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RESUM

El descobriment dels microRNAs (miRNAS) com a nous reguladors de I'expressié genica
ha obert un nou camp en I'estudi de quin és el comportament d’aquests RNAs de mida
petita i descriure en quins processos actuen i de quina manera regulen I'expressio
génica. L'aparicio de les técniques de seqiienciacid massiva ha permes la descripcid i
estudi dels perfils d’expressio de miRNAs en diferents situacions, a fi d’observar la seva
implicacid en els processos biologics, tant fisiologics com patologics. Aquesta tesi
exemplifica, mitjangant dues aproximacions diferents, I'Us d’aquestes tecniques per a
la descripcid, descobriment i estudi de perfils de miRNAs en I'espécie porcina.

La primera part del treball es va dissenyar amb l"objectiu d’ampliar el nombre de
miRNAs descrits en el porc. Les aproximacions utilitzades per a la determinacié de
nous MiRNAs varen ser, primer de tot, la descripcié del perfil d’expressido de miRNAs en
el ronydé del porc, incloent els miRNAs ortolegs i, segon, I'Us d’un protocol de
descobriment i validacié de nous miRNAs porcins. Una altra motivacio del treball va ser
el fet d’estudiar possibles canvis en |'expressiéd dels miRNAs en races de porc de
diferents origens, des de races europees fins a asiatiques, incloent races europees amb
influencia asiatica, on hem descrit miRNAs diferencialment expressats i s’ha estudiat la
seva possible funcionalitat.

En la segona part del treball es va dur a terme una infeccié experimental amb el virus
de la malaltia d’Aujeszky (ADV), I'herpesvirus porci tipus 1 (SHV-1), amb una soca
virulenta (NIA-3) i una soca vacunal (Begonia). Es varen realitzar dues aproximacions
diferents: un aproximacid in vitro utilitzant les linies cel-lulars PK-15 derivades del
ronyé de porc, i una aproximacio d’infeccié experimental in vivo utilitzant el bulb
olfactori i el gangli trigemin com a teixits diana per 'estudi. Amb I’objectiu d’estudiar la
implicacio dels miRNAs, tant virals com de I’hoste, en les interaccions hoste — patogen
durant una infeccio virica, s’"han descrit els perfils de miRNAs i s’han avaluat les
diferéncies en la seva expressid, no només entre el grup infectat i el grup control, sind
també entre les soques utilitzades i entre les dues aproximacions. També s’han descrit
nous MiRNAs virals que s’expressen durant la infeccié. Finalment, s’ha elaborat, amb
estudis funcionals in silico, una xarxa d’interaccions entre els miRNAs virals, els miRNAs
de I'hoste diferencialment expressats i els gens que codifica I'agent infeccids SHV-1.

Donada la importancia de la tecnica de I'RT-gqPCR per a la validacié de I'expressid de
miRNAs, també s’ha realitzat un estudi addicional per avaluar [|'estabilitat en
I'expressié d’alguns miRNAs per a poder ser utilitzats com a gens de referéncia en
estudis de quantificacié relativa de dades d’RT-gPCR, ja que fins I'actualitat s’han fet
servir poc per a aquest proposit.

Paraules clau: microRNA, porc, seqienciacié massiva, quantificacid relativa per RT-qPCR, perfil
d’expressio de miRNAs, malaltia d’Aujeszky, interaccions hoste — patogen.



SUMMARY

The discovery of microRNAs (miRNAs) as novel gene expression regulators has opened
a new field in the study of the roles of these small RNAs, as well as on describing in
what processes they act and how they regulate gene expression. The emergence of
next generation sequencing methods has allowed the description and study of miRNA
expression profiles in different situations, in order to observe its involvement in
biological processes, both physiological and pathological. This thesis illustrates,
through two different approaches, the use of these techniques for the description,
discovery and study of miRNA profiles in the porcine species.

The first part of the study was designed with the aim of increasing the number of
described miRNAs in pigs. The approaches used for the determination of novel miRNAs
were, first of all, the expression profiling of miRNAs in the swine kidney, including the
orthologous ones and, second, using a pipeline for the discovery and validation of new
porcine miRNAs. Another motivation of this work was to study the possible changes in
the kidney miRNAs expression patterns among pig breeds from different origins, from
European to Asian breeds, including European breeds with Asian influences. In this
sense, differentially expressed miRNAs have been described and their functional roles
have been studied.

In the second part of the study, an experimental infection with Aujeszky's disease virus
(ADV), also known as suid herpesvirus type 1 (SHV-1), was carried out, using a virulent
strain (NIA-3) and a vaccine strain (Begonia). Two different approaches were
conducted: an in vitro approach using PK-15 cell lines, derived from pig kidney, and an
in vivo approach using the olfactory bulb and trigeminal ganglia as target tissues. With
the aim of studying the role of both host and viral miRNAs in host — pathogen
interactions during SHV-1 infection, miRNAs expression profiles have been described
and their expression differences evaluated, not only between infected and mock-
infected groups, but also between strains and between the two performed
approaches. New viral miRNAs have been described and their expression during the
infection has been confirmed. Finally, a network of interactions between viral miRNAs,
host differentially expressed miRNAs and SHV-1 encoded genes was developed using in
silico functional studies.

Given the importance of RT-qPCR method for validating the expression of miRNAs, we
also performed an additional study to assess the expression stability of some miRNAs
to be used as reference genes in relative quantification studies of RT-gPCR data, which
they have not been widely used for this purpose.

Key words: microRNA, pig, high throughput sequencing, relative quantification, RT-gPCR, miRNAs
expression profile, Aujeszky’s disease virus, host — pathogen interactions.
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1 ° INTRODUCCIO

1.1. L’espécie porcina
1.1.1. La domesticacio de I'espécie porcina

Per determinar I'origen de I'espécie porcina, la seva domesticacio, la interaccié amb el
seu ancestre, el porc senglar (senglar en endavant) i la procedencia d’aquest han
calgut anys d’estudis en diferents camps com la genetica i I'arqueologia. Per definir els
primers punts de domesticaciéd cal remetre’s, no tan sols a informacié de base
geneética, sind també a evidencies arqueologiques i historiques. L'Us d’aproximacions
interdisciplinaries introduint coneixements sociologics, economics, culturals,
ambientals i ecologics ha permes desxifrar o, si més no, comencar a esclarir quines
corrents migratories hi ha hagut al llarg de la historia tant dels senglars com dels porcs
domestics (porc en endavant) i perqué el procés de domesticacid ha estat llarg,

complicat i divergent d’altres espéecies domeéstiques (White, 2011, Larson et al., 2011).

La domesticacié és una accid en la que I'ésser huma acostuma o adapta un animal
salvatge a viure amb ell en un ambient captiu, desencadenant una série de canvis
morfologics, fisiologics i comportamentals a través de varies generacions. Es un procés
llarg i de canvi continuat, gradual. Aixi doncs, cal que es plantegi aquest procés com un
periode en el que els seus dos extrems (salvatge — domestic) son termes oposats
antonims (graduals) i no complementaris (excloents) (Dobney i Larson, 2006), fet que
implica que el porc ha conviscut amb el seu ancestre, el senglar. De fet, és una de les
poqgues espécies domesticades que encara conviu temporalment amb el seu ancestre,
a diferencia d’altres espécies domesticades a Eurasia com la vaca o el cavall, i, a més, el
senglar manté un amplia estructura filogeografica, fet que no succeeix amb el llop, per
exemple (Larson et al., 2005). Aquest fet és important ja que en alguns moments
durant la domesticacié el porc s’ha arribat a creuar amb el senglar especialment a
Europa, i aix0 és determinant per aclarir els patrons d’haplotips que es troben en
alguns treballs (Groenen et al., 2012). Actualment, la diferenciacié genéetica entre els

porcs i els senglars és sensiblement petita, degut a la interaccié genetica que han
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mantingut les dues poblacions (Ramirez et al., 2009) i és de gran interés I'estudi de
llinatges de senglars amb un cariotip 2n = 36 i altres llinatges de senglars i totes les
races de porcs amb cariotip 2n = 38 (Fang et al., 2006, Kijas i Andersson, 2001, Giuffra
et al., 2000).

Hi ha estudis que situen I'origen del senglar a I'oest de la zona maritima de I’Asia sud-
oriental (Larson et al., 2005, Larson et al., 2010). Groenen et al., (2012) data la seva
aparicio a l'inici del Plioce, fa uns 5,3-3,5 milions d’anys. Una primera migracié cap al
continent asiatic i el subcontinent indi, seguida d’una progressiva expansio per Eurasia
van fer que el senglar arribés fins a I'Europa occidental (Larson et al., 2005).
Paral-lelament, el senglar també es va escampar per tot el sud d’Asia (Larson et al.,
2007b). A mitjan Pleistoce (fa 1,8-0,8 milions d’anys), durant I’dltima gran glaciacid, les
poblacions de senglars europeus i asiatics van quedar aillades. Diversos estudis daten
la divergencia entre els Ilinatges europeu i asiatic de senglars entre 500.000 i 1 milié
d’anys, ajustant-se, més o menys, a aquesta epoca (Groenen et al., 2012, Kijas and

Andersson, 2001, Giuffra et al., 2000, Alves et al., 2003).

A principis de I'Holocé (fa 11.000 anys) I’ésser huma irromp en I'Era Neolitica,
primerament al Proxim Orient, i un nou model de societat s’imposa. El
desenvolupament de I'agricultura i la ramaderia va comportar el canvi de vida nomada
a sedentaria de I'espécie humana, el canvi de ser cacadors i recol-lectors a productors i
agricultors. Aixi, es va iniciar la domesticacid d’algunes espécies a les quals se’ls va
comencar a trobar utilitats, com l'ovella, la cabra o el vedell. A diferencia d’aquestes
espeécies, el porc no és un remugant i, per tant, al tenir una dieta omnivora, la
tracabilitat de transformar la cel-lulosa (no comestible) en carn (comestible) deixava de
veure’s clara. A més, es considerava que el porc competia directament amb I'espécie
humana per I'aliment. Aquests fets van propiciar que el procés de domesticacio fos
llarg i costds, condicionant-lo a cercar el ninxol ecologic adient en la relacié de simbiosi
amb I'especie humana. Aixi doncs, la motivacio inicial de la domesticacio del porc no
va ésser amb objectiu de conversid alimentaria sind més aviat per un suposat
emmagatzematge d’aliment (White, 2011). Més endavant, amb I'evolucié de I'espécie

humana i ja havent definit el rol de I'especie porcina, es justifica la seva domesticacié
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per a servir com a font de proteines per a I'espécie humana i també pel gust singular

de la carn de porc (Buchanan i Stalder, 2011).

Estudis arqueologics daten la domesticacié del porc fa uns 9.000 — 10.000 anys (Larson
et al., 2011). A través d’estudis de DNA mitocondrial i nuclear entre races doméstiques
i els seus ancestres s’ha conclos que la domesticacié del porc es va fer de manera
independent a diferents zones d’Eurasia i s’han definit diferents punts de domesticacié
mitjancant arbres filogenetics i també en funci6 de la concordanca del patrd
d’haplotips del porc domeéstic amb el senglar de cada zona (Figura 1.1., Larson et al.,
2005, Ramirez et al., 2009, Kijas and Andersson, 2001, Giuffra et al., 2000, Alves et al.,
2003, Luetkemeier et al., 2010). Es descriuen dos punts de domesticacié a Europa, un

estes per tot centre Europa i I'altre situat al sud d’ltalia (Larson et al., 2005, Kijas i

Figura 1.1. Mapa amb els diferents punts de domesticacio descrits (figura adaptada de
Larson et al., 2011). Els punts verds (2-3) provenen de llinatges de senglar europeus i els
punts taronges (1, 4-9) de llinatges asiatics. (1) Proxim Orient. (2) Europa. (3) Italia. (4) Xina
continental. (5) subcontinent indi. (6, 7) Sud-est asiatic. (8) Illa de Sulawesi. (9) llla de
Taiwan.
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Andersson, 2001, Giuffra et al., 2000, Alves et al., 2003) i varis punts de domesticacio a
I’Asia, des del Proxim Orient, I'india, la Xina, el sud-est peninsular asiatic i les illes de
Taiwan i Sulawesi (Larson et al., 2011, Larson et al., 2005, Larson et al., 2010, Wu et al.,
2007, Watanobe et al., 1999). La divergéncia entre els dos llinatges europeus es pot
explicar per la barrera geografica que els Alps Europeus varen suposar durant les

ultimes grans glaciacions del periode Quaternari (Taberlet et al., 1998).

La domesticacio, pero, va ser costosa. El primer Us al sud-est asiatic dels porcs va ésser
com a escombriaires per a residus humans i de rebuig, primer com a animals
recol-lectors i finalment com a verdaders animals de granja (Yuan i Flad, 2002), una
transicié que es va produir fa 8.000 anys, conduint el porc domeéstic asiatic cap a un
animal més docil i palllid, de cames curtes, panxut i amb forces races regionals
caracteristiques de casa zona (Epstein, 1971). Més cap a I'oest, a 'anomenat Creixent
Fertil, aquesta transicio va ser més lenta degut a I'elevada densitat dels assentaments
neolitics en aquesta zona, que va propiciar el rebuig d’aquests animals per ser un
destorb pels cultius i, a més, competéncia directa amb recursos escassos com l'aigua
(Rosenberg i Redding, 1998). Paral-lelament, varies poblacions europees, de manera
independent, van desenvolupar la técnica de la pastura de porcs domeéstics (de I'anglés
pannage) alimentant-se basicament de fages i glans, de poc valor per la subsisténcia
humana. Aquesta practica va suposar |'alliberament dels porcs de cria controlats i
sotmetre’ls a les condicions ambientals i de competéncia que tenien els seus
antecessors. Com estaven la major part de I'any vagant pels boscos i camps, es feia
dificil portar un control de la crianga i afavoria el creuament amb els senglars. Aixi, el
porc europeu es caracteritzava per ser ferotge i agil, magre i amb les potes llargues,
crestat i amb ullals residuals (White, 2011). S’ha vist que una primera forma domestica
de porcs del Proxim Orient es va introduir a Europa durant I’Era Neolitica (fa 5.000 —
6.000 anys). Agquest fet segurament va propiciar la domesticacié del senglar europeu
desplagant, finalment, la forma asiatica. Estudis d’haplotips amb DNA mitocondrial
demostren que no queda rastre d’aquesta primera introgressié del porc asiatic a
Europa en les races de porc europees actuals (Larson et al.,, 2007a). També ho
demostren estudis amb DNA autosomic, tot i que s’ha arribat a trobar certa petjada de

senglar del proxim orient en mostres de senglars russos i belgues (Manunza et al.,
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2013). Fins i tot, hi ha indicis que I'expansié del porc europeu arriba fins al Proxim
Orient, on s’han trobat haplotips Europeus en mostres de porcs de fa 1.000-3.000 anys

(Larson et al., 2007a, Ottoni et al., 2013).

Les dues civilitzacions anaven evolucionant de manera contraposada. A I'Asia, les
poblacions creixien en densitat i |'agricultura evolucionava de manera intensiva,
afavorint I'engreix dels porcs i posicionant-lo en I'animal de granja de referéncia
(Simoons, 1991). A Europa, per contra, la densitat poblacional es va mantenir baixa, es
practicava una agricultura més extensiva i amb predominanca del bestiar remugant
(Malcolmson i Mastoris, 1998). El porc europeu, doncs, seguia amb una pastura
extensiva que resultava ser menys eficient i més complicada pels pagesos. El canvi
definitiu a una produccié porcina intensiva i una millora de les races es va produir a
cavall dels segles XVII i XVIIl a Anglaterra. Va ésser en aquesta época quan es varen
produir una serie d’acostaments ecologics per tota Eurasia, amb una poblacié en auge i
limitacions en terres cultivables i boscos de pastura. Aquesta convergéncia també va
succeir en el camp tecnologic i en la qualitat de vida entre les civilitzacions europees i
asiatiques, creant contactes entre elles i essent les precursores del comer¢ mundial i la
globalitzacié (Gunn, 2003). En el decurs d’un creixement poblacional, s’afavori I'is dels
porcs com a escombriaires urbans, i amb la introduccié de tubercles i llegums com les
patates, els pésols i les faves, millora el seu rendiment com a animal de granja i
n’accentua la seva comercialitzacié. Va ésser just en aquesta transicié de millora de
I’espécie que es va introduir el porc asiatic, jugant un rol clau en la transformacié del
porc europeu. Charles Darwin (1868) ja va diferenciar dos llinatges de porcs el s.XIX: un
d’europeu (Sus scrofa) i un d’asiatic (Sus indicus). Estudis amb DNA mitocondrial
proposen que |'arribada dels porcs asiatics es va produir durant els segles XVIII i XIX
(Giuffra et al., 2000, Jones, 1998). També s’ha demostrat, per validar aquesta
introgressié de porcs asiatics a Europa, que les noves races europees, com la Landrace,
Large White, Piétrain o Berkshire, comparteixen haplotips asiatics i als arbres
filogenetics se situen més properes al porc asiatic que a I'europeu (Kijas i Andersson,
2001, Watanobe et al., 1999, Clop et al., 2004, Kim et al., 2002). Per altra banda,

també s’ha vist que les races europees tradicionals ubicades a la zona mediterrania no
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presenten haplotips asiatics i, per tant, el creuament amb races asiatiques sembla
improbable (Kijas i Andersson, 2001, Alves et al., 2003, Clop et al., 2004).

Literariament, I'entusiasme amb que es descriu I'arribada d’aquestes races asiatiques
indica I'admiracié i la seva utilitat en la intensificacié de I'agricultura al nord d’Europa
(Lawrence, 1727). Nombroses enciclopedies d’animals i de procediments en
agricultura descriuen els avantatges de les noves races creuades amb els porcs xinesos,
principalment en la rapidesa de I'engreix, la dieta menys exigent i I'augment de la
ventrada (Beilby, 1800). Amb cinquanta anys van aconseguir una posicio dominant en
I'agricultura anglesa i van contribuir a la revolucié agricola de finals del segle XVIII a
Anglaterra (Overton, 1996). Tanmateix, I'auge del comerg i 'ampliacié de les distancies
comercials cap a principis del segle XIX afavori 'aparicié i el comerg de nombroses
races locals tipiques de cada regié (Malcolmson i Mastoris, 1998). Aquest comerg a
gran escala també va posar de manifest les diferencies que s’havien creat entre les
zones rurals i les urbanes i també entre Europa i Asia. En aquest sentit, I‘economia
rural, predominant a Asia, no estava tan desenvolupada i es centrava en una estratégia
de subsisténcia en petites explotacions a diferencia d’una estrategia d’empresa
comercial especialitzada predominant a Europa (Trow-Smith, 2006). El canvi de forma
que el porc domestic havia experimentat en aquests ultims cent anys i el sistema de
produccié també van precipitar el canvi del porc en la cultura anglesa. Aixi doncs, el
porc va passar de ser aquella criatura forta, ferotge i obscura de I'Edat Mitjana,
associada a rituals centenaris i simbolismes religiosos, a adquirir un rol de criatura
inofensiva, divertida i satirica (Malcolmson i Mastoris, 1998). Les tipiques guardioles

angleses en forma de porc es van inventar a finals del segle XVIII, per exemple.

1.1.2. Filogenia del porc domestic
Filogenicament, les races de porc que coneixem avui dia provenen de I'especie Sus
scrofa. L'expansid eurasiatica explicada anteriorment la va protagonitzar aquesta
especie, on estudis recents proposen que |I'espécie es va originar al sud-est asiatic
(Larson et al., 2005, Larson et al., 2010), juntament amb d’altres espécies del génere
Sus (Ruvinsky et al., 2011), totes elles actualment confinades a zones concretes del
sud-est asiatic: Sus verrucosus (llla de Java), Sus barbatus (Malaisia continental i illes de

Borneo, Sumatra, Bangka, Java, Palawan i Palau), Sus celebensis (llla de Sulawesi i
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Timor Oriental), Sus philippensis (est arxipélag filipi) i Sus cebifrons (centre-oest

arxipelag filipi).

L’expansio o colonitzacié de la resta del mén per part de la humanitat va comportar,
també, I'expansié de I'especie porcina. Estudis arqueologics han intentat desxifrar
I’evolucié del genere Sus arreu del mén (Groves, 1981). Aixi, al nord del continent
africa s’hi troben restes de porc que daten de I'Era Neolitica, fa entre 6.000 i 3.000
anys. Ramirez et al., (2009) descriu que la poblacié occidental africana de porcs
descendeix de llinatges autoctons i llinatges europeus, mentre que la poblacié oriental
africana és una barreja de Ilinatges europeus i asiatics. Larson et al., (2007b) descriu
I'arribada de porcs de I'espécie Sus scrofa del continent asiatic a I'arxipélag del sud-est
asiatic, tot i haver-hi altres espécies. Precisament, la introduccié de porcs a Oceania
també s’atribueix a individus de I'espécie Sus scrofa durant I'Era Neolitica. Finalment,
la colonitzacié del continent america durant els segles XV a XVII va significar també
I’expansio del porc europeu a Ameérica, demostrant la preséncia d’haplotips europeus a

les poblacions de porcs criolls a sud-Ameérica (Ramirez et al., 2009).

El génere Sus scrofa esta format per 16 subespeécies (FAO, http://dad.fao.org), una de
les quals, Sus scrofa domestica, inclou totes les races de porc. Definir el nombre de
races existents a I'actualitat no és facil, ja que tampoc ho és definir que significa el
terme raca. A priori, una raca podria ser un conjunt d’animals de la mateixa espécie
amb caracteristiques fisiques semblants. Tot i aixi, existeixen races (no només de porc)
amb una amplia variacié en algun o alguns trets fisics, i també existeixen animals de
races diferents que sdn molt semblants. Hi ha un consens general, pero, en determinar
que el concepte de raca va lligat a una ascendéncia comuna. Tanmateix, Buchanan i
Stalder (2011) descriuen fins a 65 races de porc segons el seu origen, distribucio i les
principals caracteristiques fenotipiques. Si comptéssim les linies de cada raga i les
seves variacions, pero, podriem arribar a comptar uns quants centenars de varietats

(FAO, http://dad.fao.org).

La introduccid de les races asiatiques a Europa durant els segles XVIII i XIX va esdevenir

un punt d’inflexié en la creacié de les races modernes de porc. White (2011) proposa
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dues introduccions separades, cada una amb una varietat de porc asiatic diferent: una
primera relacionada amb la creacidé de les races britaniques Large White i Berkshire i
una de més tardana amb les races Landrace, Duroc i Welsh. Aquest intercanvi genetic
es va realitzar amb els objectius d’augmentar el greix de I'animal i disminuir I'edat
d’arribada a la maduresa degut a les bones caracteristiques reproductives que tenien
les races asiatiques. L'impacte d’aquests creuaments es pot mesurar en el fet que les
races britaniques es varen fer servir posteriorment per a crear noves races a Europa,

Asia i Ameérica (Buchanan i Stalder, 2011, Amills et al., 2010).

En I'actualitat, podriem classificar les principals poblacions comercials en funcié de les
seves caracteristiques productives i reproductives. Hi ha les races amb una elevada
taxa de creixement i un bon nivell reproductiu, com la Landrace, la Large White i la
Yorkshire; les races amb una elevada taxa de creixement i poc prolifiques, com sén la
Piétrain, la Hampshire i la Duroc; les races hiperprolifiques sén principalment les de
tronc asiatic, com la Meishan i la Erhualian; i finalment hi ha el grup on s’inclouen les
races locals, ben adaptades al seu medi ambiental pero amb taxes de creixement i

nivells reproductius discrets, com la Iberica.

1.1.3. Programes de millora genética en la produccié porcina
Després de la domesticacié i amb el pas dels anys, Europa i Asia van esdevenir els dos
grans focus de cria de porcs, desenvolupant varietats locals adaptades a les necessitats
i requeriments de cada zona mitjancant la seleccid. Durant segles, la manera de
seleccionar els porcs va ésser el creuament entre els individus que presentaven les
millors caracteristiques en productivitat, docilitat i resistencia. Més endavant aquesta
tasca es va sistematitzar amb I'aparicié de les primeres genealogies (pedigrees) per
part dels criadors anglesos a principis del segle XIX (Lush, 1943), on utilitzaven aquesta
informacié per seleccionar els millors animals i creuar-los amb linies ancestrals. Amb la
integracié de les lleis de Mendel i I'assumpcié de la genética com a disciplina cientifica,
el metodes de seleccié van esdevenir més acurats i eficients. Durant molt de temps, la
millora genética del porc s’ha dut a terme amb els indexs de seleccié i la metodologia
BLUP (Best Linear Unbiased Prediction) per calcular el valor millorant dels animals. Tot i

aixi, aquestes aproximacions només fan servir informacié fenotipica i genealogica.
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L’aplicacié de la genética molecular als programes de millora genética als anys 80 va
suposar un avenc en l'eficiencia dels programes de millora (Andersson, 2001). L’estudi
de gens o regions cromosomiques que afecten o estan relacionades amb caracters
guantitatius d’interes productiu, anomenats QTL (Quantitative Trait Loci), suposa una
estrategia que pretén complementar la seleccié convencional, especialment en
caracters on els registres fenotipics soc cars o dificils d’obtenir (Dekkers, 2007). Aixi, en
alguns casos es poden arribar a seleccionar directament regions cromosdmiques que
afecten el caracter en qgliestié a través de la seleccié assistida de marcadors (MAS) o
gens (GAS) (Dekkers, 2004). L'aparicié de nous marcadors moleculars com els SNP
(Single Nucleotid Polymorphism) i les noves técniques de genotipatge massiu permeten
treballar, actualment, amb tot el genoma d’un individu gracies a I'aveng tecnologic.
Aguesta nova metodologia, la seleccié genomica, permet obtenir valors predictius
genétics més acurats d’aquells caracters d’interes productiu i reproductiu (Goddard i

Hayes, 2007, Meuwissen et al., 2001).

Els caracters seleccionats en els programes de millora genetica han anat evolucionat
amb el pas del temps. A principis del 1950, els esforcos de seleccid geneética es
centraven en caracters productius, com reduir el greix dorsal i millorar la taxa de
creixement, aconseguint veritables progressos en la producci6 de carn magra i
disminuint els dies necessaris per arribar al pes de comercialitzacié dels animals
(Dekkers et al., 2011). Més endavant es varen comencar a tenir en compte factors com
la qualitat de la carn i la reduccid de costos en la produccio. Ja en les Ultimes decades
del segle XX, la seleccio i millora genetica porcina va comengar a centrar el seu interes
en els caracters reproductius, ja que una bona fecundacié es podia relacionar
directament amb una bona vida productiva de les truges (Distl, 2007). Aprofitant les
bones aptituds maternals i les bones caracteristiques en els caracters reproductius de
les races asiatiques, es va comengar a treballar en la millora de la mida de la ventrada
en les races productores de carn (Bidanel, 2011). Aquesta ultima década ha comencat
a suscitar interés, per pressio i demanda de la societat, la millora d’altres caracters que
no sén purament econdmics i no estan directament relacionats amb [|'eficiencia

productiva, com el benestar i la salut dels animals, les conseqliencies ecologiques
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d’una produccié porcina altament intensiva i la qualitat sensorial i la salubritat de la

carn de porc (Kanis et al., 2005).

1.1.4. Abast nacional i internacional de la produccié porcina
El porc domestic es troba estés per quasi tot el mén degut a la seva extraordinaria
importancia en la produccié de carn vermella, llard i productes curats (Amills et al.,
2010). La pell s’aprofita per confeccionar articles de roba, sabates i complements; els
0ssos per elaborar armes, gomes, esmalts, vidres i productes de neteja; del greix
també se’n fan olis lubricants i productes quimics, com pintures de magquillatge i
vernissos; i amb pels s’elaboren pinzells i raspalls. Aixi doncs, la dita popular que diu

qgue del porc s’aprofita tot és ben bé certa.

La carn de porc és la més consumida a nivell mundial i, en conseqiiéncia, la més
produida. Representa el 40% de la produccié de carn el 2011, amb 110M de tones i
amb tendéncia a I'alca. La produccié de carn de porc es concentra principalment a Asia
(56%), Europa (25%) i America (17%). Per paisos, Espanya és el 4rt pais que més
produeix carn de porc (3,5M de tones, 3%), tan sols superada per la Xina (51,5M de
tones, 47%), els Estats Units (10,3M de tones, 9%) i Alemanya (5,6M de tones, 5%.
FAOSTAT, 2011).

A I'Estat espanyol, amb dades del 2011, el pes de la produccié porcina és molt
important, amb 42M de caps sacrificats i 3,5M de tones de carn produides. El cens
porci espanyol arriba als 25,6M de caps, i Catalunya concentra el 27,5% del cens (7M
d’animals) i amb 1,4M de tones de carn de porc representa el 40% de la produccié de
carn de porc a I'Estat. La produccid de bestiar de porqui a Catalunya va aportar, el
2011, el 55% de la produccié final ramadera amb més de 17,5M de caps sacrificats

(MAGRAMA i DAAM, 2011).

1.1.5. El porc com a model biomédic
A banda de la seva importancia productiva en el sector agrari, el porc és un valuds
model biomedic per a 'estudi de la salut i les malalties humanes degut a les seves

semblances anatomiques i fisiologiques amb I'espécie humana. Un model animal o
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model biomedic és un substitut per un ésser huma, o un sistema biologic huma, que es
pot utilitzar per comprendre la funcié normal i anormal del genotip al fenotip i per
proporcionar una base per al tractament preventiu o la intervencié terapeutica en

malalties humanes (Swanson et al., 2004).

L'Gs dels animals en I'estudi de la fisiologia i anatomia humana remunta al segle XVI
(Kuzmuk i Schook, 2011). Primer s’utilitzaven com a observacions en condicions
estipulades; més endavant ja es va comencar la induccié de I'estat de malaltia de
manera quimica i fisica. A principis del segle XX es van comengar a infectar animals
amb malalties infeccioses per testar medicaments antibacterians. L’evolucié de s de
models animals al segle XX ha estat molt important amb I'ds de técniques com la
recombinacié genética, la clonacié o I'is de cél-lules mare per crear organismes
geneticament modificats i establir la condicions desitjades en I'estudi de malalties

humanes.

Tradicionalment, els animals més utilitzats com a models han estat els rosegadors
(ratolins i rates) i alguns mamifers com els gossos. Tot i aixi, malgrat les facilitats de
maneig que presenten i les semblances fisiologiques en alguns organs i sistemes,
sovint no sén un bon model per a moltes malalties ja que no sén prou semblants
anatomicament i no mimetitzen de manera fidel els simptomes ni desenvolupen els
desordres com ho farien els humans. El porc és un mamifer que presenta una mida i
una fisiologia semblant a I'espécie humana, té un desenvolupament dels organs i una
progressid de les malalties que el fa ser un model ideal per ser estudiat amb les
tecnologies que s’empren en humans (Lunney, 2007). A més a més, |'oportunitat
d’aprofitar tots els garrins que surten en una ventrada juntament amb les técniques de
clonacid i models transgenics facilita el mapatge genétic. També és una especie que té
nombroses linies cel-lulars desenvolupades en un ampli ventall de teixits que facilita i

amplia les possibilitats dels estudis cientifics.

Un altre avantatge en I'Gs del porc com a model biomedic és que el seu genoma ja esta
totalment sequenciat i anotat (http://www.ensembl.org/Sus_scrofa/Info/Index), amb

21.630 gens codificants (RNAs missatgers) i 3.124 gens no codificants (RNAs no
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codificants) (Groenen et al., 2012). Comparativament parlant, el genoma porci,
compreés de 18 cromosomes autosomics i 2 de sexuals (X iY), té una mida d’uns 2,7Gb i
és un 7% més petit que el genoma huma (el genoma del gos i del ratoli ho sén un 14%).
A nivell nucleotidic, el genoma porci és 3 vegades més similar al genoma huma que no

pas el genoma del gos o del ratoli (Walters et al., 2012).

Aixi, el porc s’ha utilitzat en estudis de patologies humanes en diferents camps com la
fisiologia cardiaca, funcid reproductiva, transplantaments, fisiologia de la pell,
vessaments cerebrals i reaccid de certes drogues al cervell, fisiologia i nutricio de
I'intesti, models biomecanics, enginyeria tissular, funcié respiratoria i malalties
infeccioses (Kuzmuk i Schook, 2011). A més a més, el porc també s’utilitza en I'estudi

de patologies i malalties propies de I'espécie.

1.1.6. El virus de la malaltia d’Aujeszky
La malaltia d'Aujeszky, també coneguda com a Pseudorabia, és una malaltia
contagiosa causada per un virus que afecta la majoria dels animals domestics,
fonamentalment |'especie porcina. No afecta el primats majors, inclosa |'espécie
humana. El porc és I'hoste primari del virus i el principal disseminador de la malaltia.
En els porcs, el virus es pot mantenir en fase de laténcia, mostrant signes de
recuperacid, essent aixi I'Unica espécie capag¢ de sobreviure a una infeccié productiva i
posteriorment actuar com a reservori (Pejsak i Truszczynski, 2006). La infeccié viral en
altres espécies causa desordres neurologics i la mort posterior. Per tant, I'eliminacié
del virus en I'espéecie porcina acabaria eradicant la malaltia. Els porcs senglars també
poden contraure la malaltia i es consideren reservoris potencials d’infeccid dels porcs

domestics.

Es una malaltia de gran importancia econdmica al sector de produccié porcina,
sobretot pels sistemes que es concentren en grans granges situades relativament a
prop les unes de les altres. EI comerg internacional intensiu ha permes el moviment de
grans quantitats d’animals, particularment de porcs i els seus productes derivats, i
també ha ajudat a la disseminacié de la malaltia. Causa importants perdues

econdmiques en les explotacions porcines, principalment per reduccié de la mida de la
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garrinada, avortaments i creixement lent dels animals, aixi com per les restriccions de
moviments relacionats amb el control d’aquesta. Tot i aixi, el progrés de la biologia
molecular els ultims 15 anys ha permeées millores notables en el diagnostic, control i
prevencid de la malaltia. Es tracta d'una malaltia de declaracié obligatoria segons I'OIE
(Oficina Internacional d'Epizooties). A Espanya esta en fase avangada d’eradicacié i
dades del 2011 de la Generalitat de Catalunya apunten que Catalunya ja és un territori

lliure de la malaltia.

L'agent etiologic de la malaltia és I’'Herpesvirus porci tipus 1 (SHV-1), un virus amb un
genoma lineal de doble cadena de DNA d’unes 142 Kb. El seu genoma esta seqlienciat
(Klupp et al., 2004) i codifica uns 70 gens. Una caracteristica biologica dels herpesvirus
és la capacitat de mantenir latent una infeccio circularitzant el seu genoma i persistint
com un episoma amb una expressié genica viral molt limitada (Boss et al., 2009). Aixi,
podriem classificar els seus gens en dos principals grups, els litics, que s’expressen
durant la infeccid, i els latents, que s’expressen durant la fase de latencia. Durant
I’estat de lateéncia, I'expressio genica viral esta restringida a la transcripcié d’una part
concreta del genoma anomenada transcrit de laténcia gran (LLT), de la qual es generen
els transcrits associats a la laténcia (LAT). Les bases moleculars de la laténcia en els
herpesvirus sén encara desconegudes. Els principals punts on el virus roman latent sén
el gangli trigemin, el bulb olfactori i la tonsil-la (Pomeranz et al., 2005). En aquests
llocs, el DNA viral es pot detectar en abséencia d’infeccié virica productiva. Hi ha varies
linies cel-lulars que s’usen a molts estudis cientifics que permeten el cultiu al laboratori
de I'SHV-1, com la linia cel-lular PK-15 derivada del ronyé de porc (Pejsak i
Truszczynski, 2006). En aquesta tesi s’ha fet servir aquesta linea cel-lular per a realitzar

una infeccié experimental in vitro amb I'SHV-1.

El virus és transmes principalment per contacte fisic entre porcs a través de les
secrecions. També es pot transmetre per via sexual, transplacentaria, per fomits i per
via aerogena. Després de la infeccid oronasal, el virus es replica primerament als teixits
epitelials i pot entrar directament a les terminacions nervioses sensorials per la
nasofaringe. El periode normal d’incubacid del virus és de 2 a 6 dies. El virus infecta el

sistema nervids central i altres organs, com el tracte respiratori. Segons I'edat dels
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animals infectats i el seu estat immunologic, la ruta d’infeccié i la virulencia de la soca
viral, els signes clinics poden ser més o menys severs. La mortalitat és del 100% en
garrins de menys de dues setmanes, on el quadre que presenten és neurologic. A
mesura que augmenta I'edat, la mortalitat baixa fins al 50% en garrins de 3-4 setmanes
i fins al 10% en garrins de 5 a 9 setmanes. El porcs d’engreix o adults presenten un
guadre respiratori sovint amb pneumonia, amb una morbilitat del 100% i una
mortalitat de I'1-2%. Les femelles reproductores prenyades que s’infecten al primer
terc de I'embaras pateixen una reabsorcid dels fetus; si la infeccidé esdevé al segon o
tercer trimestre, presenten quadres d’avortament, momificacions i maceracions dels
fetus. En els animals vacunats, la infecciéd cursa de forma subclinica o poc aparent
(Pejsak i Truszczynski, 2006). En la present tesi s’ha realitzat una infeccié experimental
in vivo amb porcs de 4 setmanes i s’ha treballat amb el bulb olfactori i el gangli

trigemin, punts de replicacio inicial.

Actualment, el principal objectiu és I'eradicacié de la malaltia. Segons I'estat de cada
pais o regid s’aplica un programa de prevencid o un altre. Al pais/regid on el virus hi és
present, s'usa principalment el programa de vacunacié-eradicacié, amb vacunes
marcades. Primer es fa una campanya de vacunacid, i per controlar I'aparicio de brots
es fan controls serologics dels anticossos especifics de les soques silvestres, que es
diferencien de les soques vacunals ja que aquestes Ultimes han estat geneticament
modificades amb I'eliminaci6 de I'expressi6 d’alguna glicoproteina, com la
glicoproteina E (gE), que juga un paper important en la disseminacié del virus pel
sistema nervids. Si apareixen brots es sacrifiquen tots els animals infectats i els que
han estat en contacte amb I'animal i, quan el pais/regi6 té la malaltia controlada amb
la vacuna, s’elimina I'Gs d’aquesta (Pejsak i Truszczynski, 2006). En el cas d’un
pais/regido amb una prevalenca molt alta, primer es realitzen els tests i es sacrifiquen
els animals i després s’inicia la vacunacié general. La vacunacid no evita completament
la infeccié, perd permet evitar I'aparicié de casos clinics, disminueix la durada de

I’excrecid viral, en dificulta la transmissié i ajuda a reduir la prevalenca.
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1.2. Expressio geénica

L’expressid génica és el procés pel qual s’interpreta el material genétic d’'un organisme,
és a dir, amb la informacidé que un gen amaga a la seva cadena de DNA es sintetitza un
producte que sera funcional per al desenvolupament de I'organisme. La transcripcié
del DNA a RNA, la maduracié d’aquest (splicing) i, posteriorment, la traduccié del
transcrit a proteina sén els passos necessaris per a I’'expressié del genoma, del genotip
al fenotip. Bona part dels gens del genoma codifiquen un producte funcional que és
una proteina (gens codificants de proteines), tot i que hi ha gens que el seu producte
funcional és un RNA que no codifica per cap proteina, els RNAs no codificants de
proteines: ribosomals, de transferencia, nuclears, nucleolars, microRNAs i altres RNAs

de mida petita, etc.

Aixi, els efectors reals del fenotip son el transcriptoma i el proteoma. El transcriptoma
és el conjunt de transcrits que s’expressa en una cél-lula, en un espai i un moment
concret. En I'espécie humana, el genoma conté uns 23.500 gens que codifiquen per
alguna proteina, generant més de 140.000 transcrits diferents i, per tant, indicant que
el transcriptoma és forca més complex que el genoma. El genoma del porc esta estimat
que codifiqui per uns 20.000 — 25.000 gens, i tot i que el nombre de transcrits no esta

determinat s’estima que sigui semblant al de I'espécie humana (Groenen et al., 2011).

De fet, la diversitat fenotipica observada no s’explica només per la variabilitat
genomica observada a nivell de seqiiéncia, sind que també hi ha tot un conjunt de
mecanismes involucrats en la modificacié transcripcional i post transcripcional (Ruan et
al., 2004). Aixi doncs, totes les passes en el procés de transformacié del DNA en una

proteina estan sotmeses a una regulacié que modula tots aquests productes.

Les cél-lules eucariotes tenen mecanismes per a poder reconéixer les condicions
ambientals en les que han d’activar o reprimir la transcripcid dels gens corresponents i
son capaces d’activar i desactivar la transcripcié de cada gen o grup de gens especifics.
Les propietats biologiques de cada organisme eucariotic venen determinades en gran
mesura per les proteines expressades, que en determinen la seva arquitectura, les

activitats enzimatiques, les seves interaccions amb I"'ambient i moltes altres propietats
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fisiologiques. Tot i aixi, en un moment determinat de la vida de la cél-lula tan sols
s’expressa una fraccido dels RNAs i les proteines codificades al seu genoma. En
moments diferents, el perfil dels productes genics expressats pot diferir enormement,
tant respecte a quines proteines s’expressen com a quins nivells ho fan (Griffiths et al.,
2008). Es tota aquesta regulacié que fa que un organisme pluricel-lular estigui compost
per diferents teixits amb funcions especifiques, el desenvolupament i la funcionalitat
dels quals dependran del conjunt de proteines selectivament expressades per cada

cél-lula que el composa.

Desxifrar el transcriptoma d’una cel-lula o teixit en un moment concret ajuda a
entendre les bases de la seva funcié biologica. Una aproximacido ampliament usada en
I'analisi de transcriptomes és comparar els nivells d’expressié de I'RNA missatger en
teixits especifics o cel-lules en unes condicions o tractament concret amb I'objectiu
d’identificar els gens que estan diferencialment expressats amb funcions biologiques
rellevants. A més a més, I'analisi de transcriptomes es pot fer servir per identificar

nous biomarcadors que podrien ser utilitzats com a eines de diagnostic.

1.2.1. Mecanismes de regulacio de I'expressio génica
La regulacio de I'expressié génica té lloc a diferents nivells: durant el processament de
I’'RNA primari, durant el transport de 'RNA missatger del nucli al citoplasma cel-lular,
durant la traduccié de I'RNA a proteina, durant el procés d’activacié de la proteina...
pero majoritariament es produeix en la regulacid de la transcripcié del DNA a I’'RNA.
Tot i aixi, la regulacid als diferents nivells no és independent, siné que estan connectats
i coordinats (Dahan et al., 2011, Orphanides i Reinberg, 2002). Tradicionalment, la
regulacié de I'expressié genica a nivell transcripcional ha estat el nivell que ha rebut la
major atencio cientifica per ser el pas més important i per ser facil d’estudiar amb
meétodes ja establerts (Mata et al., 2005). La importancia d’aquest nivell de regulacio
queda demostrada amb el 5-10% de gens codificants que el genoma dels animals

dedica a regular la transcripcié (Levine i Tjian, 2003).

També existeix un segon nivell de regulacié de |'expressié genica basat en les

alteracions i modificacions de la conformacié i estructura del DNA, i que no impliquen
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cap canvi en la seqiiencia nucleotidica: els mecanismes epigeneétics, com la metilacié
del DNA i la modificacié d’histones, en el que I'empaquetament i compactacié de la
cromatina exerceixen un paper regulador per a I'expressié dels gens (Griffiths et al.,

2008, Bell i Spector, 2011).

En el dltims anys, I'estudi de la regulacio post transcripcional ha anat guanyant terreny
des del descobriment, tot just fara 20 anys, de la primera molecula d’'RNA de mida
petita que no codificava per una proteina, un microRNA (Lee et al., 1993, Wightman et
al., 1993). Tot i aixi, no va ésser fins al 2000 que el mén cientific no es va adonar de la
importancia en la modulacié de I'expressié génica que tenien aquests RNAs de mida
petita i que es trobaven presents en tot el regne animal (Pasquinelli et al., 2000,
Reinhart et al., 2000). La biologia molecular d’aquests RNAs de mida petita s’ha anat
descrivint als tres dominis de la vida que coneixem avui dia (eucariotes, bacteris i
arqueobacteris, (Woese et al., 1990)) i s’"ha demostrat que aquest procés actua com a
defensa cel-lular davant acids nucleics foranis i també com a regulacid post
transcripcional de transcrits endogens, un procés que s’ha descrit com a interferencia

per RNAs de mida petita — RNAi (Agrawal et al., 2003).

La regulacié genica duta a terme pels RNAs de mida petita es fa a través d’interaccions
especifiques de seqiiéncia, on 'RNA petit s'uneix al transcrit diana, que pot ser des
d’un RNA missatger fins a un RNA genomic derivat d’un agent patogen, influenciant la
seva integritat i funcionalitat. El coneixement d’aquest mecanisme s’ha anat estenent
aquests ultims anys, i actualment ja és sabut que aquest mecanisme és universal tot i
gue els seus usos fisiologics poden ser Unics (tenOever, 2013). Els bacteris fan servir un
sistema de defensa basat en RNAs curts de repeticions palindromiques agrupades
(crRNAs) per evadir o restringir la infeccié per fags. Els PIWI-interacting RNAs (piRNAs)
son un sistema de defensa contra els transposons i material genetic forani utilitzat pels
organismes multicel-lulars. Els nematodes, els artropodes i les plantes tenen un
sistema immune antiviral innat (viRNAs). També hi ha un altre grup d’'RNAs de mida
petita conservats als eucariotes, semblants als ViRNAs pero pensats per guiar i reforcar
la identitat cel-lular mitjancant la regulacié post transcripcional d’'RNAs missatgers

endogens, els microRNAs.
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1.2.1.1. Els microRNAs
Els microRNAs (miRNAs) son RNAs no codificants de mida petita que acostumen a tenir
entre 18 i 25 nucleotids de llargada. Exerceixen una funcié reguladora a nivell post
transcripcional generalment inhibitoria dels gens pels quals fa diana, inhabilitant 'RNA
missatger o impedint la seva traduccié. Participen en la regulacié de quasi tots els
processos cel-lulars investigats i els canvis en la seva expressio poden estar associats a

processos patologics (Krol et al., 2010).

Actualment, els microRNAs estan descrits als regnes dels animals, les plantes i els
protozous, i també en alguns virus de DNA, i se sap que tenen un paper clau en la
regulacié d’un ampli ventall de processos biologics (Zheng et al., 2013, Berezikov,
2011, Ambros, 2008). On estan més estudiats és en els animals i les plantes. En
mamifers esta predit que poden controlar fins a un 50%-60% del transcriptoma (Krol et

al., 2010, Friedman et al., 2009).

El primer microRNA va ésser descobert en el nematode Caenorhabditis elegans mentre
es caracteritzaven els gens que controlaven la temporalitzacié del desenvolupament
larvari. Es va descobrir que el gen lin-4 no codificava per cap proteina, pero si
transcrivia per un RNA de mida petita (Lee et al., 1993). També es va observar que
aquest RNA s’unia a la regio 3’ UTR d’un altre gen, el lin-14, impedint la traduccié del
seu RNA missatger i disminuint aixi la quantitat de proteina, afectant la seva expressid
(Wightman et al., 1993). Set anys més tard es va descobrir un altre gen a C. elegans, el
let-7, que codificava per un altre RNA de mida petita i aquest també inhibia la
traduccié del gen lin-14, entre d’altres (Pasquinelli et al., 2000, Reinhart et al., 2000).
Es va comencar a pensar que aquests RNA petits podien formar part d’algun grup
d’RNAs reguladors i que, per tant, n’hi podia haver més, a part de ser presents a altres
organismes. Aixi, es van descriure els primers microRNAs i es va veure que n’hi havia
de conservats entre espécies (Lee i Ambros, 2001, Lagos-Quintana et al., 2001, Lau et

al., 2001).
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1.2.1.1.1. Biogeénesi i mecanismes d’actuacio
Tant la biogenesi com els mecanismes d’interaccié varien entre animals i plantes. En
els animals, els miRNAs sén processats inicialment com a transcrits primaris (pri-
miRNAs) i pateixen un doble procés de maduracid per esdevenir miRNAs madurs
(Figura 1.2.). La primera digestié es produeix al nucli cel-lular i és duta a terme per la
ribonucleasa Ill Drosha, que a partir del pri-miRNA genera el precursor del miRNA (pre-
miRNA), de 70-80 parells de bases (Lee et al., 2003). La segona digestié té lloc al
citoplasma cel-lular després del transport del pre-miRNA per la proteina
transportadora Exportin-5 (Yi et al., 2003). Aquest cop, la ribonucleasa Ill Dicer genera
el miRNA duplex (miRNA|miRNA*) a partir del pre-miRNA (Lee et al., 2002). Aquest
microRNA duplex presenta una cadena madura (miRNA) i una cadena complementaria
(miRNA*). Una de les dues cadenes, generalment la cadena madura, s'uneix a una
proteina de la familia Argonauta (AGO), entre d’altres, per formar el complex
silenciador induit per RNAs (RISC). La cadena complementaria se sol degradar, tot i que
s’ha vist que en alguns casos també pot arribar a formar part del complex RISC com a

cadena madura (Okamura et al., 2008).
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Figura 1.2. Biogenesi dels miRNAs en els animals (adaptada de Bushati i Cohen, 2007).
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El miRNA incorporat dirigeix el complex RISC al seu RNA missatger diana i s’hi uneix per
complementarietat de bases amb la cadena del miRNA. Aquesta complementarietat
requereix ser perfecta en la seqliéncia que va dels 2 als 8 primers nucleotids de la
cadena madura del miRNA (lectura 5’-3’), zona anomenada seed. La resta de la cadena
és complementaria parcialment (Bartel, 2009). Finalment, I'RNA missatger es degrada
o s’atura la seva traduccid, disminuint els nivells de proteina en qualsevol cas (Carthew
i Sontheimer, 2009). A més a més, |’existéncia de variabilitat genética als extrems 5’ i 3’
dels miRNAs madurs genera un llarg espectre de variacions de seqliencies anomenades
isoformes de miRNAs o isomiRs (Morin et al., 2008). Els mecanismes involucrats en la
generacié dels isomiRs i la seva rellevancia biologica han incrementat la complexitat
dels mecanismes moleculars relacionats amb la regulacié de I'expressidé dels RNAs

missatgers pels miRNAs.

1.2.1.1.2. Conservacid i especificitat
Les diferencies entre els processos de biogénesi i d’actuacié dels miRNAs entre els
animals i les plantes fan pensar que han evolucionat de manera independent entre els
dos regnes, presentant miRNAs especifics a cada regne. Tot i aixi, també es coneix que
en els mamifers la majoria de miRNAs estan conservats entre espécies properes, i
poden tenir miRNAs homolegs en espécies més distants, proposant, doncs, que les
funcions d’aquests es podrien haver conservat en I’evolucio dels llinatges animals (Lim
et al., 2003). Tanmateix, Arteaga-Vdzquez et al., (2006) postulen que podrien existir
miRNAs compartits entre els dos regnes, i juntament amb estudis que proposen
I’existencia de miRNAs a organismes eucariotes unicel-lulars (Zheng et al., 2013, Huang
et al., 2012, Lin et al., 2009) fan pensar en un aparell regulador eucariotic ancestral
comd, justificant les diferéncies existents en I'actualitat com a producte d’una péerdua

progressiva d’especificitat i no pas producte de la innovacio (Tarver et al., 2012).

Els metodes de seqilienciacid massiva de nova generacid, juntament amb les analisis
computacionals van esdevenir I'aproximacié de referencia en el descobriment de nous
miRNAs (Berezikov, 2011). Aixi, la descripcié del perfil de miRNAs (miRNAome) en
diferents teixits sota diferents estats fisiologics i patologics ha suscitat un gran interes

durant els darrers anys (Xie et al., 2011, Ribeiro-dos-Santos et al., 2010, Shao et al.,



INTRODUCCIO

2010, Glazov et al., 2008, Huang et al., 2008). S’ha vist que, generalment, els miRNAs
mantenen un patrd d’expressido temporal i espacial especific (Berezikov, 2011). Aixi
doncs, la determinacié de patrons d’expressid d’'RNAs missatgers alterats relacionats
amb una malaltia, desordre, o tractament especific pot ser de gran ajuda en la
identificaci6 de miRNAs diferencialment expressats, i el seu Us com a nous
biomarcadors (Patel i Sauter, 2011, Fendler et al., 2011, Catto et al., 2011, Chow et al.,
2010, Godwin et al., 2010).

1.2.1.1.3. Anotacié i validacié de la seva expressio
L’auge que va experimentar aquest nou camp de recerca va ésser molt important. Per
ordenar i establir criteris de nomenclatura i descripcié dels miRNAs que s’anaven
descobrint, es va elaborar un protocol d’anotacié i validacié experimental d’aquests
(Ambros et al., 2003) i una base de dades de miRNAs, anomenada miRBase (Griffiths-
Jones, 2004). Aquests criteris d’anotacié i nomenclatura han anat canviant amb el
temps, a mesura que s’han anat descrivint miRNAs i s’han anat descobrint les
particularitats en el regne animal i el regne vegetal (Kozomara i Griffiths-Jones, 2011,
Meyers et al., 2008, Griffiths-Jones et al., 2008, Griffiths-Jones et al., 2006).
Actualment, a miRBase hi ha descrits més de 25.000 miRNAs en 189 espécies (miRBase
v19, agost 2012). En la majoria d’organismes hi ha un nombre limitat de miRNAs
comparat amb el nombre d’'RNAs missatgers i proteines. En els genomes dels mamifers
s’estima que hi ha codificats uns 1.000 miRNAs (Bartel, 2004). Si es creu, per exemple,
qgue el genoma huma codifica per 30.000 RNAs missatgers (Pritchard et al., 2012), un
microRNA podria actuar en més d’'un RNA missatger, i un RNA missatger podria ser
regulat per més d’'un miRNA, creant aixi una xarxa de regulacio genica complexa amb

una modulacid precisa (Figura 1.3., (Bartel, 2009)).

Tot i aixi, el nombre de miRNAs presents en un genoma podria ser més elevat del que
s’espera ja que ja hi ha descrits 2.042 miRNAs a I'espécie humana. Tanmateix, només
dues espécies superen els 1.000 miRNAs descrits: I'especie humana i el ratoli. En el
porc, tot i la seva importancia en el sector productiu i biomedic, tan sols hi ha descrits
306 miRNAs (miRBase v19, agost 2012). S’han descrit alguns miRNAomes en diferents

teixits de porc, com el muscul, la grassa, el cor, el fetge, el timus, l'intesti i els testicles
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Figura 1.3. Model de modulacié fina de I'expressié genica duta a terme pels miRNAs
(adaptada de Grundhoff i Sullivan, 2011). Al model es descriuen dues funcions biologiques
diferenciades amb els seus RNAs missatgers (mRNAs, enumerats de I'1 al 8) que s’estan
expressant. Al centre hi ha descrits els miRNAs actius associats al complex RISC. La regio
seed (la regié del miRNA que va del nucleotid 2 al 8 que determinara la unié amb les seves
dianes) de cada miRNA esta acolorida. La regié de 'mRNA especifica per a la unié de la
regio seed del miRNA esta representada amb una barra del mateix color que la regid seed
especifica. Podem observar com diferents miRNAs poden regular un mateix mRNA (mRNAs
3,4, 6 7), aixi com també varis mRNAs poden ser regulats per un mateix miRNA (els
mMRNAs 2, 3, 4i 6 estan regulats pel miRNAs verd, per exemple). A més, un mRNA pot tenir
més d’una regid especifica per un mateix miRNA, com és el cas de I'mRNA 5.

(Lian et al., 2012, Sharbati et al., 2010, Cho et al., 2010, Reddy et al., 2009, Nielsen et
al., 2010), i també en cultius cel-lulars in vitro, com la linea cel-lular PK-15, derivades
de cél-lules de I'epiteli renal porci, o les cél-lules dendritiques porcines (Wu et al.,

2012, Anselmo et al., 2011, Li et al., 2011).

1.2.1.1.4. Prediccio de gens diana i analisis funcionals de miRNAs
Una segona etapa en l'estudi dels miRNAs va sorgir quan, a part de descriure’ls
mitjancant les técniques de seqlienciacié massiva, van apareixer metodologies per a
predir la seva funcionalitat in silico. Eines com miRanda (Betel et al., 2008, John et al.,

2004), PicTar (Lall et al., 2006), TargetScan (Garcia et al., 2011) i Diana microT
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(Maragkakis et al., 2009a, Maragkakis et al., 2009b) han ajudat a trobar aquells RNAs
missatgers pels quals un miRNA pot fer diana tenint en compte les peculiaritats de
complementarietat de bases explicades anteriorment, sobretot en I'extrem 5’ del
miRNA madur (Bartel, 2009). Una vegada descrits els RNAs missatgers diana calia
intentar dotar-los d’algun tipus de funcionalitat, assignant-los a vies o rutes
metaboliques per donar algun tipus de significat biologic. En aquest sentit, eines com
WebGestalt (Zhang et al., 2005), que fa servir les bases de dades Gene Ontology
(Ashburner et al., 2000) i KEGG (Ogata et al., 1999, Kanehisa i Goto, 2000), ofereix la
possibilitat de treballar amb el conjunt de dianes per al miRNA estudiat donant
informacién sobre en quines rutes metaboliques i processos biologics participen. Tot i
aixi, aquest protocol in silico és molt generalista i tan sols serveix per donar una visié
primaria per comencar a especular sobre les funcions dels miRNAs que s’estan
estudiant. Per confirmar la funcié d’un miRNA és aconsellable fer estudis funcionals in

vivo.

1.2.1.1.5. Els miRNAs virals
Els miRNAs virals son aquells miRNAs codificats pel genoma d’un virus. Els primers
miRNAs virals van ser descrits en un herpesvirus (Pfeffer et al., 2004). Tots els virus que
codifiguen miRNAs sén virus de DNA genomic. De fet, la majoria dels miRNAs virals
descrits avui dia (95%) estan descrits en un herpesvirus (Grundhoff i Sullivan, 2011).
Aixd pot ser degut a la grandaria del genoma dels herpesvirus comparada amb els
altres virus en els que s’han trobat miRNAs (poliomavirus, adenovirus, ascovirus,
baculovirus). Una peculiaritat dels herpesvirus és que presenta dues fases
diferenciades en el seu cicle vital, el cicle litic d’infeccid i el cicle latent, on el virus es
manté a la cel-lula hoste sense causar infeccié aparent. Per tant, un dels beneficis
d’expressar miRNAs virals en aquests virus seria el fet de poder regular I'expressio
genica de I'hoste i també la seva, evitant aixi el factors proteics exposats a la resposta
immune antigénica de I'hoste (Grundhoff i Sullivan, 2011, Skalsky i Cullen, 2010).
Aquesta teoria guanya forca si tenim en compte que la majoria d’herpesvirus estudiats
expressen els miRNAs durant la fase de laténcia, inclis sent una fase en la que
I’expressid genica és molt restrictiva. Aixi, una de les funcions que se’ls atribueix és la

regulacié de I'expressié génica viral, i més concretament, la regulacié de la persisténcia
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de la laténcia viral, que la podria aconseguir aprofitant-se del mecanisme conservat de
regulacié génica de I'hoste, de manera que els miRNAs virals podrien ajudar a
mantenir un ambient cel-lular adient (Skalsky i Cullen, 2010). Un objectiu en el futur és
poder inhibir aquests miRNAs virals per poder eliminar la infeccido latent dels
herpesvirus (Grundhoff i Sullivan, 2011). Altres funcions podrien ser I'alteracio del cicle
cel-lular i I'esquivament de les defenses de I’hoste. S’ha vist que alguns miRNAs virals
imiten alguns miRNAs de I’hoste interactuant amb transcrits de I’'hoste mitjangant una
complementarietat imperfecta (Skalsky i Cullen, 2010). Aquests ultims anys, doncs,
s’ha vist la importancia de la regulacid génica a través dels miRNAs en processos
d’interaccié hoste-patogen, no només des d’una visi6 de I’'hoste per combatre la

infeccio, sind també des del punt de vista del virus per afavorir els interessos d’aquest.

Concretament en I'hespesvirus porci tipus 1 (SHV-1) hi ha descrits un total de 13
miRNAs virals a miRbase, tots localitzats al transcrit gran de laténcia (LLT). Els dos
estudis que els descriuen, un en cél-lules dendritiques (Anselmo et al., 2011) i I'altre en
la linia cel-lular PK-15 (Wu et al., 2012), els associen a la fase de laténcia del virus
precisament per la seva localitzacid, tot i que esta demostrat que tenen algun paper
durant el procés d’infeccid ja que s’ha validat |la seva expressiod en aquesta fase. Molts
d’aquests miRNAs virals també s’han associat als principals gens reguladors de I’'SHV-1,
com el gen regulador primerenc EPO. Aquest gen transcriu la proteina primerenca 0O,
encarregada d’activar I'expressié geénica dels promotors virals IE180, UL23 i US4.
Concretament I'JE1I80 és I'unic gen immediat primerenc que codifica I'SHV-1

(Pomeranz et al., 2005), un potent activador transcripcional.

1.2.2. Mesura de I'expressio génica
Historicament, la mesura de |'expressid génica a nivell del transcriptoma (RNA
missatger) ha anat evolucionant amb el desenvolupament de noves tecniques que han
anat cobrint les necessitats cientifiques de cada moment. La mesura de I'expressio
génica es va comencar a realitzar de manera individual per a cada gen estudiat gracies
a la tecnica d’hibridacié Northern blot (Alwine et al., 1977), que mesura el nivell
d’expressié dels transcrits amb la intensitat relativa que genera la banda hibridada.

Altres técniques que també es varen emprar per comparar perfils d’expressié o per
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determinar I'expressié de gens foren |’ Expression Sequence Tags (ESTs, Adams et al.,
1991), el Differential Display PCR (DD-PCR, Liang i Pardee, 1992), el Ribonuclease
Protection Assay (RPA, Gilman et al., 1989) o el Serial Analysis of Gene Expression
(SAGE, Velculescu et al., 1995). Aquesta darrera técnica ja permetia I'estudi de milers
de transcrits utilitzant la sequenciacié del DNA. Una altra tecnologia molt utilitzada
gue també permet estudiar I'expressid de gens a gran escala sén els Microarrays

(Schena et al., 1995).

Una mica més tard va ésser desenvolupada una variant de la reaccié en cadena de la
polimerasa (PCR — Polymerase Chain Reaction) que permet amplificar i quantificar en
termes absoluts o relatius el producte d’amplificacid, per aix0 s’anomena PCR
quantitativa (qPCR, Heid et al., 1996). Com a novetat, la qPCR utilitza un fluorofor com
a marcador, que en un termociclador dotat de sensors per mesurar la fluorescéncia,
després de ser excitat a la longitud d’ona adequada, permet mesurar la quantitat de
producte generat. Aquesta mesura es pren després de cada cicle d’amplificacid, motiu
pel qual la técnica també se 'anomena PCR a Temps Real (Real Time PCR). Aquesta
tecnologia també es pot emprar amb I'RNA, aplicant una reaccié de transcripcio
reversa (RT) previa a la qPCR. La transcripcid reversa és una técnica emprada per a
generar DNA complementari (cDNA) a partir de I'RNA amb I'enzim transcriptasa
reversa. Aixi, I'RT-qPCR ha permeées mesurar també els nivells d’expressié de I'RNA a
través del seu cDNA, una técnica que és més acurada i especifica per mesurar el nivell

d’expressio dels RNAs missatgers.

L'aparicié de les técniques seqilienciacid massiva, durant la primera meitat de la
decada dels 2.000, va obrir la porta a la sequenciacié i estudi del genoma complet
d’una especie com I'humana i també I'estudi i analisi del transcriptoma a nivell del
genoma complet, també conegut com seqlienciacié d’'RNA (RNA-seq, Mardis, 2008).
Generar milions de sequéncies ha suposat que les técniques de seqiienciacié de nova
generacié siguin semi-quantitatives i et permetin fer estudis d’expressid génica
aproximats. Tot i aixi, els resultats d’expressié génica obtinguts amb aquestes
tecniques encara necessiten ser validats individualment per a cada gen, on la gPCR és

la tecnica més utilitzada per a dur a terme aquestes validacions.
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1.2.2.1. Tecniques de seqiienciacié massiva
1.2.2.1.1. Primera generacio de seqiienciacio: el métode de Sanger
El concepte de seqlienciacié del DNA va ésser introduit per Sanger el 1975 descrivint
un metode rapid de seqlienciacié basat en la sintesi de DNA amb uns encebadors i
I’enzim DNA polimerasa (Sanger i Coulson, 1975). El 1977 va publicar la técnica
enzimatica de seqiienciacié del DNA en la que utilitzava dideoxinucleotids, i provocava
la finalitzacié de I'amplificacié de la cadena quan se n’incorporava un (Sanger et al.,
1977). D’aquesta manera, realitzant I'amplificacié en quatre reaccions separades (un
per a cada dideoxinucleotid) i la posterior electroforesi podies esbrinar la seqlieéncia de
la cadena amplificada. Amb 'automatitzacié de la técnica va apareixer el primer
seqlienciador, I’ABI Prism 310, comercialitzat per Applied Biosystems (1996). Amb la
posterior evolucié del métode, utilitzant capil-lars amb una matriu de polimer en
comptes d’un gel, va apareixer el seqlienciador ABI Prism 3700 d’Applied Biosystems
(1998). Aquest seqienciador ja utilitzava 96 capil-lars simultaniament i és el que es va
fer servir per la seqlienciacid del genoma huma (Yamey, 2000). Des d’enca, 'evolucio
de les tecniques de seqienciacio del DNA han evolucionat de manera vertiginosa fent
servir meétodes que realment son millores del métode inicial dideoxi ideat per Sanger

(Pareek et al., 2011).

1.2.2.1.2. Segona generaciéo de seqiienciacié: seqiienciacié en paral-lel
massiva amb pre-amplificacio

L'avenc dels darrers anys en les técniques de seqlienciacid, anomenades técniques de
sequienciaci6 massiva (HTS — High Throughput Sequencing) o técniques de
seqlienciacio de nova generacido (NGS — Next Generation Sequencing) ha permés
obtenir milions de sequencies de manera més economica i reduir el temps de treball.
Actualment hi ha quatre principals tecnologies associades a la seqlienciacié en paral-lel
massiva amb una caracteristica en comu: la necessitat de realitzar una amplificacié

prévia a la seqlienciacié (Taula 1.1).

Piroseqiienciacio
El primer aparell NGS que va sortir al mercat va ésser el sequienciador GS 20 de 454

Life Sciences (2005). La tecnica desenvolupada utilitza la PCR en emulsié (aigua en oli)
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combinada amb la piroseqiienciacié (Margulies et al., 2005). Més endavant, I'empresa
Roche va adquirir 454 Life Sciences traient al mercat el seqlenciador 454 GS FLX. El
sequenciador 454 GS FLX treballa amb el principi de la seqlienciacié per sintesi de
DNA, ja que fan servir un enzim DNA polimerasa. Durant la piroseqlienciacid, cada
nucleotid incorporat per la DNA polimerasa allibera un pirofosfat, que inicia una serie
de reaccions que finalment acaben produint llum gracies a I'enzim luciferasa (Figura
1.4.). Justament aquesta quantitat de llum emesa és la que es detecta i és proporcional
al nombre de nucleotids incorporats. Durant la sintesi del DNA, cada dNTP és alliberat
de manera seqiencial, aixi s’associa cada pic de llum al nucleotid alliberat en aquell

noment (Mardis, 2008).

En la present tesi s’ha implementat la tecnica de la piroseqiienciacid per a generar
llibreries d’'RNA de mida petita en el ronyd de diferents races porcines amb |'objectiu

de descriure el perfil de miRNAs presents, i també per a detectar nous miRNAs.

Fluorofor finalitzador reversible

Aquesta tecnologia també esta basada en la seqilienciacid per sintesi. En aquest cas,
pero, cada dNTP té un fluorofor associat determinat a I'extrem 3’ i aix0 fa que la DNA
polimerasa tan sols pugui afegir un nucleotid a la sequiencia. Els dNTPs, al tenir un
fluorofor especific, poden ser alliberats simultaniament. Un cop afegit el nucleotid
pertinent a la seqléncia, el laser llegeix la fluorescéncia emesa pel nucleotid
incorporat i tot seguit s’elimina el fluorofor de manera quimica i aixi allibera I'extrem
3’, deixant-lo preparat per al proper cicle d’amplificacié. Aquest és el sistema dissenyat
per Solexa que utilitza I'aparell Genome Analyzer comercialitzat per lllumina (Shendure

i Ji, 2008).

Segqiienciacio per lligacions encadenades

Aguesta tecnologia va ésser desenvolupada per Applied Biosystems i és la que fa servir
la plataforma SOLID™ (2007). El principi que utilitza aquesta metodologia és la
sequenciacio per lligacid, ja que usa una DNA lligasa. Esta basat en la lligacid
seqliencial mitjancant sondes d’oligonucleotids a través de la PCR en emulsid

(Metzker, 2010).
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Figura 1.4. Protocol de seqiienciacié massiva amb la plataforma 454 GS FLX (Roche). (1)
Preparacio de la llibreria de fragments curts de DNAs o cDNAs on s’hi afegeixen uns
adaptadors especifics de I'aparell 454. (2) Cada fragment de cadena simple s’uneix a una
esfera d’agarosa que conté encebadors complementaris als lligats a la nostra llibreria. (3)
Cada esfera és aillada mitjangant una emulsié d’aigua en oli juntament amb els reactius
d’amplificacio, de manera que es generen uns micro-reactors d’amplificacié que obtindran
fins a 10 milions de copies per cadena simple i esfera. (4) Un cop amplificat cada fragment,
les esferes son dipositades en una superficie de fibra optica capil-lar (PicoTiterPlate®,
Roche/454), a rad d’una esfera per pou. Al pou tindra lloc la reaccié de piroseqiienciacié.
(5) En la reaccié de piroseqlienciacid, I'enzim DNA polimerasa sintetitza una cadena de
DNA a partir d’'una cadena simple de DNA que fa de motlle. Els dNTPs sén proporcionats
sequencialment, de manera que quan el dNTP proporcionat és incorrecte, aquest és
degradat per I'enzim apirasa. Quan el dNTP proporcionat és el correcte, aquest és
incorporat a la cadena de DNA produint un pirofosfat (PPi) que I'enzim ATP sulfurilasa fa
servir per a generar ATP. Finalment, aquest ATP és utilitzat per I'enzim luciferasa per a
produir fotons que emetran un senyal luminic i sera enregistrat. (6) L’analisi de les dades
obtingues es realitza per a cada pou en funcié dels senyals luminics obtinguts. Els
adaptadors especifics de I'aparell 454 tenen una zona calibradora que serveix per
identificar I'inici de lectura i calibrar el senyal.

Segqiienciacio per sintesi amb sensibilitat ionica

Una altra tecnologia comercialitzada per I'empresa Life Technologies (actualment
I'empresa Applied Biosystems en forma part) és el sistema lon Torrent Semiconductor
Technology (PostLightTM Sequencing Technology), amb la plataforma lon Torrent
(2010). El principi tecnologic d’aquest sistema esta basat en un procés quimic tan

senzill com el canvi de pH que es produeix quan un nucleotid és incorporat a la
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sequéncia que s’esta amplificant a causa de I'ié d’hidrogen que s’allibera (Rothberg et
al., 2011, Pourmand et al., 2006). En aquest cas, cada nucleotid és alliberat de manera
sequencial. Aquest canvi de deteccid Optica per electrica presenta certs avantatges: no
és necessari fer servir nucledtids modificats, un estalvi economic al no utilitzar
tecnologia optica i un menor temps de processament de les dades, ja que no

s’acumulen grans quantitats de dades d’imatge de fluorescencia.

Aquesta tecnologia s’ha emprat en aquesta tesi per a crear les llibreries en I'estudi de

la infeccio experimental in vitro i in vivo amb el virus de la malaltia d’Aujeszky.

1.2.2.1.3. Tercera generacido de seqiienciacio: seqiienciacié en paral-lel
massiva de molécula unica

La segona onada d’aparells de seqlienciacié massiva, o aparells de seqlienciacié de
tercera generacid, presenta I'avantatge de treballar seqlienciant molécules de DNA
gue no han estat amplificades préeviament, reduint aixi el biaix produit pels errors de la
DNA polimerasa i disminuint també la distorsié dels nivells d’abundancia relativa, fent
que els resultats siguin més fiables a nivell d’expressié génica (Stranneheim i
Lundeberg, 2012). La varietat de tecnologies desenvolupades és molt gran, algunes de

les quals ja s’allunyen forca del metode de seqiienciacio ideat per Sanger (Taula 1.1.).

Fluorofor finalitzador unic reversible

Tecnologia utilitzada per la primera plataforma d’aquestes caracteristiques, I"aparell
Heliscope™ Single Molecule Sequencer (2008), que va ésser comercialitzat per Helicos
Biosciences. El sistema utilitza nucleotids marcats de manera reversible en una
aproximacié de sequenciacid per sintesi en un DNA immobilitzat en una superficie

(Bowers et al., 2009).

Seqiienciacié amb DNA polimerasa immobilitzada

Un altre aparell comercialitzat per Pacific Biosciences i que utilitza el metode de
seqlienciacio anomenat SMRT (Single-Nucleotide Real Time sequencing, 2009) és el
PACBIO RS. En aquest cas també es fan servir nucleotids marcats amb un fluorofor,

pero no estan adjunts a la base nucleotidica, sind al fosfat extern, fet que permet que
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la DNA polimerasa no s’hagi d’anar aturant a cada incorporacié nucleotidica. Aixo
implica que aquesta metodologia és fins a vint mil cops més rapida que els aparells de
segona generacio, i també té un cost més baix. En aquest cas, la DNA polimerasa esta
immobilitzada al terra d’una nanoestructura anomenada Zero-Mode Waveguide
(ZMW), que ofereix una lectura optica molt confinada, minimitzant el soroll de fons

(Korlach et al., 2010, Eid et al., 2009).

Segqiienciacié en nanoporus

D’altres tecnologies s’estan fent un lloc dins les plataformes de seqiienciacié massiva
d’ultima generacid. Aquest és el cas de la tecnologia de seqiienciacié en nanoporus
(Branton et al.,, 2008). Aquest sistema no fa servir nucleotids etiquetats amb
fluorofors, sind que esta basat en la modulacié de la corrent idnica que hi ha dins un
nanoporus proteic quan hi passa un nucleotid, podent-lo identificar. Aquesta
tecnologia encara esta en desenvolupament tot i que I'empresa Oxford Nanopore
Technologies ja ha presentat el dispositiu GridlON™ que sera comercialitzat aquest

2013.

Els avantatges que presenten els aparells de sequenciacié massiva de tercera
generacié respecte els de segona generacié sén: un major rendiment, una lectura de
seqliencies més llarga i precisa, una quantitat de material de partida molt menor i un

menor cost (Pareek et al., 2011).

1.1.1.1.1. Aplicaci6 de les técniques de seqiienciaci6 massiva a
I’estudi de miRNAs

L’estudi del perfil dels miRNAs i I'analisi de diferéncies en I'expressié d’aquests en
diferents situacions, aixi com el descobriment de nous miRNAs, ha generat molt
interes durant els ultims anys. Les plataformes de seqlienciacié masiva, amb protocols
de treball especifics per a generar llibreries d’'RNA, han jugat un paper clau en la
determinacié d’aquests RNAs no codificants de mida petita. Nombrosos estudis han
utilitzat aquestes técniques per a descriure perfils de miRNAs en diferents teixits del

porc, com al muscul esquelétic (Nielsen et al., 2010), al greix dorsal (Chen et al., 2012)
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Taula 1.1. Sintesi de I'evolucié de les plataformes de seqlienciacié massiva.

Preparacié de la Principi de Rendiment per
Plataforma Principi de seqiienciacié
mostra deteccio mostra
1a generacio Finalitzacié enzimatica de la .
Meétode de Sanger Clonacié/PCR Optica +
cadena
2a generacio: 454 GS FLX/ .
Piroseqtlienciacid PCR en emulsio Optica ++
sequienciacié en paral-lel Roche
massiva amb pre-amplificacio Genome Analyzer/ Seqlienciacié per sintesi amb .
Amplificacié pont Optica +++
Illumina fluorofor finalitzador reversible
soLip™/ .
Seqlienciacio per lligacié PCR en emulsié Optica +++
ABI
lon Torrent/ Seqlienciacié per sintesi amb
PCR en emulsio Electronica ++
Life Technologies sensibilitat ionica
3a generacio: ™ Seqlienciacié per sintesi amb
Heliscope "/ .
seqlienciacié en paral-lel fluorofor finalitzador Unic No amplificacio Optica ++
Helicos Biosciences
massiva de molécula Unica reversible
PACBIO RS/ Seqlienciacié amb DNA polimerasa .
No amplificacié Optica ++
Pacific Biosciences immobilitzada (SMRT)
GridioN™/ Canvis de corrent idnica en un
No amplificacié Electronica +++

Oxford Nanopore Technologies

nanoporus
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a l'intesti (Sharbati et al., 2010) o als testicles (Lian et al., 2012). També s’han utilitzat
per a observar canvis d’expressié en el perfil dels miRNAs durant el desenvolupament
d’una patologia, malaltia o procés fisiologic, com en la miogenesi (Hou et al., 2012) o

en un cas de pleuropneumonia bacteriana (Podolska et al., 2012).

Aixi doncs, en la present tesi s’han utilitzat les metodologies de la piroseqienciacid
(454 GS FLX/Roche) i la seqlienciacid per sintesi amb sensibilitat ionica (lon
Torrent/Life Technologies) per a descriure el perfil d’expressié dels miRNAs en el ronyé
del porc i també en una infeccié experimental amb el virus de la malaltia d’Aujeszky.
L’estudi de I'expressid dels miRNAs i la validacié dels nous miRNAs descrits s’ha avaluat

mitjancant la técnica de I'RT-qPCR.

1.1.1.2. La tecnica de la reaccié en cadena de la polimerasa a temps real
mitjangant transcripcio reversa (RT-qPCR)
1.1.1.2.1. Metodologia de I'RT-qPCR

La PCR quantitativa a temps real amb transcripcid reversa (RT-qPCR) ha esdevingut una
de les tecniques d’eleccid en la deteccid i estudi de I'mRNA i altres tipus d’RNA (Bustin,
2000). La necessitat de quantificar 'RNA i I'aparicié de les técniques de seqiienciacid
massiva han convertit I'RT-qPCR en una eina d’Us generalitzat en molts camps, com la
genomica funcional, la biologia molecular, la virologia i la microbiologia, la forense, i
també en la biotecnologia. Alguns factors han contribuit a l'auge en la utilitzacio
d’aquesta tecnica, com (i) la seva homogeneitat en el disseny, (ii) evita la necessitat de
la manipulacié post-PCR, (iii) té un rang dinamic ample (> 7 ordres de magnitud (107))
que permet la comparacio entre RNAs que poden diferir for¢a en la seva abundancia i
(iv) la técnica afegeix un potencial quantitatiu a la técnica de la PCR, que fa que el
disseny sigui qualitatiu i quantitatiu (Bustin et al., 2005, Ginzinger, 2002). Es un métode
molt sensible per a la deteccid i quantificacio dels nivells d’expressié genica, inclus per
a trobar petits canvis en els nivells d’expressié de ’'mRNA, especialment en situacions
on la concentracié d’'RNA no és la desitjada, ja sigui per transcrits poc abundants,

teixits amb poca concentracié d’'RNA o amb limitacié de volum mostra (Pfaffl, 2004).
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La reaccié de I'RT-gPCR manté les mateixes bases que la PCR convencional.
Primerament, I'RNA és convertit a cDNA a través de la reaccié de la transcripcid
reversa. Després, mitjangant I'Us de dos encebadors que flanquejaran la seqiiencia de
cDNA, aquest sera utilitzat com a motlle del material a amplificar per una DNA
polimerasa termoestable, que durant la reaccié utilitzara els dNTPs per anar
amplificant la seqliéncia. També s’utilitzara un tampé de la reaccié que conté ions de
magnesi. La reaccio es duu a terme mitjancant cicles de temperatura. Cada cicle esta
format per tres fases; una primera fase de desnaturalitzacié, a temperatura elevada
(959C), que permetra que la doble cadena de cDNA se separi; una segona fase
d’hibridacid, on la temperatura disminueix per permetre la unié dels encebadors amb
les cadenes de cDNA; i una tercera fase d’elongacié a una temperatura optima per
I’enzim que realitza I'amplificacié de la cadena. L'enzim utilitzat és la Taq polimerasa,
la temperatura optima de la qual és 729C. Actualment, pero, existeixen Taq
polimerases que treballen a temperatures més baixes (602C) i permeten fer la
hibridacié i I'elongacié a una mateixa temperatura. Per poder quantificar el producte
amplificat a cada cicle cal utilitzar un agent fluorescent. A mesura que es vagi
sintetitzant producte, la fluorescéncia anira augmentant i sera proporcional a la
guantitat de producte amplificat. El patré d’amplificacié que segueix una RT-qPCR és el

gue es mostra a la Figura 1.5.

La primera fase és la que el sensor no detecta un augment de fluorescéncia i manté
una linia basal que és el soroll de fons de la reaccid. Arriba un moment que la quantitat
de producte que s’amplifica ja és detectable i s’inicia la fase exponencial de
I’amplificacié. Es en aquesta fase on realitzarem la quantificacié del producte, ja que
I’amplificacié és precisa i es comporta de manera exponencial, és a dir, les reaccions es
comporten igual (2"). Per fer el calcul de la quantificacid utilitzarem el valor anomenat
Ct (Cicle Threshold), que és el niumero de cicle d’amplificacié que supera el llindar
establert de fluorescéncia emesa. Aixi, el Ct és inversament proporcional al nivell
d’expressid: quan més gran sigui el Ct, més baixa sera I'expressié del producte
amplificat perque haura trigat més cicles a creuar el llindar de deteccid. Seguida la fase
exponencial arriba la fase lineal, en que la reaccioé d’amplificacié perd eficacia i es perd

la correlacié entre el nombre de cicles i el producte amplificat. Finalment arribem a
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Figura 1.5. Grafic d’amplificacié mitjan¢ant la tecnica de I'RT-qPCR. Rn: fluorescencia.
Cycle: cicle. El grafic mostra I'amplificacié d’una mostra de cDNA per triplicat (linies
morades). En l'amplificaci6 d’aquesta mostra s’observen totes les fases explicades
anteriorment. També podem observar com el seu llindar de deteccidé (linia verda) és
superat al voltant del cicle 22. Aixi, el seu Ct és 22. Al grafic també s’observa la no
amplificacié d’una mostra control negativa (no s’ha afegit el cDNA a la reaccid, per tant, els
encebadors no han trobat la cadena de cDNA per unir-se i la Taq polimerasa no ha pogut
amplificar res) per triplicat (linies roses), en la que veiem que no arriba a superar el llindar
de deteccid.

I’dltima fase, anomenada fase de saturacio o altipla, on la reaccid d’amplificacid deixa
de produir-se per varies raons, com la manca d’enzim o de dNTPs, o la inhibicié per

excés de DNA.

Hi ha diferents maneres d’utilitzar els agents fluorescents en una RT-gPCR: amb agents
no especifics intercal-lants o amb sondes especifiques. Els agents intercal-lants, com el
SYBR GREEN, s’uneixen inespecificament a la doble cadena de DNA, independentment
de si la cadena amplificada és del producte que estem quantificant o d’altres
productes que es poden estar amplificant per contaminacions, inespecificitats o dimers
d’encebadors. El control de I'especificitat es realitza mitjangant una corba de

dissociaci6 al final de 'RT-gPCR, per assegurar que el producte amplificat és el correcte
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i no hi ha altres amplificacions. Aquesta corba s’obté augmentant gradualment la
temperatura de manera el senyal de fluorescéncia anira disminuint. Arribara un
moment que la doble cadena de DNA es desnaturalitzara i s’alliberara tot I'agent
intercal-lant, produint una baixada notoria de la fluorescéncia. Si es realitza la primera
derivada negativa de la correlacié temperatura:fluorescencia, mostrara un pic que sera
la temperatura de fusié del producte amplificat. Si hi ha més d’un pic ens estara

indicant que hi ha més d’un producte amplificat.

Les sondes especifiques tenen diferents caracteristiques. Hi ha sondes amb la cadena
nucleotidica modificada quimicament per millorar les propietats d’unié a la cadena
diana, com els encebadors LNA (Locked Nucleic Acids - LNA™, Exigon) o els LUX (Lux
Upon eXtension - LUx™, Invitrogen). Una altra caracteristica de les sondes
especifiques és la forma en que emeten fluorescéncia i quants fluorofors fan servir. En
aquest sentit, una de les sondes més utilitzades sén les sondes TagMan® (Life
Technologies), que emeten fluorescéncia després de la hidrolisi quan el fluorofor
s’allibera de la sonda i s’allunya del seu agent extintor que absorbia la fluorescéncia.
Una altra manera d’emetre fluorescéncia és quan té lloc la hibridacid, mitjangant dos
encebadors marcats cadascun amb un fluorofor, un donador i l'altre receptor
(Hybprobe, Roche). També existeixen sondes en forma de forqueta que emeten la
fluorescéncia quan s’hibriden a la cadena diana (Molecular Beacons; LUX™, Invitrogen)

(Kubista et al., 2006).

1.1.1.2.2. Estrategies de quantificacié6 de I'expressio génica mitjancant
I’'RT-qPCR

La mesura de l'expressié génica es pot realitzar en termes absoluts o relatius.
L'estratégia per a poder calcular I'expressid génica amb quantificacié absoluta és
relacionar el senyal d’amplificacio de la mostra problema amb la concentracié de DNA,
emprant una corba de calibratge a través d’un banc de dilucions seriades on es coneix
el nombre de molécules presents a cada dilucid. La dificultat d’obtenir mostres amb
concentracions conegudes del gen estudiat, aixi com moltes vegades no cal saber el
nombre de copies exactes pero si quantes vegades s’expressa de més una mostra

respecte una altra, fa que la quantificacid relativa sigui I'aproximacié més utilitzada
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(Pfaffl, 2004). Aixi doncs, en la quantificacid relativa es compara I'expressié de la
mostra problema respecte I'expressido d’un gen control, que serveix de referencia. Les
unitats que s’utilitzen per expressar les quantitats relatives son irrellevants doncs.
L’'expressid del gen de referéencia ha de ser estable per a les mostres analitzades i no
s’ha de veure afectada per cap tipus de parametre que s’estigui estudiant (tractament,
malaltia, condicié ambiental o fisiologica...). La normalitzacié de les dades és essencial
per controlar factors de variacié com la quantitat d’RNA inicial empleada en I'RT, la
degradacio d’aquest durant el processament de la mostra, les diferéncies en la qualitat

de I’'RNA utilitzat, variacions durant la realitzacié de la técnica com errors de pipeteig...

Existeixen diferents estratégies de quantificacio relativa de I’expressio genica. Al llarg
dels anys s’han establert diferents models matematics basats en la comparacié del

BACt (Schmittgen i Livak,

valor de Ct. El més popular és el conegut com a métode del 2
2008, Livak i Schmittgen, 2001), que compara la concentracié entre mostres calculant
la diferencia de Ct entre un gen diana i un gen de referéncia i el ACt de diferents
mostres es compara directament. Aquest meétode assumeix que les eficiencies
d’amplificacié entre el gen problema i els gens de referencia sén idéntiques o quasi
identiques i molt properes al 100%. El model de Pfaffl, també conegut com a métode
de correccié de l'eficiencia, que incorpora al calcul el valor real d’eficiencia dels gens
estudiats, és també molt utilitzat (Pfaffl, 2001). Finalment, sempre hi ha la possibilitat
d'introduir una corba estandard en tots els assajos experimentals, metode conegut
com a quantificacio relativa amb corba estandard (Applied Biosystems 1997, Technical
Bulletin #2), a partir de la qual s'obtindra un valor anomenat quantity que simula un
valor de quantitat relatiu per a cada mostra. Aquest ultim métode, que té en compte
les petites variacions d’eficiéncia que pugui haver-hi entre els diferents experiments
realitzats per un mateix assaig, ha estat |'utilitzat en les validacions de miRNAs

mitjangant RT-gPCR en els treballs d’aquesta tesi.

1.1.1.2.3. Adaptacio de I'RT-qPCR per a I’analisi de miRNAs
Tal i com s’ha esmentat anteriorment, la tecnica de I’'RT-qPCR és utilitzada per validar
el perfil d’expressié que s’ha observat dels miRNAs mitjangant tecniques d’estudi del

genoma complet o el transcriptoma, com els microarrays o la seqiienciacid massiva.
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Per a realitzar una RT-qPCR que generi uns resultats creibles i reproduibles, cal tenir en
compte una serie de parametres i, en el cas dels miRNAs, alguns prenen més

rellevancia degut a les seves caracteristiques.

Un factor important és I'extraccio d’'RNA i la seva qualitat. Per valorar la qualitat de
I'RNA es pot utilitzar el nombre RIN (RNA integrity number), un valor que atorga
I'aparell Agilent 2100 Bioanalyzer (Agilent Technologies). Per a una bona qualitat de

I’'RNA s’aconsella que el valor RIN no sigui inferior a set (Schroeder et al., 2006).

Un altre factor que pren una major importancia en els cas dels miRNAs és el pas d’'RNA
a cDNA. La sintesi del cDNA és una mica més complexa en els cas dels miRNAs ja que al
ser RNAs de cadena curta (18-25 nucleotids) és més complicat fer un bon disseny
d’encebadors. Una aproximacidé que es fa servir és I'Us d’encebadors especifics per
miRNAs, que poden ser lineals o acabats en forqueta a I'extrem 5’ (Chen et al., 2005).
L’avantatge dels encebadors que acaben en forqueta és que només el miRNA madur
s’hi podra unir i, per tant, evitara I'amplificacié de pre-miRNAs i pri-miRNAs, que
també contenen la seqliéncia madura del miRNA i els encebadors lineals també els
amplifiquen (Benes i Castoldi, 2010). El desavantatge d’aquesta aproximacié és que al
ser especifica del miRNA, el rendiment que es pot obtenir de la mostra és baix si es vol
treballar amb varis miRNAs. Una altra aproximacio és I’is d’un encebador universal on
previament s’ha elongat I'’extrem 3’ dels miRNAs amb una cua d’adenines amb I'enzim
Poly(A) polimerasa (PAP) (Shi i Chiang, 2005). D’aguesta manera es pot dissenyar un
encebador que estara compost per una seqiéncia de timines a l'extrem 5
(complementaria a la cua d’adenines) seguida d’una seqiieéncia universal degenerada
gue permetra unir I’'encebador a tots els miRNAs que tinguin una cua d’adenines. Hi ha
altres aproximacions no tant utilitzades com circularitzar el miRNA amb una lligasa
(Kumar et al., 2011) o unir un adaptador al miRNA també amb una lligasa (Benes i

Castoldi, 2010).

El disseny dels encebadors per fer la qPCR també és important en |'estudi de
I'expressid dels miRNAs, ja que aquests presenten una elevada heterogeneitat en el

contingut de G/C i fa que la temperatura de fusié entre el miRNA i el seu encebador
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especific pugui ser molt dispar. El disseny dels encebadors especifics va lligat a la
manera com s’ha sintetitzat el cDNA i també al metode utilitzat per detectar I'amplicé.
Un disseny for¢ca comu és I'is d’'un encebador especific del miRNA i un altre d’universal
en la gPCR i detectar I"'amplificacié amb sondes TagMan® (Life Technologies). Malgrat
ser sondes especifiques, si en la sintesi del cDNA no es fa servir un encebador especific,
no s’assegurara que la sonda TagMan® s’uneixi a I'amplicé desitjat. També es pot
detectar I'amplicé amb el 'agent intercal-lant SYBR Green, més utilitzat quan es fa
servir |'aproximacié de la poliadenilacié en la sintesi del cDNA, perd menys especific
qgue les sondes TagMan®. Un avantatge del SYBR Green, pero, és que permet fer un
control d’especificitat realitzant la corba de dissociacié. Una altra aproximacié molt
utilitzada és la tecnica Universal RT microRNA PCR (Exiqon), que combina la
poliadenilacié en I'RT i I'Us d’encebadors especifics i modificats (Locked Nucleic Acid —
LNA™, Exiqon), augmentant la temperatura de fusié i, aixi, I'especificitat. L’amplicé és
detectat amb SYBR Green. Tot i aixi, els encebadors LNA™ presenten una amplificacid
poc acurada ja que fan de mal motlle per a les DNA polimerases (Veedu et al., 2007).
Finalment hi ha una altra aproximacid que utilitza la poliadenilacié amb un encebador
universal per a realitzar I'RT i dos encebadors especifics del miRNA amb deteccié de
I"amplicé mitjangant SYBR Green. El problema de la temperatura de fusié és solventat
afegint una cua de nucleotids a cada encebador, de manera que augmenta
I’especificitat i I'eficiencia en la reaccié d’amplificacio (Balcells et al., 2011). En els
treballs experimentals duts a terme en aquesta tesi s’han utilitzat les aproximacions
Universal RT microRNA PCR (Exigon) i els encebadors especifics de miRNA amb cua de

nucleotids.

1.1.1.2.4. L’Gs de microRNAs com a gens de referéncia
L’ultim parametre que cal tenir en compte a I’hora de validar I'expressié dels miRNAs
mitjangant quantificacid relativa a través de I'RT-qPCR és la seleccié dels gens de
referéncia per la normalitzacié de les dades obtingudes. Originariament les estratégies
de normalitzacié contemplaven I'Gs d’un Unic gen de referéncia. Aquesta idea, pero, ha
evolucionat a diferents aproximacions en la que es fan servir més d’'un gen de
referencia, des del metode de normalitzacié amb una mitjana global (Mestdagh et al.,

2009) fins a I’Gs de varis gens de referencia (Vandesompele et al., 2002).
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Els gens de referéncia més utilitzats en estudis d’expressié de miRNAs sén els RNAs
ribosomals com el 55 RNA (Gu et al., 2011, Shen et al., 2011, Peltier i Latham, 2008) i
els RNAs nuclears com el RNU6B (Mestdagh et al., 2009, Gu et al., 2011, Shen et al.,
2011, Peltier i Latham, 2008, Sharkey et al., 2012, Wotschofsky et al., 2011, Feng et al.,
2010). Tot i ser molt important que els gens de referencia utilitzats siguin de la mateixa
naturalesa que el subjecte d’estudi i tinguin la mateixa llargada que aquest per garantir
una mateixa eficiencia durant I'extraccié de I’'RNA i la transcripcié reversa (Schaefer et
al., 2010), I'Gs dels miRNAs com a gens de referéncia encara no és molt popular. Es per
aquest proposit que es va creure convenient fer un estudi per avaluar I'estabilitat dels
miRNAs en diferents teixits i diferents races de porc per a poder ser utilitzats com a

gens de referéncia en estudis de quantificacio relativa.

1.1.1.2.5. La PCR digital, la tercera generacié de la PCR
Si la PCR a temps real es considera la segona generacié de I'Gs de la PCR convencional,
recentment esta agafant protagonisme la PCR digital (dPCR). Tot i que la técnica ja es
va descriure el 1997, les primeres plataformes comercials no van comencgar a sortir al
mercat anys més tard (Blow, 2007). Aquesta tecnica es basa en la quantificacié
absoluta de I'amplificacié de la mostra diana. El principi de la técnica es basa en dividir
la mostra en milers de reaccions individuals per aixi amplificar cada molécula de la
mostra en un pou diferent. Al final de la reaccid, mitjangant fluorescéncia, es
determina si la molecula s’ha amplificat i s’assumeix una distribucié de Poisson per a la
mostra dividida, assignant 0 o 1 en funcid si hi ha hagut amplificacié o no, assumint
que a cada pou hi haura 0 o 1 molécules. Amb aquesta aproximacié es desvincula el
nombre de cicles d’amplificacié de la quantitat de mostra i no cal fer servir gens de
referéncia. Els controls negatius de la técnica, pero, prenen forca per garantir que les
amplificacions positives no son falsos positius. La precisié de la quantificacid absoluta
permet la deteccid de lleugeres diferéncies en la variacié del nombre de copies d’un
gen o detectar diferencies en I'expressio d’'mRNA de fins a 1,2x vegades. Actualment
varies plataformes ja s’estan comercialitzant (qdPCR 37K™ IFC, Fluidigm;
QuantStudio™ 3D, Life technologies; QX100, Bio-Rad; RainDropTM, RainDance

Technologies).
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2 ° OBIJECTIUS

El treball realitzat en la present tesi titulada
CARACTERITZACIO DE MICRORNAS D’INTERES EN L’ESPECIE PORCINA

s’emmarca dins el projecte MIRPIGVIR (AGL2007-66371-C02 i AGL2010-22358-C02-01,
finangat pel ministeri de Ciencia i Innovacié del govern de I'Estat espanyol), els
objectius principals del qual han estat la caracteritzacié de microRNAs virals i porcins i
I’estudi de la seva funcid en les interaccions hoste - patogen durant la infeccié amb el

virus de la malaltia d’Aujeszky (SHV-1).

Els objectius concrets de la tesi han estat:

1. Caracteritzacio del perfil de microRNAs de ronyd de diferents races porcines i
estudi de la seva expressio.

2. Descobriment i caracteritzacid de nous microRNAs porcins.

3. Descobriment i caracteritzacié de microRNAs virals durant una infeccié amb el
virus de la malaltia d’Aujeszky.

4. Estudi i deteccié de microRNAs (porcins i virals) amb una possible relacié amb el
procés d’infeccid del virus de la malaltia d’Aujeszky.

5. Estudi dels microRNAs com a gens de referéncia en estudis de quantificacio

relativa mitjangant RT-gPCR.
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L'assoliment dels objectius es presenta en format d’articles publicats o en procés

d’acceptacio:

miRNA Expression Profile Analysis in Kidney of Different Porcine Breeds
Timoneda O, Balcells I, Nufiez JI, Egea R, Vera G, Castellé6 A, Tomas A, Sanchez A
2013 PLoS ONE 8(1): €55402. doi:10.1371/journal.pone.0055402

Objectius 12

The Role of Viral and Host microRNAs in the Aujeszky’s Disease Virus During the
Infection Process

Timoneda O, Nunez F, Balcells I, Mufioz M, Castell6 A, Vera G, Pérez LJ, Egea R, Mir G, Cérdoba
S, Rosell R, Segalés J, Tomas A, Sanchez A, Nufiez JI

(manuscrit en preparacié per a ser presentat a PLoS ONE)

Objectius 3 i 4

Determination of Reference microRNAs for Relative Quantification in Porcine Tissues
Timoneda O, Balcells I, Cérdoba S, Castellé A, Sdnchez A

2012 PLoS ONE 7(9): e44413. doi:10.1371/journal.pone.0044413

Objectiu 5



3 o ARTICLES | ESTUDIS

3.1. Estudi del perfil d’expressié dels microRNAs al ronyé de diferents races porcines

miRNA Expression Profile Analysis in Kidney of Different Porcine Breeds

Timoneda O, Balcells |, Nufiez JI, Egea R, Vera G, Castelld A, Tomas A, Sdnchez A

2013 PLoS ONE 8(1): e55402. doi:10.1371/journal.pone.0055402
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Abstract

microRNAs (miRNAs) are important post-transcriptional regulators in eukaryotes that target mRNAs repressing their
expression. The uncertain process of pig domestication, with different origin focuses, and the selection process that
commercial breeds suffered, have generated a wide spectrum of breeds with clear genetic and phenotypic variability. The
aim of this work was to define the miRNAs expression profile in kidney of several porcine breeds. Small RNA libraries from
kidney were elaborated and high-throughput sequenced with the 454 Genome Sequencer FLX (Roche). Pigs used were
classified into three groups: the European origin group (lberian breed and European Wild Boar ancestor), European
commercial breeds (Landrace, Large White and Piétrain breeds) and breeds with Asian origin (Meishan and Vietnamese
breeds). A total of 229 miRNAs were described in the pig kidney miRNA profile, including 110 miRNAs out of the 257
previously described pig miRNAs and 119 orthologous miRNAs. The most expressed miRNAs in pig kidney microRNAome
were Hsa-miR-200b-3p, Ssc-miR-125b and Ssc-miR-23b. Moreover, 5 novel porcine miRNAs and 3 orthologous miRNAs could
be validated through RT-qPCR. miRNA sequence variation was determined in 116 miRNAs, evidencing the presence of
isomiRs. 125 miRNAs were differentially expressed between breed groups. The identification of breed-specific miRNAs,
which could be potentially associated to certain phenotypes, is becoming a new tool for the study of the genetic variability
underlying complex traits and furthermore, it adds a new layer of complexity to the interesting process of pig evolution.
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Introduction comprising about 3% of all protein-coding genes [5]. In mammals,
nearly all miRNAs are conserved in closely related species [16],
and may have homologous in distant species, suggesting that
miRNA functions could also be conserved throughout the
evolution of animal lineages [17]. Several studies showed that
variability in miRNA sequences has been lost over time since
miRNAs have been described in unicellular eukaryotes, showing
its deeper evolutionary history among eukaryotes [18].

The pig is an important livestock species, not only for its
production in industry, but also as a suitable animal model for
comparative genomics and biomedical studies [19]. However, the
number of porcine miRNAs available in public databases is still
poor, with only 257 porcine miRNAs described in the pig genome
compared to the completely sequenced human (1,921), mice
(1,157), bovine (676), poultry (544), equine (360) or canine (289)
genomes (miRBase v18). The description of the microRNAome
(miRNAome) held by different tissues under different pathophys-
iological states has become of great interest in the last years [20—
24]. Determining altered patterns of miRNA expression related to
disease or specific treatments or conditions would be useful in
order to identify differentially expressed miRNAs that could be
used as novel biomarkers [25-30]. In pigs, several miRNAomes
have been described in different tissues such as muscle, fat, heart,

MicroRNAs (miRNAs) are small regulatory RNAs that play
important roles in the regulation of gene expression [1,2]. These
single-stranded non-coding RNAs that are approximately 22
nucleotides long are involved in post-transcriptional regulation
mechanisms acting mainly through down-regulation of target
messenger RNAs (mRNAs) in a wide range of biological and
pathological processes [3,4]. Thus, miRNAs inhibit gene expres-
sion by blocking protein translation or inducing mRNA degrada-
tion [5-7]. mRNAs can be regulated by several miRNAs, and each
miRNA can target hundreds of mRNAs in different binding sites
[8,9]. The recent evidence about the genetic variability at both 5
and 3’ ends of the mature miRNA sequence generates a large
spectrum of sequence variants called miRNA isoforms or isomiRs
[10-12]. Mechanisms involved in isomiRs generation and their
biological relevance has increased the complexity of molecular
mechanisms related to regulation of mRNA expression mediated
by miRNAs.

Nowadays, a large number of miRNAs have been reported in
animals, plants and viruses, with up to 18,226 entries in the
miRBase database (v18, November 2011, URL: http://www.
mirbase.org/) [13-15]. In mammalian genomes, the number of
encoded miRNAs has been predicted to be up to 1000 miRNAs,
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liver, thymus, intestine and testes [31-35], or using wn vitro cells
models such as porcine PK-15 cells (derived from porcine kidney
epithelial cells) and porcine dendritic cells [36-38]. However, the
porcine kidney miRNNAome has not yet been described although it
is an essential organ involved in functions like blood filtering,
gluconeogenesis and in the secretion of important hormones like
erythropoietin, renine and vitamin D.

The process of pig domestication has been very complex.
Independent geographical origins have been described [39] which
have generated multiple phenotypically different breeds [40,41].
In particular, high differences are found regarding reproductive
and meat production and quality traits between Asian and
European breeds. In addition, pig has become an important
production animal for human, and, consequently, it has been
strongly selected for traits of economical interest. As a result of this
high selection, many commercial breeds have been generated.
Different consuming necessities in pig industry have expanded the
large phenotypic variability due to different selected traits. Genetic
diversity between pig breeds has been further studied [42—44]
showing variability in gene expression and elucidating the artificial
selection performed by porcine industry during pig domestication
[45]. However, the genetic variability held at miRNA sequences,
which could imply changes at post-transcriptional level, has not yet
been explored although it may lead to great phenotypic differences
and/or pathological disorders.

Studies with mitochondrial DNA (mtDNA) assume significant
differences between European and Asian pigs prior to domestica-
tion and several studies describe the phylogenetic relationships
between European and Asian pig breeds, determining different
groups into European diversity and other groups into Asian
diversity [39,44,46]. Other studies confirmed some introgression
events of Asian pig breeds in most European commercial breeds
and evidence that local Spanish breeds have never been
introgressed with Asian neither with European commercial
populations [47-49]. In this sense, studying miRNAs differentially
expressed between European and Asian pig breeds could
contribute to understand their phenotypical differences.

In the present work, the miRNAome of several pig breeds
belonging to the pure European and Asian branches as well as
European commercial breeds that have been introgressed with
Asian genes has been undertaken. The main goals of this study
were to describe the pig kidney miRNAome through high
throughput sequencing (HTS) technology, to study the miRNA
sequence variability among porcine breeds and to determinate
new porcine miRNAs.

Materials and Methods

Samples and RNA preparation

Kidney samples were collected from twenty pigs belonging to six
different breeds and the European ancestor (Wild boar). Animals
were classified into three main groups based on breed origin; (1)
European breeds: Wild boar (WB, n=2) and Iberian (IB, n=4),
(2) Asian breeds: Meishan (ME, n=3) and Vietnamese (VT,
n = 3), and (3) European commercial breeds with strong influence
from Asian breeds: Landrace (LD, n = 3), Large White (LW, n=2)
and Piétrain (PT, n=3). All samples were taken from slaughter-
house (PRIMAYOR, Mollerussa, Spain) under veterinary super-
vision and they were immediately snap-frozen in liquid nitrogen
and stored at —80°C until use. Total RNA was isolated using
TRIzol® reagent (Invitrogen, Carlsbad, USA) following the
manufacturer’s recommendations. Total RNA was quantified
using ND 1000 Nanodrop® Spectrophotometer (Thermo Scien-
tific, Wilmington, USA) and its quality was assessed on an Agilent
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2100 Bioanalyzer using the RNA 6000 Nano kits (Agilent
Technologies, Santa Clara, USA). RNA quality threshold was
set to RNA Integrity Number (RIN) above seven. For RT-qPCR
validations, additional kidney samples were added (n =29: 2 WB,
41B, 4 LD, 4 LW, 4 PT, 4 ME and 7 VT).

Small RNA library construction and high throughput
sequencing

Small RNA fraction (15-30 nt) was excised and isolated from
denaturing 12.5% polyacrilamide gel electrophoresis (PAGE)
using miSpikeTM (IDT®, Coralville, USA) as internal size marker.
For each breed, 60 pg of total RNA were loaded on separate gels
to avoid cross-contamination. Gels were stained with GelStar®
Acid Nucleic Gel Stain (Lonza, Basel, Switzerland) for UV
visualization. Excised small RNA fraction were purified using
Performa® DTR gel filtration cartridges (EdgeBio, Gaithersburg,
USA) and, then, isolated small RNAs were pooled by breed to
construct small RNA libraries. Briefly, 3" and 5 linkers from
miRCat™ kit (IDT, Coralville, USA) were ligated at both ends of
the small RNAs in two separated reactions using a T4 RNA ligase
without ATP (Fermentas, Germany) and T4 RNA ligase with ATP
(Ambion, Austin, USA), respectively. Between 3" and 5’ primer
ligations, the 60 nt RNAs were purified by PAGE to eliminate
unligated products. Then, linked products were used to perform
a reverse transcription reaction using the SuperScriptTM 11T
Reverse Transcriptase kit (Invitrogen™™, Carlsbad, USA) and the
cDNA obtained was amplified with the Platinum® Taq DNA
Polimerase High Fidelity kit (Invitrogen™, Carlsbad, USA).
PCRs were done with primers complementary to 3" and 5" linkers
and, in addition, they included multiplex identifiers at the 5’ end (a
five nucleotide sequence tag) to allow differentiation between
libraries (Table S1). Obtained PCR products were purified using
the QIAquick PCR Purification Kit (Qiagen®, Germany).
Libraries were quantified with Qubit™™ fluorometer, Quant-IT™™
(Invitrogen ™™, Carlshad, USA) and prepared to a 10° DNA
molecules/pl. concentration for sequencing by 454 Genome
Sequencer FLX Titanium (Roche, Germany) following the
manufacturer’s protocol at DNA sequencing facilities at CRAG
(Bellaterra, Spain).

Sequence annotation for miRNA expression profile and
validation of selected miRNAs through Reverse
Transcription quantitative real time PCR (RT-gPCR)

Primers were trimmed from sequences and only those sequences
between 15 and 29 nucleotides and with total number of sequences
=3 were kept for further analysis. Sequences were compared to all
available miRNA sequences (miRBase v18) using local Blast.
Parameters were set to 100% identity and up to 4 mismatches
allowed at the end of the sequences to assume variability on 3" and
5" ends [31].

Differences in miRNA expression between breed groups
(European breeds: WB and IB, Asian breeds: ME and VT, and
European commercial breeds: LD, LW and PT) were assessed
using the miRNAs annotated through miRBase database. Total
number of sequences obtained for each miRNA was normalised by
library size (in counts per thousand) and, then, averaged by group.
Fold changes (FC) between groups were calculated using normal-
ised data. According to sequence count, nine miRNAs highly
expressed (Hsa-miR-200b-3p, Hsa-miR-200c-3p, Ssc-miR-126,
Ssc-miR-126*, Ssc-miR-99a, Ssc-miR-532-5p, Ssc-miR-92a, Ssc-
miR-26a and Bta-miR-193b, n>100) and four miRNAs lowly
expressed (Ssc-miR-423-5p, Ssc-miR-29¢, Ssc-miR-486 and Ssc-
let-7f, n<<100) in the kidney miRNAome were selected to measure
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their expression levels by RT-qPCR. Hsa-let-7a, Hsa-miR-25 and
Hsa-miR-93 were used as reference miRNAs based on literature
[50,51]. Primers used were designed by Exiqon® (Denmark). For
low expressed miRNAs and Bta-miR-193b primers were designed
following the methodology suggested by Balcells et al [52]
(Table 1), where it is described that miR-specific quantitative
RT-gPCR with DNA primers is a highly specific, sensitive and
accurate method for microRNA quantification.

Reverse transcription (RT) reactions were performed in
duplicate with the universal cDNA synthesis kit (Exiqon, Den-
mark) using 300 ng of total RNA following the manufacturer’s
mstructions. Non template controls (NTC) and minus poly(A)
polymerase controls for each tissue were included. qPCRs were
performed in duplicate using miRCURY™ LNA™ Universal
RT microRNA PCR kit (Exiqon, Vedbaek, Denmark) on an
7900HT Sequence Detection System (Applied Biosystems, War-
rington, UK). Each qPCR was done in 20 uL total volume
including 10 pL.. SYBR Green master mix (Exiqon, Vedbaek,
Denmark), 0.5 uL of each LNA primer set (Exiqon, Denmark) and
5 ul of a 1:20 dilution of the cDNA. To assess qPCR efficiency,
standard curves with 10-fold serial dilutions of a pool of equal
amounts of cDNA from all samples were included in each assay.
Thermal profile was set as follows: 95°C for 10 min and 40 cycles
at 95°C for 15 sec and 60°C for 60 sec. NTC and minus poly(A)
polymerase controls were included. Melting curve analysis was
included at the end of the gPCR to detect unspecific amplifica-
tions.

Quantities from each sample were obtained from the calibration
(standard) curve added in each RT-qPCR reaction. GeNorm v.3.5
software [53] was used to examine the stability of the reference
miRNAs (M<1.5) and to obtain a normalization factor (NF). The
quantity obtained from each miRNA and sample was normalised
by the NF and FCs were calculated in relation to the lowest
normalised value. FCs were log, transformed and expression data
were analysed by a two-way analysis of variance (ANOVA) with
the General Linear Models procedure of the Statistical Package for
the Social Scientists IBM® SPSS® Statistics 19; IBM Corporation,
Armonk, USA) including the RT and breed as fixed factors.
Significance threshold was set at 6<<0.05. Scheffe test was used to
determine significant differential expression between breed groups.

miRNA Expression Profile Analysis in Pig Kidney

Sequence analysis for novel miRNAs discovery and
validation through RT-qPCR

All primer trimmed sequences were mapped in the pig genome
retrieved from Ensembl Genome Browser (Ensembl release 62,
ftp://ftp.ensembl.org/pub/release-62/fasta/sus_scrofa/dna/,
Sscrofa9.62) considering 100% of alignment and identity (perfect
match). Sequences that mapped only once in the genome and with
a length from 19 to 23 nt were selected. Among these, only
sequences with unknown annotation at Ensembl genome browser
and with copy number (CN) higher than 2 were considered. They
were clustered taking into account only the position in the genome.
Hence, sequences positioned in the same region were grouped and
the sequence with higher CN was selected as the reference
sequence for each cluster. Fifteen clusters were considered novel
miRNAs to be validated. Flanking regions (50 nt) of the selected
reference sequences were used to predict pre-miRNA folding
structure using MFold software [54] following the guidelines
reported by Ambros et al. [55]. At the end, 8 clusters were selected
for RT-qPCR validation. RT reactions were performed in
duplicate using total RNA as previously described by Balcells
et al [52]. Briefly, 600 ng of total RNA in a final volume of 20 pL
including 2 pL of 10x poly(A) polymerase buffer, 0.1 mM of ATP,
0.1 mM of each dNTP, 1 pM of RT-primer, 200 U of M-MuLV
Reverse Transcriptase (New England Biolabs, USA) and 2 U of
poly(A) polimerase (New England Biolabs, USA) was incubated at
42°C for 1 hour and at 95°C for 5 minutes for enzyme
mnactivation. Non template controls (NTC) and minus poly(A)
polymerase controls for each tissue were included.

DNA primers for each miRNA were designed following the
methodology suggested by Balcells et al [52] (Table 1). gPCR
reactions were performed in duplicate in 20 pL. final volume
including 10 pL FastStart Universal SYBR Green Master (Roche,
Germany), 125-500 nM of each primer (Table 1) and 5 pL of
a 1:100 dilution of the cDNA. Standard curves were generated by
10 fold serial dilutions of a pool of all cDNAs in order to calculate
the qPCR efficiency. For Cluster 2 (Cl-2), standard curve was
performed by using 2-fold serial dilutions. qPCR settings and data
analysis was performed as explained above. Hsa-let-7a, Hsa-miR-
25 and Hsa-miR-103 were used as reference miRNAs [50,51].
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Table 1. Primers used for the RT-qPCR validation design.

Primer conc. (nM
miRNA/Cluster Forward primer (5'-3') Reverse primer (5'-3') each)
Bta-miR-193b AGAACTGGCCCACAAAGTC TCCAGTTTTTTTTTTTTTITTAGCGG 250
Ssc-miR-423-5p TGAGGGGCAGAGAGCGA GTCCAGTTTTTTTTTTTTTTTAAAGTC 250
Ssc-miR-29¢ GCAGTAGCACCATTTGAAATC GGTCCAGTTTTTTTTTTTTTTTAACC 250
Ssc-miR-486 GCAGTCCTGTACTGAGCTG GGTCCAGTTTTTTTTTTTTITITCTCG 250
Ssc-let-7f CGCAGTGAGGTAGTAGATTG AGGTCCAGTTTTTTTTTTTTTTTAACT 250
Cl-2 CAGCTGCTATGCCAACA CCAGTTTTTTTTTTTTTTTGGCAA 250
Cl-5 GCTGTAACAGCAACTCCA TCCAGTTTTTTTTTTTTTTTCCAC 500
Cl-15 GCGACCCACTCTTGGT TCCAGTTTTTTTTTTITITTCATGG No amplification
cl-16 CAGTTGGTGACCAGGTG AGTTTTTTTTTTTTTTCTCCCTGA No amplification
Cl-24 GCTGCATTTCCTGGCTG GGTCCAGTTTTTTTTTTTTTTITAATTAAG No amplification
Cl-25 CAGCTGGTGTTGTGAATC GTTTTTTTTTTTTITTITCGGCCT 125
Cl-29 GGTTGGTGTACACTGGAA GTCCAGTTTTTTTTTTTTTTTAGCT 250
Cl-38 GTCTCCGTTTGCCTGT CCAGTTTTTTTTTTTTTTTCAGCA 250
doi:10.1371/journal.pone.0055402.t001
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Target prediction and functional analysis

DIANA — microT v3.0 web server [56,57] was used to identify
in sitlico potential mRNA targets for differentially expressed
miRNAs. Porcine genes are not included in the current version
of DIANA — microT v3.0 and predictions were based on the
human mRNA: miRNA interactions assuming sequence conser-
vation. In silico functional annotation of putative mRNA target
genes for each miRNA were analyzed with WEB-based Gene Set
Analysis Toolkit (WebGestalt, [58]). Predicted miRNA targets
were functionally annotated through the biological process in-
formation supported by Gene Ontology (GO, [539]) and the
pathways in which they were involved were described by using the
Kyoto Encyclopedia of Genes and Genomes database (KEGG,
[60,61]). Over or under represented functional categories were
identified with hypergeometric test corrected by the multiple test
adjustment proposed by Benjamini & Hochberg [62]. Significant
threshold was set at 0<<0.05.

Results

Characterisation of miRNA expression profile in porcine
kidney

Small RNA libraries from kidney of six porcine breeds (Iberian,
Landrace, Large White, Piétrain, Meishan and Vietnamese) and
the European ancestor (Wild Boar) were sequenced in a high
throughput 454 GS FLX sequencer (Roche). A total of 115,305
reads (corresponding to 17,913 unique sequences) containing short
mserts of length ranging from 15 to 29 nt (corresponding to
miRNA size) were obtained (Table 2). The total number of reads
obtained per breed ranged from 13,704 to 23,815 counts;
however, the Iberian breed yielded a much lower number of total
counts (4,022). If we consider the number of unique sequences
obtained per breed, as an average, 17% of total counts
corresponded to unique sequences except for Iberian and
Vietnamese breeds that had 39% and 38% of unique sequences,
respectively.

Alignment of sequences to miRBase database revealed that
77.7% (89,594) of the total sequences yielded a positive match to
a known miRNA. In total, 229 different miRNAs were found to be
expressed in porcine kidney. Among them, 110 miRNAs
corresponded to previously described porcine miRNAs and 119
to orthologous miRNAs. The percentage of detected miRNAs per
breed varied from 55 to 83%, being the Iberian breed the library
with less detected miRNAs and the Large White the most, in
agreement with the total number of sequences obtained in these
libraries. The proportion of porcine miRNAs and orthologous
miRNAs was similar in all libraries, around 50% both. Sixty-two
miRNAs had a CN below 3 and were excluded from the analysis.
Overall, the porcine kidney miRNA profile was estimated to be of
167 miRNAs (Table S2). The most expressed miRNAs (CN>350,
0.30%) in porcine kidney are listed in Table 3. The most abundant
miRNA was Hsa-miR-200b-3p (27,097, representing 23.50% of
all porcine kidney miRNAs), followed by Ssc-miR-125b (8,809;
7.64%), Ssc-miR-23b (5,412; 4.69%), Ssc-miR-126 (5,274; 4.57%)
and Ssc-miR-23a (5,156; 4.47%). The miRNA expression pattern
was similar between breeds; however, some differences were
found. As an example, Ssc-miR-125b was the most expressed
miRNA in Iberian breed, followed by Ssc-miR-99a and Hsa-miR-
200b-3p, and Ssc-miR-192 and Hsa-miR-200c-3p were the fourth
and fifth most expressed miRNAs in Large White breed,
respectively. In addition, Hsa-miR-200c-3p appeared as the fifth
most expressed miRNA in Meishan breed.
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Sequence miRNA variation

All miRNA sequences showed variability at both ends although
it was higher in the 3’ end. In some cases, nucleotide variability
could be also detected inside the miRNA sequence. In general
terms, for each miRNA there was one sequence more expressed
called reference miRNA sequence and, then, there was a number
of sequence variations with less number of copies (Figure 1).
Nucleotide variation was found in 70% of the miRNAs expressed
in kidney and only a small proportion of kidney miRNAs did not
show 1somiRs. Nevertheless, those miRNAs without sequence
variations were low expressed, from 3 to 38 total reads. Overall,
116 miRNAs presented isomiRs with an average rate of 10
isomiRs per miRNA. The miRNA with more variants was Hsa-
miR-200b-3p with 123 variants, followed by Ssc-miR-23b and
Ssc-miR-125b, with 59 and 51 variants, respectively. These three
miRNAs are, in fact, the most expressed miRNAs in porcine
kidney (Table 3). In this sense, variants expression followed two
main patterns: according to those miRNAs with more than 1,000
total reads, they were distributed in those miRNAs with a strong
predominant isomiR, such as Hsa-miR-200b-3p, Ssc-miR-125b,
Ssc-miR-23b, Ssc-miR-23a, Ssc-miR-192, Ssc-miR-10b, Ssc-miR-
126* and Ssc-miR-10a, and those miRNAs where there is not
a really strong predominant isomiR, like Ssc-miR-126, Ssc-miR-
99a, Hsa-miR-200c-3p, Ssc-miR-30d and Ssc-miR-125a (Ta-
ble S3). Furthermore, the most expressed isoform was, in most
cases, the same in all breeds; it only differed between breeds in Ssc-
miR-99a and Has-miR-200c-3p.

Interestingly, reference miRNA sequence for each miRNA was
not always the same as the one described in miRBase database.
This was the case of 72 miRNAs (Table S4). Sequence differences
were mainly found at 3’ end of the miRNA (in 90% of cases) and
consisted, basically, in the addition or deletion of one or two
nucleotides. In Table 4 are shown those most expressed miRNA
sequences (CN>100) differing from the miRBase reference
sequence. These differences in miRNA sequences are not
influenced by the miRNA abundance, as total reads in these 72
miRNAs include high expressed miRNAs (Ssc-miR-23a, 5,156
reads) and low expressed miRNAs (Mmu-miR-5100, 3 reads).
Moreover, counts of these 72 miRNAs represent the 21% of total
counts of kidney miRNA profile, a considerable amount.

Furthermore, the most abundant reference sequence for
a specific miRNA varied also between breeds. We found 76
miRNAs for which the most abundant sequence in each breed was
not the same (data not shown). Nonetheless, differences in isomiR
predominance between breeds did not follow any pattern related
to breed origin. In addition, for some miRNAs, the described
sequence in miRBase was expressed at a low level or even could
not be detected in the porcine kidney samples analysed in this
study. This was the case of Bta-miR-193b, Ssc-miR-374a, Ssc-
miR-145, Ssc-miR-362, and Hsa-miR-324-3p, that had a CN of
21, 13, 3, 0 and 0, respectively.

Between-breed kidney miRNA differential expression
study

Differential miRINA expression analysis was performed between
breed groups: EU, EA and AS. miRNAs were considered
differentially expressed (DE) when fold change difference between
groups was greater than 1.5 or when a miRNA was not expressed
in one group although p-values were not significant (p-value<<0.05).
In this sense, 42 miRNAs (25%) were equally expressed among
analysed groups whereas 125 miRNAs (75%) were DE between
breed groups (Table S5). About 77% of the described miRNAs
were present in all groups. Focusing on miRNAs that were
differential expressed from one group to the remaining groups, 26
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miRNAs were up regulated in EU, 25 in EA and 7 in AS.
Conversely, 16 miRNAs were down regulated only in EU, 9 in EA
and 31 in AS (Table S5). Looking at the most expressed miRNAs,
Ssc-miR-125b and Ssc-miR-99a were up regulated in EU, Hsa-
miR-200c-3p and Ssc-miR-192 were up regulated in EA and Hsa-
miR-200b-3p, Ssc-miR-23a and Ssc-miR-23b were up regulated
in AS. Several miRNAs displayed high fold changes (FC=5) in at
least one comparison (Table S5); however, their CN tended to be
low, suggesting that FCs were overestimated. Additionally, looking
at normalised counts for each breed (Table S6), there were some
miRNAs with low frequency which their expression was higher in
some breed, such as Hsa-miR-193b-5p, Hsa-miR-140-5p, Ssc-
miR-19b, Ssc-miR-423-5p and Ssc-miR-24 in Iberian breed, Ssc-
miR-151-5p, Hsa-miR-4454, Ssc-miR-199a-3p and Ssc-miR-
374b-5p in Landrace breed, Ssc-miR-486 in Piétrain breed and
Ssc-let-7f and Hsa-let-7i-5p in Meishan breed. Thirteen miRNAs
displaying expression differences between breeds by HTS were
selected to be validated through RT-qPCR (Table 5). For RT-
qPCR validations, additional kidney samples were added (n=29:
2WB, 41B, 4 LD, 4 LW, 4 PT, 4 ME and 7 VT). Hsa-miR-200b-
3p, Hsa-miR-200c-3p and Bta-miR-193b were chosen to be
orthologous miRNAs and thus, not described in pig yet. Ssc-miR-
99a, Bta-miR-193b and Ssc-miR-423-5p were selected to be up
regulated in EU, Hsa-miR-200b-3p, Ssc-miR-532-5p and Ssc-let-
7f to be up regulated in AS and, Hsa-miR-200c-3p, Ssc-miR-92a,
Ssc-miR-26a, Ssc-miR-486 and Ssc-miR-29c to be up regulated in
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Table 2. Summary of sequence alignment with miRBase database’.
miRBase Sus scrofa Other species No homology in

Library Item Total homology* homology* homology* miRBase

Iberian (IB) Total counts 4,022 2,748 1,897 851 1,274
Unique sequences 1,575 512 289 223 1,063
miRNAs 125 62 63

Wild Boar (WB) Total counts 18,391 14,787 7,146 7,641 3,604
Unique sequences 3,480 1,295 726 569 2,185
miRNAs 183 92 91

Landrace (LD) Total counts 13,704 11,131 4,897 6,234 2,573
Unique sequences 2,670 982 545 437 1,688
miRNAs 165 86 79

Large White (LW)  Total counts 23,815 19,728 10,609 9,119 4,087
Unique sequences 4,078 1,492 865 627 2,586
miRNAs 191 29 92

Piétrain (PT) Total counts 20,215 16,971 9,890 7,081 3,244
Unique sequences 3,307 1,351 781 570 1,956
miRNAs 183 93 90

Meishan (ME) Total counts 17,407 14,990 5,380 9,610 2,417
Unique sequences 2,607 1,079 597 482 1,528
miRNAs 165 88 77

Vietnamese (VT) Total counts 17,751 9,239 5,105 4,134 8,512
Unique sequences 6,695 1,022 577 445 5,673
miRNAs 157 82 75

TOTAL Total counts 115,305 89,594 44,924 44,670 25,711
Unique sequences 17,913 3,624 2,007 1,617 14,289
miRNAs 229 110 119

': miRBase database (v18, November 2011).

*Mismatches or gaps have not been allowed into the sequence alignment. Up to 4 mismatches allowed in the ends of the sequences.

doi:10.1371/journal.pone.0055402.t002

EA. Finally, Ssc-miR-126 and Ssc-miR-126* were also included to
be suggestively up regulated in EA. These miRNAs were mapped
in the pig genome sequence (Sscrofa 9.62) and miRNA folding was
predicted for Hsa-miR-200b-3p and Hsa-miR-200c-3p using
MFold software [54] following the guidelines described by Ambros
et al. [55]. Unfortunately, Bta-miR-193b could not be mapped in
the pig genome and, consequently, its miRNA folding could not be
predicted. RT-qPCR efficiencies obtained were high (ranging
from 90% to 110%) and standard curves correlations were at least
of 0.99, allowing us to perform a good gene expression
quantification [63]. Eight miRNAs (Hsa-miR-200b-3p, Hsa-
miR-200c-3p, Ssc-miR-126, Ssc-miR-126*, Ssc-miR-99a, Bta-
miR-193b, Ssc-miR-486 and Ssc-let-7f) were differentially ex-
pressed in at least one comparison by RT-qPCR (p-value<<0.05)
(Table 6). Relative quantification from RT-qPCR data determined
that Hsa-miR-200b-3p, Bta-miR-193b and Ssc-let-7f were up
regulated in EU while Ssc-miR-126, Ssc-miR-126* and Ssc-miR-
99a were down regulated in AS. On the other hand, Hsa-miR-
200c-3p and Ssc-miR-486 were down and up regulated in EA,
respectively. Correlation between HTS and qPCR data was
medium to low (0.52>r2>0.003). Therefore, not all the results
obtained with both techniques are in agreement.
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Validation of novel miRNAs through RT-gPCR

Unannotated sequences (486 unique sequences) that mapped in
a unique region within the pig genome (Sscrofa 9.62) were
clustered taking into account their position in the genome. After
filtering by CN>2, 15 clusters remained for further analysis
(Table S7). A compatible pre-miRNA folding structure could be
successfully predicted w silico for 8 clusters (Cl-2, Cl-5, CI-15, ClI-
16, Cl-24, Cl-25, Cl-29 and Cl-38, Figure 2). Then, a validation
protocol through RT-qPCR was designed for them. Five clusters
(C1-2, Cl-5, C1-25, Cl-29 and Cl-38) were successfully amplified
and, therefore, they have been considered as novel porcine
miRNAs (Table 5). RT-qPCR efficiencies were high (ranging from
90% to 110%) and standard curves correlations were at least of
0.99. In addition, expression data showed that 4 clusters (CI-5, Cl-
25, ClI-29 and CI-38) were differentially expressed (p-value<0.05)
between breed groups (Table 6). C1-5, C1-29 and CI-38 were down
regulated in AS whereas CI-25 was up regulated in EU.

To propose a nomenclature for the novel miRNAs, they were
aligned to miRBase database accepting internal mismatches and
some variation at the ends (Table 6). Cl-5 had a positive match
with Hsa-miR-194-5p (p-value=0.0004) with two nucleotide
deletions at the ends, and also with Ssc-miR-194 (p-value = 0.002)
although in this alignment one internal mismatch was detected in
addition of the two nucleotide deletions at the ends. Cl-25 had
homology with Hsa-miR-551a and Cl-29 did not match to any
orthologous miRNA in miRBase database. Cl-38 matched with
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Table 3. Most abundant miRNA profile in pig kidney (CN>350).

miRNA name Total counts (%) IsomiRs 1B wB LD Lw PT ME vT
Hsa-miR-200b-3p 27,097 (23.50%) 123 239 4,924 4,298 5,163 3,683 6,987 1,803
Ssc-miR-125b 8,809 (7.64%) 51 567 1,245 933 2,170 2,322 798 774
Ssc-miR-23b 5,412 (4.69%) 59 116 992 638 935 1,090 673 968
Ssc-miR-126 5,274 (4.57%) 49 158 928 419 1,308 1,186 660 615
$Ssc-miR-23a 5,156 (4.47%) 51 123 828 535 801 1,015 598 1,256
Ssc-miR-192 3,863 (3.35%) 41 89 723 194 1,105 810 484 458
$Ssc-miR-99a 3,781 (3.28%) 32 339 615 375 884 888 234 446
Hsa-miR-200c-3p 3,478 (3.02%) 32 42 367 309 1,076 762 631 291
Ssc-miR-10b 2,846 (2.47%) 31 69 589 271 504 519 561 333
Ssc-miR-126* 2,796 (2.43%) 26 60 440 387 503 599 418 389
$Ssc-miR-30d 1,977 (1.72%) 31 82 223 142 757 434 238 101
$Ssc-miR-125a 1,369 (1.19%) 29 103 192 194 308 288 173 111
Ssc-miR-10a 1,317 (1.14%) 19 43 287 176 219 188 284 120
Ssc-miR-365-3p 986 (0.86%) 16 10 168 173 225 246 100 64
Ssc-miR-92a 797 (0.69%) 17 12 96 105 217 125 145 97
Ssc-miR-204 748 (0.65%) 14 10 61 271 173 133 58 42
Ssc-miR-378 743 (0.64%) 20 67 127 52 179 148 103 67
Ssc-miR-26a 598 (0.52%) 17 3 94 76 159 134 91 41
Bta-miR-200a 485 (0.42%) 9 18 87 99 95 58 101 27
$Bta-miR-193b 473 (0.41%) 26 69 73 83 102 78 36 32
$Ssc-miR-30e-5p 461 (0.40%) 14 27 57 43 134 93 56 51
Ssc-miR-100 405 (0.35%) 6 20 55 72 92 83 39 44
Ssc-miR-99b 350 (0.30%) 8 15 43 47 102 73 28 42
IB: Iberian breed, WB: European Wild Boar, LD: Landrace breed, LW: Large White breed, PT: Piétrain breed, ME: Meishan breed, VT: Vietnamese breed.
miRNA name represents the most expressed miRNA sequence in the cluster.

Underlined miRNAs correspond to miRNAs that had not been previously described.

¢: miRNA clusters whose predominant isomiR is different from that described in miRBase database (v18, November 2011).
doi:10.1371/journal.pone.0055402.t003

Bta-miR-1468 (p-value=0.0003) with one nucleotide deletion in
the 5 end. Cl-2 was not differentally expressed through RT-
qPCR but it matched with Hsa-miR-31-3p (p-value = 0.001) having
two nucleotide deletion at the ends.

Target prediction and functional analysis of differentially
expressed porcine miRNAs

Target genes for the eight differentially expressed miRNAs
(Hsa-miR-200b-3p, Hsa-miR-200c-3p, Ssc-miR-126, Ssc-miR-
126", Ssc-miR-99a, Bta-miR-193b, Ssc-miR-486 and Ssc-let-71)
were predicted i silico. A total of 1,884 target genes were identified
(Table S8) and they were functionally analyzed through KEGG
pathways database where 96 biological pathways were determined
(data not shown). Interestingly, Hsa-miR-200b-3p and Hsa-miR-
200c-3p, from the same miRNA family, practically share the same
pathways, related to cellular processes, signal transduction and
some biological processes, like immune, nervous, circulatory and
endocrine systems. They have also been related to cancer
pathways, like renal cell carcinoma, among others. Ssc-miR-126,
Ssc-miR-126*, Ssc-miR-99a and Ssc-let-7f have also been de-
scribed in some cancer pathways, emphasizing the importance of
miRNAs in pathways related with cell cycle, growth and death. No
significant related pathways were obtained from targets associated
to Bta-miR-193b and Ssc-miR-486.
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Figure 1. Sequence variability in Ssc-miR-23b. The number of total counts for each sequence is indicated. First sequence belongs to the
precursor miRNA. Red bases match with precursor miRNA and belong to mature miRNA. Blue bases match also with precursor miRNA but do not
belong to mature miRNA sequence. Sequence corresponding to the annotated miRNA in miRBase database is marked with an asterisk.

doi:10.1371/journal.pone.0055402.g001

Discussion

The present study represents the first work that describes the
porcine kidney microRNAome in 6 different breeds and the
European Ancestor, the Wild Boar, to determine differentially
expressed miRNAs related to breed origin. A total of 110 out of
257 known porcine miRNAs in miRBase database have been
determined in this study by high throughput sequencing. It is

PLOS ONE | www.plosone.org

known that some miRNAs could be tissue specific [64] and this
could explain why this study has only described the 43,28% of the
porcine miRNAs reported up to date which is in agreement with
other studies [22,65]. Interestingly, among all described kidney
miRNAs, 119 mammalian orthologous miRNAs were identified.
Assuming high miRNA conservation in mammals [16,66], the
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Table 4. Most expressed miRNAs diverging between the reference miRNA sequence and the miRBase' described miRNA

Total

Described miRNA sequence in miRBase

miRNA name counts IsomiRs Most expressed isomiR sequence (5'-3') Counts database (5'-3') Counts
Ssc-miR-23a 5,156 51 ATCACATTGCCAGGGATTTCCA 3,116 ATCACATTGCCAGGGATTTCC 622
Ssc-miR-99a 3,781 32 AACCCGTAGATCCGATCTTGTGA 1,124 AACCCGTAGATCCGATCTTGTG 1,085
Ssc-miR-30d 1,977 31 TGTAAACATCCCCGACTGGAAGC 711 TGTAAACATCCCCGACTGGAAGCT 190
Ssc-miR-125a 1,369 29 TCCCTGAGACCCTTTAACCTGT 479 TCCCTGAGACCCTTTAACCTGTG 326
Bta-miR-193b 473 26 AACTGGCCCACAAAGTCCCGCT 196 AACTGGCCCACAAAGTCCCGCTTT 21
Ssc-miR-30e-5p 461 14 TGTAAACATCCTTGACTGGAAGC 268 TGTAAACATCCTTGACTGGAAGCT 74
Ssc-miR-139-5p 329 8 TCTACAGTGCACGTGTCTCCAGT 216 TCTACAGTGCACGTGTCTCCAG 85
Ssc-miR-30a-5p 314 10 TGTAAACATCCTCGACTGGAAGC 198 TGTAAACATCCTCGACTGGAAGCT 15
Ssc-miR-362 303 13 AATCCTTGGAACCTAGGTGTGAGT 133 AATCCTTGGAACCTAGGTGTGAGTG 0
Hsa-miR-29¢-5p 260 20 GACCGATTTCTCCTGGTGTTCA 37 TGACCGATTTCTCCTGGTGTTC 22
Ssc-miR-374a 253 6 TTATAATACAACCTGATAAGTGT 117 TTATAATACAACCTGATAAGTG 13
Ssc-miR-145 222 12 GTCCAGTTTTCCCAGGAATCCCT 91 GTCCAGTTTTCCCAGGAATCCCTT 3
Hsa-miR-324-3p 211 22 ACTGCCCCAGGTGCTGCTGGT 45 ACTGCCCCAGGTGCTGCTGG 0
Ssc-miR-21 210 4 TAGCTTATCAGACTGATGTTGAC 105 TAGCTTATCAGACTGATGTTGA 77
Hsa-miR-874 195 8 CTGCCCTGGCCCGAGGGACCGAC 56 CTGCCCTGGCCCGAGGGACCGA 42
Ssc-miR-218b 185 7 TTGTGCTTGATCTAACCATGT 56 TTGTGCTTGATCTAACCATGTG 27
Ssc-miR-191 183 8 CAACGGAATCCCAAAAGCAGCT 63 CAACGGAATCCCAAAAGCAGCTG 45
Hsa-miR-150-5p 174 12 GTTCTCCCAACCCTTGTACCAGT 47 TCTCCCAACCCTTGTACCAGTG 14
Ssc-miR-22-3p 106 5 AAGCTGCCAGTTGAAGAAC 43 AAGCTGCCAGTTGAAGAACTGT 28

': miRBase database (v18, November 2011).

Bta: Bos taurus, Hsa: Homo sapiens, Ssc: Sus scrofa.

Marked in bold the nucleotide variation between pair sequences.
doi:10.1371/journal.pone.0055402.t004

high proportion of orthologous miRNAs (52%) suggests that there
are still many miRNAs not described in pigs yet.

miRNA expression profile in kidney revealed that the most
expressed miRNAs were Hsa-miR-200b-3p, Ssc-miR-125b and
Ssc-miR-23b. Interestingly, Hsa-miR-200b-3p is the most ex-
pressed miRINA in all breeds except for Iberian breed, which Ssc-
miR-125b (567 reads), Ssc-miR-99a (339 reads) and Hsa-miR-
200b-3p (239 reads) are the first, the second and the third most
expressed miRNAs, respectively. This variation of the expression
in Iberian breed could be explained by many reasons. Firstly, some
bias could be assumed because of the low number of reads
obtained in this library in comparison with the other libraries
(Table 2). However, the total reads of each miRNA in Iberian
breed evidence that there is some tendency in its expression.
Secondly, this change in the most expressed miRNA could also be
explained as Iberian breed was exclusively originated from
European Wild Boar and not mixed with any other ancestor
neither being in contact with other commercial breeds in Europe.

Importantly, the most expressed miRNA in kidney was Hsa-
miR-200b-3p which has not already been described in pig. Its
sequence could not be found in the previous pig genome sequence
(v9.2) but it could be now annotated in the last version (Sscrofal0,
ftp://ftp.ensembl.org/pub/release-67/fasta/sus_scrofa/dna/)
probably due to it was located on a gap in the pig genome
sequence that has been solved in the new version. Its expression
was significantly higher than other profiled miRNAs, as it had
been detected 27,097 times corresponding to the 23.50% of the
total reads. This expression pattern in miRNAs profile has been
defined in more studies [67], where a miRNA is predominant over
the rest meaning that it could have a significant role in the
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expressed tissue. It is hypothesised that it could governs or be
implicated on the major constitutive functions carried out by this
tissue.

The multiple sequences obtained for each specific miRNA were
aligned to study the variability in the 3" and 5’ miRNA ends. Most
of the identified miRNAs (70%) showed nucleotide polymorphisms
and variations in sequence length, according to previous studies
[31,68]. One example in this study is Ssc-miR-23b, where the
length varies from 18 to 25 nucleotides (Figure 1). This variability
in the 5" and 3’ ends could be favoured by processes prior to the
high throughput sequencing sample preparation steps [69], being
explained by the cleavage of the same miRNA precursor at
different nucleotides during Drosha and Dicer processing. Another
reason of this variability could be the nucleotide replacement and
additions or deletions in the 5" and 3" miRNA ends. All this post-
transcriptional mechanisms, called RNA editing, generate the
isomiRs, defined as sequence variations in mature miRNAs and
commonly reported in miRNA studies [10,70]. Mechanisms of
miRNA sequence diversification are extensively reviewed by
Berezikov [16], suggesting a functional meaning to all these
processes. Furthermore, different patterns described on isomiR
expression suggest different strategies in the regulation of the
expression. Assuming the expression data obtained in this study,
there are miRNAs where the main isomiR could represent the
major regulation function and there are miRNAs which their
regulation function could be assumed by more than one isomiR
(Table S3).

Considering the proportion of unique sequences obtained per
breed in reference to the total sequences, Iberian and Vietnamese
breeds obtained the highest proportion (38% and 39%, re-
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spectively) showing that, if the number of miRNAs was not
increased in these libraries, what was increased was the number of
described isomiRs. The percentage of unique sequences in the
other libraries and also in the whole data (all libraries) was between
15 and 19%. Thus, the variability in miRNA sequences seemed to
be higher in European breeds like Iberian breed and in Asian
breeds such as Vietnamese breed. In contrast, when European
commercial breeds were created through the European and Asian
breeds introgression, their variability could be reduced due to their
strong selection in production traits, as it is indicated if we consider
the number of isomiRs in each European commercial breed
studied.

Looking at the most expressed isomiR by miRNA in each breed
we can determine that largely it was the same isomiR in all studied
breeds. However, in 76 miRNAs, like Ssc-miR-99a, the most
expressed 1somiR varies depending on the breed, being more
expressed one isomiR (U0009355: 5-AACCCGTAGATCC-
GATCTTGTG-3') in European and Asian breeds, and other
isomiR (U0009353: 5'-AACCCGTAGATCCGATCTTGTGA-
3") in European commercial breeds. In other cases, there is an
agreement in all breeds for the most expressed isomiR except in
one breed, like in Ssc-miR-21 and Ssc-miR-100 in Iberian breed,
Ssc-miR-152 in Piétrain breed, Has-miR-200c-3p in Vietnamese
breed or Hsa-let-7d-5p in Landrace breed. There are also few
cases where the most expressed isomiR i1s different in almost each
breed, such as in Ssc-miR-199a* and Ssc-miR-423-5p. All these
different situations suggest that the genetic variability degree
between breeds is high and it could play an important role in the
post-transcriptional regulation mechanisms leading to perform
different functions.

PLOS ONE | www.plosone.org 9

Table 5. Selected miRNA and putative novel miRNAs (Clusters) for further validation through RT-gqPCR.
miRNA/Cluster Total counts IsomiRs Sequence (5'-3)
Hsa-miR-200b-3p 27,097 123 TAATACTGCCTGGTAATGATGA
Ssc-miR-126 5274 49 TCGTACCGTGAGTAATAATGCG
Ssc-miR-99a 3,781 32 AACCCGTAGATCCGATCTTGTGA
Hsa-miR-200c-3p 3,478 32 TAATACTGCCGGGTAATGATGGA
Ssc-miR-126* 2,796 26 CATTATTACTTTTGGTACGCG
Ssc-miR-92a 797 17 TATTGCACTTGTCCCGGCCTGT
Ssc-miR-26a 598 17 TTCAAGTAATCCAGGATAGGCT
Bta-miR-193b 493 26 AACTGGCCCACAAAGTCCCGCT
Ssc-miR-532-5p 113 3 CATGCCTTGAGTGTAGGACCGT
Ssc-miR-423-5p 74 10 TGAGGGGCAGAGAGCGAGACTTT
Ssc-miR-29¢ 23 3 TAGCACCATTTGAAATCGGTTA
Ssc-miR-486 23 4 TCCTGTACTGAGCTGCCCCGAG
Ssc-let-7f 17 1 TGAGGTAGTAGATTGTATAGTT
Cl-2 (Hsa-miR-31-3p)’ 4 1 CTGCTATGCCAACATATTGCCA
Cl-5 (Hsa-miR-194-5p)’ 12 2 CTGTAACAGCAACTCCATGTGGAA
Cl-15 (Hsa-miR-551a)" 9 2 GCGACCCACTCTTGGTTTCCATG
cl-16 6 1 TTGGTGACCAGGTGCTCAGGGAG
Cl-24 3 2 CTGCATTTCCTGGCTGCCTTAATT
Cl-25 (Hsa-miR-138-5p)’ 7 3 CAGCTGGTGTTGTGAATCAGGCCG
Cl-29 3 1 GTTGGTGTACACTGGAATAGCT
Cl-38 (Bta-miR-1468)’ 21 3 TCTCCGTTTGCCTGTTTTGCTGA

': miRBase (v18) homology (e-value <1e-03). Internal mismatches were accepted.

Bta: Bos taurus, Hsa: Homo sapiens, Ssc: Sus scrofa.

doi:10.1371/journal.pone.0055402.t005

Another variation factor was that there were some differences
between the most expressed isomiR in each miRNA and its
concordance with the described sequence in miRBase database,
diverging them in 72 miRNAs found in this study. As example, the
most representative sequence for Ssc-miR-23a in this study was 5'-
ATCACATTGCCAGGGATTTCCA-3’, found 3,116 times and
it corresponded to Bta-miR-23a. The sequence described in
miRBase database for Ssc-miR-23a (5'-ATCACATTGCCAGG-
GATTTCC-3') was found only 622 times (Table 4). It also
suggests that there is not a fixed predominant isomiR, but there is
variability in isomiR expression given not only by many factors like
age, tissue or disease [71], but also by other factors like breed [50].

Despite of all miRNA homologies found, this study was also
focused on describing novel miRNAs. The strict methodology used
proposed 8 novel miRINAs to be validated through RT-qPCR and
finally 5 miRNAs were successfully validated. These confirmed
novel porcine miRNAs were mapped once in the pig genome
(Table S7) and their pre-miRNA folding were successfully
predicted (Figure 2). Moreover, three out of the thirteen selected
miRNAs from the kidney miRNAome to be amplified through
RT-gqPCR were orthologous (Hsa-miR-200b-3p, Hsa-miR-200c-
3p and Bta-miR-193b, Table 5) and, therefore, they were also
confirmed as new porcine miRNAs. Significant differential
expression regarding breed groups was obtained by RT-qPCR
in eight miRNAs: Hsa-miR-200b-3p, Hsa-miR-200c-3p, Ssc-miR-
126, Ssc-miR-126%, Ssc-miR-99a, Bta-miR-193b, Ssc-miR-486
and Ssc-let-7f. However, expression results from RT-qPCR were
not in agreement with the differential expression study from high
throughput sequencing data in some cases. These differences could
be explained by many factors, like some possible bias, the fact that
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Table 6. Fold Change (FC) comparison from HTS differential expression study and RT-qPCR data.

HTS RT-qPCR

EU? vs. EU vs. EA vs. ANOVA group factor ANOVA group
miRNA/Cluster EA3 As* AS p-value EU vs. EA EU vs. AS EA vs. AS factor p-value
Hsa-miR-200b-3p —1.45 —1.54 —1.06 0.794 1.29 1.50" 1.16 0.012
Ssc-miR-126 -1.07 1.24 1.32 0.576 1.09 160" 147" <.001
Ssc-miR-99a 1.63 3.05 1.87 0.237 1.10 1297 1.18° 0.005
Hsa-miR-200c-3p —2.31 —-1.73 1.34 0.266 1.39 =115 -1.61" 0.009
Ssc-miR-126* —1.36 —1.18 1.15 0.352 1.08 1.35° 1.25 0.044
Ssc-miR-92a —1.87 —1.68 1.1 0.168 1.20 1.02 —1.18 0.614
Ssc-miR-26a —2.15 —-1.29 1.67 0.235 1.13 1.14 1.01 0.602
Bta-miR-193b 223 5.46 245 0.285 1.25 155" 1.25 0.003
Ssc-miR-532-5p —1.16 —249 —2.14 0.082 1.05 —1.06 —1.12 0.685
Ssc-miR-423-5p 5.28 3.76 —1.40 0.110 1.09 1.14 1.05 0.416
Ssc-miR-29¢ —3.78 1.45 5.47 0.028 1.01 1.20 1.19 0.105
Ssc-miR-486 —5.66 —1.55 3.64 0.179 —148" —1.28 1.16 0.025
Ssc-let-7f —2.76 —11.60 —4.21 0.344 1.22 133 1.09 0.017
Cl-2 (Hsa-miR-31-3p)’ = = = = 1.05 1.12 1.07 0.631
cl-5 (Hsa—miR-194»5p)1 - - - - 1.02 1.24 1.228 0.049
Cl-25 (Hsa-miR-138-5p)’ - - - - 1357 136" 1.00 0.003
Cl-29 - - - - —1.03 1.21 1.24" 0.009
CI-38 (Bta-miR-1468)’ - - - - 1.03 1.60"" 155" <.001
': miRBase (v18) homology (e-value<1e-03). Internal mismatches were accepted.
2 EU: European breeds. 3: EA: European commercial breeds. *: AS: Asian breeds.
For HTS data, fold changes from sequence counting between breed groups were calculated from normalised data in counts per thousand for each library and averaged
per groups. Positive and negative signs indicate that the level of gene expression is higher for the first or the second group of the test, respectively. Analysis of variance
(ANOVA) including breed as fixed factor was performed. Significance was set at P<<0.05. Fold changes for clusters could not be calculated due to their low total counts.
For gPCR data expression study, the quantity obtained of each miRNA in each sample was normalised by the Normalization Factor and corrected in relation to the
lowest normalised value. Analysis of variance (ANOVA) including the RT and breed as fixed factors was performed and fold change from Least Squares Means (LSM)
between breed groups were calculated. Significance was set at P<<0.05. Scheffe test determined whether there was significant differential expression between breed
groups (%: suggestive p-value<0.1, ": significant with p-value<<0.05, *": significant with p-value<0.01, *": significant with p-value<<0.001).
doi:10.1371/journal.pone.0055402.t006

not each miRNA is amplified in the same proportion with high whereas in RT-qPCR it was up regulated in European breeds.

throughput sequencing [72,73] and the presence of isomiRs, The same case happened with Ssc-miR-126, a conclusive fact
which make difficult to perform an accurate filtering of sequences. taking into account that both miRNAs are transcribed together.
Other factors to be considered are some diversity and complexity There are similar cases with low expressed miRNAs (according to
in the miRNAs nomenclature between species listed in the sequence count) such as Ssc-let-7f, which was more expressed in
miRNAs databases [15], which make difficult to perform a proper Asian breeds but appears up regulated in European breeds in real
sequence classification. In this sense, cluster analysis methodology time RT-qPCR data.

for novel miRNA detection was chosen to avoid problems with Analysing the target pathways of differentially expressed
miRNA nomenclature. It is also important to consider the miRNAs between breed groups, it was found that Hsa-mir-
specificity in qPCR amplification, where primers designed in each 200b-3p, the most expressed miRNA in this study and up
miRNA were exclusive for the most expressed isomiR in each regulated in European breeds, was related in several kidney
miRNA, amplifying only that one. Overall, the relevant topic of diseases like tubulointerstitial fibrosis [75] or hypertensive
next generation sequencing about if it can be treated as expression glomerulosclerosis [12], elucidating the importance of this miRNA
data taking into account its large amount of reads, is still discussed in kidney physiology. Targets of Hsa-miR-200b-3p were involved
[74]. The slightly different expression results between high in several pathways like renal cell carcinoma, associated to some
throughput sequencing and RT-gPCR data reveal a change of oncogenes such as MET, or tumors suppressors like VHL, FH and
expression tendency in some miRNAs evidencing the “semi- BHD. Interestingly, miRNA targets were related with the vascular
quantitative” nature of high throughput sequencing methods. Low smooth muscle contraction and calcium signaling pathways. Both
correlations (from 0.52 to 0.003) were determined between high pathways are important in muscular growth and development in
throughput sequencing by 454 (Roche, Germany) and RT-qPCR which Hsa-miR-200b-3p, being more expressed in European pig
data. In this sense, the bias in this study could be explained by the breeds, could contribute to a greater efficiency. Furthermore,
lower number of sequences obtained. For instance, Hsa-miR- European commercial breeds are precisely selected for production
200b-3p appears in a higher expression in Asian breeds in traits and strongly characterized for animal production. Kidney
sequencing data while it is more expressed in European breeds and muscle are strongly related because kidney is in charge of
according to real time RT-qPCR data. Furthermore, Ssc-miR- secreting erythropoietin, the hormone responsible to activate
126%¥ was more represented in European commercial breeds, erythropoiesis and also to transport oxygen to the muscles and
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Figure 2. Predicted miRNA folding for cluster candidates to novel miRNAs using MFold software’. ': [54]. Orange line points out the

miRNA position into the pre-miRNA structure.
doi:10.1371/journal.pone.0055402.9002

other tissues, and thus, favoring muscular growth. Hsa-miR-200c-
3p, which belongs to the same family that Hsa-miR-200b-3p, is
also differentially expressed being up regulated in Asian breeds.
Some studies have related it to some mechanisms of cancer
development in many organs, such as pancreas, bladder, ovaries,
prostate or breast. [76-80]. Functional analysis related targets of
Hsa-miR-200c-3p with neoplasias, specifically in renal cell
carcinoma. Furthermore, Hsa-miR-200c-3p is also involved in
some pathways related to reproduction, like oocyte meiosis or
progesterone-mediated oocyte maturation. Breeds with an Asian
origin have better phenotypes for reproduction traits and,
interestingly, Asian breeds have Hsa-miR-200c-3p up regulated
suggesting its involvement in the regulation of the reproduction
traits. However, Ssc-miR-99a and Hsa-miR-200b-3p targets are
also related to these reproduction pathways, both up regulated
miRNAs in European breeds which could play an antagonistic
role in European breeds. Some targets of Ssc-miR-126, a down
regulated miRNA in Asian breeds, participate in cellular processes
like focal adhesion and regulation of actin cytoskeleton, while Ssc-
miR-126% also down regulated in Asian breeds, regulate targets
mmplicated with cellular processes like adherens, gap and tight
junction. Moreover, both miRNAs also have a strong relation with
many cancer pathways, which were related in all miRNAs. Ssc-let-
7f is an ubiquitous miRNA from let-7 family, related to many
pathways involved in wide range of physiological functions
(cellular, metabolic and environmental information processes)
and also to many diseases, like renal cell carcinoma [81,82].
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This study opens a wide field about the miRNA specificity,
which is not only by tissue, age or species level, but also breed
factor is crucial to manage the phenotypic changes and, therefore,
the genetic variability. The role of miRNAs in gene expression
regulation is much more complex than it was thought initially,
being necessary to study in depth which roles isomiRs play and to
uncover all factors that make the post-transcriptional regulation
through miRNAs so complex.
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ABSTRACT

Porcine production is a primary market in the world economy. Controlling swine
diseases in the farm is essential in order to achieve the sector necessities. Aujeszky
disease is a viral condition affecting pigs and is endemic in many countries of the
world, causing important economic losses in the swine industry. microRNAs (miRNAs)
are non-coding RNAs which modulates gene expression in animals, plants and viruses.
With the aim of understanding miRNA roles during the Aujeszky’s disease virus [ADV]
(also known as suid herpesvirus type 1 [SHV-1]) infection, the expression profiles of
host and viral miRNAs were determined through deep sequencing in SHV-1 infected
porcine cell line (PK-15) and in an animal experimental SHV-1 infection with virulent
(NIA-3) and attenuated (Begonia) strains. In the in vivo approach, let-7a and miR-378
presented an over expression in NIA-3 infected samples, whereas miR-206 and miR-
133a presented differential expression between virus strains infection. In the in vitro
approach, most miRNAs were down-regulated in infected groups. miR-92a and miR-
92b-3p were up-regulated in Begonia infected samples. Functional analysis of all this
over expressed miRNAs during the infection revealed their association in pathways
related to viral infection processes and immune response. Furthermore, 8 viral miRNAs
were confirmed by stem loop RT-qPCR in both in vitro and in vivo approaches,
presenting a gene regulatory network affecting 59 viral genes. Most described viral
miRNAs were related to Large Latency Transcript (LLT) and to viral transcription
activators EPO and IE180, and also to regulatory genes regarding their important roles

in the host-pathogen interaction during viral infection.
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INTRODUCTION

Domestic pig (Sus scrofa domesticus) can be found worldwide because of their
extraordinary importance in the production of red meat, lard and cured products [1].
Pork represents the 40% of the world meat production, with more than 110M tones
produced every year and with an increasing trend [2]. Genetic improvement of the pig
has evolved over the years. Selection for productive characters such as backfat and
growth rate was the main objective during the 70s and 80s. In the last decade of the
20" century, the interest was focused on reproductive traits, relating good
fecundation with good productive life of sows and improving the litter size in dam lines
[3]. More recently, product quality and new non-economic factors have been imposed
under society pressure and demand, like animal health and welfare or ecologic
consequences resulting from intensive porcine production [4]. In this sense, safeguard
farm sanitary conditions and animal maintenance are of great interest to provide a

better quality of animal life and also a better pork quality and farm performance.

Aujeszky’s disease (AD), also known as pseudorrabies, is a disease of great economic
importance, especially for intensive production systems that concentrate large farms
located relatively near from each other. The etiological agent of the disease is the AD
virus (ADV), also known as suid herpesvirus type 1 (SHV-1), from the
Alphaherpesvirinae subfamily, genus Varicellovirus. The disease causes significant
economic losses in pig farms, mainly by reducing the litter size, abortions and slow
growth of the animals, as well as restrictions on movements related to disease control.
Young animals develop symptoms of central nervous infection while growing pigs and
adults display respiratory signs. Pig is the primary host and the main disseminator of
the disease. Moreover, in pigs surviving the acute infection, virus can develop a latency
stage, and, subsequently, act as a reservoir [5]. It is a notifiable disease by the World

Organisation for Animal Health (OIE).

SHV-1 has a linear double-stranded DNA genome of about 142 Kb. Its genome has
been fully sequenced [6] and comprises two unique sequences, the 5" long and the 3’

short, the last one flanked by two inverted repeated sequences. The genome encodes
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more than 70 proteins [7], and two spliced transcripts are described: US1 and the
Large Latency Transcript (LLT), while a third (UL15) has a putative splicing [6]. The virus
has the possibility to induce latency in nervous system after an acute infection
circularizing its genome and persisting like an episome with limited viral gene
expression [8]. The molecular bases of latency in herpes viruses are still unknown. The
control of the disease has been based on vaccination campaigns with the use of

marker vaccines obtained by deletion of determined genes like TK and gE.

During last years, microRNAs (miRNAs) have been described and characterised as small
non-coding RNAs involved in post transcriptional regulation of gene expression in
animals, plants and some DNA viruses. They participate in a wide range of biological
processes acting mainly through down-regulation of target messenger RNAs (mRNAs)
by blocking protein translation or inducing mRNA degradation [9-15]. In addition,
miRNA expression has also been associated with many different pathological
processes, such as cancer, neurological disorders, inflammatory pathologies,

cardiovascular diseases and infectious diseases [16-21].

Recently, several studies have confirmed the existence of viral miRNAs [22-24]. They
are miRNAs codified by the viral genome, and mainly, they are described in the herpes
virus family [24-26]. These viral miRNAs work supporting the development of viral
infection by using host miRNA biogenesis system to control the expression of their own
and host genes [27,28]. They can take advantage of a conserved gene regulatory
mechanism within the host cell and establish a cellular environment conducive to viral
replication [29]. Viral miRNAs act by regulating fundamental cellular processes in
immunity, apoptosis and key steps in the transition from latent to lytic infection [8,30-
32]. In contrast to viral proteins, miRNAs can regulate host and own gene expression
avoiding protein factors exposed to host antigenic immune response and, moreover,
they also have relative little coding capacity [26,29,33]. Most studied herpes virus
express miRNAs during latency, even being a restrictive gene expression stage. In SHV-
1, for instance, the 13 miRNAs described up to date in miRBase database (v19, August
2012, URL: http://www.mirbase.org/, [34-36]) are encoded in the large latency

transcript (LLT), the unique transcript expressed during the latency stage which
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generates the Latency Associated Transcripts (LAT) [37,38]. However, little is known
about the key roles that viral miRNAs can develop during the virus infection process.
The virus is transmitted primarily through physical contact between pigs by secretions.
First replication takes part in epithelial tissues and entries directly into the sensory
nerve endings in the nasopharynx. The normal AD incubation period is from 2 to 6
days. There are several porcine cells used in many scientific studies that allow the
laboratory culture of SHV-1, such as the cell line derived from pig kidney PK-15 [5,37]
or dendritic cells [38], but there are no studies involving pig tissues infected with SHV-

1.

In order to unravel the role of viral miRNAs during the ADV infection process, a SHV-1
experimental infection using Landrace pigs was performed using two viral strains (NIA-
3 and Begonia). Furthermore, in vitro infections with the same viral strains were also
conducted. Characterisation and functional study of viral miRNAs are crucial to
understand the molecular bases of herpes virus pathogeny and, consequently, to

develop mechanisms to fight against the disease and improve pork production.

MATERIALS AND METHODS

Biological material
Two strains of SHV-1 were used in the experiment: the NIA-3 virulent strain and the
Begonia attenuated strain. Begonia strain is derived from NIA-3 strain and is used as

live attenuated vaccine.

A total of 20 4-week-old Landrace pigs were used in the experimental infection with
both SHV-1 strains. All animal procedures were performed in CReSA biosafety level 3
(BSL3) facilities (Centre de Recerca en Sanitat Animal, Universitat Autonoma de
Barcelona, Bellaterra, Spain) and were carried out according to Spanish and European
animal experimentation ethics law and approved by the institutional animal ethics
committee of Universitat Auntonoma de Barcelona. Porcine Kidney (PK-15) cell lines

were used for in vitro infection also with NIA-3 and Begonia SHV-1 strains.
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Cell culture and animal infections

PK-15 cell line was used for viral stocks preparation and in vitro infections. Cells were
grown at 372C and 5% CO, and maintained in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 5% FCS, 100 ug/ml streptomycin and 100 IU/ml penicillin.
A viral stock with a titre of 107’ TCIDso/mL was prepared in PK-15 cells for NIA-3

virulent strain and 10%*°

TCIDso/mL for Begonia attenuated strain.

PK-15 cell cultures at 65% of confluence were infected with a MOI of 0.05 with NIA-3
or Begonia strains. PK-15 cells inoculated with DMEM were maintained as non-infected
cells. Samples were recovered at 12, 24 and 30 hours post infection (hpi). Cytopathic
effect for both viruses was observed at 24 and 30 hours affecting 20-30 and 90% of the

cells, respectively.

In the in vivo experimental infection, 9 animals were intranasally inoculated with 10°
TCIDsg NIA-3 virulent strain, 6 with the same dose of Begonia attenuated strain and 5
control animals with PBS. One animal per group was euthanized at 4, 5 and 6 days post
infection (dpi). The remaining animals were slaughtered at 7 dpi. Olfactory bulb (OB)
and trigeminal ganglia (TG) samples for each animal were collected, immediately snap-
frozen in liquid nitrogen and stored at -802C until use. All samples were taken from

CReSA BSL3 facilities (Bellaterra, Spain) under veterinary supervision.

RNA isolation

Total RNA was isolated using TRIzol® reagent (Invitrogen, Carlsbad, USA) following the
manufacturer’s recommendations, quantified wusing ND 1000 Nanodrop®
Spectrophotometer (Thermo Scientific, Wilmington, USA) and its quality was assessed
on an Agilent 2100 Bioanalyzer using the RNA 6000 Nano kit (Agilent Technologies,
Santa Clara, USA).

Small RNA library construction and high throughput sequencing
A total of 21 libraries were performed in order to high throughput sequence them
(Table 1). 9 libraries were from cell cultures infected with NIA-3, Begonia or mock-

infected (control) cells at 12, 24 and 30 hpi. The remaining 12 libraries belonged to
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animal infections, 6 for each tissue (OB and TG). Selected animals were 3 NIA-3
infected animals euthanized at 4, 5 and 7 dpi, 2 Begonia infected animals sacrificed at

4 and 7 dpi and 1 control animal (mock-infected) necropsied at 5 dpi.

Small RNA fraction from each sample was excised and isolated from denaturing 12.5%
polyacrilamide gel electrophoresis (PAGE) using miSpike™ (IDT’, Coralville, USA) as
internal size marker. 50 ug of total RNA for each sample were loaded on separate gels
to avoid cross-contamination. Gels were stained with GelStar~ Acid Nucleic Gel Stain
(Lonza, Basel, Switzerland) for UV visualization. Excised small RNA fraction were
purified using Performa® DTR gel filtration cartridges (EdgeBio, Gaithersburg, USA).
Briefly, 3’ and 5’ linkers from miRCat™ kit (IDT, Coralville, USA) were ligated at both
ends of the small RNAs in two separated reactions using a T4 RNA ligase without ATP
(Fermentas, Germany) and T4 RNA ligase with ATP (Ambion, Austin, USA), respectively.
Between 3’ and 5’ primer ligations, the 60 nt RNAs were purified by PAGE to eliminate
unligated products. Then, linked products were used to perform a reverse
transcription reaction using the SuperScriptTNI Il Reverse Transcriptase kit
(Invitrogen™, Carlsbad, USA) and the cDNA obtained was amplified with the Expand
High Fidelity System (Roche, Germany). PCRs were done to amplify the cDNA with
primers complementary to 3’ and 5’ linkers and, in addition, they included multiplex
identifiers at the 5’ end (a five nucleotide sequence tag) to allow differentiation
between libraries. The number of PCR cycles was optimized for each sample, in order
to minimize/avoid saturation, ranging from 21 to 30. Purification was carried out by
using QlAquick PCR Purification Kit (Qiagen®, Germany). Libraries were quantified with
Qubit™ fluorometer, Quant-IT™ (InvitrogenTM, Carlsbad, USA), prepared to a 10" DNA
molecules/uL and equimolecular pooled according to their indexes. lon Torrent
adapters were ligated to 30 ng of pooled DNA and libraries were then amplified with
lon Torrent primers for 8 cycles, size selected (2% E-Gel Size Select, Invitrogen), and
sequenced in four 314 chips in lon PGM™ sequencer (Life Technologies, Carlsbad,
USA) following the manufacturer’s protocol at DNA sequencing facilities at CRAG
(Bellaterra, Spain). Software version for base calling was Torrent-Suite v2.0.1 (Life

Technologies, Carlsbad, USA).
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Sequence processing scheme

Primers sequences were trimmed and only those insert sequences between 15 and 29
nucleotides and with total number of sequences > 3 were kept for further analysis. For
porcine miRNA profiling, sequences were compared to all available miRNA sequences
(miRBase v19) using local Blast. Parameters were set to 100% identity and up to 4
mismatches allowed at the end of the sequences to assume variability on 3’ and 5’

ends [39].

For viral miRNA discovery, sequences were blasted to SHV-1 genome (NCBI Reference
Sequence: NC_006151.1) considering 100% of alignment and identity (perfect match).
Sequences positioned at annotated regions were discarded. Remaining sequences
were clustered taking into account only the position in the genome. Hence, sequences
positioned in the same region were grouped and the sequence with higher copy
number (CN) was selected as the reference sequence for each cluster. A total of 14
clusters (viRs) were described and considered as putative viral miRNAs (Table S1). viRs
were blasted to viral miRNAs described in miRBase v19 and compared to the described
SHV-1 miRNAs up to date [37,38]. Flanking regions (50 nt) of the selected reference
sequences for each cluster were used to predict pre-miRNA folding structure using
MPFold software [40] following the guidelines reported by Ambros et al. [41] for animal
miRNAs (Figure S1). At the end, 8 viRs were selected for RT-qPCR validation (Table 2).

Differences in host and viral miRNA expression were assessed. Total number of
sequences obtained for each porcine miRNA or viR was normalised by library size (in
counts per thousand) and, then, averaged by group. Fold changes (FC) between groups

were calculated using normalised data.

RT-qPCR validation

For RT-qPCR validations, additional samples from animal infected tissues were added
(OB tissue: 5 NIA-3, 4 Begonia and 2 mock-infected; TG tissue: 5 NIA-3, 3 Begonia and 2
mock-infected, reaching a total of 40 samples. Two samples (37TG and 41TG from NIA-
3 group) were not available for RT-gPCR validation due to lack of amount of cDNA. See

Table 1). RT reactions were performed in duplicate using total RNA as previously
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described by Balcells et al. [42]. Briefly, 1 pug of total RNA in a final volume of 20 pL
including 2 pL of 10x poly(A) polymerase buffer, 0.1 mM of ATP, 0.1 mM of each dNTP,
1 uM of RT-primer, 200 U of M-MuLV Reverse Transcriptase (New England Biolabs,
USA) and 2,5 U of poly(A) polimerase (New England Biolabs, USA) was incubated at
42°C for 1 hour and at 959C for 5 minutes for enzyme inactivation. Non template
controls (NTC), minus RT and minus poly(A) polymerase controls for each sample were

included.

DNA primers for each viR were designed following the methodology suggested by
Balcells et al. [42] (Table S2). gPCR reactions were performed in duplicate in 20 pL final
volume including 10 puL SYBR® Select Master Mix (Life Technologies, Carlsbad, USA),
300 nM of each primer and 5 pL of a 1:20 dilution of the cDNA cell cultures or 1:15
dilution of the cDNA animal infected tissues on an 7900HT Sequence Detection System
(Applied Biosystems, Warrington, UK). Standard curves were generated by 5 fold serial
dilutions of a pool of NIA-3 and Begonia infected cell cultures cDNAs in order to
calculate the gPCR efficiency. Thermal profile was set as follows: 509C for 2 min, 952C
for 10 min and 40 cycles at 952C for 15 sec and 602C for 60 sec. NTC and minus poly(A)
polymerase controls were included. Melting curve analysis was included at the end of
the gPCR to detect unspecific amplifications. Hsa-miR-93, Hsa-miR-25, Ssc-miR-106a,
Ssc-miR-17-5p, Ssc-miR-26a were used as reference miRNAs [43,44].

Quantities from each sample were obtained from the calibration (standard) curve
added in each RT-qPCR reaction, and only those samples classified as quantifiable were
used for statistical analyses. GeNorm v.3.5 software [45] was used to examine the
stability of the reference miRNAs (M<1.5) and to obtain a normalization factor (NF).
The quantity obtained from each miRNA was normalised by the NF and FCs were
calculated in relation to the lowest normalised value. Finally, FCs were log,
transformed in order to perform the statistical analyses with the General Linear
Models procedure of the Statistical Package for the Social Scientists (IBM® SPSs’
Statistics 19; IBM Corporation, Armonk, USA). In vitro expression data were analysed
to study the differences between the infection groups (NIA-3, Begonia and mock-

infected) and time groups (12/24/30 hours) by a two-way analysis of variance
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(ANOVA). Significance threshold was set at a<0.001 due to the unequal sample size
and variances. Estimated marginal means were also calculated using the least
significance difference (LSD) as confidence interval adjustment. The same strategy was
followed in NIA-3 in vivo expression data for the tissue group (OB, TG) and time groups

(4/5/6/7 days).

Target prediction and functional analysis

DIANA - microT v3.0 web server [46,47] was used to identify in silico potential mRNA
targets for the most abundant and the differentially expressed porcine miRNAs.
Porcine genes are not included in the current version of DIANA - microT v3.0 and
predictions were based on the human mRNA:miRNA interactions assuming sequence
conservation. In silico functional annotation of putative mRNA target genes for each
miRNA were analyzed with WEB-based Gene Set Analysis Toolkit (WebGestalt, [48]).
Predicted miRNA targets were functionally annotated through the biological process
information supported by Gene Ontology (GO, [49]) and the pathways in which they
were involved were described by using the Kyoto Encyclopedia of Genes and Genomes
database (KEGG, [50,51]). Over or under represented functional categories were
identified with hypergeometric test corrected by the multiple test adjustment

proposed by Benjamini & Hochberg [52]. Significant threshold was set at a<0.05.

The miRanda algorithm [53] was utilised to predict putative targets for viral miRNAs
(viRs), using the following parameters: -sc 140 -en 20. Strict alighments were required
in the seed region (G:U wobble is not allowed). Cytoscape 2.8.2 software [54,55] was
used to build the gene regulatory network formed by viral miRNAs their target genes
from SHV-1 genome. Most abundant DE porcine miRNAs in infected samples were also

added to gene regulatory network.
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RESULTS

Sequence miRNA annotation

A total of 21 small RNA libraries (9 from PK-15 cell line cultures and 12 from in vivo
animal infection) were sequenced in a lon PGM™ sequencer (Life Technologies). After
trimming the adaptors sequences, inserts ranging from 15 to 29 nt (corresponding to
miRNA size) and found more than two times (copy number (CN)>2) were aligned to
miRBase database (v19). 435,434 counts (4,029 unique sequences) could be aligned to
miRBase database, representing a 37% of total counts used in this study (Table 3). In
PK-15 cell line libraries, 229 miRNAs were described, 109 of them had been already
described in pig, 113 were orthologous and 7 were viral miRNAs (6 from SHV-1 and 1
from Rhesus Rhadinovirus — RRV). In in vivo animal infection libraries, a total of 302
miRNAs were described, 150 that had been previously described in Sus scrofa, 151
were orthologous and only 1 viral miRNA from SHV-1 was found. No viral miRNAs were

identified in mock-infected PK-15 cell cultures and in mock-infected animals.

Differential expression analysis

In vitro

Looking for miRNA abundance differences among groups (NIA-3 infected, Begonia
infected and mock-infected), 138 miRNAs (60%) were more expressed in mock-
infected group and 91 miRNAs (40%) were more expressed in infected groups.
Furthermore, 35 miRNAs were only expressed in infected groups, and two miRNAs

were only expressed in mock-infected group.

miRNAs were considered differentially expressed (DE) when fold change (FC)
difference between groups was greater than 5 or when a miRNA was not expressed in
both infected groups or in mock-infected group. Out of the 229 miRNAs described in
the in vitro profile, 111 (48%) miRNAs were DE; of which, 69 (30%) were overexpressed
in mock-infected group and 42 (18%) over-expressed in infected groups (Table S4).
Looking at those most abundant miRNAs (CN>100), we observed a clear predominance
of those miRNAs overexpressed in mock-infected group (Table 4), such as miR-125b-

5p, miR-99b-5p and miR-100. It was relevant that the only miRNA overexpressed in
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infected groups with CN>100 was the viral miRNA miR-LLT1 (CN=3,280). There were
two miRNAs presenting an up-regulation in Begonia infected group and a down-
regulation in NIA-3 infected group, being, consequently, DE between both infected
groups: miR-92a and miR-92b-3p. Interestingly, there was a miRNA, miR-2887, which
presented high FC differences between mock-infected and NIA-3 infected groups (204
fold). Although it was over-expressed in mock-infected group, it also was DE between

NIA-3 and Begonia infected groups, like miR-4286 and let-7d-3p.

Focusing on the described viral miRNAs, miR-LLT9 (CN=3) was only described in NIA-3
infected group. miR-LLT6, miR-LLT8 and miR-LLT11la were more expressed in NIA-3
infected group and miR-LLT1 and miR-LLT2 presented more expression in Begonia
infected group. Only miR-LLT2 was DE between infected groups, although its
abundance was only 13 counts. The viral miRNA from RRV (miR-rR1-5, CN=415) was

more expressed in mock-infected group.

In vivo

In contrast to in vitro approach, miRNA abundance differences revealed a turnaround
in which 211 (70%) miRNAs were more expressed in infected NIA-3 and Begonia
groups, and the remaining 91 (30%) miRNAs were more expressed in mock-infected
group. Moreover, 75 miRNAs presented only expression in infected groups, and only

two miRNAs were only expressed in mock-infected group.

Differential miRNA expression analysis showed a total of 133 (44%) DE miRNAs out of
the 302 described miRNAs, of which 99 (33%) were overexpressed in infected groups
and 34 (11%) overexpressed in mock-infected group (Table S5). Looking at those
miRNAs which were more abundant (CN>100), most of them were more expressed in
infected groups, like let-7a, miR-378 and miR-129b (Table 4). If we focus on those
more expressed miRNAs in infected groups and DE between them, we observed that
miR-378 was more expressed in NIA-3 group. Moreover, miR-206 was a very high DE
miRNA (FC=648) between both infected groups and not expressed in mock-infected
group, presenting more expression in NIA-3 infected group. Curiously, miR-133a and

miR-133b were up-regulated in NIA-3 infected group and down-regulated in Begonia
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infected group, being also DE between infected groups. On the other hand, miR-451
and miR-1249 were the most expressed miRNAs presenting an up-regulation in mock-
infected group. The only viral miRNA detected (miR-LLT1, CN=9) were only expressed
in NIA-3 infected group, diverging from its expression in the in vitro approach, where it

was more expressed in Begonia infected group.

Out of 361 total described miRNAs taking into account both approaches, 170 miRNAs
were present in both in vitro and in vivo profiles and 191 miRNAs were present only in
one profile (59 miRNAs from in vitro approach and 122 miRNAs from in vivo approach,
see Table S3). There was not much correlation in the expression of profile-shared
miRNAs. Only 27 miRNAs followed the same expression profile in both approaches,
and 11 of them where DE in both groups: 4 miRNAs (miR-26b-5p, miR-29b-2-5p, miR-
450b-5p and miR-450c-5p) were only expressed in infected groups and the remaining 7
miRNAs (let-7b-3p, miR-193b, miR-345-5p, miR-1306-5p, miR-2779, miR-2898 and miR-
4286) were more expressed in mock-infected group, although none of them presented
a CN>100 in both profiles. There were 35 miRNAs expressed with a minimum of 100
counts which showed a different pattern of expression between in vitro and in vivo
approaches, and only two presented differential expression also in both approaches:
let-7i-5p and miR-30d-5p (Table 4). In both cases, they were more expressed in mock-
infected group in the in vitro approach, and their expression changed in the in vivo
approach, having a major expression in NIA-3 infected group. Among the non-profile-
shared miRNAs, there were 6 high expressed miRNAs (CN>1,000 counts): miR-99a-5p
(11,178 counts), miR-10a-5p (3,570 counts), miR-133a (1,990 counts), miR-218b (1,887
counts), miR-9-3p (1,620 counts) and miR-129a (1,566 counts). All these 6 miRNAs
were expressed in the in vivo profile, except miR-10a-5p which was expressed in the in

vitro profile.

Target prediction and functional analysis of host miRNAs

In silico target prediction were performed for those most abundant and DE porcine
miRNAs in NIA-3 and Begonia infected groups in the in vivo approach: miR-206, let-7a
and miR-378, and also for those miRNAs presenting differential expression between

NIA-3 and Begonia infected groups: miR-92a and miR-92b-3p from the in vitro
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approach and miR-133a from the in vivo approach (Table 4). A total of 2,051 target
genes were identified (Table S6) and functionally analysed through KEGG pathways
database. Significant related pathways to target genes were found for all miRNAs
except for miR-378. Interestingly, many pathways related to viral infection process and
immune response resulted significant, such as RIG-I-like receptor signalling pathway, B
and T cell receptor signalling pathways, Fc gamma R-mediated phagocytosis and
chemokine signalling pathway. Furthermore, there also were described pathways
involved in more general biological processes, such as cell cycle, apoptosis,
endocytosis, focal adhesion and RNA transport and degradation. Interestingly,
pathways focused on nervous system were also described, like axon guidance,

neurotrophin signalling pathway and long-term potentiation.

Viral miRNA discovery and RT-qPCR validation

Trimmed and non-empty reads ranging from 15 to 29 nt were also aligned to SHV-1
genome (NC_006151.1) considering only 100% of alighnment and identity. A total of
3,979 counts (50 unique sequences) yielded a positive match, 3,948 counts (47 unique
sequences) from PK-15 cell line libraries and 31 counts (5 unique sequences) from in
vivo animal infection libraries (Table 3). All sequences which matched at an annotated
region were removed and the remaining sequences were clustered by the position in
the SHV-1 genome resulting in 14 putative viral miRNAs. All of them were identified in
cell cultures and only 2 of them could also be described in animal infection samples:
ViRO2 (mir-LLT1 in miRBase v19) and viR09 (Table 2). None of them were found in
mock-infected cell cultures or in mock-infected animals. From these 14 putative viral
miRNAs, viR03, viR07, viR10, viR12 and viR13 were already described at miRBase as
miR-LLT2, miR-LLT6, miR-LLT8, miR-LLT9 and miR-LLT11a, respectively, and,
consequently, were discarded for RT-qPCR validation. viRO2 was also described at
miRBase but it was maintained to be the most expressed viral miRNA in the study.
viR01, the only putative viR which was not located at LLT intronic region, did not
succeed at performing their pre-miRNA structure, and was also removed. Finally, 8 viRs
remained to confirm their expression (Table 2) and a validation protocol through RT-

gPCR was designed for them, which were successfully amplified with high RT-gPCR
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efficiencies, ranging from 90% to 110%, and standard curves correlations were at least

of 0.98.

Out of these 8 validated viRs, 5 of them were already described in previous studies
[37,38] and remaining 3 viRs were new described viRs (Table 2). viR09 was described as
miRNA offset RNA (moRNA) in the Wu study [37] and our study also confirmed that
viRO9 was the moRNA originated from miR-LLT8 (Figure S1). As moRNAs functions
remain unknown [56,57], the described moRNA in this study (viR09) was kept in the
functional analysis, as it was found in a major relative abundance than its contiguous

mature miRNA and it was favourably detected through RT-qPCR.

All detected and validated viRs were located in the intronic region of the LLT transcript,
such as all previously described viRs. They were detected in the NIA-3 and Begonia
groups from cell cultures and only presented expression in some samples from NIA-3
group from in vivo infection (Figure 1). Begonia group from in vivo infection as well as
all mock-infected samples from both in vitro and in vivo infection resulted without

expression for all studied viRs.

Statistical analyses from RT-qPCR in vitro data revealed no significant expression
differences between NIA-3 and Begonia groups. Referring at time group, there were
significant expression differences (p-value <.001), being viRs more expressed in those
samples taken at 24 or 30 hpi than those taken at 12 hpi (p-value <.001), excepting for
viR05, which showed more expression in 12 hpi than in 30 hpi, although without

significant differences in any time group.

Regarding NIA-3 in vivo group RT-gPCR data, statistical analyses only could be
performed for viR02, viRO6 and viR09. Results showed differential expression (p-value
<.001) for tissue group and time group in all three viRs, being more expressed in
olfactory bulb than in trigeminal ganglia. In time group, viRs presented differential
expression in 4, 5, 6 and 7 dpi, presenting directional increasing from dpi 4 to dpi 6 and

an interesting decrease of their expression at dpi 7.
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Gene regulatory network viral miRNAs

miRanda algorithm was used to form the gene interaction network between the 8
described viRs and the 70 annotated genes in SHV-1 genome, including large latency
transcript (LLT). It found 110 significant interactions between 7 viRs and 59 SHV-1
genes (Figure 2). No interactions could be retrieved for viR11. The most interacting
viRs were VviR04, viR14 and viR06 reaching at 48, 20 and 15 gene interactions,
respectively. LLT was the gene associated to more viRs, up to 5: viR02, viR04, viR05,

viRO6 and viR14.

Most abundant DE porcine miRNAs were also added to the gene interaction network.
Thus, miR-92a, miR-92b-3p, miR-133a, miR-378, let-7a and miR-206 generated a total
of 63 significant interactions with 39 SHV-1 genes (Figure 2). miR-133a had 33 gene
interactions, including LLT and the regulatory genes EPO, IE180, UL41 and UL48. miR-
92a, miR-92b-3p and miR-378 also interacted with LLT and with the regulatory genes
IE180, UL41 and UL48. Let-7a was associated to few viral genes, most of them related
to structural role, like glycoproteins and capside proteins. miR-206 was not associated

to any viral gene.

DISCUSSION

This study is the first work that describes the host and pathogen miRNA profile in an in
vitro and an in vivo SHV-1 infection through high throughput sequencing. Regarding
the host miRNAome, 193 porcine miRNAs out of a total of 306 annotated miRNAs in
miRBase v.19 were described. Approximately half of all described miRNAs were
orthologous, suggesting that there are still many porcine miRNAs to be discovered in
order to complete the current annotation of porcine miRNAs. First conclusion
observing both profiles was that there was low correlation among described miRNAs
and also among their expression pattern. Looking at those most abundant miRNAs in
each profile (CN>100), only 33% of miRNAs were shared. It is known that there are
usually discrepancies between in vitro and in vivo results, and, moreover, our study has

been developed with material of different nature: cell lines derived from kidney and
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nervous tissues, helping to perform different miRNA profiles and, assuming different
expression patterns. Just comparing the PK-15 profile with the kidney profile from
Timoneda et al., previous study [58], the shared miRNAs were up to 42%, more than in
the in vivo profile, showing some analogy between PK-15 cells and kidney. However,
PK-15 cell lines were chosen because they were a good substrate for the laboratory
culture of SHV-1, and, on the other hand, OB and TG tissues were chosen to be the first

tissues were the virus replicates.

Sequenced libraries revealed a different porcine miRNA profile when the SHV-1
infection was present, and presented some homology between the two viral strains
used in this study, NIA-3 (virulent strain) and Begonia (attenuated strain). The change
of expression of some porcine miRNAs between infected and mock-infected samples
reflects that miRNAs can play key roles during the viral infection process, where virus
can affect cellular miRNA expression profile on their own benefit. In this sense, many
porcine miRNAs were described to be down-regulated in the infected samples,
particularly in the in vitro infection, such as miR-125b-5p, miR-99b-5p, miR-100 and
miR-2887, suggesting that viral mechanisms can affect host miRNA expression. For
instance, miR-100 has already been described to be down-regulated in human

cytomegalovirus infection [59].

On the other hand, there were miRNAs up-regulated during SHV-1 infection, mainly in
the in vivo approach, like let-7a, miR-378 and miR-206, the most DE expressed miRNAs
in infected samples. Interestingly, they presented target genes related to pathways
involved to immune response, such as RIG-I-like receptor signalling pathway,
responsible for detecting viral pathogens, or also B and T cell receptor signalling
pathways, which are key components for the activation of adaptive immunity and T
lymphocytes, respectively, and ensure an efficient response of the immune system.
They also were related to Fc gamma R-mediated phagocytosis, which plays an
important role in host-defence mechanisms through the uptake and destruction of
infectious pathogens, and chemokine signalling pathway, which works on the
inflammatory immune response. All this 3 miRNAs were particularly more expressed in

NIA-3 infected group, so they could work activating those pathways related to the
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response against the viral infection. Moreover, differential expression between NIA-3
and Begonia infected groups were identified in miR-206 (FC=648) and miR-378 (FC=5).
We can also add miR-133a (FC=108) in this group of DE miRNAs between virus strains
(Table 4). This change of behaviour could be explained by the differences in both virus
strains, as Begonia is an attenuated strain which has been genetically modified,
removing glycoprotein E gene (gE) and thymidine kinase gene (tK), in order to be less
effective at virus replication. In this sense, these miRNAs increase their expression

when the virulent strain NIA-3 is present in order to react against infection.

Another miRNA which changed its expression pattern between NIA-3 and Begonia
infections was miR-92a. While in the in vitro samples miR-92a was DE presenting an
up-regulation in Begonia strain infection, in the in vivo samples its expression was
higher in NIA-3 strain infection. A wide range of significant pathways were associated
to miR-92a, from pathways related to neuronal functions such as axon guidance, neuro
active-ligand receptor activation and neurotrophin signalling pathway, to pathways
related to more general cellular functions like endocytosis, RNA degradation and focal
adhesion. We could argue that in the in vitro approach, the Begonia strain virus does
not receive a strong defensive response from the host and it could replicate in a similar
level as NIA-3 begonia strain, according to RT-gPCR results from viral miRNAs
expression. In this sense, the host response generated in the Begonia in vivo infection
could cause the miR-92a fall of expression. Regarding to miR-92b-3p, it maintained its
expression in both approaches, being more expressed in Begonia strain infection than
in NIA-3 strain infection. As miR-92a, miR-92b-3p target genes were associated to a
wide range of biological processes as well as nervous system pathways. As its
expression has shown invariable in different tissues, despite of the viral infection, it

could play a more general cell function.

As mentioned above, the differences observed in miRNA profiles between in vitro and
in vivo approaches in both infected and mock-infected samples could be explained by
the employed biological approach: cell cultures or animal tissues. We observed that
the development of the viral infection did not happen in the same way in cell cultures

than in tissues from experimentally infected pigs. The ability to react and fight against
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a viral attack was not the same due, among others, to the lack of immune response in
cell culture. The miRNA expression variability can be determined by the frequency of
most expressed miRNAs in each approach. In the in vitro infection, miR-23a-3p was the
most expressed miRNA representing the 50% of annotated reads, while miR-125b-5p
was the most expressed miRNA in the in vivo infection, in both olfactory bulb and
trigeminal ganglia, and only represented the 25% of the annotated reads. Thus, there
was a major variability in the animal infection model. In comparison to previous
studies, Anselmo et al. [38] described miR-21 as the most expressed miRNA in their
study by using dendritic cells as approach, representing almost 91% of all small RNA
sequence tags, while Wu et al. [37] found miR-7f as the most expressed miRNA in a PK-
15 cell line culture, being the 17% of total small RNA reads. As miRNAs are spatial and

temporal specific, the disparity of results must be taken in consideration.

Moreover, miRNA differences in in vitro and in vivo profiles became more evident by
using two different strains of SHV-1. In this sense, the two strains were capable of
infecting cell cultures producing cytopathic effect, while in the animals, the attenuated
strain was unable to produce clinical signs showing a less effective replication, and
therefore, we were not able to detect viral miRNAs in these samples through RT-qPCR.
Focusing on viral miRNAs (viRs), we could detect differences in sequenced data
expression between in vitro and in vivo groups through miRBase homology. In cell
cultures, 7 viRs could be detected, being miR-LLT1 (CN=3,280) the most expressed viral
miRNA. In the animal infection, only one viR could be detected in sequenced data,
which was also miR-LLT1 (CN=9). Even so, viral miRNA discovery based on genome
sequence homology approach was able to detect and confirm through RT-gPCR the
expression of 8 ViRs. It is of great interest because this study confirms the expression
of viral miRNAs originated from SHV-1 LLT transcript during lytic infection, assuming

their role in the early stage infection process.

RT-gPCR expression data confirmed that there were no significant differences in viral
miRNAs expression between infected groups (NIA-3 virulent strain and Begonia
attenuated strain) in the in vitro infection, although no expression were detected in

Begonia infected group in the in vivo infection. As expected, samples taken at 24 and
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30 hpi in the in vitro infection presented more viR expression than samples taken at 12
hpi. In the in vivo approach, significant differential expression were described between
all 4 times where samples were taken (4, 5, 6 and 7 dpi), and presented an increasing
expression from day 4 to day 6 and revealing a sudden decrease at day 7. This result
could be explained because the expressed miRNAs in this initial phase of the acute
infection in our animal experiment could play a role in the establishment of the
infection and can be different from miRNAs expressed in a latent phase, which can be
the same than whose are found in cell culture, as has been found for other herpesvirus

[60].

Viral gene network analysis deciphered the complex interaction between the
described viRs and SHV-1 genes (Figure 2). Interestingly, viRs were associated with
almost all described SHV-1 genes [7], as described in a previous study [37]. Large
Latency Transcript (LLT) was the most interacted transcript by viRs, confirming the
important role of them in the latency stage development. As all previously described
viral miRNAs in SHV-1, the new viRs described in this study were also encoded in the
LLT intronic region, confirming it as the primary miRNA precursor region. In addition,
most DE host miRNAs were also associated to viral regulatory mechanisms, relating the
interaction of host miRNAs with the expression of viral genes. The gene regulatory
network deciphered the important role of viR04 presenting up to 24 gene interactions
related to structural role, from proteins related to the virion envelope (glycoproteins)
to tegument and capside proteins. Thus, viRO4 may play an important structural role,
although it also presented numerous interactions to genes involved in processes like
DNA repair and recombination, DNA cleavage, encapsidation and packaging. viR02 and
viR14 were mainly associated to structural genes related to virion envelope
glycoproteins and tegument proteins, and could play important roles during viral entry
and virion morphogenesis. In contrast, viRO5 was associated to non-structural genes
related to DNA cleavage and encapsidation and DNA replication and packaging.
Curiously, viR06 presented many interactions with genes related to viral egress (UL3.5,
UL31, UL37 and UL53), which could play an interesting role in the viral egress process.
viR02, viR04, viR06 and viR14 were also linked to genes associated to regulatory

functions (EPO, IE180, UL41, UL48 and UL54). viR09, the moRNA described in this
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study, was associated to few viral genes, which were associated to DNA cleavage,
packaging and replication functions, as well as viral egress and structural role regarding
virion envelope proteins. Regarding the involvement of host miRNAs in the regulatory
network, miR-133a, miR-92a, miR-92b-3p and miR-378 were related to LLT and the
regulatory genes EPO, IE180, UL41 and UL48. It could mean that they could play an
active role in fighting against the viral infection process. Moreover, miR-133a was
related with many structural and non structural genes, confirming the importance of
miR-133a in the ADV infection, as it was previously determined to be related with host-
defence pathways. As let-7a is an ubiquitous miRNA [43,44] and it was related to viral
genes with structural roles, it could be developing functions related to viral packaging

recognition.

The regulation roles developed by miRNAs not only in the own host gene machinery
but also in the viral infection mechanisms were evidenced in this study, using in vitro
and in vivo approaches. In addition, this study increases the knowledge about miRNAs
functional roles in a herpesvirus infection and their host-pathogen interactions,

supported by an in vivo approaching using nervous tissue.
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FIGURES

Figure 1. Results in viR validation through RT-qPCR for NIA-3 group from in vivo
animal infection. Each line represents one sample and each column describes each
studied viR. OB: Olfactory Bulb; TG: Trigeminal Ganglia. Colour determines either the
ViR could be detected or not in the sample. Green reflects the detection of the viR in
the sample in quantifiable parameters. Yellow defines the detection of the viR without
quantifiable parameters. Red determines that the viR was not detected in the sample.
Parameters were considered quantifiable when: (1) viR detection is achieved in all
reactions done per sample (4 RT-qPCR reactions, corresponding to 2 different RT per
duplicate) and (2) a minimum of 3 out of the 4 RT-qPCR reactions have a cycle

threshold (Ct) under 35.

viR02 | viRO4 | viRO5 | viR06 | viRO8 | viR09 | viR11 | viR14
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Figure 2. Regulatory gene network between SHV-1 genes and described viRs and
most abundant DE host miRNAs in infected samples. Node shape represents either is
a viral miRNA (hexagon, bright green), a host miRNA (hexagon, dark green) or a viral
gene (circular). Node size simulates the number of interactions, which is directly
proportional. Viral gene function is represented by colour: yellow means structural
function (virion envelope, tegument or capside proteins); purple means regulatory
function; blue represents viral egress function and grey means unknown function. LLT

transcript is marked in RED and EPO and /E180 viral activators are marked in orange.
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TABLES

Table 1. Summary of employed samples in the study.

1
Sample Infection Group Approach Pl sam.ple Sequenced by RT-qPC.R
taken time lon Torrent validation
CC12 In vitro Mock-infected Cell culture 12 hours Yes Yes
CC24 In vitro Mock-infected Cell culture 24 hours Yes Yes
CC30 In vitro Mock-infected Cell culture 30 hours Yes Yes
NIA12 In vitro NIA-3 infected Cell culture 12 hours Yes Yes
NIA24 In vitro NIA-3 infected Cell culture 24 hours Yes Yes
NIA30 In vitro NIA-3 infected Cell culture 30 hours Yes Yes
BEG12 In vitro Begonia infected  Cell culture 12 hours Yes Yes
BEG24  Invitro Begonia infected  Cell culture 24 hours Yes Yes
BEG30 In vitro Begonia infected Cell culture 30 hours Yes Yes
32BO In vivo Mock-infected OB 5 days Yes Yes
37BO In vivo NIA-3 infected OB 4 days Yes Yes
41BO In vivo NIA-3 infected OB 6 days Yes Yes
43BO In vivo Begonia infected OB 7 days Yes Yes
45B0O In vivo NIA-3 infected OB 7 days Yes Yes
48BO In vivo Begonia infected OB 7 days Yes Yes
327G In vivo Mock-infected TG 5 days Yes Yes
377G In vivo NIA-3 infected TG 4 days Yes No
417G In vivo NIA-3 infected TG 6 days Yes No
437G In vivo Begonia infected TG 7 days Yes Yes
45TG In vivo NIA-3 infected TG 7 days Yes Yes
48TG In vivo Begonia infected TG 7 days Yes Yes
31BO In vivo NIA-3 infected OB 7 days No Yes
34BO In vivo NIA-3 infected OB 4 days No Yes
35BO In vivo NIA-3 infected OB 7 days No Yes
38BO In vivo NIA-3 infected OB 5 days No Yes
39BO In vivo NIA-3 infected OB 7 days No Yes
42B0O In vivo Begonia infected OB 7 days No Yes
44B0O In vivo Begonia infected OB 7 days No Yes
46BO In vivo Begonia infected OB 5 days No Yes
47BO In vivo Begonia infected OB 4 days No Yes
49BO In vivo Mock-infected OB 7 days No Yes
50BO In vivo Mock-infected OB 7 days No Yes
31TG In vivo NIA-3 infected TG 7 days No Yes
34TG In vivo NIA-3 infected TG 4 days No Yes
35TG In vivo NIA-3 infected TG 7 days No Yes
36TG In vivo Mock-infected TG 4 days No Yes
38TG In vivo NIA-3 infected TG 5 days No Yes
39TG In vivo NIA-3 infected TG 7 days No Yes
447G In vivo Begonia infected TG 7 days No Yes
46TG In vivo Begonia infected TG 5 days No Yes
477G In vivo Begonia infected TG 4 days No Yes
49TG In vivo Mock-infected TG 7 days No Yes

! Post Infection. OB: Olfactory bulb, TG: Trigeminal ganglia.

Two last columns indicate which samples were used to create the libraries for sequencing by
lon PGM™ sequencer (n=21) and which samples were added later in order to validate viRs
through RT-qPCR (n=40).
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Table 2. Putative viral miRNAs (viRs) selected for RT-qPCR validation.

viR information gs.?i:ir::l Sequence (5'-3') Length ﬁzpmyber Approach’ \F:-arl-i::il:)n
viRO2 prv-miR-LLT1? 97929-97949 TCTCACCCCTGGGTCCGTCGC 21 2,299 CC+IT +
viRO4 prv-miR-7—5'b 99282-99301 CCGCCCCCGGGGGGTTGATG 20 27 CC +
ViRO5 new viR 99302-99322 GGGATGGGCGCTCGGGGGTGA 21 7 CC +
viR0O6 prv-miR-7—3'b 99342-99363 ACCACCGTCCCCCTGTCCCTCA 22 6 CC +
VviRO8 new ViR 99843-99862 TCAAACTTCCTCGTGTCCCC 20 57 CC +
viRO9  prv-miR-4°, moR8° 100203-100220 CGGAACCGGGTGCAGGCG 18 872 CC+IT +
viR11 prv-miR-8-3’b 100267-100287 CAACCCTTCTGGAGCCCTACC 21 569 CC +
viR1l4 new ViR 102016-102040 TTCCGCCCGCTCTCCCACCGCCTTT 25 4 CC +

% homology in miRBAse v19 (p-value <0.001).

®. described at (Wu 2012).

“: described at (Anselmo 2011).

!: Genome Position: start-end.

2. CC: Cell Culture (In vitro approach); IT: Infected Tissue (/n vivo approach).

Table 3. Summary of sequence processing scheme.

PK-15 cell line Animal General
cultures infection

Raw reads obtained 705,846 855,701 1,561,547

Trimmed and non empty reads 500,870 694,944 1,195,814

Counts ranging from 15to 29 nt 490,848 674,538 1,165,386

Counts aligned to miRBase 212,519 (2,151) 222,915 (2,841) 435,434 (4,029)

(unique sequences)

miRNA profile 229 302 361

Sus scrofa miRNAs 109 150 193

Orthologous miRNAs 113 151 161

Viral miRNAs 7 1 7

Counts aligned to SHV-1 3,948 (47) 31 (5) 3,979 (50)

genome (unique sequences)

Putative viral miRNAs (viRs) 14 2 14
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Table 4. The most abundant (CN>100) DE miRNAs between infected groups (NIA and
BEG) and mock-infected group (CC) in the in vivo and in vitro approaches.

miRNA Counts BEGvs.CC NIAvs.CC NIAvs. BEG
in vitro

miR-92a 5,495 3.37 -1.54 -5.20
miR-125b-5p 4,896 -7.37 -8.36 -1.13
miR-LLT1 3,280 - - -4.04
miR-99b-5p 2,220 -3.48 -6.90 -1.99
miR-100 1,891 -5.47 -7.90 -1.44
miR-92b-3p 704 2.18 -2.62 -5.70
miR-2779 512 -1.38 -5.41 -3.91
miR-2887 479 -20.24 -203.79 -10.07
miR-2904 408 -13.18 -21.41 -1.62
miR-125a-5p 346 -8.13 -13.31 -1.64
miR-5109 294 -9.38 -18.18 -1.94
miR-4286 243 -2.60 -16.78 -6.45
miR-30a-5p 226 -7.87 -9.07 -1.15
let-7b-5p 209 -3.64 -5.76 -1.58
miR-26a-5p 206 -5.33 -3.84 1.39
miR-339-5p 176 -4.97 -22.89 -4.60
let-7d-3p 171 -1.36 -8.66 -6.38
miR-19b 144 -6.97 -4.30 1.62
miR-23a-5p 126 -11.83 -27.63 -2.34
let-7i-5p 122 -5.40 -6.29 -1.17
miR-505-5p 117 -15.46 -25.93 -1.68
miR-4454 104 -3.32 -7.51 -2.26
in vivo

miR-133a 1,990 -18.70 5.76 107.79
let-7a 953 2.07 9.57 4.62
miR-378 923 1.02 5.18 5.07
miR-451 867 -4.36 -5.38 -1.23
miR-206 512 - - 648.10
miR-129b 449 9.65 5.31 -1.82
let-7c 432 7.78 8.16 1.05
miR-21-5p 252 12.33 14.07 1.14
miR-1249 247 -4.36 -22.82 -5.23
miR-133b 228 -60.94 1.44 87.89
let-7i-5p 218 3.66 8.28 2.26
miR-137 189 3.25 -1.96 -6.39
miR-193a-5p 179 6.56 12.13 1.85
miR-10b 170 5.11 4.33 -1.18
let-7b-3p 151 -2.09 -7.36 -3.53
miR-24-3p 145 5.10 2.85 -1.79
miR-30a-5p 130 4.27 6.38 1.49
miR-345-5p 119 -4.83 -5.21 -1.08
let-7f 106 5.12 21.29 4.16
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SUPPORTING INFORMATION

Table S1. Described 14 viral clusters from high throughput sequencing.

viR  Sequence (5'-3') Length Sj:i:i::l isomiRs Eﬁ:lber Approach?
viRO1 ACAACCCGGAGCGCCGCCGTC 21 63745-63765 1 4 CC
viR02 TCTCACCCCTGGGTCCGTCGC 21 97929-97949 5 2,299 CCHIT
viRO3 CTCATCCCGTCAGACCTGCGCC 22 98386-98407 2 12 CC
VviR0O4 CCGCCCCCGGGGGGTTGATG 20 99282-99301 2 27 CcC
ViRO5 GGGATGGGCGCTCGGGGGTGA 21 99302-99322 1 7 CC
viRO6 ACCACCGTCCCCCTGTCCCTCA 22 99342-99363 1 6 CcC
viRO7 CGTACCGACCCGCCTACCAGGC 22 99550-99571 2 13 CC
viRO8 TCAAACTTCCTCGTGTCCCC 20 99843-99862 5 57 CcC
viRO9 CGGAACCGGGTGCAGGCG 18 100203-100220 5 872 CC+IT
ViR10 GTGGGGGCGAAGATTGGGTTGGG 23 100221-100243 1 10 CcC
viR1l CAACCCTTCTGGAGCCCTACC 21 100267-100287 6 569 CC
ViR12 CGAGGAGATGTGGAGGGGTG 20 100377-100396 1 3 CcC
ViR13 AGGCTGGGAGTGGGGACGGAAGA 23 101974-101996 2 38 CC
VviR14 TTCCGCCCGCTCTCCCACCGCCTTT 25 102016-102040 1 4 CcC

. Genome Position: start-end.

2, Approaches where viRs were found. CC: Cell Culture (/n vitro infection); IT: Infected Tissue (/n

vivo infection).

Table S2. Primers and viR/miRNA sequences used for the RT-qPCR design.

viR/miRNA Sequence (5'-3') Forward primer (5'-3') Reverse primer (5'-3')

viR02 TCTCACCCCTGGGTCCGTCGC AGTCTCACCCCTGGGTC TCCAGTTTTTTTTITTTTTTTGCGAC
viR04 CCGCCCCCGGGGGGTTGATG CGCCCCCGGGGGGTT AGGTCCAGTTTTTTTTTTTTTTTCATC
ViRO5 GGGATGGGCGCTCGGGGGTGA  AGGGGATGGGCGCTCG TCCAGTTTTTTTTTTTTTTTCACCC
viR06 ACCACCGTCCCCCTGTCCCTCA CACCACCGTCCCCCTG TCCAGTTTTTTTTTTTTTTTGAGGGA
ViR08 TCAAACTTCCTCGTGTCCCC GCAGTCAAACTTCCTCGTG ~ TCCAGTTTTTTTTTTTTTTTGGGGA
ViR09 CGGAACCGGGTGCAGGCG GCAGCGGAACCGGGTG CCAGTTTTTTTTTTTTTTTCGCCTG
ViR11 CAACCCTTCTGGAGCCCTACC GCAGCAACCCTTCTGGAG ~ GTCCAGTTTTTTTTTTTTTTTGGTAG
viR14 TTCCGCCCGCTCTCCCACCGCCTTT CAGTTCCGCCCGCTCTC GGTCCAGTTTTTTTTTTTTTTTAAAGG
miR-25 CATTGCACTTGTCTCGGTCTGA CATTGCACTTGTCTCGGT GGTCCAGTTTTTTTTITTTTTTTCAGA
miR-93 CAAAGTGCTGTTCGTGCAGGTAG GCAAAGTGCTGTTCGTG TCCAGTTTTTTTTTTTTTTTCTACCT
miR-106a AAAAGTGCTTACAGTGCAGGTAGC GAAAAGTGCTTACAGTGCAG TCCAGTTTTTTTTTTTTTTTGCTAC
miR-26a TTCAAGTAATCCAGGATAGGCT GCAGTTCAAGTAATCCAGGA TCCAGTTTTTTITTTTTTTTTAGCCT
miR-17-5p CAAAGTGCTTACAGTGCAGGTAG CAAAGTGCTTACAGTGCAG  GGTCCAGTTTTTTTTTTTTTTTCTAC
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Table S3. Described miRNAs in only one approach: cell culture (CC) or infected tissue (IT).

miRNA Copy number isomiRs  approach
miR-99a-5p 11,178 76 IT
miR-124a-3p 3,810 63 IT
miR-10a-5p 3,570 52 cC
miR-133a 1,990 35 IT
miR-218b 1,887 25 IT
miR-9-3p 1,620 32 IT
miR-129a 1,566 35 IT
miR-150 917 15 IT
miR-451 867 11 IT
miR-145-5p 773 28 IT
miR-874-3p 768 23 IT
miR-486 637 15 IT
miR-3065-3p 633 24 IT
miR-409-3p 629 29 IT
miR-9-5p 548 15 IT
miR-204 534 17 IT
miR-206 512 8 IT
miR-181a-5p 500 12 IT
miR-129b 449 7 IT
let-7c 432 12 IT
miR-rR1-5 415 10 CcC
miR-409-5p 395 8 IT
miR-329 364 11 IT
miR-551b-3p 356 9 IT
miR-187 321 18 IT
miR-181c-5p 318 11 IT
miR-485-5p 261 10 IT
miR-676-3p 234 8 IT
miR-133b 228 10 IT
miR-1224-5p 226 16 IT
miR-193b-3p 198 11 IT
miR-137 189 8 IT
miR-127 154 19 IT
miR-181a-3p 151 4 IT
miR-1247-5p 120 13 IT
miR-20b 120 5 IT
miR-184 109 5 CcC
miR-363 108 7 IT
miR-99a-3p 97 5 IT
miR-299-5p 96 5 IT
miR-154b 91 3 IT
miR-483-3p 89 5 IT
miR-342 84 4 IT
miR-338-3p 82 4 IT
miR-182 81 6 IT
miR-1468 80 3 IT
miR-6240 80 11 CC
miR-15b-3p 79 9 CC
miR-2889 78 9 CC
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miR-495-3p 78 5 IT
miR-214-5p 75 5 IT
miR-181c-3p 73 5 IT
miR-92c 65 7 cC
miR-199a-5p 63 5 IT
miR-199a-3p 62 8 IT
miR-325 62 3 IT
miR-758 60 6 IT
miR-670-5p 58 3 IT
miR-2483 56 5 IT
miR-3065-5p 55 2 IT
miR-377-5p 54 5 IT
miR-199b-3p 51 6 IT
miR-1-3p 49 3 IT
miR-504 48 3 IT
miR-502-3p 42 5 IT
miR-105-5p 41 6 IT
miR-502b 40 2 cC
miR-543 39 5 IT
miR-LLT11a 39 2 cC
miR-155-5p 36 6 cC
miR-219-5p 36 4 IT
miR-329a 34 7 IT
miR-1343 33 4 IT
miR-17-3p 28 3 cC
miR-497 28 4 IT
miR-132-3p 24 3 IT
miR-542-5p 24 3 IT
miR-330-5p 23 2 IT
miR-615 23 2 cC
miR-369-3p 21 1 IT
miR-4324 21 4 IT
miR-LLT6 21 3 cC
miR-135a-5p 20 2 IT
miR-143-3p 20 3 IT
miR-132-5p 19 3 IT
miR-211 19 3 IT
miR-25-5p 19 3 CcC
miR-326 18 1 IT
miR-381 18 3 IT
miR-138-3p 17 2 IT
miR-592 14 1 IT
miR-124a-5p 13 2 IT
miR-1386 13 2 cC
miR-154c 13 3 IT
miR-LLT2 13 2 cC
miR-196b-5p 12 2 cC
miR-19a 12 1 cC
miR-3195 12 3 cC
miR-3956-3p 12 3 IT
miR-141 11 3 IT
miR-382-5p 11 2 IT
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miR-412-3p
miR-5097
miR-5105
miR-376c¢-3p
miR-LLT8
miR-192-3p
miR-210
miR-26a-1-3p
miR-466i-5p
miR-96-5p
miR-1298
miR-215
miR-31-5p
miR-885-5p
miR-122
miR-181d-5p
miR-316-3p
miR-335-5p
miR-346
miR-455-3p
miR-5100
miR-1458
miR-146a-5p
miR-193b-5p
miR-296-5p
miR-3074-5p
miR-33b-3p
miR-345-3p
miR-3576
miR-3957-3p
miR-7-3p
miR-935
miR-101b-5p
miR-146b
miR-2310
miR-26b-3p
miR-30e-3p
miR-375
miR-432-5p
miR-488-3p
miR-107-3p
miR-107-5p
miR-125b-1-3p
miR-148a-3p
miR-219-1-3p
miR-219-3p
miR-23c
miR-301b
miR-3596
miR-450a
miR-489
miR-656

e e
OO R R R
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miR-93-3p 4 1 IT
miR-103a-5p 3 1 cC
miR-10a-3p 3 1 CcC
miR-1246 3 1 cC
miR-1271-5p 3 1 IT
miR-148a-5p 3 1 IT
miR-1-5p 3 1 IT
miR-1912 3 1 IT
miR-194-5p 3 1 cC
miR-222-5p 3 1 cC
miR-22-5p 3 1 cC
miR-2411 3 1 cC
miR-24-5p 3 1 CcC
miR-2478 3 1 cC
miR-26a-2-3p 3 1 CcC
miR-29b-1-5p 3 1 cC
miR-323 3 1 IT
miR-3587 3 1 IT
miR-369-5p 3 1 IT
miR-370 3 1 IT
miR-380 3 1 IT
miR-384 3 1 IT
miR-410 3 1 IT
miR-411-5p 3 1 IT
miR-4485 3 1 cC
miR-454 3 1 cC
miR-485-3p 3 1 IT
miR-487b 3 1 IT
miR-545-5p 3 1 IT
miR-6243 3 1 cC
miR-652-5p 3 1 cC
miR-660-5p 3 1 cC
miR-664-3p 3 1 IT
miR-668-3p 3 1 IT
miR-874-5p 3 1 IT
miR-885-3p 3 1 IT
miR-98 3 1 IT
miR-LLT9 3 1 CcC
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Table S4. Complete in vitro miRNA profile from sequencing and differential expression

analysis through fold change between NIA-3 strain infected group (NIA), Begonia strain
infected group (BEG) and mock-infected group (CC).

Fold Change Fold Change Fold Change

miRNA Copy number IsomiRs BEGvs.CC NIAvs.CC NIAvs. BEG
miR-23a-3p 105,318 245 1.26 1.43 1.14
miR-221-3p 18,709 97 2.04 2.74 1.34
miR-200b-3p 16,910 94 1.68 3.13 1.86
miR-23b-3p 9,797 88 1.74 1.65 -1.05
miR-92a 5,495 49 3.37 -1.54 -5.20
miR-125b-5p 4,896 35 -7.37 -8.36 -1.13
miR-378 4,733 56 -1.16 1.27 1.48
miR-10a-5p 3,570 52 -2.04 -1.38 1.49
miR-LLT1 3,280 30 - - -4.04
miR-183-5p 2,622 40 -1.06 1.46 1.55
miR-99b-5p 2,220 20 -3.48 -6.90 -1.99
miR-365-3p 1,925 27 -1.27 -2.71 -2.13
miR-100 1,891 19 -5.47 -7.90 -1.44
miR-192-5p 1,679 31 -2.08 -1.33 1.57
miR-21-5p 1,664 25 1.53 1.67 1.09
miR-222-3p 1,520 40 -1.11 -1.04 1.07
miR-29a-5p 1,250 12 -2.44 -1.66 1.47
miR-1983 1,247 41 1.85 3.01 1.63
miR-429 1,179 17 1.42 1.67 1.18
miR-30d 970 27 -3.64 -2.93 1.24
miR-25-3p 920 10 -1.47 -1.98 -1.34
miR-10b 918 33 -2.73 -1.21 2.26
miR-139-5p 852 25 -1.63 -1.79 -1.10
miR-193a-5p 777 15 -2.97 -1.78 1.67
miR-200a-3p 755 10 -1.21 1.00 1.22
miR-92b-3p 704 33 2.18 -2.62 -5.70
miR-186 689 16 -2.90 -2.15 1.35
miR-324-3p 663 34 -1.52 -1.46 1.04
miR-2779 512 27 -1.38 -5.41 -3.91
miR-191-5p 502 18 -2.87 -2.68 1.07
miR-2887 479 13 -20.24 -203.79 -10.07
miR-15b-5p 438 9 -2.95 -1.87 1.58
miR-18a-5p 437 15 -1.95 -2.08 -1.07
miR-34a 425 14 1.32 2.17 1.64
miR-rR1-5 415 10 -4.09 -2.74 1.49
miR-2904 408 15 -13.18 -21.41 -1.62
miR-551a 370 11 -3.28 -4.13 -1.26
miR-20a-5p 366 11 -1.24 1.35 1.68
miR-16 365 13 1.07 1.29 1.21
miR-125a-5p 346 15 -8.13 -13.31 -1.64
miR-27a 345 17 -2.04 -1.81 1.13
miR-5109 294 20 -9.38 -18.18 -1.94
let-7a 277 11 -1.80 -2.60 -1.45
miR-374b-5p 261 4 -1.79 1.09 1.95
miR-29b-3p 257 10 -4.11 -4.21 -1.02
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miR-29¢-5p 245 18 -2.35 -2.24 1.05
miR-4286 243 7 -2.60 -16.78 -6.45
miR-30a-5p 226 12 -7.87 -9.07 -1.15
miR-24-3p 221 12 -2.50 -1.68 1.48
let-7b-5p 209 16 -3.64 -5.76 -1.58
miR-574-5p 209 11 -3.09 -2.27 1.36
miR-26a-5p 206 11 -5.33 -3.84 1.39
miR-93-5p 203 6 -3.02 -1.62 1.86
miR-22-3p 202 6 -4.05 -3.92 1.03
miR-130b-3p 182 12 -2.98 -2.17 1.37
miR-505-3p 181 10 -2.00 -2.84 -1.42
miR-500a-5p 178 6 3.84 1.28 -3.01
miR-339-5p 176 9 -4.97 -22.89 -4.60
miR-135b-5p 173 8 -1.23 1.11 1.36
miR-151-3p 172 10 1.24 -1.06 -1.32
let-7d-3p 171 9 -1.36 -8.66 -6.38
miR-320 171 16 -2.40 -2.93 -1.22
miR-30e-5p 164 9 -3.74 -3.40 1.10
miR-532-5p 164 8 1.10 -1.88 -2.06
miR-29a-3p 160 5 -1.36 -1.53 -1.13
miR-374a-5p 155 5 -3.00 -1.38 2.17
miR-18a-3p 147 11 -1.28 -2.00 -1.56
miR-19b 144 4 -6.97 -4.30 1.62
miR-532-3p 144 6 -1.49 -3.13 -2.09
let-7f 134 6 1.33 1.09 -1.21
miR-23a-5p 126 6 -11.83 -27.63 -2.34
let-7i-5p 122 11 -5.40 -6.29 -1.17
miR-652-3p 122 6 1.54 1.42 -1.09
miR-505-5p 117 9 -15.46 -25.93 -1.68
miR-17-5p 110 6 -1.14 -1.05 1.09
miR-184 109 5 -4.25 -1.86 2.28
let-7e 105 6 -1.74 -1.36 1.28
miR-4454 104 11 -3.32 -7.51 -2.26
miR-361-5p 102 9 2.83 3.16 1.12
miR-2898 92 6 -3.32 -18.69 -5.63
miR-193a-3p 89 5 -3.06 -14.68 -4.80
miR-30b-5p 85 3 9.19 4.61 -1.99
miR-4497 82 9 -3.63 -13.83 -3.81
miR-6240 80 11 4.02 -7.90 -31.73
miR-15b-3p 79 9 1.48 241 1.63
miR-2889 78 9 -8.55 -64.68 -7.57
miR-769-5p 71 6 -1.24 1.06 1.31
miR-339-3p 68 6 -3.26 -3.02 1.08
miR-423-3p 68 10 -2.80 -1.87 1.50
miR-423-5p 67 10 -3.49 -7.91 -2.27
miR-6529 66 3 -4.41 -2.34 1.89
miR-92c 65 7 -1.31 -4.37 -3.32
miR-128 62 6 -2.35 -1.59 1.48
miR-324-5p 59 4 -7.55 -6.65 1.14
miR-335-3p 59 6 2.80 2.05 -1.36
miR-500a-3p 59 8 -1.47 1.62 2.38
miR-125a-3p 57 11 -5.74 -5.19 1.10
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miR-99b-3p
miR-185
let-7d-5p
miR-503
miR-345-5p
miR-130b-5p
miR-27b-3p
let-7b-3p
miR-103
miR-664-5p
miR-148b-3p
miR-191-3p
miR-502b
miR-LLT11a
miR-155-5p
miR-301a-3p
miR-484
miR-152
miR-106b-3p
miR-126-5p
miR-200a-5p
miR-362-3p
miR-425-3p
miR-1260
miR-17-3p
miR-30c-5p
miR-716b
miR-140-3p
miR-378a-5p
miR-28-3p
miR-126-3p
miR-362-5p
miR-615
miR-200c-3p
miR-LLT6
miR-1306-5p
miR-25-5p
miR-140-5p
miR-30a-3p
miR-6651-5p
let-7g
miR-340-5p
miR-744
miR-23b-5p
miR-29c¢-3p
miR-106b-5p
miR-130a
miR-421-3p
miR-106a
miR-1386
miR-3184-5p
miR-LLT2

56
54
53
49
48
47
46
45
44
44
41
40
40
39
36
35
35
34
32
30
29
29
29
28
28
28
28
27
27
26
23
23
23
21
21
20
19
17
17
17
16
16
16
15
15
14
14
14
13
13
13
13
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-4.69
-23.46
-2.36
-1.01
-16.10
-1.99
-1.20
-5.54
-8.21
3.06
-14.09
-1.62
-1.38

1.47
-1.70
-40.50
-3.91
-3.80
1.97
-2.90
6.47
-11.31
-31.05
-4.09
-4.58
-8.65
1.40

-7.31

4.96
-1.50
-6.36

-7.01
-15.48
-4.14
1.01
4.18
-5.37
-1.53

-13.73
-4.98
-1.64
-2.29
-2.62
-1.06

-12.60

1.14

1.18
1.07
-1.05
1.17
-9.23
1.53
-1.03
-1.54
-1.76
2.09
1.23
1.15
1.35
1.47
2.38
1.89
-3.92
3.37
-1.13
1.95
-3.34
-1.04
-1.91
-24.97
-1.74
1.24
1.71
-1.18
-4.02
-1.56
1.08
3.93
-1.30
-1.05
1.09
-1.59
2.05
2.70
2.15
7.39
4.10
-1.30
-1.73
-1.22
3.37
2.39
4.34
3.13
-1.41
-1.10
-1.36
-6.75
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miR-1285 12 2 - - -2.78
miR-196b-5p 12 2 -24.73 -6.04 4.10
miR-19a 12 1 -2.93 1.08 3.16
miR-3195 12 3 -40.58 -30.11 1.35
miR-361-3p 12 2 -1.18 1.15 1.36
miR-455-5p 12 2 -2.71 -3.25 -1.20
miR-5097 11 3 1.02 -2.20 -2.25
miR-5105 11 2 -2.95 - -
miR-101 10 2 - -1.32 -
miR-2320-3p 10 2 - - 2.71
miR-LLT8 10 1 - - 3.09
miR-1249 9 2 4.18 -2.68 -11.20
miR-125b-2-3p 9 2 -1.78 -2.62 -1.47
miR-192-3p 9 2 2.02 -2.63 -5.31
miR-210 9 3 -1.42 2.70 3.84
miR-26a-1-3p 9 1 -1.01 2.32 2.35
miR-331-5p 9 1 - - -2.84
miR-466i-5p 9 3 -22.92 -8.54 2.68
miR-1271-3p 8 2 1.70 -2.62 -4.45
miR-151-5p 8 1 -4.25 -5.21 -1.23
miR-183-3p 8 2 -11.14 - -
miR-200b-5p 8 1 -3.53 -1.09 3.25
miR-215 8 1 - - -3.53
miR-26b-5p 8 2 - - 2.04
miR-31-3p 8 1 1.69 1.54 -1.10
miR-31-5p 8 1 -2.05 -7.83 -3.82
miR-328 8 2 1.67 -2.62 -4.37
miR-499-5p 8 1 - - 1.36
miR-316-3p 7 1 - - -3.57
miR-335-5p 7 1 1.27 1.14 -1.11
miR-425-5p 7 2 -2.03 -1.75 1.16
miR-455-3p 7 1 -8.78 -1.32 6.66
miR-1458 6 2 -2.36 -5.18 -2.20
miR-15a 6 1 -1.01 1.14 1.16
miR-181b 6 1 - - 2.02
miR-195 6 1 - - -
miR-296-5p 6 2 -4.27 -3.97 1.07
miR-3074-5p 6 1 - - -2.08
miR-32 6 1 - - 1.17
miR-33b-3p 6 1 -6.16 -4.51 1.37
miR-490 6 1 -3.53 -2.62 1.35
miR-101b-5p 5 1 - -10.35 -
miR-2310 5 1 -6.16 -9.02 -1.47
miR-338-5p 5 1 - - 2.00
miR-3586-3p 5 1 1.13 - -
miR-450b-5p 5 1 - - 1.18
miR-7-5p 5 1 -1.28 - -
miR-760 5 1 - - -1.10
miR-107-3p 4 1 - - -
miR-107-5p 4 1 - - -
miR-219-1-3p 4 1 -3.53 - -
miR-23c 4 1 - - 1.62
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miR-301b
miR-450c-5p
miR-103a-5p
miR-10a-3p
miR-1246
miR-1296-5p
miR-138-5p
miR-149
miR-194-5p
miR-222-5p
miR-22-5p
miR-2411
miR-24-5p
miR-2478
miR-26a-2-3p
miR-29b-1-5p
miR-29b-2-5p
miR-330-3p
miR-3613-3p
miR-4485
miR-454
miR-539-5p
miR-545-3p
miR-574-3p
miR-6243
miR-652-5p
miR-660-5p
miR-LLT9
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Table S5. Complete in vivo miRNA profile from sequencing data and differential expression
analysis through fold change between NIA-3 strain infected group (NIA), Begonia strain
infected group (BEG) and mock-infected group (CC).

Copy Fold Change Fold Change Fold Change
miRNA number IsomiRs BEG vs. CC NIA vs. CC NIA vs. BEG
miR-125b-5p 57,400 171 1.13 -1.43 -1.62
miR-23b-3p 21,832 114 -1.35 -1.38 -1.02
miR-200b-3p 17,544 92 -1.48 2.51 3.71
miR-99a-5p 11,178 76 -1.05 -1.45 -1.38
miR-23a-3p 10,690 74 -1.06 1.23 1.30
miR-92a 6,689 62 1.98 4.00 2.02
miR-125a-5p 5,560 84 -1.19 -3.05 -2.57
miR-100 5,044 34 1.37 1.06 -1.30
miR-338-5p 4,766 28 1.45 1.91 1.32
miR-183-5p 4,598 44 -1.41 -1.67 -1.18
miR-200c-3p 4,354 32 -1.38 2.25 3.11
miR-126-5p 3,945 26 1.35 2.75 2.03
miR-124a-3p 3,810 63 -2.83 -1.39 2.03
miR-126-3p 3,251 37 2.09 1.68 -1.25
miR-138-5p 3,017 44 2.51 -1.46 -3.66
miR-139-5p 3,002 27 3.51 2.12 -1.66
miR-539-5p 2,991 34 2.48 -1.56 -3.87
miR-99b-5p 2,900 30 1.77 141 -1.25
miR-30d 2,324 40 2.27 2.83 1.25
miR-133a 1,990 35 -18.70 5.76 107.79
miR-218b 1,887 25 3.78 1.49 -2.54
miR-9-3p 1,620 32 1.34 -1.20 -1.61
miR-129a 1,566 35 -3.89 -4.85 -1.25
miR-429 1,475 25 -2.04 2.28 4.64
miR-128 1,432 45 -1.49 -2.83 -1.90
miR-26a-5p 1,374 21 -1.02 2.74 2.79
let-7b-5p 1,271 26 1.66 3.03 1.82
miR-200a-3p 1,182 23 -3.44 -1.60 2.15
miR-92b-3p 1,173 24 1.34 -1.20 -1.60
miR-29¢-5p 1,007 23 1.55 1.37 -1.13
miR-25-3p 987 13 1.40 2.46 1.76
let-7a 953 15 2.07 9.57 4.62
miR-324-3p 947 39 1.69 1.36 -1.24
miR-378 923 25 1.02 5.18 5.07
miR-150 917 15 2.39 2.80 1.17
miR-451 867 11 -4.36 -5.38 -1.23
miR-191-5p 795 15 1.63 -1.45 -2.37
miR-145-5p 773 28 -2.70 -2.29 1.18
miR-324-5p 772 9 1.31 -2.56 -3.35
miR-874-3p 768 23 1.60 1.10 -1.46
let-7d-3p 668 17 -1.16 -1.84 -1.59
miR-486 637 15 1.23 1.09 -1.13
miR-3065-3p 633 24 -1.87 -2.15 -1.15
miR-409-3p 629 29 2.42 1.64 -1.47
miR-500a-5p 578 15 2.07 1.17 -1.76
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miR-30e-5p
miR-9-5p
miR-365-3p
miR-204
miR-206
miR-181a-5p
miR-129b
let-7c
miR-29a-5p
miR-221-3p
miR-532-3p
miR-409-5p
miR-329
miR-551b-3p
miR-187
miR-181c-5p
miR-149
miR-27b-3p
miR-186
let-7d-5p
miR-320
miR-485-5p
miR-21-5p
miR-1249
miR-374a-5p
miR-676-3p
miR-133b
miR-1224-5p
miR-328
let-7i-5p
miR-193b-3p
miR-532-5p
miR-137
miR-15b-5p
miR-151-3p
miR-29b-3p
miR-16
miR-664-5p
miR-193a-5p
miR-1983
miR-10b
miR-127
let-7b-3p
miR-181a-3p
miR-24-3p
miR-423-5p
miR-551a
miR-181b
miR-30a-5p
miR-1247-5p
miR-20b
miR-345-5p

564
548
541
534
512
500
449
432
419
417
412
395
364
356
321
318
314
286
280
278
261
261
252
247
238
234
228
226
219
218
198
198
189
189
185
183
182
181
179
177
170
154
151
151
145
144
136
132
130
120
120
119

18
15
14
17
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12
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10
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13

(Yo}

18
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10
16
11
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13
12
19
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2.03
1.59
-4.84
-1.19

1.38
9.65
7.78
-1.50
1.33
-1.23
1.29
-1.71
-1.97
3.11
-1.46
-1.71
1.07
-1.01
1.41
1.53
2.62
12.33
-4.36
1.20
1.54
-60.94
1.93
-1.33
3.66
-3.27
4.33
3.25
-1.03
2.03
1.34
1.64
3.38
6.56
1.27
5.11
-1.05
-2.09
1.92
5.10
4.17
1.07
1.40
4.27
4.51
1.18
-4.83

2.62
3.03
-2.69
-1.40

1.10
5.31
8.16
-2.80
-2.32
-2.84
1.33
-1.50
-2.22
2.58
-1.93
-1.96
-1.13
-1.06
2.08
-2.14
1.50
14.07
-22.82
1.33
2.25
1.44
-1.24
-2.35
8.28
-4.38
2.37
-1.96
2.00
291
1.64
1.09
1.19
12.13
1.06
4.33
1.61
-7.36
3.53
2.85
3.36
-2.46
-1.47
6.38
-1.00
-2.29
-5.21

1.29
1.91
1.80
-1.18
648.10
-1.26
-1.82
1.05
-1.86
-3.09
-2.30
1.03
1.14
-1.13
-1.21
-1.32
-1.15
-1.21
-1.05
1.48
-3.26
-1.75
1.14
-5.23
1.11
1.46
87.89
-2.40
-1.76
2.26
-1.34
-1.83
-6.39
2.05
1.43
1.22
-1.50
-2.84
1.85
-1.20
-1.18
1.69
-3.53
1.84
-1.79
-1.24
-2.64
-2.07
1.49
-4.52
-2.69
-1.08
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miR-652-3p 111 4 2.53 3.07 1.21
miR-361-5p 109 7 -2.12 2.03 4.29
miR-363 108 7 -1.08 -2.34 -2.17
let-7f 106 5 5.12 21.29 4.16
miR-34a 97 6 -2.34 -6.56 -2.80
miR-99a-3p 97 5 -5.39 -24.53 -4.55
miR-299-5p 96 5 -4.27 -1.56 2.73
miR-93-5p 92 7 1.46 -2.27 -3.31
miR-154b 91 3 4.86 1.62 -3.01
miR-125b-2-3p 90 13 -2.36 -3.44 -1.45
miR-483-3p 89 5 1.13 -5.00 -5.64
miR-152 84 6 -1.99 1.00 2.00
miR-342 84 4 1.63 3.83 2.35
let-7e 83 5 5.04 13.42 2.66
miR-338-3p 82 4 -1.24 -6.24 -5.04
miR-182 81 6 - - 3.61
miR-1468 80 3 -1.10 1.20 1.32
miR-22-3p 80 6 -1.02 1.60 1.64
miR-29a-3p 79 4 1.17 1.29 1.10
miR-339-5p 79 7 -3.59 1.23 4.40
miR-769-5p 79 6 1.26 -1.23 -1.54
miR-495-3p 78 5 4.49 4.62 1.03
miR-214-5p 75 5 1.96 -1.15 -2.25
miR-200a-5p 73 5 -4.37 2.15 9.38
miR-181c-3p 73 5 -1.25 1.07 1.33
miR-20a-5p 72 5 1.72 1.49 -1.16
miR-374b-5p 72 4 1.04 -1.19 -1.23
miR-484 68 7 -3.59 -3.48 1.03
miR-4454 67 5 -3.76 -3.85 -1.03
miR-362-5p 64 5 2.48 4.21 1.70
miR-19b 64 6 - - 1.52
miR-140-5p 63 7 5.15 1.71 -3.01
miR-199a-5p 63 5 -1.25 -2.56 -2.05
miR-199a-3p 62 8 -2.04 -2.53 -1.24
miR-325 62 3 4.18 3.18 -1.31
miR-183-3p 60 8 -1.07 1.15 1.23
miR-758 60 6 2.21 -1.03 -2.28
miR-670-5p 58 3 1.20 1.88 1.56
miR-29¢c-3p 57 3 -1.09 1.16 1.26
miR-2483 56 5 -1.02 -1.09 -1.07
miR-28-3p 56 6 1.61 1.20 -1.34
miR-3065-5p 55 2 -2.06 -13.24 -6.42
miR-6529 55 3 -1.13 -1.94 -1.71
miR-377-5p 54 5 2.06 2.11 1.02
miR-505-5p 53 3 - - -1.71
miR-199b-3p 51 6 6.90 6.55 -1.05
miR-574-3p 51 2 -3.16 -19.75 -6.25
miR-99b-3p 50 5 1.34 -2.70 -3.63
miR-1-3p 49 3 - - 57.10
miR-4286 49 8 -3.35 -9.19 -2.74
miR-504 48 3 -3.90 -3.97 -1.02
miR-505-3p 47 7 1.10 3.62 3.29
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miR-425-3p
miR-30c-5p
miR-502-3p
miR-195
miR-2898
miR-105-5p
miR-574-5p
miR-543
miR-1306-5p
miR-15a
miR-219-5p
miR-106b-3p
miR-130a
miR-18a-5p
miR-331-5p
miR-30b-5p
miR-130b-3p
miR-140-3p
miR-329a
miR-455-5p
miR-1343
miR-135b-5p
miR-125a-3p
miR-101
miR-27a
miR-222-3p
miR-3613-3p
miR-497
miR-500a-3p
miR-503
miR-499-5p
miR-193a-3p
miR-5109
miR-151-5p
miR-378a-5p
miR-542-5p
miR-132-3p
miR-2779
miR-330-5p
miR-103
let-7g
miR-18a-3p
miR-4324
miR-330-3p
miR-490
miR-760
miR-26b-5p
miR-369-3p
miR-361-3p
miR-135a-5p
miR-545-3p
miR-143-3p

46
43
42
42
42
41
41
39
37
36
36
35
35
35
35
34
34
34
34
34
33
32
31
30
30
28
28
28
27
27
26
25
25
24
24
24
24
23
23
22
22
21
21
21
21
21
21
21
20
20
20
20
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-1.28
-1.40
6.33
-1.15
-5.03
1.09

1.08
-4.76
3.00
-1.55
-1.65
-2.88
-1.26
1.29
2.37
3.91
-2.25
-4.70
-1.60
-1.19
2.43
3.97
2.38
-1.14
1.26
-4.72
-7.02
4.48
-1.19

-15.15
-1.44
1.80
-4.72
-3.88

-12.76
2.03
1.62

2.29

-1.10
-2.40
-1.07

2.03
1.09
-8.55

-1.81
1.45
3.38
2.76

-31.66

-1.70

-1.66
-6.20
4.80
-15.43
-7.36
-1.25
-1.05
1.53
7.07
4.69
-2.17
-2.86
-7.20
-5.03
4.47
3.04
3.48
1.12
-1.64
-10.51
-17.94
3.05
-2.54

-26.45
-3.50
3.23
-2.19
-15.19

-87.64
3.43
1.22

-2.19

3.90
-3.21
-1.92

-6.46
-1.06
-4.41

-1.41
2.03
-1.87
3.16
-6.29
-1.85
-4.13
-1.79
-1.30
1.60
-9.98
-4.45
2.30
1.20
1.19
2.98
1.20
1.04
1.64
-4.50
-4.23
1.84
-1.31
1.47
1.28
-2.07
-2.23
-2.56
-1.47
-2.13

-1.75
-2.42
1.80
2.16
-3.92
-1.04
-6.87
1.69
-1.32
2.25
-5.02
-7.81
4.31
-1.33
-1.79
1.24
4.52
-13.12
-1.15
1.94
3.33
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miR-132-5p 19 3 -6.11 1.03 6.29
miR-211 19 3 3.38 1.49 -2.27
miR-421-3p 19 2 2.06 1.85 -1.11
miR-326 18 1 -4.26 -14.96 -3.51
miR-381 18 3 1.98 1.58 -1.26
miR-138-3p 17 2 -2.43 1.32 3.22
miR-23b-5p 17 4 2.47 1.49 -1.66
miR-106b-5p 17 2 - - 2.42
miR-185 16 1 - - 1.30
miR-423-3p 16 3 - - 1.58
miR-148b-3p 15 2 -1.57 1.77 2.79
miR-4497 15 1 2.19 1.50 -1.46
miR-29b-2-5p 14 3 - - -1.09
miR-32 14 1 - - -1.00
miR-335-3p 14 3 - - 3.66
miR-592 14 1 - - 3.92
miR-124a-5p 13 2 1.29 1.65 1.27
miR-154c 13 3 -1.12 -1.80 -1.61
miR-3956-3p 12 3 -3.46 -1.45 2.39
miR-716b 11 3 - - 7.38
miR-130b-5p 11 2 -6.44 -2.36 2.73
miR-141 11 3 - - 2.71
miR-382-5p 11 2 - - 291
miR-412-3p 11 3 - - -1.83
miR-376c¢-3p 10 1 -3.87 -3.49 1.11
miR-425-5p 10 2 - 1.88 -
miR-192-5p 9 2 - - 1.30
miR-96-5p 9 2 - - 1.39
miR-LLT1 9 1 - - -
miR-1298 8 2 -2.70 -2.54 1.06
miR-301a-3p 8 2 -1.90 -3.13 -1.64
miR-17-5p 8 2 - - 2.48
miR-3586-3p 8 1 - - 4.69
miR-744 8 2 -1.47 -13.46 -9.16
miR-885-5p 8 1 -4.20 -1.04 4.04
miR-450b-5p 8 1 - - 1.07
miR-122 7 1 - - 1.91
miR-2904 7 2 -1.08 -1.11 -1.03
miR-181d-5p 7 2 - - -1.05
miR-5100 7 2 -5.00 -6.31 -1.26
miR-346 7 1 - - -3.25
miR-339-3p 6 2 - - 10.17
miR-3576 6 1 - - 5.03
miR-7-5p 6 1 - - -7.75
miR-146a-5p 6 1 - - -2.21
miR-191-3p 6 2 -2.74 -3.13 -1.14
miR-193b-5p 6 1 1.02 -1.13 -1.15
miR-200b-5p 6 2 - -32.54 -
miR-3184-5p 6 2 -1.42 - -
miR-345-3p 6 1 - - -1.42
miR-935 6 1 - - -2.13
miR-3957-3p 6 2 -11.88 -20.42 -1.72
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miR-1296-5p
miR-7-3p
miR-1271-3p
miR-30e-3p
miR-432-5p
miR-450c-5p
miR-488-3p
miR-26b-3p
miR-146b
miR-375
miR-3596
miR-450a
miR-489
miR-656
miR-1260
miR-148a-3p
miR-219-3p
miR-30a-3p
miR-362-3p
miR-93-3p

miR-125b-1-3p

miR-106a
miR-148a-5p
miR-2887
miR-340-5p
miR-545-5p
miR-6651-5p
miR-874-5p
miR-1-5p
miR-1912
miR-1271-5p
miR-1285
miR-2320-3p
miR-23a-5p
miR-31-3p
miR-370
miR-323
miR-384
miR-3587
miR-369-5p
miR-485-3p
miR-380
miR-410
miR-411-5p
miR-487b
miR-668-3p
miR-664-3p
miR-885-3p
miR-98
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Caracteritzacio de microRNAs d’interés en I'espécie porcina

Table S6. In silico target genes predicted for the most abundant DE porcine miRNAs in

infected groups.

miRNA

Predicted target genes

miR-92a

ABHD13, ACOX1, ACTC1, ADAM10, ADAM19, ADAM23, ADAMTS3, ADAMTSL1, ADAMTSL3, ADCY3, ADM, ADRB1,
AFF1, AFF3, AFF4, AHCYL1, AKAP2, ALPK3, ALS2CR13, ALX4, ANGPTL2, ANKRD13C, ANKRD28, ANP32E, APOBEC3F,
APOBEC3G, APOL6, APPL1, ARF1, ARFGEF1, ARHGEF10, ARHGEF17, ARID1B, ARID5B, ARMC1, ARPC2, ARRDC3,
ARRDC4, ASB5, ASB7, ASPH, ASPN, ASXL2, ATP6V1B2, ATP8B1, ATRX, ATXN1, ATXN3, AURKA, AXL, AZIN1, B3GALT2,
BAI3, BAZ2A, BAZ2B, BCAT2, BCL11A, BCL11B, BCL2L11, BCL9, BMPR2, BSDC1, BSN, BTBD12, BTBD14A, BTG2,
C100rf118, C100rf22, C11orf56, C120rf5, C170rf39, C18orfl, Clorf21, C200rf111, C200rf39, C21orf66, C210rf91,
C4orfl6, C4orf40, C50rf24, C50rf28, C50rf30, C60rf103, C6orf62, C60rf98, CACNALC, CACNA1I, CADM1, CALN1,
CAMK2A, CAND1, CASD1, CASK, CASKIN1, CBFA2T3, CBLN4, CCDC113, CCDC131, CCNE2, CCNJ, CCNJL, CCT6A, CD2AP,
CD69, CDC27, CDC42, CDC42BPA, CDCA7L, CDK5R1, CDK6, CDKN1C, CEP350, CFL2, CHD9, CHKA, CHMP7, CHRM2,
CHRMS, CHST1, CHST7, CIC, CLCN5, CLDN11, CLGN, CLIP4, CLK3, CLTA, CNIH, CNNM4, CNOT2, CNTN4, COL12A1,
COL19A1, COL1A2, COL27A1, COL5A1, COPS2, CPEB1, CPEB2, CPEB3, CPEB4, CPLX2, CPNE8, CPSF6, CRB1, CREB1,
CREB3L2, CREM, CSMD3, CTNNBIP1, CTTNBP2, CUL3, CXADR, CXCL5, CXXC4, CXXC5, DAAM1, DAB2IP, DACT1, DAG1,
DBT, DCLK2, DCP2, DCX, DDIT4, DDX3X, DDX3Y, DENND4B, DIAPH2, DIRAS1, DISC1, DKK3, DLGAP2, DMXL1, DNAJB12,
DNAJB9, DOCKS5, DOCK9, DPP10, DRGX, DSC2, DSCAML1, DST, DTX2, DUS2L, DUSP10, DUSP5, DUSP5P, DUSPS6,
DYNLT3, DYRK2, E2F3, EBAGY, EDEM1, EDEM3, EDG1, EDNRB, EGR2, EIF1, EIF2C4, EIFAG2, EIF5A2, ELOVL4, ELOVLS,
EN2, EOMES, EPC2, EPHAS, EPS8, ERBB2IP, ERC2, ERGIC2, ESCO1, ESRRG, EVI5, EXOC5, EXOSC6, EZH2, FAM1108B,
FAM120A, FAM126B, FAM135A, FAM70A, FAM76B, FAM91A1, FARP1, FASLG, FBN1, FBN2, FBXL11, FBXO28, FBX033,
FBXW?7, FCHO2, FHL2, FIGN, FKBP1C, FLI1, FMN2, FMR1, FNBP4, FNDC3B, FNIP1, FOXG1, FOXN2, FOXN3, FOXP2,
FREM1, FRS2, FRY, FRYL, FRZB, FSTL1, FUNDC1, FXR1, FZD10, FZD6, G3BP2, GAN, GAP43, GATA2, GATA6, GATAD2B,
GCLM, GDF11, GFPT2, GIT2, GLCE, GNPDA2, GNS, GOLGA1, GOLGA3, GOLGA4, GOLGA7, GOLGA8A, GOLGASB,
GOLGAS8E, GOLGA8F, GOLGA8G, GPATCHS8, GPBP1L1, GPM6A, GPR124, GPR137C, GPR158, GPR162, GPR180, GPRS5,
GRAMD3, GRHL1, GRIA1, GRIA4, GRID2, GRIP2, GRK5, GRM7, HAND1, HAND2, HAS3, HCN2, HDAC9, HECTD2, HECW1,
HERC2, HERC3, HERC4, HERPUD2, HIPK1, HIPK3, HIVEP1, HMBOX1, HNF1B, HNRNPAO, HNRNPU, HNRPH1, HOXA9,
HOXC8, HOXD10, IDH1, IKZF2, IKZF4, IL6ST, ING2, INSIG1, IQGAP2, IQWD1, IRS2, ITGAS, ITGA6, ITGAV, ITM2B, ITPR1,
JARID2, JOSD1, KBTBD8, KCNA1, KCNC4, KCND2, KCNJ3, KCNK10, KIAA0240, KIAA0329, KIAA0831, KIAA1109,
KIAA1128, KIAA1279, KIAA1370, KIAA1409, KIAA1432, KIAA1600, KIAA1632, KIAA1712, KIF3B, KIF5B, KLF12, KLF2,
KLF4, KLF5, KLHL14, KLHL29, KLHL3, LATS2, LBX1, LCOR, LEPREL2, LHFPL2, LIMCH1, LIN28, LIN28B, LIN54, LMBR1L,
LRP1B, LRRC1, LRRC4, LRRC8B, LUZP1, LYST, MACF1, MACROD2, MAN2A1, MAP2K4, MAP4KS5, MAPKS, MARCH4,
MARK1, MBOAT2, MCOLN2, MDN1, ME1, MEF2D, MEGF10, MFHAS1, MIA3, MIER3, MITF, MKL2, MLLS5, MLLT10,
MLSTD2, MMD, MMP16, MOAP1, MOBKL2A, MORC3, MPP1, MRPS25, MRS2L, MSRB3, MTDH, MTF1, MTHFD2,
MTMR9, MTPN, MYCBP2, MYH9, MYLIP, MYLK, MYO18A, MYO1B, MYO5A, MYT1L, NARG1, NAT12, NAV3, NCOA1,
NCOA3, NCOA6, NECAP1, NEDDAL, NEFH, NEFL, NEFM, NEGR1, NELF, NEUROD1, NF2, NFATS, NFIA, NFIB, NFIX, NFYB,
NFYC, NHLH2, NHSL1, NICN1, NIPBL, NKX2-4, NLK, NOL7, NOTCH1, NOV, NOVA1, NOX4, NPAL1, NPAS3, NPC1, NPTN,
NR4A3, NRF1, NRK, NSF, NTRK2, NUP43, NUPL1, OAZ3, ODZ1, OTUD3, OTUD4, OXSR1, PAFAH1B1, PAIP1, PALLD,
PALM2, PAPD5, PAPOLA, PAX3, PAX9, PCAF, PCDH10, PCDH11X, PCDH11Y, PCDH20, PCDH9, PCGF3, PCMTD1,
PCOLCE2, PCTK1, PDE10A, PDE4D, PDS5A, PDS5B, PDSS2, PDXDC1, PDZD2, PER2, PFN2, PHF15, PHF17, PHF3, PHLPPL,
PHTF2, PIAS4, PIK3AP1, PIK3R1, PIK3R3, PIP5K1C, PIP5K3, PITPNA, PITPNC1, PITPNM2, PLCB4, PLEKHA1, PLEKHAG®,
PLEKHB2, PLEKHG3, POLK, POLS, PPCS, PPP1R12A, PPP1R12C, PPP1R9A, PRDM13, PRDM16, PRKAB2, PRKAR2B,
PRKCE, PROX1, PTAR1, PTEN, PTENP1, PTF1A, PTGER4, PTGFR, PTPRD, PTPRK, PTPRO, PVRL1, QKI, QSER1, RAB14,
RAB23, RAB8B, RAD21, RAG1, RANBPY, RAP1A, RAP1B, RAP2C, RAPGEF6, RASAL2, RASSF2, RBJ, RBL2, RBM24,
RBM35A, RBM9, RBPJ, REV3L, REXO1, RFX1, RFXDC2, RGS17, RGS3, RHPN2, RIMBP2, RIPKS5, RIT1, RNF11, RNF141,
RNF38, RNF4, RNF44, ROBO1, ROBO2, RPL15, RPS6KA4, RPS6KB1, RRBP1, RREB1, RSBN1, RUNDC2B, RYR3, SAR1B,
SATB1, SATB2, SCN3A, SCUBE3, SDC2, SEC24A, SEC24C, SERTAD2, SERTAD3, SESN3, SETD5, SETD7, SFMBT2, SFRS2IP,
SGK, SGK3, SGPP1, SH3PXD2A, SHOX, SIM1, SIM2, SLC12A2, SLC12A5, SLC17A6, SLC1A2, SLC24A3, SLC25A32,
SLC2A14, SLC2A3, SLC38A2, SLC44A1, SLC4A7, SLC5A7, SLC6A1, SLC7A11, SLC9A1, SLC9A2, SMAD6, SMAD7, SMURF1,
SNAP91, SNAPC1, SNF1LK, SNN, SOBP, SOCS5, SOCS6, SORCS3, SORL1, SOX11, SOX4, SP4, SPHK2, SPN, SPOCK?2,
SPRYD4, SRPK2, SRPR, SSBP3, SSFA2, STAG2, STAT2, STEAP2, STK39, STRN, STRN3, STYX, SUDS3, SUPV3L1, SUV420H1,
SYNE1, SYNJ1, SYT1, TACC2, TAGAP, TBC1D12, TBX3, TCFL5, TEAD1, TEF, TEX2, TFAP2A, TGIF1, TMCC1, TMCC3,
TMEM119, TMEM16C, TMEM16H, TMEM184B, TMEMS87A, TMEPAI, TMF1, TNPO1, TNRC6B, TOB2, TOP1, TP63,
TPCN1, TRAF3, TRAK2, TRAM2, TRIM33, TRIM34, TRIM36, TRIM6, TRIO, TSC1, TSGA14, TTC28, TTC9, TULP4, TWF1,
TWIST1, UBE2G1, UBE2W, UBE2Z, UBR1, UGP2, UNC84A, UPF2, USF2, USP28, USP44, VASH2, VAX1, VEZF1, VPS13B,
VPS54, WASL, WDFY3, WDR32, WDR42A, WDR81, WNT5A, WWC1, WWP2, XRN1, XYLT2, YIPF4, YTHDF3, YWHAZ,
ZBTB34, ZBTB40, ZBTB8, ZCCHC2, ZDHHC21, ZDHHC3, ZDHHC5, ZEB2, ZFHX3, ZFPM2, ZNF238, ZNF287, ZNF295,
ZNF512B, ZNF521, ZNF532, ZNF533, ZNF626, ZNF654, ZNF659, ZNF711, ZNF804A.

miR-92b-3p

ABCF2, ABHD13, ABI3BP, ACOX1, ACTC1, ADAM10, ADAM19, ADAM23, ADAMTS3, ADAMTS9, ADAMTSLL,
ADAMTSL3, ADCY3, ADM, ADRB1, AFF1, AFF3, AFF4, AGGF1, AHCYL1, AKAP2, ALPK3, ALS2CR13, ALX4, ANGPTL2,
ANKRD13C, ANKRD28, ANP32E, APOBEC3F, APOBEC3G, APOL6, APPL1, ARF1, ARFGEF1, ARHGEF10, ARHGEF17,
ARID1B, ARID5B, ARMC1, ARPC2, ARRDC3, ARRDC4, ASB5, ASB7, ASPH, ASPN, ASXL2, ATP6V1B2, ATP8B1, ATRX,
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ATXN1, ATXN3, ATXN3L, AURKA, AXL, AZIN1, B3GALT2, BACH1, BAI3, BAZ2A, BAZ2B, BCAT2, BCL11A, BCL11B,
BCL2L11, BCL9, BICC1, BMPR2, BRMS1L, BSDC1, BSN, BTBD12, BTBD14A, BTG2, C100rf118, C100rf22, C11orf24,
Cl1orf56, C120rf5, Cl4orf28, C170rf39, C180rf1, C180rf25, Clorf21, Clorf80, C200rf111, C200rf39, C210rf66,
C210rf91, C4orfl6, C4orf40, C50rf24, C50rf28, C50rf30, C50rf5, C6orf103, C6orf107, C6orf62, C6orf98, CACNAILC,
CACNA1H, CACNA1l, CADM1, CALM1, CALM2, CALM3, CALN1, CAMK2A, CAMTA1, CAND1, CASD1, CASK, CASKIN1,
CBFA2T3, CBLN4, CCDC113, CCDC131, CCNE2, CCNJ, CCNJL, CCT6A, CD2AP, CD69, CDC27, CDC42, CDCA42BPA,
CDCA7L, CDH10, CDK5R1, CDK6, CDKN1C, CEP350, CFL2, CHD9, CHGA, CHKA, CHMP7, CHRM2, CHRMS5, CHST1,
CHST7, CIC, CLCN5, CLDN11, CLEC16A, CLGN, CLIP4, CLK3, CLTA, CNIH, CNNM4, CNOT2, CNR1, CNTN4, COL11A1,
COL12A1, COL19A1, COL1A2, COL27A1, COL5A1, COPS2, CPEB1, CPEB2, CPEB3, CPEB4, CPLX2, CPNES, CPSF6, CRB1,
CREB1, CREB3L2, CREM, CSMD3, CTNNBIP1, CTTNBP2, CUL3, CXADR, CXCL5, CXXC4, CXXC5, DAAM1, DAB2IP, DACT1,
DAG1, DBT, DCLK2, DCP2, DCX, DDIT4, DDX3X, DDX3Y, DENND4B, DIAPH2, DIRAS1, DISC1, DKK3, DLGAP2, DMXL1,
DNAJB12, DNAJB9, DNMT3A, DOCK5, DOCK9, DPP10, DRGX, DSC2, DSCAML1, DST, DTX2, DUS2L, DUSP1, DUSP10,
DUSP5, DUSP5P, DUSP6, DYNLT3, DYRK2, E2F3, EBAGY, EDEM1, EDEM3, EDG1, EDNRB, EGR2, EIF1, EIF2C4, EIF4G2,
ELOVL4, ELOVL6, EN2, EOMES, EPC2, EPHAS, EPS8, ERBB2IP, ERC2, ERGIC2, ESCO1, ESRRG, EVI5, EXOC5, EXOSC6,
EZH2, FAM110B, FAM120A, FAM126B, FAM135A, FAM46A, FAM70A, FAM76B, FAM91A1, FARP1, FASLG, FBN1,
FBN2, FBXL11, FBX028, FBX0O33, FBXW7, FCHO2, FHL2, FHL3, FIGN, FKBP1C, FLI1, FMN2, FMR1, FNBP4, FNDC3B,
FNIP1, FOXG1, FOXN2, FOXN3, FOXP2, FREM1, FRS2, FRY, FRYL, FRZB, FSTL1, FUNDC1, FXR1, FZD10, FZD6, G3BP2,
GAN, GAP43, GATA2, GATA6, GATAD2B, GCLM, GDF11, GFPT2, GIT2, GLCE, GNPDA2, GNS, GOLGA1, GOLGAS3,
GOLGA4, GOLGA7, GOLGA8A, GOLGA8B, GOLGAS8E, GOLGA8F, GOLGA8G, GPATCHS, GPBP1L1, GPM6A, GPR124,
GPR137C, GPR158, GPR162, GPR180, GPR85, GRAMD3, GRHL1, GRIA1, GRIA4, GRID2, GRIP2, GRK5, GRM7, HAND1,
HAND2, HAS3, HCN2, HDAC9, HECTD2, HECW1, HERC2, HERC3, HERC4, HERPUD2, HHIP, HIPK1, HIPK3, HIVEP1,
HMBOX1, HNF1B, HNRNPAO, HNRNPA1, HNRNPU, HNRPH1, HOXA9, HOXB8, HOXC8, HOXD10, ICK, IDH1, IKZF2,
IKZF4, IL6ST, ING2, INSIG1, INSL5, IQGAP2, IQWD1, IRS2, ITGAS, ITGA6, ITGAV, ITM2B, ITPR1, JAKMIP1, JARID2, JAZF1,
JOSD1, JUN, KBTBD8, KCNA1, KCNC4, KCND2, KCNJ3, KCNK10, KIAA0240, KIAA0329, KIAA0831, KIAA1109, KIAA1128,
KIAA1279, KIAA1370, KIAA1409, KIAA1432, KIAA1600, KIAA1632, KIAA1712, KIF1B, KIF3B, KIF5B, KLF12, KLF2, KLF4,
KLF5, KLHL14, KLHL29, KLHL3, KPNAS5, KRT1, LATS2, LBX1, LCOR, LEPREL2, LHFPL2, LIN28, LIN28B, LIN54, LMBR1L,
LMO2, LRP1B, LRRC1, LRRC20, LRRC4, LRRC8B, LUZP1, LYST, MACF1, MACROD2, MAN2A1, MAP2K4, MAP4KS5,
MAPKS, MARCH4, MARK1, MBOAT2, MCOLN2, MDN1, ME1, MEF2D, MEGF10, MFHAS1, MIA3, MIER3, MITF, MKL2,
MLL5, MLLT10, MLSTD2, MMD, MMP16, MOBKL2A, MORC3, MPP1, MRPS25, MRS2L, MSRB3, MTDH, MTF1,
MTHFD2, MTMR10, MTMRY, MTPN, MYCBP2, MYH3, MYH9, MYLIP, MYLK, MYO18A, MYO1B, MYO5A, MYT1L,
NARG1, NAT12, NAT13, NAV3, NCK2, NCOA1, NCOA3, NCOA6, NECAP1, NEDDAL, NEFH, NEFL, NEFM, NEGR1, NELF,
NEUROD1, NF2, NFAT5, NFIA, NFIB, NFIX, NFYB, NFYC, NHLH2, NHSL1, NICN1, NIPBL, NKX2-4, NLK, NOL7, NOTCH1,
NOV, NOVA1, NOX4, NPAL1, NPAS3, NPC1, NPNT, NPTN, NR4A3, NRF1, NRIP1, NRK, NSF, NSMAF, NTRK2, NUP43,
NUPL1, NUTF2, OAZ3, ODZ1, OTUD3, OTUD4, OXSR1, PAFAH1B1, PAIP1, PALLD, PALM2, PANK3, PAPD5, PAPOLA,
PAX3, PAX9, PCAF, PCDH10, PCDH11X, PCDH11Y, PCDH20, PCDH9, PCGF3, PCMTD1, PCOLCE2, PCTK1, PDCD6IP,
PDE10A, PDE4D, PDE8A, PDS5A, PDS5B, PDSS2, PDXDC1, PDZD2, PER2, PFN2, PHF15, PHF17, PHF3, PHLPPL, PHTF2,
PIAS4, PIK3AP1, PIK3R1, PIK3R3, PIP4K2C, PIP5K1C, PIP5K3, PITPNA, PITPNC1, PITPNM2, PLCB4, PLEKHA1, PLEKHA®G,
PLEKHB2, PLEKHG3, PLEKHM1, POLK, POLS, PPCS, PPP1R12A, PPP1R12C, PPP1R9A, PRDM13, PRDM16, PRKAB2,
PRKAR2B, PRKCE, PROX1, PSMD14, PTAR1, PTEN, PTENP1, PTF1A, PTGER4, PTGFR, PTPRD, PTPRK, PTPRO, PVRL1, QKI,
QSER1, RAB14, RAB23, RAB7A, RAB8B, RAD21, RAG1, RANBP9, RAP1A, RAP1B, RAP2C, RAPGEF6, RASAL2, RASSF2,
RBJ, RBL2, RBM24, RBM35A, RBM9, RBPJ, RECK, REV3L, REXO1, RFX1, REXDC2, RGL1, RGS17, RGS3, RHPN2, RIMBP2,
RIPKS5, RIT1, RNF11, RNF141, RNF38, RNF4, RNF44, ROBO1, ROBO2, RPL15, RPS6KA4, RPS6KB1, RRBP1, RREB1,
RSBN1, RUNDC2B, RYR3, SAR1B, SATB1, SATB2, SCN3A, SCUBE3, SDC2, SEC24A, SEC24C, SEMA3A, SERTAD2,
SERTAD3, SESN3, SETD5, SETD7, SETDB1, SFMBT2, SFRS2IP, SGK, SGK3, SGMS2, SGPP1, SH3PXD2A, SHOX, SIM1,
SIM2, SIRPA, SLC12A2, SLC12A5, SLC17A6, SLC1A2, SLC24A3, SLC25A32, SLC2A14, SLC2A3, SLC32A1, SLC38A2,
SLC44A1, SLC5A7, SLC6A1, SLC7A11, SLC9A1, SLC9A2, SLC9A3R2, SLITRKS, SMAD6, SMAD7, SMURF1, SNAP91,
SNAPC1, SNF1LK, SNN, SNX2, SOBP, SOCS5, SOCS6, SORCS3, SORL1, SOSTDC1, SOX11, SOX4, SP4, SPEN, SPHK2, SPN,
SPOCK2, SPRYD4, SPTBN4, SRPK2, SRPR, SSBP3, SSFA2, STAG2, STAT2, STK39, STRN, STRN3, STYX, SUDS3, SUHW4,
SUPV3L1, SUV420H1, SYNE1, SYNJ1, SYT1, TACC2, TAF15, TAGAP, TBC1D12, TBX3, TCFL5, TEAD1, TEF, TEX2, TFAP2A,
TGIF1, TMCC1, TMCC3, TMEM16C, TMEM16D, TMEM16H, TMEM184B, TMEMS87A, TMEPAI, TMF1, TNPO1, TNRCEB,
TOB2, TOP1, TP63, TPCN1, TRAF3, TRAK2, TRAM2, TRIM33, TRIM34, TRIM36, TRIM®6, TRIO, TSC1, TSGA14, TTC28,
TTCY, TULP4, TWF1, TWIST1, UBE2G1, UBE2W, UBE2Z, UBR1, UGP2, UNC84A, UPF2, USF2, USP28, USP44, VAMP2,
VASH2, VAX1, VCL, VEZF1, VPS13B, VPS4B, VPS54, WASL, WDFY3, WDR32, WDR42A, WDR81, WNT5A, WWC(1,
WWP2, XRN1, XYLT2, YIPF4, YTHDF3, YWHAZ, ZBTB34, ZBTB40, ZBTB46, ZBTB8, ZCCHC2, ZDHHC21, ZDHHC3,
ZDHHC5, ZEB2, ZFHX3, ZFPM2, ZNF238, ZNF287, ZNF295, ZNF512B, ZNF521, ZNF532, ZNF533, ZNF626, ZNF654,
ZNF659, ZNF711, ZNF804A.

miR-133a ACVR2B, ADCY1, ADIPOQ, ANGPTL4, AZIN1, BAZ2A, BCL2L2, BCORL2, BICC1, BRUNOL4, BTBD14A, BTN2A3, C100rf38,
C200rf117, CAPN5, CCDC88B, CCDC88C, CDC2L5, CDH23, CKAPS5, CLTA, CMPK, CORO1C, CREBS, DDX3X, DLGAP3,
DNM2, DOK1, ELAVL1, EPHA7, FAM46A, FBXL19, FGFR1, FOSL2, FOXP2, GDNF, GGTLA1, GLI3, GPM6A, GPR162, GSN,
IGF1R, IHPK1, ITGA3, KCND3, KCNIP2, KIAA0323, KIAA0652, KIAA1147, KIAA1602, KIAA1853, KIF1A, KIF3C, KPNA6,
KREMEN1, LASP1, LASS2, LEPREL2, LHFP, LIMD2, MDN1, MGAT3, MLL, MLL5, MMP24, NADK, NAT11, NCOA6, NLGN3,
NOS1, NUP153, PAN3, PCDHGA11, PCDHGA12, PCDHGA2, PCDHGA3, PCDHGA6, PCDHGAS8, PCDHGB7, PCDHGC3,
PCDHGC4, PCDHGCS, PER1, PER2, PITPNM2, POU2F1, PPP1R12C, PPP1R9B, PPP2CA, PPP2R5D, PRRT2, PTBP1, PTBP2,
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PTPRD, PTPRK, QKI, RAG1, RIMS4, RNF44, ROD1, SCN2B, SEC14L5, SFXN5, SLC2A12, SLC46A1, SLC6AL, SLCTAS,
SMARCD1, SMEK1, SMEK2, SMPD3, SNRK, SNX30, SOBP, SOLH, SREBF2, SRGAP2, STAU1, SVOP, SYDE1, SYT2, TAGLN2,
TMC6, TNR, TRAM2, TRO, TTBK1, TTYH3, TUSC5, TXLNA, TXNDC4, UBR4, WIPI2, YPEL2, ZBTB7B, ZHX3, ZNF436.

let-7a

AATK, ABCB9, ABCC10, ABCC13, ABCC5, ABCC8, ABCD4, ABL2, ACP1, ACSL6, ACTR10, ACTR2, ACVR1B, ACVR1C,
ACVR2A, ACVR2B, ADAM15, ADAMTS1, ADAMTS14, ADAMTSS5, ADAMTS6, ADAMTSS8, ADCY9, ADIPOR2, ADRB1,
ADRB2, ADRB3, AFF2, AGBL2, AGPAT6, AHCTF1, AHCTF1P, AKAP6, AKT2, ALKBH1, ALPK3, AMMECR1L, AMOT, AMT,
ANGPTL2, ANK3, ANKFY1, ANKRA2, ANKRD18A, ANKRD28, ANKRD46, ANKRD49, AP1S1, AP4B1, APBB3, APC2,
APPBP2, ARG2, ARHGAP12, ARHGAP20, ARHGAP28, ARHGEF15, ARID3A, ARID3B, ARL4D, ARL5A, ARL6IP6, ARMCS,
ARRDC4, ASAH3L, ASH1L, ATF7, ATG16L1, ATG9A, ATP2A2, ATP2B1, ATP2B3, ATP2B4, ATP2C1, ATP6V1F, ATP7B,
ATPAF1, ATXN1, ATXN2, ATXN7L2, AURKB, AVEN, B3GAT1, B3GNT1, B3GNT7, BACH1, BAHD1, BAT3, BCAP29, BCAT1,
BCL2L1, BCL7A, BDP1, BEGAIN, BIN3, BMP2, BNC2, BOLL, BPTF, BRD3, BSDC1, BSN, BTBD3, BTF3L4, BZW1, BZW2,
C100rf56, C100rf6, C100rf64, Cl11orf57, C140rf28, Cl4orf32, C150rf29, C150rf39, C150rf41, C160rf63, C180rf21,
C180rf23, C190rf39, C190rf47, Clorf21, Clorf26, C200rf54, C210rf29, C220rf30, C220rf9, C30rf52, C3orf57, C3o0rf63,
C3orf64, Ceorf107, Ceorf120, C6orf167, C6orf168, Coorf211, C8orf44, C8orf58, C9orf100, C9orf41, C9orf7, CABLES2,
CACNA1D, CACNA1E, CACNA1I, CACNG4, CALD1, CALMLA4, CALU, CAP1, CAPN3, CASKIN1, CASP3, CBFA2T3, CBL, CBX2,
CCDC100, CCDC113, CCDC4, CCDC76, CCL3, CCL3L1, CCL3L3, CCL7, CCND1, CCND2, CCNF, CCNJ, CCNJL, CCNY, CCR7,
CD164, CD200, CD200R1, CD276, CD59, CD86, CDC25A, CDC34, CDC42SE1, CDCAS8, CDH1, CDK6, CDKN1A, CDV3,
CDYL, CECR6, CEECAM1, CEP110, CEP135, CFL2, CGNL1, CHD4, CHD7, CHD9, CHRD, CHRDL2, CHST3, CLASP2, CLCNS5,
CLDN12, CLP1, CMTM6, CNOT2, CNOT6L, COIL, COL11A1, COL14A1, COL15A1, COL19A1, COL1A1, COL1A2, COL24A1,
COL27A1, COL3A1, COL4A1, COL4AA2, COL4AA3BP, COL4AS5, COL4AG, COL5A2, COL9A1, COL9A3, CPA4, CPEB1, CPEB2,
CPEB3, CPEB4, CPM, CPSF4, CRB1, CRB2, CRCT1, CREB3L2, CREM, CRTAP, CRY2, CTDSPL2, CTNS, CYB561D1, CYP19A1,
CYP2E1, CYP46A1, DAB1, DAGLA, DAPK1, DARS2, DCLRE1B, DCUN1D2, DCUN1D3, DCX, DDEF1, DDI2, DDN, DDO,
DDTL, DDX19A, DDX19B, DDX26B, DGAT2L4, DIABLO, DIAPH2, DICER1, DKK3, DLC1, DLGAP1, DLGAP4, DLST, DLSTP,
DMD, DNA2L, DNAH2, DNAJC11, DNMBP, DOCK3, DPF2, DPH1, DPYSL3, DST, DTX2, DTX4, DUSP1, DUSP16, DUSP4,
DUSP9, DVL3, DYRK1A, DZIP1, E2F2, E2F5, E2F6, EDA, EDEM3, EDN1, EEA1, EEF2K, EFHD2, EGLN2, EGR3, EIF2C4,
EIF2S2, EIFAG2, ELF4, ELOVL4, ENOX2, ENPP3, EPB41, EPHA3, EPHA4, EPHB1, ERGIC2, ERO1L, ETNK1, ETNK2, EXOC3L,
EZH1, FAM103A1, FAM104A, FAM105B, FAM116A, FAM118A, FAM125B, FAM135A, FAM135B, FAM43A, FAM70A,
FAMS83G, FAM96A, FARP1, FASLG, FASTK, FBN1, FBXL12, FBXL19, FBXO24, FBX030, FCHSD1, FGF11, FGF5, FIGN,
FLNA, FNDC3A, FNDC3B, FNIP1, FOXN3, FOXP1, FOXP2, FRAS1, FREM2, FRMD4A, FRMDA4B, FRS2, FSD1L, FZD4,
G3BP1, GAB2, GABBR2, GABPA, GALC, GALE, GALNT1, GALNT2, GALNTL2, GAN, GAS7, GATM, GCNT4, GDAP2, GDF6,
GDPD1, GEMIN7, GFOD1, GGA3, GHR, GIPC1, GIYD1, GIYD2, GJA7, GLMN, GLRX, GLT8D3, GNAL, GNAT1, GNGS5,
GNPTAB, GNS, GOLGA4, GOLGA7, GOLT1B, GOPC, GPATCH3, GPR137, GPR137C, GPR162, GPR26, GRAMD3, GRB10,
GRIK2, GRIN3A, GRPEL2, GSG1L, GTF2I, GYG2, HABP4, HAND1, HAND2, HAS2, HDLBP, HDX, HECTD2, HFM1, HIC2,
HIF3A, HK2, HLF, HMGA1, HOOK1, HOXA1, HOXA9, HOXB4, HOXC11, HOXD1, HS2ST1, HSD17B11, HSPA14, HTR1E,
HTR4, ICK, ICMT, ICOS, IDE, IDH2, IGF1, IGF1R, IGF2BP1, IGF2BP2, IGF2BP3, IGSF1, IKBKAP, IKBKE, IKZF2, IL10, IL13,
IL28RA, IL6, INDOL1L, INPP5A, INSR, INTS2, IPO9, IQCB1, IRS2, ISG20L1, ITGA4, ITGB3, ITGBS8, ITSN1, JMID1A, KATNALL,
KCNC4, KCNE3, KCTD10, KCTD17, KCTD21, KIAA0040, KIAA0258, KIAA0O319L, KIAA0323, KIAA0329, KIAA0406,
KIAA0427, KIAAO515, KIAAO776, KIAA1033, KIAA1147, KIAA1274, KIAA1467, KIAA1539, KIAA2022, KIF21B, KIF2A,
KLF9, KLHDC8B, KLHL13, KLHL23, KLHL31, KLHL6, KPNA1, KPNA4, KPNA5, KREMEN1, KTELC1, LZHGDH, LASS2, LBH,
LBR, LCOR, LEPREL2, LEPROTL1, LGR4, LIMD1, LIMD2, LIMK2, LIN28, LIN28B, LINGO1, LIPH, LMX1A, LONRF3, LOR,
LOXL3, LOXL4, LPGAT1, LRIG2, LRIG3, LRRC17, LRRC20, LRRC59, LRRC8B, LRRFIP1, LSM11, LYPLA3, LYVE1, MACF1,
MAN2A2, MAP3K1, MAP3K3, MAP3K7IP2, MAP4K3, MAP4K4, MAPK4, MAPK6, MAPKS, MARCHS, MARS2, MDFI,
MECP2, MED28, MED6, MEF2D, MEGF11, MEIS2, MEIS3, MESDC1, MEST, MGA, MGAT3, MGAT4A, MGLL, MIB1,
MLL5, MLLT10, MLXIP, MMP11, MNT, MOBKL3, MON2, MRM1, MRS2L, MSN, MTPN, MUSTN1, MUTED, MXD1, MYB,
MYCBP, MYCL1, MYCN, MYO1F, MYO5B, MYRIP, NAB1, NAGA, NAP1L1, NARG1, NARG1L, NAT12, NCOA1, NCOA3,
NCOA5, NCOA6, NCOR1, NDST2, NDST3, NEFM, NEK3, NEK9, NGFB, NID2, NIPA1, NKD1, NKIRAS2, NLK, NLN, NME4,
NMEG6, NOVA1, NPAL1, NPEPL1, NR4A1, NR6A1, NRAS, NRK, NSMCE2, NT5C2, NUMBL, NXT2, OLFM4, ONECUT?2,
OPA3, OPRM1, OSBPL3, OSMR, OSTF1, OTOF, OTUD3, OTUD4, P4HA2, PAG1, PAK1, PANX2, PAPPA, PARD6B, PAX3,
PBX2, PBX3, PCDH19, PCDH20, PCGF3, PCYT1B, PDE1C, PDGFB, PDSS1, PEX11B, PGM2L1, PGRMC1, PHACTR4, PHFS,
PI4K2B, PIAS4, PIGA, PIK3IP1, PKIA, PKN2, PLA2G3, PLAGL2, PLCXD3, PLD3, PLD5, PLDN, PLEKHA6, PLEKHG6,
PLEKHO1, PLXND1, PNKD, POGZ, POLL, POLR2D, POLR3D, POMT1, POU2F1, POU2F2, PPAPDC2, PPARA, PPARGCIA,
PPARGC1B, PPP1R12B, PPP1R15B, PPP1R16B, PPP3CA, PPTC7, PQLC2, PRDM1, PRKAB2, PRMTS8, PRPF38B, PRPF39,
PRRX1, PRSS22, PRTG, PSCD3, PSD3, PTCH1, PTPN7, PTPRD, PTPRO, PTPRU, PURB, PXDN, PXT1, PYGO2, PYY2,
RAB11FIP2, RAB11FIP4, RAB15, RAB22A, RAB3GAP2, RAB40C, RAB8B, RAG1, RAI16, RALB, RALGPS1, RANBP2,
RAPGEF6, RASGRP1, RASL10B, RAVER2, RB1, RBM38, RBM9, RBPJ, RCN1, RCSD1, RDH10, RDX, REEP1, RFXDC1,
RGAG1, RGS16, RIOK3, RNF165, RNF20, RNF216L, RNF38, RNF44, RNF7, RNMT, RORC, RPS6KA3, RRAGD, RRM2,
RRP1B, RSPO2, RSPRY1, RTKN, RUFY3, SAMD10, SBK1, SCD, SCN4B, SCN5A, SCRT2, SCUBE3, SCYL3, SDK1, SEC14L1,
SEC14L5, SEC16B, SEC24C, SEC31B, SEMA3F, SEMA4C, SEMA4F, SEMA4G, SENP2, SENP5, SERPINBY, SETDB1, SFRS12,
SFT2D3, SGCD, SH2B3, SIM2, SIPA1L2, SLC10A2, SLC10A7, SLC12A9, SLC16A10, SLC16A9, SLC17A3, SLC1A4, SLC20A1,
SLC25A18, SLC25A24, SLC25A27, SLC25A32, SLC25A4, SLC2A12, SLC30A4, SLC30A7, SLC31A1, SLC31A2, SLC35B1,
SLC35D2, SLC37A4, SLC45A4, SLC4A4, SLC4A7, SLC5A6, SLC5A9, SLC6A1, SLC7A6, SLC8A2, SLC9A9, SLCO5A1, SMAD?2,
SMAP1, SMAP1L, SMARCAD1, SMARCC1, SMC1A, SMCR7, SMUG1, SNAP23, SNX11, SNX16, SNX30, SNX6, SOCS1,
SOCS4, SP8, SPATA2, SPEG, SPIRE1, SPOCD1, SPRYD4, SPTBN4, SREBF2, SRGAP3, SSH1, ST7L, STAB2, STARD13,
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STARD3NL, STEAP3, STK24, STK40, STRBP, STX3, STXBPS5, STYX, SUB1, SUCLG2, SUHW2, SULF1, SULF2, SULT1A3,
SULT1A4, SURF4, SYT1, SYT11, SYT14, SYT2, SYT7, TACC3, TADA2L, TAF5, TAF9B, TARBP2, TAT, TBKBP1, TBX5, TEAD3,
TEX261, TGDS, TGFBR1, TGFBR3, THBS1, THOC2, THRA, THRSP, TIMM17B, TMC7, TMEDS, TMEM110, TMEM135,
TMEM143, TMEM164, TMEM2, TMEM65, TMPRSS11F, TMTC3, TNFAIP3, TNFRSF1B, TNFSF9, TOB2, TOR1AIP2, TP53,
TPP1, TRABD, TRAK2, TRAM2, TRHDE, TRIB1, TRIB2, TRIM33, TRIM41, TRIM67, TRIM71, TRPM6, TSC1, TSC22D2,
TSPAN18, TSPAN2, TTC31, TTCOC, TTL, TTLL4, TTLL6, TUSC2, TXLNA, TXNDC13, TXNDCS5, UBE1, UBE2G2, UBN1,
UBXD2, UFM1, UGCGL1, UHRF1, UHRF2, ULK2, UNC5A, USP12, USP21, USP24, USP32, USP38, USP44, USP47, USP49,
USP6, UTRN, VANGL2, VASH2, VAV3, VCPIP1, VGLL3, VPS25, VSNL1, WAPAL, WARS2, WASL, WDFY3, WDFY4, WDR26,
WDR37, WDR42A, WIPI2, WNT1, XK, XKRS, XRN1, XYLT1, XYLT2, YAF2, YAP1, YIPF1, YOD1, YPEL2, YTHDF3, ZBTB10,
ZBTB39, ZBTBS, ZC3H3, ZCCHC3, ZCCHCS, ZFYVEL6, ZFYVE26, ZMAT1, ZNF10, ZNF197, ZNF200, ZNF248, ZNF275,
ZNF282, ZNF318, ZNF341, ZNF343, ZNF354A, ZNF354B, ZNF362, ZNF462, ZNF473, ZNF512, ZNF512B, ZNF518,
ZNF566, ZNF583, ZNF641, ZNF644, ZNF689, ZNF710, ZNF740, ZNF784, ZNF81, ZPLD1, ZRF1, ZSWIM4, ZSWIMS.

miR-378 ADAR, BANP, C1orf132, C200rf91, C9orf5, CHRNA4, CRLS1, E2F2, EIF2C1, FANCA, FBXO40, FMNL3, GNA13, [PO9,
KCNAB2, KLK4, MLL, OTUB2, PI4K2A, PITPNA, POU2F1, PTPRT, SLC38A1, TMCC3, UHRF1, VANGL1, ZNF134, ZNF776.
miR-206 ABCB7, ABHD2, ADAM12, ADAR, ADCY1, ADPGK, AKAP11, AKAP2, PALM2, AMOT, ANKRD29, ANKRD38, ANXA2,

ANXA2P3, ANXA4, AP1G1, API5, ARCN1, ARF3, ARFIP1, ARHGEF18, ARL10, ARSD, ASAH3L, ASH2L, ASXL2, ATF2,
ATXN7, AZIN1, BACH2, BAG4, BAIAP2, BCL11A, BCL11B, BCL7A, BDNF, BICD1, BSCL2, BSN, BZRAP1, C100rf26,
C100rf68, CCDC7, Cllorf61, C170rf62, RNF165, C180rf23, Clorf96, C200rf112, C4orf34, C6orf120, C6orf89, C70rf23,
C90rf82, CAND1, CAPRIN1, CBL, CCDC141, CCND2, CD164, CD28, CD2AP, CDC42, CDC42SE1, CDK6, CDON, CEBPZ,
CENTB2, CLCN3, CLTC, CNN3, CNTNAP2, COL19A1, COL4A3, COL4A3BP, CORO1C, CPEB1, CPLX2, CREB5, CREBL2,
CSNK1G1, CTBP2, CTTNBP2NL, CXorf23, CYP2U1, DCP2, DDX5, DENND2C, DGKH, DICER1, DLG4, DMRT2, E2F5, EDN1,
EFNB2, EIF2C1, EIF4E, EIF4G3, ELOF1, ELOVL6, EPB41L1, ERC1, ETS1, FAM107B, FAM46C, FAM63B, FAM91A1,
FBXO33, FN1, FNBP1L, FNDC3A, FNDC3B, FOSB, FOXP1, FRAS1, FRMD4A, FRS2, FUBP1, G3BP1, G6PD, GAN, GARNL1,
GAS2L1, GCH1, GIT1, GJA1, GK5, GLCCI1, GLIS2, GNE, GNPDA2, GOLPH3, GPD2, GPR137C, GPR158, GPR6, GPRS5,
H3F3A, H3F3B, HACE1, HDACA4, HEYL, HIAT1, HIC2, HIVEP1, HIVEP3, HMBOX1, HMG2L1, HMGCR, HMGN1, HNRNPU,
HNRPA3, HOOK1, HOXB4, HS3ST3B1, HSPD1, IGF1, IPOY9, ITGB1BP1, JARID2, JOSD1, KCND3, KCNIP3, KCNJ2,
KIAA0323, KIAAD329, KIAA0652, KIAA1045, KIAA1462, KIAA2022, KIF2A, KLF13, KLHDC5, KRAS, KTN1, LASP1, LRAT,
LRRC8A, LYRMS5, MAB21L1, MAL2, MAN1C1, MAP1A, MAP3K1, MAP4K3, MAPK1, MAPKBP1, MATR3, MDN1, MED1,
MEIS1, MEOX2, MET, MEX3C, MGAT4A, MIERL, MIPOL1, MLL, MLL5, MLLT3, MLLT4, MMD, MMD2, MNT, MOBKL2C,
MONZ2, MPP5, MPP7, MRAS, MXD1, MYLK, MYO15A, NANP, NBEA, NCBP1, NCL, NCOA1, NDRG3, HNRPA3P2, NFATS5,
NPAS3, NR3C1, NRP1, NXT2, OAT, OLFML2A, ONECUT2, OSBPL7, OTX2, PAFAH1B1, PAQR5, PAX3, PBEF1, PCDH17,
PDCD4, PDGFA, PDIK1L, PFN2, PFTK1, PGD, PHLPPL, PLEKHA7, PLEKHQ1, POGK, PPIB, PPP4R2, PRKACB, PRKCE,
PRKRIR, PTBP1, PTPLAD1, PTPN1, PTPRC, PTPRG, PTPRK, PTPRT, PVRL3, QKI, RAB43, ISY1, RABSA, RABEPK, RABGAP1,
RASA1, RGS7, RIMS4, RIT2, RNF138, RNF145, RNF44, RSBN1, SI00A7A, SDPR, SEC63, SEMAG6D, SETBP1, SFRP1, SFRS1,
SFRS10, SFRS2IP, SFRS9, SHANK2, SLC10A7, SLC1A2, SLC25A16, SLC25A22, SLC25A25, SLC25A30, SLC29A3, SLC2A13,
SLC31A1, SLC35B4, SLC35F1, SLC38A3, SLC39A10, SLC44A1, SLC6A15, SLC7A11, SLC7A2, SLC8A1, SLC8A2, SMADA4,
SMARCB1, SMARCC1, SMEK2, SMG7, SNAP25, SNX2, SOS1, SOX5, SOX6, SOX9, SP1, SP2, SPEG, SPHK2, SPRED1,
SPTLC3, SRGAP2, STARD7, STC2, STX12, STXBP4, SUHW4, SULF1, SYNJ2, SYT1, TACR1, TAGLN2, TCF7L2, TEX2, TGIF2,
THBS1, TIMP3, TLE4, TLOC1, TMCC1, TMEM178, TMEMS55B, TMSB4X, TMSL1, TMSL2, TMSL6, TMSL3, TMSL4, TNKS2,
TNPO1, TNPO2, TNRC6B, TNS3, TPM3, TPPP, TRAPPC3, TRHDE, TRIM2, TSPYL4, TWF1, UBE2H, UBE4A, UBN1,
UBQLN1, UBXD3, UNC50, UST, UTRN, VAMP2, VAMP4, VGLL4, WDR1, WDR48, WEE1, WIPF2, WNK3, WNT3, XPO6,
YLPM1, YWHAQ, YWHAZ, ZBTB4, ZC3H7B, ZFP36L2, ZMAT3, ZNF236, ZNF571.
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Figure S1. Predicted viral miRNA folding using MFold software.
1. [40]. Green line points out the miRNA position into the pre-miRNA structure.
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3.3. Estudi dels microRNAs per a ser utilitzats com a gens de referéncia en estudis de
quantificacio relativa

Determination of Reference microRNAs for Relative Quantification

in Porcine Tissues

Timoneda O, Balcells I, Cordoba S, Castelld A, Sdnchez A

2012 PLoS ONE 7(9): e44413. doi:10.1371/journal.pone.0044413
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Determination of Reference microRNAs for Relative
Quantification in Porcine Tissues

Oriol Timoneda*®, Ingrid Balcells®, Sarai Céordoba, Anna Castellé, Armand Sanchez

Departament de Genética Animal, Centre de Recerca en AgriGenomica (CRAG), Universitat Autonoma de Barcelona (UAB), Bellaterra, Barcelona, Spain

Abstract

Relative quantification is the strategy of choice for processing RT-gPCR data in microRNAs (miRNAs) expression studies.
Normalisation of relative quantification data is performed by using reference genes. In livestock species, such as pigs, the
determination of reference miRNAs and the optimal number of them has not been widely studied. In this study, the stability
of ten miRNAs (Ssc-let-7a, Ssc-miR-103, Ssc-miR-17-3p, Hsa-miR-25, Hsa-miR-93, Ssc-miR-106a, Ssc-miR-191, Ssc-miR-16, Ssc-
miR-26a and Ssc-miR-17-5p) was investigated by RT-gPCR in different tissues (skeletal muscle, kidney, liver, ovary and
uterus) and in different pig breeds (Iberian, Landrace, Large White, Meishan and Vietnamese) as variation factors. Stability
values were calculated with geNorm and NormFinder algorithms obtaining high correlation between them (r*=0.99). The
analyses showed that tissue is an important variability factor in miRNAs expression stability whereas breed is not
a determinant factor. All ten miRNAs analysed had good stability values and, therefore, can be used as reference miRNAs.
When all tissues were considered, miR-93 was the most stable miRNA. Dividing data set by tissues, let-7a was the most
stable in skeletal muscle and ovary, miR-17-5p in kidney, miR-26a in liver and miR-103 in uterus. Moreover, the optimal
number of reference miRNAs to be used for proper normalisation data was determined. It is suggested the use of five
reference miRNAs (miR-93, miR-25, miR-106a, miR-17-5p and miR-26a) in multi-tissue experimental designs and the use of
three reference miRNAs as the optimal number in single tissues studies (let-7a, miR-17-5p and miR-25 in skeletal muscle;
miR-17-5p, miR-93 and miR-26a in kidney, miR-26a, miR-103 and let-7a in liver, let-7a, miR-25 and miR-106a in ovary and
miR-103, let-7a and miR-93 in uterus). Overall, this study provides valuable information about the porcine reference miRNAs
that can be used in order to perform a proper normalisation when relative quantification by RT-qPCR studies is undertaken.

Tissues. PLoS ONE 7(9): e44413. doi:10.1371/journal.pone.0044413
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Introduction

MicroRNAs (miRNAs) are small non-coding RNAs involved in
gene expression regulation at the post-transcriptional level in
animals, plants and viruses [1-3]. They participate in a wide range
of biological processes where they play important roles. Largely,
their role involves blocking protein translation and/or inducing
mRNA degradation [4]. Moreover, miRNA expression has been
associated with different pathological processes, such as cancer,
neurological disorders, inflammatory pathologies and cardiovas-
cular diseases [5-8]. In some of these pathologies, it has been
suggested that miRNAs can be used as biomarkers to develop new
diagnostic tools [9,10]. Therefore, it is very important to measure
the miRNA expression with high accuracy.

Northern blot has been widely used for determining and
measuring miRNA expression [11]. However, latest approaches
such as DNA chips (microarrays), high-throughput sequencing
(HTS) and reverse transcription quantitative real-time polymerase
chain reaction (RT-qPCR) are also commonly used [12,13]. HTS
and microarrays are used to determine miRNA expression at
a genome-wide level whereas RT-qPCR is used to measure the
expression of a specific miRNA [14,15]. Furthermore, RT-qPCR
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is used to validate expression studies done by microarrays and by
HTS due to its high sensitivity and reproducibility [16]. Thus, RT-
gqPCR has become an important method to assess miRNA
expression.

One of the most extensive strategies used to evaluate and
compare RT-qPCR data is relative quantification [17]. This
methodology normalises the expression of the genes of interest by
using one or more genes, called reference genes, of which
expression is stable. Data normalisation is necessary to control
variables like equal mass loading which can introduce false
differences in expression and can perform some experimental bias
in the results. Moreover, it is essential to control other variation
factors such as RNA degradation during sample processing,
quality differences between samples, initial concentration variation
among samples, technical variations like pipetting errors and other
factors which can affect accuracy during the technique processing
[18]. For this reason it is mandatory to perform a data normal-
isation strategy to correct these possible biases. Originally,
normalisation strategies were performed using only one refer-
ence gene. However, this idea has evolved to different normal-
isation approximations, from using the global mean normalisation
method [19] to the robust multiple reference genes normalisation
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method [17] where more than one reference gene is used. The
reference genes chosen (acting as endogenous controls) must not
be affected by experimental parameters and they must show
invariant expression to the exposed conditions of the individuals
used in the study. Consequently, reference genes, as stable genes,
are generally involved in basic cellular processes.

In miRNA expression studies, the most common reference
genes used are ribosomal RNAs, such as 5S RNA [20-22] and
small nuclear RNAs like RNU6B [10,19-24]. However, the use of
miRNAs as reference genes is still not widely used; although it is
very important that the references used have the same nature that
the study subjects. The reference genes used should have the same
length as the molecules of interest in order to assure the same
efficiency during RNA isolation and reverse transcription [25]. In
this sense, only a few studies have explored the stability of some
miRNAs in human tissues [19-21] and the published works are
largely related to cancer processes [24-28]. Focusing on miRNA
expression studies in livestock species, there are few works using
miRNAs as reference control in miRNA expression analysis by
relative quantification [29-31] and only one report has deeply
analysed the miRNA expression stability in pigs to be used as
reference miRNAs [22].

The aim of this study was to analyse the miRNA expression
stability in different porcine tissues and breeds. Selected tissues
were skeletal muscle (structural tissue), uterus and ovary (re-
productive tissues), liver (metabolic tissue) and kidney (excretory
tissue). On the other hand, porcine breeds include Iberian
(European breed), Meishan and Vietnamese (Asian breeds) and
Landrace and Large White (European commercial breeds). The
results from this work provide useful information concerning
which miRNAs could be effectively used as reference genes in
order to measure miRNA expression accurately through R'T-
qPCR studies.

Results and Discussion

Analysis of the Stability of the Reference miRNAs

In accordance with the most stable miRNAs described in the
literature [20-22,24,26-28], ten candidate miRNAs (Ssc-let-7a,
Ssc-miR-103, Ssc-miR-17-3p, Hsa-miR-25, Hsa-miR-93, Ssc-
miR-106a, Ssc-miR-191, Ssc-miR-16, Ssc-miR-26a and Ssc-
miR-17-5p, Table 1) were selected to study their expression
stability in different porcine tissues and breeds. All candidate
reference miRNAs were successfully amplified through RT-qPCR,
allowing us to perform adequate genetic expression quantification
[32]. Efficiencies obtained were high ranging from 90% to 110%
and the standard curves correlations were at 0.995 minimum
(Table 2).

Firstly, the stability was evaluated taking into account the entire
data (all tissues and pig breeds) with geNorm [17] and
NormFinder [33] algorithms resulting from its correlation were
in a good agreement (r>=0.99, Figure 1) and confirm the
robustness of our results. GeNorm considers a putative reference
gene when the M-value calculated is lower than 1.5 and
NormFinder establishes a lower stability value indicating a better
reference gene. All ten miRNAs evaluated had good stability
values ranging from 0.64 to 0.80 in M Values (M, geNorm) and
from 0.25 to 0.44 in stability values (SV, NormFinder). In this way,
all analysed miRNAs can be used as reference miRNAs for
miRNAs expression studies in pigs.

Although all miRNAs showed good stability values, the most
stable miRINA was miR-93, followed by miR-25, miR-106a, miR-
17-5p and miR-26a (Figure 1). Interestingly, these results are in
accordance with a previous report in human tissues [20]. In
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contrast, miR-191 (M =0.80, SV =0.44), a common reference
miRNA used in several human studies and one of the best
reference miRNA in human tissues [20,21], was determined as the
least stable miRINA in pigs. Then, this result suggested that miR-
191 expression stability depends on the specie studied. Comparing
our data with a previous study performed also in pigs [22], there
are some discordances. In our study, miR-103 was the second
worst ranked whereas it was the best positioned in the study by
[22]. Moreover, miR-106a (M =0.68, SV =0.31), a well ranked
miRNA in our study, was the second least stable miRNA in [22]
study. Despite of these discordances, miR-17-5p (M =0.69,
SV =0.32) was well ranked in both studies and miR-16
M=0.78, SV=0.41) had discrete M and SV values in the two
studies. These variations in miRNA stability expression could be
explained considering the differences of type and amount of tissues
used in each study. The work performed by [22] used a total of 47
tissues where uterus was not included, but it was added in the
present study. It is also important to remark that some referenced
studies were from human tissues [20,21] and it could also be
a source of variation in miRNA stability expression when results
are compared. Thus, it is reflected that before performing a RT-
gPCR study, the reference genes used must be tested experimen-
tally due to many influencing factors. In this sense, M-values
obtained by [22] ranged from 1.0 to 2.3, considerably higher than
our M-values that could also be explained by the difference in type
and amount of tissues used in both studies.

It is known that the stability of miRNA expression could change
when factors like tissue or breed are considered. Thus, the entire
data were divided by breeds. The results obtained did not differ
greatly compared to when the entire data were analysed. M and
SV values were calculated from 0.64 to 0.90 and from 0.22 to
0.53, respectively (data not shown). The most stable miRNAs were
still ranging between those most stable in the general study. miR-
93 remained the most stable miRNA in Iberian and Meishan
breeds, miR-26a in Landrace and Vietnamese breeds and miR-25
in Large White breed. The least stable miRNAs were miR-191 in
Iberian and Landrace breeds, miR-16 in Large White and
Vietnamese breeds and miR-26a in Meishan breed (data not
shown). Overall, our results showed that breed only slightly
influences the stability of miRNAs.

The stability of the miRNAs was also evaluated for each of the
five tissues analysed. As expected, the stability of the miRNAs
varies among tissues (T'able 3). M and SV values were from 0.41 to
0.90 and from 0.11 to 0.57, respectively. Let-7a was the most
stable miRNA in ovary and skeletal muscle, miR-103 in uterus,
miR-17-5p in kidney and miR-26a in liver, evidencing the
specificity of each tissue developing characteristic biological
functions and specific metabolic pathways. Conversely, miR-16
was the least stable miRNA in kidney, uterus and liver, miR-103 in
ovary and miR-17-3p in skeletal muscle. Stability values in skeletal
muscle were in accordance with the results obtained by [22] in the
porcine muscle-type tissue group. Two-way analysis of variance
(ANOVA) including breed, tissue and tissue by breed interaction
showed that only the tissue had a significant effect on miRNA
expression (p-value <<0.05) in all reference miRNAs analysed.
However, in case of Ssc-miR-17-3p, breed and tissue by breed
interaction had a significant effect on miRNA expression. These
results show that tissue is an important variability factor that
affects the stability miRNAs expression. Thus, it is evidenced the
necessity of using reference miRNAs according the tissue analysed.
However, although the high divergence between breeds originated
by pig breeding, results showed that miRNA expression is stable
across different breeds.
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Comparing the stability values obtained in the entire data with
those obtained in ecach tissue group, the M and SV values
generally improved when tissues were treated as separated
(Figure 2). This is due to the decreasing variability in the sample
group analysed (Figure 2). There were some miRNAs which
considerably improved their stability values when they were
measured in a single tissue, such as Let-7a, miR-26a, miR-103 or
miR-17-5p. These four miRNAs had discrete stability values in the
entire data, but were the best stable miRNAs when data were
divided by tissues. Thus, these miRNAs are very stable in a specific
tissue, suggesting that the stability of miRNAs expression varies
between tissues, and would be the best option for reference
miRNAs if we are interested in an experimental design using only
one tissue. However, they would not be the best option in multi-
tissue experiments because their stability will decrease.

It is important to take into consideration the physiological
status (pre and post-pubertal) of the sows because it is known
that hormones could affect the gene expression. However, the
ten reference miRNAs tested in this study showed no significant
differences in miRNA expression between pre and post-pubertal
sows. Then, it seems that the expression of these 10 miRNAs in
the studied stable different hormonal
environments.

samples is under

Table 1. Primers and miRNA sequences used for the RT-qPCR design.

miRNA Sequence (5'-3) Forward primer (5'-3") Reverse primer (5'-3')

Ssc-let-7a TGAGGTAGTAGGTTGTATAGTT GCAGTGAGGTAGTAGGTTGT GGTCCAG AACTATAC
Ssc-miR-103 AGCAGCATTGTACAGGGCTATGA AGAGCAGCATTGTACAGG GGTCCAG CATAG
Ssc-miR-17-3p ACTGCAGTGAAGGCACTTGTAG GACTGCAGTGAAGGCA GTCCAG CTACAAG
Hsa-miR-25 CATTGCACTTGTCTCGGTCTGA CATTGCACTTGTCTCGGT GGTCCAG CAGA
Hsa-miR-93 CAAAGTGCTGTTCGTGCAGGTAG GCAAAGTGCTGTTCGTG TCCAG CTACCT
Ssc-miR-106a AAAAGTGCTTACAGTGCAGGTAGC GAAAAGTGCTTACAGTGCAG TCCAG GCTAC
Ssc-miR-191 CAACGGAATCCCAAAAGCAGCTG AACGGAATCCCAAAAGCA TCCAG CAGC
Ssc-miR-16 TAGCAGCACGTAAATATTGGCG GCAGTAGCAGCACGTA CAG CGCCAA
Ssc-miR-26a TTCAAGTAATCCAGGATAGGCT GCAGTTCAAGTAATCCAGGA TCCAG AGCCT
Ssc-miR-17-5p CAAAGTGCTTACAGTGCAGGTAG CAAAGTGCTTACAGTGCAG GGTCCAG CTAC
doi:10.1371/journal.pone.0044413.t001

Determining the Optimal Number of Reference miRNAs

The optimal number and choice of reference miRNAs for
qPCR data normalisation must be experimentally determined.
Moreover, more than one reference miRNA should be used [32].
In order to determine the optimal number of reference miRNAs
needed for a proper correction of RT-qPCR data, the pairwise
variation between two sequential normalisation factors containing
an increasing number of miRINAs were studied using the geNorm
algorithm (V-values, Figure 3). A large variation means that the
added gene has a significant effect and should preferably be
included for calculation of a reliable normalisation factor [17].
Analysing the entire data, the lowest V-value was obtained using
the ten miRNAs studied (Figure 3A). However, use of such a large
number of reference miRNAs is unlikely due to experimental
requirements and the economical costs. Following geNorm
developer recommendations, taking a 0.15 cut-off value on
pairwise variation could be enough for a reliable normalisation.
In this sense, five reference miRNAs would be necessary for
normalisation studies with multiple tissues (V-value =0.11). De-
spite of the differences between the studies, these results could be
in accordance with [20] and [22], recommending more than one
reference miRNA in most situations and three reference miRNAs
as the optimal number, respectively.
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Table 2. Summary of qPCR assays for each reference miRNA studied.

Reference miRNA Primer conc. (nM each) cDNA dilution qPCR efficiency mean* Std. curve correlation mean*
Ssc-let-7a 125 1/2000 95.52% (2.11%) 0.9991 (0.0005)
Ssc-miR-103 250 1/2000 96.27% (5.15%) 0.9981 (0.0013)
Ssc-miR-17-3p 250 1/200 99.96% (7.25%) 0.9971 (0.0026)
Hsa-miR-25 250 1/2000 97.14% (3.76%) 0.9989 (0.0004)
Hsa-miR-93 200 1/2000 98.10% (3.12%) 0.9973 (0.0012)
Ssc-miR-106a 250 1/2000 99.73% (11.05%) 0.9978 (0.0015)
Ssc-miR-191 250 1/2000 97.45% (3.91%) 0.9978 (0.0009)
Ssc-miR-16 250 1/2000 98.31% (4.98%) 0.9990 (0.0004)
Ssc-miR-26a 250 1/2000 93.35% (0.62%) 0.9991 (0.0005)
Ssc-miR-17-5p 250 1/2000 98.52% (5.00%) 0.9980 (0.0009)
*The numbers in brackets denote the standard error for the mean values.

doi:10.1371/journal.pone.0044413.t002
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In studies considering only one tissue, the use of three reference
miRNAs would be optimal, taking into account that the V-values
using three reference miRNAs were below 0.10 in all tissues
(Figure 3A). To contrast the results obtained, the average of
stability M-value from geNorm in a stepwise exclusion of the least
stable reference miRNA was calculated (Figure 3B). The necessity
of including a third reference miRNA was evidenced taking into
account the average expression stability variance from two
reference miRINAs to three, even reaching five reference miRNAs
in studies with multiple tissues in order to minimise the variation in
the stability M-value. The high variation on the average
expression stability M-values using only two reference miRNAs
instead of three was evidenced. This variation became stable when
a third or fourth reference miRNA was added. The increased
variation in the M-value when a low-stability miRNA was used as
an endogenous control was also proved. For example, in the last
four miRNAs used in skeletal muscle, showing a high variation
every time a reference miRNA was excluded, and the expression
stability M-value became stable from the seventh to the third

reference miRNA used. A similar situation happened in kidney
tissue. Nevertheless, the expression stability M-value variation in
the entire data remained constant using from the tenth reference
miRNAs to the fifth, where it started to increase.

In conclusion, this work has evaluated the stability of ten
miRNAs in different porcine tissues and breeds showing that they
could be used as reference miRNAs. Stability values reflect that
tissue is an important variability factor and it must be taken into
consideration in the experimental design. It is recommended the
use of five reference miRNAs: miR-93, miR-25, miR-106a, miR-
17-5p and miR-26a in studies which include multiple tissues. For
studies in a specific tissue, the optimal would be the use of three
reference miRNAs which is sufficient to obtain a reliable normal-
1sation of data. The most stable reference miRNAs vary between
the tissues studied. In kidney it is recommended miR-17-5p, miR-
93 and miR-26a. In ovary the best options are Let-7a, miR-25 and
miR-106a, while in uterus we recommend to use miR-103, Let-7a
and miR-93. If the study is focused in skeletal muscle, we
encourage using Let-7a, miR-17-5p and miR-25, but if we are
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Table 3. Stability values for each microRNA calculated by using geNorm? and NormFinder® algorithms.
Data set Algorithm miR-191 miR-106a miR-25 miR-93 miR-17-5p miR-26a Let-7a miR-103 miR-16 miR-17-3p Correlation
Kidney gN 04557 04529  0560® 04179  0.410" 0430  0448° 0446 06387 0616 0.9952
NF 0206”7  0.195©  0319® 0.148? 0.142" 0169 0195 0196®  0392"% 0370°
Ovary gN 0642  0523®  0516? 05767  0572¢ 0.580®  0.500'" 066779 0563  0.571® 0.9897
NF 0359 0233 0228® 0290”7 0295 0293®  0.197™" 0383"% 02659  0.281®
Uterus aN 0552 0593®  0607° 0544 06257 0648® 05262  0.481" 08349 0712 0.9714
NF 0219 0296®  0294© 0205 03377 0335®  0190®  0.106" 05207 0411°
Skeletal aN 05817 05799  0529®  0634®  0516? 0529  0.512" 0573® 07149 0.901"? 0.9877
Muscle NF 02947 02679 02209  0319®  0.199? 0233 0.182" 0271® 03989 0566
Liver gN 0513 05289 0555 05109 05447 0.443"  0480%  0456®  0636"Y 0.549® 0.9825
NF 0.257®) 0269 02939  0246“ 02937 0.169"  0209®  0176®  0367"% 0.288®
General gN 0.803"? 0676  0659?  0.641" 0.686" 0717% 0773”7  0782°  0779® 0769 0.9885
NF 0438"%  0308®  0276®  0.246'" 03229 0.344° 04117 04179 04109  0402©
2 17], ®: 331,
gN: geNorm algorithm, NF: NormFinder algorithm. Correlations between M-value (geNorm) and stability value (NormFinder) are shown. Superscript numbers into
brackets show stability values sorted out for each data set group from 1 (most stable) to 10 (less stable). The stability values of the most stable miRNA for each group are
marked in bold.
doi:10.1371/journal.pone.0044413.t003
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working with liver, the most stable miRNAs to be used as reference
miRNAs are miR-26a, miR-103 and Let-7a.

Overall, this study provides valuable information about the
porcine reference miRNAs that can be used in order to perform
a proper normalisation when relative quantification studies are
undertaken. Further experiments should be made to construct
a database with recommended reference miRINAs for each tissue
in porcine and also for multiple tissue studies.

Materials and Methods

Sample Collection

Samples were collected from five different pig tissues (skeletal
muscle, ovary, uterus, kidney and liver). Pigs included in the study
came from different breeds: Iberian (IB), Meishan (ME),
Vietnamese (VT), Landrace (LD) and Large White (LW). Two
samples per breed and per tissue were analysed (n=>50). All
animals were females in different physiological state (per-pubertal:
LD and LW; post-pubertal: IB, VI and ME) and age (6 month
old: LD and LW; 1 year old: IB and VT; 2 year old: ME). All
samples were taken from slaughterhouse (PRIMAYOR, Moller-
ussa, Spain) under veterinary supervision. Samples were immedi-
ately snap-frozen in liquid nitrogen and stored at -80°C until use.

Candidate Reference miRNAs Selection

Ten miRNAs were selected to be evaluated as reference genes
according to the literature: Ssc-let-7a, Ssc-miR-103, Ssc-miR-17-
3p, Hsa-miR-25, Hsa-miR-93, Ssc-miR-106a, Ssc-miR-191, Ssc-
miR-16, Ssc-miR-26a and Ssc-miR-17-5p [20,22,24,26,28].
Selection was done considering their stability values on the
published studies.

PLOS ONE | www.plosone.org

RNA Isolation and cDNA Synthesis

Total RNA was isolated using TRIzol® reagent following the
manufacturer’s recommendations (Invitrogen, Carlsbad, USA).
RNA was quantified by absorbance using ND 1000 Nanodrop®
Spectrophotometer (Thermo Scientific, Wilmington, USA) and
checked for integrity by using RNA 600 Nano kits (Agilent
Technologies, Santa Clara, USA) on an Agilent 2100 Bioanalyzer.

Reverse transcription (RT) reactions were performed in
duplicate using total RNA as previously described [34]. Briefly,
600 ng of total RNA in a final volume of 20 pL including 2 uL of
10x poly(A) polymerase buffer, 0.1 mM of ATP, 0.1 mM of each
dNTP, 1 uM of RT-primer, 200 U of M-MuLV reverse
transcriptase (New England Biolabs, USA) and 2 U of poly(A)
polimerase (New England Biolabs, USA) was incubated at 42°C
for 1 hour and 95°C for 5 minutes for enzyme inactivation. Minus
reverse transcription (RT) and minus poly(A) polymerase controls
for each tissue were included.

Quantitative Real-time PCR Reaction

Quantitative PCR reactions were performed in a final volume
of 20 puL including 10 pL of FastStart Universal SYBR Green
Master (Roche, Germany), 250 nM of each primer (with the
exception of Ssc-let-7a and Hsa-miR-93, with 125 and 200 nM,
respectively) and 5 UL of a 1:2000 dilution of the cDNA (except
for Ssc-miR-17-3p where a dilution of 1:200 was used). See
Table 2.

Standard curves were generated in order to calculate the RT-
qPCR efficiency. All standard curves were done by using 10 fold
serial dilutions from a pool of cDNA of all the samples (n = 50) and
were included per duplicate in all gPCR assays. For Ssc-miR-17-
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doi:10.1371/journal.pone.0044413.g003

3p, a 2-fold dilution standard curve was used. Reactions were Time PCR System with 7900HT SDS v2.4 (Applied Biosystems).
incubated in a 96-well plate at 95°C for 10 min, followed by 40 DNA primers for each miRNA were designed following the
cycles of 95°C for 15 sec and 60°C for 1 min on a 7900HT Real- methodology described by [34] (Table 1).
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Measurements were performed in duplicate. Minus RT
controls, minus poly(A) polymerase controls and no template
controls were included. Moreover, melting curve analysis was
performed in each assay in order to detect unspecific amplifica-
tions.

Stability Expression Analyses

Quantities from each sample were obtained from the calibration
(standard) curve added in each RT-qPCR reaction. Stability of
cach candidate miRINA was tested using geNorm v.3.5 algorithm
[17] and NormFinder algorithm [33]. The geNorm algorithm
calculates the gene expression stability M Value for each candidate
reference gene based on the average pairwise variation between all
studied genes. NormFinder is based on an ANOVA mathematical
model and estimates intra- and intergroup variation providing the
best stable candidate reference gene and also the best stable pair of
them taking into account the subgroups in which data is
distributed. In both programs, the lowest stability values indicate
the most stably expressed reference genes allowing them to rank
according to their expression stability.

RT-qPCR expression data was also analysed by a two-way
analysis of variance (ANOVA) with the General Linear Models
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4 ° DISCUSSIO GENERAL

La present tesi s’ha desenvolupat, principalment, en I'estudi dels microRNAs (miRNAS)
com a mecanisme regulador de I'expressid génica en I’espécie porcina. El porc gaudeix
d’una posicid privilegiada en la produccié de carn i productes derivats a nivell mundial,
en la que té un mercat a l'al¢a i un sistema de produccié molt organitzat i actiu. També
ha esdevingut en els ultims anys un model biomedic molt important en I'estudi de
determinades malalties i també per I'estudi d’estats fisiologics i patologics, degut a la

seva proximitat anatomica, estructural i biologica amb I'espécia humana.

Arran del descobriment dels primers miRNAs ja fa 20 anys (Lee et al., 1993, Pasquinelli
et al., 2000, Reinhart et al., 2000), aquestes petites molécules d’'RNA no codificant han
anat agafant un protagonisme molt rellevant en el camp de I'expressio genica a nivell
post transcripcional, modulant I'expressié dels seus gens diana i esdevenint una peca
regulatoria clau amb la seva regulacid fina. Tot i aixi, els miRNAs només varen fer que
obrir la porta al descobriment de tot un ventall d’RNAs no codificants de mida petita
qgue exerceixen algun tipus d’interferéncia en I'expressié de la part codificant del
genoma (tenOever, 2013, Costa, 2010). El coneixement sobre el funcionament
d’aquest RNA interferent esta en continua evolucid i, recentment, s’ha descrit una
nova peca en tot aquest entramat, els circRNAs, uns RNA circulars que podrien actuar
de reguladors dels propis miRNAs (Memczak et al., 2013, Hansen et al., 2013). S’ha vist
que els circRNAs poden tenir fins a 70 zones evolutivament conservades
complementaries a la zona seed d’un miRNA, de manera que actuaria com una esponja
atrapant miRNAs i, conseqlientment, evitaria la disminucié de I'expressié del mRNA

diana del miRNA atrapat (Kosik, 2013).

Justament aquesta continua evolucié que també pateix el camp del miRNAs, ja que és
una disciplina de treball relativament nova, ha generat que durant el temps

d’elaboracié de la tesi hagin canviat alguns dels coneixements principals o s’hagin
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posat en dubte. Un exemple és la seva ubicacio al genoma. Abans es creia que un
miRNA havia d’estar localitzat en un Unic lloc al genoma i ara ja hi ha miRNAs descrits
en més d’'una localitzacié. Un altre canvi significatiu és I'auge en la descripcid dels
miRNAs* o també anomenats miRNAs-3p, que s’ha observat que de vegades també
poden formar part del complex RISC i realitzar una funcié reguladora. Tots aquests
ajustos han provocat, de retruc, un cert desgavell en la base de dades miRBase, que a
cada actualitzacié ha anat modificant nomenclatures, afegint nous miRNAs (alguns
sense referencies) i també eliminant-ne alguns per falta d’evidéncies. La gestio dels
isomiRs és una de les mancances de la base de dades, aixi com mantenir una
nomenclatura homologa entre espécies, que fa que el treball entre miRNAs ortolegs a
vegades sigui més complicat. Per tot aix0 la gestié de les dades dels nostres estudis es
va realitzar prioritzant la homologia entre les seqliéncies i no pas els noms de cada

miRNA que atorga miRBase.

Els dos grans blocs en que es divideix la tesi han estat, per una banda, la caracteritzacid
de miRNAs al ronyd de diferents races porcines i, per altra banda, la descripcié i estudi
de miRNAs d’origen viric durant el procés d’infeccié de la malaltia d’Aujeszky, aixi com
també desxifrar les possibles interaccions entre I'expressié de miRNAs de I'hoste i el

desenvolupament del procés infeccios.

Degut a que el nombre de miRNAs descrits en I'espécie porcina era relativament baix
comparat amb |'espécie humana o altres espécies domestiques, el primer objectiu va
ésser augmentar el nombre de miRNAs descrits al porc utilitzant la seqiienciacio
massiva com a aproximacié. El material animal que es va utilitzar varen ser els ronyons
de sis races porcines (lbérica, Landrace, Large White, Piétrain, Meishan i Vietnamita)
de diferents origens i el seu ancestre europeu, el porc senglar. El ronyé es va escollir ja
qgue en l'altre bloc de la tesi, la infeccié experimental in vitro amb el virus de la malaltia
d’Aujeszky, es van realitzar cultius de la linia cel-lular PK-15 per a produir la infeccié
viral, cel-lules que deriven del ronyé porci. Aixi doncs, el perfil de miRNAs al ronyo de
I'espécie porcina s’hi van descriure un total de 229 miRNAs, més de la meitat (119,
52%) encara no descrits al porc. Una de les observacions inicials va ser la confirmacio

de la gran variacio als extrems de la seqiieéncia que presentaven els miRNAs, sobretot a
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I'extrem 3’. Aquestes variacions nucleotidiques a I'extrem de la seqiiencia madura del
miRNA generen isoformes, els anomenats isomiRs. Els mecanismes pels quals es
genera aquesta diversitat, que en alguns casos pot arribar a generar isoformes
funcionalment diferents, sén diversos, des d’una heterogenicitat en el procés de
biogenesi del miRNA fins a modificacions post transcripcionals com |'edicié de I'RNA,
I'activitat exonucleasa o I'addicié de nucleotids (Vickers et al., 2013). En alguns casos,
I'isomiR més abundant descrit d’'un miRNA a les dades obtingudes no concordava amb
la seqliencia descrita a la bases de dades de miRNAs, miRBase. Aquest fet fa pensar
gue I'isomiR dominant no sempre és el mateix, afegint un grau més de complexitat en
la capacitat reguladora dels miRNAs. Els patrons observats varen ser que en alguns
miRNAs predominava |’expressid d’un isomiR i en d’altres no hi havia una dominancia
clara. En alguns casos, fins i tot, la seqliencia predominant entre races de porc variava,
com en el cas del miR-99a i el miR-200c-3p. En el miR-993, la isoforma predominant
s’expressava en primer lloc a les races europees comercials Landrace, Large White i
Piétrian, justament les races europees amb influéncia asiatica. En la raca europea
Ibérica (sense influéncia asiatica) i el porc senglar, i les races asiatiques Meishan i
Vietnamita s’expressava més la segona isoforma. En el cas del miR-200c-3p, la
isoforma predominant ho era per a totes les races estudiades excepte per la
Vietmanita, on predominava la segona isoforma més expressada. Aquest patré de
variacié en la predominanca d’expressio de diferents isoformes entre races va
apareixer en 76 miRNAs, un 34% del total de miRNAs descrits. No es va poder, pero,
associar aquestes variacions amb I'‘origen geografic de les races (europees vs.

asiatiques).

Els miRNAs més expressats en mostres de ronyd segons les dades obtingues de
seqiienciacido massiva varen ser el miR-200b-3p, el miR-125b, el miR-23b, el miR-126 i
el miR-23a. Curiosament, el miR-200b-3p representava el 23,5% de totes les
sequencies alineades amb miRBase. Aquest patré d’expressid, on un miRNA
predomina en una situacié temporal i espacial concreta ha estat descrita en altres
ocasions, com en el cas del miR-1 al muscul esqueletic de porc (Nielsen et al., 2010).
Sén miRNAs que no es poden considerar especifics de teixit ja que també s’han descrit

en d’altres pero si que realitzen una funcié important en aquell teixit on la seva
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expressido és predominant. Tot i no resultar significatiu estadisticament, una dada
rellevant fou que el miR-125b va ser el miRNA més expressat a la raca Ibérica, en
contraposicid a la resta de races i el porc senglar amb el miR-200b-3p. Aquesta dada
podria estar relacionada amb l'origen de la domesticacié del porc i els moviments
migratoris que han anat succeint, on es demostra que les races comercials actuals (les
europees amb influéncia asiatica) tenen forca material genetic en comu amb les races
asiatiques. Concretament, Groenen et al., (2012) proposa que un 35% del genoma

d’aquestes races és d’origen asiatic.

A la comparativa de les dades de sequenciacid respecte I'abundancia dels miRNAs
entre els grups de races (tronc europeu: raga Ibérica i porc senglar; tronc asiatic: races
Meishan i Vietnamita i tronc europeu amb influencia asiatica: races Landrace, Large
White i Piétrain) es van detectar 125 miRNAs amb una expressié diferencial en algun
dels tres grups. Ja que el nombre total de seqléncies era relativament baix i no
permetia una analisi en profunditat del nivell d’expressié només basant-nos en els
recomptes de seqléencies, per a fer la validacid de la seva expressid mitjangant la
tecnica de la RT-qPCR ens varem centrar en aquells miRNAs més expressats o que
presentaven unes variacions d’'un grup respecte un altre més grans. Es va validar
I'expressié dels 14 miRNAs escollits, entre ells el miR-200b-3p, el miR-200c-3p i el miR-
193b, tots tres miRNAs ortolegs i que, per tant, encara no estaven descrits en el porc.
Es varen trobar diferéncies significatives (p-valor<0,05) en 8 miRNAs. Una dada a
contrastar va ser que en alguns casos la tendéncia en I'expressio dels miRNAs no es
corresponia amb la observada en les dades de seqlienciacié. El miR-200b-3p i el let-7f
van resultar estar sobre expressats en les races europees, mentre que a les dades de
seqlienciacid tenien una major expressid a les races asiatiques. El miR-200c-3p va
presentar una major expressié a les races asiatiques quan les dades obtingudes de
seqlienciacié mostraven una major expressié a les races europees comercials. La resta
de miRNAs diferencialment expressats varen seguir el mateix patré d’expressido o
semblant. EI miR-126* i el miR-193b van tenir una major expressido a les races
europees; el miR-126 i el miR-99a van presentar una menor expressidé a les races
asiatiques mentre que el miR-486 va presentar una major expressio a les races

europees comercials.
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Aquests resultats dispars entre les dades de seqlienciaci6 massiva i les dades
d’expressié de I'RT-qPCR alimenten el debat de si la seqlienciacié massiva és una eina
prou fidel per a fer-ne un Us quantitatiu. No és un debat nou, pero si que evoluciona
en tant que també ho fan les técniques de seqiienciacid massiva. Les plataformes de
segona generacid encara necessiten d’una pre-amplificacié, una passa clarament
desestabilitzadora en 'obtencié d’una mostra fidel a 'original i, fins ara, sempre s’ha
requerit d’'un prova confirmadora a I’hora de concloure qualsevol tipus d’expressio,
com el Northern blot o la RT-gPCR. Durant el desenvolupament de la tesi hi ha hagut
un gran aveng amb les tecniques de seqiienciacid massiva, que ha propiciat I'is de
diferents plataformes que utilitzen diferents principis de seqlienciacié en els diferents
treballs. En la caracteritzacié del miRNAoma al ronyd del porc es va utilitzar I'aparell
454 GS FLX de Roche, basat en la piroseqiienciacié. Va ser una de les plataformes
pioneres de 2a generacid i el seu rendiment per seqiiencia generada actualment és car
en comparacié amb les noves plataformes que hi ha al mercat. Aixi, el treball de
descripcié de miRNAs virals i de I’hoste en una infeccié experimental amb I'SHV-1 es va
realitzar amb I'aparell lon Torrent de Life Technologies basat en la seqlienciacié per
sintesi amb sensibilitat idnica, un sistema deteccid més barat que I'0Optic. lon Torrent
ofereix més sequiencies i més curtes, que no és problema si treballem amb miRNAs. La
nova generacio de plataformes de seqlienciaci®6 massiva ja no necessiten un
amplificacid previa i, per tant, es pot obtenir una seqlienciacié de dades més fidel a la
realitat. Just ara es comencen a comercialitzar aquestes plataformes i caldra veure si
les tecnologies amb que s’han dissenyat sén prou eficaces per obtenir un nombre de
sequencies i d’una qualitat suficient per a poder tractar els resultats plenament com a

quantitatius.

Per intentar dotar de sentit biologic tots aquests resultats es va realitzar una analisi
funcional in silico amb tots els gens que es van determinar com a possibles dianes dels
miRNAs diferencialment expressats. Degut al gran nombre d’estudis que existeixen
relacionant els miRNAs i les neoplasies i del progrés en aquest camp, moltes de les
rutes que es van associar als miRNAs diferencialment expressats estaven relacionades

amb el desenvolupament de neoplasies (com el carcinoma de cél-lules renals), cicle
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cel-lular i homeostasi cel-lular. Tanmateix, el miR-200b-3p, que en estudis previs ja ha
estat relacionat amb patologies del rony6 (Oba et al., 2010, Li et al., 2010), també se’l
va relacionar amb una major eficiencia del creixement muscular en les races europees,
on es troba sobre expressat. Podem associar el muscul i el ronyd per la secrecio
d’eritropoetina, una hormona secretada al ronyd i necessaria pel creixement muscular
ja que és la responsable de I'activacié de l'eritropoesi i del transport d’oxigen als
musculs. EI miR-200c-3p se’l va relacionar amb processos reproductius com la meiosi
de I'oocit o la maduracié d’aquest mediat per la progesterona. Si tenim en compte que
les races asiatiques presenten millors fenotips pels caracters reproductius i que el miR-
200c-3p esta sobre expressat a les races asiatiques, aquest podria estar implicat en la
regulacié d’aquests processos. El miR-99a també se’l va relacionar amb aquests
processos reproductors, juntament amb el miR-200b-3p. Com que aquests dos miRNAs
es varen trobar sobre expressats en races europees, podrien jugar un paper
antagonista en aquests processos, ja que les races europees no presenten tan bones
caracteristiques reproductives com les races asiatiques. Tot i aixi, cal tenir en compte
gue totes aquestes associacions s’han dut a terme amb softwares que treballen amb
les anotacions funcionals dels gens en I'espéecie humana. Per tant, s’assumeix que les
funcions dels gens porcins seran les mateixes partint de la elevada homologia que
existeix entre el genoma huma i porci. També cal tenir en compte que els gens descrits

podrien tenir funcions fins ara no descrites.

Un altre objectiu del treball de caracteritzacié de miRNAs al ronyd va ésser generar un
protocol de descripcid i validacié de nous miRNAs a partir de dades de seqlienciacié
massiva, basat en les pautes que s’anaven publicant en els diferents treballs de
descripcié de miRNAs (Ambros et al., 2003, Kozomara and Griffiths-Jones, 2011,
Griffiths-Jones et al., 2008, Griffiths-Jones et al., 2006). El primer pas va ésser fer el
mapeig de totes les seqliéncies obtingudes al genoma porci considerant un alineament
perfecte. De les seqliencies amb un alineament perfecte positiu es varen descartar
aquelles que es van alinear en més d’una regid del genoma. Després es va acotar a
aquelles sequéncies d’entre 19 i 23 nucleotids, mida caracteristica del miRNA, i es van
descartar totes aquelles seqiéncies que ja presentaven una anotacié funcional.

Finalment també es varen eliminar aquelles seqiiéncies amb un nombre de copies
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menor a 3. Les sequéncies seleccionades es van agrupar tenint en compte la seva
posicio al genoma per generar clisters. Cada clister va adoptar com a seqiiéncia de
referéncia aquella que presentava més copies. L’Ultim pas abans de validar I'expressié
dels nous miRNAs per RT-gPCR va ésser comprovar que el pre-miRNA realitzava el
plegament tipic de forqueta. Per aix0 es varen seleccionar les regions flanquejants del
miRNA madur i es va utilitzar el software MFold (Zuker, 2003). Aixi, es varen descriure
8 clusters putatius de ser nous miRNAs, 5 dels quals se’n va confirmar I'expressio (Cl-2,
CI-5, CI-25, CI-29 i ClI-38) mitjancant la quantificacié relativa de les dades obtingudes
per RT-qPCR.

La quantificacio relativa mitjancant la técnica de I'RT-gPCR s’ha anat generalitzant
aquests ultims anys per a la validacié de I'expressid dels miRNAs. Per poder fer la
guantificacid cal normalitzar I'expressio dels miRNAs d’interés fent servir un gen o varis
gens de referéncia, I'expressié dels quals es caracteritza per ser estable. A I'hora
d’escollir els gens de referencia que fariem servir per la normalitzacié de les dades ens
varem adonar que els gens més utilitzats en estudis d’expressié de miRNAs eren RNAs
ribosomals com el 55 o RNAs nuclears petits com 'RNU6B. En aquest sentit es va
creure convenient estudiar 'estabilitat en I'expressio dels miRNAs en diferents teixits
per a utilitzar-los com a gens de referencia, ja que és important que aquests siguin de
la mateixa naturalesa que els objectes d’estudi i tinguin la mateixa llargaria per
assegurar una eficiencia similar durant 'aillament de I'RNA i la seva retrotranscripcio
(Schaefer et al., 2010). Varem fer un disseny experimental per estudiar I'estabilitat dels
10 miRNAs més utilitzats com a gens de referéncia en 5 teixits diferents (muscul
esquelétic, ronyd, fetge, ovari i Uter) i en 5 races de porc diferents (lbérica, Landrace,
Large White, Meishan i Vietnamita). Tots els miRNAs estudiats varen presentar valors
d’estabilitat correctes per ser utilitzats com a gens de referéncia segons els algoritmes
geNorm i NormFinder. L'estudi estadistic va evidenciar que el teixit és un factor de
variabilitat important en els miRNAs, mentre que la raca no va generar diferéncies
significatives. El miRNA més estable en el conjunt de teixits va ser el miR-93, tot i que
cada teixit va presentar el seu propi miRNA més estable: el miR-17-5p al ronyd, el miR-
103 a I'Gter, el miR-26a al fetge i el let-7a a I'ovari i al muscul. També es va determinar

quants miRNAs de referencia calia emprar en un estudi, utilitzant el valor de variacié V.
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Aquest valor mostra la mitjana dels factors de normalitzacié per a cada mostra de
I’estudi. Comparant I'evolucié d’aquest valor cada vegada que afegim un nou miRNA
com a gen de referéncia de manera sequlencial, podrem observar I'efecte d’estabilitat
qgue genera el miRNA afegit. Quan aquesta variacio comenca a ser petita podrem
considerar que I'addici6 d’aquell miRNA com a normalitzador no té un efecte
important en l'estabilitat del grup de mostres. Com a conclusions, es va determinar
gue en un estudi on només es treballa amb un teixit seria necessari utilitzar 3 miRNAs
com a gens de referencia per aconseguir una bona normalitzacié de les dades, mentre
qgue en un estudi amb més d'un teixit en caldrien 5 per garantir una correcta
normalitzacié d’aquestes. Aquest treball ens demostra que els miRNAs poden ser uns

bons gens de referéncia ja que presenten uns bons valors d’estabilitat.

El segon bloc de la tesi s’ha centrat en la determinacié i estudi dels miRNAs virals i de
I’hoste que podrien estar implicats en el desenvolupament de la infeccié amb el virus
de la malaltia d’Aujeszky també a través de les técniques de seqlienciacié massiva. En
el disseny experimental es varen fer servir dues soques del virus: una de virulenta
(NIA-3) i una de vacunal (Begonia). La soca vacunal Begonia deriva de la soca virulenta
NIA-3 i és una soca viva atenuada, modificada geneticament, que permet al virus
replicar-se perd no presenta signes clinics ja que la replicacié del virus és molt poc
eficient. Es varen fer servir dues aproximacions: una infeccié in vitro amb la linia
cel-lular PK-15 derivada del ronyé porci, i una infeccié in vivo amb animals de la raga
Landrace de 4 setmanes de vida en el moment de la infeccid. Les mostres preses en la
infeccid in vivo varen ser el bulb olfactori i el gangli trigemin, ja que el virus es replica
inicialment al teixit nervids i és on produeix la laténcia. Es varen prendre mostres a
diferents temps d’infeccidé: 12, 24 i 30 hores post infeccié en el cas in vitro i 4,5,6 i 7
dies post infeccid en el cas in vivo. També es va afegir un grup control (no infeccid) a

cada aproximacio.

Es va determinar el perfil de miRNAs a cada aproximacid, descrivint 229 miRNAs en
I"aproximacio in vitro i 302 miRNAs en I"aproximacio in vivo. Igual que en I'estudi del
miRNAoma en el ronyd de porc, la meitat dels miRNAs descrits foren ortolegs i, seguint

el mateix patré observat en el ronyo, I'expressié d’un miRNA va predominar a cada
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aproximacio. En aquest cas, el miR-23a-3p va predominar en |'aproximacio in vitro,
amb un 50% de les seqiéncies alineades a miRBase, i la del miR-125b-5p va fer-ho a
I"'aproximacio in vivo, amb un 26% de les seqliéncies. Comparant el perfil d’expressid
del grup control de I'aproximacio in vitro amb el perfil obtingut en el ronyo de porc del
treball anterior, tenint en compte que la linia cel-lular PK-15 deriva de cél-lules del
ronyd de porc, varem observar certa similitud. Comparant els miRNAs més expressats
a cada perfil (aquells amb un recompte minim de 100), es va observar fins a un 42% de
miRNAs compartits. Salvant les diferéncies entre una linia cel-lular i un teixit, veiem,
doncs, certa analogia entre les cel-lules PK-15 i el ronyd. De fet, hi ha més similituds
entre les cel-lules PK-15 i el ronyd que entre les cel-lules PK-15 i els teixits utilitzats per
a la infeccid in vivo amb I’'HSV-1, el bulb olfactori i el gangli trigemin, d’origen nervids.
En aquest cas, de tots els miRNAs descrits a les dues aproximacions només un 33%
apareixen als dos perfils. Aquesta dada pot fer pensar, assumint que el perfil
d’expressié dels miRNAs varia en teixits diferents, que la resposta davant la infeccio
podria variar segons I'aproximacid. Una altra dada que corroborava aquest canvi de
resposta fou que en I'aproximacié in vitro es van descriure 7 miRNAs virals i només 1
en 'aproximacid in vivo. Sis dels miRNAs virals es corresponien a I'SHV-1 (miR-LLT1,
mMiR-LLT2, miR-LLT6, miR-LLT8, miR-LLT9 i miR-LLT11a), mentre que el restant (miR-rR1-
5) estava descrit en un altre herpesvirus que afecta el macaco (Macaca mulatta). Els 6
miRNAs descrits de I'SHV-1 a I'aproximacio in vitro es varen trobar tant en la infeccid
amb la soca NIA-3 com amb la infecci6 amb la soca Begonia, mentre que en
I"'aproximacio in vivo, I'GUnic miRNA descrit, el miR-LLT1, només es va detectar en les
mostres infectades amb la soca NIA-3 del virus. Val a dir, que el miR-LLT1 va ser el
miRNA viral més expressat en I'aproximacio in vitro. El miR-rR1-5, curiosament, també
va ser detectat en mostres control, fet que ens podria portar a pensar en algun error o
una mala descripcié del miRNA a la base de dades miRBase, ja que el nombre de copies

(N=415) amb que s’ha detectat no és irrellevant.

L’estudi d’expressio diferencial dels miRNAs va mostrar dinamiques diferents entre les
dues aproximacions. Mentre que en l'aproximacié in vitro la majoria dels miRNAs
diferencialment expressats més abundants ho feien presentant una major expressio al

grup control, en I'aproximacid in vivo ho feien expressant-se més als grups infectats. En
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I’aproximacio in vivo, el let-7a i el miR-378 van presentar una major expressio en els
teixits infectats, especialment amb la soca NIA-3. El miR-206 només es va detectar als
teixits infectats, mostrant unes diferencies d’expressié molt grans entre els grups NIA-
3 i Begonia, essent més expressat al grup NIA-3. El miR-133a va mostrar un augment
en la seva expressid al grup NIA-3, mentre que va presentar una baixada de la seva
expressio al grup Begonia. Ja a I'aproximacié in vitro, el miR-LLT1 va ser el miRNA més
expressat només a teixits infectats, mentre que el miR-92a i el miR-92b-3p
presentaven un augment en la seva expressioé en la infeccid amb la soca Begonia i un
descens en la soca NIA-3. L’analisi funcional va relacionar els possibles gens diana amb
rutes implicades amb el procés d’infeccié viral i la resposta immune, sobretot dels
miRNAs amb un augment d’expressio en el grup infectat amb la soca virulenta NIA-3
(let-7a, miR-378, miR-206 i miR-133a). També es varen relacionar amb processos
biologics més generals relacionats amb funcions cel-lulars. Finalment, també van
apareixer rutes relacionades amb el sistema nervids, implicades en la formacié de la
xarxa neuronal o la diferenciacio i supervivencia de cél-lules neuronals, degut a I'origen
nervids dels teixits estudiats en I'aproximacio in vivo. El miR-92a i el miR-92b-3p també
se’ls va relacionar amb un ampli ventall de processos biologics. EIl miR-92a, que
s’expressava més en el grup infectat amb la soca Begonia a I"aproximacio in vitro, va
canviar la seva expressioé a I'aproximacié in vivo, expressant-se més en el grup infectat
NIA-3. Aquesta disminucio en I'expressio al grup Begonia d’'una aproximacio a l'altra es
podria explicar per les diferencies en la reaccié defensiva de I'hoste, on el
desenvolupament de la resposta immunitaria en I'aproximacié in vivo provoca un
descens en I'expressid del miR-92a en el grup infectat amb la soca viva atenuada
Begonia. El miR-92b-3p va mantenir la seva expressié en les dues aproximacions,
estant sobre expressat en les mostres infectades amb la soca Begonia, i podria jugar un
paper més general en el desenvolupament de funcions cel-lulars. Sembla ser, doncs,
gue els miRNAs de I'hoste podrien tenir un paper rellevant en la lluita contra la infeccio

viral i el desenvolupament de la resposta immunitaria en els teixits infectats.

Un dels objectius principals de I'estudi de la infecci6 amb el virus de la malaltia
d’Aujeszky era la caracteritzacido de nous miRNAs virals implicats en la infeccid. Fent

servir el mateix protocol de caracteritzacié de nous miRNAs que a I'estudi dels ronyons
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de porc es varen detectar 14 clusters putatius de ser miRNAs codificats pel genoma
viral (viR01-14), 6 dels quals ja estaven descrits a miRBase (els 6 miRNAs virals que
varem trobar en les dades de seqlienciaci®é massiva). Tots els clusters estaven
localitzats a la regiod intronica del transcrit de latencia gran del virus (LLT), com tots els
miRNAs de I'SHV-1 descrits fins I'actualitat, excepte un, el viRO1, perd no va passar la
formacié de I'estructura tipica del pre-miRNA i va ser descartat. Un dels 6 miRNAs ja
descrits a miRBase, el miR-LLT1 (viR02), fou el més expressat dels miRNAs a I'estudi, i
per aixo varem decidir mantenir-lo; els altres 5 els varem descartar de la validacio. Aixi,
finalment es va validar I'expressié de 8 putatius miRNAs virals mitjancant I’'RT-qPCR.
D’aquests 8 miRNAs virals, 5 (viR02, viR04, viR06, viR09 i viR11) estaven descrits en els
estudis previs (Wu et al., 2012, Anselmo et al., 2011) i 3 (viR05, viR08 i viR14) foren
nous miRNAs virals descrits per nosaltres. Un dels 5 miRNAs virals ja descrits en estudis
previs, el viR09, restava situat en la posicié d’'un moRNA. Un moRNA (miRNA offset
RNA) és un RNA de mida petita ubicat just a la regié proximal contigua d’'un miRNA o
un miRNA* en I'estructura de plegament del pre-miRNA (Shi et al., 2009). Es desconeix
la seva funcid, tot i que es pensa que podria aprofitar el complexe silenciador RISC per
a exercir també una funcidé reguladora. El viR09 va ser descrit com a prv-miR-4 a
I’estudi d’Anselmo et al., (2011) i com a moRNA (moR8) a I'estudi de Wu et al., (2012).
Com que va ser el segon transcrit viral més abundant en el nostre estudi es va creure
convenient mantenir-lo per a I'estudi funcional. Justament comparant I'abundancia
dels miRNAs virals detectats entre els estudis previs i el nostre varem observar certa
divergéncia. El miRNA viral més expressat en el nostre estudi (viR02) també va ser
detectat als estudis previs, perdo no com el més abundant, mentre que el més
abundant en I'estudi d’Anselmo et al., (2011), es va detectar en el nostre estudi amb
poques copies (viR12, 3 copies). A més a més, el miRNA viral més abundant en I'estudi
de Wu et al., (2012) no I’hem detectat al nostre estudi. Aquestes diferéncies podrien
ser explicades en part per les diferents aproximacions in vitro utilitzades, sobretot en
I'estudi d’Anselmo et al., (2011), que fan servir cel-lules dendritiques. Una altra
explicacio per a les diferencies trobades entre el nostre estudi i el de Wu et al., (2012),
en els que ambdds hem fet servir la linia cel-lular PK-15 podria ser la soca viral

utilitzada. En el nostre estudi s’ha utilitzat la soca virulenta NIA-3, provinent d’Europa,
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mentre que Wu et al., (2012) ha fet servir una altra soca virulenta, I'Ea, provinent de

I’Asia.

L’analisi de les dades obtingudes per RT-gPCR va revelar un canvi en |'expressio dels
miRNAs virals en funcié de I"aproximacié in vitro o in vivo. Mentre tots els miRNAs
virals es varen detectar tant en les mostres in vitro infectades amb la soca virulenta
NIA-3 com en la soca viva atenuada Begonia, en les mostres in vivo només es varen
detectar en el grup infectat amb la soca virulenta NIA-3. Aquest fet va demostrar que
I'aproximacio utilitzada és determinant per al desenvolupament de la infeccié viral.
L’estudi estadistic va confirmar que no es varen trobar diferéncies d’expressio entre la
infeccio amb la soca NIA-3 i la soca Begonia in I"aproximacio in vitro. La soca viva
atenuada Begonia esta modificada geneticament de manera que la seva capacitat
infectiva és menor. El fet que aquesta soca es pogués replicar i desenvolupar la
infeccio amb la mateixa eficiéncia que la soca virulenta NIA-3 en I'aproximacid in vitro,
mentre que en l'aproximacié in vivo no ha estat aixi, es podria explicar, entre altres
coses, primerament per les mateixes aproximacions (linia cel-lular vs. teixit infectat), i

també per una manca de resposta immune en els cultius cel-lulars.

Es va realitzar una aproximacié funcional in silico intentant relacionar la funcié dels
miRNAs virals descrits i també la dels miRNAs de I'hoste diferencialment expressats
durant la infecciéd amb els gens que s’expressen en el genoma viral. Aquest cop es va
fer servir I'algoritme miRanda ja que el genoma de referéencia era el viral. 7 miRNAs
virals varen ser relacionats amb un total de 59 gens que codifica el genoma del virus. El
transcrit de laténcia gran (LLT) va interaccionar amb 5 dels 7 miRNAs virals. El viR04 va
ser el miRNA viral amb més interaccions descrites, amb un total de 48, i se’l va
relacionar principalment amb funcions estructurals relacionades amb les
glicoproteines de I'’embolcall viric i les proteines de la capside i el tegument. El viR02, el
més expressat en les dades de seqlienciacid, se’l va relacionar amb gens involucrats
amb el desenvolupament de I'embolcall i les proteines del tegument, juntament amb
el viR014, on podrien jugar un paper important en la morfogenesi del virus i en
I’entrada del virus a la cél-lula hoste. El viRO5 i el viRO8 van ser associats a gens no

estructurals relacionats amb el processament del DNA, com I'escissié i encapsidacio
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d’aquest, o la replicacio i I'embalatge. El viRO6 va presentar forces interaccions amb
gens relacionats amb la sortida del virus de la cél-lula hoste, aixi que podria jugar algun
paper regulador en aquest procés. A tot aix0, el viR02, el viR04, el viR06 i el viR14
també se’ls va associar als gens que realitzen funcions de regulacid de |'expressio
génica (EPO, IE180, UL41, UL48 i UL54). Wu et al., (2012) també va associar els gens
que regulen I'expressié génica del virus amb el viR02, el viRO4 i el viR06, aixi com
també va determinar un gran nombre d’interaccions per al viR0O4, com en el nostre
estudi. Finalment, el viR09, el moRNA descrit a I'estudi, va presentar interaccions tant
amb gens estructurals relacionats amb les proteines de I'embolcall i la sortida del virus
de la cel-lula de I'hoste com amb gens no estructurals relacionats amb I'escissio,
replicacio i embalatge del DNA. Tot i no presentar cap interaccio significativa, el viR11
va ser descrit per Wu et al., (2012) i associat al gen regulador EPO i també a altres gens,
tant estructurals com no estructurals. El fet de no haver-lo associat a cap gen viral en
el nostre estudi pot ser degut a les condicions aplicades a I’'hora de predir les

interaccions, una mica més estrictes que a I'estudi previ (Wu et al., 2012).

Els miRNAs de I’'hoste sobre expressats durant la infeccié van presentar interaccions
amb 39 gens de I’'SHV-1, postulant-se per tenir algun tipus responsabilitat en la
contencié del desenvolupament de la infeccié. El miR-133a va ser el que va presentar
més interaccions, fins a 33, i juntament amb el miR-92a, el miR-92b-3p i el miR-378
se’ls va associar a la fase de laténcia per presentar interaccions amb el transcrit gran
de laténcia (LLT) i els gens reguladors de I'expressié genica. El miRNA let-7a també va
ser relacionat amb gens estructurals encarregats de la formacié de les glicoproteines i
les proteines de la capside virica. El miR-206 no va presentar interaccié amb cap gen

viral.

La capacitat reguladora dels miRNAs, demostrada en molts estudis, cada vegada es
dibuixa més complexa. A mesura que es van descrivint nous factors que incideixen
directament en la funcid reguladora dels miRNAs, com poden ser la variabilitat
funcional dels propis isomiRs, la possibilitat que un miRNA estigui localitzat en més
d’una posicié al genoma, o I'aparicio de molécules reguladores dels propis miRNAs

com els circRNAs, s’afegeixen noves peces en I'engranatge regulador dels miRNAs que
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no fan més que potenciar la seva regulacié fina. El treball desenvolupat en aquesta tesi
intenta aportar més coneixement en el repertori de miRNAs en I'espécie porcina i
trobar implicacions biologiques en funcid de I'expressioé d’aquests i les caracteristiques
fenotipiques relacionades amb I'origen de les mostres de ronyons. També s’han pogut
avaluar les bones capacitats dels miRNAs per ser utilitzats com a gens de referéncia en
la quantificacié relativa mitjancant RT-gPCR. Un altre aveng ha estat intentar desxifrar
I’entramat regulador durant la infeccié amb el virus de la malaltia d’Aujeszky, tot
descrivint nous miRNAs virals i validant la seva expressié en una infeccié in vivo. De la
mateixa manera que s’ha descrit en estudis anteriors (Cullen, 2013, Boss i Renne,
2011) un efecte regulador dels miRNAs virals en I’"homeostasi cel-lular de I'hoste per
afavorir I'entrada i replicacié del virus, sembla ser que també hi ha una serie
mecanismes que fan que els miRNAs de I’"hoste intentin reprimir la capacitat infectiva

del virus interactuant amb els seus gens.



5.

CONCLUSIONS

1.

El miRNAoma al ronyd del porc s’ha definit amb I'expressido de 229 miRNAs. El
miR-200b-3p, MmiR-125b, miR-23b, miR-126 i miR-23a han estat els miRNAs més
abundants i presenten un perfil semblant entre les races estudiades i el porc
senglar europeu. S’ha determinat el miR-200b-3p com el miRNA més abundant
en quasi totes les races, a excepcid del miR-125b que ho ha estat per a la raca

Iberica.

Un 70% dels miRNAs descrits al miRNAoma del ronyé de porc presenten
variabilitat als extrems de la cadena, generant isomiRs. Aquesta variabilitat es
descriu en un 34% del total de miRNAs descrits amb un canvi en la
predominanga de I'isomiR més abundant segons la raga. Tot i aixi, no s’han
pogut associar aquestes variacions amb [|‘origen geografic de les races

(europees vs. Asiatiques).

La caracteritzaciéo del miRNAoma del ronyé i posterior analisi mitjangant RT-
gPCR ha revelat diferencies d’expressid en alguns miRNAs entre els grups de
races estudiats: el miR-200b-3p, el miR-126, el let-7f i el miR-193b presenten un
augment de la seva expressié a les races europees, el miR-200c-3p mostra
augment de la seva expressio a les races asiatiques i el miR-486 un augment de
la seva expressio a les races europees comercials. Finalment, el miR-126 i el

miR-99a presenten una menor expressio a les races asiatiques.

Cinc nous miRNAs porcins (Cl-2, CI-5, CI-25, CI-29 i CI-38) s’han descrit al ronyd
del porc mitjancant un protocol estricte de treball amb dades de seqlienciacié

massiva i la seva posterior validacié amb RT-qPCR.
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5. S’han determinat canvis en |'expressié de miRNAs de porc en una infeccié
experimental amb dues soques, una virulenta (NIA-3) i una vacunal (Begonia),
del virus de la malaltia d’Aujeszky (SHV-1), mitjangant una aproximacio in vitro
amb la linia cel-lular PK-15 i una aproximacio in vivo amb mostres de bulb
olfactori i gangli trigemin. En I'aproximacié in vivo, el let-7a i el miR-378
presenten un augment de la seva expressié en la soca NIA-3, aixi com el miR-
206 i el miR-133a presenten diferencies d’expressio entre les soques del virus,
també més expressats en la soca NIA-3. En I'aproximacié in vitro, la majoria
dels miRNAs presenten un descens en la seva expressié en el grups infectats. El

miR-92a i el miR-92b-3p presenten una sobre expressio en la soca Begonia.

6. L’analisi funcional in silico dels miRNAs let-7a, miR-378, miR-206, miR-133a,
miR-92a i miR-92b-3p, tots ells sobre expressats d’alguna manera en estat
d’infeccid, ha relacionat els seus gens diana a rutes relacionades amb el procés
d’infeccié viral i la resposta immune, aixi com amb rutes associades al
desenvolupament del sistema nervios i altres processos cel-lulars. També han
presentat interaccions amb 39 gens virals i se’ls ha relacionat amb el transcrit
gran de laténcia (LLT) i amb altres gens virals encarregats de la regulacié de
I'expressié génica (EPO, IE180, UL41, UL48), aixi com amb gens estructurals

encarregats de la formacid de les glicoproteines.

7. Les dues aproximacions (in vivo i in vitro) de la infeccié amb I'SHV-1 han permés
descriure i validar, mitjancant RT-gPCR, 8 miRNAs virals (viR02, viR04, viRO5,
viR06, VviR08, VviR09, viR11l i viR14). Tots ells s’han expressat en els grups
infectats amb les dues soques de I'HSV-1 en I'aproximacio in vitro, i només ho
han fet en el grup infectat amb la soca NIA-3 en I'aproximacid in vivo. L'analisi
funcional in silico ha relacionat 7 dels miRNAs amb 59 gens virals. El viR02, el
viR04 i el viR14 estan associats a gens estructurals involucrats en la formacié de
glicoproteines de I'embolcall viral i proteines del tegument i la capside, i
podrien estar involucrats en el procés d’entrada i infeccio de la cél-lula hoste. El
viR05, el viRO8 i també el viRO4 estan associats a gens no estructurals,

encarregats del processament del DNA. El viRO6 podria estar implicat amb el

148



CONCLUSIONS

procés de sortida del virus de la cel-lula hoste ja que interacciona amb la
majoria dels gens encarregats de dur a terme aquesta funcid. Finalment, el
viR09, descrit en la posicié d’'un moRNA, podria estar associat tant a gens

estructurals com a gens reguladors del DNA.

Tant la descripcié del perfil de miRNAs en el ronyd de porc com els perfils de
miRNAs elaborats durant la infeccié amb el virus de la malaltia d’Aujeszky (SHV-
1) demostren, mitjancant la gran quantitat de miRNAs ortolegs que s’han

detectat, que encara queden molts miRNAs per ser descrits a |I'espécie porcina.

Els miRNAs poden ser utilitzats com a gens de referencia en estudis de
quantificacid relativa d’altres miRNAs mitjangant la técnica de I'RT-gPCR, ja que
presenten uns valors optims d’estabilitat. El teixit és un factor que genera
variabilitat en I'estabilitat dels miRNAs, per aixd, en estudis amb un Unic teixit
es recomana utilitzar tres miRNAs com a gens de referencia i en estudis amb

més d’un teixit es recomana utilitzar-ne cinc.
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