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Debelost je vecgenska bolezen, ki predstavlja pere¢ zdravstveni problem. Za
debelostjo zbolevajo ljudje vseh starosti, pojavlja pa se tudi pri domacih zivalih,
kjer pogosteje govorimo o zamascenosti. Odkritje genetskih osnov nalaganja
mascobe lahko pripomore k razumevanju pojava in terapiji debelosti. Koli¢ina
razpolozljivih genomskih podatkov nara$ca, hkrati pa se povecujejo zahteve po
metodah za njihovo analizo. Vse vejo vlogo pri raziskavah kompleksnih
fenotipov pridobivajo sistemski pristopi. lzdelali smo genomski atlas, Ki
predstavlja centralno spletno mesto genetskih vzrokov za nalaganje mascobe.
Uporabili smo primerjalni in integrativni pristop zbiranja lokusov za nalaganje
mascobe pri ¢loveku, misi, podgani in govedu ter z vizualizacijo integriranih
podatkov dosegli enostaven vpogled v do sedaj poznane lokuse, povezane z
nalaganjem mascobe. Izdelali smo prikaze genomske razporeditve lokusov,
identificirali kandidatne bioloske poti in genske mreze za nalaganje mascobe, Ki
so bile osnova za razvrscanje kandidatnih genov po prioritetah. Razvili smo
bioinformacijski orodji za analizo nekodirajo¢ih kandidatnih genov (miRNA
SNiPer in miRNA Viewer). Iz nabora kandidatnih lokusov smo izbrali
potencialne biooznacevalce (Aktl, Ubc, Grb2, Mir599) in z analizo povezanosti
genotipa s fenotipom preverili njihov vpliv na lastnosti nalaganja mascobe pri
misi. Razvili smo strategijo za raziskave genetskih vzrokov nalaganja mascobe,
ki jo je mozno uporabiti tudi za druge kompleksne fenotipe.
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Obesity is polygenic disease which presents a major health issue. It affects
people of all ages as well as domestic animals. The unravelling of genetic bases
of fat deposition might help to develop therapeutics and understand the process
of fat deposition. The amount of available genomic data and the need for
genomic data analysis methods grow. Systemic approaches are becoming
important in complex phenotypes research. We created the genomic atlas, which
presents the central web resource of genetic causes for fat deposition. The
comparative and integrative approach to collect the loci associated with fat
deposition in human, mouse, rat and cattle was used. By visualization of the
integrated data the insight into known fat deposition loci was enabled. We
created genomic views of loci, identified candidate biological pathways and
determined genetic networks for fat deposition, which were basis for candidate
genes prioritisation. Two bioinformatics tools for analysis of noncoding
candidate genes were developed (miRNA SNiPer and miRNA Viewer). From the
set of candidate loci we selected potential biomarkers (Aktl, Ubc, Grb2, Mir599)
and tested their effect on fat deposition traits in mice using analysis of
association between genotype and phenotype. We developed a strategy for
research of genetic causes for fat deposition. The same approach can be used for
analysis of other complex phenotypes.



Zorc M. Razvoj biooznacevalcev za nalaganje mascobe z integracijo ... in bioinformacijsko analizo.

Dokt. disertacija. Ljubljana, Univ. v Ljubljani, Biotehniska fakulteta, 2013

1.1
1.2

2.1

211
2.1.2
2.1.3
2.14
2.1.5
2.2

2.2.1
2.2.2
2.2.3
2.3

23.1
2.3.2
2.3.3
2.34
2.4

2.5

2.5.1
2.5.2

KAZALO VSEBINE

Klju¢éna dokumentacijska informacija
Key Words Documentation

Kazalo preglednic

Kazalo slik

Kazalo prilog

OkrajSave in simboli

UvoD

CILJI RAZISKAVE IN HIPOTEZE

PRISPEVKI K ZNANOSTI

PREGLED OBJAV

NALAGANJE MASCOBE

Mascobno tkivo

Lokusi, povezani z nalaganjem masc¢obe

Bioloske poti in bioloski procesi, povezani z nalaganjem mascobe
Zbirke lokusov, povezanih z debelostjo

Genske terapije za zdravljenje debelosti
RAZISKOVANJE KOMPLEKSNIH BOLEZNI
Sistemska biologija

Strategije raziskovanja kompleksnih bolezni
Integracija »omskih« podatkov ali integratomika
ZBIRANJE LOKUSOV, POVEZANIH S FENOTIPOM
Specializirane zbirke lokusov, povezanih s fenotipom
Zbiranje lokusov iz bibliografskih zbirk

Ontologije fenotipov in bolezni

Orodja za rudarjenje v podatkih

BIOLOSKE POTI

BIOLOSKE MREZE

MreZe proteinskih interakcij

MreZe uravnavanja izraZzanja genov (DNA-protein, RNA-RNA)

\Y

X
© © O N N o o o U A W W W NN e =

N T o o e o
g o1 A W W W N



Zorc M. Razvoj biooznacevalcev za nalaganje ma$cobe z integracijo ... in bioinformacijsko analizo.
Dokt. disertacija. Ljubljana, Univ. v Ljubljani, Biotehniska fakulteta, 2013

2.5.3
254
2.5.5
2.5.6
2.6
2.7
2.8

3

3.1

3.11
3.1.2
3.1.3
3.2

321
3.2.2
3.2.3
3.24
3.3

4.2

421
4.2.2
4.2.3

4.2.4

Metabolne mreze

Signalne mreZe

Uporaba pristopov teorije grafov za analizo bioloskih mrez
Orodja za analizo bioloskih mrez

RAZVRSCANJE KANDIDATNIH GENOV PO PRIORITET]
BIOOZNACEVALCI

ASOCIACIJSKE STUDIJE

MATERIALI IN METODE

ZBIRANJE LOKUSOV IN IZDELAVA GENOMSKEGA ATLASA ZA
NALAGANJE MASCOBE

Zbiranje lokusov, povezanih z nalaganjem mascobe
Izdelava kataloga lokusov, povezanih z nalaganjem mascobe

Spletno centralno mesto za lokuse, povezane z nabiranjem mascobe

INTEGRACIA RAZNOVRSTNIH GENOMSKIH PODATKOV IN
BIOINFORMACIJISKA ANALIZA

16
16
16
17
18
18
19
21

21
21
21
22

22

Prikaz genomske razporeditve lokusov, povezanih z nalaganjem mascobe 22

Analiza obogatenosti bioloskih poti

Integracija in analiza bioloSkih mrez

Bioinformacijska analiza in razvrs§¢anje kandidatnih genov po prioriteti

VPLIV KANDIDATNIH GENOV NA LATNOSTI NALAGANJA
MASCOBE
REZULTATI

GENOMSKI ATLAS ZA RAZISKAVE LOKUSOV, POVEZANIH Z
NALAGANJEM MASCOBE

INTEGRACIJA RAZNOVRSTNIH GENOMSKIH PODATKOV V
POVEZAVI Z NALAGANJEM MASCOBE

Genomski prikaz razporeditve lokusov
Analiza obogatenosti bioloSkih poti

Analiza mreZe proteinskih interakcij in mreZe uravnavanja izrazanja
genov

Razvrs$¢anje protein-kodirajoc¢ih kandidatnih genov po prioriteti

Vi

23
23
24

24
27

28

30
30
31

39
43



Zorc M. Razvoj biooznacevalcev za nalaganje mascobe z integracijo ... in bioinformacijsko analizo.
Dokt. disertacija. Ljubljana, Univ. v Ljubljani, Biotehniska fakulteta, 2013

4.2.5

4.2.6

4.3

5

5.1
5.2
5.2.1
5.2.2
5.2.3
5.2.4
5.2.5
5.3
5.3.1
5.3.2
5.4
5.5

7.1
7.2

Razvrs$c¢anje kandidatnih miRNA genov po prioriteti z orodjem miRNA
SNiPer

Razvrs$éanje kandidatnih miRNA genov po prioriteti s pomocjo orodja
MiRNA Viewer

ANALIZA POVEZANOSTI GENOTIPA S FENOTIPOM
RAZPRAVA

GENOMSKI ATLAS ZA NALAGANJE MASCOBE
INTEGRACIJA GENOMSKIH PODATKOV

Genomski prikazi razporeditve lokusov

Analiza obogatenosti bioloSkih poti

Genska mrezZa proteinskih interakcij

Integracija mreZe uravnavanja izraZanja genov z molekulami miRNA
Postopek integracije genomskih podatkov

RAZVRSCANIJE KANDIDATNIH GENOV PO PRIORITETI
Razvrscanje protein kodirajocih kandidatnih genov po prioriteti
Razvrs$c¢anje kandidatnih zapisov za nekodirajo¢e RNA po prioriteti
ANALIZA POVEZAVE GENOTIPA S FENOTIPOM
BIOOZNACEVALCI ZA NALAGANJE MASCOBE

SKLEPI

POVZETEK (SUMMARY)

POVZETEK

SUMMARY

VIRI

ZAHVALA

PRILOGE

Vil

46

47
49
55
55
56
56
57
57
58
58
58
58
59
60
61
63
64
64
65
66



Zorc M. Razvoj biooznacevalcev za nalaganje ma$cobe z integracijo ... in bioinformacijsko analizo.

Dokt. disertacija. Ljubljana, Univ. v Ljubljani, Biotehniska fakulteta, 2013

KAZALO PREGLEDNIC

Preglednica 1: Specializirane podatkovne zbirke lokusov, povezanih z boleznimi
pri ¢loveku

Preglednica 2: Zbirke bioloskih poti, ki jih zajame orodje DAVID za analizo
obogatenosti mnozice genov

Preglednica 3: Genotipski podatki iz zbirke MPD za polimorfizme rs261613149,
rs37362582, rs13461180, rs13471888 in rs37362582
pri 24 inbridiranih linijah misi

Preglednica 4: Bioloske poti, v katerih so udelezeni kandidatni geni
za nalaganje mascobe

Preglednica 5: Bioloske poti, ki imajo skupne kandidatne gene iz
Genomskega atlasa za nalaganje mascobe

Preglednica 6: Vrednosti koeficientov grupiranja in vmesnostne centralnosti za
20 vozlis¢ z najvisjo mero vmesnosti v mreZi proteinskih interakcij

Preglednica 7: Kandidatni miRNA geni za nalaganje mascobe

Preglednica 8: Seznam razvrscenih kandidatnih genov za nalaganje mascobe
po prioriteti

Preglednica 9: Stevilo kandidatnih miRNA genov za nalaganje mas¢obe pri misi

Preglednica 10: Geni za miRNA pri ¢loveku in misi, ki imajo SNP v regiji seed,
ki je odgovorna za vezavo na tarce

Preglednica 11: Rezultat analize povezanosti genotipa s fenotipom pri misi. Stevilo
fenotipskih lastnosti pri inbridiranih linijah misi, na katere imajo
polimorfizmi rs37362582, rs32568344, rs261613149, rs13461180
in rs13471888 ucinek.

Preglednica 12: Fenotipski podatki iz zbirke MPD: telesne mase samcev pri misi

ob koncu testa

VI

str.

10

23

26

31

35

43

44
46

47

50

53



Zorc M. Razvoj biooznacevalcev za nalaganje mascobe z integracijo ... in bioinformacijsko analizo.
Dokt. disertacija. Ljubljana, Univ. v Ljubljani, Biotehniska fakulteta, 2013

KAZALO SLIK
str.

Slika 1: Vhodna stran projekta Integratomics TIME (http://integratomics-time.com)

za raziskave kompleksnih fenotipov 9
Slika 2: Shema poteka dela 27
Slika 3: Obrazec za vnos podatkov o lokusu za nalaganje mascobe v zbirko

MySQL s pomocjo aplikacije Xataface 28
Slika 4: Spletno mesto Obesity Genomic Atlas 29
Slika 5: Genomski prikaz A) Razporeditev genomskih lokusov za nalaganje

mascobe pri cloveku B) Kromosom 8 pri ¢loveku z lokusi za nalaganje

mascobe. Prikazana je lokacija gena DEPTOR, ki se prekriva z dvema

QTL-oma. 30
Slika 6: Razporeditev genomskih lokusov za nalaganje mascobe pri misi 31
Slika 7: Vennov diagram, ki prikazuje Stevilo kandidatnih genov iz

Genomskega atlasa za nalaganje mascobe, ki so udelezeni v

bioloskih poteh Adipocytokine signaling pathway,

Insulin signaling pathway, Endothelin signaling pathway,

PPAR signaling pathway in Neuroactive ligand-receptor interaction 34
Slika 8: Bioloska pot »Adipocytokine signaling pathway« iz zbirke KEGG 37
Slika 9: Bioloska pot »Insulin signaling pathway« iz zbirke KEGG 38
Slika 10: Bioloska pot »Endothelin signaling pathway« iz zbirke PANTHER 39
Slika 11: Vrednosti koeficientov grupiranja in vmesnostne centralnosti

za vozlis¢a v mrezi proteinskih interakcij 40
Slika 12: Shema razvrs$¢anja lokusov po prioriteti 44
Slika 13: Rezultat orodja miRNA SNiPer: polimorfni regiji seed pri genih

za miRNA pri mi§i mmu-mir-717 in mmu-mir-599 47
Slika 14: Genomska razporeditev genov miRNA in QTL-ov, povezanih

z nalaganjem mascobe ter gostiteljskih genov za miRNA pri cloveku 48
Slika 15: Genomska razporeditev genov miRNA in QTL-ov, povezanih

z nalaganjem mascobe ter gostiteljskih genov za miRNA pri misi 48



Zorc M. Razvoj biooznacevalcev za nalaganje ma$cobe z integracijo ... in bioinformacijsko analizo.

Dokt. disertacija. Ljubljana, Univ. v Ljubljani, Biotehniska fakulteta, 2013

Slika 16: Prekrivanje genomskih lokusov, povezanih z nalaganjem mascobe:
SNP, gen za miRNA, protein-kodirajo¢i gen in QTL

Slika 17: Ocena razlik med aleloma po analiziranih SNP-jih

Slika 18: Meritve telesne mase misi po alelih SNP-ja rs37362582

48
o1
52



Zorc M. Razvoj biooznacevalcev za nalaganje mascobe z integracijo ... in bioinformacijsko analizo.
Dokt. disertacija. Ljubljana, Univ. v Ljubljani, Biotehniska fakulteta, 2013

Priloga A:

Priloga B:

Priloga C:

Priloga D:

Priloga E:

Priloga F:

Priloga G:

Priloga H:

KAZALO PRILOG

Catalog of microRNA seed polymorphisms in vertebrates (Zorc in sod.,
2012)

Genetic variability of microRNA genes in farm animals (Jevsinek Skok in
sod., 2012)

Obesity gene atlas in mammals (Kunej in sod., 2012)

Pivotal role of the muscle-contraction pathway in cryptorchidism and
evidence for genomic connections with cardiomyopathy pathways in
RASopathies (Cannistraci in sod., 2013)

The microRNA decalog of cancer involvement (Kunej in sod, v tisku)

Cross talk between microRNA and coding cancer genes (Kunej in sod.,
2012)

Genome-wide in silico screening (GWISS) for microRNA genetic
variability in livestock species (Jevsinek Skok in sod., 2013)

Genome-wide and species-wide in silico screening for intragenic
microRNAs in human, mouse and chicken (Godni¢ in sod., 2013)

Xl



Zorc M. Razvoj biooznacevalcev za nalaganje ma$cobe z integracijo ... in bioinformacijsko analizo.
Dokt. disertacija. Ljubljana, Univ. v Ljubljani, Biotehniska fakulteta, 2013

BAT
DNP

GO
ChiIp

GRN

GWAS

GWISS

KO
MNP

MPD
MRNA
miRNA
PPI

PIN

QTL
SNP

TF
WAT
Y2H

OKRAJSAVE IN SIMBOLI

Rjavo mas¢obno tkivo (angl. brown adipose tissue)
Polimorfizem dveh zaporednih nukleotidov (angl. dinucleotide
polymorphism)

Ontologija genov (angl. gene ontology)

Kromatinska imunoprecipitacija (angl. chromatin
immunoprecipitation)

Mreza uravnavanja izrazanja genov (angl. gene regulatory
network)

Asociacijska analiza na ravni celotnega genoma (angl. genome
wide association study)

Analiza in silico na ravni celotnega genoma (angl. genome-wide in
silico screening)

Poskus z izbitim genom (angl. gene knockout)

Polimorfizem ve¢ zaporednih nukleotidov (angl. multiple
nucleotide polymorphism)

Podatkovna zbirka fenoma misi (angl. Mouse Phenome Database)
Informacijska RNA (angl. messenger RNA)

Mikro RNA (angl. microRNA)

Proteinske interakcije (angl. protein-protein interactions)
Mreza proteinskih interakcij (angl. protein-protein interaction
network)

Kvantitativni lokus (angl. quantitative trait locus)
Polimorfizem posameznega nukleotida (angl. single nucleotide
polymorphism)

Transkripcijski dejavnik (angl. transcription factor)

Belo mascobno tkivo (angl. white adipose tissue)

Dvohibridni sistem kvasovke (angl. yeast two hybrid system)

Xl



Zorc M. Razvoj biooznacevalcev za nalaganje mascobe z integracijo ... in bioinformacijsko analizo.
Dokt. disertacija. Ljubljana, Univ. v Ljubljani, Biotehniska fakulteta, 2013

1 UvOD

Debelost je vecgenska bolezen, ki predstavlja pere¢ zdravstveni problem Vv razvitem svetu,
v zadnjem Casu pa tudi v dezelah v razvoju. Za debelostjo zbolevajo ljudje vseh starosti,
pojavlja pa se tudi pri domacih zivalih, Kjer pogosteje govorimo o zamas$c¢enosti. OdKritje
genetskih osnov nalaganja mascobe lahko pripomore k razumevanju pojava in terapiji
debelosti.

V medicini je bilo do nedavnega preucevanje posameznih kandidatnih genov obicajen
pristop k odkrivanju genetskih vzrokov bolezni. Ta vrsta raziskav je pripomogla k
razumevanju, diagnostiki in terapiji Sirokega spektra bolezni. Kljub uspehom ima
redukcionisti¢en pristop mnogo omejitev, Se posebej pri preu¢evanju vecgenskih bolezni in
lastnosti, kjer je za fenotipski izid odgovorno vecje Stevilo razli¢nih genov. Spremembe v
posameznih genih prispevajo k skupnemu ucinku, ki je vsota prispevkov vseh vpletenih
genov. Preucevanje kompleksnih lastnosti in bolezni je zapleteno, saj je izrazanje genov in
delovanje njihovih proteinskih produktov soodvisno, na njihov nastanek pa vplivajo tudi
dejavniki iz okolja. Vse vecjo vlogo pridobivajo sistemski pristopi, pri katerih si
pomagamo z raziskavo celotnega genoma.

Hiter napredek tehnik dolo¢anja zaporedja DNA, mikromrez (angl. microarrays) in drugih
novih tehnologij ponuja nove strategije za identifikacijo polimorfizmov, povezanih z
boleznijo. Poznavanje zaporedij DNA ter boljSe razumevanje genoma in izrazanja genov
omogoca prepoznavanje kljuénih regulatornih elementov na globalni ravni genoma.
Genomske raziskave proizvedejo ogromne koli¢ine podatkov. Dostopni molekularni
podatki na ravni celotnega genoma eksponentno rastejo. Hitro kopicCenje podatkov v
podatkovnih zbirkah in literaturi zahteva vedno bolj sistemati¢no zbiranje in organizacijo
informacij. Danes, ko je analitskih podatkov na pretek, manjkajo u¢inkovite metode za
identifikacijo in validacijo vzro¢nih dejavnikov, njihovih funkcij ter interakcij.

Dostopnost raznovrstnih genomskih podatkov, skupaj z bioinformacijskimi metodami,
omogoca raziskave mehanizmov kompleksnih bolezni in razvoj biooznacevalcev (angl.
biomarkers), ki lahko pripomorejo k natan¢nejSim diagnozam ter razvoju terapij. V razvoj
biooznacevalcev je usmerjenih veliko raziskav, saj nekatere kompleksne bolezni, kot je
debelost, dosegajo epidemioloske razseznosti.
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1.1 CILJI RAZISKAVE IN HIPOTEZE

Cilji raziskave so 1) postaviti centralno spletno mesto za zbiranje raznovrstnih genetskih
lokusov, poveznih z nalaganjem mascobe pri ljudeh in zivalih, 2) razviti postopek za
analizo kandidatnih genov in izbor najobetavnejSih med njimi, ki bodo podlaga za
nadaljnje eksperimentalno potrjevanje, 3) s pomocjo razvitega pristopa med vsemi
zbranimi kandidatnimi geni za nalaganje maSCobe poiskati najobetavnejSe ter razviti
potencialne biooznacevalce.

Postavili smo hipotezi:

e 7 integracijo do sedaj poznanih genetskih vzrokov za nalaganje mascobe ter
bioinformacijsko analizo je mozno identificirati genske mreze in bioloske poti, ki bi
jih bilo moZzno razviti v biooznacevalce.

e Kandidatne gene za nalaganje mascobe je mozno razvrstiti po prioriteti glede na
njihovo lokacijo na genski mapi, njihovo Stevilo povezav v genski mrezi in glede
na njihovo vlogo v bioloski poti.

1.2 PRISPEVKI K ZNANOSTI

Rezultat doktorske naloge je prosto dostopna zbirka kandidatnih lokusov za nalaganje
mascobe, nov pristop za razvoj biooznacevalcev veCgenskih bolezni z integracijo
genomskih podatkov in bioinformacijsko analizo ter seznam potencialnih biooznacevalcev
za nalaganje mascobe, preverjenih z analizo povezave genotipa s fenotipom na modelu
misi. Zbirka kandidatnih genov za nalaganje mascobe je centralno spletno mesto za
raziskovalce s tega podrocja. Pristop za razvoj biooznacevalcev je mozno uporabiti tudi za
druge kompleksne fenotipe, zato predstavlja pomemben prispevek k razvoju
biooznacevalcev.

Gre za interdisciplinaren projekt, ki je mo¢no vpet v mednarodni prostor (KAUST, WSU,
MDACC) in zahteva tesno sodelovanje bioinformatikov in raziskovalcev s podrocja
bioloskih znanosti. Ve€ina laboratorijev je Se vedno bolj usmerjena v generiranje velike
koli¢ine informacij, kot pa v integriranje obstojecih. Zaradi nezmoZnosti velikih vlaganj v
genomske raziskave in omejenih bioloskih resursov bi konkurenc¢nost malim drzavam
omogocila usmeritev v razvoj dobro organiziranih zbirk, na podlagi katerih bi z
bioinformacijskimi metodami razvijali kandidatne biooznacevalce, in jih nato
eksperimentalno preverjali. Raziskovanja na podro¢ju genomike lahko pripomorejo k
napredku v zdravstvenem varstvu in znizanju stroskov s pomocjo natan¢nejsih diagnoz, k
napredku individualiziranega zdravljenja ter ucinkovitejSim razvojnim potem do novih
zdravil, terapij in drugih produktov novih tehnologij.
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2 PREGLED OBJAV

2.1 NALAGANJE MASCOBE

Prekomerna telesna masa in debelost predstavljata problem svetovnih razseznosti in sta
najvecja dejavnika tveganja za razvoj sladkorne bolezen tipa 2, bolezni srca in ozilja,
povecanega krvnega tlaka, dislipidemije, bolezni ledvic, respiratornih in misi¢nih obolenj,
zmanjSanja plodnosti, psiholoskih tezav in nekaterih vrst raka (Kopelman, 2007).
Pojavnost debelosti je zacela narascati pred stotimi leti (Helmchen in Henderson, 2004) in
se je iz nepojasnjenih razlogov hitro povecala v drugi polovici prejSnjega stoletja
(Klimentidis in sod., 2011) ter zacenja izpodrivati svetovne zdravstvene probleme, kot so
podhranjenost in infekcijske bolezni (World Health Organ, 2000). Svetovna zdravstvena
organizacija (angl. World Health Organization; WHO) je leta 1997 prvi¢ porocala o
epidemioloski razseznosti pojavnosti debelosti (World Health Organ, 2000).

Hitro Sirjenje pojava debelosti je povezano s sodobnim zivljenjskim slogom. Zaradi
preobilja visoko kaloriéne hrane in telesne neaktivnosti prihaja do kroni¢nega presezka
energije, ki se kopi¢i v obliki mas¢obe. Debelost je dedna, pogojena je z interakcijo
mnogih genov, okolijskih ter vedenjskih dejavnikov. Raziskave genetskih dejavnikov
debelosti so zelo pomembne, saj je debelost eden najvecjih izzivov danas$njega
javnozdravstvenega sistema (Yang in sod., 2007). Poznavanje molekularnega mehanizma
nalaganja masCobe je nujno za razvoj diagnosticnih biooznacevalcev. To znanje je
pomembno tudi pri reji domacih zivali, saj prekomerno nalaganje mascevja vpliva na
gospodarnost reje in kakovost mesa.

2.1.1 Maséobno tkivo

Mascobno tkivo je kompleksen endokrini organ, ki poleg mascobnih celic (adipocitov),
vsebuje tudi zivéno tkivo, stromalno vaskualarne in imunske celice (Kershaw in Flier,
2004). Pri sesalcih lo¢imo dve vrsti mas¢obnega (adipoznega) tkiva, belo (angl. white
adipose tissue; WAT) in rjavo (angl. brown adipose tissue; BAT). Belo mascobno tkivo
predstavlja vsaj 10% telesne mase odraslega ¢loveka in hrani kemi¢no energijo v obliki
trigliceridov. Razvoj belega masCobnega tkiva predstavlja evolucijsko prilagoditev v
obdobjih pomanjkanja hrane. Celice belega mas¢obnega tkiva so specializirane za sintezo
trigliceridov iz glukoze, kot tudi za uvazanje mascobnih kislin iz krvi. Bele masc¢obne
celice izlocajo peptidne in steroidne hormone, ki uravnavajo energijsko ravnovesje,
metabolizem glukoze in lipidov, vaskularno homeostazo, imunski odziv in reprodukcijo
(Guerre-Millo, 2002). Pri debelosti je ravnoteZje izlo¢anja hormonov mas¢obnega tkiva
poruseno (Rajala in Scherer, 2003). Rjavo mascobno tkivo sodeluje pri vzdrZevanju telesne
temperature in porabi presezka energije. Pri mladi¢ih predstavlja rjavo maséevje znaten
delez v telesu in je prisotno na hrbtnem delu ter ob ramenih. Dolgo je veljalo prepricanje,
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da pri odraslem c¢loveku rjavega mascobnega tkiva ni. Morfoloske Studije so pokazale, da
je rjavo mascobno tkivo prisotno in aktivno tudi pri odraslih. V majhnih koli¢inah se
nahaja okoli nadledvi¢nih Zlez in velikih krvnih Zil, v zgornjem delu prsnega koSa in
vratnem predelu. Mascobne celice rjavega mascobnega tkiva imajo Vv citoplazmi vec
manj$ih mas¢obnih kapljic, medtem ko imajo adipociti belega mas¢obnega tkiva samo eno
veéjo kapljico. Rjavo barvo jim dajejo Stevilni mitohondriji, ki vsebujejo Zelezo. Glavna
funkcija rjavega mascevja je generacija toplote preko netresave termogeneze v primeru
padca temperature pod vrednost, ki je dolo¢ena v hipotalamusu. Raziskave kazejo, da rjavo
tkivo sodeluje pri uravnavanju porabe energije, zaradi ¢esar je pomemben dejavnik pri
nastanku debelosti (Nedergaard in sod., 2007).

Leptin je hormon, ki ga izlo¢a mascobno tkivo in ima klju¢no vlogo pri uravnavanju
energijske homeostaze (ravnovesje med vnosom in porabo energije) (Considine in sod.,
1996). Na izrazanje leptina vplivajo inzulin, dejavnik tumorske nekroze-o, estrogeni proste
mascobne kisline in rastni hormon (Saladin in sod., 1995). Leptin se prenasa s krvjo v
hipotalamus in deluje kot signalna molekula, ki sporoca stanje energijskih zalog v telesu
(Cheung in sod., 1997). Adiponektin je hormon, ki ga izlo¢ajo mascobne celice in krozi v
krvni plazmi. Pri debelosti, odpornosti na inzulin, metabolnem sindromu in sladkorni
bolezni tipa 2 je sinteza adiponektina zmanjSana (Hajer in sod., 2007).

Poznamo dva osnovna tipa debelosti, hiperplasti¢no (povecano Stevilo mascobnih celic) in
hipertrofi¢no (povecanje volumna mascobnih celic). Hipertrofija adipocitov je prisotna pri
vseh prekomerno prehranjenih in debelih odraslih, medtem ko je hiperplazija adipocitov
znaéilna le za resne oblike debelosti (Hirsch in Batchelor, 1976). Stevilo mag¢obnih celic
je doloceno do zgodnje odraslosti, do sprememb mase mascobe pri odraslih pa prihaja
samo preko spreminjanja volumna mascobnih celic. Pri odraslem ¢loveku se letno obnovi
priblizno 10 odstotkov mascobnega tkiva. Raziskave so pokazale, da se stopnji odmiranja
in nastajanja novih mas¢obnih celic (adipogeneza) pri odraslih ne spreminjata niti v stanju
debelosti, kar nakazuje na to, da je tudi takrat Stevilo adipocitov natan¢no uravnavano
(Spalding in sod., 2008).

2.1.2 Lokusi, povezani z nalaganjem mascobe

Studije dvojekov, posvojencev in druzin so pokazale visoko stopnjo dednosti debelosti
(Stunkard in sod., 1986a; Stunkard, in sod., 1986b; Rice in sod., 1999). Ocena stopnje
dednosti je po podatkih Studije ocenjena na 50% do 70% (Allison in sod., 1996).
Monogeno debelost povzrocijo mutacije v enem genu. Te oblike debelosti so zelo redke,
resne, obicajno se zacnejo v otrostvu (Faroogi in O’Rahilly, 2004). Do leta 2007 je bilo
znanih 11 razli¢nih genov pri ¢loveku, ki povzrocijo monogeno debelost (CRHR1, CRHR2,
GPR24, LEP, LEPR, MC3R, MC4R, NTRK2, POMC, PCSK1 in SIM1) (Rankinen in sod.,
2006). Sindromna debelost se pojavi pri vsaj 20 redkih sindromih, ki jih povzrocajo
genetske mutacije ali kromosomske nepravilnosti. Ve¢ino sindromnih debelosti spremlja
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tudi prizadetost, zato je treba pri iskanju genetskih dejavnikov upostevati tudi okoljske.
Najpogostejsa oblika sindromne oblike debelosti (1 na 25000 rojstev) je sindrom Prader—
Willi (PWS) (Bell in sod., 2005). Vecgenska ali navadna debelost se pojavi zaradi
interakcij med Stevilnimi geni in okoljskimi dejavniki. Leta 2012 je zabelezenih 1736
lokusov, ki so povezani z debelostjo (Kunej in sod., 2012). Nekateri izmed genov, ki so
odgovorni za nastanek monogene debelosti, so vpleteni tudi v ve¢gensko debelost (MC4R,
PCSK1, POMC in BDNF) (Hirschhorn, 2009). Polimorfizmi v genu FTO imajo mocan
vpliv na fenotip pri vecgenski obliki debelosti (Speliotes in sod., 2010). Vloga FTO pri
uravnavanju energijskega ravnotezja je ocitna. Izguba funkcije gena FTO pri miSih pripelje
do zmanjSanja mascobnega tkiva in nizke telesne mase (Fischer in sod., 2009). O mo¢nem
prispevku pri vecgenski obliki debelosti so porocali tudi za gene, kot so TMEM18,
KCTD15, GNPDA2, SH2B1, MTCH2, NEGR1 (Willer in sod., 2009) in DEPTOR
(Laplante in sod., 2012). Z razvojem mascobnih celic so $tudije povezale transkripcijske
dejavnike (PPARy, C/EBP in ADDI1/SREBP1c) (Rosen in sod., 2000). Pomembno
regulatorno vlogo v mnogih bioloskih procesih, povezanih z debelostjo (diferenciacija
mascobnih celic, inzulin, metabolizem mascobe), imajo mikro RNA (angl. microRNA;
miRNA) molekule. Zadnje Studije so pokazale, da so miRNA v mas¢obnem tkivu pri
debelosti ¢ezmerno ali premalo izrazene (Kunej in sod., 2010; McGregor in Choi, 2011).
Hitro povecanje pojavnosti debelosti poudarja vlogo dejavnikov iz okolja. Vzroke za
epidemijo debelosti is¢ejo tudi v epigenetskih mehanizmih. Na vzorce metilacije DNA
genov, ki povecajo moznost pojava debelosti, vpliva sodoben nacin Zivljenja (Gluckman in
Hanson, 2008; Haemer in sod., 2009; Newnham in sod., 2009; Herrera in sod., 2011).
Raziskave debelosti potekajo tudi na zivalskih modelih, kot so misi, podgane in ne-
¢loveski primati (angl. non-human primates) (Speakman in sod., 2008). Kot model za
raziskave debelosti pri ¢loveku se vedno veckrat pojavlja tudi prasi¢ (Houpt in sod., 1979).

2.1.3 BioloSke poti in bioloSki procesi, povezani z nalaganjem mascobe

Pri obolelih za debelostjo obstaja povecano tveganje za razvoj zdravstvenih tezav, kot so
inzulinska rezistenca in diabetes tipa 2, hipertenzija, dislipidemija, sréno-Zilne bolezni,
mozganska kap, apneja v spanju (angl. sleep apnea), bolezen Zol¢nika, hiperurikemia,
putika in osteoartritis. Tudi nekatere vrste raka so povezane z debelostjo, na primer rak
debelega Crevesa, prostate, dojke, zol¢nika in endometrija. Genski mehanizem razvoja
debelosti in socasnih bolezni (angl. co-morbidity) Se ni raziskan (Khaodhiar in sod., 1999).
V povezavi z debelostjo je bilo opravljenih veliko asociacijskih $tudij na ravni celotnega
genoma (angl. genome-wide assciation study; GWAS), ki se obi¢ajno osredotocajo na
polimorfizme posameznih nukleotidov (angl. single-nucleotide polymorphism; SNP) brez
upostevanja bioloskih interakcij med raziskovanimi geni. V eni izmed asociacijskih $tudij
na ravni celotnega genoma, ki je temeljila na bioloskih poteh, so z debelostjo povezali
biolosko pot »vasoactive intestinal peptide« (VIP) (Liu in sod., 2010).
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2.1.4 Zbirke lokusov, povezanih z debelostjo

Lokuse, povezane z debelostjo, so deset let zbirali v zbirki Obesity Gene Map (Bouchard in
Pérusse, 1996). Posodobitve so objavljali enkrat letno v reviji Obesity, leta 2000 pa je prvi¢
iz8la tudi spletna razlicica. Iz ve¢ virov (PubMed, OMIM) so zbirali lokuse (QTL, gene,
kromosomske regije, oznacevalce), Ki so jih z debelostjo povezali v razli¢nih $tudijah. Leta
2006 so zaradi preobseznosti koli¢ine podatkov in omejenih finan¢nih sredstev zbirko
prenehali posodabljati (Rankinen in sod., 2006). Zadnja objavljena zbirka Obesity Gene
Map vsebuje okoli 430 lokusov, ki so povezani z debelostjo. V prosto dostopnih zbirkah
AnimalQTLdb (Hu in sod., 2007) in Rat Genome Database (De la Cruz in sod., 2005) so
zbrani kvantitativni lokusi (angl. Quantitative Trait Loci; QTL) za lastnosti pri domacih
zivalih, med katerimi so tudi tisti, povezani z nalaganjem mascobe. Ker se je kazala
potreba po centralni podatkovni zbirki, smo leta 2012 izdelali prosto dostopno spletno
zbirko Obesity Gene Atlas in Mammals, ki vsebuje 1736 lokusov, povezanih z nalaganjem
mascobe (Kunej in sod., 2012). V zbirki Obesity Gene Atlas in Mammals so zbrani lokusi
iz vseh zgoraj nastetih virov.

2.1.5 Genske terapije za zdravljenje debelosti

Danasnje zdravljenje debelosti temelji na omejevanju dnevnega vnosa kalorij in
povecevanju telesne aktivnosti, farmakoterapiji in kirurgiji (Melnikova in Wages, 2006).
Omejevanje vnosa kalorij in povecevanje telesne aktivnosti je pogosto neucinkovito
(zmanjsanje telesne mase za priblizno 7-10%), zdravila pa imajo mnoge stranske ucinke.
Zaradi vedno vecjega Stevila obolelih je nujen razvoj novih terapij za zdravljenje debelosti
(Ahima, 2002). Moznosti za zdravljenje debelosti se kazejo v uporabi receptorskih
ligandov (antagonistov ali agonistov), ali inhibitorjev znotrajceli¢nih signalnih
mehanizmov, ki so povezani z bioloskimi potmi za nalaganje mascobe. V razvoju so tudi
tehnike, kjer z vnosom virusnih vektorjev, ki kodirajo dolocen gen (npr. LEP ali POMC),
nadomestijo izgubo funkcije tega gena (Li in sod., 2003).

2.2 RAZISKOVANJE KOMPLEKSNIH BOLEZNI

Genske bolezni povzrocijo spremembe v enem ali ve¢ genih. Do sedaj poznamo ve¢ kot
1800 bolezni, ki jih povzro¢ijo mutacije v enem genu (anemija srpastih celic, Marfanov
sindrom, Huntingtonova bolezen) (O’Connor in Crystal, 2006). Tak$nim boleznim
pravimo monogene. Ve¢ina monogenih bolezni je redkih. Mnogo ve¢ bolezni, med njimi
tudi zelo pogoste (rak, diabetes, bolezni srca in ozilja), povzroc¢ijo mutacije ve¢ genov
(Gibson, 2009) in interakcije med njihovimi produkti in okoljem (Motulsky, 2006).
Odkrivanje vzro¢nih genov za dolo¢en fenotip je pocasno in zahtevno (Hardy in Singleton
2009). Za razumevanje genetskih mehanizmov bolezni ni dovolj poznati seznam vzro¢nih
genov. Potrebno je razvozlati povezave med celi¢nimi enotami, ki jih uravnavajo vzrocni
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geni ter njihovi produkti. Zapletena mreza povezav med celi¢nimi enotami in vzro¢nimi
geni odpre vprasanje 0 medsebojni povezanosti med boleznimi (Barabasi, 2007).

2.2.1 Sistemska biologija

Biomolekule, udelezene v bioloske procese, delujejo usklajeno, SO organizirane v bioloskih
mrezah in poteh. Molekularna biologija je bila usmerjena v raziskave posamic¢nih interakcij
med biomolekulami. Taksni pristopi so pripomogli k razumevanju omejencga Stevila
signalnih poti in funkcij proteinov v celicah. Napredek visokozmogljivih metod omogoca
raziskave na ravni celotnega bioloskega sistema. Zanimanje za raziskave na sistemski ravni
izhaja iz prepricanja, da imajo celotni sistemi funkcije, ki jih nobena od posameznih
podenot nima, in, da je celota ve¢ kot vsota njenih delov (Bader in sod., 2008). Prehod od
molekularne na sistemsko raven v biologiji obljublja revolucijo v razumevanju
kompleksnih bioloSkih sistemov in zagotavlja nove moznosti prakticne uporabe tega
znanja (Bader in sod., 2008). Izraz sistemska biologija (angl. systems biology) se je pojavil
pred dobrim desetletjem (ldeker in sod., 2001). V tem casu se je sistemska biologija
razvila, uporablja vse ve¢ eksperimentalnih in racunalniSkih metod in vedno ve¢ je v
uporabi (Chuang in sod., 2010). Sistemska biologija je pravzaprav logi¢no nadaljevanje
funkcijske genomike (Aggarwal in Lee, 2003; Auffray in sod., 2003). Razumevanje
bioloSkega sistema na sistemski ravni pomeni razumevanje strukture in dinamike sistema
ter metod za uravnavanje in nacrtovanje sistema. Razumevanje strukture sistema zajema
poznavanje mreze genskih interakcij in bioloskih poti ter poznavanje mehanizmov, s
katerimi interakcije uravnavajo znotrajceliéne in zunajceli¢éne strukture. Razumevanje
dinamike sistema zajema poznavanje obnaSanja sistema v razlicnih pogojih. Z namenom,
da bi bili zmoZni zmanjSati okvare, poiskati terapevtske tarCe, spreminjati in konstruirati
bioloSke sisteme, pa je potrebno poznati metode uravnavanja in nacrtovanja bioloSkih
sistemov (Kitano, 2002). Sistemski pristop zahteva raziskave iz razli¢nih vidikov sistema,
zato je treba povezati genomske informacije na razlicnih ravneh (genomika v oZjem
smislu; raven DNA, transkriptomika; raven RNA, proteomika, metabolomika).

2.2.2 Strategije raziskovanja kompleksnih bolezni

Odkrivanje genov, ki povzro¢ajo bolezni, razumevanje interakcij med njimi in klju¢nih
bioloskih poti, je glavni izziv danasnjih raziskav v genetiki. Pogosto uporabljene pristope k
odkrivanju vzro¢nih genov lahko v grobem razdelimo v dve skupini, to so Studije
kandidatnih genov in analize povezanosti na celotnem genomu (angl. genome-wide linkage
studies) (Bell in sod., 2005). Pri Studijah kandidatnih genov genotipiziramo vzorce za
polimorfni oznacevalec znotraj kandidatnega gena. Kandidatni geni so lahko funkcijski ali
pozicijski. Funkcijski kandidatni geni so vkljueni v patogenezo bolezni. Odkrivanje
funkcijskih kandidatnih genov je odvisno od trenutnega znanja o fenotipu. Pozicijski
kandidatni geni so tisti, ki se nahajajo znotraj kromosomskih regij, ki so povezane s
fenotipom. Pozicijski kandidatni geni se lahko nahajajo znotraj kromosomskih mutacij, ali
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pa so jih s fenotipom povezali s pomocjo asociacijskih Studij (angl. association studies) ali
Studij genske povezanosti (angl. linkage studies). Pri analizah povezanosti na celotnem
genomu genotipiziramo vzorce za polimorfne oznacevalce vzdolz celotnega genoma in
ocenimo stopnjo povezanosti oznacevalcev s fenotipom. V tem primeru odkrivanje genov
ni odvisno od predhodnega znanja o fenotipu. Pri studijah genske povezanosti na ravni
celega genoma (angl. genome-wide linkage studies) i§¢emo polimorfne oznacevalce vzdolz
genomov znotraj druzine in raCunamo stopnjo povezanosti oznacevalca z boleznijo ali
lastnostjo. Na ta nacin zaznamo regije na genomu, Ki so povezane z opazovanim
fenotipom. Kadar gre za kvantitativne lastnosti, lahko govorimo o kvantitativnih lokusih. Z
namenom, da bi razvili e bolj ucinkovite metode za iskanje vzro¢nih genov, mnoge
raziskovalne skupine zdruzujejo razlicne pristope. Orodje BioMercator omogoca iskanje
kandidatnih genov na podlagi analize kvantitativnih lokusov ve¢ neodvisnih $tudij (Arcade
in sod., 2004).

2.2.3 Integracija »omskih« podatkov ali integratomika

Pristop GWAS se je izkazal kot zelo uéinkovit pri odkrivanju genetskih lokusov,
povezanih z mnogimi fenotipi (Hindorff in sod., 2009), vendar ne omogocajo etioloskih
vpogledov v bolezni, u¢inkovitejSega napovedovanja in zdravljenja bolezni (Loos in
Schadt, 2012). Moznosti za boljsi vpogled v molekularne mehanizme bolezni se odpirajo z
integriranjem rezultatov, pridobljenih z dosedanjimi $tudijami, zato interes za zbiranje in
integriranje raznovrstnih fenotipskih in genotipskih podatkov naras¢a (Loos in sod., 2012).

Kompleksnost in raznolikost bioloskih sistemov zahtevata integracijo raznovrstnih
podatkov s pomocjo analitskih in racunalniSkih tehnologij. Integracija podatkov je nujna
tako znotraj posameznih ravni genomskih raziskav (razprSeni podatki, pridobljeni z
razli¢nimi pristopi) kot tudi med razliénimi ravnmi genomskih raziskav (genomika,
proteomika, transkiptomika, epigenomika). Prav tako vsi poskusi niso mozni pri vseh
vrstah (inbridirane linije in poskusi z izbijanjem genov (angl. knockout; KO)), zato je
pomembna integracija podatkov na ravni razli¢nih vrst (primerjalna genomika).

Primeri studij, kjer so raziskovalci uporabili integrativni pristop, so raziskave genov za
odpornost proti mastitisu (Ogorevc in sod., 2008), razvoj mle¢ne Zleze in prireje mleka
(Ogorevc in sod., 2009), shizofrenije (Jia in sod., 2010), reprodukcije pri moskem
(Ogorevc in sod., 2011), raka dojke (Mosca in sod., 2010) in kriptorhizma (retencije
testisov) (Cannistraci in sod., 2013). V nastetih Studijah so zbrali lokuse, povezane z
raziskovanim fenotipom, ter z razliénimi bioinformacijskimi pristopi (analiza bioloskih
poti, analiza genskih mrez) analizirali molekularne mehanizme kompleksnih fenotipov. V
okviru projekta Integratomics TIME (Slika 1) so zbrane Studije nekaterih kompleksnih
bolezni in predstavljene strategije za raziskavo kompleksnih fenotipov s pristopom
integracije genomskih podatkov (Kunej in sod., 2012; Cannistraci in sod., 2013).
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Slika 1: Vhodna stran projekta Integratomics TIME (http://integratomics-time.com) za raziskave
kompleksnih fenotipov

Figure 1: The entry page of the Integratomics TIME (http://integratomics-time.com) project for the research
of complex phenotypes

2.3 ZBIRANJE LOKUSOV, POVEZANIH S FENOTIPOM

Kompleksne fenotipe oblikujejo interakcije med Stevilnimi geni in okoljem. Osnova za
raziskave kompleksnih fenotipov je poznavanje vzro¢nih genov, zato je nujno zbiranje
lokusov, povezanih z dolo¢enimi fenotipi.

2.3.1 Specializirane zbirke lokusov, povezanih s fenotipom

Primeri prosto dostopnih zbirk, ki vsebujejo lokuse, povezane z dolo¢enim fenotipom, so
T2D-Db z lokusi, povezanimi z diabetesom tipa 2 (Agrawal in sod., 2008), T1DBase z
lokusi, povezanimi z diabetesom tipa 1 (Burren in sod., 2011), Obesity Gene Atlas z
lokusi, povezanimi z nalaganjem mascobe (Kunej in sod., 2012) in ostale (Preglednica 1).
Na spletni strani HUGO Mutation Database Initiative (MDI) (Cotton in sod., 1998) je
seznam nekaterih izmed specializiranih zbirk lokusov, povezanih z boleznimi pri ¢loveku
(http://www.hgvs.org/dblist/disease.html).
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Preglednica 1: Specializirane podatkovne zbirke lokusov, povezanih z boleznimi pri ¢loveku

Table 1: Specialized databases of loci associated with human diseases

Bolezen/
Fenotip

Ime zbirke

Povezava

Dostopnost,
zadnja
posodobitev

Referenca

Albinizem

Albinism database

http://albinismd
b.med.umn.edu/

Dostopna,
2009

Astma

Asthma and
Allergy Database

http://cooke.gsf.
de

Ni dostopna

(Immervoll in Wjst
1999)

Asthma Local
Gene Database

https://research.

cchmc.org/mers
halab/AsthmaGe

neBrowser/Hom
e.html

Dostopna

Alzheimerjeva
bolezen

AlzGene

http://www.alzg
ene.org/

Dostopna

(Bertram in sod.,
2007)

Debelost

Obesity Gene
Map

Ni dostopna

(Rankinen in sod.,
2006)

Obesity Genomic
Atlas

http://www.integ

ratomics-
time.com/fat_de
position

Dostopna

(Kunej in sod.,
2012)

Diabetes 1

T1DBase

http://www.t1db
ase.org/page/We

Icome/display

Dostopna

(Burren in sod.,
2011)

Diabetes 2

T2D-Db

http://t2ddb.ibab
.ac.infhome.sht
ml

Dostopna

(Agrawal in sod.,
2008)

Kriptorhizem

Cryptorchidism
Genomic Atlas

http://www.integ

ratomics-
time.com/crypto
rchidism

Dostopna,
2012

(Cannistraci in
sod., 2013)

Mozganska
kap

SigCS base

http://sysbio.kri
bb.re.kr/sigcs/pa

geHome.php?m
=h

Dostopna

(Park in sod., 2011)
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nadaljevanje
Bolezen/ Dostopnost,
£ - Ime zbirke Povezava zadnja Referenca
enotip .
posodobitev
Hereditary .
. http://hereditary
Izguba sluha Hearing Loss hearinaloss.ora/ Dostopna
Homepage Hearngioss.org/

.. . http://www.integ .
Reprodukcija  Genomic atlas of . (Ogorevc in sod.,
pri moskem male reproduction ratomics- Dostopna 2011)

. time.com/male_i
spolu sesalcev  in mammals -
nfertility
Mutation
Database of http://www.mol
Periferne Inherited gen.ua.ac.be/C Dostopna
nevropatije Peripheral MTMutations/H P
Neuropathies ome/IPN.cfm
(IPNMDB)
http://www2.can
Parkinsonova  Parkinson's cer.ucl.ac.uk/Par Dostopna,
. - . december
bolezen disease kinson_Db2/ind
o — 2010
ex.php
: i
Roche Cancer http://rcgdb.bioi /{ regdb.biot .. .
Rak Genome Database nf.uni- Dostopna (Kiintzer in sod.,
sb.de/MutomeW 2011)
(RCGDB) ob/
Genes-to-Systems http://www.ith.c .
Rak dojke Breast Cancer nr.it/breastcance  Dostopna (Mosca in sod.,
Database r/— 2010)
(G2SBC) -
Samovnetne http://fmf.igh.cn (Touitou in sod.,
bolezni Infevers rs.fr/ISSAID/inf  Dostopna 2004; Milhavet in
evers/ sod., 2008)
Schizophrenia http://bicinfo.mc
Shizofrenija Gene Resource vanderbilt.edu/  Dostopna (Jiain sod., 2010)
(SZGR) SZGR/index.jsp
GenAge Database  http://genomics. .
Staranje of Ageing-Related senescence.info/ Dostopna glc')alzl;tu in sod.,
Gene genes/
?)/:Iztzr;?] IBDsite http://www.ith.c Dostopna (Merelli in sod.,
- nr.it/ibd/ P 2012)
crevesa
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V zbirki OMIM (Mendelian Inheritance in Man) so podatki o genih, ki so povezani z
boleznimi. Zbirka je ro¢no pregledana in vsebuje podatke o ve¢ kot 4500 fenotipih s
poznano molekularno osnovo ter opise skoraj 3000 genov z mutacijami, ki vplivajo na
fenotip. Pomanjkljivost zbirke OMIM pa je, da jo zelo pocasi posodabljajo in vsebuje
samo lokuse z zelo mo¢nim vplivom na fenotip. Pri raziskavah kompleksnih fenotipov pa
so pomembni tudi lokusi z manjS$im vplivom na fenotip. Najdemo jih lahko v zbirki GAD
(Genetic Association Database) (Masseroli in sod., 2005), ki hrani podatke asociacijskih
studij. V zbirki CTD (Comparative Toxicogenomics Database) so zbrani podatki o
interakcijah med kemic¢nimi spojinami iz okolja in proteini v povezavi z boleznimi pri
vretencarjih in nevretencarjih (Davis in sod., 2013). V zbirki DisGeNET (Bauer-Mehren in
sod., 2011) so podatki o vzro¢nih genih za ve¢ kot 6000 bolezni pri ¢loveku. Zbirka
vsebuje ro¢no pregledane podatke iz literature, vkljucuje pa tudi podatke iz zgoraj nastetih
zbirk (OMIM, GAD, CTD).

2.3.2 Zbiranje lokusov iz bibliografskih zbirk

V zadnjih dveh desetletjih smo pri¢a hitremu porastu koli¢ine genomskih podatkov in
objavljenih publikacij na podro¢ju biomedicine. Ceprav so genomski podatki in publikacije
osnova za raziskave, sistematicna integracija genomskih podatkov z literaturo zaostaja.
Podatki o nukleotidnih zaporedjih genomov so zbrani in prosto dostopni preko spletnih
portalov Ensembl (Flicek in sod., 2013), UCSC (Meyer in sod., 2013), FlyBase (Drysdale
in FlyBase Consortium 2008), Saccharomyces Genome Database (Dwight in sod., 2004),
WormBase (Yook in sod., 2012) in miRBase (Kozomara in Griffiths-Jones 2011). Nastete
zbirke so integrirane z viri genomskih podatkov, kot so zbirka podatkov o izraZzanju genov
ArrayExpress (Parkinson in sod., 2011) ter zbirka proteinov UniProt (Consortium, 2013).
Literatura s podro¢ja biomedicine je dostopna preko spletnega portala PubMed (Lu, 2011).
Informacije v besedilih niso strukturirane tako, da bi omogocale uc¢inkovito racunalnisko
analizo. Povezati je treba genomske lokuse s fenotipi, v publikacijah pa se pojavljajo
razli¢na poimenovanja tako za lokuse (Chen in sod., 2005; Tamames in Valencia, 2006) kot
za fenotipe. Ob vnosu podatkov o novih publikacijah v PubMed informacija o genomski
regiji, na katero se besedilo nanasa, ni vnesena. Za nekatere modelne organizme
strokovnjaki redno pregledujejo objave in jih povezujejo z geni in genomskimi regijami
(Hirschman in sod., 2010), kljub temu pa ostaja na tisoCe publikacij, nepovezanih z
regijami na genomih (Kersey in Apweiler, 2006). Ensembl2pubmed (Baran in sod., 2011)
je razsiritev orodja BioMart. Ensembl2pubmed omogoca iskanje publikacij, ki so povezane
z vneseno klju¢no besedo, ter sezname genov, na katere se publikacije nanaSajo.

12



Zorc M. Razvoj biooznacevalcev za nalaganje mascobe z integracijo ... in bioinformacijsko analizo.
Dokt. disertacija. Ljubljana, Univ. v Ljubljani, Biotehniska fakulteta, 2013

2.3.3 Ontologije fenotipov in bolezni

Cilj konzorcija za ontologijo genov (angl. Gene Ontology; GO) je razvoj ontologije, ki
omogoca pripisovanje molekularnih funkcij in bioloskih procesov genom pri razli¢nih
vrstah. 1z zbirke genov s pripisanimi funkcijami iz ontologije GO lahko dobimo sezname
vseh genov z dolo¢eno molekularno funkcijo ali sezname tistih genov, ki sodelujejo pri
doloc¢enih bioloskih procesih. Poznamo tudi projekte ontologije bolezni in fenotipov, kot so
HPO (Human Phenotype Ontology) (Robinson in sod., 2008), DO (Disease Ontology)
(Osborne in sod., 2009), MP (Mammalian Phenotype Ontology) (Smith in sod., 2005) in
MPATH (Mammalian Phenotype Ontology) (Schofield in sod., 2010). Genom c¢loveka je
anotiran z bioloskimi funkcijami iz ontologije GO, s fenotipi in boleznimi pa zelo malo.
Anotacija genov z ontologijami fenotipov in boleznimi bi olajsala iskanje genov,
povezanih z boleznimi in lastnostmi.

2.3.4 Orodja za rudarjenje v podatkih

GeneRIF (Gene Reference Into Function) (Mitchell in sod., 2003) omogoc¢a vnos
funkcijskih anotacij za gene v zbirki Entrez Gene. Vsak GeneRIF vnos vsebuje anotacijo z
najve¢ 255 ¢rk, povezavo do publikacije, v kateri je opisan gen, in elektronski naslov
vnaSalca. Anotacije lahko vnaSa kdorkoli, vecinoma pa jih vnasajo strokovnjaki z NCBI.
MILANO (Microarray Literature-based Annotation) (Rubinstein in Simon 2005) je orodje,
s pomocjo lahko pois¢éemo publikacije, v katerih se hkrati pojavljajo geni in klju¢ne
besede, ki jih vnese uporabnik. Orodje MILANO omogoca preiskovanje po zbirki
publikacij PubMed in v GeneRIF vnosih. Orodje je uporabno za anotacijo rezultatov
mikromrez. Podobni orodji sta Se PubMatrix (Becker in sod., 2003) in B.E.A.R. Genelnfo
(Zhou in sod., 2004).

2.4 BIOLOSKE POTI

Bioloske poti (metaboli¢ne, signalne, regulatorne) so mnoZice proteinov in drugih
biomakromolekul, ki predstavljajo prostorsko predstavljene kaskade interakcij, ki so
odgovorne za dolocCen fenotipski izid. Bioloske poti so idealizirani modeli. Od zelo
zapletene mreZe interakcij genov in proteinov so loceni glede na celi¢no ali fiziolosko
funkcijo. Hitro narasCanje zanimanja za analizo bioloskih poti je sprozila dostopnost
visoko zmogljivih metod in obseznih §tudij izrazanja genov. Z integracijo raznovrstnih
informacij, kot so funkcije genov in proteinov, mreZe molekularnih interakcij in bioloSke
poti, lahko prouc¢ujemo bioloski sistem na sistemski ravni.

Vecina informacij o bioloskih poteh je razbrana iz znanstvene literature. Eksperti preberejo
in povzamejo na tiso¢e objav na vnaprej doloc¢en nacin. V izdelavo zbirk bioloskih poti je
treba vloziti veliko truda (Casa, finan¢nih vlaganj), zato so nekatere zbirke placljive, kot na
primer: Ingenuity Pathway Analysis (IPA), Linnea Pathways, MetaCore, PathArt in
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ResNet. Prosto dostopne zbirke bioloskih poti so: BioCarta, BioCyc, GenMAPP, Kyoto
Encyclopedia of Genesand Genomes (KEGG), MIPS CYGD (Comprehensive Yeast
Genome Database), PANTHER, Protein Lounge, Reactome, Science Database of Cell
Signaling in Saccharomyces Genome Database (SGD) (Michael Cherry in sod., 2012). V
metapodatkovni zbirki Pathguide (Bader in sod., 2006) je zbranih ve¢ kot 190 povezav do
zbirk bioloskih poti in mrez.

Pristope k analizi bioloskih poti lahko razdelimo v dve skupini, na analizo kandidatnih
bioloskih poti in na analizo bioloskih poti na ravni celotnega genoma. Pri analizi
kandidatnih poti testiramo povezanost fenotipa s kandidatnimi potmi, ki jih izberemo na
podlagi predhodnega znanja. Pri analizi bioloskih poti na ravni celotnega genoma
ugotavljamo povezanost med fenotipom in bioloskimi potmi na podlagi genomskih
podatkov (Ramanan in sod., 2012). Z orodji za analizo bioloskih poti, kot so Ingenuity
Pathway Analysis (IPA), MetaCore, DAVID (Huang da in sod., 2007) in PathJam (Glez-
Pena in sod., 2010), je moZno integrirati podatke o bioloskih poteh pri ¢loveku iz razliénih
virov.

2.5 BIOLOSKE MREZE

Bioloske genske mreze so robustne in odporne proti mutacijam in spremembam okolja
(Leclerc, 2008). Robustnost in kompleksnost celi¢nih sistemov sta tesno povezani in
zahtevni za razumevanje (Carlson in Doyle 2002). Nekatere izmed znacilnosti genskih
mrez, ki omogocajo robustnost celicnih sistemov, so modularnost, povratne zanke in
redundanca (Queitsch in sod., 2012). Hkrati pa so bioloski sistemi zelo obcutljivi na
nekatere spremembe (Stelling in sod., 2004). Medtem ko mnoge mutacije ne vplivajo na
dolocen fenotip, lahko posamezne mutacije oziroma kombinacije mutacij sprozijo vrsto
sprememb v genski mrezi in posledi¢no razvoj bolezni (Zhu in sod., 2007). Raziskave
genskega mehanizma kompleksnih bolezni so mozne s pomocjo analize topologije in
dinamike bioloskih mreZ, znadilnih za bolezensko stanje (Del Sol in sod., 2010). Glede na
to, da temelji vecina bioloSkih procesov v organizmu na interakcijah med proteini, so
mreZe proteinskih interakcij osnova za raziskave biologkih sistemov. Ceprav so mreze
proteinskih reakcij predstavljene kot statiéne mreZe proteinov in interakcij med njimi, je
treba upostevati dinami¢no naravo bioloskih sistemov. Funkcijsko stanje mreze je odvisno
od stopnje izrazanja proteinov (Han in sod., 2004) , ki jo uravnava vrsta regulatornih
mehanizmov. Proteini povezovalniki (angl. hubs), ki tvorijo veliko interakcij z ostalimi
proteini, imajo najpomembnejSo vlogo pri ohranjanju funkcionalnosti mreze proteinskih
interakcij (Barabasi in Oltvai, 2004). V proteomu pri ¢loveku lo¢imo dve wvrsti
povezovalnikov, intramodularne in intermodularne (Taylor in sod., 2009; Dong in sod.,
2011). Intramodularni povezovalniki imajo nizek, intermodularni povezovalniki pa visok
koeficient grupiranja, njihova vloga je uravnavanje ostalih modulov. Mutacije v
intermodualrnih povezovalnikih so bile mo¢neje povezane s fenotipi raka od mutacij v
intramodularnih povezovalnikih (Wang in Marcotte, 2010). lIzkazalo se je, da je
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mehanizem uravnavanja izrazanja genov z molekulami miRNA bolj kompleksen in
pomembne;jsi pri intermodularnih kot pri intramodularnih povezovalnikih (Liang in Li,
2007).

2.5.1 Mreze proteinskih interakcij

Proteinske interakcije (angl. protein-protein interactions; PPIs) igrajo klju¢no vlogo v
celi¢nih procesih (Gavin in sod., 2006); spremembe Vv interakcijah med proteini povzro¢ajo
razvoj bolezni. Sistem proteinskih interakcij lahko predstavimo z mrezo proteinskih
interakcij (angl. protein interaction network; PIN), kjer so proteini vozlis¢a, interakcije
med njimi pa povezave. Za odkrivanje in karakterizacijo proteinskih interakcij poznamo
eksperimentalne, za napovedovanje proteinskih reakcij pa racunalniS$ke tehnike.
Eksperimentalne tehnike, kot so rentgenska kristalografija (angl. X-ray christalography),
fluorescenéni prenos resonan¢ne energije (angl. fluorescence resonance energy transfer),
plazmonska resonanca (angl. surface plasmon resonance), atomska mikroskopija (angl.
atomic force microskopy; AFM), elektronska mikroskopija (angl. electron microscopy),
karatkerizirajo posami¢ne proteinske interakcije, za identifikacijo proteinskih interakcij na
ravni celega genoma pa poznamo tehnike, kot so dvohibridni sistem kvasovke (angl. yeast
two-hybrid; Y2H), masna spektroskopija (angl. mass spectroscopy; MS), DNA in
proteinske mikromreze, sinteti¢na letalnost (angl. synthetic lethality) ter predstavitev na
fagu (phage display). Podatki o proteinskih interakcijah (pridobljeni eksperimentalno in in
silico) so zbrani v podatkovnih zbirkah (Mathivanan in sod., 2006). Nekatere izmed zbirk z
eksperimentalnimi podatki o proteinskih interakcijah so DIP (Database of Interacting
Proteins) (Xenarios in sod., 2002), BIND (Biomolecular Interaction Network Database)
(Isserlin in sod., 2011), MINT (The Molecular INTeraction database) (Licata in sod.,
2012), IntAct (Kerrien in sod., 2012), BioGRID (The Biological General Repository for
Interaction Datasets) (Chatr-Aryamontri in sod., 2013), HPRD (Human Protein Reference
Database) (Keshava Prasad in sod., 2009). Zbirki proteinskih interakcij, ki so zbrane iz
literature, sta Stitch (Kuhn in sod., 2012) in STRING (Franceschini in sod., 2013). V zbirki
STRING so poleg eksperimentalnih podatkov tudi racunalniske napovedi proteinskih
interakcij.

2.5.2 MrezZe uravnavanja izrazanja genov (DNA-protein, RNA-RNA)

MreZe uravnavanja izrazanja genov (angl. gene regulatory network; GRN) vsebujejo
informacije o uravnavanju izrazanja genov. Proces uravnavanja izrazanja genov je pod
vplivom ve¢ dejavnikov. To so transkripcijski dejavniki (angl. transcription factor; TF)
(Carninci  in sod., 2005), potranslacijske spremembe (angl. post-translational
modifications) in povezovanje z drugimi biomolekulami (Linding in sod., 2008).
Transkripcijski dejavniki so proteini, ki se veZejo na DNA. Vecina transkripcijskih
dejavnikov se veze na ve¢ vezavnih mest v genomu in tvori kompleksno mrezo
uravnavanja genov (Ravasi in sod., 2010). Cloveski genom kodira 1400 transkripcijskih
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dejavnikov, ki uravnavajo izrazanje ve¢ kot 1400 genov (Vaquerizas in sod., 2009).
Tehnologije za raziskavo mrez genskega uravnavanja so ChlIP-chip (angl.
immunoprecipitation ("ChIP™) with microarray technology (“chip™)), ki je kombinacija
kromatinske imunoprecipitacije in mikromrez, ChIP-seq (angl. ChlP-sequencing), ki je
kombinacija kromatinske imunoprecipitacije in sekveniranja, in CliP-seq (angl. cross-
linking immunoprecipitation-high-throughput sequencing). Informacije o interakcijah med
proteini in DNA so zbrane v zbirkah, kot so na primer JASPAR (Portales-Casamar in sod.,
2010), TRANSFAC (Wingender in sod., 1996), Human B-cell interactome (HBCI)
(Lefebvre in sod., 2010), ENCyclopedia Of DNA Elements (ENCODE) (Consortium,
2011) in Transcription Factor Encyclopedia (TFe) (Yusuf in sod., 2012). Informacije o
interakcijah med molekulami miRNA in njihovimi tar¢ami so zbrane v MicroCosm
Targets (Griffiths-Jones in sod., 2006), miRecords (Xiao in sod., 2009) in miRTarBase
(Hsu in sod., 2011). Informacije o potranslacijskih spremembah so zbrane v zbirkah
Phospho.ELM (Dinkel in sod., 2011), NetPhorest (Miller in sod., 2008) in PHOSIDA
(Gnad in sod., 2011). V zbirki DrugBank so informacije o zdravilih in njihovih tar¢ah
(Knox in sod., 2011).

2.5.3 Metabolne mreze

Kemicne spojine v celici so med seboj povezane z biokemijskimi reakcijami, ki pretvorijo
eno spojino v drugo. Reakcije Katalizirajo encimi. Tako so vse spojine v celici del
zapletene biokemijske mreze reakcij, ki jo imenujemo metabolna mreza (angl. metabolic
network). V metabolnih mrezah so predstavljene informacije o proteinih in metabolitih.
Informacije 0 metabolnih mrezah se nahajajo v podatkovnih zbirkah Kyoto Encyclopedia
of Genes and Genomes (KEGG) (Kanehisa in Goto, 2000), EcoCyc (Keseler in sod., 2011)
in metaTIGER (Whitaker in sod., 2009).

2.5.4 Signalne mreZe

Znotraj celic in med celicami se prenaSajo signali, ki tvorijo kompleksno signalno mrezo.
MAPK/ERK pot se prenasa s povrsja celice v jedro z zaporedjem proteinskih interakcij,
fosforilacijskih reakcij in drugimi procesi. Signalne mreZe integrirajo mreZe proteinskih
interakcij, mreZze regulacije genov in metabolne mreze. Podatki o signalnih mreZah so
zbrani v podatkovnih zbirkah, kot sta MiST (Ulrich in Zhulin, 2007) in TRANSPATH
(Krull in sod., 2003).

2.5.5 Uporaba pristopov teorije grafov za analizo bioloskih mrez

Danasnje visoko zmogljive genomske tehnologije ustvarijo veliko koli¢ino podatkov.
Razvoju eksperimentalnih tehnik sledi napredek racunalniSkih pristopov za analizo
genomskih podatkov. S kopicenjem razpolozljivih genomskih podatkov se povecuje
kompleksnost bioloskih mrez (Miller in sod., 2004). S kompleksnimi mrezami,
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apliciranimi v biologiji in na drugih podro¢jih, se ukvarja matemati¢na disciplina teorija
grafov. Tako kot na drugih podro¢jih se je tudi v biologiji uveljavil pristop modeliranja
pojavov z matemati¢énim konceptom, ki mu pravimo mreza (graf). Analiza kompleksnih
mreZ nam omogoca dolocati lastnosti, karakterizacijo in klasifikacijo kompleksnih
struktur. Mreze so definirane kot grafi, neusmerjeni graf G (angl. undirected graph) je
urejen par (V, E), ki ga ozna¢imo z G = (V, E). V je mnozica vozlis¢ (angl. vertices), E pa
mnoZica dvosmernih povezav (angl. edges). Ce obstaja med vozlii¢ema v grafu povezava,
pravimo, da sta vozlis¢i soseda (angl. neighbours). Vozlis¢a v grafih je mozno razvricati
glede na njihove znacilnosti. Izbira metode razvr§canja vozIlis¢ je odvisna od vprasanja na
katerega poskuSamo odgovoriti. V bioloskih mrezah pogosto i§¢emo vozlisca, ki vplivajo
na topologijo. Primer bioloSkega vprasanja pri raziskavi mreze je, katere molekule v
bioloski poti, ki niso nujno centralne, imajo klju¢no vlogo v mrezi proteinskih interakcij
(Pavlopoulos in sod., 2011). Za razvrs¢anje vozlis¢ glede na pomembnost njihove vloge v
bioloski mrezi uporabljamo centralnostne indekse. Zaradi razlicnih interpretacij
pomembnosti obstaja ve¢ definicij centralnosti. Stopnja centralnosti vozlisc¢a (angl. degree
centrality) je definirana kot Stevilo povezav z drugimi vozlis¢i. Vozlis¢a z visoko stopnjo
centralnosti so povezovalniki (angl. hubs), ker so povezani z veliko sosedi. Odstranitev
povezovalnika ima velik vpliv na topologijo grafa. Bioloske mreze so odporne na
naklju¢ne spremembe in obcutljive na odpovedi povezovalnikov (Zotenko in sod., 2008;
Levy in Siegal 2008). Vmesnostna centralnost (angl. betweenes centrality) predstavlja
Stevilo najkraj$ih poti med katerimkoli parom vozlis¢, ki potekajo skozi dano vozlisce. Joy
in sod., ter Hahn in Kern so povezali esencialnost genov z visoko stopnjo vmesnosti (Joy
in sod., 2005); (Hahn in Kern, 2005). Blizinska centralnost (angl. closeness centrality)
predstavlja vsoto najkrajSih poti od vozlis¢éa do prav vseh ostalih vozlis¢ v grafu. S
pomocjo mere blizinske centralnosti so identificirali najpomembnejSe metabolite v
metabolnih mrezah (Ma in Zeng, 2003). Eigenvektorska centralnost (angl. eigenvector
centrality) temelji na predpostavki, da so pomembna vozlis¢a povezana s pomembnimi
sosedi. S pomocjo mere za eigenvektorsko centralnost so identificirali vzro¢ne gene za
bolezni (Ozgiir in sod., 2008) in povezovalnike v bioloskih mrezah (Zotenko in sod.,
2008).

2.5.6 Orodja za analizo bioloskih mrez

Analiza bioloskih mrez obicajno poteka v treh osnovnih korakih (priprava podatkov,
analiza in vizualizacija mreze), ki jih je mozno izvesti s pomocjo bioinformacijskega
orodja Cytoscape. Poleg Cytoscape poznamo tudi orodja NextBio, Ingenuity Pathway
Analysis (IPA), GeneGo, Ondex, Osprey, ViSANT, NAViIGaTOR. Aplikacija Cytoscape je
prosto dostopna in je zasnovana tako, da omogoc¢a dodajanje programskih vti¢nikov, ki jih
razvijajo raziskovalne skupine, in na ta nac¢in dodajajo osnovni aplikaciji vrsto novih
funkcionalnosti. Aprila 2012 je bilo 152 registriranih vti¢nikov za Cytoscape (Saito in sod.,
2012). Vti¢nik BisoGenet (Martin in sod., 2010) omogoc¢a uvoz in integracijo podatkov iz
ve¢ zbirk (DIP, BIND, HPRD, BioGRID, MINT in Intact) v Cytoscape. Vti¢nik
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CyTargetLinker omogoca integracijo obstojeCe mreZze z mrezami uravnavanja genov
(DrugBank, ENCODE, MicroCosm, TFe, miRecords, miRTarBase). Cyto-Hubba (Lin in
sod., 2008) je vti¢nik za Cytoscape, ki omogoca iskanje pomembnih vozlis¢ v bioloSkih
mrezah s pomo¢jo mer centralnosti, kot so stopnja vozliséa, ozko grlo, mera vmesnosti in
koeficient grupiranja.

2.6 RAZVRSCANJE KANDIDATNIH GENOV PO PRIORITETI

Razvr$Canje kandidatnih genov po prioriteti (angl. gene prioritisation) je postopek
ocenjevanja povezanosti kandidatnih genov z bioloskim procesom, z namenom, da bi
opravili nadaljnje analize z najbolje ocenjenimi geni. Z obema osnovnima pristopoma k
iskanju vzro¢nih genov za bolezni, tako na ravni celotnega genoma kot na podlagi
kandidatnih genov, dobimo mnozice genov ali kromosomske regije z moznim vplivom na
fenotip. Proucevanje vseh kandidatnih genov je lahko zelo zamudno, zato so se pojavila
razli¢na bioinformacijska orodja za razvr$¢anje kandidatnih genov po prioriteti. Veliko
izmed teh orodij temelji na do sedaj znanih podatkih o kandidatnih genih in povezovanju
genov z bioloSkimi procesi; uporabljajo koncept krivde zaradi povezanosti (angl.guilty by
association) (Tranchevent in sod., 2011).

Na spletnem portalu Gene Prioritization Portal (Tranchevent in sod., 2011) so zbrana
orodja za razvrS¢anje genov po prioriteti. Nekatera izmed teh orodij so SUSPECTS (Adie
in sod., 2006), Endeavour (S. Aerts in sod., 2009), CANDID (Hutz in sod., 2008), G2D
(Gefen in sod., 2010), ToppGene Suite (Chen in sod., 2009), PosMed (Yoshida in sod.,
2009), PolySearch (Cheng in sod., 2008), GeneProspector (Yu in sod., 2008), GenTrepid
(George in sod., 2006), GeneWanderer (Kohler in sod., 2008), PhenoPred (Radivojac in
sod., 2008).

2.7 BIOOZNACEVALCI

Biooznacevalci so bioloske znacilnosti, ki jih je mozno objektivno izmeriti in oceniti kot
pokazatelje normalnih bioloskih procesov, patogenih procesov ali farmakoloskih odzivov
na terapevtske intervencije (Naylor, 2003). Povezani so z vzrokom bolezni ali z dolo¢enimi
lastnostmi. Uporabni so za diagnozo, prognozo bolezni in terapijo ter omogoc¢ajo boljsi
vpogled v patogenezo bolezni, iskanje novih terapevtskih tar¢ in strategij. Na kompleksne
bolezni vplivajo spremembe ve¢ med seboj odvisnih genov ter vplivi okolja. Za
identifikacijo biooznacevalcev je treba pravilno zaznati mnozico genov ali proteinov, ki
spreminjajo bioloski sistem in povzro¢ajo bolezni. Iskanje biooznacevalcev kompleksnih
bolezni je usmerjeno v integracijo podatkov razli¢nih virov in pridobivanje kandidatnih
biooznacevalcev na sistemski ravni (Azuaje, 2010).

Poznamo dva osnovna tipa biooznacevalcev; biooznaéevalce ekspozicije, ki S0 uporabni za
napovedovanje tveganja za obolevnost, ter biooznacevalce bolezni, ki so uporabni za
diagnozo in spremljanje razvoja bolezni (Mayeux, 2004). Biooznacevalci so lahko
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enostavne molekule (metaboliti, steroidi, lipidi), peptidi in proteini (inzulin, hemoglobin)
ali celice (T celice) (Jain, 2010). Genetske biooznacevalce lahko razvijamo na ravni DNA,
RNA, proteinov in peptidov ali epigenetike. Pri biooznaéevalcih na ravni DNA is¢emo
variacije v zaporedju DNA, kot so delecije, insercije in polimorfizmi posameznih
nukleotidov. Pri biooznacevalcih na ravni RNA is¢emo spremembe vzorcev izrazanja
(angl. transcriptional alterations). Pri biooznacevalcih na ravni proteinov in peptidov
lahko opazujemo koli¢ino ali funkcionalnost oziroma nefunkcionalnost proteinov. Pri
epigenetskih biooznacevalcih opazujemo prisotnost ali izgubo metilne skupine na citozinih
CpG dinukleotidov.

Bioinformatika ima klju¢no vlogo v razvoju biooznaevalcev. Biooznacevalce lahko
i8¢emo na podlagi proteinskih interakcij. Chuang in sod. so za lo¢evanje metastati¢nega od
nemetastaticnega raka dojke primerjali stopnjo izrazanja genov v celotnih podmrezah
proteinskih interakcij in dosegali boljso klasifikacijsko to¢nost kot s primerjavo stopnje
izrazanja posameznih genov (Chuang in sod., 2007). Studije so pokazale, da so
biooznacevalci, ki temeljijo na bioloskih poteh, zanesljivejsi od tistih, ki temeljijo na
posameznih genih (Kim in sod., 2012).

2.8 ASOCIACIJSKE STUDIJE

Cilj genetskih asociacijskih $tudij je s testiranjem povezave med genotipom in fenotipom
identificirati kandidatne gene ali genomske regije, ki vplivajo na dolo¢en fenotip (Lewis in
Knight, 2012), in oceniti njihov prispevek k razvoju tega fenotipa (Ambrosius in sod.,
2004). Asociacijske studije, ki temeljijo na razlikovanju genotipa glede na polimorfizem
posameznega nukleotida, so zelo pogoste v raziskavah genetskih osnov kompleksnih
bolezni (Collins in sod., 1997). Poznamo asociacijske Studije na ravni celotnega genoma,
kjer uporabimo SNP-je vzdolz celotnega genoma, ter asociacijske Studije kandidatnih
genov (angl. candidate-gene association studies; CGAS) vzdolz ali v blizini kandidatnih
genov. Znacilna genetska povezanost polimorfizma s fenotipom lahko pomeni 1) direktno
povezanost, kjer je SNP vzrok za razliko v fenotipu, 2) posredno povezanost, kjer je SNP v
vezavnem neravnotezju (angl. linkage disequilibrium; LD) z vzro¢no variacijo za fenotip
in 3) lazno pozitiven rezultat (Lewis in Knight, 2012).

S pomocjo asociacijskih $tudij na celotnem genomu (GWAS) so v zadnjih letih
identificirali na tisoe polimorfizmov, povezanih s kompleksnimi fenotipi. Pristop GWAS
pomeni velik napredek na podro¢ju raziskav kompleksnih fenotipov, saj je razkril mnogo
do sedaj nepoznanih kandidatnih genov. S pomocjo studij GWAS so identificirali preko 50
novih kandidatnih lokusov, povezanih z diabetesom tipa 2 (Mohlke in sod., 2008), preko
20 novih kandidatnih lokusov za nekatere vrste raka (Easton in Eeles, 2008), lokuse,
povezane z avtoimunsko boleznijo (Lettre in Rioux, 2008) in druge.
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Studije kandidatnih genov se zalnejo z zbiranjem kandidatnih genov za proué¢evani
fenotip, ki mu sledi izbor polimorfizmov z moznim vplivom na uravnavanje izrazanja
kandidatnih genov ali na njihove produkte (Collins in sod., 1997). Temu sledi testiranje
povezave med polimorfizmom in fenotipom 2z opazovanjem prisotnosti razli¢ic
polimorfizma pri razli¢nih fenotipih. Pri asociacijskih $tudijah kandidatnih genov is¢emo
polimorfizme v kandidatnem genu in njegovi okolici. Povezanost fenotipa lahko testiramo
z vsemi polimorfizmi ali samo z nekaterimi izmed njih (Wu in Cui, 2013). Polimorfizme
za testiranje zbiramo lahko glede na to, kje se nahajajo v genu, ali glede na njihov tip
(sinonimni, nesinonimni). Asociacijske $tudije kandidatnih genov So v primerjavi z
asociacijskimi Studijami na celotnem genomu bolj primerne, kadar so frekvence
polimorfizmov nizke (Wilkening in sod., 2009), in kadar so na voljo podatki za majhno
populacijo.
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3 MATERIALI IN METODE

3.1 ZBIRANJE LOKUSOV IN IZDELAVA GENOMSKEGA ATLASA ZA
NALAGANJE MASCOBE

3.1.1 Zbiranje lokusov, povezanih z nalaganjem mas¢obe

Lokuse za nalaganje mas¢obe smo iskali pri $tirih vrstah (¢lovek, govedo, podgana in mis)
iz literature ter podatkovnih zbirk. Za iskanje literature, povezane z nalaganjem mascobe
pri zgoraj omenjenih vrstah, smo uporabili bibliografsko zbirko PubMed. Klju¢ne besede,
ki smo jih uporabili pri iskanju, so: gene, genetics, epigenetics, non-coding RNA,
microRNA, obesity, adipose tissue, marbling, fat deposotion, adipogenesis, human, cattle,
rat in mouse. Za prenos povzetkov publikacij smo uporabili vmesnik Entrez Programming
Utilities (E-utilities). Poizvedba, ki smo jo uporabili za zbiranje literature, je:

http://eutils.ncbi.nlm.nih.gov/entrez/eutils/efetch.fcgi?db=pubmed&mindate=2011/02&ter
m=(obesity+OR+adipose+tissue+OR+(marbling+AND-+meat)+OR+fat+deposotion+OR+a
dipogenesis)+AND+(gene+OR+genetics+OR+epigenetics+OR+non-
coding+tRNA+OR+microRNA)+AND+(human+OR+cattle+OR+rat+ OR+mouse+OR+piQ)
&reldate=60&datetype=edat&retmax=1000000&usehistory=n

Podatkovne zbirke, v katerih smo iskali gene za nalaganje mas¢obe, so Obesity Gene Map,
GeneCards, MGI (Mouse Genome Informatics) in RGD (Rat Genome Database). V RGD
in AnimalQTLdb (Animal QTL Database) smo iskali QTL-e za lastnosti, povezane z
nalaganjem mascobe. Uporabili smo klju¢ne besede: body fat, body weight, adiposity,
obesity in diabetes. V obeh zbirkah so ro¢no pregledani QTL-i iz literature in tisti, ki Se
niso bili objavljeni, vendar so jih skupinam RGD in AnimalQTLdb poslali raziskovalci.
Poleg imena, opisa in lokacije QTL-a na genomu so na voljo se nekateri drugi podatki:
vrednost LOD (angl. logarithm of odds ratio), vrednost p, varianca, kandidatni geni znotraj
QTL-a in drugi (De la Cruz in sod., 2005; Hu in sod., 2007). Iskanje QTL-ov smo omejili
na ime in opis lastnosti, ki se je morala ujemati z nastetimi klju¢nim besedami, povezanimi
z nalaganjem mascobe.

3.1.2 lzdelava kataloga lokusov, povezanih z nalaganjem mascobe

Vso literaturo, povezano z nalaganjem mascobe pri ¢loveku, govedu, podgani in misi, SMO
ro¢no preverili (angl. manual curation) in lokuse zdruzili s tistimi, ki smo jih nasli v
podatkovnih zbirkah. Poimenovanje genov v katalogu lokusov, povezanih z nalaganjem
mascobe, smo poenotili v skladu s priporocili skupine za nomenklaturo genov pri ¢loveku
HUGO Gene Nomenclature Committee (HGNC) (Gray in sod., 2013). Zbirka HGNC je
prosto dostopna in vsebuje enoli¢na imena ter simbole genov pri ¢loveku. Nastala je z
namenom poenotiti nomenklaturo genov. Vsi HGNC vnosi so ro¢no pregledani, imena in
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simboli HGNC pa predstavljajo standard za poimenovanje genov v publikacijah in
podatkovnih zbirkah. Nomenklaturo imen genov pri misih smo uskladili s terminologijo v
zbirki MGI (http://www.informatics.jax.org/mgihome/nomen/). Za imena genov miRNA
smo uporabili nomenklaturo miRBase. Za gene pri govedu, podgani in miSi smo poiskali
ortologne gene pri ¢loveku s pomocjo zbirk MGI in Ensembl. Do podatkov smo dostopali s
pomocjo orodja BioMart (http://www.ensembl.org/biomart/martview/). Lokuse za
nalaganje mas¢obe smo vnesli v relacijsko podatkovno zbirko MySQL s pomocjo spletne
aplikacije Xataface.

3.1.3 Spletno centralno mesto za lokuse, povezane z nabiranjem mascobe

Izdelali smo spletno centralno mesto za raziskave genskih mehanizmov nalaganja mascobe
na spletnem naslovu http://integratomics-time.com/fat_deposition (Priloga C). Centralno
mesto za nalaganje mas¢obe se nahaja v okviru projekta Integratomics TIME
(http://integratomics-time.com/), namenjenega raziskavam kompleksnih bolezni s pomocjo
integracije raznovrstnih genomskih podatkov in sistemske biologije. Za implementacijo
spletne strani smo uporabili spletno tehnologijo PHP in relacijsko podatkovno zbirko
MySQL.

3.2 INTEGRACIJA RAZNOVRSTNIH GENOMSKIH PODATKOV IN
BIOINFORMACIJISKA ANALIZA

V genomskem atlasu sta dve vrsti lokusov (geni in QTL-i), ki smo jih zbrali iz razli¢nih
virov (podatkovne zbirke, literatura). Lokusi so bili povezani z nalaganjem mascobe v
neodvisnih Studijah in razlicnih eksperimentalnih pristopih pri $tirih vrstah (Clovek,
govedo, podgana in mi§). Prikazali smo genomsko razporeditev QTL-ov in genov. Za gene
pri govedu, podgani in miSi smo poiskali ortologne gene pri ¢loveku. S pomocjo prikaza
genomske razporeditve lokusov smo integrirali genomske podatke iz razli¢nih virov
podatkov, 1z razli¢nih Studij, pri razli€nih vrstah in identificirali prekrivanja med njimi. Na
podlagi zbranih kandidatnih genov smo poiskali kandidatne bioloske poti za nalaganje
mascobe. Kandidatne gene, ki kodirajo proteine, smo povezali s prvimi sosedi v mrezi
proteinskih interakcij. Identificirali smo tudi mrezo uravnavanja izrazanja genov za
nalaganje mas¢obe z molekulami miRNA.

3.2.1 Prikaz genomske razporeditve lokusov, povezanih z nalaganjem mascobe

Za genomski prikaz porazdelitve lokusov na genomu smo uporabili orodje Flash GViewer
(http://gmod.org/wiki/Flash GViewer). Orodje omogoca vnos podatkov o stevilu in dolZini
kromosomov ter lokacijah prog, zato je primerno za prikaz genomskih lokacij pri katerikoli
vrsti. Flash GViewer omogoca animiran prikaz dveh vrst lokusov na genomu: 1) lokusi
oznaceni s pusCico, primerni za prikaz genov ali SNP-jev in 2) lokusi oznaceni z
vzdolznimi ¢rtami, primerni za prikaz genomskih regij, kot so QTL-i ali kromosomske
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mutacije. Lokuse je mozno razli¢no pobarvati, jih oznaciti z imeni ter jim dodati spletne
naslove do podatkovnih zbirk.

3.2.2 Analiza obogatenosti bioloskih poti

Analizo obogatenosti bioloskih poti smo izvedli s pomoc¢jo orodja DAVID Bioinformatics
Resources 6.7 (http://david.abcc.ncifcrf.gov/) (Huang da in sod., 2007) (podobno kot v
prilogi D). Orodje DAVID zajema podatke bioloskih poti iz naslednjih zbirk: BBID (The
biological biochemical image database) (Becker in sod., 2000), BioCarta
(http://www.biocarta.com/), EXPASy Biochemical Pathways (Gasteiger in sod., 2003),
KEGG (Kyoto Encyclopedia of Genes and Genomes) (Kanehisa in sod., 2000), PANTHER
(Mi in sod., 2013) in Reactome (Croft in sod., 2011) (Preglednica 2). Pri iskanju
obogatenih bioloskih poteh smo se omejili na tiste, ki imajo Bonferronijevo p-vrednost
manjso od 0,01. Za risanje Vennovih diagramov smo uporabili spletno aplikacijo Venn, ki
je prosto dostopna na naslovu http://bioinformatics.psb.ugent.be/webtools/VVenn/.

Preglednica 2: Zbirke bioloskih poti, ki jih zajame orodje DAVID za analizo obogatenosti mnozice genov

Table 2: Biological pathways databases included in the tool DAVID for gene-set enrichment analysis

Stevilo genov v biolokih poteh, ki

Zbirka bioloskih poti so zajeti v analizo orodja DAVID
BBID 140
BioCarta 752
EXPASy 4307
KEGG 9013
PANTHER 3278
Reactome 613

3.2.3 Integracija in analiza bioloskih mrez

Za analizo bioloskih mrez smo uporabili orodje Cytoscape (Smoot in sod., 2011) in
vtiénike BisoGenet (Martin in sod., 2010), CyTargetLinker in Cyto-Hubba (Lin in sod.,
2008). Mrezo proteinskih interakcij genov, povezanih z nalaganjem mascobe, Smo izdelali
s pomocjo orodja BisoGenet, ki omogoca uvoz podatkov iz zbirk proteinskih interakcij
DIP (Xenarios in sod., 2002), BioGRID (Chatr-Aryamontri in sod., 2013), HPRD (Goel in
sod., 2012), BIND (Isserlin in sod., 2011), MINT (Licata in sod., 2012) in IntAct (Kerrien
in sod., 2012). S seznama genov, ki so povezani z nalaganjem mascobe, smo uporabili
samo tiste, ki kodirajo proteine. Povezali smo jih z njihovimi prvimi sosedi (proteini, ki so
z njimi v interakcijah) in dobili mrezo proteinskih interakcij z 8046 vozlis¢i (proteini) in
92638 povezavami (interakcije). Proteine v mrezi smo poimenovali z imeni genov, ki jih
kodirajo. Za analizo topoloskih znacilnosti mreze proteinskih interakcij smo uporabili
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vti¢nik za Cytoscape Cyto-Hubba, s pomocjo katerega smo izracunali mere centralnosti za
vozliséa. Za analizo mreze uravnavanja genov smo uporabili orodje CyTargetLinker.
Gene, povezane z nalaganjem mascobe, smo integrirali s podatki o regulatornih
interakcijah. Interakcije smo pridobili iz zbirke miRecords. Geni in povezave med njimi
predstavljajo mrezo uravnavanja genov, povezanih z nalaganjem maséobe.

3.2.4 Bioinformacijska analiza in razvrs$¢anje kandidatnih genov po prioriteti

Razvili smo orodje miRNA SNiPer za iskanje polimorfizmov znotraj genov miRNA (Zorc
in sod., 2012) (Priloga A, Priloga B, Priloga G). Spletna aplikacija miRNA SNiPer je
dostopna na naslovu http://www.integratomics-time.com/miRNA-SNiPer. Uporabniski
vmesnik omogoc€a vnos seznama genov miRNA in vraca tabelo polimorfizmov znotraj
vnesenih genov. Polimorfizmi so razvr$Ceni glede na razli¢ne regije znotraj genov za
miRNA: 1) pre-miRNA, 2.) zrela miRNA, 3) regija seed, ki je odgovorna za vezavo ha
tar¢o. Orodje vsebuje podatke iz razlicnih virov: 1) nukleotidna zaporedja genov za
miRNA, genomske lokacije in nomenklaturo iz zbirke miRBase (razli¢ica 19)
(http://www.mirbase.org/) (Kozomara in sod., 2011), 2) lokacije regij seed v genih za
mIRNA iz zbirke TargetScan (razli¢ica 6.2) (http://www.targetscan.org/) (Lewis in sod.,
2005) in 3) lokacije polimorfizmov iz zbirke Ensembl Variation database
(http://www.ensembl.org/) (Flicek in sod., 2013). Podatke iz zbirk miRBase, TargetScan in
Ensembl Variation database smo prenesli v relacijsko podatkovno zbirko. S pomocjo
skripte, napisane v skriptnem jeziku Perl, smo izvedli poizvedbe po relacijski zbirki in
poiskali polimorfizme znotraj razli¢nih regij genov za miRNA.

Za prikaz genomske porazdelitve genov za miRNA, njihovih gostiteljskih genov (angl.
host genes), QTL-ov in polimorfizmov pri ¢loveku in mi$i smo razvili orodje miRNA
Viewer, ki je dostopno na naslovu http://www.integratomics-time.com/miRNA-genomic-
viewer/. Orodje integrira podatke iz zbirk miRBase, Ensembl, RGD (Rat Genome
Database) in OMIM.

3.3 VPLIV KANDIDATNIH GENOV NA LATNOSTI NALAGANJA MASCOBE

Preverili smo vpliv polimorfizmov v nekaterih izmed kandidatnih genov (Aktl, Ubc, Grb2,
Mir599) na nalaganje mas¢obe pri misi (podobno kot v prilogi A). Podatke za analizo smo
dobili v podatkovni zbirki Mouse Phenome Database (MPD; http://phenome.jax.org/)
(Maddatu in sod., 2012). Fenotipski podatki iz zbirke MPD zajemajo meritve za 3379
lastnosti pri inbridiranih linijah misi. Lastnosti so razdeljene v 32 skupin (izgled in barva
kozuha, obnaSanje, klinicna kemija, hematologija, lipidi, ksenobiotiki, sestava telesa,

telesne masSCobne blazinice, telesna teza, velikost in rast, kosti, moZgani, rak,
kardiovaskularni sistem, poSkodbe tkiv in celic, razvoj, uho, endokrini sistem, oko,
zol¢nik, imunski sistem, prednostno zauzivanje, ledvica, jetra, dolgozivost, metabolizem,
miSice, zivéni sistem, nevrosenzorika, reprodukcija, dihalni sistem, spalni vzorci in
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vranica). Analizo smo opravili za lastnosti, ki so povezane z nalaganjem mascobe (sestava
telesa, telesne mas¢obne blazinice in telesna teZa). Stevilo linij, vkljuenih v analizo, je
odvisno od dostopnosti genotipskih podatkov (Preglednica 3). Za statisti¢no analizo smo
uporabili linearni model (1), kjer yijx predstavlja opazovano lastnost, u povprecje, Gi
sistematski vpliv SNP-ja, Lij ugnezden vpliv linije znotraj SNP-ja, ejju pa ostanek. Za
statisticno analizo smo uporabili programski paket SAS/STAT.

Yiik = u + Gi + Lij + €ijk (1)
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Preglednica 3: Genotipski podatki iz zbirke MPD za polimorfizme rs261613149, rs37362582, rs13461180,

rs13471888 in rs37362582 pri 24 inbridiranih linijah misi

Table 3: Genotipic data from the MPD database for polymorphisms rs261613149, rs37362582, rs13461180,
rs13471888 and rs37362582 in 24 inbred strains of mice
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4 REZULTATI

Za izdelavo kataloga smo uporabili primerjalni in integrativni pristop zbiranja do sedaj
objavljene literature o nalaganju mascobe. S pomocjo bioinformacijskih orodij smo
integrirali znane podatke o nalaganju mascobe ter izdelali zbirko genetskih lokusov.
Izdelali smo primerjalne genomske prikaze in genske mreze kandidatnih genov ter
identificirali kandidatne bioloske poti. Iz nabora kandidatnih genov smo izbrali najbolj
obetavne, ki smo jih dolo¢ili na podlagi prekrivanj neodvisnih $tudij, kandidatnih bioloskih
poti, genskih mrez in z uporabo novih bioinformacijskih orodij miRNA SNiPer ter miRNA
Viewer. Razvili smo strategijo raziskave kompleksne lastnosti (Slika 2), ki jo je mozno
uporabiti tudi za ostale kompleksne fenotipe.

Viri podatkov DIP IntAct HPRD
Ensembl
BIND || MINT || BioGRID Variation
Pubmed Database
miRBase miRecords MPD
MGl GeneCards omMIM iRB
PANTHER || Reactome mitbase
RGD AnimalQTLdb KEGG ExPASy BioCarta TargetScan
Flash GViewer DAVID . N
miRNA Viewer Analiza
NCBI Eutils povezave
Cytoscape N N genotipa s
miRNA SNiPer .
fenotipom
BisoGenet Cyto-Hubba CyTargetLinker
5 Bioinformacijska
Zbiranje Integracija .
analiza, Validacija v
kandidatnih — genomskih | ) razvricanje =) | Validacija | ===b Iaborat 12
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lokusov podatkov po prioritetah
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_ _ Prikaz genomske
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Slika 2: Shema poteka dela

Figure 2: Workflow of the study
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4.1 GENOMSKI ATLAS ZA RAZISKAVE LOKUSOV, POVEZANIH Z
NALAGANJEM MASCOBE

Zbrali smo 1774 genov, povezanih z nalaganjem masc¢obe, od tega je 1553 kodirajocih
genov in 221 genov za miRNA. Poiskali smo tudi 222 QTL-ov za nalaganje ma$¢obe pri
¢loveku in 38 pri misi. Podatke o lokusih smo shranjevali v relacijsko podatkovno zbirko
MySQL s pomocjo aplikacije Xataface (Slika 3).

Current Record: A2M
View edit |

[ exportxml | []rss |

[ Edit Details
Gene symbol

Gene name

Gene ID

Biotype

Location

Species

Evidence sources

References

Experiment

Comment
Curator =

Date

AZM|
alpha-2-macroglobulin

2

protein coding
12:9220260-9268825:-1
human

literature

9724081

PPI

The results did not support the hyp
Minja

2013-03-15

Save

Slika 3: Obrazec za vnos podatkov o lokusu za nalaganje mascobe v zbirko MySQL s pomo¢jo aplikacije

Xataface

Figure 3: Data entry form for the fat deposition related loci in MySQL database using Xataface application
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Zbirko lokusov smo objavili na spletni strani Obesity Genomic Atlas, ki se nahaja na
spletnem naslovu http://www.integratomics-time.com/fat_deposition (Slika 4). Stran
predstavlja centralno spletno mesto za raziskave, povezane z nalaganjem maséobe (Priloga
C).
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Slika 4: Spletno mesto Obesity Genomic Atlas

Figure 4: The website for Obesity Genomic Atlas
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4.2 INTEGRACIJA RAZNOVRSTNIH GENOMSKIH PODATKOV V POVEZAVI Z
NALAGANJEM MASCOBE

4.2.1 Genomski prikaz razporeditve lokusov

Izdelali smo interaktivne prikaze genomskih razporeditev lokusov, povezanih z nalaganjem
mascobe pri ¢loveku (Slika 5), misi (Slika 6) in govedu. Na ta na¢in smo integrirali
rezultate razli¢nih Studij, zbranih iz ve¢ virov (literature in podatkovnih zbirk) in jih
predstavili na enem mestu ter omogocili prikaz prekrivanj lokusov.
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Slika 5: Genomski prikaz A) Razporeditev genomskih lokusov za nalaganje mas¢obe pri ¢loveku. B)
Kromosom 8 pri ¢loveku z lokusi za nalaganje ma$¢obe. Prikazana je lokacija gena DEPTOR, ki se prekriva
z dvema QTL-oma.

Figure 5: Genomic view A) Genomic locations of fat deposition associated loci in human. B) Chromosome 8
in human with fat deposition associated loci. The location of gene DEPTOR, which overlaps with two QTL
is shown.
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Slika 6: Razporeditev genomskih lokusov za nalaganje mas¢obe pri misi

Figure 6: Genomic locations of loci, associated with fat deposition in mouse

4.2.2 Analiza obogatenosti bioloskih poti

Analizo obogatenosti bioloskih poti smo izvedli z orodjem DAVID (Priloga D).
Identificirali smo 139 bioloskih poti, v katerih so udelezeni geni, Ki so povezani z
nalaganjem mascobe (Preglednica 4).

Preglednica 4: Bioloske poti, v katerih so udelezeni kandidatni geni za nalaganje masc¢obe

Table 4: Biological pathways, containing fat deposition candidate genes

Zbirka Bioloska pot Bonferroni Kandidatni geni, vpleteni v biolosko pot

bioloskih vrednost p

poti

KEGG Adipocytokine 9.6*10%° CD36, JAK2, TRAF2, TRADD, ACACB, ACSL1,
signaling ADIPOR1, ADIPOR2, ADIPOQ, AGRP, CAMKK2,
pathway CPT1A, CHKB, CPT1B, CHUK, G6PC, G6PC2,

IKBKB, IKBKG, IRS1, IRS2, LEP, LEPR, MTOR,
MAPKS, NPY, NFKB1, NFKBIA, NFKBIB,
PPARA, PPARGCI1A, PCK1, PCK2, POMC,
PRKCQ, PRKAAL, PRKAA2, PRKAB1, PRKAGI,
PRKAG2, PRKAGS, PTPN11, RXRA, RXRG,
STK11, STAT3, SLC2A1, SLC2A4, SOCS3, TNF,
TNFRSF1A, TNFRSF1B, AKT1, AKT2, AKT3,

RELA
KEGG Insulin 2.8*10%! PDPK1, BAD, CBL, SHC1, ACACA, ACACB,
signaling EIF4EBP1, FASN, FOXO0L1, FBP2, GCK, G6PC,

G6PC2, GYS1, GSK3B, GRB2, HK1, HK2,
MAPKS3, IKBKB, INPP5K, INPP5D, INSR, IRS1,
IRS2, INS, IGF2, LIPE, MTOR, MAPK1, MAPKS,
MAP2K1, PPARGC1A, PDE3A, PDE3B, PCK1,
PCK2, PIK3CA, PIK3CB, PIK3CD, PIK3CG,
PIK3R1, PIK3R2, PIK3R3, PIK3R5, PRKCZ,
PRKAAL, PRKAA2, PRKAB1, PRKAG1, PRKAG2,
PRKAGS, PRKACA, PRKACB, PRKACG,
PRKAR1A, PRKAR1B, PRKAR2A, PRKAR2B,
PPP1R3A, PPP1R3C, PTPN1, PTPRF, PKLR,
RPS6KB1, RPS6, SLC2A4, SORBS1, SREBF1,
SOCS1, SOCS3, AKT1, AKT2, AKT3

pathway

se nadaljuje
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nadaljevanje

Zbirka Bioloska pot
bioloskih
poti

Bonferroni
vrednost p

Kandidatni geni, vpleteni v biolos§ko pot

PANTHER  Endothelin
signaling
pathway

5.1%107%

GNAS, ADCY1, ADCY10, ADCY2, ADCY3,
ADCY4, ADCY5, ADCY6, ADCY7, ADCYS,
ADCY9, EDN1, EDNRA, GNAQ, MAPKS, ITPR3,
MAPK1, MAP2K1, NPR1, NOS1, NOS2, NOS3,
PIK3CA, PIK3CB, PIK3CD, PIK3CG, PIK3C2A,
PIK3C2B, PIK3C2G, PIK3C3, PIK3R1, PIK3R2,
PIK3R3, PIK3R5, PLA2G4A, PLCB1, PLCB2,
PLCBS3, PLCB4, PTGS2, PRKCA, PRKCB,
PRKCD, PRKCE, PRKCQ, PRKCZ, PRKACA,
PRKACB, PRKACG, PRKAR1A, PRKARI1B,
PRKAR2A, PRKAR2B, PRKG1, AKT1, AKT2,
AKT3

KEGG PPAR signaling
pathway

6.8*1018

PDPK1, CD36, ACSL1, ACADM, ADIPOQ,
ANGPTL4, APOA1, APOA2, APOA5, APOC3,
AQP7, CPT1A, CPT2, CHKB, CPT1B, CYP27A1,
CYP7A1, CYP8B1, FABP1, FABP2, FABP3,
FABP4, FABP5, FABP6, FADS2, GK, LPL,
NR1H3, OLR1, PLIN1, PPARA, PPARD, PPARG,
PCK1, PCK2, PLTP, RXRA, RXRG, SLC27A1,
SLC27A2, SLC27A4, SLC27A6, SORBS1, SCD,
SCD5, SCP2, UCP1

KEGG Neuroactive
ligand-receptor
interaction

2.7*10Y

HTR1A, HTR1B, HTR2A, HTR2C, HTR5A, HTRG,
GPR35, GPR50, ADORAL, ADRA1B, ADRA2A,
ADRAZ2B, ADRB1, ADRB2, ADRB3, AGTR1,
AGTR2, APLNR, BRS3, BDKRB1, BDKRB2,
CNR1, CNR2, CCKAR, CCKBR, CHRM3, F2, F2R,
CRHR1, CRHR2, CYSLTR2, DRD2, DRD3, DRD4,
EDNRA, FSHR, GALR1, GALR2, GABRAZ2,
GABRAG, GABRG3, GABBR1, GIPR, GRPR,
GCGR, GLP1R, GRIN1, GRM1, GRM5, GRMS,
GLRAL, CGA, GH1, GHR, GHRHR, GHSR, HRH1,
HRH3, HCRTR1, HCRTR2, LEP, LEPR, LHB,
LPAR1, LPAR3, MCHR1, MCHR2, MC2R, MC3R,
MC4R, MC5R, MTNR1B, NMBR, NMUR1,
NMUR2, NPFFR2, NPY1R, NPY2R, NPY5R,
NPBWR1, NTSR1, NR3C1, OPRD1, OPRM1,
PPYR1, PRL, PRLHR, PTGIR, PRSS3, SSTR2,
SSTR5, S1PR1, S1PR5, TBXA2R, THRA, THRB,
TSHR, TRPV1, MC1R, UTS2R, VIPR2
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nadaljevanje

Zbirka Bioloska pot
bioloskih
poti

Bonferroni
vrednost p

Kandidatni geni, vpleteni v biolosko pot

Reactome Metabolism of
lipids and
lipoproteins

3.9%10Y

AGPAT2, DECR1, DHCR24, HMGCR, ACLY,
ABCAL, ABCB11, ABCC3, ABCG1, ABCGS,
ABCGS8, AMACR, NPC1L1, ABHD5, ACACA,
ACACB, ACADS, ACADM, ACADVL, ALB,
APOA1, APOA2, APOA4, APOB, APOC2, APOCS3,
CEL, CRAT, CPT2, CETP, CHKB, CPT1B, CLPS,
CYP11A1, CYP11B2, CYP19A1, CYP21A2,
CYP27Al, CYP7AL, CYP8BL1, DGAT1, FDFTL1,
FABP4, FABP6, FASN, GK, GPAM, GPD1, GPD2,
HSD3B1, HADH, HADHA, HSD11B1, APOE,
IDH1, LBR, LCAT, LIPE, LPL, LDLR, MTTP,
MGLL, PNLIP, PLIN1, PRKACA, PRKACB,
PRKACG, SCARBL1, SLC10A2, SLC27A2, SQLE,
STAR, SCP2, SDC1

KEGG Cytokine-
cytokine
receptor
interaction

4.9%10716

CDA40LG, FAS, KITLG, TNFSF12, AMH, BMP2,
BMP7, BMPR1A, BMPR2, FIGF, CTF1, CLCF1,
XCL1, CCL11, CCL15, CCL2, CCL20, CCL25,
CCL28, CCL3, CCL4, CCLS5, CCR1, CCR2, CCR3,
CCR5, CXCL10, CXCL14, CXCL2, CXCLS5,
CX3CR1, CNTFR, CSF1, CSF2, CSF3, EGFR,
EPO, FLTL, FLT3, FLT3LG, GH1, GHR, HGF,
INHBA, INHBB, IFNAL, IFNG, IL1R1, IL1A, IL1B,
IL10, IL10RA, IL11, IL13, IL15, IL15RA, IL17A,
IL17B, IL18, IL18R1, IL2, IL2RA, IL2RB, IL2RG,
IL20, IL22, IL23A, IL3, IL4, IL5, IL6, IL6R, IL6ST,
IL7, IL8, CXCR1, KDR, LEP, LEPR, LIF, LIFR,
LTA, LTB, OSM, PF4, PRL, TSLP, TGFB1, TNF,
TNFSF11, TNFSF14, TNFRSF11A, TNFRSF11B,
TNFRSF12A, TNFRSF14, TNFRSF1A, TNFRSF1B,
VEGFA, VEGFC, CNTF

KEGG Chemokine
signaling
pathway

4,1*10

JAK2, SHC1, ADCY1, ADCY2, ADCY3, ADCY4,
ADCY5, ADCY6, ADCY7, ADCY8, ADCY9,
ADRBK1, XCL1, CCL11, CCL15, CCL2, CCL20,
CCL25, CCL28, CCL3, CCL4, CCL5, CCR1,
CCR2, CCRS3, CCR5, CXCL10, CXCL14, CXCL2,
CXCL5, CX3CR1, CHUK, GSK3A, GSK3B, GRB2,
GNAI1, GNB3, GNG3, MAPK3, IKBKB, IKBKG,
IL8, CXCR1, MAPK1, MAP2K1, NFKB1, NFKBIA,
NFKBIB, PIK3CA, PIK3CB, PIK3CD, PIK3CG,
PIK3R1, PIK3R2, PIK3R3, PIK3R5, PLCB1,
PLCB2, PLCB3, PLCB4, PF4, PRKCB, PRKCD,
PRKCZ, PRKACA, PRKACB, PRKACG, RHOA,
RAC1, RAC2, STATL, STAT3, STATSB, AKTL,
AKT2, AKT3, RELA
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Preverili smo, kateri geni iz kataloga kandidatnih lokusov za nalaganje mascobe se
nahajajo v najbolj obogatenih bioloskih poteh in kateri izmed njih se nahajajo v vec
bioloskih poteh hkrati (Preglednica 5). S pomo¢jo Vennovega diagrama smo prikazali
Stevilo skupnih kandidatnih genov v petih najbolj obogatenih kandidatnih poteh (Slika 7).

Insulin signaling pathway

Adipocytokine signaling pathway Endothelin signaling pathway

PPAR signaling pathway

Neuroactive ligand-receptor interaction

Slika 7: Vennov diagram, ki prikazuje $tevilo kandidatnih genov iz Genomskega atlasa za nalaganje
mascéobe, ki so udeleZeni v bioloskih poteh Adipocytokine signaling pathway, Insulin signaling pathway,
Endothelin signaling pathway, PPAR signaling pathway in Neuroactive ligand-receptor interaction

Figure 7: Venn diagram showing the numbers of fat deposition candidate genes from Obesity Genomic Atlas,

involved in biological pathways Adipocytokine signaling pathway, Insulin signaling pathway, Endothelin
signaling pathway, PPAR signaling pathway and Neuroactive ligand-receptor interaction
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Preglednica 5: Bioloske poti, ki imajo skupne kandidatne gene iz Genomskega atlasa za nalaganje mas¢obe

Table 5: Biological pathways that share common candidate genes from Obesity Genomic Atlas

Bioloske poti Stevilo Imena skupnih genov ~ Ortologni geni pri misi
skupnih
genov

Adipocytokine signaling 3 AKT1, AKT2, AKT3 Aktl, Akt2, Akt3

pathway,

Insulin signaling

pathway,

Endothelin signaling

pathway

Adipocytokine signaling 2 PCK1, PCK2 Pckl, Pck2

pathway,

Insulin signaling

pathway,

PPAR signaling pathway

Adipocytokine signaling 17 MTOR, PPARGCI1A, Mtor, Ppargcla,

pathway, PRKAA2, G6PC2, Prkaa2, G6pc2, Acachb,

Insulin signaling ACACB, PRKAB1, Prkabl, Ikbkb, G6pc,

pathway IKBKB, G6PC, IRS2, Irs2, Prkag3, Mapks8,
PRKAG3, MAPKS, Irs1, Prkag2, Socs3,
IRS1, PRKAG2, SOCS3, Slc2a4, Prkaal, Prkagl
SLC2A4, PRKAA1,
PRKAG1

Adipocytokine signaling 1 PRKCQ Prkcq

pathway,

Endothelin signaling

pathway

Adipocytokine signaling 9 RXRG, PPARA, RXRA,  Rxrg, Ppara, Rxra,

pathway CPT1B, CPT1A, CD36, Cptlb, Cptla, Cd36,

PPAR signaling pathway ACSL1, CHKB, Acsl1, Chkb, Adipoq
ADIPOQ

Adipocytokine signaling 2 LEPR, LEP Lepr, Lep

pathway,
Neuroactive ligand-
receptor interaction
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nadaljevanje
Bioloske poti Stevilo Imena skupnih genov  Ortologni geni pri misi
skupnih
genov
Insulin signaling 19 PRKAR1B, PRKAR2B,  Prkarlb, Prkar2b,
pathway, PRKCZ, PRKARI1A, Prkcz, Prkarla, Pik3r1,
Endothelin signaling PIK3R1, PIK3R5, Pik3r5, Mapkl, Prkaca,
pathway MAPK1, PRKACA, Pik3cg, Map2k1,
PIK3CG, MAP2K1, Prkar2a, Pik3ca,
PRKAR2A, PIK3CA, Prkach, Pik3cb, Pik3cd,
PRKACB, PIK3CB, Pik3r2, Mapk3, Pik3r3
PIK3CD, PIK3R2,
MAPK3, PRKACG,
PIK3R3
Insulin signaling 2 PDPK1, SORBS1 Pdpk1, Sorbs1
pathway,
PPAR signaling pathway
Endothelin signaling 1 EDNRA Ednra

pathway, Neuroactive
ligand-receptor
interaction
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V bioloskih poteh Adipocytokine signaling pathway (Slika 8), Insulin signaling pathway
(Slika 9) in Endothelin signaling pathway (Slika 10) so udelezeni geni, ki so povezani z
nalaganjem mascobe. Z zvezdicami SO oznaceni kandidatni geni iz Genomskega atlasa za
nalaganje mascobe.

E‘\DIPOCYTOKINE SIGNALING PATHWAY I

FFAO
————————————————————— »  [nsulin resistance
-
|
I
|
|
|
|
|
Hypothalarus |
¥ POMCICART rewon I
Pz e T > BRB-—> oc——————— B ) |
(1] DN& |
It v NNk —NoR] ———————— |, Decresse infoodinke,  __
1 Ircrease in erergy expencitare |
| S |
| | |
! v | I
Iy Growhed I |
il i reproduction |l :
| e |
| b3 [ MAPK
il signaling pathway :
1B '
] | Loechinnyens ©  WERCEIGRC] —————————>C—————— > Iakbition of ghuooseogzesis: ——]
I i
| IR //' I
\ . -~ |
g t—————"[rPARa / > Peroxisorme proliferation,
| \ o 7 DSA i meu:nimggolsm _’_—/1'
: \‘ Retinoic scid / b |
_ | ; / v Mibchondsion I
#6550 08— W ) Wics——> 0 BEl It i ————— i
N IMalonyl-Cos ]
M- ——————— === — == ——————— > Gluose pute —————~

04920 711312 Y
(c) Kanehisa Laboratories

Slika 8: Bioloska pot »Adipocytokine signaling pathway« iz zbirke KEGG. Z zvezdicami so oznaceni
kandidatni geni iz Genomskega atlasa za nalaganje maséobe.

Figure 8: Biological pathway »Adipocytokine signaling pathway« from the database KEGG. Candidate genes
from Obesity Genomic Atlas are marked with stars.
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Slika 9: Bioloska pot »Insulin signaling pathway« iz zbirke KEGG. Z zvezdicami so oznaceni kandidatni
geni iz Genomskega atlasa za nalaganje masc¢obe.

Figure 9: Biological pathway »Insulin signaling pathway« from the database KEGG. Candidate genes from
Obesity Genomic Atlas are marked with stars.
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Slika 10: Bioloska pot »Endothelin signaling pathway« iz zbirke PANTHER

Figure 10: Biological pathway »Endothelin signaling pathway« from the PANTHER database

4.2.3 Analiza mreze proteinskih interakcij in mreZe uravnavanja izraZzanja genov

Mrezo proteinskih interakecij genov, povezanih z nalaganjem mascobe, smo izdelali s
pomocjo orodja BisoGenet (Martin in sod., 2010) za Cytoscape. Poleg 1553 proteinov iz
kataloga genov za nalaganje mascobe SO v mrezi proteinskih interakcij tudi njihovi prvi
sosedi, ki smo jih poiskali v zbirkah proteinskih interakcij DIP, BioGRID, BIND, MINT in
IntAct. V mrezi proteinskih interakcij je 8046 vozlis¢ (proteinov) in 92638 povezav
(interakcij). S pomocjo vticnika CytoHubba smo za vozlis§¢a v mrezi izraunali
vmesnostno centralnost (angl. betweenness centrality) in koeficient grupiranja (angl.
clustering coefficient). lzkazalo se je, da imajo vozlis¢a z najvi§jo VmMesnostno
centralnostjo nizek koeficient grupiranja (Slika 11). Vozlis¢a smo razporedili glede na
vmesnostno centralnost (od najvisje do najnizje) (Preglednica 5).
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Slika 11: Vrednosti koeficientov grupiranja in vmesnostne centralnosti za vozlis¢a v mrezi proteinskih
interakcij

Figure 11: Values of clustering coefficient and betweenness centrality for nodes in the protein interaction
network
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Preglednica 6: Vrednosti koeficientov grupiranja in vmesnostne centralnosti za 20 vozli$¢ z najvi§jo mero
vmesnosti v mrezi proteinskih interakcij

Table 6: Values of clustering coefficient and betweenness centrality for the 20 genes with the highest
betweenness centrality in the protein interaction network

G Ortolog pri Vmesnostna  Koeficient
en ve Ime gena o
misi centralnost  grupiranja
UBC Ubc ubiquitin C 2,10*10"2 0,00495
« growth factor receptor-
GRB2 Grb2 bound protein 2 709077 0,02024
SMT3 suppressor of
SUMO?2 Sumo2 mif two 3 homolog 2
(S. cerevisiae) 494299 0,01792
CuL3 Cul3 cullin 3 390324 0,01904
TP53* Trp53 tumor protein p53 390098 0,03234

V-Src sarcoma
(Schmidt-Ruppin A-2)

viral oncogene

homolog (avian) 293855 0,03631

SRC* Src

KIAA0101 2810417H13Rik KIAA0101 284686 0,01712

E1A binding protein
EP300 Ep300 p300 273381 0,05062

epidermal growth

*
EGFR Egfr factor receptor 260452 0,03411

tyrosine 3-

monooxygenase/trypto

phan 5-

monooxygenase

activation protein, zeta

polypeptide 250431 0,03546

YWHAZ Ywhaz

inhibitor of kappa light

polypeptide gene

enhancer in B-cells,

kinase gamma 250153 0,03118

IKBKG*  Ikbkg

SMT3 suppressor of
SUMO1 Sumol mif two 3 homolog 1
(S. cerevisiae) 243752 0,03025

SMAD family member

*
SMAD3 Smad3 3 224847 0,04277

se nadaljuje
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nadaljevanje
Ortolog pri Vmesnostna  Koeficient
Gen ove Ime gena o
misi centralnost  grupiranja

TNF receptor-

TRAF6*  Traf6 associated factor 6, E3
ubiquitin protein ligase 214340 0,02265
v-myc

MYC* Myc myelocytomatosis viral
oncogene homolog
(avian) 209230 0,02474
Ewing sarcoma

*

EWSRL* — EBwsrl breakpoint region 1 202317 0,03236
COP9 constitutive
photomorphogenic

COPSS CopsS homolog subunit 5
(Arabidopsis) 199250 0,02970

ESR1* Esrl estrogen receptor 1 195516 0,05656
phosphoinositide-3-

PIK3R1*  Pik3rl kinase, regulatory
subunit 1 (alpha) 190760 0,05108

* glycogen synthase
GSK3B™  Gsk3b kinase 3 beta 174475 0,02789

Z zvezdico so oznaceni kandidatni geni iz Genomskega atlasa za nalaganje mascobe.
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S pomocjo orodja CyTargetLinker za Cytoscape smo ustvarili mrezo interakcij genov,
povezanih z nalaganjem mascobe, z molekulami miRNA pri misi. S kandidatnimi geni iz
kataloga lokusov za nalaganje mas¢obe smo povezali gene za miRNA, ¢e je kandidatni gen
1) eksperimentalno potrjena taréa molekule miRNA iz zbirke miRecords, 2) gostiteljski

gen MmiRNA (Priloga H). Tako smo dobili mrezo s 533 vozlis¢i in 351 povezavami. Zbrali
smo vse molekule miRNA, ki so povezane z geni za nalaganje mas¢obe (Preglednica 7).

Preglednica 7: Kandidatni miRNA geni za nalaganje mas¢obe

Table 7: Candidate miRNA genes for fat deposition

Vrsta povezave Geni za miRNA

Kandidatni gen za let-7b, let-7c-1, let-7c-2, let-7e, mir-101b, mir-106a, mir-10b, mir-122, mir-
nalaganje maﬁéobeje 12.4-1, mir-12.4-2, mir-1?4-3, mir-12§b-1, mir-12§b-2, mir-}26, mir-128-.1,
v RNA mir-128-2, mir-130a, mir-133a-1, mir-133a-2, mir-134, mir-135a-1, mir-
tarca mi 135a-2, mir-138-1, mir-138-2, mir-139, mir-140, mir-141, mir-142, mir-
146a, mir-150, mir-155, mir-15a, mir-16-1, mir-16-2, mir-17, mir-181a-1,
mir-181a-2, mir-181b-1, mir-181b-2, mir-196a-1, mir-196a-2, mir-199a-1,
mir-199a-2, mir-19b-1, mir-19b-2, mir-1a-1, mir-1a-2, mir-200a, mir-200b,
mir-205, mir-206, mir-208a, mir-20a, mir-20b, mir-210, mir-214, mir-216a,
mir-21a, mir-223, mir-23a, mir-23b, mir-24-1, mir-24-2, mir-26a-1, mir-
26a-2, mir-27a, mir-27b, mir-2861, mir-290, mir-291a, mir-292, mir-293,
mir-294, mir-295, mir-298, mir-29a, mir-29b-1, mir-29b-2, mir-29c, mir-31,
mir-328, mir-346, mir-34a, mir-375, mir-449a, mir-466l, mir-470, mir-495,
mir-497, mir-706, mir-7b, mir-9-1, mir-9-2, mir-92a-1, mir-92a-2, mir-93,

mir-9-3, mir-96

Kandidatni gen za mir-1264, mir-1298, mir-149, mir-1904, mir-1912, mir-1938, mir-1954,
mir-1957a, mir-1958, mir-218-2, mir-3076, mir-3095, mir-33, mir-335, mir-
343, mir-361, mir-378a, mir-3967, mir-448, mir-483, mir-5120, mir-5122,
] mir-5123, mir-5623, mir-582, mir-592, mir-599, mir-6353, mir-6384, mir-
MIRNA 6391, mir-6392, mir-6400, mir-6418, mir-717, mir-721, mir-763, mir-764

nalaganje mascobe je
gostiteljski gen za

4.2.4 Razvrscanje protein-kodirajo¢ih kandidatnih genov po prioriteti

Pri razvrS€anju genov po prioriteti smo za protein-kodirajo¢e gene in gene za MIRNA
uporabili razli¢na pristopa. Med kandidatne gene, ki kodirajo proteine, so prisli v poStev
vsi geni 1z mreze proteinskih interakcij. Razvrstili smo jih glede na vmesnostno centralnost
v mrezi proteinskih interakcij. Zaceli smo z genom z najvi§jo vmesnostno centralnostjo.
Preverili smo, v katerih izmed prvih Sestih najbolj obogatenih bioloskih poteh se nahaja
gen in s koliko QTL-i se prekriva. Postopek smo ponovili za vse gene iz mreze proteinskih
interakcij. Izbrali smo samo tiste gene, ki so zadostili obema pogojema: 1) prisotnost v eni
izmed prvih Sestih najbolj obogatenih poteh in 2) prekrivanje z vsaj enim QTL-om (Slika
12), (Preglednica 8).
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Bioloska mreza

Slika 12: Shema razvr$¢anja lokusov po prioriteti

Figure 12: Scheme of candidate gene prioritisation

Biolo$ke poti

44444

444444

e

Prikaz genomske razporeditve lokusov

Preglednica 8: Seznam razvr$¢enih kandidatnih genov za nalaganje mascobe po prioriteti

Table 8: List of prioritised candidate genes for fat deposition

Gen Ime gena QTL BioloSke poti
uBC ubiquitin C BW104 H, BW201 H, PPAR signaling
BW218 H, BW476 _H, pathway
BW501_H, BW502_H,
BW198 H, BW235 H,
BW278 H, BW58 H
GRB2 growth factor receptor- BW116 H, BW332_H, Insulin signaling
bound protein 2 BW487_H pathway
PIK3R1 phosphoinositide-3- BW407_H, BW61 H Insulin signaling
kinase, regulatory pathway,
subunit 1 (alpha) Endothelin signaling
pathway
GSK3B glycogen synthase kinase BW337_H Insulin signaling
3 beta pathway
PRKCA protein kinase C, alpha BW108 H, BW332_H, Endothelin signaling

BW444_H, BW487_H,
BW92_H

pathway

44

se nadaljuje



Zorc M. Razvoj biooznacevalcev za nalaganje mascobe z integracijo ... in bioinformacijsko analizo.
Dokt. disertacija. Ljubljana, Univ. v Ljubljani, Biotehniska fakulteta, 2013

nadaljevanje

Gen Ime gena QTL BioloSke poti

PRKACA  protein kinase, CAMP- BW138_H Insulin signaling
dependent, catalytic, pathway,
alpha Endothelin signaling

pathway

TRAF2 TNF receptor-associated BW231 H Adipocytokine
factor 2 signaling pathway

STAT3 signal transducer and BW310_H, BW363_H,  Adipocytokine
activator of transcription BW271_H, BW499 H signaling pathway
3

CALM1 calmodulin 1 BW266_H Insulin signaling
(phosphorylase kinase, pathway
delta)

CALM2 calmodulin 2 BW483 H Insulin signaling
(phosphorylase kinase, pathway
delta)

RELA v-rel BW329_H, BW452_H Adipocytokine
reticuloendotheliosis signaling pathway
viral oncogene homolog
A (avian)

MAPK1 mitogen-activated BW313 H Insulin signaling
protein kinase 1 pathway, Endothelin

signaling pathway

PTPN11  protein tyrosine BW104_H, BW201_H,  Adipocytokine
phosphatase, non- BW37_H, BW195 H, signaling pathway
receptor type 11 BW198 H, BW235 H,

BW278_H, BW58 H

GNAQ guanine nucleotide BW102 H, BW44 H Endothelin signaling
binding protein (G pathway,
protein), q polypeptide

CBL Cbl proto-oncogene, E3 ~ BW474_H, BW298 H Insulin signaling
ubiquitin protein ligase pathway

PPP1CA  protein phosphatase 1, BW329 H, BW452 H, Insulin signaling
catalytic subunit, alpha BW274 H pathway
isozyme

CAV1 caveolin 1, caveolae BW18 H, Metabolism of lipids

protein, 22kDa

and lipoproteins
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nadaljevanje
Gen Ime gena QTL Bioloske poti
NR3C1 nuclear receptor BW380 H, BW381 H, Neuroactive ligand-
subfamily 3, group C, BW61 H receptor interaction
member 1
(glucocorticoid receptor)
CRK v-crk sarcoma virus BW145_H, BW163_H Insulin signaling
CT10 oncogene homolog pathway
(avian)
NFKB1 nuclear factor of kappa BW441 H Adipocytokine
light polypeptide gene signaling pathway

enhancer in B-cells 1

4.2.5 Razvrs$c¢anje kandidatnih miRNA genov po prioriteti z orodjem miRNA SNiPer

S postopkom integracije raznovrstnih podatkov smo zbrali 135 kandidatnih miRNA genov,
povezanih z nalaganjem mascobe pri misi. Od tega jih je 98 zbranih, ker so njihove tarce
(eksperimentalno dokazane in napovedane) geni, povezani z nalaganjem mascobe, 37 pa
jih je znotraj gostiteljskih genov, ki so povezani z nalaganjem mascobe. V katalogu
lokusov za nalaganje mascobe je 87 kandidatnih miRNA genov (Preglednica 9).

Preglednica 9: Stevilo kandidatnih miRNA genov za nalaganje mas¢obe pri misi

Table 9: Number of miRNA candidate genes for fat deposition in mouse

Kandidatni geni miRNA Stevilo kandidatnih miRNA genov
gen iz kataloga za nalaganje mascobe je tar¢a gena 98

MiRNA pri misi

miRNA znotraj gostiteljskega gena iz kataloga 37

kandidatnih lokusov za nalaganje maS€obe pri misi

miRNA iz kataloga kandidatnih lokusov za 87

nalaganje maS¢obe pri misi

Za razvr$éanje po prioriteti na osnovi genetskih polimorfizmov smo razvili orodje miRNA
SNiPer, s pomocjo katerega lahko pois¢emo SNP-je znotraj razli¢nih regij genov miRNA
(pre-miRNA, zrela miRNA, regija seed). V orodje smo vnesli seznam vseh kandidatnih
miRNA genov in poiskali tiste, ki imajo polimorfno regijo seed. Pri misi sta imela
polimorfno regijo seed gena mmu-mir-717 in mmu-mir-599 (Slika 13), miRNA geni s
polimorfnimi regijami seed pri ¢loveku so navedeni v Preglednici 10.
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Preglednica 10: Geni za miRNA pri ¢loveku in misi, ki imajo SNP v regiji seed, ki je odgovorna za vezavo
na tarce

Table 10: Human and mouse miRNA genes with SNP within seed region, responsible for target binding

mMIRNA SNP

hsa-mir-122 rs41292412
hsa-mir-125a rs12975333
hsa-mir-145 rs190323149
hsa-mir-15b rs192595529
hsa-mir-221 rs113054794
mmu-mir-717 rs30372501
mmu-mir-599 rs37362582

miRNA name miRNA mature miRNA variation details

mmu-miR-599 In seed
Mature: 35660846-356608064 1537362582 35660861
Mus musculus Seed: 35600857-35660863 from TargetScan SNP (A > T)

D000 | 6CUGUCCACAGUGUAUUUGAUAAGAUGACAUAG
60918[-] GAGAGGAACUUCUUUCACCUUUGLGUCAGUUU
AUCAAACCCAUACCUGGAUGAC

mmu-miR-717 In seed
Mature: 52422461-52422482 rs30372501 52422477
NS TEE s Seed: 52422475-52422481 from TargetScan SNP (T > C)

X:52422407-524? : UUGUCCGCUAUCACUGUACCGUCAUUUUUCAGUC
2515[- UCAGACAGAGAUACCUUCUCUGAAUUCAUAGA
AGCUGCUCUCCGUUCCGAAGGGAUUCAGAAGUGA
UAAAUCCAG

Slika 13: Rezultat orodja miRNA SNiPer: polimorfni regiji seed pri genih za miRNA pri misi mmu-mir-717
in mmu-mir-599

Figure 13: Result table of the miRNA SNiPer tool: polymorphic seed regions within miRNA genes in mouse
mmu-mir-717 and mmu-mir-599

4.2.6 Razvrs¢anje kandidatnih miRNA genov po prioriteti s pomoc¢jo orodja miRNA
Viewer

Za razvr$¢anje kandidatnih genov miRNA po prioriteti smo razvili tudi orodje miRNA
Viewer, ki omogoca prikaz genomske razporeditve genov miRNA in njihovih gostiteljskih
genov. Orodje zajema podatke 0 QTL-ih pri ¢loveku in misi iz zbirk OMIM in RGD. S
pomoc¢jo miRNA Viewer-ja smo prikazali genomsko razporeditev kandidatnih miRNA
genov za nalaganje mascobe na genomu ¢loveka (87 ortologov) (Slika 14) in na genomu
misi (87 ortologov) (Slika 15). Prikazali smo tudi QTL-e za nalaganje mascobe in odkrili
prekrivanje 47 genov za miRNA s 53 gostiteljskimi geni in 92 QTL-i, povezanimi z
nalaganjem mascobe pri ¢loveku. V 64 pre-miRNA smo nasli SNP-je, od teh jih je pet
znotraj regij seed. Odkrili smo primer genomskega prekrivanje lokusov, povezanih z

47


http://www.ncbi.nlm.nih.gov/projects/SNP/snp_ref.cgi?rs=rs12975333

Zorc M. Razvoj biooznacevalcev za nalaganje ma$cobe z integracijo ... in bioinformacijsko analizo.
Dokt. disertacija. Ljubljana, Univ. v Ljubljani, Biotehniska fakulteta, 2013

nalaganjem mascobe, na Stirih ravneh (Slika 16): 1) gen za miRNA (hsa-mir-15b), 2) QTL
(BW348 _H; body weight QTL), 3) protein-kodirajoci gostiteljski gen za miRNA SMC4 v
smerni (angl. sense) orientaciji, RP11 v protismerni (angl. antisense) orientaciji in 4) SNP
v regiji seed gena za miRNA, rs192595529.
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Slika 14: Genomska razporeditev genov miRNA in QTL-ov, povezanih z nalaganjem mas¢obe ter
gostiteljskih genov za miRNA pri ¢loveku

Figure 14: Genomic view of miRNA genes and QTL associated with obesity and miRNA host genes in
human
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Slika 15: Genomska razporeditev genov miRNA in QTL-ov, povezanih z nalaganjem mas¢obe ter
gostiteljskih genov za miRNA pri misi

<

Figure 15: Genomic view of miRNA genes and QTL associated with obesity and miRNA host genes in
mouse

hsa-mir-15b

EMNSTO0000483754 (intron)
EMNSTO0000357388 (intron)
ENSTO0000472991 (intron)
ENSTO0000472282 (intron)
EMNSTO0000467468 (intron)
EMSTO0000468653 (intron)
ENSTO0000469762 (intron)
EMSTO0000469358 (intron)
EMNSTO0000489573 (intron)

Slika 16: Prekrivanje genomskih lokusov, povezanih z nalaganjem mascobe: SNP, gen za miRNA, protein-
kodirajoci gen in QTL

Figure 16: Genomic overlap of obesity related loci: SNP, miRNA gene, protein-coding host gene and QTL
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4.3 ANALIZA POVEZANOSTI GENOTIPA S FENOTIPOM

Z analizo povezanosti genotipa s fenotipom smo preverili vpliv polimorfizmov v
kandidatnih genih na nalaganje mas¢obe pri misih. Genetsko variabilnost genov
(Preglednica 3) in meritve za lastnosti nalaganja masc¢obe ter telesne sestave smo pridobili
v podatkovni zbirki MPD. Analizirali smo vpliv polimorfizmov §tirih kandidatnih genov
na fenotip: v genu Aktl, ki se nahaja v treh kandidatnih poteh za nalaganje mascobe, Vv
genih Ubc in Grb2, ki imata visoko vmesnostno centralnost v mrezi proteinskih interakcij,
se nahajata znotraj QTL-ov in sta v kandidatnih bioloskih poteh za nalaganje masc¢obe, ter
v genu Mir599, ki ima polimorfizem v obmoc¢ju miRNA, odgovornem za vezavo na
mMRNA, in se nahaja znotraj gostiteljskega gena VPS13B, ki je povezan z nalaganjem
mascobe. Preverili smo tudi vpliv polimorfizma znotraj gena Mapkapl, ki ima nizko
vmesnostno centralnost, se ne nahaja v kandidatnih bioloskih poteh, prekriva pa se z
dvema QTL-oma za nalaganje mascobe.

V asociacijsko analizo smo vklju¢ili 268 lastnosti. Stevilo lastnosti, povezanih z
analiziranimi kandidatnimi geni, je v preglednici 11. Od 76 lastnosti, ki opisujejo sestavo
telesa, jih je 32 povezanih s SNP-jem gena Aktl, 34 s SNP-jem gena Ubc, 30 s SNP-jem
gena Grb2, 30 s SNP-jem gena Mir599 in dva SNP-ja gena Mapkapl. Lastnosti, ki so
povezane s telesnimi mascobnimi blazinicami, je 26, od tega so 4 povezane s SNP-jem v
genu Aktl, 2 v genu Ubc in 2 v genu Grb2. Polimorfizma v genih Mir599 in Mapkapl
nista povezana s skupino lastnosti telesne mascobne blazinice. Telesno tezo opisuje 166
lastnosti, od tega jih je 59 povezanih z SNP-jem v genu Aktl, 50 v genu Ubc, 57 v genu
Grb2, 45 v genu Mir599 in 26 v genu Mapkap1l.
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Preglednica 11: Rezultat analize povezanosti genotipa s fenotipom pri misi. Stevilo fenotipskih lastnosti pri
inbridiranih linijah misi, na katere imajo polimorfizmi rs37362582, rs32568344, rs261613149, rs13461180 in
rs13471888 ucinek.

Table 11: The results of analysis of association between genotype and phenotype. The number of phenotypic
traits in inbred strains of mice, on which polymorphisms rs37362582, rs32568344, rs261613149, rs13461180
and rs13471888 have effect.

skupina Mir599 Mapkapl Aktl Ubc Grb2
opazovane

lastnosti rs37362582  rs32568344  rs261613149  rs13461180  rs13471888
sestava telesa 30 2 32 34 30

(76 lastnosti)

telesne mascéobne 0 0 4 2 2
blazinice

(26 lastnosti)

telesna teza, 45 26 59 50 57

velikost in rast

(166 lastnosti)

skupno 75 28 95 86 89
(268 lastnosti)

Rezultate analize povezanosti genotipa s fenotipom lahko razberemo tudi s slike, ki
prikazuje ocene razlik med aleloma v analiziranih SNP-jih (Slika 17). Za lazjo primerjavo
smo vrednosti standardizirali. Crke ponazarjajo statistiéno znadilne povezave med
analiziranimi lastnostmi in SNP-ji (p < 0,01). Najvecje razlike opazimo pri povezavi med
SNP-jem rs37362582 in lastnostmi: telesna masa (na sliki ozna¢ena s ¢rko V), dolzina repa
(A) in indeks telesne mase (D). Pri ostalih treh SNP-jih je najvecja razlika med aleloma pri
lastnosti telesna masa (H), sledi razmerje spremembe telesne mase (S). Ocena vpliva
genotipa je najvecja (najvecja razlika med izmerjeno tezo za razlicna alela) za lastnost
telesna masa v SNP-ju rs37362582 gena Mir599. Meritve telesne mase pri osmih linijah
misi, od katerih je pri sedmih linijah (A/J, BALB/cByJ, C3H/HeJ, C57BL/6J, CBA/J,
DBA/2J, FVB/NJ) na SNP-ju rs37362582 alel A, pri eni liniji (PWK/PhJ) pa alel T, so
prikazane v preglednici (Preglednica 12) in na grafu (Slika 18).
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Slika 17: Ocena razlik med aleloma po analiziranih SNP-jih

Figure 17: Estimated differences in alleles by analysed SNPs
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Slika 18: Meritve telesne mase misi po alelih SNP-ja rs37362582

Linija misi:

e A/

e BALB/cByJ
e C3H/HedJ

e C57BL/6J
e CBA/J

e DBA/2J

e FVB/NJ

e PWK/PhJ

Figure 18: Measurements of body weight in mice by alleles SNP rs37362582
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Preglednica 12: Fenotipski podatki iz zbirke MPD: telesne mase samcev pri misi ob koncu testa

Table 12: Phenotypic data from MPD database: final body weight of male mice

Oznaka Liniia Telesna
Zivali J masa [g]
1201 All 20,6
1202 Al 21,9
1203 Al 21,5
1204 All 21,4
1205 All 23,5
1206 Al 22,3
1207 All 20,9
1208 All 24,2
1209 A/l 20,6
1210 A/l 18,4
1001 BALB/cByJ 23,3
1002 BALB/cBy) 22,2
1003 BALB/cBy) 25,3
1004 BALB/cBy) 22,6
1005 BALB/cByJ 26,0
1006 BALB/cBy) 24,8
1007 BALB/cBy) 244
1008 BALB/cByJ 25,1
1009 BALB/cBy) 24,8
1010 BALB/cBy) 24,6
301 C3H/HelJ 24,5
302 C3H/HelJ 22,0
303 C3H/HeJ 22,4
304 C3H/HelJ 22,8
305 C3H/HelJ 23,3
306 C3H/HeJ 22,7
307 C3H/HeJ 22,5
308 C3H/HeJ 24,0
309 C3H/HeJ 22,1
310 C3H/HeJ 18,8
1301 C57BL/6J 21,7
1302 C57BL/6J 21,4
1303 C57BL/6J 21,2
1304 C57BL/6J 20,6
1305 C57BL/6J 19,9
1306 C57BL/6J 19,9
1307 C57BL/6J 19,9
1308 C57BL/6J 20,1
1309 C57BL/6J 18,8
1310 C57BL/6J 23,6
401 CBA/J 25,3
402 CBA/J 25,6
403 CBA/J 21,4
404 CBA/J 22,9

se nadaljuje
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nadaljevanje

Oznaka - Telesna
weo 1 Linija

Zivali masa [g]
405 CBA/J 24,4
406 CBA/ 23,8
407 CBA/J 25,7
408 CBA/J 24,3
409 CBA/J 241
410 CBA/J 26,0
501 DBA/2] 24,2
502 DBA/2) 22,9
503 DBA/2] 21,8
504 DBA/2] 21,2
505 DBA/2) 22,6
506 DBA/2) 19,1
507 DBA/2] 20,3
508 DBA/2) 24,5
509 DBA/2) 17,0
510 DBA/2] 20,6
601 FVB/NJ 22,4
602 FVB/NJ 27,8
603 FVB/NJ 23,1
604 FVB/NJ 23,8
605 FVB/NJ 25,3
606 FVB/NJ 25,8
607 FVB/NJ 22,8
608 FVB/NJ 22,4
609 FVB/NJ 22,0
610 FVB/NJ 24,9
801 PWK/PhJ 14,0
802 PWK/PhJ 15,7
803 PWK/PhJ 12,5
804 PWK/PhJ 14,2
805 PWK/PhJ 13,9
806 PWK/PhJ 14,7
807 PWK/PhJ 14,4
808 PWK/PhJ 155
809 PWK/PhJ 15,8
810 PWK/PhJ 14,3
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5 RAZPRAVA
5.1 GENOMSKI ATLAS ZA NALAGANJE MASCOBE

Razumevanje molekularnih mehanizmov kompleksnih fenotipov je danes najvecji izziv
raziskav v biomedicini, zato je veliko Studij usmerjenih v odkrivanje vzro¢nih genov za
vecgenske bolezni (Botstein in Risch, 2003). Pri razvoju vecine bolezni pri ¢loveku ni
enega vzroCnega gena, temveC gre za zapleteno mrezo soodvisnosti ve¢ genetskih in
okoljskih dejavnikov (Hirschhorn in Daly, 2005). Raziskovalne skupine objavljajo prosto
dostopne zbirke vzro¢nih genov za bolezni (OMIM, CTD, GAD). Nalaganje mascobe je
kompleksen fenotip, prekomerno nalaganje mas¢obe pa je vzrok za debelost, ki dobiva
epidemioloske razseznosti. Z debelostjo so povezane Stevilne bolezni, kot so artritis,
bolezen zolénika, diabetes tipa 2, bolezni srca in oZilja, Stevilne vrste raka, neplodnost in
druge. Prekomerno nalaganje mascobe je nezazeleno tudi pri prireji mesa in mleka v
zivinoreji. V povezavi z debelostjo so do sedaj odkrili ve¢ kot tiso¢ posameznih lokusov,
molekularni mehanizem prekomernega nalaganja mascobe pa Se vedno ni pojasnjen.

Izdelali smo Genomski atlas lokusov za nalaganje mascobe. Poiskali smo zbirke lokusov,
Ki so povezane z nalaganjem mascobe in zdruzili podatke iz zbirk GeneCards, OMIM,
RGD, MGI, Obesity Gene Map in literature. Ro¢no smo pregledali dosedanje objave o
genetskih vzrokih za nalaganje mascobe pri ¢loveku, misi, podgani in govedu ter zbrali
1774 genov, povezanih z nalaganjem mascobe, od tega je 1553 protein-kodirajo¢ih genov
in 221 genov za miRNA. Katalog smo dopolnili s QTL-i za nalaganje mascobe iz zbirk
RGD in AnimalQTLdb. Zbrali smo 222 QTL-ov pri ¢loveku in 38 pri misi.

Podatki o vzro¢nih genih za nalaganje mascobe so razprSeni in nepopolni, poimenovanja
genov in bolezni v razli¢nih virih niso poenotena. V zbirki OMIM so samo lokusi z
moc¢nim vplivom na fenotip, v zbirki GAD so rezultati asociacijskih $tudij (Zhang in sod.,
2010), zbirka CTD (Davis in sod., 2013) vsebuje le 125 lokusov, ki so povezani z
debelostjo pri ¢loveku, specializirana zbirka kandidatnih genov za nalaganje mascobe
Obesity Gene Map (Rankinen in sod., 2006) pa je bila nazadnje posodobljena leta 2006.

Genomski atlas lokusov za nalaganje mascobe predstavlja centralno mesto za raziskave na
tem podrocju in je trenutno najobseznejSa zbirka z rocno preverjenimi lokusi, povezanimi z
nalaganjem mascobe, ter predstavlja pomemben vir informacij za nadaljnje raziskave.
Roc¢no pregledovanje literature in zbiranje kandidatnih genov je ¢asovno zahtevno (Wei in
sod., 2012), zato bi bilo treba v prihodnje postopek zbiranja kandidatnih genov podpreti z
racunalniSkimi programi, kar bi olajsalo sprotno posodabljanje zbirke. Pri analizi zbranih
podatkov se je izkazalo, da bi bili potrebni za nadaljnje raziskave Se nekateri podatki o
kandidatnih lokusih, kot so na primer vrednost LOD pri QTL-ih, stopnja procesa razvoja
debelosti, pri kateri je kandidatni gen vpleten, ter eksperimentalna metoda, s katero so
povezali lokus z nalaganjem mascobe. Na primer, kandidatni gen TRAF6 je vnetni gen, Ki
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prispeva k pospesevanju debelosti, ni pa primarni vzrok za debelost. Podobno je s
kandidatnim genom TP53, ki je tumor-supresorski gen in se verjetno vkljuci, ko Ze prihaja
do moc¢ne nekroze in apoptoze tkiva. Za razumevanje molekularnih osnov mehanizma
nalaganja mascobe je potrebno zajeti kandidatne gene na vseh stopnjah procesa razvoja
debelosti, vendar je treba pri analizi upoStevati, ali gre za vzroéne ali sekundarne
dejavnike. Do sedaj samo zbirali molekularno genetske lokuse in QTL-e, v prihodnje pa bi
bilo treba dodati Se ve¢ vrst genomskih podatkov, kot so molekularno-citogenetski (CGH,
aCGH) in epigenetski mehanizmi.

5.2 INTEGRACIJA GENOMSKIH PODATKOV

V zadnjih letih je na razpolago vedno ve¢ genomskih podatkov (Hamid in sod., 2009).
Primeri genomskih in proteomskih podatkov so podatki o izrazanju genov, SNP-jih,
razli¢icah v Stevilu kopij (angl. copy number variation; CNV) in proteinskih interakcijah,
pridobljenih z visokozmogljivimi metodami, kot so mikromreze (Schena in sod., 1995),
aCGH (Oostlander in sod., 2004) in masna spektrometrija (Aebersold in Mann, 2003).
Vsaka izmed vrst genomskih podatkov prispeva k popolnejsemu vpogledu v celoten
genom. Integracija raznovrstnih genomskih podatkov je postala osnovno orodje v
genomskih raziskavah. Nacinov za integracijo genomskih podatkov je vedno ve¢, zato se
pojavlja potreba po izbolj$avah in standardizaciji metod za integracijo (Reif in sod., 2004).

5.2.1 Genomski prikazi razporeditve lokusov

Z zdruzevanjem raznovrstnih genomskih podatkov smo poskuSali celostno povezati
razlicne ravni dosedanjih ugotovitev o nalaganju mascobe pri ve¢ vrstah. Za gene pri
govedu, podgani in misi iz Genomskega atlasa lokusov za nalaganje mas¢obe smo poiskali
ortologne gene pri ¢loveku in izdelali genomski prikaz vseh kandidatnih lokusov za
nalaganje mascobe ter ga objavili na spletni strani (Kunej in sod., 2012). Identificirali smo
prekrivanja med lokusi, ki so jih z nalaganjem mascobe povezali v neodvisnih $tudijah z
razli¢nimi eksperimentalnimi pristopi.

Genomski prikazi kandidatnih lokusov so v zbirki RGD (Laulederkind in sod., 2011) za
prikaz kandidatnih genov in QTL-ov za nekatere bolezni (rak, bolezen srca in ozilja,
diabetes, debelost, nevroloske bolezni) pri ¢loveku, misi in podgani ter v zbirki
AnimalQTLdb (Hu in sod., 2007) za prikaz QTL-ov za Sirok spekter kvantitativnih
lastnosti pri prasicu, kravi, kokosi, ovci in postrvi. Prikaze prekrivanj kandidatnih lokusov
so uporabili tudi za prikaz kandidatnih genov iz zbirke za nalaganje mascobe, ki je vec ne
posodabljajo (Rankinen in sod., 2006), ter za prikaz kandidatnih genov za razvoj mle¢ne
Zleze in prireje mleka (Ogorevc in sod., 2009). Prikaz prekrivanj med QTL-i omogocata
orodji BioMercator (Sosnowski in sod., 2012) in Flash GViewer.

Za raziskavo genetskih mehanizmov kompleksnega tipa nalaganja mas¢obe smo uporabili
pristop sistemske biologije. Zdruzili smo genomske podatke iz ve¢ virov (podatkovne
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zbirke, literatura), ki zajemajo rezultate razlicnih $tudij pri Stirih vrstah. Genomski prikaz
kandidatnih lokusov Genomskega atlasa za nalaganje mascobe predstavlja najobseznejsi
pregled do sedaj znanih genetskih vzrokov za nalaganje mas¢obe. Tako kot v zbirki RGD
smo za genomske prikaze lokusov uporabili orodje Flash GViewer, ki ga je mozno
uporabiti za interaktivni genomski prikaz dveh vrst lokusov pri izbranem organizmu in ga
vkljuciti v spletne strani. Orodje ima nekatere omejitve: prikaz postane nepregleden, kadar
prikazujemo vecje Stevilo lokusov, orodje ne omogoca omejevanja prikaza glede na vrsto
lokusov in ne vkljucuje iskalnika lokusov, zato bi ga bilo treba v prihodnje izpopolniti.

5.2.2 Analiza obogatenosti bioloskih poti

Bioloske poti zdruzujejo rocno pregledane podatke iz razlicnih virov in predstavljajo
pomemben vir znanja o bioloskih procesih na molekularni ravni (Cerami in sod., 2011). S
pomocjo zbirke znanih lokusov za nalaganje maS¢obe smo izvedli analizo obogatenosti
bioloskih poti in identificirali kandidatne bioloske poti, vpletene v mehanizem nalaganja
mascobe. Nekatere izmed kandidatnih bioloskih poti za nalaganje mas¢obe S0 signalna pot
adipocitokinov (angl. adipocytokine signaling pathway), signalna pot inzulina (angl.
insulin signaling pathway), signalna pot endotelina (angl. endothelin signaling pathway) in
signalna pot PPAR (angl. PPAR signaling pathway).

Na osnovi kandidatnih genov so bile do sedaj z analizo obogatenosti bioloskih poti ze
identificirane kandidatne bioloSke poti za nekatere fenotipe: bioloSke poti za uravnavanje
zasvojenosti z drogami (Li in sod., 2008) z orodjem KOBAS (Wau in sod., 2006), bioloske
poti za depresijo (Jia in sod., 2011) z orodjem IPA (Ingenuity Pathway Analysis system) in
bioloske poti za kriptorhizem (Cannistraci in sod., 2013) z orodjem DAVID (Huang in
sod., 2007). Mnozico genov, ki so vpleteni v kandidatne bioloske poti, v nekaterih Studijah
uvrstijo med kandidatne gene (Ochagavia in sod., 2011).

5.2.3 Genska mreza proteinskih interakcij

Interakcije med proteini imajo v vecini celi¢nih procesov centralno vlogo. Analize mrez
proteinskih interakcij lahko pripomorejo k razumevanju celi¢cnih funkcij in bioloSkih
procesov. Protein-kodirajo¢e kandidatne gene smo povezali v mrezo proteinskih interakcij

ovwt

integracijo ve¢ podatkovnih zbirk eksperimentalno potrjenih proteinskih interakcij.

Koli¢ina dostopnih podatkov o interakcijah med proteini narasca, analiza mrez proteinskih
interakcij pa je vedno bolj pogost pristop k razumevanju mehanizmov bolezni (Kann,
2007). Mnozico znanih kandidatnih genov (v literaturi tudi »Seed genes«) povezemo z
geni, ki so z njimi v interakcijah. Prvi sosedi v mrezi proteinskih interakcij so lahko
uvrS¢eni med potencialne kandidatne gene (Oti in sod., 2006; Ochagavia in sod., 2011)
med katerimi so lahko tudi novi kandidatni geni. Med prvimi sosedi kandidatnih genov iz
Genskega atlasa za nalaganje mascobe je na primer gen NFKBL1, ki je mediator vnetnega in
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imunskega odziva in ni primarni vzrok za debelost (gen NFKB1 podobno kot gen TRAF6
prispeva k pospesevanju debelosti).

5.2.4 Integracija mreze uravnavanja izraZanja genov z molekulami miRNA

Tiste protein-kodirajo¢e kandidatne gene za nalaganje mascobe, ki so tarCe ali gostiteljski
geni za miRNA, smo v mreZi povezali z geni za miRNA. Dobili smo mrezo s 533 vozli$¢i
in 351 povezavami. Geni za mIRNA uravnavajo protein-kodirajote gene na
potranskripcijski ravni z vezavo na 3'-UTR (Guo in sod., 2010). V mrezi smo zajeli tako
eksperimentalno potrjene kot napovedane tar¢e miRNA genov. V nekaterih primerih se
miRNA geni nahajajo znotraj gostiteljskih genov.

5.2.5 Postopek integracije genomskih podatkov

Veliko raziskav je usmerjenih v integracijo genomskih podatkov. Koli¢ina genomskih
podatkov naraS§€a. Z zdruZevanjem raznovrstnih podatkov je mozno razkriti, Cesar z
upostevanjem samo enega vira ali ravni ne bi bilo mozno. Z integracijo raznovrstnih
podatkov lahko zmanjSamo Sum in moznost napak. V nadaljnjih studijah bi lahko uporabili
Se ve€ vrst genomskih podatkov, kot so na primer podatki o izrazanju kandidatnih genov in
epigenetski podatki. Postopek integracije genomskih podatkov, ki smo ga izvedli v tej
Studiji, je lahko osnova za bolj robusten protokol, ki bi ga lahko uporabili za raziskavo
drugih kompleksnih fenotipov. Vse korake integracije bi bilo treba povezati in
avtomatizirati, kar zahteva razvoj racunalniskih aplikacij.

5.3 RAZVRSCANJE KANDIDATNIH GENOV PO PRIORITETI

Pri postopku razvr$¢anja kandidatnih genov po prioriteti gre za ocenjevanje pomembnosti
vloge kandidatnih genov v bioloskem procesu, z namenom izbrati najobetavnejSe gene za
nadaljnje raziskave. Biologi so kandidatne gene razvrsali ro¢no, kar je postalo zaradi
velike koli¢ine genomskih podatkov v zadnjem Casu neobvladljivo. Raziskovalci so zaceli
razvijati bioinformacijska orodja za razvr$Canje kandidatnih genov po prioriteti, Ki
ve¢inoma temeljijo na iskanju podobnosti med kandidatnimi geni in geni, za katere je Ze
ugotovljena doloc¢ena vloga pri boleznih ali bioloskih procesih (Masoudi-Nejad in sod.,
2012).

5.3.1 Razvr$¢anje protein kodirajo¢ih kandidatnih genov po prioriteti

Poiskali smo skupne gene, ki se nahajajo v najbolj obogatenih bioloskih poteh (kandidatnih
bioloskih poteh za nalaganje mascobe). V prvih treh najbolj obogatenih poteh hkrati se
nahajajo geni AKT1, AKT2 in AKT3. Vozlis¢a v mrezi proteinskih interakcij smo razvrstili
glede na vrednost vmesnostne centralnosti. Med geni AKT1, AKT2 in AKT3 ima najvis§jo
vrednost vmesnostne centralnosi gen AKT1, zato smo ga uvrstili med potencialne
biooznacevalce. Potem smo za gene iz mreze proteinskih interakcij, razvrScene glede na
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vrednost vmesnostne centralnosti, preverili, ali so udelezeni v vsaj eni od prvih Sestih
kandidatnih bioloskih poti in ali se hkrati nahaja znotraj vsaj enega QTL-a za nalaganje
mascobe. Zaceli smo z genom z najvis§jo vmesnostno centralnostjo. Kot potencialna
biooznacevalca smo zbrali prva dva gena, ki sta ustrezala nastetima pogojema, to sta gena
UBC in GRB2. Vozli§¢a z visoko vmesnostno centralnostjo v mrezi proteinskih interakcij
so UBC, GRB2, SUMO2, CUL3, TP53, SRC, KIAA0101, EP300, EGFR, YWHAZ, IKBKG,
SUMO1, SMAD3, TRAF6, MYC, EWSR1, COPS5, ESR1, PIK3R1 in GSK3B.

Kompleksne bolezni vplivajo na nepravilno delovanje ve¢ organov oziroma tkiv (Gao in
sod., 2012). Kompleksne fenotipe, kot je nalaganje mascobe, uravnava ve¢ bioloskih poti
hkrati. Nastanek debelosti je posledica motenj ravnovesja med vnosom hrane in porabo
energije, ki je nadzorovano preko kompleksnega homeostatskega sistema, ki ga sestavljajo
signalne poti, ve¢ tkiv in organov (Xu in sod., 2012). Nekateri geni (oziroma celotni
funkcijski moduli) so udelezeni v ve¢ bioloskih poteh hkrati, kar nakazuje na moznost, da
so ti geni vpleteni v mehanizem sopojavnosti bolezni. Vzroke za sopojavnhost motnje
avtisti¢nega spektra (angl. autism spectrum disorder; ASD) in bipolarne motnje so iskali v
bioloskih poteh, ki so kandidatne poti za oba fenotipa (Ragunath in sod., 2011). Kandidatni
gen AKT1 smo oznacili kot mo¢nejsi kandidatni gen za nalaganje mascobe, ker je vpleten v
tri kandidatne poti za nalaganje mascobe hkrati. Gen, ki se nahaja na preseku ve¢ bioloskih
poti, ima lahko centralno vlogo pri oblikovanju fenotipa.

S pomoc¢jo mreze proteinskih interakcij so Lim in sod. iskali kandidatne gene za
marmoriranost misic pri govedu (Lim in sod., 2011). V s$tudiji so zbrali 121 kandidatnih
genov, ki so jih povezali v mrezo proteinskih interakcij. RazSirjena mreza s sosednimi
proteini je vsebovala 1090 vozlis¢ in 1517 povezav. Podobno kot Lim in sod. smo tudi mi
opravili topolosko analizo mreze proteinskih interakcij in vozlis¢a razvrstili glede na
vmesnostno centralnost. Visoka mera vmesnosti nakazuje na globalno centralno vlogo
vozlis¢a. Ce iz mreze odstranimo vozliée z visoko mero vmesnosti, mo¢no vplivamo na
topologijo mreze. Mo¢nejsi vpliv na fenotip ima lahko izguba funkcije proteinov, ki imajo
v mrezi proteinskih interakcij visoko vmesnost.

Pri postopku razvr§€anju kandidatnih genov po prioriteti SmO integrirali ve¢ ravni
genomskih podatkov in zajeli rezultate razli¢nih neodvisnih Studij in eksperimentalnih
tehnik. Na primer gen UBC ima v mrezi proteinskih interakcij zelo visoko vmesnostno
centralnost, hkrati pa se nahaja znotraj 10 QTL-ov za nalaganje maséobe ter je vpleten v
kandidatno biolosko pot za nalaganje mas¢obe (PPAR signaling pathway).

5.3.2 Razvricanje kandidatnih zapisov za nekodirajoce RNA po prioriteti

Z namenom, da bi v razvrS¢anje kandidatnih genov po prioritetah zajeli Se nkRNA, ki so
jih mnoge raziskave ze povezale z nalaganjem masc¢obe (McGregor in Choi, 2011), smo
zajeli vse gene miRNA iz Genomskega atlasa za nalaganje mascobe in iz mreze
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uravnavanja izrazanja genov z molekulami miRNA. S pomocjo orodja miRNA SNiPer, ki
smo ga razvili, smo izmed teh genov za miRNA poiskali tiste, ki imajo polimorfno regijo
seed, ki je odgovorna za vezavo na tarée; to so geni mmu-mir-717 in mmu-mir-599 pri misi
ter hsa-mir-15b pri ¢loveku.

Pri razvr$¢anju kandidatnih genov za miRNA po prioriteti smo si pomagali tudi s prikazom
genomske razporeditve miRNA genov. Geni za miRNA so pogosto nakopiceni v gru¢ah
(angl. clustered) v regijah genomske nestabilnosti in so hkrati izrazeni z gostiteljskimi
geni, kar nakazuje na to, da imajo skupen mehanizem prepisovanja (Priloga E, Priloga F,
Priloga H). Pri genu hsa-mir-15b pri ¢loveku smo ugotovili, da se gen nahaja znotraj QTL-
a za nalaganje mascobe (BW348_H; body weight QTL), ima protein-kodirajoci gostiteljski
gen SMC4 v smerni orientaciji in RP11 v protismerni orientaciji ter SNP v regiji seed
(rs192595529). Kot potencialni biooznacevalec smo izbrali gen mmu-mir-599 (Mir599) pri
misi, ker smo Zeleli vpliv tega gena na nalaganje maScobe preveriti z analizo povezanosti
genotipa s fenotipom, za katero imamo na razpolago samo podatke pri misi.

5.4 ANALIZA POVEZAVE GENOTIPA S FENOTIPOM

Z genetskimi asociacijskimi studijami testiramo povezave med genetskimi variacijami in
fenotipi, da bi poiskali gene ali odseke na genomu, ki prispevajo k oblikovanju dolo¢enega
fenotipa. Visja frekvenca alela SNP-ja pri obolelih osebkih lahko pomeni, da testirani SNP
poveca tveganje za obolevanjem (Lunetta, 2008). V asociacijskih $tudijah so najbolj
pogosto testirani oznacevalci SNP-ji.

Analizirali smo povezavo SNP-jev znotraj stirih izbranih kandidatnih genov z lastnostmi
nalaganja mas¢obe. Uporabili smo genotipske in fenotipske podatke pri inbridiranih linijah
misi iz podatkovne zbirke MPD. Izkazalo se je, da so vsi Stirje geni, ki smo jih izbrali za
potencialne biooznacevalce, povezani z nalaganjem mascobe. Analizirali smo tudi
povezavo SNP-ja znotraj kandidatnega gena Mapkapl, ki ga v postopku razvricanja
kandidatnih genov nismo uvrstili k mo¢nej$im kandidatom. S polimorfizmom v genu Aktl
je povezanih 95 lastnosti, s polimorfizmom v genu Ubc 86 lastnosti, s polimorfizmom v
genu Grb2 89 lastnosti, s polimorfizmom v Mir599 75 lastnosti, s polimorfizmom v genu
Mapkapl pa 28 lastnosti za nalaganje mascobe.

Razlike v frekvenci alelov v genetskih asociacijskih $tudijah pri ¢loveku lahko privedejo
do lazno pozitivnih povezav med genotipom in fenotipom (Freedman in sod, 2004;
Marchini in sod., 2004). Prav tako so omejene genetske asociacijske $tudije z inbridiranimi
linijami mis$i zaradi strukture populacije in sorodnosti med osebki (Flint in sod., 2005;
Peirce in sod., 2008). Pri izboru SNP-jev znotraj kandidatnih genov smo upostevali
frekvence alelov, izbrali smo ¢im bolj izenacene. Pri kandidatnem genu Mir599 smo
testirali vpliv SNP-ja znotraj regije seed, kjer frekvenca alelov ni bila izenacena. V genu
Mir599 sta Se dva SNP-ja (rs222270936 in rs37482983), vendar je pri obeh frekvenca

60



Zorc M. Razvoj biooznacevalcev za nalaganje mas¢obe z integracijo ... in bioinformacijsko analizo.
Dokt. disertacija. Ljubljana, Univ. v Ljubljani, Biotehniska fakulteta, 2013

alelov enaka kot pri SNP-ju rs37362582 v regiji seed. V prihodnjih raziskavah bi bilo treba
opraviti analizo povezanosti genotipa s fenotipom za ve¢ SNP-jev znotraj kandidatnih
genov.

Za fenotipske podatke smo zajeli 268 lastnosti, ki so povezane z nalaganjem mascobe, to je
76 lastnosti za sestavo telesa, 26 za telesne maScobne blazinice, 166 za telesno tezo.
Upostevati bi bilo treba, da na vse analizirane lastnosti ne vplivajo samo geni za debelost,
na telesno maso lahko vplivajo tudi geni, ki povisujejo misi¢no in kostno maso.

Mi§ je dober modelni organizem za sesalce zaradi poznanega celotnega genoma,
inbridiranih linij, enostavne vzreje in vzdrzevanja v laboratoriju ter razvitih standardnih
postopkov za rokovanje z njim (Cox in Church, 2011). Genom misi je priblizno 14%
manj$i od genoma pri ¢loveku, za 80% genov pri misi obstaja ortolog pri ¢loveku in za
samo 1% genov pri miSi do sedaj Se ni identificiranih homolognih genov pri ¢loveku
(Waterston in sod., 2002). Mis je zelo pogosto uporabljen kot model za raziskavo biologije
in bolezni pri ¢loveku (Blake in sod., 2011), med drugim tudi debelosti in diabetesa tipa 2.
Uravnavanje ravni glukoze v krvi je pri obeh organizmih v §tevilnih pogledih podobno, pri
obeh kazeta motena toleranca za glukozo in diabetes podobne simptome. Razlika pri obeh
organizmih se na primer kaze v ravni lipoproteinov z visoko gostoto (angl. high density
lipoprotein; HDL), ki je pri miSih vi§ja, kar je mozen vzrok za odpornost misSi proti
arteriosklerozi. Gen ABCAL je zadolZen za transport holesterola in za produkcijo HDL-ja.
Gena miR-33a in miR-33b ciljata tarce, ki so med drugimi tudi mRNA gena ABCAL. Pri
misi gena MiR-33b ni, kar je mozen vzrok za vi§jo raven HDL-ja pri miSih (Najafi-
Shoushtari in sod., 2010). Kljub razlikam med organizmoma (nekatere so celo pripomogle
k razumevanju mehanizmov razvoja bolezni), velja mi§ za dober model za raziskave
debelosti in diabetesa tipa 2 pri ¢loveku (Cox in Church, 2011).

5.5 BIOOZNACEVALCI ZA NALAGANIJE MASCOBE

Biooznacevalci so molekularni dejavniki, s katerimi lahko prepoznavamo ali spremljamo
normalne ali patoloske bioloske procese. Uporabni so za ugotavljanje tveganja, prisotnosti
ali suma na bolezen, tudi kot vodilo za diagnosti¢ne in terapevtske intervencije ter za
prilagajanje poteka zdravljenja posamezniku. Biooznacéevalce lahko predstavljajo meritve
koli¢ine proteinov ali peptidov, polimorfizmi DNA, koli¢ina molekul mRNA v celicah
(Margulies, 2009).

Kot potencialne biooznacevalce za nalaganje mascobe smo predlagali gene Ubc, Aktl,
Grb2 in Mir599, ki smo jih s postopkom integracije genomskih podatkov in z razvr§¢anjem
po prioriteti ocenili kot moc¢nejse kandidatne gene za nalaganje mascobe. Z analizo
povezanosti genotipa s fenotipom smo potrdili vpliv izbranih potencialnih biooznacevalcev
na lastnosti nalaganja mascobe pri misi.
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Gen Ubc kodira majhen, zelo ohranjen regulatorni protein ubikvitin, ki je izrazen v skoraj
vseh tkivih pri evkariontih. Poleg gena Ubc, ubikvitin kodirajo se geni Uba52, Rps27s in
Ubb. Ubikvitin se veZze na proteine in jih oznali za razgradnjo. Ubikvitinacija predstavlja
potranslacijsko spremembo, ki ima pomembno vlogo pri apoptozi, diferenciaciji, celicnem
ciklu, biogenezi ribosomov in drugih pomembnih celi¢nih funkcijah pri evkariontih
(Kimura in Tanaka, 2010). Ubikvitin so v dosedanjih Studijah Ze povezali z nalaganjem
mascobe. Raven ubikvitina v plazmi pri ¢loveku je povezana z indeksom telesne mase
(BMI) (Chang in sod., 2009). Eksogeno dodajanje ubikvitina v plazmo povzroci
zmanjsanje ravni dejavnika tumorske nekroze TNF-a (Patel in sod, 2006), ki pa se je
izkazal kot biooznaevalec kroni¢nega vnetja maScobnega tkiva (Moller, 2000; Kern in
sod, 2001). Potencialni biooznacevalec za nalaganje masScobe je tudi gen Aktl, ki ga
uravnava ubikvitin (Yang in sod., 2010). Misi z utiSanim genom Aktl so odporne na
visokokalori¢no dieto (Min Wan in sod., 2012). Potencialni biooznac¢evalec Grb2 kodira
protein, ki je izrazen v vseh tkivih. Gen Grb2 vsebuje domeno SH2, ki lahko veze
fosforilirane tirozinske ostanke proteinov. Pri podhranjenih misih se je izraZzanje Grb2 v
skeletnih miSicah znizalo (Liu in sod., 2009). Potencialni biooznacevalec, Mir599 do sedaj
Se ni bil povezan z nalaganjem mascobe, nahaja pa se znotraj gostiteljskega gena VPS13B,
Ki je vzro¢ni gen za sindrom Cohen, pri katerem je prisotna tudi debelost (Balikova in sod.,
2009).

Pri razvr$€anju kandidatnih genov smo zajeli gene na vseh stopnjah procesa razvoja
debelosti in nekateri izmed njih so bili zelo visoko ocenjeni kandidatni geni. Do tega je
prislo, ker smo med kandidatne gene za razvr$¢anje priSteli tudi gene, ki so prvi sosedi v
proteinskih interakcijah znanih kandidatnih genov. Na ta nacin smo omogodili iskanje
genov za nalaganje mascobe, ki do sedaj Se niso bili povezani s tem fenotipom. V
raziskavah v prihodnje bi bilo treba pri Ze znanih kandidatnih genih zabeleziti tudi to, v
kateri stopnji razvoja debelosti so udeleZeni in to upostevati pri analizi.
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6 SKLEPI

V delovnih hipotezah smo predvideli, 1) da je z integracijo do sedaj poznanih genetskih
vzrokov za nalaganje mascobe ter bioinformacijsko analizo mozno identificirati genske
mreze in bioloSke poti, ki jih je mozno razviti v biooznacevalce, in, 2) da je kandidatne
gene za nalaganje maSCobe mozno razvrstiti po prioriteti glede na njihovo lokacijo na
genomskem prikazu, njihovem stevilu povezav v genski mrezi in glede na njihovo
udelezenost v bioloski poti. Potrdili smo obe hipotezi.

e Zbrali smo do sedaj poznane kandidatne lokuse za nalaganje mascobe in s
prikazom genomske razporeditve lokusov odkrili prekrivanja med njimi. S pomocjo
zbranih kandidatnih lokusov smo identificirali tudi kandidatne bioloSke poti in
genske mreze, ki smo jih razvili v potencialne biooznaCevalce za nalaganje
mascobe.

e Kandidatne gene za nalaganje mascobe smo razvrstili po prioriteti na osnovi
genomskih razporeditev, kandidatnih bioloskih poti in genskih mrez ter med njimi
izbrali najobetavnejSe, potencialne biooznacevalce za nalaganje masc¢obe. Z analizo
povezave med genotipom in fenotipom smo potrdili vpliv izbranih kandidatnih
genov na lastnosti nalaganja mas¢obe pri misi.

Rezultati doktorske naloge so:
e prosto dostopna zbirka kandidatnih lokusov za nalaganje masc¢obe,

e nov pristop za razvoj biooznacéevalcev vecgenskih bolezni z integracijo genomskih
podatkov in bioinformacijsko analizo, ki temelji na identifikaciji prekrivanj
lokusov neodvisnih §tudij, kandidatnih bioloSkih poteh in genskih mreZah,

e seznam potencialnih biooznacevalcev za nalaganje mascobe, preverjenih z analizo
povezave genotipa s fenotipom na modelu misi.

Na podlagi rezultatov raziskovalnega dela bodo mozne nadaljnje raziskave genskih osnov
nalaganja mascobe. Pristop za razvoj biooznacevalcev bo mozno uporabiti tudi za druge
kompleksne fenotipe, zato predstavlja pomemben prispevek k znanosti.
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7 POVZETEK (SUMMARY)

7.1 POVZETEK

Debelost je vecgenska bolezen, ki predstavlja pere¢ zdravstveni problem. Za debelostjo
zbolevajo ljudje vseh starosti, pojavlja pa se tudi pri domacih zivalih, Kjer pogosteje
govorimo o zamascenosti. Odkritje genetskih osnov nalaganja mascobe lahko pripomore k
razumevanju pojava in terapiji debelosti. Koli¢ina razpolozljivih genomskih podatkov
nara$Ca, hkrati pa se povecujejo zahteve po metodah za njihovo analizo. Vse vecjo vlogo
pri raziskavah kompleksnih fenotipov pridobivajo sistemski pristopi. lzdelali smo
genomski atlas, ki predstavlja centralno spletno mesto genetskih vzrokov za nalaganje
maséobe. Uporabili smo primerjalni in integrativni pristop zbiranja lokusov za nalaganje
mascobe pri ¢loveku, misi, podgani in govedu ter z vizualizacijo integriranih podatkov
dosegli enostaven vpogled v do sedaj poznane lokuse, povezane z nalaganjem mascobe.
Izdelali smo prikaze genomske razporeditve lokusov, identificirali kandidatne bioloske poti
in genske mreze za nalaganje mascobe, ki o bile osnova za razvrs¢anje kandidatnih genov
po prioritetah. Razvili smo bioinformacijski orodji za analizo nekodirajo¢ih kandidatnih
genov (MIRNA SNiPer in miRNA Viewer). Iz nabora kandidatnih lokusov smo izbrali
potencialne biooznacevalce (Aktl, Ubc, Grb2, Mir599) in z analizo povezanosti genotipa s
fenotipom preverili njihov vpliv na lastnosti nalaganja mascobe pri misi. Razvili smo
strategijo za raziskave genetskih vzrokov nalaganja mascobe, ki jo je mozno uporabiti tudi
za druge kompleksne fenotipe.
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7.2 SUMMARY

Obesity is polygenic disease which presents a major health issue. It affects people of all
ages as well as domestic animals. The unravelling of genetic bases of fat deposition might
help to develop therapeutics and understand the process of fat deposition. The amount of
available genomic data and the need for genomic data analysis methods grow. Systemic
approaches are becoming important in complex phenotypes research. We created the
genomic atlas, which presents the central web resource of genetic causes for fat deposition.
The comparative and integrative approach to collect the loci associated with fat deposition
in human, mouse, rat and cattle was used. By visualization of the integrated data the insight
into known fat deposition loci was enabled. We created genomic views of loci, identified
candidate biological pathways and determined genetic networks for fat deposition, which
were basis for candidate genes prioritisation. Two bioinformatics tools for analysis of
noncoding candidate genes were developed (miRNA SNiPer and miRNA Viewer). From
the set of candidate loci we selected potential biomarkers (Aktl, Ubc, Grb2, Mir599) and
tested their effect on fat deposition traits in mice using analysis of association between
genotype and phenotype. We developed a strategy for research of genetic causes for fat
deposition. The same approach can be used for analysis of other complex phenotypes.
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Abstract

MicroRNAs (miRNAs) are a class of non-coding RNA that plays an important role in posttranscriptional regulation of mRNA.
Evidence has shown that miRNA gene variability might interfere with its function resulting in phenotypic variation and
disease susceptibility. A major role in miRNA target recognition is ascribed to complementarity with the miRNA seed region
that can be affected by polymorphisms. In the present study, we developed an online tool for the detection of miRNA
polymorphisms (miRNA SNiPer) in vertebrates (http://www.integratomics-time.com/miRNA-SNiPer) and generated a catalog
of miRNA seed region polymorphisms (miR-seed-SNPs) consisting of 149 SNPs in six species. Although a majority of
detected polymorphisms were due to point mutations, two consecutive nucleotide substitutions (double nucleotide
polymorphisms, DNPs) were also identified in nine miRNAs. We determined that miR-SNPs are frequently located within the
quantitative trait loci (QTL), chromosome fragile sites, and cancer susceptibility loci, indicating their potential role in the
genetic control of various complex traits. To test this further, we performed an association analysis between the mmu-miR-
717 seed SNP rs30372501, which is polymorphic in a large number of standard inbred strains, and all phenotypic traits in
these strains deposited in the Mouse Phenome Database. Analysis showed a significant association between the mmu-miR-
717 seed SNP and a diverse array of traits including behavior, blood-clinical chemistry, body weight size and growth, and
immune system suggesting that seed SNPs can indeed have major pleiotropic effects. The bioinformatics analyses, data and
tools developed in the present study can serve researchers as a starting point in testing more targeted hypotheses and
designing experiments using optimal species or strains for further mechanistic studies.
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Introduction

MicroRNAs (miRNA) arc non-coding RNA molecules with
approximately 21 nucleotides in length, which play an important
role in posttranscriptional regulation of mRNA. By binding to the
target gene’s complementary sequence of the 3’ untranslated
region (3"UTR) they repress translation [1], Changes m miRNA
expression profiles have been identified in diseases, including
several cancer types (reviewed in [2,3]). Addivonally, single
nucleotide polymorphisms (SNPs) of miRNA precursors, their
target sites, and silencing machinery were reported to interfere
with miRNA function and they are likely to affect phenotypic
variation, including disease susceptibility [4]. For example, genetic
variants allecting the miRNA pathways were involved in diseases
such as cancer, neurological disorders, muscular hypertrophy,
gastric mucosal atrophy, cardiovascular disease, and type 2
diabetes [5 7]. The term miR-SNP refers to the variation that
occurs in the miRNA gene sequence, while the miR-TS-SNP to

@ PLoS ONE | www.plosone.org

the SINP that occurs in the miRNA target site (T'S} or binding site
[8]. Because one miRNA can have multiple targets, miR-SNDs
would be expected to exhibit more profound and broader
biological effects than miR-TS-SNPs [8]. SNPs in miRINA genes
may alter their sequences and thercfore enhance, diminish or even
generate or cancel out their ability to bind to target sites [9].
Therefore, miR-SNPs could have an impact on the catalogue of
miRNA targets, not only by disrupting the interaction of the
mutant miRNA with its target genes, but also by creatng
illegitimate targets that are not targeted by the wild type miRNA
[10].

The key binding location for translational suppression resides in
the mature miRNA scquence, mare accurately nucleotides 2-7 or
2-8 from the 3" end of the miRNA, also called the sced region [8].
The minimal pairing requirement is a 6-nt maich ol the seed
region (2 7 nucleotides), which can be extended to a 7-nt match
(2 8 nucleotides) due to a highly conserved nucleotide position
immecliately upstrcam [11], The causal effect of the miR-SNPs in
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the seed region miR-seed-SNPs) on phenotypic variation has been
shown recently; two groups discovered that a miR-seed-SNP in
miR-96 was responsible for hearing loss in human and mouse
[10,12]. A genomic overlap of four lavers was also identified
consisting of growth associated quantitative trait locus (QI'L),
body mass associated Gpe3 gene, miRNA gene (mmu-miR-717), and
miR-seed-SNP identified in the lean mouse strain 129/5v [13].

Polymorphisms within miRINA genes have been reported to be
rare, with only approximately 10% (65/474 reported miRNAs at
that time} of human pre-miRNAs having documented SNPs, and
<1% (3/474) of miIRNAs having SNPs in the functional sced region
[9]. Similarly, a survey on 173 humnan miRNA genes revealed 10
SNPs in the pre-miRNAs but none in the sced region [14]. As such,
the information about miR-seed-SNPs has received much less
attention, while the data remains limited mostly to human and
mouse, fragmented, and dispersed among various databases and
publications: Patrocles [15], PolymiRTS [16], miRvar [17], and
miRNASNP [18]. In contrast, miR-"T'S-SNPs that influence discase
susceptibility, especially cancer, have been the subject of intense
research in the last few years [19,20]. Additionally, catalog of SNPs
residing in miRNA binding regions has already been compiled [21].
Thereflore, the aim of the present study was to develop the ool for
detection of miRNA polymorphisms in vertebrates and assemble
the information associated with SNPs residing within the miRNA
seed region into a single catalog. This web-based public resource
should enable faster and more targeted studies on miR-seed-SNP
hiology precluding a need flor preliminary bioinformatics, mouse
model and phenotype screens.

Materials and Methods

Development of the online tool for the detection of
genetic variations within miRNA genes

A web based ool named “miRNA SNiPer™ was developed for
the detection of polymorphisms residing within miRNA genes in
vertebrates. It accepts a list of miRNA genes and returns a table of
sariations within different regions of miRINA genes: pre-miRNA,
mature, and seed region. The mature sequences are designated as
“miR” and the precursor hairpins as “mir” [22]. The tool
retrieves data [rom multiple sources: 1) miRINA gene sequences,
genomic coordinates, and nomenclature from miRBase, release 18
(http:/ /www.mirbase.org/) [23], 2) locations of miRNA seed
regions from TargetScan, release 5.2 thtep:/ /www.targetscan.org/
) [11], and 3) locations of genetic polymorphisms from Ensembl
Variation database, release 64 (http://www.ensembl.org/) [24].
The assemblics from miRBase, TargetScan, and Ensembl
Variation databasc were downloaded and locally inserted into a
MySQL database. The tool is implemented as a CGI (Common
Gateway Interface) script written in Perl. Script triggers SQL
commands to the MySQL database to perform the searches of
variations within miRNA genes. The tool miRNA SNiPer is
available at http://integratomics-time.com/miRNA-SNiPer/.

Catalog of the miR-seed polymorphisms

The developed tool miIRNA SNiPer was used to generate an
assembly of miR-seed polymorphisms in vertebrates (hup://www.
integratomics-time.com/miR-seed-SNPs/catalog/). The assem-
bled list was supplemented with information relevant for further
analysis from the literature (PubMed: hup://www.nebinlm.nih,
gov/pubmed; Web of Science: http://apps.webotknowledge.com/)
and from other sources. Validation status and allele frequencies
were retrieved [rom the National Center for Biotechnology
Information (NCBI) (htp://www.necbinlm.nih.gov/). Overlaps
with host genes were rewrieved [rom miRBase, release 18 [23].

PLoS ONE | www.plosone.org
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Validated miRNA targets were extracted from TarBase 5.0
(http:/ /diana.cslab.ece.ntua.gr/tarbase/)  [25] and miRecords
(http:/ /mirccords.biolead.org) databases | 26]. The list of assembled
miR-seed polymorphisms was additionally verified with other online
databases and tools.

Physical characterization of the miRNA polymorphisms
Genomic distribution of miR-seed polymorphisms was present-
ed on a genomic view (http://www.Integratormics-time.com/ miR-
seed-SINPs/genomic_view/) using Flash
(hup://gmod.org/wiki/TIlashgviewer/}). Overlap analysis of miR-
NAs comprising seed-SNPs with genomic fragile sites was
performed using data retrieved [rom Ensembl wa BioMart.
Human and mouse QTL were retrieved from the Rat Genome
Database (RGID) {http://rgd.mew.edu/) [27] and chicken QTTL
were retrieved from Anmimal Q11 Database, release 15 (http://
www.animalgenome.org/cgi-bin/QQTLdb/index/) [28].

GViewer web tool

Functional characterization of the miR-seed
polymorphisms

TargetScan Custom feature (http://www.targetscan.org/) was
used to analyze whether the miR-sced-SNP causce the formation of
sced regions annotated to different miRNA |11]. The information
regarding the association between miRNAs with polymorphic seed
regions and diseases was retrieved from miR2Disease (http://
watson.compbio.iupui.edu:8080/miR2Disease/) [29] and pub-
lished literature (PubMed).

Seed SNP genotype to phenotype association analysis

Association between the mouse seed SNP in mmu-miR-717
(rs30372501) and phenotypes was  analyzed. Data for the
genotype-phenotype association analysis was downloaded from
the Mouse Phenome Database (MPD; hup://phenome.jax.org/)
130]. A test was carried out on all phenotypic data from MPD
consisting of 2386 traits in 35 groups (appearance and coat color,
behavior, blood-clinical chemistry, blood-hematology, blood-
lipids, blood-miscellaneous, body composition, body weight size
and growth, bone, brain, breathing pattern, cancer, cardiovascu-
lar, cell and tissue damage, development, ear, endocrine, eve,
gallbladder, immune system, ingestive preference, kidney, liver,
local experiment parameter, longevity, metabolism, metastatic
progression, mouse procurement, muscle, nervous system, neuro-
sensory, reproduction, respiratory, sensory gating, and spleen).
Sced SNP in mimu-miR-717 (1330372501 genotypic and phenotypic
data was available for 14 inbred mouse strains (12951/8vIm], A/
J, AKR/J, BALB/cBy], C3H/Hg¢], C57BL/6], DBA/2], FVB/
NJ, KK/7HIJ, MOLF/Li), NOD/ShiLit], NAW/Lac], PWK/Ph],
and WSB/Ei]) consisting of a various number of measurements,
ranging rom one to 311 for cach strain,

Statstical package SAS/STAT [31] was used for statistical

analyses. The following linear model was used in the analysis:

Yigd =+ Gi+ L+ S+ e m

where yy represents the observation for the traits, L trait average,
G; fixed cffect of genotype mmu-miR-717 sced SNP rs30572501
[i=CG, TT), Ty nested effect of strain {j=1—14), S, fixed effect of
sex (k=T, m), and e random error,

Results and Discussion

We developed a web-based tool for the detection of genetic
variations in miRNA genes in vertebrates and gencrated an
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open access catalog of polymorphisms that overlap with
miRNA seed regions (Fig. 1A). This catalog was supplemented
with information relevant for [urther [lunctional analysis.
Genotype-phenotype analysis of the murine miR-seed-SNP
located in mmu-miR-717 showed association with a diverse array
of traits.

Development of the online tool for the detection miRNA
gene polymorphisms

The online tool mIRNA SNiPer for the detection of genetic
polymorphisms  residing within miRNA genes in vertebrates
(hup:/ /www.integratomics-time.com/miRNA-SNiPer/) was de-
veloped using data assembled from miRBase, TargetScan and
Ensembl Variation database (Fig. 2). The search for miR-seed
SNPs was performed in thirteen vertebrate species: chicken,

MicroRNA Seed Polymorphisms in Vertebrates

chimpanzee, dog, horse, human, mouse, opossum, pig, platypus,
puflerfish, rat, zebra finch, and zebrafish.

Display settings enable the miR-SNPs to be arranged according
to their location in pre-miRNAs, mature or seed regions. In six
vertebrate species (human, mouse, chicken, chimpanzee, rat, and
vebra [inch) 149 polymorphisms overlapped with miRNA seed
regions (Fig. 1B, Table S1). These polymorphisms included
SNPs, double nucleotide polymorphisms (IDNPs), and insertion/
deletions (indels). An example of miR-SNPs located within the pre-
miRNA, mature and sced regions of miRNA gene is demonsurated
in Figure 2.

Data from species in which the latest releases of Ensembl
Variation Darabase and miRBase assemblies are currently not
compatible were not included in the catalog (cat, cattle, rabbit,
etc.). The miRNA SNiPer tool is going to be updated with each
new release ol compalible databases.

miRBase TargetScan Ensembl Variation database
v A J v
Development of online identification tool for miRNA polymorphisms
v
List of miR-seed
Literature search F polymorphisms in 4 Data compilation
- PubMed vertebrates - SNP validation status, allele frequency (NCBI)
- Web of Science ' - overlaps with host genes (miRBase )
- validated targets (TarBase, miRecords)
Catalog of - polymorphic miRNA-target interactions
i (Patrocles, PolymiRTS, miRvar, miRNASNP)
miR-seed
polymorphisms
v

miR-seed polymorphisms causing formation of novel seed regions
overlaps with QTL and fragile regions
phenotype, disease association analysis

A

total
described in the literature: 29 SNPs validated
human: 19; mouse: 2; chicken: 8
novel: 120 SNPs ;
132

human: 102; mouse: 15; chimpanzee: 1;
rat: 1; zebra finch: 1

I

unvalidated

no. of miRNAs

149|//120|/ 29 | no. of seed SNPs

. i " ! : ] E— r— '

107 16 6 1 1 1

121 /99)/ 22 |17 /|13)/ 4 8/8/0 1/0/1} 1/40/1 1/0/1
human mouse chicken chimpanzee rat zebra finch

B

Figure 1. Workflow diagram of the study and diagram of assembled polymorphic miRNAs. (A) Workflow diagram of the study:
approaches applied for search of known and novel seed miRNA variations and further bioinformatic analysis performed on the database of miR-seed
polymorphisms. (B) Diagram of assembled miRNAs comprising miR-seed-SNPs according to source, validation status and species.

doi:10.1371/journal.pone.0030737.g001
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miRNA mature miRNA

miRNA name

hsa-miR-3161
Mature: 48118343-48118365

Homo sapiens Seed: 48118344-48118350
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variation details

In seed
48118347
indel (- > A)

15113098367

In seed
48118349
indel (- > A)

511382316

In seed

11:48118334-48118 |}
410(+]

ACCAAGUUCCCUGG

| CCUCGAGAGCUGAUAAGAACAGAGGCCCAGA |
| UUGAAGUUGAAUAGUGCUGGGCCUUUGUUUUU |

rs35834266 48118350

indel (- > A)

In mature

1574581179 48118351

SNP (A > G)

In pre-mature
48118374
SNP (A>T)

rs73466882

Figure 2. Output of developed miRNA SNiPer tool. An example of miR-SNPs located in pre-miRNA, mature, or seed region of the human
miRNA hsa-miR-3161. Mature miRNA sequence are highlighted in dark blue, seed regions in light blue, and polymorphisms in orange.

doi:10.1371/journal. pone.0030737.g002

Catalog and genomic view of miR-seed polymorphisms
in vertebrates

The list of miR-sced polymorphisms mn six species (human,
mouse, chicken, chimpanzee, rat, and zebra finch) was supple-
mented with data retrieved from literature and databases, and
presented as an open access online catalog (htp://www.
integratomics-time.com/miR-seed-SNPs/catalog/). From the to-
tal of 149 identified miR-seed polymorphisms only 29 have
previously been described in the miRNA context [8-10,12,13,32—
45] (Fig. 1B). Among them four studies discussed the miR-seed-
SNPs as located in the mature region of the miRNA without
referring o their miRNA seed location [36,39,44,45]. The
remaining 120 miR-sced polymorplisms from the catalog have
not been described in publications previously. Data integration
revealed that 120 of 149 miR-sced polymorphisms had been
previously validated or genotyped. The catalog was additionally
supplemented with information of the host gene location and
orientation, validation status of miRNA target genes and SNPs
{(Table S1). Genomic distribution of the assembled miR-sced-
SNPs was presented on the genomic view (htp://www.integra-
tomics-time.com/miR-sced-SNPs/genomic_view) (Fig. 3).

"The frequency estimations of miRNAs having polymorphic seed
regions at this point should be treated with caution because all
miRNAs have not yet been systematically sequenced and sereened
for polymorphisms, and some SNPs in the databases still have
unvalidated status. Our preliminary data showed that in human 88
of 1527 [5.7%) currently annotated miRNAs had polymorphic
sced regions (99 validated seed-SNPs in total). Similarly, in mousc
13 of 741 (1.7%) miRNAs had miR-seed-SNPs (all previously
validated), whereas In chicken six of 499 (1.2%) miRNAs had miR-
seed-SNPs (eight validated). Nevertheless, our analysis ol currently
available data revealed a much higher frequency (5.9%) of miR-
seed polymorphisms in human than the frequency of >1%
reported by Didiano and Hobert [46]. Similarly, Muifios-Gimeno
et al. [47] also revealed much lower frequencies than our study
mapping 24 SNPs within 325 mature miRNAs and detecting only
two miR-seed-SNPs. They also estimated the density of SNPs in
miRNAs to be 4.5-times lower that n the rest of the genome |47].
In contrast to this, we found that some miRNAs had highly
polymorphic sced regions. For instance, pre-miRNA goa-mir-1658

). PLoS ONE | www.plosone.org

had one SNP within the mature sequence (gga-mR-1658) and two
SNPs within the minor miR sequence (gga-miR-1658%). Our study
also revealed four human miRNAs (hse-miR-96, -518¢-3p, -1304-
3, and -3939) that had two validated consecutive nucleotides
altered, so called DNPs, which have been found to occur with a
frequency of ~1% of the total number of SNPs in the genome
[46]. It has been suggested that DNDPs have a greater propensity to
be involved in disease causing mutations in protein coding regions
as they effect two positions in a codon, resulting in a more likely
non-synonymous mutation [48]. We can speculate that miR-seed-
DNPs identified in our study (four validated and five unvalidated)
also have a potential to cause more profound eflects on the
regulation of target genes and phenotypes that single miR-seed-
SNPs, hut this is to be evaluated experimentally in future studies,

Allele [requency was available [or 90 SNPs in human, 12 in
mouse, and eight SNPs in chicken (NCBI). Population-based
differences were obscrved for 41 human SNPs; among them
512975333 described as polymorphic in three studies [9,32,35],
but monomorphic in the Spanish [47] and Scandmavian
populations [49]. As expected, transitions (purine <3 purine or
pyrimidine <> pyrimidine substitutions) were (wice as more
frequent  than  transversions (purine <> pyrimidine).  Because
transversions induce greater genetlic alternations that are more
likely to cause functional consequences |50] we have examined
their prevalence in miR-seed-SNPs and found 31 transversions; 27
in human, three in mouse, and one in chicken. Interestingly,
transversions were observed in fsa-meR-96 and mmu-miR-96 which
have been previously linked with hearing loss in both human and
mouse [10,12].

Data analysis

The data from the catalog were further analyzed to prioritize
promising SNPs for further lunctional analysis. We examined cach
miR-sced SNP for thelr potential to generate novel seed regions
that also match o a different miRNA, for their genomic
distribution, overlaps with host genes, (YI'L, and fragile regions,
as well as their assoclation with discases and phenotypes.

miR-seed polymorphisms causing the formation of a seed
region annotated to a different miRNA. As shown in Mencia
e al., [10] a miR-sced-SNP+13G>A in /fsa-miR-96 caused a
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Figure 3. Genomic location of miRNAs with polymorphic seed regions in human. miRNAs comprising validated seed region
polymorphisms mapping to two overlapping fragile sites are marked with yellow stars.

doi:10.1371/journal.pone.0030737.g003

change in the seed region o perfectly match another annotated
miRNA /isa-miR-514, implying a possibility of targets shared by
both miRNAs. To determine whether miR-seed-SNPs cause the
formation of seed regions annotated to different miRNAs we
screened the catalog using TargetScan Gustom. SNPs in fsa-miR-
F117-3p and -4467 matched two dilferent seed regions ol fsa-miR-
499-5p and -885-3p, respectively (Figure S1). A change of
annotated seed regions may lead to altered recognition and
selection of miRNA targets, which could possibly be a part of a
difterent biological pathway.

Genomic distribution of miR-seed-SNPs and their overlaps
with host genes, QTL, and fragile regions. Genomic locations
of miRNAs comprising seed polymorphisms are shown in Figure 3,
Figures $2 and S$3 [or human, mousc, and chicken, respectively.
The highest number of miR-seed polymorphisms was present on
human chromosomes 1, 15, 19, and 20. Several miRNAs with
polymorphic seed regions overlapped with host genes, Q'I'L, fragile
sites, or cancer susceptibility sites.

We observed 75 miRNAs with polymorphic seed regions
residing within protein coding host genes; 16 in antisense, 53 in

PLoS ONE | www.plosone.org

sense oricntation and four miRNAs that overlapped with host
genes both orientations (Table 81). MiRNA genes and their host
genes in antisense orientation have been shown to have
independent  transcription  mechanisms  [31], whereas  sense
transcriptional orlentation suggests that miRNAs and host genes
can be transcribed from shared promoters [1].
miRNA genes from our catalog were cither exonic (five in human
and three in mouse), ntronic (3¢ in human, three in mouse, and
three in chicken), or overlapped both exonic and intronic
transcripts (seven in human) (Table $1). Tnironic miRNAs have
previously been found to be co-expressed and regulated by co-
activation of both miRNA and its host gene [52,53]. Several
studies have also shown that host genes are functionally linked with
their resident miRNAs |53-55].

By comparing locations of polymorphic seed regions with (YTL
and fragile sites, several overlaps were found. MiRNAs with
validated seed SNPs overlapped with 830 QI'L in human, 118 in
mouse and 20 in chicken. Highest number of overlapped QTL in
human was observed for fse-miR-4737 and fsa-miR-4756 cach
overlapping 43 QI'L. In mouse mmu-miR-628 overlapped with

Sense oriented
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23 QYTL and in chicken gga-miR-1658 with seven (QTL (cata not
shown}. MiRNA genes have also been observed to be frequently
located near the mouse cancer susceptibility loci, which is in
concordance with a previous study of Sevignani ¢ al. [56]. These
results support  previous observations that miRNAs are an
important player in generating genetic variability and important
genomic sites in the trait’s genetic architecture.

Hsa-miR-1302-1 overlapped with a commen fragile site located
at 12q24.1 and Ase-miR-122-3p overlapped with a fragile site
located at 18¢21.3 (Fig. 3). fsa-miR-513a-5p overlapped with a
fragile site located at cytogenetic hand Xq27; however, this SNP is
yet to be validated. This observation s in concordance with a
previous study showing that miRNAs are frequently located at
fragile sites, as well as minimal regions of loss of heterozygosity,
minimal regions of amplification, or common breakpoint regions
[57].

MiR-seed-SNP association with diseases and pheno-
types. We reviewed published associatons between miRNAs
with polymorphic seed regions and diseases/phenotypes. Addi-
tionally, we performed a statistical genotype-phenotype association
analysis using the data from the Mouse Phenome Database. Four
human and two mouse miRINAs comprising seed-SNPs have already
been associated with diseases and phenotypes (Table 1) [10,12,
13,32-34,37-39,41,42,44,45,58]. Hsa-miR-146a-3p and -199-3p
were associated with the largest variety of pathologies aflecting all
organ systems, especially the reproductive and digestive system. Two
scparate studies have linked the SNP in the seed region of miR-96 to
the same clinical pathology, hearing loss, in mouse [12] and human
[10], which also represents the first case implicating a miRNA in a
Mendelian inherited disorder. In a recent study, Kunej ef al. [13]
analyzed a murine SNP (rs30372501) in mnu-miR-717 seed region
which was found to be associated with leanness. Evidence also exists
that miR-717 is involved in osmoregularity control and is regulated

rapidly in response to high salt exposure in mice [39]. To verify if

these associations hold true for some other standard inbred mouse
strains we searched for association between the mmu-miR-717 SNP
(rs30372501) genotypes and all 2586 phenotypes within the Mouse
Phenome Database (see Material and Methods). The SNIP
1530372501 showed a significant effect (p<<0.01) on 363
measurements-parameters that are grouped by MPD into 25 trait-
groups: 23 in behavior, 27 in blood-clinical chemistry, 40 in blood-

MicroRNA Seed Polymorphisms in Vertebrates

hematology, 22 in blood-lipids, one in blood-miscellaneous, 19 in
body composition, 38 in body weight size and growth, 50 in bone,
one in brain, two in breathing pattern, one i cancer, five in
cardiovascular, three in cell and tssue damage, five i car, four in
endocrine, two in gallbladder, 18 in immune system, three in
ingestive preference, 11 in kidney, four in liver, seven in local
experiment parameter, nine in muscle, 23 in respiratory, one in
scnsory gating, two in spleen, and 42 m ungrouped (Table §2). A
result that seed SNP rs30372501 was significantly associated with
363 measurements-parameters should be closely examined and
interpreted further. As shown in Table 82, many measurements
within a group arc highly corrclated (c.g. body weights at various
ages within a group “hody weight size and growth™) and also groups
of traits can be highly correlated (c.g., body weight and body
composition traits, fat depot weight etc.). Therefore, one should not
interpret these associations as causal but rather as a list of potental
groups of traits that a particular miR-SNP could affect. In this sense a
visual presentation (Figure S4) of associations shown in Table S2
can be informative as one can observe immediately which groups
have the highest number of significant associations and hence string
support and which trait groups can be lurther joined into related
“super” groups {e.g. body weight, body composition, blood lipids
cte.). Such examination can help rescarchers to prioritize further
causation experiments by providing them only a small number ol
different traits likely to be controlled by a miR-SNP.

Associations  between SNP 130372501 and  obesity  traits
reported by Kunej ef al. [13] were conlirmed also in the present
statistical analysis. Figure 4 shows significant differences in Fat
weight (g) between the lean mouse strains carrying a sced SNP
1530372501 allele C (e.g., 12951 /5vIm], NOD/ShiLt]) and allele
T-carrying high fat strains (e.g., A/J, DBA/2]] in both sexes. Such
miR-SNP-genotype to phenotype association analyses can help
rescarchers select an optimal strain and phenotype for lurther
experiments as well as identifying traits and pathologies likely to he

allected by miR-SNP variability.

Future perspectives

The following open questions could be addressed in future
studics: 1) To examine the elfects of SNPs that cause a formation
of seed regions already annotated to different miRINAs. 2) To
experimentally validate DNPs found in seed regions for their effect

Table 1. Diseases and phenotypes associated with miRNA gene polymorphisms within the seed region in human and mouse.

chr 19: 52196507-52196592
chr 5: 159912359-159912457

hsa-miR-125a-5p
hsa-miR-146a-3p

breast cancer [32]

cell carcinoma [45]

hsa-miR-499a-3p chr 20: 33578179-33578300

carcinoma [45]
MOUSE
chr 6: 30119446-30119551
chr X: 49775584-49775692

mmu-miR-96 hearing loss [12]

mmu-miR-717

miRNA miRNA genomic location Associated diseases and phenotypes
HUMAN
hsa-miR-96 chr 7: 129414532-129414609 nonsyndromic progressive hearing loss [10]

breast and ovarian cancer [33]; hepatocellular carcinoma [34]; thyroid cancer [37]; esophageal squamous
cell carcinoma [38]; gastric cancer [39]; dilated cardiomyopathy [58]; prostate cancer [41]; cervical squamous

breast cancer [36]; gastric cancer [39]; prostate cancer [42]; ulcerative colitis [44]; cervical squamous cell

leanness [13]; behavior, blood-clinical chemistry, blood-hematology, blood-lipids, blood-miscellaneous,
hody composition, body weight size and growth, bone, brain, breathing pattern, cancer, cardiovascular, cell
and tissue damage, ear, endocrine, gallbladder, immune system, ingestive preference, kidney, liver, local
experiment parameter, muscle, respiratory, sensory gating, spleen (present study)

doi:10.1371/journal.pone.0030737.1001
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Figure 4. MiR-seed-SNP within mmu-miR-717 is associated with
fat weight in mice. Association analysis between mmu-mjR-717 SNP
genotypes in different inbred mouse strains and phenotypes within the
Mouse phenome database revealed that mmu-miR-717 significantly
affects several different traits. An example of significant difference
between lean and high fat strains that differ for mmu-miR-717 SNP
genotype (C>T) and fat weight, for both female and male is shown.
doi:10.1371/journal.pone.0030737.g004

on miRNA target sclection. 3) To study effects of miR-sced-SNPs
identified herein on shared transeriptional regulation, expression
and function of polymorphic miR NAs and their host genes. 4) Our
statistical association analysis of seed-SNP with mouse phenotypes
showed a diverse array for associated phenotypes. Further studies
should be designed (o examine the molecular mechanism [or such
dilferential miR-SNP pleiotropic eflects.

In conclusion, miR-sced polymorphisms may have a profound
clfect on a wide range of phenotypes. Using the database
mtegration we assembled all known and identified novel miR-

References

1. Bartel DP (2001 MicroRNAs: Genornics, Biogenesis, Mechanism, and
Function, Cell 116; 281-297,

2. Terdin J, Kunej T, Calin G {2010) Non-coding RNAs: Identification of Cancer-
Associated microRNAs by Gene Profiling. Technology in Cancer Research &
Treatment. pp 123 138.

3. Kunej T, Godnic [, Ferdin |, Horvat S, Dove P, et al. Epigenetic regulation of
microRNAs in cancer: An integrated review of licerature. Muration Rescarch/
Fundamental and Molecular Mechanisms of Mutagenesis In Press, Correctec Proof.

@ PLoS ONE | www.plosone.org

MicroRNA Seed Polymorphisms in Vertebrates

seecd-SNPs, and performed a first systematic case-stucy in this field.
The project is ongoing, as novel miRNAs and SNPs are yet to be
discovered in human as well as in other animal species. However,
results and tools developed in this study can be immediately used
by interested scientific community to help retrieve valuable
mformation and design eflicient experimental plans in the field
of miR-SNP rescarch.

Suppeorting Information

Figure S1 miR-sced-SNP causing formation of novel sced
regions. Three examples of miRNAs (green) with seed-SNPs
which cause a [ormation ol a seed region annotated (o another
miRNA are indicated (red).

(TTF)

Figure 82 Genomic location of miRNAs with polymorphic sced
regions in mouse.
(TTI

Figure 83 Genomic locaton of miRNAs comprising seed
polymorphisms in chicken.

(11F)

Figure S4 Graphical representation of Table S22 showing
association between mmu-miR-717 seed SNP rs30372501 and
363 wraits clustered into 25 groups: behavior, blood-clinical
chemistry, blood-hematology, blood-lipids, bloed-miscellaneous,
body composition, body weight size and growth, bone, brain,

breathing pattern, cancer, cardiovascular, cell and tssue damage,
car, endocrine, gallbladder, immune system, ingestive prelerence,
kidney, liver, local experiment parameter, muscle, respiratory,
sensory gating and spleen.

(TTF)

Table 81 Catalog of miRNAs with polymorphic seed regions in
human, mouse, chicken, chimpanzee, rat, and zebra finch:
genomic location, host gene orientation, nucleotide substitution
and validation status of the SNP.

DOC)

Table S2 Estimated differences between miR-seed-  SNP
(rs30372501) alleles (C>T), associated standard errors and
P _values for 363 traits.

(DOC)
Acknowledgments

The authors would like to thank the anonymous reviewers for their
valuable comments and suggestions to improve the quality of the submitted
paper.

Author Contributions

Conceived and designed the experiments: TK SH GAC. Performed the
experiments: TK TG M7 SH DJS, Analyzed the data; IG M7 SH DJS.
Contributed reagents/materials/analysis wols: MZ SH, Wrote the paper:
1G TK SII MZ DJS GAC. Tinal editing of the text: TK SH GAC Z] PD.

1. Georges M, Coppieters W, Charlier ¢ (2007} Polymorphic miRNA-mediated
gene regulation: contribution w0 phenotypic variation and disease, Current
Opinion in Gen: & Development 17: 166-176.

5. Fabbri M, Valeri N, Calin GA (2009} MicroRNAs and genomic variations: from

Proteus tricks to Prometheus gift. Carcinogenesis 30: 912 917,

Mishra P, Bertino JR (2009) MicroRNA polymorphisms: the future of

pharmacogenomics, molecular epidemiology and  individualized medicine.

Pharmacogenomics 10: 399-416.

6.

January 2012 | Volume 7 | Issue 1 | e30737



~

a.

19.

20.

3

30.

3
32.

33.

. Hoffman AL, Zheng T, Yi G, Leaderer D, Weidhaas J, et al.

6. Xiao F, Zuo Z, Cai G, Kang

(2009] microRINA
miR-196a-2 and Breast Cancer: A Genetie and Epigenetic Association Swdy
and Functional Analysis. Cancer Research 69; 5970 5977,

Sun G. Yan ], Noltner K, Feng ], Li H, et al. {2009} SNPs in human miRNA
genes allect biogenesis and lunction. RNA 152 16401651,

Saunders MA, Liang H, Li W-H {2007; Human polymorphism at microRNAs
and microRNA target sites. Proceedings ol the National Academy ol Sciences
104: 3300-3305.

. Mencia A, Modamio-Hoybjor S, Redshaw N, Morin M. Mayo-Merino F, et al.

{2009) Mutadons in the seed region of human miR-96 are responsible for
noi dromic progressive hearing loss. Nat Genet 41: 609 613,

Lewis BP, Burge CB, Bartel DP {2005} Conserved Seed Pairing, Olien Ilanked
by Adenosines, Indicates that Thuus(mds of Human Genes are MicroRINA
Targets. Cell 120: 15-20.

. Lewis MA, Quint L, Glazier AM, Tuchs I, De Angelis MII, et al. (2009) An

ENU-induced mutation of miR-96 associated with progressive hearing loss in
mice. Nat Genet 11: 611-618.

. Kunej T, Skok D, Horvar 8, Dove P, Jiang Z (2010) The Glypican 3-Hosted

Murine Mir717 Gene: Sequence Conservation, Seed Reglon Polymorphisims
and Putadve Targets. Internatonal Journal of Biological Sciences. pp 769 772,
Iwai N, Naraha H {2005} Polymorphisms in human pre-miRNAs. Biochemical
and Biophysical Research Communications 331: 1439 1444

. Hiard §, Charlier (i, Goppicters W, Georges M, Baurain D (2010} Patrocles: a

database of polymorphic miRNA-mediated gene regulatdon in vertebrates.
Nucleic Acids Research 38: D640 D651

Ziebarth JD, Bhattacharya A, Chen A, Cui Y {201 1] PolynRTS 1
linking polymorphisms in microRNA target sites with human dis
complex traits. Nucleic Acids Res.

. Bhartiyva D, Laddha SV, Mukhopadhyay A, Scaria V (2011) miRvar: A

comprehensive database for genomic variarions in microRNAs. Hum Murar 32:
L2226 2215.

Gong J, Tong Y, Zhang HM, Wang K. Hu T. et al. (2011} Genome-wide
identification of SNPs in MicroRNA genes and the SN effeets on MicroRNA
target binding and biogenesis. Hum Mutat.

Nicoloso MS, Sun H, Spizzo R, Kim H, Wickramasinghe P, ct al. (2010} Single-
Nucleotide Polymorphisms Inside MicroRNA Target Sites Influence Tumor
Susceptibility. Cancer Research 70: 2789-2798.

Chin L], Rater L, Leng S, Zhai R, Nallur S, et al. {2008] A SNP in a let-7
microRNA Complementary Site in the KRAS 3" Uneranslated Region Increases
Non—S8mall Cell Lung Cancer Risk. Cancer Rescarch 68: 85355-8540.

. Landi D, Gemignani F, Barale R, Landi $ {2007} A Catalog of Polymorphisms

Falling in MicroRNA-Binding Regions of Cancer Genes. DNA and Cell Biology
5 43.

Griffiths-Jones 8, Grocock R]. van Dongen S, Bateman A, Enright AJ (2006)
miKBase: microRNA sequences, targets and gene nomenclature. Nucleic Acids
Res 34 D140-144.

Kozomara A, Grifliths;Jones 8§ {20117 miRBase: intcgrating microRNA
annotation and deep-sequencing data. Nucleic Acids Research 39: D152 D157,
MeLaren W, Pritchard B, Rios 1), Chen Y, Flicek P, et al. (2010) Deriving the
consequences of genomic varlants with the Ensembl API and SNP Effect
Predictor. Bioinformatics 26: 2069-2070).

Papadopoulos G, Reerko M, Simossis VA, Sethupathy P, Hatzigeorgiou AG
{2009 The darabase of experimentally supported targers: a functional update of
‘l'arBase, Nucleic Acids Re: ch 37 D155-13158

. Gao X, et al. (2009) miRecords: an integrated
1R N A—target interactions. Nucleic Acids Rescarch 37:

resource for mi

1)[03 DI10.
‘wigger SN, Shimoyama M, Bromberg 8, Kwiick AL, Jacoh HJ, et al. (2007)

Rat Genome Database, update 2007—Fasing the path rom disease 10 data
and back again. Nucleic Acids Research 35: D658-D662.

Hu 7Z-1. Reecy ) (2007} Animal (¥I'ldb: beyond a repository. Mammalian
Genome 18: 1 4-4.

Jiang €, Wang Y, Hao Y, Juan L, Teng M, ct al. (2009) miR2Discasc: a
manually curated daabase for microRNA - deregulation in human  disease.
Nucleic Acids Rescarch 37: D98-D104.

Grubb SC, Maddaw TP, Bult (], Bogue MA {2009) Mouse Phenome Database.
Nucleic Acids Research 37: D720-D730.

Ingtitute S {2002] The SAS System for Windows, Release 9.1, CaryNC, |
Duan R, Pak C, Jin P {2007} Single nucleotde polymorphism associated with
mature milk-125a aliers the processing of’ pri-miRNA, Human Molccular
Geneties 16: 11211131,

Shen ], Ambrosone CB, DiCioccio RA, Odunsi K, Lele SB, et al. (2008) A
lunctional polymorphism in the miR-116a gene and age ol familial breast/
ovarian cancer diagnosis. Carcinogenesis 29: 19631966,

Xu T, Zhu Y, Wei (K, Yuan Y, Zhou F, et al. {2008} A lunctional
polymorphism in the miR-146a gene is associated with the risk for hepatocellular
carcinoma. Carcinogenesis 29: 2126-2131.

. PLoS ONE | www.plosone.org

o

MicroRNA Seed Polymorphisms in Vertebrates

. Duan 8, Mi 8, Zhang W, Dolan M {2009) Comprehensive analysis of the impact

of SNPs and CNVs on human microRNAs and their regulatory genes. Rna
Biology. pp 112125,

ang ], Wang Z, Tian T, Zhou X, et al.
in pre-microRNAs were associated with increased risk of breast cancer in
Chinese women. Human Mutation 30: 79 84,

09) Common genetic variants

o Jazdzewski K, Livanarachchi 8, Swicrniak M, Pachucki J, Ringe , el al
1 ki I, Liy hehi 8, Swierniak M, Pachucki J, Ringel M1 1

{2009} Polymorphic mature microRNAs [rom passenger strand of pre-miR-116a
contribute to thyroid cancer. Proceedings of the National Academy of Sciences.
Guo H, Wang K, Xiong G, Hu H, Wang D, et al. (2010) A functional varient in
mictoRNA-146a Is lated with risk of e\()pl)d;relll squamous cell carcinoma
in Chinese Han. Familial Cancer 9: 599-603-603.

Okubo M. Tahara T, Shibata T, Yamashita H, Nakamura M, et al. {2010)
Association Bewween Common Genetie Variants in Pre-t 0RNAs and Gasiric
Cancer Risk in Japanese Population. Helicobacter 15: 524 5331,

Zhang C-s, Geng L-y, Zhang ], Zhu W+, Du Lx (2010} Chicken Polymorphism
at Pre-MicroRNAs Inferred from SNP Data. Bioilormatics and Biomedical
Engineering ACBBE}, 2010 4th International Conference on. Chengdu. pp | 4.
Xu B, Feng N-H, Li P-C, Tao J, Wu I), et al. (2010) A functional polymorphism
in Pre-miR- H(m gene Is ¢ A()Lk\l("d with prostate cancer risk and mature miR-
146a expression in vivo. The Prostare 67472,

George G, Gangwar R, Mandal R, Sankhwar S, Mitral R (2011} Genetic
variation in microRNA genes and prostare cancer risk in North Indian
population. Molecular Biology Reports 38: 1609 1615-1615.

~

3. Mittal RD, Gangwar R, George GP, Mittal T, Kapoor R {2011) Investigative

Role of Pre-MicroRNAs in Bladder Cancer Patents: A Case—Conturol Study i
North India. DNA and Cell Biology.

Okubo M, Tahara ‘T, Shibata T, Yamashita H, Nakamura M, et al. (2011)
Association Study of Common Genetic Variants in Pre-mmicroRNAs in Patients
with Uleerative Colids. Journal of Clinical Immunology 31: 69-73-73.

Zhou B, Wang K, Wang Y, Xi M, Zhang Z, et al. {2011} Common genetic
polymorphisms in pre-microRNAs and risk of cervical squamous cell carcinoma.
Molecular Carcinogenesis. pp n/a—n/a.

. Didiano D, Hobert O (2006; Perfect seed pairing is not a generally reliable

predictor for miRNA-tar, get interactions. Nat Struet Mol Biol 13: 849-851.

. Muinos-Gimeno M, Montfort M, Bayes M, Estivill X, Espinosa-Parrilla Y (2009)

Design and evaluation of a panel of single-nucleotide  polymorphisms in
microRNA genomic regions for association studies in human disease. Lur ] Hun
Genet 18: 218 226,

Rosenfeld JA, Malhowra AK, Lenez 'I' {20107 Novel multi-nucleotide
polymorphisims in the human genome characterized by whole genome and
exome sequencing. Nucleic Acids Research.

Hansen T, Olsen L. Lindow M, Jakobsen KD, Ulum H, et al. {2007} Brain
expressed microRNAs implicated in schizophrenia etiology. PloS onc 2: e873.
Freudenberg-Hua Y, Froudenberg J, Kluck N, Cichon 8, Propping P, cu al.
{2003} Single Nucleotide Variation Analysis in 65 Candidate Genes for CNS
Disorders in a Representative Sample of the Kuropean Population. Genome
Research 13: 2271 2276,

Li 8-C, Tang P, Lin W-C {2007) Intronic MicroRNA: Discovery and Biological
Implicadons. DNA and Cell Biology 26: 195 207,

Saito Y, Fricdman JM, Chihara Y, Egger G, Chuang JC, et al. {2009) Epigenetic
therapy upregulates the wmor suppressor microRNA-126 and its host gene
EGFL7 in human cancer cells. Biochemical and Biophysical Research
Communications 379; 726-731.

Baskerville S, Bartel D ({2005; Microarray profiling of microRNAs reveals
frequent eocxpression with neighboring miRNAs and host genes. Rna-a
Publication ol the Rna Society. pp 211-247.

Baker 8], Sumerson R, Reddy CD, Berrebi AS, Flynn DC, ot al. (2001
Characterization ol an allernatively spliced AATYK mRNA: expression patlern
of AATYK in the brain ancd neuronal cells. Oncogene 20: 1015-1021.

Fiich MJ, Campagnelo L., Kuhnert F, Swhlmann H (2004) Fgll7, a novel
epidermal growth factor-domain gene expressed in endothelial cells. Dev Dyn
2530: 316324

Sevignani G, Calin GA, Nnadi SC, Shimizu M, Davuluri RV, et al. (2007)
MicroRNA genes are froquently located near mouse cancer susceptibility loci.
Proceedings of the National Academy ol Sciences 104: 8017-8022.

Calin GA, gnani C, Dumitru CD, Hyslop T, Noch E, et al. (2004} Human
microRNA genes are frequenty Jocated at fragile sites and genomic ions
involved in cancers. Pro(t‘tdlm;\ of the Nadonal Academy of Sciences of the
United States of America 101: 2999-3004.

Zhou B, Rao L, Peng Y, Wang Y, Chen Y, et al. {2010) Common genetic
polymorphisms in pre-microRINAs were associated with increased risk of dilated
cardiomyopathy. Clinica Chimica Acta 4112 12871290,

Huang W, Liu H, Wang T, Zhang T, Kuang J, et al. (2011} Tonicity- r‘ipnmi\(‘
IW]I([()RNA) (unlnbmc o the nmxmml induction of osmoregulatory transcrip-
ton factor OREBP in response to high-NaCl hypertonicity. Nucleic Acids
Rescarch 39: 475485,

January 2012 | Volume 7 | Issue 1 | e30737



Priloga B

Genetic variability of microRNA genes in farm animals (Jevsinek Skok in sod., 2012)



20" Int. Symp. “Animal Science Days”, Kranjska gora, Slovenia, Sept. 19"-21%, 2012.

COBISS: 1.08
Agris category code: L10

GENETIC VARIABILITY OF microRNA GENES

IN FARM ANIMALS

Dasa JEVSINEK SKOK !, Minja ZORC "2, Simon HORVAT "2, Peter DOVC ', Milena KOVAC ',

Tanja KUNEJ!

ABSTRACT

MicroRNAs (miRNAs) are a class of non-coding RNAs that plays an important role in posttranscriptional regula-

tion of target genes. Regulation requires complementarity between the target mRNA and the miRNA seed region, which
is responsible for their recognition and binding. Previous studies in human and mouse have shown that variability of
miRNA gene (miR-SNPs) might interfere with its function resulting in phenotypic variation. Polymorphisms within
miRNA genes could represent biomarkers for phenotypic traits important in farm animals. The aim of this study was
to: 1) update previously developed web-based tool for identification of polymorphisms within miRNA genes (miRNA
SNiPer), 2) systematically collect polymorphisms of miRNA genes in pig, cattle, chicken, and horse, and 3) experimen-
tally validate SNPs within miRNA seed regions (miR-seed-SNPs) in cattle. Using miRNA SNiPer tool, polymorphisms
within 32 mature miRNA regions, including 12 miR-seed-SNPs, were identified in pig, cattle, and chicken. Bovine miR-
seed SNPs were chosen for experimental validation. The bta-mir-2313 locus was shown to be very polymorphic, there-
fore we validated one SNP with previously unknown validation status within the mature seed region in population of
Slovenian Simmental cattle. Additionally, two SNPs in corresponding pri-miRNA were identified. Results of this study
can serve researchers for follow up hypothesis-driven experimental studies to evaluate the phenotypic effect of identified

miRNA genetic variability in vertebrates.

Keywords: farm animals / biomarkers / microRNA / genetic variability

1 INTRODUCTION

MicroRNAs (miRNAs) are non-coding RNA mol-
ecules with approximately 21 nucleotides in length that
play an important role in posttranscriptional regulation
of mRNA. By binding to the different target gene regions,
i.e., 3" untranslated region (3'UTR), 5'UTR, promoter,
or coding sequences, they repress or activate translation
(reviewed in Kunej et al., 2012). MicroRNA biogenesis
begins in the nucleus with the primary transcript (pri-
miRNA) of several hundreds or thousands base pairs in
length that is cleaved by the action of endonuclease DRO-
SHA to 60 to 70 nucleotides long precursor miRNA (pre-
miRNA). Pre-miRNA, with its characteristic stem-loop
structure (Fig. 1) is then transported to the cytoplasm

where endonuclease DICER cleaves both duplex chains
to form mature miRNA (Lee et al., 2002; Bartel, 2004).
Products of DICER action also include complementary
sequences of mature miRNAs, which are referred to as
miRNA* (Lau et al., 2001), and are usually transcribed in
lower percentage as mature miRNAs (Lim et al, 2003).
The key binding location for translational suppression,
also called the seed region, resides in the mature miRNA
sequence, more accurately situated at position 2-7 or 2-8
nucleotides from the 5 end of the miRNA (Sun et al,
2009).

Changes in the miRNA expression profile were
linked with several diseases (reviewed in Ferdin et al.,
2011). Moreover, single nucleotide polymorphisms
(SNPs) within 1) miRNA genes, 2) miRNA targets or in

1 Univ. of Ljubljana, Biotechnical Fac., Dept. of Animal Science, Groblje 3, SI-1230 Domzale, Slovenia
2 Centre for Mathematical and Computational Biology, Rothamsted Research, Harpenden, UK

3 Dept. of Biotechnology, National Institute of Chemistry, Ljubljana 1000, Slovenia
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Figure 1: Secondary structure of miRNA and an example of miRNA stem-loop (adapted from Saunders et al., 2007)

3) protein-coding genes involved in miRNA biogenesis
result in phenotypic differences and therefore affects (as-
sociated with) production traits and susceptibility to dis-
eases (Georges et al., 2007). Previously, we developed a
web based tool miRNA SNiPer for the identification of
polymorphisms residing within miRNA genes (Zorc et
al., 2012). Since some farm animals (pig, cattle, chicken,

miRNA SNiPer

sheep, etc.) represent both - a source of food and disease
models, the biomarkers based on miRNA polymorphisms
could contribute to the study of phenotypic properties in
farm and in medicine. In this study we systematically col-
lected polymorphic miRNA genes from four farm animal
species (pig, cattle, chicken, and horse) and further ex-
perimentally validated miRNA SNPs in cattle.

Tool for identification of genetic variations residing within seed microRNA regions, responsible for
mRNA binding in vertebrates: Human (eg. hsa-mir-941-3), Mouse (eg. mmu-mir-634), Cattle (eg.

bta-miR-29e)

Enter microRNA names:

Results:
bta-mir-2901 -
bta-mir-2902-1
bta-mir-2902-2
bta-mir-2903
bta-mir-2904-1
bta-mir-2904-2
bta-mir-2904-3
bta-mir-2917
bta-mir-2957
bta-mir-3431 SNV
bta-mir-3432-1
bta-mir-3432-2

bta-mir-2313

Species: Bos taurus

Mirna location: 15:32789445-32789518 Strand:+

Seed location: 15:32789495-32789501 Strand: +
GGGCUGGAGUGCAGCUGAGGACCAAGGCAGGGCUGCAUGCAULCA
CAUGCCAGUUCCACGCUGCAUGCCGGCCU

Premature miRNA variation rsj1761413

SNP location: 32789501
Reference sequence: C

bta-mir-3578 e

Variant sequence: T
bta-mir-3596 ced SNP e
bta-mir-3600 = EOL ERQL/UNR
bta-mir-3601 SNV on 7. nucleotid of seed.
bta-mir-3602 SNP location: 32789501

bta-mir-3604-1 v
bta-mir-3604-2

Send

Reference sequence: C
Variant sequence: T

Figure 2: An example of predicted genetic variability within miRNA in cattle (bta-mir-2313), using a web-based tool miRNA SNiPer.

Gray: mature miRNA, underlined region: seed region
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2 MATERIALS AND METHODS
2.1 UPDATE OF THE ONLINE TOOL FOR THE
DETECTION OF GENETIC VARIATIONS
WITHIN MIRNA GENES.

Previously developed tool miRNA SNiPer was up-
dated with the latest versions of miRBase (release 18;
http://www.mirbase.org/) (Kozomara and Griffiths-
Jones, 2011), TargetScan (release 5.2; http://www.target-
scan.org/) (Lewis ef al., 2005), and Ensembl Variation
database for pig (Sscrofl0.2), horse (EquCab2), cattle
(Btau4.0), and chicken (WASHUC?2).

2.2 SAMPLES, SEQUENCING OF A DNA PANEL
OF SIRES AND VALIDATION OF MIR-SNPS IN
CATTLE

Animals were selected from the National progeny
test for Slovenian Simmental cattle. DNA samples were
extracted from frozen semen of sires using DNeasy Blood
& Tissue DNA extraction kit (QiaGen, Diseldorf, Ger-
many). Three bovine miR-seed-SNPs were chosen for ex-
perimental validation. Primers were selected using online
tool Primer3 (Rozen and Skaletsky, 2000). Due to pres-
ence of the repetitive sequence, primers in region of SNP
1542658514 within bta-mir-2450c couldn’t be designed.
For experimental validation, the following primers were
used: for bta-mir-2313 forward primer (F) 5-GCACA-

GACTCTCAGCCACTG-3" and reverse primer (R)
5-CTGACTGAGGCTCTCGCTCT-3} and for bta-miR-
29e (F) 5-TGTAGGGACTGGTTGTGGAA-3 and (R)
5-TCTACTGAACACAGCCCCATC-3. PCR prod-
ucts were purified using Exol (Exonuclease I) and SAP
(shrimp alkaline phosphatase (both Fermentas, Vilnius,
Lithuania) and following sequencing reaction for capil-
lary electrophoresis on ABI3130xl.

3 RESULTS AND DISCUSSION

Previously developed web-based tool miRNA
SNiPer, designed for the detection of genetic variations
within miRNA genes in vertebrates, was updated. The
tool accepts a list of miRNA genes and returns a table of
variations within different regions of miRNA genes: pre-
miRNA, mature, and seed region (Fig. 2).

The number of total known miRNAs and putative
SNPs, as well as the list of miR-SNPs for four farm animal
species (pig, horse, cattle, and chicken) is presented in ta-
ble 1. The highest number of SNPs in farm animals is cur-
rently known for chicken and cattle, while the numbers
for other farm animals are significantly lower. Thirty-two
polymorphisms overlapping mature miRNAs, including
12 within seed region (miR-seed-SNPs), were identified.
One miR-seed-SNP was identified in pig, three in cat-
tle, and seven in chicken. Bovine miR-seed-SNPs were
selected for experimental validation in eight Slovenian
Simmental cattle sires.

All collected miR-seed-SNPs have an unknown

Table 1: Number of known miRNAs and SNPs within four farm species (pig, cattle, chicken, and horse) and list of SNPs within

miRNA mature and seed region

Total Total No. of SNPs miRNA
number of number within seed/mature comprising miR-seed-SNP
Species known miRNAs of SNPs miRNA region seed SNP 1D
Pig 228 545.950 1/8 ssc-mir-4335 rs80984906
Cattle 662 2.201.071 3/9 bta-mir-29e rs41825418
bta-mir-2313 rs41761413
bta-mir-2450¢ rs42658514
Chicken 499 3.292.991 8/14 gga-miR-1568 rs14511527
gga-miR-1614* 1515172520
gga-miR-1644 1514076349
gga-miR-1648* rs14281065
gga-miR-1657 1514934924
gga-miR-1658 rs16681031
rs16681032
rs16681033
Horse 341 1.163.258 0/1 / /
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Figure 3: Validation of three pri-miRNA SNPs located within bta-mir-2313 in cattle. Gray: mature miRNA, underlined region: seed

region

validation status according to the NCBI database and
have not been genotyped yet. Experimental validation
revealed that polymorphism rs41825418 within bta-mir-
29e was monomorphic, while miR-seed-SNP rs41761413
within bta-mir-2313 was polymorphic in analyzed popu-
lation of Slovenian Simmental cattle (Fig. 3). Additional
two SNPs in corresponding pri-miRNA were identified:
1541761412 with poly-allelic substitution (G> T> A) and
1541761414 with substitution (A> G).

4 CONCLUSION

Since miRNA polymorphisms may have a profound
effect on a wide range of phenotypes, genetic variability
of miRNA genes in farm animals was examined. Bioin-
formatics tool miRNA SNiPer was updated and used for
assembling a list of all known miRNA SNPs in four farm
species (pig, horse, cattle, and chicken). Our results show,
that most of the miR-SNPs still need to be validated. The
project is ongoing, as novel miRNAs and SNPs are yet to
be discovered in farm animals, as well as in other animal
species. Collated data can be used by interested scientific
community to help retrieve valuable information and
design efficient experimental plans in the field of miR-
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SNP research. Association study between validated SNPs
located within bta-mir-2313 and carcass traits in pater-
nal half-sib families of the Slovenian Simmental cattle is
still under way and current results will be presented. This
project may yield new findings useful for development of
molecular markers in selection programs allowing more
effective, marker assisted selection in farm animals.
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Abstract

Obesity in humans has increased at an alarming rate over the past two decades and has
become one of the leading public health problems worldwide. Studies have revealed a large
number of genes/markers that are associated with obesity and/or obesity-related phenotypes,
indicating an urgent need to develop a central database for helping the community understand
the genetic complexity of obesity. In the present study, we collected a total of |,736 obesity
associated loci and created a freely available obesity database, including 1,515 protein-coding
genes and 22| microRNAs (miRNAs) collected from four mammalian species: human, cattle,
rat, and mouse. These loci were integrated as orthologs on comparative genomic views in
human, cattle, and mouse. The database and genomic views are freely available online at:
http://www.integratomics-time.com/fat_deposition. Bioinformatics analyses of the collected
data revealed some potential novel obesity related molecular markers which represent focal
points for testing more targeted hypotheses and designing experiments for further studies.
We believe that this centralized database on obesity and adipogenesis will facilitate devel-
opment of comparative systems biology approaches to address this important health issue in
human and their potential applications in animals.

Key words: adipogenesis, fat deposition, integratomics, mammals, microRNA (miRNA), obesity.

Introduction

Obesity is a result of excess body fat accumula-
tion, which often causes adverse effects on human
health, such as cardiovascular diseases, type 2 diabe-
tes mellitus, and cancer. Depending on suspected eti-
ology, obesity is commonly classified into three sub-
groups: monogenic, syndromic, and polygenic or
common obesity [1]. Incidence of obesity has dramat-
ically increased over the past few decades and is a
global health problem worldwide. In particular, pol-
ygenic obesity depends on an individual’s genetic

makeup that is susceptible to an environment that
promotes energy consumption over energy ex-
penditure. As such, search for genes associated with
polygenic obesity has focused on multiple interacting
alleles contributing to common diseases. Major ap-
proaches used to identify novel gene variants associ-
ated with polygenic obesity, include candidate gene,
genome-wide linkage and genome-wide association
studies [2]. Genes that define polygenic obesity have
been implicated in a wide variety of biclogical

http://www.jgenomics.com
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functions, such as the regulation of food intake,
energy expenditure, lipid and glucose metabolism,
and adipose tissue development [3]. There is
growing evidence for a relationship between obesi-
ty-associated insulin resistance and mitochondrial
dysfunction [4].

Characterization of genes responsible for in-
creased fat deposition is needed to develop methods
and tools that can identify people at high risk for
obesity. This information can also be used to design
appropriate targeted therapies that will improve the
quality of care of obesity-linked conditions [5]. The
identification of obesity candidate loci is also attrac-
tive for animal breeding, due to growing consumer
demand for products with lower fat content. On the
other hand, selection of animals with superior mar-
bling or intramuscular fat (IMF) phenotypes is an
important objective for livestock producers since meat
with a high marbling content tends to be juicier and is
more tender and flavorful than very lean meat [6].

The rapid development of molecular genetic
marker technology in recent years has led to the iden-
tification of genes that contribute to the genetic varia-
tion (so called quantitative trait loci, QTL} of marbling
or IMF content in livestock species, and hence to mo-
lecular farming by marker-assisted selection [7, 8].
Therefore, the same orthologous genes may have
conserved functions in biological or biochemical
pathways, and thus explain the same or similar varia-
tions of the concordant QTL among different species
[9]. Comparative approach may reveal novel candi-
date genes and functional insights into obesity in
human [10]. In a previous study, we collected over
2,000 reports on genes/markers affecting fat pheno-
types in several species [5], assigned them to the hu-
man orthologous regions and subsequently used the
markers for identification of genetic networks associ-
ated with various fat and fat-related phenotypes in a
Wagyu x Limousin cattle population [11].

Recent discoveries also link the development of
obesity to microRNAs (miRNAs) [12]. MiRNAs regu-
late expression of most genes and play critical roles in
different biological processes, such as cell differentia-
tion, proliferation, death, metabolism, and energy
homeostasis [13]. Some miRNAs have also been im-
plicated in regulation of adipogenic differentiation
[14-27]. These data strongly suggest that miRNAs
represent a new class of adipogenic inhibitors that
may play a role in the pathological development of
obesity [19].

The human cbesity gene map was updated
yearly from 1996 to 2006 and published in the journal
Obesity (previously, Obesity Research). This map dis-
played gene/marker information associated with

obesity and obesity-related phenotypes using data
collected from a variety of sources, such as PubMed
using a combination of key words, authors, and
journals; continuous reviews of obesity and genetics
journals; personal collection of reprints; and papers
made available to the authors by colleagues around
the world [8]. Although the yearly review was a val-
uable tool for researchers involved in this field, it was
discontinued after 2006. However, an increasing
number of studies have been published on obesity
and adipogenesis in human as well as in other ani-
mals.

The aim of the present study was, therefore, to
assemble all available information associated with fat
deposition into a publicly available online obesity
database. We collected data with obesity associated
genomic loci from different sources and species (hu-
man, cattle, rat, and mice) in an obesity gene atlas,
which includes a database and genomic views. We
believe that this database will serve as a valuable
source for fine mapping and narrowing QTL regions
to a few genes and identification of major pathways
involved in obesity. In order to integrate data from
different sources, a holistic (map-driven) approach
was used and an interactive genomic view of collected
obesity candidate loci was developed. The map-based
approach reveals positional overlaps between candi-
date loci, thus allowing complementation of different
pieces of information from various species for cloning
of positional candidate genes.

Material and Methods

Obesity associated candidate loci identified in
human, cattle, rat, and mice were collected from lit-
erature and publicly available databases. All relevant
publications were identified after searching PubMed
(http:/ / www .ncbinlm.nih.gov/pubmed) and Web of
Science (http://apps.webofknowledge.com/}), with
key phrases, such as gene, genetics, epigenetics,
non-ceding RNA, microRNA, obesity, adipose tissue,
marbling, fat deposition, adipogenesis, human, cattle,
rat, and mouse. Obesity-associated loci were also ex-
tracted from the following databases: Human obesity
gene map (OGM) [8], GeneCards, version 3.07
(http:/ /www.genecards.org), Mouse Genome Infor-
matics, release 4.42 (MGIL: http://www.informatics.
jax.org). To analyze genomic overlaps of obesity as-
sociated loci, QTL were downloaded from Rat Ge-
nome Database, release date: October 2011 (RGD:
http:/ /rgd.mcw.edu/) [28], and Animal QTL Data-
base, release 15 (http://www.animalgenome.
org/cgi-bin/QTLdb/index/). QTL associated with
obese phenotypes were selected (body fat, body
weight, adiposity, obesity, and diabetes) for cattle,

http://www.jgenomics.com
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mouse, and human. Gene nomenclature was based on
the HUGO Gene Nomenclature Guidelines
(http:/ /www.genenames.org). MiRNA nomenclature
was adjusted according to the miRBase, release 18
(http:/ /microrna.sanger.ac.uk/). Ingenuity Pathway
Analysis (IPA: Ingenuity Systems® www.ingenuity.
com) was used to interpret the obesity candidate
genes in the context of biological processes and
pathways. The Ingenuity Knowledge Base contains
information from databases including: Gene Ontolo-
gy, Entrez Gene, RefSeq, OMIM, KEGG metabolic
pathway information etc. (www.ingenuity.com). IPA
analysis was performed twice, once with protein
coding genes and miRNAs and the second time only
with protein coding genes. Genomic views (graphical
overview of the chromosomal locations) of obesity
associated loci were constructed using the web-based

Human

OGM

GeneCards

1515

protein-
coding
genes

Literature

interactive  visualization tool Flash GViewer
(http:/ /gmod.org/wiki/Flashgviewer/) developed
by the GMOD project.

Results and Discussion

Collecting obesity related data and creating the
database

Previous studies have confirmed a large number
of genetic loci associated with obesity and adipogen-
esis in mammals. We retrieved data from the litera-
ture and publicly available databases (PubMed, Web
of Science, OGM, GeneCards, MGI, and RGD) for
1,515 protein-coding genes and 221 miRNAs in four
different species (human, cattle, rat, and mouse). The
workflow of data collection is presented in Figure 1.

RGD v

221
miRNA
genes

1736
loci

Figure |: The workflow of data collection. A total of 1,736 loci were retrieved from five databases and current literature
for four mammalian species (Rat, Human, Cattle, and Mouse). Genes and miRNAs associated with adipogenesis were
retrieved from literature, OGM, Gene Cards, MGI, and RGD. OGM: Obesity gene map, RGD: Rat genome database, MGI:

Mouse genome informatics database.
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As early as in 2004, miRNAs were identified to
play regulatory roles in adipocyte differentiation [14].
Since then, 221 miRNAs have been found to be ex-
pressed or disregulated in adipose tissue or adipo-
cytes in human, cattle, rat, and mouse. Those miRNAs
were collected in studies using 3T3-L1 pre-adipocytes,
adipocytes, adipogenesis, adipose tissue, back fat,
diabetes, omental fat and subcutaneous fat, and obe-
sity (Figure 2) [14-27]. As shown on a Venn diagram
(Figure 3), some miRNAs have been found to be as-

sociated with fat deposition in more than one species.
For example, 14 miRNAs (let-7a, let-7b, let-7c, let-7e,
let-7f, mir-103, mir-10b, mir-125a, mir-125b, mir-143,
mir-23a, mir-23b, mir-26a, and mir-99b) have been
reported to affect fat deposition in all four species.
Interestingly, Wang et al. [29] also described in-
volvement of mir-143 in regulation of porcine adipo-
cyte lipid metabolism, which indicates its strong im-
pact on adipogenesis.
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Figure 2: (A) MiRNAs associated with 3T3-L| pre-adipocytes, adipocytes, adipogenesis, adipose tissue, back fat, diabetes,
omental fat and subcutaneous fat, and obesity retrieved from current literature. An example for miRNA let-7b associated

with five obesity-associated traits is shown in red. (B) Close up
(C) MiRNAs associated with back fat.

of miRNAs with regulatory roles in obesity-associated traits.
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Figure 3: Venn diagram presenting common obesity miRNAs for four species: cattle, human, mouse, and rat.

Based on the data collected from four mamma-
lian species: human, mouse, rat, and cattle, we created
an online database to share the information with the
community on genetics and genomics of fat deposi-
tion/obesity. The database consists of 1,736 obesi-
ty-associated loci, including 1,515 protein-coding
genes and 221 miRNAs. The database is freely availa-
ble on the Web site at http://www.integratomics-
time.com/fat_deposition. In order to further
strengthen the community’s involvement in the da-
tabase expansion and utilization, we also generated
an online data entry interface, which will enable users
to update or submit new obesity-associated candidate
genes and markers. The newly submitted information
will be reviewed by curators before releasing to the
public (http:/ /www.integratomics-time.com/fat_
deposition/add_genes).

The centralized database on genes/markers as-
sociated with obesity and adipogenesis will provide
fundamental information on what genetic loci are
involved in obesity-related traits, how their effects are
similar or different among different species and how
they interact under different conditions. The
knowledge generated from the genetics/genomics
studies will provide insight into the molecular basis of
obesity and allow for prospective identification of
people who have a genetic predisposition to become
overweight and/or obese. We believe that the newly
constructed database will advance us to the forefront
of mapping of QTL for complex traits and under-
standing their biological pathways by combining a

traditional quantitative genetics approach with a
modern molecular genetics approach. More im-
portantly, the information obtained in the present
study will offer potential and exciting possibilities for
future development of successful therapies and new
treatments for obesity in humans. On the other hand,
due to growing consumer demand for products with
lower fat content, an important objective in animal
breeding is to improve meat quality traits. Therefore,
addition of data related to livestock animal models in
our database will have implications in agriculture and
biomedicine.

Comparative genomic distribution of fat deposi-
tion associated loci

An integrative, comparative-genomics approach
allowed us to join obesity-associated information for
various species regardless of the study approach, and
to present collected loci from human and animals in
the form of a single species (human, mouse, and cat-
tle) genomic view available at
http:/ /www.integratomics-time.com/ fat_deposition
/genomic_view/. Genomic view of obesi-
ty-associated loci is visible through Flash GViewer
provided by the GMOD consortium. Human obesity
associated orthologous protein-coding genes, miRNA
genes and overlapping QTL are shown in Figure 4.

Additionally, a large number of obesity QTL
have been identified in domestic and model animal
species. To analyze genomic overlaps of obesity asso-
ciated loci, QTL for cattle, mouse, and human were
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downloaded from AnimalQTLdb and RGD. QTL as-
sociated with obese phenotype were selected: 469 in
human, 355 in cattle and 274 in mouse. Genomic
overlap analysis was performed comparing the loca-
tion of obesity QTL, protein-coding and miRNA
genes. Obesity associated orthologs overlapped with
222 human, 176 cattle, and 38 mouse QTL, respec-
tively.

Some candidate genes overlapped with a high
number of QTL and therefore could potentially be
stronger molecular markers. Three human obesity
candidate genes: CEBPB (CCAAT/enhancer binding
protein (C/EBP), beta), PTPN1 (protein tyrosine
phosphatase, non-receptor type 1), and SLPI (secre-
tory leukocyte peptidase inhibitor) each overlapped
with 11 different QTL. Gene ALB (albumin) over-
lapped with 16 QTL in cattle. Similarly, using inte-
gratomics approach, Kunej et al. [25] identified a mo-
lecular marker residing within the mmu-mir-717
gene, growth rate associated gene Gpc3, and growth
associated QTL.

Several studies have also shown that pro-
tein-coding host genes are functionally linked with
their resident miRNAs [23, 30]. MiRNA genes and
their sense oriented host genes can be transcribed
from shared promoters [31], whereas antisense ori-
entation suggested that miRNAs and host genes have
independent transcription mechanisms [32]. Our
analysis showed that among 221 obesity-associated

miRNAs, 54 resided within human and 57 within
mouse  host genes, including some  of
non-protein-coding genes; large  intergenic
non-coding RNAs (lincRNAs) (Supplementary Ma-
terial: Table S1). Sense oriented obesity associated
miRNA genes from our obesity database overlapped
with introns (39 in human and mouse), exons (eight in
human and nine in mouse), or 3’-UTRs (two in
mouse) of their host genes. Interestingly, three of the
host genes have been previously associated with obe-
sity: mir-335 resided within host gene MEST (meso-
derm specific transcript homolog (mouse)) in human
and mouse, mir-378 within Ppargclb (peroxisome
proliferator-activated receptor gamma, coactivator 1
beta), and mir-33 within Srebf2 (sterol regulatory ele-
ment binding transcription factor 2). In addition to
these three miRNA-host gene pairs, other miR-
NA-host gene pairs warrant further experimental
analyses to explore their potential functional link.
Comparative genomics allowed exploitation of
animal models for elucidation of obesity phenotype in
human. However, extrapolating the gained
knowledge from one species to another is often diffi-
cult, due to different anatomical and physiological
characteristics. ~ Similarly, integratomic/genomic
overlap approach was already successfully used for
identification of candidate loci for mammary gland
associated phenotypes [33] and male infertility [34].
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Figure 4: Human chromosomes with obesity-associated loci. Genomic view of the obesity-associated candidate loci
presented as human orthologs. Enlargement of the chromosome 21 is showing an overlap between QTL for body weight
(BW276_H) and seven obesity related loci ADAMTS I, APP, GABPA, HSPA 13, LIPI, NRIP{, and hsa-mir-99a.
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Network analysis of obesity associated genes

Human orthologs of obesity candidate genes
were integrated into interactome networks using In-
genuity Pathway Analysis (IPA) (Figure 5). Input data
set consisted of 1,676 genes (protein coding and
miRNA genes) and can be accessed on the web page
http:/ /www.integratomics-time.com/fat_deposition
/genomic_view/. Five of the highest scored net-
works, diseases and disorders, molecular and cellular
functions, as well as canonical pathways are shown in
Figure 5a. The analysis revealed that obesity candi-
date genes were associated with nutritional disease,
genetic, gastrointestinal, developmental disorder, and
cancer. From the total of 25 top networks four of them
were found to be associated with lipid metabolism
(data not shown). A merged diagram of these four
networks includes 140 obesity candidate genes and
175 molecules (Figure 5b, Supplementary Material:
Table S2). Peroxisome proliferator-activated receptor

A Top Networks

alpha (PPARa) and retinoid X receptor alpha (RXRa)
were identified as central nodes, also called hub mol-
ecules. Peroxisome proliferator-activated receptors
(PPARs) are nuclear hormone receptors that regulate
genes in energy metabolism. Activity of PPARs is
dependent on RXR biological activity; PPARs require
cognate lipid ligands, heterodimerization with retin-
oic X receptors (RXR) and coactivation by coactivators
[35]. The PPAR-RXR transcriptional complex plays a
critical role in energy balance, including triglyceride
metabolism, fatty acid handling and storage, and
glucose homeostasis: processes whose dysregulation
characterize obesity, diabetes, and atherosclerosis
[36]. Interestingly, our network analysis of obesity
associated genes identifies both of them as central
nodes. Moreover, the PPARa/RXRa activation path-
way was one of the top five canonical pathways iden-
tified using IPA analysis.

D Asscciated Network Functions Score
1 View Behavior, Digestive System Development and Function, Cell Signaling 44
2 View Lipid Metabolism, Small Molecule Biochemistry, Vitamin and Mineral Metabolism 39
3 View Cell-To-Cell Signaling and Interaction, Cellular Growth and Proliferation, Hematological System Development and Function 36
4 View Nucleic Acid Metabolism, Small Molecule Biochemistry, Genetic Disorder 35
5 View DNA Replication, Recombination, and Repair, Cellular Growth and Proliferation, Reproductive System Disease 35
Top Bio Functions
Diseases and Disorders
Name p-value # Molecules
Nutntional Disease 1,10E-243 - 1,92E-45 378
Genetic Disorder 2,41E-191 - 8, 40E-36 1211
Developmental Disorder 7,35E-149 - 8,38E-40 540
Cancer 8,64E-146 - 8,18€-37 841
Gastrointestinal Disease 284E-118 - 215E-35 862
Molecular and Cellular Functions
Name p-value # Molecules
Lipid Metabolism 1,90E-211 - 1,61E-35 632
Molecular Transport 1,90E-211 - 2,60E-35 778
Small Molecule Biochemistry 1,90E-211 - 3,36E-35 815
Cellular Growth and Proliferation 1,29E-164 - 5,10E-35 780
Cellular Movement 8,21E-156 - 8,90E-36 558
Top Canonical Pathways
Name p-value Ratio
Leptin Signaling in Obesity 5,96E-70 71/84 (0,845)
G-Protein Coupled Receptor Signaling 1,82E-58 174/530 (0,328)
PPARa/RXRa Activation 1,3€-57 97/186 (0,522)
Hepatic Cholestasis 3,63€-52 84/176 (0,477)
Role of Macrophages, Fibroblasts and Endothelial Cells in Rheumatoid Arthritis 2,63E-50 122/333 (0,366)
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Figure 5: Association of human orthologs of obesity genes with molecular networks, biological functions and canonical
pathways according to Ingenuity Pathway Analysis software. The information contained in Canonical Pathways comes from
specific journal articles, review articles, text books, and KEGG Ligand (www.ingenuity.com). (A) Five top networks, bio-
logical functions and canonical pathways. (B) Pathway analysis of obesity associated loci, shown as diagram of a molecular
network associated with lipid metabolism. A network close-up including central nodes PPARa and RXRa is shown on the

right.

Canonical pathway PPARa/RXRa activation is
representative at the cellular level (Figure 6) and de-
picts the involved genes/proteins, their interactions,
and the cellular and metabolic reactions in which the
pathway is involved. Grey colored molecules repre-
sent genes/proteins that appear in the dataset. To
avoid miRNA genes that have a bias towards adipo-
genesis pathway as many of these miRNAs were iso-
lated in studies using 3T3-L1 pre-adipocytes and ad-
ipocytes, IPA analysis was repeated with miRNA
genes excluded. Interestingly, the same two central
nodes were confirmed (data not shown).

Future directions

The centralized obesity database presented in
this research will enable processing of collected data
in various ways that will lead to faster development
of obesity-associated molecular markers for functional

studies in human and animals. Our study provides a
basis for uncovering miRNA regulatory networks and
identification of miRNA targets for combating obesi-
ty. For example, analysis of the obesity gene catalog
with the miRNA SNiPer tool [37] revealed four hu-
man  obesity-associated miRNAs (hsa-miR-96,
hsa-miR-122-3p, hsa-miR-125a-5p, and hsa-miR-221-
5p) that had polymorphisms within the mature
miRNA seed region, which is responsible for target
binding. Additionally, the central nodes of the mo-
lecular networks associated with lipid metabolism,
such as PPARa and RXRa as well as genes and
miRNAs that overlap with adipogenesis-associated
QTL are strong candidates for further experimental
validation. Potential obesity markers developed in the
present study can help researchers in choosing the
most promising biomarkers for further experiments.
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Figure 6: Canonical pathway PPARa/RXRa activation shown at the cellular level. Grey colored molecules represent

genes/proteins from our dataset.

It is expected that the number of obesi-
ty-associated loci will increase; therefore there is also
a need to develop new bioinformatics tools for col-
lecting and presenting a large amount of obesi-
ty-associated information. An option for updating our
central obesity database with new loci associated with
fat deposition, including miRNAs and other
non-coding RNA genes, and their regulatory mecha-
nisms will allow development of novel biomarkers
and will lead to better understanding and conse-
quently more effective treatment and control of such
obesity-related disorders both in humans and in ani-
mals.

Conclusions

This study presents an integrated resource for

obesity candidate genes and miRNAs potentially in-
volved in obese phenotypes and currently includes
1,736 loci associated to obesity in four mammalian
species. The centralized online obesity database col-
lects dispersed data in a central location and aims to
be an entry point for human and animal obesity re-
search allowing users to retrieve and submit infor-
mation, which is evaluated by curators. Systems bi-
ology approach will contribute to understanding of
genetic causes for obesity and also presents a novel
approach to study genetic background of complex
traits.

Supplementary Material

Table S|: Obesity associated miRNAs (54 human and
57 murine) with corresponding host genes. Table S2:

http:/fwww.jgenomics.com



Journal of Genomics 2012, |

54

List of 175 molecules included in lipid metabolism net-
work. http://www.jgenomics.com/v01p0045s|.pdf

Acknowledgements

This work was supported by the Slovenian Re-
search Agency (ARRS) through the Research pro-
gramme Comparative genomics and genome biodi-
versity (P4-0220).

Conflict of Interest

The authors have declared that no conflict of in-
terest exists.

References

[1] Herrera BM, Lindgren CM. The Genetics of Obesity. Current

Diabetes Reports, 2010;10: 498-505.

Choquet H, Meyre D. Molecular basis of obesity: current status

and future prospects. Curr Genomics. 2011; 12(3): 154-68.

[3] Mutch DM, Clément K. Unraveling the Genetics of Human
Obesity. PLoS Genet. 2006; 2(12): €188,

[4] Kunej T, Wang Z, Michal JJ, Daniels TF, Magnuson NS, Jiang Z.

Functional UQCRC1 Polymorphisms Affect Promoter Activity

and Body Lipid Accumulation, Obesity. 2007; 15(12): 2896-901.

Jiang Z, Pappu SS, Rothschild MF, Hitting the jackpot twice:

identifying and patenting gene tests related to muscle lipid

accumulation for meat quality in animals and type 2

diabetes/obesity in humans. Recent Pat DNA Gene Seq. 2007;

1(2): 100-11.

Flias Calles JA, Gaskins CT, Busboom JR, Duckett SK, Cronrath

JD, Reeves JI, Wright RW. Differences among Wagyu sires for

USDA carcass traits and palatability attributes of cooked ribeye

steaks. ] Anim Sci. 2000; 78(7): 1710-5.

Jiang Z, Kunej T, Michal JJ, Gaskins CT, Reeves JJ, Busboom JR,

Dove P, Wright RW. Significant associations of the

mitochondrial transcription factor A promoter polymorphisms

with marbling and subcutaneous fat depth in Wagyu x

Limousin F2 crosses. Biochem Biophys Res Commun. 2005;

334(2): 516-23.

Rankinen T, Zuberi A, Chagnon YC, Weisnagel 5J,

Argyropoulos G, Walts B, Pérusse L, Bouchard C. The human

obesity gene map: the 2005 update. Obesity (Silver Spring).

2006; 14(4): 529-644.

Rothschild MF, Hu ZL, Jiang Z. Advances in QTL mapping in

pigs. Int ] Biol Sci. 2007; 3(3): 192-7.

[10]Jiang Z, Michal JJ, Williams GA, Daniels TF, Kunej T. Cross
species association examination of UCN3 and CRHR2 as
potential pharmacological targets for antiobesity drugs. PLoS
One. 2006; 1:e80.

[11]Jiang Z, Michal JJ, Chen ], Daniels TF, Kunej T, Garcia MD,
Gaskins CT, Busboom |R, Alexander LJ, Wright RW, Macneil
MD. Discovery of novel genetic networks associated with 19
economically important traits in beef cattle. Int J Biol Sci. 2009;
5(6): 528-42.

[12]Romao JM, Jin W, Dodsen MV, Hausman GJ, Meore SS, Guan
TL. MicroRNA regulation in mammalian adipogenesis. Exp Biol
Med (Maywood). 2011; 236(9): 997-1004.

[13]Bac B, Wang Z, Li Y, Kong D, Ali S, Banerjee S, Ahmad A,
Sarkar FH.. The complexities of obesity and diabetes with the
development and progression of pancreatic cancer. Biochim
Biophys Acta. 2011; 1815(2): 135-46.

[14]Esau C, Kang X, Peralta E, Hanson E, Marcusson EG,
Ravichandran LV, Sun Y, Koo S, Perera RJ, Jain R, Freier SM,

[2

5

[6

[7

[8

[9

Bennett CF, Lollo B, Griffey R. MicroRNA-143 regulates
adipocyte differentiation. | Biol Chem. 2004; 279(50): 52361-5.

[15]Georges M, Coppieters W, Charlier C. Polymorphic
miRNA-mediated gene regulation: contribution to phenotypic
variation and disease. Curr Opin Genet Dev. 2007
Jun;17(3):166-76.

[16]Kajimoto K, Naraba H, Twai N. MicroRNA and 3T3-L1
pre-adipocyte differentiation. RNA. 2006;12(9): 1626-32.

[17]Klsting N, Berthold S, Kovacs P, Schon MR, Fasshauer M,
Ruschke K, Stumvoll M. Blither M. MicroRNA expression in
human omental and subcutaneous adipose tissue. PLoS One.
2009; 4(3): e4699.

[18]Mack GS. MicroRNA gets down to business. Nat Biotechnol.
2007; 25(6): 631-8.

[19]Lin Q, Gao Z, Alarcon RM, Ye ], Yun Z. A role of miR-27 in the
regulation of adipogenesis. FEBS ]. 2009; 276(8): 2348-58.

[20]Nakanishi N, Nakagawa Y, Tokushige N, Aoki N, Matsuzaka T,
Ishii K, Yahagi N, Kobayashi K, Yatoh S, Takahashi A, Suzuki
H, Urayama O, Yamada N, Shimano H. The up-regulation of
microRNA-335 is associated with lipid metabolism in liver and
white adipose tissue of genetically obese mice. Biochem
Biophys Res Commun. 2009; 385(4): 492-6.

[21]Ortega FJ, Moreno-Navarrete JM, Pardo G, Sabater M, Hummel
M, Ferrer A, Rodriguez-Hermosa JI, Ruiz B, Ricart W, Peral B,
Ferndndez-Real JM. MiRNA expression profile of human
subcutaneous adipose and during adipocyte differentiation.
PL0S One. 2010; 5(2): €9022.

[22]Takanabe R, Ono K, Abe Y, Takaya T, Horie T, Wada H, Kita T,
Satoh N., Shimatsu A, Hasegawa K. Up-regulated expression of
microRNA-143 in association with obesity in adipose tissue of
mice fed high-fat diet. Biochem Biophys Res Commun. 2008;
376(4): 728-32.

[23]Wang Q, Wang Y, Minto AW, Wang |, Shi Q, Li X, Quigg R].
MicroRNA-377 is up-regulated and can lead to increased
fibranectin production in diabetic nephropathy. FASEB |. 2008;
22(12): 4126-35.

[24]Zhao E, Keller MP, Rabaglia ME, Oler AT, Stapleton DS,
Schueler KL, Neto EC, Moon JY, Wang P, Wang IM, Lum PY,
Ivanovska I, Cleary M, Greenawalt D, Tsang ], Choi Y],
Kleinhanz R, Shang J, Zhou YP, Howard AD, Zhang BB,
Kendziorski C, Thornberry NA, Yandell BS, Schadt EE, Attie
AD. Obesity and genetics regulate microRNAs in islets, liver,
and adipose of diabetic mice. Mamm Genome. 2009; 20(8):
476-85.

[25]Kunej T, Jevsinek Skok D, Horvat S, Dove P, Jiang Z. The
glypican 3-hosted murine mir717 gene: sequence conservation,
seed region polymorphisms and putative targets. International
journal of biological sciences. 2010; 6(7): 769-72.

[26]Jin W, Dodson MV, Moore SS, Basarab JA, Guan LL.
Characterization of microRNA expression in bovine adipose
tissues: a potential regulatory mechanism of subcutaneous
adipose tissue development. BMC Mol Biol. 2010; 11: 29.

[27]Martinelli R, Nardelli C, Pilone V, Buonomo T, Liguori R,
Castano I, Buono P, Masone S, Persico G, Forestieri P, Pastore L,
Sacchetti L. miR-519d Overexpression Is Associated With
Human Obesity. Obesity. 2010 Nov;18(11):2170-6.

[28] Twigger SN, Shimoyama M, Bromberg S, Kwitek AE, Jacob HJ,
the RGD Team. The Rat Genome Database, update
2007 —Easing the path from disease to data and back again.
Nucleic Acids Research. 2007; 35(suppl 1): D658-De62.

[29]Wang T, Li M, Guan J, Li P, Wang H, Guo Y, Shuai S, Li X.
MicroRNAs miR-27a and miR-143 Regulate Porcine Adipocyte
Lipid Metabolism. International Journal of Molecular Sciences.
2011; 12(11); 7950-9.

[30]Baskerville S, Bartel DP. Microarray profiling of microRNAs
reveals frequent coexpression with neighboring miRNAs and
host genes. RNA. 2005; 11(3): 241-7.

http://www.jgenomics.com



Journal of Genomics 2012, |

55

[31]Bartel DP. MicroRNAs: genomics, biogenesis, mechanism, and
function. Cell. 2004; 116(2): 281-97.

[32]Li SC, Tang P, Lin WC. Intronic microRNA: discovery and
biological implications. DNA Cell Biol. 2007; 26(4): 195-207.
[33]Ogoreve ], Kunej T, Razpet A, Dove P. Database of cattle
candidate genes and genetic markers for milk production and

mastitis. Anim Genet. 2009; 40(6): 832-51.

[34]Ogorevc ], Dove P, Kunej T. Comparative genomics approach to
identify candidate genetic loci for male fertility. Reprod Domest
Anim. 2011; 46(2): 229-39.

[35]Haemmerle G, Moustafa T, Woelkart G, Biittner 5, Schmidt A,
van de Weijer T, Hesselink M, Jaeger D, Kienesberger PC,
Zierler K, Schreiber R, Eichmann T, Kolb D, Kotzbeck P,
Schweiger M, Kumari M, Eder S, Schoiswohl G, Wongsiriroj N,
Pollak NM, Radner FP, Preiss-Landl K, Kolbe T, Riilicke T,
Pieske B, Trauner M, Lass A, Zimmermann R, Hoefler G, Cinti
S, Kershaw EE, Schrauwen P, Madeo F, Mayer B, Zechner R.
ATGL-mediated fat catabolism regulates cardiac mitochondrial
function via PPAR-a and PGC-1. Nat Med. 2011; 17(9): 1076-85.

[36]Plutzky J. The PPAR-RXR Transcriptional Complex in the
Vasculature. Circulation Research. 2011; 108(8): 1002-16.

[37] Zorc M, Jevsinek Skok D, Godnic I, Calin GA, Horvat S, Jiang Z,
Dovc P, Kunej T. Catalog of microRNA seed polymorphisms in
vertebrates. PloS One. 2012; 7(1): 30737.

Author Biography

Dr. Tanja Kunej is an assistant professor at the
Department of Animal Science, Biotechnical Faculty,
University of Ljubljana, Slovenia. Dr. Kunej is
co-author of over 30 publications and has received
two US patent awards. Her main research interest is
integratomics in agriculture and biomedicine.

Dasa Jevsinek Skok is a PhD student of Biosci-
ence - Bioinformatics on Biotechnical Faculty, Uni-
versity of Ljubljana, Slovenia. She graduated from
Animal Science at the same University. She is em-
ployed as a researcher at the Department of Animal
Science, Unit for pig production. Her main research
interests are bioinformatics and genetics.

Minja Zorc is a PhD student of Biomedicine,
University of Ljubljana, Slovenia. She graduated from
Computer and information science at the same Uni-
versity. Her main research interest is integratomics.
She is employed as a bioinformatics scientist at
Rothamsted Research (BBSRC) Harpenden, UK.

Ana Ogrinc is an MSc student of Biotechnology,
University of Ljubljana, Slovenia. She graduated from
Biotechnology at the same University.

Jennifer J. Michal is an Associate in Research in
the Department of Animal Sciences at Washington
State University. She received her M.S. in Animal
Sciences from the same University. She is co-author of
over 40 publications.

Dr. Milena Kovac is a Professor at the Depart-
ment of Animal Science, Unit for pig production, Bi-
otechnical Faculty, University of Ljubljana, Slovenia.
Dr. Kovac’s main research interests are statistical
methods and software development for genetic eval-

uation in livestock (PEST, PeRun, VCE), applications
of genetic evaluation in livestock, pig breeding and
husbandry.

Dr. Zhihua Jiang is an Associate Professor in the
Animal Sciences Department at Washington State
University. Since the early 1990’s, Dr. Jiang's research
has focused on comparative genome biology with
aims at understanding how orthologous genes have
evolved and shuffled during evolution. The overall
objective of his research program is to develop com-
parative genomic tools and reagents for determining
gene sequence, location, expression and function, thus
advancing genome sciences and their applications in
agriculture and biomedicine. Dr. Jiang has published
more than 110 publications that were well cited in the
field. He was editor of the book "Reproductive Ge-
nomics in Domestic Animals" Published by
Wiley-Blackwell in 2010. Dr. Jiang has received eight
US patent awards.

http://www.jgenomics.com



Priloga D

Pivotal role of the muscle-contraction pathway in cryptorchidism and evidence for
genomic connections with cardiomyopathy pathways in RASopathies (Cannistraci in sod.,
2013)



Cannistraci et al. BMC Medical Genomics 2013, 6:5
http://www.biomedcentral.com/1755-8794/6/5

BMC
Medical Genomics

RESEARCH ARTICLE Open Access

Pivotal role of the muscle-contraction pathway in
cryptorchidism and evidence for genomic
connections with cardiomyopathy pathways in
RASopathies

Carlo V Cannistraci™**" Jemnej Ogorevc™', Minja Zarc™, Timothy Ravasi', Peter Dovc® and Tanja Kunej®

Abstract

Background: Cryptorchidism is the most frequent congenital disorder in male children; however the genetic
causes of cryptorchidism remain poorly investigated. Comparative integratomics combined with systerms biology
approach was employed to elucidate genetic factors and molecular pathways underlying testis descent.

Methods: Literature mining was performed to collect genomic loci associated with cryptorchidism in seven
mammalian species. Information regarding the collected candidate genes was stored in MySGL relational database.
Genomic view of the loci was presented using Flash GViewer web tool (http://gmod.org/wiki/Flashgviewer/). DAVID
Bioinformatics Resources 6.7 was used for pathway enrichment analysis. Cytoscape plug-in PINGO 1.11 was
employed for protein-network-based prediction of novel candidate genes. Relevant protein-protein interactions
were confirmed and visualized using the STRING database {version 9.0).

Results: The developed cryptorchidism gene atlas includes 217 candidate loci (genes, regions involved in
chromosomal mutations, and copy number variations) identified at the genomic, transcriptomic, and proteamic
level. Human orthologs of the collected candidate loci were presented using a genomic map viewer. The
cryptorchidism gene atlas is freely available online: http//www.integratomics-time.com/cryptorchidism/. Pathway
analysis suggested the presence of twelve enriched pathways associated with the list of 179 literature-derived
candidate genes. Additionally, a list of 43 network-predicted novel candidate genes was significantly associated
with four enriched pathways. Joint pathway analysis of the collected and predicted candidate genes revealed the
pivotal importance of the muscle-contraction pathway in cryptorchidism and evidence for genomic associations
with cardiomyopathy pathways in RASopathies.
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unrelated clinical manifestations in other syndromes.

Conclusions: The developed gene atlas represents an important resource for the scientific community researching
genetics of cryptorchidism, The collected data will further facilitate development of novel genetic markers and
could be of interest for functional studies in animals and human. The proposed network-based systems biology
approach elucidates mclecular mechanisms underlying co-presence of cryptorchidism and cardiomyopathy in
RASopathies. Such approach could also aid in melecular explanation of co-presence of diverse and apparently

Keywords: Cryptorchidism, Muscle-contraction pathway, Cardiomyopathy, Comparative integratomics,
Protein-protein interactions, Systems biclogy, Undescended testes, RASopathy

Background

Cryptorchidism (CO) is the most frequent congenital
disorder in male children (2-4% of full-term male births)
and is defined as incomplete descent of one (unilateral)
or both (bilateral) testes and associated structures.
Cryptorchidism has a potential effect on health; defects
in testes descent usually cause impaired spermatogen-
esis, resulting in reduced fertility and increased rates of
testicular neoplasia, and testicular torsion (reviewed in
[1]). Cryptorchidism is common in human, pigs, and
companion animals (2-12%) but relatively rare in cattle,
and sheep (< 1%) [2].

Testicular descent is a complex series of events which
requires concerted action of hormones, constitutive
mechanisms, and the nervous system. In most species,
including human, the complete descent of testes usually
occurs prenatally, while in some (e.g. dogs), postnatally.
Beside environmental factors like endocrine disruptors,
CO is at least in part determined by genetic causes
(chromosome or gene mutations), and is often a common
feature of different syndromes. For example, Klinefelter
syndrome and mutations in INSL3 gene have already been
recognized as a cause of CO in some cases [3].

The comparative knowledge attained through study of
animal models has been of great importance in
understanding complex disease etiology, suggesting sev-
eral candidate genes involved also in the pathogenesis of
human diseases [4]. Therefore, the use of comparative
genomics approach, integrating and cross-filtering the
available knowledge from different species seems highly
justified. Different animal models for CO exist; for ex-
ample natural mutants or transgenic mice, rat, rabbit,
dog, pig and rhesus monkeys are used to elucidate the
role of different factors involved in CO [5]. Based on
mouse knock-out models from Mouse Genome Inform-
atics (MGI) database, several genes appear as possible
candidates (AR, HOX genes, INSL3, RXFP2, and WTI).
Additionally, the technological progress in the last years
enabled the use of high-throughput omics-information,
at coding (DNA), expression (RNA), and proteomic
level. This technological revolution creates a vast
amount of data, which increases the need for application

of bioinformatics tools that are able to connect omics
data with phenotype and enable search for overlapping
pathogenetic mechanisms in different genetic diseases
[6]. However, this existing technology hasn’t been signifi-
cantly employed in human CO research on a genome
and transcriptome-wide scale; to date only one genome-
wide expression study has been performed in rat [7].

Integratomics represents a novel trend in the omics-
research and is based on the integration of diverse
omics-data (genomic, transcriptomic, proteomic, etc.),
regardless of the study approach or species [8-10]. High
genetic homology between mammals and the availability
of well annotated genomes from different species allows
the assembled data to be presented in a form of a com-
parative genomic view, displaying candidate genes as a
single species orthologs.

Information extracted from diverse and methodologic-
ally focused studies are often fragmented and controver-
sial. To overcome this problem we integrated the collected
data, using a holistic (map-driven) approach, and developed
freely available interactive genomic visualization tool. Such
map-based approach allows identification and prioritization
of candidate genes [11] based on a number of literature
sources (references), genomic position, and pathway ana-
lyses, employing all currently available knowledge in differ-
ent species. However, extrapolating the gained knowledge
from one species to another is often difficult due to differ-
ent anatomical and physiological characteristics, which
should be considered when comparing pathology of the
disease in different species.

To identify genetic factors potentially involved in CO
pathogenesis in human we 1) applied comparative
integratomics approach and assembled the database of all
CO-associated genomic loci reported in the literature, re-
gardless of the study approach and species, 2) presented the
loci on a genomic map as human orthologs, and 3)
prioritized the collected data using systems biology ap-
proach. The collected candidate genes were classified in
corresponding biological pathways and the most significant
CO-enriched pathways were proposed. Such classification
of candidate genes allowed us to prioritize biological
pathways (characterized by genes involved in the
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pathogenesis of CO), which revealed importance of several
pathways (for exarmple muscle contraction mechanisms)
that may also play a role in the pathogenesis of other clin-
ical features distinctive for different syndromes often con-
current with CO. In order to additionally illuminate the
CO-associated pathways we performed a network-based
protein-protein interaction analysis, which resulted in pre-
diction of 43 additional CO candidate genes.

Methods

In search for CO associated candidate loci seven differ-
ent research approaches were considered: (i) chromo-
somal abnormalities associated with CO, (i) copy
number variations, (iii) clinical syndromes with known
genetic mutations that feature CO, (iv) transgenes and
knock-outs that result in CO associated phenotypes, (v)
association studies/mutation screening that show associ-
ation between sequence variation/mutation screening
and CO, (vi) expression patterns associated with CO,
and (vii) candidates associated with CO at proteomic
level.

Data mining

We reviewed the literature published up to 9/2012
searching for the relevant publications through PubMed
(http://www.nchi.nlm.nih.gov/pubmed/} and Web of Sci-
ence (http://isiknowledge.com) using key phrases: genet-
ics, gene candidates, cryptorchidisim, testicular descent,
undescended testes, male infertility, QTL, microarray,
association, microRNA, non-coding RNA, epigenetic,
reproduction, and assisted reproduction. CO-associated
candidate genes from different sources and species were
retrieved from the literature search. Human clinical
syndromes that may cause or feature CO were retrieved
from Online Mendelian Inheritance in Man (OMIM) data-
base  (http://www.ncbi.nlm.nih.gov/sites/entrez?db=omim)
and Disease database (http://www.diseasesdatabase.com/).
The data for CO-related experiments on mouse models
were retrieved from the Mouse Genome Informatics (MGI)
database (http://www.informaticsjax.org/). Human orthologs
for the CO associated genes were extracted from the MGI
database, which contains information about mammalian
ortholog genes for different species. Overlap analysis of the
CO candidate genes with genomic regions involved in
chromosome mutations was performed using data retrieved
from Ensembl via BioMart data mining tool.

Database implementation

CO-associated candidate genes database is a web re-
source, which provides integrated and curated informa-
tion on molecular components involved in the
pathogenesis of CO. Information regarding collected CO-
associated candidate genes has been stored in relational
MySQL database, which is publicly available for search,

Page 3 of 16

data entry and update at http://www.integratomics-time,
com/cryptorchidism/. Search interface enables users to
find specific CO-associated candidate genes based on
the number of criteria. Online data entry interface
enables users to update or submit new CO-associated
candidate genes.

Genomic view of the CO associated loci

Overview of the chromosomal locations of CO
associated loci is graphically represented in genomic
view, as previously described [12]. It is possible to
visualize the literature-collected and network-predicted
CO genes on the same genomic view or separately. Gen-
omic view is visible through the web-based interactive
visualization tool Flash GViewer (http://gmod.org/wiki/
Flashgviewer/), which was developed by the GMOD
project.

Pathway and network analysis

In the first pathway analysis we considered human
orthologs of the literature-collected candidate genes
(179 genes). DAVID Bioinformatics Resources 6.7 [13]
was employed for the enrichment (overrepresentation)
analysis. The background for the analysis was defined
using the 179 candidate genes plus their first neighbours
(5018 proteins) selected in the human protein-protein
interaction network (PPIN). The result of the enrich-
ment analysis was obtained using Bonferroni multiple
test correction and a p-value significant threshold of
0.01, The human PPIN was obtained by fusion of the
following human networks: IReflndex [14], Chuang
et al. article [15], Ravasi et al. article [16], Consensus-
PathDB [17].

A new cohort of 43 candidate genes was predicted
using PINGO 1.11 [18]. PINGO is a tool designed to find
candidate genes in biological networks and it is freely
provided as a plug-in for Cytoscape 2.8 [19], which is an
open source software platform for visualizing and inte-
grating molecular interaction networks. PINGO predicts
the categorization of a candidate gene based on the
annotations of its neighbors, using enrichment statistics.
In our analysis we quested which first-neighbour-genes
significantly interact with the original cohort of 179
literature-collected genes in the human PPIN. We
adopted: hypergeometric statistical test, Bonferroni mul-
tiple testing correction and p-value significant threshold
of 0.01. The cohort of 43 network-predicted genes
resulted strongly significant (Bonferroni p-value < 0.0095)
for being new candidate genes.

In order to evaluate the importance of this new cohort
of 43 candidate genes we performed the pathway ana-
lysis according to the procedure already described for
the 179 literature-collected candidate genes.
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Finally, in order to investigate the biological relations
between the 179 literature-collected and 43 network-
predicted genes, we repeated the pathway analysis in
DAVID (using the same procedure previously described)
considering the 222 (179 +43) candidate genes. The
background for the analysis was defined using the 222
candidate genes plus their first neighbours in the human
PPIN. In addition, we visualized the protein-protein
interactions occurring between the genes present in at
least two pathways using the STRING database (version
9.0) [20] and selecting only interactions with high confi-
dence score.

Genetic variability of candidate genes

Genetic variability for the most promising CO candi-
date genes was extracted from the Ensembl database
(http://www.ensembl.org/). Probably damaging genetic
variations were predicted by PolyPhen-2, version 2.1.0,
provided by Ensembl database. Putative polymorphic
miRNA target sites in candidate genes were obtained
from Patrocles database (http://www.patrocles.org/) [21].
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Results and discussion

Extensive literature mining was performed resulting in
217 collected candidate loci (chromosome regions and
genes) reported to be involved in CO in human or/and
animals. The generated database served as the founda-
tion for the development of freely available interactive
genomics viewer designed to integrate multi-species data
from various research approaches. Enriched biological
pathways and 43 additional CO candidate genes were
suggested, based on protein-protein interaction network
(PPIN} analysis. The workflow of the study is presented
in the Figure 1.

Collection of the cryptorchidism associated loci from the
literature

The collected data incorporates genomic loci associated
with cryptorchidism by seven different types of research
approaches (chromosomal mutations, copy number
variations, clinical syndromes, transgenes and kneck-outs,
association studies/mutation screening, transcriptomic/ex-
pression studies, and proteomic studies). The collected
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data originates from seven different species (human, cat-
tle, horse, sheep, dog, rat, and mouse) (Table 1). The
collected CO data is available in Additional file 1: Table
S1, Additional file 2: Table S2, Additional file 3: Table S3,
Additional file 4: Table S4 and Additional file 5: Table S5
and include physical locations of the candidate loci in
human and species of origin.

Chromosomal aberrations and copy number variations

We reviewed studies reporting 32 different chromosomal
mutations including numerical and structural aberrations
associated with cryptorchidism [22-33]. Additionally, two de
nove copy number variations (CNVs) - microduplications
were found to be associated with CO using array-based
comparative genomic hybridization (aCGH) [34]. The
collected data is available in Additional file 1: Table S1.

Clinical syndromes

Studies of complex disease traits can be facilitated by
analysis of the molecular pathways represented by genes
responsible for monogenic syndromes that also exhibit
these traits [7,35]. There are over 200 different human
syndromes with known molecular basis in OMIM data-
base that feature “cryptorchidism” or “undescended
testis” as a possible feature in their clinical synopsis.
Since cryptorchidism phenotype prevalence is low in
some syndromes, and could only occur coincidentally, it
is difficult to justify association of syndrome causative
genes with a particular phenotype.

To collect CO candidate genes (Additional file 2: Table S2)
we obtained list of syndromes from the literature [4,36,37],
OMIM and Diseases database {“may be caused or feature”)
and then further examined phenotype-gene relationships
and clinical features for each of the syndromes. Only

Table 1 The summary of CO associated candidate loci
Locus type / study approach
DONA fevel

Number of loci

Chrormosomal aberrations 32
Copy number variants (CNVs) 2
Clinical syndrames 42
Knock-out and transgenic experiments 40
Association studies 12
RNA level

Expression study 112
FProtein level

Injection of exogenous protein 1

Total 217%

* Unique loci {individual locus/gene reported by multiple studies was counted
only once).
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syndromes where cryptorchidism is present as a regular fea-
ture, described in multiple clinical cases, and where gene(s)
causing the syndrome is/are known were included.

Transgenes and knock-outs

From the Mouse Genome Informatics (MGI) database and
the literature [38-42] we retrieved 39 mouse and one rat
KO and transgenic experiments that result in phenotypes
associated with CO (Additional file 3: Table S3).

Association studies/mutation screening

Nine genes (AR, BMP7, ESR1, HOXA10, INSL3, KISSIR,
NR5AIL, RXFP2, and TGFBR3) in human [43-59], INSL3
in sheep [60] and dog [61], and COL2A1 in dog [62]
showed positive association between sequence poly-
morphisms/mutations and CO susceptibility (Additional
file 4: Table S4). In the case of androgen receptor (AK)
gene Ferlin et al. [45] found no difference between the
numbers of CAG and GGC repeats, resulting in variable
lengths of PolyGIn/PolyGly in the AR gene and crypt-
orchidism; however, it has been proposed that a particular
combination of the PolyGln/PolyGly polymorphisms may
be linked to CO. In some cases opposing results have been
found; for example, no association between the sequence
polymorphisms and CO have been found for the genes
ESRI [63-65], INSL3 [66-68], HOXAI0 [69], and RXFP2
[70]. The LHCGR has been excluded as a CO candidate
gene in an association study in men [71], although KO of
this gene in mice showed cryptorchid phenotype (MGI)
and is causative gene of Leydig cell hypoplasia-a syndrome
that features CO as one of the clinical signs (OMIM). In
addition, Y chromosome microdeletions have been found
to be present in patients with CO, but are not likely to be
a common etiological cause of CO [72-74].

Expression patterns

There are several studies comparing expression profiles
in testes between cryptorchid and normal males investi-
gating the resulting effects of but not causes for develop-
ment of CO (eg [75,76]). To our knowledge, there is
only one microarray study that analyzed transcript
profiles in gubernaculum during normal and abnormal
testicular descent and reported 3589 differentially
expressed genes between inherited cryptorchydism orl
rats and a control group [7]. We included a subset of
112 promising candidate genes to our candidate gene list
that were selected by the authors of the study based on
expression levels, inclusion in specific pathways of inter-
est and/or previous reports showing association with
cryptorchidism (Additional file 5: Table S5).

Protein level
Hutson er al (1998) [77] investigated the effect of ex-
ogenous calcitonin gene-related peptide (CGRP) in
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neonatal pigs. They found that exogenous CGRP, in pigs
also known as calcitonin gene-related peptide B
(CALCB), stimulated migration of inguinal testes that
had been arrested in the line of descent, while ectopic
testes did not respond. The results support the role for
this protein in testicular descent. However, mutation
screening performed by Zuccarello ef al. (2004) [78]
failed to confirm CGRP (in human also known as
CALCA) pathway genes as a major players in human
sporadic CO.

Development of the CO database and genomic viewer
The CO-associated loci, obtained by comparative
integratomics approach, were assembled into a freely
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accessible database available at http://www.integratomics-
time.com/cryptorchidism/. The curated database is open
for public data entry. Researchers are invited to submit
new cryptorchidism candidate genes from their research
or other publications by filling data entry form on our
web site. The collected loci from human and animal spe-
cies were presented as genomic view for human orthologs
(in a form of a human genomic view) (Figure 2).

Some candidate genes have been associated with CO
by multiple independent literature reports in multiple
species. For example, twenty genes (AMH, AMHR2, AR,
ARID5B, BMP7, EPHA4, ESR1, FGFR2, HOXA10, HRAS,
INSL3, LHCGR, MAP2KI, MSX1, NRSAI, RXFP2, SOSI,
TNNI2, TNNT3, and WTI) have been associated with
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CO in at least two independent studies using different
study approaches (Table 2). These genes are denoted in
bold in the online database (http://www.integratomics-
time.com/cryptorchidism/candidate_genes/).

The CO associated loci mapped to all human
chromosomes, except HSA21. Genomic distribution of the
selected loci revealed several overlapping areas between the
candidate loci. Overlaps between structural chromosomal
mutations and candidate genes can be observed in Figure 2
or by using interactive genomic view available on the web-
site  (http://www.integratomics-time.com/cryptorchidism/
genomic_view/). Genomic regions involved in chromosome
mutations on chromosomes 2, 4, 8, 9, 11, and X [22-33]
overlapped with 13 literature-collected candidate genes:
CAPG, MSX1, E2F5, PTCHI, BICD2, RPS6, FGFR2, HRAS,
PAX6, WT1, TNNI2, TNNT3, FLNA, and MECP2. For in-
stance, a breakpoint on 11p15.5 overlapped with three CO
candidate genes: HRAS, TNNI2, and TNNT3. Additionally,
in some cases two regions involved in chromosome
mutations overlapped; duplication on position 4p over-
lapped with MSXI gene and the region involved in
chromosomal translocation on position 4p12. Interestingly,
three network-predicted candidate genes, FHL2, TMODI
and MYBP(C3, also overlapped with genomic regions
involved in the chromosome mutations.
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Pathway identification and network-based data mining
discovery

Pathway analysis of the cryptorchidism associated
candidate genes

We performed pathway analysis of the 179 literature-
collected CO-candidate genes (refer to Methods). This
pathway enrichment analysis, conducted by applying
very stringent criteria (Bonferroni multiple test correc-
tion and p-value significant threshold of 0.01), yielded
the presence of twelve significant pathways associated
with the list of our CO candidate genes in human
(Table 3). The literature-collected candidate genes
involved in multiple (at least four) pathways are
presented in Additional file 6: Table S6 and marked with
an asterisk in the online database.

The presence of pathways related to “cytoskeleton”,
“muscle development”, “muscle contraction”, “focal ad-
hesion”, and “insulin signaling” was previously reported
in rat [7]. In addition to these pathways, our analysis
showed new pathways: “cardiomyopathy” (hypertrophic
and dilated),"RAS signaling”, “signaling by PDGF”, “sig-
naling by EGFR”, “role of MAL in Rho-mediated activa-
tion of SRF”, “IGF-1 signaling pathway”, and “integrin
signaling”. The results represent a valid example of
pathway-based data mining discovery.

Table 2 Literature-collected candidate genes associated with CO in at least two independent literature reports

Gene Clinical KOs and
syndromes transgenes
AMH human mouse
AMHR2 human mause
AR human mouse
ARID5B mouse
BMP7
FPHA4 maouse
ESRT mouse
FGFRZ human human
HOXATO mouse
HEAS human hurnan
INSL3 mouse
LHCGR human mouse
MAP2K1 human
MSX1 human
NRSAT mouse
RXFP2 mause
S0S1 human
TNNIZ human hurnan
TNNT3 human human
Wi human maouse

Overlapping
chromosome mutations

Association studies
(number of studies)

Expression
experiments

human (2}

rat
human rat

rat
human (2)

rat
human rat

rat

human (5}, sheep, dog

rat
rat
human
human (4)

rat
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Table 3 Pathway analysis of the literature-collected and network-predicted candidate genes, respectively

Database Pathway Bonferonni  Candidate genes involved in the pathway
p-value
Literature-collected candidate genes
KEGG Regulation of actin 4.70E-06 ACTB, BRAF, CDC42, CFLT, CHRM3, £ZR, FGDI1, FGF9, FGFRI, FGFR2, HRAS, ITGBI, KRAS,
cytoskeleton MAP2KT, MAP2K2, MYLZ2, MYLS, POGFA, PENT, PPPTCA, PPPICBE, PXN, RACI, RAFT, RHOA,
RRAS, SOST
REACTOME Muscle contraction 5.39E06 DES, MYH3, MYL2, MYL3, TNNLZ, TNNTZ, TNNT3, TPMI, TPM3, TPM4, TTN
KEGG Facal adhesion 1.05E-05 ACTE, BRAF, CCNDT, CDC42, COLTAZ, COL2AT, COLSAT, FLNA, GRB2, GSK3B, HRAS, IGFIT, ILK,
[TGBI, MAP2KT, MYL2, MYLY, PDGFA, PPPICA, PPPICB, PXN, RACI, RAF1, RHOA, SO51, THBS4
REACTOME Signaling by PDGF 361E-5 COLIAZ, COL2AT, COL5AT, GRBZ, HRAS, KRAS, MAP2K!, MAP2K2, PDGFA PTPNTI, RAF1, SOST,
STATS, THES4
REACTOME  Signaling by insulin receptor ~ 7.02E-05 EIF4E, EIF4EGP1, GRB2, HRAS, KRAS, MAP2KI, MAP2ZK2, RAF1, RPSE, RPSEKBI, SOST
REACTOME Signaling by EGFR 0.0022 CDC42, GRB2, HRAS, KRAS, MAP2K], MAP2KZ, PTPNTI, PXN, RAF], SOS1
PANTHER  RAS pathway 00025 BRAF, CDC42, GRB2, GSK3B, HRAS, KRAS, MAP2KI, MAP2K2, RACT, RAFT, RHOA, RRAS, 5057,
STAT3
KEGG Hypertrophic cardiomyopathy — 0.0035 ACTB, DES, IGF1, ITGBIT, MYHZ, MYLZ, MYL3, TNNTZ, TPM1, TPM3, TPM4, TTN
(HCM)
BIOCARTA  Role of MAL in Rho-mediated  0.044 ACTAT, CDC42, MAP2K1, MAP2KZ, RACT, RAFT, RHOA
activation of SRF
BIOCARTA  IGF-1 signaling 00067 FOS, GRB2, HRAS, IGF1, MAP2K1, PTPNTI, RAF1, SOST
PANTHER  Integrin signaling 0.0070 BRAF, CDC42, COLTA2, COL2AT, COLSAT, FLNA, GRB2, HRAS, ILK, ITGB1, KRAS, MAPZK],
MAPZK2, PXN. RACT, RAFT, RHOA, RND2, RRAS, SOST
KEGG Dilated cardiomyopathy 0.0099 ACTB, DES, IGF1, ITGBT, MYHZ, MYLZ, MYL3, TNNTZ, TPM1, TPM3, TPM4, TTN
Network-predicted candidate genes
REACTOME Muscle contraction 271E-24 ACTNZ, DMD, MYBPCT, MYBPC2, MYBPC3, MYHS, MYLI, MYL4, NEB, TCAR TMODI1, TNNCT,
TNNC2, TNNIT, TNNI3, TNINTT, TPM2, VIM
KEGG Hypertrophic cardiomyopathy — 9.68E-6 ACTCT, DMD, MYBPC3, TGFBI, TGFE2, TGFB3, TNNCT, TNNIZ, TPM2,
(HCM)
PANTHER  TGF-beta signaling pathway 1.07E-5 BMP2, LEFTY1, LEFTY2, LOCI00271831, MAPKT, MAPKS, MSTN, NODAL, TGFB!, TGFB2, TGFB3
KEGG Dilated cardiomyopathy 23565 ACTCI, DMD, MYBPC3, TGFBI1, TGFE2, TGFB3, TMNCI, TNNI3, TPM2

As an additional validation analysis, we excluded the
112 candidate genes proposed by Barthold ef al. (2008)
[7] from the overall candidate genes list (consisting of
179 unique human genes) and repeated the pathway
analysis. Nine genes from Barthold ef al. (2008) [7] were
reported as CO candidate genes also in other studies,
therefore we retained them in the analysis, so that the
new list of candidate genes consisted of 79 genes. The
pathway analysis of these remaining 79 candidate genes
returned similar results as were obtained when using the
overall 179 candidate gene list. In fact, 10 of the 12
enriched pathways were the same after excluding the
discussed data from the candidate gene list. In particular,
the five pathways reported by Barthold et al. (2008) [7]
in rat (“cytoskeleton”, “muscle development”, “muscle
contraction”, “focal adhesion”, and “insulin signaling”)
were all confirmed in this independent validation ana-
lysis. The main effect of the gene removal were higher,
but still significant, p-values in the pathway analysis.
According to these results we can infer that inclusion of
the candidate genes from Barthold et al. (2008) [7] is

not the reason for the substantial overlap of the five
pathways identified in both studies. On the contrary, the
findings proposed here are a further confirmation of the
validity of the conclusions made by Barthold et al
(2008) [7].

Surprisingly, when we searched the medical literature
for articles that describe pathologies where CO, cardio-
myopathy, and RAS signaling are common features, we
found a perfect matching with Noonan, Cardiofa-
ciocutaneous, LEOPARD, and Costello syndrome that all
belong to the class of RASopathies [79,80]. Features of
all four syndromes are different physical anomalies in-
cluding concomitant presence of cardiomyopathy due to
heart defects and, in males, cryptorchidism [79]. Noonan
syndrome (NS) is the most common single gene cause
of congenital heart disease, and NS subjects also present
other features as leukemia predisposition [81]. In par-
ticular, five different mutations in RAFI were identified
in individuals with NS; four mutations causing changes
in the CR2 domain of RAF1 were associated with hyper-
trophic cardiomyopathy (HCM), whereas mutations in
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the CR3 domain were not [82]. Additionally, PTPNI1I,
RAFI, and SOSI mutants were identified as a major
cause of Noonan syndrome, BRAF of Cardiofa-
ciocutaneous, PTPNII of LEOPARD, and HRAS of
Costello syndrome, providing new insights into RAS
regulation [80,81]. These genes have also been found to
be mutated in patients with RASopathies having crypt-
orchidism in a clinical picture. In NS patients having
CO in their clinical picture 11/14 had mutated PTPN11,
4/5 had mutated SOSI, and 1/2 had mutated RAFI.
BRAF has been found to be mutated in 2/3 patients with
Cardiofaciocutaneous syndrome having CO, PTPNII in
1/4 patients with LEOPARD having CO, and HRAS in 2/
4 patients with Costello syndrome and CO [80,81].
However, the genes responsible for the remainder are
unknown, and the gene pathway relations responsible
for potential connections between unrelated features
such as cryptorchidism and HCM in RASopathies are
not clear. Therefore, we performed a network-based pre-
diction (see next paragraph) of CO candidate genes by
identifying the most significant first neighbors (in the
human protein-protein interaction network; PPIN} of
the 179 literature-collected candidates.

Pathway analysis of the network-predicted candidate genes
A new cohort of 43 candidate genes (Additional file 7:
Table S7) was predicted by PINGO 1.11 [18], which is a
Cytoscape plug-in (see Methods) [19]. The question we
tried to address was which first-neighbor genes significantly
interact with the original cohort of 179 literature-collected
genes in the human PPIN. We adopted hypergeometric
statistical test and Bonferroni multiple testing correction.
The cohort of 43 network-predicted genes was strongly sig-
nificant (Bonferroni p-value < 0.0095); therefore, we con-
sider them as additional CO candidate genes.

In order to evaluate the importance of these new can-
didate genes we performed the pathway analysis (Table 3),
according to the same procedure already used in the pre-
vious paragraph (and described in the methods). The
most intriguing evidence is the presence of significant
pathways related to cardiomyopathy and muscle contrac-
tion in both sets of candidate genes (ie. literature-
collected and network-predicted). Pathways common to
both sets of candidate genes represent a confirmation of
the validity and robustness of the results obtained in the
first pathway analysis and regarding the hypothesis of
connection between CO and cardiomyopathy, in NS. Yet,
it is also a quality proof of the procedure adopted for net-
work prediction of new candidate genes.

Pathway analysis of the overall CO candidate gene list (179
literature-collected and 43 network-predicted genes)

The first cohort of 179 literature-collected genes and the
second one containing 43 network-predicted genes were
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condensed in a list of 222 unique genes - the overall
candidate gene list. We repeated the pathway analysis on
this list applying the same very stringent criteria used
above (Bonferroni multiple test correction and p-value
significant threshold of 0.01). The analysis suggested the
presence of 12 significant pathways associated with the
overall list of candidate genes in human (Table 4).

The “muscle contraction” pathway was the most signifi-
cant (in absolute) with Bonferroni corrected p-value of
4.55E-33 (Figure 3A); while the “hypertrophic cardiomy-
opathy” was the second most significant pathway with
Bonferroni corrected p-value of 1.21E-09 (Figure 3B).
These results are crucial for our study because they sug-
gest the presence of a strong genomic connection among
diverse pathways associated with clinical features that
seemed unrelated. To address relationship among these
mechanisms we created a matrix merging the information
related to the gene participation in several identified
pathways. Of the 222 (179 + 43) candidate genes, 172 were
filtered out because they were not present in at least two
of the 12 significant pathways. The resulting matrix
consists of 50 candidate genes in the rows and 12 enriched
pathways in the columns (Additional file 8: Table S8). The
matrix values are binary: 0 indicates that the gene is not
present in a pathway, whereas 1 indicates that the gene is
present.

Hierarchical bi-clustering of the matrix [83], both in
the rows and in the columns, was performed to detect
clusters of genes which participated in common
pathways, and clusters of pathways which share the
same genes, respectively. The result of this analysis is
provided in the Figure 4. The presence of two main
groups of clusters is evident. The first group is
constituted of “cardiomyopathy” (hypertrophic and
dilated), “muscle contraction” and “cardiac muscle con-
traction” pathways. The second group is constituted of
“focal adhesion”, “regulation of actin cytoskeleton, “in-
tegrin signaling”, “vascular smooth muscle contraction”,
“signaling by insulin receptor”, “signaling by PDGF”,
“RAS pathway”, and “T'GF-beta signaling”.

In order to further investigate the relation between the
genes involved in the “cardiomyopathy” (hypertrophic
and dilated), the “muscle contraction” and the “RAS
pathway” and to interpret their role in creating
connections between the diverse pathway modules, we
searched the STRING database [20] for protein-protein
interactions, selecting only the interactions with high
confidence score. The outcome of this analysis is
represented in Figure 5. All the 50 genes presented at
least one interaction in the PPI network produced by the
STRING database. This network is provided as a supple-
mentary material (Additional file 9: Table $9).

The principal pathways involved in both, CO and
RASopathies, are displayed on the PPIN (Figure 5), and
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Table 4 Pathway analysis of the overall candidate gene list (literature-collected and network-predicted)

Database Pathway Bonnferoni  Candidate genes involved in the pathway
p-value
REACTOME  Muscle contraction 4.55E-33 ACTMZ, DES, DMD, MYBPCT, MYBPC2, MYBPC3, MYH3, MYHS, MYLT, MYL2, MYL3, MYL4, NEB, TCAR
TMODT, TMNCT, TMNNCZ, TMNIT, TNMIZ, TNING, TNNTIT, TNMTZ, TNNT3, TPMT, TPMZ, TPM3, TPM4, TTH,
VI
KEGG Hypertrophic 12189 ACTB, ACTC1, DES, DMDJIGF1, ITGB1, MYBPC3, MYH7Z, MYL2, MYL3, TGFBI, TGFB2, TGFB3, TNNCT,
cardiormyopathy (HCM) T3, TNNTZ, TPM1, TPM2, TPM3, TP, TTN
KEGG Dilated cardiomyopathy  1.21E-8 ACTB, ACTC1, DES, DMD, IGF7, [TGB1, MYBPC3, MYHZ, MYL2, MYL3, TGFBI, TGFB2, TGFB3, TNNCT,
TMMI3, TNNTZ, TPM1, TPM2, TPM3, TP, TTN
KEGG Focal adhesion 4.68E-7 ACTB, ACTINZ, BRAF, CAVT, CCNDT, CDC42, COLTAZ, COL2AT, COLSAT, FLINA, GRBZ, GSK38, HRAS,
IGF1, IGFIR, ILE, [TGB1, MAPZKI, MAPK], MAPK3, MYL3, MYLS, PDGFA, PPPICA, PPPICB, PRKCA,
BXN, RACT, RAFT, RHOA, SOS1, THRS4
REACTOME  Signaling by insulin 3.83E6 EIFAE, EIF4EBPT, GRB2, HRAS, KRAS, MAPZKI, MAPZKZ, MAPKI, MAPK3, RAF1, RHEB, RPS6, RPSEKBI,
receptor SOST
KEGG Regulation of actin 4.29E-6 ACTB, ACTINZ, BRAF, CDC42, CFLT, CHRM3, EZR, FGDI, FGF3, FGFY, FGFRI, FGFR2, HRAS, 11GBI,
cyloskeleton KRAS, MAPZKT, MAPZK2, MAPKI, MAPKZ, MYLZ, MYLS, PDGFA, PENI, PEPICA, PPPICE, PXN, RACT,
RAF1, RHOA, RRAS, SOS1
PANTHER  TGF-beta signaling 701E-6 AMH, AMHR2, BMP2, BMP4, BMPS, BMPZ, CDC42, FOS, FOXQ1, FOXP3, HRAS, KRAS, LEFTYT, LEFTY2,
pathway MAPK1T, MAPKS, MSTN, NODAL, RHEB, RRAS, TGFBI, TGFB2, TGFB3
BIOCARTA  Integrin signaling 1.35E-5 ACTAT, ACTNZ, CAVI, GRB2, HRAS, ITGB1, MAPZKT, MAP2KZ, MAPKT, MAPK3, PXN, RAFT, RHOA,
pathway SOs1
REACTOME  Signaling by PDGF 72785 COL2AL, COLTAZ, COL5AT, GRB2, HRAS, KRAS, MAP2KT, MAP2K2, MAPKT, MAPK3, PDGFA, PTPNTT,
RAF1, SOS1, STAT3, THBS4
KEGG Cardiac muscle 0.0024 ACTCI, MYHZ, MYL2, MYL3, TNNCT, TNNI3, TNNT2, TPMT, TPM2, TPM3, T4
contraction
PANTHER  RAS pathway 0.0030 BRAF, CDC42, GRB2, GSK3B, HRAS, KRAS, MAP2K1, MAP2K2, MAPKT, MAPK3, RACT, RAF1, RHOA,
RRAS, 5057, STAT3
KEGG Vascular smooth 00058 ACTAZ, BRAF, MAP2KT, MAP2K2, MAPK1, MAPK3, MYH11, MYLS, PPPICA, PPPICB, PRKCA, PRKCE,

muscle contraction RAF1, RHOA

also marked in the Figure 4 to facilitate the comparison.
This figure addresses the question of the relation be-
tween the common genetic mechanisms underlying CO
and RASopathies. Figure 5 provides a clear visualization
of the overlapping pathways and of the integrated net-
work of relations existing on proteomic level. At the best
of our knowledge, this is the first time that such relation
is presented, and it might help in understanding the re-
lation between co-presence of CO and cardiomyopathy
as clinical and apparently unrelated features in
RASopathies. This fact is clarified by the layout offered
in Figure 5 that reveals how the “cardiomyopathy” and
the “RAS signaling” pathways are connected by a pleth-
ora of interactions with high confidence score in the
STRING database. To investigate the precise type of
intra- and inter- pathway interactions we suggest to
mine the network that we provide in the supplementary
material (Additional file 9: Table 59). Figure 5 further
emphasizes how the “focal adhesion” and the “TGF-beta
signaling” pathways overlap the “cardiomyopathy”, the
“muscle contraction” and the “RAS signaling” pathways
by connecting proteins at different metabolic levels. The
relevance of the “focal adhesion” pathway, as well as the
importance of “cytoskeleton”, “muscle development”,
“muscle contraction”, and “insulin signaling” pathways

in cryptorchidism were widely discussed [7]. However,
the referred study was conducted on a rat model and all
of the pathways were considered and treated separately.
Here, for the first time, we proceed to an integratomic
investigation of the genetic factors linked to CO in
human. Meanwhile, we offer the holistic perspective that
points out how clinical features apparently unrelated
with CO might be generated by genetic mutation(s)
which propagate at different pathway levels of the net-
work. This propagation on different pathway-modules
can justify the onset of multiple unrelated clinical
features in complex diseases, such as RASopathies.
The selection of 43 network-based predicted genes
considered together with these last disease-related
evidences are another proof that confirms the power of
PPIN for association of genes with diseases [21,84].

QOur results are in concordance with previous
observations that alignment of human interactome with
human phenome enables identification of causative
genes (and networks) underlying disease families. Pheno-
typic overlap implies genetic overlap and human
phenome can be viewed as a landscape of interrelated
diseases, which reflects overlapping molecular causation
[6,85-88]. In addition, it has been already shown that
causative genes from syndromes that are phenotypically
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Figure 3 Pathways, containing literature-collected and network-predicted CO candidate genes. CO genes are marked with stars: red stars
stand for literature-collected genes, blue stars stand for network-predicted genes. Gene names are added in yellow boxes to the original pathway
images. A. Reactome pathway: Muscle contraction — human. B. KEGG pathway: Hypertrophic cardiomyopathy (HCM) - human.
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Figure 4 Hierarchical bi-clustering of the CO candidate genes. Hierarchical bi-clustering of the matrix of the CO candidate genes present in
at least two pathways. The matrix consists of 50 candidate genes (rows) and 12 enriched pathways (columns). The black lines (full and dashed)
are used to indicate the modules corresponding to clusters of interacting proteins in the respective pathways.

similar to a genetically uncharacterized syndrome can be
used to query the gene network for functionally related
candidate genes [89].

Candidate gene prioritization

Prioritization of candidate genes underlying complex traits
remains one of the main challenges in molecular biology
[11]. In this study we used three criteria for selecting the
most promising candidate genes: 1) number of independent
literature reports connecting the candidate gene with CO
(Table 2), 2) involvement of candidate genes in enriched
pathways (Table 3), and 3) position of candidate genes on
the genomic map (genes positioned in regions where
multiple CO associated data overlap were considered
positional candidates) (Figure 2).

Twenty genes have been suggested as a genetic cause
for CO in at least two independent studies {criterion 1)
using different study approaches (AMH, AMHR2, AR,
ARIDS5SB, BMP7, EPHA4, ESRI, FGFR2, HOXA10, HRAS,
INSL3, LHCGR, MAP2K1, MSX1, NR5A1, RXFP2, SOS1,

TNNI2, TNNT3, and WTI). Among them, INSL3 has
been associated with CO in eight, RXFP2 in five, and AR
in four independent studies. However, this approach
should be treated with some caution because of the pos-
sible bias towards research interest into more “popular”
genes. The approach will be more reliable after signifi-
cant amount of unbiased genome-wide studies is
available.

Considering involvement in enriched pathways (criter-
ion 2), the most promising candidates would be HRAS,
MAP2KI, MAP2K2, GRB2, RAF1 and SOSi, which are
all involved in seven or more enriched pathways. For the
literature-collected candidate genes involved in multiple
(four or more) CO-enriched pathways we assembled
genetic information relevant for further functional ana-
lyses: assignment to corresponding biclogical pathways,
genetic variability, and putative presence of polymorphic
microRNA (miRNA) target sites (Additional file 6: Table
$6). The importance of small non-coding RNAs
(ncRNAs) in gene regulation and pathogenesis of the
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Page 13 of 16

[ —

Ras Pathway

diseases, including reduced fertility, is today evident [90].
However, to our knowledge, there are no literature reports
associating ncRNAs or epigenetic factors with CO.

The most promising candidates meeting both
suggested criteria (1 and 2) are FGFR2 (reported in two
CO-associated studies/ involved in one CO-associated
pathway), HRAS (3/8), MAP2KI (2/9), and SOSI (2/5).
Additionally, TNNI2 and TNNT3 are reported in the li-
terature (once each), involved in one CO enriched path-
way (ie. “muscle contraction”), and positioned in a
region overlapping chromosomal mutation.

Genomic regions involved in the chromosome
mutations on chromosomes 2, 4, 8, 9, 11, and X over-
lapped with 14 candidate genes suggested as positional
candidates (criterion 3): CAPG, MSX1, E2F5, PTCHI,
BICD2, RPS6, FGFR2, HRAS, PAX6, WTI, TNNI2,
TNN3, FLNA, and MECP2. Additionally, three network-
predicted candidate genes, FHL2, TMODI1 and MYBPC3

overlapped with chromosomal mutations. Considering
suggested prioritization criteria, HRAS gene meets all of
them.

Reliability of such methodologically different approaches
is not always comparable (for example, data from
genome-wide expression experiments is much less
validated than syndromic or transgenic data); therefore,
ranking candidate genes based only on a number of differ-
ent reports/approaches is not always feasible. However,
less validated data may also be of high biological relevance
and should not be discarded for hypothesis-driven
approaches. To increase reliability of the collected hetero-
geneous data we tested in silico how candidate genes
interact at the proteomic level. Although integratomic
approaches are only partially established yet and have sev-
eral drawbacks, including already mentioned heterogen-
eity of input data, we believe that such approaches are a
reasonable and at the moment among the most promising



Cannistraci et al. BMC Medical Genomics 2013, 6:5
http://www.biomedcentral.com/1755-8794/6/5

ways for hypothesis generation, which should be further
experimentally validated in animal and/or human
populations. Similar integratomics approach was already
used for identification of candidate loci for mammary
gland associated phenotypes [8], male infertility [9], and
obesity [10,91], and could be adapted to any other com-
plex trait.

Conclusions

In this study we present an overview of CO associated
candidate regions/genes and suggest pathways poten-
tially involved in the pathogenesis of the disease. The in-
tegrative, comparative-genomics approach, and in silico
analyses of the collected data aim to help solving the
problem of fragmented and often contradictory data
extracted from different methodologically focused stud-
ies. The protein-protein interactions analysis revealed
the most relevant pathways associated with CO candi-
date gene list and enabled us to suggest additional candi-
date genes based on network prediction. Described
systems biology approach will contribute to a better
understanding of genetic causes for cryptorchidism and
provides possible example how integration and linking
of complex traits related data can be used for hypothesis
generation. Publicly available online CO gene atlas and
data entry option will allow researcher to enter, browse,
and visualize CO associated data. The proposed
network-based approach elucidates co-presence of simi-
lar pathogenetic mechanisms underlying diverse clinical
syndromes/defects and could be of a great importance
in research in the field of molecular syndromology. This
approach has also a potential to be used for future devel-
opment of diagnostic, prognostic, and therapeutic
markers, The developed integratomics approach can be
extrapolated to study genetic background of any other
complex traits/diseases and tc generate hypothesis for
downstream experimental validation.

Additional files

Additional file 1: Table $1. Chromosomal abnormalities and CNVs
associated with cryptorchidism.

Additional file 2: Table S2. Selected clinical syndromes that feature CO
in their clinical picture.

Additional file 3: Table $3. Transgenic and knock-out murine models
that display cryptorchid phenotype

Additional file 4: Table S4. Genes tested for association with CO,

Additional file 5: Table $5. Genes with expression patterns associated
with CO. Genes with expression patterns associated with CO in rat
(adapted from [7]) and genomic location of their human orthalogs.

Additional file 6: Table $6. The literature collected candidate genes
involved in multiple (four aor more) CO-associated pathways.

Additional file 7: Table S7. Forty-three network-predicted
CO-associated candidate genes.
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Additional file 8: Table S8. Protein network information matrix for
candidate genes. Protein network information matrix for candidate genes
involved in at least two pathways significant for literature-collected and
network-predicted candidate genes. The matrix consists of 50 rows (each
row carrespands to a different gene involved In at least two pathways)
and 12 columns (each column corresponds to a different pathway),
where 0 indicates that the gene is not present in a pathway and 1
indicates that the gene is present in it.

Additional file 9: Table $9. STRING network data: list of protein
network interactions present in STRING with high confidence score.
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Abstract

MicroRNAs (miRNAs) are short (19-24 nucleotides in length) non-coding RNAS
(ncRNAs) that post-transcriptionally regulate gene expression. In this chapter, the
fundamentals for understanding miRNA involvement in human cancers are summarized as
the decalog of miRNA principles: 1. MicroRNAs can up- or down-regulate gene
expression by targeting various genic regions. 2. Each miRNA can regulate the expression
of numerous target genes and likewise can multiple miRNAs target the same gene. Such
miRNA-target interplay is involved in regulation of various physiological processes and
pathophysiology of several diseases, including cancer. 3. About a half of mammalian
miRNAs are intragenic, predominantly intronic, and can be coordinately expressed and
functionally linked with their host genes. 4. MicroRNAs are frequently located within
cancer-associated genomic regions (CAGR) and act as tumor-suppressors or oncogenes. 5.
Genetic variations within miRNA genes, their targets, and genes encoding components of
processing machinery can affect phenotypic variation and disease susceptibility. 6.
MicroRNA-mediated gene silencing is one of the classes of epigenetic mechanisms and
together with DNA methylation and histone modifications function in an interacting
regulatory circuit. 7. Aberrant miRNA gene expression signatures characterize cancer cells
and are as such valuable biomarkers applied in diagnosis, prognosis, and treatment in
cancer. 8. Circulating miRNAs have been shown as non-invasive biomarkers in cancer. 9.
RNA inhibition using miRNAs is a potential treatment method which can be applied for
specific types of cancer. 10. Interplay between miRNAs, other ncRNAs, and protein-
coding genes forms a complex network of interactions in normal and disease tissues.

The knowledge of overall functional roles of miRNAs in cancer would therefore be
important not only for scientists, but could be applied by clinicians and oncologists. It may
have a major impact on biomedical research by providing miRNA-based therapeutics and
diagnostics opportunities.

Keywords: microRNA (miRNA), non-coding RNA (ncRNA), cancer, miRNA profiling,
biomarker, miRNA-related therapy



I INTRODUCTION

Il THE DECALOG OF PRINCIPLES OF miRNA INVOLVEMENT IN HUMAN
CANCERS

1. MicroRNAs are a class of ncRNAs that are estimated to regulate expression of one
third of the mammalian genome by binding to promoter, coding and untranslated
regions, proteins or other ncRNAs.

2. Each miRNA can regulate the expression of numerous target genes, likewise can
multiple miRNAs regulate the same target gene, and this interplay is involved in
regulation of various physiological processes and pathophysiology of several
diseases, including all analyzed types of human cancers.

3. About a half of mammalian miRNAs are intragenic, predominantly intronic, and on
the same strand as their host genes, and can be coordinately expressed and
functionally linked with them.

4. MicroRNAs are frequently located within cancer associated genomic regions
(CAGR) and can act as tumor suppressors or oncogenes.

5. Genetic variations in miRNA genes and their precursors, target sites, and genes
encoding components of processing machinery can affect phenotypic variation and
disease susceptibility.

6. Three types of epigenetic concepts have been associated with miRNAs: A) miRNA-
mediated gene silencing is one of the epigenetic mechanisms, B) miRNAs can also
directly control the epigenetic machinery with a subclass of miRNAs (epi-
miRNAs), and C) miRNA expression can be downregulated via promoter
hypermethylation.

7. Aberrant miRNA gene expression signatures characterize cancer cells and miRNA
profiling can be applied in diagnosis, prognosis, and treatment in cancer patients.

8. Circulating miRNASs are potential noninvasive biomarkers in cancer.

9. RNA inhibition using miRNAs is a potential treatment method for specific types of
cancer.

10. Interplay between miRNAs, other ncRNAs, and protein-coding genes forms a
complex network of interactions in normal and disease tissues.

11 CONCLUSIONS

IV LITERATURE CITED



Abbreviations

ceRNA competitive endogenous RNA
DNMT DNA methyltransferase
HDAC histone deacetylase

lincRNA long intergenic non-coding RNA
InNcRNA long non-coding RNA
mMIRNA microRNA

MRE miRNA response elements
ncRNA non-coding RNA

pre-miRNA miRNA precursor

pri-miRNA mIiRNA primary transcript

RISC RNA-induced silencing complex
UTR untranslated region

I. INTRODUCTION

MicroRNAs (miRNAs) are noncoding RNAs (ncRNAs) with gene-regulatory
functions, involved in a variety of molecular functions and biological processes in
multicellular organisms (reviewed in (Bartel 2004; Fabian, Sonenberg, and Filipowicz
2010)). Initially transcribed by RNA polymerase Il as long, capped and polyadenylated
primary transcripts (pri-miRNAs), they are processed by the Microprocessor protein
complex, which contains Drosha, an RNase Ill endonuclease, and DGCR8 (DiGeorge
syndrome critical region gene 8) (also known as Pasha) (Gregory et al. 2004; Denli et al.
2004). First, Drosha in conjunction with its binding partner DGCR8 processes pri-miRNAS
into hairpin RNAs of 70-100 nucleotides (nt) in length known as precursor miRNAs (pre-
miRNAS). Translocated from the nucleus to the cytoplasm by Exportin 5, pre-miRNAs are
processed by a RNase Il endonuclease Dicer and TRBP (TAR RNA-binding protein), in
an 19-24 nt long duplex. Finally, the duplex interacts with the RNA-induced silencing
complex (RISC), which includes proteins of the Argonaute family (Agol-4 in humans)
(Hammond et al. 2001). One strand of the miRNA duplex remains stably associated with
RISC and becomes the mature miRNA, which guides the RISC complex to target mMRNAs.
Recent evidences show that miRNAs are able to up- or down-regulate target gene
expression by binding to its different regions (reviewed in (Kunej, Godnic, et al. 2012)).



Il. THE DECALOG OF PRINCIPLES OF miRNA INVOLVEMENT IN HUMAN
CANCERS

The development of high throughput methods to detect miRNA expression in
human samples has provided invaluable tools to investigate the role of miRNAs both in
physiological and pathological conditions. Exponentially accumulated data in the last years
clearly shows that perturbations of miRNA genes at a DNA, RNA or expression level play
a critical role in cancer initiation and progression. Determining the miRNome, the whole
set of miRNAs, specific for cancer would further contribute to better diagnosis and
prognosis of human diseases. Such findings are important not only for scientists in general,
but also for clinicians and oncologists, as the field of ncRNA touches every aspect of
human oncology. The main principles for understanding miRNA involvement in human
cancers could be summarized in the following way:

1. MicroRNAs are a class of ncRNAs that are estimated to regulate expression of one
third of the mammalian genome by binding to promoter, coding and untranslated
regions, proteins or other ncRNAs.

The initial discovery that miRNAs target the 3’-untranslated regions (UTRs) of
mMRNAs and downregulate the expression of protein-coding genes in cytoplasm has been
expanded with the following additional observations: (A) miRNAs can be localized in the
nucleus (Hwang, Wentzel, and Mendell 2007), (B) in addition to 3’-UTR miRNAs target
other genic regions at a DNA or RNA level (5’-UTR, promoter regions, coding regions)
(Lytle, Yario, and Steitz 2007; Place et al. 2008; Tay et al. 2008; Forman, Legesse-Miller,
and Coller 2008) and proteins (Eiring et al. 2010), (C) miRNAs can upregulate translation
(Vasudevan, Tong, and Steitz 2007; Place et al. 2008), and (D) miRNAs interact with other
NncRNAs and various types of RNA transcripts in a “competing endogenous RNA”
(ceRNA) hypothesis (Salmena et al. 2011) (Fig. 1).

(A) MicroRNAs have initially been considered to be located only in cytoplasm. However,
recent studies have reported that most miRNAs found in the cytoplasm might also localize
to or function in the nucleus (Liao et al. 2010). Hwang et al. (2007) showed that human
MIR29B was significantly enriched in the nucleus; the hexanucleotide terminal motif of
MIR29B was found to be required for nuclear localization (Hwang, Wentzel, and Mendell
2007). (B) It has been shown that miRNAs can also at a DNA level affect transcription by
direct binding to promoters. For example, human MIR373 binds to the E-cadherin (CDH1)
promoter which induces gene expression (Place et al. 2008). MicroRNA-dependent mRNA
repression also occurs through binding sites located in mRNA coding sequences (CDS), as
shown for miRNAs targeting Nanog (Nanog homeobox), Pou5f1 (POU class 5 homeobox
1), Sox2 (SRY (sex determining region Y)-box 2) (Tay et al. 2008) and DICER (Forman,
Legesse-Miller, and Coller 2008). In addition to miRNA-mediated gene silencing through
base pairing with DNA or mRNA target sequences, miRNAs also interfere with function of



regulatory proteins (decoy activity). In particular, MIR328 binds to poly-C binding protein
2 (PCBP2), alternatively known as heterogeneous ribonucleoprotein (hnRNP) E2. This
binding does not involve the miRNA’s seed region and prevents its interaction with the
target MRNA. In chronic myelogenous leukemia downregulation of MIR328 enables
inhibition of myeloid differentiation with PCBP2, which, as a result, leads to tumor
progression (Eiring et al. 2010). (C) It has also been shown that miRNAs upregulate
translation through binding to AU-rich elements (ARES) in cell cycle arrested cells. For
example, human MIR369-3 targets AREs in the TNF (tumor necrosis factor) mRNA;
during the cell cycle, while the cell was proliferating, the miRNA down-regulated
translational activity, but upon cell-cycle arrest, it reversed its effect (Vasudevan, Tong,
and Steitz 2007). MicroRNAs can therefore both repress and activate gene expression at
different points in the cell cycle. (D) Other ncRNAs, such as non-coding ultraconserved
genes (UCGSs), have been found to be consistently altered at the genomic level in a high
percentage of leukemias and carcinomas and may interact with miRNAs (Calin et al.
2007). Recently, the role of coding and non-coding RNAs has been emphasized and
grouped in a unifying theory of ceRNAs that can regulate one another through their ability
to compete for miRNA binding. The ceRNA hypothesis suggests that long non-coding
RNAs (IncRNAs), transcribed pseudogenes, and mRNAs communicate with each other
using miRNA response elements (MREs), which are sequences with partial
complementarity on target mRNA transcripts (Salmena et al. 2011). Competing
endogenous RNAs may therefore be active partners in miRNAs regulation exerting effects
on their expression levels, which may have important implications in pathological
conditions, such as cancer.

2. Each miRNA can regulate the expression of numerous target genes, likewise can
multiple miRNAs regulate the same target gene, and this interplay is involved in
regulation of various physiological processes and pathophysiology of several
diseases, including all analyzed types of human cancers.

It was estimated that about one-third of human mRNAs are considered as miRNA
targets (Lewis, Burge, and Bartel 2005). Vertebrate miRNAs target about 200 transcripts
each and more than one miRNA might coordinately regulate a single target, thereby
providing a basis for complex networks (Krek et al. 2005). By specifically cleaving the
homologous mRNAs, or by inhibiting protein synthesis, miRNAs are likely to target
separate or multiple effectors of pathways involved in cell differentiation, proliferation,
and survival. Several computational tools for miRNA target prediction have been
developed (e.g. TargetScan, PicTar, miRanda), however, only a limited number of
predicted targets were experimentally confirmed and are being collected in curated
databases (e.g. miRecords, miRTarBase).

For several miRNAs, the involvement in essential biological processes has been
demonstrated, such as B-cell lineage fate (MIR181) (Chen et al. 2004), B-cell survival



(MIR15A and MIR16-1) (Calin et al. 2002), cell proliferation control (MIR125B and
MIRLET7) (Lee et al. 2005; Takamizawa et al. 2004), brain patterning (MIR430) (Giraldez
et al. 2005), pancreatic cell insulin secretion (MIR375) (Poy et al. 2004), and adipocyte
development (MIR143) (reviewed in (Kunej, Skok, et al. 2012)). MicroRNAs were found
to be involved in the pathophysiology of all analyzed types of human tumors, including
benign and malignant tumors. MicroRNAs differentially expressed between tumors and
normal tissues have been identified in lymphoma, breast cancer, lung cancer, papillary
thyroid carcinoma, glioblastoma, hepatocellular carcinoma (HCC), pancreatic tumors,
pituitary adenomas, cervical cancer, brain tumors, prostate cancer, kidney and bladder
cancers, and colorectal cancers. Furthermore, miRNA alterations at the genic or expression
levels were identified in other human diseases, including schizophrenia, autoimmune or
cardiac disorders (reviewed in (Ha 2011; Stahlhut Espinosa and Slack 2006)).

3. About a half of mammalian miRNAs are intragenic, predominantly intronic, and
on the same strand as their host genes, and can be coordinately expressed and
functionally linked with them.

Depending on the genomic position, mMiRNAs can be classified as intragenic and
intergenic (Fig. 2). It has been estimated that approximately half of vertebrate miRNAs are
processed from introns of protein-coding and non-protein coding transcripts (Rodriguez et
al. 2004; Erdmann et al. 2000). A single host gene transcript can comprise multiple and
overlapping resident miRNAs, called a cluster, which is processed from the same
polycistronic primary transcript (Rodriguez et al. 2004; Ambros 2004). Intergenic miRNAs
have their own transcriptional mechanisms, whereas intragenic, more specifically intronic
miRNAs, are co-transcribed with their host genes (Baskerville and Bartel 2005; Rodriguez
et al. 2004). Because expression profiles of intronic miRNAs in many cases coincided with
the transcription profiles of their host genes this raised a question as to how these miRNAs
were processed and coordinately regulated (Baskerville and Bartel 2005). Intronic
miRNAs, like most ncRNAs, are released from the excised host introns in the post-splicing
process (Kim and Kim 2007; Rearick et al. 2011) but it was later indicated that intronic
miRNAs might also be processed from un-spliced intronic regions prior to splicing
catalysis (Kim and Kim 2007). It was observed, that E2F1 (E2F transcription factor 1)
regulates both an intronic miRNA cluster (MIR106B-25) and its host gene MCM7
(minichromosome maintenance complex component 7) and induces their accumulation in
gastric primary tumors (Petrocca et al. 2008). Another study reported coordinated
expression of MIR218 and its host gene SLIT2 (slit homolog 2 (Drosophila)), and between
MIR224 and its host gene GABRE (gamma-aminobutyric acid (GABA) A receptor,
epsilon), in the clear cell renal cell carcinoma (White et al. 2011). MicroRNA genes
located in closely linked clusters exhibit highly correlated expression patterns (Baskerville
and Bartel 2005; Sempere et al. 2004). Co-transcription and correlated expression pattern
of host genes and their resident miRNAs strongly support their transcriptional co-



regulation. In addition to co-expression and proposed co-regulation of miRNA and host
genes, several studies have described a functional link between them in cells. Different
roles have been attributed to intronic miRNAs, from providing a negative feedback
regulatory mechanism with their host genes (Li, Tang, and Lin 2007) to targeting genes
that are functionally antagonistic to their host genes (Barik 2008). For example, MIR126
was found to regulate expression of its host gene EGFL7 (EGF-like-domain, multiple 7) in
a negative feed-back loop (Fish et al. 2008). The association between introns and resident
ncRNAs was also considered to have a synergistic effect with important implications for
fine-tuning gene expression patterns in the genome (Rearick et al. 2011). Both MIR126 and
its host gene EGFL7 are associated with vascular abnormalities (Wang et al. 2008) and are
also epigenetically regulated in human cancer cells (Saito et al. 2009). Therefore, genomic
location, especially of the intragenic miRNAs, strongly influences their co-expression
regulation and often also functionally links miRNAs with their host genes.

4. MicroRNAs are frequently located within cancer associated genomic regions
(CAGR) and can act as tumor suppressors or oncogenes.

The role of miRNAs in cancer was proposed early in the history of miRNA
research by three important observations: miRNA genes are not randomly distributed in the
genome, but are frequently located at fragile sites and cancer-associated genomic regions
(CAGRs) (Calin et al. 2004), miRNAs are involved in cell proliferation and apoptosis
(Brennecke et al. 2003; Lee, Feinbaum, and Ambros 1993), and miRNA expression is
deregulated in malignant tumors and tumor cell lines in comparison with normal tissues
(Gaur et al. 2007; Lu, Tej, et al. 2005; Calin and Croce 2006).

MicroRNAs can function as oncogenes, by activating malignant potential, or as tumor
suppressors, by blocking the cell’s malignant potential, and are therefore referred to as
oncomiRs. Components required for miRNA biogenesis have also been associated with
various cancers (reviewed in (Esquela-Kerscher and Slack 2006)). First direct evidence of
miRNA oncogenic activity was reported when MIR15A and MIR16-1 were found deleted
or down-regulated in most chronic lymphocytic leukemia (CLL) patients (Calin et al.
2002). Follow-up studies reported that miRNAs can act by various mechanisms as
oncogenes such as MIR21 (Medina, Nolde, and Slack 2010) or MIR155 (Costinean et al.
2006), for which the transgenic mice models developed acute B cell leukemias, or as tumor
suppressors such as MIR15A/16-1 cluster, for which the knockout (KO) mice produced and
developed CLL (reviewed in (Croce 2009)). In some instances the same miRNA can act as
an oncogene in one type of cells and as a suppressor in another due to different targets and
mechanisms of action. For example, MIR222 is overexpressed in liver cancers where it
targets suppressor PTEN (phosphatase and tensin homolog) (Garofalo et al. 2009), while
the same miRNA is downregulated in erythroblastic leukemias where it targets oncogene
KIT (v-kit Hardy-Zuckerman 4 feline sarcoma viral oncogene homolog) (Felli et al. 2005).
Therefore, miRNAs can function both as oncogenes or tumor suppressors but their mode of



action cannot be predicted in cancer as they function differentially depending on cell or
tissue type.

Modulation of miRNA biogenesis pathway can promote tumorigenesis through increased
repression of tumor suppressors and/or through incomplete repression of oncogenes. It was
indicated that the dysregulation of a single oncogenic miRNA can lead to the development
of a malignant tumor. Such alterations can be a result of various mechanisms, such as
deletions, amplifications or mutations involving miRNA loci, and also epigenetic
modifications and dysregulation of transcription factors (TFs) which target specific
miRNAs (reviewed in (Croce 2009)) (Fig. 2). In several cases miRNAs have been shown
to affect all hallmarks of malignant cells: 1) self-sufficiency in growth signals (MIRLET7
family), 2) insensitivity to anti-growth signals (MIR17-92 cluster), 3) evasion from
apoptosis (MIR34A), 4) limitless replicative potential (MIR372/373 cluster), 5)
angiogenesis (MIR210), and 6) invasion and metastases (MIR10B) (reviewed in (Santarpia,
Nicoloso, and Calin 2010)). Based on this, it is possible to propose that miRNAs are
master regulators of tumor biology features and their deregulation can therefore contribute
to oncogenesis in various ways.

5. Genetic variations in miRNA genes and their precursors, target sites, and genes
encoding components of processing machinery can affect phenotypic variation and
disease susceptibility.

Genetic variations have been shown to affect miRNA-mediated gene regulation.
Genetic variations such as single nucleotide polymorphisms (SNPs) and copy number
variants (CNVs) within pri-miRNAs and genes encoding silencing components contribute
to phenotypic variations, including disease susceptibility (reviewed in (Georges,
Coppieters, and Charlier 2007)). Germline mutations or SNPs can occur in miRNA
precursors, their target sites, and miRNA processing machinery (Fig. 2) and have been
found to affect miRNA-mediated regulatory functions, which can lead to phenotypic
effects including activating cancerogenesis.

Germline and somatic mutations in active mature, precursor or primary miRNA molecules
contribute to cancer predisposition and initiation, as was observed in MIR15A/16 cluster
mutations in rare families with CLL and breast cancer (Calin et al. 2005). Even though
these mutations are rare, a similar mutation was observed in the New Zealand Black (NZB)
strain of mice that were susceptible to the development of CLL late in life. Researchers
identified a point mutation 6 nt downstream from the identical miRNA, murine MIR16,
whose levels of expression were decreased in NZB lymphoid tissue. When delivered to an
NZB malignant B-1 cell line exogenous MIR16 resulted in cell cycle alterations and
increased apoptosis (Raveche et al. 2007). Taken together, these two studies (one of human
CLL and the other of a murine model of human indolent CLL) indicate that MIR16 is the



first miRNA proven to be involved in CLL predisposition and cancer predisposition in
general.

Polymorphisms occurring in miRNA genes are referred to as “miR-SNPs”, and the term
“miR-TS-SNP” is used for SNPs located within miRNA target binding sites (Sun et al.
2009). Even though many miRNA sequence variations observed in cancer have altered the
secondary structure with no demonstrated effects on miRNA processing (Diederichs and
Haber 2006), several recent reports show that miR-SNPs can be associated with cancer
susceptibility (Shen et al. 2008; Tian et al. 2009; Hu et al. 2009). It was observed that miR-
SNPs affect function by modulating the miRNA precursor transcription, processing and
maturation (Zeng and Cullen 2005), or miRNA-mRNA interaction (Johnson et al. 2005).
Sequence variations in the mature miRNA, especially in the seed region, may have an
effect on miRNA target recognition (Sun et al. 2009) and can have an effect on a diverse
array of traits (Zorc et al. 2012). A catalog of genetic variations residing within miRNA
seed region (miR-seed-SNPs) has been generated and will serve researchers as a starting
point in testing more targeted hypothesis (Zorc et al. 2012). Because of the miRNA-target
interaction, the miR-SNPs (including miR-seed-SNPs) and miR-TS-SNPs function in the
same manner to create or destroy miRNA binding sites.

Furthermore, polymorphisms in protein-coding mRNAs which are targeted by miRNAs
can also influence cancer risk. For example, the MIRLET7 complementary SNP site in the
KRAS 3'-UTR was found significantly associated with an increased risk for non-small cell
lung carcinoma among moderate smokers (Chin et al. 2008). A catalog of SNPs residing
within miRNA binding regions of cancer genes has also been compiled (Landi et al. 2007).
Even though miR-TS-SNPs were shown to influence susceptibility to tumorigenesis,
additional association studies and follow-up functional experiments should still be applied
to provide a clearer view on the interplay of these variations in disease development
(Nicoloso et al. 2010).

Another class of polymorphisms with a potentially profound effect on the phenotype are
SNPs in the miRNA-processing machinery. They can have deleterious effects on the
miRNome and global repression of miRNA maturation, shown to lead to tumorigenesis
(Kumar et al. 2007). Several studies reported that such genetic polymorphisms affect
cancer susceptibility: SNPs in GEMIN4 (gem (nuclear organelle) associated protein 4)
were significantly associated with altered renal cell carcinoma (Horikawa et al. 2008) and
bladder cancer risk (Yang et al. 2008), whereas a SNP in the 3'-UTR of DICER1 was
associated with an increased risk of premalignant oral lesions in individuals with
leukoplakia and/or erythroplakia (Clague et al. 2010). In a recent study, Sung et al. found
SNPs located within EIF2C2 (eukaryotic translation initiation factor 2C, 2), DICER],
PIWIL1 (piwi-like 1 (Drosophila)), DGCR8, DROSHA, and GEMIN4 that were associated
with breast cancer survival (Sung et al. 2012).



The essential part in miRNA variation studies is identification of SNPs, which can be aided
with bioinformatic tools by intercalating and cross-referencing data from dbSNP.
MicroRNA variation identification has improved the understanding of the disease
complexity, provided SNPs as genetic markers of increased cancer susceptibility as well as
biomarkers of cancer type, outcome and response to therapy (reviewed in (Pelletier and
Weidhaas 2010)). Additionally, large scale and high throughput new generation
sequencing (i.e. RNA-seq) will allow identification of miRNA somatic mutations and
expression alterations in a large numbers of patients and cancer types. This will eventually
sort out which miRNA mutations (SNPs, insertions, deletions, amplifications) are most
frequent in a particular cancer type or stage of cancerogenesis, and how that affects global
mIiRNA and target genes expression profiles. Such genome-wide understanding of miRNA
somatic mutations and expression changes they cause are likely to identify novel and
previously unappreciated mechanisms in oncogenesis.

6. Three types of epigenetic concepts have been associated with miRNAs: A) miRNA-
mediated gene silencing is one of the epigenetic mechanisms, B) miRNAs can also
directly control the epigenetic machinery with a subclass of miRNAs (epi-
miRNAs), and C) miRNA expression can be downregulated via promoter
hypermethylation.

MicroRNAs have been found associated with several epigenetic mechanisms (Fig. 2):

(A) MicroRNAs have the ability to regulate gene expression on a post-transcriptional level
and are therefore themselves regarded as one of the classes of epigenetic mechanisms
(reviewed in (Sharma, Kelly, and Jones 2010)). Together with other epigenetic
mechanisms like promoter DNA methylation and histone modifications miRNAs are
involved in an interacting network of epigenetic regulation of gene expression (reviewed in
(Chuang and Jones 2007; Esteller 2008)).

(B) A subclass of miRNAs (epi-miRNAs) directly controls the epigenetic machinery
through a regulatory loop by targeting its regulating enzymes. The first epi-miRNASs
identified where the MIR29 family (MIR29A, MIR29B, and MIR29C) shown to directly
target and downregulate de novo DNA methyltransferases (DNMT3A and DNMT3B) and
indirectly target DNMTL in lung cancer (Fabbri et al. 2007) and acute myeloid leukemia
(Garzon et al. 2009). This led to demethylation of CpG islands in promoter regions of
tumor-suppressor genes, allowing their reactivation and a loss of the cell’s tumorigenicity
(Fabbri et al. 2007). It was also reported that MIR449A targets histone deacetylase 1
(HDAC1), which is frequently overexpressed in many types of cancer, and, for example,
induces growth arrest in prostate cancer (Noonan et al. 2009). MIR101 was shown to
directly modulate the expression of enhancer of zeste homolog 2 (EZH2), a catalytic
subunit of the polycomb repressive complex 2 (PRC2), which mediates epigenetic
silencing of tumor-suppressor genes in cancer (Friedman et al. 2009).



(C) Expression of miRNA genes has also been found silenced in human tumors by
epigenetic mechanisms, such as aberrant hypermethylation of CpG islands encompassing
or in proximity of miRNA genes, and/or by histone acetylation (Weber et al. 2007). The
first evidence of deregulated miRNA expression in cancer due to an altered methylation
status was reported for MIR127, embedded within a CpG island promoter, which was
silenced in several cancer cells, but strongly upregulated after treatment with a
hypomethylating agent (DNMT inhibitor) (Saito et al. 2006). A similar scenario was
observed with MIR124A whose function can be restored by erasing DNA methylation, and
has functional consequences on cyclin D kinase 6 (CDK®6) activity (Lujambio et al. 2007).
On the other hand, Brueckner et al. (Brueckner et al. 2007) observed that hypomethylation
facilitated reactivation of MIRLET7A3 and elevated its expression in human lung cancer
cell lines, which resulted in enhanced tumor phenotypes. Compared to protein-coding
genes, human oncomiRs were found to have an order of magnitude higher methylation
frequency (Weber et al. 2007; Kunej et al. 2011). Epigenetically regulated miRNAs have
been found to be associated with various types of cancer and also present cancer-specific
biomarker potential (Kunej et al. 2011). Future studies of epigenetic regulation of miRNA
expression together with downstream signaling pathways are likely to lead to development
of novel drug targets in cancer therapy.

7. Aberrant miRNA gene expression signatures characterize cancer cells and miRNA
profiling can be applied in diagnosis, prognosis, and treatment in cancer patients.

Profiling of miRNA transcriptome is used to document typical expression
signatures of a particular cell or tissue and to identify variability in disease states, such as
cancer. The main mechanism of miRNome alterations in cancer cells is represented by
aberrant gene expression, characterized by abnormal levels of expression for mature and/or
precursor miRNA sequences in comparison with the corresponding normal tissues. It was
shown that miRNome signatures and aberrations from a wild type signature provide a more
accurate diagnostic tool for cancer classification than the transcriptome of protein-coding
genes (Lu, Getz, et al. 2005) (reviewed in (Calin and Croce 2006)). Deciphering the
miRNome expression in normal and diseased states will be useful for the identification of
miRNA targets, and alterations in miRNA expression patterns may disclose new
pathogenic pathways in human tumorigenesis (Liu et al. 2004). Changes in miRNA
expression pattern can be a consequence of mechanisms that can act independently or in
combination, such as the location of miRNAs at CAGR, epigenetic regulation of miRNA
expression, and abnormalities in miRNA processing genes and proteins, including
mutations in DICER1, TRBP or XPO5 (exportin 5). In cancer, the loss of tumor-suppressor
mMIiRNAS enhances the expression of target oncogenes, whereas increased expression of
oncogenic MIRNAS represses target tumor-suppressor genes. Paired expression profiles of
miRNAs and mRNAs can be used to identify functional miRNA-target relationships with
high precision (Huang et al. 2007). The aberrant expression of miRNAs in cancer is



characterized by abnormal levels of expression for mature and/or precursor miRNA
transcripts in comparison to those in the corresponding normal tissue. Lu et al. (Lu, Getz,
et al. 2005) observed a general down-regulation of miRNAs in tumor samples compared to
normal tissue samples. It was also found that miRNA expression profiles could be used to
differentiate human cancers according to their developmental origin, with cancers of
epithelial and hematopoietic origin having distinct miRNA profiles (Lu, Getz, et al. 2005).
Therefore, determining miRNA transcriptome profile in cancer cells or tissues and its
deviations from expression signatures of normal cells or tissues are informative in
identifying cancer sub-types and possibly even causal variability.

MicroRNAs profiling achieved by various methods has allowed the identification of
signatures associated with diagnosis, staging, progression, prognosis, and response to
treatment of human tumors. For example, the miRNA-based classifier is much better in
establishing the correct diagnosis of metastatic cancer of unknown primary site than the
classifier based on messenger RNAs of coding genes. As miRNA expression levels and
tissue distribution pattern changes with differentiation, the poorly differentiated tumors
have lower global expression levels of miRNAs compared with well-differentiated tumors
from control groups (Lu, Getz, et al. 2005). Because reduced expression levels of miRNAs
present a hallmark in poorly differentiated tumors, miRNA profiling can therefore present
an effective tool in the diagnosis of cancer of unknown primary site.

Profiling of miRNA expression correlates well with clinical and biological characteristics
of tumors and has enabled the identification of signatures associated with diagnosis,
staging, progression, prognosis, and response to treatment of human tumors (reviewed in
(Barbarotto, Schmittgen, and Calin 2008)). Profiling miRNA transcriptome of cancer cells
or tissues therefore provides new insights of basic research interest as well as a novel
fingerprinting tool to aid clinical oncology diagnostics.

8. Circulating miRNAs are potential noninvasive biomarkers in cancer.

MicroRNAs have been found to function not only within cells but can also act at
neighboring cells and more distant sites within the body. The measurement of miRNAs in
body fluids, including plasma and serum, has been used to distinguish cancer patients from
healthy subjects (Mitchell et al. 2008). Since deregulated miRNA expression is an early
indicator in tumorigenesis, circulating miRNAs can be used for cancer detection and
therefore represent a gold mine for noninvasive biomarkers in cancer (reviewed in (Cortez
et al. 2011)). Biomarker potential of serum miRNAs relies mainly on their high stability
and resistance to storage handling; they remain stable after being subjected to severe
conditions that would normally degrade most RNAs, such as boiling, very low or high pH
levels, extended storage, and 10 freeze-thaw cycles (Chen et al. 2008). Chen et al. (Chen et
al. 2008) identified expression patterns of serum miRNAs that were specific for lung and
colorectal cancer, and diabetes, which provides evidence that serum miRNASs contain



fingerprints for various diseases (Chen et al. 2008). Correlation between circulating
miRNA levels and response to a given anticancer agent was also observed and may be
useful in predicting patterns of resistance and sensitivity to drugs used in cancer treatment.
This was shown in the case of serum MIR21 levels that were higher in hormone-refractory
prostate cancer patients, whose disease was resistant to docetaxel-based chemotherapy,
when compared to those with chemo-sensitive disease (Zhang et al. 2011). Additional and
more detailed investigations of types and levels of circulating miRNAs, comparisons
between cancer stages, types of cancer and treatments may provide novel and more precise
clinical laboratory cancer biomarkers with established reference intervals to allow
appropriate clinical interpretation and therapy.

9. RNA inhibition using miRNAs is a potential treatment method for specific types of
cancer.

RNA inhibition by using miRNAs, although not the “universal panacea” for any
type of cancer, could represent valid options for the treatment of specific patients in the
near future. These patients should have a concordant expression between a specific
miRNA and the experimentally proven targets. RNA inhibition can be used to treat cancer
patients in two ways: a) by using RNA or DNA molecules as therapeutic drugs against
messenger RNA of genes involved in the pathogenesis of cancers, and b) by directly
targeting ncRNAs that participate in cancer pathogenesis (reviewed in (Spizzo et al.
2009)). The advantage by using miRNAs is double: first, miRNAs are naturally occurring
in human cells (by difference to chemotherapies or antisense oligonucleotides), and
second, miRNAs target multiple genes from the same pathway and therefore the action
occurs at multiple levels in the same pathway (for example MIR16 targets both anti-
apoptotic genes BCL2 (B-cell CLL/lymphoma 2) (Cimmino et al. 2005) and MCL1
(myeloid cell leukemia sequence 1 (BCL2-related)) (Calin et al. 2008). On the other hand,
approaches for sequence-specific inhibition with miRNAs in tumors address several
difficulties, such as target specificity and delivery efficiency. MiRNA-mediated therapy
may lead to unwanted gene silencing (off-target effect). Delivery of the therapeutic
miRNAS to the target tissue without compromising the integrity of the miRNA remains
challenging (reviewed in (Akhtar and Benter 2007; Castanotto and Rossi 2009; Whitehead,
Langer, and Anderson 2009)). Current strategies for miRNA-based delivery use antisense
oligonucleotides such as antagomirs, locked nucleic acid (LNA) anti-miR constructs,
miRNA sponges, miR-masks, to block the oncogenic miRNAs, and synthetic miRNA
mimics to restore miRNA expression (reviewed in (Garzon, Marcucci, and Croce 2010)).
Appropriate target gene selection and therapeutic molecule design are crucial for efficient
therapeutic design.

Virus-mediated delivery of MIR26A, that is normally expressed at high levels in diverse
tissues but reduced in HCC cells, for liver cancer treatment in the mouse model resulted in
inhibition of cancer cell proliferation, induction of tumor-specific apoptosis, and protection



from disease progression (Kota et al. 2009). Exogenous delivery of synthetic MIRLET7
miRNA to established tumors significantly reduced tumor growth in mouse models of lung
cancer (Trang et al. 2010). Therapeutic delivery of MIR34A mimic strongly inhibited
cancer cell growth in mouse models for prostate (Liu et al. 2011) and lung cancer (Wiggins
et al. 2010). Virus-mediated delivery of MIR145 combined with 5-fluorourasil (5-FU)
showed significant inhibition of tumor growth in breast tumor bearing mice (Kim et al.
2011). Intravenous administration of antagomirs against MIR16, MIR122, MIR192 and
MIR194 effectively inhibited corresponding miRNA levels in liver, lung, kidney, heart,
intestine, fat, skin, bone marrow, muscle, ovaries and adrenals (Kriitzfeldt et al. 2005).
MIR10B silencing did not inhibit the growth of the primary tumor, but drastically
decreased the number of pulmonary metastases (Ma et al. 2010). The results of miRNA
inhibition studies suggest great potential for miRNAs as a powerful tool for gene
regulation research and therapeutic intervention.

10. Interplay between miRNAs, other ncRNAs, and protein-coding genes forms a
complex network of interactions in normal and disease tissues.

Despite the leading role of miRNAs as cancer-related ncRNAs in published
research, recently new categories of not-translated RNAs have emerged. Other ncRNAs
such as IncRNAs, including long intergenic non-coding RNAs (lincRNAs) (Gupta et al.
2010) and UCGs (Calin et al. 2007) were found to be abnormally expressed in cancer and
involved in tumorigenic mechanisms. As the spectrum of ncRNAs is much larger than that
of miRNAs (the estimates are as high as 1,000,000 ncRNA transcripts versus as many as
10,000 potential miRNAs), it will have a profound impact on any aspect of basic and
translational cancer research.

Recent analyses of miRNA genes, their targets and genes encoding for processing
machinery, genetic polymorphisms, and epigenetic modifications revealed that miRNA-
mediated regulation in gene regulatory networks involves a far more complex system than
initially expected. MicroRNA genes are linked with TFs in complex regulatory networks
where they reciprocally regulate one another (Yu et al. 2008). It has been shown that
tumor-associated transcribed-UCRs (T-UCRs) in leukemias are negatively regulated by
direct interaction with miRNAs (Calin et al. 2007). The competing endogenous RNA
(ceRNA) hypothesis asserts that RNA transcripts can indirectly regulate each other by
competing for binding to miRNAs (Salmena et al. 2011). An example for ceRNA activity
was described for tumor suppressor phosphatase and tensin homolog (PTEN) and its highly
homologous transcript from phosphatase and tensin homolog pseudogene 1 (PTENP1)
(Poliseno et al. 2010). The pseudogene transcript can compete with PTEN mRNA for
miRNA binding and thereby modulate the expression of PTEN. Additionally, recent
evidences implicate the inter-connection of miRNAs and epigenetics. A subclass of
miRNAs (epi-miRNAS) directly controls the epigenetic machinery through a regulatory
loop by targeting key enzymes involved in establishing epigenetic memory (reviewed in



(Chuang and Jones 2007)). Finally, the miRNA decoy functions have an effect on
therapeutic approaches in human diseases, which include specific ways to overcome
resistance to drug therapy and design of miRNA-based clinical trials in the future
(reviewed in (Almeida, Reis, and Calin 2012)). The broken interactions within the complex
network of miRNA regulation may lead to great disruption in the cell, possibly leading to
cancerous phenotypes.

I11. CONCLUSIONS

There is no more doubt that miRNAs are involved in the regulation of tumorigenic
pathways involved in tumor initiation, development, progression and dissemination. The
question of whether miRNAs represent the “dark side” of cancer predisposition started to
be answered by studies in large populations of cancer patients. MicroRNAs are identified
as significant new diagnostic and prognostic tools for cancer patients, and the miRNA-
based cancer therapy should represent a future option for medical oncologists. The
progressively increasing understanding of the implications of ncRNAs for the malignant
phenotype represents the essential background to achieve the goal for earlier detection and
more effective treatment of cancer patients.
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Cross Talk Between MicroRNA and Coding Cancer Genes

Tanja Kunej, PhD,* Irena Godnic, DVM.* Simon Horvat, PhD,*t Minja Zorc, BSc,*#:
and George A. Calin, MD, PhDS§

Abstract: MicroRNAs (miRNAs) are a class of noncoding RNAs
(ncRNAs) and pesttranscriptional gene regulators shown to be involved
in pathogenesis of all types of human cancers. Their aberrant expression
as tumor suppressors can lead to cancerogenesis by inhibiting malignant
potential, or when acting as oncogenes, by activating malignant potential.
Differential expression of miRNA genes in tumorous tissues can occur
owing to several factors including positional effects when mapping to
cancer-associated genomic regions, epigenetic mechanisms, and mal-
functioning of the miRNA processing machinery, all of which can con-
tribute to a complex miRNA-mediated gene network misregulation, They
may increase or decrease expression of protein-coding genes, can target
3-UTR or other genic regions (5-UTR, promoler, coding sequences),
and can function in varicus subcellular compartments, developmental,
and metabolic processes, Because expanding rescarch on miRNA-cancer
associations has already produced large amounts of data, our main ob-
jective here was to summarize main findings and critically examine the
intricate network connecting the miRNAs and coding genes in regulatory
mechanisms and their function and phenotypic consequences for cancer,
By examining such interactions, we aimed to gain insights for the de-
velopment of new diagnostic markers as well as identification of potential
venues for more selective tumor therapy. To enable efficient examina-
tion of the main past and current miRNA discoveries, we developed a
Web-based miRNA timeline tool that will be regularly updated (http://
www.integratomics-time.com/miRNA_timeline). Further development
of this tool will be directed at providing additional analyses to clarify
complex network interactions between miRNAg, other classes of ncRNAs,
and protein-coding genes and their involvement in development of dis-
eases including cancer. This tool therefore provides curated relevant in-
formation about the miRNA basic research and therapeutic application all
at hand on one site to help researchers and clinicians in making informed
decision about their miRNA cancer—related research or clinical practice.

Key Words: microRNA, cancer, oncogene, tumor suppressor,
epigenetics, genetic variation, transcriptional regulation

(Cancer J 2012;18: 223-231)

ancer develops through a complex multistep process in-
volving structural and expression abnormalities of genes,
including those encoding microRNAs (miRNAs).! Micro-
RNAs are a class of non—protein-coding RNAs that post-

From the *Department of Animal Science, Biotechnical Faculty, University
of Ljubljana, Domzale; fDepartment of Biotechnology, National Insti-
tute of Chemistry, Ljubljana, Slovenia; IDepartment of Computational
and Systems Biology, Rothamsted Research, Harpenden, Herts, UK; and
§Department of Experimental Therapeutics and The Center for RNA
Interference and Non-Coding RNAs, The University of Texas, MD
Anderson Cancer Center, Houston, TX.

The authors have disclosed that they have no significant relationships with, or
financial interest in, any commercial companies pertaining to this article.

Reprints: George A, Calin, MD, PhD, Department of Experimental
Therapeutics, University of Texas, MD Anderson Cancer Center, So
Campus Research Bldg 3, 1881 E Rd, Unit 1950, Houston, TX 77030.
E-mail: gealin@mdanderson,org: or Tanja Kunej, PhD, Department
of Animal Science, Biotechnical Faculty, University of Ljubljana,
Groblje 3, 1230, Domzale, Slovenia, E-mail: tanja kunej@bfuni-1j.si.

Copyright © 2012 by Lippincott Williams & Wilkins

ISSN: 1528-9117

The Cancer fournal * Volume 18, Number 3, May/June 2012

transcriptionally regulate the expression of target mRNAs.
MicroRNAs that have been associated with cancer are referred
to as oncomiRs.>* The role of miRNAs in cancer was hinted
early in the history of miRNA research by 3 important obser-
vations®; (1) miRNAs are involved in cell proliferation and ap-
optosis,®” (2) miRNA genes are frequently located at fragile
sites and cancer-associated genomic regions (CAGRs),® and
(3) miRNA expression is deregulated in malignant tumors
and tumor cell lines in comparison with normal tissues,'-%1?
However, the first direct evidence of their oncogenic activity
was reported when MIRI54 and MIRI6-1 were found to be
deleted or down-regulated in most chronic lymphocytic leuke-
mia (CLL) patients.!! Recent analyses of miRNA genes, their
targets, processing machinery, genetic polymorphisms, and epi-
genetic modifications revealed that miRNA-mediated regulation
in gene regulatory networks involves a far more complex system
than initially expected. We therefore aimed here to present the
main miRNA-related discoveries in an online timeline format
that will be updated regularly with new discoveries (http://
www.integratomics-time.com/miRNA_timeline). A summary of
the timeline is presented in Table 1. We also presented an online
list of the most extensive review articles sorted according to the
topic of miRNA research in cancer; for example, (1) general, (2)
polymorphisms, (3) miRNA host genes, (4) transcription factors
(TFs), and (5) epigenetics (hitp://www.integratomics-time.com/
miRNA_timeline/reviews). This review and Web-based tool
developed should enable efficient examination of past and cur-
rent miRNA-cancer publications and enable critical exploration
of interaction networks mnvelved. Curated and regularly updated
information at one site will be useful for researchers and clin-
icians in guiding their miRNA basic research and therapeutic
applications in clinical practice.

INTERPLAY BETWEEN MIRNA AND
CANCER GENES

A predominant reason for cancerogenic cell transformation
is a combined interaction of both tumor suppressors and onco-
genes. MicroRNAs can function as oncogenes, by activating
malignant potential, or as tumor suppressors, by blocking the
cell’s malignant potential.**” Modulation of miRNA biogenesis
pathway can also premote tumorigenesis through increased re-
pression of tumor suppressors and/or through incomplete re-
pression of oncogenes (Fig. 1). MicroRNAs can affect all major
hallmarks of malignant cells: self-sufficiency in growth signals,
evasion of apoptosis, insensitivity to antigrowth signals, sus-
tained angiogenesis, limitless replicative potential, and tissue
invasion and metastasis.”®?? MicroRNA deregulation can there-
fore contribute to oncogenesis in various ways. Two studies de-
scribed a more direct relationship between a miRNA cluster
MIRI7HG, MYC and cancer oncogenic pathway, revealing a
complex genetic circuit that regulates cell proliferation, growth,
and apoplosis.'*'* Overexpression of the MIR ! 7HG cluster was
found to act with c-Myc expression to accelerate tumorigenesis in
mice; therefore, this cluster was suggested to be a potential
noncoding oncogene.'* On the other hand, the MIRLET?7 family
showed tumor suppressor activity by regulating the expression of
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TABLE 1. Timeline of Main miRNA Discoveries

Associated
Year Discovery Species With References
1960s Non—protein-coding transcripts (activator RNAs) Eukaryotes Britten and Davidson (1969)
regulate gene activity
1993 First miRNA (fin-4) discovered Caenorhabditis elegans Lee et al’
2000 Discovered microRNA (MIRLET7) Caenorhabditis elegans Reinhart et al (2000)
2000 RNAI “unit”: 21-23 nt Drosophila Zamore ¢t al (2000)
2001 A large class of small RNAs (named miRNAs) Caenorhabditis elegans, Lau et al (2001), Lagos-Quintana
arc coexpressed in clusters and have invertcbrates, vertebrates et al (2001), and Lee and
potential regulatory roles Ambros (2001)
2001 Dicer in miRNA biogenesis pathway Caenorhabditis elegans, Grishok et al (2001) and
Drosophila Hutvagner et al (2001)
2002 miRNAs discovered in plants Plants Reinhart et al (2002) and
Rhoades et al (2002)
2002 miRNA alterations found in cancer cells Human Canger Calin et al'!
(MIR154 and MIR16-1 deleted or
down-regulated in most CLLs)
2004 More than 50% of miRNA genes are located Human Cancer Calin et al®
in CAGRs or fragile sites
2004 miRNA as diagnostic/prognostic biomarker Human Cancer Takamizawa et al (2004)
2004 Coexpression of miRNAs and their host genes Mouse Rodriguez et al (2004)
2005 miRNA-target interaction relevant to cancer Caenorhabditis elegans, Cancer Johnson et al'?
human
2005 Altered expression of miRNAs affects tumor Human Cancer He et al'?
formation/growth in vivo
2005 Connection between miRNAs and the Human, rat Cancer O’Donnell et al'
MYC oncogene
2005 [nhibition of miRNA by antagomirs in mammals Mouse Kriitzfeldt et al (2005)
2006 Molecule of the year (MIR755 and MIRLET7A2) Human Cancer Yanaihara et al (2006)
2006 Epigenctic regulation (DNA methylation and Human Cancer Saito et al'®
histone deacetylase inhibition) of miRNAs
2007 MiRNA target sites can also occur in 5-UTR Caenorhabditis elegans Lytle et al'®
2007 miRNAs deregulation in cancer metastasis Human Cancer Ma et al (2007)
2007 miRNAs can up-regulatc mRNA expression Human Vasudevan ct al'”
and initiate the translation of proteins
2007 miRNAs can affect epigenetic changes and cause the  Human Cancer Fabbri et al'®
reactivation of silenced tumor suppressor genes
2007 miRNAs can regulate ncRNAs from the category Human Cancer Calin et al'®
of long ultraconserved genes (UCGs)
2007 miRNAs carrying hexanucleotide terminal motifs are Hwang et al*”
enriched in the nucleus
2008 miRNA (MIR373) targets promoter sequences and Human Place et al?!
induces gene expression
2008 miRNAs can transcriptionally silence Human Kim et al (2008)
gene expression
2008 Functional SNP in the miRNA seed region Human Cancer Shen et al®?
2008 miRNA binding sites located within Tay et al*?
mRNA-coding sequence
2009 Proof of concept of miRNA delivery as Human, mouse Cancer Kota et al**
cancer therapy
2010 miRNA as molecular decoys Human, mouse Cancer Eiring et al**
2010 miRNAs predominantly cause mRNA destabilization ~ Human, mouse Guo et al (2010)
2010 Pseudogene PTEN saturates miRNA binding sitess ~ Human Cancer Poliseno et al (2010)
2010 Overexpression of a single miRNA is sufficient Mouse Cancer Medina et al (2010)
to cause cancer
2011 ceRNA communicate with and regulate other RNA Human Salmena et al?®

transcripts by competing for shared miRNAs
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FIGURE 1. Tumorigenesis promoted by modulation of miRNA biogenesis pathway.

a proto-oncogene, the RAS protein, which is a membrane-
associated signaling protein that regulates cell growth.'? Several
studies therefore support the view that miRNAs are a class of
noncoding nucleic acids that can function as oncogenes or as
tumor suppressors contributing to oncogencsis.

It was estimated that about one third of human mRNAs are
considered as miRNA targets.>® Vertebrate miRNAs target about
200 transeripts each, and more than | miRNA might coordinately
regulate a single target,’' thereby providing a basis for com-
plex networks. Predicted targets for the differentially expressed
miRNAs in human solid tumors have been shown to be sig-
nificantly enriched for protcin-coding tumor suppressors and
oncogenes.>> The standard “dogma,” that is, miRNAs target the
3-UTR of genes and down-regulate the expression of protein-
coding genes in cytoplasm, has been expanded with the fol-
lowing additional observations: (1) miRNAs can be localized in
the nucleus,?’ (2) miRNAs target other genic regions in addition
to 3-UTR (5"-UTR, promoter regions, coding regions),'¢-21:23-33
and (3) miRNA up-regulate translation'”?" (Fig. 2). Tt has been
shown that human miRNA MIR369-3 targets AU-rich elements
in the target gene TNF to activate translation of proteins whose
expression they normally repress during cell proliferation.'” Tt
has also been shown that miRNAs can affect transcription at the
promoter level: human MIR373 binds to the E-cadherin (CDHT)
promoter and induces transcription.?! MicroRNA-dependent
mRNA repression also occurs through binding sites located in
mMRNA coding sequences (CDS), as shown for miRNAs with
targets in developmentally regulated genes.”*** In addition to
miRNA-mediated gene silencing through base pairing with
mRNA targets, miRNAs also interfere with the function of regu-
latory proteins (decoy activity).?> In particular, MIR328 binds to
poly-C binding protein 2 (PCBP2), alternatively known as het-
erogeneous ribonucleoprotein (AnRNP) E2, independently of

© 2012 Lippincort Williams & Wilkins

the miRNA’ seed region and prevents its interaction with the
target mRNA.?* Down-regulation of MIR328 in chronic mye-
logenous leukemia allowed PCBP2 inhibition of myeloid dif-
ferentiation and, as a result, led to tumor progression.?>* Other
noncoding RNAs (ncRNAs), such as noncoding ultraconserved
genes, have been found to be consistently altered at the genomic
level in a high percentage of leukemias and carcinomas and may
interact with miRNAs in leukemias.'” The findings provide
support for a model in which both coding and noncoding genes
are involved and cooperate in human tumorigenesis. Recently,
the role of coding and ncRNAs has been emphasized and
grouped in a unifying theory of competing endogenous RNAs
(ceRNAs) that can regulate one another through their ability to
compete for miRNA binding.?® The ceRNA hypothesis suggests
that long ncRNAs may elicit their biological activity through the
ability to act as endogenous decoys for miRNAs and that such
activity would in tumn affect the distribution of miRNAs on
their targets.”® Competing endogenous RNAs may therefore be
active partners in miRNAs regulation, exerting effects on their
expression levels, which may have important implications in
pathological conditions, such as cancer.

The causes of dysregulated expression can be explained by
analyzing the many layers of gene network regulation, including
the miRNA gene location in CAGRs, epigenetic mechanisms,
and alterations in the miRNA processing machinery®**? (Fig, 3).
Because each miRNA has numerous targets, inherited minor
variations in miRNA expression may have important conse-
quences for the expression of various protein-coding oncogenes
and tumor suppressors involved in malignant transformation.
Accumulation of additional somatic abnormalitics in protein-
coding genes or ncRNAs, including miRNAs, is necessary for
the full development of the malignant phenotype.® The expand-
ing field of miRNA and cancer research therefore requires the
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consideration of interplay that connects the regulatory mechan-
isms and their function into an intricate network.

SINGLE NUCLEOTIDE POLYMORPHISMS IN
MIRNA GENES, THEIR TARGETS, AND
PROCESSING MACHINERY

Single nucleotide polymorphisms (SNPs) of miRNA pre-
cursors, their target sites, and miRNA processing machinery
were reported to affect miRNA function and lead to phenotypic
effects.’” When referring to SNPs occurring in miRNA genes,
the term miR-SNPs is used, and miR-TS-SNP is used for SNPs
located within miRNA target binding sites®®* (Fig. 3). Al-
though many miRNA sequence variations observed in cancer
alter the secondary structure with no demonstrated effects on
miRNA processing,*® several recent reports show that SNPs
located in miRNA genes are associated with cancer suscepti-
bility.*%***! Tt was observed that miR-SNPs can afTect function
by modulating the miIRNA precursor transcription, processing
and maturation,*? or miRNA-mRNA interaction.'? Sequence var-
iations in the mature miRNA, especially in the seed region (miR-
sced-SNP), may affect miRNA target recognition.*> Human
miRNAs comprising miR-seed-SNPs have been shown to be
frequently located within quantitative trait loci, chromosome
fragile sites, and cancer susceptibility loci.** Because of the
miRNA-target interaction, the miR-SNPs (and/or miR-sced-
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SNPs) and miR-TS-SNPs function in the same manner to create
or destroy miRNA binding sites. Chin et al** demonstrated a
SNP that modified the MIRLET7 binding site in the v-Ki-ras
2 Kirsten rat sarcoma viral oncogene homolog (KRAS) and was
significantly associated with increased risk for non—small cell
lung cancer. Although miR-TS-SNPs were shown to influence
susceptibility to tumorigenesis,** additional association studies
and follow-up functional cxperiments should still be applied to
provide a clearer view on the interplay of these variations in
disease development. In order for the miR-TS-SNP 1o be func-
tional, it must have a proven association with cancer, both
miRNA and its predicted target must be expressed in the tissue,
and allelic changes must result in different binding affinity of
miRNA and affect expression of the target gene *® Nevertheless,
we can conclude from available published studies that “miR-
SNPs” provide an additional layer of functional variability of
miRNAs in cancerogenesis and that ongoing studies using next-
generation sequencing technology and systems biology analyses
arc likely to provide additional evidence for miR-SNPs—cancer
associations in the near future.

Single nucleotide polymorphisms in miRNA-processing
machinery may also have profound effects on the phenotype.
Single nucleotide polymorphisms that affect the proteins in-
volved in miRNA biogenesis may have deleterious effects on
the miRNAome, and global repression of miRNA maturation
was shown to lead to tumorigenesis.*’ Several studies reported

© 2012 Lippincott Williams & Wilkins
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that genctic polymorphisms of the proteins involved in miRNA
machinery affect cancer susceptibility.** % Single nucleotide
polymorphisms in the GEMIN4 gene were significantly associ-
ated with altered renal cell carcinoma®® and bladder cancer
risl,*” and SNP in the 3" UTR of DICER I was associated with an
increased risk of premalignant oral lesions in individuals with
leukoplakia and/or erythroplakia.*® The essential part in miRNA
variation studies is identification of SNPs located within miRNA
genes, their processing machinery, and targets, with bioinfor-
matics tools such as Patrocles,”’ miRNA SNiPer,** and Poly-
miRTS.*> These tools intercalate and cross-reference the data
from dbSNP and, as such, aid in the search for miRNA-related
polymorphisms. Although these tools provide useful information
on cxistence of miR-SNPs and their possible cffects on target
regulation, we still need more experimental data to gain insights
on which miR-SNP locations and types of nucleotide substitu-
tions have the most profound effects on cancerogenesis. Such
knowledge would have diagnostic power in predicting a person’s
risk for cancer development based on his/her high-risk miR-SNP
genotype. In addition, in people carrying low-risk miR-SNP
alleles that have developed primary tumors, genotyping for miR-
SNPs of tumor biopsies may reveal somatic mutations that
generated high-risk miR-SNPs potentially aiding in the correct
diagnosis of the cancer type and in therapeutic decisions.

TRANSCRIPTION FACTOR-MIRNA
REGULATORY NETWORK
MicroRNAs are transcriptional and posttranscriptional gene
regulators and, like protein-coding genes, are also regulated by
TFs, another class of gene regulators that act at the transcriptional
level. MicroRNA genes are also linked with TFs in complex
regulatory networks where they reciprocally regulate one an-
other™ (Fig. 4A). It is estimated that up to 43% of human genes
arc under combined regulation at transcriptional and posttran-

© 2012 Lippincott Williams & Wilkins

scriptional level.** Owing to the TF%s and/or miRNA’s involve-
ment in cancer, the disruption of their coregulation may be
associated with oncogenesis. O’Donnell et al'* found that the
MIRI7HG cluster is transactivated by MYC, an oncogene fre-
quently dysregulated in cancer. Similarly, 7P53, a tumor sup-
pressor gene whose pathway mutations have been discovered
in many cancer types, was found to regulate expression of
MIR34A4.>° On the other hand, overexpression of M/R1255 has

A

TF - miRNA regulation
activation / repression

= upstream = downstream
regulator regulator
protein-coding gene
B
MIR20A MIR15A
‘ MIR16-1
Myc ° E2F1 -
P53 _MIR34b
‘ MIR34C
-MIR17HG - 1
ZAP70

FIGURE 4. Transcription factor miRNA regulatory network.

A, Basic network motif in transcriptional and posttranscriptional
gene regulation. B, Schematic representation of examples of
regulatory circuit, including MIR17-92 - MYC - E2F1 pathway (left)
(adapted from Drakaki and lliopoulos 2009) and the MIR15A/16-1
cluster - TP53 - MIR34B/34C cluster - ZAP70 pathway (right)
(adapted from Fabbri et al. 2011).
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been shown to reduce levels of TP53 protein and suppress ap-
optosis in human cancer cells, whereas knockdown of MIRI258
elevates the level of TP53.5¢

Coordinated miRNA/TF regulation engage in a wider di-
versity of biological processes that can have a higher specificity
than regulation within only 1 layer of regulation.®” MicroRNAs
and TFs have been found to cooperate in tuning gene expression,
by which miRNAs were found to preferentially target genes with
transcriptional regulation complexity.”*>Y In regulatory net-
works, miRNAs and TFs can reciprocally regulate one another
and form feedback loops or form feed forward loops in which
both TFs and miRNAs regulate their target genes (Fig. 4B). An
example of a complex network interaction in cancer was de-
scribed by O’Donnell et al*® who found a circuit comprising c-
Mye, E2F transcription factor 1 (E2F1), and two miRNAs from
the MIR17-92 cluster (MIR20A and MIR17-5p) (Figure 4b).
Both miRNAs modulate the translation of E2F1 mRNA, which
also induces and is induced by ¢-Myc. 2* Moreover, E2F! binds
to the promoter of the MIRI7HG cluster, activating its tran-
scription.® A miRNA/protein feedback circuitry (miRNA/
TP53) has been found to be associated with pathogenesis and
prognosis of CLL.*" In 13q deleted CLLs, the MIR/5A4/16-1
cluster directly targets TP53 and its downstream effectors. In
leukemic cell lines and primary B-CLL cells, TP53 stimulates
the transcription of both MIRI5A/16-1 and MIR348/34C clus-
ters, and the MIR34B/34C cluster directly targeted the ZAP70
kinase. This mechanism provides a novel pathogenetic model for
the association of 13q deletions with the indolent form of CLL
that involves miRNAs, 7P33, and Z4P70).% Complex patterns in
miRNA-TF interplay have also been computationally analyzed,
and the gencrated databases (TransmiR and dPORE-miRNA)
present valuable regulatory framework for future experimental

DNMT

HDAC

analyses.%"®? Transcription factor-miRNA regulation, thercforc,
is not only confined to the “classic™ action of TFs on miRNA
promoters and their regulation but also extended to reciprocal
and mutual interactions forming a complex regulatory network.

MIRNA AND EPIGENETICS IN CANCER

Several aspects of epigenetic regulation have been found to
be associated with miRNAs: (1) They regulate target gene ex-
pression; regulation of gene expression mediated by miRNAs
is frequently reported in cancer and presents one component of
an interacting network of epigenetic mechanisms, (2) A subclass
of miRNAs (epi-miRNAs) directly controls the epigenetic ma-
chinery through a regulatory loop by targeting its regulating
enzymes. (3) MiRNA expression could be affected by CpG is-
land hypermethylation-associated silencing in the promoter re-
gion or CpG demethylation-associated activation of miRNA
promoters (Fig. 5).

Several epi-miRNAs have been shown to be directly
connected to the epigenetic machinery by regulating the ex-
pression of its regulatory enzymes.'%%%64 The first epi-miRNAs
were identified in lung cancer in a study where MIR29 family
(MTR29A, MIR29B, and MIR29C) was shown to target and down-
regulate de novo DNA methyltransferases (DNMT3A and
DNMT3B)."* Tn addition, MIR29B has been shown to induce
global DNA hypomethylation and tumor suppressor gene reex-
pression in acute myecloid leukemia by targeting directly
DNMT34 and 38 and indirectly the DNMT (DNMT1).% This led
to demethylation of CpG islands in the promoter regions of
tumor suppressor genes, allowing their reactivation and a loss
of the cell’s tumorgenicity.'® It was also reported that MIR4494
targets histone deacetylase 1 (HDACT), a gene that is frequently

3. epigenetic regulation
of miRNA gene
expression (DNA
methylation + histone

modification)

)
)

2. miRNA epi-miRNAs
modulation of
activity of T :
epigenetic
machinery
L O L GO
* DNMTs target gene
* HDACs —
+ PRC 1. post-transcriptional

gene silencing

FIGURE 5. Epigenetic concepts of miRNA regulatory network. Empty circles indicate unmethylated CpG sites; filled circles,
methylated CpG sites. Ac indicates acetyl groups; DNMTs, DNA methyltransferases; HDACs, histone deacetylases; PRC, polycomb

repressive complex.
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overexpressed in many types of cancer, and consccutively
induces growth arrest in prostate cancer.®® Also, MIRI0] was
shown to directly modulate the expression of enhancer of zeste
homolog 2 (EZH2), a catalytic subunit of the polycomb re-
pressive complex 2 (PRC2), which mediates epigenetic silencing
of tumor suppressor genes in cancer.**

The expression of miIRNA genes has also been found to be
silenced in human tumors by epigenetic mechanisms, such as
aberrant hypermethylation of CpG islands encompassing and/or
in proximity of miRNA genes, or by histone acetylation.®® The
first evidence that altered methylation status can deregulate the
expression of a miRNA in cancer was reported by Saito et al.'
MIR 127, embedded within a CpG island promoter, was silenced
in several cancer cells but strongly up-regulated after treatment
with a hypomethylating agent (DNMT inhibitor). A similar
scenario was observed with M/R1244 whose function can be
restored by crasing DNA methylation and has functional con-
sequences on cyclin D kinase 6 (CDK6) activity.” On the other
hand, Brueckner et al®® observed that hypomethylation of
MIRLET7A3 facilitates reactivation of the gene and elevates
expression of MIRLET7A3 in human lung cancer cell lines,
which resulted in enhanced tumor phenotypes. Compared with
protein-coding genes, human oncomiRs were found to have an
order of magnitude higher methylation frequency.®®®® Future
studies of epigenetic regulation of miRNA expression coupled
to downstream signaling pathways are likely to lead to the de-
velopment of novel drug targets in cancer therapy.®”

MIRNA EXPRESSION PROFILES/SIGNATURES

Profiling of miRNAs is used to document their expression
variability, and it was shown to be more accurate for cancer
classification than by using sets of known protein-coding genes, %7
In cancer, the loss of tumor suppressor miRNAs enhances the
expression of target oncogenes, whereas increased expression of
oncogenic miRNAs can repress target tumor suppressor genes.
Paired expression profiles of miRNAs and mRNAs can be used
to identify functional miRNA-target relationships with high
precision.”! The aberrant expression of miRNAs in cancer is
characterized by abnormal levels of expression for mature and/or
precursor miRNA transcripts in comparison to those in the
corresponding normal tissue. Lu et al”® observed a general down-
regulation of miRNAs in tumor samples compared with normal
tissuc samples. It was also found that miRNA expression profiles
could differentiate human cancers according to their develop-
mental origin, with cancers of epithelial and hematopoietic or-
igin having distinct miRNA profiles.”” The first evidence that
miRNA expression could be altered in cancer came from the
observation by Calin et al'! that MIRI5A/MIRI6-1 gene cluster
is located in a genomic region frequently deleted in CLL and
that their expression is frequently down-regulated or deleted in
CLL. Afterward, numerous studies examined aberrant miRNA
expression signatures in cancer. A review analyzing 58 studies’?
revealed 70 differentially expressed miRNAs in cancers, which
were reported in at least 5 studics. The causes of widespread
alterations of miRNA expression in cancer cells include different
factors such as the location of miRNAs at CAGR,® epigenetic
regulation,” and abnormalities in genes and proteing of the
miRNA processing machinery.”* Because deregulated miRNA
expression is an early event in tumorigenesis, measuring the
levels of circulating miRNAs may also be useful for early cancer
detection. Fluid-cxpressed miRNAs have been discussed as re-
liable cancer biomarkers and treatment response predictors
as well as potential new patient selection criteria for clinical
trials.”® Profiling of miRNA expression correlates with clinical

© 2012 Lippincort Williams & Wilkins

and biological characteristics of tumors and has cnabled the
identification of signatures associated with diagnosis, staging,
progression, prognosis, and response to treatment of human
tumors.”® MicroRNA fingerprinting therefore represents an ad-
ditional tool in the clinical oncology.

MIRNAS AS DIAGNOSTIC, PROGNOSTIC, AND
THERAPEUTIC TARGETS IN CANCER

On the basis of their regulatory function, miRNAs are
important players in the oncogenic signaling pathway, which is
why they should be considered in cancer diagnosis and prog-
nosis. As already mentioned, miRNA expression profiles contain
much information that could explain developmental processes
in cancer and are disrupted by different mechanisms mentioned
in the previous section on miRNA expression profiles/signatures.®®
A general down-regulation of miRNAs was observed in tumor
samples compared with normal tissue samples. A unique miRNA
signature is associated with prognostic factors and disease pro-
gression in CLL, Mutations in miRNA transcripts are common
and may have functional importance.”™

Several studies have indicated various strategics for ther-
apeutic usage of miRNAs in cancer. Four different strate-
gies for polential therapies were proposed”™: (1) Anti-miRNA
oligonucleotides—inhibitory molecules that block the interac-
tions between miRNA and its target mRNA by competition.™ (2)
MicroRNA sponges—synthetic miRNAs that contain multiple
binding sites for an endogenous miRNA and prevent the inter-
action betwecen miRNA and its endogenous targets. Ebert
et al®® have also designed these sponges with complementary
seed regions, which effectively repress an entire miRNA sced
family. (3) MiRNA masking—a sequence with perfect com-
plementarity to the binding site for an endogenous miRNA in
the target gene, which can in turn form a duplex with the
target mRNA with higher affinity and block the access of the
miRNA®' (4) Small molecule inhibitors against specific
miRNAs—chemicals or reagents able to specifically inhibit
miRNA synthesis. One such example is azobenzene, a specific
and efficient inhibitor of MIR2] biogenesis.*> Apart from the
4 aforementioned therapeutic approaches proposed by Li ct al,™®
others have proposed and demonstrated alternative strate-
gies such as restoring activity of tumor-suppressive miRNAs to
rescue its anti-tumor function.** Some studies also suggest
that, by selecting miRNAs that are highly expressed in normal
tissues but lost in cancer cells, they can be used in the general
strategy for restoring tumor suppressor miRNAs as thera-
py. 248687 Another approach to use miRNA in cancer therapy is
in sensitizing tumors to chemotherapy.®® Owing to the ability of
miRNAs to target signaling pathways that are frequently mis-
regulated in cancers, studies have examined the potential of
miRNAs or antagomirs to sensitize resistant cells to already
known and successful cancer therapics (eg, lamoxine, gefitinib
treatments). Several promising in vifro and mouse model stud-
ies have already shown efficacy of this approach guiding now
the clinical development of miRNA-based therapies for sensi-
tization to chemotherapy.

However, despite the advances made in the miRNA-mediated
therapy, 2 major hurdles still remain: the first is to maintain target
specificity, which is especially challenging and its effect needs
to be evaluated on a proteome-wide scale to prevent unwanted
gene alterations, owing to partial complementary binding be-
tween miRNAs and protein-coding transcripts.”® The second
hurdle is to achieve high therapeutic efficiency, which is linked
with delivery efficiency. In addition to lipid- and polymer-based
nanoparticles for systemic delivery, viral vectors may be also
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used; these approaches were found suitable for certain types of
tumors, and further investigations are needed for the evaluation
of these approaches in various tumor types.™

CONCLUSIONS AND FUTURE DIRECTIONS

The causes of differential expression of miRNA genes in
tumorous tissues can be better understood by including multiple
layers, such as their location in CAGRs, epigenetic mechanisms,
and alterations in the miRNA processing machinery into a co-
ordinately regulated network. The expanding field of miRNA
and cancer research therefore requires the consideration of such
an interplay that connects the regulatory mechanisms and their
function into an intricate network. Future studies will further
clarify complex interactions of short and long ncRNAs with
protein coding genes and their involvement in shaping pheno-
types and cancer development.
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Abstract

MicroRNAs are a class of non-coding RNAs that post-transcriptionally regulate target
gene expression. Previous studies have shown that microRNA gene variability can
interfere with its function resulting in phenotypic variation. Polymorphisms within
microRNA genes present a source of novel biomarkers for phenotypic traits in animal
breeding. However, little is known about microRNA genetic variability in livestock
species, which is also due to incomplete data in genomic resource databases. Therefore, the
aim of this study was to perform a genome-wide in silico screening of genomic sources
and determine the genetic variability of microRNA genes in livestock species using
MIRNA SNiPer 3.0 (http://www.integratomics-time.com/miRNA-SNiPer/), a new version
of our previously developed tool. By examining Ensembl and miRBase genome builds it
was possible to design a tool-based generated search of 16 genomes including four
livestock species: pig, horse, cattle, and chicken. The analysis revealed 65 polymorphisms
located within mature microRNA regions in these four species, including 28 present within
the seed region in cattle and chicken. Polymorphic microRNA genes in cattle and chicken
were further examined for mapping to quantitative trait loci regions associated with
production and health traits. The developed bioinformatics tool enables analysis of
polymorphic microRNA genes and prioritization of potential regulatory polymorphisms,
and therefore contributes to the development of microRNA-based biomarkers in livestock
species. The assembled catalog and the developed tool can serve animal science
community to efficiently select miRNA SNPs for further quantitative and molecular
genetic evaluations of their phenotypic effects and causal associations with livestock
production traits.



http://www.integratomics-time.com/miRNA-SNiPer/

Introduction

MicroRNAs (miRNAs) are non-coding RNA (ncRNA) molecules, approximately 21
nucleotides in length, and important post-transcriptional regulators of target mMRNAs. By
binding to the different target gene regions, i.e., 3'-untranslated region (3'-UTR), 5-UTR,
promoter, or coding sequences, they repress or activate translation (reviewed in (Kunej et
al. 2012)). The biogenesis of miRNAs begins in the nucleus with the primary transcript
(pri-miRNA), which are encoded either in the intergenic regions or within overlapping
genes (protein-coding or non-coding) (Godnic et al. 2013) . Several hundreds or thousands
base pairs in length, the pri-miRNA is cleaved by endonuclease Drosha to 60 to 70
nucleotides long precursor miRNA (pre-miRNA). Precursor miRNA, with its characteristic
stem-loop structure (Figure 1) is transported to the cytoplasm where endonuclease Dicer
cleaves both duplex chains to form mature miRNAs, either in the 5’ arm (e.g. miR-1-5p) or
on the 3° arm (e.g. miR-1-3p) (Lee et al. 2002; Bartel 2004). The key binding location for
translational suppression is called the seed region and resides within the mature miRNA
sequence. It was shown that the seed region is flexible within the miRNA, allowing the
MRNA to be regulated following base pairing of nucleotides positioned either on 2-7, 2-8,
or 3-9 from the 5° end of the miRNA (Lewis et al. 2005; Nahvi et al. 2009; Sun et al.
2009). Additionally, it was shown that nearly perfect complementarity between the first
nine miRNA nucleotides is needed in order for the protein-coding genes to be regulated
(Kiriakidou et al. 2004).

About half of miRNA genes are located within host genes and miRNA-host gene pairs
have frequently been reported to be co-expressed in human and mouse (Godnic et al.
2013). Aberrant miRNA expression signatures have previously been linked with several
diseases in human (reviewed in (Ferdin et al. 2010; Kunej et al. 2011)). Similarly,
transcriptome profiling studies in livestock revealed that expression of many miRNAs are
species- and tissue-specific and suggested their potential important roles in tissue and
organ development, immune response, and metabolism (reviewed in (Liu et al. 2010)).
Moreover, single nucleotide polymorphisms (SNPs) located within miRNA genes (miR-
SNPs), miRNA target sites (miR-TS-SNPs) or in protein-coding genes involved in miRNA
biogenesis result in phenotypic differences and therefore affect production traits and
susceptibility to diseases (Georges et al. 2007). However, because a miRNA is estimated to
target 200 transcripts on average (Krek et al. 2005), miR-SNPs are expected to have more
profound biological impact than those residing within miRNA target sites (Sun et al.
2009). A miR-TS-SNP can be prone to either disrupt or create new interacting sites for
miRNAs. For example, it has been shown, that a mutation creating a target site for mir-1
and mir-206 within the myostatin gene (MSTN; previous symbol GDF8) affects muscular
hypertrophy in Texel sheep (Clop et al. 2006). Cargill et al. (Cargill et al. 2008) reported
that polymorphism residing within the 3’-UTR of synaptojanin 1 gene (SYNJ1) was found
to disrupt target sites of let-7a and miR-98, suggesting an effect on polledness (absence of



horns) in cattle. On the other hand, a SNP occurring within a miRNA gene, especially in
the seed region can alter its secondary structure, affect miRNA processing, and have an
influence on the phenotype. For example, a SNP residing within the seed region (miR-
seed-SNP) of murine mmu-mir-717, a body mass and growth-associated protein-coding
host gene glypican (Gpc3) and quantitative trait locus (QTL), affected fat deposition
(Kunej et al. 2010). Moreover, a polymorphism residing within the miRNA seed region
(miR-seed-SNP) (rs14934924) located within gga-mir-1657 was found to be associated
with growth and meat quality traits in chicken (Li et al. 2012). Twelve polymorphisms
within the porcine miR-206/miR-133b cluster have also been found to affect muscle and
meat quality traits (Lee et al. 2013).

Over 20 bioinformatics tools have been developed for the search of polymorphic miRNA
targets using different algorithms, however only four enabling identification of
polymorphisms residing within miRNA genes (Table S1). Patrocles was the first tool for
the search of polymorphisms within miRNA genes, as well as their targets, and genes
encoding the components of the silencing machinery (Hiard et al. 2010). BioMart is a data
mining tool which also enables the search of polymorphisms within mature miRNA
regions (Kinsella et al. 2011), whereas miRNASNP searches within miRNA seed and
precursor regions (Gong et al. 2012). Because of the need for a regularly updated
bioinformatics tool for identification of SNPs within all miRNA gene regions (pre-miRNA,
mature, and seed) and species with available genomic data (annotated miRNAs and genetic
variability data), we developed miRNA SNiPer tool (Zorc et al. 2012). To assure data
accuracy, we manually inspected the tool-based catalog of polymorphic miRNA genes,
supplementing it with information regarding overlapping genes and QTL, as well as
validation status of polymorphisms within miRNA genes. Even though several analyses
investigating the phenotypic effect of polymorphisms have been performed in human and
model organisms, little is known about genetic variability of miRNA genes in livestock
species, which is also due to still ongoing sequencing projects in genomic resource
databases.

The focus of our previous study Zorc et al. (Zorc et al. 2012) was genetic variability of
miRNA seed regions in 13 vertebrate species, whereas the aim in the present study was to
perform a genome-wide in silico screening (GWISS) in livestock species to generate a
catalog of polymorphisms located within miRNA mature, including its seed region. We
therefore updated miRNA SNiPer, a bioinformatics web-based tool for identification of
polymorphisms residing within miRNA genes, with the latest matching releases of source
databases. Based on the current genomic database releases, the tool for automated search
of miRNA polymorphisms enables search for 16 species, including four livestock species.
Additionally, a QTL overlap analysis was performed and three miRNA genes were
selected for experimental validation of their miR-seed-SNPs, including a double nucleotide
polymorphism (DNP).



Materials and methods
Update of the miRNA SNiPer tool.

The online tool mMiRNA SNiPer 1.0, previously developed for the search of polymorphisms
within the precursor, mature, and seed miRNA regions in 13 vertebrate species was
updated to release miRNA SNiPer 3.0, using the latest matching versions of source
databases (Table S2). The differences between the tool versions are presented online
http://www.integratomics-time.com/miRNA-SNiPer/about.php. 1) Ensembl Variation
database was used to retrieve data for polymorphisms from releases 66 and 68
(http://www.ensembl.org/index.html). ~ 2)  miRBase, releases 18 and 19
(http://www.mirbase.org/) (Kozomara & Griffiths-Jones 2011), was used to retrieve the
location of miRNA genes. The seed region was defined according to the 7mer used in
TargetScan (release 6.2; http://www.targetscan.org/) (Lewis et al. 2005), the area of 2-8
nucleotides from the 5 end in the mature miRNA region.

Physical and functional characterization of miRNA SNPs in cattle and chicken

Genomic distribution of miR-seed polymorphisms was presented on a genomic view using
Flash GViewer web tool (http://gmod.org/wiki/Elashgviewer/). To perform a genomic
overlap analysis QTL in chicken and cattle were downloaded from Animal QTL Database,
release 19 (http://www.animalgenome.org/cgi-bin/QTLdb/index/) (Hu et al. 2013).
TargetScan Custom feature (http://www.targetscan.org/) was used to analyze whether the
miR-seed-SNP cause the formation of seed regions annotated to different miRNA (Lewis
et al. 2005). The data of miRNA gene variability was extracted from the following DNA-
microarrays: lllumina 60K SNP chip for chicken, PorcineSNP60, and 770K Illumina HD
SNPs for cattle.

Samples and sequencing of a DNA panel comprising seed polymorphisms in cattle and
chicken

The bovine samples were obtained from Holstein, Slovenian Simmental and Slovenian
autochthonous cattle breed Cika. DNA samples were extracted using DNeasy Blood &
Tissue DNA extraction kit (Qiagen, Diiseldorf, Germany). Chicken DNA samples of three
local breeds (brown, barred and Styrian hen) and German commercial hybrid LB
(Lohmann brown classic), were extracted using a standard phenol-chloroform extraction
protocol.

Six polymorphisms residing within the miRNA seed region of bovine bta-mir-2489 and
bta-mir-2313, and chicken gga-mir-1658 were selected for experimental validation. The
polymerase chain reaction (PCR) primers were selected using Primer 3 tool
(http://frodo.wi.mit.edu/):
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bta-mir-2489-F: 5’-TGCTTCTGGCCAATAAATCC-3’,
bta-mir-2489-R: 5’-CCTCAGAGGATGCCAGTGAT-3’,
bta-mir-2313-F: 5-GCACAGACTCTCAGCCACTG-3,
bta-mir-2313-R: 5-CTGACTGAGGCTCTCGCTCT-3,
gga-mir-1658-F, 5>-GGCCTCACAGCAGGATTTAC-3’, and
gga-mir-1658-R: 5’- GCATGCAATTTCCAAGTGTG-3".

Conditions for the PCR were: 94°C for 10 min, 30 cycles of 94°C for 1 min, 63°C for 1
min, 72°C for 1 min followed by a further 10 min extension at 72°C. The PCR products
were purified using Exonuclease | (Exol) and shrimp alkaline phosphatase (SAP) (both
Fermentas, Vilnius, Lithuania), followed by the sequencing reaction for capillary
electrophoresis on ABI13130xI (Applied Biosystems, USA).



Results and discussion

Using the upgraded version of the bioinformatics tool miRNA SNiPer 3.0 we generated a
catalog of miRNA polymorphisms in four livestock species supplemented with information
regarding overlaps with genes (protein-coding or non-coding) and QTL, and validation
status of the polymorphisms. Six miR-seed polymorphisms located within two cattle and
one chicken miRNA genes were experimentally validated and interesting hotspots for
future functional analysis were revealed.

Update of bioinformatics tool to miRNA SNiPer 3.0

We released miRNA SNiPer 3.0 (http://www.integratomics-time.com/miRNA-SNiPer/), a
new version of the previously developed tool for search of polymorphisms in pre-miRNA,
seed and mature region, in 16 species: human, chimpanzee, orangutan, macaque, cow,
horse, pig, opossum, platypus, rat, mouse, chicken, zebra finch, tetraodon, zebrafish, and
fruit fly. The tool searches for polymorphisms by retrieving data from matching releases of
genomic databases. Releases included in the tool have to contain matching information
regarding the location of miRNA genes and polymorphisms. Compared to the previous
version of the online tool mMiIRNA SNiPer 1.0, the present version of miRNA SNiPer 3.0 is
updated with the latest matching releases of its source databases: miRBase (miRNA
location data) and Ensembl (genetic variability data), as shown online
(http://www.integratomics-time.com/miRNA-SNiPer/about.php). Additionally, in the new
version four genomes were added, including cattle.

Using the tool we performed a genome-wide in silico screening (GWISS) of genomic
resources and generated a catalog of miRNA polymorphisms in livestock species. By
examining the latest matching Ensembl and miRBase genome builds it was possible to
design a tool-based generated search for four species: cattle, chicken, horse, and pig (Table
S2). Six other animal species (goat, sheep, rabbit, duck, turkey, and honeybee) could not be
included in this version of the tool due to their currently mismatching or missing genome
build data. The miRNA SNiPer 3.0 accepts a list of miRNA genes and returns a table of
variations located within different regions of miRNA genes: pre-miRNA, mature, and seed
region (Figure 2).

The developed bioinformatics tool enables analysis of polymorphic miRNA genes and
prioritization of potential regulatory polymorphisms, and therefore contributes to the
development of miRNA-based biomarkers for production traits in livestock species.
Upgrades of source databases will enable the future miRNA SNiPer releases to search for
miRNA gene polymorphisms in other species.
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Catalog of miRNA polymorphisms in livestock species

The catalog of miIRNA polymorphisms in livestock species presents a list of genetic
variations residing within the mature and seed miRNA region in four species: pig, horse,
cattle, and chicken (Table 1). The assembled list is supplemented with updated
information regarding the genomic location of miRNA genes (intergenic or within host
gene), their position within host genes (intron or exon), strand orientation, and validation
status of the polymorphisms. The genomic location of miRNA genes comprising miR-seed
polymorphisms in cattle and chicken is presented on the online Genomic View
(http://www.integratomics-time.com/miR-seed-SNPs/genomic_view), which also presents
overlapping QTL.

The number of polymorphisms within pre-miRNAs in chicken and cattle (125 and 92,
respectively) was much higher compared to the horse and pig genomes (one and two,
respectively) (Figure 3A). This observation may not reflect the lack of genetic variability
in the horse or pig but rather differences in the timing of genome project (i.e. chicken was
assembled in 2006, pig in 2011) and intensity of genome variation research in a particular
species. The number of assembled polymorphisms is not final and will change with time as
all miRNAs have not yet been systematically sequenced and screened for polymorphisms.
However, using current genome data of species examined in our study, we found 59
polymorphic miRNA genes that contained 65 polymorphisms within the mature miRNAs
(Figure 3A, Table 1). These include 28 polymorphisms overlapping with the seed region:
19 in cattle and nine in chicken. Two consecutive miR-seed-SNPs forming a DNP were
detected residing within the cattle bta-mir-2489. The distribution of polymorphisms within
the miRNA mature region in four analyzed species is presented in Figure 3B.
Polymorphisms adjacent to the seed region; located on the nucleotide positions 1 and 9
within the mature miRNA, could also be considered for their effect on target recognition
and binding. Our catalog includes three polymorphisms located on nucleotide position 1
and four on position 9, in three species (Figure 3B). Other locations of interest are Drosha
and Dicer cleavage sites, located on both ends of mature miRNAs, which were found
polymorphic in cattle (four SNPs) and chicken (one SNP). According to the NCBI
database all assembled polymorphisms residing within the mature region in cattle have an
unknown validation status. On the other hand, 16/21 polymorphisms within the mature
miRNA region in chicken have available allele frequency or genotype data. Moreover, four
miR-seed polymorphisms (rs14076349, rs14281065, rs14934924, and rs16681031) were
experimentally validated (Chuan-sheng et al. 2010; Geng et al. 2011; Zhang et al. 2011).
The polymorphism rs14934924 was also genotyped and associated with chicken growth
and meat traits in the Chinese Gushi-Anka F2 resource population (Li et al. 2012).
Additionally, by examining three SNP microarrays (chicken Illumina 60K SNP chip,
PorcineSNP60, and cattle 770K Illumina HD SNPs) we found one SNP overlapping
miRNA gene; namely chicken SNP rs15190357 is located within mature region of gga-
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mir-1596. However, because all miRNAs have not yet been systematically sequenced,
many polymorphisms remain still unvalidated, while on the other hand some SNPs in the
databases may be results of sequencing errors.

It was shown in Mencia et al. (Mencia et al. 2009) and our previous study (Zorc et al.
2012) that miR-seed-SNPs can cause the seed region from one miRNA to perfectly match
with the seed region from another miRNA, thereby potentially generating targets shared by
both miRNAs or novel targets. The analysis using TargetScan Custom tool, which defines
miRNA targets based on miRNA seed region recognition, revealed that SNP rs41825418
(T>C) alters the seed region of bta-mir-29e, resulting in the seed sequence bta-mir-29b-2
(Figure 4). Due to this T>C substitution 153/758 predicted targets were gained/lost.

Genomic distribution of polymorphic miRNA genes and their overlaps with host genes
and QTL

As expected approximately half of miRNA genes comprising polymorphisms were found
to be located within protein-coding host genes (28/57) (Table 1). Two bovine miRNAs
bta-mir-1291 and -2484 additionally overlapped with a non-coding gene; small nucleolar
RNA (snoRNA) SNORA2 and SNORDG61, respectively. Most of the intragenic polymorphic
miRNA genes (26/28) had the same strand orientation as their host genes. The majority of
intragenic miIRNA genes resided within introns of their host genes (27/28), whereas only
bta-mir-2900 was exonic, comprising a synonymous polymorphism rs137603330. It was
previously observed, that miRNA genes exhibiting a high degree of evolutionary
conservation, are often coordinately regulated and/or expressed with their host genes (He
et al. 2012). For example, a miRNA/host gene pair (mir-338/AATK) was observed
expressed in the nervous system in both human and mouse (Baskerville & Bartel 2005;
Bak et al. 2008; Barik 2008). The matching location and orientation of polymorphic
miRNA genes and their host gene pairs provides a starting-point for further functional
analyses of the present polymorphisms.

Our previous study revealed several overlaps comprising polymorphic miRNA genes, QTL
and fragile sites (Zorc et al. 2012). In this study we found that bovine and chicken miRNA
genes comprising seed-polymorphisms overlapped with several QTL associated with
production traits (http://www.integratomics-time.com/miR-seed-SNPs/genomic_view).
Bovine miRNA genes were found to overlap with 101 QTL. The analysis revealed an
interesting hotspot, namely bta-mir-2489 comprising a DNP within the seed region
overlaps with the largest number of QTL (n=25), associated with reproduction, behavior,
meat and milk quality. Chicken miRNA genes comprising miR-seed polymorphisms
overlap with 37 QTL, associated with several production (e.g. body weight, drumstick,
thigh and wing weight, egg weight) and health traits (e.g. Marek’s disease-related traits).
These miRNA SNPs can now be used in re-analyses of existing crosses or mapping
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populations to test for associations with indicated traits or to evaluate if these SNPs affect
expression levels of target genes in selected tissues. The performed miRNA/QTL overlap
will enable more effective phenotype-related analyses, which would provide the
researchers with an additional source of biomarkers for traits in animal production and
breeding.

Experimental validation of selected miRNA genes comprising miR-seed polymorphisms

Several polymorphisms deposited in genomic databases result from sequencing errors and
therefore we experimentally validated six miR-seed-polymorphisms; three in chicken and
three in cattle, two of which formed a DNP (Figure S1A-C). The DNP comprising
rs110544069 and rs109834057 located within bta-mir-2489 and gene sterile alpha motif
domain containing 12 (SAMD12) was validated in Cika cattle breed (Figure S1A).
Because DNPs consist of two consecutive nucleotide polymorphisms and hence have a
greater potential effect on target recognition and functional consequences, we performed a
TargetScan Custom analysis, which showed a change in the number of targets. Due to the
CA>TG substitution 278/147 predicted targets were gained/lost, out of which only eight
targets were shared by both miRNA seed region variants. Interestingly, several DNPs were
previously found to be present within miRNA seed regions in human and mouse (Zorc et
al. 2012). Additionally, miR-seed-SNP rs41761413 residing within bta-mir-2313 and
protein-coding host gene GRAM domain containing 1B (GRAMD1B) was found to be
polymorphic in the analyzed population of Slovenian Simmental cattle (Figure S1B). All
three chicken miR-seed-SNPs (rs16681031, rs16681032, and rs16681033) residing within
gga-mir-1658 and host gene guanine monophosphate synthetase (GMPS) were
polymorphic in four breeds (Brown, Barred, Styrian hen, and Lohmann brown classic)
(Figure S1C). These miR-seed-SNPs could be further applied in research investigating
their association with production traits in cattle and chicken.



Conclusion

MicroRNA polymorphisms may have a profound effect on a wide range of phenotypes;
therefore genetic variability of miRNA genes in livestock animals provides a source of
novel biomarkers for phenotypic traits in animal breeding. The upgraded bioinformatics
tool miRNA SNiPer 3.0 was used for assembling a list of all known miRNA SNPs in four
livestock species (pig, horse, cattle, and chicken), which overlapped with several QTL. The
miRNA SNiPer tool will be periodically updated with novel miRNAs and SNPs, in
livestock and other species. This tool has an added value in comparative genomics aspect
of mIRNA-SNP research enabling retrieval and prioritization of valuable information
across several mammalian species and hence helps researchers to improve experimental
designs. This project may yield new findings useful for development of molecular markers
in selection programs allowing more effective, marker assisted selection in livestock
species.
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FIGURES AND TABLES:

Figure 1: Secondary structure of miRNA.

Figure 2: MiRNA SNiPer 3.0 output showing genetic variability of bta-mir-2489 in cattle.
Double nucleotide polymorphism consisting of two consecutive SNPs, rs110544069 and
rs109834057 residing within seed region, and SNP rs36326300 within pre-miRNA region.

Figure 3: Distribution of polymorphisms within miRNA genes in cattle, chicken, horse,
and pig. A) Distribution of polymorphisms among miRNA regions: pre-miRNA, mature
and seed region. B) Number of polymorphisms per nucleotide position within mature
miRNA.

Figure 4: MiR-seed-SNP causing formation of a novel seed region. MiR-seed-SNP
rs41825418 located within miRNA bta-mir-29e causes a formation of a seed region
annotated to miRNA bta-mir-29b-2. Seed region is indicated with a rectangle.

Table 1: MicroRNA genes with polymorphisms located within their mature and seed
regions in four livestock species (cattle, chicken, horse, and pig).

SUPPORTING INFORMATION:

Figure S1: Experimental validation of polymorphisms located within the seed region in
three miRNA genes. A) Validation of a DNP located within bta-mir-2489. B) Validation of
rs41761413 located within bta-mir-2313 in cattle. C) Validation of all three miR-seed-
SNPs located within gga-mir-1658 in chicken.

Table S1: Main characteristics of bioinformatics tools for analysis of miRNA genetic
variability.

Table S2: Genome assemblies for ten livestock species applied by source genomic
databases.



Table 1: MicroRNA genes with polymorphisms located within their mature and seed
regions in four livestock species: cattle, chicken, horse, and pig.

ID of

* Species . polymorphisms
[assembly] miRNA genes located within
e no. of MIRNA host gene orientation/ | comprising the MIRNA identification
miRNAs (orientation) g genic polymorphisms mature region / validation /
e no. of location within mature (polymorghisms genotyping
polymorphism region in MiRNA seed
S region in bold)
e Pig [Sscrofa9] | F1ISR76_PIG as / intron | ssc-miR-4334- | rs10719650 /
e 271 miRNAs 10 3p
e 545,950 ssc-miR-4334- | rs10719651 /
polymorphism 5p
S
e Horse intergenic - eca-miR-514 rs69481895 /
[EquCab2]
¢ 341 miRNAs
¢ 1,163,258
polymorphism
S
MAML?2 - bta-miR-1260b | rs134960452 /
CL041_BOVIN s/intron 3 . /
SNORA?2 s bta-miR-1291 rs110817643
intergenic - bta-miR-132 rs133988074 /
MiB1 > /- Intron | s miR-1332-2 | rs137070651 |’
TAGL2 s/intron 1 t;;a-mlR—1584- 1s110121441 /
F1MBP1_BOVIN s/intron1 |bta-miR-1777b |rs133532692 /
intergenic - ljrta-mlR-2285m- 1109856770 /
i . . rs132885360 /
intergenic - bta-miR-2286 rs135512047
Cattle RIN2 s/intron 4 | bta-miR-2305 rs135483577 /
] - - -
[UMD3.1] GRAMD1B s/ intron 2 I;La-mlR-ZBIS- rsA1761413 this study
* 766 MRNAS - fyiabD s/intron 14 | bta-miR-2318 | rs134638324 |/
. 2’2|01’°7lh_ intergenic - bta-miR-2321 | rs137731966 |/
EO ymorphism sE3g3 BOVIN s/intron 20 | bta-miR-2324 | rs134817229 |/
. . rs136780194 /
PTPRG s/intron1 |bta-miR-2369 1134753593
intergenic - bta-miR-2402 rs137803906 /
intergenic - bta-miR-2403 rs135523674 /
LAMB1 s/intron 11 | bta-miR-2418 rs110555814 /
intergenic - bta-miR-2419- (543400521 /
3p
NCKAP5L s/intron 1 g:)a-mlR-2425- r$134756375 /
intergenic - bta-miR-2436- 1s135821414 /
3p
HTT s/intron 20 | bta-miR-2450c | rs42658514 /
intergenic - bta-miR-2455 rs137716256 /
intergenic - bta-miR-2467- | rs109063650 /




ID of

* Species olymorphisms
[assembly] miRNA genes Focgte d v?/i thin
* no. of MiRNA host gene orle_ntatlon/ comprising the MIRNA |den'F|f|c§t|on
miRNAs (orientation) genic polymorphisms mature region / validation /
e no. of location within mature gic genotyping
I hi reqion (polymorphisms
polymorphism g in miRNA seed
S region in bold)
5p
D3JUI8 BOVIN s/ intron 2 .
SNORDB1 s bta-miR-2484 rs135930835 /
. . rs110544069* this study
SAMD12 s/intron4 |bta-miR-2489 rs109834057* this study
intergenic - bta-miR-2892 rs109795153 /
intergenic - bta-miR-2899 rs109462250 /
PEG3 s/exon 8 bta-miR-2900 rs137603330 /
intergenic - bta-miR-2903 rs134036560 /
intergenic - bta-miR-29b-2 | rs133392085 /
intergenic - bta-miR-29d rs137831203 /
intergenic - bta-miR-29e rs41825418 /
F1MIB7_BOVIN s/intron 6 | bta-miR-338 rs133207384 /
intergenic - bta-miR-375 rs134683062 /
intergenic - tSJLa_mIR_MR_ ($132740734 /
MEGF6 s/intron 3 |bta-miR-551a rs136014887 /
KAT6B s/intron2 |bta-miR-584-3 |rs135786138 /
intergenic - bta-miR-940 rs110936400 /
PTPRG s/ intron 2 lgga—mR-lSSO- (514981477 NCBI
. . . rs14511527 NCBI
intergenic - gga-miR-1568 (514511526 NCBI
CELF2 s/intron 1 NCBI,
gga-mlR-1596- (515190357 g(l)l:<mmaSNP
chip
intergenic - gga-miR-1605 | ss538056207 /
intergenic - gga-mlR-1614- rs15172520 NCBI
« Chicken s/intron 12 | gga-miR-1625- /
[WASHUC?] | ENSGALG00000005676 3p 58538087094
¢ 499 miRNAs (Chuan-
© 3,292,991 XYLT1 s/intron5 |gga-miR-1644 | rs14076349 sheng et al.
polymorphism 2010)
S . . i gga-miR-1648- | rs14281065 (Zhang et al.
Intergenic 3p 514281066 2011)
E1C752_CHICK s/ intron 2 gga-miR-1657 | rs14934924 (Li et al
2012)
(Geng et al.
gga-miR-1658- | rs16681031 2011), this
. 3p rs16681032 study
GMPS s/intron 13 this study
gga'm'R'lﬁsg' rs16681033 | this study
intergenic - gga-miR-1675 | rs16643637 NCBI
TRAIP s/intron4 |gga-miR-1678 | ss537949696 /




ID of

e Species .
[assembly] miRNA genes polymorp_hls_ms
e no. of orientation/ | comprisin located within identification
- miRNA host gene : prising the miRNA C
miRNAs - . genic polymorphisms ) / validation /
(orientation) . 7 mature region .
e no. of location within mature - genotyping
olvmorohism region _(polymorphlsms
polymorp in miRNA seed
S region in bold)
intergenic - gga-miR-1703 | rs16718265 NCBI
TTK s/intron4 |gga-miR-1712- rs15403608 NCBI
op
intergenic - gga-miR-1747 | ss538180149 /
COL27Al s /intron 17 | gga-miR-455-5p | rs15031616 NCBI
intergenic - gga—mlR-460b- $s538066607 /

*two consecutive SNPs forming a DNP

S: sense orientation; as: antisense orientation

-: data not applicable; /: data not available

host gene names: CELF2 - CUGBP, Elav-like family member 2; CL041_BOVIN
(KANSL2) - KAT8 regulatory NSL complex subunit 2; COL27A1 - collagen, type XXVII,
alpha 1; E1C752 CHICK (RAB38) - RAB38, member RAS oncogene family;
ENSGALG00000005676 (TTC28) - tetratricopeptide repeat domain 28; D3JUI8 BOVIN
(RBMX) - RNA binding motif protein, X-linked; FIMBP1 BOVIN (PDGFRB) - beta-type
platelet-derived growth factor receptor precursor; FIMIB7_BOVIN (AATK) - apoptosis-
associated tyrosine kinase; F1SR76_PIG (DNPEP) - aspartyl aminopeptidase; GMPS -
guanine monphosphate synthetase; GRAMD1B - GRAM domain containing 1B; HTT -
huntingtin; KAT6B - K(lysine) acetyltransferase 6B; LAMBL1 - laminin, beta 1; MADD -
MAP-kinase activating death domain; MAML2 - mastermind-like 2 (Drosophila); MEGF6
- multiple EGF-like-domains 6; MIB1 - mindbomb E3 ubiquitin protein ligase 1;
NCKAPSL - NCK-associated protein 5-like; PEG3 - paternally expressed 3; PTPRG -
protein tyrosine phosphatase, receptor type, G; RIN2 - Ras and Rab interactor 2; SAMD12 -
sterile alpha motif domain containing 12; TAGL2 - Transgelin-2; TRAIP - TRAF
interacting protein; TTK - TTK protein kinase; XYLT1 - xylosyltransferase I.
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miRNA name miRNA

Bos taurus
14:48094677-480
94754[+]

mature miRNA

bta-miR-2489
Mature: 48094688-48094700
Seed: 48094680-48094695 from TargetScan

UGUUGUGUUUCAAAUGALCAGGGGACAUGAGU
UUUUUAAUCUGGCAGUUUAAACUUUUGCCCUCC
UUCAUUACAUAACG

rs110544069

rs109834057

' 5136326300

VGLGL]

details

In seed
48094694
SNP (C > T)

In seed
48094695
SNP (A > G)

In pre-mature
48094753
SNP (C>T)

Figure 2: MiRNA SNiPer 3.0 output showing genetic variability of bta-mir-2489 in cattle.
Double nucleotide polymorphism consisting of two consecutive SNPs, rs110544069 and
rs109834057 residing within seed region, and SNP rs36326300 within pre-miRNA region.
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Figure 3: Distribution of polymorphisms within miRNA genes in cattle, chicken, horse,
and pig. A) Distribution of polymorphisms among miRNA regions: pre-miRNA, mature
and seed region. B) Number of polymorphisms per nucleotide position within mature
miRNA.



153 predicted targets

rs41825418
5’-UAGCAUCAUUUGAAAUCAGUGUUU-3’
bta-miR-29e

5’-AG CALCJCA-3'

bta-miR-29b-2
5’-UAGCACCAUUUGAAAUCAGUGUU-3’

rs133392085
758 predicted targets

Figure 4. MiR-seed-SNP causing formation of a novel seed region. MiR-seed-SNP
rs41825418 located within miRNA bta-mir-29e causes a formation of a seed region
annotated to miRNA bta-mir-29b-2. Seed region is indicated with a rectangle.
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Abstract

MicroRNAs (miRNAs) are non-coding RNAs {ncRNAs) involved in regulation of gene expression. Intragenic miRNAs,
especially those exhibiting a high degree of evolutionary conservation, have been shown to be coordinately requlated and/
or expressed with their host genes, either with synergistic or antagonistic correlation patterns. However, the degree of
cross-species conservation of miRNA/host gene co-location is not known and co-expression information is incomplete and
fragmented among several studies. Using the genomic resources (miRBase and Ensembl) we performed a genome-wide in
silico screening (GWISS) for miRNA/host gene pairs in three well-annotated vertebrate species: human, mouse, and chicken.
Approximately half of currently annotated miRNA genes resided within host genes: 53.0% (849/1,600) in human, 48.8%
(418/855) in mouse, and 42.0% (210/499) in chicken, which we present in a central publicly available Catalog of intragenic
miRNAs (http://www.integratomics-time.com/miR-host/catalog). The miRNA genes resided within either protein-coding or
ncRNA genes, which include long intergenic ncRNAs (lincRNAs) and small nucleolar RNAs (snoRNAs). Twenty-seven miRNA
genes were found to be located within the same host genes in all three species and the data integration from literature and
databases showed that most (26/27) have been found to be co-expressed. Particularly interesting are miRNA genes located
within genes encoding for miRNA silencing machinery (DGCR8, DICERT, and SNDT in human and Cnot3, Gdcr8, Eifde, Tnrcéb,
and Xpos5 in mouse). We furthermore discuss a potential for phenotype misattribution of miRNA host gene polymorphism or
gene modification studies due to possible collateral effects on miRNAs hosted within them. In conclusion, the catalog of
intragenic miRNAs and identified 27 miRNA/host gene pairs with cross-species conserved co-location, co-expression, and
potential co-regulation, provide excellent candidates for further functional annotation of intragenic miRNAs in health and
disease.
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Introduction first take place in the nucleus. Primary miRNA transcripts [pri-
) miRNAs) arc processed by the complex Drosha-DGCRS (Di-
MicroRNAs (miRNAs) are non-coding RNAs (neRNAs) that George syndrome eritical region gene-8), a component of the
post-transeriptionally  regulate gene expression. The  standard miRNA processing IllaClliHl‘I'\;:‘ [4:5]_ Therealier precursor miR-
Nas (pre-miRNAs) are transported to the cyloplasm where they
are further cleaved by RNase TTI Dicer, a key enzyme in miRNA
maturation, to form functional mature miRNAs [6]. They are
incorporated into the RNA-induced silencing complex (RISC)
composed ol many associated proteins |7]. Disruption of the
miRNA processing machinery core components, miRNA genes
and their targets attects overall efficiency of silencimg [8]. Indeed,
polymorphisms as well as aberrant miRNA expression patterns
have previously been shown to be involved in disease develop-
ment, including several cancer types [9-12].

dogma states that expression of protein-coding genes is repressed
by binding the target gene’s complementary sequence in the 3’
untranslated region (3'-UTR) with the miRNA’s seed vegion: 27
or 2-8 consecutive nucleotides from the 5-end of the miRINA,
which are crucial for target recognition [1,2]. This carlier
postulated dogma has now been extended with new discoveries.
MicroRNAs have also been shown to increase or decrease
expression of protein-coding genes by targeting different genomic
regions (3"-UTR, 5'-UTR, promoter, and coding sequences) and
mteract with proteins. Addibonally, they have been shown to
function in various subcellular compartments, and developmental
and metabolic processes [3]. Several components of the miRNA
processing machinery are included in miRNA biogenesis, which

Approximately hall’ of” vertebrate miRNAs are processed from

introns of protein-coding genes or genes encoding lor other
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ncRNA classes (e.g. snoRNAs, miRNAs, lincRNAs) [13], whercas
miRNA genes can also be encoded in intergenic regions of DNA,
therefore referred to as mtergenic miRNAs. In some cases, a

miRNA gene can have a “mixed” location, e can be located
either in an exon or an intron ol the same or dillerent host gene
transcripts which depends on their alternative splicing [13].

A single host gene can comprise multiple and overlapping
resident miRINA genes, called a clusier, which are processed [rom
the same polyaistromie primary transeript [13,14]. Tt has been
observed that miRNA genes which are located in a polycistron and
co-expressed in the clusters are pivotal in coordinately regulating
multiple processes, including embryonic development, cell eyele
and cell differentiation [15]. Tt was also observed that miRINA
genes are more frequently hosted within the short ger
expected by chance, which was hypothesized as a favorable
evolutionary feature due to the gene's interaction with the pre-
miRNA splicing mechanism [16].

Host genes and resident ncRINAs have been considered to have
a synergistic cffeet with important implhications for fine-tuning gene

»s than

expression patterns m the genome [17,18]. LExpression profiles of

intronic miRNAs were in many cases lound o coincide with the
transcription of their host genes, which raised a question as to how
these miIRNAs were processed [19]. Intronie rmRNAs, hike most
ncRNAs, are released [rom the excised host introns in the post-
splicing process [17,20]. However, it was later indicated that
intronic mRNAs might also be processed from umspliced intronic
regions prior 10 splicing catalysis [20]. A class of miRINA
precursors, named mirtrons, are processed in an alternative
miRNA biogenesis pathway where certain debranched introns
mimic the structural [eatures of pre-miRNAs and enter the
miRNA-processing pathway, however without the Drosha-medi-
ated cleavage [21].

Highly correlated expre
closely clustered miRNA genes (50 kb of each other), which
coincides with the idea of a polycistronic primary transcript
[19,22]. He et al [23] additionally showed that evolutionary
conserved miRNA genes tend (o be co-expressed with their host
genes: even though the non-conserved miRNAs dominate in the
human genome, the majonty of intragenic mRNAs exnbiting co-
expression with their host gene are phylogenetically old. A high
conservation hetween orthologous intronic miRNAs has been
demonstrated  several species [24,23]. Tn addition to co-
expression and proposed co-regulation ol miRNA and host genes,
several studies have described a [unctional link between them
[19,26,27]. Interestingly, genes highly correlated m o expression

on patlerns have been found in

with a resident miRNA gene were found to be more likely
predicted as miRNA targets [28]. 'The expression ol miRNA/Zhost
genes and that of predicted miRNA targets tend to be positively or
negatively correlated, suggesting that the coordinated transcrip-
tional regulation ol a miRNA and its target is an abundant moulin
gene networks [28].

The proportion of miIRNA genes located within the s
genes among different species remains unknown, whether their
coordinated expression is conserved, and to what degree. The
miRNA/host gene co-expres; ral
stucdies, yet the dawa remains [ragmented and incomplete.
However, based on the report by He ¢ ol [23] that evolutionary
conserved (“old™) miRNA genes tend to be co-expressed with their
host genes, bul, in contrast, non-conserved {Fyoung™} ones rarely
do so, it might be reasonable to predict the same co-expression
patterns of mIRNA/host gene pairs with conserved cross-species

amce host

ion has been analyzed i sc

co-location. The conserved pairs would present candidate genes
whose matching expression proliles would be ol assistance lor
further annotation and functional analysis.

PLOS ONE | www.plosone.org

MicroRNA Host Genes

The aim of this study was tw create a central Catalog of
intragenic MiRNAs in three well-annotated vertebrate species
thuman, mouse, and chicken) serving as a lramework [or
rescarchers working i the field of intragenic miRNAs, The
supplemented information regarding the miRNA/host gene pair’s
conserved cross-species co-location, expression data, and disease
associalions provides a list of high priorily intragenic miRNAs lor
further functional analyses. These include identification and
annotation of gene
al analyses and studies to re-examine potential misattribution of
phenotype previously ascribed to host genes or hosted miRNA
genes only.

s based on crogs-specics conservation, function-

Materials and Methods

Datascts of miRNA/host gene pairs were downloaded  from
genomic resources: the coordinates of miRNA genes and their host
genes in human, mouse, and chicken were downloaded from
miRBase, release 19 {(hip://www.mirbase.org/} [29] and Ln-
sembl, release 69 (http:/ /www.ensembl.org/indesx. html), using the
latest matching assemblies: GRCh37 lor human, GRCm38 for
mouse, and WASHUC?2 for chicken. The catalog is accessible
through a web application written in PHP language, which allows
retrieving miRINA/host gene pairs (http://www.integratomics-
time.com/miR-host/catalog). The nomenclature of miRNA and
host genes was unified according t The HUGO Gene
Nomenclature  Committee  (HGNCGY  {http:/ /www.genenames,
org/) and Mouse Genome Inlormatics (MG (hup://www.
informatics,jax.org/). The list of miIRNA host genes was manually
inspected; cases with doubtlul gene nomenclature alier automatic
annotation  {e.g. overwriting of a miRNA record with an
overlapping snoRNA and lincRNA record} were reported to the
source database (Ensembl) and solved case by case. Genomic
distribution of miRNA/host gene pairs in human, mouse, and
chicken was presented in a genomic view format using Flash
GViewer web tool (http://gmod.org/wiki/ Flashgviewer /). Mi
RNA and host gene expression profiles, their functional links and
dis

-

sociated with dysregulated expression were retrieved
ature using PubMed (http://www.nebinlm.nih.gov/
pubmed), Web of Science (http://apps.webofknowledge.com/),
and 2} databases Gene Lxpression Atlas (GEA), release 2.0.11.1
thip://www.eblac.uk/gxa/). Small RNA expression data was
obtained from University of California Santa Cruz (UCSC)
Genome Bioinlormatics (hiip://genome.ucsc.edu/) based on the
ENCODE project [30]. Genetic variability of miRNA genes
residing within host genes (protein-coding and non-coding) was
determined using miRNA  SNiPer tool 3.0 (http://www,
Integratomics -SNiPer)  [31]. Predicted  and
experimentally validated miRNA targets were obtained using
TargetScan  (http:/ /www targetscan.org/), miRecords (http://
mirecords.biolead.org/), and miRTarBase (htp://mirtarbase.
mbenctuedutw/). The list of components of the miRNA
silencing machinery was obtained from Patrocles database
thttp://www.patrocles.org)  [32]. Pathway enrichment analysis
for miRNA host genes was perlormed using the Ingenuity
Pathway Analysis (TPA), release 8.8 (Tngenuity® Systems, hrtp://
www.ingenuity.com/}  [33]. Multispecies  sequence  alignments
were performed using Ensembl, option Comparative genomics -
Alignments (text).

from: 1)

time.com/miRIN:

Results and Discussion

We developed a central Catalog of intragenic miRNAs in three
well-annotated veriebrate genomes (human, mouse, and chicken)
by performing a genome-wide @ silico screening (GWISS) of
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genomic resource databases (Figures 1 and 2). The miRNAsg
were hosted by prowin-coding genes or genes encoding for other
ncRNA classes. Further species-wide in sifico sereening (SWISS)
revealed 27 miRNA/host gene pairs with conserved co-location in
all three species, most of which have been found to be co-
expressed. Coordinately expressed miRNA/host gene pairs with
cross-species conserved co-location are consicdered prioritized
candidate genes for future functional analysis,

1. Genome-wide in sifico Screening (GWISS) for Sense-
oriented miRNA/host Gene Pairs in Human, Mouse and
Chicken

Intragenic miRNAs (Figure 3) have become a topic of
increasing research interest. We performed a genome-wide i
sifico screening (GWISS) of the latest genome assemblies of three
well-annotated vertebrate genomes (human, mouse, and chicken)
w0 define how many miRNA genes are located within host
genes. The Catalog of intragenic miRNAs is available through a
web application (http://www.integralomics-time.com/miR-host/

MicroRNA Host Genes

catalog), which allows users 10 relrieve single or muliple
miRNA/host gene  pairs, based on 1) sclection of species,
biotype of host genes, anc genomic position of resident miRNAs
fexon, intron, 3 and 5-UTR}, or 2) by querying individual
miRNA or their host genes. In all three species approximately
half of currently annotated miRNAs are intragenic, residing
within protein-coding and/or ncRNA genes: 53.0% (849/1,600)
i human, 48.8% (418/835) in mouse, and 42.0% {210/499} in
chicken (Figure 2). 'LThis percentage however should be
considered as an estimate that will change with time as both
miRNA and host genes (protein-coding and ncRNA genes) are
still being annotated and added to database upgrades. Manual
inspeetion  of host genes revealed  examples with - doubtful
annotation in regions with two or three overlapping genes, for
which we contacted the source database (Lnsembl) and solved
ambiguous annotations case by case. Namely, it was observed
that in cases where two ncRNA genes (miRNA and snoRNA])
overlapped in the same region, the automatic annotalion
pipehne favored the longer RNA; for example, the record of
snoRNA  gene  SNORAZ6B  overwrote the record of the

microRNA / host gene pairs

PHYSICAL CHARACTERIZATION

FUNCTIONAL CHARACTERIZATION

genomic location

Genome-wide co screening (GWISS)

()

expression

hostgene  miRNA gene
h epigenetically silenced miRNA
1,600 1T, 849 genes in human cancer
855 — ~ mouse B IEEE mmE - 418
499 — = chicken - ) . — 210
- 133 cpG |y
numbero_f intragenic intergenic
known miRNA miRNA  miRNA
genes
i i 3 2 43 CrG | pupmm
catalog of sense oriented intragenic miRNAs
(http://www.integratomics-time.com/miR-host)
cross-species conservation of @
@ miRNA/host gene co-location:
Spec e in silico screenir literature 26 P s
human © & = == Se—= 93
mouse RE R 27 GEA 24
chicken g - 1 —
[ human
conserved pathway
co-location enrichment
; , q . miRNA/host gene pairs for experimental
Future perspectives: igentification oy potentialnovel —_———— verification of co-expression

miRNAs in other species

Figure 1. Workflow of the study. GEA - Gene Expression Atlas.
doiz10.1371/journal.pone.0065165.g001
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Human Mouse Chicken
1,600 855 499 known miRNA genes
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Figure 2. Diagram of genomic distribution of miRNA genes in human, mouse, and chicken, * - microRNA genes overlapping protein-
coding and ncRNA genes; mixed - microRNA genes overlapping intron, exon or UTR, depending on overlapping host gene transcripts. For details see

online table: http://www.integratomics-time.com/miR-host/catalog.
doi:10.1371/journal.pone.0065165.9002

overlapping miRNA gene Asa-mir-664a. One of the reasons for
annotation also be the use of non-official and
inconsistent nomenclature of genes. For example, a miRNA
host transeript with a lincRNA biotype (ENSGO0000253522)

was merged between the Ensembl automatic pipeline and the

CITOY  Tay

Havana manual curation and was found to be given two names,

JTC-231011.0 or hsa-mir-146a. Any updates of the catalog of
miRNA/host gene pairs should therefore take into consideration
the importance of nomenclature when searching for single or
overlapping miRNA genes.

PLOS ONE | www.plosone.org

MicroRNA genes that do not share the same strand orientation
as their host genes (i.e. are antisensc-oriented) have been shown to
have independent transcription mechanisms [34], whereas sense
transcriptional orientation suggests that miRNA and host genes
can be transeribed from shared promaoters [1]. Additionally, it was
found that a majority of predicted promoter regions of intronic
miRNA genes (94.2%; 49/52) overlapped with their host gene
promoters [35]. Tn addition to protein-coding host genes, ncRNA
genes comprised snoRNAs, lincRNAs, and other unspecified
ncRNAs (Figure 2). Long ncRNAs were found to also host
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Figure 3. Examples of co-location of miRNA genes with protein-coding and ncRNA genes. A) Protein-coding gene HTR2C with four
resident miRNA genes, two of which form a cluster. B) A miRNA gene cluster located within lincRNA gene FTX. C) MicroRNA gene hsa-mir-10a located
within two overlapping protein-coding genes, D)} Qverlapping miRNA gene (hsa-mir-664b) comprising a miR-seed-SNP, and snoRNA gene
(SNORA36A) residing within protein-coding DKC1. E) Gene DGCRS, associated with miRNA biogenesis, hosts two miRNA genes, one of which

comprises a miR-seed-SNP.
doi:10.1371/journal.pone.0065165.g003

clusters of miRINA genes and therelore encoede polycistronic
primary transcripts that can yield several miRNAs; for example
lineRNA FTX (FTX wanseript, XIST regulator (non-protein
codling)) comprises two miRNA genes: Asa-mir-374a and fsa-mir-
545 (Figure 3B). Because miRNA clusters can also overlap with a
single protein-coding host gene (Figure 3A), the total number of
host genes is lower than the number of intragenic miRNAs: we
identified 687 protein-coding host genes in human (with 752
resident miRNA genes), 288 in mouse (with 386 miRNA genes),
and 192 in chicken {with 208 miRNA genes). In all three species
mtragemc mRNA clusters most frequently comprise two miRNAs
per host gene, as shown in the online table: http:/ /www.
integratomics-time.com/miR-host/catalog. "The mouse host genc
Sfmbt2 (Scm-like with [our mbt domains 2}, located on MMU2,
was found to comprise the largest number of resident miRNA
genes (n=70) belonging o the mir-297, mir-466, and mir-467 gene
families. Our study revealed that around one tenth ol miRNA
genes lormed clusters in protein-coding host genes: 8.8% (141/
1,600} in human, 14.5% (124/855) in mouse, and 8.2% (41/499)
in chicken. It was also proposed that human miRNAs that share a
host gene or are organized in clusters might also, due to clustering
propensity, share a significant biological role [36,37]. Accordingly,
miRNA genes that formed clusters were also found tw be

PLOS ONE | www.plosone.org

coordinately expressed with their host genes, which will be
described in section 3.

For all three species (human, mouse, and chicken) we presented
online genomic-views of mtragenic miRNAs genes, connected to
miRBasc and host genes commected to Ensembl, with an outgoing
link
‘The human genomic-view is presented in Figure S1. Intragenic
miRNAs were found distributed among all chromosomes, however
some, ¢.g. HSAL4, HSAL9, and HSAX, were [ound to comprise
less intragenic miRNA genes compared to other chromosomes
(Figure 82). In most cases miRNA genes resided within a single
host gene. For example, human fsa-mir-1307 gene overlaps with a
single host gene USMGS {up-regulated during skeletal muscle
growth 5 homolog (mousc)) gene. Om the other hand, ten miRINA

thttp://www.integratomics-time.com/miR-host/ G Views).

genes were found to overlap with two protein-coding host genes in
hurman
human_coding). Vor example fsa-mir-10a overlapped with both,
HOXB3 (homceobox B3} and HHOXB4 (homeobox B4) (Figure 3G).
Regarding the location ol miRNA genes, we [ound that in
accordance with previous publications [13,20,38] a majority of
intragenic miRNA genes were located within introns of their
protein-coding host genes: 86.4% (650/752) in human, 8$4.4%
{826/386) in mouse, and 97.1% (202/208) in chicken (Figure 2).

(http:/ /www.ntegratomics-time.com/miR-host/
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Intronic miRNAs were also most frequently  found w0 be
coordinately expre

d with their host genes among species, which
will be further discussed in results section 2 and 3.

1.1. Co-location of miRNA with other ncRNA
genes. Besides the half of miRNAs located within protein-
coding genes, we found that around 4% were positioned within
genes encoding [or other ncRNA classes. These include lincRNAs,
snoRINAs, or other ncRNAs: 6.4% (103/1,600) in human, 4.8%
{(41/855) in mouse, and 1% (5/499) in chicken, which can be
: dat hetpr//wwwiintegratomics-time.com/miR-host/
catalog. Nomenclature conflicts of miRNA and neRNA names
may occur cue to annotation difficulties: information merged from
the Ensembl automatic pipeline and the Havana manual curation,
which assign gene names according to miRBase and the HUGO

Gene Nomenclature Committee. Six human miRNA genes were
lound located in both, protein-coding and ncRINA genes: fisa-mir-
600, -664a, -064b, -1248, -1291, and -5365! {online table hup://
www.ntegratomics-time.com/mR-host/human_table). Micro-
RNA gene hsa-mir-664h, its overlapping protein-coding host gene
DECI  (dyskeratosis congenita 1, dyskerin) and snoRNA
SNORA364 gene are shown in Figure 3D. Some miRNA genes

were found to form clusters within hostimg ncRNA genes: for

example the miRNA gene cluster, comprising Asa-mir-374a and
Jisa-mir-343, is located within lincRNA gene FTX (Figure 3B).
Additionally, lincRNAs have also been found to be the most
frequent type of ncRNA host genes (97/103) as shown in the
table:
human_table. In some cases the designated lincRNAs have been
[ound o be the primary wranscripts and not actual lincRNA genes,
for example MIR!55HG (also known as BIC) and DLED? {deleted
in lymphocytic leukemia 2 (non-protein coding), previously known
as LISU2, are primary transcripts of their resident miRNA genes
hsg-mir-155 and hsa-mir-15a/16-1, respectively. Besides miRNAs
themselves being regulators of gene expression participating in a

online time.com/miR-host/

http:/ /www.integratomics

wide regulatory network [1,3], their long ncRNA genes have
likewise been found associated with human discases. For example,
lincRINA H79 (H19, imprinted maternally expressed transcript
(non-protein coding)), which hosts hsa-mir-675, was implicated in
human tumor growth [39] in esophageal [40] and breast cancer
[41], and different carcinomas and  hepatic metastases [42].
Another siudy demonsirated that 1179 and hse-nur-6G75 were
upregulated in human colon cancer cell lines and primary
colorectal cancer tissues [43]. Long intergenic ncRINA MEGS
{maternally expressed gene 3} could act as a tumor suppressor [44],
while hoth the miRNA gene fse-mir-155 and BIC RNA
(MIRI55HG) [rom which it is processed, were overexpressed in
human B-cell lymphomas [45]. Similarly, it was shown that the
deletion of the 13g14 region, which encodes both, lincRNA
DLEC2 and its resident miRNA cluster hse-mir-15a/16-1, led 10
chronic lymphocytic leukemia in both human [46] and mouse
[47].

1.2. Genetic variability of intragenic miRNA genes. The
intragenic miRNAs were also analy:
within the miRNA seed region {miR-seed-SNPs). By analyzing
variation clatabases we found that 14.2% of intragenic miRNAs
had polymorphic sced regions in human (121/849), 2.1% in
mouse (9/418), and 1.4% in chicken (3/210) (Table S1).
According o the NCBI database 18 out of 121 miRNA genes in
human and two murine miRNA genes have not vet had valicdated
miRNA seed polymorphisms. The actal proportion of polymor-
phic mIRNA genes camnmot yet be determined because miRNAs
and polymorphisms, most of which arc experimentally wivali-
dated, are still being discovered and added to the databases. That
is why the results from previous studies tend to differ: Saunders

d for genetic variability

PLOS ONE | www.plosone.org
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¢t al. [48] found that less than 1% (3/474) of human miRNA genes
miR-seed-SNPs, whereas in our previous study, Zorc ef af. [31], we
reported that 5.9% of miIRNA genes comprised miR-sced-SNPs,
Polymorphic miRNA genes are an interesting feature to include in
the host gene analysis because they have previously been found to
have functional associations. For example, we found a link
bewween two independent studies: human MYZ{7B gene (myosin,
heavy chamm 7B, cardiac muscle, beta) hosts fsamr-49%, a
miRNA upregulated in human and murine cardiac hypertrophy
and cardiomyopathy [49], which comprises miR-seed-SNP
rs3746444 linked with mcreased risk of dilated cardiomyopathy
[50]. A similar overlap was demonstrated previously comprising a
mouse miRNA gene mmu-mir-717, a miR-seed-SNP identified in
the lean mouse strain 129/8v, a body mass associated host gene
Gped (glypican 3), as well as a growth associated quantitative trait
locus ((QXTT) [51]. Our catalog provides the basis for a more
targeted selection of SNPs and [unectional connections with the
miRNA and host genes,

1.3. MicroRNA/host gene pairs in miRNA biogenesis and
regulation. By considering the host gene’s function our study
revealed an interesting observation that miRNAs are also located
within genes encoding for components of the miRNA processing
machinery. There were l[our miRNAs in human located within
genes encoding for components of miRNA biogenesis: DGCRS,
DICERI, and SND7 (Figure 4). Similarly, five miRNA genes in
mouse were located within Cnots, Deerd, Faffe, Thre6b, and Xpos
{Figure 83). Two miRNA genes (fsa-mir-1306 and hsa-mir-3618)
I¢
miRNA biogenesis (Figure 3E). Human miRNA gene fsa-mir-
3173, was found located within an intron of host gene DICER],
encoding a protein that [unctions as a ribonuclease required to
produce active RNAs, MicroRNA gene Asg-mir-595 resided within
an intron of SADI (staphylococcal nuclease and tudor domain
containing 1}, a component of RISC. By performing a target gene
analysis we found that cach of the residing miRINAs was predicted
to target genes which also host other miRNA genes (Figure 4).
According to previous experimental studies, DICERT was found
targeted by nine miRNAs: ksa-lel-7a, -7h, -7c, and -7d, fsa-mir-18a,
-103, -107, -374a, and -519a (52 53]. Additonally, fsa-mir-3618
and  fsa-mir-595 were found to comprise a miR-sced-SNPs
(rs12139353 and rs73721294, respectively), however both SNPs
still need to be validated. Where miRNA molecule targets a gene
from a miRNA processing machinery this could indicate a
negative regulatory loop and a multi-layer regulatory cross-point,
possibly associated with the disrupted processing of miRNAs, Also,
alterations in gene regulation could have pathologic implications,
as all three miRNA silencing machinery genes have previously
been linked to certain diseases: DICERT with cancer [11,56],
DGCRS with DiGeorge syndrome [57], and SNDI was [ound
frequently up-regulated in human and mouse cancers, as well as in
aberrant crypt lfoci [38]. To summarize, this miRNA-related
genomic cross-points consists of: 1) intragenic miRNAs, 2) miRNA
gene polymorphisms, 3) miRNA host genes encoding for proteins
involved in miRNA biogenesis and silencing, 4) miRNA target
sites within miRNA host genes, and 5) their resident miRNAs
targeting other host genes. Polymorphisms and aberrations in this
miRNA-related and disease-associated genomic cross-point could
therefore have a significant effect on  phenotypic  variation,
including disease susceptibility and deserve lurther analysis.

e within gene DGCRS, whose protein product is essential for

2. Cross-species Conservation of miRNA/host Gene Co-
location

In order to determine how many intragenic miRNAs are
located within the same host genes in human, mouse, and chicken,
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miRNA targets; arrow with dashed line: predicted miRNA targets.
doi:10.1371/journal.pone.0065165.g004

we performed a species-wide i screening (SWISS) of their co-
location. We found that 27 miRNA genes had conserved co-
location within the same 23 host genes in all three species
(Table 1, Figure $4). In some cases the host genes (VFYC, SMCY,
and C9x/¥) encompassed more than one resident miRNA,
explaining the co-location of the 27 miRNAs within 23 host
genes. Moreover, additional 93 miRNA/host gene pairs were
found to have conserved co-location in human and mouse (online
table: hutp://www inlegralomics-time.com/miR-host/
species_cons). Most ol the intragenic miRNAs were [ound to
reside within introns of their host genes (25727, (Table 1).
MicroRNA/host gene pairs with conserved co-location oller a
loundation for structural annotation of novel miIRNA genes in
other specics. Using this approach, we proposed a novel miRINA
gene in chicken (mir-3064) based on ity pre-miRNA region that
was found conserved in human and mouse (Figure 85), Similarly,
15 potential miIRNA genes i human have been suggested by
comparing the annotated murine miRNA genes with the human
genome. Sequences of potential human miRNAs were examined
for small RNA expression data using the UCSC database. Four of
the human sequences {complementary to mouse mmu-mir-677,
-1839, -1897, and -194%) had available expression data (Figure
85}, which further confirms that these sequences encode miRNAs.
The proposed novel miRNA genes present candidates for further
experimental validalion, annotation and expression analysis. In
this manuscript the proposed miRNAs (one in chicken and 15 in
human) have been given temporary names and will be submitted
o the miRBase upon acceptance of this manuscript by the peer
review process.

PLOS ONE | www.plosone.org

targeting other host genes. Arrow with solid line: experimentally validated

3. Coordinated Expression and Functional Association of
miRNA/host Gene Pairs

To find out whether miRNA/host gene pairs with conserved
cross-species co-location are also co-expressed, we integrated
experimental data from two different sources: published studies
that experimentally confirmed miRNA/host gene co-expression
and databases providing gene expression data lor miRNA and host
genes separately.

3.1, Co-expression of miRNA/host gene pairs with
conserved cross-species co-location. lor the [irst step in
determming if the 27 miRNA/host gene pairs with conserved
cross-species co-location (in human, mouse, and chicken) (Table 1)
are also co-expressed, we analyzed data from 28 studies that
experimentally  confirmed  their coordinated  expression
[19.26,27,59-71]. The data integration revealed that most
miRNA/host gene pairs (26/27) have previously been found to
be coordinately expressed (either both up- or down-regulated} in
human and/or mouse (online table: htp:/ /www integratomics-
tme.com/miR-host/ co-exp). Co-expression of only one miRNA/
host gene pair, mir-1306/DGCRE, has not vet been experimentally
demonstrated. We also found opposing results regarding the
expression ol two miRNA/host gene pairs, murine mm-mir-103/
Pank3 and mmu-mir-107/Pank]  these have previously hbeen
demonstrated to have coordinaie |71] as well as anti-correlative
[or discordant) expression patterns [72]. Out of the 26 miRNA/
host gene pairs with coordinated expression, 11 have been found
to be coordinately expressed in both, human and mouse
[19.27,59,61-64,67-60,71,73-79]:  mir- 103/ PANK3,  mir-107/
PANKT, mir-126/ EGFLZ, mir-128-1/ REHDMT, mir-140/ WWP2,
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mir-21 1/ TRPMI, mir-218-1/SLIT2, mi-218-2/SLITS, mir-27h/
Clorf3, mur-33/SREBF?, and mir-499/MYH7B. Moreover, two
miRNA/host gene pairs have been found to
patterns associated with the same phenotype in hoth species: mir-
499/ MVYH7B with heart development [79] and mir-33/ SREBF2
with cholesterol homeostasis [74,75,77]. Several independent
stuclies in chicken have similarly indicated that gga-mir-35 and its
host gene SREBFZ are highly expressed in the liver, suggesting

have expression

mvolvement in - expression  upregulation of genes related  to
cholesterol biosynthesis [80,81].
To further test the hypothes

s that miRNA/host gene pairs with
o ! t'l[l'll are l[)[)]’f]ﬂ'ld“ 1‘ [XI)T
mtegmted expression data for 27 miRNA and their host genes
using the GEA database. By comparing the gene expression data,
we found that 24 miRNAs and their host genes had matching

o, we

expression patterns in at least one discase (either over- or under-
expression) (Table 82). Because of the same expression patterns
and similar functions, the miRNA/host gene pairs are likely to be
controlled by the same regulatory mechanisms, The miRNA/host
gene pairs with conserved cross-species co-location, co-expression,
and potential co-regulation provide a starting point for researchers
mvestigating the involvement of intragenic miRNAs with disease
de

clopment or control of production traits.

To better determine the role of the miRNA host genes from the
pairs with conserved cross-spe co-location, we performed
pathway enrichment  analysis, using the IPA software [33].
Pathway analysis performed on the 23 host genes (Table 1)
revealed networks associated with cancer, dermatological diseases
and conditions, and hematological discases (Figure S6A). Most
significant biological functions included cancer, in addition to

es and inlectious diseases. A molecular

reproductive system dise:
network diagram was constructed involving 14 miRNA host genes
(CTDSPL, C9uf3, COL27A1, EGFL7, HNRNPR, \
SLIT2, SLIT3, SMC4, SREBF2, TIN2, TRPMI, and W 1‘P°\
which were [ound related o cancer, dermatologic and hemalo-
logical diseases (Figure $6B). Within this network, several hubs

were found encoding transcription factors, the largest two of which
were MY (v-mye myclocytomatosis viral oncogene homolog
favian)} and TP33 (lumor protein p33), previously also linked with
regulation of miRNA gene expression [82,83].

3.2, Epigenetically silenced miRNA genes located within
host genes.  Silenced expression of co-located miIRNA and host
genes might also be a subject ol epigenetic regulation [27].
Namely, the proximal CpG islands located within their promoter
or 5'UTR regions could epigenetically silence gene expression
through DNA hypermethylation. Tn a recent study, 81.2% of
protein-coding genes harboring miRNA genes in their 5'-cnd have
been found located 500 bp downstream of CpG islands [84]. By
performing a cross-section of 133 miRNA genes that have
previously been found to be epigenctically regulated in cancer
[85], we found that 30 arc located within protein-coding, and 13
within neRNA host genes, ie. genes encoding for lincRNAs
(Figure 1, Table 2]. However, in order to determine the exact
proportion of cpigene

ally regulated miRNA/host gene pairs a
systematic genome-wide epigenetic analysis should be performed.
Previous studies revealed that five miRNA genes as well as their
host genes (sa-mir-10a/ HOXBY, hsa-mir-126/ EGFL7, hsa-mir-152/
COPZ2, hsa-mr-191/ DALRD3, and hsa-mr-342/ EVL) were found
Lo be epigenetically downregulated, cither by histone modification
and/or CpG island hypermethylation in the promoter region in
cancer cells [27,86-89] (Table 2). Additionally, several host genes
have, independently of miRNA studics, been found to be silenced
through DNA hypermethylation: DALRDS [88], JI0XA9 |90 92],
HOXB4 [93], HOXB7 [94]. HOXC4 [953], HOXD3 [96], HTR2C
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[97], and JGF2 [98]. The identified cpigenctically regulated
intragenic miRNA genes can now be analyzed together with their
host genes in order to study their potential cpigenctic co-
regulation. We found that around half {20/43) of the epigenetically
> located within the 3'-UTR or in the
first intron or exon of their host genes, suggesting the possibility of
shared promoter regions that comprise CpG islands. Further
studics on epigenctic regulation of mIRNA/genes may reveal
novel approaches for prevention or treatment of human cancer.

sike

cd mRNA genes we

4. MicroRNA/host Gene Pairs — Potential for
Misattribution of Phenotype?

Tn our study we demonstrated that a very large proportion of
miRNAs are located within the host genes (Figure 2) i human
(1,131/1,600), mouse {518/833), and chicken {240/499) and that
miRNA/host gene pairs have important conservation and co-
expression issues. Our study can be used as a platform for
rescarchers to re-examine questions related to carlier or planned
studies correlating  genetic  variation or modification ol the

miRNA/host gene pairs with diseases or trait control. Namely, it
is prudent to ask if some of the gene variation-phenotype
association studies targeted at the miRINA host genes, spontane-
ous, radiation or chemically induced mutations, knockout and
overexpression models need reinterpretation (o lake into account
collateral effects on mIRNAs, MicroRNA genes harbored within
another host gene, as shown hy many examples in our study, may
have several target genes and functions unrelated to their host
genes. The host gene mutations or modilications may  also
collaterally affect the level, time or tissue specificity of miRIVA
expression thereby leading to several pleotropie offeets i the
phenotype that could not be causally ascribed to the host gene
only. Many types of spontuncous and induced mutations within

the host gene locus (.. promoter, splicing mutations, or mRNA
stability mutations) may affect the transeript quantity, temporal
and/or spatial expression pattern of hosted miRINA.

In addition to aforementioned effects, transgenic overexpression
and knockout host gene models may alter hosted miRNA [unction
through exogenous sequences lelt in the locus such as selection
marker genes {e.g. neomyeim resistanc R}, plasmid vector and
other sequences (e strong phosphoglycerate kinase (pgh) gene
promotor). We note that among the knockout mice of relevance in
Tables 1A and B, most models retained the NeoR marker and
also  other exogenous sequences that can  potentia affect
expression and function of hosted miRNA gene in addition to
the target host gene iself. Many targeting constructs are designed
to delete large portions of the target gene in order to ensurc loss of

[unction ol the host locus. The weakness of this strategy is that
some of the deleted secuence may contain miRNAs or regulatory
afle anily for this
inadvertent deletion of mumu-mir-126 has led to the

S(‘qllﬂll

ng neighboring genes.
discussion,
misattribution of phenotype - angiogencsis defects previously
reported in a knockout of the Zgfl7 locus were subsequently shown
to have arisen due to deletion of the mumu-mir-126 [99].

A degree of common sense can be applied to assessing the level
of confidence attributed to specific phenotypes of the miRNA/host
gene pairs. Where the phenotype s consistent with what was
expected from knowledge of gene expression and biochemistry for
the host gene and hosted miRNA gene, one
comfortable in attributing a phenotype to the host target gene
function. However, where the phenotype is unexpected, or where
multiple  genotype-phenotype or multiple gene modilication
models show disparate effects, then one is justified in being more
cautious and o proceed by lurther experimentation to dillerentiale
the host gene from hosted miRNA gene phenotypic effects. In the

can be reasonably
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Table 2. Host genes for epigenetically silenced miRNA genes in cancer.

study describing epigenetic regulation of host

PLOS ONE | www.plosone.org

miRNA gene location within host gene host gene gene
Protein-coding host genes
hsa-let-7a-3 exon 5 RP4-625020__B.10 /
hsa-mir-107 intron 4-6 PANKT i
hsa-mir-10a intron 1, 5-UTR HOXB3 /
5'-UTR HOXB4 Zhend et al, 2009 [93], Shen et al, 2012 [89]*
hsa-mir-10b intron 1 HOXD3 Kron et al,, 2010 [96]
hsa-mir-1-1 intron 1, 2 (C200rf166 7
hsa-mir-126 intron 5-7 EGFL7 Saito et al, 2009 [27]*
hsa-mir-139 intron 1-3 PDE2A /.
hsa-mir-140 intron 3, 6,7, 9,13, 14, 16 wwp2 /
hsa-mir-148b intron 1, 2 COPZT /
hsa-mir-152 intron 1, 2 COPZ2 Tsuruta et al,, 2011 [87]*
hsa-mir-188 intron 3 CLCNS /
hsa-mir-191 intron 1 DAIRD3 He et al., 2011 [88]*
hsa-mir-196a-1 intron 1 HOXB7 Bennett et al.,, 2009 [94]
hsa-mir-1966 exon 1-3 HOXA2 Bandyopadhyay et al,, 2012 [92], Hwang et al,, 2011
[90], Wu et al., 2007 [91]
intron 1 RP1-170019.20 i
hsa-mir-198 3-UTR FSTLT /
hsa-mir-204 intron 3-7 TRPM3 /
hsa-mir-23b intron 4-6, 14, 15 C9arf3 /
hsa-mir-24-1 intron 4, 5, 14, 15, exon 7 C9orf3 i
hsa-mir-25 intron 2, 4, 8, 12, 13 MCM7 /
hsa-mir-27b intron 4-6, 14, 15 Coorf3 /
hsa-mir-342 intron 2-4 EVL Grady et al., 2008 [86]*
hsa-mir-425 intron 1 DALRD3 He et al., 2011 [88]
hsa-mir-448 intron 4, 5 HTR2C Anderton et al., 2008 [97]
hsa-mir-483 intron 2, 3, 5 1GF2 Dejeux et al., 2009 [98]
intron 5 INS-IGF2 /
hsa-mir-548c-1 intron 14-16 ATADZ /
hsa-mir-570 intron 3 Muczo /
hsa-mir-582 intron 1-3 PDE4D i/,
hsa-mir-615 intron 1 HOXCS
intron 1 HOXC4 Issa, 2009 [95]
hsa-mir-744 intron 1-5 MAP2K4 /
hsa-mir-9-1 intron 1, 2 Clorfé1 i
Non-coding RNA genes (gene type according to Ensembi)
hsa-mir-124-1 exon 1, 3, 4 LINC00599 (lincRNA) /
hsa-mir-124-2 intron 1 RP11-32K4.2 (lincRNA) /
hsa-mir-137 exon 3 MIRT37HG {lincRNA) L
hsa-mir-17 exon 3, intron 3 MIRT7HG (lincRNA) /
hsa-mir-193b intron 1 RP11-65J21.3 (lincRNA) 7
hsa-mir-205 exon 2, 4, intron 2, 3 MIR205HG {lincRNA) /
hsa-mir-20a exon 3, intron 3 MIR17HG (lincRNA) il
hsa-mir-30a intron 3 LINCO0472 (lincRNA) /
hsa-mir-31 intron 1 MIR3THG (lincRNA) i
hsa-mir-370 intron 5 MEGS (lincRNA) /
hsa-mir-9-2 exon 3, 4, intron 2, 3 LINCOO46T (lincRNA) /
hsa-mir-9-3 intron 1 (7D-2335A18.1 (lincRNA) /
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Table 2. Cont.

study describing epigenetic regulation of host

miRNA gene location within host gene host gene gene

hsa-mir-99a intron 1, 3,5, 6 LINC00478 (lincRNA) /

/— host gene not found to be regulated by DNA methylation in references.

*- studies describing epigenetically regulated host gene and resident miRNA gene.

Host gene names: ATADZ2: ATPase family, AAA domain containing 2; Clorf61: chromosome 1 open reading frame 61; C20orf166: chromosome 20 open reading frame
166; CLCNS: chloride channel, voltage-sensitive 5; COPZ1: coatemer protein complex, subunit zeta 1; COPZ2: coatomer protein complex, subunit zeta 2; DALRD3: DALR
anticodon binding demain containing 3; EVL: Enah/Vasp-like; FSTLT: follistatin-like 1; HOXA2: homeobox A9; HOXB4: homeohbox B4; HOXB7: homeobox B7; HOXC#:
homecbox C4; HOXCS: homeobox C5; HOXD3: homeobox D3; HTR2C: 5-hydroxytryptamine (serotonin) receptor 2C, G protein-coupled; /GF2: insulin-like growth factor 2
{somatomedin A); INS-IGF2; INS-IGF2 readthrough; LINCO0467: long intergenic non-protein coding RNA 461; LINC00478: long intergenic non-protein coding RNA 478;
LINC00472: long intergenic non-protein coding RNA 472; MAP2K4: mitogen-activated protein kinase kinase 4; MCM?: minichromosome maintenance complex
component 7; MIR137HG: mir-137 host gene (non-protein coding); MEGS: maternally expressed 8 (non-protein coding); MIR17HG: mir-17-92 cluster host gene (non-
protein coding); MIR205HG: mir-205 host gene (non-protein coding); MIR3THG: mir-31 host gene (non-protein coding); MUC20: mucin 20, cell surface associated; PDE2A:
phosphodiesterase 2A, cGMP-stimulated; PDE4D: phosphodiesterase 4D, cAMP-specific; TRPM3: transient receptor potential cation channel, subfamily M, member 3.

doi:10.1371/journal pone.0065165 .t002

future gene modification experiments many concerns raised above
can be minimized by using recent technology of Zinc finger [100]
and Tal nucleases [101]. These methods generate minimal
targeted modilications {i.e. point mutation generating premature
stop codon) and do not leave exogenous sequence in the genome
thereby providing excellent transgenic i #itro and in wioo models
for miRNA/host gene pairs studies.

Our web site (hup:/ /www.integratomics-time.com/miR-host/)
provides an efficient tool to check which host genes contain
miRNAs while other tables list important functional and literature
information to aid researchers in re-examining potential misattri-
bution of phenotype previously ascribed to host genes or hosted
miRNA genes only.

5. Future Perspective

Our assembled and supplemented catalog of miRNA/Zhost gene
pairs available via the web application will provide researchers with
a data mining tool for investigating miRNA/host gene pair
involvement ol their coordinated expression, shared regulation,
and function in diseases: 1) structural annotation - miRNA/host
gene pairs with conserved cross-species co-location in the examined
species present candidate genes for future annotation in other
species. 2) Functional annotation - miRNA/host gene pairs with
matching expression patterns integrated from databases are high
priority candidates for experimental validation of their potential co-
expression and co-regulation. 3) MicroRNAs overlapping with
protein-coding and other ncRNA host genes (lincRNA and
snoRNA) present candidates for evaluating molecular mechanisms
underlying previously shown functional links. 4) MicroRNAs
residing within genes encoding for miRNA silencing machinery
present important miRNA-related regulatory cross-talk needing
additional mechanistic experimentation to elucidate targeting
interplay in which miRNAs target genes for miRNA processing

components and, in a l[eedback loop, influences the production ol

miRNAs. 3} Identification and validation of polymorphisms located
within miRNA genes, their host genes, and genes encoding for and
processing machinery components may also reveal whether they
contribute 1o phenotypic variation, including disease susceptibility.
G) Epigenetic silencing of both, miRNA and their host genes, offers
msights mto their shared regulation and their re sion may be
used to contribute to the ellects of epigenetc therapy. The
assembled epigenelically regulated intragenic miRNAs represent
candidate genes for the study of miRINA/host gene pair epigenetic
co-regulation. 7) Our web site also provides an efficient tool to

P
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identify certain miRNA/host gene pairs where previous studies
show inconsistencies ol the ellects ol natural or induced mutations
on the phenotype. We point 1o examples where such phenotype
misinterpretations could arise due to attribution collateral effcets of
such mutations on hosted miRNAs. Our catalog can therefore
direct researchers to eritically examine designs and interpretation of

such mRNA/host gene cases.

Conclusion

In conclusion, the assembled catalog is, to our knowledge, the
most comprehensive integrated assembly ol intragenic miRNAs
and their host genes in human, mouse, and chicken. The
systematically integrated physical (genomic location and cross-
species conserved co-location) and [unctional characterization (co-
expression data) of miRNA/host gene pairs provides a starting

point for rescarchers mvestigating mvolvemnent  of intragenic
miRNAs with human and animal health, and animal production
traits. Using this approach we found that miRNA/host gene pairs

with cross-sp

s conserved co-location are v

likely to be co-

expressed. The expanding field of miRNA research requires a
consideration of interplay of interconnecting regulatory mecha-
nisms and their function into an intricate network, in which
miRNA genes and their co-expressed host genes also play a role,

Supporting Information

Figure 81 Print-screen of genomic view of intragenic
miRNAs in human. Enlarged chromosome 22 showing hsa-mir-
1306 and its host gene DGCRE with databases linked through
outgoing links.

(TIF)

Figure §2 Distribution of intragenic miRNA genes ac-
cording to chromosome in A) human, B) mouse, and C)
chicken.

(PDF)

Figure 83 MicroRNA genes located within genes encod-
ing for the miRNA processing machinery in mouse.
[TIF)

Figure 84 Venn diagram of the number of miRNA/host
gene pairs with cross-species conserved co-location.
(TIF)
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Figure S5

Alignment of orthologous miRNA genes. A)

Human (fsa-mir-3064) and mouse (mmu-mir-3064) miRNA genes
matching the sequence in chicken. Mature miRNA regions are
marked with a square. B) Murine miRNA genes (mmu-mir-677,

686, -717, -763, -1839, -1895, -1890, -1897, -1898, -1902, - 1907, -
1949, -2159, -3059, and -5125) aligned with human sequences. C)

Tifieen potential human miRNA genes
alignment with 15

acquired based on

murine mMiRNA genes. D) Small RNA

expression data for sequences matching the four potential new

miRNA genes in human (hsa-mir-677,

-1839, -1897, and -1949).

DOC)

Figure S6

Network analysis of host genes from 27

conserved miRNA/host gene pairs, in human and
mouse. A) Top network and biclogical functions associated
miRNA host genes. B) Diagram of a top molecular network
showing 14 miRNA host genes (gray-filled shapes) associated with
cancer, dermatological diseases and conditions, and hematological
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