwork nodes represend genes and are colored u.n:r\-nrﬂ.hﬁ ih numh-:rﬂ:.il:! ina module. Modes not lﬂiﬂnﬂd to
clusters ane shown in grey, Siee of sach node is prl:rﬂonima] to the number of evidence sowrces rting the
assaciation of corresponding gene with asthma arhyperension. All gene set overlap aralysis resalts are shown
in Supplementary Tables S2A-C.

HNetwork analysis of shared genes reveals six modules.  In veler w idemily groups of funcUomally
related genes, we builta functional network of shared asthma/bypertension genes using '!:'|lt|:va|=|::_|]:l:*'lI v36.1 strin-
AP w130 amd performed module detection. Tn this networks, twoe sodes were connected, U corresponding
genes are co-expressed or if proteins physically interact or share hiological pathways. Only edges representin
gene co-expression, physical interactions of encoded proteins s Bological pathway dharing, were Laclu
in the network. Overall, 257 oul of 330 genes [78% ) were connected with atlest one of other genes. 5 tighily
interconnectzd modales were detected wsing ChisterViz App*® v1.0.3 EAGLE algorithm™® {with mirimal Clique
e wmd C-u-m‘p-ln: Siwe thresholds s=t to 1) and annotated with nv:rrep:::m'rtd Eu'l‘hﬂ'!,':., GO terms, and
tEsue-specific gene sets (Supplemsentacy Tables 52A-C provide all significant gene sl overlap analysis resulis).
Module L compried 77 genes was enriched wihih & parth b ytokdne signaling, in particular in IL-
£, IL- 12, a0 }1-?_.1]].'::1:1 Th17 differentiatboa pﬁhﬁ}'ﬂ!ﬁ:-fmﬂ -3 reigujaie inflammatory ﬂéﬂ[‘ﬂi‘lﬂtﬂ- allergen
exposire i asthma™, fi-Z5and Thi7 cells are eevared in hypettension ™ ol promsote newrophilic infammation
in esthma™. & very recend review on the treatment of comerbid asthms end bypertension sumnsarizes implica-
tinns af cytokine signaling and Thi7 cels for hoth dissases”, Module 2 comprised 43 genes parficipating in the
metabolism of xenobiotics asd defending the cell From oxidative stress. Reac tive oxygen speckes are generated
by abrway epithelinm ﬁ‘:rmhd i brritants, activate immune celk and thought o be cated km asthema™.
Hypertension 1 chara by elevated oogidative siress blomarkers in blood asd incre eiciaive damege of
vasculrtare ™. A large bady of evidence confirms roles of asticsddant defence eneymees in asthma™ * aed byper-
ters o™, IIHEIEI‘HHE[‘!.', #key anfnridant ETGTITIE, catadase (CAT), was alsn ]:ll'l!i'i.ﬂl.ﬁl.}' as=nciated with comorbid
asthma and hypertension™”, Module 3 enriched with genes involved in extraceliular matrix ongnnization and
platelet degranulat mn. Platelets arealiered in hyperension™ and their release products pariticipate in alrway
indammation and reeodeling in stho®™. Module 2w enriched by genes encoding G prodein-coupled recep-
tors and responsible for regulation of bood vesel dizmeter. This module induded adrenorecepior genes, oy
of which are inrgeted by drugs apgainst osthma and hypertension, Module 5 was enriched with genes participating
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b cytokine signaling. In confrast to module |, genes fron module 5 were assockited with interferon gamnss

I;.E“H and more speciiic for COL6-maosocyies and gouium, than for neutrophile. bvterferon-gamnss infuib-

2-fesdused Inflammatbon but promotes cytatoxic responie®, lnterferon gamma sigraling i Implicated by
aﬂl-mu" aoivad anpiotepsiin-1-Enduced hypertension®”, Madule 6 was comyposed of geneeaneoding hiskemes, whise
mnod ations define chromsstin state and regulate gene expresston. Changes of histone modificatioss are hown
b muany diseases including asthmae™ and hypertession®, Luhistion of histone descetybses decreases inflamima-
thovne™ aind demonstrate anti- -hypertensive effects™ .

Some axodules overlapped in a few genes: MAPK and EDN beloaged to madules 1 and 4, C3 aml €5 1o
evoduilon 2 amid A, STATT to moadudis | and 5, and SERPINA T to modules 2 and 3, Swch geoes mar be roiponsille
foe a croms-talk between bological proceses represented by moditles these genes connect. However, of these
six gemed, only MAPKY apd STATT were associated with asthms or bypertension throwgh evidence other than
Co-Goiierese tn texts,

Analysizs of evidence types .-.uppm'th? ene-disease assochations. Te inmh‘f; the comtribution
of varivus evidence types to the detection of shared genes, we labalad gene with the kind Df.rdu].inn::l:ip,
linking it with ashns or lypertension, and aimlyzed the distribot o nfl:!hue:amnmﬂ.':mmim: Flgure 2 shows
that the distetbution of labels over the petwork does not seem (o be random, and the represeetations ofdiferent
ewd:-uuij'pe labels amsong madiules are not eluﬂ_ The majority of shared gnes (231 of 3300 had as associabion

extablished via text mining by HeGE Phenopedia™ v2. 1 and were siupparied by at least two independent studies.
Moreover, nssociations |:| £ 25 of them were established via text mining only and constituted esseatial parts of
mndoles 1-4. .A.'I:hn rit co-oocnrrence in texts does not seem to IJE‘IﬁE meet conlident evidence of asso-

chatbom, we could mot ﬂdu e it Tromt consderation without losing 206 (62%] of shared genes.

We also found that all members of module & and almost all of module 5 induded genes that are controlled
by CWAS-dentified eQfTLs asdociated with asthma or bypertensbon, [ total, 107 aut of 330 shared genes were
regulated by such e TLs. Since this mumiber sig n'r.ﬁ.:.unl.lf}' excoededl the expectod by chance (Fisher's exact test
El-'m:lm oo Gl L 45 Prrm;t'mn P-v:]u-r-: 10e-d4; 10 r::]:le-:l.-nd. m:n-:ruﬁe:l, Wi AL hﬂ:lm.'hzsize that these shared
genes may have an impact on the develapment of comarhidity between esthma 2nd hypertension, Imporanthy
this ofgervatbon st be explaned sinsphy by shared GWAS hits, Only e missense varkaot, m3ER4504 b
SH2BI gene, wis In the intersection of ssthma and hypertension GWAS sisockations, It was indeperdently asso-
ciated with bypertensien, ol evsinophil crunt and masy other raits amd controlled osly 39 of 107 genes
aszociabed with asthme and hypertension through ¢QTLE regulation. Interestingly, emong these 39 penes 5 were
up-reHuLl.l:eﬂ'in bload rrf]'l-nl:i::nl:uvi'lh h}"l:!rrhmsinn and included o the *blo pressus ﬁgnm\e"" Flmp-m-ed by
Huan ef al,™: FOS, M YA DM, PPPIRISA, ST00A T, and TAGAF.

To illustrate Ihﬂmh{ of our fmdings, we compared owr set of shared genes with gene sets obtaised frong
Cipen Targets w1802 and DislieNE] w20 usng fnal disease names. In our Bstof 3340 shared genes, 42 were
navel Cnades shown in bokd frames i Fig, 2], be et ossociated with asthioss and hypertensmon i OpsnTargts
amd [HaiGeMET. These two large gens-diseass assoctation datsbages use distingt sete of vidence sources aml
interpret sonse msociations differently. For examngple, they do Rt consider gene regulation data for establishing
gene-disese associztons, although i s ie 'gll{atunlm asthing’” and hypertension’ . Open Targets and DsGeNET
inchide gane-disense associations obtained direcily from GWAS Catalog, where disense-gssociated variants ane
mappel e neightroring genes ared do not differestiale synonymsras and non-synomosous varfasts, As a esoli,
ersnt of the newly identified shared genes werd asseciated via ¢OQTLs and comaposed modules 5 and &

Adverse drug reactions may mediate comorbidity of asthma and hypertension.  We abserved
peve coummon drugs {and therefore d:u%targcts:l relevant b asthma and hypertension tl.un expected by chance.,
We composed Eour lists of drogs that influesce asthina or hypertension (Supplementary Table 53k de ugs with
prattive effects an asthioa er hypertension (he wssl 1o treat oF rebieve thetr sy mptoma) and drogs with megative
effects on these diseasde (Lo, contradndicated or worsening diseass symphome), Ebght drugs wsed to treat byper-
terabon were harminl for sthma patiests: thimolol, madalol, sotalol, pladolal, carvedilol, lebetalol, propranalol.
All these drugs belong to the dass ol son-selective bela-blodkers and may exacerbate asthma'. Al the same thise,
seven anti-astheatic drugs oocurrad in the Lt of drogs et may inceease the risk of hypertensbon or elevate
blood pressure: rimcinolone, preduisslone, ety prednisolone, dexamethaione, bydrocortisoee (Coftioos-
terokds) and epinephrine, ephodra, epbedrine (beta-sgomndsts), Both overlaps wers statistically significant with
p-valie < 2 pde-06 and povalue < 450806, regrectively tin Fiahersexact tegt,

T find target genes whose activation or inhibiton exbibit positive or negative influesce on asthma awd
hypertenston, we performed tirget weerrepresentation analysts in four drug gredps 96 genes weee slgnificanly
overreprisented among targets of &1 Least one of four drug groups (Table 2 and Supplementary Table 54), only
L6 of which were nasthma-hypertension wetwark, Interestingly, 8 of these 16 genes associated with asthma or
hypperrensbon threogh drug evidence appeared In module 4, enriched with genes involved in snsooth muscle
cotraction. thu.re! surnersar kres all significant deg targets, their relatbonships with dewgs, and deog efects an
asthinss and by Sup]illkmutary Table 55 provides this network in tabular fornsat. ADRAD and ADRE2
were berpeted by rom all the four groups, snd activation and inhibdtion of bets-adreporeceptors uu:ed
OppOsLE E.I'EH.LL (1% :L:.:l:lli biyperension. Simibsdy, NEIT! a glucocortiooid receptor, was sclivaled I:lr
indicated in asthma but potentially hormful for hypertension. ANXA ! is another target of corticosteroid drugs,
such a3 degamethasone and hpdrocortisome, s activatbon medites the anti-inffammatory effect via inhibion of
phosphiolipase AZ ANXA D & up-repulated in blood of hypertensive patbents™. PTGSZ inhibiton seemed o have
a pegative effecton both diseases, while PTGS T was overrepresentad only among targets of drugs contraimdicated
bt asthima
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2. Bvidence sonrces supporiing gene associatxons with esthnn and hypertension. In this Ggure, we used
riade style sinsilar 1o Fig. 1B in™". Here, nodes repeesent genes associated with both asthues and bypertension,
E-IEEE: :nrn:q:ln'nﬂ gene interactions {onky 237 nodes connecled with o Least one other node are shown ). Genes
are codored acoording o evidence smerces {see iigure legend) from which assecistions came from. The sze
of each nade is proportional to the mimber of svidence sources supporting its assocation with asthma and
hyperiension, All 330 genes associated with asthmn end hypertenson anmoteted with evidense bypes supporting
associztions are listed in Supplemendary Table 51

Cur results agree with prier knowledge sbout psthma and bypertension medications, It is well known that 3
-hlockers and agonists have appasite effects on asthma and hypertension, Although medications for treating
hypertensbon and sshms tdrpet different ecepiors A DRI bockers have anti-hypertensive effect® aml ADRE2
agonlste have anti-agthmatic effect™), there are many components non-spectfically targeting multiple tvpes of
adrennreceptors™, Blockers of iy and agenists of a,-ndrenergic recepinrs cure hyperiension’, and opposite
actions on these receptors may provoke blood pressure elevation, Alternative treatment aptions for asthma
patients whe poorly respond 1:Lta -agontists are inhaled or systemic glucocorticeids™, O g of ghocor-
ticoids ppduces elevation of bleod pressure, although inhaled glocoonrticaids are relatively sl compared 1o sys-
temic steroids because of their local action®, Petients with an e evated level of glucocorticoids due w their
erepperoduction or abpermal metabolizm develop Cushing syndrome™, characterized by high blood preseure
nmg other symptoms, Other dasses of apti-inflammatory drogs. such as non-steroid anti-inflam mstery drugs
(MEAID) may abso influesce asthma and hypertension. N3A1D-Exacerbated Respiratory Disease (MERD), s &
classic example of adverse drug reaction in response bo aspirin and some other NSAIDs, WERD is also called
aspirin-induced ssthma becauss it resembles main asthma symptoms, such s bronchial obstruction and dyspnes,
and {5 prevaknt among asthma patients™, NERD is thought to resdt feom PTG inhibition, theeefons the uange
of PTGS2 selective inhibliors 4 consderad o be refatively safe for asthmaticd”, bub iF b asockated with a dskof
hyperiension™™, Also, NSAIDs may decresse the effect of anti-hypertensive medications®,

Discussion
Ty this stucky, we Dwvestipated the genetic overlap between a pair of comoriid disomders, asthma and hypertensicon.
A correlatsen of gene perturbation with dissase status poknts to the pessible bvobrensnt of this gene bthe dis-
e echamism, Al the s tinse, differeat molecular Jesions may have einudlar effects on the phenonype, Theee
cotabderations mlivated s do construct bwe sets of genes independently asoclated with each disedse through
various perturbation types and imvestigate their overlap, We found 330 gepes simultaneously associated with both
diseases and potentially responsible ? their comorbidity, Projecting thess shared genes o an interaction net-
wirk revealsd slx functiosal medules comprisieg tightly Enferconnectsd genes. We testad these moidules for the
cvirrepresentation of GO terims and patbwies, thsne-specificity and dvidence bypes supporting g ssesciations.
Wi obaerved am excess of genes jobntly controlled by asthima - and hypertension-associated eQTL4 in rod-
ulis enrichied with genes imvolved i interferon-gamms signaling and chesmatin assembly. This observatien
suggests that the coingidence of asthma and hypertension may be af least partially explained by concondandly
alterad genetic regulation of certain biodogical processes of functions. Car firding sgrees with very mcent esults
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'I..'.il..l]l!.ll.l dn'..l!.i'i'..ll_.'l.. d..I.II'J.H..lL?E, .'Illl:l.lll..ll..'l. .\HH:II' ALIRED, ADRKA,
ANKAL CFSITRL HDACE A5, MRIC), BHEIA PIETL. PIER, POEA

mtlinie lidications &1 £l

B e O o o e e T

.-IE‘E .ﬂ’l‘.-ll..'l .-l.ll'ﬁ.'u'i riﬂl‘.-l?ﬂ m.ﬂ.. ﬁﬂﬂ:.iﬂ _ﬁﬂﬂ.[ m.
AGTRI ACTAL BOWNEL CAL £A4, CACNATE, CACNAIT, CACRAID,
Eyperimmion | insdicaliom Ly 124 CACHATF, CACNAN R, CACNA LS, CACINANN, CACNARDE, CACNAAN
CACKEY, CACVED CACHI A CACNR, EACNG L, BUVHDE KC0848, KCNHT,
MRRCL SURM A, SCNN LSO, SCNNG, SR ), 81T
ADBATA ATIEA TR AIKA D ATEASY, ADRAE LRAY ATRR]

ADRRE ANKAY, FEA. FLTE RO, SR HTR IR HTR D,
Eypericroin | coniraisfications |94 ikt TITRIE, HTRIE, #7300, HTIAC JITES, [TOA, FTGRR, Afarsd Aarss,
NRFCI, P, PIMGERE, P0R, PLAUR, FLG. PTGSZ AERFIWA 2 SERFINEY,
AR SLOIRAT, ALCSAZ, SICAA, SLORAR TAARD, WRTIRLY

Tahle 2. Genes mmp'rﬁemud amnog, I:arEL't: ol druEF i'rl.'Hu:n:ina asthma ard hypertension. T.:ra:t HETees

significantly enriched in more then sne growp are shown in bold. Genes ADRET and ADREZ whose potentinl
rok in asthma and hyperiension was previously discussed ore anderlined

puiblistied by LE o ™, who snalyeed saltiple disesse pairs and demonsteated that comobid diseases dhare alg-
nificantly asue 0TL-regulaced transcrpls than expected by chance.

We also found more drugs with opposite effects on asthms and hypertension than ﬁtuﬂ by chance. Hased
orthis observation, we hypothesied that comorbidity might be the result of deog side s, whiei drugs against
one disease may predispose the patiend (o the development of another. This pariscular case of asthma and byper-
tension demonstrates that genes tu.rEﬂed br conrandicated drup miry also participaie in Fluthn-l:!h:.':i-u]nﬂ'i.:
msechaniams of comochid iy

An ireportant limttatbon of this stwdy is the absesce of direct validation of the resilting associabed gese sel
Since the gesetic basis of asthme and bypertenslon consorbldity & poody understood, we bave no gold stand-
ard to compare with, Anther way of resell evaluation would be an expecimental validstion of gene roles in the
comorhidity, which was not in the scope of this work.

The \'uind.ﬂ'p af our results s par Drﬁu confirmed by the presence of some known shared genesin oierset. Four
genes (ADREL, ADRA2 TLRY, andCDJd] lsted in Table I appear among 330 genes assadkated with asthma and
byperension This kmted overlap may be expluined by the fact tha most of the papers incheded in Table 1 do sot
focus on asthmn or hypertensson and only bst them smong mmltple phenotypes assooated with certan genss
Therefre, Fassocktions of these gened with asthma and hypectensien do not appssr inabsiracts, they remain
bnywisible for ot mining ool

Apather indirect confirmation of the result valldity is our observation that comorbid diseases share ey
genes controfled by o TLs, This agress with the results of Li ef @Y, obtained independently on different datassts,

Methods

Monogenic associations wia hereditary asthma and hypertension.  From MabCards™ w85, and
literatwre™" we extracted genes that carry mutations causisg mosogenic syndromes with asthma or hyperien-
sion amuong other symptons. In total, we found 37 ﬁnu asiocaled with familial forms of bypertension o with
Mendelian disordérs characterized by hypertension. No monogendc formes ofasthenss were found, although several
Mendelian syndromes charscterived by frequent ssthess attacks considered in the literaure™. From human phe-
natype ant 1 [HPQ) we selected phesotype terms related to asthoss (HR0OO02059 - Asthma, HP 00120482
- Aaplein-indiced aethma. HP0025428 - Bronchospasm) and hypestemsbon (HP-00D0R22 - Hypertenskon.
HPF-0000875 - Epsadic hypertensbon, HP-0004421 - Elevated systolic Blood pressure, HP-0004%972 - Flewated
ok arterial pressure, HPO005117 - Elevated dizstolle Mood pressure). We exduded genes assoctated with spe-
cific kinds of hyperiension {e.g. ooulir hypertension) that are not rebsted o esentiol bypertensicn [ HPD00T906,
HIG 1409, HIP 000209, HP0002640, HPG00807 1, FIMOL08LT, FIP.005168). Mapoi d-tliﬂ:llﬂiu TP
termis was downloaded from hitpe!{ comphiocharite defjenkins/job/hpoannotations. monthby dsst StableBuilds,
takle .’;LL_E-EII.JE'.-EIS_FE:EIIJUIE"I'I disezses_to_genes_to_phenobypes tel” availalle on 26,01 2008, We uwsed
gene-phenotype pairs nrarkied 45 “frequent”, which means that this phenotype was mantfested in at least 50%
patients with a disesse.

Coding GWAS variants. GWAS Catalog” vL.0ul idownlvaded on 2208 2007) includes 29 studies related
to esthma which report 407 associations in total {395 unique). In addition, we included 17 associations from 4
studies of ssthma-r=lated traits such-as NERD, easinophil connt or Immuesglobalin E (gE) levels Similardy,
| 2 associations with hypertenzion and blood pressure traits were abtained from 16 sluﬁiﬁ fisted in GWAS
Catalog. Al associntions have p-value < §le-5 (detault in GWAS Catalop), Only 29 and 9 single-muclertide pal-
yrwrphimas (SHPs] am w:lrJ:l sblireu il bt sk e Wk rp-:rl.l:lul.l:lna:rhdl:r]und Presaure
respectively wers an natated as s ice on_varknt, missense_variant, synonymous_variant or non_coding
branscript_exon_variant and therefore rr;gh:trd franscripl sequences.

Regulation, Alihough only 2 small fraction of variants discovered in GWAS affects transcripts, about 3 half
of them averlap with <3 TLs™, From three recem Bomd eQTL studies"* ™ comprising thousands of Individuals,
wir ol ned lists el eQTL SNPs and overapped them with varfants assockibed with asthma and hype etensdon

SCIEMTIFIC REFORTS |

ROTR R I63Z | hemps: ko erg 10 10ARY s+ 1598 DL3-5 2768 -w



www._nature. comiscientiticre ports/

F‘Iﬁw 3. Relationships between penesand drogs indicated and contmindicated in asthma and hyperiension

All target genes significanthy overrepresenied in one of fowr drug growps are shovm, Dirugs influsncing both
diseases and target genes overnepresented in more than one group are shown with bold frames,

GTEX Y J-IILH.h'_-l.lllrJI.l!nl'ﬂi:EHul:lJ [Tl hE] 124
IT'I'IFHIHFI-' 31 PIERIL: ] ‘.'-.I'l'
hchancs g™ | 5157 whode ] T - (B
Larsen it al ™ S wliide bl ILI2¥E e

Tahle 3. Characteristics of e[JTL datasets.

in CGCWAS. Furthermore, we inchided variants associated with tissue-specific expression from GTEx v6", This
dataset condained e TLs in 44 tissaes inchuding whole blood. The details of eQ¥TL data sources used in thisstudy
are presented Lo Table 3. From each study, we retalned oly SMNP-gene pales which passed the fale discovery rate
{ FOR ) theesbold of 0.05. Al SNPs coordimtes were Lified over 1o g and tieir IDs wire comverted intodbSNP=
w150 to match SMPs [Ds used in GWAS catalog,

Differartially expressad geres.  We obtained asthma and hypertension expression signatures from the
two biggest expression profiling studies of blood pressure™ and asthms*", From Huan efal we fook 34 genes with
expressinn assnciobed with hypertension dingnesis or with systolic and diastolic hlood pressore. Astima expres-
stom atgratues incloded 541 genes differentially expressed im the blocd of asthima paticats in Pgler «f af, dataset
I addition to theee bao denstures, we composed fwe liete of genes that demorstrated alterad expeasabon lovels
in wsthma or hypertension ncoording to ANDSyskem (published on 05010, 20041 and DisCeNET v5.0. Thes two
rmurl.':lprwiﬂ]: ellestions of differertially expressed genes antomatically extracted froms biomedical lerature
T reduce false positives, we took genes whoss altered expression in asthma and hyperiension was supported by
al least two evidence sources.

[Img.l and t.lru-g targets. Drogs indicated and coniraindicated in asthma and h:rl:!ﬂ!mirn were ohtained
from DrugBank™ v3.09 god NDFE-RT* {released om 02, 10,2017). Surprizsingly. 5 anti-ssthmstic [ brabesa-
nide, flunizolide, salmeterol, formoterad, and cromeglicic acd) were at the same time contraindicated in asthma
necording to WDF-RT, These drugs are known to eavse paradosical drug reactions, for sxample, when the infake
of an anti-gsthmatis dnag provokes bronchespiesm®™. We exduded such dbrugs From contrandicathons Lst bt kept
them in the Ist of indications, bevause paradoxical reactions are extremely rre. Finally, the list of contramedicated
drisgs was extended with drugs reported 1o induce the rise of bload pressure and asthme, NERD or bronchos-
pasms From DrragBank, we ohtrined genes targeted by selectsd drogs. All target genes encoding non-haman
proteins were exchuded, All drug action fypes used in DrugBank were converted to simplified effects reflecting
thie direction of drug acthon on its target, e p. “positive” for sgooists and setivators, “negative” for inhibitors and
ansgerists, and “other™ for modificrs. Supplementary Tabk 53 contains selectad drags, thebr effects on dizenses

and their largets.

Statistical tests. Gene sel overrepresentation tests were carried out in TargstMine™ (build 20180027 with
defanlt parameters {one-tailed Fisher's exnct test follonwed by Benjamini-Hochberg correction for multiple testing,
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p-value threshold 0.05; all genes froms the tested datsbase were constdered s the background set]. Strdbiely, over-
r-epruenlar.:m of drug targets § Ijm?mm gs evaluaed using the one-sided Fishers exact st implemented
b selpy prthon Gibricy, We o 1 the: ddrugs Froen Drugosk with defined action am soy hikman targst oz
th b kgraaingd, s applied p-value threehold of 0.05 after Beifambn-Hochbeng correctban for multiple testhig,
Todemonstrate that asthna end hypertension share more el 1L regulated penes than expected by chance,
we generated 10000 pairs of randon: eCYTL sets and calculated the number of shared genes foc each palr. Sizes
overlap of Endomly generabed eQYTL sets were set the seme a5 real sets of asthima and byperiension e(JTLe

Data availability
All data generatod diring this study are incladed in Sapplementary Iiformation files

Fecerved 28 March 2019: Accepted: 22 {Ocinber 2009;
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